
Mécanique de la cellule 
et des tissus 

 
Contractilité : muscle, myosine, actine, sarcomère, physiologie 

force vitesse longueur 
Migration cellulaire, adhésion, tubuline, matrice extracellulaire 

Loi de Hook, module de Young, viscosité 
Leviers, AFM 

Implications et dérégulations dans le cancer 
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Contraction des muscles 
 

Muscle, myosine, actine, sarcomère, 
physiologie force vitesse longueur 
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Les différents types de muscle 



https://www.youtube.com/watch?v=nU61egBVsqU 

Contraction muscle squelettique de grenouille : vidéo 



Muscle lisse, vidéo 
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Mouse intestine (duodenum) 

1 Hz autosustained cyclic contractions  

Cantilever (glass fiber) 

Time (sec) 
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Structure hiérarchique du muscle 



{ǘǊǳŎǘǳǊŜ ŘŜ ƭΩǳƴƛǘŞ ŎƻƴǘǊŀŎǘƛƭŜ ŘŜ ōŀǎŜΥ ƭŜ ǎŀǊŎƻƳŝǊŜ 



¢ŀƛƭƭŜǎΥ ƭŜ ŦƛƭŀƳŜƴǘ ŘΩŀŎǘƛƴŜ 5-8 nm 



Tailles: la myosine 
et les filaments 
de myosine  

15 nm 

2 nm 



Etat relaxé et contracté du sarcomère 



Séquence excitation nerveuse - contraction 



Mécanisme de 
génération de force 
par le couple 
actine-myosine 

Hydrolyse 1 ATP : W = 20 kBT 
5ƛǎǘŀƴŎŜ ŘΩǳƴ ǇŀǎΥ Ř Ґ у ƴƳ 
W = d x F 
 
Ą F ~ 10 pN par pas  



http://muscle.ucsd.edu/musintro/contractions.shtml 

Physiology: isometric tension behavior 

dynamometer 
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(elasticity) 



http://muscle.ucsd.edu/musintro/contractions.shtml 

Force-velocity relationship 
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Small load : 
muscle 
shortens 
quickly 

Passive lengthening = active shortening  
Ą no global shortening 

Passive lengthening > 
active shortening  

Power = v x F  

Release mass suddenly and 
measure speed v 
of shortening or lengthening 
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Group of  A. Asnacios @ MSC: 
 single-cell contractility measurement 
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The force-velocity relationship is valid for any cell, not just muscle ! 

ĄIƛƭƭΩǎ law is a reflection of actin-myosin interaction, 
but not necessarily organized as sarcomeres 

Ą All cells are contractile, muscle is just better organized 

For fibroblast cell: 



Migration cellulaire 



¢ƻǳǘŜǎ ƭŜǎ ŎŜƭƭǳƭŜǎ ŎƻƴǘƛŜƴƴŜƴǘ ŘŜ ƭΩŀŎǘƛƴŜ ƻǳ actomyosine 

Actin fibers in fluorescence 



Un autre mécanisme de génération de force: 
 ƭŀ ǇƻƭȅƳŞǊƛǎŀǘƛƻƴ ŘŜ ƭΩŀŎǘƛƴŜ όǎŀƴǎ ƳȅƻǎƛƴŜύ 

Une bille de verre couverte ŘΩŜƴȊȅƳŜǎ 
de polymérisation est propulsée dans 
un gel ŘΩŀŎǘƛƴŜ  



[ŀ ƳƛƎǊŀǘƛƻƴ ŎŜƭƭǳƭŀƛǊŜ Υ ǇƻƭȅƳŞǊƛǎŀǘƛƻƴ ŘŜ ƭΩŀŎǘƛƴŜ Ł ƭΩŀǾŀƴǘΣ ŀŘƘŞǎƛƻƴ 
au substrat, et contraction actomyosine  propulsent la cellule 





/ƘƻǎŜǎ Řƻƴǘ ƻƴ Ǿŀ Ǉŀǎ ǘǊƻǇ ǇŀǊƭŜǊ όƳŀƛǎ ǉǳΩƛƭ Ŝǎǘ ōƻƴ ŘŜ ǎŀǾƻƛǊύΥ ƳƛŎǊƻǘǳōǳƭŜǎ  

Filament Moteur moléculaire correspondant 

Couple 
actomyosine: vu 

Important pour le 
mouvement des 
chromosomes 
lors de la mitose, 
pour le transport 
de cargos 
intracellulaires  



Les cellules exercent des forces sur le substrat pour migrer 
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Cellules sur un film élastique fin le font plisser 

Les piliers élastiques se courbent 

Force mapping  in epithelial  cell  migration  

Olivia du Roure, Alexandre Saez, Axel Buguin, Robert H. Austin, Philippe Chavrier, Pascal Siberzan, and Benoit Ladoux 



Quantification de la force de migration: microscopie à traction de force 

cancéreuse 

non-cancéreuse 
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Cancer cells develop higher 
contractile forces, promoting 
migration (tumor invasion) 

Traction force 
higher on stiff 
substrate (like 
for muscle: 
high load) 

Elasticity (kPa) 

https://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr06284b
https://pubs.rsc.org/en/content/articlehtml/2017/nr/c7nr06284b
http://orcid.org/0000-0002-8184-3995
http://orcid.org/0000-0002-8689-7810
http://orcid.org/0000-0003-2529-7106
http://orcid.org/0000-0002-1726-3275
http://orcid.org/0000-0002-8184-3995
http://orcid.org/0000-0002-8689-7810
http://orcid.org/0000-0003-2529-7106
http://orcid.org/0000-0002-1726-3275


Elasticité de la cellule et des tissus 



Elasticité, loi de Hooke 

Déformation (no unit) 

Contrainte (Pa) 

E= ̀  /  

 

Elastic (Young) Modulus E (Pa) 

Loi de Hooke :  
E = constante caractéristique du matériau aux petites déformation 

 ̀

 

Réponse  
visqueuse 

= contrainte nécessaire pour 
doubler la longueur ŘΩǳƴ matériau 

on arrête 
de tirer 



Elasticity values 

In the body Common materials 



Making maps of cell & tissue elasticity: the atomic force microscope 
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E8 midgut 

Example: Young modulus map of of intestine 

Piezoelectric crystals allow for nm-resolution 
displacement of cantilever in XY plane and Z 



How to measure micro-picoNewton forces: cantilevers  (microleviers) 

Un levier = une poutre fine avec force ponctuelle à ƭΩŜȄǘǊŞƳƛǘŞ 

Mécanique des milieux continus, théorie des poutres 

Flèche = y = déflexion de 
ƭΩŜȄǘǊŜƳƛǘŞ du levier 

I = moment ŘΩƛƴŜǊǘƛŜ 
dépend du diamètre et 
forme poutre 

I 
Constante 1/k 

y 
F 

F 

Ą  F = ky 

Ą oscillateur harmonique  
Ą Fréquence 
      propre  



Sphere pressed against a plane: Hertz model of indentation 

R 

(indentation) 

Poisson modulus 
( 0.5 for water ~ cells) 

(         ) 

Force not linear with 
indentation in this 

situaton 

Résultat de la mécanique des milieux continus 



Cancer cells are softer than normal cells 
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M. Lekka, BioNanoSci. (2016) 6:65ï80 

DOI 10.1007/s12668-016-0191-3 



Components of cell stiffness 

But tissue and cell stiffness differ ! 
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Cytochalasine 
D inhibits actin 

Passive component: a water filled balloon  

Active: resistive actomyosine network 



But cancer tumors are known to be stiffer than surrounding tissue   

Å Détection des  tumeurs du sein ǇŀǊ ǇŀƭǇŀǘƛƻƴΥ ōƻǳƭŜ άdureέ 
Å Détection par élastographie ultrasonore (~échographie) 
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Why ? 
Ą Interstitial fluid pressure (cf exposé) 
Ą Extracellular matrix of tumors 

https://www.sciencedirect.com/science/journal/22115684
https://www.sciencedirect.com/science/journal/22115684
https://www.sciencedirect.com/science/journal/22115684
https://www.sciencedirect.com/science/journal/22115684
https://www.sciencedirect.com/science/journal/22115684/94/5


The extra-cellular matrix (ECM): les tissus sont Χ tissés 

Å Tissues are composed of cells embedded in a 
matrix of protein fibers 
 

Å Collagen is the main component of ECM: 
25% to 35% of the whole-body protein content ! 
 
Å Other ECM molecules : hyaluronic acid, 

elastin, laminin etc.  

https://orcid.org/0000-0001-7843-3314


Peripheric zone of tumor Intratumoral zone 
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Example collagen distribution 

Intestine cross-section (chicken embryo 7 days)  
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Tumor: collagen stroma around tumor 

https://journals.sagepub.com/doi/full/10.1177/1010428318770953?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub=pubmed
https://orcid.org/0000-0001-7843-3314
https://journals.sagepub.com/doi/full/10.1177/1010428318770953?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub=pubmed
https://journals.sagepub.com/doi/full/10.1177/1010428318770953?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub=pubmed
https://journals.sagepub.com/doi/full/10.1177/1010428318770953?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub=pubmed
https://journals.sagepub.com/doi/full/10.1177/1010428318770953?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub=pubmed
https://journals.sagepub.com/doi/full/10.1177/1010428318770953?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub=pubmed


Smooth muscle and collagen are in the stroma surrounding tumors 
and make it  stiff 

Ą Smooth muscle: we expect tumors to have 
spontaneous cyclic contractility 



Phénomènes mécanobiologiques 



 
 

 
 

 

flat 

bead 

70 nm 
grooves 

Corneal epithelial cell (Teixeira et al. 2003, J. Cell Science) 

Cells are sensitive to tissue & substrate topograhy 

homogeneous substrate 

biomaterial engineering 

Anoikis: 
except non-adherent cells (leucocytes ς globules rouges) 
or bacteria, cells need to attach to substrate to survive 

Cells are sensitive to : 
 
Å Substrate topography, curvature 
Å Surface chemistry  
     (metal, plastic, bone, coating etc.) 
Å Elasticity (Young modulus) 
Å 2D vs 3D 
Å Substrate porosity (3D - hydrogels) 

Cancer cells can survive without substrate: 
anoikis resistance 

Fiole de culture 
cellulaire classique 


