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Titre : Approches magnétiques de mécanique et d’ingénierie du
tissu musculaire squelettique

Résumé:

La thèse est centrée sur les propriétés mécaniques macroscopiques de tissus modèles.
L’incorporation de nanoparticules super-paramagnétiques (maghémite) au cœur des cel-
lules permet à la fois leur manipulation à distance pour créer des agrégats multicellulaires
de forme contrôlée et l’application de forces pour mesurer leurs propriétés mécaniques ou
induire leur organisation. Les cellules modèles choisies sont des précurseurs de muscle de
souris (C2C12), pour une application directe à la mécanique et à l’ingénierie du muscle
squelettique.

Les déformations des agrégats formés magnétiquement et soumis par la suite à un
gradient de champ magnétique permettent de mesurer leurs propriétés mécaniques macro-
scopiques (tension de surface, module d’Young). Nous avons ainsi pu étudier l’interaction
entre les propriétés de la cellule individuelle (adhésions intercellulaires, structure et ten-
sion de l’actine) et les propriétés mécaniques à l’échelle du tissu, mettant notamment en
évidence l’importance de la désorganisation de la desmine pour la rigidité et la tension de
surface macroscopique. En utilisant des cellules exprimant une desmine mutée (mutation
ponctuelle présente chez des patients souffrant de desminopathie), nous avons souligné
le rôle fondamental de l’architecture du réseau de filament intermédiaire dans ce tissu
modèle 3D.

Les forces magnétiques ont ensuite été utilisées pour aider la différenciation en cellules
musculaires en favorisant leur alignement et en permettant leur stimulation mécanique.
Pour ce faire, nous avons développé un étireur magnétique qui étire des agrégats multi-
cellulaires de cellules précurseurs de muscles placées entre deux aimants mobiles et fa-
vorise leur différenciation en cellules musculaires alignées. Ce dispositif représente un
outil innovant pour étudier les déformations cellulaires sous étirement et la différenciation
musculaire.

Mots-clés: nanoparticules d’oxyde de fer superparamagnétiques, muscle squelettique,
myoblaste, agrégat multicellulaire, tension de surface, filaments intermédiaires, étireur
magnétique



Title : Magnetic approaches for tissue mechanics and
engineering of the skeletal muscle

Abstract:

The thesis is focused on the macroscopic mechanical properties of tissue models. The
incorporation of superparamagnetic nanoparticles (maghemite) into the cells enables both
their manipulation at distance to create multicellular aggregates of controlled shape and
the application of forces to measure their mechanical properties or induce their organi-
zation. The cellular model chosen is a mouse muscle precursor cell line (C2C12), for a
direct application to tissue mechanics and tissue engineering of the skeletal muscle.

The deformations of the aggregate formed magnetically and then submitted to a mag-
netic field gradient enable to measure its macroscopic mechanical properties (surface ten-
sion, Young’s modulus). We could therefore look at the interplay between the individual
cell properties (cell-cell adhesions, actin structure and tension) and the mechanical proper-
ties at the tissue scale revealing the importance of desmin disorganization in macroscopic
rigidity and surface tension. By using desmin-mutated muscle precursor cells (point muta-
tions involved in desminopathies), we enhanced the fundamental role of the intermediate
filament network architecture in this 3D tissue model.

Magnetic forces were then used to promote differentiation into muscular cells by first
reproducing their alignment and secondly mechanically stimulating them. To that end,
we developed a magnetic stretcher to stretch multicellular aggregates of muscle precursor
cells trapped between two mobile magnets and induce their differentiation into aligned
muscular cells. This magnetic stretcher represents a new tool to study cell deformation
under stretching and muscle cell differentiation.

Keywords: iron oxide superparamagnetic nanoparticles, skeletal muscle, myoblast,
multicellular aggregates, surface tension, intermediate filaments, magnetic stretcher
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Preface

Biological tissues are highly complex and organized structures. A better understanding
of the processes driving their assembly and organization would be crucial in many fields
from disease modelling to development or tissue engineering which aims at recapitulating
the function and structure of organs for regenerative medicine or tissue repair. While the
role of biochemical cues has been extensively studied for many years, biophysical cues
such as mechanical forces and the cell mechanical properties are now admitted as playing
an essential role in mature tissue regulation and maintenance as well as in embryonic
development.

Studying mechanical properties of biological tissues therefore represents a major issue,
both for a better understanding of their properties and for the reproduction of complex
organs. Tissues are complex heterogeneous and active materials but their properties
can be largely apprehended through concepts from soft matter (viscoelasticity, surface
tension...). Their mechanical properties arise from their cellular microscopic properties,
however this interplay is still not completely understood.

Multicellular aggregates as tissue models are useful tools both to investigate the role of
individual cellular properties on the mechanics of tissues, and to reproduce the tissue com-
plexity. Indeed, standard 2D approaches are far away from the 3D tissular environment,
and spheroids and multicellular aggregates help to better mimic the tissue physiological
conditions regarding cell-cell and cell-matrix adhesions. While many strategies focused on
obtaining 3D tissue models, the ability to stimulate the tissues through external forces is
also crucial. First, to measure its mechanical properties, tools to stimulate mechanically
the tissue and record the resulting deformation are required. Second, external stimulating
forces have been shown to be essential for tissue maturation and regulation in many tissue
types, such as in the heart, muscle or intestine. One of the current challenges of tissue en-
gineering is indeed to control spatial organization of cells in 3D while being able to apply
mechanical forces. For instance, skeletal muscle presents a multiscale aligned structure
and its resulting organization and function are related to the stimulations applied during
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Preface

maturation.

Magnetic forces are great candidates to remotely control cell organization and apply
external forces at will. The team has developed a technique based on the incorporation of
iron oxide nanoparticles into the cells to confer them a magnetic moment enabling their
manipulation at distance. Iron oxide nanoparticles were first introduced as Magnetic
Resonance Imaging (MRI) contrast agents and are now used in many biomedical areas.
Most studies have demonstrated their cytocompatibility, legitimizing their use in in vitro
and in vivo applications. Thanks to this magnetic strategy and with no addition of any
substrate or external matrix, magnetic multicellular aggregates of unprecedented size and
of controlled shape are formed, and can be stimulated thanks to magnetic forces. This
PhD aims at stimulating mechanically tissue models thanks to magnetic forces (i) to
investigate the mechanical properties of 3D tissues and (ii) to drive tissue differentiation
and organization in the context of skeletal muscle engineering.

This manuscript is composed of two independent parts. A first chapter of general
introduction (chapter 1) introduces the elements required and common for both parts.
Spheroids and multicellular aggregates as models of 3D biological tissues are presented as
well as iron oxide nanoparticles and the skeletal muscle organization.

The first part (part I) focuses on the study of static and dynamical mechanical pro-
perties of multicellular aggregates formed and stimulated magnetically. First, mechanical
and rheological properties of multicellular aggregates are introduced. Then, in chapter
2, macroscopic mechanical properties such as the effective surface tension of spheroids
are measured and related to microscopic properties of individual cells. The spheroid me-
chanical properties are measured by flattening and deforming the aggregate thanks to a
constant magnetic field gradient. In chapter 2 section 2.2, the interplay between the
macroscopic surface tension and microscopic properties such as the actin cytoskeleton or-
ganization and tension, intercellular adhesions or intermediate filaments is investigated in
a model of mouse muscle precursor cell spheroids. The experimental results are presented
in the form of an accepted article. Next, chapter 2 section 2.3, in a model of human
breast cancer cells, tumor-related properties such as invasion, migration or adhesion are
correlated to the macroscopic surface tension. The experimental results are presented in
the form of a published article. Finally, chapter 3 presents a magnetic tool to probe
the rheology of multicellular aggregates by applying a varying magnetic field thanks to
an electromagnet. The experimental results obtained with this magnetic rheometer are
cross-validated with parallel-plate rheometry.
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The second part of this manuscript (part II) presents a magnetic approach to apply
mechanical cues to drive organization and enhance differentiation of 3D skeletal muscle
constructs. In chapter 4, myogenesis and tissue engineering strategies for the skeletal
muscle are first introduced. Then, the magnetic stretcher device used to obtain stretchable
mouse muscle precursor cell multicellular aggregates between two micromagnets and its
optimization are described. The experimental results show that this magnetic stretcher
drives cell alignment and favors differentiation into muscular cells.
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Chapter 1

General introduction

The different projects presented in this thesis are based on the use of magnetic mul-
ticellular aggregates as stimulable tissue models. In this general introduction, we will
introduce the different common elements to the different projects. First, we will present
the structure and key elements of biological tissues, and why spheroids and multicellular
aggregates are valuable tools as tissue models for tissue mechanics or biophysics studies,
and how they can be obtained. Then, the use of iron oxide nanoparticles to magnetize the
cells and their general features will be presented. This thesis will mainly focus on muscle
cell mechanics and differentiation; consequently, we will describe the peculiar organization
and function of the skeletal muscle.

1.1 Biological tissues

Biological tissues can be described as a collection of interconnected cells that together
carry out a similar function within an organism. They are composed of two physiological
elements : the cells and the extracellular matrix (ECM) but does not sum up as a simple
mixing: collective effects play a major role. In living organisms, cells are interconnected
through a support matrix (ECM) that consists in a 3D network composed of extracellular
macromolecules and proteins. Cells receive external signals either through neighboring
cells or through contact with ECM that guides their behavior such as motility or even
differentiation. These signals from the external environment are sensed by the cells thanks
to their cytoskeleton.
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1.1. Biological tissues

1.1.1 The cell cytoskeleton

The ability of cells to change their shapes, divide, migrate or react to their environment,
is at least partially controlled by the active assembly and disassembly of cytoskeletal pro-
teins (requiring ATP consumption). The cell cytoskeleton is composed of this dynamical
network across the entire cell and its structure is permanently renewed. It is also involved
in the intracellular trafficking in combination with molecular motors [1]. The cytoskeleton
of eukaryotic cells is made up of three major components that we will briefly introduce :
actin filaments, microtubules and intermediate filaments (Figure 1.1).

Figure 1.1 The cell cytoskeleton. Immunofluorescence images of a single a) or several
adhering 3T3 fibroblasts b). Vimentin filaments, microtubules and actin filaments are labelled
in yellow, red and cyan respectively. Figures are adapted from Schepers et al. [2] and Lorenz et
al. [3].

- Actin filaments (or microfilaments) are obtained from the polymerization of monomeric
G-actin into filamentous actin (F-actin). The resulting filaments are polarized, semi-
flexible polymers (persistence length of about 18 µm), which means that the persistence
length is of the order of the filament length. Their diameter is about 6 nm. Actin fila-
ments are mainly located in the cell cortex under the cell membrane or in stress fibers
across the cell. These filaments are associated with force generation that is necessary
for shape changes, focal adhesion or movement. Indeed, myosin molecular motors couple
actin filaments together by sliding one set of microfilaments with respect to another. This
actin-myosin network provides contractile properties to the cell.

- Microtubules are composed of α- and β-tubulin heterodimers and form hollow fi-
laments of about 24 nm diameter with a hole of 12 nm diameter. In comparison to actin
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Chapter 1. General introduction

filaments, they are much more rigid since their persistence length is in the range of mil-
limeters. They polymerize from centrosomes and generally reach the plasma membrane.
Microtubules play a role in division through positioning of the spindle during mitosis, in
migration, in cell shape control or in intracellular trafficking.

- Intermediate filaments are made of proteins of a large class encoded by at least 70
genes. The resulting filaments have a diameter of 10 nm. In contrast with actin filaments
and microtubules that are found in all eukaryotic cells, intermediate filaments are cell type
specific. They are divided into 5 classes. While the first four classes (type I to IV) are
cytoplasmic, type V intermediate filaments are nuclear (lamins). Type I and II filaments
are heteropolymers consisting of different keratin proteins. Type III are homopolymers
such as vimentin or desmin. While vimentin is mainly expressed in fibroblasts, astrocytes
or endothelial cells, desmin is specific to muscle cells. Finally, type IV intermediate
filaments comprise three neurofilament heteropolymers expressed mainly in the cells of
the nervous system. Intermediate filaments can be considered as flexible polymers with
a persistence length smaller than 1 µm. They are involved in the mechanical response
of cells especially at large strains. Indeed, they are the most extensible, the softest and
the most resilient to stress among the three elements of the cytoskeleton. In particular,
vimentin is thought to act as a safety belt for cells under strain [4].

As evidenced recently [5], these three networks are interpenetrated, connected and
interacting networks. It is therefore hard to disentangle each contribution on the global
cell properties and mechanics.

1.1.2 The extracellular matrix

Cells are embedded in an extracellular matrix to form biological tissues. The extracellular
matrix is composed of a dense meshwork of polymers such as proteins or polysaccharides.
Collagen is the most abundant ECM protein, but we can also find laminin, elastin or
fibronectin. The ECM structure and specific composition is tissue type dependent and
can be secreted by specialized cells such as fibroblasts. The biochemical properties of
ECM but also its physical properties such as stiffness are crucial for the cell response [6].

1.1.3 Cell adhesions

Through specific transmembrane proteins, cell can probe their microenvironment and
adapt to mechanical stimulations. Cells are connected to neighbouring cells through cell-
cell adhesion proteins and to the external matrix thanks to cell-matrix adhesion proteins.
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1.1. Biological tissues

Cell-cell adhesions

Cell-cell adhesions are performed thanks to transmembrane proteins that interact
through their extracellular domains. These transmembrane proteins are linked to the
cytoskeleton through specific proteins enabling the transduction and propagation of ex-
ternal mechanical stimuli between the cells. We count four main categories of cell-cell
adhesion proteins: cadherins, immunoglobulins, selectins and some integrins (see Figure
1.2). The interactions between adhesion proteins can be either homophilic, like for cad-
herins where the extracellular domains of two cadherins are interacting, or heterophilic,
like for integrins where integrins interact with proteins bound to the membrane of another
cell.

Figure 1.2 The different types of cell-cell adhesion proteins. Figure adapted from
Hynes et al. [7].

The family of cadherins has been the mostly studied and characterised up to now. They
are involved in the formation of adherens junction or desmosomes. Cadherin-cadherin
interactions are dependent on extracellular Ca2+ that rigidifies the cadherin extracellular
domains promoting junctional interactions [8]. Extracellular calcium depletion therefore
decreases cadherin adhesion efficiency. Cadherins are linked to the cytoskeleton thanks to
specific proteins such as catenins. Several types of cadherins have been identified. While
E-cadherins are mainly found in epithelial tissues, N-cadherins are specific to mesenchymal
tissues.
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Chapter 1. General introduction

Cell-matrix adhesions

The adhesion between cells and their substrate is ensured by another type of transmem-
brane proteins called integrins. The extracellular domain of integrins is able to interact
with specific proteins of the extracellular matrix (ECM) such as collagen, laminin or fi-
bronectin. Here again, integrins are linked to the cytoskeleton through specific anchoring
proteins enabling the cells to receive the external mechanical stimuli from their environ-
ment. Integrins are for example involved in focal adhesions, allowing the cells to adapt to
the mechanical properties of the ECM.

Figure 1.3 sums up the different elements involved for a cell to sense its environment
through cadherin-dependent adherens junctions or integrin-based focal adhesions. Me-
chanical signals are relayed through cadherins and integrins connected via a contractile
actin-myosin network enabling the cells to actively adapt to their physical environment.

Figure 1.3 External mechanical signals are transmitted to cells through integrins
and cadherins that are linked by the contractile actin-myosin network. Figure ex-
tracted from Mui et al. [9].

Whereas the contribution of biochemical signals has long been studied for guiding
complex cell behaviors from migration to differentiation, biophysical and mechanical si-
gnals are now widely recognized to also be essential [10].

1.2 Spheroids and multicellular aggregates as tissue
models

In order to better understand the function of biological tissues, many studies focused
on individual cells cultured on 2D substrates. By forming 2D layers, cells can be used
as a tissue model mimicking an epithelium for instance. However, these elementary tis-
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1.2. Spheroids and multicellular aggregates as tissue models

sue models arising from 2D cell culture, do not reproduce the cell-matrix and cell-cell
interactions observed in 3D tissues.

1.2.1 Spheroids to bridge the gap between 2D culture and in
vivo studies

In the last decades, there has been a growing interest for spheroids and more generally
multicellular aggregates because of their potential ability to bridge the gap between 2D
in vitro culture and in vivo experiments by reproducing more closely the 3D physiological
conditions in vivo. In standard 2D culture systems, cells grow on a solid flat substrate
and lack cell-matrix and cell-cell interactions that are present in native tissues, while 3D
culture systems such as spheroids mimic one step further the complexity of the tissue
environment. Spheroids are multicellular aggregates growing as spheres derived from the
self-assembly of suspended cells (in biological fluids or in a matrix) (illustrative examples
Figure 1.4). They have been studied since the 50’s, but they were first called "spheroids"
by Sutherland et al. in the 70’s [11], [12] who obtained spherical multicellular aggregates
from hamster lung cells as a model of nodular carcinomas. While they were initially
developed for biomedical and drug screening applications in order to better reproduce
3D tumor environment, they can also be used as models to address many biological
questions, from pharmacology and drug screening [13] [14] to biophysics [15] [16] and
mechanobiology [17] [18], or tumorigenesis [19] [20] and embryogenesis [21] [22]. Even
if spheroids lack vascularization or innervation to perfectly reproduce the physiological
environment of tissues, their 3D structure and the potential presence of ECM make them
a model of choice at the intersection between 2D cultures and in vivo tissues.
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Chapter 1. General introduction

Figure 1.4 Spheroids to go from 2D to 3D culture. a) Bright field images of MCF-7
spheroids formed with agarose microwells and with a varying number of deposited cells after 3
days of culture. b) Two-photon microscopy image of a F9 multicellular aggregate obtained with
the hanging drop technique. The intercellular spaces are visualized thanks to sulforhodamine
B. c) Scanning electron microscopy images of a CHO cell aggregate. Images a, b and c adapted
from Gong et al. [23], Stirbat et al. [24] and Jakab et al. [25] respectively.

1.2.2 Standard techniques for 3D cell culture

All the techniques that were developed to form spheroids are based on favoring the
formation of cell-cell contacts of suspended cells to form a cohesive 3D structure. We can
distinguish two main approaches to obtain them as presented in Figure 1.5.

On one hand, scaffold-free approaches rely on the aggregation of suspended cells
in liquid medium followed by a phase of growth to reach the final size. In the case of
the hanging drop technique, suspended cells are aggregated thanks to gravity in liquid
drops of a few tens of µL formed on a flipped dish [24] while for the magnetic culture,
cells are magnetized with iron oxide nanoparticles and aggregated by the attraction to-
wards magnets. Besides, cell aggregation can be generated by permanent agitation of
the suspended cells in spinner or rotating flasks. Cells can also spontaneously aggregate
with the liquid overlay technique where suspended cells are put in non adhesive dishes or
microwells [23] or with microfluidic systems where cells are trapped into hydrogel capsules
such as alginate spheres that are permeable to oxygen and nutrients [26] (Figure 1.5).
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1.2. Spheroids and multicellular aggregates as tissue models

Figure 1.5 Classical techniques to form spheroids. Scaffold-free techniques (blue) and
scaffold- or matrix-based techniques (green) are both based on the aggregation of suspended
cells to generate cell-cell contacts followed by a phase of growth during several days. Techniques
in the intersecting region can be performed with or without scaffolds or matrix. For instance,
in the liquid overlay technique or for microfluidic systems, culture medium can be replaced by
ECM protein matrix or hydrogels, whereas scaffolds can be placed into bioreactors. Adapted
from Van Zundert et al. [27] and Chaicharoenaudomrung et al. [28].

On the other hand, scaffold-based approaches rely on the use of an external sub-
strate constructed to mimic the extracellular matrix (ECM) into which cells are inserted.
Several techniques can also be adapted for scaffold- or matrix-based approaches. First,
in the liquid overlay technique or with microfluidic generated capsules, cells can be em-
bedded in ECM protein matrix or hydrogels (such as collagen or Matrigel for example)
instead of being suspended in liquid culture medium. Rotating flasks and bioreactors
can be combined with scaffolds to allow oxygen and nutrients to be mixed in the media
(Figure 1.5).

In the case of scaffold-free approaches or with the liquid overlay technique, the obtained
spheroids are typically about a few hundreds of µm diameter after 24 hours and are not
larger than 500 µm diameter after about 7 days. The spheroids being formed by successive
cell growth and division during several days, access to nutrients and oxygen is limited by
diffusion which can lead to a necrotic core for spheroid sizes larger than a few hundreds
of µm. Besides, their shape is necessarily spherical.

To circumvent these limitations and to generate reproducible multicellular aggregates
of large size with various shapes and no necrotic core, the team has developed a magnetic
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Chapter 1. General introduction

molding technique based on the use of agarose molds and on the incorporation into the
cells of maghemite iron oxide nanoparticles [29]. These iron oxide nanoparticles will be
presented in greater details in section 1.3.

1.2.3 The magnetic molding technique

The team has recently developed a technique based on magnetically labelled cells
(called magnetic cells) to form large spheroids above 500 µm diameter, in less than
a day [29] [30]. The magnetic molding technique takes advantage of the magnetiza-
tion of cells thanks to the incorporation of superparamagnetic iron oxide nanoparticles
(γ − Fe2O3) as in the magnetic culture technique depicted Figure 1.5. However, with
the magnetic molding, only the formation of cell-cell contacts is required and no phase of
growth is necessary to reach the desired spheroid size.

Cells are first labelled with the superparamagnetic nanoparticles in 2D plates to confer
them magnetic properties. Magnetic cells are then detached and the suspended cells are
attracted in agarose molds by permanent magnets placed beneath the molds (Figure 1.6
a). After an overnight incubation at 37°C and 5% CO2, multicellular aggregates are
removed from the molds by gently pipetting the surrounding medium.

With this technique, we can obtain cohesive multicellular aggregates of unprecedented
sizes (up to 2 mm), very fast (in about 10 to 20 hours) and with a controlled geometry
defined by the shape and the size of the molds (Figure 1.6 b-c). Since spheroids are
formed in less than a day, there is no induction of a necrotic or hypoxic core. Moreover,
the incorporation of maghemite nanoparticles has worked efficiently on all the cell types
tested up to now ranging from mesenchymal stem cells [29] [31] to immortalized cancer
cell lines [18] [30] or embryonic stem cells [32]. This technique of multicellular aggregate
formation is therefore universal as long as cells are able to incorporate nanoparticles and
to form cell-cell adhesions.

Finally, the resulting multicellular aggregates have a magnetic moment that enables
the application of magnetic forces for their mechanical stimulation that is of high interest
for many fields of applications as presented in the following section.
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1.2. Spheroids and multicellular aggregates as tissue models

Figure 1.6 Magnetic molding to form multicellular aggregates. a) Schematics of the
magnetic molding technique. Steel beads of calibrated size are deposited in Petri dishes and
are held in place by permanent magnets while they are embedded in heated 2% liquid agarose
(1). Once the agarose is solidified, beads are removed creating semi-spherical agarose molds (2).
At this stage, any other shape can be used instead of spheres. Magnetically labelled cells are
then attracted in the molds by permanent magnets placed beneath (3) until the molds are filled
(4). The permanent magnet is then removed for overnight incubation at 37°C at 5% CO2 (5).
Within 10 to 20 hours, cell-cell contacts develop to form cohesive multicellular aggregate and
spheroids can be removed from their molds by gently pipetting the surrounding medium. b) Top
(left) and side view (right) of a muscle precursor cell spheroid (C2C12) obtained by magnetic
molding. c) Top (left) and side view (right) of a cuboid of murine carcinoma cells (F9) of 1 mm
side length and about 600 µm height.
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1.2.4 Applications of multicellular aggregates and the need to
exert mechanical forces

Multicellular aggregates are relevant models for studies in a wide range of fields, in
particular in biophysics and in tissue engineering that both require the application of
external mechanical forces.

From a biophysical standpoint, they represent simple tissue models whose proper-
ties can be controlled. Multicellular aggregates are therefore a great tool to understand
the mechanical properties of tissues, and have been extensively used for biophysical stu-
dies [33]. By extending the soft matter concepts to biological tissues, an analogy can be
drawn between multicellular aggregates and classical fluid, viscous or elastic materials.
However, to measure the mechanical properties of such tissue models, multicellular aggre-
gates need to be deformed in a controlled manner through the applications of mechanical
forces. This point will be addressed in details in part I.

From a tissue engineering view, multicellular aggregates present direct applications
in regenerative medicine and disease modelling. The aim is to reproduce a specific organ
or tissue function and organization in vitro. However, if biochemical cues have been
extensively studied for the fate of cells, biophysical cues such as mechanical stimulation
are also crucial for the proper differentiation and organization of cells. Nevertheless, tools
to apply mechanical forces to such constructs are still missing, and existing techniques
are generally based on force application to an external support matrix. This topic will be
addressed in part II through an application for the skeletal muscle.

These two different domains of applications highlight the need of strategies to ap-
ply remote forces to 3D multicellular aggregates. Magnetic forces appear as well-suited
candidates. Indeed, they enable the application of remote and versatile stimulations.
The approach proposed in this manuscript is the incorporation of maghemite iron oxide
nanoparticles into the cells for the formation of multicellular aggregates but also for the
manipulation of cells at distance and the application of remote forces. General properties
of iron oxide nanoparticles are addressed in the following section.
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1.3 Iron oxide nanoparticles

1.3.1 Biomedical applications

Iron oxide nanoparticles, generally composed of magnetite (Fe3O4) or maghemite (γ −
Fe2O3), are multifunctional tools for many biomedical applications mainly thanks to
their good biocompatibility and their specific magnetic properties. They were initially
developed as an MRI (Magnetic Resonance Imaging) contrast agent. In 1996, the first
iron oxide nanoparticle based product was approved by the FDA as an oral administrated
contrast agent for the gastrointestinal tract [34].

Many applications then emerged based on the cellular uptake of iron oxide nanoparti-
cles. These nanoparticles can be used in combination with MR imaging for the in vivo
monitoring of cell trafficking or cell migration in cell-therapy assays [35]. They can also
be useful tools for the targeted destruction of tumour tissues with hyperthermia. This
strategy is based on the incorporation of the iron oxide nanoparticles into a solid tumor
followed by the application of a high-frequency alternating magnetic field generating an
increase in temperature leading to apoptosis or necrosis. Multifunctionalization of iron
oxide nanoparticles by both targeting agents and drugs, is also a strategy for a targeted
drug delivery [34] [36].

Iron oxide nanoparticles therefore present a wide range of promising applications from
MR imaging, to hyperthermia, drug delivery, or tissue repair and engineering [37]. How-
ever, the incorporation of iron oxide nanoparticles into the cells is also of high interest
for mechanobiology studies. Through the application of external magnetic fields, remote
forces can be applied to the cells thanks to their superparamagnetic properties.

1.3.2 Magnetic properties

Indeed, while iron oxide is ferromagnetic, sufficiently small nanoparticles containing
one single magnetic domain, have a superparamagnetic behavior. In that case, in the
absence of a magnetic field, magnetization randomly flips under the influence of thermal
agitation and the average magnetic moment measured is zero. However, the application of
an external magnetic field magnetizes the nanoparticles, in a similar way as a paramagnet
but with a much larger susceptibility, and a magnetic moment aligned with the magnetic
field can be measured.

In the case of MR imaging, the superparamagnetic nanoparticles enhance the contrast
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where they accumulate on scales larger than their dimension by creating local magnetic
fields under the application of a magnetic field and therefore modifying the magnetization
of neighbouring protons [38]. These superparamagnetic nanoparticles can also be incor-
porated into the cells providing a great tool to manipulate and apply forces to the cells
at distance with external magnets.

1.3.3 Different types of iron oxide nanoparticles for magnetic
labelling

To allow for cell manipulation and force application, nanoparticles need to be incor-
porated into the cells. The main requirements are to provide the cells with sufficient
magnetization to be manipulated but without altering their viability or functionnality.
Several methods have been developed to improve the magnetic labelling and uptake for a
variety of applications:

- Iron oxide nanoparticles can be coated with dextran itself functionnalized with
proteins such as immunoglobulins that trigger receptor mediated endocytosis. In that
case, internalization is cell type specific.

- Tranfection agents can be used to facilitate the uptake of nanoparticles. Dextran-
coated nanoparticles form large complexes with the transfection agent highly charged
macromolecules. By electrostatic interactions, they adsorb to the cell membrane and
trigger endocytosis through membrane bending. However, the properties of the formed
nanoparticle/transfection agent complex are hard to control and studies evidenced the
possible presence of precipitates and adsorption of the complex on the cell membrane
instead of internalization.

- Polymer-free iron oxide nanoparticles coated with anionic monomers are
an alternative strategy. They are coated by anionic monomers such as citrate giving
a negative zeta potential providing the stability of the colloidal suspension thanks to
electrostatic repulsions. With this approach, nanoparticles are incorporated in the cells
by endocytosis in an aspecific manner.

In the following work, we used iron oxide nanoparticles from the last category : γ −
Fe2O3 coated with citrate anions.

Indeed, these iron oxide nanoparticles coated with anionic monomers present many ad-
vantages. First, the incorporation process through endocytosis has been fully described as
presented in Figure 1.7. Cells are incubated with a nanoparticles solution and nanoparti-
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cles are first adsorbed to the cell membrane. They are then endocytosed and the nanopar-
ticle loaded vesicles fuse with the endosomes where the nanoparticles are stored.

Figure 1.7 Internalization and cellular fate of iron oxide nanoparticles. a) Internal-
ization of iron oxide nanoparticles by the cells. Nonspecific adsorption of nanoparticles on the
plasma membrane (1). Invagination of the membrane (2). Endocytosis, formation of an intra-
cellular vesicle containing the nanoparticles (3). Fusion of the loaded vesicle with the endosome
(4). Adapted from Rivière et al. [39]. b) Transmission electron microscopy (TEM) image of an
adherent mesenchymal stem cell after nanoparticle incorporation. Nanoparticles are stored in
the endosomes indicated with black arrows. Image from François Mazuel’s PhD thesis [40].

Second, the nanoparticle (NP) synthesis and incorporation is simpler since there is no
need for NP functionnalization or addition of transfection agents. Besides, the NP uptake
is fast (30 min to 2h) and can be tuned by the incubation time with nanoparticle or the
concentration of the NP solution. Finally, since the internalization process is aspecific,
it can be adapted to any cell type. The incorporation of maghemite nanoparticles has
worked efficiently on all the cell types tested up to now.
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1.3.4 Synthesis

In the following work, the nanoparticles used are all maghemite (γ − Fe2O3) iron
oxide nanoparticles coated with citrate anions. They were synthetized at the PHENIX
laboratory (UMR 8234) or by Véronique Thévenet in the laboratory.

First, magnetite nanoparticles (Fe3O4) are obtained by alkaline coprecipitation of
Fe(II) chloride (FeCl2) and Fe(III) chloride (FeCl3) according to Massart’s procedure
[41]. Then nanoparticles are oxidized into maghemite (γ − Fe2O3) by the addition of boi-
ling iron nitrate (Fe(NO3)3). After magnetic decantation and several washes with acetone
and ether, the precipitate is resuspended in water. Sodium citrate (NaC(CH2COOH)2

(COOH)(OH)) is then added to ensure electrostatic stability of the suspension thanks
to the adsorption of citrate anions (negative charges due to the carboxyl groups) to the
nanoparticles. Before precipitation with acetone, the solution is heated for 30 min at
80°C in water. After magnetic decantation and several washes in acetone and ether, the
precipitate is resuspended in water.

The resulting solution is composed of nanoparticles of about 8 nm diameter (cf Figure
1.8 a) that are superparamagnetic objects as described previously. A typical magnetiza-
tion curve of the nanoparticle solution is presented Figure 1.8 b.

Figure 1.8 Maghemite iron oxide nanoparticle geometry and magnetization. a)
TEM image of iron oxide nanoparticles in solution prepared according to the presented protocol.
Image from Mazuel et al. [42]. b) Magnetization curve of the iron oxide nanoparticle solution.
The plot represents the magnetic moment M normalized by the magnetic moment at saturation
Msat as a function of the applied external magnetic field. Curve from Mary et al. [43].
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1.3.5 Cytocompatibility and intracellular fate

Thanks to the cellular uptake of iron oxide nanoparticles, we can therefore provide
magnetic properties to the cells. For each application, the labelling conditions have to be
adapted to provide the chosen cell magnetization. However, the cytocompatibility also
needs to be carefully checked.

Iron oxide nanoparticles and more generally nanoparticles and nanomaterials raised
concerns about their potential toxicity, due to their size and their ability to cross biological
membranes and to access cells and tissues. Many studies have been conducted to address
this question [44]. If some environmental or food nanomaterials are now controversial,
iron oxide nanoparticles are considered biocompatible at low doses.

Several studies have investigated the potential cytotoxic effect of different types of su-
perparamagnetic iron oxide nanoparticles with different coatings showing no or low cyotox-
icity associated until exposure to high concentration levels [45]. Besides, differentiation of
mesenchymal or embryonic stem cells was shown not to be affected by the internalization
of maghemite nanoparticles under a certain threshold by several teams [46] [47] [48] and
also in our group [32] [49].

Moreover, iron is taken over by the iron metabolism. Indeed, iron is essential for
many cellular processes in all living organisms from oxygen transport to respiration. For
example, it is involved in heme that is a precursor of hemoglobin that binds oxygen for
transport. Heme is also the active part of cytochromes that are key co-enzymes of the
Krebs cycle for electron transport. The iron metabolism therefore enables to maintain
iron homeostasis involving many proteins and enzymes. In particular, the ferritin protein
enables to store iron on its Fe(III) form. If the ferroxidase enzyme enables to convert
Fe(II) into Fe(III) with no reactive oxygen species (ROS), the presence of Fe2+ can also
lead to the generation of ROS through the Fenton reaction :

Fe2+ + H2O2 −→ Fe3+ + HO. + OH−

causing an oxidative stress [45] that is thought to be the main mechanism of cytotox-
icity [44]. In the case of maghemite nanoparticles, iron is in its oxidated Fe(III) form,
in contrast with magnetite nanoparticles (containing a mixture of Fe(II) and Fe(III)),
reducing this potential damage to the cell proteins, DNA or lipids. Recently, it has been
shown by the team that maghemite nanoparticles coated with citrate anions are degraded
in the endosomes (lysosomes) and stored in ferritin [42], showing that iron oxide nanopar-
ticles are indeed taken over by the iron metabolism. In the case of mesenchymal stem cell
spheroids, 80% of iron oxide nanoparticles are degraded after 10 days. Finally, remagneti-
zation of human stem cells from nanoparticle degradation products in certain conditions
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was evidenced demonstrating a possible neosynthesis of magnetic nanoparticles in the
cells [50].

Figure 1.9 Iron oxide nanoparticles are degraded by the cellular machinery. TEM
representative images of iron oxide nanoparticle degradation in human mesenchymal stem cell
spheroids. At day 0 (a), nanoparticles are confined in the endosomes, while after 27 days (b),
the endosomes (indicated with black arrows) contain lighter spots identified as ferritin. Ferritin
spots are also detected in the cytoplasm outside the endosomes. Images from Mazuel et al. [42].
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In the following work, we used as a cellular model mouse muscle precursor cells
(C2C12). These immortalized cells are myoblasts, that are able to fuse and differenti-
ate into skeletal muscular cells. In this manuscript, thanks to magnetic forces, we first
investigate the mechanical properties of unorganized muscle tissue models (part I chapter
2.2). We then use magnetic forces to favor differentiation and 3D organization of muscular
cells (part II). The skeletal muscle structure and function will be presented in the next
section.

1.4 The skeletal muscle

A muscle is a tissue composed of fibers that can contract to produce a movement or
generate a force. This contraction can be either involontary (smooth muscle or striated
cardiac muscle) or voluntary as in the striated skeletal muscle. In this manuscript, we
will focus on this second category. The skeletal muscle is linked to the bones thanks
to tendons. It maintains their position and controls their movement through voluntary
contraction.

The striated skeletal muscle is a multi-scale structure with a very complex organi-
zation. It is composed of aligned bundles of muscle fibers following the axis of force
application. These bundles are called fascicle and have a diameter varying from 1 to 5
mm for lengths up to cm. They are composed of entangled myofibers, or single muscle
fibers, corresponding to polynucleated cells. These myofibers, with diameters ranging
from 10 to 100 µm originate from the fusion of hundreds of muscle precursor cells, the
myoblasts (Figure 1.10). Finally, each myofiber contains hundreds of myofibrils that are
composed of elementary contractile protein units in series called sarcomeres of about 2
µm diameter (Figure 1.11). The shortening of each sarcomere leads to the contraction
of individual myofibers and consequently of the whole muscle. This strong anisotropy of
the muscle determines directly the contractile force (active behavior) and the elasticity
(passive behavior) of the muscle.

Sarcomeres are highly organized structures composed of actin filaments (thin fila-
ments), myosin filaments (thick filaments) and other proteins confering its specific orga-
nization. According to the widely accepted sliding filament theory, myosin thick filaments
slide on actin thin filaments, each filament remaining at a constant length, resulting in
muscle contraction. Myofibrillar actin filaments are anchored to the Z-line thanks to sup-
port proteins such as α-actinin while myosin filaments are anchored to the M line [53]
(Figure 1.11). The lighter I band (isotropic) and the darker A (anisotropic) band, named
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Figure 1.10 The skeletal muscle and its multiscale aligned structure. The skeletal
muscle is composed of aligned bundles of muscle fibers, the fascicles. Each fascicle contains
aligned myofibers : elongated and polynucleated cells that are the individual muscular cells. In
each myofiber, myofibrils composed of thousands of sarcomeres (the elementary contractile units
of the muscle) are also aligned. Adapted from Beldjilali-Labro et al. [51] and Carnes et al. [52].

after their properties under polarized light microscopy, contain respectively only the actin
filaments and the entire length of myosin thick filaments. The darker A band there-
fore contains both actin and myosin filaments. Finally, the H zone that appears lighter
than the A band in polarized microscopy contains only the myosin thick filaments [54].
Intermediate filaments and especially desmin, are essential for the structural integrity
of myofibers, connecting myofibrils with each other and attaching the myofibrils to the
sarcolemma.

In the sarcomeres, actin filaments are covered with tropomyosin that are hiding the
myosin binding sites (Figure 1.11 b). When the sarcoplasmic reticulum surrounding the
myofibrils releases calcium ions in response to a motoneuron stimulation, Ca2+ ions bind to
troponin C located throughout tropomyosin proteins inducing a conformational change of
the troponin complex (composed of troponin C, I and T) and uncovering the actin binding
site for myosin heads [55]. Thanks to the ATP hydrolysis cycle, myosin heads first change
to an extended conformation and bind to actin filaments forming a cross-bridge. Then
they change conformation again providing the power stroke and detach from the actin
filaments. Myosin heads pull the actin filaments inwards reducing the distance between
the two Z lines therefore contracting the myofibril and ultimately the whole muscle [54].
For one myosin head the force generated is of the order of magnitude a few pN [56], while
for myofibrils it is around a few tens of nN/µm2 [57] [58], resulting in a generated force of
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hundreds of N for the whole muscle. The multi-scale aligned organization of the skeletal
muscle is essential for this force generation.

Figure 1.11 The elementary contractile unit of the muscle: the sarcomere. a)
Schematic view of a myofiber composed of aligned myofibrils. b) Schematics of a sarcomere and
of its two main components: myosin thick filaments and actin thin filaments. Actin filaments
are anchored to the Z line. These filaments are covered with tropomyosin hiding the myosin
binding sites. Upon Ca2+ binding to troponin, the myosin binding sites are revealed enabling
myosin heads to bind and pull on actin filaments shortening the sarcomere. The lighter I band
corresponds to the sarcomere part containing only actin filaments while the darker A band
contains the entire length of the myosin thick filaments. This A band therefore contains both
actin and myosin filaments. Finally, the H zone corresponds to the part containing only myosin
filaments. The myosin filaments sliding and pulling on the actin filaments, the lighter I band and
the H zone length decrease upon contraction while the A band size remains constant. Illustrative
schematics from Betts [59]. c) Electron micrograph of a striated muscle cut longitudinally. One
single sarcomere is visible at the center of the picture. Mitochondria are visible on the top half
part while the sarcoplasmic reticulum surrounding the myofibrils is visible on the bottom part
between the two myofibrils. Picture extracted from Lange et al. [53].
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In conclusion, spheroids and multicellular aggregates are good tools to reproduce the
3D organization of biological tissues. These tissue models have many field of applications
in particular in biophysics and in tissue engineering where the application of external me-
chanical forces is essential. Herein, we use magnetic cells to form and stimulate remotely
multicellular aggregates.

In the two parts presented in this manuscript, magnetic forces are used to i) deform
multicellular aggregates and measure their mechanical properties and ii) apply
mechanical cues to favor differentiation and organization of 3D skeletal muscle
constructs.
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Part I

Mechanics of 3D tissue models



Mechanical and rheological properties of multicellular
aggregates

Biological tissues, and more specifically multicellular aggregates are composed of a large
number of cells. Tissue mechanics can thus be described using a continuum approach,
where each elementary volume contains many cells [60]. Therefore multicellular aggregates
can be characterized through macroscopic properties by analogy with soft matter objects.

Response at different time scales

Biological tissues, and in particular multicellular aggregates, present a wide range of
mechanical and rheological responses depending on the time scale considered, that we will
here briefly introduce.

At short time scales, from seconds to minutes, and at low deformation levels,
multicellular aggregates present an elastic behavior upon the application of a constraint.
Deformations are reversible and are mainly due to the elasticity of individual cells con-
ferred by their cytoskeleton.

At intermediate time scales, from minutes to an hour, multicellular aggre-
gates have been shown to experience a viscoelastic response [61] [29]. A fast elastic
deformation is followed by a slower deformation where internal rearrangements can arise.
The aggregates can therefore be described as viscoelastic fluids, characterized by their
surface tension, their elastic modulus and their viscosity. The internal rearrangements
or reorganisation between cells are conferring the viscous properties to the multicellular
aggregates and are enabling the relaxation of internal stresses. These rearrangements
upon constraint, relaxing internal elastic stresses at intermediate time scales, have been
evidenced for instance by Phillips et al. [62] with embryonic cell aggregates upon pro-
longed centrifugation or by Tlili et al. [63] with embryonic cell aggregates aspired through
constrictions in microfluidic channels with a stress relaxation time scale of about 20 min.

At longer time scales, from several hours to days, cell division and apoptosis
have to be taken into account. For instance, rearrangements caused by cell death and
division are thought to fluidize the tissue providing a relaxation time set by the rates of
apoptosis and division [64].

In the following work, we will focus on mechanical properties at short and intermediate
scales where the effects of cell death and division are negligible.
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Active behavior of biological tissues

In contrary to common inert materials, biological tissues and multicellular aggregates
have active properties and their mechanical properties may present spatial or temporal
variations in adaptation to their mechanical environment. For instance, a mechanosensing
effect was observed by Guevorkian et al. [61] where local surface tension of the aggregates
increased with the force of aspiration in a micropipette. Cell proliferation or cell flows
can also be modified by global osmotic compressions of spheroids [65] [66].

Theoretical models

Many theoretical models have been developed to account for these manifold properties
of biological tissues. They were described with a variety of models: elastic, viscoelastic
[61], fractional viscoelastic [67], or visco-elasto-plastic [68], the latter trying to comprise
the plasticity of biological tissues observed in some experimental conditions. However,
there is no unified description of biological tissues as each model describes a few of their
specific features.

Relating individual microscopic properties to macroscopic me-
chanical properties

Understanding the interplay between the properties of individual cells and the global
mechanics of biological tissues is now a real challenge to better apprehend the mechanical
properties of tissues. If some studies have focused on this interplay at the level of 2D
epithelium such as in Moisdon et al. [69], few studies focused on the translation of indivi-
dual cellular properties at the 3D tissue scale. Besides, tools able to measure deformations
at the tissue scale upon force application are developing, opening new possibilities to
understand the relationship between microscopic properties and macroscopic mechanical
properties of tissues.

In the first chapter of this part (chapter 2), we will focus on surface tension of mul-
ticellular aggregates measured thanks to magnetic forces. First, we will study the role of
the cell cytoskeleton properties and cell-cell adhesions on the global mechanics of muscle
precursor cell spheroids. If the influence of cell-cell adhesions and actin structure and ten-
sion have been already evidenced [70] [71] [72], the effect of desmin intermediate filaments,
specific of muscle cells, on the 3D mechanics of spheroids is unknown and will be explored
in section 2.2. Then in section 2.3, in a model of human breast cancer cells at different
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stages of epithelial-mesenchymal transition, tumor related properties of individual cells
will be correlated to the global mechanics of spheroids obtained from these cells. Finally,
in chapter 3, we will present a new tool based on magnetic forces for the measurement of
rheological properties of multicellular aggregates.
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Chapter 2

Surface tension of 3D tissue models

Contents
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.1.1 Surface tension of multicellular aggregates . . . . . . . . 30

2.1.2 Techniques to probe the mechanical properties of multi-
cellular aggregates . . . . . . . . . . . . . . . . . . . . . 31

2.1.3 The magnetic force tensiometer . . . . . . . . . . . . . . 33

2.2 The interplay between microscopic properties and macro-
scopic mechanical properties of multicellular aggregates 37

2.2.1 The importance of intermediate filaments in the shape
maintenance of myoblast model tissues . . . . . . . . . . 37

2.2.2 Discussion and perspectives . . . . . . . . . . . . . . . . 71

2.3 Mechanical properties of human breast cancer cell tissue
models and their relation with tumor related properties
of individual cells . . . . . . . . . . . . . . . . . . . . . . . . . 77

2.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . 77

2.3.2 Surface tension of model tissues during malignant trans-
formation and epithelial–mesenchymal transition . . . . . 83

2.3.3 Discussion and perspectives . . . . . . . . . . . . . . . . 103

29



Chapter 2. Surface tension of 3D tissue models

2.1 Introduction

2.1.1 Surface tension of multicellular aggregates

The study of mechanical and rheological properties of biological tissues, inspired from
soft matter concepts was largely initiated by Steinberg. He was the first to notice the liquid
behavior in embryonic tissues [73] by noticing the similarities between the spontaneous
rearrangement of two different cell types and the behavior of two non-miscible fluids. He
then drew an analogy between biological tissues and a viscoelastic fluid [62] (Figure 2.1),
introducing the concept of a tissue surface tension governing the shape at equilibrium of
multicellular aggregates.

Figure 2.1 A viscoelastic liquid model for multicellular aggregates. The left half of
the schematics corresponds to the fast-responding (low viscosity) viscoelastic solid modeled by
a spring and a dashpot in parallel. The right half corresponds to the viscous liquid component
modeled with a dashpot (high viscosity) and a slide wire in parallel (adapted from Phillips et
al. [62]). Here in this example model, the plasticity component of a multicellular aggregate is
not taken into account and neglected.

In that case, the short time scale mechanical response of the biological tissue to an
external deforming force is dominated by the viscoelastic solid response of the individual
cells (cell stretch and deformation) and of the extracellular matrix with no cell rearrange-
ments. At longer time scales, the response is dominated by the viscous liquid component
corresponding to cells slipping on another and relaxing the internal forces. The viscoelastic
liquid model explains many experimental results [25] [74] however the biological identity
of each component of the model is not clear.

Several hypotheses have been developed to account for the differences of surface ten-
sion in tissues. A simplified view to visualize the concept of tissue surface tension is
that similarly to liquids consisting of molecules with attractive interactions, tissues con-
sist of cells with adhesive interactions mediated by cell-cell adhesions molecules such as
cadherins. As in liquids, the size of individual cells is much smaller than the characteris-
tic size of a tissue and tissues can be treated as a continuous medium with macroscopic
properties such as viscosity, elasticity or surface tension [15]. With this simplified model,
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Steinberg first proposed the Differential Adhesion Hypothesis (DAH) that postulates that
differences in surface tension are largely determined by differences in expression of cell
adhesion molecules [73]. He found experimentally that surface tension was linearly pro-
portional to the cadherin expression level [70]. However, this postulate is still disputed
and does not explain the order of magnitudes measured [75]. Another hypothesis was
proposed by Harris, the Differential Surface Contraction Hypothesis (DSCH) [76]. The
DSCH proposes that surface tension arises from differences in actomyosin-driven cell cor-
tical contractility. Finally, the Differential Interfacial Tension Hypothesis (DITH) [77]
combines the DAH and the DSCH to propose that tissue surface tension is governed by
the tension along the edges of individual cells or an effective adhesion combining both cell
adhesion and cell contractility. The origin of surface tension in cellular aggregates is still
an open research subject. This surface tension can however be measured experimentally
thanks to different set-ups.

2.1.2 Techniques to probe the mechanical properties of multi-
cellular aggregates

Surface tension measurements

Few experimental techniques exist to measure the surface tension of multicellular ag-
gregates. They are described in Figure 2.2.

- For parallel-plate compression, the aggregate is compressed at constant defor-
mation [72] [78]. Surface tension γ is obtained from the aggregate’s deformed shape at
equilibrium and can be determined as γ = F

πR32 × 1
1

R1
+ 1

R2
(Figure 2.2 a).

- Micropipette aspiration enables to measure the local surface tension of the ag-
gregate [79]. Spheroids are sucked in micropipettes as represented Figure 2.2 b. Surface
tension can be determined from the spheroid deformation as γ = ∆Pc

2×( 1
Rp

− 1
R0

) with ∆Pc the
critical pressure to aspirate the spheroid. This local sensing does not provide a measure-
ment of the macroscopic surface tension; however above the critical pressure to aspirate
the spheroid, it will start to flow inside the micropipette and its viscosity can be deduced
from the tongue flow and retraction speed.

- In the aggregate centrifugation technique, the aggregate is exposed to an acce-
leration of about 100 times earth gravity [80]. γ is obtained from the aggregate’s deformed
shape under centrifugation (Figure 2.2 c). The dynamical behavior is not extracted and
the samples are fixed to be observed.
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Figure 2.2 Methods for the measurement of surface tension of multicellular aggre-
gates. Parallel-plate compression (a), aggregate centrifugation (b) and micropipette aspiration
(c). Pictures were extracted from Gonzalez-Rodriguez et al. [15].

These techniques enable to measure the surface tension of spheroids, however other
macroscopic properties such as elasticity can be assessed.

Elasticity measurements

In order to measure the elastic properties of multicellular objects several techniques
are available to probe spheroids at the global or local scale (Figure 2.3).

First at the local scale, the micropipette aspiration provides not only information
on the surface tension of spheroids but it also gives access to an estimate of the elastic
modulus [61]. Atomic force microscopy (AFM) or nanoindentation can also be used to
probe the elasticity of the spheroids. By indenting the spheroids with the tip located at the
end of the cantilever and analyzing the applied force as a function of the indentation depth,
a local Young’s modulus can be determined [81]. This technique is probing the spheroid
elasticity only at its surface on the first top cell layers and at a very local scale. Finally,
elastography-based measurements, such as optical coherence elastography/tomography
(OCE/OCT) or Brillouin microscopy [82], provide information on the internal elasticity
map. The elasticity distribution is deduced either by measuring the shear wave velocity
that depends on the stiffness (shear-wave elastography) or by measuring the displacement
field resulting from a compression stimulus (strain-imaging elastography).
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At the global scale, isotropic loading can be applied to spheroids thanks to osmo-
mechanical stresses by the addition of large non-penetrating molecules to the medium [65],
providing compression modulus measurements [66].

Figure 2.3 Techniques to measure spheroid elasticity. Micropipette aspiration a), AFM
or nanoindentation b) and osmo-mechanical stress c) probe the multicellular aggregates elas-
ticity at the micro-, the nano- and the global scale respectively. Pictures were extracted from
Efremov et al. [33]

2.1.3 The magnetic force tensiometer

All these methods provide various information on the viscoelastic properties of spheroids.
However none of them provides a global scale measurement of both their surface tension
and elasticity. To overcome this challenge, the magnetic force tensiometer was recently
developed in our team [29]. The magnetic tensiometer is an integrated approach to mea-
sure multicellular aggregate mechanical properties and especially surface tension. This
method is close to the centrifugation method presented Figure 2.2 a since the idea is
to impose a “magnetic supergravity” to the aggregate by forming aggregates with cells
labelled with magnetic nanoparticles (see chapter 1 section 1.2.3). The main advantages
in comparison to centrifugation are: (i) that the aggregate can be visualized during the
whole experiment and therefore the dynamical behavior of the aggregate can be extracted,
(ii) magnetic molding techniques can be used to obtain aggregates of controlled size, shape
and content (see chapter 1 section 1.2.3).
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Chapter 2. Surface tension of 3D tissue models

Indeed, spheroids are formed by magnetic molding. Due to iron oxide nanoparticle
incorporation, cells acquire a magnetic moment. The assembly of the magnetic cells gives
rise to a magnetic spheroid with a given magnetic moment. Therefore, the multicellular
aggregate can be magnetized when a magnetic field is applied. Thanks to the presence
of this magnetic moment, a magnetic force per unit volume fv can be applied to the
aggregate: fv = Mv × grad(B) with Mv the volumic magnetic moment and grad(B) the
magnetic field gradient generated by the magnet. A cylindrical neodymium magnet (6
mm high and 6 mm in diameter) was used for the magnetic force tensiometer. It was
selected to generate a homogeneous magnetic force per unit volume. Indeed, close to the
surface (magnetic field of 0.47 T) and within a cylindrical volume of 1.5 mm high and
1.5 mm in diameter, the magnetic field gradient was uniform (grad(B) = 170 /m) (see
Appendix A). In conclusion, spheroids are submitted to an homogeneous force per unit
volume equivalent to a gravity around 100 g when putting a permanent magnet under
the cellular aggregate. The experimental set-up of this magnetic force tensiometer is
described in Figure 2.4.

Figure 2.4 Set-up of the magnetic force tensiometer. A spheroid formed by magnetic
molding is deposited in a temperature-regulated tank sealed with glass slides on its sides and
on the bottom. A permanent magnet is approached under the spheroid generating a magnetic
force that flattens the spheroid. The aggregate side profile is monitored with a camera.

The shape at equilibrium of the multicellular aggregate is therefore determined by
the balance between magnetic forces and capillary forces. From the comparison between
experimental and theoretical profiles, surface tension of the aggregate can be measured.
The theoretical profiles were determined by analogy with a sessile drop and by solving
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2.1. Introduction

numerically the associated differential equations. The detailed equations are presented in
Appendix B.

Thanks to this procedure, the capillary constant of the system c = fv/γ = κ2 can be
determined for each multicellular aggregate (with fv and γ the force per unit of volume
and the spheroid surface tension respectively). By measuring the magnetic moment of
the aggregate with Vibrating-Sample Magnetometry (VSM), the magnetic force per unit
volume (fixed by the permanent magnet used as fv = Mv × grad(B)) can be calculated
and the value of surface tension can be deduced. The typical shape of the obtained
profiles is presented in Figure 2.5. From these theoretical profiles obtained for a 500
µm radius spheroid under a 100 g force (Figure 2.5a), we notice that the lower surface
tension is, the more sensitive the magnetic tensiometer is. A sufficient deformation of the
spheroid is therefore required to measure accurately its surface tension. This limitation
is circumvented by increasing the size or the magnetic moment of the spheroid to obtain
larger deformations (Figure 2.5b).

Figure 2.5 Laplace profiles obtained by numerical integration for a multicellular
aggregate under magnetic flattening (with fv equivalent to 100 g) for different sur-
face tension values (a) or different radii (b). In both cases, the profiles were plotted in
non-wetting conditions.

From this experimental procedure, the surface tension of spheroids made of different
cell types or formed in various conditions is obtained (Figure 2.6 a and c). Moreover,
from the short-time scale deformation, the Young’s modulus E of the tissue model is
measured [29]. Indeed, by measuring the contact length 2L and using Hertz theory,
E can be derived as E = (1−σ2)πMv grad(B)R4

L3 (Figure 2.6 a-b and d). In the following
measurements, we assumed that the contact length at t+

0 is equal to the contact length
at tf since all our measurements were done such that R ∼ Rc with Rc the critical radius
for the elastocapillary transition. In that case, as described in Mazuel et al. [29], we have
Lelastic ∼ Lcapillary with Lelastic the contact length obtained by elastic deformation and
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Lcapillary the contact length reached thanks to capillary forces.

Figure 2.6 Example of a spheroid flattened in the magnetic force tensiometer. a-c)
Representative images of a muscle precursor cell spheroid before magnetic flattening at t0 (a),
30 s after the magnet approach at t+

0 (b) and after 20 min of flattening when the equilibrium
shape is reached (c). The contact length 2L in green at t+

0 is measured to determine the
Young’s modulus while the spheroid surface tension is measured by fitting the aggregate profile
at equilibrium at tf (fitted profile shown in red). The measured surface tension and Young’s
modulus for the presented spheroid are respectively 23 mN/m and 140 Pa. d) Representative
relative height variation upon magnetic flattening as a function of time. Here, a fast elastic
deformation is followed by a more viscous-like behavior to reach the capillary driven shape.

Combined with magnetic molding that enables to tune the cellular content and to add
drugs during spheroid formation, the magnetic force tensiometer provides a great tool to
easily probe the interplay between cell scale and global mechanical properties. Thanks
to this tool, we investigated the role of the cell cytoskeleton on the global mechanics
muscle precursor cell spheroids. The corresponding work is presented in the following
paper preceded by a brief summary.
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2.2 The interplay between microscopic properties and
macroscopic mechanical properties of multicellu-
lar aggregates

2.2.1 The importance of intermediate filaments in the shape
maintenance of myoblast model tissues

Summary

Viscoelastic properties of biological tissues drive their mechanical response to their
surrounding environment. However the parameters influencing the 3D mechanics of these
tissues, arising from the interplay with microscopic properties at the single cell level, are
not fully understood yet.

In this study, we used mouse myoblast multicellular spheroids as simple tissue models.
They were formed by a magnetic molding technique, that enables the control of the cel-
lular content and the addition of drugs during spheroid formation to perturb individual
cellular properties. The mechanical macroscopic properties of the resulting spheroids were
measured by flattening the spheroids with magnetic forces. From their deformation, we
were able to measure both the Young’s modulus and the surface tension of these multicel-
lular aggregates. First, we showed that perturbing intercellular adhesions, by decreasing
cadherins efficiency with EGTA and disorganizing the actin cytoskeleton with Latrun-
culin A decreases both surface tension and the Young’s modulus. We then highlighted
the role of actomyosin contractility, showing that an inhibition of myosin II molecular
motors decreases the surface tension and rigidity of spheroids in a dose response man-
ner. Interestingly, the characteristic concentration of inhibition measured is of the same
order of magnitude as for a single myosin II motor, pointing out the interplay between
microscopic and mechanical macroscopic properties.

If the role of intercellular adhesions and of the actin cytoskeleton, both in terms of
contractility and organization, had already been investigated [70] [71] [72], the role of in-
termediate filaments on the 3D mechanics of tissues has still not been deciphered. To give
first insights to that question, we looked at the influence of the desmin network that are
the main intermediate filaments of muscle cells, in collaboration with Sabrina Batonnet-
Pichon and Florence Delort from BFA (Unit of Functional and Adaptive Biology). They
constructed a cellular model of mouse muscle precursor cells that overexpresses a human
mutated desmin D399Y. This model, developed to mimic the phenotypic changes ob-
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served in patients suffering from desminopathies [83], presents a very specific phenotype
with large cytoplasmic desmin aggregates [84]. By forming spheroids with cells overex-
pressing either a wild-type desmin or a mutated desmin, we showed that the presence
of desmin cytoplasmic aggregates increases the surface tension and Young’s modulus of
the multicellular spheroids. We therefore revealed the fundamental role of this inter-
mediate filament network architecture even at an early differentiation stage in this 3D
undifferentiated and unorganized muscle tissue model.
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75013 Paris, France
3 Present address : Laboratoire Physico-Chimie Curie, UMR 168, CNRS, Institut Curie, Uni-
versité PSL, Sorbonne Université, 75005 Paris, France
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Abstract

Liquid and elastic behaviors of tissues drives their morphology and their response
to the environment. They appear as the first insight into tissue mechanics. We
explore the role of individual cell properties on spheroids of mouse muscle precur-
sor cells and investigate the role of intermediate filaments on surface tension and
Young’s modulus. By flattening multicellular myoblast aggregates under magnetic
constraint, we measure their rigidity and surface tension and show that they act as
highly sensitive macroscopic reporters closely related to microscopic local tension
and e↵ective adhesion. Shedding light on the major contributions of acto-myosin
contractility, actin organization and intercellular adhesions, we reveal the role of
a major component of intermediate filaments in the muscle, desmin and its orga-
nization, on the macroscopic mechanics of these tissue models. Implicated in the
mechanical and shape integrity of cells, intermediate filaments are found to be cru-
cial to the mechanics of unorganized muscle tissue models even at an early stage of
di↵erentiation both in terms of elasticity and surface tension.

Introduction

Tissue-forming cells interact with each others and with their environment [1, 2, 3] giving rise to
interesting visco-elastic fluid behaviors [4] that are determinant both in epithelia [5] and in 3D
tissue-forming systems [6]. Physical properties such as surface tension [7, 8] and viscosity [9] can
be introduced to predict tissue organization and shape [10]. Global mechanical characteristics of
tissues emerge from individual cell components and their interplay [11, 12, 13] but whether they
could be good reporters of individual cell behavior and global organization is still unknown.
Multicellular aggregates [14, 9] prove to be powerful tools to apprehend fundamental biological
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processes as morphogenesis [15], development [16] and tumorigenesis [17, 18]. They are able to
mimic various biological phenomena [19] and as model systems, are easier to use and to monitor
than in vivo tissues [20]. Combining simplicity, reproducibility and biological significance, they
are a system of choice both for biophysics and computation [21, 22, 23].
Myoblasts are widely studied cells to understand myogenesis because of their interest in my-
opathy modelling [24] and drug testing [25]. Muscle cell mutations implicated in numerous
diseases have been extensively studied starting from symptoms to molecular origins identifi-
cation [26, 27]. Among these mutations, the ones concerning intermediate filaments are of
tremendous importance [28]. Intermediate filaments network is essential in muscle development,
it provides mechanical integrity to the cell [29] and has a major role on the dynamical response to
mechanical stimulation [30]. Desmin as a major component of intermediate filaments specifically
expressed in smooth, skeletal and cardiac muscles present some mutations associated to muscle
defects and myopathies. However the early e↵ects of these mutations in tissues are unclear due
to a lack of in vitro biomimetic muscle systems [31]. To address these limitations, we focus
on mouse myoblast cells (C2C12) to test the sensitivity of 3D unorganized early stage muscle
tissue models to individual cell modifications. C2C12 are adhesive and highly contractile cells
(unsurprisingly regarding their function). Their high assumed surface tension makes them chal-
lenging to characterize. We designed an integrated sensitive magnetic tensiometer [32] to form
stimulable myoblasts-derived tissues and to measure their surface tension and their elasticity.
In this study, we explore the interplay between macroscopic properties of model muscle tissues
and the molecular or cellular processes. We investigate how surface tension and Young’s modulus
represent appealing tools to determine from the tissue scale, the microscopic properties. While
actin and cadherins are implicated in surface tension of multicellular aggregates or embryo [33],
the role of intermediate filaments in tissue shape maintenance has never been identified. Mu-
tations in intermediate filaments severely hinder individual cell nanomechanical properties [34]
and their network supports the shape of individual cells [35] and withstand applied constraints.
Looking at the interplay between their organization and tissue shape maintenance or the tissue
elasticity is thus primordial especially in the context of muscle. We look at cells expressing
mutated desmin and exhibiting organization defects of the desmin cellular network to shed light
on the crucial role of intermediate filaments on muscle tissue model global mechanics at an early
stage of di↵erentiation.

Results

Magnetic tensiometer for multicellular aggregates
C2C12 cells are labelled with superparamagnetic nanoparticles without altering their bio-

logical capacities [36, 37] nor inducing hypoxia or apoptosis (Figure 1 supplements 1 and 2). It
is then possible to organize and stimulate them at will using external magnets. Magnets first
drive cells in agarose molds to create spheroids of controlled size [32] and content, as inhibitors
or reagents can be added at this stage (Figure 1a). Cohesive spheroids are obtained within
12 hours (Figure 1b) and their side profile is imaged (Figure 1c). Multicellular spheroids are
fulfilled with cohesive cells that organize to form a tissue model with rounded cells at the core of
the aggregate having cortical actin and more elongated cells at the periphery having contractile
actin network. Their profile is recorded while a magnet is approached (Figure 1 supplements 3
and 4). Assuming that a multicellular cohesive aggregate can be modelled as a continuous elastic
medium (as supported by confocal imaging, Figure 1b), surface tension and magnetic forces in
volume compete to determine the equilibrium shape [14] while Young’s modulus is at stake for
the contact area [32] (Figure 1c and Figure 1 supplement 3). The height, width of the aggregate
and the ending points of the contact zone are pointed in the TensioX application (Figure 1
supplement 3), a dedicated MatLab interface we developed to fit the obtained profile. The elas-

ticity and the capillary parameter c = Mv grad(B)
� (Mv, � and B stand for the magnetic moment
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Figure 1: Magnetic tensiometer integrated measurement set-up a) Schematic of the
magnetic molding process. A network of calibrated size steel beads deposited over cylindrical
magnets is embedded in heated 2% liquid agarose (1). After agarose gelling, beads are removed
creating a semi-spherical mold (2). Magnetically labelled cells are seeded in these non-adhesive
treated molds. Magnets placed below each mold drive the cells inside the molds (3). Due to
high local cell density, cell-cell contacts develop to form cohesive multicellular aggregates within
12 hours (4). b) Left panel: confocal image of a multicellular aggregates at 150 µm from the top
of the aggregate. Actin (red) and nuclei (blue) are labelled. Scale bar = 50µm. Right panels:
75 µm long zooms for cells at the interface (up) or in the centre of the multicellular aggregate
(down). The organisation of actin depends on the location of the cell within the aggregate. While
it is mainly cortical for cells in the centre, actin is contractile at the periphery of the aggregate
to maintain its shape. Scale bar = 25µm c) Schematic of the magnetic force tensiometer set-up.
A temperature-regulated tank (37 �C) is sealed with a non-adhesive glass slide to ensure non-
wetting conditions for the multicellular spheroid formed by magnetic molding (Methods and
Figure 1a). A cylindrical neodymium permanent magnet (6 mm diameter and height, 530 mT,
grad(B) = 170 T.m�1) is positioned underneath and approached thanks to a lifting stage. The
tank is filled with transparent culture medium and the aggregate side profile is monitored with a
camera. d) Representative pictures of C2C12 spheroid profiles. Top and bottom pictures show
respectively a C2C12 spheroid before the magnet approach (t0) and under magnetic flattening
when the equilibrium shape is reached (t1). The dynamics is shown in Figure 1 supplement 4.
The spheroid surface tension is measured by fitting the aggregate shape with Laplace profile (red
line) while the elastic modulus is extracted from the radius of the contact zone L (green arrow)
using Hertz theory as described in [32] (Figure 1 supplement 3). On this picture � = 21mN/m
and E = 100Pa. Scales bars = 200µm.
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per unit of volume, the spheroid surface tension and the magnetic field respectively) [14] are
extracted. Knowing the magnetic volume moment, the surface tension is easily deduced from
c. The error measurement on the deformations is around 2 � 5 µm leading to a precision in
the range of 5 � 20% for surface tension and 5 � 10% for the elasticity of C2C12 multicellular
spheroids. In this regard, it should be noted that the surface tension of C2C12 spheroids is two
orders of magnitude greater than that of classically studied cells such as F9 cells, for example.
The error increases with surface tension because the spheroids are less deformed, which makes
C2C12 cells a challenge to characterise. This error is smaller than the inherent distribution
measured over di↵erent aggregates (Figure 2a-b).

Relation between macroscopic properties and molecular or cellular characteris-
tics: a multi-contribution pattern.

The identified molecular origins of spheroid surface tension are numerous. While di↵erential
adhesion hypothesis has been first evidenced by Steinberg [38] and related with the level of
cadherins [33], the role of actin cortex was pointed out in individual cells [39], in spheroids [9] or
embryogenesis [40] evidencing a di↵erential interfacial tension hypothesis combining the influence
of adhesion and cell surface tension [41]. By comparing energy of cells in the core of the aggregate
to the one at the interface, the surface tension is given by:

� = TCM � 1

2
(2TCC � JCC) (1)

where TCM , TCC and JCC stand for the cortical tension at the cell-medium (CM) or at the cell-
cell (CC) interface and the intercellular surface adhesion energy (JCC > 0) respectively [9]. We
explore this multi-parameter influence by looking at cell-cell contacts inhibition and at changes
in actin structure or acto-myosin contractility (Figure 2). Intercellular adhesion is mediated by
multiple cell-cell adhesion proteins among which cadherins play a key role. EGTA as a calcium
chelator, reduces the e�ciency of this homophilic adhesion and modulates cell-cell adhesion
strength. In multicellular aggregates EGTA has an impact on the acto-myosin network (Figure
3f and Figure 2 supplement 1). By reducing cell-cell contacts, it impairs the formation of the
contractile network of acto-myosin at the periphery of the aggregate. At the single cell level, F-
actin becomes mainly cortical whatever the cell location inside the aggregate. It may be related
to a lack of strong enough cell-cell adhesions to maintain actin network and to a co-regulation
of actin and cadherin tension. EGTA addition leads to a more than 5-fold decrease of both
Young’s modulus and surface tension (Figure 2a and b). The relationship between adhesion
bond energy and the surface tension [33] is thus tested. An apparent proportionality between
surface tension and Young’s modulus is obtained (Figure 2 supplement 2), reminiscent of the one
observed between surface tension and elasticity of the whole aggregate (itself related to cortical
tension) through co-regulation mechanisms [42].
Latrunculin A disrupts the actin filaments by binding to actin monomers thus precluding its
polymerization [43], its addition gives some non-connected patches of actin filaments with a lack
of long-range organization (Figure 3f and Figure 2 supplement 1). Young’s modulus as well as
surface tension are dramatically decreased by its presence (Figure 2a and b). Besides, its action
on macroscopic properties are dose-dependent as seen by the comparison between 0.15 µM (2-
fold decrease) and 0.25 µM (5� 7-fold decrease) concentrations. Our results are consistent with
the dependence previously noticed between surface tension and viscosity for latrunculin-treated
cells [11] and extend this dependance to sti↵ness.
To further test the sensitivity of the magnetic tensiometer, we selected reagents with a wider ac-
cessible range still allowing cohesive spheroid formation (Figure 2 supplement 3). (�)-Blebbistatin
inhibits contractility by blocking myosins. (±)-Blebbistatin is a cell-permeable mixed compound
containing around 50 � 60% of the active negative enantiomer that acts as a selective, potent,
and reversible inhibitor of non-muscle myosin II without a↵ecting actin filaments assembly. In
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Figure 2: Co-action of cortical tension and intercellular adhesion in multicellular
spheroid surface tension and Young’s modulus a-b) Variation of surface tension (a) and
Young’s modulus (b) of C2C12 spheroids for 2.5 mM EGTA (calcium chelator), 0.15 µM and
0.25 µM latrunculin A (actin disruptor). Floating bars represent min to max variations and the
midline indicates the median. c) Representative confocal images of acto-myosin organisation for
cells at the periphery of an untreated multicellular aggregate. Nuclei (blue), F-Actin (red) and
phospho-myosin (green) are labelled. Actin and myosin networks mostly colocalize and form a
contractile radial organization. Scale bar = 20µm. d) Representative confocal image of acto-
myosin organisation for cells at the periphery of a multicellular aggregate treated with 160 µM
blebbistatin. Nuclei (blue), F-Actin (red) and phospho-myosin (green) are labelled. Myosin
network is almost disrupted compare to actin network. Scale bar = 20µm. e) Representa-
tive pictures of C2C12 spheroids under magnetic flattening at equilibrium for (±)-blebbistatin
concentration ranging from 0 to 160 µM are given for comparison. Scale bar = 200µm. Varia-
tions of both surface tension (f) and Young’s modulus (g) with (±)-blebbistatin concentrations
are reported. Inhibition curves are fitted for the surface tension (red curve) and the Young’s
modulus (green curve) with a dose-response providing an IC50 value for the (±)-blebbistatin of
10 ± 3 µM and 7 ± 5 µM respectively corresponding to an IC50 for the (�) active enantiomer of
blebbistatin around 6 ± 2 µM and 4 ± 3 µM respectively as the ratio of the active negative form
is around 50-60%.

the multicellular aggregates environment, it impairs the activity of myosins reducing contrac-
tility (Figure 2c and d). Its inhibition potency is quantified in vitro by an IC50 values ranging
from 2 to 7µM depending on myosin type [44]. In our experiments, (±)-blebbistatin is used on a
wide range of concentrations (0�160 µM) and leads to an increase in the aggregate deformation
with increasing concentration (Figure 2e) while the inactive (+)-blebbistatin does not a↵ect
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mechanical properties. Surface tension and Young’s modulus dramatically decrease with (�)-
blebbistatin concentration (Figure 2f and g) with a decay by up to 10 fold. The extracted IC50

is around 6 ± 2 µM for surface tension and 4 ± 3 µM for elasticity reproducing the one obtained
at the molecular level (as the ratio of the active negative enantiomer is around 50 � 60%).

Correlation with geometrical analysis: tensions at the interfaces
By analogy with fluids, surface tension in multicellular aggregates arises from the energy di↵er-
ence between cells at the interface with the medium, and cells surrounded by others. The shape
of cells at the surface of multicellular aggregates can thus be used to relate tissue surface tension
to cell tensions. Looking at cell surface morphology on multicellular aggregates cryosections
(Figure 3a) upon the use of the di↵erent drugs, we are able to test the relation between surface
cell shape and arrangement on one hand, and macroscopic surface tension on the other. La-
trunculin A and EGTA treated aggregates show rounded cells at the interface while control cells
flatten on the surface without extending over multiple cells. (±)-Blebbistatin treated aggregates
have an intermediate behavior. To quantify these observations, we extracted both the roughness
of the profile and the mean contact angle ↵ between cells at the interface (Figure 3b-d). They
show similar variations. For control aggregates and (+)-blebbistatin aggregates, cells at the
surface spread out, having a flat angle at the cell-cell contacts and a small roughness length.
Drug drastic e↵ects can be noticed on EGTA and latrunculin A treated aggregates: roughness
increases (by 3 for the latrunculin A cells and by 2 for EGTA cells) while contact angles devi-
ate from flat angle to get close to 100�. Overall, the surface tension variations are correlated
with a change of morphology of the cells at the interface. As already noticed [41], high surface
tension usually appears as the hallmark of flattened cells and low roughness. However, the case
of (±)-blebbistatin inhibitor shows that multiple parameters have to be considered as the low
surface tension obtained with the myosin inhibitor does not lead to rounded cells at the interface.
Surface tension arises from a balance between cortical tension at the cell-medium and adhesion
and cortical tension at the cell-cell interface (Equation 1) [41, 9]. Surface tension quantifies this
interplay and not only the tension at the cell-medium interface while being predominant.
None of the considered aggregates shows up elongated surface cells extending over multiple inner
cells, meaning that the e↵ective cell-cell interfacial energy 2TCC�JCC is smaller than the double
of the cortical tension at the cell medium interface. In this configuration, di↵erential interfa-
cial tension hypothesis and more sophisticated models provide similar results [41] and the local
mechanical equilibrium at the three phases cell/cell/medium contact line gives the relation [9]:

2TCM cos(
↵

2
) = 2TCC � JCC (2)

Both e↵ective cell-cell tension 2TCC � JCC and cortical tension at the cell medium interface
TCM can then be deduced from surface tension and contact angle measurements:

TCM =
�

1 � cos ↵
2

; 2TCC � JCC = 2�
cos ↵

2

1 � cos ↵
2

First we checked that the tension at the cell-medium interface is predominant in the value of
surface tension. As noticed on the cryosections, EGTA and latrunculin A impact predominantly
the tension at the cell-medium interface with a reduction by a factor around 3. EGTA by re-
ducing cell-cell adhesion impairs the formation of contractile actin network at the frontier of the
aggregate, actin is mostly cortical (Figure 3f). Latrunculin A by depolymerizing actin reduces
global cortical tension as well as the cell-cell adhesion by weakening cadherin anchorage through
actin. Feedbacks between adhesion molecules and the cytoskeleton are indeed abundant and
explain the lower variations of e↵ective cell-cell tension upon latrunculin A and EGTA addition
due to a possible compensation of the tension decrease by a decrease of adhesion (JCC).
Besides blebbistatin has a significant e↵ect on both e↵ective adhesion and tension at the cell
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Figure 3: Geometrical analysis of cells at the aggregate surface a) Immunofluorescence
images of cryosections of multicellular aggregates obtained by magnetic molding with di↵erent
conditions. Control cells are compared to aggregates produced with 160µM (+)-blebbistatin
(inactive enantiomer), 160 µM (±)-blebbistatin (active enantiomer), 2.5 mM EGTA or 0.25 µM
latrunculin A. DAPI is shown in blue, pan-cadherin in green, and F-actin in red. Scale bar =
50 µm. b) Profile surface roughness parameter Rq (root-mean-squared) in each condition for
at least N = 3 spheroids. c) Schematic of two neighbouring cells with a local contact angle ↵
and the respective tension at the cell-medium interface TCM and e↵ective tension at the cell-cell
contact 2TCC � JCC . d) Examples of immunofluorescence images of spheroids from which the
local angles were measured. Nuclei are shown in blue and pan-cadherin is shown in green. Scale
bar = 10 µm. e) Contact angle between cell surfaces measured in each condition for at least
N = 3 spheroids either on cryosections or 3D aggregates (Figure 3 supplement 1). f) Examples
of immunofluorescence images of the upper cells on spheroids obtained with di↵erent conditions.
Nuclei are shown in blue, actin is shown in red, phospho-myosin in green. Colocalisation of
phospho-myosin and actin appears yellow. Scale bar = 25 µm. g-h) Deduced values of the cell
tension at the cell-medium interface (g) and of the e↵ective adhesive tension at the cell-cell
contact (h) in each condition.

medium as it impacts neither intercellular adhesions nor the cytoskeleton structure but the abil-
ity of the cell cortex to contract. This inhibitor by decreasing tension at the cortex reduces both
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TCM and TCC thus a↵ecting tension and e↵ective cell-cell adhesion in a more drastic way than
latrunculin or EGTA.
Hence the magnetic tensiometer appears as a highly sensitive tool to look at tissue model me-
chanics and its relation with modifications at the cellular level.

Role of intermediate filaments in macroscopic mechanical properties of muscular
tissue models.

Desmin is an intermediate filament specific to muscle cells where it plays an essential role in
maintaining mechanical integrity and elasticity [46] at the single cell level. It stands as a marker
for muscular cell di↵erentiation but its role on tissue surface tension maintenance and elasticity
has not been explored. Desmin mutations are involved in human diseases such as certain skeletal
and cardiac myopathies [47], characterised histologically by intracellular protein aggregates con-
taining desmin. We focus on C2C12 myoblasts expressing desmin with the missense mutation
D399Y [45]. We use 3 cell lines: A21V cells which are stably transfected with an empty vector
and are control cells, desWT-Cl29 cells which stably express exogenous desmin WT with a ratio
around 1:1 compared to endogenous desmin, and desD399Y-Cl26 cells which stably express ex-
ogenous mutated desmin with a ratio around 1:1 compared to endogenous desmin [48]. Desmin
overexpression and modification do not a↵ect desmin organization of adherent cells in the ab-
sence of induced protein aggregation (Figure 4 supplement 1). Surface tension and Young’s
modulus are not or hardly impacted by the overexpression of desmin (wild-type or mutated)
(Figure 4f). Comparing A21V cells to desWT-Cl29, one can notice a slight decrease in elasticity
(Figure 4f) but which is not measured for desD399Y-Cl26 cells. Besides, as the local contact
angle and roughness are similar in all three cell types (Figure 5a-b), the deduced cell-medium
and e↵ective cell-cell tensions also have values which are not significantly di↵erent (Figure 5e-f).
The three actin networks and the phospho-myosin networks (Figure 5 supplement 1) are also
similar.
In this cellular model, desmin aggregation is induced by heat shock in 2D culture (Figure 4a-d
and Figure 4 supplement 1) but also in multicellular spheroids (Figure 4e and Figure 4 sup-
plement 2). In vivo, heat shock is not a common stress, but in skeletal muscle, it models the
increase in heat experienced during exercise and the fever in case of infection. In desmin mu-
tated cells (desD399Y-Cl26), heat shock duration monitors the percentage of cells presenting
desmin-aggregates with up to 30% of cells for 2 hours stress compared to a 2% ratio in the case of
wild-type desmin expression (desWT-Cl29) (Figure 4c-d). As desmin aggregation is induced by
heat shock in this model, the e↵ect of protein aggregation and physical inducer have to be care-
fully deciphered. Measurements on A21V control cells allow the e↵ect of a heat shock on surface
tension and Young’s modulus to be verified. Heat shock decreases both Young’s modulus and
surface tension of A21V control aggregates (Figure 4g and Figure 4 supplement 3). Conversely,
heat shock does not impact roughness and local contact angles between cells at the periphery
of the A21V multicellular aggregates (Figure 5a-b). The decrease of surface tension therefore
translates at the cell tension level and both cell-medium and cell-cell tensions decrease (Figure
5e-f). This result is corroborated by the observation of actin network at the periphery of the
multicellular aggregates: heat shock does not drastically modified actin distribution but slightly
decreases the number of stress fibers (Figure 5c). The e↵ect of heat shock on the properties
of aggregates of cells overexpressing WT desmin (desWT-Cl29) is similar to that observed for
A21V control cells (Figure 4g and Figure 4 supplement 3), but di↵erent for aggregates of cells
overexpressing mutated desmin (desD399Y-Cl26) (Figure 4g and Figure 4 supplement 3).
Focusing on desmin organization, we compare cells expressing mutated desmin (desD399Y-Cl26)
to cells expressing wild-type desmin (desWT-Cl29). an increase in surface tension and elastic-
ity dependent on the heat shock duration is observed in cells overexpressing mutated desmin
(Figure 4f-g): the surface tension of spheroids of desD399Y-Cl26 cells is 1.8-fold higher than
the one of desWT-Cl29 cells and their elasticity is 2-fold higher for 30 min heat shock. The
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Figure 4: E↵ect of heat shock and protein aggregation of desmin on surface ten-
sion and Young’s modulus of C2C12 spheroids a) Representation of desmin with the
missense mutation D399Y located in Rod Domain. The expressed exogenous mutated desmin is
Myc-tagged at the N-terminus (adapted from Figure 1 from [45]). b) Experimental procedure.
Desmin expression was induced 24 h after cell plating with doxycyclin for 48 h. Magnetically
labelled cells (see Methods) experienced a heat shock (HS) for 0, 30 or 120 min before spheroids
were molded. Spheroid surface tension and Young’s modulus were measured 3 days after expres-
sion induction. c) Immunofluorescence images of desWT-Cl29 (cells stably expressing exogenous
desmin WT) and desD399Y-Cl26 cells (cells stably expressing exogenous mutated desmin) in 2D
after 0, 30 or 120 min HS. DAPI is shown in blue and the tag Myc in green. Scale bar = 20 µm.
d) Percentage of cells with desmin protein aggregates for each condition. Desmin protein ag-
gregation increases for desD399Y-Cl26 cells with the duration of the HS while it remains stable
around 2% for desWT-Cl29 cells. Mean values represented with respective standard deviations
and at least 3 independent experiments for each condition. e) Immunofluorescence images of
multicellular aggregate cryosections of desWT-Cl29 or desD399Y-Cl26 cells with or without
HS. DAPI is visible in blue, Myc-tag in green. The results are reminiscent of the ones in 2D.
DesD399Y-Cl26 spheroids exhibit sparse aggregation without HS, enhanced by 2 h HS. Scale
bar = 200 µm. See Figure 4 supplement 2 for zoomed images. f) Surface tension and Young’s
modulus of A21V cells (control cells stably transfected with empty vector) spheroids compared
with desWT-Cl29 and desD399Y-Cl26 cells to test for the influence of desmin overexpression. g)
Surface tension and Young’s modulus of A21V cells, desWT-Cl29 and desD399Y-Cl26 spheroids
with a HS of 0 (no HS), 30 or 120 min. (f-g) At least 3 independent experiments for each con-
dition and N = 8 spheroids. Floating bars represent min to max variations and the midline
indicates the median.
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e↵ect is even greater for a 2 h heat shock with a 2 times higher surface tension of multicellular
aggregates and a 3 times higher Young’s modulus for cells expressing mutated desmin compared
to cells expressing the wild-type. The e↵ects on mechanical properties are therefore correlated
with the percentage of cells containing desmin aggregates. Local cell disorganization modifies
surface tension probably through individual cell tension modifications.

Figure 5: Geometrical analysis of cells at the aggregate surface for C2C12 A21V,
desWT-Cl29 and desD399Y-Cl26 spheroids. a) Profile surface roughness parameter Rq
(root-mean-squared) in each condition for at least N = 3 spheroids b) Local contact angle
between cells at the surface measured in each condition for at least N = 3 spheroids. c) Repre-
sentative confocal images of actin network for the A21V cells at the surface of the multicellular
aggregate with or without HS. Nuclei are labelled in blue and F-actin in red. Scale bar = 25 µm.
d) Representative confocal images of phospho-myosin and desmin aggregates distribution for
cells at the surface of multicellular aggregates. A21V cells are compared to cells overexpressing
desmin (desWT-Cl29 and desD399Y-Cl26) after 2 h heat shock. Nuclei are labelled in blue,
phospho-myosin in green and desmin aggregates in red. Scale bar = 25µm. e-f) Deduced val-
ues of the cell tension at the cell-medium interface (f) or of the e↵ective tension at the cell-cell
contact (g) in each condition.

Looking at the local geometry at the surface of multicellular aggregates, cells overexpressing
desmin also show a predominance of tension at the cell medium interface (Figure 5). When
desmin overexpression is induced, cortical tension at the cell-medium interface slightly increases
(by a factor of 2) comparing desWT-Cl29 and desD399Y-Cl26 spheroids while e↵ective adhesion
is less impacted. Overexpression of wild-type and mutated desmin does not change phospho-
myosin distribution on the overall aggregate (Figure 5 supplement 1) and desmin aggregates are
not colocalized with contractile points (Figure 5 and Figure 5 supplement 1). However mutated
desmin aggregation strengthens long range phospho-myosin filaments at the periphery of the
spheroid (Figure 5d) which increases acto-myosin network contractility.
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Discussion

Figure 6: Evolution of �, E, TCM and 2 TCC�JCC depending on intercellular adhesions,
the actin network, acto-myosin contractility and intermediate filaments.

Magnetic tensiometry gives a high sensitivity and precision even on a cellular system that
does not easily deform as muscle cells. It thus pushes back the limits of macroscopic mechanics
sensitivity to molecular modifications. In our study, the values obtained for cellular tensions
either at the cell-medium interface or at the intercellular one confirm this specificity as tensions
are two to three orders of magnitude higher than the ones measured in 3D F9 aggregates [9] or
in embryo [6, 49]. This result is not surprising as spheroids of C2C12 cells organized in a highly
contractile structure with a high density of stress fibers at the periphery. This tensile network
makes them challenging to characterize thus requiering sensitive tools. Magnetic tensiometer
sensitivity even for these high surface tension model tissues is in the range of the one obtained
with compression plates tensiometer experiments for lower surface tension cell aggregates [50]
and proved to be more accurate for more deformable spheroids [32]. The accessible range of
measurable surface tension with the magnetic tensiometer is therefore larger.
In addition, the magnetic tensiometer measurements allow to provide dose-response curves thus
representing an accurate tool to quantitatively determine inhibitors action on mechanical prop-
erties. Its robustness is related to the spheroid formation technique that allows to provide
well-controlled aggregates of unprecedented size with radius and content perfectly monitored in
less than 24 hours [32]. It o↵ers a unique opportunity to explore mechanical properties even in
a dose-dependant manner and to quantitatively extract the e↵ects of mutations.

Measuring surface tension and elasticity proves to be a powerful tool to explore tissue me-
chanical properties. Both are key elements on tissue shape maintenance [51, 52]. Looking at
3D unorganized model tissues, we recapitulate the major cellular factors that influence tissue
shape and response to perturbations. Unsurprisingly, intercellular adhesions and actin cortex
structure or contractility are fundamental as was already demonstrated in vivo [53, 54]. Their
decrease reduces both surface tension and elasticity (Figure 6). In our study, the major con-
tribution of cell contractility in tissue shape maintenance is pointed out regarding the resulting
decay obtained for surface tension and sti↵ness at high concentration of blebbistatin. Inhibi-
tion at the microscopic level correlates with surface tension and elasticity evolution, confirming
them as relevant indicators of molecular state and cellular contractility checked by looking at
acto-myosin network. The crucial role of acto-myosin contractility is also corroborated by micro-
scopic observations. Long-range actin network at the periphery of the multicellular aggregates is
fundamental to macroscopic shape maintenance while the slightest modification of this network
drastically changes this property.
Altogether, our results suggest that measuring mechanical properties at tissue-scale provides
insights into the molecular level [55] and that conversely, molecular modifications can induce
mechanical changes at tissue-scale. Complemented by local measurements of the contact angle
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of cells at the surface of our multicellular aggregates, our approach is able to determine the rel-
ative influence of cytoskeleton structure, adhesion molecules and cortical tension on the surface
tension and may distinguish tension from adhesion modifications.
Desmin is the most representative intermediate filament for muscle cells. It has a pivotal role
in myofibril architecture in mature muscle but also exerts important function on the adaptation
of muscle cells to passive stretch and contractility [56]. Desmin organization defects severely
impact muscle formation and maintenance, they cause myopathies or cardomyopathies [26]. In
desminopathies, desmin aggregates are characteristic of the pathology, however these aggregates
remain heterogeneously distributed within the cardiac or skeletal muscle tissues. Furthermore,
the adult onset of the disease and the wide spectrum of phenotypes point a sensitivity to the
environmental factors. Heat shock taken as an exogenous stress in our cell model, manages to
mimic heterogenous desmin aggregation in model tissues. However at the same time, it is docu-
mented that the heat stress chosen as a transducer of desmin aggregation in desD399Y cells, can
a↵ect the biomechanical properties of skeletal muscle cells or myofibres [57]. In our experiments,
we reproduce these results as heat shock decreases both surface tension and Young’s modulus
for cells without desmin aggregation by impacting actin contractility. This mechanism observed
in vivo may be seen as a protective e↵ect to avoid muscle damage. Desmin aggregation seems
to impair this mechanism and is potentially the signature of a lack of cell adaptation.
Furthermore, in single cells, desmin aggregation has been associated to sarcomere misalign-
ment but also impacts biomechanical properties [58]. We measure its action on surface tension
and elasticity: desmin aggregation leads to an increase on both elasticity and surface tension.
Desmin acts on muscle functioning and integrity [59, 60], its disorganization may hinder indi-
vidual cell contractility [61] and homeostasis [62]. Our results highlight its major role at the
tissue level where it impacts on cell tension mainly at the cell-media interface by increasing cell
contractility. In zebrafish, it was shown that invalidation of the snaib factor induced extrusion
of cardiomyocytes with increased contractility and an alteration of the desmb gene (ortholog of
the des gene in humans) [63]. Overexpression of desmin recapitulates this process and highlights
its role in maintaining the myocardial wall. In our model, desmin does not increased but is mu-
tated and this mutation induces desmin aggregation. However, the same increase in contractility
which may lead over time to myofibril fragility which could have an impact on sarcomere align-
ment and force transmission in cardiac or skeletal muscle in myopathies. Intermediate filaments
organization therefore appears as essential in muscle tissue shape maintenance and mechanical
properties even at an early stage of di↵erentiation. At the individual scale, mutated desmin cells
show modified reorientation dynamics [64] and are slightly (but not significantly) sti↵er [46], a
behavior reminiscent of the elasticity increase noticed on mutated desmin filaments D399Y [65].
However 2D studies fail to reproduce the severity of the e↵ects on tissue mechanics. Conversely,
sti↵ening is translated at the multicellular scale on the Young’s modulus (Figure 4g) but the
e↵ect is enhanced. While a 1.4-fold increase was noticed in single cell elasticity, macroscopic
Young’s modulus of multicellular aggregates significantly increased by 3-fold when comparing
mutated to wild type desmin. Moreover while desmin overexpression does not a↵ect surface
tension (Figure 4f), desmin protein aggregation rises its value (Figure 4g). Protein aggregates
by giving a more rigid network nodes actually strenghten cell cortex [46] and may reinforce
e↵ective cortex tension thus increasing tissue surface tension. Compared to wild-type desmin,
they enhance macroscopic long range contractile network e�ciency.
We demonstrate that desmin aggregation impacts both elasticity and surface tension of myoblast
spheroids pointing out the importance of desmin organization on macroscopic tissue mechanics
even at early stage of di↵erentiation. Surface tension and elasticity are thus sensitive reporters
of the individual cellular state but also of the multicellular organization. Two reasons may be
involved. First spheroids are made of about 150 000 cells; measuring macroscopic properties
allows the properties of individual cells to be averaged over a large population. Secondly collec-
tive e↵ects appear as as the change in cell organisation modulates both cell-medium and cell-cell
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tensions, both of which are involved in surface tension [9]. Desmin maintains shape of multicellu-
lar aggregate, its role on individual cell is translated and its action is enhanced at the tissue level.

Conclusion

Macroscopic properties of multicellular spheroids such as surface tension and elasticity appear as
highly sensitive markers for cell cortex and cell-cell adhesion modifications. Measuring them by
an approach based on magnetic cell labelling and multicellular aggregates tensiometry allows to
explore dose-response evolution correlated with microscopic inhibition potency. The precision
provided by the magnetic tensiometer opens a new field of investigation to test the impact
of potential drugs or genetic modifications on the mechanics of early-stage tissue models that
can be extended to little deformable cell types. We first identified the usual suspects of cellular
mechanics (actin network, acto-myosin contractility and cell-cell adhesion) as being fundamental
in tissue surface tension and elasticity but our approach was also used on a cellular model of
desmin-related myopathies. It demonstrated the crucial role of intermediate filaments in tissue
shape maintenance and Young’s modulus. Desmin disorganization induces macroscopic changes
in early-stage tissue models, undetected from now at the individual cellular scale. Like actin
or cadherins, desmin acts as an important integrator of tissue shape maintenance. The fully
integrated system of magnetic molding and magnetic tensiometry can be envisioned as a powerful
tool for the study of fundamental biological processes and for the detection of mechanical e↵ects
leading to a better understanding of skeletal muscle dystrophies.

Methods

C2C12 cell culture
C2C12 WT (CRL-1772 - RRID:CVCL 0188) were obtained from ATCC and cultured in Dul-
becco’s modified Eagle’s medium (DMEM, Gibco), supplemented with 1% Penicillin-Streptomycin
(P/S, Gibco) and 10% Fetal Bovine Serum (FBS, Gibco). Their identity has been authenticated
by COI assay. C2C12 A21V (stably transfected with empty vector), desWT-Cl29 (stably ex-
pressing exogenous human WT desmin) and desD399Y-Cl26 (stably expressing exogenous hu-
man D399Y desmin) were cultured in 1% P/S, 20% FBS, 1 mg/mL Geneticin (10131027, Gibco)
and 2 µg/mL Puromycin (P7255, Sigma-Aldrich) as described in Segard et al. [45]. All cell lines
were tested negative for mycoplasma contamination.

Magnetic labelling
Iron oxide superparamagnetic nanoparticles (8 nm diameter) (provided by PHENIX labora-
tory, UMR 8234, Paris), were obtained by alkaline coprecipitation followed by an oxidation into
maghemite according to Massart procedure [66]. Finally, the aqueous solution was stabilized
electrostatically by the adsorption of citrate anions on the nanoparticles surface.
Cells were magnetically labelled thanks to an incubation of 2h with a solution of iron oxide
nanoparticles at [Fe] = 4mM and supplemented with 5 mM citrate in RPMI medium (Gibco).
The viability and the proliferation of cells after magnetic labelling were assessed by Alamar Blue
showing no impact of the magnetic labelling right after the labelling or after one day (Figure 1
supplement 1).

Magnetic molding
Labelled C2C12 cells were incubated for at least 2h in complete medium. Agarose molds were
previously prepared by heating a solution of 2% agarose (A0576, Sigma-Aldrich) in phosphate
bu↵er saline (PBS) up to boiling. The resulting solution was then poured into a 60 mm culture
Petri dish containing 1.6 mm steal beads (BI 00151, CIMAP) held in place by magnets below the
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Petri dish. Once the agarose solidified, the beads were removed carefully and the agarose wells
were coated with a non-adhesive coating solution (07010, Stemcell Technologies) for 30 min at
room temperature (RT). Cells were then detached with 0,05% Trypsin-EDTA and seeded in the
wells thanks to magnet attraction (about 1.5 105 cells per well). Spheroids were then incubated
overnight at 37�C, 5% CO2 in complete medium in normal conditions. At this point, the culture
medium may be modified to add inhibitors (Figure 1). Spheroids were then extracted from the
wells by gently pipetting the surrounding liquid. Spheroids of 530 ± 60 µm radius (N = 167)
were obtained.
By measuring the magnetic moment of the aggregate with Vibrating-Sample Magnetometer
(VSM) measurements (PPMS - Quantum Design) the magnetic moment per unit volume of the
aggregate Mv can be determined and the value of surface tension deduced. Mv measurements
ranged from 150 to 500 A.m�1 and were determined for each experiment. The force per unit of
volume exerted on the spheroids ranged from 2.5 104 to 8.5 104 N.m�3.

Magnetic force tensiometer
The magnetic force tensiometer is composed of a temperature-regulated tank at 37�C sealed at
the bottom and the sides by glass slides, a 6x6 mm cylindrical neodymium permanent magnet
(S-06-06-N, Supermagnete, B = 530 mT, grad(B) = 170 T/m, averaged value between 100 µm
and 1.5 mm from the surface of the magnet), a lifting stage to approach the magnet and a
camera (QICAM FAST1394, QImaging) equipped with a 1.5x zoom lens (MVL6X12Z, Thor-
labs). The temperature regulated tank is filled with transparent culture medium (DMEM, high
glucose, HEPES, no phenol red, Gibco). The bottom slide is treated with a non-adhesive so-
lution (07010, Stemcell Technologies) to guarantee non-wetting conditions for the multicellular
spheroids. Horizontality of the bottom slide has to be carefully checked. The aggregate side
profile is registered with the camera. The magnet is approached at 150 µm from the bottom
of the aggregate. The macroscopic mechanical properties of the spheroid are obtained by the
spheroid profile at equilibrium (10 min under magnetic flattening to ensure that equilibrium is
reached). Surface tension is measured by fitting the spheroid profile at equilibrium with Laplace
profile while Young’s modulus is determined thanks to the radius of the contact zone L and us-

ing Hertz theory as described in [32]. The Young’s modulus E equals E = (1��2)⇡Mv grad(B)R4

L3

where � stands for the Poisson ratio (� = 1/2), MV represents the magnetic moment per unit
volume, R and L are the initial radius and the radius of the contact zone respectively. Briefly for
the surface tension measurements, theoretical profiles were obtained by integrating numerically
the Laplace law for capillarity and minimizing the quadratic error on the height h, the width
w and the volume V of the spheroid (Figure 1 supplement 3) to extract the capillary constant

c = Mv grad(B)
� [14].

Depending on conditions, flattening occurs either with a two times regime or exhibit a single time
decay. Spheroids have two ways of deformations to reach their capillary-driven equilibrium shape
: first a rapid elastic deformation then a more viscous fluid behavior. This competition is driven
by the size of the aggregate meaning that above a critical radius RC [32], elastic deformation is
complete and may be followed by viscouslike behavior to reach capillary-driven limit. Here all
the measurements were done with a spheroid radius in the range of this critical radius so that
Young’s modulus can be extracted. This modulus is extracted from the first step deformation
while the surface tension is deduced from equilibrium shape. TensioX is a dedicated MATLAB
generated application freely available to extract both surface tension and Young’s modulus from
initial and flattened profiles. Images of the initial and final state are first downloaded. User
has to define the initial radius, the height and the width by pointing left/right and top/bottom
frontiers of the spheroid on the two images. The radius of the contact zone is also extracted.
The scale factor, the magnetic force per unit volume and an estimated surface tension value are
entered. The obtained fit is then superimposed on the flattened spheroid image to check for its
relevance and the deduced Young’s Modulus and surface tension are registered in a separated
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data file.

Measurements of mechanical properties of C2C12 spheroids

In drug conditions
For inhibitor conditions, the drug was added in the medium when the cells were seeded in the
wells. C2C12 spheroids were then incubated overnight at 37�C, 5% CO2 in DMEM 10% FBS,
1% P/S supplemented with the chosen concentration of EGTA (03777, Sigma-Aldrich), Latrun-
culin A (L5163, Sigma-Aldrich), (+)-Blebbistatin (203392, Sigma-Aldrich) or (+/-)-Blebbistatin
(203390, Sigma-Aldrich). For (+/-)-Blebbistatin, inhibition curves were fitted with the function

Y (X) = Bottom + (Top�Bottom)

1+
IC50

X

HillSlope and with no constraints applied on the 4 variable parameters.

C2C12 expressing mutated desmin
At day 0, cells were plated at 3000 cells/cm2 (2.25 105 cells seeded in a T-75 flask). After 24h of
incubation at 37�C, 5% CO2, expression of exogen desmin was induced by supplementing the
culture medium with 10 µg/mL doxycylin (D9891, Sigma-Aldrich) for 2 days. The medium was
replaced with fresh medium every 24h. Iron oxide nanoparticles were incorporated into the cells
at day 3. After 2 hours of recovery, a heat shock (HS) with a water bath at 42�C for 0, 30 or
120 min was applied to the cells. 2 hours later, cells were detached and used to form spheroids
by magnetic molding or seeded in 24-well plates for desmin aggregation evaluation. After an
overnight incubation at 37�C, 5% CO2, spheroids were magnetically flattened to measure their
mechanical macroscopic properties, then fixed for 1 h at room temperature in 4% paraformalde-
hyde (PFA, J61899, Alfa Aesar). The corresponding cells grown in 2D in the 24-well plates were
fixed for 15 � 20 min at RT in 4% PFA, to assess the percentage of cells with Myc aggregation
for each condition.

Cryosections and immunofluorescence
Spheroids were fixed in 4% PFA for 1 h at RT and stored in PBS at 4�C. For cryosections,
spheroids were embedded in OCT (Optimal Cutting Compound, 361603E, VWR) for 1h at
room temperature, they were then frozen in iso-pentane (24872.260, VWR), cooled down in
liquid nitrogen, and then stored at �20�C. 6-10 µm cryosections were obtained (Leica CM1520).
For immunofluorescence labelling, cryosections or fixed cells were permeabilized 15 � 20 min in
0,1% Triton X-100 at RT while whole aggregates where permeabilized 1 day in 1% Triton X-
100 at 4�C. Non-specific interactions were prevented by an incubation with 5% BSA (#05479,
Sigma-Aldrich) for 1 h at RT (increased to 2 days at 4�C for whole aggregates). Pan-cadherin
(rabbit anti-pan cadherin (dilution 1:100 in PBS 0.5% BSA, C3678, Sigma) for 2h at RT),
phospho-myosin (rabbit phospho-myosin light chain 2 (Thr18/Ser19) antibody (dilution 1:50
in PBS 0.5% BSA, #3674, Cell Signaling) for 2 h at RT) and desmin (dilution 1:100, in PBS
0.5% BSA, D8281 or SAB4200707, Sigma) were labelled. Three first primary antibodies were
coupled with an Alexa Fluor 488 goat anti-rabbit secondary antibody (dilution 1:500 in PBS
0.5% BSA, #4412, Cell Signaling Technology) for 2h at RT while the last one was coupled to an
Alexa Fluor 555 anti-mouse secondary antibody. Myc was labelled using mouse c-Myc (9E10)
Alexa Fluor 647 (dilution 1:100 in PBS 0.5% BSA, sc-40AF647, Santa Cruz Biotechnologies)
for 2 h at RT. F-actin was labelled using SiR-actin or SPY555-actin (dilution 1:1000 in PBS,
Spirochrome) for 1h30 at RT, while nuclei were labelled with DAPI (dilution 1:1000 in PBS,
D9564, Sigma-Aldrich) or Hoechst 33342 (dilution 1:1000 in PBS, H3570, Invitrogen) for 15-20
min at RT. All the samples were mounted with Fluoromont (F4680, Sigma-Aldrich) and stored
at 4�C after gelation of the mounting medium at RT. Labelling of the whole aggregates were
done in the same conditions but the incubation times were extending to 2 days at 4�C. Cryosec-
tions were imaged either on a Nikon microscope A1r25HD with a 100x oil objective or on an
Axio observer Zeiss microscope equipped with a CSU-X1 Spinning disk with a 63x oil objective.
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Whole aggregates were imaged on a Zeiss 780 confocal microscope equipped with a 20x water
immersion objective.

Roughness measurements
The contour profile of the spheroids was extracted manually with Fiji (ImageJ) thanks to im-
munofluorescence images of spheroid cryosections (pan-cadherin, F-actin or phospho-myosin).
The extracted experimental profile was then fitted by a circular arc and the roughness parameter
Rq was measured by computing for each experimental point the distance z to the circular arc

and then calculating Rq = 1
N

qP
i z

2
i with N the number of points of the experimental contour.

The smaller Rq is, the less rough the surface of the spheroid is, and the closer it is to a circular arc.

Local contact angle measurements
Local contact angles were measured thanks to pan-cadherin immunofluorescence images of
spheroid cryosections or spheroids imaged in 3D. Contact angles between cells at the spheroid
surface were measured on Fiji (ImageJ). Pan-cadherin labelling was used to confirm the adhe-
sion between two neighbouring cells for each measurement. Measurements were performed on
at least 3 spheroids for each condition and angles were measured all over the surface of the
spheroid. No significant di↵erences were noticed regarding the imaging source (cryosections or
spheroids) as evidenced in Figure S1

Statistical analysis
All statistical tests were performed with a two-sided Mann-Whitney U test (Wilcoxon test) with
MATLAB. p-value is used to indicate the statistical significance of the results (*, ** and ***
correspond to p < 0.05, p < 0.01 and p < 0.001 respectively).
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Data Files
Figure 1- Figure 1 supplement 1 - source data 1: Source data of the Alamar-Blue
test values for the di↵erent magnetic labelling conditions reported in Figure 1 sup-
plement 1. Measurement of the fluorescence (�exc = 570 nm and �em = 585 nm) after 1h30
incubation with the Alamar blue solution.
Figure 1 - Figure 1 supplement 4 - source data 1: Source data of the evolution
of the height of multicellular aggregates presented on Figure 1 supplement 4. The
dynamic of flattening process is reported for 5 di↵erent aggregates. Figure 2 - source data
1: Source data of surface tension and Young’s modulus measurements for control
cell aggregates, EGTA or latrunculin A-treated cell aggregates reported on Figure
2a,b. Both surface tension and Young modulus were extracted from aggregate profiles using
TensioX application. Means, medians and standard deviations were extracted
Figure 2 - source data 2: Source data of the surface tension and Young’s mod-
ulus measurements for control cell aggregates,blebbistatin-treated cell aggregates
reported in Figure 2f,g. ±-blebbistatin was used at di↵erent concentrations. Both sur-
face tension and Young’s modulus were extracted from the aggregates profiles. using TensioX
application. Means, medians and standard deviations were extracted for each condition and
compared.
Figure 3 - source data 1 : Source data of the roughness of imaged multicellular
aggregates in various conditions presented in Figure 3a. Roughness of the di↵erent
multicellular aggregates were reported and compared. Aggregates contours were first extracted
then the roughness of the contour was calculated. Means, medians and standard deviations were
reported for each condition.
Figure 3 - source data 2 : Source data of the local contact angles and the tension
at the cell-medium and the cell-cell interfaces measured on multicellular aggregates
in various conditions reported on Figures 3e,g,h. Local contact angles of cells within an
aggregate are manually measured and the distribution of the local contact angle is given. From
the mean surface tension, both the tension at the cell-medium and at the cell-cell medium are
deduced.
Figure 4 - source data 1: Source data for the surface tension and the Young’s
modulus measurements of aggregates shown in Figure 4d,f,g Both surface tension and
Young’s modulus were extracted from the profile of aggregates made of either control A21V,
desWT-Cl29 or desD399Y-Cl26 cells. using TensioX application. Means, medians and standard
deviations were extracted for each cell type and compared.
Figure 5 - source data 1 : Source data of the roughness of multicellular aggregates
for control A21V, desWT-Cl29 and desD399Y-Cl26 cells presented in Figure 5a.
Roughness of the di↵erent multicellular aggregates were reported and compared. Aggregates
contours were first extracted then the roughness of the contour was calculated. Means, medi-
ans and standard deviations were reported for each condition. Figure 5 - source data 2 :
Source data of the local contact angles measured for control A21V, desWT-Cl29
and desD399Y-Cl26 cells and presented in Figures 5b,e,f. Local contact angles of cells
within an aggregate are manually measured and the distribution of the measured local contact
angles is given. From the mean surface tension, both the tension at the cell-medium and at the
cell-cell medium are deduced for each cell type.
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Supplementary Figures

Figure 1 supplement 1: Metabolic activity for unlabelled (CTL) and labelled cells
([Fe] = 2 to 16mM and 2hours incubation time), 2hours (D0) and one day (D1)
after nanoparticle incorporation. To assess metabolic activity, the metabolic test Alamar
Blue was used. Fluorescence was measured at �exc = 570 nm and �em = 585 nm. Values are
interpreted relative to control values (unlabelled cells in complete medium, CTL) obtained under
similar conditions. No influence of nanoparticle incorporation was observed on the metabolic
activity and on the cell viability at D0 or D1 and for concentrations up to 16 mM.

Figure 1 supplement 2: Immunofluorescence images of C2C12 spheroid cryosections to
confirm non-hypoxic and non-apoptotic conditions in spheroids. a) DAPI is shown in
blue and HIF↵ in green. HIF↵ is almost absent from the images. b) DAPI is shown in blue and
cleaved caspase-3 in green. Only 2% of cells show a positive signal to cleaved caspase-3. Scale
bars = 200µm.
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Figure 1 supplement 3: Extraction of experimental volume, width and height of the
spheroid. The experimental volume V is calculated from the radius R of the spheroid at t0
. The experimental width w (in green) and height h (in blue) are measured from the spheroid
equilibrium profile. All these measurements are used in the minimisation program of the TensioX
application.

Figure 1 supplement 4: Relative height of the aggregate as a function of time for
control, Latrunculin A (LatA), EGTA and (±)-Bleb (±)-Bleb) conditions. At t = 0
s, the magnet is approached and the height of the spheroid is monitored over time. After 10 min
of flattening, the equilibrium shape is reached and the height of the spheroid remains stable
for each condition. Each curve corresponds to at least N = 2 spheroids. Mean values are
represented with respective standard deviations.
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Figure 2 supplement 1: Immunofluorescence images of C2C12 spheroid cryosections
for control conditions (a), 0.25 µM Latrunculin A (b) and 2.5mM EGTA (c). DAPI
is shown in blue, pan-cadherins are in green and F-actin is shown in red. Scale bar = 200µm
and scale bar = 40µm for zoomed images.
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tension as a function of Young Modulus.png

Figure 2 supplement 2: Young’s modulus of C2C12 spheroids as a function of their
surface tension. Young’s modulus and surface tension are proportional across all the conditions
tested for C2C12 spheroids. Values are represented in logarithmic scale.
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Figure 2 supplement 3: Immunofluorescence images of C2C12 spheroid cryosections
for 160 µM (+)-Blebbistatin (a) and 160 µM (±)-Blebbistatin (b). DAPI is shown in
blue, pan-cadherins are in green and F-actin is shown in red. Scale bar = 200µm and scale
bar= 40µm for zoomed images.
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Figure 3 supplement 1: Comparison between local angles measured on spheroid
cryosections or 3D images for C2C12 WT spheroids. Local angles were measured on the
surface of the spheroids for N = 3 spheroids for each type of measurement. Measured angles on
cryosections have a median of 145� and measured angles on 3D images have a median of 150�.
This 5 degree di↵erence is below the measurement error on the local angles.

29



Figure 4 supplement 1: Desmin organization Immunofluorescence images of desmin on ad-
herent cells of control A21V, desWT-Cl29 and desD399Y-Cl26 cell lines for no HS or 2 hours
HS. Hoechst signal (nuclei) is shown in blue, desmin is shown in green. Scale bar = 20 µm.
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Figure 4 supplement 2: Immunofluorescence images of C2C12 spheroid cryosections
of desWT-Cl29 (a,c) and desD399Y-Cl26 cells (b,d) for no HS (a,b) or 2 hours HS
(c,d). DAPI is shown in blue and Myc is shown in green. Scale bar = 200 µm and scale bar
= 40µm for zoomed images.
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Figure 4 supplement 3: Surface tension and Young’s modulus of A21V spheroids (a),
of desWTCl29 spheroids (b) and desD399Y-Cl26 (c) with no HS, HS 30 min or HS
2h.
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Figure 5 supplement 1: Quantification of phospho-myosin distribution in the spheroids.
a-c) Immunofluorescence images of C2C12 WT (a) or A21V, desWT-Cl29 and desD399Y-Cl26
(c) spheroid cryosections in the di↵erent experimental conditions. Nuclei are shown in blue and
phospho-myosin is shown in green. Scale bar = 25 µm. b-d) Quantification of phospho-myosin
distribution between the center and the border of the spheroids. Ratio between the phospho-
myosin fluorescence normalized by the number of nuclei at the center and at the border of the
spheroid for C2C12 WT (b) or A21V, desWT-Cl29 and desD399Y-Cl26 (d). For all experimental
conditions, the ratio is around 1 evidencing a uniform distribution of phospho-myosin across the
spheroid. e-f) Immunofluorescence images of desCl26-D399Y after 2/,h HS in 2D (e) or in 3D
(spheroid cryosection) (f). Nuclei, phospho-myosin and exogenous desmin (Myc) are labelled in
blue, green and magenta respectively. No increase in phospho-myosin fluorescence intensity is
observed in 2D or 3D at the location of the desmin aggregates. Scale bars = 50 µm.
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2.2. The interplay between microscopic properties and macroscopic mechanical
properties of multicellular aggregates

2.2.2 Discussion and perspectives

Desmin mutations

In this paper, the influence of a desmin point mutation altering the intermediate fila-
ment architecture of cells on the 3D mechanics of a simple undifferentiated and unorga-
nized muscle tissue was investigated.

This point mutation D399Y (aspartic acid replaced by tyrosine) is present on chro-
mosome 2q35 of patients giving rise to a partial aggregation of the extrasarcomeric
desmin causing a structural myofibrillar disorganization [83] [85]. These protein aggre-
gates are the main pathological symptoms of desminopathies and more generally myofib-
rillar myopathies that are very often characterized by a progressive muscular weakness.
Desminopathies were first described in 1998 [86] and more than 60 related mutations
in the human desmin gene have been reported ever since [87]. In France, this is the
most frequent myofibrillar myopathy and more than 20 families affected have been fully
characterized [83].

The impact of these desmin mutations has first been studied at the filament level,
showing altered nanomechanical properties [85] that were hypothesized to change the
biomechanical characteristics of the corresponding cells and tissues. In the last 10 years,
evidence has been gathered showing that the mechanical response of diseased myoblasts
at the single cell level can indeed be impaired which could contribute to this muscle
pathology.

First, primary human myoblasts derived from patients expressing a mutated desmin
R350P were shown to be about two times stiffer than control cells thanks to magnetic
tweezers probing the whole cell [88]. In the case of mouse myoblasts expressing the mutant
E413K, no influence was measured on the cortex stiffness by optical tweezers. However,
the cytoplasm was softer when the intermediate filament network was partially depleted by
the formation of desmin aggregates as measured thanks to magnetic tweezers. Similarly,
the global stiffness measured at the cellular level with a single cell rheometer was lower for
the mutants E413K. Finally, this mutation impaired the traction force generated by the
myoblasts as measured with traction force microscopy or with a single cell rheometer [87].
Conversely, for mouse myoblasts expressing the mutated desmin D399Y presented in the
previous article, the individual Young’s modulus of cells measured by AFM increased
slightly but not significantly in comparison to control cells and the rigidity was higher at
the position of desmin aggregates [89]. These cells had been also shown to have an altered
orientational dynamics and reduced cell deformation upon stretching [90] coherent with
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Chapter 2. Surface tension of 3D tissue models

an increased cell stiffness.

Various effects are therefore obtained on the cell mechanical characteristics for several
different point mutations. The mechanical changes seem to be mutant specific (as observed
for individual filaments [85]) but in all the studied cases we observe an alteration of
the myoblast passive and/or active mechanical response. Moreover their impact were
investigated on 2D while 3D tissues appear as the best relevant models. At this scale,
micro-tissues formed from satellite cells from R349P knock-in mice also presented altered
active properties with an increase of contractile forces in comparison to wild-type cells [91].

In the previous article, we focused on the point mutation D399Y. At the level of
the mutated single filament, local variations of the tensile properties were measured [85]
and as already mentioned, this mutation increases non significantly cell rigidity (result
on individual cells on 2D substrate) [89]. At the tissue model level, we revealed that
this difference on the rigidity is enhanced, probably originating from collective effects.
With this study on simple muscle tissue models, we reinforced the hypothesis that D399Y
mutations and more generally desminopathies are at least partly due to impaired single
cell mechanical properties that are translated at the tissue scale. Indeed, we evidenced
for the first time altered mechanical properties of desmin mutated myoblasts that are
propagating at the 3D level but also on a more biophysical point of view, the role of
intermediate filaments on the mechanical response of a 3D tissue model.

It would be very interesting to test the influence of other desmin missense mutations
on the 3D mechanics of myoblast spheroids such as E314K for example that is having an
opposite effect on single cells that appear softer and also less contractile [87] [92].

The role of the extracellular matrix

In the previous study, we looked at the role of individual microscopic properties such
as the actomyosin network, both in terms of contractility and organization, the intercellu-
lar adhesions and the intermediate filaments on the 3D mechanics of myoblast spheroids.
However, the influence of the extracellular environment or matrix has not been investi-
gated yet.

In order to explore the role of the extracellular matrix (ECM) with a simple model,
we adapted the protocol of spheroid formation to include ECM proteins and formed
C2C12 spheroids by adding Matrigel during the spheroid formation. Matrigel matrix
is a solubilized membrane matrix secreted by mouse Engelbreth-Holm-Swarm sarcoma
cells, whose main components are laminin (∼ 60%) and collagen IV (∼ 30%). Matrigel
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properties of multicellular aggregates

is therefore mainly composed of laminin that is the main component of basal lamina in
the native muscle [93]. Cells were resuspended in a solution of ice-cold 2 mg/mL Matrigel
(356234, Corning) instead of complete medium before seeding them in the agarose molds.
After an overnight incubation at 37°C, 5% CO2, spheroids were retrieved from the molds
and their mechanical properties were measured.

First, we checked that the resulting spheroids formed with Matrigel contained indeed
ECM proteins. Laminin being the main component of Matrigel, we performed immuno-
fluorescence images of spheroid cryosections to check its presence in the Matrigel spheroids
(Figure 2.7 a). By quantifying approximately laminin quantity in Matrigel spheroids by
Dot Blot, we obtained about 60 times more laminin in comparison to control spheroids
(Figure 2.7 b) which confirms the presence of Matrigel extracellular proteins in the 3D
spheroids. Interestingly, there is a basal expression of laminin in C2C12 spheroids in
which cells seem to express laminin extracellular proteins in 3D in less than 24 hours.
This expression of laminin corresponds to approximately 0.01 µg for 1000 cells. This
value should be confirmed by reproducing and improving this Dot Blot experiment with
a more adapted calibration curve and by obtaining homogeneous blots of same sizes.

To measure the mechanical properties of these Matrigel spheroids, a first round of
experiments was carried out with spheroids formed with 1.6 mm diameter molds (average
radius of 550 µm), and a non significant increase of surface tension was noticed (data not
shown). The spheroids presenting very high surface tension and Young’s modulus, the
observed deformations were really small reducing the measurement precision. Therefore,
we formed spheroids of higher radii (R = 720 ± 100 µm) with 2.4 mm diameter agarose
molds in order to obtain higher deformations and to push the detection limits of the set-
up. A significant increase of surface tension was measured between the control spheroids
(γ = 157 ± 42 mN/m) and the Matrigel spheroids (γ = 216 ± 43 mN/m), while there
was no difference on the Young’s modulus between control (E = 1300 ± 300 Pa) and
Matrigel spheroids (E = 1100 ± 400 Pa) except a non significant decrease. In contrast
with what was measured for drug conditions or with mutated desmin cells in the results
presented in the previous paper section 2.2.1, the surface tension and the Young’s modulus
do not change proportionally : here surface tension increases while the Young’s modulus
stay constant or even decreases. If we define the characteristic elastocapillary length of
the multicelullar aggregate by l = γ

E
, it means that the addition of extracellular matrix

increases this characteristic length.
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Figure 2.7 The addition of Matrigel during C2C12 spheroid formation increases
its surface tension. a) Immunofluorescence images of spheroid cryosections for Matrigel or
control (CTL) spheroids. Nuclei are labelled in blue with DAPI while laminin is labelled in
green (with a rabbit anti-laminin primary antibody, L9393, Sigma). Laminin is clearly present
and homogeneous in the Matrigel spheroids while it is not visible in control spheroids. b) Dot
Blot of protein extracts of Matrigel (A, B and C) vs control (D, E and F) spheroids. Calibration
blots are emphasized in green and 2 µL was deposited for each blot. For sample blots, 4 µL of
proteins extracts were deposited corresponding to about 2 µg proteins. c) Surface tension (left)
and Young’s modulus (right) measured with the magnetic tensiometer for control and Matrigel
spheroids. At least N= 13 spheroids and 3 independant experiments.

These preliminary results show that we are able to form spheroids containing ECM
proteins and give first insights on their effect on 3D tissue mechanics. As already men-
tioned, laminin, the main component of Matrigel, is the main element of basal lamina in
the native muscle [93]. This is why it is so commonly used in muscle micro-tissues [94].
However, as it is produced from sarcoma cells, it contains a variety of other proteins and
growth factors that are not of high relevance for myoblasts. It could be more interesting
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to use Matrigel or other extracellular proteins such as collagen I in the context of tu-
mor cells. Indeed, collagen I is the main component of the extracellular matrix and its
expression is frequently increased during tumorigenesis [95].

To test the influence of collagen I on the 3D mechanics of multicellular aggregates,
we used the previous protocol to form spheroids of mouse colon carcinoma cells (CT26)
including ECM proteins. During magnetic molding, instead of resuspending the cells
in Matrigel before the seeding in the agarose molds, CT26 cells were resuspended in
0.1 mg/mL collagen I (354236, Corning). After an overnight incubation at 37°C, 5%
CO2, the surface tension and the Young’s modulus of the spheroids were measured with
the magnetic force tensiometer (Figure 2.8). A significant increase between control and
collagen I spheroids was measured on the surface tension while no significant difference was
observed on the Young’s modulus. Here again, it seems that we loose the proportionality
observed in the article section 2.2.1 between surface tension and the Young’s modulus
when we add ECM proteins, pointing to a distinct effect of the extracellular matrix.

In conclusion, by adapting the protocol of spheroid formation, we were able to form
spheroids containing ECM proteins and to measure their macroscopic mechanical proper-
ties. These multicellular aggregates containing matrix proteins are a simplified model to
study the role of the ECM on the 3D mechanics of tissues. Some other models could be
imagined such as multicellular aggregates of cells secreting ECM, fibroblasts for example,
and their mechanical properties could be monitored over time and as a function of the
amount of ECM proteins secreted.

Figure 2.8 The addition of collagen I during CT26 spheroid formation increases
their surface tension. Surface tension (left) and Young’s modulus (right) measured with the
magnetic tensiometer for control and collagen I spheroids. N = 3 spheroids for each condition.
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Conclusion and outlook

In conclusion, by combining the magnetic molding and the magnetic tensiometer, we
have a great tool to decipher the interplay between cell scale and global mechanical
properties of tissues. Here, we focused on the influence of the cell cytoskeleton or the
extracellular matrix but many other aspects can be investigated such as the invasive or
metastatic properties of tumor cells. In next section 2.3, we explored the link between
individual tumor cell properties and the global mechanics of the resulting spheroids as
tumor models, in the context of epithelial-mesenchymal transtion in human breast cancer.
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2.3 Mechanical properties of human breast cancer
cell tissue models and their relation with tumor
related properties of individual cells

2.3.1 Introduction

Breast cancer progression

Breast cancer is the most common malignancy for women worldwide. It is due to an
abnormal proliferation of epithelial cells in the terminal ducts of the mammary gland,
either in the lobules or in the ducts (Figure 2.9). One can distinguish tumors expressing
oestrogen and progesteron receptors (ER and PR) and tumors that do not express ER,
PR or human epidermal growth factor receptor 2 referenced as triple negative cancer that
show poorer prognosis for the patients [96].

Figure 2.9 The mammary gland. Figure from Harbeck et al. [96].

After breast cancer initiation with abnormal proliferation of epithelial cells, further
transformation by genetic changes or epigenetic alterations can lead to the formation of
an in situ carcinoma. At this stage the basal membrane is still intact and the tumor
is localized in the lobule or the duct. Upon additional transformation and epithelial-
mesenchymal transition (EMT), the carcinoma can become invasive by breaking and
fragmenting the basal lamina (rich in collagen IV and laminin) and invading the stroma
(rich in fibrillar collagen I). Cells can then intravasate into blood or lymph vessels and
are transported passively to distant organs where they can extravasate and form a new
carcinoma at a secondary site by a mesenchymal-epithelial transition (MET) [97] (Figure
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2.10).

Figure 2.10 Breast cancer progression, from abnormal proliferation of epithelial
cells to metastasis formation. Adapted from Thiery et al. [97].

In this chapter, we will focus on the transition between in situ carcinoma and invasive
carcinoma for ductal carcinoma (Figure 2.10). This corresponds to the invasion step that
is an early step of the metastatic cascade and involves the degradation of the matrix.

A cellular model to investigate the invasive switch

To investigate this invasion step of the breast ductal carcinoma progression, Mathieu
Boissan and his team at the Saint-Antoine hospital have developed a unique model to
reproduce the transition from ductal carcinoma in situ (DCIS) to invasive carcinoma, by
generating an EMT hybrid intermediate through NME1 ablation.

The NME gene family

NDPK (nucleoside diphosphate kinase) are enzymes encoded by the NME/NM23
genes. This gene family is composed of 10 genes among which 4 are ubiquitous: NME1,
NME2, NME3 and NME4. They are localized in the cytoplasm, the membrane and the
nuclei except for NME4 that is localized in the mitochondria. These nucleoside diphos-
phate kinase phosphorylate the nucleoside diphosphate (NDP) into triphosphate (NTP),
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synthesizing in particular GTP [98].

NME1 was described as the first metastasis suppressor gene in 1988 [99]. In their
study, Steeg et al. used different murine melanoma cell lines with varying metastatic
potentials and showed that NME1 expression is reduced in highly metastatic cell lines.
Besides, inverse association has been shown between NME1 expression and the metastatic
potential of several human solid tumors (mainly of epithelial origin, and melanoma) [98].
NME1 is not a tumor suppressor gene, it does not prevent the tumor formation however it
inhibits the invasion through the basement membrane. NME2 has a much less metastasis
suppressor effect.

NME1 and NME2 KO in the MCF10DCIS.com cell line

Mathieu Boissan and his team constructed genome edited MCF10DCIS.com cell lines
by CRIPSR-Cas9 to generate knock-outs of NME1 and NME2 (Figure 2.11). The hu-
man MCF10DCIS.com cell line is derived from a xenograft originating from MCF10AT
cells that were injected into immunodeficient mice. The MC10AT is itself a premalig-
nant variant of the normal-like immortalized breast epithelial cell line MCF10A [100].
MCF10DCIS.com is a triple negative and epithelial-like (E-cadherin positive) cell line
with low invasive properties.

Figure 2.11 The MCF10DCIS.com KO NME1 and KO NME2 cell lines. Western
blot of NT, KO NME1 and KO NME2 cells. NT cells correspond to the cells treated with a non
targetting-vector during genome editing, they are the control condition. NME1 and NME2 were
knocked-out with two different guide RNAs each (clone A and B). We observe that NME1 and
NME2 were efficiently inactivated for each clone and that no cross-influence is observed upon
inactivation. Western Blot obtained by Mathieu Boissan.

The MCF10DCIS.com is a great model to reproduce the in situ transition and invasion
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observed in humans thanks to an intraductal xenograft model. Indeed, a few weeks after
injecting the cells in the mammary duct of immunodeficient mice, a carcinoma in situ
forms and evolves spontaneously into an invasive carcinoma after 10 to 12 weeks [101].

By knocking out NME1, Mathieu Boissan and his team were able to induce an hybrid
intermediate EMT state. Indeed, 4 weeks post-intraductal injection, all tumors developed
from MCF10DCIS.com NT cells (control non inactivated cell line treated with a non-
targetting vector) formed carcinoma in situ. While for NME1 knock-out cells, 20 to
40 % of the tumors were invasive and had already crossed the basement membrane.
Knocking-out NME1 therefore accelerates the transition from carcinoma in situ to invasive
carcinoma [98]. MCF10DCIS.com KO NME1 are therefore an hybrid intermediate state
of EMT, where epithelial markers such as E-cadherins are decreased and mesenchymal
markers such as N-cadherins are increased (Figure 2.12). The transition is however not
full since some epithelial markers remain such as beta-catenin or cytokeratin 18. In the
case of NME2, only a few percent of tumors were invasive confirming that NME2 does
not act as a metastatis supressor gene.

Figure 2.12 Protein levels of epithelial and mesenchymal markers in
MCF10DCIS.com NT, KO NME1 and KO NME2 cells. Western blot of
MCF10DCIS.com NT, KO NME1 and KO NME2 cells cultured in 2D. Decreased levels
of E-cadherin proteins and unchanged levels of cytokeratin 18 (CK18) and β-catenin (epithelial
markers) are observed for NME1-depleted cells. Whereas for the mesenchymal markers
N-cadherin and vimentin, protein levels are increased upon NME1 inactivation. No changes are
observed for KO NME2 cells in comparison to NT control cells. Tubulin is used as a loading
control. Adapted from Huna et al. [102].
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Ablation of NME1 was shown to accelerate the in vivo transition from in situ to
invasive breast tumors by increasing the levels of MT1-MMP (membrane-anchored matrix
metalloproteinase membrane-type 1) [98]. MT1-MMP plays a key role for the invasion
of the basement membrane. Its expression levels increase during human breast cancer
progression at the transition between in situ to invasive carcinoma. Moreover, MT1-
MMP is required for the basement membrane invasion since MCF10DCIS.com MT1-MMP
ablated cells formed mostly in situ tumors 10 weeks post injection while NT cells formed
100 % of invasive carcinoma at this stage [101]. The mechanism brought to light by
Lodillinsky et al. [98] explaining this accelerated transition involves the control of MT1-
MMP surface levels through endocytosis by NME1. NME1 will fuel locally dynamin
with GTP for endocytosis [103] that will lead to the endocytosis of the surface MT1-
MMP, reducing the MT1-MMP membrane expression levels. By inactivating NME1, the
MT1-MMP surface levels are therefore increased, accelerating the switch from in situ
to invasive carcinoma through basement membrane matrix remodeling and degradation.
Eventhough NME1 and NME2 have the same kinase activity, NME2 does not seem to act
as a metastasis suppressor gene but the detailed mechanism still remains to be elucidated.

Probing mechanical properties across EMT

Mathieu Boissan and his team therefore developed a great model to generate an hybrid
state of EMT by knocking out the NME1 gene. If the depletion of NME1 was studied
on a biological point of view and was shown to favor invasion of tumors by increasing
the MT1-MMP surface levels, the mechanical properties across this EMT have not been
explored.

To address this question, we probed the mechanical properties of these different human
breast cancer cell lines across EMT at the tissue level. Spheroids were formed thanks to
the magnetic molding technique and their surface tension was then measured with the
magnetic force tensiometer. The cell lines used are summed up Figure 2.13. The MCF10A
corresponds to the normal-like epithelial cells, while the MCF10DCIS.com NT originates
from a malignant transformation. MCF10DCIS.com KO NME2 cells behave in a similar
manner as NT cells forming in situ carcinoma. Finally, by depleting NME1, an accelerated
EMT is observed in MCF10DCIS.com KO NME1 cells favoring the switch from in situ to
invasive carcinoma. While mechanical studies on human breast cancer cells are generally
carried out on cell lines with different origins [104], here all cell lines have the same genetic
background increasing the relevance of the study.
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Figure 2.13 Summary of the cellular models used to probe the mechanical prop-
erties of human breast epithelial cells across EMT

In the following paper, we probed the tumour-related properties of cells at the indi-
vidual scale and their mechanical properties in tumor models across this broad spectrum
EMT.
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2.3.2 Surface tension of model tissues during malignant trans-
formation and epithelial–mesenchymal transition

Summary

The epithelial-mesenchymal transition is associated with an enhanced invasion and
migration and an increased metastatic potential of cells. The influence on the global
mechanics at the tissue scale of such transition is still unexplored, as is the relationship
between adhesion, migration or invasion properties of cells with the 3D mechanics of
tumors. In this paper, we focus on the influence of the NME1 metastasis suppressor in
human breast cancer cells (MCF10DCIS.com) on the mechanics of tumor models and the
correlation with individual cell properties. The inactivation of NME1 by CRISPR-Cas9
leads to the formation of an hybrid and more advanced state of EMT in comparison to
control cells (NT), increasing the expression of mesenchymal markers such as N-cadherins
and decreasing the expression of epithelial markers such as E-cadherins.

The tumor-related properties of the KO NME1 cell lines were first explored. Cell-cell
adhesion force, characterized by AFM measurements, was 30% smaller than for NT control
cells. Directional migration and invasion of basement membrane, respectively measured by
wound healing assays and Boyden chamber assays, were significantly higher in comparison
to NT control cells. To quantify the global mechanics of NME1 inactivated cells, we formed
spheroids by magnetic molding and then measured their apparent surface tension thanks
to the magnetic tensiometer, evidencing a 2- to 3-fold decrease in comparison to NT
control cell spheroids. Interestingly, the inactivation of the close NME1 isoform, NME2,
did not lead to any change in invasion, migration, adhesion or surface tension properties.
Finally, spheroids of normal-like epithelial cells have a surface tension two times higher
than the corresponding breast cancer cells obtained through malignant transformation.

To conclude, we evidenced here the correlation between the invading and metastatic
properties of individual cells and a macroscopic mechanical property of the resulting 3D
tumor models. We showed that surface tension of spheroids not only decreases upon
EMT but also upon malignant transformation from normal epithelial cells to tumoral
cells. Thus, surface tension could be used as a read-out for tumor aggressiveness, paving
the way for studies on the metastatic potential of tumors in 3D.
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Epithelial–mesenchymal transition is associated with migration, invasion, and

metastasis. The translation at the tissue scale of these changes has not yet been

enlightened while being essential in the understanding of tumor progression.

Thus, biophysical tools dedicated to measurements on model tumor systems

are needed to reveal the impact of epithelial–mesenchymal transition at the

collective cell scale. Herein, using an original biophysical approach based on

magnetic nanoparticle insertion inside cells, we formed and flattened

multicellular aggregates to explore the consequences of the loss of the

metastasis suppressor NME1 on the mechanical properties at the tissue

scale. Multicellular spheroids behave as viscoelastic fluids, and their

equilibrium shape is driven by surface tension as measured by their

deformation upon magnetic field application. In a model of breast tumor

cells genetically modified for NME1, we correlated tumor invasion, migration,

and adhesion modifications with shape maintenance properties by measuring

surface tension and exploring both invasive and migratory potential as well as

adhesion characteristics.
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Introduction

In his seminal work, On growth and form (Thompson, 1992),

D’Arcy Thompson first described the notion that the shapes of

biological tissues are determined by physical principles. How

shapes emerge from cellular interactions and their physical

properties has been a central question in biology for decades.

The fact that cells in suspension are observed to be round and

that experimental data have shown that mixing cell populations

drives cell sorting suggests the existence of a tissue surface

tension (Steinberg, 1963). In fluids, both the Young–Laplace

law and the Young–Dupré equation describe the shape of

droplets and their wetting properties by simple force balance

introducing surface tension. By analogy, in tissues, surface

tension is essential to determining tissue shape (Ehrig et al.,

2019; Hashmi et al., 2022). Considering cells in tissues as

molecules in fluids, surface tension at the tissue scale is

related to the energy difference between cells in the bulk and

cells at the surface of the tissue. This fluid analogy about tissue

behavior is still valid under force application: when compressed,

a multicellular aggregate flattens due to modification of the cell

position with cells pushed to the surface (Hayashi and Carthew,

2004). This increases the actual surface area, dissipating the

applied force and minimizing the overall energy (Merkel and

Manning, 2017; Hannezo and Heisenberg, 2019). To be

predictable, these macroscopic physical properties have to be

correlated with more microscopic biological insights. Surface

tension formally depends both on the adhesion energy between

cells and on the interaction area (Amack and Manning, 2012).

Cell–cell adhesion was first identified as a key component of

tissue surface tension (Foty and Steinberg, 2005) giving rise to the

differential adhesion hypothesis (DAH) postulated by Steinberg.

Investigations of the DAH explored in vitro actually revealed the

predominant role of actin contractility in surface tension (Maître

et al., 2012) and shed light on the multitude of factors that

contribute to surface tension (Brodland, 2002; Krieg et al., 2008;

Heer and Martin, 2017; Nagle et al., 2021). The DAH was,

therefore, extended to effective adhesion to take into account

both cell–cell adhesion and cell mechanical properties implied in

the surface contact area (Manning et al., 2010; Gonzalez-

Rodriguez et al., 2012). Thus, surface tension has been

hypothesized as being highly sensitive to any modification in

cytoskeletal organization and intercellular adhesion.

Cells in living organisms experience physical forces, such as

compression, tension, hydrostatic pressure, and shear stress

(Northcott et al., 2018). They respond to these forces by

modifying their shape and by generating forces. In this regard,

tumor cells behave abnormally because they have lost cell–cell

adhesion and have growth defects (Pham et al., 2010; Zhang et al.,

2020) that give rise to abnormal shapes. Moreover, by remodeling

the extracellular matrix, tumor cells can invade adjacent tissue

(Mierke, 2020). Tumor progression seems to require abnormal

adhesion and mechanical properties at the individual cell scale.

How these cell properties translate at the collective

tridimensional scale is still unknown. Tridimensional

multicellular spheroids appear to be the simplest models to

mimic a tissue (Hirschhaeuser et al., 2010), especially in the

context of tumors. They provide a potential tool to decipher

metastatic potential as long as two criteria are met: 1/obtaining a

reproducible perfectly controlled model tissue, and 2/identifying

easily measurable macroscopic properties that can serve as a

hallmark of metastatic potential. Surface tension as an index of

shape generation and maintenance is an appealing candidate

indicator of change in mechanical properties and, thus, the

invasive potential of tumors. To measure surface tension from

model tissues, one has to be able to deform them. Most

techniques used to mechanically stimulate spheroids involve

confining them either by encapsulation (Alessandri et al.,

2013), application of osmotic pressure (Montel et al., 2011),

or compression between rigid plates. Magnetic compression, by

contrast, utilizes magnetic nanoparticles (Mazuel et al., 2015) to

exert volume forces on the cells, mimicking the stress

experienced by tumors due to extracellular matrix stiffening

and abnormal tissue growth (Mary et al., 2022).

Epithelial–mesenchymal transition (EMT) is often associated

with metastasis. The transition from an epithelial to a

mesenchymal phenotype is not a simple switch; it comprises a

large spectrum of phenotypes resulting in decreased cell–cell

adhesion and enhanced migration and invasion (Pastushenko

and Blanpain, 2019). However, most studies on the biomechanics

of tumor cells focus on malignant transformation and do not

consider EMT. NME1, first identified as a metastasis suppressor

(Steeg et al., 1988; Boissan et al., 2005), is an inhibitor of EMT

(Huna et al., 2021). Its loss induces a hybrid state of EMT

intermediate between fully epithelial and fully mesenchymal

states, that represents an unprecedented way to look at

biophysical tool sensitivity (Huna et al., 2021). While there

are now around 30 identified metastasis suppressor genes

(Khan and Steeg, 2018), NME1 was first discovered and the

most extensively characterized at the mechanistic and clinical

levels. Its expression in melanomas and in epithelial tumors such

as breast, liver, colon, and cervical carcinomas shows an inverse

correlation with metastatic potential. This inverse relationship

between NME1 expression and metastatic potential is most

strongly observed in breast tumors. NME2 is a closely related

isoform of NME1. While the two proteins are 88% identical in

sequence and share many common properties, the role of

NME2 is far from being elucidated.

In this study, we investigate how EMT affects surface tension

by inducing the loss of NME1 and one of its close isoforms,

NME2, in a purely cellular tridimensional model tissue. We also

explore the relationship between surface tension and adhesion in

accordance with the differential adhesion hypothesis upon

NME1 or NME2 inactivation. Moreover, we explore the role

of both NME1 and NME2 in such metastasis-associated

biological processes as EMT, migration, and invasion by using
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a breast tumor cell line model. We also shed light on the

relationship between surface tension and more dynamic

parameters such as migration and invasion, which are major

hallmarks of EMT upon NME1 or NME2 inactivation. We show

that surface tension decreases not only during the transition from

a normal to a malignant cellular state but also during tumor

progression across EMT. Thus, reduction of surface tension can

be used as a readout of malignant transformation and tumor

aggressiveness.

Materials and methods

CRISPR/Cas9 gene editing

CRISPR guides
Lentiviral plasmid guides targeting humanNME1 and NME2

were generated in the pLenti U6gRNA Cas9-GFP-Puro vector.

These vectors and the non-target guide (pLenti CRISPR-NT

CONTROL) were purchased from Merck-Sigma-Aldrich. Two

different guides were designed for both NME1 and NME2:

NME1(#A) (#HS0000009943, target sequence GACGGGCCG

AGTCATGCTCGGG), NME1(#B) (#HS0000009940, target

sequence GAACACTACGTTGACCTGAAGG), NME2(#A)

(#HS0000056847, target sequence TCATCGCCATCAAGC

CGGACGG), and NME2(#B) (#NME2-0-76, target sequence

AAGACCGACCATTCTTCCCTGG).

Lentiviral vectors productions and
MCF10DCIS.com cells transduction

These steps were performed with the help of the GIGA Viral

vectors platform (University of Liège, Belgium). In brief, Lenti-X

293T cells (Clontech) were co-transfected with pcgpV (Cell

Biolabs), pRSV-Rev (Cell Biolabs), and VSV-G (Cell Biolabs)

encoding vectors together with pLenti U6gRNA NME1-Cas9-

GFP-Puro or pLenti U6gRNA NME2-Cas9-GFP-Puro or pLenti

CRISPR-NT CONTROL. Lentiviral supernatants were collected

48–96 h post-transfection, filtrated, and concentrated 100x by

ultracentrifugation. Lentivirus stocks were titrated with qPCR

Lentivirus Titration (Titer) Kit (abm) and used to transduce

cells. After 72 h, cells were selected with 2 μg/ml puromycin

(Cayla/Invivogen). Then, cells expressing GFP were isolated and

cloned by FACS on a FACSaria III 4L sorter (BD Biosciences).

Each clone was tested by Western blotting. Clones that were

negative for NME1 or NME2 expression were selected for

further experiments.

Sequencing
Selected clones were analyzed by miSeq in order to confirm

mutations in NME1 or NME2-coding sequences, as previously

described (Huna et al., 2021).

Cell lines and culture

MCF10A cells were obtained from ATCC (CRL-10317)

and cultured in DMEM/F12 medium (Gibco) supplemented

with 5% horse serum, 20 ng/ml EGF (Sigma-Aldrich), 0.5 μg/

ml hydrocortisone (Sigma-Aldrich), 10 μg/ml insulin (Sigma-

Aldrich), 50 μg/ml Bovine Pituitary Extract (Gibco).

MCF10DCIS.com cell line was purchased from Asterand.

MCF10DCIS.com cells invalidated for NME1 or

NME2 were obtained by CRISPR-Cas9 gene editing, as

described in the previous section. The MCF10DCIS.com

cells and their derivatives were cultured in an advanced

DMEM/F12 medium supplemented with 5% horse serum

and 2 mM glutamine. All cells were maintained at 37°C in a

5% CO2 atmosphere.

Proteins extraction and Western blotting

Proteins from cell extracts were electrophoretically

separated on 10% sodium dodecyl sulfate (SDS)

polyacrylamide gels, transferred onto nitrocellulose

membranes, and probed with highly specific NME1 and

NME2 rabbit polyclonal antibodies (Boissan et al., 2005).

Immunoblots were revealed with peroxidase-coupled

secondary antibodies and enhanced chemiluminescence

(ECL) Plus substrate (GE Healthcare). α-tubulin antibodies

(Thermo Fisher Scientific) were immunoprobed as indexes of

the cellular protein level.

After a rinse with PBS, multicellular spheroids were

homogenized and solubilized in ice-cold 30 mM Tris-

EDTA, pH 7.2, containing 1 mM DTT, 1% (v/v) Triton X-

100, 10% (w/v) anti-phosphatase cocktail and 14% (w/v) anti-

protease cocktail (Roche), for 30 min on ice, followed by

centrifugation at 12000 g for 20 min at 4°C. The proteins in

the supernatants were then quantified using a Bradford assay

and used for Western blot analysis. Proteins from

multicellular spheroids extracts were separated on 7.5%

SDS–polyacrylamide gels and electroblotted onto PVDF

membranes. After being rinsed in TBS-Tween 20 buffer

(TBST), the blots were blocked for 1 h in TBST with 5%

(w/v) non-fat dry milk, then probed overnight at 4°C with

either E-cadherin (1:1,000, Cell Signaling #14472) or

N-cadherin (1:1,000, Sigma-Aldrich, #SAB5700641) specific

antibodies. After three washes with TBST, the blots were

incubated with horseradish peroxidase-linked anti-rabbit Ig

from sheep. Peroxidase activity was revealed with a

chemiluminescent detection kit (ECL Plus substrate, GE

Healthcare), Beta-actin antibodies (Thermo Fisher Scientific) were

immunoprobed as indexes of the cellular protein level and analysis

was processed by ImageJ software.
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Atomic force microscopy

Atomic force microscopy (AFM) experiments were

performed on a JPK NanoWizard® III system (Bruker, Berlin,

Germany) coupled to a Zeiss Axio Observer. Z1 optical

microscope with a ×40 air objective mounted on a PIFOC

(Physik Instrumente, Karlsruhe, Germany). The AFM was

equipped with an additional Z piezo scanner of 100 μm (JPK

CellHesion) and the FluidFM® technology add-on (Cytosurge,

Glattbrugg, Switzerland). FluidFM® micropipettes of 4 μm

aperture and 0.3 N/m nominal spring constant were used.

Micropipettes were first cleaned in plasma oxygen for 2 min at

20W. They were then covered with 0.1 mg/ml PLL (20)-g [3.5]-

PEG (2) (SuSoS, Dübendorf, Switzerland) both inside and outside

the cantilever for 1 h in order to ease cell release. Micropipettes

were then rinsed in ultrapure water andmounted on the dedicated

holder. The real spring constant was determined using the off-

contact Sader method after 5 min thermalization.

Cells were cultured on several 40 mm Petri dishes (TPP,

Trasadingen, Switzerland) in a complete medium. Suspension cells

were obtained by incubation in 0.05% trypsin-EDTA for 5 min at

37°C to detach the cells, followed by trypsin inactivation in a complete

medium for 30min at 37°C in a CO2 incubator. Another dish of cells

was cultured in an advanced DMEM/F12 medium complemented

with 10 mM HEPES buffer (imaging medium) before placement on

the AFM stage with 37°C temperature control. A few microliters of

suspended cells were added to the dish, and the cells were allowed to

settle on the bottom of the dish for 1−2min before being picked up

by the micropipette using a soft contact (1 nN) and pressure of

−100mbar. Once picked up, the pressure was decreased to− 10 mbar

and the cell was allowed to rest away from the surface for 5 min. This

cell was then brought into contact with a spread cell with an initial

5 nN contact force (Figure 1A). The AFM height was kept constant

for 60 s, and then the micropipette was retracted at constant velocity

(5 μm/s). This same cell was allowed to rest for a few minutes and

then brought into contact with three different cells before being

FIGURE 1
Inactivation of NME1 reduces cell–cell adhesion force. (A) Top left: FluidFM

®
micropipette. Top right: suspension cell sedimented on the dish.

Bottom left: cell picked up by negative pressure in the micropipette channel. Bottom right: cell vs. cell contact. (B) Top: piezo height vs. time (blue)
and force vs. time (black) plots of a cell vs. cell interaction. Force increases up to 5 nN for contact, and then height is kept constant for 60 s as cells
relax. Finally, cantilever is retracted at a constant speed, and a negative detachment force is observed. Bottom: force vs. piezo height plot
example where detachment force is measured. (C) Boxplots of detachment forces from MCF10DCIS.com cells in which NME1 or NME2 was
inactivated (on average, n = 45 cells were tested per condition). Notch plots show means ± SEM and first to third quartiles of three independent
biological replicates measured. ****p < 0.0001; **p < 0.01 relative to NT control cells.
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released by applying a pressure of 500 mbar. An average

number of 45 cell–cell detachment curves with at least

three different cell cultures per condition were recorded.

The detachment force was analyzed using JPK DP software

(6.3.50) as the lowest point in the retraction curve after a

baseline correction (Figure 1B).

Wound healing assay

Cells were grown to confluency on 24-well plates and starved

for 24 h in a serum-free medium. They were treated for 2 h with

10 μM Cytosineβ-D-Arabinofuranoside (AraC) to inhibit cell

proliferation. After starvation, cells were scratch-wounded

using a sterile 200 μL pipette tip, and suspended cells were

removed by washing with PBS twice. Cell migration into the

wound was monitored every 24 h until wound closure using

the ×10 objective of an Echo Rebel microscope. The bottom of the

plate was marked for reference, and the same field of the

monolayers was photographed immediately after performing

the wound (t = 0 h) and at different time points after the

scratch. A total of 30 scratches were analyzed for each

condition from three independent experiments.

Matrigel invasion assay

Matrigel invasion assay was performed following the

Transwell chamber method as described (Olea-Flores et al.,

2019). In brief, BioCoat Matrigel invasion chambers with

8.0 μm PET membranes placed in 6-well plates were used to

seed cells that were previously treated for 2 h with 10 μM

Cytosine β-D-Arabinofuranoside (AraC) to inhibit cell

proliferation. The cells were plated at a density of 1.25 × 105

cells/mL in 2 ml of a serum-free medium on the top chamber, as

recommended by the manufacturer. The lower chamber of the

Transwell contained 2.5 ml of culture medium supplemented with

serum. Cells were incubated for 24 h at 37°C in a 5% CO2

atmosphere. Following incubation, cells and Matrigel on the

upper surface of the Transwell membrane were gently removed

with cotton swabs. Invading cells on the lower surface of the

membrane were washed and fixed with methanol for 5 min and

stainedwith 0.1% crystal violet diluted in PBS. Images from 5 fields

of three independent biological replicates were taken and used for

cell quantification using FIJI software, version 1.44p (NIH,

Bethesda, MD, USA) (Schindelin et al., 2012).

Magnetic cell labeling

Iron oxide superparamagnetic nanoparticles (8 nm diameter)

were obtained by alkaline coprecipitation, followed by oxidation

into maghemite according to the Massart procedure (Boitard

et al., 2021). The aqueous solution was stabilized electrostatically

by adsorbing citrate anions to the surface of the nanoparticles.

MCF10A cells were incubated for 23 min with a solution of

iron oxide nanoparticles with [Fe] = 1 mM supplemented with

5 mM citrate in RPMImedium (Gibco), while the other cell types

were incubated for 45 min in a solution of iron oxide

nanoparticles at [Fe] = 4 mM and supplemented with 5 mM

citrate in RPMI medium. The labeling medium was then

discarded and replaced by a complete medium for at least 2 h

before cells were trypsinized and detached. Cell proliferation

after magnetic labeling was assessed using Alamar Blue (Sigma-

Aldrich) assay.

Magnetic molding

Labeled cells were seeded in semi-spherical 2% agarose molds

due to magnet attraction. Agarose molds were obtained from

agarose gelification around 1.2 mm steel beads (BI 00151,

CIMAP) as previously described (Mazuel et al., 2015).

Spheroids were incubated overnight at 37°C, 5 %CO2 in a

complete medium and extracted from the wells by gently

pipetting the surrounding liquid. The resulting spheroids had

a radius of 450 ± 70 μm.

Magnetic force tensiometer

Magnetic forces were exerted by a 6 × 6 mm cylindrical

neodymium permanent magnet (S-06-06-N, Supermagnete).

The generated magnetic field is almost constant over the

aggregate height at around 530 mT, and the magnetic gradient

[grad(B)] was 170 T/m. One multicellular aggregate was

deposited at 37°C in a temperature-regulated tank, whose

bottom interface is made of a non-adhesive treated glass slide

(30 min incubation with anti-adherence rinsing solution from

Stemcell Technologies). Images of the aggregate profile were

taken using a FLIRFly camera (Teledyne FLIR) equipped with a

1.5× zoom lens and an additive 5 × lens (Thorlabs) through

sealed glass slides. The magnet is approached at 150 μm from the

bottom of the multicellular spheroid. The equilibrium shape of

the multicellular aggregate is reached after 10 min. The surface

tension γ is deduced from the flattened profile of the aggregate by

using the TensioX dedicated MatLab application (Nagle et al.,

2021). In brief, it integrates Laplace laws for capillarity and

minimizes the quadratic error on the height (h), width (w)

and volume (V) of the spheroid (Kalantarian et al., 2015) to

extract the capillary constant c � MVgrad(B)
γ , where MV represents

the magnetic moment per unit volume. Indeed, the profile can be

described by the following equation derived from Laplace laws

(Kalantarian et al., 2015): dϕ
ds � 2b + cz − sin(ϕ)

x , where ϕ is the

angle of inclination of the profile, s stands for the arc length along

the profile, and b is the curvature at the apex. By assessing MV
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with vibrating sample magnetometry (VSM) measurements, the

surface tension γ can be deduced.

Indirect immunofluorescence analysis

Cells in 2D monolayers grown on glass coverslips were fixed

with 4% paraformaldehyde for 15 min, permeabilized with 0.1%

Triton X-100 for 5 min, and then incubated with either anti-E-

cadherin rabbit monoclonal antibody (1:200; Cell Signaling

Technology Inc.) or anti-Pan-cadherin rabbit polyclonal

antibodies (1:100; Sigma-Aldrich). The secondary antibody

used was AlexaFluor 488-conjugated goat anti-rabbit IgG

(ThermoFisher Scientific). Nuclei were stained with DAPI

(ThermoFisher Scientific). Images were obtained by confocal

microscopy (Leica equipped with a ×40 water immersion

objective).

Multicellular spheroids were fixed with 4%

paraformaldehyde for 60 min permeabilized with 1% Triton

X-100 for 2 days. They were incubated for 24 h with

E-cadherin rabbit polyclonal antibodies (1:200; Cell Signaling

Technology Inc.) at 4°C. The secondary antibody used was

AlexaFluor 488-conjugated goat anti-rabbit IgG

(ThermoFisher Scientific). Nuclei were stained with Hoechst

3342 (Invitrogen). Images were obtained by confocal

microscopy (Zeiss LSM780 with a ×20 water immersion

objective).

Alamar blue metabolic assay

The metabolic activity of the cells was quantified using

the Alamar Blue assay. For nanoparticles condition, the

assay was performed 2 h and 1 day after the magnetic cell

labeling while control cells were not labeled. The Alamar

Blue reagent (Sigma-Aldrich) was incubated (10% in

DMEM) with each cell type for 1 h according to supplier

protocol, and the signal was detected using a fluorescence

plate reader (Enspire, Perkin Elmer) at 570 nm excitation

wavelength and 585 nm emission wavelength in 96-well

plates.

Statistics

Graphs and statistics were processed using MatLab. Notched

boxplots were used to represent the median, the first and third

quartiles and the confidence interval for comparison. All

statistical tests were performed with a two-sided

Mann–Whitney U test (Wilcoxon test) using MatLab. p-value

is used to indicate the statistical significance of the results: *, **,

***, ****, ***** correspond to p < 0.05, p < 0.01, p < 0.001, p <
0.0001, and p < 0.00001, respectively.

Results

Characterization of EMT-associated
biological processes driven by inactivation
of NME1

Cells undergoing EMT lose epithelial characteristics and

integrity, acquire mesenchymal features, and become further

motile and invasive (Brabletz et al., 2021). Thus, decreased

cell–cell adhesion and enhanced migration and invasion are

considered hallmarks of EMT.

To obtain cell lines in which the NME1 or NME2 genes were

completely and stably inactivated, we performed

CRISPR–Cas9 gene editing in the human breast tumor cell

line MCF10DCIS.com using two independent guide RNAs

specific to the NME1 gene, NME1 (#A) and NME1 (#B), and

two for the NME2 gene, NME2 (#A) and NME2 (#B). To provide

a control cell line for experiments with the NME1-and NME2-

ablated cells, we subjected MCF10DCIS.com cells to the

CRISPR–Cas9 procedure but omitted a guide RNA [No-

targeting (NT) cells] (Huna et al., 2021). The ablation of the

two proteins, NME1 and NME2, was validated by immunoblot

analysis in the different clones (Supplementary Figure S1).

NME1-ablated cells, unlike NME2-ablated cells, are the only

cell line that lose epithelial features and acquire mesenchymal

characters (Huna et al., 2021).

Specific loss of NME1 reduces cell–cell adhesion
force

AFM measurements were performed to explore

modifications in cell–cell adhesion force by measuring

cell–cell detachment after a short-term adhesion of 60 s. The

inactivation of NME1, but not of its closely related isoform

NME2, moderately but significantly decreases detachment

force. The measured mean adhesion force for NME1-ablated

cells is 1.4 ± 0.5 (mean ± std) using the NME1 (#A) guide and

1.2 ± 0.4 nN using the NME1 (#B) guide. The measured mean

adhesion force for NME2-ablated cells is 2.0 ± 1 nN using the

NME2 (#A) guide and 1.9 ± 0.8 nN using the NME2 (#B). The

measured mean adhesion force for NT control cells is 1.8 ±

0.8 nN (Figure 1). Thus, inactivation of NME1 but not of

NME2 reduces cell–cell adhesion force.

Specific inactivation of NME1 increases
directional migration

In order to assess the migration of NME1-and NME2-ablated

cells, we performed a wound-healing assay, in which a confluent

cell monolayer was breached and the degree of migration to close

the wound in a given time period was determined. When

comparing the wounds immediately after the scratch (0 h)

and 24 h later, NME1-ablated cells treated with either guide

covered over 75% of the scratched area, whereas the NT control

and NME2-ablated cells only covered 55% of the area (Figure 2).

Frontiers in Cell and Developmental Biology frontiersin.org06

Nagle et al. 10.3389/fcell.2022.926322



FIGURE 2
Inactivation of NME1 promotes directional migration. (A) Representative light microscopy images of the wound healing assay of
MCF10DCIS.com cells in whichNME1 or NME2was inactivated. Time 0 represents confluentmonolayer wounds at 0 h, andwoundsweremonitored
until NME1-ablated cell monolayers became fully closed 48 h after scratching the monolayer. Images are representative of three independent
biological replicates. Scale bar: 100 μm. (B) Quantification of the area of migration over time shown in (A). Data show means ± SD of three
independent biological replicates imaged. ****p < 0.0001 relative to NT control cells.

FIGURE 3
Inactivation of NME1 promotes invasion through Matrigel. (A) Representative light microscopy images of Matrigel invasion assay of
MCF10DCIS.com cells in which NME1 or NME2 was inactivated after 24 h. (Scale bar: 100 μm) (B) Quantitative analysis of the invasion assay
presented in (A). The data show the means ± SEM of three independent biological replicates imaged and are expressed as an invasion index defined
as the ratio of the number of invading NME1-ablated cells or invading NME2-ablated cells on the number of invading NT control cells. By
definition, the invasion index of NT control cells is 1. *****p < 0.00001 relative to NT control cells.
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After 48 h, NME1-ablated cells had fully covered the wound,

whereas NT control and NME2-ablated cells still had open

wounded areas that accounted for approximately 10% of the

original scratched area (Figure 2). Thus, directional migration

induced by wound closure is increased whenNME1 is inactivated

but not when NME2 is inactivated.

Specific inactivation of NME1 increases invasion
into the basement membrane

To investigate the functional consequences of inactivating

NME1 and NME2 in MCF10DCIS.com cells, we also studied

their invasion of Matrigel, a basement membrane extract. Cells

were plated on top of a polycarbonate membrane covered with

Matrigel, through which invasive cells could cross and invade the

opposite side of the membrane (Figure 3). After 24 h of culture,

the number of NME1-ablated cells crossing the Matrigel was, on

average, much higher than the number of invading NT control

cells. This was true whatever the NME1 (#A) or NME1 (#B)

guide (Figure 3). Inactivation of NME1 induces a 6.5-fold

increase in the invasion index as defined as the ratio of the

number of invading cells to the number of invading NT control

cells. By contrast, the number of NME2-ablated cells crossing the

Matrigel is similar to the number of invading NT control cells for

both cells treated with the NME2 (#A) or the NME2 (#B) guide.

FIGURE 4
E-cadherin and N-cadherin expression aremodified in spheroids of NME1-ablated cells. (A)Western blot analysis of E-cadherin andN-cadherin
expression in NT-control cells compared to cells where NME1 or NME2 were inactivated. β-actin was used as a loading control. The ratio of N- to
E-cadherin is calculated and renormalized to the ratio obtained for NT control cells. This ratio is explored in 3D spheroids and in 2D culture (data
analyzed from Huna et al. (2021)). (B) Top left: image of a spheroid of 1 mm diameter of NT control cells. The observation plane is indicated in
white (Scale bar: 500 μm). Bottom right: image obtained at 70 μmdepth penetration of E-cadherin localization. Nuclei are stained by Hoechst (Scale
bar: 50 μm). (C) Immunofluorescence confocal images of 2D culture cells from MCF10DCIS.com cells in which NME1 or NME2 was inactivated.
E-cadherin antibody labeling is used. Nuclei are labeled with DAPI. The field of view is a square of 50 μm-long. (D) Immunofluorescence confocal
images of multicellular spheroids from MCF10DCIS.com cells in which NME1 or NME2 was inactivated taken at a distance from the top of the
aggregate between 50 and 80 μm. The field of view is a square of 50 μm-long. E-cadherin antibody labeling is used. Images of nuclei labeled with
Hoechst are superimposed.
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These data indicate that invasion through Matrigel is increased

when NME1 is inactivated but not when NME2 is inactivated.

Multicellular stimulable spheroids: From
two-dimensional to three-dimensional
environment

Model tissues of defined cell type, shape and size were

obtained by magnetic molding techniques to assess their 3D

organization. Using superparamagnetic nanoparticles

incorporated into cells through the endocytosis pathway,

the cells were given magnetic properties that allowed them

to behave like induced magnets that can be either driven or

stimulated at will using external magnets. Viability and lack

of cytotoxicity of the magnetic labeling were confirmed using

the Alamar Blue assay by measuring the unchanged

metabolic activity of the cells after labeling

(Supplementary Figure S2). Moreover, the incorporation

of magnetic nanoparticles was shown to have no impact

on cell–cell adhesion, migration, or invasion

(Supplementary Figure S3). These magnetic forces can

concentrate seeded cells in a well of determined size

within 1 min. After 20 h of maturation, a cohesive,

perfectly reproducible multicellular spheroid about 1 mm

diameter is formed due to cell–cell adhesions.

We first looked at the organization of the spheroids to see

how the modification of cell–cell adhesion is transduced at

the tridimensional level. In adherent cells, epithelial integrity

is disrupted upon inactivation of NME1 (Figure 4C). By

contrast, in tridimensional multicellular spheroids,

NME1 and NME2 inactivation do not impact E-cadherin

localization (Figures 4B,D). Looking at protein expression,

E-cadherin levels are slightly decreased by

NME1 inactivation, while N-cadherin expression is

increased. These results correspond to the ones observed

in 2D culture (Huna et al., 2021), though the impact of

NME1 inactivation is reduced in the multicellular

spheroid model compared to that in 2D culture

(Figure 4A). E-cadherin expression is reduced by

approximately 20% compared to the NT-controls, while it

was reduced by 40% in 2D culture (Figure 4A). Looking at the

N/E cadherin ratio, which is one hallmark of EMT,

multicellular spheroids reproduce the tendency observed

in 2D cultures meaning that the NME1 inactivation

induced an increase of this ratio compared to NT-controls

but while the increase is in the 2-fold range in 3D

multicellular aggregates, it was noticed in the 4-fold range

for 2D culture. As expected, the overall level of total cadherin

is also decreased by NME1 inactivation (Supplementary

Figure S4). Thus, a tridimensional environment modifies

the cadherin expression compared to two-dimensional

models.

Surface tension variations across EMT

Specific inactivation of NME1 strongly decreases
surface tension

The surface tension of model tissues can be determined by

flattening magnetic spheroids via a permanent magnet approach

(Figure 5A). For a given initial size, the flatter the spheroid looks

at equilibrium, the smaller its surface tension is (Mazuel et al.,

2015). Surface tension is deduced from the fit of the aggregate

profile (David et al., 2009; Kalantarian et al., 2015) (Figure 5B).

Starting from the same spheroid radius, aggregates of NME1-

ablated cells, whether treated with the NME1 (#A) or NME1 (#B)

guide, look flatter than both the aggregates of NT control and

NME2-ablated cells, whether treated with the NME2 (#A) or

NME2 (#B) guide (Figure 5B). The surface tension values of

spheroids of NME1-ablated cells are 4 ± 3 mN/m (mean ± sd) for

cells treated with the NME1 (#A) guide and 7 ± 2 mN/m for those

treated with the NME1 (#B) guide. The NT control cell aggregate

surface tension value is 16 ± 9 mN/m. By contrast, aggregates of

NME2-ablated cells have a surface tension value of 16 ± 5 mN/m

and 13 ± 5 mN/m for cells treated with the NME2 (#A) guide and

the NME2 (#B) guide, respectively, which is close to the value

obtained for the NT control cell aggregates (Figure 5C).

Surface tension is thus strongly modified upon

NME1 inactivation, while the inactivation of NME2 does not

significantly impact it.

Surface tension decreases during
malignant transformation

MCF10A cells are considered a common normal-like breast

cell model. These cells are derived from the benign proliferative

breast tissue and are not tumorigenic (Soule et al., 1990). From

them, genetic alterations have been created to study breast tumor

progression. Here we studied one of its derivatives, the in situ

carcinoma cells, MCF10DCIS.com, in which NME1 or

NME2 were ablated. To find the potential of surface tension

measurements in malignant transformation, we compared

migration, invasion, and surface tension of normal-like

MCF10A cells to carcinoma MCF10DCIS.com cells.

Directional migration is enhanced in MCF10A cells compared

to MCF10DCIS.com cells (Figure 6B). The migration mode in

the 2 cell types differs as MCF10A cells are epithelial and migrate

collectively, while MCF10DCIS.com cells migrate randomly with

a more individual mode (Figure 6A). The invasion of the

basement membrane is not modified by the malignancy state

of the cells and is the same as the one measured for the NT

MCF10DCIS.com control cells (Figures 6C,D). In sharp contrast,

the surface tension of the multicellular aggregates from

MCF10A cells is significantly higher than that of the

multicellular aggregates from MCF10DCIS.com, 45 ± 18 mN/

m vs. 21 ± 9 mN/m, respectively (Figures 6E,F). At the same time,

Frontiers in Cell and Developmental Biology frontiersin.org09

Nagle et al. 10.3389/fcell.2022.926322



the detachment force of the MCF10A cells has been reported to

be in the 2.5 nN range (Pawlizak et al., 2015), while

MCF10DCIS.com cells have a detachment force in the 2 nN

range according to our data. Thus, surface tension also decreases

during the transition from a normal state to a malignant cellular

state.

Discussion

We focus on a model of epithelial–mesenchymal transition

induced by the loss of the metastasis suppressor NME1 in breast

tumor cells. In this model, we first investigated the associated

hallmarks of EMT by measuring cell–cell adhesion force, cell

migration, and invasion. For this, we compared three different

cell lines: ductal breast carcinoma in situ that are considered

control tumor cells and two derivative cell lines obtained by

inactivation of either NME1 or its closely related isoform

NME2. AFM measurements show that loss of NME1 decreases

cell–cell adhesion force, which corresponds well to the observed

reduction of cell surface levels of E-cadherin upon

NME1 inactivation (Huna et al., 2021). Previous functional

aggregation and dispersion assays in the same cell line (Huna

et al., 2021) already raised the possibility of modification of cell-cell

adhesion but AFMmeasurements extend it to premature and early

cell–cell links with a 60 s contact and fully quantify cell–cell

FIGURE 5
Surface tension is reduced after NME1 inactivation. (A)Magnetic tensiometer. A multicellular aggregate is seeded in a glass-side temperature-
regulated homemade tank. A camera records its profile from themoment a permanent magnet is put in contact with the bottom slide of the tank. (B)
Representative side profile images before and after the magnet approach for multicellular aggregates made from MCF10DCIS.com cells in which
NME1 or NME2 was inactivated (scale bar: 500 μm). Initial aggregates radii are of a comparable range. The obtained fits of the flattened profiles
are superimposed in red. Aggregates of NME1-ablated cells are more flattened than aggregates of either NT or NME2-ablated cells. (C) Surface
tension obtained from the different cell types presented in (B). Median, standard deviation, and 95% interval of confidence are indicated. Each cell
type’s measurements have been repeated over N = 3 independent experiments and over 9–15 multicellular aggregates. Only significant tests are
indicated (**p < 0.01, ***p < 0.001). Results are compared to NT control cells.
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adhesion force. The decrease of cell–cell adhesion force although

moderate compared to the strong effects observed both in

E-cadherin cell surface level and aggregate size after dispersion,

suggests that quickly forming intercellular adhesions as well as the

number of links is modified by NME1 inactivation.

Migration by mimicking potential diffusion properties of

malignant cells and invasion constitute important read-outs for

EMT (Friedl and Wolf, 2003). The loss of NME1 leads to

increased 2D directional migration in a wound healing assay

and 2D invasion through Matrigel, which mimics the basement

membrane, in a Boyden chamber assay. By contrast, the absence

of NME2, which is highly homologous to NME1, has no effect on

cell–cell adhesion, cell migration, or invasion in the same tumor

cells, indicating a highly specific function of NME1 in these

EMT-associated biological processes. NME1 has been identified

as the first metastasis suppressor, showing reduced expression in

high melanoma metastatic cells and as a suppressor of breast,

liver, and colon carcinoma metastasis through mechanisms that

are not yet well-understood (Steeg et al., 1988; Boissan et al.,

2005).

Several studies have demonstrated a fundamental role for

NME1 in the promotion of endocytosis through interaction with

FIGURE 6
Behavior of the normal-like MCF10A cells compared to in situ carcinoma MCF10DCIS.com cells Three parameters are studied: (A and B) the
migration over a scratchwoundwithin 48 h, as shown in Figure 2, (C andD) the invasion throughMatrigel using a Boyden chamber assay, as shown in
Figure 3, and (E and F) the surface tension of multicellular aggregates using a magnetic tensiometer, as shown in Figure 5 (**p < 0.01).
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dynamin. This endocytic function of NME1 could contribute to

its activity towards the regulation of cell–cell adhesion, cell

migration, and invasion during tumor progression. NME1 can

promote the turnover of adherents junction components,

including E-cadherin, through its endocytic controlling

function, which is crucial for epithelial integrity (Palacios

et al., 2002; Woolworth et al., 2009). In cooperation with

dynamin, NME1 also contributes to the suppression of cell

migration by promoting endocytosis of chemotactic receptors

at the cell surface of migrating cells (Hsu et al., 2006). Indeed,

NME1 facilitates the downregulation of activated chemotactic

receptors via dynamin-mediated endocytosis, whereas the

absence of NME1 increases the levels of cell surface receptors

which results in oversensitized cells to chemotactic signals and

elevated cell migration. Finally, NME1 promoted dynamin-

mediated endocytosis of the transmembrane metalloproteinase

MT1-MMP, known as a key player in tumor invasion, resulting

in a strong reduction of surface MT1-MMP levels and a

concomitant reduction of extracellular matrix degradation and

invasion (Lodillinsky et al., 2021). Thus, promoting endocytosis

is a major function of NME1 that limits EMT-related processes.

The physical and biological mechanisms regulating EMT

and tumor progression have been determined in 2D in vitro

assays, but the dimensionality of the environment is a key

factor to understand tumorigenesis (Friedl et al., 2012). Two-

dimensional cultures fail to recapitulate the three-

dimensional structure of a tumor. Therefore, the translation

of these properties from 2D to 3D is critical and has to be

explored. In a purely cellular 3D environment, cell–cell

adhesions are required for the cohesion of the cell

assembly. Multicellular aggregates appear to be the most

appropriate three-dimensional models to study mechanical

properties (Gonzalez-Rodriguez et al., 2012; Giverso et al.,

2019) and they represent an excellent model of the

macroscopic behavior of tissues (Costa et al., 2016;

Nikolaev et al., 2020; Ackermann et al., 2021). Being an

intermediate stage between cell monolayers and biological

tissues (Lin et al., 2008), 3D models recapitulate numerous

biological processes while being more easily monitored and

reproducible. We used magnetic techniques to rapidly form

1 mm spheroids for observation of the macroscopic properties

of tissues (Mazuel et al., 2015). While NME1 inactivation

impairs epithelial integrity in 2D culture, this effect is not

conserved in 3D as the localization of E-cadherin is not

impacted in spheroids. This decrease in impact of

NME1 inactivation in 3D spheroids is also reflected in

E-cadherin expression, as the lack of E-cadherin is less

important in spheroids compared to NT-control cells. The

3D environment is based on cell–cell adhesion formation, thus

increasing the expression of E-cadherin. Cell–cell interaction

enhancement has already been observed in 3D culture

environments in the context of tumor cell spheroids

(Bissell et al., 2002; DesRochers et al., 2012; Kim et al.,

2019). E-cadherin expression is controlled both by

epigenetic and environmental factors during cancer

progression, while the loss of E-cadherin has been proven

to be reversible in breast cancer. E-cadherin expression has

been restored in tumor spheroids via the demethylation of the

E-cadherin promoter in a model of breast cancer (Graff et al.,

2000). In contrast to E-cadherin, the level of N-cadherin is

enhanced in these model tissues upon NME1 inactivation.

Finally, the 3D environment recapitulates the overall effects of

NME1 inactivation observed in 2D cultures and confirms the

intermediate EMT state of NME1 ablated cells while reducing

the difference with the NT-control cells.

Material properties derived from soft matter concepts reveal

as powerful tools to describe and predict the behavior of living

tissues (Gonzalez-Rodriguez et al., 2012). Among them, surface

tension depends mainly on adhesion and tension and is related

to shape determination and maintenance. Our data show that

FIGURE 7
Surface tension comparison with invasion and adhesion. (A) The results obtained for the surface tension of aggregates from normal-like cells
(MCF10A) and tumoral cells (MCF10DCIS.com and derivatives) are reported as a function of their invasion index. Means are indicated, and error bars
show the SEM. (B) The results obtained for the surface tension of aggregates from normal-like cells and tumoral cells are reported in relation to their
adhesion forcemeasured by AFM after a 60 s contact. MCF10A adhesion force is extracted from Pawlizak et al. (2015). Means are indicated, and
error bars show the SEM.
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surface tension is strongly decreased upon NME1 inactivation

but not by NME2 inactivation. Surprisingly, this decrease is

more important than the one measured by cell–cell adhesion

determination, and it appears to be a translating difference

observed in migration and invasion assays as highlighted in

Figure 7. Surface tension is a complex macroscopic property

related to effective adhesion, which considers intercellular

adhesion as well as cell tension. This means that there may

be some reinforcement due to the multiple impacts of

NME1 both on adhesion and on cell stiffness. Importantly,

epithelial cells have been shown to spontaneously convert to a

mesenchymal migratory and invasive phenotype when plasma

membrane tension was reduced, and that increasing plasma

membrane tension was sufficient to suppress tumor migration,

invasion, and metastasis (Tsujita et al., 2021). Remarkably,

surface tension is measured in a 3D environment, and the

effect of NME1 may actually be reinforced by the dimension

change as cell–cell adhesion is at the heart of tissue modelling

and shape maintenance. The mechanical properties of cells are

regulated by their environment. While the influence of the

extracellular matrix has been extensively studied (Levental

et al., 2009; Stowers et al., 2019), the impact of cell

organization and dimension is emerging as essential (Long

Han et al., 2019).

Surface tension also decreases when comparing normal to

tumoral state. MCF10A cells are a model of normal-like breast

cells, whereas MCF10DCIS.com are in situ breast carcinoma

cells. Adhesion is significantly reduced during this

transformation (Pawlizak et al., 2015), and surface tension

actually reflects these changes (Figure 7). Surface tension

recapitulates the evolution of cell–cell adhesion upon

malignant transformation and EMT thus extending the DAH

upon these processes (Figure 7B). Differences in surface tension

are larger. Indeed, while a 30% increase is measured on

detachment force, surface tension is actually doubled. There

are two main reasons for this strengthening. First, the 3D

structure strongly implicates cell–cell adhesions and may

enhance adhesion changes. Second, while surface tension

predominantly depends upon cell–cell adhesion, it is also

affected by other biomechanical properties. The greater

sensitivity of surface tension may actually reveal this multi

contribution.

In addition, invasion measurements appear to be highly

sensitive to EMT modifications but fail to distinguish between

cells during malignant transformation (Figure 7A). Surface

tension thus appears to be a full range indicator of

biophysical modifications both in malignant transformation

and EMT.

While individual cell stiffness has been identified as a

potential biomarker of metastatic potential (Guck et al.,

2005; Xu et al., 2012), surface tension arises as an indicator

of malignant transformation and tumor aggressiveness that

can be measured on tissue-like structures closer to the actual

tumor environment than cells grown in 2D culture. This

property appears to be highly sensitive to any changes in

adhesion, while also being easier to measure. Abnormal

cell–cell adhesion, as well as enhanced migration and

invasion, stand as three major hallmarks of tumor

aggressiveness. They clearly indicate tumor progression

upon hybrid states encountered in EMT. Decreased surface

tension appears to be an appealing fourth one. Indeed, it is

highly correlated with the three major hallmarks of tumor

progression in our breast tumor model. Moreover, surface

tension acts as a read-out of malignant transformation (from

normal to tumoral state) and as a read-out of tumor

aggressiveness (from tumoral non-invasive to tumoral

invasive state) in breast tumor models.

Conclusion

These results demonstrate that surface tension through

its multiparameter dependence reflects cell organization,

mechanics, and adhesion and can serve as a sensitive

indicator of the state of the cells undergoing EMT as well

as through the transformation from a normal state to a

malignant state. Important changes in surface tension are

detectable in response to subtle phenotype changes. Surface

tension proved to be highly sensitive to any changes in

adhesion properties at the single-cell level while being

measured at the more biomimetic scale of model tissue.

We investigated the sensitivity of the magnetic

tensiometer across the EMT using a model of EMT

induced by the loss of NME1. NME1, by acting on

cell–cell interactions through E-cadherin turnover,

participates in the maintenance of tissue integrity and

shape. Thus, surface tension can be considered a signature

of tumor aggressiveness during the EMT. This new

biophysical tool appears crucial in the investigation of

metastatic potential in tridimensional environments.
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SUPPLEMENTARY FIGURE S1
Ablation of NME1 or NME2 expression assessed by Western blot analysis.
MCF10DCIS.com human breast carcinoma cells were treated with two
independent guide RNAs specific for the NME1 gene, NME1 (#A) and
NME1 (#B), and two for the NME2 gene, NME2 (#A) and NME2 (#B). Cells
without guides are NT control cells.

SUPPLEMENTARY FIGURE S2
Metabolic activity for unlabeled (CTL) and labeled cells (with NP) 2 h (D0)
and 1 day (D1) after nanoparticle incorporation. To assess metabolic
activity, the metabolic test Alamar Blue was used. Fluorescence was
measured at λexc = 570 nm and λem = 585 nm. Values are interpreted
relative to control values (unlabeled cells in complete medium, CTL)
obtained under similar conditions. No influence of nanoparticle
incorporation was observed on the metabolic activity at D0 or D1.

SUPPLEMENTARY FIGURE S3
Lack of impact of nanoparticles on cell–cell interaction, cell
migration, and invasion. (A) Boxplots of detachment forces from NT
control cells either labeled or not by nanoparticles (in average n =
45 cells were tested per condition). (B) Top: Representative light
microscopy images of the wound healing assay of MCF10DCIS.com
NT control cells either labeled (bottom) or not (top) with
nanoparticles. Time 0 represents confluent monolayer wounds at
0 h and wounds were monitored until 48 h after scratching the
monolayer. Images are representative of three independent
biological replicates. Scale bar: 100 μm. Bottom: Quantification of
the area of migration over time shown in the top part. Data show
means ± SD of three independent biological replicates imaged. (C)
Left: Representative light microscopy images of Matrigel invasion
assay of MCF10DCIS.com NT control cells either treated or not with
nanoparticles after 24 h. (Scale bar: 100 μm) Right: Quantitative
analysis of the invasion assay presented at the left. The data show the
means ± SEM of three independent biological replicates imaged and
are expressed as an invasion index defined as the ratio of the
number of invading magnetically labeled cells to the number of
invading unlabeled cells. By definition, the invasion index of
unlabeled cells is 1.

SUPPLEMENTARY FIGURE S4
Cell surface cadherin expression is reduced in spheroids of NME1-ablated
cells. (A) Top left: image of a spheroid of 1 mm diameter of NT control
cells. The observation plane is indicated in white. Top right: image
obtained at 50 μm depth penetration. The position of the zoom is
indicated by the white square. (B) Immunofluorescence confocal
images of multicellular spheroids from MCF10DCIS.com cells in which
NME1 or NME2 was inactivated taken at 50 μm from the top of the
aggregate. Pan-cadherin antibody labeling both N-cadherin and
E-cadherin is used (green). The same conditions in terms of illumination
and recording are applied. Images of nuclei labeled (blue) are added.
(Scale bars: 20 μm) (C)Quantitative analysis of the mean intensity of the
pan-cadherin labeling renormalized to the NT control cells. Means and
standard deviations are represented. N = 4 aggregates were imaged for
each condition. * p < 0.05, ** p < 0.01.
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2.3. Mechanical properties of human breast cancer cell tissue models and their relation
with tumor related properties of individual cells

2.3.3 Discussion and perspectives

In the previous work, we showed in a model of human breast cancer cells, that surface
tension of tumor models can be seen as a signature of tumor aggressiveness upon malignant
transformation and EMT. Regarding cell-cell adhesions, we observe a decrease of the
adhesion force upon NME1 inactivation of about 30%, while the surface tension decrease
is 2- to 3-fold. This larger decrease, evidences the likely contribution of other parameters
than cell-cell adhesions into the macroscopic surface tension of these tumor spheroids.

This cellular model, comprising MCF10A, MCF10DCIS.com and MCF10DCIS.com
KO NME1 and NME2 (see Figure 2.13), initially developed to study the biological aspects
involved in the transition from carcinoma in situ to invasive carcinoma, is also relevant for
biophysical studies, to investigate the mechanics of tumor cells across EMT and malignant
transformation. One of the main advantages of this model is that all the cells have the
same genetic background enabling for accurate comparisons between the cell lines.

In conclusion, the combination of magnetic molding providing controlled spheroid
shape and cellular content and the magnetic force tensiometer provides a promising tool
to study a variety of parameters, from microscopic properties such as adhesion properties
to ECM, that are influencing the global mechanical properties of multicellular aggregates.

To try and understand better the role of each individual parameter on the 3D mecha-
nics of spheroids, we are now working with Hervé Turlier and Nicolas Ecker (CIRB, Collège
de France). They adapted their 3D numerical model of spheroids [105] to add a volumic
force reproducing the configuration of the magnetic tensiometer. The simulated spheroids
consist of only 50 cells in comparison to about 100k cells for a 1 mm spheroid of muscle
precursor cells. By optimizing the simulations, Nicolas Ecker was able to achieve the
simulation of spheroid flattening composed of 500 cells. If this cell number is still lower
than the one in our experimental conditions, it provides several number of cells from the
surface to the center of the in silico spheroid. By fitting the profile at equilibrium of
the spheroid, surface tension could be extracted and correlated with changes in tension
between cells. For instance, we considered up to now that spheroids are homogeneous
objects. However, we often observe a few cell layers at the surface that have a more
elongated shape. By tuning the effective tensions of surface cells, these 3D numerical
simulations would offer a model to test the influence of the first cell layer tension on the
macroscopic apparent surface tension measured.

With the magnetic force tensiometer, mechanical measurements are obtained through
the application of a constant force and at the global tissue scale. Developing an integrated
approach to measure the dynamical mechanical properties of biological tissues at diffe-
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rent scales from microscopic to macroscopic would help to decipher the cross-talk between
theses different levels. In this last section, the mechanical properties across breast can-
cer progression were probed at the tissue level. To investigate further these mechanical
properties across the invasive switch in human breast cancer cells, we could imagine a
multiscale approach to characterize the cell mechanics from the subcellular scale to the
tissue scale. Measuring for instance the rheological properties from the cytoplasm or the
single cell level to the tissue level would offer a complete overview of tumor cell mechanics,
helping to decipher the influence of malignant transformation and EMT. For instance, two
previous PhD students of the team, François Mazuel and Gaëtan Mary, have developed a
rheological tool for multicellular aggregates using magnetic forces that enables rheological
measurements at tissue scale. This approach, that will be presented in chapter 3, could
be applied to study the rheology of human breast cancer tumor models across EMT and
malignant transformation.
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Rheology of multicellular aggregates
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3.1 Introduction : from single cell to tissue scale rhe-
ology

In the previous chapter, tissue mechanical measurements were performed through the
application of a static force and the observation of the resulting deformation. However,
cell and tissue properties are much richer and depend on the timescale as well as the
amplitude of force application. Methods to probe tissues through dynamical stimulations
are therefore required to explore their time-dependent mechanical properties. The first
results on tissue rheology show many similarities with the single cell response that we will
briefly introduce.

105



Chapter 3. Rheology of multicellular aggregates

3.1.1 Rheology of single cells

Experimental methods to probe cell rheology

Many different experimental techniques have been developed to perform rheological
measurements on living cells at different time and length scales (see Figure 3.1). While
particle tracking microrheology (Figure 3.1 e) is a passive method recording the ran-
dom motion of beads in cells to extract local rheological properties [106], all the other
presented techniques are based on the application of a force and the monitoring of the
resulting deformation. Atomic force microscopy (AFM) [89], magnetic twisting cytome-
try [107], magnetic tweezers [92] and optical tweezers [108] (Figure 3.1 a-d) probe the local
submicrometer scale cell rheology, whereas the parallel-plate rheometer [109], the optical
stretcher [110] and acoustic methods [111] (Figure 3.1 f-g) are probing the rheological
properties at the single cell scale. Each method presents its advantages and limitations
and is probing different mechanical contributions to the global response [112] [113] [114].

Figure 3.1 Experimental methods to probe the cell rheological properties. While
atomic force microscopy, magnetic twisting cytometry, magnetic and optical tweezers and
particle-tracking microrheology probe the cell mechanical properties at the local scale (a-e),
the parallel-plate rheometer, the optical stretcher and acoustic methods (f-h) probe the cell me-
chanics at the global cell-scale. Adapted from Hao et al. [114].

Power-law response

From experiments performed with different experimental techniques, cell lines and

106



3.1. Introduction : from single cell to tissue scale rheology

time scales, a common power-law response has been described for single cell rheology. For
instance, if we consider a creep experiment where a cell is submitted to a constant stress
σ0 at t = 0, the resulting deformation ϵ(t) depends on a power-law of time. By defining
the creep function J(t), we can write :

J(t) = ϵ(t)
σ0

= J0( t
τ
)α

Time is renormalised by τ = 1 s by convention and the prefactor J0 is inversely pro-
portional to an elastic modulus. The exponent α is comprised between 0 and 1. If α = 0,
we recover Hooke’s law corresponding to a purely elastic solid (ϵ(t) = σ0J0), while for α

= 1, we recover the law of newtonian fluids corresponding to a viscous liquid (ϵ̇ = σ0J0
τ

).
For cells, an intermediate exponent is observed with α between 0.1 and 0.5. Figure 3.2
presents a typical curve for a creep experiment for F9 cells measured with a magnetic
bead rheometer with α = 0.3, as well as the two boundary responses for α = 0 and α =
1. This intermediate value of α for cells evidences their viscoelastic behavior.

Figure 3.2 Creep responses for a viscous or elastic material in comparison to cells.
Experimental creep response for an illustrative elastic material (polyacrylamide-bis-acrylamide
(PAA) hydrogel) in purple, for a viscous material (polydimethylsiloxane (PDMS) silicone oil)
and for a cell (F9 embryonic carcinoma cells) in red. In all these cases, the creep response follows
a power-law, from α = 0 for an elastic material to α = 1 for a viscous material and α = 0.3 for
F9 cells. Adapted from Kollmannsberger et al. [112].

If springs and dashpots coupled in series or parallel can be introduced to empirically
model cell response in some specific cases, this power-law response reveals that cells
can not be described by a finite number of elastic and viscous elements with specific
relaxation times. Indeed, the viscoelastic spectrum of living cells does not have any
distinct timescales that could be identified to specific processes or elements and that
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would have a physical meaning. By putting in series an infinite number of elementary
units (such as spring-dashpot elements) with various relaxation times, we recover the
power-law over many order of magnitudes of time or frequency. Interestingly, we recover
the same power-law response for suspended epithelial monolayers [115] suggesting that
this could be a general behavior of cells and tissues.

3.1.2 Rheological properties of multicellular aggregates

To investigate the rheological properties of 3D tissues, experimental tools still need
to be developed. Some studies focused on the local rearrangements of cells during stress
application, thanks to biomimetic prototissues or spheroids passing through microfluidic
constrictions for instance [63] [116], trying to link the microscopic properties and rear-
rangements and tissue behavior. However, very few experimental methods exist to look
at the global resulting deformation of 3D tissues upon force application. Stirbat et al.
have adapted a commercial shear rheometer to multicellular aggregates: a shear stress
is applied to hundreds of aggregates placed between to parallel plates [24] (see Figure
3.3). The aim is to capture both the intercellular rheology due to cell rearrangements
and the single intracellular cell rheology. With this tool, stress-deformation curves are
obtained. However no absolute measurements are possible due to the difficult control of
multicellular aggregate number and therefore of the contact area.

Figure 3.3 A shear rheometer set-up adapted to multicellular aggregates. Hundreds
of F9 aggregates are placed between two transparent parallel plates. Scale bar = 1 cm. Adapted
from Stirbat et al. [24].
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3.2 Material and methods : The magnetic rheometer

In the team, an alternative method to determine the rheology of multicellular aggre-
gates was developed by two previous PhD students (François Mazuel and Gaëtan Mary).
The principle is here to apply a magnetic force per unit of volume that can be varied
across time by using an electromagnet instead of permanent magnets (Figure 3.4 a). In
comparison to other techniques, we can here obtain the stress-strain curves for a single
multicellular aggregates while applying a versatile and controlled stimulation.

Measurements were carried out on F9 mouse embryonic carcinoma cells that have
been extensively characterized and studied both at the single cell [112] [117] and tissue
level [24] [118] [72]. F9 cylindrical multicellular aggregates were formed thanks to the
magnetic molding technique (Figure 3.4 b). This cylindrical shape was chosen instead of
spheres in order to guarantee a quasi constant area of contact during the deformation of
the aggregate. The electromagnet was put under the F9 multicellular aggregate whose side
profile was monitored with a camera upon force application (Figure 3.4 a) to measure the
height variation δh(t). Thanks to an amplified signal generator providing current to the
electromagnet, various stimuli can be applied, from step (Figure 3.4 d) to sinusoidal forces
superimposed on a step force (Figure 3.4 e-f) or even broad spectrum signals [43]. This
magnetic rheometer is a highly versatile tool to screen multicellular aggregates rheology
and to evidence non-linearities at high stresses (as described in Mary, Mazuel et al. [43]).

In the magnetic rheometer, the applied stress is always compressive and its local value
at any altitude z above the glass slide on which the aggregate is deposited is equal to the
sum of all magnetic forces that are exerted on the cells located above in the aggregate :

σloc(z) =
∫ h(t)

z
fv(z′)dz′ (3.1)

In our case, fv is constant for the aggregate so the stress σloc increases linearly with
the distance from the top of the aggregate. Mv is measured by Vibrating Sample Mag-
netometry (VSM) allowing to deduce fv. We define an average stress σ applied to the
aggregate such that σ = 1

2 h(t) fv ≃ 1
2 h0 fv. Indeed, the height variation of the aggregate

is below 5% : for the maximal applied force fv that corresponds to about 1 Pa in stress,
the maximal deformation δh is 50 µm for an initial height of the aggregate h0 = 1 mm.

To study the rheological behavior of the aggregates and assuming a linear local rhe-
ology, the aim is to relate the measured macroscopic strain ϵ(t) =< ϵloc(z, t) >z (with
ϵloc(z, t) the local deformation in the aggregate) to the earlier and present values of the
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Figure 3.4 The magnetic rheometer. a) Schematics of the set-up. The magnetic aggregate
is deposited in a tank filled with culture medium and thermostated at 37 °C. The sides of the
tank are sealed with glass slides and the side profile of the aggregate is monitored with a camera.
To generate a magnetic field, an electromagnet is placed under the aggregate. It is composed
of a central soft iron polar piece (with a 5 mm diameter polar piece at the top) surrounded
by a coil. An amplified signal generator supplies the coil with current. b-c) Side and top
views of cylindrical F9 aggregates formed by magnetic molding (incubation conditions with
nanoparticles at [Fe] = 2 mM in RPMI and 5 mM citrate for 2 hours). Scale bars = 500 µm.
d-f) The magnetic forces per unit of volume applied to the aggregate are shown with the gray
area while the measured deformations of the top of the aggregate are shown with black markers.
Thanks to the signal generator, we are able to apply various signals such as a step force (d)
or a combination of a sinusoid at 1 Hz superimposed on a step (f). e) Kymograph example of
the upper interface of the aggregate when a sinusoid superimposed to a step force is applied.
g) Extracted oscillatory contribution of the aggregate upper interface deformation (in black)
and sinusoidal part of the applied force (in gray). The amplitude A and the phase shift ϕ are
measured at different frequencies. Adapted from Mary, Mazuel et al. [43].

macroscopic strain σ(t).

The variation of the upper interface of the aggregate is monitored upon force appli-
cation and the deformation ϵ is defined as the ratio between the height variation of the
upper interface δh(t) and the initial height of the aggregate h0:

ϵ(t) = δh(t)
h0

(3.2)

For a constant stress application σ(t) = σ0, we define the classical creep function J(t) as
ϵ(t) = σ0J(t). From the experiments, G. Mary and F. Mazuel showed that it coincides
with a power law J(t) = J0( t

τ
)α on four order of magnitudes, from 0.01 s to 100 s
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(with τ = 1 s by convention). They measured α = 0.21 ± 0.03 (mean ± SD) and
J0 = (4.8 + 2.3, −0.9) × 10−2Pa−1 (mean ± SD) for F9 multicellular aggregates [43].

In the linear regime and for an arbitrary applied stress, the deformation ϵ(t) can be written
as a function of the creep function J(t) and the imposed stress history σ(t). Indeed, the
applied stress can be seen a series of infinitesimal stress steps :

dσ(t′) = dσ

dt
(t′)dt′ with t′ ≤ t (3.3)

so that the strain ϵ(t) can be written as the following sum :

ϵ(t) =
∫ t

0
J(t − t′)dσ

dt
(t′)dt′ (3.4)

In the case of a sinusoidal varying stress of pulsation ω instead of a constant stress and
in the linear regime, we can define a complex viscoelastic modulus:

E∗(ω) =| E∗(ω) | eiϕ(ω) = σ∗(ω)
ϵ∗(ω) (3.5)

From equation 3.4 and for an oscillatory stress with amplitude σosc at an angular frequency
ω superimposed on a steplike stress signal (Figure 3.4 e-f), we therefore obtain a sinusoidal
strain response with complex amplitude :

ϵ∗
osc(ω) = J∗(ω)σosc (3.6)

with
E∗(ω) = 1

J∗(ω) = (iωτ)α

J0Γ(1 + α) (3.7)

where Γ is the Euler function. By defining E0 as E0 =| E∗(f = 1Hz) | and ϕ the phase
of the complex Young’s modulus, we have E0J0 = (2π)α

Γ(1+α) and ϕ = απ
2 .

By applying sinusoidal stress signals at different frequencies and measuring the amplitude
and the phase of the resulting deformation (Figure 3.4 g), one can therefore extract E0, α

and J0, the latter showing similar results to the measurements obtained with the step-like
stresses.

This experimental set-up was used to probe the rheology of tissue models (creep and
oscillatory experiments or broad spectrum stimulation combined with inference analysis)
evidencing a power-law response (see Figure 3.4) and non-linearities at high stresses with
a stress-stiffening. Besides, the link between microscopic and macroscopic properties was
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investigated and especially the influence of intercellular (cell-cell adhesions) and intracel-
lular (actin) components in this tissue model rheology. All these results are published in
Mary, Mazuel et al. [43].

My contribution to this work consisted in cross-validating the method by comparing
measurements obtained with the magnetic rheometer to a microplate rheometer developed
by Atef Asnacios adapted from single cells to multicellular aggregates (to measure the
rheology of multicellular aggregates from the parallel plates, one has to adapt their shape
from cylinders to cuboids). Finally, I adapted the technique to CT26 cells (mouse colon
carcinoma cells), to show the potential extension of this rheology technique to other cell
types.

3.3 Results

3.3.1 Cross-validation of the technique with microplate rheo-
metry

In order to validate the magnetic rheometer measurement method, we compared the
obtained results to measurements done by a microplate rheometer adapted for multicellu-
lar aggregates. This device is composed of two parallel plates in between the multicellular
aggregate is compressed. One of the plates is rigid while the other one is flexible. The force
F applied to the aggregate is determined by the deflexion δ of the flexible plate F = kδ

knowing the calibrated stiffness k. Two main technical challenges had to be overcome.
First of all, the multicellular aggregate being larger and softer than the individual cells,
the flexible plate had to be adapted. To this mean, Atef Asnacios developed spatula-like
plates with a thin neck (about 100 µm width and 5 mm long) and wide tips (about 1 mm
width) to obtain a plate with a low stiffness (28 nN/µm) while being able to hold the
multicellular aggregate between the plates. Moreover, we had to produce multicellular
aggregates that could be adapted to both set-ups. Indeed, the aggregate could only be
held on its lateral sides with the microplates (Figure 3.5 c-d). This is why we had to
change the geometry of aggregates from cylinders to cuboids (Figure 3.5 a-b) to obtain
flat lateral sides of the aggregate for the contact area not to vary upon stress application.

Briefly, the applied stress σ was defined by σ = F
S

= kδ
S

with S the contact area
corresponding to S = Lh and L and h being respectively the width and the height of the
F9 aggregates (cf Figure 3.5 d). The uniaxial strain is defined by ϵ = L−L0

L0
where L and

L0 are respectively the distances after and before compression. The apparent measured
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modulus reads E = σ
ϵ
. Sinusoidal stresses were applied at different frequencies and the

complex elastic modulus | E∗(ω) | and phase were extracted to be compared to the one
obtained with the magnetic rheometer.

Figure 3.5 Cross-validation of the magnetic rheometer and the microplate rheome-
ter. a-b) Top and side views of cuboid aggregates of 1 mm side and about 600 µm height. c-d)
Schematic pictures of the magnetic rheometer (c) and the parallel-plate rheometer (d). e) Modu-
lus (purple) and phase (green) of the complex viscoelastic modulus E∗ of cylindrical (diamonds)
or cuboid (squares) F9 aggregates plotted in logarithmic scale. N = 45 aggregates for cylindrical
aggregates and N = 7 for cuboid aggregates. The experimental points are fitted by a power law
for the modulus (purple lines) and by a constant for the phase (green lines) corresponding to
E0 = 45 ± 12 Pa and α = 0.27 ± 0.04. Results for F9 single cells loaded with nanoparticles
measured by the microplate rheometer are added for comparison (empty circles). c,d,e are ex-
tracted from Mary, Mazuel et al. [43].

First of all, we had to check that the new cuboidal geometry was not affecting the
measured rheological properties of the multicellular aggregates. Both cuboid and cylin-
drical F9 aggregates were formed by magnetic molding. Cuboids were formed thanks
to 1 x 1 mm molds and resulting aggregates were 1 mm side and 600 µm height. The
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rheological behavior of cuboid and cylindrical aggregates was measured with the magnetic
rheometer by applying step signals superimposed with sinusoidal stresses (as described
section 3.2) with frequencies ranging from 0.1 to 10 Hz (Figure 3.5 e). No difference was
observed on | E∗(ω) | or ϕ between cylindrical (filled diamonds) and cuboidal aggregates
(filled squares), evidencing that the multicellular aggregate shape does not influence its
rheological properties.

To compare the magnetic and the microplate rheometer, we formed F9 cuboidal aggre-
gates and measured their complex modulus E∗(ω) with both techniques. Measurements
were done successively on the same aggregate with each technique. With the microplate
rheometer, the same power-law is observed with α = 0.27 ± 0.04 and an elastic modulus
E0 = 45 ± 12 Pa, confirming the power-law rheology of multicellular aggregates. Results
obtained with the magnetic rheometer (filled squares) or with the microplate rheometer
(empty squares) are presented in Figure 3.5 e (N = 7 aggregates). Interestingly, no signi-
ficant difference between the two techniques is observed for the elastic modulus | E∗(ω) |
and the phase shift ϕ, cross-validating the magnetic and the microplate rheometer as
valuable tools for the rheology of multicellular aggregates. This result also highlights
that there is no anistropy due to the aggregate formation method since measurements are
carried out in two different configurations (as shown Figure 3.5 c-d).

3.3.2 Adaptation to another cell line

To highlight the versatility of the magnetic rheometer, we decided to test the method
with another cell line. Indeed, the magnetic labeling working with all cell types tested up
to now, the magnetic rheometer could be applied to any cell line provided that cells are
able to form cohesive aggregates. We formed by magnetic molding cylindrical aggregates
of mouse colon carcinoma cells (CT26) with iron oxide nanoparticle labeling conditions
of [Fe] = 1 mM in RPMI and no citrate for 2 hours (Figure 3.6 a). We observed the
same power-law rheology J(t) = J0( t

τ
)α as observed for the F9 mutlicellular aggregates,

on several order of magnitudes (creep function presented Figure 3.6 b). We measured
α = 0.23 ± 0.02 and J0 = 0.03 ± 0.01 Pa−1. By applying sinusoidal stress signals at
different frequencies superimposed on a step stress (Figure 3.6 c), we were able to extract
the modulus E0 at around 80 Pa, two times higher than for the F9 aggregates. This value
is the same as the one measured for the Young’s modulus of CT26 multicellular spheroids
in section 2.2.2, Figure 2.8.
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Figure 3.6 Rheology of cylinders of CT26 cells. a) Side view of a cylindrical CT26 mul-
ticellular aggregate. Scale bar = 500 µm. b) Creep function of a CT26 cylindrical multicellular
aggregate plotted in logarithmic scale. The applied step force per unit of volume is 1.1 kN.m−3.
The experimental points (in black) are fitted with J(t) = J0( t

τ )α and α = 0.23 ± 0.02 and
J0 = 0.03 ± 0.01 Pa−1. c) Extracted oscillatory contribution of the aggregate upper interface
deformation when submitted to a force step of 830 N.m−3 superimposed with a sinusoidal signal
around the step force at a frequency of 0.5 Hz and an amplitude of 280 N.m−3. The extracted
Young’s modulus is about 80 Pa.

3.4 Conclusion and perspectives

This magnetic rheometer represents a promising tool to probe the rheology of multicel-
lular aggregates for a wide range of cell types or conditions. The measurements obtained
by magnetic rheometry were cross-validated thanks to a parallel-plate rheometer devel-
oped by Atef Asnacios adapted for multicellular aggregates that also constitutes a new
technique to perform rheology experiments on 3D tissue models.

Thanks to the magnetic rheometer, non-linearities could be explored in F9 cell ag-
gregates, evidencing a stress-stiffening at higher stresses [43]. However, the deformations
were always below 5%. Increasing the applied stress and therefore the resulting defor-
mation would enable to screen for other non-linearity regimes. We are now adapting the
electromagnet and the set-up to generate higher magnetic field gradients and therefore
higher magnetic forces. The emergence of non-linearities for 3D biological tissues at large
deformations is indeed an open research subject with few contributions in the literature.

As mentioned in chapter 2 section 2.3, this tool could be combined with rheology at
the single cell or intracellular scale to obtain a multiscale picture of the tissue rheology
from the cell cytoplasm to the 3D tissue scale. The MCF10DCIS.com model would be
a good candidate to explore the rheology at different scales across EMT or malignant
transformation.

Finally, by adding extracellular proteins during formation or using cells secreting ECM,
the role of ECM could be explored as its contribution on tissue rheology and mechanics is
much less clear than intercellular adhesions for instance. However, studying ECM secre-
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ting cells would imply to culture the multicellular aggregates for several days or weeks.
Such long culture times require nanoparticles that degrade more slowly, since a decrease
of the magnetic moment leads to a decrease of the resulting deformation upon magnetic
force application and therefore a decrease in the measurement sensitivity. Changing the
nanoparticles coating could be a possible solution [119].
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4.1 Introduction

The skeletal muscle is one of the most abundant tissue types in the human body with
about 30 to 40 % of the body mass [120]. Its function can however be impaired because
of genetic, metabolic or neuromuscular diseases such as dystrophia [121], diabetes [122],
ageing or Huntington disease [123].

The skeletal muscle has an anisotropic and aligned multiscale structure : individual
muscular cells are aligned with each other forming entangled bundle of muscle fibers that
compose the muscle (see chapter 1 section 1.4). Creating in vitro models of the skeletal
muscle would offer a polyvalent platform for fundamental studies in tissue biology but
also for the development of new drugs or gene therapies to treat muscular diseases or
traumatisms. However reproducing the skeletal muscle organization and function in vitro
is still a real challenge. Strategies to create an artifical muscle need to meet a set of
requirements : (i) reproduce the muscle architecture without a support scaffold, (ii) use
mechanical stimulations to enhance differentiation. The proposed approach in this part is
to take advantage of magnetic fields and forces to control remotely the cell organization
and to stimulate the resulting 3D tissue model.

4.1.1 Myogenesis

In the embryo, embryonic progenitors give rise to myoblasts that are muscle precursor
cells then able to differentiate into mature muscular fibers. From these embryonic pro-
genitors, some remain as satellite cells in the mature adult muscle. These satellite cells
are implicated in the tissue homeostasis as they can differentiate into new fibers upon
activation after a muscle damage. Once activated, satellite cells proliferate and become
myoblasts. These muscle precursor cells first align with each other and differentiate into
myocytes that are able to fuse with each other generating long polynucleated cells called
myotubes. After a maturation process, myotubes become functional muscular fibers, the
myofibers, that are able to contract. After the fusion into myotubes, nuclei go through
several positioning processes. Nuclei are initially centered in the myotubes. They first
spread to be equally distributed in the polynucleated cells and then they move towards
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the periphery of myofibers where they are finally located and anchored [124] (Figure 4.1
a).

Figure 4.1 Skeletal muscle differentiation process. a. Differentiation process from
satellite stem cells to functional muscular cells. Myoblasts differentiate into myocytes that
align and fuse with each other to form long polynucleated cells called myotubes and finally
mature muscular cells or myofibers. b. Expression of muscle transcription factors and protein
differentiation markers during myogenesis. Figure adapted from [125] [126] [127] [128].

During this differentiation process, the expression of the muscle regulatory factors
(MRF) Myf5, MyoD, Myogenin (Myog) and Myf6 (also referenced as MRF4) play a key
role. While Myf5 and MyoD commit the cells to the myogenic program in the early diffe-
rentiation, myogenin and Myf6 are required for the formation of myotubes from the fusion
of myocytes. Pax7 is also a key transcription factor of early lineage specification [125].
At a later stage in differentiation and once myocytes start to fuse, proteins involved in
the formation of sarcomeres (see chapter 1 section 1.4) are expressed such as troponin
(Tnnt) or myosin heavy chain (Myh). Troponin is located on the actin thin filaments
while myosin heavy chain is part of the myosin thick filaments. Finally, enzymes such
as creatine kinase muscle (Ckm), which catalyzes the production of phosphocreatinine
acting as an energy reservoir of ATP in situ, is overexpressed during myotube formation
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and maturation (cf Figure 4.1 b).

4.1.2 Tissue engineering of the skeletal muscle

One can distinguish three main approaches that can be applied for tissue engineering
and more specifically skeletal muscle tissue engineering : in vitro, in vivo and in situ
tissue engineering. While in vitro tissue engineering is based on the development of a
functional muscle tissue, in vivo tissue engineering involves the transplantation of cells and
various growth factors or scaffolds in the patients. Finally, in situ skeletal muscle tissue
engineering relies on the use of biomaterials to trigger endogenous regeneration [129].
Here we confine our scope to in vitro skeletal muscle tissue engineering. This approach
is interesting not only for in vivo regeneration aspects but also for disease modelling and
drug testing applications [130].

To generate and to improve tissue engineered skeletal muscle constructs, current strate-
gies modulate both the constituents (cells, ECM) and their environment (biochemical,
biophysical or topological cues). We will present briefly each aspect individually.

Progenitor cells for skeletal muscle tissue engineering

Various cell populations can be used for skeletal muscle tissue engineering. These cells
need to be able to proliferate in vitro and to differentiate into mature muscular fibers.
The ideal source of cells is autologous because of their non-immunogenicity in case of
clinical applications.

The C2C12 cell line is the most widely used for skeletal muscle tissue engineering. It
is an immortalised murine myoblast isolated by Yaffe et al. in 1977 [131] from thigh muscle
of 2-month old C3H normal mice 70h after a crush injury and followed by selective serial
passages of myoblasts. It is now a common cell line commercially available and its rapid
proliferation and efficient differentiation make it a model of choice for tissue-engineered
skeletal muscle constructs. As this cell line is frequently used for muscle engineered
studies, objective comparative analysis with already published works are made possible
circumventing the variability between different isolated primary myoblast populations.
However, the fact that C2C12 cells are xenogenic does not make them appropriate for
clinical translation. Moreover, some differences have been reported in the behavior of cells
in comparison with human myoblasts [132].

Satellite cells, also called muscle stem cells, that are stem-like cells present in the
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adult muscle, are able to migrate towards the injury and to differentiate into mature
muscle fibers. These cells are also widely used for skeletal muscle tissue engineering
because of their efficient differentiation. However, they can not be expanded for a long
time in culture because of senescence, reducing the myogenic potential of cells. Besides,
the collection method is invasive and the yield of isolation is low.

Mesenchymal stem cells (MSCs) are extracted from bone marrow (invasive proce-
dure) or the umbilical cord (non-invasive procedure). They can differentiate into muscle
cells however their myogenic differentiation potential is lower than for satellite cells. More-
over the collection from bone marrow is painful and invasive while autogenic MSCs from
umbilical cord are rarely available.

Induced pluripotent stem cells (iPSCs) are cells derived from a donor tissue (from
skin to blood cells) that have been reprogrammed back to an embryonic-like multipotent
state. They have the ability of unlimited self-renewal and can be used to derive muscle
progenitor cells. In theory, autologous iPSCs are the best candidates for clinical applica-
tions. However, the processes of cellular reprogramming and for terminal differentiation
are very complex. Further research is also needed to achieve safe myogenesis for example
reducing the risk of tumor formation [132].

From these different cell types many strategies have been developed to try and repro-
duce skeletal muscle organization and functionality in 2D or 3D.

Methods to engineer skeletal muscle constructs

2D culture models

One of the first strategies developed to reproduce the skeletal muscle alignment and
organization is the use of 2D geometrical confinement or patterned substrates above the
micron scale to provide suitable topographical cues to promote cell orientation and dif-
ferentiation (Figure 4.2 a-b). More recently, this micropatterning has been improved by
the addition of topological guidance cues at the nanometer scale reproducing in a more
biomimetic way the extracellular matrix (Figure 4.2 c-d). Interestingly, through micropat-
terning approaches, these systems composed of anisotropic cells have been shown to have
certain characteristics of active nematic behavior [133] [134]. Although these topological
and patterning strategies enhance myoblast elongation, alignment and differentiation and
have helped to identify key parameters influencing myogenesis, these 2D constructs can
not be easily recovered and lack the 3D environment of physiological conditions. Because
of their low thickness and the difficulty to achieve contractile functional tissues, they are
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also an unadapted option for clinical translation.

Figure 4.2 Examples of 2D micropatterning for myoblast alignment and differ-
entiation. a) Scanning electron microscopy images of PDMS substrate with 12 µm waves,
top view (top), cross-sectional view (bottom). b) Representative images of C2C12 cells during
differentiation on flat substrates or different wave size substrates presented in (a). Patterns
promote myoblast alignment and fusion into myotubes. Scale bar = 100 µm. Figures (a) and
(b) adapted from Lam et al. [135]. c) Scanning electron microscopy images of aligned PEG
(poly(ethylene glycol)) hydrogel micropatterns of 200 µm width and PCL (polycaprolactone)
electrospun nanofibers. d) Immunofluorescence images of nuclei (blue) and MHC (green) on
the micropatterns presented in (c), showing an alignment of cells parallel to the patterns and
enhancement of differentiation. Figures (c) and (d) adapted from Cha et al. [136].

To overcome the limitations of classical 2D cell culture, many 3D skeletal muscle
culture models have emerged over the past 30 years. For all of them, the aim is to create
a biomimetic microenvironnement for the cells comprising the appropriate ECM and the
mechanical and biological signals to stimulate muscle formation and maturation [137].
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3D Scaffolds

Many scaffold-based approaches have been developed to mimic the native anisotropic
structure of the ECM, presenting the cells to micro- or nano-scale topological cues. We
will here introduce briefly some of the main strategies employed.

Aligned nanofibers have been used to guide the formation of aligned myotubes.
They can be manufactured by various techniques among which electrospinning that has
been widely used for muscle skeletal engineering. Electrospinning takes advantage of
electric forces and electrostatic repulsion to generate micro or nanofibers from melted
polymers. The polymers used can be conductive providing the possibility for electric
stimulation of the constructs (Figure 4.3 a-b).

Porous hydrogels providing geometrical confinement with unidirectionnal channels
or anisotropic microstructures can also promote successfully differentiation into aligned
myotubes. Hydrogels have been widely employed in tissue engineering and regenerative
medicine thanks to their high content in water and their tunable chemical and mechanical
properties. They can be derived from various synthetic or natural origins and numerous
materials have been used such as collagen, fibrin, hyaluronic acid, PEG or even decellu-
larized ECM. Scaffolds can be obtained from decellularized skeletal muscle tissues that
conserve biomechanical properties and ECM structure close to the native tissue [141]. An
example of porous hydrogels for skeletal muscle constructs is the use of collagen hydrogels
obtained by freeze-drying. This generates anisotropic structures and microchannels that
enhance C2C12 differentiation (Figure 4.3 c-f). They can also be used in combination
with nanofibers to provide a controlled anisotropic structure at the nanoscale.

3D bioprinting relies on 3D printing to combine and arrange cells, biomaterials and
functional molecules. Much progress has been achieved with this technique especially
thanks to the ability to control spatially and to incorporate different specific cell types
trying to mimic the neuromuscular junction or vascularization [142]. Various biocompati-
ble bio-inks can be used and Figure 4.3 g-h presents an example of 3D bioprinted skeletal
muscle constructs based on the alignment and fibrillation of collagen upon printing of the
cell-laden bio-ink.
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Figure 4.3 Illustrative examples of frequently used 3D scaffolds techniques for
skeletal muscle constructs, electrospun nanofibers (a-b), hydrogels (c-f) and 3D
bioprinting (g-h). a) Scanning electron microscopy images of electrospun PCL/PANi (poly-
caprolactone/polyaniline) nanofibers. b) Immunofluorescence images of C2C12 cells on the
corresponding substrate after 7 days of differentiation with myosin heavy chain (MHC) stained
in green. a-b adapted from Ku et al. [138]. c) Scanning electron micrograph of a collagen
sponge obtained by unidirectional freezing. We observe both a longitudinal structure with large
pores and a sponge structure at a smaller scale with holes and bridges. d) Haematoxylin-eosin
staining of C2C12-derived myotubes obtained in the collagen sponge. Collagen matrix appears
in pink while myotubes are in purple. e) Immunofluorescence images of the region shown in (d)
with MHC in red and nuclei in blue. f) Immunofluorescence images of the region shown in (d)
with laminin in green to evidence the basal lamina of myotubes. c-f adapted from Kroehne et
al. [139]. g) Schematics of the 3D cell printing process of collagen fibers. A glycine/KCl buffer
solution is used to formulate a bioink to obtain oriented fibrillated collagen after 3D printing.
h) Immunofluorescence images of C2C12 cells after 3, 7 or 14 days in the control condition
(CON) vs in the collagen sponge (CS-AF). Nuclei and actin are labelled with DAPI (blue) and
phalloidin (red) respectively. g-h adapted from Kim et al. [140].
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Scaffold-free approaches

The scaffold-free strategy is an alternative approach to the use of scaffolds and hydro-
gels and it relies on the cells own secretion of ECM and self-assembly in 3D tissues. No
exogenous component is added which enables to get rid of the lot variability of commercial
ECM protein solutions [137]. Scaffold approaches require the design of complex matrixes
that need to be biocompatible but also biodegradable and non-immunogenic in the case
of clinical translation. Although scaffold-free approaches circumvent these challenging
requirements, only a few teams have focused on this type of technique.

First, cells cultured in 2D micropatterned surfaces can delaminate forming cell sheets
that can be stacked [143] or can comprise sheets of different cell types such as neuronal
or vascular sheets [144]. Another team used magnetic C2C12 cells to generate cell sheets,
strings or circular tissue constructs with no external matrix [145]. However, these tech-
niques requiring longer times of tissue formation (about a month) and being not easily
automated and scaled up, scaffold methods have often been preferred [137]. Moreover, in
these examples, no mechanical or electrical stimulations can be applied to the constructs
while there are necessary for differentiation into myofibers.

Biophysical cues

Environment has to be fully controlled for muscle tissue engineering. Biochemical and
geometrical cues have been extensively studied and have been proven to be key elements.
However, physical environment is not limited to geometry, thus mechanical and electrical
stimuli also represent promising tools. For instance, neuronal electrical stimulation plays
a key role for skeletal maturation and contraction [137].

Concerning biophysical cues, a number of studies have demonstrated the essential
role of mechanical stimuli enhancing both cell alignment and muscle differentiation with
various types of strains ranging from static to cyclic strains [146]. However, the optimal
stimulation parameters remain largely unknown (frequency, duration, amplitude...). Sti-
mulation parameters have been mostly studied in the 2D configuration and the conclusions
are not necessarily translatable to 3D [147]. Moreover, if mechanical stimuli probably
impact integrin and calcium ion channels [51], the exact underlying mechanotransduction
mechanism is not completely understood yet.

Herein we propose a magnetic scaffold-free 3D approach with mechanical stimulation
as an alternative strategy to the aforementioned methods.
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4.2 Material and methods

4.2.1 The magnetic stretcher device

Figure 4.4 The magnetic stretcher device. Illustrative image and schematics of the
magnetic stretcher set-up.

In order to stimulate mechanically 3D multicellular aggregates, the magnetic stretcher
device was developed by Vicard Du, a PhD student in the group from 2011 to 2015 to
drive the differentiation of embryonic stem cells (ESC) towards the mesodermal cardiac
pathway thanks to a cyclic stimulation [32], but resulting with no specific structural
organization. The idea behind my thesis was to modify this set-up to adapt it to muscle
differentiation from myoblasts not only to induce their fusion and differentiation but also
to drive their 3D long-range organization and alignment. For this project, we selected the
murine myoblast C2C12 cell line (CRL-1772, ATCC) as the most widely used model for
muscle differentiation studies.

The magnetic stretcher device shown in Figure 4.4 for live bright field imaging is
composed of two 3D printed polymer holders (PA2200, polyamide). Each of them contains
a 6 x 6 mm permanent neodymium magnet (530 mT at the surface and 170 T/m magnetic
field gradient, S-06-06-N, Supermagnete) in contact with a cylindrical soft iron tip (iron
content higher than 95%). The microtips, covered with a pasted glass slide, attract
the magnetic cells which enables the formation of a cohesive multicellular aggregate held
between the two pieces. Magnetic forces being proportional to the magnetic field gradient,
forces are high close to the microtips (fv = Mv×grad(B)). They therefore act as magnetic
clamps holding the multicellular aggregate as described in Du et al. [32]. One piece of
the magnetic stretcher is fixed while the other can be moved by a stepper motor (Z812B,
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Thorlabs) actuated by a controller (KDC101 or TDC001, Thorlabs). Once the cohesive
aggregate is formed, it can be stimulated mechanically by displacing the mobile piece
with the desired stimulation pattern. Temperature in the device is regulated at 37°C
(incubation chamber, Digital Pixel). CO2 is regulated by adding 10 mM HEPES to the
medium or by flowing humidified air at 5% CO2 (8920, Messer).

To perform in-depth imaging and observe the cell organization in the core of the
aggregate, we had to adapt our set-up on the 2-photon upright microscopes we used
(Leica SP5 and SP8). In close collaboration with the laboratory’s mechanic workshop
(Laurent Réa and Mathieu Receveur) and Thierry Savy, we designed and constructed a
magnetic stretcher device that could fit under the 2-photon microscopes while enabling
the temperature and the atmosphere regulation at 37°C, 5% CO2. In comparison to the
device for bright field microscopy, the pieces are flipped up side down to allow observation
with an immersion objective. The tank is made of anodized stainless steal and a heating
and temperature probes are inserted to ensure temperature regulation (see appendix C).
Finally, humidity and CO2 are regulated by flowing humidified air at 5% CO2 (8920,
Messer).

In order to form a cohesive myoblast aggregate that could be mechanically stimulated,
the experimental device and the experimental conditions had to be optimized. To avoid
the detachment upon formation or the tearing of the aggregate, we optimized various
parameters for instance the soft iron tip diameter and shape, the initial cell number and
distance between pieces, the aggregate formation method and the stretching conditions.

4.2.2 Optimization of the experimental conditions to generate
a stretchable cohesive myoblast aggregate

Simulation of the magnetic field

To characterize and optimize the magnetic stretcher set-up, the magnetic field was
simulated thanks to the finite element COMSOL MultiPhysics software (trial license and
additional module AC/DC). The aim was to identify the important parameters to obtain
the most interesting magnetic field gradient distribution for our application. Indeed,
having a high magnetic field gradient and therefore a high magnetic force at the tip of
each part of the magnetic stretcher could prevent the detachment of the aggregate during
the experiment. First, to improve the set-up, two main parameters were studied: the
diameter of the needle and its shape. Then, the magnetic field gradient was simulated to
characterize the magnetic stretcher set-up for the most relevant configuration selected.
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One single part of the magnetic stretcher is modeled by a permanent 6 x 6 mm
neodymium magnet (remanent flux density of 1.38 T) in contact with a 9 mm-long soft
iron needle, and the whole is enclosed in a cylinder of water. A second cylinder of water
is visible at the tip of the needle, the region of interest, where the mesh is finer for the
finite element computations (Figure 4.5 a).

Figure 4.5 Influence of the tip diameter on the magnetic field gradient generated.
a) Configuration used for the simulation of the magnetic field on one side of the magnetic
stretcher. The needle in contact with the magnet is made of soft iron and the surrounding
media is made of water. The external cylinder indicates the edges of the simulation where the
boundary conditions are applied. A second black cylinder is visible around the tip corresponding
to the location where the finite element mesh was refined. In red is the part presented in (b). b)
2D mapping of the simulated magnetic field gradient at the center of the tip for a tip diameter
of 750, 500 or 250 µm, plane (yz) (top view) and plane (xz) (side view). The magnetic field
gradient represented is dBz

dz which corresponds to the component involved in the magnetic force
in the z direction. In gray is represented the position of a #0 glass slide of about 100 µm that
would be glued on the tip before depositing the cells.

We first studied the influence of the needle diameter dneedle on the magnetic field
gradient for one single part of the magnetic stretcher with a soft iron tip diameter varying
from 250 µm to 750 µm (diameter used in the previous set-up) (Figure 4.5 b). In all
figures, the magnetic field gradient represented is dBz

dz
which corresponds to the magnetic

force component applied to the cells in the z direction. As expected, we observe that the
magnetic field gradient is very high close to the tip but sharply decreases as the distance
from the tip increases. Moreover the smaller the tip diameter is, the higher and the more
homogeneous the magnetic field gradient is, pointing towards a diameter tip as small as
possible for our application (Figure 4.5 b). 100 µm away from the middle of the tip,
the magnetic field gradient generated by a 750 µm, 500 µm or 250 µm diameter tip is
respectively about 200 T/m, 400 T/m and 1000 T/m (see appendix A Figure A.3 for the
detailed quantification). From the side view images (Figure 4.5 b bottom), we also notice
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that there is a stronger asymmetry of the magnetic field gradient with larger tips. A gray
dashed line is added to materialize the position of a #0 glass slide (100 µm thickness)
glued on the tip. The accessible part for the cells deposited is below this gray line for
each image. The choice of the glass slide thickness is crucial to maximize the magnetic
field gradient applied to the cells close to the tip and that is why we chose glass slides
with the smallest thickness available.

We then evaluated the effect of changing the shape of the cylindrical soft iron tip to a
sharper tip. Figure 4.6 presents the studied geometry corresponding to a needle of initial
diameter 750 µm and a final tip diameter of 500 or 250 µm after a linear decrease on 2.5
mm. We then compared the resulting magnetic field gradients for a needle with a constant
diameter to a needle with a truncated conical shape with the same final diameter. We
observe that both on top and side views, the magnetic field gradient distributions are
similar for needles having the same final tip diameter. Therefore, it seems that the shape
does not significantly influence the magnetic field gradient. The most relevant parameter
to optimize the gradient is thus the tip diameter. Since it is easier to obtain soft iron
wires with a constant diameter than to design it with a precise shape, the configuration
with a constant diameter was selected for the following work.

Figure 4.6 Impact of the shape of the soft iron piece on the magnetic field gradient
generated. a) Configuration used for the simulation of the magnetic field for one part of the
magnetic stretcher with a constant needle diameter of 750 µm decreasing linearly on 2.5 mm to
a 500 or 250 µm tip diameter. The region of interest presented in (b) is shown in red. b) 2D
mapping of the simulated magnetic field gradient at the center of the needle for a truncated cone
with a final tip diameter of 500 µm and 250 µm compared to a needle with the same constant
diameter. Top (yz) and side (xz) views.

We tested experimentally the two configurations with 250 or 500 µm diameter soft iron
tips that offered the highest magnetic field gradients. While the 500 µm diameter confi-
guration, allowed to obtain stable aggregates between the two pieces, aggregates formed
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between the 250 µm diameter tips did not allow for the formation of a cohesive aggregate in
a reproducible manner. A diameter of 500 µm for the soft iron tips was therefore chosen
and we simulated the magnetic field gradient in the magnetic stretcher device in this
configuration (Figure 4.7). While the magnetic field gradient and therefore the applied
magnetic force is maximal close to the tips, it is close to zero in the central part between
the two pieces where the majority of cells will be located (for a detailed quantification
see appendix A Figure A.4 and A.5). Magnetic forces therefore act as clamps at the level
of the tips holding the aggregate between the two pieces, as also evidenced from velocity
field measurements representative of the strain field upon stretching in Du et al. [32].

Figure 4.7 Magnetic field gradient simulated in the configuration of the magnetic
stretcher. a) Schematics of the magnetic stretcher composed of two identical pieces at a
distance d modeled by a permanent 6 x 6 neodymium magnet in contact with a 500 µm diameter
soft iron tip. b) 2D mapping of the simulated magnetic field gradient at the center of the tips,
for different distances d between the two parts of the magnetic stretcher. Top (yz) and side (xz)
views.
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Cell number deposited and initial distance of the two pieces

Various numbers of cells can be deposited between the two pieces of the magnetic
stretcher for the aggregate formation, offering a range of accessible conditions. However,
for each amount of cells, the initial distance between the two pieces is comprised between
two limit values. Indeed, if the distance is too large the aggregate will form and then
retract from one of the two pieces as shown on the overnight formation Figure 4.8 a. If
the distance is too small, the formed aggregate after one day in the magnetic stretcher will
round up decreasing the area of contact with the glass slides and increasing the probability
to detach upon stretching (Figure 4.8 b). Therefore, for each number of cells deposited,
there is a need to finely tune the initial distance between pieces to achieve the formation
of a stretchable cohesive aggregate.

Figure 4.8 Influence of the initial distance on the aggregate formation. a) Bright
field images of an experimental condition where pieces are too far away during the overnight
formation of the aggregate. The multicellular aggregate retracts and starts to detach from the
upper piece within a few hours. b) Two illustrative bright field image examples of aggregates
at day 1 after the overnight formation where the pieces were too close initially. The resulting
aggregate is convex increasing the probability of detachment under stretching.

Aggregate formation methods

To obtain a reproducible stretchable aggregate after the overnight formation, we first
tried to form the aggregate by depositing the magnetic cells on one single piece of the
magnetic stretcher. Cells were first deposited on one piece forming a dome of non cohesive
cells. They were then attracted by the second microtip by approaching the second piece
as shown in Figure 4.9 a-b. Examples of resulting aggregates at day 1 for various cell
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numbers deposited are shown in Figure 4.9 c. With this asymmetric way of depositing
the cells, the aggregate shape at day 1 was not reproducible. Moreover it often led to
asymmetric shapes that favor the retraction and the detachment of the aggregate.

Figure 4.9 Aggregate formation between the two magnetic pieces. a-b) Schematics
and representative bright field images of aggregate formation at day 0 by cell deposition on
one magnetic piece. Magnetic cells are deposited on the top piece forming a non cohesive
dome of cells. Cells are then attracted to the second piece upon its approach. c) Examples
of resulting aggregates obtained at day 1 with an increasing initial number of cells (from left
to right). The obtained aggregates have shapes varying from one experiment to the other and
are often asymmetric. Credit for these illustrative pictures to Gaëtan Mary. d-e) Schematics
and representative bright field images of aggregate formation at day 0 by cell deposition on two
magnetic pieces. Magnetic cells are deposited on both pieces forming two non cohesive domes
of cells that are approached and put into contact. f) Examples of resulting aggregates obtained
at day 1 (about 10h after cell deposition) from an initial number of 100k cells. The obtained
aggregates are symmetric and their shape is more reproducible between experiments.

An alternative way of cell deposition was set up by putting cells on both pieces in a
symmetric manner. As in the first technique, the two magnetic pieces were approached
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and the two domes of non cohesive cells were put in contact as shown Figure 4.9 d-e.
This formation method leads to much more reproducible aggregates at day 1 than the
formation by deposition on one single piece as shown Figure 4.9 f. We therefore selected
this method of deposition to generate stretchable multicellular aggregates.

Aggregate stretching

Once the cohesive multicellular aggregate is formed between the magnets, it can be
linearly stretched by moving the mobile piece actuated by a step-by-step motor. We opti-
mized the stretching parameters in order to stretch the aggregate without any detachment
or tearing. Indeed, if the aggregate is stretched too early, for example only a few hours
after cell deposition as shown Figure 4.10 a, it is very likely to detach from one of the
two pieces. Besides, the stretching speed needs to be adjusted in order to be propagated
to the whole aggregate and drive the cell alignment without inducing a tearing of the
aggregate by stretching too fast as exemplified in Figure 4.10 b.

Figure 4.10 Effect of the stretching timing and speed. a) Illustrative bright field images
of an experiment where the aggregate was stretched at 40 µm/h too early, only 7 hours after cell
deposition. The aggregate detaches from the bottom magnetic piece within 2 hours. b) Bright
field images of an extreme example where a cohesive aggregate is stretched at a very fast speed
of 120 µm/h for 2 hours at day 1 leading to the tearing of the aggregate in its middle.

Even if the whole phase space of parameters was not explored, experimental conditions
that enabled the formation of cohesive stretchable aggregates of about 100k cells were
identified. For the continuation of the work, we fixed the following conditions (see Figure
4.9 d-f):

• Microtips of 500 µm diameter

• Initial symmetric deposition of cells on the two pieces (50k to 75k cells per microtip)
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• Initial distance between the pieces of 350 to 400 µm (distance between the two glass
slides)

In order to drive the alignment and the differentiation of myoblasts, we stretched the
aggregate at day 1 at 20 µm/h for 6 hours.

4.2.3 Generation of fluorescent stable cell lines

To observe the cell 3D organization in live using 2-photon microscopy that allows
in-depth imaging of tissues, we constructed stable C2C12 fluorescent cell lines.

To observe actin structures, we transfected cells with a puromycin Lifeact-GFP plas-
mid (pLVX-LifeAct-GFPtag2, gift from S. Coscoy) to generate a stable cell line. After
antibiotic selection, sorting and amplification, fluorescence and differentiation ability were
assessed. All Lifeact-GFP clones were fluorescent but only a few were still able to dif-
ferentiate with the same phenotype as wild-type myoblasts. We selected one of these
clones that we used in the following work and that will be referred to as the C2C12
Lifeact-GFP cell line.

In more details, the C2C12 Lifeact-GFP stable cell line was generated by transfecting
the myoblasts with the puromycin Lifeact-GFP plasmid with Lipofectamine3000 reagents
(L3000001, Invitrogen). Cells around 50 % confluency in 6-well plates were incubated with
a 1:1 DNA to Lipofectamine 3000 Reagent ratio for 24 hours. Cells were then transferred
in T-75 flasks, amplified and selected in complete medium supplemented with 2 µg/mL
puromycin for 8 days. Cells were sorted by fluorescence-activated cell sorting (FACS Aria
Fusion, BD Biosciences) and the 10% of cells with the highest fluorescence were dispensed
at one cell per well in 96-well plates to obtain individual clone cell lines after amplification.
28 different colonies were obtained and after 2-3 weeks of amplification, 14 clones with
a normal proliferation speed were obtained. All the 14 clones were expressing a similar
level of Lifeact-GFP (Figure 4.11 a) but only a few were still able to differentiate. The
selected clone shows a differentiation phenotype similar to that of C2C12 wild-type cells
(Figure 4.11 b).

The C2C12 Lifeact-GFP multicellular aggregates in the magnetic stretcher were im-
aged in live thanks to an SP5 or SP8 Leica microscope coupled with a tunable wavelength
laser (Mai Tai or Insight DeepSee, SpectraPhysics). All images were taken with a 20x
water immersion objective (HCX APO L20X/1.00 W, Leica) at 900 or 980 nm. To do
some high resolution imaging, stretched aggregates were fixed in situ then retrieved with
a micropipette. 3D samples were then imaged by confocal microscopy thanks to an LSM
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780 Zeiss microscope and with a 20x water immersion objective (W Plan-Apochromat
20x/1.0 DIC, Zeiss).

Figure 4.11 The C2C12 Lifeact-GFP cell line. a) Fluorescence image of C2C12 Lifeact-
GFP after 3 days of differentiation in 2D. Actin is shown in green and nuclei are evidenced with
white arrows. Polynucleated myotubes are visible. b) C2C12 WT vs C2C12 Lifeact-GFP cells
after 3 days of differentiation in 2D. Both cell lines show a similar differentiation phenotype
according to the myotubes length, width and density.

4.2.4 Comparison with 3D spheroids

To highlight the importance of mechanical stimulation in skeletal muscle differentiation
and to avoid dimensionality issues, we compared the stretched multicellular aggregates to
unstretched ones. For the control condition, we formed spheroids by magnetic molding
with a size equivalent to the stretched aggregates (see appendix C for spheroid formation).

4.2.5 Myogenic differentiation read-outs

To study skeletal muscle differentiation, we looked at several read-outs at different
levels to assess the differentiation and the organization of our microtissues. We focused on:
(i) cell organization looking at cytoskeleton architecture, (ii) gene and protein expression.

Actin filament orientation extraction

Actin filament orientation of multicellular aggregates from the magnetic stretcher or
control spheroids was extracted thanks to ImageJ and the plug-in OrientationJ (Biomed-
ical Imaging Group, Ecole Polytechnique Federale de Lausanne, Switzerland) [148] from
either live 2-photon microscopy images or confocal images on fixed samples. The "Anal-
ysis" and "Distribution" functions, used to obtain the orientation maps and the angle
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distributions respectively, were applied with a local window of 2 pixels and with the gaus-
sian gradient. Orientation of actin filaments was assessed on images located at 50 µm
below the surface of the spheroid or of the aggregate from the magnetic stretcher. The
quantification was done on the entire image for control spheroids and on the central part
of the magnetic stretcher aggregate to get rid of artefacts due to the aggregate shape.

Gene and protein expression

We performed both mRNA and protein level quantification to compare myogenic
differentiation between control unstretched spheroids and stretched aggregates. RT-qPCR
is a sensitive technique to precisely and quantitatively compare the mRNA level of selected
genes. This technique is based on the amplification of an identified sequence in RNA from
cell extracts. With the help of Nathalie Luciani, we designed the primer sequences of genes
identified as essential in myogenesis: Myod1, Myog, Myf6, Tnnt1, Tnnt3, Myh1, Myh3,
Myh4 and Ckm (sequences in appendix C Figure C.2). All these genes are known to
be upregulated during skeletal muscle differentiation (cf Figure 4.1). The RPLP0 coding
for the 60S acidic ribosomal protein P0 was chosen as a reference transcript. mRNA
expression levels were measured for control spheroids and stretched aggregates from up
to 8 independent experiments and 11 samples for each condition.

Protein quantification of the late differentiation markers Myf6 and MHC were per-
formed by Western Blot to compare protein levels from control spheroids and stretched
aggregates, to complement the mRNA measurements. This technique based on protein
immunoblotting after electrophoresis is less sensitive than RT-qPCR but measures directly
the level of protein expression. Detailed protocols for mRNA and protein quantification
are described in appendix C.
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4.3 Results and discussion: A magnetic stretcher for
the 3D organization and differentiation of myo-
blasts

4.3.1 Iron oxide nanoparticle uptake does not impair the metabolic
activity of myoblasts or their differentiation potential

First of all, we checked that the incorporation of iron oxide nanoparticles (NP) into
the mouse muscle precursor cells does not impair their metabolic activity and ability to
differentiate. C2C12 Lifeact-GFP cells were magnetically labelled leading to an uptake
of about 3 pg of iron per cell (measured by magnetophoresis). The influence of the NP
uptake on the metabolic activity of cells was first evaluated thanks to a resazurin-based
assay, showing no difference in comparison with control cells after NP incorporation at
day 0 and at day 1 (Figure 4.12 a). Besides, differentiation tests were performed after
NP incorporation showing no phenotypic difference on the myotubes formation. Figure
4.12 b shows representative images of cells after 7 days of differentiation. Both in the
control condition and with the incorporation of nanoparticles at day 0, long myotubes are
obtained. These elongated polynucleated cells express myosin heavy chain, a marker of
myogenic differentiation involved in the contraction of functional muscular cells, in both
control and NP conditions after 3 days of differentiation (Figure 4.12 c).
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Figure 4.12 Nanoparticle incorporation in myoblasts does not impair their
metabolic activity or their ability to differentiate. a) Metabolic activity of C2C12
Lifeact-GFP cells with or without nanoparticle (NP) 2 hours (D0) or one day (D1) after the in-
corporation ([Fe] = 2 mM for 30 min). Mean +/- SD (quadruplicates). b) Representative images
of C2C12 Lifeact-GFP after 7 days of differentiation with or without NP incorporation at day 0.
Long myotubes are visible in the entire field of view in both conditions. c) Immunofluorescence
representative images of C2C12 Lifeact-GFP after 3 days of differentiation and incorporation of
NP at day 0. MHC and nuclei are shown in green and blue respectively.

Finally, NP incorporation decreases slightly mRNA levels for all genes related to myo-
genic differentiation at day 1 after NP incorporation, probably due to the upregulation of
genes involved in NP uptake and storage such as ferritin [42]. However, the same mRNA
levels of the myogenic marker genes are recovered with or without NP incorporation for
most genes at day 3 and for all genes at day 7 of differentiation (cf Figure 4.13). In con-
clusion, NP uptake does not alter significantly the cell metabolic activity or the ability of
cell to differentiate at medium (3 days) and long term (7 days).
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Figure 4.13 mRNA expression levels measured by RT-PCR for 2D cultures with
or without NP incorporation and after 1, 3 or 7 days of differentiation. Expression
levels are normalised by the mRNA levels at day 1 without NP incorporation (2D D1). RPLP0
was used as a housekeeping gene. Mean +/- SEM (quadruplicates).

4.3.2 Stretchable microtissues are formed thanks to the mag-
netic stretcher

As described section 4.2 and in order to generate cohesive and stretchable 3D multicel-
lular aggregates, magnetically labelled cells were deposited in between two micromagnets
(Figure 4.14 a). Magnetic forces enable the formation of the multicellular aggregate with
no support matrix and act as clamps (magnetic forces about a few hundreds of pN close
to the glass slides) holding the aggregate once it is cohesive (Figure 4.14 b-c).

Figure 4.14 d-e presents the procedure to form the cohesive aggregate between the two
magnetic stretcher pieces. About 75k magnetically labelled cells are deposited on each
piece forming a dome of non cohesive cells at day 0. The two pieces are then approached
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(at a distance of 350 to 400 µm between the glass slides) and the two hemispheres are put
in contact. After an overnight incubation, a cohesive aggregate is formed. The magnetic
stretcher therefore allows the formation of stretchable microtissues with an aspect ratio
controlled by the initial number of cells and the distance between tips. The overall shape
obtained at short times is reminiscent of the one taken by a drop of fluid between two
plates (catenoid and derivatives), implying that tissue surface tension plays an important
role at that stage.

Figure 4.14 Microtissue formation and stretching in the magnetic stretcher device.
a) Schematics of the magnetic stretcher device. b) Simulation of the magnetic field gradient in
the magnetic stretcher at the center of the tips and for a distance between glass slides of D = 0.4
mm or 0.8 mm. Glass slide positions are materialized with gray dashed lines. c) Magnetic field
gradient simulated between the two pieces as a function of the position z and normalized by the
distance D between the two glass slides for a distance of 0.4 mm or 0.8 mm. d-e) Schematics
and representative images of the formation of a cohesive multicellular aggregate in the magnetic
stretcher. First, magnetic cells in suspension are deposited on each micromagnet. Then, the
two pieces are approached and a cohesive aggregate is formed overnight. f) Stretching of the
multicellular aggregate at 20 µm/h for 6 hours after one day of aggregate formation in the
magnetic stretcher.

141



Chapter 4. A magnetic stretcher to drive organization and differentiation into muscular
cells

While the aggregate formation is carried out in complete medium, the medium is
changed to differentiation medium (2% Horse Serum) once the aggregate is cohesive at
that day 1 time. A linear stretch of 20 µm/h for 6 hours is then started to mechanically
stimulate and stretch the 3D structure as represented Figure 4.14 f in order to drive cell
alignment and differentiation. The multicellular aggregate is then kept in the magnetic
stretcher for 48 hours (day 2 and day 3).

4.3.3 The magnetic stretcher promotes actin alignment

To evaluate the 3D organization of multicellular aggregates, actin filament orienta-
tion was imaged, at day 1 and 2, in aggregates formed in the magnetic stretcher and
compared to control 3D spheroids that were formed simultaneously. Figure 4.15 a shows
actin representative images of control spheroids and aggregates in the magnetic stretcher
at day 1 and 2 at 50 µm depth. By extracting the actin filament orientation through
OrientationJ [148], we built orientation maps for each control spheroid and aggregate in
the magnetic stretcher (Figure 4.15 a-b) and determined the angle distribution of actin
filaments for each condition. The average angle distributions are represented in Figure
4.15c. While the actin filament orientation for control spheroids is uniform, we observe
a peaked distribution in the case of the aggregates in the magnetic stretcher. Most fila-
ments are oriented perpendicularly to the glass slides and in the direction of the stretch
as it is clearly visible in the representative orientation maps shown (Figure 4.15 a-b). At
day 2, the angle distribution is sharper than at day 1 for the aggregates in the magnetic
stretcher. The magnetic stretcher therefore seems to drive alignment of actin filaments
and cells in 3D in the direction of the stretching in the core of the aggregate. Interestingly,
for the aggregates in the magnetic stretcher, the orientation of filaments at the surface of
the aggregates (on a 20 µm thick enveloppe) are tilted at 70° from the orientation in the
core of the aggregate, at 50 µm depth and below, as shown Figure 4.15 d-e. This sug-
gests a spiral-like structure of cells surrounding the aggregate in the magnetic stretcher
highly reminiscent of the spontaneous emergence of chiral actin structures observed by
Ehrig et al. [149] who studied the growth of MC3T3 cells on curved PDMS 3D substrates.
As for fibroblasts, myoblasts might preferentially choose a certain surface local curvature
minimizing their bending explaining this tilting of cells on the surface of aggregates. Be-
sides, some patches of actin filaments with similar orientations and about 50 µm wide
were observed in control spheroids at day 2 as visible in Figure 4.15 a-b. In 2D, Mao et
al. [150] observed that myofibers were forming bundles of same orientations of increasing
size upon differentiation. In our case, the magnetic stretcher might take advantage of
these bundles that seem to be also present in 3D and align them together in the direction
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Figure 4.15 The magnetic stretcher drives the 3D alignement of actin filaments.
a) Left panel : representative images of C2C12 Lifeact-GFP control spheroids and stretched
aggregates at day 1 (D1) and day 2 (D2) at about 50 µm depth. Actin is shown in green.
Middle panel : corresponding images with filaments color coded according to their orientation.
Right panel : zoom on the central area of the color coded orientation map. b) Color wheel
of the orientation map. c) Angle distribution of actin filaments measured at 50 µm depth for
control spheroids at day 1 (CTL D1) and day 2 (CTL D2) and for the aggregates in the magnetic
stretcher at day 1 and day 2. A peaked distribution is observed for the stretched aggregate at
day 2 in the direction of the stretching. N = 5 for control spheroids and N = 3 for aggregates
in the magnetic stretcher. d) Representative images at 5 µm depth (left) and at 60 µm depth
(right) of the aggregate in the magnetic stretcher at day 1 and before stretching. On the surface,
actin filaments are oriented horizontally with a slight tilt, while in the core of the aggregate,
they are oriented vertically. e) Orientation of the actin filaments as a function of depth for
aggregate in the magnetic stretcher at day 1 and before stretching (N = 2).

of the stress and stretch, forming one unique bundle in the core of the aggregate. This
size of a few tens of microns is close to the thickness of the enveloppe of C2C12 spheroids
imaged after cryosection. It could represent a characteristic interaction length between
cells. Stretching is thus able to orient cellular cytoskeleton to promote cell alignment but
a peripheral region is influenced by interface issues. Tissue surface tension is also at stake
to define the shape of stretched aggregates.

The 3D alignment of cell is probably due to two combined factors. First, the generation
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of a tensed structure upon the aggregate formation in the magnetic stretcher, as shown
Figure 4.14 e, seems to drive cell orientation since an anisotropic angle distribution is
already visible at day 1 (cf Figure 4.15 a-c). This result is reminiscent of the analogous
anisotropic boundary conditions obtained for microtissues formed between two cantilevers
that drive actin alignment in the direction of stress [151]. Microtissues have also been
formed with C2C12 cells evidencing an alignment in the stress direction and eventually
a fusion of aligned myoblasts upon switching to differentiation medium [94]. While the
microtissue technique requires the addition of an external matrix (collagen I and Matrigel)
and provides thin constructs of only about 150 µm thick, we recover the same alignment
effect in our matrix-free 3D system. Second, the stretching of the aggregate leads to
a sharper angle distribution of actin filaments at day 2 in the core of the aggregate
as visible Figure 4.15 a-c. This result is in line with uniaxial stimulations performed
on 3D-scaffold skeletal constructs enhancing alignment of cells in the direction of the
stretching [146]. Here again, we generated an alignment in a scaffold-free system where
the stress is not applied to an exogenous substrate or matrix but directly to the cell
themselves and potentially to their secreted ECM.
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4.3.4 Myogenic differentiation is enhanced thanks to the mag-
netic stretcher

Figure 4.16 Differentiation towards the skeletal muscle is enhanced for stretched
aggregates. a) mRNA expression levels measured by RT-qPCR for control spheroids at day
1 and day 3, and for stretched aggregates at day 3. RPLP0 was used as a housekeeping gene.
At least N = 11 for control spheroids, and 6 independent experiments and 4 to 8 independent
experiments for stretched aggregates at day 3. Mean ± SEM. b) Western Blot of control
spheroids and stretched aggregates at day 3 for MHC and Myf6. α-tubulin is used as a loading
control.

While individual C2C12 cells have a diameter of 18 ± 2 µm (mean ± SD), actin
filaments in the core of the aggregate at day 2 were up to 150 µm long as visible Figure
4.15 a. This suggests that cells do not only align but also have started to differentiate
and to fuse. Figure 4.16 a presents the RT-qPCR results measured for control spheroids
at day 1 and 3 and stretched aggregates at day 3. The mRNA expression levels plot-
ted are normalized by the mRNA levels of control spheroids at day 1. For the 9 genes
studied, mRNA levels increased between day 1 and 3 for control spheroids evidencing the
onset of differentiation towards the skeletal muscle thanks to the differentiation medium.
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Interestingly, if we look at the Myh genes that are late differentiation markers, mRNA
expression levels are higher for 3D control spheroids than cells in 2D at the same day
of differentiation at day 3 (cf Figure 4.13), suggesting that the 3D environment favors
myogenic differentiation. Now if we compare mRNA expression levels of control spheroids
to stretched aggregates at day 3 we observe an upregulation for all genes demonstrating
that the magnetic stretcher enhances differentiation towards the skeletal muscle.

These results were confirmed by comparing the protein levels from control spheroids
and stretched aggregates at day 3 through Western Blot as shown Figure 4.16 b. We
looked at the Myf6 and the MHC (myosin heavy chain) proteins that are known to be
late differentiation markers [152]. While, MHC and Myf6 proteins are expressed in the
case of the stretched aggregates, no signal was detected for control spheroids, evidencing
that the magnetic stretcher enhances myogenic differentiation in comparison to control
unstretched spheroids.
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4.4 Conclusion and perspectives

With this study, we showed that stretching skeletal muscle precursor cells trapped
between two magnets without a support matrix favors the 3D alignment of cells and the
differentiation into muscular cells. This represents a first step to create skeletal muscle
constructs reproducing its aligned structure with no need of an external matrix or sub-
strate. Besides, the duration of the experiment should be highlighted since differentiation
signals are obtained only after two days. Compared to conventional techniques, the speed
of maturation is thus considerably accelerated. These results underline the potential of
mechanical stress to produce functional tissues.

Experimental conditions now need to be optimized in order to reach longer maturation
times up to 7 days, approximative time at which myotubes are able to contract. More
complex mechanical stimulations instead of a simple linear stretch, such as cyclic stimula-
tions, could also be tested to improve differentiation in this 3D tissue model. Finally, this
first proof of concept has been obtained with the most widely used cell line for skeletal
muscle tissue engineering but the strategy could be adapted to more biologically relevant
cell types such as human satellite cells. This tool could also contribute in the long term
to the understanding of muscle disease by comparing control cells to diseased cells giving
rise to myopathies or for instance desminopathies (see chapter 2 section 2.2).

The magnetic stretcher device opens many perspectives for a better understanding
of the muscle but also for the study of differentiation under mechanical constraint. For
instance, mapping the distribution of forces in the multicellular aggregate under con-
straint would enable to assess how differentiation depends on force distribution. To that
end, Nicolas Borghi (Institut Jacques Monod) developed FRET (Fluorescence Resonance
Energy Transfer) nanosensors based on fluorescence transfer : cadherin-TS [153]. These
cadherins comprising the FRET sensors can be expressed in the cells thanks to plasmid
transfection. The signal of fluorescence transfer depends on the distance between two
fluorophores separated by a section with a known spring stiffness. Thus, from the fluo-
rescence signal and therefore the tension of force nanosensors, the force distribution can
be deduced. By coupling these nanosensors with 2-photon microscopy, we would be able
to obtain a 3D distribution of forces in the mechanically stretched aggregate and look
at the correlation with the differentiation pattern. First tests have been performed by
standard transfection (lipofection or electroporation) to obtain stable C2C12 cell lines
expressing the cadherin-TS. However, the obtained fluorescence signals were too low, and
an alternative strategy by CRISPR/Cas9 is now considered.

Having access to the 3D force distribution in multicellular aggregates would also be
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very interesting in terms of tissue mechanics. One could imagine to apply more complex
mechanical stimulations to the multicellular aggregate and dissect how corresponding
mechanical stresses propagate in the 3D tissue model. Besides, adapting the set-up to
measure the force exerted by the aggregate itself with a dynamometer coupled to the
mobile piece of the magnetic stretcher would also be of high interest to evaluate the
pulling force and eventually the contraction of the tissue model if higher degrees of matu-
ration were obtained. Indeed, in some experiments, glass slides not glued properly to the
micromagnets were detached by the multicellular aggregates, evidencing a pulling force.

The formation of the cohesive aggregate during the first day could also be investigated
more thoroughly to provide information on the mechanical properties of the multicellular
aggregate. Indeed, the shape of the multicellular aggregate can be fitted by analogy
with a drop of liquid with a given surface tension between two parallel plates also called
capillary bridge [154]. From the capillary bridge theory, the shape of the liquid depends
on an dimensionless number C = ∆P rm

γ
with ∆P the pressure difference in and outside the

liquid, rm the haunck/neck radius and γ the surface tension [154]. With the additional
information of the pulling force F, we could therefore extract the effective surface tension
of the multicellular aggregate upon formation by fitting the aggregate profile (see Figure
4.17) and extracting the corresponding dimensionless number. This formalism might also
help to explain the experimental conditions leading to a stable or unstable multicellular
aggregate as described section 4.2.2.
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Figure 4.17 Formation of the C2C12 cohesive multicellular aggregate during the
first hours. a) Representative images of the catenoid-like shaped cohesive multicellular ag-
gregate formation. Actin is shown in green and images were taken every 2 hours at a constant
depth. b) Cohesive aggregate formed after 8 hours with a superimposed simulation of a capillary
bridge obtained with a finite element method (software Surface Evolver).

In conclusion, the magnetic stretcher is a promising tool for a wide range of applica-
tions, from tissue mechanics to cell differentiation under constraint or disease modelling.
Overall, it should pave the way for a better understanding of the skeletal muscle and its
differentiation.
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General conclusion

In this work, we took advantage of magnetic forces to apply external forces to tissue
models and to remotely control cell organization. By incorporating superparamagnetic
iron oxide nanoparticles to the cells, 3D tissue models of controlled shape and size and
without any support matrix were formed and stimulated. This PhD is at the intersection
between two major themes : tissue mechanics and tissue engineering of the skeletal muscle.

First, we focused on the macroscopic mechanical properties of these 3D tissue models
and more specifically on the impact of microscopic properties of individual cells. Thanks
to the magnetic signature of the tissue models, surface tension or Young’s modulus were
measured by flattening spheroids with a permanent magnet applying a constant mag-
netic field gradient. In a model of mouse muscle precursor cell spheroids, the role of
intercellular adhesions and actin cytoskeleton structure and tension was investigated as
well as the influence of the desmin intermediate filament network. While the mechanical
role of intermediate filaments in biological tissues is still an open research question, our
study evidenced the key role of desmin organization in the mechanics of this 3D muscle
tissue model. Besides, we explored the interplay between tumor-related and mechanical
properties in a model of human breast cancer cells through malignant transformation and
EMT, suggesting that surface tension could act as a read-out of tumor aggressiveness and
malignant transformation. Finally, magnetic rheometry, a magnetic approach developed
in the team to probe the behavior of tissue models to a dynamical stimulation, was cross-
validated with a novel microplate rheometer adapted to multicellular aggregates. These
tools open new perspectives to investigate for instance ECM influence on mechanical prop-
erties of biological tissues by adapting the multicellular aggregate formation procedure or
to conduct multiscale studies to explore rheology from the single-cell to the tissue scale.
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Second, we developed a strategy to generate stretchable tissue models with no sup-
port matrix in the context of skeletal muscle tissue engineering. By using mouse muscle
precursor cell multicellular aggregates formed and stretched between two micromagnets,
we managed to induce an alignment of cells in the central part of the aggregate reminis-
cent of the muscle organization and to enhance myogenic differentiation in comparison
to unstretched spheroids. The developed approach represents a first step to obtain reli-
able skeletal muscle constructs but is also a valuable tool for biophysical studies from cell
deformation or tissue shape modelling under constraint to force distribution in 3D tissues.

In conclusion, this thesis investigated through magnetic approaches the mechanical
properties of 3D tissue models and the differentiation under mechanical constraints aiming
at a better understanding of the physics of complex biological tissues.
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Appendix A

Simulation of the magnetic field

Magnetic field simulations were carried out with the software COMSOL Multiphysics
(test trial) and the additional module AC/DC. For each configuration, the finite element
problem was resolved with the following magnetostatics equations.

• Conservation of the magnetic flux:

∇.B = 0

• Constitutive equations:

Water or air : B = µ0µrH with µ0 the vacuum permitivity and µr the respective
relative permitivity of water or air.

Neodymium magnet :

B = µ0µrH + Br with Br the remanent flux density

Soft iron:

B = f(| H |) H
|H| (see Figure A.1 for the BH curve)

• Boundary conditions:

Magnetic isolation at the boundaries : n.B = 0
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A.1. Magnetic field gradient simulated for a permanent magnet

Figure A.1 BH curve for soft iron used for the simulations in COMSOL Multi-
physics.

A.1 Magnetic field gradient simulated for a perma-
nent magnet

The magnetic field and the magnetic field gradient of a 6x6 mm permanent neodymium
magnet immerged in water was simulated (Figure A.2 a) and compared to experimental
data measured with a gaussmeter (Magnetometer Koshava5 Wuntronic) (Figure A.2 b).
Experimental and simulated measurements are coherent and we measure an average mag-
netic field gradient of 170 T/m at a distance between 0.25 and 1.75 mm from the tip.
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Figure A.2 Simulated and experimental magnetic field and magnetic field gradient
created by a 6x6 mm neodymium magnet. a-c) 2D mapping of the simulated magnetic
field and magnetic field gradient along the z axis. The yz plane cuts the magnet in its mid-
dle. b-d) Comparison between the simulated and experimental magnetic field measured with a
gaussmeter and magnetic field gradient at the center of the magnet.
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A.2 Magnetic field gradient simulated in the mag-
netic stretcher device

One part of the magnetic stretcher is modeled by a 6x6 mm neodymium magnet in
contact with a 9 mm long soft iron tip. Figure A.3 presents the quantification of the
simulated magnetic field and magnetic field gradient (represented Figure 4.5) for varying
soft iron needle diameters ranging from 250 to 750 µm.

Figure A.3 Simulated magnetic field and magnetic field gradient as a function of
the distance to the tip | z |, at the center (gray), the lateral side (purple) and the
bottom side (blue) of the tip for soft iron cylinder diameters varying from 250 to
750 µm

Figure A.4 presents the quantification of the simulated magnetic field and magnetic
field gradient in the magnetic stretcher composed of two identical pieces at a distance d
and for varying diameters.
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Figure A.4 Simulated magnetic field and magnetic field gradient as a function of
the position between the tips for a distance d= 1 mm, at the center (a), the lateral
side (b) and the bottom side (c) of the tip. The lines for the plot are positioned the same
way as described Figure A.3.

Finally, Figure A.5 presents a mapping of the magnetic force in the magnetic stretcher
for different distances d and for a needle diameter of 750, 500, and 250 µm. The magnetic
force was approximated by Fmag = M sat

cell × dBz

dz
, since ∀z, Bz > 0.11T and M(Bz =

0.11) = 0.86M sat
cell according to vibrating sample magnetometry (VSM) measurements.

For an incubation with iron oxide nanoparticles for 30 min and with [Fe] = 2 mM, a
magnetic moment of M sat

cell = 2 × 10−13A.m2 (corresponding to 3 pg of iron per cell) was
measured for C2C12 cells by magnetophoresis. At a distance of 0.1 mm of the tip, no
matter what the needle diameter is, the magnetic force reaches 200 to 250 pN at the
edges of the tip. However, the impact of decreasing the diameter is more visible at the tip
center where we have a magnetic force of 30 pN, 100 pN and 250 pN for a needle diameter
of 750, 500 and 250 µm respectively at a distance of 0.1 mm. This result highlights the
potential of increasing the magnetic force, by decreasing the needle diameter.
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Figure A.5 Magnetic force at the center (a), at the side (b) and at the bottom
(c) of the tip as a function of the position in the magnetic stretcher, for a needle
diameter of 750, 500 and 250 µm (left to right) and for different distances d. The
lines for the plot are positioned the same way as described Figure A.3 a. The magnetic force
represented is averaged on about 0.02 mm and corresponds to a cell magnetic load of 3 pg per
cell.
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Shape profile calculation of a sessile
drop

The classical Laplace equation of capillarity describes the mechanical equilibrium condi-
tions for two homogeneous fluids separated by an interface: ∆P = γ( 1

R1
+ 1

R2
) with R1

and R2 the two curvature radii.

Figure B.1 Profile of a pending drop. Definition of the coordinate system used in the
numerical solution of the Laplace equation for axisymmetric liquid–fluid interfaces. Illustration
extracted form Neumann et al. [155].

For axisymmetric interfaces, it can be written as the following system of ordinary
differential equations as a function of the arc length s, as defined in Figure B.1:

dx
ds

= cos(θ)
dz
ds

= sin(θ)
dθ
ds

= 2b + cz − sin(θ)
x

where b is the curvature at the origin of coordinates (x=0, z=0) and c = fv

γ
= κ2. b and

c are the only two parameters that determine the shape of the profile. The above initial
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value problem is integrated numerically, using the Matlab function ode45, to generate
the Laplace profile. The computation of the profile is stopped when the angle θ becomes
greater than 180°, to account for non-wetting conditions of the multicellular aggregate on
the substrate.

To adjust the numerical profile to the experimental profile, the quadratic error E on the
height h, the width w and the volume V were minimized with respect to the parameters
b and c and with the Matlab function fminsearch.

E = (1 − hth

hexp
)2 + (1 − wth

wexp
)2 + (1 − Vth

Vexp
)2
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Appendix C

Detailed material and methods
related to chapter 4

Cell culture

C2C12 Lifeact-GFP cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco), supplemented with 1% Penicillin-Streptomycin (P/S, Gibco), 2 µg/mL puromycin
(P7255, Sigma) and 10% Fetal Bovine Serum (FBS, Gibco).

Indirect immunofluorescence analysis

Cells in 2D were fixed for 15-20 min in 4% PFA at room temperature (RT). They were
then permeabilized 15-20 min in 0.1% Triton X-100 at RT and non-specific interactions
were prevented by an incubation with 5% BSA (#05479, Sigma-Aldrich) for 1h at RT.
MHC was labelled thanks to the MF20 mouse primary antibody (dilution 1:200 in 0.5%
BSA D-PBS 1x, DSHB) incubated for 2h at RT. Cells were then incubated for 2h at RT
with a goat anti-mouse Atto550 antibody (dilution 1:500 in 0.5% BSA D-PBS 1x, 43394,
Sigma). Nuclei were stained with Hoechst 33342 (dilution 1:1000 in D-PBS 1x, H3570,
Invitrogen) for 15-20 min at RT. Images were obtained by confocal microscopy thanks
to the LSM 780 Zeiss microscope equipped with a 20x water immersion objective (W
Plan-Apochromat 20x/1.0 DIC, Zeiss). Represented images correspond to Z-projections
on about 10 µm.
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Formation of C2C12 Lifeact-GFP spheroids

C2C12 Lifeact-GFP control spheroids were obtained as described in chapter 1 section
1.2.3. In summary, C2C12 Lifeact-GFP cells grown in 2D and at 70 − 80% confluency
were incubated for 30 min with a solution of iron oxide nanoparticles at [Fe]=2 mM
supplemented with 5 mM citrate in RPMI 1640. After 2h of incubation in complete
medium, cells were trypsinized, centrifuged and resuspended in a minimal volume (a
few hundreds of µL). Suspended cells where then attracted in spherical agarose molds
of 1.2 mm diameter, previously coated for 30 min with an anti-adhesive rinsing solution
(07010, Stemcell Technologies), with permanent magnets placed below each mold. After
an overnight incubation at 37°C, 5% CO2, spheroids were removed from the molds by
pipetting gently the surrounding medium.

The magnetic stretcher adapted to 2-photon microscopy

Figure C.1 The magnetic stretcher device adapted to 2-photon microscopy. a)
Schematics and illustrative image of the magnetic stretcher device adapted to two-photon mi-
croscopy. b) Picture of the magnetic stretcher device showing the set-up to ensure a 37°C and
5% CO2 regulation while being able to image the multicellular aggregate.
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The initial device had to be reverted and adapted to be able to image the aggre-
gate with 2-photon microscopy. As described chapter 4 section 4.2.1, we constructed a
magnetic stretcher device that could fit under the 2-photon microscope while enabling the
temperature and the atmosphere regulation at 37°C, 5% CO2 (Figure C.1). In compari-
son to the device for bright field microscopy, the pieces are flipped up side down to allow
observation with an immersion objective. A heating and a temperature probe are inserted
in the tank made of anodized stainless steal to ensure temperature regulation. Thermal
contact on the probes is guaranteed with thermal paste (Heat Sink Compound Plus, RS
217-3835, RS Pro). Finally, a homemade cover was built to enable the displacement of
the immersed objective while keeping the box closed and allowing the flow of 5% CO2

(8920, Messer) humidified air in the chamber.

Aggregate formation in the magnetic stretcher

To sterilize the magnetic stretcher set-up, the tank is rinsed several times with ethanol
70% and exposed to UV light for 30 min. After rinsing the tank several times with D-PBS
1x, the glass slides on each micromagnet are incubated with Matrigel (356234, Corning)
diluted at 0.5 mg/mL in cold DMEM for 1h at room temperature. After rinsing the
magnetic stretcher’s tank, the tank is filled with white DMEM supplemented with 10%
FBS, 1% P/S, 1% Amphotericin B, 2 µg/mL puromycin and 1x anti-oxydant supplement
(A1345, Sigma).

C2C12 Lifeact-GFP cells are incubated for 30 min with a solution of iron oxide
nanoparticles at [Fe] = 2 mM supplemented with 5 mM citrate. After 2h of incuba-
tion in complete medium, cells are trypsinized, centrifuged and resuspended at about 5
million cells/mL in complete medium. 15 µL of suspended cell solution (equivalent to
75k cells) are deposited on each micromagnet forming a hemisphere of non cohesive cells.
The two micromagnets are then approached at a distance of 350 to 400 µm as shown
Figure 4.14 d-e. After an overnight incubation at 37°C and 5% CO2, the tank medium is
changed for the differentiation medium composed of white DMEM with 2% HS, 1% P/S,
1% Amphotericin B and 1x anti-oxydant supplement. A linear stretch at 20 µm/h (1 µm
step every 3 minutes) of the cohesive multicellular aggregate is started for 6 hours and the
mobile piece is reapproached of about 40 µm at the end of the stretching. The medium
is changed with fresh differentiation medium every 24 hours for the next two days.
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RT-qPCR measurements

Total RNA was extracted with the NucleoSpin RNA Kit (740955, Macherey-Nagel)
following the manufacturer’s protocol. For aggregate disruption, each aggregate was rinsed
with D-PBS 1x and resuspended in 350 µL lysis buffer RA1 with 1% β-mercaptoethanol
and disrupted with about 30 one-second pulses performed with a Biovortexer and a spiral
pestle (918034 and 918044, Biospec). Complementary DNAs were obtained with the
SuperScript II Reverse Transcriptase kit (18064022, Thermofischer Scientific) and random
hexamers (C1181, Promega) according to the manufacturer’s instructions. Quantitative
PCR was performed with SYBR Green Master Mix (4309155, Thermofischer Scientific).
The RPLP0 gene coding for the 60S acidic ribosomal protein P0 was used as a reference
transcript. The primer sequences used for RPLP0, Myod1, Myog, Myf6, Tnnt1, Tnnt3,
Myh1, Myh3, Myh4 and Ckm are presented Figure C.2.

Figure C.2 Primer sequences (5’ to 3’) used for real-time PCR analysis.

Protein extraction and Western Blot

For protein extraction, multicellular aggregates were rinsed with D-PBS 1x and put in
an ice cold solution of 30 mM Tris-EDTA (pH adjusted with concentrated HCl to 7.4), 1
mM DTT (dithiothréitol), 1x anti-phosphatase cocktail (Roche, 04906837001) and 1x anti-
protease cocktail (Roche, 11836170001). Multicellular aggregates were disrupted using
lysing beads (Precellys lysing kit, P000912-LYSK0, Bertin) and the Precellys24 tissue
homogenizer device (Bertin). Samples were then left for 30 min in ice and centrifuged for
20 min at 12 000 g and 4°C. The supernatant was retrieved and protein concentration
was quantified by Bradford assay.

The multicellular aggregate protein extracts were then used for Western Blot analysis.
They were separated on SDS-polyacrylamide 4-20% gels and transferred on PVDF mem-
branes. After rinsing the membranes with TBST-Tween 20 buffer (TBST), the membranes
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Chapter C. Detailed material and methods related to chapter 4

were blocked for 1h in the EveryBlot blocking buffer (12010020, Biorad) and incubated
overnight at 4°C with primary antibodies anti-troponinT (SAB4200717, Sigma), rabbit
anti-Myf6 (sc-301, Santa Cruz Biotechnology), or mouse anti-MHC (myosin heavy chain)
(MF 20, DSHB) diluted at 1:1000 in 5% BSA TBST. Membranes were then washed 3
times with TBST and incubated for 1h with the anti-mouse (#7076, Cell Signaling) or
anti-rabbit (#7074, Cell Signaling) horseradish peroxidase-linked secondary antibodies
diluted at 1:2000 in the Everyblot blocking buffer. Peroxidase activity was revealed us-
ing a chemiluminescent detection kit (Amersham ECL Prime Western Blotting Detection
Reagent, RPN2232, Cytiva) and the Syngene PXi device (Ozyme). Alpha-tubulin was
used as the loading control and immuno-probed with the mouse anti-alpha tubulin an-
tibody (T5168, Sigma) incubated overnight at 4°C and diluted at 1:2000 in 5% BSA
TBST.
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Résumé de la thèse en français

Les tissus biologiques sont des structures complexes et organisées. Une meilleure com-
préhension des processus dirigeant leur assemblage et leur organisation serait crucial dans
de nombreux domaines allant de la modélisation des maladies à la biologie du développe-
ment en passant par l’ingénierie tissulaire qui vise à reproduire la fonction et la structure
des organes pour la médecine régénérative ou la réparation tissulaire. Tandis que le rôle
des signaux biochimiques a été largement étudié pendant de nombreuses années, les sig-
naux biophysiques tels que les forces mécaniques ou les propriétés mécaniques des cellules
sont désormais admises comme jouant un rôle essentiel dans les tissus matures et leur
régulation, ainsi que dans le développement embryonnaire.

Etudier les propriétés mécaniques de tissus biologiques représente donc un problème
majeur, à la fois pour une meilleure compréhension de leurs propriétés, et pour la repro-
duction d’organes complexes. Les tissus sont des matériaux complexes, hétérogènes, et
actifs mais leurs propriétés peuvent être largement appréhendées à l’aide de concepts issus
de la matière molle (viscoélasticité, tension de surface. . . ). Leurs propriétés mécaniques
émergent de leurs propriétés cellulaires microscopiques, cependant cette interaction n’est
toujours pas entièrement comprise.

Les agrégats multicellulaires en tant que tissus modèles sont des outils utiles pour in-
vestiguer le rôle des propriétés cellulaires individuelles sur la mécanique des tissus, et pour
reproduire la complexité tissulaire. En effet, les approches standards 2D sont éloignées
de l’environnement tissulaire 3D, tandis que les sphéroïdes et les agrégats multicellulaires
aident à reproduire plus fidèlement les conditions physiologiques des tissus concernant
les adhésions cellule-cellule et cellule-matrice. Tandis que de nombreuses stratégies se
concentrent sur l’obtention de tissus modèles 3D, la possibilité de stimuler les tissus via
des forces extérieures est aussi fondamentale. Tout d’abord, pour mesurer ses propriétés
mécaniques, des outils pour stimuler mécaniquement le tissu et enregistrer la déformation
résultante sont nécessaires. Mais aussi, la stimulation mécanique a été démontrée comme
essentielle pour la régulation et la maturation des tissus dans de nombreux types de tissus
comme le cœur, le muscle ou l’intestin. Un des enjeux actuels de l’ingénierie tissulaire
est en effet de contrôler l’organisation spatiale en 3D tout en étant capable d’appliquer
des forces mécaniques. En particulier, le muscle squelettique possède une structure multi-
échelle alignée et cette organisation et sa fonction dépendent des stimulations appliquées
durant la maturation.

Les forces magnétiques sont de bonnes candidates pour contrôler à distance l’organisation
cellulaire tout en appliquant des forces extérieures. L’équipe a développé une technique
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basée sur l’incorporation de nanoparticules d’oxyde de fer dans les cellules leur conférant
un moment magnétique et permettant leur manipulation à distance. Les nanoparticules
d’oxyde de fer ont été d’abord introduites en tant qu’agents de contraste pour l’Imagerie
par Résonance Magnétique (IRM), et elles sont désormais utilisées dans de nombreux do-
maines biomédicaux. La majorité des études ont démontré leur cytocompatibilité légiti-
mant leur utilisation dans des applications in vitro et in vivo. Grâce à cette stratégie
magnétique et sans l’ajout d’aucune matrice extérieure et d’aucun substrat, des agrégats
multicellulaires de taille sans précédent et de forme contrôlée peuvent être formés puis
stimulés à l’aide de forces magnétiques. Cette thèse vise à stimuler mécaniquement des tis-
sus modèles grâce à des forces magnétiques (i) pour investiguer les propriétés mécaniques
de tissus 3D et (ii) pour conduire l’organisation et la différenciation dans le contexte de
l’ingénierie tissulaire pour le muscle squelettique.

Ce manuscrit de thèse est composé de deux parties indépendantes. Un premier chapitre
d’introduction générale (chapitre 1) présente les éléments requis et communs aux deux
parties. Les sphéroïdes et les agrégats multicellulaires en tant que modèles de tissus
biologiques 3D sont introduits ainsi que les nanoparticules d’oxyde de fer et l’organisation
du muscle squelettique.

La première partie (partie I) se concentre sur l’étude des propriétés mécaniques sta-
tiques et dynamiques d’agrégats multicellulaires formés et stimulés magnétiquement. Tout
d’abord, les propriétés mécaniques et rhéologiques des agrégats multicellulaires sont in-
troduites. Ensuite, dans le chapitre 2, les propriétés mécaniques macroscopiques de
sphéroïdes telles que leur tension de surface effective sont mesurées et reliées aux propriétés
microscopiques des cellules individuelles. Les propriétés mécaniques des sphéroïdes sont
mesurées en écrasant et déformant l’agrégat à l’aide d’un gradient de champ magnétique
constant. Dans le chapitre 2 section 2.2, la relation entre tension de surface macro-
scopique et propriétés microscopiques tels que la tension et l’organisation du cytosquelette
d’actine, les adhésions intercellulaires ou les filaments intermédiaires est étudiée dans un
modèle de sphéroïdes de cellules précurseurs de muscle de souris. Les résultats expéri-
mentaux sont présentés sous forme d’un article accepté. Ensuite, dans le chapitre 2
section 2.3 et avec un modèle de cellules humaines de cancer du sein, les propriétés
tumorales telles que l’invasion, la migration ou l’adhésion sont corrélées à la tension de
surface macroscopique. Les résultats expérimentaux sont présentés sous la forme d’un
article publié. Enfin, le chapitre 3 présente un outil magnétique pour explorer la rhéolo-
gie des agrégats multicellulaires en appliquant un champ magnétique variable grâce à un
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électro-aimant. Les résultats expérimentaux obtenus avec ce rhéomètre magnétique sont
validés de manière croisée avec un rhéomètre à plaques parallèles.

La deuxième partie de ce manuscrit (partie II) présente une approche magnétique
pour appliquer des stimuli mécaniques afin de conduire l’organisation et améliorer la dif-
férenciation en 3D de tissus du muscle squelettique. Dans le chapitre 4, la myogenèse et
les stratégies d’ingénierie tissulaire du muscle squelettique sont d’abord introduites. Puis,
le dispositif de l’étireur magnétique utilisé pour obtenir des agrégats étirables composés de
cellules précurseurs de muscle de souris entre deux micro-aimants est décrit ainsi que son
optimisation. Les résultats expérimentaux démontrent que cet étireur magnétique conduit
l’alignement des cellules et favorise la différenciation en cellules musculaires.
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