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Bien que grandement complexes, les animaux, les tissus vivants et les cellules, la plus
petite unité de vie, sont assujettis aux lois de la physique. Dans les tissus vivants, des
processus de régulation permanents ou transitoires, tels que des interactions biochimiques et
mécaniques entre une cellule isolée et son environnement, sont essentiel au développement et
au maintient de la structure et des fonctions du tissu. Ces interactions interviennent dans des
processus biologiques tel que la différentiation cellulaire et I’expression génétique. Les
cellules cancéreuses et les métastases €chappent au contraire a toutes régulations. Elles
proliférent et migrent a travers les tissus, ignorant les signaux de régulation environnant.
Leurs propriétés mécaniques et d’adhésion sont tres différentes de celles des cellules saines.

L’¢étude suivante présente différentes expériences qui cherchent a mimer les conditions
in vivo en appliquant un stress uniaxial a une cellule isolée sous conditions physiologiques.
Simultanément, la force appliquée a la cellule, sa déformation et sa forme, sont mesurées. La
déformation uniaxiale est appliquée a une cellule isolée adhérant sur deux plaques de verre.
De tels essais mécaniques réalisés a constante déformation ou a constante force permettent la
quantification des propriétés mécaniques cellulaire et une description physique des données
par le modele de Kelvin. Des lipides bioactifs tel que la sphingosylphosphorylcholine et
I’acide lysophosphatidique, modifient 1’architecture du cytosquelette. Ces modifications
influencent fortement les propriétés mécaniques des fibroblastes ou les cellules cancéreuses
du pancréas. Durcissement ou ramollissement, génération de force, consommation d’énergie
leur de la contraction cellulaire ont ét¢ mesurés quantitativement. Par exemple, 1’énergie de
contraction d’une cellule a été mesurée 2 approximativement 10™"® W ce qui correspond a
approximativement 2500 molécules d’ATP/s considérant 10 kgT/ATP par molécule.



Despite their biological complexity, animals, living tissues and cells, the smallest unit
of live, are subjected to physical principles. In living tissues, permanent or transient regulation
processes, such as biochemical and mechanical interactions between a single cell and its
environment are essential to develop tissue structure and function. These interactions play a
major role in biological processes such as differentiation and gene expression of cells. In
contrast, metastatic cancer cells escape such regulations. These cells proliferate and migrate
through tissues unregulated, ignoring input from environment. Their mechanical and adhesion
properties are drastically different than those of non-tumour cells.

The presented studies describe experiments which mimic conditions in vivo by
applying uniaxial stress to a single living cell under physiological conditions. Simultaneously,
applied force, cell deformation and cellular shape are determined with highest accuracy.
Uniaxial deformation is applied to a single cell which adheres between two parallel glass
plates. Such mechanical assays accomplished at constant displacement or constant force allow
for quantifying cellular viscoelastic properties and for describing the data by using linear
force relations or the Kelvin model. Biolipids such as sphingosylphosphorylcholine and
lysophosphatidic acid modulated the cytoskeleton architecture which showed to cause fatal
consequences for mechanical properties of rat embryonic fibroblasts and human pancreatic
cancer cells. Cellular stiffening or softening, power generation and energy consumption upon
cellular contraction of a single cell are quantitatively measured. For example, the contraction
power of a single cell was measured to be ca. 10" Watt which corresponds to approximately
2500 molecules of ATP/s at 10 kgT/ATP per molecule.

Trotz der enormen Komplexitit lebender Materie, wie beispielsweise Gewebe und
Zellen — die kleinste lebende Einheit — folgt diese physikalischen Prinzipien. In lebendem
Gewebe sind andauernde oder zeitweise regulierte Prozesse, wie beispielsweise biochemische
und mechanische Wechselwirkungen zwischen einzelnen Zellen und ihrer Umgebung
grundlegend fiir den Aufbau von Gewebestrukturen und deren Funktion. Diese
Wechselwirkungen regulieren beispielsweise die Differentiation und die Genexpression von
Zellen grundlegend. Hierzu steht das Verhalten von Krebszellen im Gegensatz. Krebszellen
vermehren sich und bewegen sich durch Gewebe unkontrolliert. Das mechanische Verhalten
und das Adhésionsverhalten sind von normalen Zellen sehr verschieden.

Die vorliegende Arbeit beschreibt Experimente welche die Bedingungen einer Zelle
im Gewebe nachahmen, indem ein uniaxialer, mechanischer Stress unter physiologischen
Bedingungen an eine einzelne Zelle angelegt wurde. Gleichzeitig wurde die angelegte Kraft,
die Zelldeformation und die zelluldre Form mit hochster Genauigkeit gemessen. Die uniaxiale
Deformation wurde mittels zweier Mikroglasplatten einer einzelnen Zelle aufgezwungen.
Diese Experimente konnten entweder mit konstanter Kraft oder konstanter Deformation
kontrolliert werden und erlaubten die Quantifizierung der zelluldren viskoelastischen
Eigenschaften und deren Beschreibung mittels linearer Kraftgesetze oder dem Kelvin-Modell.
Biolipde, wie beispielsweise Sphingosylphosphorylcholin und Lysophosphatidsdure,
verdndern die Architektur des Zytoskeletts. Dies zeigte fatale Konsequenzen beziiglich der
mechanischen Eigenschaften von embryonalen Fibroblasten von Ratten und menschlichen
Pankreas-Krebs-Zellen. Zelluldre Versteifung und Erweichung, die Leistung und der
Energieverbrauch einer einzelnen Zelle konnte quantitativ bestimmt werden. Beispielsweise
betrug die Kontraktionsleitung einer einzelnen Zelle ca. 10" Watt, was einem Verbrauch von
ca. 2500 Molekiilen ATP/s bei 10 kgT/ATP pro Molekiil entspricht.
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1 Introduction

Resume de ’introduction

Une cellule vivante est un volume fermé, ['unité structurelle et fonctionnelle de base

de tout organisme. Si les cellules peuvent exister comme unités de vie indépendantes, elles
peuvent aussi s’ associer pour former des colonies ou des assemblées de cellules. Embryons,
tissus et organes, exemples assemblées de cellules eucaryotes, sont particulierement
complexes parce que composés de plusieurs populations de cellules, qui ont différentes
structures et fonctions. Dans un organe, une cellule recoit des signaux de son environnement.
Ces signaux, persistants ou transitoires, définissent et régulent [’état biophysique de cette
cellule. En réponse, la cellule ajuste sa structure intérieure et ces fonctions. Ces signaux sont
de différente nature : interactions mécaniques avec les cellules voisines et la matrice
extracellulaire, certaines molécules présentes dans [’environnement cellulaire. Les
interactions mécaniques sont principalement de deux sortes : force et adhésion et sont
indissociables. Pour générer et détecter des forces, les cellules sont pourvues d’un organite,
le cytosquelette. 1l est composé principalement de polymeres de protéines. Ce cytosquelette
s ‘entend dans le cytoplasme entre le noyau et la membrane plasmique.
1l peut arriver, que des voies de signalement cellulaires entre la cellule et son environnement
soient défectueuses ou que la cellule ne soit plus a méme d’interpréter les signaux
correctement. C’est ce qui se produit dans le cas d’un cancer. De tels disfonctionnements
résultent en une prolifération cellulaire localement désordonnée : la formation d’une tumeur.
Une tumeur est indépendante de ['organisme. Elle utilise de [’énergie, prend de la place et
n’a pas de fonction. Généralement, elle perturbe la structure et donc le fonctionnement de
[’organe.

La relation entre structure, propriété et fonction est bien établie en science des
materiaux : la structure confére une propriété qui peut étre mise a profit — donner une
fonction au matériau. Il en va de méme pour un organe ou bien encore pour une cellule
unique. A coté des parametres physiques et biochimiques qui peuvent influencer le systeme
biologique vivant, intervient le parameétre « historique », en d’autres mots de tels systemes
s adaptent et/ou sont conditionnés par leur vécu — préparation de [’échantillon pour la
mesure et répétition de mesures. La préparation du systeme avant de réaliser une mesure est
donc particulierement importante, puisque la réponse du systeme en dépend.

De nombreuses méthodes ont été développées pour quantifier les parametres physiques qui
régissent la réponse mécanique d’'une cellule. Dans ce travail, la cellule est placée entre deux
surfaces, puis étirée. Les avantages et désavantages de cette technique, comparée aux autres,
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seront détaillés et diverses mesures sur différentes lignée cellulaires seront présentées dans
les chapitres suivants. En particulier, des cellules d’un cancer du pancréas seront
caractérisées.

Les cellules dans un tissues.

Le pancréas, le tissu conjonctif et le ligament péridentaire sont trois exemples de
tissus que l’on peut utiliser pour mesurer la diversité et la complexité des assemblées de
cellules.

Brievement, le pancréas est composé d’un épithélium replié en de multiples alvéoles formées
par des cellules, dites cellules acineuses. Ces cellules sécretent le suc pancréatique qui sera
collecté dans le canal pancréatique — aussi formé de cellules épithéliales — et de-la déversé
dans l'intestin. Les ilots de Langerhan contiennent d’autres cellules épithéliales qui sécretent
des hormones dans le sang. On a donc trois sortes de cellules épithéliales auxquels s ajoute
les cellules endothéliales formant les capillaires sanguins.

Le tissu conjonctif est ['une des quatre catégories de tissues présente chez les mammiferes
avec le tissu musculaire, cérébral et épithélial. De facon générale, le tissu conjonctif est riche
en matrice extracellulaire. Différents tissus conjonctifs assurent différentes fonctions telles
que, par exemple, le transport de nutriments, le support et la protection des organes. Les
fibroblastes produisent la matrice extracellulaire composée des substances de base, de
protéines d’adhésion cellulaire (fibronectine, laminine, ...) et de fibres (collagene, élastine,...)
Le ligament péridentaire est un tissu conjonctif dense. Il forme une fine couche d’environ 250
um entre la racine dans dents et 'os alvéolaire de la mdchoire. Il contient des filaments
ancreés sur la dent et sur I’os. Cet ensemble de filaments permet de maintenir la dent en place
dans la mdchoire de facon dynamique. Il est en effet bien connu en traitement orthodontique
que l’application de forces sur une dent induit son mouvement. Ce mouvement démontre les
capacités d’adaptation du ligament en réponse a une force appliquée : la résorption de ’os se
développe dans les zone de compression et sa synthese, la ou le ligament est étiré. Les cellules
du ligament répondent collectivement pour remodeler les tissus de facon conséquente et ainsi
induire un mouvement coordonné et régulé de la dent. Le remodelage des tissus peut aussi
étre désordonné, si les cellules échappent a certaines régulations. Par exemple, dans le cas
d’un cancer. Prenons l’exemple d’un cancer du pancréas : apres des mutations génétiques
dans une cellule du canal pancréatique, cette derniere prolifere de fagon excessive. La
Structure méme du pancréas est altérée, et par conséquent, ces fonctions.

Tout remodelage de tissue implique la régulation de [’adhésion entre cellules et entre cellules
et matrice extracellulaire, ainsi que la génération de forces par des cellules isolées. Par
exemples, les cellules dans le ligament péridentaire sont compressées ou étirées. Dans une
tumeur, a cause du manque de place, les cellules sont compressées. La réponse mécanique de
la cellule a ces forces extérieures est assurée par le cytosquelette.

Le cytosquelette.

Cet organite est composé des différents filaments formés par la polymérisation de
protéines. On peut citer les filaments d’actine (diamétre ~ 8 nm), de tubuline (diamétre ~ 25
nm) et les filaments intermédiaires (diamétre ~ 10 nm), par exemple, les filaments de kératine.
Les conditions de polymérisation de ces protéines ont été étudiées in vitro et les propriétés
mécaniques ces filaments ont été caractérisées par [’experience et la théorie. Dans une
cellule, des protéines, tels que la filamine, ['a-actinine, le complexe Arp2/3, se comportent
comme des « crosslinkers » liant les filaments entre eux, en faisceaux, ou encore en structures
semblables a des filets. La fonction du cytosquelette est mécanique. Il établit et maintient la
forme des cellules, et leur permet de se déplacer en générant des forces par l'intermédiaire de



la polymérisation de filaments et d’interaction de moteurs moléculaires avec les filaments.
Par exemple, le complexe actine-myosine. Le cytosquelette est ancré au substrat, sur lequel la
cellule s’étale et /ou se déplace, a travers la membrane plasmique par des protéines
transmembranaires telles que les intégrines.

Mesures du comportement mécanique d’une cellule.

On peut diviser les techniques expérimentales utilisées pour caractériser les

propriétés mécaniques des cellules isolées en deux catégories : les mesures locales (mesure
de la réponse a une perturbation mécanique en un endroit précis de la cellule) et les mesures
globales (mesures de la réponse a une perturbation mécanique de la cellule toute entiere).
L’AFM, les pincettes optiques et magnétiques et les aiguilles micrométriques, permettent de
réaliser des perturbations localisées sur une cellule adhérente. L aspiration par micropipette
ou ['utilisation de « I’étireur optique », nommé « optical stretcher » en anglais, permettent la
deéformation d’une cellule entiere et non adhérente.
Ce travail présente les développements techniques permettant de mesurer la réponse
mécanique d’'une cellule entiere et adhérente. La cellule adhere sur deux plaques paralléles,
appelées microplaques. Le déplacement controlé d’une microplaque permet de déformer la
cellule selon un axe perpendiculaire aux plans d’adhésion. Apres une description du montage
expérimental et de la préparation d’une cellule pour réaliser une mesure, des mesures
réalisées sur différentes cellules seront présentées et analysées.

A living cell is essentially a compartment, the basic structural and functional unit of all
organisms. Cells may also exist as independent units of life e.g., yeast, bacteria, amoeba, etc.
Cells may cluster to form colonies or assemblies. For example, the amoeba, scientifically
known as dictyostelium discoideum, is a model system in biology and in physics to study cell
assembly and morphogenesis. Embryos, tissues and organs, i.e. assemblies of eukaryotic cells,
are even more complex because they are composed of cells, which display different structures
and assume different functions. Each cell in such an assembly receives signals from multiple
manners. These signals, persistent or transitory, define and regulate the biophysical state of a
cell, as well as cell differentiation and growth at a defined location in the assembly. In
response, the cell adjusts or strongly modifies its structure and consequently its functions.
These signals are regulated by the genetic program, as well as by the cell neighbourhood and
the necessity to physiological adaptation of the whole body to its environment. Signals
coming to a cell have diverse sources, such as forces and adhesion as well as biochemical
molecules or proteins (such as bioactive lipids, growth factors, hormones...) present in the
environment. The mechanical interactions are the resultant force from the neighbouring cells
and the available adhesion-ligands in the extracellular matrix (ECM) or on the neighbouring-
cell surface. All these interactions modulate cell adhesion, structure and shape. In many cases,
the most prominent signal arises from pure mechanical interactions (Janmey, P. 1998) e.g.,
sense of hearing and touch are initiated by such interactions. The organelle or “functional
tool” which a cell employs for mechanical interactions is the cytoskeleton. It is composed of
polymers made of proteins and it spreads through the cell body between the nucleus and the
plasma membrane. It is responsible for mechanical sensing and force generation (Ballestrem
C. 2004; Choquet, D. 1997; Thoumine, O. and Ott, A. 1997).

It may happen that a signaling path is damaged, due to an inappropriate mutation of a
receptor-protein or a signal-carrier. Inappropriate mutations may appear also in a cytoskletal



protein and then lead to abnormal cytoskeletal assembly. In both cases, it results in defective
communication, leading to disorder in tissues, e.g. certain skin diseases. In cancer, cells
escape to proliferation regulation after mutation. Failing control on proliferation results in a
local disordered growth. A tumour appears. It is an abnormal tissue without any functions and
which grows independently, disregarding the rest of the body. A tumour consumes energy and
requires room for growth and enlargement. It disorganises the healthy tissue and so doing,
destroys its functions.

The structure-property-function connection, well known in material science, plays a key role
in understanding of the mechanisms of control in cell assembly (Fuchs, E. 1998). Organisms,
organs and cells are complex systems because they are heterogeneous and because they can
be influenced by various physical and biological parameters, which are sometimes no well
defined. An even more subtle parameter is the history of the considered system. Cell and
tissue characteristics are strongly dependent on their history. Hence, before conducting
measurements, cell culture or tissue, as well as, single-cell preparation must proceed with
great care and following a strict protocol. Despite the structural complexity and difficulty to
set parameters, cells and tissues are objects of interest for the physics. Mechanical forces such
as shear, tensile and compressive forces are applied in these cell assemblies, even at the cell
scale. This is object of interest for mechanics and soft material science. Assemblies of cells or
assemblies of proteins in a cell are objects of interest for the statistical physics. The first step
for the study of a cell (or a tissue) is via observation of the system in order to determine its
morphological and internal structure. The physical properties of the system are then
characterised and usually present strong correlations to its internal structure. Finally, taking
the biological information into account, one determines the cell functions through the
understanding of its properties. Such a study not only permits the understanding of the normal
function of the system, but also enables the prediction of structural changes related to
physiological adaptation or resulting from external factors such as infection or disease.
Eventually methods could be proposed to re-establish normal functions.

Blood circulation, force balance in the skeleton, force-generation in muscles and the
viscoelastic properties of the lungs are amongst the first subjects of interest in biomechanics.
However, the understanding of single cell mechanics is the most attractive research area in
this field at the moment. Several developments in physics provide tools and techniques for the
manipulation of single living cells. They can be fruitfully used to measure mechanical
properties of the cells e.g., optical and magnetic tweezers, micro- and nano-designed cell-
adhesion surfaces, etc (Arnold, M. 2004, Balaban, N.Q. 2001, Lehnert, D. 2004, J. L. Tan,
2003; Zatloukal, K. 2004). These techniques enable the probing of cell elasticity or
viscoelasticity either locally (a sub-cellular scale measurement) or globally (the entire cell is
probed). Depending on the technique, cells may or may not be allowed to adhere to a surface.
Through this measurement, a quantification of biological systems — living cells —, is possible.
Various techniques will be described. The “cell stretcher” technique, using “microplates”, is
described in more details, because its development is a part of the work presented here. All
these techniques are useful to approach fascinating and difficult subjects such as coupling
between diseases and cell structure. This coupling is the object of an intensive research, e.g.
skin disorders, malaria infection in red blood cells, cancer of the pancreas (Fuchs, E. 1998;
Kemkemer, R. 2002; Russel, D. 2004; Lim, C.T. 2004; Micoulet, A. 2003; Suresh, S. 2005).
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1.1 Cells in Tissues

In order to evaluate the complexity of tissue architecture and the role played by
mechanics in the stability of this living structure, we focus on three examples of tissues: the
pancreas, the connective tissues and in more details, a particular connective tissue, the
periodontal ligament (PDL).

1.1.1 The Pancreas

In the human body, the pancreas is a secretory gland situated transversely across the
posterior wall of the abdomen. A duct, called “pancreatic duct” extends through the pancreas.
“It commences by the junction of the small ducts of the lobules situated in the tail of the
pancreas, and, running from right to left through the body, it constantly receives the ducts of
the various lobules composing the gland. Considerably augmented in size, it reaches the neck
and turning obliquely downwards, backwards and to the right, it comes into relation with the
common bile duct, lying to its left side; leaving the head of the gland it passes very obliquely
through the mucous and muscular coats of the duodenum, and terminates by an orifice
common to it. [...] Each lobule consists of one of the ultimate ramifications of the main duct,
terminating in a number of alveoli which are tubular.” (Gray, H., 1995, pp. 929-932).
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Figure 2: Schematic of the pancreas internal structure
(a) schematic of pancreas cross-section. (b) acinar cells or-
ganized in alveolus, (c) schematic of an islets of Langerhan.

(John Hopkins University, Pathology dept., web site)

The alveoli compose the buck exocrine glandular tissue. The acinar cells (Figure 2, hell blue)
form the wall of the alveoli. These cells produce the pancreatic fluid, which is then collected
in the pancreatic duct and flows into the small intestine. The pancreatic fluid contains sodium
bicarbonate (NaHCOs3), which neutralizes, in the small intestine, the acidity of the fluid
arriving from the stomach. It contains also enzymes, such as amylase, lipase, trypsin, which
take part to the hydrolysis of respectively starches (a kind of polysaccharide), fatty acids and
proteins. There are two other kinds of cells in the pancreas: the duct cells, which compose the
epithelium of the duct and, scattered through the acinar tissue, several hundred thousand
clusters of cells, called islets of Langerhans. These islets represent 2.5-3.0 % of the pancreas
weight (European Pancreas Centre, web site). These islets are an endocrine tissue. Cells
aggregated in those islets produce hormones, the insulin and glucagons. These hormones,
collected by webbed blood capillaries, are released in the splenic and superior mesenteric
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veins (ending to the liver). The secretory functions of the pancreas are very important for the
body, because the secretions are involved in the digestion and the control of glucose content
in the blood. For cells, the glucose is the most important sugar. Cells produce their energy by
degradation of the glucose (glycolysis).

Figure 3: Pancreas histological section.
Three kinds of pancreatic cell assemblies are
clearly visible: islets, acini and duct.

(John Hopkins University, Pathology dept.,
web site)

The pancreas is an assembly of the epithelial cells (islet cells, acinar cells, duct cells) but also
endothelial cells (cells building the walls of blood vessel) and finally blood cells. The
functions of these cells together determine the organ functions. As it was mentioned earlier,
cell functions depend on cell structure and the structure itself depends on the interaction of the
cell with its environment. Consequently, organ functions depend indirectly on single cell
communication and structure. This point will be illustrated with more detailed examples in
chapter 4. As each organ of the body, the pancreas is enveloped in a protective tissue, called
areolar tissue or loose connective tissue.

1.1.2 Connective Tissues

Connective tissues (CTs) are one of the four tissue categories present in mammalians,

besides epithelial, muscular and neuronal tissue. The pancreas is an example of epithelial
tissue. CTs are composed of cells and of a matrix, called extra-cellular matrix (ECM). The
ECM is itself composed of organised and non-organised substances, respectively: fibres and
amorphous ground substances. Depending on the contents of cells and ECM in the CT, and
also on the degree of ECM organization, properties and functions of CTs are modulated. This
generates a specialisation of the CTs, a wide variety of mechanical properties and ability to
undergo turnovers. In order to point out the CT diversity, several CTs could be mentioned: the
blood, the bones, the sinews, the cornea, the dermis... The three main categories are:
embryonic CT, CT proper and specialized CT.
The functions of CTs are: transport, immunological defense, mechanical support and
protection, tissue repair, energy storage, heat generation and blood cell formation. The
transport of nutriments and metabolites through the body is mainly achieved by the blood
vessels, but not all the cells are located against capillaries. The water stored in the ground
substance provides a final pathway by diffusion between cells and the blood circulation
system. The adipose CT stores fat (energy), provides thermal insulation and eventually
generates heat. CTs provide a safety barrier against infections: in the ECM, specialised cells
such as mast cells, macrophages, white blood cells (lymphocytes, neutrophils...) react to
infection and organise the destruction of invading micro-organisms in the inflamed tissue.
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embryonic CT

mesenchyme

mucous CT

resident cells

mesenchymal cells (undifferentiated)

stellate fibroblasts

immigrant cells

fibres

lacking

collagen fibres type I in small quantities

network

via cellular branching
wide intercellular spaces

via cellular branching

wide intercellular spaces

properties

plastic

ground substances

large quantities, a lot of water

large quantities, a lot of water

function

fetal development

localisation embryo placenta fetalis, umbilical cord, dental pulpa
CT proper
reticular CT loose CT - dense CT
irregular regular
resident cells ﬁl?roblastlc, fibroblasts, mast cells, fibrocytes fibrocytes
reticular cells macrophages
immigrant cells lymphocytes lymphocytes, neutrophils lymphocytes
fine collasen tvpe abundant, abundant,
fibres 1 ﬁlt()gres yp collagen type I fibres type-I collagen | type-I collagen
fibres bundles | fibres bundles
composed of arallel
network reticular cells and random random p
alignment
collagen fibres
properties flexible, non elastic plastic elastic elastic
ground substances abundant abundant, high quantities minimum minimum
of proteoglycans
. to ensheath. organs, to pat space between to sustain
function protection, . . to connect .
tissues, protection tension
transport
support for blood and
N lymph vessels and nerves dermis tendon
localisation stroma .
to ensheath muscles sclera ligament
beneath the skin
specialised CT
bone blood adipose
resident cells osteoblasts, lymphocytes, neytrophlls, adipocytes
osteoclasts hematocrits
immigrant cells no no -
fibres no no fine collagen type III fibres
network no no random
properties rigid liquid -
ground substances no - a few
function support transport storage, protection
localisation skelet blood vessels adipose tissue

Table 1: List of the different kind of CTs.

This table contains the different kind of CTs, their components, properties, functions and location in the body.

After inflammation or if a wound occurs, the ECM has to be regenerated and reorganized in
order to recover suitable functions. Fibroblasts and fibrocytes produce and secret new
materials: jelly-like ground substance and building-units for ECM fibres, such as collagens,
elastin and adhesion protein, such as fibronectin (FN), vitronectin, laminin. Collagens
assemble in 100-500 nm diameter fibres. These fibres aggregate in parallel to form collagen
bundles, whose diameter is 1-10 um. Collagen bundles are randomly distributed in the dermis,
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but well aligned in the direction of the applied force in tendons. The jelly-like ground
substances contain high quantities of proteoglycans (hyaluronic acid), which provide a
lubricant-like viscosity, a high elasticity, resistance against pressure and a good absorbency
for water the CTs. Large quantities of ground substances are favourable to metabolism. The
ECM fibres give mechanical properties to CTs. These properties allow CTs to fulfil the
following mechanical functions: to pad spaces between tissues, to support and to anchor
tissue, to connect and to bind tissues together or oppositely to separate them from each other.
For example, bones hold obviously a supporting function; tendons, elastic CT, connect bones
to muscles.

Depending on their function and also contingently on other new external parameters such as
infection, wounds, mass to support, forces to balance, CTs develop and adapt. For example, a
bone can grow or resorb with respect to the physical activity of the patient or resorb under
micro-gravity conditions. In order to balance a new persistent force on the skeleton, the bone
bends following the Wolff’s law on the bone-apposition. Like bones, the other CTs are
currently subjected to turnovers, but more or less consequent. As an example, the periodontal
ligament is well known to achieve active turnovers, allowing tooth movement as big as
several millimetres in several months.

1.1.3 The Periodontal Ligament

The periodontal ligament (PDL) is a dense CT. Because of the importance of this
tissue in orthodontic treatment, its response to stress has been studied. Controlled forces
applied to teeth induce stress in this tissue. Stress and strain are distributed between fibres of
the ECM and cells.

Figure 4: Schematic cross-sections of a tooth.
(a) vertical and (b) horizontal cross-section of a tooth. The alveolar bone is around the tooth. It is composed of bone and
marrow. The periodontal ligament (PDL) fibres show a radial orientation to the centre of the root.
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The PDL is localized around the roots of teeth between the alveolar bone and the teeth (Figure
4). Its function is to connect teeth to the alveolar bone of the jaw. The PDL is present as a
layer covering the whole cavity receiving a tooth. The thickness of this layer is ~ 250 um in
rats or less in human. Fibroblasts, osteoblasts, osteoclasts and collagen fibres bundles
constitute chiefly the PDL. Figure 4 shows the radial alignment of the PDL-filament bundles
to the tooth axis. The PDL undergoes forces during the mastication. In order to perform the
balance of force and the tooth stability, PDL-filament bundles located along the tooth sides
make oblique angles with the tooth axis and connect the tooth to the alveolar bone (Figure 7).
The variation of angles between bundles is designed in such a way that the tooth is brought
back to the same position, when the tooth is slightly pushed or pulled.

Osteoblasts produce the collagenous matrix, which will be calcified to become bone (alveolar
bone). Osteoclasts are giant cells, which destroy bone by local release of protons. Loose CT is
also present between the collagen fibres to support blood capillaries and nerves.

The mechanical properties of the PDL have been measured on samples taken from the
mandibles of adult pigs (Dorow, C. 2003). Mandibles were cut into segments, each containing
one complete anterior tooth. A rotating saw was then used to cut the segments into slices
perpendicular to the longitudinal axis of the tooth. The cuboid samples contained a bone part,
a root part and the PDL part between them (Figure 7). Such samples were used for the
mechanical assays. The stress-strain relationship is similar to dense CTs such as tendons. As
the ligament is loaded at constant strain rate, the stress increases first exponentially (in Figure
5, from O to A). Second, the PDL is in a linear regime (from A to B). Finally, after a short
non-linear regime, the PDL ruptures. The stress reaches the maximal value of 3.75 MPa. As a
comparison, the ultimate stress from human tendon is in the range 50-100 MPa (Fung, Y.C.
1993, p. 260). The physiological regime, in which the tissue usually functions, is the first
exponential regime.
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Figure 5: PDL stress-strain relationship in
Dphysiological range.
Adapted from Dorow and al. (Dorow, C. 2003).

Figure 6: PDL stress-strain relationship until
rupture.
Adapted from Dorow and al. (Dorow, C. 2003).

The PDL and particularly PDL fibroblasts are chronically exposed to high levels of physical
force. In the PDL, turnovers are much higher than in most other CTs. The main reason is the
high stress present in this tissue (Graber, T.M. 1994). The stress has two origins: functional
stress (mastication, tong movement) and adaptational (movement of teeth during the growth
of the jaw bone, or during orthodontic treatments). The application of a persistent or
intermittent force to a tooth induces its movement. Occurring turnovers are not limited to the
PDL. Progressively, the bone resorbs where a pressure is applied and new bone is formed
where a tension is applied. In the case of orthodontic movement, in human, a tooth can
typically move of 1 mm over 15 days! In rats, cells migrate in association with the bone
apposition incident to orthodontic tooth movement. New osteoblasts appear (because of
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activation of proliferation) in response to necessity of bone production. They derive solely
from the proliferation of local precursor cells (Roberts, W.E. 1981). In contrast, osteoclast
precursors are suspected to be recruited in the bone resorbtion region through chemotaxis. If
an alveolar bone space is filled with fatty cells and undergoes pressure from a tooth in
movement, the adipose CT becomes progressively loose CT, before entering in contact with
the tooth. Consequently, the PDL at the resorbtion side is always in contact with either bone
or bone marrow, loose CT.

Figure 7: Schematic representation of the PDL

A cross-section parallel containing the tooth axis is represented. Cell nuclei appears as black points. Alveolar bone appears
as a vertical band (right); Osteoblasts form a layer on the bone surface and some of them are embedded in the bone. The
dentine of the tooth appears as a vertical band (left); the juxtaposed darker vertical band is calcified cementum;
cementoblasts are accumulated on it. The space in between is the PDL; it is composed of fibroblasts spread along collagen
bundles connecting tooth and bone.

How is the mechanical stimulus converted in such synchronized events? A first consideration
is that a force cannot always induce turnover and adaptation of the PDL. The tooth movement
can be blocked, even if the force is still applied. It happens, when the initial stress is too high:
the PDL undergoes local necrosis and no turnover anymore can occur. To continue the
orthodontic treatment, the PDL has first to recover. The mechanical signal has to be adapted
to the turnover time-constant and force range of the PDL. If the limits of the mechanical
signal conversion are known, the mechanism itself is so far not well understood. Nevertheless,
two mechanisms are traditionally considered as to be involved: the pressure-tension theory
and a second theory, which considers bioelectric phenomena. First, a force applied induces
disorder in the PDL: at the compression site blood capillaries can be destroyed and cell
depletion can be observed, leading to a mild inflammatory reaction. Local secretions of
signalling molecules, such as prostaglandin, are present in stressed regions. The stress applied
to cell membrane is known to control the opening of ion channels (Glogauer, M. 1997) and
thus influence the intracellular second messenger cAMP, which can act as a chemo-attractant.
Second, bioelectric phenomena might be involved (Roberts, W.E. 1981). Beside these two
mechanisms involving the transduction to biochemical reactions of the mechanical signals,
the direct mechanical response of a single cell in correlation with the sensed mechanical
signal is part of the turnover. This response has two levels: first, the intracellular structure of
the cell is adapted and second, the cell can generate an extra-cellular mechanical signal to
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control the assembly reorganisation. /n vitro studies on cultured periodontal fibroblasts show
that the filamin A confers mechano-protection to stressed cells (Kainulein, T. 2002). The
behaviour of periodontal fibroblast is clearly dependent on mechanical tension in the matrix.
Actin polymerisation and stress fibre formation in response to mechanical stress occur in
gingival fibroblasts, but not in PDL fibroblasts (Pender, N. 1991). The culture of PDL
fibroblasts in an artificial collagen matrix shows, that mechanical tension seems to prevent
degradation of the matrix. In contrast, relaxation of the tension enhances the resorptive
activity. The sensitivity of PDL cells to mechanical tension may be essential for the
remodelling of PDL and their adaptation to physiological and orthodontic forces (Von den
Hoft, J.W. 2003).

The high activity of stressed PDL that has been briefly described here shows the ability of
cells to sense forces in tissues. The response depends strongly on tissue intrinsic parameters,
such as the kind of cell present in the tissue and the ECM structure surrounding cells. In this
example well controlled tissue turnovers, it occurs that turnovers are completely disorganised.
The result is a tumour.

1.1.4 An Example of Assembly Disorder: Cancer of Pancreas

As it is displayed in pancreas or in PDL, external signals (mechanical or bio-chemical)
are very important in eucaryotic cell assemblies. The function and the proliferation of cells in
assemblies are controlled. Cells which can escape to the assembly regulation mechanisms
develop cancerous tumours. Most of the primary tumour originates from a single abnormal
cell. In a lifetime, in any human individual being, 10'® separate occasions of DNA mutation
occur (Alberts, B. 2002, p. 1317), but a single mutation is not enough to lead to the
development of cancer: the resulting tumour is benign. Cancerous growth often depends on
defective control of cell death or cell differentiation due to mutations. A stem cell division
produces normally a new stem cell and a daughter cell. A daughter cell proliferates a finite
number of times and then differentiates. If the stem cell fails to produce a daughter cell, a
tumour of stem cells occurs. If the daughter cells cannot differentiate, a tumour of daughter
cells occurs.

Isolated in culture, cancer cells often behave
as ‘immortalised’. For example, cells from
human cancer cell line named Panc-1
originated from a human pancreatic duct
carcinoma  (Lieber, M., 1975). The
development of cancer requires mutations in
many genes and appears to be the result of a
subtle equilibrium. If a cell, which is the origin
of the benign tumour, presents a genetic
instability, more tumour-cells accumulate
mutations faster and some of them can
develop  dangerously  outgrowing  the
neighbouring cells of the benign tumour and
the normal tissue. A malignant tumour
enlarges rapidly. These cells adapt to the
physiological conditions in tumour, meaning

lack of oxygen, of nutriments, rate of Figure 8: Pancreatic-duct representation.
apoptosis increase. In contrast, if the genetic Morphology of the duct in different typical

instability is too high, cells fail to adapt and cancer evolutions. (European Pancreas Cenre,
. . Heidelberg, Germany, web site)
just die. The tumour does not develop further.

17



Figure 8 presents the different evolution of cancer occurring in the simple epithelium of the
pancreatic duct. The disordered growth of cells disturbs the structure and then the
functionality of the pancreatic duct. The capillaries structure is lost. As a consequence, the
duct function of collecting secreted fluid is not achieved anymore. Proliferating on their own,
cancerous cells may not keep contact with the normal duct leading to a cut or a shrinking of
the duct. A possible development of the malignant tumour (called primary tumour) is the
metastasis. It is the less understood aspect of cancer. Tumour cells become metastases, when
they acquire the ability to move in tissues. Cells break away from the primary tumour; they
invade normal tissues, blood and lymphatic vessels. Using fluid circulation or migrating
through tissues, metastases settle in other part of the body and new tumours (called secondary
tumours) develop. Cancers originate mainly in epithelial tissue, because these tissues are more
exposed to mutations than others tissues. An epithelium is a layer of cells closely packed and
adhering strongly together due to building of tight junctions. Often cancerous cells keep
characteristics of normal tissue cells. For example, cells from an epidermal basal-cell
carcinoma, derived from keratocyte stem cell in the skin, will generally continue to synthesize
in culture a keratin network as normal cells. How these cells, having the ability to bind
strongly to each other, can suddenly detached and migrate? It is known that it can happen
through mutations, but the mechanisms in cellular assembly are not known in details.
Definitively, two modifications have to be preformed. From one hand, the adhesion properties
have to change in order to allow the release of cells from the tumour and after an efficient
binging to the ECM (Hood, J.D. 2002). From the other hand, the mechanical properties of
cells have to be modified to enable movement. Metastatic cells invade other tissues, migrate
through CTs and spread in the body through the blood circulation. Consequently, metastases
have to adapt to a different environment: initially to a tumour poor in nutriment and then to
the dense ECM of the CTs or oppositely to the reduced adhesion in blood. Metastases
experience various adhesions: cell-cell contacts in the tumour and at the contact with blood
vessels, cell-ECM contacts in the CTs. They undergo various forces: compression in the
tumour, stretching in CTs, and shearing force in blood. One could summarise these changes
by the following picture: metastases are like an epithelial cell, which displays fibroblast-like
and neutrophil-like mechanical properties. Consequently, metastases have to display various
mechanical properties. The cytoskeleton is the part of a cell, which performs and structurally
supports the cell’s mechanical properties and functions. In metastases, structural modulations
of the cytoskeleton give them unexpected mechanical properties.

The cytoskeleton is composed of protein-polymers. Their versatile assembly is regulated by
the cell in adaptation with its environment.
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1.2 The Cytoskeleton

The cytoskeleton components are protein-polymers and associated proteins: motor-
proteins and proteins behaving as cross-linker. The cytoskeleton is connected with the plasma
membrane, the nucleus and various organelles. The polymerisation and assembly of these
filaments cost energy. The cytoskeletal has multiple functions, as it organises the transport in
the cell, participates to cell division and generates forces for the maintenance of the cell shape
and is responsible for the mechanical sensitivity of the cell to its environment.

1.2.1 Cytoskeletal Filaments

Three kinds of protein-polymers compose the cytoskeleton: the actin filaments, the
microtubules (MTs) and the intermediate filaments (IFs). Their structures are different,
conferring them different properties. Only actin filaments and MTs will be described in this
section. [Fs will be only cited. Their detailed description will be presented in chapter 4.

Protein-Polymer Structures

The protein actin (42 kDa) polymerises simultaneously in two strands forming a coil.
Actin filaments are polar. Their diameter is ~ 8 nm and their period is 37 nm (Moore, P.B
1970). MTs are heteropolymers. Heterodimers (110 kDa) of a-tubulin and B-tubulin form and
are polymerised in a tube-like structure composed of 13 juxtaposed linear protofilaments. This
structure of ~ 25 nm diameter is polar (Chrétien, D. 1996). IFs are rope-like filaments of ~ 10
nm diameter (Strelkov, S.V. 2003). They lack polarity. Monomers (40-180 kDa) forming the
IFs constitute a very large protein-family. Vimentin and keratin proteins are two examples. If
a large majority of cell express actin filaments and MTs, the expression of IFs is, in contrast,
strongly cell-type dependent.

Figure 9: Schematics of protein-polymers of the cytoskeleton.
(a) actin filament, (b) microtubule and (c) intermediate filaments

Protein Polymerisation

The polymerisation of the protein-filaments (actin filaments, MTs and IFs) is a
physical-chemical process that depends on several parameters in vitro. In a cell, this
polymerisation is not only a physical-chemical phenomenon because the regulatory
mechanism of polymerisation occurs. This mechanism involves in fact filament-associated
proteins, which modulate the polymerisation and assembly by binding to filaments or
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monomers (Pollard, T.D. 2001). The phosphorylation of monomers is also a way to control
filament formation (Chang, L. 2004).

In vitro, the polymerisation of actin monomers can be induced in presence of ATP by

increase in ionic strength (addition of KCl, MgCl,, CaCl,). The polymer concentration
reaches steadily a plateau value at which the monomer concentration is about 0.2 uM (critical
concentration). For instance, for a monomer concentration of 24 uM, it takes ~ 1 min to reach
95% of the steady-state polymer concentration (Xu, J. 1998). If the monomer concentration of
the polymerised solution is increased, the filaments will grow further. Actin filaments can be
as long as several pm and are polar. It implies that their both ends are not equivalent. These
ends are named: barbed end and pointed end. Interestingly the critical concentration of
pointed ends equals 2 uM and, as mentioned previously, 0.2 uM for the barbed ends. It means
that as the monomer concentration decreases below 2 uM, the pointed ends begin to shrink
and the barded ends grow. Because the growth is faster than the shrinking, the polymerised
solution rises an equilibrium in the range of 0.2-0.3 uM. The ATP-actin complex polymerises
more efficiently than the ADP-actin complex. The hydrolysis (ATP to ADP) occurs at a
slower rate than the monomer binding rate. It results that the filaments ends are made only
with ATP-actin complexes, which bind stronger than ADP-actin complexes. ATP catalyses
and stabilises the polymerisation.
The actin polymerisation requires energy: only the complex ATP-actin monomers are able to
polymerise. Beside the dependence on ATP and actin concentrations, in vivo, the
polymerisation is also subject to control by actin-associate proteins, small proteins (14-15
kDa) such as profilin, cofilin and thymosin bind ATP-actin or ADP-actin and regulate the
polymerisation.

MTs polymerise in a similar way to actin filaments. It has to be remarked that MTs are
instable in presence of Ca®" at a concentration above 10 uM. In contrast to actin filament, they
present dynamic instabilities, i.e. they alternate phase of growth and phase of shrinkage.

IFs polymerisation, which is also a self-assembly process, will be explained in details
in the introduction to chapter 4.

Protein-Polymer Mechanical Properties

Because of their linear molecular structure, single protein-filaments can be described
as rods and ropes (Boal, D. 2002). The persistence length Lp characterises the spatial
configuration of a filament at a defined temperature 7, i.e. if the filament looks like a rod or a
coil. The persistence length is the quotient of the bending modulus (in units [J.m]) to kg7. It
equals 10-20 um for actin filaments and 1-6 mm for MTs.

1.2.2 Assembly of Protein-Filaments
Protein-Polymer Networks

In cells, the actin-filament assemblies are various (Revenu, C. 2004). Without going in
details, several examples will be cited. Microvilli in intestinal cells, stereocilia of inner-ear
cells and filopodia in fibroblasts, are based on actin bundles. Filamin, fimbrin and a-actinin
are involved in bundle formation. Lamellipodia are based on branched actin-filaments. The
protein complex Arp2/3 binds to actin filaments and induces from the binding site the
nucleation of a new actin filament making an angle of 70 degrees with the old filament
(Figure 10) (Svitkina, T.M. 1999). Profilin and cofilin bind actin monomers, capping-proteins
stabilise actin-filaments and thus, they modulate the dependence of the actin polymerisation
on actin-monomer and ATP concentration.
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Myosins bind also actin-filaments and connect them. The actomyosin complex will be
detailed in the section 1.2.3.
MTs are oriented from the nucleus to the cell membrane. They do not form meshwork in cell.

Mechanical Properties of Networks

Rheological studies have been conducted for example on purified actin-filaments,
keratin- and vimentin-filaments assembly. Keratin and vimentin are presented in Chapter 4.
After polymerisation, gelation occurs. The elasticity of a pure actin-filament solution reaches
a steady-state only after 8-10 hours. The loss modulus slightly dominates at the earliest times
of the network formation, the elastic modulus dominates at long times. From liquid-like at the
early stage, the actin network is solid-like at steady-state. The frequency-dependent viscous
moduli, G’(w) and G”(®), demonstrate that 24 uM actin-filament solution are viscoelastic
solids (G’ > G”) at ® < 80-100 rad.s™ and viscoelastic liquid (G’ < G ") at » > 80-100 rad.s™
range in which the phase shift reaches ~ 67.5 degrees (Xu, J. 1998).

The addition of cross-linkers, for instance a-actinin, in the in the actin filament
solution changes the mechanical properties of the gel (Xu, J. 2000). a-actinin localises in cell
along the contractile stress fibres. Rheological shearing assays demonstrate that gel hardening
occurs due to reduced motion of filaments at low strain (< 1%). Furthermore, o-actinin
enhances the strain hardening, particularly at high rates of shear, but also allowed the gel to
withstand larger deformation. The network ability to withstand deformations decreases with
the solution temperature (coupling with the binding time of a-actinin to filaments) and the
probed time scale.

1.2.3 Function of the Cytoskeleton

The cytoskeleton function is to allow the cell to interact mechanically with its
environment. This interaction includes the maintenance of the cell shape and the generation of
forces and the cell adhesion.

Force Generation by a Protein-Polymer

Protein-polymers generate a counter force if a force is applied on their tip along their
axis or perpendicular to it. They bend immediately if the force is perpendicular. If the force is
applied along the axis, they bend only when a critical force is attained. More interestingly
protein-polymers are also able to generate a force by polymerisation. This force has the
filament axis for direction. It can be generated without bending as long as the counter force is
lower than the critical force of buckling. If the external force is greater than this critical value,
the filament bends. For MTs, an elegant way to demonstrate this force generation is the
following experiment conducted by Fygenson and al. (Fygenson, D.K. 1997). The
polymerisation of MTs has been initiated in lipid vesicles. As the MTs grow, they deform the
vesicle in which they are. The more deformed is the lipid membrane, the greater the
membrane tension. As the resultant force of the membrane tension on MTs reaches the critical
force, the MTs buckling is observed. It occurs at ~ 2 pN.

Force Generation by a Protein-Polymer Network

Cells generate forces for spreading and locomotion on a surface. The cell motility in
vitro has been well studied. In vivo, besides the pathologic origin of the motility of metastatic
cells, different kinds of cells present in the body are designed to be motile e.g., neutrophils,
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keratocytes and fibroblasts. Cell motility is linked to the ability to adhere and to generate
forces.

Neutrophils are white blood cells. They take part to the inflammatory response by their ability
to phagocyte bacteria. Present in the blood as a spherical object of ~ 15 um in diameter,
neutrophils are stimulated by chemotactic factor produced in inflamed region. The stimulated
neutrophils are able to enter the blood vessel wall, to invade tissues and achieve phagocytosis.
All these processes require force-generation. The use of a detergent shows two states of actin
in cells: soluble as monomer and insoluble as polymer (actin filaments). In stimulated
neutrophils, the percentage of polymerized actin reaches 75% in comparison with 25% in non
stimulated one. The content of myosin bound to actin increases slightly from 70% to 75%
(White, J.R. 1983). This demonstrates the importance of actin filaments and myosin in
locomotion. Myosins are a motor-protein which can move on actin filaments.
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Figure 10: Organisation of actin filaments in keratocyte lamellipodium.

Representation inspired of electron-micrograph of detergent-extracted fish keratocyte. (a) Overview of a locomoting cell;
(b) magnification of the leading edge (see frame in (a)). (c) Schematic of the dynamic network contraction model. Adapted
from Svitkina et al. (Svitkina, T.M. 1997).

The crawling of a keratocyte in vitro is an interesting system to study the actin and actin-
associated proteins assembly in cell (Svitkina, T.M. 1997). These cells form a very large
lamellipodium extended in the direction of the movement (Figure 10, (a)). This lamellipodium
is composed of meshwork of actin filaments cross-linked mainly by the protein-complex
Arp2/3. In eukaryote cells, the polymerised actin is concentrated under the plasma membrane
in a layer of 0.1-0.5 um (actin filaments are typically ~ 0.5 um long). This layer is named
actin cortex. During keratocyte locomotion, the lamellipodium spreads on the surface in the
direction of movement. The lamellipodium progresses under the pressure applied to the
membrane border by the growing barbed ends of actin filaments. Densely branched the actin
gel applies a constant force and homogeneously distributed, resulting in the directed
progression of the lamellipodium. The motor-protein myosin II present in muscle cell is also
present in the eukaryote cell cytoplasm. Myosin II is a dimer composed of two motor-heads
and a tail. The movement of myosin along actin is the result of coupling of mechanical and
chemical cycles. The low affinity of the ATP-myosin complex for actin filament induces the

22



separation of myosin from actin filament. The hydrolysis of the ATP by the myosin head
results in a complex ADP-P-myosin, which binds actin filaments efficiently after a myosin-
head conformation change. After binding to the actin filament, the phosphate ion is released
inducing the opposite myosin conformation change, which produces a force acting through
the working distance 6 during the time t,,. The myosin head is now again in the initial
conformation. Depending on the myosin affinity for the ADP, it is released. The myosin stays
bound to the actin filament, until a new ATP molecule binds to it. In the stochastic way,
myosin can generate movement of actin filaments. Myosin II copies form bipolar filaments
remembering the thick myosin II filaments of the muscle cells. In vitro, at low salt
concentration, myosin tails interact to form octamers (Sinard, J.H. 1989). Myosin heads are
concentrated at the ends of the bipolar filament in such a way that heads of one end are
walking on actin filaments in opposite direction than the ones of the other end. Thus, when
the heads are working, actin filaments are bring together in a bundle and translated along each
others in a contraction movement. Myosin bipolar filaments have been observed in fish
keratocyte (Svitkina, T.M. 1997) and in mouse 3T3 fibroblasts (Verkhovsky, A.B. 1993). The
movement of keratocyte is explained by the dynamic network contraction model (Figure 10,
(c)). The myosin bipolar filaments pull the actin filaments out of the actin filaments
meshwork present in the lamellipodium and collect them in a contractile bundle orientated
perpendicular to the movement direction close to the nucleus and the rear side of the
keratocyte. In this region of the cell, actin filaments depolymerise.

In eucaryotic cells, both mechanisms are used to generate forces: the actin polymerisation and
actomyosin as work producing units. Cells have the ability to activate or deactivate these
mechanisms and control their location and their amplitude.

For physicists, it is very interesting to notice that these polymerising actin filament assemblies
can be described by physical models, such as the thermal ratchet (Prost, J. 1994) or the motion
of adhesive gel (Joanny, J.-F. 2004). The last model predicts that the motion results from a
competition between a self-generated swelling gradient and the adhesion on the substrate. The
resulting stress provokes the rupture of the adhesion points and allows for the motion. It may
allow postulating that cells activate/deactivate robust physical phenomena in order to
accomplish biological function, such as motility or maintaining cell shape. Taking in account
the presence of dynamic cross-linker, the cytoskeleton (a network of cross-linked filaments) is
expected to be able to resist rapid deformation but allow slow deformation in response to
sustained force (Heidmann, S.R. 2004; Xu, J. 2000).

Adhesion

Only some main principles and processes of cell adhesion will be presented.
The cell builds protein-complexes in its plasma membrane in order to connect the
cytoskeleton directly with the surface. Integrins, trans-membrane proteins, bind to ECM
protein such as FN and in the cell to the protein-complexes. Various proteins are involved in
these complexes. Depending on their maturation, which is coupled to the force applied to
them, they are called focal adhesions (FAs)or focal complexes (FCs) (Zamir, E. 1999).

FCs are believed to be able the sense the stiffness of the ECM.

Sensing and Transmission of Mechanical Stress
The cell response to mechanical properties of the ECM has been examined by

culturing cells on a collagen-coated polyacrylamide substrate. Thus, the flexibility of the
substrate can be varied and simultaneously bio-chemical environment is maintained.
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Compared with cells on rigid substrates, those on flexible substrates shows reduced spreading
and increased rates of motility or lamellipodial activity. Microinjection of fluorescent vinculin
indicated that FCs are irregularly shaped and highly dynamic on flexible substrates whereas
those on rigid substrates display the expected morphology and are much more stable (Pelham,
R.J. 1997). FCs are usually extended in the direction of stress. If the stress is increased, the
FCs extend probably in order to maintain the balance of forces in the cell (Riveline, D. 2001).

Stretch-induced sub-cortical actin assembly is detectable within 30 seconds after stretch
(Pender and McCulloch, 1991). A small increase in actin binding to beads in the FAs within 5
minutes after initiation of stretch is observed. It increases up to 30 minutes. The local increase
of actin filaments provides structural stability to withstand increased physical stress. It also
serves to shield cellular elements involved in mechano-transduction from the full effect of the
physical stress.

The cytoskeleton couples the site at which the force applied to the cell membrane to the site of
ultimate response, which can be an organelle or the nucleus. For example, a local force,
coupled to the cytoskeleton by integrin binding and applied at many micrometers from the
nucleus, induces its deformation and elongation in the direction of the pull (Maniotis A.J.
1997). Because the DNA structure and function can be affected by forces (Bensimon, D.
1996), it is likely possible that the cytoskeleton, chiefly the IFs cytoskeleton, mediates
external mechanical signals. Such a signalling path could be involved in gene-expression
control.

A model to explain measurement connects the force applied locally to the cell membrane and
the intracellular calcium-ion content. It is hypothesised, that the local membrane deformation
activates calcium-ion channels, which pump calcium ion from the cell medium into the
cytosol. In response, actin filaments link at the force-application point and generate a counter
force. The plasma membrane is less deformed and thus the channels are deactivated. In this
case, the actin cytoskeleton behaves as a force sensor (Glogauer, M. 1997).

Recently, myo-tubes (assembly of muscle cells) have been subjected to cyclic uniaxial or
multiaxial stretch. The multiaxial stretch was characterised by the specific phosphorylation
(ribosomal S6 kinase, p70S6k), which was elicited by forces delivered through the elastic
culture membrane. Specific types of mechanical stretch activate distinct signaling pathways. It
may occur through direct mechano-sensory/transduction mechanisms and not through
previously defined growth factor/receptor binding pathways (Hornberger, T.A. 2004).

The mechanical interaction of a cell with its environment and the adaptation of its

internal structure in response appear to be relevant topics in order to understand better cells
assemblies and their disfunctioning. How can be the cell mechanical properties measured?
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1.3 Measurements of Cell Mechanical Behaviour

Single cell mechanics are important to understand the architecture and the function of
a normal organ as well as to understand certain diseases. An approach developed in biology is
to bring into being mammalians, such as mice, with specific deletions of genes. The result is
that the protein assembly is perturbed because the expression of a target-protein is lacking.
For example, the integrin ; can be deleted. Chondrocytes of integrin [3;-null mice have an
abnormal shape and fail to arrange into the expected columns in the growth plate (Aszodi, A.
2003). Keratin-null mice (K8 (-/-), K18(-/-)) die at a rate of 50% at the embryonic state. The
pancreas of surviving adults is (surprisingly) histologically normal, but the viability of cells is
affected (Toivola, D.M. 2000). The human truncated keratin K14 gene has been expressed in
transgenic mice. The skin of these mice exhibits blistering upon mild mechanical trauma
indicating a modification of tissue function (Fuchs, E. 1998). The advantage of these
experiments is that they are achieved in living animals. Another approach is to work with cell
lines or primary culture (cell freshly extracted from a living tissue). Mechanical assays can be
achieved on sparse assembly of cells or even on single cell. The disadvantage is that it is
technically difficult to maintain experimental conditions, which are close to living conditions.
The advantage is that the cell’s structure dynamics can be observed and the measurements can
be correlated with cell behaviour. The initial conditions and parameters, such as the presence
and concentration of bio-chemicals involved in signalling can be set. This last point is very
important because a cell is an adapting object, the signalling should not be neglected in order
to facilitate and clarify interpretations of measurements. Measurements highlighting this point
will be present later (see chapter 3). Mechanicals assays on single cell can be divided in two
kinds: the local measurements probing the cell at the sub-cellular level and the global
measurement probing the whole cell. These both categories contain two sub-categories
defined on the fact that the cell adheres or not to a substrate. Some of these measurement
techniques will be now briefly described. We will see through some examples that techniques
used reveal different mechanical properties of cells.

1.3.1 Local Mechanical Assays with Adherent Cells

Optical Microscopy and Fluorescence Microscopy

In tissue as well as in culture flasks, cells adhere on an ECM. Digestive enzymes, such
as trypsin, destroy the ECM by hydrolysis. It results that cells loose adherence and round up.
The observation in phase contrast microscopy or in differential interference microscopy (DIC)
of cells in presence of trypsin can give pieces of information about the cellular scaffold. If the
trypsin is removed, cells spread again. To do it, they need to generate forces. Observation of
cell spreading is also a possibility to study cell mechanics (Dobereiner, H.-G. 2004). The
fluorescence microscopy provides more details in this case. The transfection of cells with the
GFP-human b-actin DNA construct allows direct observation of the actin organisation in
living cells. Transfected cells synthesise GFP-labelled actin monomers (GFP-actin). GFP-
actin integrated in the actin cytoskeleton with the wild-type actin can be visualised in
fluorescence microscopy, because the protein GFP (green fluorescent protein) emits green
light at ~ 503 nm, when it is excited at ~ 488 nm. The internal scaffold and its dynamic are
revealed; particularly, the presence of actin stress fibres in fibroblast (Ballestrem, C. 1998).
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The Atomic Force Microscope

This technique has been used to map spatially and temporally a cell in division. The
atomic force microscope (AFM), operated in force-mapping mode, can be used to measure the
local elastic properties, or Young’s modulus of a sample with a spatial resolution ~ 100 nm.
The cell thickness has been mapped, but also the Young’s modulus reflecting the cortical
stiffness and eventually an additional active cortical tension. Surprisingly, the nascent furrow
region begins stiffening ~100 s before that the onset of furrowing appears. As the furrow
contracts to separate the both cells, its Young’s modulus reaches 10.1 kPa, which is 10 times
higher than the value measured for cell before division (Matzke, R. 2001).

The Optical Tweezers (Optical Trap)

Small latex beads, typically ~1-2 pm in diameter, can be trapped in a focused laser
beam. The bead’s potential energy is minimal at the centre of the beam. If the position of the
trap is changed, the bead is placed in a higher potential energy. Thus, a force is applied to the
bead and pushes back the bead in the beam centre. FN 7-10 fragment-coating beads adhering
on NIH-3T3 fibroblast lamellipodium move rearward from the lamellipodium edge to the
nucleus in connection with the actin rearward stream. A restraining force is then applied to
these beads. The cellular actin cortex generates locally a force proportional to the restraining
force. This mechanism is dependent on ligand binding site occupancy. This technique has
been used to mimic the ECM rigidity and to highlight the coupling between adhesion via
integrins and force generation (Choquet, D. 1997).

Magnetic Tweezers

Magnetic beads are previously coated with collagen. These beads adhere to the dorsal
surface of cells spread on a cover-slip. Integrins mediate the binding. A permanent magnet
creates a magnetic field gradient and consequently a vertical force is applied to beads. In
response to constant force a local recruitment of F-actin to the bead/membrane adhesion sites
occurs. It demonstrates clearly the coupling between actin cortex and forces (Glogauer, M.
1997).

Micro-Needles

A simple micro-needle could reveal a lot about the viscoelastic properties of spread
cells cytoplasm and nucleus. RGD-coated micro-needle have been placed in contact with the
dorsal side of a spread cell. Then, the micro-needle has been move and the eventual
deformation of the nucleus observed. It has been shown that the nucleus can be deformed and
elongated in the direction of pull. The closest to the nucleus the micro-needle is placed, the
more local the nucleus deformation is. The mechanical coupling seems to connect directly
discrete anchorage points together. Using drugs, which destabilise either MTs, IFs or MFs, the
integrity of IFs appears sufficient to exert this mechanical connection with the nucleus. Actin
MFs form a volume-filling gel that efficiently bears compression, but it does not have the
strength to resist external tension, whereas the IFs network efficiently resists tension and
hardens at high strains (Maniotis A.J. 1997).

The micro-needle can be bent against the surface on which the cell adheres. By
translation of the microplate, a part of a lamellipodium can be pushed toward the cell nucleus
in order to destroy the adhesion. In the second part of the lamellipodium (mechanically non-
perturbed part), a reinforcement of the cell adhesion is observed in order to keep the balance
of forces in the cell. The adhesion enhancement is demonstrated by the growth of the so called
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focal contacts (FCs) in the direction of the applied force, behaving as force-sensors (Riveline,
D. 2001).

Laser Tracking Micro-Rheology

The laser-tracking micro-rheology (LTM) allows for quantifying cytoskeletal mechanics.
Viscoelastic shear moduli are inferred from the Brownian motion of particles embedded in the
cytoskeleton. The kidney epithelial cell line (COS7) has numerous spherical lipid-storage
granules that are ideal probes for non-invasive LTM. At low frequencies, lamellar regions (82
Pa) are more rigid than viscoelastic perinuclear regions (33 Pa), but spectra converge at high
frequencies (Yamada, S. 2000).

1.3.2 Global Mechanical Assays with Non-Adherent Cells

The Micropipette Aspiration

A controlled depression is imposed in a capillary in order to aspirate the cell body.
This technique has been successfully used to study the connection of the plasma membrane
with the underlying cytoskeleton by pulling tethers from the plasma membrane (Hochmuth,
R.M. 2002). The adhesion energy per unit area between lipid membrane and cytoskeleton is
evaluated from the measurement to 0.13 N.m™ for neutrophils and 0.075-0.1 N.m™ for red
cells (RBC). It is comparable. In contrast, the effective viscosity (viscous drag between lipid
membrane and cytoskeleton) is ~10 times higher for RBC (0.034 N.s.m™) than for neutrophils
(0.002 N.s.m™). The plasma membrane adapts to the underlying cytoskeletal shape by a
“shrink wrapped” mechanism (Heidemann, S.R. 2004). The micropipette aspiration technique
is appropriate to study neutrophils mechanics, because these cells are pushed in blood
capillaries in the body.

The Optical Stretcher

A cell, a dielectric object, is placed between two opposed, non-focused laser beams.
The total force acting on the cell is zero but the surface forces are additive, thus leading to a
stretching of the object along the axis of the beams. The technique is well adapted to measure
the mechanical properties of the plasma membrane and the underlying cytoskeleton. A typical
relative deformation for fibroblasts is ~ 5.43 % along the beam axis and -2.25% in the
perpendicular direction (Guck, J. 2001).

1.3.3 Global Mechanical Assays with Adherent Cells

Membrane mechanical Stretcher

Endothelial cells have been cultivated on elastic silicone membranes. Then membranes
are stretched in one direction at 20% magnitude and 0.86 Hz. The two-dimensional cell
assembly displays after 48 h, a clear orientation of cells and also actin stress fibres along the
stretching axis. It shows a dynamic adaptation of cells to mechanical constraints (Shirinsky,
V. 1989).

Osteoblasts are grown on RGD-peptide-functionalised silicone membrane. RGD is the
following peptide: arginine-glycine-aspartic acid. It is an ECM-ligand for oyf; integrins. A
dynamic uniaxial strain, 2% magnitude and 0.25 Hz, was applied to osteoblasts for 2 h. Cells
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display more dense actin cytoskeleton and an up-regulation of ay integrin expression. It
indicates a reinforcement of cell adhesion (Cavalcanti, E.A 2002).

This collection of techniques to measure cell mechanical behaviour is not exhaustive.

Some experimental set-up have been selected and presented.
All attempts to quantify cell mechanical behaviour present advantages and disadvantages.
Some techniques are more suitable than other, if one cares about the biological relevance of
measurements. The experiments should try to mimic biological situations. In this artificial
environment, in which most parameters are fixed by the experimenter, physical phenomena
can be qualitatively identified or even quantified.

The living environment of an animal cell is a tissue in which it experiences forces and
in which it adheres to other cells or to ECM. The normal temperature in human tissues is
37°C. The aim of this work is to reproduce around a single cell an environment similar to the
tissue and simultaneously to measure physical values, such as cell displacement and force, of
this single living cell. The constraints to satisfy are: the control of temperature at 37°C, the
control of the adhesion, the control of the force and/or the displacement and the control of the
bioactive molecules in the solution around the cell. What should be the spatial geometry to
choose? The adhesion of a cell in tissue is three dimensional (in the ECM, in stratified
epithelium) or two dimensional (in endothelium, in simple epithelium, such as the pancreas).
The simplest mechanical assay is a uniaxial stretching or compression. An interesting
compromise is to allow a cell to adhere between two plates. First, the cell bridges the gap
between the plates. It places the cell in a ‘three dimensional-like’ situation. Second, the plate
can be used to apply displacement and force. A fibroblast from the PDL could be in such a
situation. Between a tooth and the alveolar bone, a fibroblast could be compressed or
stretched uniaxially. The two plates have to be designed as follows: one is rigid and the
second flexible. If the flexible plate satisfies the Hooke’s law, it can be easily used to apply
forces, which are simply proportional to the deflexion. The measurement of the deflexion of
the flexible plate and of the distance between the plates allows for measurement of force and
displacement applied to the cell. The plates used are called microplates because of their
dimensions ~ 5 um thick and ~ 50 um wide. Thoumine and al. used the microplate stretching
technique to apply a sudden deformation to single fibroblast at room temperature (Thoumine,
0. 1997). The analysis of picture sequence allows for plotting the variation of force and cell
displacement as a function of time.
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Figure 11: Mouse-embryonic-fibroblast displacement and force measured after a step-deformation.
The cell displacement is suddenly increased. In response, the cell adapts this displacement and force during in
the course of the time. Adapted from Thoumine, O. et al (Thoumine, O. 1997).
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In this work, the technique has been improved. A real-time measurement of force and
cell displacement enables to maintain constant force or displacement. It is important because
it allows, as we will see later, interpretation of measurements with the model of Kelvin. The
mechanical assays are conducted at 37°C, temperature required for normal cell activity. Only
two kind of adhesion have been explored: an artificial adhesion — “chemical adhesion” —
(originally developed and used by Thoumine and al.) and the adhesion to fibronectin. Cells
from three different cell-lines have been used: embryonic fibroblasts from mouse and rat and
epithelial cells of a human pancreas cancer.
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2 Description of the Techniques:
Single-Cell Stretching and Protein Adsorption

Résumé du chapitre 2
Description des techniques :
Etirement d’une cellule isolée
et adsorption de protéines

La technique développée dans ce travail est une amélioration de la technique de O.
Thoumine et al. Elle permet la mesure des propriétés mécaniques d’une cellule isolée vivante
adhérente. Les mesures sont réalisées a 37°C et dans une atmosphere enrichie de 5 a 10% en
dioxyde de carbone, alors qu’elles [’étaient a température ambiante sans enrichissement en
CO; précédemment. La cellule est déformée de fagcon uniaxiale. Force et déformation sont
mesurées en temps réel, alors précédemment les deux valeurs étaient déterminées par
[’analyse d’un film réalisé lors de [’étirement.

Le montage expérimental

La cellule eucaryote est placée entre deux plaques de verre, appelées microplaques.
La cellule initialement ronde adhere et s’étale entre les deux microplaques. L’une des
microplaques est assez souple pour plier sous les forces appliquées par une cellule : c’est le
senseur de force. L’autre est par contre assez rigide pour ne pas étre pliée. Cette derniere
microplaque va étre déplacée afin de déformer la cellule. Eventuellement, la cellule générera
une force lors de cet étirement, ce qui induit un déplacement de la microplaque, senseur de
force. Le déplacement de la microplaque rigide est controlé par un transducteur piézo-
électrique. Le déplacement du senseur de force est, quant a lui, mesuré par la mesure du
déplacement d’un spot de lumiére (685 nm) sortant d’une fibre optique qui lui est accolée.
Ainsi, force et déformation peuvent étre mesurés en temps réel, ce qui permet, par exemple, en
appliquant une boucle rétroactive de maintenir ['une de ces deux valeurs constante. La
détection de la position du spot laser se fait a I’aide d 'une photodiode.
Le montage est fixé sur un microscope inversé pour permettre [’observation de la forme de la
cellule durant [’étirement. Le microscope entier est placé dans une boite thermique afin de
permettre un bon controle de la température intérieur. L’utilisation de deux circuits de
chauffage indépendants permet de minimiser le gradient de température au niveau de la
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chambre de mesure. La chambre de mesure contient 30 ml de milieu de culture. Son fond est
une plaque de 6 cm de diameétre et 0,13 — 0,17 mm d’épaisseur.

La fabrication des microplaques

Les microplaques sont étirées a l’aide d’un étireur laser de capillaires. La constante
élastique du senseur de force est calibrée en référence a une pointe AFM. Les microplaques
sont fonctionnalisée d’abord avec un amino-silane et sont ensuite incubé dans une solution de
glutaraldéhyde. A cette étape, des groupes aldéhyde sont liés a la surface et peuvent réagir
avec d’autres groupes amines. Ces groupes sont, par exemple, contenus dans des protéines en
solution ou encore des protéines transmembranaires d’une cellule. Ainsi, protéines ou
cellules peuvent étre liées de fagon covalente a une surface.

Cultures cellulaires

Dans ce travail, deux types de fibroblastes ont été utilisés : de souris (Swiss 3T3
mouse) et d’embryon de rat (REF). La lignée cellulaire PANC-1 issue d’'une tumeur humaine
du pancréas a aussi été étudiée.

Photolithographie

Afin de localiser ’adsorption de protéines a une surface limitée a la pointe des
microplaques, des microcanaux ont été réalisés en poly(di-methysiloxane) (PDMS). Un
masque en chrome a été gravé et la structure négative en relief réalisée dans une couche de
résine négative SUS. Ces structures sont ensuite utilisées comme moule pour réaliser les
canaux a la surface d’une couche de PDMS.

The experimental set-up, based on a cantilever technique (Thoumine, O. 1997), allows
a uniaxial mechanical stretching of a single cell. It has been implemented in order to achieve
measurements under physiological conditions and defined physico-chemical environment
moreover, it allows generating real-time values of both cell displacement and force. Such a
measurement enables a feed-back control, and therefore dynamic studies of cell mechanics.
The cell is basically placed between two walls and adheres to them. As a wall is then moved,
the cell experiences a stress and a strain. If the feed-back control is on, strain or stress can be
controlled and applied to the cell. In response, the cell can match the non-fixed parameter, the
stress or the strain. Additional techniques have been used for the preparation of these
measurements: shaping of cantilever-glass plates at the micrometric scale, the quantification
of cell-adhesion-protein adsorption on surfaces and the local adsorption on several
micrometer-scale patches of cell-adhesion-proteins.

31



2.1 Experimental Set-up

The mechanical behaviour studies of an adherent single eukaryotic cell impose

constraints. The original environment of eukaryotic cells is an assembly of cells, a tissue or at
least a biological fluid. Biologists developed the technique of cell culture. In Petri dishes
filled with suitable medium, maintained at 37°C in an atmosphere containing between 5 to
10% of COa, cells are growing in most cases as a two dimensional sheet on the surface. Cells
adhere and grow on these plastic surfaces (in most case simply negatively charged), because
cells secret themselves cell-adhesion proteins, which adsorb on the surface and then promote
a stable attachment and spreading of cells. Proteins contained in the medium adsorb also on
the surface. Mechanical measurements on a single cell have to be performed under the same
conditions, called physiological conditions.
Briefly, in order to perform uniaxial mechanical deformation, a cell is placed between two
bio-chemically functionalized walls — so-called “glass microplates”. One of the microplates is
more elastic by two orders of magnitude; its binding generates a force proportional to its
deflection. This microplate is used as a force sensor.

2.1.1 Uniaxial Mechanical Assay

The schematic of the complete setup is presented in the

Figure 12. It is mounted on an anti-vibration table (Melles Griot, Carlsbad, CA, USA).
An inverted optical microscope (Axiovert 135, Zeiss, Oberkochen, Germany) is used for the
measurements. On its stage, two optimized microplate holders are mounted on top of an XY
micro-translation stage (Physik Instrumente, Karlsruhe, Germany) to allow positioning of the
microplates. A low voltage piezoelectric translator (LVPZT) (Physik Instrumente, Karlsruhe,
Germany) actualizes the position the rigid microplate, prigia (t), with 50 nm step resolution in
the Y-direction. A controller achieves a closed-loop control of the LVPZT and an interface
with the computer. The position of the flexible microplate, pgexiie (t), iS monitored by
detection of laser spot arising from the tip of an optical fibre (FS-SN 3224, Thorlabs, Newton,
NJ, USA). The fibre is glued onto the flexible microplate tip with poly(di-methylsiloxane)
(PDMS) (Sylgard® 184, Dow Corning, Midland, MI, USA). This is an optimal condition of
stability. Some measurements have been made without gluing the optical fibre. It does not
affect the quality of the measurement as long as the optical fibre to not move along the
microplate. It has been checked. The optical fibre is prepared as follows. A 125 um diameter
optical fibre is etched in a 48 % hydrofluoric acid solution (Sigma-Aldrich, St. Louis, MO,
USA) to a diameter of about 8§ um over a length of ~ 20 mm. The resulting fibre force
constant is smaller than 1 10* N.m™. Such a low force constant does not interfere with the
measurements of microplate deflection. A diode laser (~685 nm, HL6726MG, Thorlabs,
Newton, NJ, USA) light is coupled to the optical fibre. The fibre tip shining the laser red light
is imaged through the microscope using a water immersion objective (C-Apochromat 40x /
1.2 W, Zeiss, Oberkochen, Germany) and a 2.5 optovar magnifying lens mounted in the
microscope. The final magnification is 100x. Pictures are taken with a CCD camera (1300
pixels x 1030 pixels) (AxioCam, Zeiss, Oberkochen, Germany). Fine focusing is obtained
without risks of vibrations into the microscope by a second LVPZT (Pfoc, Physik
Instrumente, Karlsruhe, Germany), which translates the objective in Z-direction. A dichroic
filter (Edmund Scientific, Barrington, NJ, USA) placed on the light-path in the microscope,
reflects the laser light onto a position sensitive photo diode (PSD) (S1300, Hamamatsu
Photonics, Hamamatsu City, Shizuoka Pref., Japan). The PSD analogue signal is
electronically intensified and converted to position. Values are recorded by a computer
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equipped with a signal acquisition board and LabView software (National Instruments
Austin, TX, USA).
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Figure 12: Schematic representation of the cell micromanipulation and measurement experimental setup

Top view and side of the liquid-chamber are drawn in the upper-left part of the representation. The inverted microscope is
symbolised by a beige square. In the microscope, the dichroic filter initiates the feedback-control loop by reflecting the laser
light on the PSD. The PSD signal is interpreted in displacement by the computer. Then, the computer actualises the position
of the microplate according to the control on the value of interest (force or displacement). The updating of the value of
interest can be achieved at a maximal frequency of 10 Hz, which is fast enough for studies of mechanics of a whole cell
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The force and distance between microplates — the cell displacement — are defined as
follows. The cell displacement D(t) is defined as the difference between the microplate
position measured with respect to their respective initial position. If the rigid microplate is the
microplate, which is translated with the LVPZT, the displacement is:

D(t) = [prigid(t) — Prigia(t = 0)] — [Priexible(t) — Priexible(t = 0)] (eq. 1)

The force, F(t), applied to the cell adhering between the tips of two microplates, and also
reciprocally applied by the cell to the flexible microplate is given by:

F(t) = Krlexible - [Priexible(t) — Plexible(t = 0)] (eq. 2)
wherein kyexible 1 the spring constant of the flexible microplate.

The force F(t) and cell displacement D(t) are calculated simultaneously each control interval
Teontrol DY @ LabView program. The program achieves a negative control. Each Teontrol, the
measured value to be controlled X(t) is compared with the set value Xs. X(t) can be either the
force F(t) or the cell displacement D(t). To reach the set value, the cell has to be stretched or
pressed. To perform this, a microplate is moved by a step, called control step, Scontrol. The sign
of the control step is defined according to the equation (eq. 3),

Scontrol = - SN (X(t) — Xet) - abs (Scontrol) (eq. 3)

Typical control values used during the measurements are: Teontrol = 100 ms and Scontrol = 50 nm.
A typical control speed is 0.5 pm.s”. The control speed can be increased by increasing the
control step size or decreased by increasing the control interval.

50 nm is the smallest step that the LVPZT can induce. The LVPZT is able to induce precise
translations over a distance of 90 um. The LabView program records values with a typical
interval between 100 to 200 ms or slower.

An interesting way to measure cell mechanics is to design the computer control in such a way
that either the cell deformation or the force is kept constant.

2.1.2 Enforcement of Measurements under Physiological Conditions

The set-up is placed into a thermo-isolated chamber having a volume of ~ Im’.
Measurements take place in a plexiglass observation chamber placed on the microscope stage.
It is filled with 30 ml of medium. The height of the medium on the top of the objective is ~ 2
cm. The temperature of the medium in the liquid chamber is maintained at 37 £ 0.1 °C by
control of the temperature in the thermo-isolated chamber. All walls of the latter, except the
10 mm thick plexiglass front wall, are made of styrofoam. Heating wires are attached at 2 to 3
cm from the walls surrounding the microscope. Heating the thermo-isolated chamber causes
temperature gradients across the microscope, which results in micrometric drift of the position
of the microplates in the observation chamber. These temperature gradients were minimized
by using two separate heating wires. One is attached against the back and the side walls of the
thermo-isolated chamber and the second against the front wall. The power output of each
heating wire is regulated by a temperature controller (Grado 901, Hengstler, Aldingen,
Germany), which is connected to a temperature sensor (PT100, Conrad Electronic, Hirschau,
Germany). The accuracy of the temperature sensor is £ 0.1 °C. In the liquid chamber,
microplates are orientated along the axis front to back. One microplate holder is mounted on
the microscope stage before the objective and the second, after the objective. Two
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temperature sensors are bind to the both microplate holders symmetrically with respect to the
objective. The result is a minimal drift of the microplates: less than 1 pm during 10 hours as
demonstrated in Figure 13. At t = 0, the microplates are attached to the microplate holders,
positioned in the focal plane of the objective. The thermo-isolated chamber, the liquid
chamber and the medium were pre-warmed.
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Figure 13: Microplate drift after mounting as a function of time
The graph presents the position of the microplates as a function of time, after they have been mounted into the temperature
controlled chamber. The open circles represent the rigid microplate and the black filled circle the flexible one.

During the first hour, the flexible microplate drifts by ~ 0.7 um (black filled circles) and then
the position stay constant. The rigid microplate (open circles) drifts by ~ 0.7 um in the first 4
hours after mounting microplates. These values are obtained only if the arms of the microplate
holders are perpendicular to the greatest temperature, which is along the axis front to back.
In this orientation, cell deformation occurs along a plane of constant temperature. When the
orientation of the microplate holders is rotated by 90°, that is, with the LVPZT translation
parallel to the temperature gradient, the drift is one order of magnitude larger. The mechanical
drift proved to be erratic if only one heating wire is used to serve the entire chamber. All
experiments begin when the microplate position is stabilized. In the Figure 13, the behaviour
of the flexible microplate shows the typical thermalization behaviour of the both microplates.
The thermalization behaviour is characterized by fast and oriented position change of less
than 1 um during the first hour after microplate mounting and later by a stabilized position
with accuracy of 0.1 um. Stability occurs one hour after mounting. This has been observed,
but not systematically recorded.

In the thermo-isolated chamber, the CO; percentage is maintained at a value between 5 and
10% using an electromagnetic valve. Opening and closing of the valve are controlled by a
LabView program.

A flexible tube (inside diameter 0.13 mm) connects the liquid chamber to a flexible-tube
pump (Ismatec, Glattbrugg, Switzerland) placed outside of the thermo-isolated chamber. This
system allows exchanges of warmed medium. No mechanical oscillations of the microplate or
optical fibre positions are observed.
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2.2 Fabrication of Microplates

2.2.1 Microplates Tips Shaping

The fabrication of the rigid and the flexible microplate is achieved as follows. 0.2 x 1.0 x
100.0 mm® borosilicate ribbon pieces (VitroCom, Mountain Lakes, NJ, USA) are used to
shape microplates. A ribbon is pulled apart with a laser micropipette puller (P-2000, Sutter
Instrument, Novato, CA, USA). It results a set of two asymmetric microplates due the settings
of the puller parameters. Each microplate is terminated by a micro-tip, as demonstrated in the
optical micrographs of the Figure 14 (b) and (c). The micro-tips are identical for both
microplates. In a set, the microplate asymmetry origins only in one parameter, the length of
the tip (Figure 14 (a)). For a rigid microplate, the tip length equals ~ 1 mm. In contrast, the tip
length equals ~ 10 mm for a flexible microplate. The tip retains the original planar surface of
the ribbon (Figure 14 (b)) and a constant width and thickness respectively ~ 20-60 pm and ~ 5
um, depending on the parameters used for pulling. For each experiment, a new set of
microplates is used. The force dependent bending of the flexible microplate is linear over the
working range. The force constants of the flexible and rigid microplates, respectively Kgexiie
and kiigig, differ by a factor of at least ~ 100 (the calibration procedure is outlined in section
2.2.2.). Thus the possible bending of the rigid microplate is negligible in comparison to
bending of the flexible microplate. The flexible microplate follows the Hooke’s law and is
used as force sensor. The region of interests for cell adhesion (ROI) located upstream of the
micro-tip (Figure 14 (a)).

(a) - P >
"__‘;-\"--.-:.__'-, Rﬂlﬂ_‘::.:' 1.0 mm

‘contact point

ES

Figure 14: Microplate shaping.

(a) Schematic representation of a microplate; Micro-tip, tip and region of interest for cell adhesion (ROI) are indicated. (b)
and (c) are optical micrographs of the top and side view of microplate tip respectively; bar = 100 um. (d) Calibration of a
flexible microplate with a scanning force microscope cantilever of known stiffness. The cantilever contacts the microplate at
the cantilever ROI; bar = 100 um.

2.2.2 Calibration of Microplates

The flexible microplate is calibrated against a Si3N4 scanning force cantilever (SFC) (Figure
14 (d)) with a force constant ksrc of 0.06 Nm'+5% (Nanosensors. Neuchatel, Switzerland).
The microplate is fixed in the microplate holder and displaced by 1 um steps using the
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LVPZT. Dyexivle 18 the reached displacement. Each step induces a bending of the SFC. The
optical fibre is placed against the SFC and allows a measurement of the bending.
Displacements are monitored and recorded. For small displacements dgexinie and dsrc
microplate and SFC are linear and the microplate is characterized by a force constant keexible-
The balance of forces is written in the (eq. 4).

Kfiexible - dftexible = Ksrc - dsrc (eq. 4)

The stiffness of the flexible microplate is adjusted to kexible = 102 to 102 N.m™! by adjusting
the length of its tip. The value Kgexinie 1s adapted in function of the cell line and the force
working range.

2.2.3 Functionalization of the Glass Microplates

The glass microplates were first cleaned in a 1:1 stochiometric ratio of H,SO4 and
H,0; for 30 minutes and rinsed extensively with distilled water. First, microplates were
incubated in 94% acidic methanol (1 mM acetic acid in methanol), 5% H,O and 1 % (3-
aminopropyl)-triethoxysilane at room temperature for 30 min (Stenger, D.A. 1992). Then they
were rinsed three times in methanol and finally they were backed in an oven at 100°C for 10
min. The NH,-functionalized glass microplates (product of the previous step) were immersed
in a 2 % glutaraldehyde solution in distilled water for 30 min at room temperature and rinsed
in distilled water. Finally, the now CHO-functionalized glass microplates were incubated in a
10 pg.ml™ fibronectin (FN) solution in phosphate buffer saline (PBS) for 30 min, causing FN
to covalently link to them.
After such a protein coating, a cell recognizes the microplates as a potential surface for
adhesion and spreading. FN is a cell adhesive ligand from the ECM. It binds specifically to
integrins, transmembrane adhesion receptors.
All chemicals are from Sigma-Aldrich, St. Louis, MO, USA.
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2.3 Cell Lines and Cell Culture

Swiss 3T3 mouse fibroblasts, rat embryonic fibroblasts (REF), human pancreatic cancer
cells (Panc-1) are cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 2 mM L-glutamine and 10 % fetal bovine serum (FBS) at 37°C in an atmosphere
containing 10% CO,. Swiss 3T3 mouse fibroblasts transfected with GFP-actin transfected
under the same conditions with the same medium supplemented with 1 mg.ml™" of geneticin.
To obtain a cell suspension, cells were rinsed with PBS. Adherent cells are detached from the
culture petri dishes by 0.05 % trypsin (enzyme hydrolyzing the ECM proteins) and 0.53 mM
ethylendiaminotetra-acetic acid (EDTA) (Ca** scavengers) treatment for 1 to 2 minutes (or
shorter if cells get detached). Then the trypsin solution containing the rounded cells is diluted
in DMEM 1% (by volume) FBS. For the studies involving lysophosphatidic acid (LPA) or
sphingosylphosphorylcholine (SPC), an aqueous solution of 1% (by weight) Bovine Serum
Albumin (BSA) essentially fatty acid free is used instead of FBS. FBS contains LPA and
SPC. The new solution is centrifuged for 10 minutes at 1000 rpm and finally cells are re-
suspended in DMEM in absence of FBS.

These substances were purchased from Invitrogen, Carlsbad, CA, USA except the geneticin,
which was purchased from Calbiochem, San Diego, CA, USA and the BSA, essentially fatty
acid free, which was purchased from Sigma-Aldrich, St. Louis, MO, USA.

3T3 Swiss mouse fibroblasts and 3T3 swiss mouse fibroblasts transfected with GFP-

actin are a gift from Dr. B. Wehrle-Haller, University of Geneva, Switzerland. Panc-1 and
AGS cell lines are a gift of PD Dr. T. Seufferlein, University of Ulm, Germany.
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2.4 Micro-Manipulation of Cells

2.4.1 Positioning of a Cell between the Microplates

The liquid chamber is filled in advance with 30 ml of DMEM warmed up to 45°C and
supplemented with 2 mM L-glutamine. Immediately after FN-coating, both (rigid and
flexible) microplates are mounted in holders and their tips are positioned parallel to each other
in the liquid chamber in the focus plane of a 10 times magnification objective. A third CHO-
functionalized glass microplate is also positioned near the both microplates. In the filled
liquid chamber, the optical fibre is glued to the flexible microplate with PDMS. A film of
mineral oil (Sigma-Aldrich, St. Louis, MO, USA) is spread on the medium surface to prevent
undesirable drying of proteins present in DMEM at the interface liquid-air. Without the use of
oil, a thin and opaque film occurs. It disturbs the observation and the measurement.

Figure 15: Positioning of a cell in between microplates tips.

Gravitational force points perpendicular to the image plane. (a) The cell is held by the third microplate at the centre of
symmetry of the both bio-functionalized microplates, but without touching them; bar = 20 um. (b) the cell, slightly
compressed between the two parallel microplates, spreads on them; the third microplate has been removed upon building of
a sufficiently strong cell adhesion; such an adhesion occurs in few minutes; bar = 20 um. (c) the compression on the cell is
released; the optical fibre is placed against the force sensor, if it did not have been done before; bar = 20 um.

Approximately 100 puL of a highly diluted cell suspension is gently injected in proximity to
the tips of the microplates in the liquid-chamber. Cells sink to the bottom of the liquid
chamber, which is a thin (0.13 — 0.17 mm) cover slip (Menzel-Glaeser, Braunschweig,
Germany). The cover slip has been pre-coated with BSA by incubation with a 1% (by weight)
BSA aqueous solution for 15 min in order to prevent early adhesion of cells. The micro-tip of
the third microplate is placed in contact with a cell seating on the cover slip. In less than one
minute a weak adhesion is established allowing the positioning of the cell between both
parallel microplates by the micromanipulation of the third microplate. Because the contact
area is small and because the adhesion is chemical, this adhesion can be qualified of weak
adhesion in comparison with the adhesion on FN. The disposition of microplates is shown on
the Figure 15. At this step of the preparation, the distance from the cell to the FN-coated
microplates is ~ 0.5 um. The next step is to let the cell spread on the microplates. The rigid
microplate is pushed against the cell using the piezoelectric actuator. This displacement brings
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the cell also in contact with the flexible microplate. Under weak compression, the round cell
takes an oval shape. A symmetry and synchronized contact is established on the both
microplates. Due to the symmetry of the both microplate tips (accepted the length), the cell
senses two identical potential areas for adhesion and spreads in a symmetrical way. This area
is called ROI in the Figure 14 (a). The cell spreading starts immediately after the contact with
the FN-coated microplates. After ~ 5 minutes the cell adhesion to the rigid and flexible
microplates is strong enough to allow a gently withdraw of the third microplate and the
vanishing of the compression. This micromanipulation is the most difficult step of the
measurement preparation. Contacts between microplates, even transient, have to be avoided;
they lead to microplate displacements and consequently cell stretching. Such stretching
conditions the cell and influences the subsequent cell response. In order to keep the same cell
conditioning over all experiments, a special care has been given to this step of the preparation.
After 10 to 15 additional minutes given to the system to stabilize and depending on the
purposes of the measurement, proteins and bio-chemicals can be added in the liquid chamber
using the flexible-tube pump.

The pumping of 1 to 1.5 ml in and out of the liquid chamber (total volume of 30 ml) is
possible without disturbing mechanically the system (the cell, the microplates and the optical
fibre). Thus dissolved bio-chemicals, drugs... can be injected slowly. For example, FBS or
the addition of LPA and/or SPC dissolved in DMEM.

2.4.2 What Kind of Measurements can be achieved?

Depending on the purpose of the measurement, the system could be mechanically
excited in various manners. The feedback control allows for setting of force or displacement
of the system as constant. A displacement or a force can be maintained to a constant value and
the relaxation or response of the system observed e.g., under constant displacement, the
differential equation from the Kelvin model can be analytically solved, as it will be discuss in
section 3.1. A periodic mechanical excitation can be applied in order to probe the system
mechanical property changes versus time (see section 3.6). More generally, the frequency
response of the system can be explored.

If the optical fibre is glued to the force sensor before the cell adheres to the
microplates, the PSD signal can be recorded during the spreading. The force generated by cell
spreading can be measured as a function of time (see section 3.5).
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2.5 Photolithography and Micro-Channels

In order to obtain micrometric patches of adsorbed cell-adhesion proteins, micro-
channels have been fabricated in polydimethylsiloxane (PDMS) layers. The technique based
on the work of Cuvelier, D. et al (Cuvelier, D. 2003).

2.5.1 Fabrication of Masks

The following preparation has been conducted in a clean-room. The water used was
distilled water.
49 x 49 x 1 mm’ glass plates (Neolab-Migge, Heidelberg, Germany) were vertically placed
for 30 min in an ultrasonic bath in a 10% Extran (Merck, Darmstadt, Germany) aqueous
solution. Dusts present in the solution are let to sediment overnight. Then, glass plates are
intensively washed with water, and subsequently with isopropanol. A layer of thickness > 100
um of chrome is sputtered on a glass plate using a sputtering machine (MED020, BAL-TEC
AG, Balzers, Principality of Liechtenstein). Finally one sample is spin-coated on the chrome
with 500 pl of AZ1505 photo-resist (MicroChemicals, Ulm, Germany) using the following
parameters: 550 rpm for 7s and 3500 rpm for 25s. The sample is now ready to be exposed in
the mask writer (DWL 66, Heidelberg Instruments, Heidelberg, Germany). The following
pattern is drawn: 10 parallel lines 5 um in width and 5 cm in length separated by 250 um.
From the middle of each line, 10 disks are drawn in one direction and 10 in the other each 250
um. 5 series of 10 lines are drawn in parallel with respectively non disk, disks of 20, 40, 60
and 80 um in diameter. After developing, the sample is dept in a chrome-etching-solution
(Merck, Darmstadt, Germany) for ~ 1 min. The sample is washed with acetone in order to
remove the non-exposed photo-resist. The mask is now ready for use. The mask presents
parallel slits in the chrome layer. They are the previously drawn structures.

2.5.2 Fabrication of Moulds

The following preparation has been also conducted in a clean-room. The water used
was distilled water.
With the mask prepared, the mould is fabricated. A 49 x 49 x 1 mm’ glass plate is cleaning as
in section 2.5.1. Then, it is spin-coated with 1000 pl of the negative photo-resist SUS8-2
(Microchem Corp, Newton MA, USA). A 5-7 um SUS8-layer is obtained on the glass plate
with the parameters: 500 rpm for 5s and 1000 rpm for 30s. The sample is pre-backed at 65°C
for 3 min and at 95°C for 3 min; illuminated with UV through the prepared mask using a
mask-aligner (MJB3, Karl Suss Miinchen, Germany). After, the sample is backed at 65°C for
3 min and at 95°C for 1 min. The sample is developed with the solution mr-DeV600
(Microchem Corp, Newton MA, USA) and washed intensively 3 times in water. Finally, the
sample is hard-backed at 150°C for 30 min. The structures drawn in the section 2.5.1 are
obtained now as 5-7 um high parallel barriers and posts. This is a mould.

2.5.3 Fabrication of Micro-channels

The mould is used to fabricate the micro-channels. In the 10 cm petri-dishes, two
pieces of microscope slides are placed as spacers. ~ 3-4 ml of liquid PDMS are poured
between the spacer. The mould prepared in section 2.5.2 is pressed gently against the spacers.
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A ~ 1 mm layer of PDMS is formed between the petri-dish and the mould. The petri-dish is
placed at 65°C during several hours. The PDMS hardens and can be peeled off. The 5-7 pm
deep micro-channels are obtained. Obviously they have the structure, which has been draw in
section 2.5.3.

Figure 16: Micro-channels in PDMS.
This micrograph presents 3 micro-channels separated by 250 um. The disks have a diameter of 60 um and are separated of
250 um.

2.5.4 Protein Adsorption with Micro-Channels

The structured PDMS Ilayer is exposed to hydrogen plasma (100-E, TePla,
Feldkirchen, Germany) for ~ 4 min. It results that the surface looses its hydrophobicity and
can be wetted. It is then incubated with a 1% (weight/weight) BSA solution for 30 min and
washed with distilled water. CHO-functionalised cover-slip or microplates are prepared as in
section 2.2.3. The PDMS layer is brought in contact with the surface and sticks to it. The BSA
proteins adsorb to the surface beside the channels. The micro-channels are closed except at
the both extremities. By capillarity a protein-solution flows into the micro-channel and
proteins locally adsorb on the surface. Later results will be presented.
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3 Cell Mechanics, Adhesion and Kelvin Model

Résumé du chapitre 3
Mécanique cellulaire, adhésion et modele de Kelvin

Si la plupart des matériaux présente un comportement tension-contrainte linéaire, peu
de tissus biologiques vérifient cette relation. Le comportement mécanique d’une cellule isolée
peut étre décrit dans une certaine mesure par des models mécaniques simples qui combinent
élasticité (ressort) et viscosité (amortisseur), appelé modele de Kelvin. Deux problemes se
posent cependant : d’abord dans quelle mesure [’activité des moteurs moléculaires peut-elle
étre prise en compte dans de tel modeéles, ensuite [’adhésion cellulaire doit étre prise en
compte, car l’étalement cellulaire ne peut étre ignoré.

Le modéle de Kelvin

Le modele de kelvin est composé d’un ressort uy monté en paralléle avec le montage
en serie d’un ressort u; et d’'un amortisseur n;. Un tel systeme est régi par une équation
différentielle qui fait intervenir des combinaisons linéaires de la force et du déplacement ainsi
que de leurs dérivées premieres par rapport au temps. En écrivant le déplacement comme une
fonction de Heaviside, on obtient une force qui diminue exponentiellement selon une fonction
appelée fonction de relaxation. Si on écrit la force comme une fonction de Heaviside, on
obtient que la déformation augmente progressivement, c’est le fluage.

Adhésion et mécanique cellulaire

Une cellule REF (fibroblaste) a été placée entre deux microplaques. La cellule est
d’abord placée en contact avec une microplaque présentant des groupes aldéhydes a sa
surface. La cellule adhere, et prend une forme hémisphérique qu’elle conserve méme apres 30
min. L’étalement de la cellule est stabilisé ou du moins ralenti. La cellule est ensuite pressée
contre une plaque recouverte de fibronectine. Entre les deux plaques la cellule prend une
forme ovale due a la compression. Apreés un contact de 150 s, la premiere microplaque est
¢loignée progressivement de la seconde qui est fixée. La cellule prend une forme cylindrique.
Elle conserve cette forme cylindrique jusqu’a une déformation de 20 um. Comme la
déformation augmente, la force augmente aussi: le comportement de la cellule est quasi-
élastique. Pour une déformation supérieure a 20 um, la force geénérée par la cellule
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n’augmente plus. La cellule se déforme de facon dissymétrique. La surface de la section
(parallele au plan d’adhésion) de la cellule décroit plus rapidement du coté de la
microplaque non recouverte de fibronectine que du coté de celle qui a été recouverte de
fibronectine. Ceci démontre la faiblesse du cytosquelette construit sur la microplaque non
recouverte de fibronectine en comparaison avec le cytosquelette construit, dans la méme
cellule, sur la microplaque recouverte de fibronectine. Cette expérience démontre
I’importance de [’adhésion et de son influence sur la mécanique cellulaire.

Comportement mécanique des fibroblastes embryogéniques de souris

La mesure a été réalisée sur un fibroblaste adhérent entre deux microplaques
présentant des groupes aldéhydes a leurs surfaces. La déformation est linéairement
augmentée jusqu’a 15 um, puis maintenue a cette valeur. La force mesurée a [’allure d’une
fonction de relaxation qui peut étre analysée avec le modele de Kelvin. La déformation est
ensuite ramenée a sa valeur initiale, puis portée de nouveau a 15 um et ensuite deux fois a 30
um. Lorsque la déformation est doublée, il est intéressant de noter que la cellule se
contracte : la force augmente alors que la déformation est constante. La premiere partie de la
courbe ressemble a une relaxation et sera donc analysée avec le modele de Kelvin, par contre
la deuxieme partie (augmentation de la force) ne sera pas analysée. Le modele donne trois
parametres. Le ressort en parallele avec I’amortisseur devient plus raid au fur et a mesure
qu’'une déformation est répétée. La constant de raideur du ressort en série, par contre, reste
constant durant la répétition de la méme déformation. Elle diminue de moitié lorsque la
déformation est doublée. Ceci a pour effet de diminuer le pic de force. Le coefficient de
viscosité diminue pendant la mesure.

La cellule devient donc plus rigide si une déformation est répétée. A plus grande déformation,
la cellule semble s’adapter pour minimiser |’augmentation de la tension. Dans un deuxieme
temps une réponse active de la cellule, succéede a la réponse passive.

Consommation d’énergie d’une cellule soumise a une force constante

Lorsque la force, appliquée a une cellule, est maintenue constante, cette derniere
contracte régulierement et stabilise la déformation en fonction de la force appliquée. La
puissance générée durant cette contraction est de l’ordre de 100 10™° W.

Activation de la contraction cellulaire

Un fibroblaste adhere entre deux microplaques recouvertes de fibronectine dans un
milieu cellulaire ne contenant pas de sérum. Lorsqu 'une microplaque est déplacée de 5 um,
la cellule est aussi déformée de Sum et ne génere pas de force pour s’opposer a cette
déformation. Par contre, l’ajout de sérum induit une contraction immédiate de la cellule et la
geénération d’une force de contraction. L étalement cellulaire est aussi activé en présence de
sérum.

Influence de la fréquence du contréle sur les mesures

Une fréquence de contrile couramment utilisée pendant les mesures afin de corriger
la position de la microplaque est de + 50 nm toutes les 100 ms, soit une vitesse de contréle de
0,5 um.s'. D’autres vitesses de 0,25 a 2 um.s” ont été appliquées d une méme cellule. Les
taux d’augmentation de la force et de la déformation ont été calculés lorsqu’ils varient tous
les deux linéairement, puis divisés de fagon a obtenir une constant de raideur caractéristique
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de la cellule en étirement. Cette valeur ne semble pas étre affectée notablement par la
fréquence du controle.

If most of materials obey Hooke’s law in a defined range of stress and strain, only few
biological tissues do. The measurements presented in this work and other measurements
support that cells can obviously be considered neither as Hookean elastic bodies, nor
nonviscous fluids. Cells are a closed volume containing cytofilaments (polymers of proteins)
and organelles. The cytosol, fluid reach in proteins, pads the remaining free volume. In a first
approach, neglecting the cell contractile activity, generated by the assembly of cytofilaments
and motor-proteins, the minimal description of a cell mechanics has to include at least the
property of viscoelasticity. Cell viscoelasticity appears clearly in stress relaxation, if a strain is
suddenly applied and maintained; identically, in the creep response (displacement), if a stress
is applied and maintained. Hysteresis occurring during a loading/unloading cycle is also an
evidence of viscoelasticity. Such a mechanical behaviour has been pointed out at the sub-
cellular scale. For example, magnetic beads coated with FN or collagen bind on the surface of
endothelial cells spread on a cover-slip. Trans-membrane proteins, called integrins, connect
the beads to the cytoskeleton through the cell membrane. The sample is placed in a magnetic-
field gradient. Thus, a force can be applied on the beads and consequently a local force on the
cytoskeleton. The bead displacement allowed by the cell is typically a creep response
(Bausch, A.R. 1998). Simple mechanical models combine dashpots with a coefficient of
viscosity # and springs with a spring constant x allows a good description of the force and
displacement changes as a function of the time (Fung, Y.C. 1993).

After a brief description of these models, various uniaxial mechanical assays on living single
cells are presented and commented. The cell adhesion cannot be neglected. Some simple
experiments show its importance.
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3.1 The Kelvin Model

A suitable mechanical model in the case of a uniaxial deformation of viscoelastic
samples is the Kelvin model. A Kelvin body is composed of a spring built in parallel with a
Maxwell body. This last kind of mechanical body comprises a dashpot and a spring in series.
A Kelvin body is depicted in the Figure 17.
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Figure 17: Schematic representation of the Kelvin body.
The Kelvin body is composed of two springs and a dashpot mounted as shown by the representation.

Four equations allow the mathematical description of its mechanics. First we define the values
F is the force applied on the Kelvin body and u, its displacement. Fj is the force applied on
the spring built in parallel and F the one applied on the Maxwell body. F' is the sum of these
forces. The displacement u is also the displacement of the Maxwell body, so that it can be
written as the sum of the displacement u; of the dashpot and u,’ of the spring.

F=F,+F (eq. 5)

u=u +u’ (eq. 6)
The forces F, and F| can be written as follow:
F, = pyu (eq.-7)

F = pu,'=nu, (eq. 8)

Inserting equations (eq. 5), (eq. 7) in (eq. 8), u,'and u, can be written as function of F and u :

u'lzﬂzm (eq. 9)
H H

I’.ll :ﬁzw (eq 10)
m i

The equation (eq. 6) and (eq. 9) can be derived with respect to the time. One obtains:
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F — p,ii (eq. 11)
Hy

S S
u=u, +u'\=u +

Finally, (eq. 10) can be inserted in (eq. 11):

. F—-uu F—uu
U = Lol o (eq. 12)
7, Hy

(eq. 12) contains only the Kelvin-Body displacement, the force applied on this body, their first
derivatives with respect to the time and the Kelvin-Body parameters. The equation can be
reorganised in order to separate displacement and force.

F+z'gF=,uO(u+rau) (eq. 13)

where 7, = ﬂ, T, = UIM (eq. 14)
H, HoH,

The physical significance of these two parameters will appear clearly, as the solutions will be
fund. Solutions of the equation (eq. 13) can be fund for two particular cases, which can be
easily experimentally achieved. The two cases correspond to mechanical assay during them
force or displacement are maintained constant. Mathematically, force or displacement can be
written with the help of the Heaviside step function H(?): F(t) = H(¢) and u(¢f) = H(f). The
output functions, solutions of the equation (eq. 13) for input step-functions, are respectively
named: creep function c(¢) and relaxation function k(¢). After Laplace transformation of the

equation (eq. 13), the Laplace transform function of u(#) or F(¢) can be calculated. The reverse
Laplace transform operation leads to the relaxation function and the creep function written
below.

u(t) = H(r) k(1) = B _ | 1- 1—T—G] e | H(t) (eq. 15)
u(0) i T, |

F(t)=H(®) do=ﬂgl=l;&—1—5ie”%_HU) (eq. 16)
F(O) IUO L TO' _ '

Using the equations (eq. 14), the ratio 7, /7, appears to be superior to one or equals one, as
4, vanishes (Maxwell body):

Yo 14ty (eq. 17)
Tg /uO

This implicates two remarks. First, the value at t = 0 and at ¢ — o of the both functions
depend only on g, and g . Second, the constant of time of the exponential function is
proportional to 7,. u(0) is the displacement value applied under constant displacement. F(0)

is the force value applied under constant force. The initiation conditions connect the both
value:

7, F(0)=py, z, u(0) or F(0) = U, + 1 (eq. 18)
u(0)
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time range

relaxation function

t>0

k(?)

F(0)_1 o()-0(0) _

~t/t,

Hyt e

O<t<<r <7,

u0) E  £(0)

k(@) = gty + 1 —E 1

1

t—> o0

k(1) = p,

Table 2: Relaxation function and its approximations.

time range creep function
50 =D _p £ =i[1— H Je_mg
F(0) o(0) Hy + 14
O<t<<r, <7, c(t) = ! +( ! jlt
Mo+ \ 1=/ 1y ) 1y

1

t — oo c(t)y~—

Hy

Table 3: Creep function and its approximations.

7,18 the time constant of displacement relaxation under constant force. 7 is the time constant
of force relaxation under constant displacement. As ¢t — oo, creep function and relaxation
function converge respectively to 1 / g and w4 (see Table 2 and Table 3 ). 1 appears as the

relaxed spring constant.

The pair of functions stress-strain (o(t), €(t)) is also solution of the equation (eq. 13).
If S is the constant section of the deformed object, the strain and stress are defined by the

following equations:

u(t) —u(0)

=0

o(t)=

F)
S

(eq. 7) combined with (eq. 19), one obtains the equation coupling stress and strain:

8(f)= F(t)_F(O) —

S (o()-0(0))

1 u(0)

_ 5 1_00
u(0) &)

where £ is the elastic modulus.

It follows that:

u(0)

7

o(t)+1,6(t)=E [e(t) + 7, ()]

(eq. 19)

(eq. 20)

(eq. 21)

(eq. 22)
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3.2 Cell Adhesion and Cell Mechanics

A very simple experiment has been performed in order to observe the influence of the
cell adhesion on its mechanical properties of a single cell. A rat embryonic fibroblast (REF52)
has been used for this measurement. The cell adheres between two surfaces, which have been
functionalised differently. The Young’s modulus of the cell has been evaluated at the
proximity of both kinds of surface. This measurement of the elasticity in two parts of the same
cell allows for ruling out the unavoidable variations of measured values in different cells.

3.2.1 Results

Cells are injected in the liquid-chamber. They sink on the bottom, coated with bovine
serum albumin (BSA). Because of such a coating, the cell does not adhere immediately. A
flexible microplate is brought in contact with the cell, pressing it gently against the liquid-
chamber bottom. After 1-2 min, the microplate is rotated of 90 degrees and placed close to a
vertical surface (Figure 19, (a) and (b) on the left). Because the microplate is CHO-
functionalised, membrane-proteins bind covalently to the microplate. The cell spreading is not
at all or weakly controlled by the cell: the cell takes a typical half-sphere-like shape. The
etched optical fibre has been glued on the microplate. All these micromanipulations require 5-
10 min. The vertical wall is a glass plate coated with fibronectin (FN), by 30 min incubation
in a solution at 10 pg.ml™"
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Figure 18: Stretching of a REF52 cell adhering on surfaces differently functionalised.

The positional changes of the flexible-microplate position are plotted as a function of time (solid line). The cell displacement
(black curve) and the flexible-microplate deflexion — proportional to the force generated by the cell — (green curve) are also
plotted as a function of time. The letters indicated the time, at which micrographs have been taken. These letters correspond
with the letters in Figure 19.
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With the help of the piezoelectric transducer, the flexible microplate is translated step by step
in the direction of the wall (Figure 19, (b)-(d)). As the cell touches the wall, it deforms
slightly (Figure 19, (e)). To obtain a good adhesion, the cell is pressed further against the wall
(Figure 19, (f)). Cell displacement (black) and the microplate deflexion (green) have been
measured during all these steps. It can be read in the Figure 18. In this plot, the zero-force and
the zero-displacement are set to be the measured values at t = 5.3 min. Until the time t = 2
min, the microplate position (thin black line) and the distance microplate-wall (thick black
line) (which is the cell displacement after contact of the cell with the wall) are superposed
(Figure 18). At the time 2.1 min, the cell touches the wall. The following compression of the
cell appears clearly: the microplate position and cell displacement values do not decrease at
the same rate (between t = 2.1 and 2.6 min). The compression is maintained for 2 min.

13.8 min

15.0 min

Figure 19: Micrographs taken during the stretching of a REF52 cell adhering on two different surfaces.

Focus on (a) the bottom of the liquid-chamber and (b) the cell. On the left, the glass plate coated with FN (called wall in the
text). On the right, the CHO-functionalised microplate. (c)-(f), the cell is pressed against the FN-coated surface. (g)-(m)
progressive stretching of the cell. (n)-(p) steps back of the microplate. The cell is bent. (q)-(t) sudden stretching steps.

After this period, the microplate is translated by 1 pm step far away from the wall. The cell is
stretched. Its shape is cylinder-like. The corresponding diameter decreases slightly with time,
but it is constant along the stretching axis from the wall to the microplate (Figure 19, (g)-(j)).
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At the time t = 8.6 min, the diameter is not constant anymore (Figure 19, (k)). It decreases at
proximity of the microplate surface. It still decreases as the microplate is translated further
(Figure 19, (1)-(m)). Despite of the changes in shape, the cell displays a mechanical resistance.
The microplate deflexion, which is proportional to the generated force, saturates at ~ 15 pm.
The constant force of the microplate is unfortunately missing. Considering other calibration
measurements, it can be evaluated at 0.01 N.m™. At the time t = 11.7 min, the microplate is
suddenly stepped back of 30 um. Surprisingly, the cell is bent! The bending occurs in the
region of smaller diameter (Figure 19, (n)). Slowly the cell recovers a cylinder-like shape, but
the region of smaller diameter remained, even if the microplate is translated of 10 pm more in
the direction of the wall (Figure 19, (0), (p)). It is interesting to notice that the adhesion area
of the cell did not change during the measurement. As the displacement is increased, the
lamellipodium-like process of the cell on the surface is depleted in cytosol. It is refilled as the
displacement is reduced. This is obvious in Figure 19, (p) on the microplate. To test the
adhesion, two jumps of respectively 60 um (t = 13.5 min) and 50 pm (t = 14.7 min) are
applied to the cell. The adhesion was not destroyed, even if the cell was elongated of 60 pm.
In the part of the cell of smaller diameter, this last one becomes even smaller. The cell
elongation occurs mainly in this part of the cell. At the times t = 11.7, 12.5, 13.0 min, three
sudden translation of the microplate, in the direction of the wall, have been made. If the
second and the third steps back show an exponential decrease of the cell displacement with
respectively the time constants T = 0.12 and 0.08 min, the first one inducing the cell bending
is not exponential.

3.2.2 Discussion

The apparent elastic modulus can be evaluated using the micrographs (f)-(j) (Figure
19). The diameter is constant from one side to the other side of the cell. The Table 4
summarises the calculations of the cell’s elastic modulus. It increases slightly as the
displacement increases demonstrating a slight hardening of the cell. It seems that the cell
hardens, but without the error, it could be speculative to affirm it. In the considered range of
displacements, the cell displays an elastic modulus of ~ 340 Pa in average.. This value is a bit
low in comparison with the evaluation at 0.6-1 10° Pa of the elastic modulus of 3T3
fibroblasts (Thoumine, O. 1997). Because the spring constant of the microplate could not be
measured, it is not possible to explain this difference by the variation of mechanical properties
between cell types or by an under estimation of the spring constant of the microplate.
Typically, variations of the spring-constant value, in a set of microplates pulled with the same
parameters (or slightly adjusted if it is required), is in the range of a factor 2-4.

micrograph ! d Al/1 § F ’ E
[um]  [um] [um’] [NN] [Pa] [Pa]
f 11.9 29.8 0.0 698 0 0 -
g 14.2 26.2 0.2 539 27 50 250
h 21.0 20.0 0.8 314 91 289 361
i 23.6 19.7 1.0 305 100 328 328
j 274 17.3 1.3 235 123 523 402

Table 4: Evaluation of the Young’s modulus of a REF52 cell.

Different geometric parameters have been measured on the micrographs (f), (), (h), (i) and (j) in Figure 19. 1, d, Al /1,
S, F, 0, E are respectively cell displacement, diameter, strain, cross-section surface, force, stress and elastic modulus.
The error on the cell displacement value is + 0.5 um; diameter, + 0.5 um; strain, = 1 um; surface, + 50 um®: for force,
stress and elastic modulus, the errors are unknown, because the spring constant of the microplate could not be
measured.
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In Figure 19, in the micrograph (k)-(m), the cell nucleus can be localised by a slightly bigger
diameter close to the middle distance between microplate and wall. Two different regions can
be distinguished in this cell: the left part (part 1) between the wall and the nucleus and the
right part (part 2) between the cell nucleus and the microplate. In part 1 the cytoskeleton is
based on an adhesion to FN, whereas in part 2 it is based on a chemical adhesion. The plan
parallel to the wall crossing the centre of the nucleus is chosen has boundary between part 1
and 2. The cell can be modelled as two pieces of different materials (1 and 2) juxtaposed
between two walls.

£,
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—
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Figure 20: Schematic representation of the mechanical model of the deformed REF52 cell.

Using this rough model, the micrographs (j)-(m) (Figure 19) can be used to compare the
elastic modulus of the part 1 and 2. At a time t, the force is constant:

F=08=¢ES, :Al—liEi S, =cte (eq. 23)

1

wherein: /=1 or 2 for respectively the part 1 and 2

&, i, Ali, i , E; are respectively the strain, the stress, the elongation, the length
and the Young’s modulus of the material i.

Finally, the ratio of the elastic modulus of the both material equals:

E,_ L ALS (eq. 24)
E AL I S,
I L Al | Al d d S S,
micrograph ' 2 ! 2 ' ? 12 22 AL/L | AL/L | Exl E;
um] | [pm] | [um] | [um] | [um] | [pm] | [pm7] | [um7]
i 141 132 - - 173 173 235 235 0.00 0.00 -
Kk 176 189 35 57 150 128 176 128 025 0.45 0.75
| 217 270 7.6 138 131 86 135 58 0.55 1.05 1.22
m 258 331 114 199 118 64 109 32 0.80 1.50 1.82

Table 5: Ratio of elastic moduli of the both cell parts.

Different geometric parameters have been measured on the micrographs (j),(k),(l) and (m) in Figure 19 for the two part
of the cell. The two parts are defined by the position of the nucleus. L, Al, d, S, Al; / I, E; are respectively the
displacement, elongation, diameter, cross-section surface, strain and elastic modulus of the part I of the cell. The error
on the cell displacement value is + 0.5 um; elongation, diameter, + 0.5 um, surface, = 50 ,umz; strain, + I um.
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The part 2 displays a strain almost 2 times greater than the part 1, for each micrograph. The
ratio £, / E| increases with the global elongation of the cell. A hardening of the part 2 is
observed in comparison to the part 1. It could be explain by a lack of cytoskeletal organisation
in the part 2 in comparison with the part 1, because of the absence of FN.

As the microplate is suddenly translated toward the wall, the cell undergoes buckling (Figure
19, micrograph (n)). The critical force of buckling F, (Euler force) has been reached. It is
obvious: the cell is bent. The expression of this critical force for a beam is the following
(Howard, J. 2001, p. 104):

F —ﬂzﬂ—”3

4
g (eq. 25)
¢ X 4 I

with = %7’4 (eq. 26)

wherein: 1 is the second moment of inertia
E is the elastic modulus
L is the length of the beam
r is the radius of the beam

Using the values of the Table 5, measured for in the micrograph (m) before that the buckling
occurs, the Euler force can be evaluated for the part 1 and 2. The ratio of the both forces is:

4 2
FEQ_[n|[L) E o,
F.(1) r L, ) E .

It follows that even if the part 2 is intrinsically harder than the part 1, it is ~ 10 easier to bend
the part 2 of the cell instead of the part 1. It occurs as demonstrated in the micrograph (n),
Figure 19.

To summarise, as the cell is homogeneously deformed, its elastic modulus increases slightly.
As a certain deformation is reached, an asymmetry occurs in cell shape. From this time-point,
the cell mechanics can be reasonably described by a model composed of two juxtaposed
pieces of different materials strongly tighten together. It seems that the adhesion on FN
induces a different cytoskeletal organisation as the chemical adhesion. The cellular material
appears softer at proximity of the FN, but, at the same time, the cell lateral deformation is
smaller in this region of the cell as in the other side. It results, that the cell body is much more
preserved against deformation close to the FN adhesion surface than to the chemical-adhesion
surface. It is well known that a cell builds its cytoskeletal scaffold on the base of its adhesion
to its environment. For example, depending on the FN-sub-units adsorbed on a surface, the
cell motility can be switched on or off (Moyano, J.V. 2003). Cells are able to sense the
rigidity of the substrate through the integrin bind and clustering (Lo, C.-M. 2000). It can be
hypothesised, that the chemical adhesion does not allows or reduces the lateral movement in
the plasma membrane of trans-membrane proteins, such as integrins. For this reason, the
cytoskeleton could fail to sense the stress and/or to structure in order to sustain stress. The
signalling originating from the adhesion on FN is probably missing or partly missing. The
cytoskeletal dynamic is consequently down regulated.
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3.3 Mechanics of Mouse Embryonic Fibroblasts

Fibroblasts are among those cells, which are mechanically the most active after muscle
cells. This is due to their functions in CTs (protein secretion, fibre formation and tissues
repair). Fibroblast’s mechanical activity is supported by the actin cytoskeleton (Revenu, C.
2004). Used commonly as model-cells in biology, a lot of knowledge has been collected about
fibroblasts. By applying uniaxial stretching to a single cell, it is hoped to understand more the
regulation of cell contractility, which as been observed in cell spreading or crawling on flat
surfaces (Cramer, L.P. 1997; Ddbereiner, H.-G. 2004; Dubin-Thaler, B.J. 2004; Lo, C.-M.
2000; Verkhovsky, A.B. 1999). A Swiss 3T3 mouse embryonic fibroblast (Swiss 3T3) has
been placed between the two microplates and let to adhere on them as described in section
2.4.1. A displacement Heaviside function-like is applied to the cell.

3.3.1 Results

Cell displacement is control during this measurement. The control acts at a rate of 0.5
um.s™. The cell regulates the displacement rate. Over this measurement, the displacement rate
is almost constant at 0.23-0.29 um.s" (Table 6). The displacement is increased or decreased
between the three plateau-values 0, 15 and 30 pum (Figure 21, black curve). Five
displacements steps have been applied to the cell. First the displacement is increased linearly
to 15 um, maintained for ~ 8 min and finally brought down to the initial displacement for 6
min. The initial displacement is set as zero-displacement in Figure 21. It equals 7 um.
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Figure 21: Mechanical assay with a Swiss 313 cell.

The measurement is a control displacement measurement. The set displacement is plotted in black. The force generated by
the cell in response to the assessed displacement is plotted in green as a function of time.
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Second, the displacement is again increased to 15 um, maintained for ~ 12 min and reset to
the zero-displacement for 10 min. The third displacement cycle is composed of an increase of
15 pm, maintained for ~ 12 min, followed by an increased to 30 um, maintained for ~ 10 min
and finally brought down to zero-displacement. The last cycle is limited to an increase to 30
um, maintained for ~ 10 min. The cell generates a force in response to the imposed
displacement. This force is plotted as function of the time in Figure 21, green curve. As the
displacement is linearly increased or decreased, the cell response appears obviously elastic
(Figure 21). An effective loading/unloading spring constant can be calculated (Table 6). The
cell appears more deformable, more elastic, during unloading than during the loading. At
higher displacement, this effective spring constant is reduced. If the displacement is constant,
the force decreases in the course of the time. According to the Kelvin model, the force
relaxation should be observed at constant displacement. In fact, the relaxation function can be
efficiently used to fit the force decreases. uo, u; and #;, the three parameters of the Kelvin
model (Table 2), are obtained. Their values are listed in the Table 6. Interestingly, as the 30
um displacement is maintained (cycle 4 and 5), the force decreases (relaxation) first and then
increases higher than the plateau value of the relaxation. The cell is probably trying to
contract, working against the displacement control. This behaviour has not been observed at
15 um displacement.

Loading / unloading parameters Kelvin model parameters
cycle p\ll?itliaeu rate c?)?]?tr;?]t Mo M e n -/
[um] [um.s™] [10° Nm'] | [Nm'] [N.m'] [min] [10°N.sm'] [Nm's']
1 15 0.22/-0.25 3.7/2.6 1670 790 2.68 127 -4.9
2 15 0.23/-0.28 3.7/1.8 1720 1040 2.46 154 -7.0
3 15 0.22/ - 3.8/ - 2320 980 0.84 50 -19.2
4 30 0.22/-0.29 24/1.9 1860 410 1.06 26 -6.5
5 30 0.26/ - 2.5/ - 2320 550 0.64 21 -14.4

Table 6: Viscoelastic parameters of a Swiss 3T3cell.

The initial displacement equals 7.0 + 0.5 um. The error on the plateau value is + 0.5 um; rate, = 0.01 um.s ',
loading/unloading spring constant, = 0.1 10 N.m "' spring constants, + 10 N.m '; spring constants, £ 25 N.m ™', time
constant, £ 0.05 min; coefficient of viscosity, £ 5 10° N.s.m™

3.3.2 Discussion

The loading/unloading effective spring-constant cannot be compared to the parameters 14 and
M1, because these three parameters are effective parameters and have definitively different
definitions. The loading/unloading spring constant reflects the cell elastic response in a
dynamic regime: the cell is stretched at a constant rate and it has to respond to an increase of
stress and strain simultaneously. If, at same displacement variation, the loading/unloading
spring constant decreases, the force variation has to decrease too: it means that the cell does
not resist to the deformation. As the displacement plateau-value is doubled (30 pm instead of
15 pum), if the cell reacts identically, the loading/unloading spring constant should keep the
same value. Indeed it decreases. The peak-force is 35% smaller than expected: the cell resists
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less at 30 um displacement than at 15 pm displacement. Two interpretations are possible. It
could be that cross-link-bridges of the cytoskeleton statistically rupture, because the constant
rate is maintained longer. It could be also that the cell actively allows deformation to limit the
stress increase. In contrast to the loading/unloading spring constant, the parameters £ and g4
are calculated at constant strain: the cell is free to adapt to stress, which can be achieved by
controlling the contraction activity of motor-proteins such as myosin or by formation of
protein-filaments. A hypothesis to interpret results is to consider, that the cell experimenting a
constant strain tries to stabilise the stress value efficiently. According to the equations in the
Table 2, the peak-force value is (uo+ u1) u(0). U(0) is imposed. The parameter u; decreases of
a factor ~ 2 at the cycle 4 and 5 in comparison with the first cycles 1, 2 and 3. It limits the
increase of uo+ ui, thus the high of the peak force. u¢ increases slightly with the repetition of
identical cycles, but does not change significantly as the displacement is doubled. It indicates
a small stiffening of the cell under repetition of mechanical cycles. Interestingly, for the cycle
4, the first stretching from 15 um to 30 um, the parameter u,; takes a value almost equal to the
values for the cycle 2, the second stretching from 0 um to 15 um, the same amplitude (15 pm)
as the cycle 4 (Table 6). During the cycles 3 and 5, the parameter u; increases similarly of
20%. At short times, the relaxation function is a linear function of the time with the slope - ,ulz
/ m (Table 2). The absolute value of this slope increases (Table 6), when a mechanical
stimulation is repeated. It shows maybe, the history-dependence of the cell’s mechanical
behaviour. The cell hardens, as it experiences a new strain value for a second time. The
apparent viscosity #; drops significantly during the measurement. It is efficient way to obtain
a fast relaxation of the force. At higher strain, the cell generates a force after the relaxation
plateau has been reached. There is probably a balance between the strain and the stress that a
cell can undergo. As the strain is doubled, the cell minimises the peak-force and then the
cytoskeleton reorganises. The force does not stabilise at the plateau value defined by the
relaxation function: it force increases again. The cell contracts in order to adapt the force. This
would lead to interpret the peak-force and the following relaxation as a passive behaviour,
comparable to the behaviour of a gel, and the contraction as a cell-activated active behaviour.

At this point, an interesting question to ask is: do the Kelvin parameters represent active or
passive cytoskeletal mechanisms? All cross-linkers and motor-proteins sense a force applied
quickly. It is known that molecular bounds between proteins break more efficiently, if the
force is small and applied at low loading rate. Typically, for streptavidin-biotin, force < 100
pN and rate < 100 pN.s”' (Merckel, R. 1999). A typical loading rate, for this measurement, is
830 pN.s". The number of cytoskeletal cross-links is difficult to evaluate. An evaluation of
the number of myosin copies in neutrophils gives the number of ~ 100 10° myosin-heads
bound to the cytoskeleton per cell, considering 200 kDa per head (White, J.R. 1983). For a
force of 100 nN, the force per bound is ~ 10 pN. Using these values, the assembly cross-
linkers and motor-protein on actin filaments would be in a regime of low force, but high
loading rate. Consequently, the cytoskeletal cross-linkers and motor-proteins offer likely an
immediate resistance to fast displacement and produce the peak force. The parameter o may
origin in this passive mechanism. About the myosin, another interesting point is that it has
been demonstrated in vitro that the non-muscle myosin (NMM) (present in non-muscle cell)
are motor-protein, which can eventually work at a surprisingly high duty ratio. This duty ratio,
depending on ADP and actin filaments concentrations, could reach the value of 0.8. It means
that NMM motor-proteins could spend ~ 80% of the duration of an ATP-hydrolysis cycle
bound to actin filaments (Kovacs, M. 2003; Wang, F. 2003). As a comparison the duty ratio
of muscle myosin is 0.035-0.14 under physiological conditions. This property of the NMM
motor-proteins can be an advantage to sustain forces. At constant actin concentration, an
increase of the ADP concentration in the actin cortex turns NMM motor-proteins into cross-
linker-behaving-like proteins. It would result in a stiffening of the actin cytoskeleton. Cell
might use this mechanism to switch the actin-cytoskeletal state from dynamic to passive.
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Consequently, the variations of the parameters uo and x; may origin in active stiffening of
actomyosin complexes trigger by the cell through adjusting of ADP concentration.

The cell mechanical behaviour is definitely highly regulated. All the studies about cell
crawling and spreading on a surface demonstrate it. Between the microplate, relaxation and
contraction of a cell have been demonstrated under a simple stretching step (Thoumine, O.
1997). The cell was free to adapt displacement and force. The present measurement gives new
insights in cell mechanics. First the viscoelastic behaviour of cell is confirmed, but in
addition, the parameters of the Kelvin model can be evaluated under constant displacement.
Second, it seems that the contraction event depend on the strain applied. It was not observed
during the cycle 2 in comparison the cycle 4 and 5 where it occurs obviously. The correlation
between the parameters and the underlying cytoskeletal structure are still difficult to
understand. The use of drugs against the cytoskeleton organisation and dynamic, and the
ATP-depletion of the cell in correlation with the parameters of the Kelvin model should give a
better comprehension of their significance.
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3.4 Energy Consumption of a Cell Sustaining a Constant Force

After the measurement at constant displacement, a measurement at constant force, i.e.
constant stress has been conducted.

3.4.1 Results

Figure 22 represents a typical stretching experiment of a single Swiss 3T3 cell, in
which a constant stress is applied. This stress is applied with a rate of ~ 80 Pa.min’
corresponding to a pulling rate of 3.2 nN.min"' until a plateau at 500 Pa, corresponding to a
force of 20 nN, is reached. During the first 5 minutes, the applied stress elongates the cell to €
~ 4.5. The cell then contracts at a constant speed of about v = 0.3 um.min™'. This results in
partial neutralization of cell shape deformation back to € ~ 1.2.
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Figure 22: Constant force measurement with a Swiss 313 cell.

Cell strain (open circles, right scale), when a constant stress (filled circles, left scale) is applied. The strain of the cell
indicates an initial passive response followed by an active contraction. Doubling the stress at 58 min. indicates stiffening of
the cell represented by reduced plasticity. Corresponding force and deformation values are shown. Stress is applied with a
pulling rate of approximately 80 Pa.min” which corresponds to 3.2 nN.min™".

At t = 58 min, the applied stress is doubled to 1,000 Pa. Calculating the stiffness at this
moment as the applied force divided by the maximum deformation gives 6.7 mN.m" in
comparison to 1.5 mN.m™" after the first pull. The speed of the subsequent cell contraction is v
=0.03 pm.min"', a factor of 10 smaller than after the initial pull. The maximum contraction
power of the cell, Pyax = F x v, for a load of 20 nN is about Py, = 100 x 10" W or 25,000
ksT.s" at 300 K. The doubled load of 40 nN gives a contraction power about 5 times smaller.
These cell parameters are summarized in Table 7.
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Stress Force Cell Elasticity Contraction Speed Max. Contraction Power

[Pa] [nN] [mN/m] [um/min.] x 10" [W]
500 20 1.5 0.3 100
1000 40 6.7 0.03 20

Table 7: Cell response to sequential stress application.
The pulling rate equals 80 Pa.min™

3.4.2 Discussion

The cell contraction speed (between 5 and 0.5 nm.s™) is relatively slow compared to
the speed of molecular motors like kinesin or myosin, but it is comparable to protein-filament
polymerization rates (Howard, J. 2001) or the typical speed of cell motion (Peckham, M.
2001; Bray, D. 2001 p.23). The cell contractive power is 100 x 10™"® W, corresponding to
about 2,500 ATP molecules/s of the order of 10 kgT of energy each. A single molecular motor
generates a maximum force of approximately 1 pN against a stiff load (Finer, J.T. 1994;
Block, S.M. 1995) and moves with a step size of roughly 10 nm per ATP. Here, the assumed
motor performs a step every two seconds or slower — a situation close to stalling condition. To
resist the imposed force, about 10* motors would be necessary, consistent with an ATP
consumption of 5,000 molecules/s, leading to a reasonable efficiency of about 50 % of the
molecular contractile machinery. A single cell contains about 2,000 Mitochondria with 10* to
10° ATP-synthases each. An ATP-synthase like the F1 is capable of producing up to 600
ATP/s, giving a total production of about 10" ATP-molecules/s per cell, thus only a very
small fraction of the order of 10 of the cell metabolism is used for contraction.

The data further indicate that active contraction is generated about 12 min. after
uniaxial application of external load. It could be interpreted by the fact that oriented F-actin
stress bundles, primarily responsible for cell contraction, must be formed first.
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3.5 Activation of Cell Contraction

The aim of this measurement is to understand the influence on the cell’s mechanical
behaviour between the microplates of the presence of serum in the medium. The serum is
necessary to induce the cell growth in culture. The serum, more precisely foetal bovine serum
(FBS), contains proteins and polypeptides such as albumin (40-80 mg.ml™), cell-adhesion
ligands, such as fibronectin (1-10 pg. ml™). It contains also protease inhibitors, growth-factors
such as the epidermal growth factor (EGF), the platelet-derived growth factor (PDGF) (1-100
ng. ml™), amino acids, lipids, as such lysophosphatidic acid (LPA), carbohydrates, iron, zinc,
hormones, vitamins... (Freshney, R.I. 2000). FBS induces cell contractility and the formation
of actin stress fibres (Nobe, H. 2003). Some of serum compounds for example the EGF,
PDGF and LPA have been shown to induce reorganisation of the actin cytoskeleton, the
formation of stress fibres, in connection with adhesion reorganisation and motor-protein
activity (Seufferlein, T. 1994, Tangkijvanich, P. 2002).

3.5.1 Results

During this measurement no control of either displacement or force has been

enhanced. The position of a flexible microplate has been shifted stepwise in order to stretch
the cell (from the right to the left in the micrograph Figure 23) until an ultimate displacement
of 55 um. After, the microplate has been droved back to the initial position. The resulting cell
displacement and force generated by the cell have been monitored (Figure 24). The
microplates are coated with FN following the protocol given in the section 2.2.3. The cell
used is a rat embryonic fibroblast (REF52). The liquid-chamber is filled with serum free
medium (DMEM and L-glutamine).
Cells have been kept in suspension in
serum free medium during at least 1 hour
at 4°C. About 100 pl of cell suspension are
injected close to the microplates. A cell is
placed between both microplates and
pressed gently between them. The cell
builds adhesion on the FN-coated surfaces.
After 5 min, the negative force is vanished.
During the first 10 min, force and
displacement are almost constant (Figure
24, (a)). The force increases slowly to 0.8
nN at a rate of 0.03 nN.min'. The
displacement decreases to -0.8 um at a rate
of -0.04 ;,tm.min'1 simultaneously. Each Figure 23: Micrograph of the REF52 cell.

. . . . On the right side: the rigid microplate. The PDMS
steps of the flexible mlcroplate are listed in droplet, which glues the optical fibre to the flexible
Table 8. In the same table, the amplitude of microplate, appears as a sphere almost at the centre of
force and displacement changes, induced the micrograph. FBS has not been added yet.
by the step, is indicated.

10 steps have been achieved. 5 steps translate the flexible microplate away from the cell. It
infers an increase of the force (Figure 24, I). During 20 min, the cell experiences no
mechanical perturbation. After that, 5 steps place the microplate in the initial position (Figure
24, (d)). At the time t = 10.8 min, in serum free medium, the flexible microplate is suddenly
moved of 5 pm (step 1). The cell is stretched. The force jumps instantaneously to 4 nN and
then relaxes to 1.4 nN over 5 min. After an initial jump, the cell displacement relaxes to 3.7
um. At the end of the relaxation, the cell displacement is 4.5 um. The cell did not resist to the
imposed 5 um displacement (Figure 24, (b)). Att ~ 15 min, FBS is gently added in the liquid-
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chamber in sufficient amount to obtain a final concentration of 5%. At t = 16 min, the cell
displacement decreases suddenly at a rate of -20 pm.min”" during the first 6 seconds (Figure
24, (b)). This rate drops gradually to -0.30 pm.min™" at t = 20 min.
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Figure 24: Stretching and spreading of a REFS52 cell.
(a) Force (green plot) and cell displacement (black plot) measured as a function of time during the stretching of a REF cell.
The stepwise changes of the flexible-microplate position are plotted as black solid-line. (b) Focus in the plot (a) from t = 8
min to 21 min: the FBS-mediated contraction of the cell can be observed after addition of FBS at t = 16 min. (c) Focus in the
plot (a) from t = 20 min to 30 min: the flexible microplate is moved in order to increase the force; the cell’s mechanical
behaviour strongly depends on the rate, at which the microplate is translated. (d) Focus in the plot (a) from t = 44 min to 51
min: the flexible microplate is moved back to the initial position.

i 1
46 48
time {min)

N

time microplate variation of variation of cell time
Step displacement force displacement constant
number
[min] [um] [nN] [um] [min]
1 10.8 5 3.4 4.5 -
addition of FBS 16.0 0 4.7 -4.9 0.38
2 214 10 9.7 0.3 -
3 23.5 5 4.7 0.3 -
4 24.2 20 15.7 4.5 0.34
5 26.5 15 12.2 3.1 0.40
6 455 -10 -10.5 0.5 0.42
7 46.8 -10 -10.5 0.6 0.30
8 48.2 -10 -10.5 0.5 0.38
9 49.1 -10 -10.3 0.5 0.28
10 50.3 -15 -15.2 0.2 0.17

Table 8: Analysis of each loading and unloading step.
For each displacement step of the flexible microplate, the correspondent variation of the force and cell displacement. If
the cell displacement decreases exponentially, the corresponding time constant is given. FBS-mediated variations,
occurring after its addition, are also indicated.

61



At t = 18 min, cell-generated force and cell displacement reach a temporary plateau. The FBS-
mediated variation of cell displacement and force are respectively -4.9 um and 4.7 nN. Att =
21.4 min step 2 begins: the microplate is moved of 10 pm at a rate of 30 pm.min™'. The force
increases linearly at a rate of 26.5 nN.min™', but surprisingly the cell displacement does not
increase significantly (Figure 24, I). Even if the force variation is 9.7 nN, only a bulge of 0.3
pum is detected in the displacement as the force increases. In contrast, a sudden 5 um step
(step 3) induces a clear jump of 0.3 um in displacement and 4.7 nN in force (Figure 24 I).
Step 4 is a 20 pm step. Cell displacement and force jump respectively of 4.5 um and 15.7 nN.
During the first 2 seconds after the step, the force is decreases and the displacement relaxes to
a higher plateau. After these few seconds, the cell displacement decreases exponentially with
a constant of time 7= 0.35 min. Force and cell displacement reach stable values, respectively
to 36.2 nN and -2.4 um Cell mechanical behaviour is similar for step 5, a step of 15 um. A
few seconds after the sudden deformation, the cell displacement drops exponentially with a
time constant 7= 0.37 min (Figure 25).
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Figure 25: Focus on the step number 5 from Figure 24 (a) and (c).
Plots of the force (green) and the displacement (black) of the REF52 cell, after a sudden microplate translation of 15 um.
The fit function of the cell displacement is drawn as a solid red line.

After step 5, the position of the flexible microplate is not changed during ~ 20 min. During
this period, the cell displacement decreases with a rate of -0.16 pm.min™'. Symmetrically, the
force increases with a rate of 0.16 nN.min™". The cell displays an apparent spring constant of 1
10° N.m™. After this period without mechanical perturbation of the cell, in 5 steps, the
flexible microplate is translated to the initial position (Figure 24, (d)). The 4 first steps are 10
um steps and the 5%, 15 pm. For each of these steps, the cell behaviour is similar. Variations
of force and cell displacement are the same for the 10 um steps: respectively -10.5 nN and 0.5
um. The displacement decreases exponentially with a time constant of 0.23 min in average. A
trend is superposed to the exponential decreases. This trend is roughly linear and causes a
decrease of the displacement at a rate of -0.39 pm.min™".
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3.5.2 Discussion

The first interesting point in this measurement is the coupling between cell mechanics
and biochemical signal, for instance the signalling from FBS. The second piece of information
is that the cell’s mechanical response depends on rate and amplitude of simulations. The
Kelvin model is not very useful to interpret this measurement, because neither the force, nor
the cell displacement is kept constant. Two phenomena are superposed in this measurement.
One is cell spreading and the second is cell contractile activity. The cell-generated force has
consequently two potential origins. It seems to be possible to separate the effects of both
mechanisms, because they act at different time scales. As a reference scale, a REF52 cell
flattens on a FN-coated surface in ~ 30 min. The adhesion area does not increase further, only
reorganisation occurs. As a cell spreads on the both microplates simultaneously, the cell-
microplate adhesion area increases. For example, epithelial cells, such as panc-1 cells, present
a limited spreading and the cell ends in a relatively stable state in which the cell adopts a
catenoid-like shape. In contrast fibroblasts do not stop to spread on uniformed FN-coated
microplates. In the final state, the fibroblast is like a 1 pm thick film gluing the microplates
together. Mechanical assays, in such a case, give only weak information about cell mechanics.
Adhesion rupture occurs before measurable deformation.

The cytoskeletal architecture of a spread cell and its adhesion to a surface are developed in
response to the substrate mechanical properties, the presence and kind of cell-adhesion
ligands and their density on the surface (Polte, T.R. 2004). Cell-adhesion ligands of FN can
induce cell migration, but the entire FN molecule does not (Moyano, J.V. 2003). Interestingly,
the formation of anchorage points is coupled to the force applied on the early bound integrins.
If a force is applied, the formation of adhesion complexes is triggered (vinculin is recruited).
An external force acts as a signal to strengthen cell adhesion (Galbraith, C.G. 2002). In
comparison to a surface, a cell, spreading between the microplates, senses in additional a
stress or/and a strain as the adhesion is built due to the defined distance between microplate. It
suggests that the cell adhesion could be somehow favoured, if the spreading occurs between
two microplates.

First, we comment the FBS-mediated contraction. The cell does not offer resistance to 5 pm
deformation in serum free medium. The addition of FBS influence considerably and almost
immediately the cell behaviour: suddenly the cell is able to contract. This contraction is sharp:
it occurs at an initial rate of -20 um.min™. In 2-3 min, the 5 pm displacement have been
vanished. The cell contractility and consequently the cell generated forces origin in the cell’s
actomyosin machinery (Horner, B. 1988). For example, the amoeba Dictyostelium discoideum
is in biology a model-system to study multicellular morphogenesis. The following experiment
has been done: mutant amoebae of lacking myosin II have been mixed with wild type
amoecbae. If the cell-cell contacts are not affected, mutant amoebae cannot resist to
mechanical forces produced in the cell assembly and they accumulate at the periphery of the
cell aggregate, where the stress is reduced (Shelden, E. 1995). Fibroblasts are also able of
contractility. The serum-dependent contractility of cells has been observed in ‘fibroblast
fibres’. Fibroblast fibres have been formed by growing 3T3 Swiss fibroblasts in collagen.
After 3-5 days incubation, such a fibre has been mounted between two posts. One post is
fixed and the second is glue on a force transducer. The force generated by the sample is 3
times larger in presence of 30% serum than in serum free medium. The dose-response
relationship for serum and force of these samples appears to be linear (Obara, K. 1995; Nobe,
H. 2003). The FBS-mediated contraction observed in this measurement is attributed to the
activation by FBS of cell contractility.

Second, now that the cell contractility is activated, is it possible to distinguish between
spreading and uniaxial contraction in response to deformation? Spreading occurs during the
measurement: the diameter of the cylinder-like cell increases with the time. In Figure 24 (a),
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the cell displacement presents a slight decreasing trend. At the time t = 50 min, the cell
displacement is about 7.5 um smaller than at the commencement of the measurement. The
spreading occurs almost linearly at low rate ~ 0.15 pm.min™'. As the cell displacement varies
exponentially during this measurement, a plateau is in 2-3 min. During this period, the
spreading generates only a negligible decrease of the displacement (0.5 pm). Nevertheless, it
should not be forgotten, that the cell is spreading and it influences probably the dynamic of its
mechanical behaviour, even if the mechanical assay are achieved at a time scale smaller than
the spreading time scale. As the force is vanished (Figure 24 (d)), the cell displacement
decreases faster: remaining cellular strain is decreasing. In Figure 24 (c) and Table 8, effects
of steps increasing the force are listed. The cell deforms of 0.3 pum, slightly and progressively,
as the force is linearly increased under the slope of 10 um. Abrupt steps induce force and
displacement jumps: the cell behaves as an elastic material. Suddenly placed in a state in
which stress and strain are increased, the cell contracts in order to annihilate exponentially the
strain. As the stress is decreased stepwise (Figure 24 (d) and Table 8), the cell is expected to
display an elastic behaviour, but in fact, the cell presents stiffening. The cell displacement
does not decrease, but increases slightly (~ 0.5 um) and than relaxes. A translation of the
flexible microplate induces a proportional cell displacement, if the force variation is positive
(see Table 8). In contrast, if the force variation is negative, the cell first resists to the sudden
compression and after takes advantage of it to probably reorganise its cytoskeleton and then
continues to spread. The characteristic time, at which the displacement relaxes, is 0.23 min in
average. It could be interpreted as the time that the cell needs to reorganise after the
mechanical perturbations. This time constant is ~ 1.4 times smaller than the time constant
measured after an increase of the force. It seems, that cells adapt by cytoskeletal
reorganisation faster after a load decrease than after an increase.
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3.6 Influence of the Control Rate on Measurements

In the previous section, it has been shown, that the mechanical response of a cell
depends on the rate at which a cell deformation is applied. A jump of several um of the
microplate position in 100 ms results in jumps of the force and displacement values, whereas
a translation at constant rate induces an increase of the force at a constant rate also, but almost
no cell displacement. Is it possible to establish a relationship rate-cell mechanical behaviour?
Different rates have been tried, in order to address this question.

3.6.1 Results

A human pancreas cancer cell (Panc-1) has been used for this measurement in medium
with serum. The control rate has been varied in the range of 0.25 to 2 um.s’. As a
comparison, a jump is achieved at a rate on the order of 100 pm.s™'. The force set-value is 250
nN. The force increases to this value and then immediately decreased to the zero-force. This
cycle is repeated 4 times for each of the following control rates: 0.25, 0.5, 1.0 and 2.0 pm.s™.
To increase the control rate, the control step is increased. The control time-lapse is kept
constant at 100 ms, except for the lower rate, which has been achieved with a control time-
lapse of 200 ms and a control step of 0.05 um — the smallest step that the piezoelectric
transducer can make. Increase of force and displacement are linear function of the time. Their
decrease is only partly linear.
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Figure 26: Periodic stretching of a Panc-1 cell at different rates.

The force (green curve) is controlled during this measurement. Triangle-like force cycles are repeated and applied at
different control rates (0.25, 0.5, 1.0 and 2.0 um.s”, and 0.25 um.s™" again). For each rate, the cycle is repeated four times.
The cell displacement is plotted as a function of time (black curve).
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This looks like a hysteresis loop in a force-displacement graph. The linearity during the
stretching is used to measure force rate and displacement rate, which result both from the
reaction of the cell to the control rate. The Figure 26 presents the recording of force (green)
and cell displacement (black) as a function of time.

3.6.2 Discussion

The Figure 27, (a) shows variation with the time of the control rate (open circles). The
displacement rate is proportional to the control rate. It represents ~ 10% of the control rate.
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Figure 27: Force rate, displacement rate and cell spring constant at different control rates for a Panc-1 cell.
(a) Control (open circles), cell displacement (black filled circles) and force (green filled circles) rates measured for each

cycle are plotted as function of time. (b) Control rate (black filled circles) and loading/unloading spring constant (green
filled circles) also as a function of time.

This shows the resistance of the cell to a deformation: only 10% of the control step is
converted in an effective cell displacement. The rest of 90% is converted in bending of the
microplate, so in force generation. A loading/unloading spring constant can be defined as the
ratio of force rate to cell displacement rate. The value is plotted in the Figure 27, (b). At the
same rate, variations of 5% of this value occur accidentally due to the cell. The dependence of
the loading/unloading spring constant on the control rate in the range of rate explored is very
weak. It can be considered that mechanical properties of panc-1 cells are not dramatically
influence by the control rate in the range of 0.25 to 2 um.s™.This appears to be cell-type
dependent. For example, in the section 3.3, Table 6, for a REF52 cell, the control step in
converted at 50% in cell displacement and not 10% as for the panc-1 cells.

In the next chapter, the panc-1 cell mechanics will be studied in more details and
under different conditions.

66



4 Coupling between Serum, Bioactive Lipids, and
Mechanics of Human Pancreas Cancer Cells

Résumé du chapitre 4
Connections entre sérum, lipides bioactifs
et le comportement mécanique des cellules humaines
d’un cancer du pancréas

Ce chapitre est consacré a la présentation de différentes mesures réalisées avec la
lignée cellulaire Panc-1. Le comportement mécanique de ces cellules est mesuré en présence
de sérum, de sphingosylphosphorylcholine (SPC) et de lysophosphatidique acide (LPA).

Les cellules Panc-1 ont pour origine une tumeur cancéreuse du pancréas d’'un homme

de 56 ans. Ces cellules conservent en culture une morphologie de cellules épithéliales. Le
cytosquelette des cellules Panc-1 comporte des filaments d’actine, des microtubules, mais il
est aussi riche en filaments intermédiaires de kératine, principalement composés des deux
types de keératines suivants, kératine 8 et kératine 18.
Le lipide LPA induit la formation de fibres de stress (faisceaux d’actine). Le lipide SPC aussi,
mais parallélement il réorganise aussi la kératine. A une concentration de 10 uM de SPC, le
cytosquelette de kératine se rétracte, en 45 min, autour du noyau. Le reste du cytoplasme est
alors dépourvu de filaments de kératine. Est-ce que cette réorganisation de la kératine affecte
les propriétés mécaniques de la cellule? Pour répondre a cette question, des tests mécaniques
uniaxiaux ont été réalisés avec les cellules Panc-1 en présence de SPC.

Comportement mécanique des cellules Panc-1 dans un milieu dépourvu de sérum

Le sérum induit contraction cellulaire et la formation de fibres de stress. Il est donc
intéressant de mesurer le comportement mécanique de la cellule en absence de sérum. Une
déformation de 10 um puis de 20 um a été appliquée a une cellule. La force augmente
linéairement avec la déformation, puis relaxe lorsque la déformation est maintenue. La force
relaxe quasiment a une valeur proche de zéro. Cela se traduit dans I’analyse par le modeéle de
Kelvin, par une valeur trés faible de la constante de raideur montée en paralléle avec
["amortisseur. Le méme effet a été observé pour les fibroblastes. On peut donc faire
[’hypothese que cette constante de raideur représente principalement [’activité des moteurs
moléculaires dans la réponse mécanique cellulaire.
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Comportement mécanique des cellules Panc-1 dans un milieu contenant du sérum

La caractérisation des propriétés mécanique d’une cellule en présence de sérum
constitue une référence puisque le milieu de culture des cellules contient du sérum. L’analyse
des courbes de relaxation de la force par le modele de Kelvin donne une valeur de la
constante de raideur du ressort monté en paralléle avec |’amortisseur nettement plus élevé
qu’en [’absence de sérum. Pendant la mesure, la méme déformation a été répétée plusieurs
fois. A chaque fois, le taux d’augmentation de la déformation rapporté au taux
d’augmentation de la force donne une constante de raideur effective caracteéristique de la
cellule. Cette valeur fluctue, mais ces fluctuations restent limitées, si bien qu’il est possible de
[utiliser pour caractériser le comportement de la cellule.

Comportement mécanique des cellules Panc-1 dans présence de LPA et/ou SPC

La méme excitation mécanique a été appliquée périodiquement a une cellule. La force

est augmentée jusqu’a 150 nN, puis diminuée a 0 nN et maintenue quelques minutes a cette
valeur. La fréquence de controle reste la méme.
La déformation consentie par la cellule est de l’ordre de 5 um. Elle augmente sensiblement
au fur et a mesure des cycles jusqu’a 8 um. Apres [’ajout de LPA, la cellule s’étale un peu
plus entre les microplaques et sa déformation se stabilise a approximativement 6 um. 45 min
apres l'ajout de SPC, la déformabilité cellulaire est augmentée puisque la cellule se déforme
de plus de 15 um. Cette mesure est une mesure directe de [’effet du SPC. En induisant la
réorganisation de la kératine, le SPC modifie les propriétés mécaniques cellulaires : la
cellule est plus déformable. Ceci est cohérent avec des observations cliniques montrant que,
certains patients présentant des cellules métastatiques, présentent aussi des quantités de SPC
anormalement élevées.

This chapter focuses on human pancreas cancer cells (panc-1) and their mechanical
behaviour. Connections will be established between mechanical behaviour of panc-1 cells and
biochemical signaling. Serum and two bioactive lipids, lysophosphatidic acid (LPA) and
sphingosylphosphorylcholine (SPC) influence the cell mechanics.

The cell line named Panc-1 has been established after 73 passages from a pancreatic
carcinoma of ductal origin from a 56-year-old Caucasian male. Therefore the cell line origins
from an epithelium. Cells in Petri dishes present effectively an epithelial morphology. A basic
observation in phase contrast of cell cultures reveals some cell-population characteristics.
Cells favour cell-cell contacts leading to the formation of cell islands and cells do not spread
as much as fibroblasts do: Panc-1 cells keep a certain volume on the surface, whereas
fibroblasts flatten more building an actin stress fibres-based scaffold under tension. Panc-1
cells have been transformed in vivo, because they are cancerous cells and also in vitro,
because of these 73 passages, nevertheless they kept properties from the original pancreatic
duct cells: first they tend to establish cell-cell contact and second, they mainly express keratin
pair K8/K18, but lack vimentin — human pancreatic cells express keratins K7, K8, K18 and
K19 (Micoulet, A. 2003). In comparison to fibroblasts, the cytoskeleton of epithelial cells
contains a new component: an assembly of keratin proteins. Keratins belong to the third kind
of cytoskeletal filaments, named intermediate filaments (IFs), besides MTs and actin
filaments. The expression of IFs, and specially keratin filaments, in cells is strongly cell-type-
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dependent. For example, embryonic fibroblasts contain vimentin IFs, but no keratin. Panc-1
cells express only keratin, but no vimentin. The epithelial cell line PtK2 established from a
kidney of a normal adult male potoroo contains a vimentin assembly and a keratin assembly
(Yoon, K.H. 2001). The IF-proteins are classified into five distinct types. Type I and II are the
keratin family. The type-III-IF-proteins include in particular vimentin, desmin. Expressed
only in neurons, the type IV is composed of neurofilament subunits. Finally, the nuclear IF-
proteins lamin A, C, Bl and B2 compose the type-V group. The 10-12 nm diameter of IFs
place them between actin filament and microtubule. The elementary unit of IFs is a rod-like
dimer: ~ 45 nm long and ~ 2-3 nm thin. The dimerisation occurs through interaction between
two o-helical peptidic chains oriented in parallel and intertwined in a coiled-coil rod. An
acidic type-I keratin and a basic type-II keratin assemble in a heteromeric unit, whereas two
vimentin copies associate in a homomeric unit. /n vitro studies have shown that the IF
assembly takes place in a three-step process (Chang, L. 2004). Tetramer formation is the first
assembly step. Lateral interactions play an important role at this step — in vivo, the tetramers
are the smallest soluble so far detected.

A sudden increase of ionic strength initiates polymerisation of vimentin in vitro — similarly to
actin polymerisation. In less than 2 sec, tetramers assemble in larger hole-cylinder-like object,
named units-length filaments: ~ 60 nm long and 16 nm in diameter (Hermann, H. 1999;
Strelkov, S.V. 2003). These units-length filaments aggregate longitudinally in longer
filaments of same diameter. After 10 min, the population of 100 nm filaments is dominant. At
one hour time-point, vimentin filaments are several pm long and their diameter decreased to ~
11 nm. The diameter reduction is supposed to be a consequence of a lateral rearrangement of
subunits leading to radial compaction.

Keratins (40-70 kD) are expressed in an organ and/or cell-type specific manner in epithelial
cells, and are the major structural protein in these cells. Keratins constitute the largest group
of IF building proteins. Type-I keratins (K9 to K20) are acid, whereas type-II keratins (K1 to
KS8) are relatively basic. All epithelial cells express in a 1:1 molar ratio type I keratins and
type II keratins. For example, mouse pancreatic acinar cells express K8, K18 and K19 such
that the amount of K8 copies equals the amount of K18 and K19 copies. For example, in
cultured human colonic HT29 tumour cells, keratins K8, K18 and K19 represent 5% of the
total cellular protein (Chou C.F., 1993) and 0.3% of the total tissue protein content in mouse
pancreas (Zhong B. 2004). This abundance is correlated with keratin function. Keratins
protect epithelial cells from mechanical and non-mechanical forms of injury. Tissue-specific
injury of mouse pancreas, for example, induces over-expression of keratins reaching a
maximum 2 days after the injury and is maintained at this level. Pancreatic tissue recovery
occurs in 10 days after the injury (Zhong B. 2004). What is happening at the scale of an
epithelial cell during tissue injury? The tissue-specific injury in question is a pancreatitis
artificially induced by injections of a drug named caerulein. Pancreatitis is consisting in a
premature activation of digestive enzymes in the pancreas. Enzymes start digesting the
pancreas itself. Histological sections show important turnover in the tissue structure. Lesions
appear and result in a local generation of forces applied to cells. The keratin cytoskeleton acts
as a mechanical scaffold: it distributes and balances these forces and thus protects cells. The
same happens in the skin. Keratin K4 and K15 assemble to form the keratin cytofilaments.
Cytoskeletons of neighbour cells are connected together by strong cell-cell junctions called
desmosomes. Thus, a keratin scaffold is built through the whole epithelium and protects it
from mechanical trauma (Fuchs, E. 1998).

In the cytoplasma, keratin solubility is highly dynamic and varies profoundly depending on
the keratin pair and the physiologic state of the cell (mitosis, cell stress...). Simple epithelial
keratins K8/K18 pairs are among the most soluble: approximately 5% is soluble at basal
conditions. Phosphorylation plays an important role in regulating keratin solubility, and
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differences occur in site-specific phosphorylation depending on the soluble versus
cytoskeletal partitioning of the keratin (Omary, M. B. 1998 and Coulombe, P.A. 2002).

Rheological properties of the pair wise assembly of keratin I and II in solution have
been characterised in vitro (Ma, L. 1999; Yamada, S. 2002). 1 mg.ml'l suspensions of
polymerised vimentin or polymerized K4/K15 keratin raintain a constant elastic and viscous
modulus, respectively G* ~ 2-4 Pa and G*” ~ G/10, until a 10% strain is reached. The phase
shift is small: & ~ 8-10° indicating that the suspensions behave as viscoelastic solid. For a
strain superior at 10%, keratin-suspension storage modulus drops down. It becomes smaller
than the loss modulus for a strain of 300%. The keratin suspension displays then liquid-like
properties. As a comparison, for actin gel G’ ~ 1 Pa and a phase shift of ~ 25 degrees. The cell
cortex in vivo displays G’ ~ 100 Pa and a phase shift of ~ 10-15 degrees (Ma, L. 1999).

Are there interactions between IFs, MTs and actin filaments?
In REF52 cells, a protein named plectin (~ 500 kD) has been shown to decorate and associate
with vimentin IFs. Immunoelectron microscopy has evidenced that plectin cross-bridges
between IFs themselves, IFs and MTs, IFs and actin filament, and even IFs and myosin
filaments (Svitkina, T.M., 1996). Without detailed explanations, it should be mention that the
vimentin IFs are interacting with MTs via kinesin and dynein motor-proteins, whereas
keratin-IFs interact with the actin-filaments (Chang, L. 2004).

After an introduction about the IFs, briefly, the bioactive lipids LPA and SPC will be
now introduced. LPA and SPC are both potent mitogen factors. LPA is not present at
significant concentration in blood plasma, whereas SPC occurs naturally in it.

LPA is a water-soluble glycerophospholipid generated and released by activated cells, notably
platelets (blood clotting), fibroblasts and leukocytes. It is therefore considered to be a
mediator in wound healing and tissue regeneration. Among the biological responses to LPA
are platelet aggregation, induction of cell growth, smooth muscle contraction, actin stress-
fibre formation, focal-adhesion assembly and many others (Cremers, B. 2003). LPA is present
at elevated levels in ascites and plasma of ovarian cancer patients, and may contribute to the
progression of certain types of human cancer (Fang, X. 2000).

SPC is also involved in numerous biological processes, including proliferation, cell migration
and wound healing. SPC levels are increased in blood and malignant ascites of patients with
ovarian cancer. Thus, SPC could have an important function in cancer biology, in particular in
metastasis, as SPC can stimulate cell migration (Boguslawski G., 2000). Interestingly in Panc-
1 cells, SPC induces keratin cytofilaments reorganisation (Micoulet, A. 2003). The effect on
keratin assembly 1is concentration-dependent and time-dependent. At 10 uM SPC
concentration and after 45 minutes incubation, the keratin-reorganisation is complete.

A0 uM SPC

Figure 28: Schematic representation of the keratin K8/K18 reorganisation in the presence of SPC.
45 min incubation at 10 uM are sufficient to obtain the complete keratin reorganisation induced by SPC. Adapted from
Micoulet, A. 2003
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The keratin cytoskeleton initially spread through the cytoplasm is, after SPC treatment,
reorganized in a ring-like structure around the cell nucleus. SPC induces keratin
phosphorylation, which is already known to be connected with keratin assembly turnover.
Effect of SPC on keratin is largely independent of the other cytoskeleton components, actin
filaments and MTs. The cell pre-incubation with drugs affecting actin and tubulin
polymerisation do not block or modify keratin reorganisation by SPC. The following drugs
have been tested: cytochalasin D (which favours actin depolymerisation), jasplakinolide
(which favours actin polymerisation), nacodazole (which disrupts MTs) and taxol (which
stabilize MTs). SPC exerts its effect on keratin assembly independently of other major
cytoskeletal components. The SPC-mediated keratin reorganisation required metabolic
energy.

Because of the specific SPC-mediated reorganisation of keratin in panc-1 cell, the
characterisation of cellular mechanical properties in absence and in presence of SPC is
interesting. Does the keratin reorganisation change the cell viscoelasticity? LPA reorganise
the actin cytoskeleton, but not the keratin cytoskeleton. Does it affect the cell viscoelasticity?
These questions have been addressed by uniaxial stretching of panc-1 cell in serum free
medium, in presence of serum, in presence of SPC, in presence of LPA and finally in presence

of LPA and SPC.
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4.1 Mechanical Behaviour of Human Pancreas Cancer Cells in
Serum Free Medium

The aim of this measurement is to understand the influence on the cell’s mechanical
behaviour of the presence of serum in the medium. The serum or precisely foetal bovine
serum (FBS) contains proteins and polypeptides such as albumin (40-80 mg.ml™"), FN (1-10
pg. ml™), a cell-adhesion ligand. It contains also protease inhibitors, growth-factors (1-100
ng. ml™"), amino acids, lipids such LPA (several nM), carbohydrates, iron, zinc, hormones,
vitamins... (Freshney, R.I. 2000). FBS induces cell contractility and the formation of actin
stress fibres (Nobe, H. 2003).

41.1 Results

Panc-1 cells have been kept in serum-free suspension for two hours. Serum-free
means, that the medium contains DMEM and L-glutamine, but no FBS.

C)
)

t=-12 min

t= 3.5 min

Figure 29: Stretching of a Panc-1 cell chemically bound to the microplates in serum free medium.

The cell displacement has been controlled during this measurement. (a) Both, rigid (vight) and flexible (left) microplates
place parallel to each other. The Panc-1 cell adheres already on the rigid microplate. (b) The cell is pressed between the
microplates in order to obtain adhesion. (c) Applied forces are vanished. The initial cell displacement equals ~ 10 um. The
optical fibre has been placed in contact with the flexible microplate. (d) and (e) 10 um displacement with respect to the initial
position. (f) and (g) 20 um displacement with respect to the initial position. (h) Rupture of cell adhesion. The black arrows
indicate tethers, pulled out of the plasma membrane. It indicates that adhesion protein-complexes break likely in the cell. (i)
Unloaded flexible microplate (zero-force).
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In suspension, the lack of adhesion, the absence of growth factors and certain bioactive lipid
such LPA, which are usually added in the culture medium with the addition of FBS, induce
the down regulation of actin polymerisation and cell contractility (Seufferlein, T. 1994; Ren,
X.-D., 1999). The liquid-chamber is filled with serum-free medium during the measurement.
Microplates are previously functionalized with amino-silane and then with glutaraldehyde
(see section 2.2.3). On such microplates, the cell adherence is not a biological adhesion.
Integrins do not find any ECM ligands to bind. Cell adhesion to the microplates occurs
through the formation of covalent bounds. Aldehyde groups react with the amino-groups
present in the trans-membrane proteins (for example, the side chains of the amino-acids lysine
and arginine are terminated with amino groups). The rigid microplate is gently pressed on a
cell, which was on the liquid-chamber bottom. A cell-microplate contact is established. Cells
do not spread or not too fast on this kind of surface. More than 30 min after the first contact
with the microplate, the cell did not spread more. After careful micromanipulation, both
microplates are set as shown in the micrograph (a), Figure 29. As fast as possible, the cell is
pressed between the microplates in order to obtain adherence on the flexible microplate
(Figure 29, (b)). This compression is maintained during 10 min. At t = 0, the compression is
vanished and the measurement begins (Figure 29, (c)). The force equals the zero-force (Figure
30). The mechanical assay consists in a step-like increase of the cell displacement. The
displacement is increased or decreased at a constant rate until the displacement reached the
set-value. The control rate is 0.5 pm.s™. Under this control, the cell imposes the displacement
rate, which appears to be constant during displacement variations (Table 9) at 0.25 pm.s™ in
average.
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Figure 30: Stretching of a Panc-1 cell chemically bound to the microplates in serum free medium
Recording of cell generated force (blue) and cell displacement (black) under uniaxial controlled displacement. The rupture
of cell adhesion is marked with a black arrow.
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During the loading and unloading, the apparent linearity allows the definition of a
loading/unloading spring-constant. Spring constant and displacement rate values are listed in
Table 9. The displacement variations are the following (black curve in Figure 30). First, the
initial distance between microplates is maintained at ~ 11.5 pum: this cell state defines the
zero-displacement. In the course of time, the set-displacement takes successively the
following values: 10, 0, 20 and 40 pm. The zero-displacement value is maintained ~ 2 min,
whereas displacements at 10 and 20 pm are maintained for ~ 6 min. The displacement at 40
um is not reached, because a rupture of the adhesion on the flexible microplate occurs at the
time 21 min, before the set-value of 40 pm has been reached (black arrow in Figure 30 and
micrograph (h) in Figure 29). Between the microplates, the cell takes a cylinder-like shape.
The cylinder diameter can be evaluated with help of the micrographs (d)-(g), Figure 29. At
initial displacement, 10 pm and 20 pm displacement, the diameter equals respectively 19 + 2
um, 14 £ 1 pm and 11 £ 1 um. The cell-generated force is plotted in blue in Figure 30. During
loading, the force increases linearly with the time. As the displacement is maintained
constant, the force drops: the cell displays a stress relaxation. After the 10 um displacement
(until t ~ 9 min), the cell has to be pressed (negative force) in order to reach and to maintain
the zero-displacement, which has been set. The negative peak-force reaches ~ -22 nN and
then the cellular stress relaxes to the zero-force. When the force value is stable (t ~ 12 min), a
20 um displacement is applied to the cell. As previously, the cell behaviour is elastic until the
set displacement is reached and then the force relaxes.

The absolute force values given in nN are not known very accurately for this
measurement, because the flexible microplate could not be calibrated. The spring-constant
used to calculate the force is the mean value of force-sensors pulled with the same parameters.
However, the variation of the force during this measurement can be exactly compared. The
comparison of absolute value with other measurement or reference values has to be done with
precaution.

Loading / unloading Kelvin model parameters
parameters
. sprin
displacement rate coFr:sta%t Mo M1 =11/ 11 "
[um] [um.s™]  [x 107 N.m™] [N.m'] [N.m"] [min] [10° N.s.m™]
10 0.23 9.0 570 2480 0.890 132
0 -0.35 3.8 14 1090 0.285 18.6
20 0.25 8.0 183 3300 1.430 283
(40) 0.29 5.2 - - - -

Table 9: Viscoelastic parameters of a Panc-1 cell chemically bound to microplates in serum free medium.

The parameters are calculated by fitting data points with the relaxation function of the Kelvin mechanical model. The initial
cell displacement equals 11.5 + 0.5 um. The error on the displacement is + 0.5 um; rate, = 0.02 um.s ™' ; loading/unloading
spring constant, = 0.05 N.m ’],' spring constant uy, £ 10 N.m ’],' spring constant uy, £ 15 N.m ’],' time constant, = 0.005 min;
coefficient of viscosity, 10 10° N.s.m™!

4.1.2 Discussion

For the 10 pm and 20 um displacement steps, the set-displacement has been reached
respectively in ~ 42 s and ~ 82 s. The displacement rate equals 0.25 pm.s™ in average. It
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increases slightly as the displacement increases. The displacement rate of cell compression
equals -0.35 pm.s™. The loading/unloading spring constant in compression state is ~ 2 times
smaller than in stretching state. This indicates that the 0.05 um control step (made each 100
ms) is ~ 2 times more efficient to induce cell deformation, if the cell is compressed, than if it
is stretched. This shows that the cell resists to stretching in comparison to small compression.
This spring constant is also decreasing slightly with increase of the displacement plateau.
Relaxations of the force occur over intervals longer than 5 min in both cases. The performed
displacement steps can be considered as an experimental approximation of Heaviside step
function of displacement. The force relaxation can be efficiently fitted using the relaxation
function of the Kelvin model. The resulting viscoelastic coefficients uo, #1, #1 are given in
Table 9. The parameter u is much smaller than ;. One deduces that the spring mount in
parallel in the Kelvin body is negligible in this case: panc-1 cells in serum free medium
behave almost as a Maxwell body in stretching regime. The parameter u; increases of a factor
~ 1.4, as the displacement step is doubled, whereas the parameter u( decreases of a factor ~
3.0. The viscosity coefficient #; increases of a factor ~ 2.1 under the same conditions. Panc-1
cells appear to become stiffer and more viscous as the cell displacement is increased. The
more the cell is deformed, the more difficult it is to deform it. This could be a demonstration
of mechanism of protection against mechanical injuries. It has been shown that in pancreatic
cells the keratin cytoskeleton achieves this role of mechanical protection in living tissue
(Zhong B. 2004).

It is now interesting to compare these parameters with those characteristic for fibroblasts
obtained in the section 3.3, Table 6. In both case, the adhesion is chemical. This kind of
adhesion may perturb the actin cytoskeleton organisation. But, the fact that the cell contracts
between the microplates, when adhering on such surfaces and that the use of drugs such as
cytochalasin D inhibits the contractility (Thoumine, O. 1997) demonstrate, that the actin
cytoskeleton definitely contributes to the mechanical response, despite the chemical adhesion.
We can compare: on one side, the mechanical response of a fibroblast in medium with serum
and on the other side, the mechanical response of an epithelial cell (panc-1) in serum free
medium. In serum-free medium, a down regulation of the actin-cytoskeleton activity is
expected (Nobe, H. 2003). For the interpretation, one could model the both cells as follow.
The fibroblast’s mechanical behaviour is dominated by the actin cytoskeleton, whereas the
epithelial-cell’s mechanical behaviour is composed of the keratin cytoskeleton and a “weak”
actin cytoskeleton. As the displacement plateau-value is increased, the parameter values differ
on three points: u( increases slightly in fibroblasts, but it decreases in epithelial cells; x; and
n decreases in fibroblasts, but it increases in epithelial cell. One could make the following
interpretation: uo represent mainly the mechanical resistance produced by the actin
cytoskeleton, but x; and #, reflect chiefly the IFs cytoskeleton (vimentin IFs in fibroblasts and
keratin IFs in epithelial cells).

Figure 31: Schematic representation of vimentin and keratin assemblies in epithelial cell.
Potoroo kidney cell, PtK2 epithelial-like express vimentin in keratin. The cytoplasmic distribution of these IFs is different.
Inspired from Yoon, K.H. 2001
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The treatment with cytochalasin D — it is believed to act via the binding of cytochalasin to
actin monomers and consequently prevent polymerisation — reduces the peak-force value
(Thoumine, O. 1997). According to the Kelvin model, the peak-force is proportional to o +
41 (Table 2). This remark comforts the link between u( and actin cytoskeleton. How about the
parameters u; and 7,? Fibroblasts have a vimentin cytoskeleton, whereas panc-1 cells have a
keratin cytoskeleton. The assemblies of vimentin and keratin are different in a cell. The
vimentin filaments spread from the nucleus to the cell membrane, but their density is much
higher close to the nucleus. The keratin filaments spread everywhere in the cytoplasm at the
same density (Figure 31) (Yoon, K.H. 2001). Because of a difference in assembly
architecture, the mechanical properties should be also different. One can hypothesise that the
keratin cytoskeleton, because of its repartition in the cell, is able to have a greater contribution
than the vimentin cytoskeleton to the cell’s mechanical behaviour. This hypothesis allows for
understanding that the parameter u; increases in epithelial cells, but decreases slightly in
fibroblasts, and respectively, that the parameter 7, increases in epithelial cells, but decreases
in fibroblasts.
In compression, the relaxation time constant is smaller than in stretching. It could be due to
the cell nucleus, which displays a higher elastic modulus than the cytoplasm and for this
reason could accelerate the relaxation after compression. In endothelial cells, the elastic
modulus of the nucleus is evaluated to 5000 Pa, which is 10 times greater than the cytoplasm
(Caille, N. 2002). The elastic modulus of the whole cell is evaluated to ~ 20 Pa in
compression, which is much smaller.

Finally, the elastic moduli and viscosity of the panc-1 cell can be evaluated. The ratio
S/ u(0) equals 24.7 um, 7.2 um and 3.0 um (error: £ 1 pm), respectively at 11.5 um, 21.5
um and 31.5 pum total displacement. Under 10 pum displacement, it is found that the
corresponding elastic moduli to the parameters uo, 41, 11 are respectively ~ 80 10° Pa, ~ 350
10° Pa and ~ 20 10° Pa.s. Under 20 um displacement, respectively ~ 60 10° Pa, ~ 1100 10° Pa
and 100 10’ Pa.s. Both elastic moduli are ~ 100-1000 times larger than elastic moduli and
viscosity of embryonic fibroblasts, evaluated to respectively ~ 1 10° Pa and ~ 1 10* Pa.s
(Thoumine, O. 1997). It is consistent with the presence of the keratin cytoskeleton in
epithelial cells. As a comparison, such high values of viscosity are reached in warm asphalt (~
110° Pa.s) or in incandescent lava (~ 1-10° 10° Pa.s).
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4.2 Mechanical Behaviour of Human Pancreas Cancer Cells in
Presence of Serum

In order to have a reference measurement, the mechanical properties of a panc-1 cells
have been tested in culture medium, meaning DMEM supplemented with 1% L-glutamine and
10% serum (FBS). As described in the section 2.4.1, the micro-manipulation to place the cell
between the microplates has been performed in serum free medium. 10 min after the cell has
been in contact with the both microplates, serum (FBS) has been added in order to obtain a
medium at 10% FBS in the liquid-chamber. A period of 75 min elapses, before the
commencement of the monitoring at the time t = 0 (Figure 32). During this time lapse, the
optical fibre has been positioned (after the cell has been placed between the microplates for
this measurement) and the cell adheres on the FN-coated microplates.

4.2.1 Results

The measurement has been performed under control of cell displacement. The
imposed changes of cell displacement are plotted as a function of time in Figure 32 (black
curve). The cell response can be read as the generated force also plotted as a function of time
in this figure (green curve). A series of 2.5 um displacement steps have been accomplished at
a control rate of 0.5 um.s". Each ~ 12 min, the cell displacement is increased of 2.5 pum.
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Figure 32: Mechanical assay of a Panc-1 cell in culture medium.

This plot presents a mechanical assay of a Panc-1 cell. A periodic mechanical excitation of a period of ~ 2-3 min is
superposed to an increasing trend of the displacement (black curve). The mechanical response of the cell is given as the
generated force (green curve). At constant rate displacement, the cell behaviour is elastic. At constant displacement, the
force behaves as the relaxation function described by the Kelvin model. It highlights the viscosity of the cell. The errors on
the values are = 5 nN and £ 0.5 um respectively for the force values and the displacement values.
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This stepwise increase occurs 3 times at t = 12.5, 25.0 and 40.0 min, at this last time, it
reaches 7.5 um. Then, the cell displacement is decreased to the initial displacement (zero
displacement in Figure 32) in three steps back (at t ~ 60 min). After a resting period of 20
min, at t = 98 min, a 2.5 um step has been made and maintained for 10 min. A periodic
displacement is superposed to this displacement-trend. The cell displacement increases
linearly of 2.5 um more and then drops to the present trend-value as the 2.5 um additional
displacement has been reached. These displacement cycles occurs each 2-3 min. They can be
considered as a regular evaluation of the cell’s mechanical properties over time. The cell
displacement rate, which is imposed by the cell in reaction to the control rate, is constant
during this measurement. In average, it equals ~ 0.065 um.s™. In Figure 33, the generated
force is plotted as function of the cell displacement. Each displacement cycles display a
hysteresis. This hysteresis increases as the displacement-trend increases (Figure 33). The first
five cycles (from 0 the 2.5 um) present a good reproducibility. The series of cycles at other
displacement plateau values present eventually a small force-offset, but the shape of the
hysteresis loop is well conserved from cycle to cycle. After the resting period, the force is
shifted of ~ 100 nN higher. For each cycle, the force increase is almost always linear, whereas
the force decrease is partly linear. The force decreases first faster than it increased as a
function of the displacement. After, it decreases almost as it increased before (Figure 33).
After the time t = 110 min, cell adhesion deteriorate suddenly until it ruptures.
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Figure 33: Force-displacement curves of a Panc-1 cell in culture medium.

Each displacement cycles of the previous measurement is visible in the graph as a hysteretic loop. The time runs along the
curves clockwise. Hysteretic loops demonstrate the viscosity of the cell. The shape of the loops is well conserved as the cell
undergoes equivalent displacement cycles. Small force offsets occurs during the same displacement series. A greater one (~
200 nN) occurs as the cell is placed again under the initial displacement. It indicates a strong change in the cell activity
and/or spreading even if an increase or a decrease of the adhesion area on the microplate has not been observed.
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4.2.2 Discussion

To quantify the cell’s mechanical properties in the course of time, the force-
displacement linear relationship (which occurs as the displacement increases) is used to define
a loading/unloading effective spring constant characteristic of the cell at a certain time. The
results of this calculation are plotted in Figure 34.

30 ! T ! T J T J T v T 100 8
L ® g
'\./ 490 g
25 - . » E g
I '\.._\ J/ \-"H-\ /-/ \ § . 1 80 g
i . / I ‘;
_ . AV w2
L} / ./. ’ -‘zz
Ll - N 60 3
_— [ s . -
E 3 o
é 10 | .\. s—e-0—0—8 50
g ) '
2 - *-0-s-0—0-o 4 40
7]
o 5 0-0-0-0-0-¢ . o-0-0 |
2 \ /
w - e-s-00-0e B -e-0-0-0-0-0 - 30
=} \ / j
0 |- .
1 1 | 1 | 1 | 1 | 1 | 20
0 20 40 60 80 100
time (min)

Figure 34: Peak-displacement and effective spring constant as a function of time.

The peak-displacement (black curve) and the effective spring-constant of the cell (green curve)are plotted as function of time.
The errors on the values are £ 5 10 % uN.m™ and 0.5 um respectively for the spring-constant values and the peak-
displacement values.

The changes of the loading/unloading spring-constant present a trend of stiffening over the
displacement cycles in comparison with the first five cycles. In average, the spring constant is
evaluated at ~ 50 10” N.m™' during the first 10 min of the measurement. It rises to ~ 80 10~
N.m™" from the time t = 12 min to t = 58 min, as the displacement is over 2.5 um and
increases punctually until 10 um. After a 20 min resting-period, comparable values increased
respectively to ~ 67 10~ and ~ 90 10 N.m™. It seems that the progressively increasing
displacement (or strain) induces a stiffening of the cell, but stiffening is not only proportional
to displacement. As the cell is allowed to settle for a period of time, it appears more difficult
to stretch it again until a strained state that the cell experiences already. It shows clearly the
history-dependence, which occurs frequently in biomechanics. During the resting period the
cell cytoskeleton reorganises to adapt to the new biophysical state, so that the stretched cell
after t = 80 min and at the beginning of the measurement is not the same system. In Figure 33,
the small force-offsets occurring during a cycle series can be interpreted as a preconditioning
of the system. By repeated cycles, a steady state can be eventually reached. This phenomenon
is well known in biomechanics of tissue (Fung, Y.C. 1993, p.262).

At the times t = 12.5, 25.0, 40.0 and 98.0 min, the cell displays a relaxation behaviour.
Because the displacement-trend is kept constant at a new value, the relaxation function of the
Kelvin model can be used to fit the force curve. According to the equation (eq. 15), the data
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have been fitted with an exponential-decay function. All the results are summarised in the

Table 10.
loading / unloading parameters Kelvin model parameters
. displacement spring _

time (plateau value) rate constant #o #h %=1/ n
[min] [um] [ums']  [x10°N.m'] | [Nm'] [N.m'] [min] [10° N.s.m™]
12.5 2.5 0.082 ~ 80 4800 810 0.151 7.3
25.0 5 0.063 ~ 80 12250 2100 0.182 22.7
40.0 7.5 0.052 ~ 80 20550 3550 0.230 49.0
98.0 2.5 0.058 ~90 20350 1800 0.360 37.8

Table 10: Parameters calculated according to the Kelvin model

The initial displacement equals 12.3 = 0.5 um. The error on the displacement is £ 0.5 um; rate, = 0.002 um.s™';
loading/unloading spring constant, = 0.05 N.m ™ ; spring constant uyand u1, £ 50 N.m™; time constant, + 0.002 min;
coefficient of viscosity, 2 10° N.s.m™.

This analysis confirms the stiffening of the cell and the history-dependent behaviour of cell.
The parameters £ and 4 increase significantly with the displacement: between 2.5 um to 7.5
um plateau-value of displacement, the both parameters increase of a factor ~ 4.3. The cell
hardens in response to stretching. All parameters depend on the cell history. H; is ~ 5 times
higher, 14 ~ 4 times and g4 ~ 2 times, when the 2.5 pm plateau-value is reached for the second
time. The loading/unloading effective spring constant, plotted in Figure 34, cannot be
compared to the parameters s and x4, because both are effective parameters and have
definitively different definitions, as we mention already. It reflects the cell elasticity in a
dynamic regime.

It is interesting to compare parameters found, on one side, in presence of serum on FN and, on
the other side, in absence of serum with chemical adhesion (section 4.1). Obviously, it is
respectively a “more biologic” environment for the cell in comparison with a “less biologic”
environment. It seems that in this range of deformation, the loading/unloading spring constant
does not vary significantly, but it is ~ 10 times higher than in absence of serum (Table 6, and
Table 9).
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Figure 35: Representation of the relaxation function with conditions on the parameters.
The representation allows for comparison of relaxation function depending on the parameter values.
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It shows that the cell develops a stronger resistance to deformation in presence of serum,
possibly because of a serum-mediated activity of the actin cytoskeleton. The apparent cell
viscosity increases disregarding in presence or the absence of serum under stretching, but it is
much higher in absence of serum. Values of s are comparable (2500-3500 N.m™ at 7.5-10
um displacement) in absence or in presence of serum. It comforts the hypothesis, that z4 may
reflect chiefly the mechanical properties of keratin cytoskeleton which is not expected to be
directly influenced by the serum. Unfortunately, the exact value of the microplate’s spring-
constant is not measured, but evaluated for the measurement in absence of serum, as
explained in section 4.1, so these results have to be confirmed.

Nevertheless, it is possible to compare exactly the cell behaviour with and without serum. The
parameters 4 /4 and 7 do not depend on rescaling through the spring-constant of the flexible
microplate. They can be used for comparison without doubts. g4 /g ~ 0.1 in presence of
serum and g /gy >> 1 in its absence. 7 is smaller in presence of serum of about a factor 10.
These both changes can be directly attributed to the serum coupled with adhesion on FN. It is
coherent with the serum-mediated contractility of cell. The case with z; small and £ /1 <<'1
correspond to a system, which can sustain forces and can stabilise them fast (Figure 35).
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4.3 Mechanical Behaviour of Human Pancreas Cancer Cells in
Presence of Sphingosylphosphorylcholine

In order to measure a value characteristic of the mechanical properties of human
pancreas cancer cells (panc-1 cells) as a function of time under addition of SPC, a periodic
mechanical excitation is applied to a single cell adhering between two microplates coated with
FN. A cycle is composed of a mechanical loading followed by unloading and a rest period.
During a cycle, the cell resists to progressive deformation. It results, that the cell is linearly
loaded until the maximal value (several hundreds of nanonewtons). This linearity of the force
and displacement changes allows definition of a loading/unloading spring constant, which is a
measure of its elastic modulus under constant loading and displacement rates. Both rates are
fixed by the cell in response to the control rate. This response is not depending on the control
rate (section 3.6). Each cycle can be considered as a periodic punctual characterisation of the
cell’s mechanical properties.

4.3.1 Results

Figure 36 shows the displacement imposed on the panc-1 cell as a function of time
(black curve) and the simultaneous measurement of resultant force (the cell’s mechanical
response) also as a function of time (green curve). The preparation of the cell before recording
is shown in details in Figure 37 (a) — (d).
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Figure 36: SPC effects on a panc-1 cell under controlled periodic displacement.

A uniaxial 5 um amplitude and periodic displacement (black curve) is imposed to a cell with respect to the initial
displacement. Cell response is recorded as the generated force (green curve) versus time. 35 minutes after the beginning of
the recording 10 uM SPC is added in the liquid chamber.
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Figure 37: Micrographs of the preparation and of the measurement with a Panc-1 cell

Times are given regarding to the beginning of recording (t = 0). (a) with help of a third microplate, a cell is placed between
rigid (left) and “force sensor” (right) microplates. (b) the cell is slightly pressed between the microplates. (c) the third
microplate has been withdrawn. (d) the cell spreads on the microplates; The rigid microplate is moved back to set the force
almost to zero: the initial displacement is then defined. (e) cell initial displacement at the end of the first displacement cycle —
rest period. (f),(2),(h) are maximal displacements respectively of the 4" (no SPC), 7" and 15" (SPC) cycles.

From a spherical shape (Figure 37, (a)), the cell spread in a cylindrical-like shape (Figure 37,
(d)) between the microplates. The cell displacement is composed of repeated cycles. Each
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cycle is composed of a linear increase to 5 um (Figure 36 and Figure 37, (f), (g) and (h)).
Then, the cell displacement is immediately decreased to the initial displacement (set as zero
displacement in the Figure 36). Finally a resting period of 2.5 min finishes the cycle. The
micrograph Figure 37 (e) presents the cell in the initial state (zero-displacement, at t = 0). The
initial state of a cell is difficult to define. As explain in the section 2.2.5, at t = 0, the force
generated by the cell is unknown, but it is not expected to be far away for the zero force. At
the end of the measurement, the zero force value has been determined after cell-adhesion
rupture, meaning that the flexible microplate (force sensor) was unloaded. In this situation,
the force eventually measured gives the force offset.

Six cycles are imposed on the cell so as to obtain stabilisation of cell deformation and cell
adhesion to microplates under periodic displacement. It occurs approximately at the time t =
22 min. The force’s decreasing trend reflects the cell adaptation to new constraints. This
change of adhesion occurs on a much longer time scale than the time needed for elastic
probing of the cell. This is why cell adhesion induced force drift does not contribute
substantially to the evaluation of cell’s mechanical properties obtained by short time force
probing. After the initial period of 35 minutes (which corresponds six cycles), the cell kept in
the initial state is treated with 10 pM concentration of SPC. Upon addition of SPC, the cycle
duration is extended to approximately 7 min (including 5 min of resting period) in order to
reduce perturbations on the cell. Seven of such cycles are applied on the cell before reverting
to the original loading conditions at t ~ 80 min. At this time, the SPC has reacted with the cell
for 45 minutes which is known to be enough time to obtain a complete effect of SPC.
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Figure 38: SPC effects on the force-displacement relationship of a Panc-1 cell.

The force has been plotted as a function of displacement for several cell displacement cycles of the Figure 36. Given times
(top of each graph) correspond approximately to the beginning of the cycle. The black colour indicates measurement without
SPC, whereas the blue colour indicates the presence for 10 uM of SPC.
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Two changes occur in presence of SPC: first the amplitude of peaks force decreases and
second the displacement rate increases. For a linear displacement of 5 pm, the peak force
amplitude drops from ~ 250 nN to ~ 110 nN. For the same control rate (0.05 um displacement
step each 100 ms), the resultant effective displacement rate increases from ~ 0.07 pm.s™ to
0.13 um.s”', almost doubled. Force and displacement have been measured simultaneously.
Thus, it is possible to plot the force as a function of the displacement for each displacement
cycle. Figure 38 present these curves. Before introduction of SPC, force-displacement curves
(black colour) show a similar response during the first six cycles, with occasionally a little
hysteresis (Figure 28, upper part). In presence of SPC (exactly 15 min after addition of SPC, t
= 50 min), the relationship between force and displacement is linear until the set displacement
is reached (5 um), whereas during the unloading to the initial displacement (or zero
displacement in the graphs), the force is not a linear function of the displacement (Figure 28,
lower part). The jumps in force (i.e. force increase at constant displacement) correspond to
cell relaxation during the rest periods, which is also clearly remarkable in the Figure 36.

The linear relationship between force and displacement defines the loading/unloading spring
constant characteristic of the cell and its biophysical state. This value has been calculated for
each displacement cycle. It is the ratio of the loading rate to the displacement rate measured
during stretching to 5 um. In Figure 39, the loading/unloading spring constant has been
plotted as a function of the time in units of uN.m™' (black curve). The area enclosed in force-
displacement graphs, when the cell goes through a displacement cycle, has been also plotted
as a function of time in units of energy reported to the cell volume (green curve). It is called
hysteretic energy.
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Figure 39: Effective spring constant and hysteretic energy variations under addition of SPC

Loading/unloading effective spring constant (black curve) and hysteretic energy (green curve) are plotted as a function of the
time. The energy unit is in kg.T unit per cell volume in um’, where kg is the Boltzmann constant, T = 310.15 K. The cell
diameter equals 22.3 um.
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4.3.2 Discussion

The loading/unloading effective spring-constant decreases gradually after the addition
of SPC of a factor ~ 3. It shows a softening of the cell. The system seems to settle in a new
biophysical state in presence of SPC. During 35 min, the effective spring-constant and the
hysteretic energy do not vary anymore (Figure 39) demonstrating the stability of the system.
The cell adhesion does not change until the time t = 100 min, at which it is clearly suddenly
depredated. This progressive softening of the cell is attributed to the SPC-mediated
reorganisation of the keratin. The perinuclear reorganisation of the cytoskeleton depletes the
rest of the cytoplasm of keratin. As a result, a greater volume of cytosol could undergo
viscous deformation. It could explain the greater viscous energy dissipation that is manifested
as increasing the hysteresis loop area.
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4.4 Mechanical Behaviour of Human Pancreas Cancer Cells in
Presence of Lysophosphatidic Acid only or with
Sphingosylphosphorylcholine

The measurement, which will be presented in this section, is similar to the one showed
in the previous section. The mechanical assay is composed of repeated cycles. However, it
presents three differences in comparison with the previous measurement. First, the force is
controlled and the cell response can be read in the cell displacement. Second, during a cycle,
the cell is not only stretched, but also compressed. Third, as the cell adheres between the
microplates, it is pre-treated with LPA, before being treated with SPC. The measurement
cumulates mechanical assays on the same Panc-1 cell under three different biochemical
stimulations: first no stimulation (serum-free medium), second LPA stimulation (at 10 pM)
and third LPA and SPC (both at 10 uM) stimulation.

441 Results

Figure 40 presents a force controlled mechanical assay on a Panc-1 cell. The force
(green colour) is plotted as a function of time. Repeated tensile stretching (positive forces
values) and compression (negative forces values) are applied on the cell.
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Figure 40: LPA and SPC effects on a Panc-1 cell under controlled periodic force.

A uniaxial 150 nN amplitude and periodic force (green curve) is imposed to a cell. The cell is stretched (positive force
values), but also pressed (negative force values). Cell response is recorded as the displacement (black curve) as a function of
time. LPA is added in the liquid chamber to reach a concentration of 10 uM at the time t = 35 min. Later, at t = 120 min,
SPC is added also at a final concentration of 10 uM.
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A force cycle is composed of an increase in the force of 150 nN from the force reference-
level. Then, the force is brought back to the force reference-level. The cycle ends with a rest
period lasting 1 min. The cell displacement — simultaneously measured — is plotted also as a
function of time (Figure 40, black colour). It represents the cell’s mechanical response.
During 12 successive force cycles over a period of 30 min, the peak displacement increases
slightly from 5.6 um to 8.1 um. At the time t = 35 min, LPA is added to a final concentration
of 10 uM in the liquid-chamber. The force is maintained at the reference level during 20 min
in order to allow LPA-induced cytoskeletal reorganisation, without any mechanical
perturbations. The cell displacement decreases of ~ 2.5 pum. This is connected with an
increase of the cell adhesion area by cell spreading. It can be observed on micrographs (d) and
(j) in Figure 41. The increase of the cylinder-like cell diameter can be measure, but the exact
adhesion-area increase is not a measurable value due to the set-up configuration. 24 force
cycles are applied in presence of LPA. Over all these cycles (60 min), the displacement
amplitude is remarkably constant at 5.6 um. Subsequently, at t = 120 min, SPC is also added
in the liquid-chamber to obtain a concentration of 10 uM. As before for the incubation with
LPA, the force is maintained at the reference level during 45 min in order to allow complete
SPC-induced keratin reorganisation. During this period, the cell displacement decreases, but
no cell spreading is seen on pictures (Figure 41, (f) and (1)). At the end of this period, a third
series of 10 cycles begins. Now, in presence of LPA and SPC, the displacement amplitude
increases of a factor ~ 3-4 in comparison with the amplitude in presence of LPA only. The
displacement-amplitude value appears to be unstable in comparison with the measurement in
presence of LPA only.

At constant control rate (0.05 pm each 100 ms), the force rate varies between compression
and stretching, and depends on the presence of bioactive lipids. For example, during cell
stretching, in presence of LPA, the force rate is constant at a value of ~ 3.3 nN.s™ and, in
presence of LPA and SPC, it equals ~ 2.2 nN.s™, indicating that the same unit step of 0.05 um
induces less force generation in presence of SPC.

Figure 41: Micrographs of a Panc-1 cell under controlled periodic force.

(a) and (g) are the same micrograph: the panc-1 cell before adhesion. Flexible and stiff microplates are indicated. (b) The
cell has been pressed between microplates: cell spreading begins. Reference positions: (c) without any bioactive lipids, (e)
with LPA, (i) and (k) with LPA and SPC. Position at maximal force: (d) without any bioactive lipids, (f) with LPA, (j) and (1)
with LPA and SPC. Flexible microplate translation in direction of picture bottom leads to an increase of the force. The
horizontal dashed line indicates the position of the zero force. Vertical dashed lines allow comparison of cell spreading
between the microplates. Addition of LPA coincides with increasing of spreading, whereas addition of SPC does not
influence strongly the cell spreading.

Figure 42 presents the force as a function of displacement for several force cycles from the
Figure 40. Force cycles before any treatments (black lines), after the introduction of 10 uM
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LPA (purple lines) and after subsequent addition of 10 uM of SPC (blue lines) are plotted. In
absence of bioactive lipid or in presence of LPA, the force-displacement relationship is almost
the same during either increase or decrease of the force. In contrast, in presence of LPA and
SPC together, this relationship shows a strong difference between the force increase and the
force decrease.
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Figure 42: LPA and SPC influence on force-displacement relationship of a Panc-1 cell.

Plots of the force as a function of displacement for several cell force cycles of the Figure 40. The time given at the top of each
graph corresponds approximately to the cycle beginning. Black colour indicates measurement without LPA and without SPC,
purple colour the presence of 10 uM concentration LPA and blue colour, 10 uM concentration SPC in addition tol0 uM
concentration LPA .
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Figure 43: LPA and SPC influence on effective spring constant and hysteretic energy.

Effective spring constant (black curve) and hysteretic energy (green curve) plotted as a function of the time
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For each force cycle, the force-displacement relation presents different linear regimes. The
loading/unloading spring constant is calculated during stretching in the linear part of the cycle
(i.e. before the maximal force is reached). This value is plotted in the Figure 43, open circles.
In the same way, the linear compression regime can be also characterised by an effective
spring constant. The value remains constant at the value ~ 22 10° N.m™ over the whole
measurement (Figure 43, filled circles). The hysteresis loop area of each cycle is also plotted
(green curve) as a function of time in Figure 43. As previously, this energy is reported to unit
of cell volume. The cell was approximated as a sphere of 22.3 um in diameter at the
beginning of the measurement (Figure 41, (a)).

4.4.2 Discussion

LPA induces the formation of actin stress fibres, as SPC does, but does not affect the

keratin cytoskeleton architecture. The choice of LPA-pre-treatment, instead of treating the cell
with SPC directly, is motivated by the fact that the SPC-effect should consequently be limited
to keratin reorganisation and not simultaneously actin and keratin reorganisation.
LPA and SPC are detectable with the help of the loading/unloading spring-constant value. In
DMEM supplemented with L-glutamine (serum free medium), the loading/unloading spring-
constant in stretching regime decreases slightly from ~ 35 10° N.m™ to ~ 25 10° N.m™ during
the 12 cycles. After LPA-treatment, it stabilises at a plateau-value of ~ 35 10° N.m™'. The
remarkable stability of the value and its slight increase are interpreted as an activation of the
cell contractility mediated by the LPA. It is confirmed by the cell spreading, which is
observed. It is also consistent with the LPA-mediated contraction and spreading observed in
REF52 cells (section 3.5). Fortunately (because it allows to continue the measurement), the
Panc-1 cells do not flatten between the microplates as much as the REF52 cell do, and as
observed the cell settles in a stable state regarding adhesion and mechanics. The relationship
force-displacement in presence of LPA displays a high reproducibility (Figure 42, purple
lines). After 45 min incubation with SPC, the loading/unloading spring constant deceases
suddenly of a factor ~ 4.7 indicating softening of the cell. It is attributed to keratin perinuclear
reorganisation. The loading/unloading spring-constant in compression regime remains
constant demonstrating that the mechanical properties of the nucleus and the perinuclear
region do not depend notably on LPA- or SPC-mediated cytoskeletal reorganisation. In
compression and in presence of SPC, it could be expected to observe a hardening. It depends
on the relative rigidity of the nucleus to the collapsed keratin cytoskeleton on the nucleus.
These measurements could indicate that the nucleus gives the main contribution to the
mechanical behaviour of the nuclear and perinuclear region of a cell. It is coherent with the
measurement of Caille, N. and a/., who measured a nuclear elasticity of 5000 Pa to be
compare to the cytoplasmic elasticity of 20 Pa (Caille, N. 2002).

Figure 44: Schematic representation of a Panc-1 cell between the microplates.
(a) with LPA and (b) with LPA and SPC
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As before, the sudden increase of the hysteretic energy could be interpreted as an increase of
the volume in which viscous dissipations can be produced. This volume is the parts of the cell
between nucleus and microplates (Figure 44, (b)).

Furthermore, changes in the actin fibre structure induced by prior treatment with LPA (which
does not modify keratin) appear to have no bearing on the effects of SPC in reducing the
elastic modulus of cell by reorganising keratin observed in section 4.3.

The migration of Panc-1 cells through size-limited pores in response to SPC has been
studied. The migration ability of Panc-1 cells is ~ 2 times higher in presence of SPC in
comparison with the control (Micoulet, A. 2003). In this work, it has been proved by a direct
measurement that SPC induces cell softening in correlation with specific cellular architecture
reorganisation. This softening could explain the increase ability of Panc-1 cells to migrate. As
already mentioned, SPC is found in high amounts in malignant ascites. The metastatic process
is defined as the invasion of basal membrane and endothelial layer by cancer cells originating
in most of the cases from epithelium. Metastases are these epithelial cells, which acquire the
ability to migrate through tissues. The SPC-mediated softening of epithelial cancer cells,
Panc-1, could facilitate the metastatic process.
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5 Conclusions and Outlook

Résumé du chapitre 5
Conclusions and persepctives

Plusieurs progressions dans la compréhension de la mécanique cellulaire ont été

présentées dans ce travail. Les mesures ont été réalisées sur deux sortes de cellules qui sont
trés différents et ont aussi des functions différentes dans les tissus : des fibroblastes et des
cellules épitheliales cancéreuses. Différentes mesures ont été faites. La force, respectivement
la déformation, a ¢ét¢ maintenue constante et le fluage, respectivement la fonction de
relaxation, a ét¢ mesuré(e). Une variation périodique de la force a été appliquée a la cellule. A
taux de charge appliqué constant, le taux de charge résultant, qui dépend de la cellule, a été
mesuré. Plusieurs sortes d’adhésion ont été explorées : une adhésion artificielle sur des
microplates fonctionalisées avec des groupes aldéhydes ou une adhésion « plus biologique »
par I’adsorption de fibronectin sur les microplaques.
De toutes ces mesures, les conclusions suivantes peuvent étre tirées. Premi¢rement, 1’adhesion
aus microplaques joue un role important. Comme on a pu ’observer au paragraphe 3.2, les
contraintes d’adhésion imposées par la fonctionalisation des microplaques, modifient les
propriétés mécaniques de la cellule. Etalement et motilité cellulaire sur une surface plane
dépendent de 1’adhésion cellulaire : I’attachement des recepteurs cellulaires aux ligands de la
surface active des signaux intercellulaires qui contrdle la mécanique cellulaire et la forme de
la cellule. La technique de D’étireur de cellules apparait particuliérement adaptée pour
comparer deux différentes contraintes appliquées a 1’adhésion cellulaire. Deuxiémement, le
comportement mécanique d’une cellule peut étre décrit par des modeles mécaniques simples
tel que le modele de Kelvin. Des parametres phénoménologiques, tels que des constantes de
raideur ou de viscosité, permettent la comparaison de différentes lignées cellulaires, mais
aussi de la méme lignée dans différentes conditions. Comme nous avons pu le voir aux
paragraphes 3.5, 4.1 et 4.2, ces parameters dépendent de la présence de sérum, dont certains
composants sont connus pour activer la conctractilit¢ cellulaire. Si la contraction
fibroblastique ne peut pas étre prise en compte dans le modéle de Kelvin, la contractilité
cellulaire est intégrée dans les constantes de raideur. En effet, la valeur de ces constantes est
plus élevée en présence de sérum. Troisiémement, 1’étireur de cellule peut étre utilisé pour
une quantification directe des changements de propriétés mécaniques induits par une
réorganisation de la structure du cytosquelette. De telles quantifications ont été conduite pour
les cellules Panc-1 en présence de LPA et/ou SPC. Le LPA, induisant la formation de fibres
de stress, contribue probablement a la stabilisation de 1’adhésion cellulaire. Le SPC induit la
regroupement du cytosquelette de kératine autour du noyau et par-la méme rend la cellule
plus déformable.
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Les microplaques peuvent étre recouverte de protéines d’ahésion avec la matrice
extracellulaire ou avec d’autres cellules. Ainsi, les microplaques peuvent dans une certaine
mesure mimer I’environnement cellulaire. Ceci est pertinent pour 1’étude des cellules
cancéreuses et cellules cancéreuses métastatiques qui traversent plusieurs tissus. D’autres
conditions expérimentales méritent aussi d’étre mises en ceuvre, comme une faible
concentration d’oxygene ou encore le manque de nutriments, qui sont caractéristique de
I’environnement tumoral. Concernant les cellules normales, 1’utilisation de drogues ciblant
certains composants du cytosquelette (actine, tubuline, etc) est d’un grand intérét afin
d’établir des correlations avec les propriétés mécaniques globales d’une cellule.

Quelques developpements techniques doivent encore étre réalisés, mais I’étireur de cellules
permet de répondre a des questions du type suivant :

Quelle est la grandeur des forces générées pendant I’étalement cellulaire?

Existe-t-il un seuil critique de contrainte-tension pour activer la contraction cellulaire?

Comment le sérum module-t-il la mécanique cellulaire?

Quelle est la contribution des différents composants du cytosquelette au

comportement mécanique global de la cellule?

Que fait une cellule qui a le choix entre deux sortes d’adhésion?

e Comment les molécules ligand de recepteurs cellulaires influence la mécanique
cellulaire?

e La division cellulaire pourrait-elle étre orientée perpendiculairement aux plans des

microplaques ?

Une évolution nécessaire est maintenant de localiser I’adhésion cellulaire a une surface
pré-définie de facon a limiter I’étalement cellulaire et ainsi contribuer a la stabilisation de la
cellule dans une situation qui permet sa déformation. L utilisation de micro-canaux en PDMS
(§ 2.5) permet de n’adsorber de la fibronectine, par exemple, seulement sur un disque de 20
um de diameétre a la pointe des microplaques. Cette micro-fonctionalisation rend possible
I’observation de la réorganisation de I’actine marquée GFP dans une cellule vivante sous a
déformation.

Several insights in cell mechanical behaviour have been presented in this work. The
measurements have been done with two kinds of cells, which are very different and have very
different functions in the body: fibroblasts and cancer epithelial cells. Different measurements
have been made. The force, resp. the displacement, has been maintained constant and the cell
creep-response, resp. the relaxation of the force, observed. Periodic variations of the force
have been also applied to the cell. For a constant loading rate applied to the cell, the resulting
loading rate, which is controlled by the cell, has been measured. Different kinds of cell
adhesion have been explored: artificial cell adhesion on aldehyde groups or a more biological
adhesion on fibronectin.

From all theses measurements, we can obtain the following conclusions. First, the adhesion to
microplaques plays a very important role. As observed in the section 3.2, the adhesion
constraints, imposed by the functionalization of the microplates, modifie the cell’s mechanical
properties, which is revealed by the cell’s assymetrical shape between the microplates. It is
well known that cell adhesion to a flat surface influence the cell spreading and motility. The
binding of cell receptors to ligands on the surface activates cell signaling pathways, which
dictate cell’s mechanical behaviour and shape. The microplate-stretcher technique appears to
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be well adapted to compare two different adhesion constraints on the same cell and to study
the resulting cell behaviour. Adhesion contrasts are involved in tissue structure and in
embryos. Second, cells can be described with simple mechanical models, such as the Kelvin
model. Phenomenological parameters, such as spring constants or viscosity, allow the
comparaison of different cells or the same cells, but under different conditions. As observed
in the sections 3.5, 4.1, and 4.2, these parameters depend on the presence of serum. It is
known, that some serum compounds activate the cell contractility. If the fibroblast contraction
cannot be taken in account in the Kelvin model, it appears that the phenomenological spring
constant of a fibroblast are greater in presence of serum, likely because of an increased cell
contractility, which does not lead to contraction. Fibroblast contraction could be activated, as
a certain strain level has been reached. Third, the microplate-stretcher technique can be used
for a direct quantification of the mechanical property changes induced by structural
reorganisation of the cytoskeleton. Such quantification has been conducted in the Panc-1 cells
incubated with LPA and/or SPC. LPA, inducing stress fibres formation, likely stabilised the
adhesion of the epithelial cells, Panc-1. SPC induces a perinuclear reorganization of the
keratin. The reorganization appears as an increase of the cell deformability, which can be
directly quantified.

Microplates can be coated with different ligand-proteins characteristic of cell-ECM or
cell-cell adhesion. Such coated microplates can mimic to some extent the cell environment in
tissues. It allows placing of a single cell in an adhesion-mediated signaling situation
mimicking either ECM or organs and then to study the cell’s mechanical behaviour. This is
pertinent for the study of cancer cells and metastatic cancer cells, which experience various
kinds of tissues. Other environmental parameters have to be considered, such as the lack of
oxygen and nutriments, which is commun in tumour. In the case of normal cells, the use of
drugs perturbing the behaviour and assambly of the actin cytoskeleton or of the microtubule
cytoskeleton is of high interests in correlation with the cell’s mechanical properties.

Several technological develppments have to be achieved in order to facilitate the
interpretation of the measurements, but as a summary the microplate-stretcher technique as far
it has been developed can address the following questions:

What is the force generation during the cell spreading?

Is there a stress-strain threshold activating cell contraction?

How do serum components modulate cell mechanics?

What are the contributions of the cytoskeletal components to the global cell

mechanics?

e What does a cell, which can chose between to different kind of adhesion, mechanically
do?

e How do signaling molecules modify cell mechanics, phenomenological parameters?

e Could the cell division be oriented along the perpendicular axis to the microplates?

The microplate-stretcher technique can address various questions concerning cell
mechanical behaviour. The advantages of this technique are the ‘three dimensional-like’
situation of the cell between the microplates, the possibility to expose the cell to an adhesion-
contrast. The weak point is that one need a statistic on several measurements to reflect the
mechanical properties of a cell type. The cell spreading is also an issue. One could
characterize cell mechanics of a spreading cell or of an “already-spread” cell. It should give
different results. To determine what is the time scale that a cell need to reach a mechanical
steady state between the microplates, the live observation of the cytoskeleton reorganisation is
required. This imaging of the cytoskeleton, for example in actin-GFP cells, is possible with
between the microplates. As a physicist, in order to define the system, the cell, better, one
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want to limit the cell spread to a restricted area on the microplate and to know as much as
possible about the initial structure of the cell. This is a development, which has been partially
achieved. In the previous measurements, the fibronectin-coating of the microplates is
homogeneous. The entire surface of the microplate is a potential adhesion surface for the cell.
Fibroblasts attempt to have a large interaction area with surfaces in culture; typically a surface
equivalent to a disk of ~ 50-70 um in diameter (Figure 45, (b)). The spreading process can be
very different between cell lines. REF52 cells spread in ~ 3 hours, whereas Swiss 3T3 cells do
need ~ 2-3 times longer. As a consequence, measurements with fibroblasts on FN-coated
microplates are possible only if one begins to stretch the cell actively a few minutes after the
contact (see section 3.5). If not, the cell reduces the distance between microplate to less than 1
pum and not mechanical assay can be conducted.

50 um

Y

(b)

Figure 45: Cell spreading on microplate.
(a) Fluorescence micrograph reveals the presence of FN on a 20 um disk. The microplate tip has been incubated with a
polyclonal anti-body against FN. (b) REFS52 cell spread on a microplate. The scale bar is valid for the both micrographs.

Because of this unstable spreading state interpretations of measurements are more difficult
and the characterisation of cell’s mechanical properties is strongly dependent on it (see
section 3.2). The straightforward solution to this difficulty is to stop and stabilise the cell
spreading. In order to do so, the artificial adhesion, mediated by the aldehyde groups present
on the microplate surface, can be used or potential area of adhesion can be reduced. This
solution has been used. It works well for the Swiss 3T3 cells (see section 3.3). In the section
3.2, it has been shown that the adhesion influence the mechanical properties of a cell in the
few micrometers close to the surface. The artificial adhesion results in stiffening of the
cellular material, which likely disrupts locally instead of adapt to stress because of a lack of
organisation. A second method is to provide a “more biological” adhesion to the cell but only
on a defined area. The FN is adsorbed or covalently bond to the surface only on a disk of 20
pum in diameter at the tip of the microplate (Figure 45, (a)). This has been achieved by using
the micro-channel technique described in the section 2.5. The surface around the disk is
coated with BSA which provides an efficient surface passivation regarding cell adhesion. To
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prove it, FN has been adsorbed on cover-slips using a series of parallel ~ 5 pm wide micro-
channels distant of ~ 250 um. Each 250 pm a channel widens in a circular shape. It results
that cells have the possibility to adhere on FN coated patterns: ~ 5 um wide lines and disks of
greater diameter. Two Swiss-3T3 cells cannot spread side by side on the 5 um FN-bands
(Figure 46, (a)). 4-5 Swiss-3T3 can spread on a disk of ~ 40 um in diameter (Figure 46, (b)).

Figure 46: Growth of Swiss-3T3 cells on FN micro-patterned cover-slip.
(a) Phase-contrast micrograph of Swiss-3T3 cells spreading and growing on ~ 5 um wide FN-coated bands. (b) Phase-

contrast micrograph of Swiss-3T3 cells spreading and growing on ~ 5 um wide FN-coated bands and ~ 40 um diameter
disks.

If all technical problems to achieve the patterning are solved at this date, no experiment has
been conducted with such a micro-patterned microplate yet. Measuring the force during the
cell spreading between microplates, it is expected to observe a clear limitation of the
contraction force observed in the section 3.2, and simultaneously a limitation of the cell
displacement. It will be very interesting to measure the mechanical behaviour of the cell in
such situation. Does the cell reach a stable state?

Figure 47: Stretching of a Swiss-3T3 cell
(a) - (d) Micrographs of a Swiss-3T3 cell. In (d) the cell is stretched of 10 um.
(e) - (h) Fluorescence micrographs of Swiss 313 cell
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How does the cell try to spread further? Stochastic transient extension periods (STEPs) have
been observed in cell spreading (Dubin-Thaler, B.J. 2004). STEPs occur at a rate of ~ 30
events over 10 min. The event consists in an extension followed by a retraction all around the
perimeter of the cell. If this extension is associated to a force generation in the range of
several nN, it could be measurable these oscillations with the microplate stretcher.

Another interesting observation is to observe the live-reorganisation of actin in a
fibroblast in the initial state and in response to applied forces. The set-up configuration is
ideal for such a measurement. Swiss-3T3 cells transfected with actin-GFP can be placed
between the microplates and stretched. Such an experiment has been conducted on
microplates providing an artificial adhesion (Figure 47). The formation of stress-fibres has not
been observed. The principal reason for this is the lack of FN or other cell-adhesion protein on
the surface. The micro-structured microplates appear as a much better “tool” to achieved this
qualitative measurement because they allow using of FN-coating for experiments with
fibroblasts.

Figure 48: Panc-1 cell between microplates.
As the cell probably died, multiple tethers appear and still connect the cell body and the microplate.

The Figure 48 is the micrograph of a Panc-1 cell between FN-coated microplates. The cell
lost adhesion, probably because it died. The cell did not round as it happens if it dies through
apoptosis. The cell is on the middle of the micrograph. It shows plasticity, because it
maintains a square shape. It is hold by many tethers which are pulled out of the plasma
membrane. It demonstrates that the strong and local anchorage of the cell to the FN-coated
microplates. In contrast to fibroblast spreading, the spreading of Panc-1 cells on FN-coated
microplates reaches a stable state faster and thus facilitates measurements and their
interpretations (section 4.3 and 4.4). An explanation could be that these cells maintain a
certain volume on the surface (obvious in cell culture) or between the microplates because of
their epithelial-like morphology, probably connected to the presence of the keratin.
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actomyosin
APT
ADP
BSA
CT
DMEM
EGF
ECM
FBS
FN
GFP

IF

LPA
MF
MT
NMM
Panc-1
PBS
PDGF
PDL
PSD
RBC
REF 52
RGD
ROI
SFC
SPC

Abbreviations

protein complex, actin filament and myosin
adenosin triphosphate

adenosine diphospahte

bovine serum albumin

connective tissue

Dulbecco’s modified Eagle medium
epidermal growth factor
extra-cellular matrix

foetal bovine serum

fibronectin

green fluorescent protein
intermediate filament
lysophosphatidic acid

microfilament

microtubule

non-muscle myosin

cancerous cell line from the pancreas
phosphate buffer saline
platelet-derived growth factor
periodontal ligament

position sensitive diode

red blood cell

rat embryonic fibroblast 52 cell line
arginine-glycine-aspartic acid peptide
region of interest

scanning force cantilever
sphingosylphosphorylcholine
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