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Crawling Cells as Active Matter 
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Adherent Cells as Active Matter 
Cells	  ac/vely	  generate	  forces	  &	  transmit	  them	  to	  the	  environment	  

Mouse	  kera/nocytes,	  A.F.	  Mertz	  et	  al.,	  PNAS	  2013	  

50µm



Outline	  
q  Introduc/on:	  mechanical	  proper/es	  &	  topology	  of	  the	  

environment	  affect	  cell	  behavior:	  shape,	  spreading,	  	  
mo/lity,	  interac/ons,	  …	  

q Con/nuum	  model	  of	  cells	  as	  ac/ve,	  contrac/le	  elas/c	  
media	  (≠	  ac/ve	  liquids	  à	  Sriram	  Ramaswamy)	  

q Polarized	  cells	  
q From	  cells	  to	  /ssues:	  emergence	  of	  mechanical	  

proper/es	  of	  /ssues	  from	  cell-‐cell	  and	  cell-‐substrate	  
interac/ons	  

q Collec/ve	  cell	  migra/on	  
	  



Review:	  
•  U.	  Schwarz	  &	  S.	  Safran,	  RMP	  85,	  1327	  (2013).	  
	  
Our	  work:	  
•  S.	  Banerjee	  &	  MCM,	  EPL	  96,	  28003	  (2011);	  PRL	  109,	  108101	  (2012).	  
•  A.	  Mertz	  et	  al,	  PRL	  108,	  198101	  (2012);	  PNAS	  110,	  842	  (2013).	  
•  P.	  Oakes	  et	  al,	  Biophys.	  J.	  (2014)	  to	  appear.	  
•  S.	  Banerjee,	  R.	  Sknepnek	  &	  MCM,	  Sod	  Ma3er	  10,	  2424	  (2014).	  
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Substrate	  s/ffness	  affects	  cell	  shape	  

Janmey’s	  Lab	  (Upenn)	  :	  endothelial	  cells	  on	  polyacrylamide	  gels	  	  
(Yeung	  et	  al,	  Cell	  Mot.	  &	  Cytoskeleton,	  2006)	  

Sod	  substrates:	  small,	  
round	  cells	  

Hard	  substrates:	  spread,	  
branched	  cell	  shapes	  

Cell	  spreading	  accompanied	  
by	  the	  appearance	  of	  stress	  
fibers	  à	  cell	  polariza/on.	  
Pelham	  &	  Young	  PNAS	  1997	  



Substrate	  s/ffness	  may	  affect	  cell	  differen/a/on	  

Discher	  Lab	  (Upenn):	  mesenchymal	  stem	  cells	  
(Engler	  et	  al,	  Cell	  2006)	  
	  

20μm	  



Cell	  adhesion:	  relevant	  cellular	  machinery	  

§  Contrac/le	  forces	  are	  generated	  by	  myosins	  in	  the	  ac/n	  network	  	  
§  Ac/n	  polymeriza/on	  in	  the	  lamellipodium	  
§  Forces	  are	  transmi3ed	  to	  the	  extracellular	  matrix	  (ECM)	  via	  focal	  

adhesions	  à	  trac<on	  stresses	  in	  the	  substrate	  
Ac/n	  cytoskeleton:	  	  
stress	  fibers	  &	  cortex	  

focal	  adhesions	  
substrate	  

collagen,	  
fibronec/n	  

lamellipodium	  



Forces	  in	  adherent	  cells	  

•  Inward	  pull	  by	  myosin	  contrac/on	  
•  Outward	  push	  on	  lamellipodium	  by	  

ac/n	  polymeriza/on	  

In	  a	  sta/onary	  cell	  net	  trac/on	  
pa3ern	  on	  substrate	  is	  a	  
contrac<le	  force	  dipole	  



Trac/on	  Force	  
Microscopy	  (TFM)	  

Polystyrene	  beads,	  	  r~100	  nm	  

Trac/on	  stresses	  inferred	  with	  linear	  elas/city	  
from	  displacements	  of	  embedded	  beads	  	  
(Dembo	  &	  Wang,	  1999)	  

Microfabricated	  Pillar	  
Arrays	  	  

Forces	  inferred	  
from	  micropillars	  
bend	  assuming	  
linear	  elas/city	  	  
(Tan	  et	  al,	  2003)	  

	  Measuring	  Trac/on	  Stresses	  



Trac/on	  stress	  

Infer	  trac/on	  stresses	  

Substrate	  displacement	  
field	  

Measure	  substrate	  
deforma/on	  

Strain	  energy	  

Energy	  spent	  by	  cell	  to	  deform	  
the	  substrate	  

us T = G�1
elastic ⇤ us

Sta/onary	  kera/nocytes	  
Mertz,	  Banerjee	  et	  al,	  PRL,	  2012	  

	  Inferring	  trac/on	  stresses	  from	  FTM	  



MDCLK	  cell:	  Maruthamuthu	  
et	  al	  PNAS	  2011	  

	  Trac/on	  stresses	  are	  localized	  
at	  the	  cell	  edge	  

Fibroblast:	  Dembo	  
&	  Wang	  Biophys	  J	  
76,	  2307	  (1999).	  
	  



What	  controls	  and	  regulates	  force	  genera/on	  by	  
adherent	  cells?	  

over the range of pillar spring constants studied. For each

substrate, the statistics involve at least 6 independent cells or cell

islands. From one experiment to the other, we check that cells

lying on equivalent substrates present identical behavior within

experimental error. The mean value of the force, hFi, plotted as

a function of the spring constant of the pillars (for epithelial cells

and individual fibroblasts in Fig. 2A and C, respectively) exhibits

a strong correlation with the surface stiffness. Indeed, we observe

a linear increase of the force from 0.08 ! 0.01 nN to 10.9 !
0.4 nN for spring constants varying from 1.1 nN mm"1 up to

130 nN mm"1 for fibroblasts (Fig. 2C). This finding, in agreement

with our previous results on epithelial cells,14 shows that the

relationship between cell traction forces and substrate rigidity

can be extended to different cell lines. This linear regime implies

that the pillar deflection keeps a constant value: around 100 nm

for fibroblasts and 160 nm for epithelial cells. Above these values

of spring constants, we observe a second regime that corresponds

to maximal forces at a plateau of about 11 nN for fibroblasts and

18 nN for epithelial cells. It appears that epithelial cells develop

larger traction forces than fibroblasts. In our previous study on

epithelial cells,14 the range of stiffness was too limited to reach

this value. The same dependence is observed for the highest

forces, Fmax, deduced by averaging the forces of the histograms

tails. Maximal traction forces, mostly due to the activity of the

lamellipodium at the edges of the fibroblast or the epithelial cell

monolayer,21 are about one order of magnitude larger than the

mean value for both cell types (Fig. 2B and D). By increasing the

stiffness above #120 nN mm"1, one also reaches the saturated

regime of the maximal forces exerted by the cells.

Elastic model for traction forces on continuous and discrete

substrates

As mentioned in the introduction, the analysis of traction forces

at the cell-to-substrate interface is often based on experiments

using deformable substrates such as continuous elastic gels.17,36,37

A direct comparison with our method needs to be addressed. To

compare the force measurements done on our micro-textured

surfaces with the ones performed on continuous flexible gels, we

propose an elastic model that estimates the equivalent Young’s

modulus, Eeff, of a micropillar substrate.

A micro indented surface does not have the same mechanical

behavior as a semi-infinite elastic substrate. Each micropillar

may be considered as a small independent spring with a spring

constant k. The Green tensor of the micro indented surface is

therefore extremely localized, whereas the Green tensor of

a semi-infinite elastic solid decreases as 1/r, where r is the distance

between the applied force and the location of displacement.

Nevertheless, in order to compare our results with other exper-

iments using (semi-infinite) elastic substrates, we try to evaluate

an equivalent Young’s modulus for our micropillar textured

surfaces. Considering a semi-infinite uncompressible (Poisson’s

ratio ¼ 1/2) elastic substrate, the displacement response u at

a position r from a point-like force F is given by:

uðrÞ ¼ 3

4pEr
½F þ ðnFÞn) (4)

where n ¼ r

r
. A cell adheres to this substrate through focal points.

Let us consider only one of these focal points, ‘‘far’’ from the

others. For sake of simplicity, we will assume it has a circular

shape. One can define the shearing stress P by dF ¼ PdS, where
dF is the force applied on the surface element dS, and assume

that the shearing stress P applied by the cell on the substrate is

uniform. The previous expression (eqn 2) integrated over a disc

of radius a gives the displacement at the center point u(O):

uðOÞ ¼
ZZ

3

4pE

1

r

!
P þ ðrPÞr

r2

"
dS

A straightforward calculation of the displacement ux(O) at the

center of the focal point in the direction x of the applied force

yields:

uxðOÞ ¼ 9Pa

4E
(5)

The total force applied by the cell onto this focal point is:

F ¼ pa2P.

Thus, one can estimate the equivalent Young’s modulus Eeff

for a micropillar textured surface:

Eeff ¼
9k

4pa
(6)

where k is the spring constant of a micropillar.

The relation between, Eeff, and the pillar spring constant, k, is

given by (eqn 6) where a roughly corresponds to either the size of

FA or the radius of the pillars, r. According to this relation, we

plot the average force, hFi, exerted by the cells as a function of

the equivalent Young’s modulus of the microstructured substrate

(Fig. 3). We assume that:

a # r # FA size # mm

This assumption is consistent with the use of pillars of 1 and 2 mm
diameters in our study. By varying the spring constants from 1.1

to 214 nN mm"1 and choosing a as the radius of the pillars, we

obtain a range of Eeff varying from 1.5 to 150 kPa. A similar

behavior as the one described in the previous paragraph is

Fig. 3 Plot of the mean force exerted by fibroblasts as a function of the

equivalent Young’s modulus, Eeff. Square (-) markers represent the

forces measured on micropillar substrates and round (C) markers

correspond to the forces obtained by previous studies on flexible

continuous gels.13,38 The straight line is a linear fit for the values <90 kPa.

This journal is ª The Royal Society of Chemistry 2008 Soft Matter, 2008, 4, 1836–1843 | 1839
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View Article Online

M.	  Ghibaudo	  et	  al,	  Sod	  Ma3er	  2008.	  

Force	  increases	  and	  saturates	  
with	  substrate	  s/ffness	  

Force	  increases	  with	  cell	  area	  

Before adhesion, vinculin is spread diffusely throughout the
cell. In cells plated on the highest density of peptide, vinculin
clustering occurs relatively early, between 45 and 60 min.
At the two intermediate values of ligand density, vinculin
clustering appears between 60 min and 2 h. In cells plated on
the lowest density of peptide, there is very little vinculin
clustering at all, even at 24 h. Clearly, the number of vinculin
clusters and timing of the appearance of the clusters is in part
dictated by the density of ligand on the substrate.
Most striking is the ability of the cells to exert significant

traction forces before focal adhesion formation. At the
highest concentrations of peptide, focal adhesions form
relatively quickly, within 1 h, and yet traction forces are
evident within minutes after plating (Fig. 6). For example,
after only 10 min of plating, cells plated on the highest
density of ligand are already exerting 7% of their maximum
force. Additionally, cells plated on the lowest ligand density
form very few focal adhesions even at 24 h and yet these
cells are still capable of exerting significant forces soon after
plating. Only 1 h after plating, cells on the lowest ligand
density are already exerting 14% of their maximum force.
Our data indicate that focal adhesion formation is not nec-
essary for traction generation.

DISCUSSION

Despite numerous studies of cell spreading, ours is perhaps
the first to observe the generation of force in cells during the
process of spreading from the state of a completely rounded
cell to a completely spread cell. We suspect that one

deterrent to these studies is the sensitivity of the cell to the
light of the microscope (30). Observation of the full time
course of spreading has only been possible when the light is
extremely minimized by limiting the light intensity of the
bulb in addition to using green and neutral density filters in
series. This longer exploration of spreading dynamics allows
us to correlate the dynamics of spreading with force and
ligand density. Using time-lapse microscopy, immunofluo-
rescence, and traction force microscopy, we have found that:

1. Ligand density increases the rate of spreading.
2. Cells on higher densities of ligand tend to spread isotro-

pically.
3. Cells are capable of exerting organized traction forces

before focal adhesion and stress fiber formation.
4. The overall force a cell exerts and its area are related

even during spreading.

Several studies have reported a relationship between cell
area and ECM density (2,31,32), but here we report that
ligand density increases the rate of spreading. In a separate
study of cell spreading recently performed by Dubin-Thaler
et al., it was concluded that in mouse embryonic fibroblasts,
ligand density affects the lag time before cells start to spread,
but the rate of spreading is independent of ligand density
(14). Our data confirms that the initial rate of spreading is
dependent on ligand density; however, in contrast to Dubin-
Thaler et al., our data show that, in BAECs, the maximal rate
of area growth varies significantly with ligand density. Be-
cause Dubin-Thaler et al. and Giannone et al. both waited
for the onset of spreading before observing and measuring
fibroblast spreading, and only tracked cells for;35 min, it is
possible that we are able to observe changes in cell behavior
that they were not able to detect because of their limited
observation time. It should be noted that the differences in
cell behavior between the study presented here and that of
Sheetz and co-workers (14,15) could also be explained by
the differences in the cell types investigated.
The changes in cell area with time revealed a monotonic

increase to a plateau in cell area. The data was fit to an error
function, which successfully incorporates all of the features
of the curves and fits all four data sets (Fig. 2 A). The error
function itself is interesting, in that it represents the integral
of a normal distribution (Fig. 11). The derivative of our data
may be thus interpreted as a normal distribution of some
cellular event over time. We can only speculate on the nature
of these events, but we suspect that it is the binding of
integrin and ligand. At early time points, the binding of
ligand is minimal, but increases with time as the cell spreads.
At some later point during spreading, the majority of integrin
molecules are bound and it becomes less likely that a new
bond will form, thus leading to a decrease in new integrin
ligation. Thus, integrin ligation may very well give rise to
the changes in area observed.
By investigating the changes in area and perimeter during

spreading, we have established a simple quantitative basis

FIGURE 9 The force exerted by cells 3 h after plating on various densities
of peptide was plotted against the cell area. The relationship between force

and area approaches a steady-state value after complete actin polymeriza-

tion. Three hours was chosen because it was the time at which actin

polymerization peaks and stress fibers are detected. The plot reveals an
approximately linear relationship with a slope of 7100 dyn/cm2. This slope is

statistically similar to that found within our previous study of the same cells

24 h after plating (17), indicating that stress fibers may dominate the steady-

state relationship between force and area found in our previous work.

Endothelial Cell Spreading 685

Biophysical Journal 89(1) 676–689

Reinhart-‐King	  et	  al,	  	  
Biophys	  J.	  2005.	  articles

NATURE CELL BIOLOGY VOL 3 MAY 2001 http://cellbio.nature.com470

allow the direct visualization and quantification of forces applied to
the surface, when combined with elasticity theory. The expression
of a GFP fusion protein enables the visualization of individual
adhesion sites in live cells and the determination of their dimen-
sions and labelling intensity. The use of an elastomeric substrate
was inspired by the elegant studies of Lee et al.14 and Dembo et al.16

We have, however, added features that proved to be essential for
assigning specific forces to individual focal adhesions. First, the
simultaneous detection of each focal adhesion, and of the associat-
ed displacement, allows quantification of the force exerted at dis-
tinct focal adhesions. Second, the use of a regular pattern allows
direct visualization of distortions, by serving as an internal spatial
reference. The pattern is created on the upper layer of the substrate
and is firmly anchored to the bulk. This leads to more precise and
uniform force quantification, compared to wrinkles or systems in
which the markers (e.g. beads) are randomly embedded in the bulk.
Last, the calculation of force from the displacements is based on the
localization of discrete forces, without assuming the smoothness of
the force field (see Methods).

The forces exerted at single focal adhesions in fibroblasts are
found to be of the order of 10 nN, with a peak value at 30 nN. The
stress measured at the different focal adhesions is constant at
5.5 ± 2 nN µm–2. These results are consistent with previous estima-
tions performed by separately measuring force and focal adhesion
density15,16. The latter estimations, however, related mainly to forces
developed during locomotion, whereas our focus is on the regula-
tion of adhesion by force in stationary cells. The forces during loco-
motion and their relation to focal adhesion assembly might follow
a different regime because adhesion sites have to be disrupted as the
cell migrates18,24.

The quantitative analysis of the dynamic relaxation of force
together with the disruption of focal adhesions after the treatment
with BDM (Fig. 5e–h) provides new insight into the mechanism
relating force and focal adhesion assembly. The striking finding is
that the decreases in force and total intensity occur simultaneously.
Thus, force and focal adhesion intensity are linked on a time scale
that is faster than a few seconds (our experimental resolution). This
result puts a clear constraint on the possible mechanisms that have
been proposed to account for the relationship between force and
focal adhesion assembly. It supports models involving direct con-
formational changes or molecular rearrangements in focal adhe-
sions upon relaxation or application of force. The mechanism for
focal adhesion response to force might be similar to the process that
was recently proposed for the assembly of fibronectin under ten-
sion, which involves exposing or hiding specific binding sites25,26.
Recent studies have clearly indicated that integrin signalling
depends on cellular contractility4,5,27,28, but the nature of the
‘mechanical switch’ or ‘sensor’ in focal adhesions is still unknown.

In principle, two mechanisms can be considered. The forces
applied at focal adhesions might affect the organization and assem-
bly of the multimolecular complexes present in the adhesion sites.
Alternatively, the applied force might directly induce unfolding of
domains in the integrin itself29 or in associated molecules25, thus
affecting their binding activity. Can the linear dependence of the
assembly on force and the value of the force applied at individual
focal adhesions provide information on the nature of this putative
mechanosensor? The constant relating force and focal contact area
is found to be 5.5 ± 2 nN µm–2. A rough estimate, assuming two-
dimensional close packing of integrins, leads to a force per mole-
cule in the adhesion site of the order of 1 pN, similar to the force
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Figure 5 Correlation between force and focal adhesion structure. a–d, Before
the addition of BDM. a, Correlation between force and area of single focal adhe-
sions. b, Correlation between force and total fluorescence intensity of single focal
adhesions. c, Correlation between the direction of the force and the elongation of
the focal adhesion. The angles (in radians) were measured relatively to the x axis of
the pictures. Each point represents a single focal adhesion from Fig. 5d. Absence
of error bars indicates an error below the size of the symbol. d, Fluorescence
image of a human foreskin fibroblast expressing GFP–vinculin, which localizes to
the focal adhesions. The red arrows show the forces transmitted at the focal adhe-
sions. Inset: fluorescence image of the pattern of dots below the left-hand side of
the cell; green arrows denote displacements. e–h, After the addition of 15 mM 2,3-

butanedione monoxime (BDM). e, Correlation between the area and force of the
focal adhesions of the cell shown in Fig. 5d, at all time points. Each different sym-
bol represents a different focal adhesion. The black line is the correlation line of the
linear part of the plot. Its slope defines a stress of 5.5 ± 2 nN µm–2 at the focal
adhesions. f, Time dependence of the relaxation of force (red squares) and total
GFP–vinculin intensity (black dots) of a single focal adhesion. g, Time dependence
of the relaxation of force and total intensity as a normalized average over all focal
adhesions. Notice the close correlation between force and total intensity, as both
decrease with time. h, Same cell as in d 2 min after BDM treatment. White bar =
4 µm; red bar = 10 nN; Young’s modulus = 12 kPa.

© 2001 Macmillan Magazines Ltd

Balaban	  et	  al,	  Nat.	  
Cell.	  Bio.	  2001	  

Force	  increases	  with	  area	  of	  focal	  
adhesions	  



Substrate	  s/ffness	  affects	  cell	  organiza/on	  
and	  cell	  network	  assembly	  

100μm	  

Reinhart-‐King	  Lab	  (Cornell):	  endothelial	  cells	  on	  polyacrylamide	  
Califano	  et	  al,	  Cell.Mol.	  Bioeng.	  1:122	  (2008)	  
	  



Mechanical	  interac/on	  of	  cells	  with	  environment	  affects	  
many	  cell	  func/ons:	  
§  mo/on	  
§  shape	  

Collec/ve	  cell	  behavior:	  
§  How	  do	  the	  mechanical	  interac/ons	  among	  cells	  and	  of	  cells	  
with	  the	  environment	  affect	  cell	  organiza/on?	  

§  How	  do	  the	  mechanical	  proper/es	  of	  /ssues	  emerge	  from	  
the	  interplay	  of	  cell-‐cell	  and	  cell-‐medium	  interac/ons?	  

§  growth	  
§  differen/a/on	  

Individual	  cells:	  
§ Which	  cellular	  components	  control	  force	  genera/on	  and	  
regula/on?	  

§ Which	  proper/es	  of	  ECM	  affect	  force	  genera/on?	  



Modeling	  adherent	  cells	  as	  contrac/le	  
ac/ve	  elas/c	  media	  



Contrac/le	  ``cell”	  on	  s/ff	  substrate	  
S.	  Banerjee	  &	  MCM	  EPL	  2011;	  Edwards	  &	  Schwarz,	  PRL	  2011	  

§ 	  cell	  as	  an	  elas/c	  isotropic	  ac/ve	  medium	  
§ 	  h<<L	  	  
§ 	  thin	  substrate	  
§ 	  only	  in	  plane	  stresses	   Substrate

Cell h

L

Focal Adhesion

Force	  balance:	   ⌅�⇤↵� = 0 (�,⇥ 2 x, y, z)

�↵�
stress	  tensor	  of	  cellular	  material:	  α-‐th	  component	  
of	  force	  on	  a	  unit	  area	  normal	  to	  β	  direc/on	  

B compressional modulus

µ shear modulus

�el
↵� = Bu���↵� + 2µ

✓
u↵� � 1

3
�↵�

◆
�↵� = �el

↵� + �a
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ac/ve	  stress	  

x	  

y	  

z	   �yz



Ac/ve	  stress	  
Myosin	  clusters	  exert	  contrac/le	  force	  dipoles	  on	  
the	  surrounding	  medium	  resul/ng	  in	  ac/ve	  stresses	  

!
Factive = − f ν̂nδ (!r −

!
Rn −

L
2
ν̂n )+ f ν̂nδ (!r −

!
Rn +

L
2
ν̂n )⎡

⎣⎢
⎤
⎦⎥active

units n

∑

              !
"
∇⋅ fL ν̂nν̂nδ (!r −

!
Rn )

n
∑ + ...

⎡

⎣
⎢

⎤

⎦
⎥

              ! fL
"
∇⋅ 1

d ρm1+ pp[ ]≡
!
∇⋅
!
σ active

σαβ
active =σ aδαβ +αPαPβ

ν̂

f 

-f 

L 
contrac/le	  
“pressure”	  σa>0	  

ac/ve	  stress	  
coupled	  to	  cell	  
polariza/on	  

Force balance:  ∂βσαβ
el = −Fα

active



Effec/ve	  2D	  model	  

Substrate

Cell h

L

Focal Adhesion

Average	  over	  cell	  
thickness	  h	  

Z h

0
dz [@j�ij + @z�iz] = 0

h@j�ij + �iz(h)� �ij(0) = 0 �ij(r) =

Z h

0

dz

h
�ij(r, z)

�iz(h) = 0

�iz(0) = Ti

i, j = x, y

h@j�ij = Ti

[�ijnj ]@cell = 0
Trac/on	  by	  cell	  on	  

substrate	  



One-‐dimensional	  ``cell”	  on	  s/ff	  substrate	  
S.	  Banerjee	  &	  MCM	  EPL	  2011;	  Edwards	  &	  Schwarz,	  PRL	  2011	  

§ cell	  as	  an	  elas/c	  isotropic	  ac/ve	  medium	  
§ 	  h<<L,	  thin	  substrate	  

substrate	  ``rigidity”	  	  	  
controlled	  by	  substrate	  s/ffness	  &	  thickness,	  
density	  and	  nature	  of	  adhesion	  complexes,	  …	  	  
	  
	  
	  

Force	  balance	  à	     ∂xσ xx +∂zσ xz = 0

  

σ xz(x,z = L) = 0
σ xz(x,z = 0) =Yux(x,z = 0) =T(x)

  

σ (x) = 1
h dzσ xx

0

h

∫ (x,z),        σ = B∂xu +σ a

h∂xσ +σ xz(h)−σ xz(0) = 0

   
σ = l p

2 d 2σ
dx2 +σ a

  
l p = hB

Y

penetra/on	  length:	  
controls	  spa/al	  varia/ons	  
of	  substrate-‐induced	  
deforma/ons	  

Substrate

Cell Colony
z=0

hs

h
z � h

RL 
cell	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

x	  

  

1
Y

= 1
ρaka

+ 1
µs hs



contrac/le	  stress	  

lp
Trac/on	  T(x)=Y	  u(x)	  

0.0 0.2 0.4 0.6 0.8 1.0�0.4

�0.2

0.0

0.2

0.4

0.6

0.8

x⇤R
⇥
�x⇥,T

�x⇥

Penetra<on	  length:	  
spa/al	  varia/on	  of	  
trac/on	  and	  cellular	  stress	  

�p =

r
Bh

Y

�(x) = ⇥2p
d2�

dx2
+ Pa

   
σ = l p

2 d 2σ
dx2 +σ a

Single	  fibroblast	  
Dembo	  and	  Wang,	  Biophys.	  J.	  1999.	  

Trepat	  et	  al,	  Nat.	  Phys.	  2009.	  migra/ng	  cell	  
colony	  



Cell	  contrac/on	  
u(0)-‐u(L)	  

Penetra/on	  length	  	  ⇠ 1/
p
Y

Sod	  substrate	  
Large	  contrac/on	  ⇠ �a/B

S/ff	  substrate	  
small	  contrac/on	  

Cell	  contrac/on	  largest	  on	  sod	  substrate	  



Marcq,	  Yoshinaga	  &	  Prost,	  
Biophys.	  J.	  2011:	  average	  trac/on	  
force/pillar	  

Total	  trac/on	  force	  
increases	  with	  substrate	  s/ffness	  
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‡
‡

‡ ‡

Ê

Ê

Ê

Ê
Ê

5 10 15 20 25 30

100
200
300
400
500
600

ECM Elastic Modulus HkPaL

A
vg
.T
ra
ct
io
n
St
re
ss
HPaL

h|T |i =
Z

dr

A
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Oakes	  et	  al,	  Biophys.	  J.	  2014,	  fibroblasts	  
on	  pa3erned	  substrates	  



Some	  es/mates	  

`p ⇠ 0.1L ! Y =
Bh

`2p
⇠ 10kPa/µm

Trac/on	  force	  at	  
satura/on	  ⇠ �ahL �a ⇠ 4� 10kPa

cell modulus B ⇠ 10KPa

cell size L ⇠ 10µm

cell thickness h ⇠ 1µm



Homework	  

Find	  cellular	  stress	  and	  trac/on	  profile	  for	  a	  cell	  on	  a	  substrate	  of	  
varying	  s/ffness:	  
	  

Y (x) = Y0x/L
@

x

� = Y (x)u

� = B@

x

u+ �

a

Cells	  are	  known	  to	  migrate	  towards	  
s/ffer	  regions	  à	  durotaxis	  
Can	  this	  model	  suggest	  a	  possible	  
mechanism	  that	  drives	  durotaxis?	  



Effect	  of	  substrate	  thickness	  on	  force	  transmission	  
nonlocal	  	  
substrate	  
elas/city	  

nonlocal	  elas/c	  response	  

 

Es  0.01−100kPa  →    p  0.35 − 35µm
                                           (hs  L  100µm)

S.Banerjee	  &	  MCM,	  PRL	  2012	  

⇤2
a

⇥2
x

� + �
a

= � � ⇤2
s

⇥2
x

Z
L

0
dx0G(x� x0)�(x0)

A	  cell	  of	  lateral	  extent	  L	  ``feels’’	  
a	  thickness	  L	  of	  the	  substrate	  

`p '

s

Bchc

✓
1

Ya
+

heff

Es

◆

heff ⇠
✓
1

L
+

1

hs

◆�1

heff ⇠ hs L � hs

heff ⇠ L L ⌧ hs



Effect	  of	  substrate	  s/ffness	  Es	  	  and	  thickness	  hs	  

Ghibaudo	  et	  al.	  
Sod	  Ma3er,	  2008	  
MDCK	  cells	  

Ø  Trac/on	  increases	  with	  s/ffness	  and	  saturates	  

Ø  Trac/on	  decreases	  with	  increasing	  thickness	  

Lin	  et	  al.	  PRE	  2010	  
fibroblasts	  



A	  variety	  of	  ATP-‐driven	  processes	  (treadmilling,	  myosin-‐driven	  
contrac/lity)	  can	  yield	  the	  build-‐up	  of	  cell	  polariza/on	  (e.g.,	  
stress	  fibers)	  

Cell	  polariza/on	  is	  described	  by	  a	  vector	  field	  P(x)	  
that	  couples	  to	  ac/ve	  stresses	  and	  passive	  elas/c	  
stresses	  in	  the	  cytoskeleton.	  

P(x)	  

P(x)	  

Cell	  Polariza/on	  



Substrate	  Young	  modulus	  E	  	  

E=1kPa	   E=11kPa	   E=34kPa	  

Model	  of	  cell	  as	  a	  
polarizable	  inclusion	  in	  
a	  passive	  elas/c	  
medium	  supports	  
experiments	  



SB	  and	  MCM,	  EPL	  (2011).	  

F =

Z

x

B

2
(r.u)2 + µuijuij +

a

2
P2 +

b

4
P4 +

K

2
(⇥iPj)

2 + w⇥iPjuij + �a
ijuij

Con/nuum	  model	  of	  polarized	  cell	  

displacement u(r)

polarization P(r)

h@j�ij = Y ui

@tP+ �(P ·r)P = �h

�ij =
�F

�uij

h = ��F

�P

uij =
1

2
(@iuj + @jui)

Active stress �a
ij = �a�ij + ↵PiPj



Polariza<on	  –	  Strain	  Coupling	  :	   w(�iPj)uij

w > 0

r.u < 0 (Contrac/le)	  

r.P > 0

Posi/ve	  Splay	  

=>	  

b > 0 Isotropic	  

h�pi = 0

b < 0 Polarized	  

h�pi 6= 0

Effec2ve	  1D	  Picture	  



  

P0    polarization before adhesion

δ P = dx
L

P(x)−P0
⎡⎣ ⎤⎦

0

L

∫      excess polarization after adhesion

Thin	  Film	  of	  Polarized	  Cell	  

δP	  non-‐monotonic	  
func/on	  of	  substrate	  
compliance.	  

Contrac/lity	  

B ⇠ Y p
B/Y

Maximal	  polariza/on	  is	  induced	  when	  elas/c	  modulus	  of	  the	  cell	  layer	  is	  	  
comparable	  to	  that	  of	  the	  compliant	  environment	  -‐	  B ⇠ Y

A.	  Zemel	  et	  al,	  Nat.	  Phys.	  2010	  



Interim	  Summary	  
q Cell	  modeled	  as	  con/nuum	  contrac/le	  elas/c	  medium	  
q Minimal	  model	  yields	  several	  experimentally	  relevant	  results:	  

§  Built-‐up	  of	  contrac/le	  stresses	  at	  cell	  center	  
§  Localiza/on	  of	  trac/on	  stresses	  at	  cell	  edges	  
§  Total	  trac/on	  stress	  increases	  with	  substrate	  s/ffness	  
§  Op/mal	  substrate	  rigidity	  for	  maximum	  polariza/on	  
§  Thick	  substrate:	  include	  nonlocal	  elas/city	  à	  trac/on	  penetra/on	  length	  
in	  terms	  of	  substrate	  and	  cell	  parameters	  

	  
	  

à	  cell	  colonies	  

nonlocal	  elas/c	  
response	   Banerjee	  &	  MCM,	  PRL	  2012	  



How	  do	  collec/ve	  mechanical	  
proper/es	  of	  /ssues	  emerge	  
from	  cell-‐cell	  and	  cell-‐ECM	  
interac/ons?	  

	  Focal	  
Adhesions	  

Substrate	  (ECM)	  

Intercellular	  
adhesion:	  	  
	  E-‐cadherin	  	  

Cytoskeleton:	  	  
F-‐ac<n	  	  	  



Calcium	  promotes	  forma<on	  
of	  intercellular	  adhesions	  

Calcium	  alters	  morphology	  
and	  cohesiveness	  of	  colonies	  	  

Low	  calcium	  

High	  calcium	  

Phalloidin	  (F-‐ac/n)	  
E-‐cadherin	  
Zyxin	  
Scale	  bars	  50	  µm	  



Intercellular	  adhesions	  organize	  Cell-‐Matrix	  Trac/on	  Forces	  

A.F.	  Mertz	  et	  al.,	  PNAS	  2013	  



Strain	  Energy	  and	  Trac/on	  Localiza/on	  in	  
Kera/nocyte	  colonies	  
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0 0.5 1 1.5 2 x 10 �5&'$#(%

Cell Colony
Silicone Gel

Glass Coverslip

)

Trac/on	  (B,D,F)	  and	  strain	  energies	  
(C,E,G),	  for	  single	  cells	  (B,C),	  cell	  pair	  (D,E)	  
and	  12-‐cell	  colony	  (F,G).	  

Mertz,	  Banerjee,	  Y.	  Che,	  G.	  German,	  Y.	  Xu,	  C.	  
Hyland,	  MCM,	  V.	  Horseley	  &	  ER	  Dufresne,	  PRL	  2012	  

Scale	  bars	  50	  µm	  

Low-‐calcium	  wildtype	  
Stress	   Strain	  Energy	  



Contrac<le	  pancake	  model	  for	  adherent	  cell	  colonies	  

§ 	  Colony	  as	  contrac/le	  elas/c	  con/nuum	  
§ 	  Assume	  in-‐plane	  rota/onal	  symmetry.	  

	  R	  
colony	  

∂ jσ ij = 0  →   hr ∂r (rσ rr )−σθθ[ ] = Yur (z = 0)

σ ij =σ ij
el +σ aδ ij

 
 p
2 = E(1−ν )h

Y (1+ν )(1− 2ν )

Penetra/on	  length:	  

silicone	  gel	  glass	  

Strain	  Energy	  density	  

 w(r) 
1
2


T (r ) ⋅ u(r ) = 1

2Yur
2 (r)

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.1

0.2

0.3

0.4

��R
St
ra
in
En
er
gy

�p ⇠ 11 µm

colony	  edge	  

 
σ ij

el = δ ij
Eν

(1+ν )(1− 2ν )

∇⋅ u + E

2(1+ν )
(∂i u j + ∂ j ui )

σ rr (r = R) = 0
Tr (r)



45	  colonies,	  1-‐27	  cells	  
R:	  20-‐200μm	  
	  
à	  strain	  energy	  concentrated	  
at	  colony	  periphery	  



Trac/on	  stress	  
throughout	  colony	  

Trac/on	  stress	  at	  
colony	  periphery	  

Normalized	  
trac/on	  stress	  

density	  

Total	  trac/on	  stress	  

  

 p  R      F (R)∝ R3

 p  R      F (R)  2πhσ aR ∝ R

 

F = dA (σ xz
s )2 + (σ yz

s )2∫
    =2πY dr  r  ur (r)

0

R

∫



Scaling	  of	  	  Trac<on	  Forces	  with	  colony	  radius	  
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surface tension
contractility model

Large	  colonies	  appear	  to	  
behave	  like	  liquid	  droplets	  

we9ng	  a	  surface	  !	  

	  
• 	  Linear	  scaling	  at	  large	  colony	  radius	  suggests	  
	  	  	  emergence	  of	  an	  effec2ve	  surface	  tension	  
	  	  	  origina/ng	  from	  contrac/lity.	  

• 	  Total	  trac<on	  grows	  monotonically	  with	  
	  	  	  colony	  radius	  and	  not	  the	  number	  of	  cells.	  
	  

  

F (R)
2πR

 hσ a  (8 ± 2)×10
−4N /m

	  Mertz,	  Banerjee	  et	  al.,	  PRL	  2012	  
γ ≈ 2 × 10–3 N/m	


Bischofs et al., Physical Review Letters, 2009, expanding on	

Lemmon et al., Mechanics & Chemistry of Biosystems, 2005	


Micropillars	  

Single HUVEC	


γ ≈ 7 × 10–4 N/m	

adapted from Trepat et al., Nature Physics, 2009	


Flat	  elas/c	  substrate	  

Sheet of MDCK epithelial cells	




 

surface tension  hσ a  8 ×10−4N /m
                           h  0.2µm

⎫
⎬
⎭⎪
→σ a  4kPa

σ a  ρmkmΔm 1kPa      
ρm 103µm−2   density of bound myosins
km 1pN / nm   motor stiffness
Δm 1nm   motor stretch

⎧

⎨
⎪

⎩
⎪



Cell-‐cell	  adhesion	  as	  an	  elas<c	  bond	  

Cells	  adhere	  to	  each	  other	  via	  hookean	  springs	  with	  adjustable	  s/ffness	  
	  

Cell	
 Cell	   Cell	
 Cell	


Trac<on	  Forces	  

Strongly	  cohesive	  
cell	  colony	  

Cell	
 Cell	
 Cell	
 Cell	


Eleva/ng	  Calcium	  Level	  
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2D	  model	  with	  shapes	  and	  springs	  captures	  experimental	  data	  

increasing	  s/ffness	  of	  cell-‐cell	  springs	  
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	  Mertz,	  Che,	  Banerjee	  et	  al.,	  PNAS,	  2013	  



§ 	  Cohesive	  adherent	  cell	  colony	  as	  an	  elas/c	  contrac/le	  
con/nuum	  

§ 	  Mechanical	  output	  of	  cell	  colony	  does	  not	  depend	  on	  
number	  of	  cells,	  but	  only	  on	  geometrical	  size	  of	  colony	  	  

§ 	  Experiments	  and	  physical	  model	  show	  emergence	  of	  
surface	  tension	  in	  large	  colonies	  

§ 	  How	  do	  cell	  colonies	  and	  /ssues	  ac/vely	  regulate	  surface	  
tension	  –	  contrac/lity	  vs.	  cohesiveness?	  

§ 	  What	  is	  the	  	  connec/on	  between	  measured	  surface	  
tensions	  of	  2D	  colonies	  and	  3D	  aggregates?	  (Guevorkian	  et	  al	  2010,	  
Manning	  et	  al.	  2010,	  …)	  

§ 	  Can	  cell	  colonies	  be	  thought	  of	  as	  we3ed	  droplets?	  

Adherent	  cells:	  Summary	  &	  Ques/ons	  



Collec/ve	  Cell	  Migra/on	  

Trepat	  et	  al,	  Nature	  Physics	  (2009).	  
MDCK	  cells	  on	  polycrylamide	  gel	  of	  elas/c	  modulus	  1250Pa.	  

50	  μm	  



Collec/ve	  migra/on	  of	  cell	  monolayers	  is	  important	  in	  many	  
biological	  processes	  	  such	  as	  wound	  repair,	  morphogenesis	  and	  
cancer	  invasion	  

Con/nuum	  models	  can	  account	  for	  some	  
experimental	  findings,	  including	  the	  
existence	  of	  travelling	  mechanical	  waves	  
that	  control	  stress	  propaga/on	  

X.	  Serra-‐Picamal	  et	  al.,	  Nature	  2012	  

•  Salm	  &	  Pismen,	  Phys.	  Biol.	  2012	  	  
•  Köpf  &  Pismen,  Soft  Matter  &  Physica  D  2013  
•  Sepúlveda	  et	  al.,	  PLoS	  Comput	  Biol	  2013	  	  

§  Basan	  et	  al	  PNAS	  2012	  	  
§  Arciero	  et	  al.,	  Biophys	  J.	  2011	  
§  …	  



Experimental	  Finding	  

§  Build-‐up	  of	  tensile	  stresses	  in	  cell	  layer.	  	  
§  Cells	  pull	  on	  neighbors	  à	  collec/ve	  migra/on	  

MDCK	  epithelial	  cells	  

Trepat	  et	  al,	  Nat	  Phys	  2009	  
Tug	  of	  war:	  forces	  are	  balanced!	  
Trac/on	  gives	  intercellular	  stresses	  

1	   1	  1	  

1	  
3	  2	  



Stress	  at	  the	  monolayer	  midline	  
oscillates	  in	  /me,	  in	  phase	  with	  
cell	  area	  and	  out	  of	  phase	  with	  
strain	  rate	  à	  elas/c	  behavior	  

Experimental	  Finding	  
Serra-‐Picamal	  et	  al.,	  Nature	  2012	  

strain	  
rate	  

stress	  

area	  
strain	  

� = ⌘@
x

v

� = µ@
x

u
@
x

u strain

@
x

v strain rate

Liquid:	  

Solid:	  



Spreading	  cell	  layer	  (2d)	  

§ Displacement	  u(x)	  
§ Polariza/on	  	  P(x)	  
§ Overdamped	  dynamics	  

x	  
x	  

@tpi = �[a+ bp2]pi +Kr2pi � �@juij

�ij = �el
ij + �a

ij

⇣�µ = �a

⇣ 0�µ = ↵



Z
dxT (x) = 0

Forces	  are	  always	  balanced	  

x	  

Spreading	  cell	  layer:	  

Spreading	  or	  
propulsion	  force	  



Neglect	  dynamics	  of	  polariza/on	  
Deep	  in	  the	  polarized	  state	  we	  can	  assume	  that	  layer	  
polariza/on	  relaxes	  fast	  compared	  to	  /me	  scale	  of	  stress	  
propaga/on	  to	  the	  	  steady	  state	  profile	  that	  minimizes	  F	  	  

P (�L/2) = �P0

P (+L/2) = +P0

P0 =
p

�a/bx

P (x)

p
K/|a| << L



Mechano-‐chemical	  coupling	  

�@
t

u = f

s

(x) + @

x

�

@
t

c+ @
x

(cu̇) = ��(c� c
s

) +D@2
x

c� �@
x

u

c(x):	  ATP	  concentra/on	  

�µ ⇠ ln(c/c0)

spreading	  force:	  

fs(x)fs(x)

x

•  Salm	  &	  Pismen,	  Phys.	  Biol.	  2012	  	  
•  Köpf  &  Pismen,  Soft  Matter  &  Physica  D  2013  



Fast	  excess	  ATP	  relaxa/on:	   t >> 1/�

�@
t

u = f

s

(x) +B

eff

@

2
x

u

Cell	  layer	  spread	  diffusively	  for	  	  
fs > f⇤

s = 8�(cs � c0)



Experiments	   Contrac/le	  layer	  model	  

ATP	  dynamics	  à	  Propaga/ng	  Stress	  Waves	  

X.	  Serra-‐Picamal	  et	  
al.,	  Nature	  2012	  



Cell	  layer	  width	  vs	  /me	   Midline	  stress	  vs	  /me	  



Köpf	  &	  Pismen,	  Sod	  Ma3er	  2013	   Pe/jean	  et	  al,	  Biophys.	  J.	  2010,	  
MDCK	  cells	  

But	  requires	  ``we9ng	  force’’	  



Cells	  &	  Tissues	  as	  Ac/ve	  Ma3er	  

§ 	  Global	  mechanics:	  	  
• 	  Minimal	  con/nuum	  models	  provide	  understanding	  of	  force	  transmission	  to	  
environment	  	  
• 	  spa/al	  distribu/on	  of	  contrac/lity	  and	  focal	  adhesion	  has	  li3le	  effect	  on	  stress	  
and	  trac/on	  distribu/on	  

§ 	  Local	  Mechanics:	  Trac/on	  stresses	  are	  highly	  sensi/ve	  to	  substrate	  s/ffness,	  cell	  
shape	  or	  adhesion	  geometry.	  	  

Single	  Cells	  

Cell	  Colonies	  
§ 	  Cohesive	  cell	  colonies	  wet	  the	  substrate	  underneath	  with	  an	  effec/ve	  surface	  
tension.	  
§ 	  Colony	  surface	  tension	  emerges	  from	  strong	  intercellular	  adhesions	  and	  acto-‐
myosin	  contrac/lity.	  
§ 	  Cadherin	  based	  adhesions	  organize	  cell-‐matrix	  forces	  to	  the	  periphery	  of	  the	  
colony.	  	  	  


