
 
 • Atherosclerosis 
 • Cancer 
 • Arthrits 
 • Hypertension 
 • Bone healing 
 • Loss of bone mass 
 • Pulmonary fbrosis 
 • Surfactant release in lung 

Pathologies sin which mechanics or   
"mechanobiologyN is implicated   

• Asthma 
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Expt. #2: Cell Squashing
(and AFM) 

Scaling solution 
F ∼ GR1/2δ 3/2 

Exact solution for a sphere 
ER1/2 4 δ 3/2 F = 

3 1 −ν 2 

nucleus. (Caille, et al., J. Biomech, 2002) 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Caille, Nathalie, et al. "Contribution of the Nucleus to the Mechanical Properties
of Endothelial Cells." Journal of Biomechanics 35, no. 2 (2002): 177-87.

From top, a round cell, a spread cell and a 
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http://dx.doi.org/10.1016/S0021-9290(01)00201-9
http://dx.doi.org/10.1016/S0021-9290(01)00201-9
http://www.sciencedirect.com


Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Moeendarbary, Emad, et al. "The Cytoplasm of Living Cells Behaves
as a Poroelastic Material." Nature Materials 12, no. 3 (2013): 253-61.
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http://dx.doi.org/10.1038/nmat3517
http://dx.doi.org/10.1038/nmat3517


March, 2012 

Courtesy of the authors. License: CC BY.
Source: Shimizu, Yuji, et al. "Simple Display System of Mechanical
Properties of Cells and their Dispersion." PloS ONE 7, no. 3 (2012).
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http://dx.doi.org/10.1371/journal.pone.0034305


 

  

 
 

 
 

 

Homogeneous??  
Cells in 3D matrix  

Figures removed due to copyright restrictions.

MDA-MB-231 breast cancer cells migratng 
inside a collagen gel. 
•	 Dense cortcal actn with myosin. 
•	 Cross-linkers more homogeneously 

distributed 

Rajagopalan, unpublished 	
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Isotropic??  

Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Xu, Ke, et al. "Dual-objective STORM Reveals Three-dimensional Filament
Organization in the Actin Cytoskeleton." Nature Methods 9, no. 2 (2012): 185-8.

htp://www.nature.com/nmeth/video/moy2008/index.html  
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Elastc?? 
Micropipete Aspiraton 

Cells are viscoelastic 

Force 

(0-4.5 
nN) 

Indentaton depth 
(0-1.: mm) 

Indentaton 
© The American Society of Mechanical Engineers. All rights reserved. This content is excluded from
our Creative Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.
Source: Zahalak, G. I., et al. "Determination of Cellular Mechanical Properties by Cell Poking, with
An Application to Leukocytes." Journal of Biomechanical Engineering 112, no. 3 (1990): 283-94.

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

(Zahalak et al., 1990) 7

http://dx.doi.org/10.1115/1.2891186
http://dx.doi.org/10.1115/1.2891186
http://ocw.mit.edu/help/faq-fair-use
http://ocw.mit.edu/help/faq-fair-use/


Expt. #3: Magnetic Twisting Cytometry   

Figure 1 removed due to copyright restrictions.
Source: Fabry, Ben, et al. "Scaling The Microrheology of Living Cells." Physical Review Letters 87, no. 14 (2001): 148102.
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http://dx.doi.org/10.1103/PhysRevLett.87.148102


 

 

Background: Linear Rheology of the Cytoskeleton 

Courtesy of Nature Publishing Group. Used with permission.
Source: Bao, Gang, and S. Suresh. "Cell and Molecular Mechanics
of Biological Materials." Nature Materials 2, no. 11 (2003): 715-25.

•	 Cells exhibit a weak power-law 
rheology, similar to so� glassy 
materials. 

•	  This behavior is consistent 
over a range of experimental 
conditons and for all di�erent 
types of cells. 

M (t)
G* = G '+ jG" =α 

δ ( t) 
⎛ ω ⎞ 

x− 1 

⎡π ⎤G = G0 ( (1+ jη)Γ( x − 2) cos ( x − 1) jωμ 
⎝⎜ω 0 ⎠⎟	 ⎣⎢ 2 ⎦⎥ 

+ 

Fabry et al., PRL, 2001 η = tan(x − 1) π 
2 
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Expt. #4: 

Cell stretching
 
Desprat et al., Biophys 
J., 2005. 

Power-law behavior observed over a 
wide range of strains. 

dε/dt = const . tα. 

Cells can appear to 
exhibit simple viscoelastic 
behavior in a linear plot, 
but on log-log scales the 
power-law behavior 
becomes obvious. 

Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Desprat, Nicolas, et al. "Creep Function of a Single Living Cell." Biophysical Journal 88, no. 3 (2005): 2224-33.
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http://dx.doi.org/10.1529/biophysj.104.050278
http://www.sciencedirect.com


Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Moeendarbary, Emad, et al. "The Cytoplasm of Living Cells Behaves
as a Poroelastic Material." Nature Materials 12, no. 3 (2013): 253-61.
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Expt. #5: Particle Tracking Microrheology (PTM) 
(T. Savin) 

• Standard video microscopy tracking setup 

IDL 
programs 

12

Courtesy of MIT.
Source: Savin, Thierry. "Multiple Particle Tracking to Assess the Microstructure
of Biological Fluids." PhD Dissertation, Massachusetts Institute of Technology, 2006.



 
 

Video Microscopy Particle Tracking
 

Example: 
1 μm diameter 
spheres in 
water, T=25oC 

• Tracking algorithms 

30 μm 
© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

Crocker and Grier, 1996 

http://www.physics.emory.edu/~weeks/idl/ 
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http://www.physics.emory.edu/~weeks/idl
http://ocw.mit.edu/help/faq-fair-use/


 
 

 

 

    

Particle tracking microrheology
 
•	 Thermal fluctuations of particles reflect the 

mechanics of their local environment 
•	 Evaluate the mean-squared displacement of the 

particles : 
2Δx2 (t) = x(t) − x(0) 

•	 Two limits 
Viscous  Elastic 

kBTkBT Δx2 (t) =Δx2 (t) = t 
πaGπaμ

14



 
 

 

Particle tracking microrheology
 
• Generalized Stokes-Einstein Relation 

(GSER) kBTĜ(ω ) =	 = G '(ω ) + jG"(ω )
uπ ajω Ft ⎡⎣ Δ x2 (t) ⎤⎦ 

•	 Example - Voigt fluid: Ĝ(ω ) = G + jμω 
G / μ μ / G 

kBT 
Gi π aG 

G' 

kBT 
t 

π aμ 

w t Mason and Weitz, 1995 

© source unknown. All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

15

http://ocw.mit.edu/help/faq-fair-use/


Tumor cell escaping from the circulaton  

Figure removed due to copyright restrictions.
Source: Chen, Michelle B., et al. "Mechanisms of Tumor Cell Extravasation in an in Vitro
Microvascular Network Platform." Integrative Biology 5, no. 10 (2013): 1262-71.

Michelle Chen, Integr Biol, 2013  

16
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Nonlinear modulus at higher levels of prestress  

Courtesy of the National Academy of Sciences. Used with permission.
Source: Gardel, M. L., et al. "Prestressed F-actin Networks Cross-linked by Hinged Filamins
Replicate Mechanical Properties of Cells." Proceedings of the National Academy of Sciences
103, no. 6 (2006): 1762-7.

Gardel M. L. et.al. PNAS 200:  

A prestress is applied to 
the network and the 
deformaton is 
measured in response 
to an additonal 
oscillatory stress 

The response is 
approximatel� linear  
with prestress above a 
threshold value 

Incremental modulus is  
independent o� actn or  
cross-link 
concentraton  
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Pre-stress increases moduli of reconsttuted F-actn 
networks, up to a critcal point 

Reconsttuted Reconsttuted 
actn gels cellular 

cytoskeletons 

Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Chaudhuri, Ovijit, et al. "Reversible Stress Softening of
Actin Networks." Nature 445, no. 7125 (2007): 295-8.

Source: Tseng, Yiider, et al. "The Bimodal Role of Filamin in Controlling
the Architecture and Mechanics of F-actin Networks." Journal of Biological
Chemistry 279, no. 3 (2004): 1819-26.

Strain-stiffening of F-actin/ABP at low strains 
Nonlinear stress response and matrix collapse 

at large strain 
Reversible stress stiffening and softening 

Strain stiffening Collapse 

(Tseng et. al. 2004)
 
(Chaudhuri et al. 2007) 


Courtesy of Elsevier, Inc., http://www.sciencedirect.com. Used with permission.
Source: Desprat, Nicolas, et al. "Creep Function of a Single Living Cell."
Biophysical Journal 88, no. 3 (2005): 2224-33.
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© Journal of Biological Chemistry. All rights reserved. This content is
excluded from our Creative Commons license. For more information,
see http://ocw.mit.edu/help/faq-fair-use/.

http://dx.doi.org/10.1074/jbc.M306090200
http://dx.doi.org/10.1074/jbc.M306090200
http://dx.doi.org/10.1038/nature05459
http://dx.doi.org/10.1038/nature05459
http://dx.doi.org/10.1529/biophysj.104.050278
http://www.sciencedirect.com
http://ocw.mit.edu/help/faq-fair-use/


 

Source: Yap, Belinda, and Roger D. Kamm. "Mechanical Deformation of Neutrophils into Narrow
Channels Induces Pseudopod Projection and Changes in Biomechanical Properties." Journal of Applied
Physiology 98, no. 5 (2005): 1930-39.

(Yap & Kamm, J Appl Physiol, 2005)
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Neutrophil elastc moduli fall abruptly 
upon deformaton into a capillary 

© American Physiological Society  All rights reserved. This content is excluded from our Creative
Commons license. For more information, see http://ocw.mit.edu/help/faq-fair-use/.

http://dx.doi.org/10.1152/japplphysiol.01226.2004
http://dx.doi.org/10.1152/japplphysiol.01226.2004
http://ocw.mit.edu/help/faq-fair-use/


 

Cytoskeletal fluidization is a common 
attribute of cells 

Cells that have been suddenly stretched 

immediately exhibit a lower G' but 


recover in ~ 200s 

Courtesy of Nature Publishing Group. Used with permission.
Source: Bao, Gang, and S. Suresh. "Cell and Molecular Mechanics
of Biological Materials." Nature Materials 2, no. 11 (2003): 715-25.

Courtesy of Macmillan Publishers Limited. Used with permission.
Source: Trepat, Xavier, et al. "Universal Physical Responses to Stretch in the Living Cell." Nature 447, no. 7144 (2007): 592-5.
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