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Abstract	
  

Investigating the Role of Force and Stiffness in Controlling Cell Behavior	
  

by	
  

Kevin	
  Dwayne	
  Eric-­‐Jon	
  Webster	
  

Doctor	
  of	
  Philosophy	
  in	
  Biophysics	
  

University	
  of	
  California,	
  Berkeley	
  

Professor	
  Daniel	
  A.	
  Fletcher,	
  Chair	
  

Forces	
  and	
  the	
  mechanical	
  properties	
  surrounding	
  eukaryotic	
  cells	
  have	
  been	
  increasingly	
  
shown	
   to	
   play	
   crucial	
   roles	
   in	
   modulating	
   biological	
   functions,	
   from	
   healthy	
   tissue	
  
development	
   to	
   disease	
   progression.	
   This	
   work	
   focuses	
   on	
   three	
   aspects	
   of	
   cellular	
  
responses	
   to	
   their	
  mechanical	
  microenvironment:	
   stiffness	
   sensing,	
   force	
   regulation,	
   and	
  
the	
  effect	
  of	
  cancer	
  progression	
  on	
  tissue	
  architecture	
  and	
  elasticity.	
  To	
  make	
  quantitative	
  
measurements	
   of	
   cell	
   properties,	
   I	
   developed	
   a	
   novel	
   technology	
   based	
   on	
   atomic	
   force	
  
microscopy	
  (AFM)	
  that	
  is	
  capable	
  of	
  dynamically	
  controlling	
  microenvironmental	
  stiffness,	
  
as	
  well	
  as	
  measuring	
  forces	
  and	
  displacements.	
   I	
   first	
  observed	
  that	
  cells	
  nearly	
   instantly	
  
change	
   their	
   contraction	
   in	
   response	
   to	
   step	
   changes	
   in	
   stiffness	
   (Chapter	
   2).	
   I	
   then	
  
determined	
  that	
  this	
  process	
  requires	
  a	
  mechanical	
  equilibrium	
  that	
  balances	
  contraction	
  
of	
  the	
  viscoelastic	
  cytoskeleton	
  with	
  deformation	
  of	
  the	
  extracellular	
  matrix.	
  This	
  seconds-­‐
timescale	
   equilibration	
   provides	
   a	
   lower	
   bound	
   to	
   the	
   rate	
   of	
   whole-­‐cell	
   scale	
   stiffness	
  
sensing	
  (Chapter	
  3).	
  	
  

Extracellular	
   matrix	
   stiffness	
   has	
   been	
   identified	
   as	
   a	
   key	
   driver	
   of	
   tumorigenesis,	
   but	
  
elucidating	
  the	
  link	
  between	
  tissue	
  architecture	
  and	
  elasticity	
  has	
  remained	
  experimentally	
  
difficult.	
  Using	
  AFM,	
   I	
  observed	
  a	
  near	
  2-­‐fold	
  stiffening	
  of	
  pre-­‐malignant	
  breast	
  epithelial	
  
spherical	
  structures,	
  called	
  acini,	
  which	
  are	
  responsible	
  for	
  milk	
  production,	
  as	
  well	
  as	
  are	
  
the	
   initial	
   site	
   of	
   many	
   breast	
   cancer	
   cases.	
   Further,	
   the	
   specific	
   apparent	
  
microenvironmental	
   stiffness	
   for	
   an	
   epithelial	
   cell	
   within	
   this	
   acinar	
   structure	
   was	
  
calculated	
  using	
  3D	
  computational	
  modeling,	
  revealing	
  a	
  marked	
  difference	
  in	
  compliance	
  
independent	
  of	
  extracellular	
  matrix	
  changes	
  (Chapter	
  4).	
  	
  

A	
   widely	
   cited	
   concept	
   in	
   cellular	
   mechanosensing	
   to	
   explain	
   the	
   response	
   of	
   cells	
   to	
  
changes	
   in	
   their	
   mechanical	
   microenvironment	
   is	
   “tensional	
   homeostasis”,	
   whereby	
  
adherent	
   cells	
   will	
   actively	
   respond	
   to	
   compression	
   or	
   extension	
   by	
   maintaining	
   some	
  
previously	
   established	
   tension.	
   However,	
   no	
   experiments	
   have	
   yet	
   directly	
   shown	
   this	
  
behavior	
   at	
   the	
   single	
   cell	
   level.	
   Using	
   a	
   combination	
   of	
   protein	
   patterning	
   and	
   AFM,	
   I	
  
provide	
   the	
   first	
  evidence	
  of	
   this	
  homeostatic	
  behavior.	
  Notably,	
   I	
   found	
  that	
  cells	
  do	
  not	
  
maintain	
  an	
  absolute	
  setpoint,	
  but	
  rather	
  work	
  to	
  counteract	
  force	
  changes	
  at	
  a	
  slow	
  rate,	
  
beyond	
  which	
   force	
   will	
   freely	
   change,	
   a	
   process	
   I	
   term	
   tensional	
   buffering.	
   In	
   addition,	
  
after	
  rapid	
  loading,	
  cells	
  will	
  work	
  to	
  maintain	
  their	
  new	
  level	
  of	
  tension,	
  not	
  returning	
  to	
  a	
  
previous	
  setpoint	
  (Chapter	
  5).	
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Ultimately,	
   these	
   advances	
   further	
   our	
   understanding	
   of	
   the	
   role	
   of	
   mechanics	
   in	
   both	
  
healthy	
   and	
   diseased	
   cellular	
   processes,	
   laying	
   the	
   groundwork	
   for	
   tissue	
   engineering	
  
approaches	
   for	
  growing	
  healthy	
   tissues	
  or	
   therapeutic	
   targets	
   for	
  a	
  new	
  array	
  of	
  hard	
   to	
  
treat	
  diseases.	
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Introduction:	
  Mechanical	
  regulators	
  of	
  the	
  cell	
  –	
  The	
  role	
  of	
  
tension	
  and	
  stiffness	
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Force	
  as	
  a	
  signal	
  
	
  
The	
   role	
   of	
  mechanical	
   processes	
   in	
   driving	
   cellular	
   functions	
   has	
   been	
   a	
   fruitful	
   line	
   of	
  
inquiry,	
   with	
   an	
   emerging	
   picture	
   wherein	
   mechanical	
   conditions	
   are	
   serving	
   similarly	
  
important	
  functions	
  as	
  traditional	
  biochemical	
  signaling	
  networks	
  (Eyckmans	
  et	
  al.	
  2011).	
  
Adherent	
  cells	
  of	
  all	
   types	
  have	
  been	
  shown	
  to	
  sense	
  both	
  the	
   force	
  and	
  stiffness	
  of	
   their	
  
microenvironment.	
  While	
  certain	
  specialized	
  cell	
   types	
  have	
  long	
  been	
  known	
  to	
  be	
  force	
  
sensitive	
   (e.g.	
   cochlear	
   outer	
   hair	
   cells	
   within	
   the	
   ear	
   (Brownell	
   et	
   al.	
   1985)),	
   what	
   has	
  
become	
   increasingly	
   apparent	
   is	
   the	
   universality	
   of	
   force	
   sensitivity	
   within	
   adherent	
  
mammalian	
   cells	
   (Janmey	
   et	
   al.	
   2009;	
   Eyckmans	
   et	
   al.	
   2011;	
   Schwarz	
   and	
  Gardel	
   2012).	
  
Understanding	
  the	
  specific	
  nature	
  of	
  this	
  sensitivity,	
  what	
  are	
  its	
  controls,	
  timescales,	
  and	
  
key	
  molecular	
  players	
  has	
  been	
  the	
  task	
  of	
  much	
  of	
  the	
  mechanobiology	
  field.	
  

Role	
  of	
  stiffness	
  in	
  cellular	
  biology	
  

	
  
One	
  of	
   the	
  most	
   important	
  parameters	
  of	
   the	
  physical	
  environment	
   is	
   the	
  stiffness	
  of	
   the	
  
materials	
  cells	
  are	
  attached	
  to.	
  The	
  elasticity	
  of	
  tissues	
  in	
  the	
  body	
  varies	
  from	
  near	
  100	
  Pa	
  
for	
   soft	
   tissues	
   such	
   as	
   the	
   brain	
   to	
   10-­‐100	
   kPa	
   for	
   muscle	
   tissue	
   and	
   up	
   to	
   MPa	
   for	
  
cartilage	
   (Georges	
   and	
   Janmey	
   2005).	
   This	
   property	
   of	
   a	
   cell’s	
   microenvironment	
   is	
  
influential	
   in	
  many	
   biological	
   processes	
   such	
   as	
   embryogenesis	
   (Jacot,	
  Martin,	
   and	
   Hunt	
  
2010),	
  cell-­‐cycle	
  control	
  (Klein	
  et	
  al.	
  2009),	
  angiogenesis	
  (Mammoto	
  et	
  al.	
  2009),	
  motility	
  
(Lo	
  et	
  al.	
  2000)	
  ,	
  tumorigenesis	
  (Paszek	
  et	
  al.	
  2005),	
  and	
  stem	
  cell	
  differentiation	
  (Engler	
  et	
  
al.	
  2006).	
  Elastic	
  materials	
  are	
  characterized	
  by	
  a	
  linear	
  relationship	
  between	
  deformation	
  
or	
   strain	
   and	
   applied	
   force	
   or	
   stress	
   (F=k∆x;	
   σ=E𝛆𝛆).	
   This	
   relationship	
  means	
   that	
   stiffer	
  
materials	
   will	
   require	
   more	
   force	
   to	
   deform	
   the	
   same	
   amount	
   as	
   a	
   soft	
   material,	
   or	
  
similarly,	
  for	
  a	
  given	
  force,	
  the	
  stiffer	
  the	
  material,	
  the	
  less	
  it	
  deforms.	
  	
  
	
  
Early	
  experiments	
  found	
  that	
  given	
  a	
  variety	
  of	
  substrate	
  stiffnesses,	
  cells	
  tended	
  to	
  exert	
  
more	
  force	
  the	
  stiffer	
  their	
  environment	
  (Saez	
  et	
  al.	
  2007).	
  Further,	
  cells	
  tended	
  to	
  migrate	
  
towards	
  stiffer	
  conditions	
  when	
  plated	
  on	
  elasticity	
  gradients	
  (Lo	
  et	
  al.	
  2000).	
  One	
  of	
  the	
  
most	
  widely	
  cited	
  and	
  influential	
  works	
  investigating	
  the	
  effect	
  of	
  stiffness	
  discovered	
  that,	
  
given	
   the	
   same	
   biochemical	
   signals,	
   substrate	
   stiffness	
   alone	
   could	
   determine	
   stem	
   cell	
  
differentiation	
   lineage	
   selection	
   (Engler	
   et	
   al.	
   2006).	
   This,	
   along	
   with	
   numerous	
   studies	
  
since,	
  has	
  ignited	
  excitement	
  in	
  understanding	
  the	
  underlying	
  mechanism	
  that	
  appears	
  to	
  
be	
  conserved	
  across	
  so	
  many	
  cell	
  types,	
  with	
  the	
  hope	
  that	
  this	
  will	
  enable	
  new	
  therapeutic	
  
avenues	
   beyond	
   pharmacological	
   agents	
   that	
   disrupt	
   biochemical	
   signaling	
   networks	
  
(Ladoux	
  and	
  Nicolas	
  2012;	
  Schwarz	
  and	
  Gardel	
  2012;	
  Eyckmans	
  et	
  al.	
  2011).	
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Technologies	
  for	
  probing	
  cell	
  forces	
  

Numerous	
  assays	
  have	
  been	
  developed	
  to	
  
both	
  measure	
  and	
  apply	
  forces	
  to	
  cells,	
   in	
  
order	
   to	
  ultimately	
  better	
  understand	
   the	
  
molecular	
  mechanism	
  of	
  cellular	
  force	
  and	
  
stiffness	
  sensitivity.	
  These	
  include	
  cells	
  on,	
  
in	
  or	
  between	
  soft	
  gels	
  (Pelham	
  and	
  Wang	
  
1997;	
   Hoffecker,	
   Guo,	
   and	
   Wang	
   2011;	
  
Brown	
   et	
   al.	
   1998;	
   Beningo,	
   Dembo,	
   and	
  
Wang	
   2004),	
   cells	
   spread	
   over	
   several	
  
small	
   posts	
   (Tan	
   et	
   al.	
   2003),	
   cells	
  
horizontally	
   spanning	
   between	
   micro-­‐
pillars	
   (Kajzar	
   et	
   al.	
   2008),	
   cells	
   between	
  
parallel	
  microplates	
   (Mitrossilis	
   et	
   al.	
   2009;	
  Mitrossilis	
   et	
   al.	
   2010)	
   and	
   cells	
   adhered	
   to	
  
coated	
   beads	
   restrained	
   in	
   an	
   optical	
   trap	
   or	
   magnetic	
   field	
   (Choquet,	
   Felsenfeld,	
   and	
  
Sheetz	
  1997).	
  Of	
  this	
  wide	
  array	
  of	
  techniques,	
  traction	
  force	
  microscopy	
  (TFM)	
  is	
  the	
  most	
  
widely	
   used,	
  wherein	
   cells	
   are	
   plated	
   on	
   an	
   ECM-­‐protein	
   functionalized	
   poly-­‐acrylamide	
  
gel,	
  which	
  has	
  small	
  beads	
  immobilized	
  within	
  the	
  gel	
  that	
  are	
  used	
  to	
  determine	
  a	
  strain	
  
field	
  and	
  ultimately	
  a	
  traction	
  force	
  map	
  (Kraning-­‐Rush	
  et	
  al.	
  2012).	
  Work	
  has	
  continued	
  on	
  
refining	
  the	
  capabilities	
  of	
  TFM	
  and	
  the	
  technique	
  has	
  been	
  extended	
  to	
  tracking	
  beads	
  in	
  
3D	
  with	
  confocal	
  microscopy	
  in	
  order	
  to	
  measure	
  out-­‐of-­‐plane	
  forces	
  (Franck	
  et	
  al.	
  2011).	
  	
  
	
  
However,	
   various	
   limitations	
   remain	
   with	
   this	
   technique	
   regarding	
   both	
   the	
   ability	
   to	
  
present	
  the	
  cell	
  with	
  a	
  geometry	
  that	
  more	
  closely	
  mimics	
  tissue,	
  while	
  also	
  being	
  able	
  to	
  
dynamically	
   and	
   independently	
   control	
   the	
   microenvironmental	
   mechanics	
   in	
   order	
   to	
  
observe	
   the	
   cellular	
   response.	
   While	
   efforts	
   have	
   been	
   made	
   to	
   address	
   each	
   of	
   these	
  
limitations	
   (geometry,	
   (Beningo,	
   Dembo,	
   and	
   Wang	
   2004);	
   dynamic	
   control	
   (Frey	
   and	
  
Wang	
  2009;	
   Jiang	
   et	
   al.	
   2010)),	
   combining	
   geometry	
  with	
   dynamic,	
   reversible	
   control	
   of	
  
stiffness	
   requires	
   the	
  development	
   of	
   a	
   novel	
   experimental	
   approach.	
   Chapter	
  2	
   outlines	
  
the	
  development	
  of	
  just	
  such	
  an	
  apparatus	
  (Figure	
  1),	
  along	
  with	
  the	
  unique	
  observations	
  
that	
  could	
  only	
  have	
  been	
  achieved	
  using	
  the	
  new	
  technology	
  (Webster,	
  Crow,	
  and	
  Fletcher	
  
2011).	
  	
  
	
  
A	
   common	
   thread	
   connecting	
   all	
  my	
  work	
   has	
   been	
   the	
   use	
   of	
   atomic	
   force	
  microscopy	
  
(AFM)	
  as	
  a	
  precise	
  tool	
  for	
  both	
  measuring	
  and	
  manipulating	
  the	
  mechanics	
  of	
  a	
  cell	
  and	
  its	
  
mechanosensory	
  machinery	
  (Figure	
  2).	
  Silicon	
  or	
  silicon	
  nitride	
  fabricated	
  cantilevers	
  can	
  
be	
   manufactured	
   to	
   produce	
   very	
   thin	
   and	
   flexible	
   beams,	
   typically	
   rectangular	
   or	
  
triangular	
  in	
  shape.	
  Using	
  the	
  principle	
  of	
  an	
  optical	
  lever	
  system,	
  a	
  laser	
  is	
  reflected	
  off	
  of	
  
the	
   back	
   surface	
   of	
   the	
   cantilever	
   and	
   is	
   collected	
   by	
   a	
   photodetector.	
   In	
   this	
  way,	
   sub-­‐
nanometer	
  deflections	
  of	
   the	
  cantilever	
  are	
  detectable.	
  Additionally,	
   for	
  small	
   strains,	
   the	
  
cantilever	
  behaves	
   like	
  a	
   linear	
  Hookean	
  spring,	
  allowing	
   the	
  conversion	
  of	
  displacement	
  
into	
  force	
  given	
  the	
  spring	
  constant	
  of	
  the	
  cantilever,	
  𝐹𝐹 = 𝑘𝑘 ∆𝑥𝑥 .	
  Adding	
  the	
  
use	
  of	
  closed-­‐loop	
  piezo-­‐electric	
  positioning	
  of	
  the	
  cantilever	
  allows	
  us	
  to	
  not	
  only	
  measure	
  
forces,	
   but	
   also	
   to	
   apply	
   dynamic	
   loads.	
   I	
   use	
   this	
   platform	
   to	
   change	
   the	
  microenviron-­‐
mental	
   stiffness	
   experienced	
   by	
   single	
   contractile	
   cells	
   (Chapters	
   2-­‐3),	
   to	
   measure	
   the	
  

Figure	
  1.	
  Cells	
  pull	
  on	
  the	
  surrounding	
  extracellular	
  matrix	
  and	
  
sense	
   a	
   microenvironmental	
   stiffness.	
   Feedback	
   control	
   can	
  
change	
  the	
  apparent	
  stiffness	
  a	
  cell	
  experiences	
  (Chapter	
  2).	
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mechanical	
  properties	
  of	
  epithelial	
  cells	
  and	
  the	
  3D	
  structures	
  they	
  form	
  (Chapter	
  4),	
  and	
  
finally	
   to	
   apply	
   dynamic	
   loading	
   to	
   provide	
   the	
   first	
   direct	
   evidence	
   for	
   tensional	
  
homeostasis,	
   a	
   process	
   whereby	
   cells	
   will	
   maintain	
   their	
   tension	
   when	
   stretched	
   or	
  
compressed	
  (Chapter	
  5).	
  	
  
	
  

Boundary	
  conditions	
  for	
  stiffness	
  sensing	
  mechanism	
  

Given	
   the	
   lack	
   of	
   specific	
   control	
   of	
   force,	
   stiffness,	
   and	
  
deformation	
   using	
   other	
   techniques,	
   one	
   of	
   the	
   outstanding	
  
questions	
  is	
  the	
  contribution	
  of	
  each	
  of	
  these	
  three	
  parameters	
  
in	
   determining	
   the	
   cell’s	
   response.	
   Two	
   particular	
   questions	
  
have	
  remained	
  unanswered	
  by	
  previous	
  experiments	
  within	
  the	
  
literature.	
  First,	
  do	
  cells	
  respond	
  directly	
  to	
  stiffness?	
  Or	
  instead	
  
do	
   they	
   sense	
   the	
   larger	
   forces	
   needed	
   to	
   displace	
   a	
   fixed	
  
amount	
   on	
   stiffer	
   substrates?	
   Or,	
   alternately,	
   do	
   they	
   instead	
  
respond	
  to	
  the	
  increased	
  deformations	
  that	
  result	
   from	
  a	
  fixed	
  
force	
   in	
   soft	
   environments?	
   The	
   experiments	
   in	
   Chapter	
   2	
  
answer	
  this	
  first	
  question,	
  demonstrating	
  that	
  independent	
  of	
  
absolute	
  force	
  or	
  displacement,	
  cellular	
  contraction	
  responds	
  
directly	
  to	
  stiffness	
  itself.	
  
	
  
The	
  second	
  unanswered	
  question	
   is	
  what	
   is	
   the	
   timescale	
  of	
  cellular	
  stiffness	
  sensing?	
   In	
  
Chapter	
  3,	
  by	
  applying	
  step	
  changes	
  in	
  stiffness	
  over	
  time,	
  I	
  demonstrate	
  that	
  the	
  cell	
  must	
  
integrate	
   environmental	
   stiffness	
  properties	
  with	
   the	
   cell’s	
   own	
  viscoelastic	
   cytoskeleton	
  
(Figure	
   3).	
   This	
   imposes	
   a	
   seconds-­‐timescale	
   buffering	
   of	
   environmental	
   mechanical	
  
signals,	
  which	
  operates	
  in	
  a	
  myosin-­‐dependent	
  manner	
  (Crow,	
  Webster	
  et	
  al.	
  2012).	
  Used	
  
in	
  conjunction	
  with	
  other	
  technologies,	
  we	
  now	
  have	
  an	
  even	
  greater	
  understanding	
  of	
  the	
  
boundary	
  conditions	
  of	
  the	
  cell’s	
  stiffness	
  sensing	
  machinery.	
  	
  
	
  

Figure	
   3.	
   Simple	
  mechanical	
  model	
  
describes	
   cell’s	
   contractile	
   response	
  
upon	
  a	
  step	
  change	
  in	
  stiffness	
  
(Chapter	
  3). 

Figure	
  2.	
  Contraction	
  force	
  microscopy.	
  The	
  precise	
  control	
  afforded	
  by	
  atomic	
  force	
  microscopy	
  (AFM)	
  enables	
  
unparalleled	
  time,	
  force,	
  and	
  spatial	
  resolution	
  to	
  measure	
  cellular	
  contraction,	
  rheology,	
  and	
  response	
  to	
  dynamic	
  
environments	
  (Chapters	
  2-­‐5).	
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Stiffness	
  as	
  a	
  marker	
  and	
  driver	
  in	
  disease	
  

	
  
Physicians	
  for	
  decades	
  have	
  used	
  stiffness	
  to	
  identify	
  
diseased	
   or	
   damaged	
   tissue,	
   from	
   identifying	
   scar	
  
tissue	
   to	
   cancerous	
   growths	
   within	
   breast	
   tissue.	
  
More	
   recently,	
   however,	
   beyond	
   stiffness	
   only	
  
helping	
   us	
   to	
   identify	
   disease	
   states,	
   stiffness	
   has	
  
been	
   implicated	
   in	
   driving	
   and	
   reinforcing	
   the	
  
diseased	
   condition	
   (Paszek	
   et	
   al.	
   2005).	
   This	
  
revelation	
   has	
   sparked	
   renewed	
   interest	
   in	
  
understanding	
   both	
   how	
   cells	
   are	
   sensitive	
   to	
  
stiffness,	
  as	
  well	
  as	
  how	
  changes	
  in	
  tissue	
  mechanics	
  
progress	
  during	
  the	
  development	
  of	
  disease.	
  
	
  
One	
   of	
   the	
   clearest	
   examples	
   of	
   different	
   tissue	
  
stiffness	
   during	
   disease	
   is	
   present	
   in	
   breast	
   cancer.	
  

Invasive	
   lobular	
   carcinoma	
   accounts	
   for	
   10-­‐15%	
   of	
   new	
   invasive	
   breast	
   cancer	
   cases	
  
(Lopez	
  and	
  Bassett	
  2009),	
  afflicting	
  approximately	
  30,000	
  women	
  annually	
  in	
  the	
  US.	
  This	
  
form	
  of	
  cancer	
  results	
  from	
  malignant	
  epithelial	
  cells	
  lining	
  the	
  milk	
  producing	
  alveoli	
  (or	
  
acini),	
  which	
  are	
   found	
  within	
   lobule	
  structures.	
  Previous	
  research	
  has	
  shown	
  that,	
   these	
  
epithelial	
   cells	
   are	
   grown	
   embedded	
   within	
   extracellular	
   matrices	
   (ECM)	
   of	
   different	
  
stiffnesses,	
   stiffer	
   matrices	
   will	
   promote	
   the	
   malignant	
   phenotype	
   (Paszek	
   et	
   al.	
   2005).	
  
However,	
   these	
   epithelial	
   cells	
   do	
   not	
   only	
   sense	
   the	
   ECM	
   stiffness.	
   They	
   in	
   fact	
   exist	
   in	
  
spherical-­‐like	
  structures,	
  where	
  direct	
  interactions	
  with	
  neighboring	
  cells	
  are	
  an	
  important	
  
mechanical	
   signal	
   defining	
   their	
  microenvironmental	
   stiffness	
   (Figure	
   4).	
   In	
   Chapter	
   4,	
   I	
  
demonstrate	
  that	
  the	
  changes	
  in	
  this	
  multicellular	
  architecture	
  that	
  accompany	
  malignancy	
  
account	
  for	
  the	
  acinur	
  stiffening	
  observed	
  during	
  cancer	
  progression.	
  This	
  result	
  suggests	
  
that	
   it	
   is	
  no	
   longer	
  sufficient	
  to	
  think	
  of	
  only	
  the	
  stiffness	
  of	
   the	
  ECM	
  or	
  cells	
  themselves,	
  
but	
   we	
   must	
   also	
   account	
   for	
   how	
   cells	
   are	
   geometrically	
   arranged	
   in	
   multi-­‐cellular	
  
structures	
  in	
  order	
  to	
  fully	
  understand	
  the	
  mechanics	
  of	
  the	
  epithelial	
  microenvironment.	
  

Force	
  balance:	
  maintaining	
  healthy	
  cell	
  function	
  

One	
   of	
   the	
   most	
   widely	
   discussed	
   concepts	
   within	
   the	
   field	
   of	
   mechanobiology	
   is	
   the	
  
tensional	
   homeostasis	
   hypothesis	
   (DuFort,	
   Paszek,	
   and	
   Weaver	
   2011).	
   The	
   hypothesis	
  
states	
  that	
  cells	
  will	
  actively	
  respond	
  to	
  loading	
  from	
  their	
  environment	
  to	
  maintain	
  a	
  given	
  
level	
   of	
   tension.	
   It	
   is	
   thought	
   that	
   this	
   process	
   is	
   disrupted	
   in	
   disease	
   and	
   that	
   this	
  mis-­‐
regulation	
  may	
  in	
  fact	
  promote	
  the	
  disease	
  state	
  (Paszek	
  et	
  al.	
  2005).	
  However,	
  since	
  first	
  
being	
  introduced	
  in	
  1998,	
  only	
  three	
  studies	
  have	
  shown	
  any	
  evidence	
  to	
  support	
  tensional	
  
homeostasis	
   (Brown	
   et	
   al.	
   1998;	
  Mizutani,	
   Haga,	
   and	
   Kawabata	
   2004;	
   Ezra	
   et	
   al.	
   2010).	
  
Unfortunately,	
   the	
   evidence	
   to	
   date	
   only	
   extrapolates	
   a	
   trend	
   of	
   millions	
   of	
   cells,	
   or	
  
inaccurately	
  uses	
  cellular	
  stiffness	
  as	
  a	
  proxy	
  for	
  tension.	
  

Figure	
   4.	
   An	
   acinus	
   consists	
   of	
   mammary	
  
epithelial	
   cells	
   that	
   grows	
   in	
   a	
   dynamic	
  
environment	
   surrounded	
   by	
   extracellular	
  
matrix,	
  fluids,	
  and	
  other	
  cells	
  (Chapter	
  4).	
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In	
   Chapter	
   5,	
   I	
   provide	
   the	
   first	
   direct	
  
evidence	
   for	
   tensional	
   homeostasis.	
   Using	
  
contraction	
   force	
   microscopy,	
   I	
   show	
   that	
  
cells	
  maintain	
  their	
  tension	
  when	
  undergoing	
  
substantial	
   strain	
   (>10%).	
   Figure	
   5	
   shows	
  
this	
   tensional	
   homeostasis	
   when	
   a	
   cell	
   is	
  
stretched	
   by	
   1	
   µm	
   over	
   a	
   period	
   of	
   10	
  
minutes.	
   Notably,	
   unlike	
   what	
   has	
   been	
  
previously	
   suggested	
   (Ezra	
   et	
   al.	
   2010),	
   this	
  
tension	
   regulation	
   does	
   not	
   occur	
   through	
   a	
  
closed-­‐loop	
   feedback	
   controller	
  with	
   a	
   given	
  
force	
   setpoint.	
   Rather,	
   it	
   behaves	
   like	
   a	
  
tensional	
   buffer	
   that	
   maintains,	
   or	
   buffers,	
  
tension	
   for	
   displacement	
   rates	
   within	
   a	
  
certain	
  range.	
  Specifically,	
  if	
  the	
  rate	
  of	
  loading	
  is	
  faster	
  than	
  what	
  the	
  cell	
  can	
  counteract	
  
(or	
  buffer),	
   tension	
  will	
  change	
  in	
  proportion	
  to	
  displacement.	
  Once	
  the	
  loading	
  stops	
  (or	
  
the	
   rate	
   drops	
   below	
   the	
   buffering	
   threshold),	
   the	
   cell	
   again	
  maintains	
   tension	
   and	
  will	
  
remain	
  at	
  the	
  new	
  force.	
  Tensional	
  buffering	
  may	
  enable	
  the	
  cell	
  to	
  modulate	
  its	
  response	
  
to	
  loading	
  where,	
  during	
  slow	
  straining,	
  the	
  cell	
  plastically	
  deforms	
  and	
  absorbs	
  the	
  load,	
  
while	
   for	
   fast	
   straining,	
   the	
   cell	
   behaves	
   more	
   rigidly	
   to	
   stabilize	
   the	
   tissue	
   and	
   resist	
  
deformations.	
  

Scope	
  of	
  dissertation	
  

This	
  dissertation	
  covers	
  the	
  majority	
  of	
  the	
  research	
  I	
  have	
  done	
  throughout	
  the	
  course	
  of	
  
my	
   PhD.	
   Beyond	
   the	
   chapters	
   listed	
   here,	
   I	
   have	
   also	
   collaborated	
   on	
   a	
   published	
   study	
  
investigating	
  the	
  mechanosensitive	
  properties	
  of	
  platelets	
  (Lam	
  et	
  al.	
  2011).	
  Additionally,	
  I	
  
have	
  worked	
   on	
   an	
   unpublished,	
   ongoing	
   study	
   to	
   understand	
   the	
  mechanical	
   nature	
   of	
  
transendothelial	
   cell	
   macroaperture	
   tunnel	
   formation,	
   a	
   process	
   implicated	
   in	
  
transendothelial	
   migration	
   as	
   well	
   as	
   used	
   by	
   a	
   class	
   of	
   bacterial	
   toxins	
   called	
   tunnel-­‐
forming	
  toxins	
  (Maddugoda	
  et	
  al.	
  2011;	
  Gonzalez-­‐Rodriguez	
  et	
  al.	
  2012).	
  	
  
	
  
While	
  there	
  are	
  many	
  technologies	
  that	
  have	
  been	
  developed	
  to	
  investigate	
  the	
  processes	
  
of	
   mechanobiology,	
   I	
   believe	
   that	
   contraction	
   force	
   microscopy	
   is	
   uniquely	
   suited	
   to	
  
combining	
   both	
   precise	
   measurement	
   and	
   control	
   of	
   mechanics,	
   with	
   great	
   temporal	
  
resolution,	
   to	
  enable	
  a	
  new	
  understanding	
  of	
   the	
  cell’s	
  relationship	
  with	
   its	
  environment.	
  
Rather	
   than	
   thinking	
   only	
   of	
   equilibrium	
   behaviors,	
   my	
   research	
   has	
   highlighted	
   the	
  
importance	
  of	
  the	
  history	
  dependence	
  of	
  a	
  cell’s	
  mechanical	
  environment	
  over	
  time.	
  While	
  
this	
  presents	
  a	
  substantial	
  technical	
  challenge	
  to	
  the	
  field,	
  this	
  line	
  of	
  inquiry	
  may	
  yet	
  help	
  
us	
  make	
   sense	
   of	
   the	
  myriad	
   of	
   cellular	
  mechanical	
   responses,	
   and	
   ultimately	
   to	
   gain	
   a	
  
deeper	
   understanding	
   of	
   all	
   the	
   signals,	
   both	
   biochemical	
   and	
   mechanical,	
   that	
   guide	
  
cellular	
  behaviors.	
  
	
  
	
  	
   	
  

Figure	
  5.	
  First	
  direct	
  evidence	
  for	
  tensional	
  homeostasis	
  
in	
  single	
  cells.	
  Cells	
  maintain	
  their	
  tension	
  for	
  slow	
  load-­‐
ing,	
  but	
  elastically	
  resist	
  fast	
  loading	
  (Chapter	
  5).	
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ABSTRACT	
  

Atomic	
   force	
   microscopy	
   (AFM)	
   has	
   become	
   a	
   powerful	
   tool	
   for	
   measuring	
   material	
  
properties	
   in	
   biology	
   and	
   imposing	
   mechanical	
   boundary	
   conditions	
   on	
   samples	
   from	
  
single	
  molecules	
  to	
  cells	
  and	
  tissues.	
  Constant	
  force	
  or	
  constant	
  height	
  can	
  be	
  maintained	
  in	
  
an	
  AFM	
  experiment	
  through	
  feedback	
  control	
  of	
  cantilever	
  deflection,	
  known	
  respectively	
  
as	
  a	
  ‘force	
  clamp’	
  or	
  ‘position	
  clamp’.	
  However,	
  stiffness,	
  the	
  third	
  variable	
  in	
  the	
  Hookean	
  
relation	
   F	
   =	
   kx	
   that	
   describes	
   AFM	
   cantilever	
   deflection,	
   has	
   not	
   been	
   dynamically	
  
controllable	
  in	
  the	
  same	
  way.	
  Here	
  we	
  present	
  and	
  demonstrate	
  a	
  ‘stiffness	
  clamp’	
  that	
  can	
  
vary	
   the	
   apparent	
   stiffness	
   of	
   an	
   AFM	
   cantilever.	
   This	
  method,	
   employable	
   on	
   any	
   AFM	
  
system	
  by	
  modifying	
  feedback	
  control	
  of	
  the	
  cantilever,	
  allows	
  rapid	
  and	
  reversible	
  tuning	
  
of	
  the	
  stiffness	
  exposed	
  to	
  the	
  sample	
  in	
  a	
  way	
  that	
  can	
  decouple	
  the	
  role	
  of	
  stiffness	
  from	
  
force	
   and	
   deformation.	
   We	
   demonstrated	
   the	
   AFM	
   stiffness	
   clamp	
   on	
   two	
   different	
  
samples:	
  a	
  contracting	
  fibroblast	
  cell	
  and	
  an	
  expanding	
  polyacrylamide	
  hydrogel.	
  We	
  found	
  
that	
  the	
  fibroblast,	
  a	
  cell	
  type	
  that	
  secretes	
  and	
  organizes	
  the	
  extracellular	
  matrix,	
  exhibited	
  
a	
   rapid,	
   sub-­‐second	
   change	
   in	
   traction	
   rate	
   (dF/dt)	
   and	
   contraction	
   velocity	
   (dx/dt)	
   in	
  
response	
   to	
   step	
   changes	
   in	
   stiffness	
   between	
   1-­‐100	
   nN/μm.	
   This	
   response	
   was	
  
independent	
  of	
  the	
  absolute	
  contractile	
  force	
  and	
  cell	
  height,	
  demonstrating	
  that	
  cells	
  can	
  
react	
  directly	
  to	
  changes	
  in	
  stiffness	
  alone.	
  In	
  contrast,	
  the	
  hydrogel	
  used	
  in	
  our	
  experiment	
  
maintained	
   a	
   constant	
   expansion	
   velocity	
   (dx/dt)	
   over	
   this	
   range	
   of	
   stiffness,	
   while	
   the	
  
traction	
  rate	
  (dF/dt)	
  changed	
  with	
  stiffness,	
  showing	
  that	
  passive	
  materials	
  can	
  also	
  behave	
  
differently	
   in	
   different	
   stiffness	
   environments.	
   The	
   AFM	
   stiffness	
   clamp	
   presented	
   here,	
  
which	
   is	
   applicable	
   to	
   mechanical	
   measurements	
   on	
   both	
   biological	
   and	
   non-­‐biological	
  
samples,	
  may	
  be	
  used	
  to	
   investigate	
  cellular	
  mechanotransduction	
  under	
  a	
  wide	
  range	
  of	
  
controlled	
  mechanical	
  boundary	
  conditions.	
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INTRODUCTION	
  

Atomic	
   force	
  microscopy	
   (AFM),	
   initially	
  developed	
  as	
  a	
   topographical	
   imaging	
  modality,	
  
has	
   become	
   an	
   important	
   tool	
   for	
   investigating	
   the	
   mechanical	
   properties	
   and	
   dynamic	
  
behavior	
  of	
  biological	
  molecules,	
  materials,	
  cells,	
  and	
  tissues	
  [1].	
  AFM-­‐based	
  techniques	
  in	
  
cell	
  and	
  molecular	
  biology	
  leverage	
  the	
  high	
  resolution	
  of	
  AFM	
  in	
  space,	
  time,	
  and	
  force	
  to	
  
study	
  properties	
  such	
  as	
  cell	
  adhesion	
  mechanics	
  [2],	
  polymer	
  network	
  dynamics	
  [3],	
  and	
  
protein	
  folding	
  [4].	
  Here	
  we	
  present	
  the	
  development	
  of	
  a	
  method	
  for	
  dynamically	
  varying	
  
AFM	
   cantilever	
   stiffness	
   that	
   takes	
   advantage	
   of	
   precise	
   AFM	
   feedback	
   control	
   to	
   create	
  
changes	
  in	
  the	
  external	
  rigidity	
  felt	
  by	
  active	
  samples.	
  We	
  use	
  this	
  method,	
  which	
  we	
  call	
  a	
  
‘stiffness	
  clamp’	
  by	
  analogy	
  to	
  the	
  existing	
  ‘force	
  clamp’	
  and	
  ‘position	
  clamp’,	
  to	
  investigate	
  
the	
  cellular	
  response	
  to	
  rigidity.	
  

The	
   rigidity	
   of	
   the	
   cellular	
  microenvironment	
   has	
   been	
   shown	
   to	
   be	
   an	
   important	
   input	
  
signal	
  that	
  influences	
  a	
  range	
  of	
  biological	
  processes	
  [5].	
  The	
  resistance	
  to	
  deformation	
  of	
  
tissues	
  in	
  vivo,	
  characterized	
  by	
  an	
  elastic	
  modulus,	
  varies	
  from	
  near	
  100	
  pascals	
  for	
  soft	
  
tissues	
  such	
  as	
  the	
  brain	
  to	
  tens	
  of	
  thousands	
  of	
  pascals	
  for	
  muscle	
  tissue	
  and	
  up	
  to	
  millions	
  
of	
  pascals	
  for	
  cartilage.	
  This	
  tissue	
  rigidity,	
  or	
  stiffness,	
  serves	
  as	
  an	
  important	
  in	
  vivo	
  cue	
  
in	
   processes	
   such	
   as	
   embryogenesis	
   [6],	
   cell	
   proliferation	
   [7],	
   and	
   angiogenesis	
   [8].	
  
Notably,	
  numerous	
  experiments	
  have	
  demonstrated	
   the	
   influence	
  of	
  microenvironmental	
  
rigidity	
  in	
  vitro	
  on	
  cellular	
  morphology	
  [9],	
  motility	
  [10],	
  and	
  differentiation	
  [11].	
  While	
  the	
  
importance	
   of	
   stiffness	
   has	
   been	
   well-­‐documented,	
   the	
   dynamics	
   of	
   rigidity	
   sensing	
   are	
  
poorly	
  understood.	
  

The	
   predominant	
   methods	
   for	
   studying	
   the	
   effects	
   of	
   microenvironmental	
   rigidity	
   on	
  
cellular	
  behaviors	
   involve	
  culturing	
  cells	
  on	
  deformable	
  substrates	
   (e.g.	
   thin	
  rubber	
   films	
  
[12],	
  polyacrylamide	
  hydrogels	
  [13],	
  and	
  microfabricated	
  posts	
  [14]).	
  These	
  studies,	
  while	
  
instrumental	
   in	
   establishing	
   the	
   effect	
   of	
   substrate	
   rigidity	
   on	
   cellular	
   behaviors,	
   are	
  
limited	
  to	
  a	
  single	
  static	
  rigidity	
  for	
  each	
  experiment.	
  Similarly,	
  the	
  spring-­‐like	
  behavior	
  of	
  
optical	
  traps,	
  AFMs,	
  and	
  microplates	
  has	
  also	
  been	
  used	
  to	
  expose	
  single	
  cells	
  to	
  different	
  
microenvironmental	
   rigidities	
  but	
   these	
  usually	
  use	
  only	
  a	
   single	
   rigidity	
  per	
  experiment	
  
[15-­‐17].	
   To	
   expose	
   a	
   given	
   cell	
   to	
  multiple	
   rigidities,	
   some	
   studies	
   have	
   employed	
   static	
  
rigidity	
   gradients	
   [18,19]	
   or	
   substrates	
   of	
   anisotropic	
   rigidity	
   [10].	
   Recent	
   studies	
   have	
  
demonstrated	
   hydrogels	
   with	
   dynamic	
   rigidities	
   that	
   utilize	
   UV	
   exposure	
   [20]	
   or	
   DNA	
  
crosslinking	
   [21]	
   to	
   change	
   rigidity	
   mid-­‐experiment,	
   though	
   the	
   stiffness	
   changes	
   are	
  
relatively	
   slow,	
   not	
   reversible,	
   and	
   can	
   only	
   sample	
   a	
   narrow	
   range	
   of	
   elastic	
   moduli.	
  
Furthermore,	
   none	
   of	
   these	
   techniques	
   distinguish	
   between	
   the	
   cell's	
   response	
   to	
   force,	
  
deformation,	
  and	
  stiffness.	
  Recently,	
  a	
  custom-­‐built	
  parallel	
  microplate	
  system	
  was	
  used	
  in	
  
combination	
  with	
  double-­‐feedback	
  to	
  change	
  the	
  effective	
  stiffness	
  experienced	
  by	
  a	
  single	
  
cell	
   spread	
   between	
   the	
   microplates	
   [22].	
   While	
   AFMs	
   have	
   the	
   advantage	
   of	
   high	
  
resolution	
   in	
   space,	
   time,	
   and	
   force,	
   and	
   cells	
   can	
   spread	
   between	
   a	
   microfabricated	
  
cantilever	
  and	
  a	
  surface	
  [16,23],	
  AFM	
  systems	
  are	
  currently	
  limited	
  to	
  a	
  single	
  stiffness	
  per	
  
experiment	
  given	
  by	
  the	
  native	
  cantilever	
  stiffness.	
  	
  

We	
   have	
   developed	
   an	
   AFM	
   feedback	
   algorithm	
   to	
   reversibly	
   and	
   rapidly	
   change	
   the	
  
stiffness	
  presented	
   to	
   the	
   sample	
  while	
   accurately	
  measuring	
   force	
  and	
  deformation.	
  We	
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apply	
  this	
  AFM	
  stiffness	
  clamp	
  to	
  study	
  the	
  dynamics	
  of	
  an	
  expanding	
  hydrogel	
  and	
  a	
  single	
  
cell	
  in	
  response	
  to	
  step	
  changes	
  in	
  stiffness.	
  	
  

RESULTS	
  

Stiffness	
  clamp	
  concept	
  

The	
  mechanical	
  interaction	
  of	
  contractile	
  cells	
  with	
  their	
  microenvironment,	
  which	
  is	
  
composed	
  of	
  polymeric	
  extracellular	
  matrix	
  (ECM)	
  proteins	
  and	
  other	
  cells,	
  can	
  be	
  modeled	
  
most	
  simply	
  as	
  a	
  cell	
  pulling	
  on	
  a	
  spring	
  (FIG.	
  1A).	
  Setting	
  aside	
  the	
  nonlinear	
  behavior	
  of	
  
the	
  ECM	
  temporarily,	
  a	
  cell	
  that	
  deforms	
  a	
  Hookean	
  spring	
  experiences	
  a	
  resistance	
  force	
  
given	
  by	
  the	
  spring	
  constant	
  and	
  the	
  amount	
  of	
  deformation.	
  The	
  goal	
  of	
  the	
  stiffness	
  clamp	
  
is	
  to	
  tune	
  the	
  apparent	
  stiffness	
  a	
  cell	
  experiences	
  by	
  controlling	
  how	
  much	
  force	
  the	
  cell	
  
must	
  exert	
  to	
  change	
  its	
  height	
  a	
  given	
  amount	
  through	
  feedback	
  control	
  of	
  the	
  spring	
  
deflection	
  (FIG.	
  1B).	
  	
  

In	
  theory,	
  a	
  wide	
  range	
  of	
  apparent	
  stiffnesses	
  may	
  be	
  achieved	
  using	
  only	
  a	
  single	
  spring	
  
together	
  with	
  feedback	
  control	
  (FIG.	
  2).	
  If	
  the	
  spring	
  base	
  is	
  moved	
  away	
  from	
  the	
  cell	
  as	
  it	
  
contracts,	
  the	
  spring	
  will	
  appear	
  stiffer	
  to	
  the	
  contracting	
  cell	
  than	
  it	
  actually	
  is	
  (FIG.	
  2A).	
  If	
  
the	
   spring	
  base	
   is	
  moved	
  upwards,	
   away	
   from	
   the	
   cell	
   by	
   the	
   same	
   amount	
   that	
   the	
   cell	
  
deflects	
   the	
   spring	
   downward,	
   then	
   the	
   cell	
   height,	
   xcell,	
   will	
   remain	
   constant.	
   Given	
   this	
  
constraint,	
   regardless	
  of	
   the	
   force	
   the	
  cell	
   exerts	
  on	
   the	
  spring,	
   the	
  cell's	
  height	
  does	
  not	
  
change,	
  thereby	
  exposing	
  the	
  cell	
  to	
  an	
  infinitely	
  stiff	
  microenvironment:	
  	
  

𝑘𝑘 =
∆𝐹𝐹
∆𝑥𝑥 =

∆𝐹𝐹
0 → ∞	
  

By	
  moving	
  the	
  spring	
  base	
  toward	
  the	
  cell	
  as	
  it	
  contracts,	
  the	
  spring	
  will	
  appear	
  softer	
  than	
  
it	
  actually	
  is	
  (FIG.	
  2B).	
  If	
  the	
  feedback	
  routine	
  moves	
  the	
  spring	
  base	
  such	
  that	
  the	
  spring	
  
does	
   not	
   change	
   in	
   length,	
   the	
   force	
   exerted	
   on	
   the	
   spring	
   remains	
   constant,	
   and	
   the	
  
stiffness	
  of	
  the	
  microenvironment	
  appears	
  to	
  be	
  infinitely	
  soft:	
  

𝑘𝑘 =
∆𝐹𝐹
∆𝑥𝑥 =

0
∆𝑥𝑥 → 0	
  

These	
  two	
  limits	
  of	
  constant	
  height	
  and	
  constant	
  force	
  have	
  been	
  used	
  elsewhere	
  and	
  are	
  
known	
  as	
   the	
  position	
   and	
   force	
   clamp,	
   respectively	
   [24].	
   Force	
   and	
  position	
   clamps	
   are	
  
based	
  on	
  a	
  simple	
  PID-­‐feedback	
  routine	
  that	
  uses	
  the	
  error	
  between	
  a	
  given	
  setpoint	
  force	
  
or	
   position	
   and	
   the	
   current	
   force	
   or	
   position	
   to	
   adjust	
   the	
   sample	
   position.	
   In	
   contrast,	
  
stiffness	
   is	
  defined	
  as	
   the	
  change	
   in	
   force	
  over	
   the	
  change	
   in	
  displacement	
  and	
   therefore	
  
cannot	
   be	
   controlled	
   using	
   conventional	
   feedback	
   routines.	
   The	
   AFM	
   stiffness	
   clamp	
  
presented	
   here	
   is	
   able	
   to	
   dynamically	
   tune	
   apparent	
   stiffness	
   between	
   the	
   extremes	
   of	
  
infinitely	
  soft	
  and	
  stiff.	
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Stiffness	
  clamp	
  applied	
  to	
  an	
  expanding	
  hydrogel	
  

We	
  tested	
  the	
  ability	
  of	
  the	
  AFM	
  stiffness	
  clamp	
  algorithm	
  to	
  produce	
  a	
  range	
  of	
  apparent	
  
stiffnesses	
  with	
   an	
   expanding	
   hydrogel,	
   and	
  we	
   characterized	
   the	
  material’s	
   response	
   to	
  
step	
  changes	
  in	
  stiffness.	
  Addition	
  of	
  phosphate	
  buffered	
  saline	
  (PBS)	
  to	
  a	
  dehydrated	
  ~1	
  
kPa	
   polyacrylamide	
   hydrogel	
   caused	
   it	
   to	
   gradually	
   expand.	
   As	
   the	
   gel	
   expanded	
   and	
  
increased	
   in	
   height,	
   it	
   pushed	
   against	
   the	
   cantilever	
   applying	
   an	
   increasing	
   force	
   (FIG.	
  
3A&B).	
  Without	
   the	
   stiffness	
   clamp	
   feedback	
   loop,	
   the	
   spring	
   constant	
   of	
   the	
   cantilever	
  
defined	
   how	
   much	
   force	
   the	
   gel	
   applied	
   to	
   increase	
   its	
   height.	
   When	
   we	
   changed	
   the	
  
apparent	
  stiffness	
  of	
  the	
  cantilever	
  using	
  the	
  stiffness	
  clamp	
  between	
  1-­‐100	
  nN/μm,	
  there	
  
was	
   an	
   immediate	
   change	
   in	
   the	
   force	
   rate	
   due	
   to	
   the	
  modified	
   feedback	
   control	
   of	
   the	
  
cantilever	
  position,	
  while	
   the	
   gel	
   expansion	
   rate	
   remained	
   essentially	
   constant	
   (FIG.	
   3C).	
  
This	
  behavior	
  was	
  observed	
  for	
  N	
  =	
  5	
  gels.	
  

With	
  a	
  single	
  AFM	
  cantilever	
  with	
  spring	
  constant	
  kcantilever,	
  we	
  used	
  the	
  stiffness	
  clamp	
  to	
  
apply	
  11	
  different	
  stiffnesses	
  ranging	
  from	
  0	
  to	
  infinity	
  as	
  the	
  gel	
  expanded.	
  By	
  plotting	
  the	
  
cantilever	
  force	
  versus	
  the	
  gel	
  height	
  we	
  obtained	
  a	
  series	
  of	
  traces	
  where	
  the	
  slopes	
  define	
  
the	
  achieved	
  apparent	
  stiffness	
  (FIG.	
  3D).	
  The	
  apparent	
  stiffness	
  measured	
  from	
  the	
  slope	
  
of	
  the	
  traces	
  in	
  FIG.	
  3D	
  was	
  less	
  than	
  0.1%	
  different	
  from	
  the	
  desired	
  value	
  for	
  a	
  range	
  of	
  
stiffnesses	
   spanning	
   two	
   orders	
   of	
  magnitude	
   from	
   1∕16	
   to	
   16	
  kcantilever.	
   The	
  most	
   extreme	
  
apparent	
  stiffnesses	
  (force	
  clamp	
  and	
  position	
  clamp)	
  produced	
  traces	
  with	
  Gaussian	
  noise	
  
around	
   a	
   constant	
   force	
   and	
   height	
   with	
   standard	
   deviations	
   of	
   15	
   pN	
   and	
   0.34	
   nm,	
  
respectively.	
   (See	
   Supporting	
  Material	
   for	
   further	
   information.)	
   Figure	
   3D	
   demonstrates	
  
that	
   we	
   can	
   accurately	
   apply	
   a	
   wide	
   range	
   of	
   apparent	
   stiffnesses	
   on	
   an	
   expanding	
  
hydrogel,	
  all	
  with	
  a	
  single	
  cantilever,	
  using	
  the	
  AFM	
  stiffness	
  clamp.	
  	
  

Stiffness	
  clamp	
  applied	
  to	
  a	
  contracting	
  cell	
  

Fibroblast	
  cells	
  are	
  used	
  extensively	
  as	
  a	
  model	
  system	
  to	
  investigate	
  the	
  effect	
  of	
  substrate	
  
rigidity	
  [5,9,13,14,18].	
  After	
  demonstrating	
  the	
  range	
  and	
  precision	
  of	
   the	
  stiffness	
  clamp	
  
algorithm	
  with	
   a	
   hydrogel,	
   we	
   used	
   NIH	
   3T3	
   fibroblast	
   cells	
   to	
   investigate	
   how	
   cellular	
  
rigidity	
  sensing	
  responds	
  to	
  a	
  reversible	
  step	
  change	
  in	
  stiffness.	
  Figure	
  4	
  shows	
  the	
  results	
  
of	
  a	
  typical	
  experiment.	
  Cells	
  in	
  suspension	
  were	
  flowed	
  into	
  a	
  chamber	
  and	
  within	
  minutes	
  
were	
  brought	
   into	
  contact	
  with	
  both	
  a	
   fibronectin-­‐coated	
  glass	
  surface	
  and	
  a	
   fibronectin-­‐
coated	
   tipless	
  AFM	
   cantilever	
   (kcantilever	
  =	
  18	
   nN/µm).	
   After	
   a	
   small	
   compressive	
   force	
   (4	
  
nN)	
  established	
  contact,	
  adhesions	
   formed	
  on	
  both	
  surfaces,	
  and	
  the	
  cell	
  contracted	
  (FIG.	
  
4A).	
  Once	
  contraction	
  started	
  we	
  cycled	
  between	
  stiffnesses	
  of	
  1∕5,	
  1,	
  and	
  5	
  kcantilever	
  (3.6,	
  18,	
  
90	
  nN/µm)	
  every	
  30	
  s.	
  We	
  chose	
  a	
  cycle	
  period	
  of	
  30	
  s	
  to	
  allow	
  for	
  exchange	
  of	
  cytoskeletal	
  
and	
   focal	
   adhesion	
   components	
   (timescale	
   of	
   seconds)	
   but	
   not	
   full	
   reorganization	
   of	
  
adhesions	
  or	
  the	
  cytoskeleton	
  (timescale	
  of	
  minutes)	
  [25].	
  A	
  typical	
  resulting	
  traction	
  force	
  
and	
  cell	
  height	
  trace	
  is	
  shown	
  in	
  FIG.	
  4B.	
  	
  

We	
  found	
  that	
  when	
  the	
  apparent	
  stiffness	
  changed	
  to	
  a	
  larger	
  value,	
  the	
  cell's	
  traction	
  rate	
  
dF/dt	
  rapidly	
  increased	
  while	
  the	
  corresponding	
  contraction	
  velocity	
  dx/dt	
  decreased	
  (FIG.	
  
4D).	
   Notably,	
   this	
   change	
   in	
   traction	
   rate	
   and	
   contraction	
   velocity	
   happens	
   nearly	
  
instantaneously	
  (within	
  0.5	
  s)	
  (FIG.	
  4B	
  inset),	
  indicating	
  that	
  cells	
  can	
  reversibly	
  respond	
  to	
  
a	
   stiffness	
   cue	
   on	
   a	
   whole	
   cell	
   level	
   on	
   a	
   timescale	
   of	
   seconds.	
   The	
   stiffness-­‐dependent	
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traction	
   rate	
   and	
   velocity	
   were	
   found	
   to	
   be	
   reversible	
   and	
   consistent	
   for	
   a	
   given	
   cell,	
  
despite	
  changes	
  in	
  absolute	
  cell	
  height	
  and	
  contractile	
  force.	
  Even	
  though	
  the	
  absolute	
  cell	
  
tension	
  was	
  greater	
   later	
  during	
  contraction,	
  the	
  traction	
  rate	
  was	
  dependent	
  only	
  on	
  the	
  
instantaneously	
   applied	
   stiffness	
   (and	
   similarly	
   for	
   cell	
   height	
   and	
   contraction	
   velocity).	
  
Importantly,	
   this	
   indicates	
   that	
   the	
   response	
   of	
   contraction	
   rate	
   is	
   specifically	
   due	
   to	
   a	
  
change	
  in	
  stiffness	
  and	
  not	
  the	
  cell	
  tension	
  or	
  height.	
  	
  This	
  behavior	
  was	
  observed	
  for	
  N=30	
  
cells.	
  

DISCUSSION	
  

The	
  AFM	
  stiffness	
  clamp	
  provides	
  a	
  high-­‐resolution	
  method	
  for	
  varying	
  apparent	
  stiffness	
  
and	
  evaluating	
  cellular	
  responses	
   including	
  contraction	
  behavior.	
  Using	
  the	
  AFM	
  stiffness	
  
clamp,	
   we	
   show	
   that	
   cells	
   rapidly	
   change	
   their	
   traction	
   rate	
   and	
   contraction	
   velocity	
   in	
  
response	
  to	
  step	
  changes	
  in	
  apparent	
  stiffness.	
   Importantly,	
  the	
  stiffness	
  clamp	
  algorithm	
  
dynamically	
  changes	
  the	
  apparent	
  stiffness	
  while	
  the	
  force	
  and	
  height	
  are	
  unchanged	
  in	
  the	
  
instant	
  before	
  and	
  after	
  the	
  stiffness	
  change.	
  Therefore,	
  any	
  cellular	
  response	
  is	
  a	
  function	
  
of	
   the	
   step	
   change	
   in	
   stiffness	
   and	
   not	
   force	
   or	
   height.	
   This	
   decoupling	
   of	
   stiffness	
   from	
  
force	
  and	
  height	
  unambiguously	
  shows	
   that	
  stiffness	
  changes	
  alone	
  caused	
   the	
  change	
   in	
  
contraction.	
  

Our	
  observation	
  of	
  stiffness	
  dependent	
  contraction	
  of	
  single	
  cells	
  is	
  consistent	
  with	
  several	
  
previous	
   studies.	
   We	
   recently	
   used	
   the	
   high-­‐resolution	
   of	
   AFM	
   to	
   characterize	
   the	
  
contraction	
   dynamics	
   of	
   single	
   human	
   platelet	
   cells	
   [16]	
   and	
   found	
   that	
   the	
   force	
  
generation	
   of	
   platelets	
   was	
   dependent	
   on	
   microenvironmental	
   stiffness,	
   though	
   each	
  
platelet	
  was	
  exposed	
  to	
  only	
  a	
  single	
  stiffness.	
  Other	
  techniques,	
  using	
  systems	
  limited	
  to	
  a	
  
single	
   stiffness	
   per	
   experiment,	
   have	
   also	
   observed	
   a	
   dependence	
   of	
   contraction	
   on	
  
stiffness	
  with	
  a	
  variety	
  of	
  cell	
  types	
  [10,15,19].	
  Our	
  results	
  with	
  the	
  AFM	
  stiffness	
  clamp	
  are	
  
consistent	
   with	
   a	
   recent	
   study	
   by	
   Mitrossilis	
   et	
   al.	
   that	
   used	
   a	
   custom-­‐built	
   parallel	
  
microplate	
  system	
  to	
  change	
  the	
  stiffness	
  experienced	
  by	
  a	
  single	
  myoblast	
  cell	
  and	
  found	
  
that	
   traction	
   rate	
  was	
   higher	
   for	
   larger	
   stiffnesses	
   and	
  did	
  not	
  depend	
  on	
   absolute	
   force	
  
[22].	
  

It	
  is	
  worthwhile	
  to	
  note	
  that	
  the	
  AFM	
  stiffness	
  clamp	
  presented	
  here	
  only	
  alters	
  stiffness	
  in	
  
one	
  axis,	
   though	
  as	
  demonstrated	
  above,	
   this	
  appears	
   to	
  be	
  sufficient	
   to	
  elicit	
  a	
   response	
  
from	
  the	
  contracting	
  cell.	
  	
  Due	
  to	
  the	
  fact	
  that	
  stiffness	
  can	
  only	
  be	
  measured	
  by	
  displacing	
  
a	
  sample,	
  the	
  apparent	
  stiffness	
  can	
  only	
  be	
  applied	
  when	
  cell	
  height	
  is	
  actively	
  changing,	
  
for	
  example	
  during	
  fibroblast	
  contraction,	
  cardiomyocyte	
  beating,	
  neutrophil	
  shape	
  change	
  
in	
  response	
  to	
  chemoattractants,	
  and	
  cell	
  rounding	
  during	
  mitosis.	
  	
  

This	
   AFM-­‐based	
   approach	
   to	
   dynamically	
   tuning	
  microenvironmental	
   rigidity	
   is	
   broadly	
  
applicable	
   to	
   both	
   biological	
   and	
   non-­‐biological	
   experimental	
   situations.	
   In	
   essence,	
   the	
  
algorithm	
  we	
  present	
   can	
  be	
  applied	
   to	
   any	
   system	
  with	
  a	
   spring	
  where	
   there	
   is	
  precise	
  
knowledge	
  of	
  the	
  force	
  and	
  a	
  single	
  means	
  of	
  adjusting	
  the	
  position	
  of	
  the	
  spring	
  base	
  (as	
  
illustrated	
  in	
  FIG.	
  2).	
  This	
  stiffness	
  clamp	
  algorithm	
  has	
  the	
  advantage	
  of	
  requiring	
  only	
  one	
  
actuator	
   and	
   therefore	
   can	
   be	
   used	
   with	
   existing	
   commercial	
   AFMs.	
   Furthermore,	
   the	
  
algorithm	
  can	
  be	
  adjusted	
  to	
  emulate	
  nonlinear	
  elastic	
  properties,	
  such	
  as	
  those	
  of	
  specific	
  
ECM	
  networks.	
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In	
  the	
  case	
  of	
  single	
  molecule	
  experiments	
  on	
  mechanosensitive	
  molecules,	
  which	
  typically	
  
employ	
   an	
   AFM	
   or	
   optical	
   trap	
   [26],	
   the	
   AFM	
   stiffness	
   clamp	
   could	
   be	
   implemented	
   to	
  
sample	
  a	
  wide	
  range	
  of	
  apparent	
  stiffness	
  values.	
  The	
  stiffness	
  clamp	
  can	
  also	
  be	
  integrated	
  
with	
   cell	
   rheology	
   measurements	
   and	
   fluorescence	
   microscopy	
   to	
   characterize	
   the	
  
viscoelastic	
   properties	
   of	
   the	
   cell	
   and	
   protein	
   localization	
   under	
   various	
   apparent	
  
stiffnesses.	
   At	
   the	
   multicellular	
   scale,	
   tissue	
   stiffness	
   has	
   been	
   shown	
   to	
   affect	
   the	
  
cancerous	
  phenotype	
  of	
   cell	
   colonies	
   [27],	
   and	
   the	
  AFM	
  stiffness	
   clamp	
   could	
  be	
  used	
   to	
  
study	
  the	
  responses	
  of	
  tissues	
  in	
  microenvironments	
  of	
  changing	
  stiffness.	
  Importantly,	
  our	
  
system	
  allows	
  for	
  the	
  use	
  of	
  apparent	
  stiffness	
  values	
  outside	
  of	
  those	
  that	
  can	
  be	
  achieved	
  
by	
  standard	
  cantilever	
  fabrication	
  methods.	
  

In	
   this	
   study,	
   we	
   have	
   presented	
   an	
   AFM-­‐based	
   method	
   for	
   dynamically	
   changing	
   the	
  
apparent	
  stiffness	
  of	
  the	
  microenvironment	
  surrounding	
  a	
  cell.	
  We	
  demonstrated	
  the	
  high	
  
temporal	
   and	
   spatial	
   resolution	
   of	
   the	
  AFM	
   stiffness	
   clamp	
  using	
   an	
   expanding	
   hydrogel	
  
and	
   contracting	
   cell,	
   finding	
   that	
   the	
   cell	
   contraction	
   rate	
   reversibly	
   changes	
   nearly	
  
instantaneously	
  with	
  stiffness	
  and	
  does	
  not	
  depend	
  on	
  absolute	
   force	
  or	
  cell	
  height.	
  Both	
  
cellular	
   traction	
   rate	
   and	
   contraction	
   velocity	
   were	
   stiffness-­‐dependent,	
   whereas	
   the	
  
expansion	
   velocity	
   of	
   the	
   hydrogel	
   used	
   in	
   our	
   experiments	
   remained	
   constant	
   for	
  
stiffnesses	
   ranging	
   1-­‐100	
   nN/μm.	
   The	
   AFM	
   stiffness	
   clamp	
   provides	
   a	
   powerful	
   tool	
   for	
  
investigating	
  the	
  role	
  of	
  mechanical	
  boundary	
  conditions	
  on	
  cellular	
  behavior.	
  

MATERIALS	
  &	
  METHODS	
  

Stiffness	
  clamp	
  algorithm	
  

The	
  AFM	
  stiffness	
  clamp	
  is	
  implemented	
  using	
  a	
  feedback	
  algorithm	
  based	
  on	
  the	
  extension	
  
of	
  a	
  Hookean	
  spring	
  (∆F	
  =	
  kspring	
  ∆xspring),	
  though	
  this	
  analysis	
  can	
  be	
  extended	
  to	
  nonlinear	
  
springs.	
   The	
   microenvironmental	
   stiffness	
   a	
   cell	
   experiences	
   is	
   given	
   by	
   the	
   amount	
   of	
  
force	
  it	
  must	
  apply	
  to	
  change	
  its	
  height,	
  ∆F	
  =	
  kapparent	
  ∆xcell.	
  If	
  the	
  base	
  of	
  the	
  spring	
  can	
  move	
  
by	
   an	
   amount	
  ∆xbase,	
   the	
   change	
   in	
   cell	
   height	
   is	
   given	
   by	
   the	
   difference	
   between	
   spring	
  
extension	
  and	
  movement	
  of	
  the	
  spring	
  base,	
  ∆xcell	
  =	
  ∆xspring	
   -­‐	
  ∆xbase.	
  The	
  force	
  resisting	
  the	
  
change	
  in	
  cell	
  height	
  is	
  provided	
  solely	
  by	
  the	
  extension	
  of	
  the	
  spring.	
  Therefore,	
  equating	
  
the	
  expressions	
  for	
  ∆F	
  and	
  solving	
  for	
  the	
  movement	
  of	
  the	
  spring	
  base	
  gives	
  

∆𝑥𝑥 =
𝑘𝑘 − 𝑘𝑘

𝑘𝑘 ∆𝑥𝑥 	
  
(1)	
  

which	
  defines	
  how	
  much	
  the	
  base	
  must	
  be	
  moved	
  to	
  achieve	
  the	
  desired	
  apparent	
  stiffness,	
  
kapparent,	
  for	
  a	
  given	
  deformation	
  of	
  the	
  spring.	
  Note	
  that	
  the	
  position	
  clamp	
  can	
  be	
  obtained	
  
from	
   Eq.	
   (1)	
   when	
   kapparent	
   =	
  ∞,	
   in	
   which	
   case	
   the	
   base	
  moves	
   the	
   same	
   amount	
   as	
   the	
  
spring	
   deforms,	
   and	
   the	
   cell	
   height	
   remains	
   constant.	
   Similarly,	
   the	
   force	
   clamp	
   results	
  
when	
  kapparent	
  =	
  0	
  and	
  ∆xbase	
  cancels	
  out	
  the	
  movement	
  of	
  the	
  spring,	
  such	
  that	
  ∆xspring	
  =	
  0.	
  

	
  

The	
  AFM	
  stiffness	
  clamp	
  feedback	
  algorithm	
  uses	
  the	
  desired	
  apparent	
  stiffness	
  (kapparent),	
  
the	
   spring	
   stiffness	
   (kspring),	
   and	
   Eq.	
   (1),	
   together	
   with	
   a	
   measure	
   of	
   how	
  much	
   the	
   cell	
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deforms	
  the	
  spring,	
  to	
  determine	
  how	
  far	
  to	
  move	
  the	
  base.	
  Equation	
  (1)	
  is	
  directly	
  used	
  in	
  
the	
   feedback	
   algorithm	
   for	
   kapparent	
  >	
   kspring,	
   but	
   for	
   kapparent	
   <	
   kspring	
   Eq.	
   (1)	
   grows	
   out	
   of	
  
bounds	
  as	
  kapparent	
  approaches	
  zero.	
  For	
  kapparent	
  <	
  kspring,	
  we	
  alter	
  Eq.	
  (1)	
  so	
  that	
  it	
  iteratively	
  
converges	
  to	
  the	
  same	
  ratio	
  ∆xbase/∆xspring	
  without	
  growing	
  out	
  of	
  bounds	
  according	
  to	
  

∆𝑥𝑥 , =
𝑘𝑘 − 𝑘𝑘

𝑘𝑘 ∆𝑥𝑥 − ∆𝑥𝑥 , 	
   (2)	
  

where	
  i	
  is	
  the	
  index	
  for	
  each	
  cycle	
  of	
  the	
  iteration	
  and	
  ∆xbase,i-­‐1	
  is	
  the	
  amount	
  the	
  base	
  was	
  
moved	
  in	
  the	
  previous	
  iteration	
  (see	
  Supporting	
  Material	
  for	
  a	
  detailed	
  derivation).	
  

Atomic	
  force	
  microscope	
  

Atomic	
   force	
   microscope	
   (AFM)	
   experiments	
   were	
   conducted	
   using	
   a	
   modified	
   Veeco	
  
Bioscope	
  I	
  mounted	
  on	
  a	
  Zeiss	
  Axiovert	
  25	
  inverted	
  microscope.	
  The	
  Bioscope	
  I	
  z-­‐axis	
  piezo	
  
in	
   our	
   system	
   has	
   a	
   range	
   of	
   only	
   4	
   µm.	
   Since	
   a	
   larger	
   z	
   range	
   is	
   more	
   convenient	
   for	
  
working	
  with	
  cells,	
  the	
  substrate	
  was	
  moved	
  instead	
  of	
  the	
  cantilever	
  base	
  with	
  a	
  feedback-­‐
controlled	
  Mad	
  City	
  Labs	
  piezo-­‐actuator	
  stage	
  and	
  controller	
  with	
  a	
  range	
  of	
  50	
  µm	
  and	
  a	
  
resolution	
   of	
   0.1	
   nm.	
   Cantilever	
   deflection	
   and	
   substrate	
   position	
  was	
   controlled	
  with	
   a	
  
National	
   Instruments	
   16-­‐bit,	
   250	
   kS/s	
   PCI-­‐6229	
   digital	
   I/O	
   card	
   and	
   a	
   custom	
   LabVIEW	
  
program	
  to	
  implement	
  the	
  stiffness	
  clamp	
  algorithm	
  running	
  at	
  100	
  Hz.	
  The	
  substrate	
  was	
  
mounted	
   on	
   a	
   heated	
   stage	
   and	
  maintained	
   at	
   37℃	
   for	
   cell	
   experiments.	
   Tipless	
   silicon	
  
nitride	
   MLCT	
   (30-­‐50	
   nN/µm,	
   Veeco)	
   and	
   Arrow	
   cantilevers	
   (10-­‐20	
   nN/µm,	
   Nanoworld)	
  
were	
  used	
  for	
  the	
  gel	
  and	
  cell	
  experiments,	
  respectively.	
  Calibration	
  of	
  the	
  optical	
  lever	
  was	
  
conducted	
   before	
   each	
   experiment	
   by	
   ramping	
   a	
   glass	
   coverslip	
   substrate	
   up	
   and	
   down	
  
while	
  in	
  contact	
  with	
  the	
  cantilever.	
  The	
  surface	
  was	
  ramped	
  450	
  nm	
  and	
  the	
  average	
  of	
  15	
  
cycles	
  was	
  used	
  to	
  determine	
  the	
  volts	
  to	
  meters	
  conversion	
  factor.	
  See	
  supporting	
  file	
  1	
  for	
  
a	
   discussion	
   on	
   the	
   effect	
   of	
   calibration	
   errors	
   on	
   the	
   apparent	
   stiffness	
   applied	
   by	
   the	
  
stiffness	
  clamp.	
  We	
  then	
  determined	
  the	
  cantilever	
  spring	
  constant	
  before	
  each	
  experiment	
  
by	
  recording	
  the	
  thermal	
  fluctuations	
  of	
  the	
  cantilever	
  out	
  of	
  contact	
  in	
  air	
  and	
  fitting	
  the	
  
first	
   resonance	
   peak	
   of	
   the	
   power	
   spectra	
   with	
   a	
   Lorentzian	
   function	
   using	
   the	
  
equipartition	
   theorem	
   [28].	
   This	
   indicates	
   that	
   the	
   resolution	
   of	
   the	
   detection	
   of	
   the	
  
cantilever	
  position	
  was	
  thermally	
  limited.	
   
 
To monitor drift in both the cell and gel experiments, we	
  placed	
  the	
  cantilever	
  in	
  contact	
  with	
  
the	
  glass	
  substrate	
  in	
  force	
  clamp	
  mode,	
  immediately	
  before	
  each	
  experiment.	
  Experiments	
  
were	
   not	
   started	
   until	
   the	
   system	
   had	
   equilibrated,	
   such	
   that	
   a	
   force	
   clamp	
   could	
   be	
  
maintained	
  with	
   no	
   significant	
   change	
   in	
   stage	
   position	
   (generally	
   10-­‐60	
  minutes).	
   Drift	
  
over	
   the	
   course	
   of	
   the	
   experiment	
  was	
  measured	
   in	
   two	
  ways.	
   First,	
   the	
   zero	
   deflection	
  
point	
   of	
   the	
   cantilever	
  was	
   compared	
   before	
   and	
   after	
   each	
   experiment	
   to	
  measure	
   any	
  
cantilever	
   drift.	
   Second,	
   for	
   cell	
   experiments,	
   the	
   contact	
   point	
   between	
   the	
   surface	
   and	
  
cantilever	
   was	
   measured	
   before	
   and	
   after	
   each	
   experiment.	
   These	
   measurements	
  
confirmed	
  that	
  the	
  drift	
  over	
  the	
  course	
  of	
  the	
  experiment	
  was	
  negligible	
  compared	
  to	
  the	
  
active	
  contraction	
  of	
  the	
  cell	
  and	
  expansion	
  of	
  the	
  gel.	
  Drift	
  accounted	
  for	
  <10%	
  of	
  the	
  total	
  
deflection	
  for	
  all	
  experiments	
  used. 
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Polyacrylamide	
  hydrogels	
  

The	
  ~1	
  kPa	
  polyacrylamide	
  hydrogel	
  was	
  dehydrated	
  at	
  4℃	
  overnight	
  and	
  was	
  rehydrated	
  
immediately	
  before	
  the	
  AFM	
  experiment	
  with	
  a	
  standard	
  phosphate	
  buffered	
  saline	
  (PBS)	
  
solution.	
  The	
  cantilever	
  was	
  brought	
  into	
  contact	
  as	
  the	
  gel	
  rehydrated	
  and	
  expanded.	
  	
  

Cell	
  culture	
  

NIH	
   3T3	
   fibroblast	
   cells	
   were	
   cultured	
   in	
   DMEM	
   (GIBCO)	
   supplemented	
  with	
   10%	
   fetal	
  
bovine	
  serum,	
  100	
  U/ml	
  penicillin,	
  and	
  100	
  µg/ml	
  streptomycin.	
  Cells	
  were	
  maintained	
  in	
  
an	
   incubator	
   at	
   37℃	
  with	
   a	
   humid,	
   5%	
  CO2	
   atmosphere.	
  A	
   trypsin	
   solution	
  was	
  used	
   to	
  
detach	
  cells	
  at	
  which	
  point	
  trypsin	
  neutralizer	
  was	
  added	
  and	
  cells	
  were	
  then	
  centrifuged	
  
at	
   300	
   g	
   for	
   5	
   minutes.	
   The	
   resulting	
   supernatant	
   was	
   discarded	
   and	
   cells	
   were	
  
resuspended	
   in	
   their	
   culture	
   medium	
   (DMEM	
   plus	
   supplements).	
   KOH	
   cleaned	
   glass	
  
substrates	
   and	
   cantilevers	
  were	
   immersed	
   for	
  30	
  min	
   in	
   a	
  50	
  µg/ml	
   fibronectin	
   solution	
  
(F0895,	
  Sigma).	
  The	
  fibronectin	
  solution	
  was	
  then	
  washed	
  off	
  and	
  cells	
  were	
  added	
  and	
  the	
  
cantilever	
  was	
  brought	
  on	
  top	
  of	
  a	
  cell	
  as	
  it	
  settled	
  on	
  the	
  substrate.	
  

Statistical	
  analysis	
  

The	
   inset	
  of	
   the	
  FIG.	
  4B	
  demonstrates	
   the	
  rapid	
  change	
   in	
   traction	
  rate	
  upon	
  a	
  change	
   in	
  
apparent	
  stiffness.	
  We	
  found	
  that	
  this	
  change	
  occurred	
  within	
  0.5	
  s.	
  This	
  response	
  time	
  was	
  
calculated	
   by	
   comparing	
   two	
   models	
   with	
   an	
   F	
   test	
   with	
   P	
   values	
   <	
   0.01.	
   First,	
   a	
   30	
   s	
  
window	
  was	
  applied	
  centered	
  on	
  the	
  timepoint	
  when	
  kapparent	
  was	
  changed.	
  Then	
  a	
  simple	
  
linear	
  regression	
  was	
  compared	
  with	
  a	
  segmented	
  linear	
  regression	
  where	
  the	
  timepoint	
  of	
  
the	
  intersection	
  of	
  the	
  two	
  segments	
  must	
  be	
  determined	
  from	
  the	
  data.	
  This	
  30	
  s	
  window	
  
was	
   then	
  moved	
   earlier	
   in	
   time	
   and	
   the	
   two	
  models	
  were	
   again	
   compared.	
   The	
   point	
   at	
  
which	
   the	
  preferred	
  model	
   shifted	
   to	
   the	
  simple	
   linear	
   regression	
   is	
  defined	
  as	
   the	
  point	
  
when	
  the	
  traction	
  rate	
  has	
  statistically	
  changed.	
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FIGURES	
  

Figure	
  1.	
  Feedback	
  control	
  can	
  change	
  the	
  apparent	
  stiffness	
  a	
  cell	
  experiences.	
  	
  

(a)	
  A	
  contracting	
  cell	
  in	
  a	
  soft	
  extracellular	
  matrix	
  (ECM)	
  experiences	
  little	
  resistance	
  to	
  its	
  
contraction	
   and	
   can	
   be	
  modeled	
  with	
   a	
   soft	
   spring.	
   (b)	
   A	
   contracting	
   cell	
   in	
   a	
   stiff	
   ECM	
  
experiences	
   a	
   large	
   resistance	
   to	
   its	
   contraction	
   and	
   can	
   be	
  modeled	
  with	
   a	
   stiff	
   spring.	
  
Using	
  the	
  AFM	
  stiffness	
  clamp,	
  a	
  soft	
  spring	
  can	
  be	
  made	
  to	
  appear	
  stiff	
  (or	
  vice-­‐versa)	
  by	
  
controlling	
  the	
  spring's	
  extension	
  as	
  a	
  function	
  of	
  the	
  cell's	
  contraction.	
  This	
  approach	
  can	
  
be	
  broadly	
  applied	
  to	
  make	
  springs	
  appear	
  stiffer	
  or	
  softer	
  than	
  their	
  actual	
  value.	
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Figure	
  2.	
  Conceptual	
  design	
  of	
  the	
  AFM	
  stiffness	
  clamp.	
  	
  

(a)	
  A	
   stiff	
   spring	
   can	
  be	
   simulated	
  using	
   a	
   spring	
  of	
   a	
   smaller	
   stiffness.	
  A	
   cell	
   applying	
   a	
  
given	
  force	
  against	
  a	
  stiff	
  spring	
  achieves	
  a	
  smaller	
  change	
   in	
  height	
   than	
  a	
  softer	
  spring.	
  
Moving	
  the	
  spring	
  base	
  up	
  as	
  the	
  cell	
  contracts	
  makes	
  a	
  softer	
  spring	
  appear	
  stiffer	
  to	
  the	
  
contracting	
  cell.	
  Plotting	
  contractile	
   traction	
   force	
   (F)	
  versus	
  cell	
  height	
   (xcell)	
  produces	
  a	
  
trace	
  whose	
  steep	
  slope	
  is	
  the	
  apparent	
  stiffness,	
  kapparent	
  (dotted	
  line)	
  and	
  is	
  greater	
  than	
  
the	
   native	
   spring	
   stiffness,	
   kspring	
   (solid	
   line).	
   (b)	
   A	
   soft	
   spring	
   can	
   be	
   simulated	
   using	
   a	
  
spring	
  of	
  a	
  greater	
  stiffness.	
  A	
  cell	
  applying	
  a	
  given	
   force	
  against	
  a	
  soft	
  spring	
  achieves	
  a	
  
greater	
   change	
   in	
   height	
   than	
   a	
   stiffer	
   spring.	
   Moving	
   the	
   spring	
   base	
   down	
   as	
   the	
   cell	
  
contracts	
  makes	
  a	
  stiffer	
  spring	
  appear	
  softer	
  to	
  the	
  contracting	
  cell.	
  Plotting	
  traction	
  force	
  
(F)	
  versus	
  cell	
  height	
  (xcell)	
  produces	
  a	
  trace	
  whose	
  gradual	
  slope	
  is	
  the	
  apparent	
  stiffness,	
  
kapparent	
  (dotted	
  line)	
  and	
  is	
  less	
  than	
  the	
  native	
  spring	
  stiffness,	
  kspring	
  (solid	
  line).	
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Figure	
  3.	
  Response	
  of	
  expanding	
  hydrogel	
  to	
  step	
  changes	
  in	
  stiffness.	
  	
  

(a)	
  The	
  AFM	
  stiffness	
  clamp	
  was	
  applied	
  to	
  a	
  rehydrated	
  hydrogel	
   that	
  deflected	
  an	
  AFM	
  
cantilever	
  as	
  it	
  expanded.	
  Cantilever	
  position	
  is	
  precisely	
  measured	
  using	
  an	
  optical	
   lever	
  
system.	
  Feedback	
  was	
   implemented	
  by	
  moving	
  a	
  piezo-­‐controlled	
  substrate.	
   (b)	
  A	
  typical	
  
trace	
   of	
   how	
   force	
   and	
   gel	
   height	
   (xgel)	
   changed	
   over	
   time	
   as	
   the	
   cantilever	
   deflected	
   in	
  
response	
   to	
   the	
   expansion	
  of	
   the	
  hydrogel	
   against	
   apparent	
   stiffnesses	
  of	
   1,	
   10,	
   and	
  100	
  
nN/μm.	
   Separate	
   experiments	
   conducted	
   on	
   5	
   different	
   gels	
   all	
   exhibited	
   the	
   same	
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stiffness-­‐dependent	
   behavior	
   shown	
   above.	
  Note	
   that	
   the	
   slope	
   of	
   the	
   force	
   trace	
   clearly	
  
changes	
  when	
  the	
  apparent	
  stiffness	
  changes,	
  while	
  the	
  slope	
  of	
   the	
  height	
  trace	
  remains	
  
basically	
   constant	
   over	
   this	
   range	
   of	
   stiffness.	
   (c)	
   Categorical	
   plot	
   of	
   the	
   force	
   rate	
   and	
  
velocity	
  of	
  gel	
  expansion	
  under	
  three	
  different	
  apparent	
  stiffnesses	
  from	
  the	
  trace	
  depicted	
  
in	
   (b).	
   The	
   rates	
   are	
   determined	
   from	
   a	
   linear	
   regression	
   fit	
  where	
   the	
   95%	
   confidence	
  
interval	
   for	
   each	
   slope	
   is	
  within	
  ±0.25	
  nN/min	
   and	
  ±5	
  nm/min	
   for	
   the	
   force	
   and	
  height,	
  
respectively.	
   Force	
   rate	
   changes	
   with	
   stiffness	
   while	
   expansion	
   rate	
   does	
   not	
   over	
   this	
  
range	
  of	
  stiffness.	
  (d)	
  Plot	
  of	
  force	
  (F)	
  versus	
  gel	
  height	
  (xgel)	
  as	
  the	
  gel	
  expanded	
  under	
  a	
  
wide	
   range	
   of	
   apparent	
   stiffnesses.	
   Each	
   trace	
   represents	
   a	
   different	
   apparent	
   stiffness	
  
listed	
   in	
   the	
   table	
   and	
   applied	
   using	
   the	
   stiffness	
   clamp	
   algorithm.	
   The	
   traces	
   were	
  
translated	
   to	
   begin	
   at	
   the	
   origin	
   for	
   comparison.	
   The	
   horizontal	
   and	
   vertical	
   traces	
  
represent	
  desired	
  stiffnesses	
  approaching	
  0	
  and	
  ∞,	
  corresponding	
  to	
  a	
  force	
  and	
  position	
  
clamp	
  with	
  standard	
  deviations	
  of	
  15	
  pN	
  and	
  0.34	
  nm.	
  Inset	
  depicts	
  the	
  discrete	
  but	
  highly	
  
linear	
  nature	
  of	
  the	
  data.	
  The	
  *	
  marks	
  the	
  trace	
  without	
  any	
  feedback	
  loop	
  and	
  whose	
  slope	
  
is	
  the	
  spring	
  constant	
  of	
  the	
  cantilever,	
  42	
  nN/μm.	
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Figure	
  4.	
  Cell	
  contraction	
  rapidly	
  responds	
  to	
  stiffness	
  changes.	
  	
  

(a)	
  An	
  AFM	
  was	
  used	
  to	
  expose	
  a	
  single	
  fibroblast	
  cell	
  to	
  dynamically	
  changeable	
  apparent	
  
stiffness	
  values	
  with	
  the	
  AFM	
  stiffness	
  clamp.	
  The	
  piezo-­‐controlled	
  substrate	
  was	
  moved	
  in	
  
response	
   to	
  deflections	
  of	
   the	
   cantilever,	
  which	
  were	
  precisely	
  measured	
  with	
  an	
  optical	
  
lever	
   system.	
   (b)	
   Force	
   and	
   cell	
   height	
   as	
   the	
   cell	
   contracts	
   under	
   different	
   apparent	
  
stiffnesses	
  from	
  a	
  typical	
  experiment.	
  A	
  total	
  of	
  30	
  cells	
  were	
  tested,	
  all	
  exhibiting	
  the	
  same	
  
stiffness-­‐dependent	
  behavior	
  shown	
  above.	
  Each	
  interval	
  is	
  under	
  an	
  apparent	
  stiffness	
  of	
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3.6,	
  18,	
  or	
  90	
  nN/μm	
  as	
  indicated	
  at	
  the	
  top	
  of	
  the	
  graph.	
  The	
  traction	
  rate	
  and	
  contraction	
  
velocity	
  rapidly	
  change	
  with	
  a	
  step	
  change	
  in	
  stiffness.	
  A	
  segmented	
  linear	
  regression	
  fit	
  is	
  
plotted	
  highlighting	
   the	
   change	
   in	
   traction	
   rate	
   (inset).	
  Data	
  displayed	
   in	
   (c)	
   and	
   (d)	
   are	
  
compiled	
   from	
   this	
   trace.	
   (c)	
   Traction	
   rate	
   increases	
   with	
   apparent	
   stiffness	
   while	
  
corresponding	
   contraction	
   velocity	
   decreases.	
   The	
   rates	
   are	
   determined	
   from	
   a	
   linear	
  
regression	
  fit	
  where	
  the	
  95%	
  confidence	
  interval	
  for	
  each	
  slope	
  is	
  within	
  ±0.4	
  nN/min	
  and	
  
±20	
  nm/min	
  for	
  the	
  force	
  and	
  height,	
  respectively.	
  	
  (d)	
  Plot	
  of	
  force	
  versus	
  cell	
  height.	
  The	
  
three	
   linear,	
   distinct	
   traces	
   each	
   have	
   slopes	
   that	
   indicate	
   that	
   the	
   desired	
   apparent	
  
stiffnesses	
  were	
  achieved.	
  The	
  *	
  marks	
  the	
  trace	
  without	
  any	
  feedback	
  loop.	
  Each	
  interval	
  
was	
  translated	
  to	
  begin	
  at	
  the	
  origin	
  for	
  comparison.	
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SUPPORTING	
  MATERIAL	
  

Derivation	
  

In	
  the	
  text	
  the	
  movement	
  of	
  the	
  base	
  to	
  maintain	
  the	
  stiffness	
  clamp	
  is	
  defined	
  as:	
  	
  

∆𝑥𝑥 =
𝑘𝑘 − 𝑘𝑘

𝑘𝑘 ∆𝑥𝑥 	
  
(1)	
  

Noting	
   that	
   for	
   kapparent	
   <<	
   kspring	
   this	
   equation	
   becomes	
   unstable	
   for	
   ∆xbase,	
   we	
   use	
   a	
  
modified	
   iterative	
  equation	
  that	
  achieves	
  the	
  same	
  ratio	
  of	
  ∆𝑥𝑥 ∆𝑥𝑥   as	
  Eq.	
  (1)	
  but	
  
does	
  not	
  result	
  in	
  ∆xbase	
  growing	
  out	
  of	
  bounds	
  for	
  kapparent	
  →	
  0:	
  

∆𝑥𝑥 , =
𝑘𝑘 − 𝑘𝑘

𝑘𝑘 ∆𝑥𝑥 − ∆𝑥𝑥 , 	
   (2)	
  

This	
  equation	
  converges	
  to	
  Eq.	
  (1).	
  Assume	
  the	
  deflection	
  of	
  the	
  spring	
  in	
  each	
  iteration	
  is	
  
defined	
  as:∆𝑥𝑥 , = 𝑅𝑅 + 𝜀𝜀∆𝑥𝑥 , ,	
  where	
  R	
  is	
  the	
  distance	
  the	
  cell	
  contracts	
  in	
  a	
  single	
  
time	
   step	
   and	
   ε	
   is	
   the	
   absorption	
   coefficient	
   of	
   the	
   spring,	
   defined	
   as	
   the	
   ratio	
   of	
   the	
  
combined	
  spring	
  constant	
  of	
  the	
  cell	
  and	
  spring	
  in	
  series	
  and	
  the	
  spring’s	
  stiffness,	
  where	
  
𝜀𝜀 = 	
  .	
  ε	
  =	
  1	
  corresponds	
  to	
  the	
  spring	
  absorbing	
  all	
  the	
  change	
  in	
  height	
  and	
  ε	
  =	
  0	
  

corresponds	
  to	
  the	
  cell	
  absorbing	
  all	
  the	
  change	
  in	
  base	
  height	
  with	
  no	
  spring	
  deflection.	
  

Using	
  the	
  iterative	
  model	
  we	
  derive	
  an	
  equation	
  that	
  relates	
  how	
  rapidly	
  Eqs.	
  (1)	
  and	
  (2)	
  
converge	
  as	
  a	
  function	
  of	
  the	
  relevant	
  experimental	
  parameters.	
  We	
  define	
  the	
  error	
  as	
  the	
  
ratio	
  of	
  the	
  difference	
  between	
  Eqs.	
  (2)	
  and	
  (1)	
  over	
  Eq.	
  (1)	
  as	
  a	
  function	
  of	
  i.	
  

𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑟𝑟 𝑖𝑖 =

∆𝑥𝑥 ,
∆𝑥𝑥 ,

− ∆𝑥𝑥
∆𝑥𝑥

∆𝑥𝑥
∆𝑥𝑥

	
  

	
  
(3)	
  

Using	
  the	
  iterative	
  definitions,	
  we	
  derive	
  Eqs.	
  (4)	
  and	
  (5)	
  for	
  i	
  =	
  0,	
  1	
  .	
  .	
  .	
  ∞.	
  

∆𝑥𝑥 , = 𝑅𝑅
𝑘𝑘
𝑘𝑘 − 1

𝑘𝑘
𝑘𝑘 − 1 𝜀𝜀 − 1  

	
  
(4) 

∆𝑥𝑥 , = 𝑅𝑅 + 𝜀𝜀𝜀𝜀
𝑘𝑘
𝑘𝑘 − 1

𝑘𝑘
𝑘𝑘 − 1 𝜀𝜀 − 1  

	
  
(5) 

Substituting Eqs. (4) and (5) into Eq. (3) we find that R cancels out and we are left with a 
function for the error that, after substituting for a finite geometric series, tells us how 
rapidly Eq. (2) converges to Eq. (1) as a function of ε and the ratio 𝑘𝑘 𝑘𝑘 . 
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𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝑘𝑘
𝑘𝑘 , 𝜀𝜀, 𝑖𝑖 =

𝑘𝑘
𝑘𝑘 − 1 𝜀𝜀 − 1 −

𝑘𝑘
𝑘𝑘 + 1

𝑘𝑘
𝑘𝑘 − 1 𝜀𝜀 − 1 𝜀𝜀 +

𝑘𝑘
𝑘𝑘 − 1

	
  

	
  
(6)	
  

Figure	
  S1	
  demonstrates	
  how	
  the	
  error	
  is	
  affected	
  by	
  varying	
  the	
  experimental	
  parameters.	
  
For	
   the	
   experiments	
   described	
   in	
   the	
   text,	
   our	
   ε	
  was	
   approximately	
   0.5.	
   Even	
   under	
   the	
  
extreme	
   conditions	
   of	
   low	
   ε	
   and	
   high	
   𝑘𝑘 𝑘𝑘 ,	
   Eq.	
   (2)	
   converges	
   in	
   just	
   a	
   few	
  
iterations.	
   This	
   error	
   function,	
   Eq.	
   (6),	
   can	
   be	
   used	
   to	
   select	
   the	
   required	
   experimental	
  
parameters	
  such	
  as	
  the	
  spring	
  constant	
  or	
  algorithm	
  frequency	
  for	
  a	
  desired	
  experiment.	
  

Range	
  of	
  apparent	
  stiffnesses	
  

The	
   stiffness	
   clamp	
  was	
   very	
   accurately	
   applied	
   over	
   a	
   large	
   range	
   of	
   stiffnesses	
   on	
   an	
  
expanding	
  hydrogel	
   (FIG.	
  3).	
  The	
  extreme	
  clamped	
  stiffnesses	
   (4.2	
  ×	
  10−9	
   and	
  4.2	
  ×	
  1011	
  
nN/μm)	
  produced	
  slopes	
   in	
  FIG.	
  3	
  of	
   the	
   text	
  of	
  essentially	
  0	
  and	
  ∞,	
  respectively.	
  This	
   is	
  
demonstrated	
  by	
  showing	
  that	
  the	
  force	
  and	
  height	
  respectively	
  remain	
  constant	
  with	
  only	
  
a	
  small	
  degree	
  of	
  Gaussian	
  noise	
  (FIG.	
  S2).	
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SUPPORTING	
  FIGURES  

 

Figure	
  S1.	
  Graph	
  of	
  the	
  error	
  function,	
  Eq.	
  (6),	
  as	
  a	
  function	
  of	
  its	
  parameters.	
  	
  

(a)	
  A	
  contour	
  plot	
  of	
  the	
  error	
  function	
  for	
  a	
  constant	
  ε	
  =	
  0.5	
  (b)	
  A	
  contour	
  plot	
  of	
  the	
  error	
  
function	
  depicting	
  the	
  required	
  number	
  of	
  iterations	
  for	
  Eq.	
  (2)	
  to	
  converge	
  within	
  10%	
  of	
  
Eq.	
  (1).	
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Figure	
  S2.	
  Extreme	
  stiffnesses.	
  	
  

(a)	
  Histogram	
  of	
  the	
  variance	
  in	
  force	
  under	
  a	
  stiffness	
  clamp	
  of	
  4.2	
  ×	
  10-­‐9	
  nN/μm.	
  The	
  
histogram	
  is	
  fit	
  with	
  a	
  Gaussian	
  with	
  a	
  standard	
  deviation	
  of	
  15	
  pN.	
  (b)	
  Histogram	
  of	
  the	
  
variance	
  in	
  cell	
  height	
  under	
  a	
  stiffness	
  clamp	
  of	
  4.2	
  ×	
  1011	
  nN/μm.	
  The	
  histogram	
  is	
  fit	
  
with	
  a	
  Gaussian	
  with	
  a	
  standard	
  deviation	
  of	
  0.34	
  nm.	
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Chapter	
  3.	
  	
  
	
  
Contractile	
  equilibration	
  of	
  single	
  cells	
  to	
  step	
  changes	
  in	
  
extracellular	
  stiffness	
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ABSTRACT	
  

Extracellular	
  stiffness	
  has	
  been	
  shown	
  to	
  alter	
  long	
  timescale	
  cell	
  behaviors	
  such	
  as	
  growth	
  
and	
  differentiation,	
  but	
  the	
  cellular	
  response	
  to	
  changes	
  in	
  stiffness	
  on	
  short	
  timescales	
  is	
  
poorly	
   understood.	
   By	
   studying	
   the	
   contractile	
   response	
   of	
   cells	
   to	
   dynamic	
   stiffness	
  
conditions	
   using	
   an	
   atomic	
   force	
   microscope	
   (AFM),	
   we	
   observe	
   a	
   seconds-­‐timescale	
  
response	
  to	
  a	
  step	
  change	
  in	
  extracellular	
  stiffness.	
  Specifically,	
  we	
  observe	
  acceleration	
  in	
  
contraction	
  velocity	
   (μm/min)	
  and	
   force	
   rate	
   (nN/min)	
  upon	
  a	
   step	
  decrease	
   in	
   stiffness	
  
and	
   deceleration	
   upon	
   a	
   step	
   increase	
   in	
   stiffness.	
   Interestingly,	
   this	
   seconds-­‐timescale	
  
response	
   to	
   a	
   change	
   in	
   extracellular	
   stiffness	
   is	
   not	
   altered	
  by	
   inhibiting	
   focal	
   adhesion	
  
signaling	
   or	
   stretch-­‐activated	
   ion	
   channels	
   and	
   is	
   independent	
   of	
   cell	
   height	
   and	
  
contraction	
  force.	
  Rather,	
  the	
  response	
  timescale	
  is	
  altered	
  only	
  by	
  disrupting	
  cytoskeletal	
  
mechanics	
   and	
   is	
   well-­‐described	
   by	
   a	
   simple	
   mechanical	
   model	
   of	
   a	
   constant	
   velocity	
  
actuator	
   pulling	
   against	
   an	
   internal	
   cellular	
   viscoelastic	
   network.	
   Consistent	
   with	
   the	
  
predictions	
  of	
  this	
  model,	
  we	
  find	
  that	
  an	
  osmotically	
  expanding	
  hydrogel	
  responds	
  to	
  step	
  
changes	
  in	
  extracellular	
  stiffness	
  in	
  a	
  similar	
  manner	
  to	
  cells.	
  We	
  therefore	
  propose	
  that	
  an	
  
initial	
  event	
  in	
  stiffness	
  sensing	
  is	
  establishment	
  of	
  a	
  mechanical	
  equilibrium	
  that	
  balances	
  
contraction	
  of	
  the	
  viscoelastic	
  cytoskeleton	
  with	
  deformation	
  of	
  the	
  extracellular	
  matrix.	
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INTRODUCTION	
  

The	
  stiffness	
  of	
  the	
  extracellular	
  microenvironment	
  has	
  been	
  shown	
  to	
  affect	
  a	
  broad	
  set	
  of	
  
cellular	
   behaviors	
   including	
   cell	
   spreading	
   (1),	
   motility	
   (2),	
   proliferation,	
   differentiation	
  
(3),	
   and	
   tumorigenesis	
   (4,	
   5).	
   Studies	
   have	
   implicated	
   over	
   150	
   signaling	
   and	
   structural	
  
proteins	
   involved	
   in	
   responding	
   to	
   mechanical	
   cues	
   such	
   as	
   stiffness	
   and	
   force	
   (6,	
   7).	
  
Actomyosin	
   contraction	
   is	
   known	
   to	
   play	
   an	
   important	
   role	
   in	
   mechanosensing,	
   as	
   it	
   is	
  
required	
  for	
  stiffness-­‐directed	
  stem	
  cell	
  differentiation	
  (3),	
  cytoskeletal	
  coherence	
  (8),	
  and	
  
vinculin	
   recruitment	
   and	
   reinforcement	
   via	
   FAK-­‐mediated	
   paxillin	
   phosphorylation	
   (9).	
  	
  
Actomyosin	
   stress	
   fibers,	
   which	
   are	
   linked	
   to	
   the	
   extracellular	
   matrix	
   (ECM)	
   via	
   focal	
  
adhesions,	
   pull	
   not	
   only	
   against	
   the	
   ECM	
   as	
   the	
   cell	
   changes	
   shape	
   or	
   moves	
   but	
   must	
  
compress	
  the	
  internal	
  structure	
  of	
  the	
  cell	
  as	
  well.	
  While	
  it	
  is	
  known	
  that	
  local	
  changes	
  in	
  
applied	
  force	
  can	
  directly	
  induce	
  biochemical	
  signaling	
  over	
  short	
  timescales	
  (10,	
  11),	
  the	
  
response	
  of	
  cells	
  to	
  changes	
  in	
  extracellular	
  stiffness	
  is	
  not	
  well	
  understood.	
  

The	
   cell	
   is	
   often	
   represented	
   in	
   a	
   state	
   of	
   tensional	
   equilibrium	
   in	
  which	
   contraction	
   of	
  
stress	
  fibers	
  is	
  balanced	
  by	
  resistance	
  of	
  the	
  extracellular	
  matrix	
  to	
  deformation	
  (12-­‐14).	
  In	
  
this	
  view,	
  the	
  cell	
   is	
  poised	
  to	
  rapidly	
  respond	
  to	
  external	
  changes	
  in	
  force,	
  which	
  in	
  turn	
  
change	
   the	
   tension	
   across	
   mechanosensory	
   proteins	
   such	
   as	
   talin	
   or	
   p130cas,	
   exposing	
  
phosphorylation	
  sites	
  or	
  binding	
  sites	
  and	
  initializing	
  a	
  cascade	
  of	
  signaling	
  events	
  (10,	
  15,	
  
7).	
   Recent	
   studies	
   of	
   the	
   cellular	
   response	
   to	
   a	
   step	
   change	
   in	
   force	
   demonstrate	
   that	
  
signaling	
   events	
   such	
   as	
   Src	
   activation	
   and	
   calcium	
   spikes	
   can	
   occur	
   on	
   sub-­‐second	
  
timescales	
  (16,	
  17).	
  

It	
   remains	
   unclear,	
   however,	
  whether	
   changes	
   in	
   extracellular	
   stiffness	
  will	
   immediately	
  
result	
   in	
   altered	
   biochemical	
   signaling	
   or	
   in	
   movement	
   that	
   depend	
   on	
   biochemical	
  
signaling.	
  Microenvironmental	
   stiffness	
  can	
  be	
  altered	
  on	
   longer	
   timescales	
   through	
  ECM	
  
degradation	
   by	
  matrix	
   metalloproteinases	
   (MMPs)	
   or	
   ECM	
   crosslinking	
   by	
   lysyl	
   oxidase	
  
(LOX).	
  Tissue	
  stiffness	
  can	
  even	
  change	
  by	
  an	
  order	
  of	
  magnitude	
  on	
  the	
  seconds	
  timescale	
  
during	
  muscle	
  contraction	
  (18).	
  Fundamentally,	
  changes	
  in	
  force	
  boundary	
  conditions	
  and	
  
changes	
  in	
  stiffness	
  boundary	
  conditions	
  should	
  have	
  different	
  effects	
  on	
  mechanosensitive	
  
proteins.	
  External	
  force	
  changes	
  can	
  directly	
  stretch	
  proteins	
  and	
  open	
  binding	
  sites,	
  while	
  
external	
   stiffness	
   changes	
   –	
  which	
   can	
   be	
   thought	
   of	
   as	
   altering	
   the	
   force	
   required	
   for	
   a	
  
given	
  displacement	
  –	
  result	
  in	
  opening	
  of	
  binding	
  sites	
  only	
  when	
  stretched	
  by	
  internally-­‐
generated	
   forces	
   that	
   act	
   through	
   the	
   cell’s	
   cytoskeleton.	
   This	
   suggests	
   that	
   response	
  
timescales	
  and	
  mechanisms	
  involved	
  in	
  force	
  and	
  stiffness	
  sensing	
  may	
  be	
  different.	
  

Testing	
  the	
  adaptation	
  of	
  cells	
  to	
  rapid	
  changes	
  in	
  stiffness	
  requires	
  a	
  method	
  that	
  can	
  alter	
  
only	
   stiffness	
   felt	
   by	
   the	
   cell,	
   independent	
   of	
   changes	
   in	
   cell	
   height	
   or	
   tension.	
   Several	
  
recent	
  studies	
  have	
  presented	
  platforms	
  to	
  vary	
  the	
  stiffness	
  cues	
  exposed	
  to	
  a	
  single	
  cell.	
  
Novel	
  gels	
  have	
  been	
  produced	
  to	
  enable	
  changes	
  in	
  stiffness	
  over	
  the	
  course	
  of	
  minutes	
  to	
  
hours	
   by	
   photo-­‐exposure	
   (19),	
   DNA	
   cross-­‐linking	
   (20),	
   polymer	
   cross-­‐linking	
   dynamics	
  
(21),	
  or	
  pH	
  changes	
  (22).	
  To	
  create	
  more	
  rapid	
  changes	
   in	
  stiffness	
   (<	
  1	
  sec)	
   that	
  do	
  not	
  
simultaneously	
  alter	
  cell	
   force	
  or	
  displacement,	
   feedback	
  algorithms	
  have	
  been	
  employed	
  
on	
  microplate	
   or	
   atomic	
   force	
  microscope	
   (AFM)	
   systems	
   to	
   reversibly	
   control	
   stiffness	
  
signals	
  exposed	
  to	
  a	
  single-­‐cell	
  extended	
  between	
  two	
  substrates	
  in	
  real-­‐time	
  (23,	
  24).	
  We	
  
refer	
  to	
  this	
  technique	
  as	
  an	
  AFM	
  stiffness	
  clamp,	
  as	
  previously	
  described	
  (24).	
  Employing	
  a	
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stiffness	
  clamp	
  in	
  this	
  geometry	
  moves	
  beyond	
  traditional	
  2D	
  flexible	
  substrate	
  studies,	
  in	
  
that	
   the	
   cell	
   experiences	
   a	
   resistance	
   to	
   vertical	
   contraction	
   in	
   addition	
   to	
   substrate	
  
rigidity,	
  though	
  this	
  is	
  by	
  no	
  means	
  equivalent	
  to	
  a	
  completely	
  3D	
  configuration.	
  	
  

Here	
  we	
  use	
   an	
  AFM	
   stiffness	
   clamp	
   to	
  directly	
   address	
   the	
  question	
  of	
   how	
   single	
   cells	
  
sense	
  changes	
  in	
  extracellular	
  stiffness.	
  Previous	
  work	
  has	
  demonstrated	
  that	
  contraction	
  
of	
   single	
   cells	
   is	
   stiffness	
   dependent	
   (23–26),	
   but	
   it	
   remains	
   unclear	
   what	
   role	
   force-­‐
dependent	
  signaling	
  mechanisms	
  play	
  in	
  the	
  short	
  timescale	
  response	
  to	
  stiffness	
  changes.	
  
Indeed,	
  recent	
  models	
  suggest	
  differing	
  roles	
  for	
  players	
  such	
  as	
  focal	
  adhesions	
  and	
  acto-­‐
myosin	
  contraction	
  (12,	
  27,	
  28),	
  and	
  our	
  work	
  provides	
  experimental	
  data	
  that	
  can	
  be	
  used	
  
to	
  evaluate	
  the	
  model	
  predictions.	
  

In	
   this	
   study,	
   we	
   impose	
   a	
   step	
   change	
   in	
   stiffness	
   on	
   a	
   contractile	
   cell	
   and	
   observe	
   an	
  
immediate	
   (within	
   the	
   sub-­‐second	
   resolution	
   of	
   our	
   system)	
   change	
   in	
   both	
   contraction	
  
velocity	
   (μm/min)	
   and	
   force	
   rate	
   (nN/min),	
   as	
  previously	
   reported	
   (24).	
  High-­‐resolution	
  
measurements	
   of	
   the	
   contractile	
   response	
   with	
   AFM	
   reveal	
   a	
   new	
   and	
   repeatable	
  
equilibration	
  response	
  in	
  contraction	
  on	
  a	
  timescale	
  of	
  seconds	
  as	
  the	
  cell	
  adapts	
  to	
  a	
  new	
  
extracellular	
   stiffness	
   condition.	
   Surprisingly,	
   we	
   found	
   that	
   this	
   seconds-­‐timescale	
  
response	
  to	
  changes	
  in	
  stiffness	
  is	
  not	
  affected	
  by	
  disruption	
  of	
  focal	
  adhesion	
  signaling	
  or	
  
stretch-­‐activated	
  channels.	
  Rather,	
  it	
  is	
  well	
  described	
  by	
  a	
  simple	
  viscoelastic	
  mechanical	
  
model	
   that	
   includes	
   only	
   cytoskeletal	
   relaxation	
   under	
   a	
   constant	
   velocity	
   contractile	
  
actuator.	
   	
   We	
   confirm	
   that	
   the	
   observed	
   response	
   is	
   dependent	
   only	
   on	
   mechanical	
  
properties	
   in	
   the	
   absence	
   of	
   biochemical	
   signaling	
   by	
   showing	
   a	
   similar	
   response	
   in	
  
expanding	
  hydrogels.	
  We	
  therefore	
  propose	
  that	
  the	
  initial	
  response	
  of	
  contractile	
  cells	
  to	
  
stiffness	
   changes	
   is	
   mechanical	
   equilibration	
   of	
   the	
   cytoskeleton	
   to	
   the	
   new	
   boundary	
  
conditions,	
  a	
  process	
  that	
  is	
  independent	
  of	
  focal	
  adhesion	
  signaling.	
  

MATERIALS	
  AND	
  METHODS	
  

Cell	
  culture	
  and	
  sample	
  preparation	
  

NIH	
  3T3	
  fibroblasts	
  were	
  cultured	
  in	
  DMEM	
  (Mediatech,	
  Manassas,	
  VA)	
  supplemented	
  with	
  
10%	
  fetal	
  bovine	
  serum	
  (Lonza,	
  Walkersville,	
  MD),	
  and	
  1%	
  Penicillin/Streptomycin	
  (Sigma,	
  
St	
   Louis,	
   MO).	
   Prior	
   to	
   experiments,	
   cells	
   were	
   trypsinized	
   and	
   resuspended	
   in	
   CO2-­‐
independent	
  media	
  (Invitrogen,	
  Carlsbad,	
  CA)	
  supplemented	
  with	
  10%	
  fetal	
  bovine	
  serum,	
  
and	
   1%	
   Penicillin/Streptomycin.	
   For	
   inhibition	
   experiments,	
   cells	
   were	
   resuspended	
   in	
  
CO2-­‐independent	
  media	
  containing	
   the	
  appropriate	
  drug	
  concentration	
  and	
   incubated	
   for	
  
30	
  minutes	
  prior	
  to	
  experiments.	
  Drugs	
  used	
  include	
  pp2	
  (Calbiochem,	
  Gibbstown,	
  NJ),	
  FAK	
  
inhibitor	
  (Tocris,	
  Ellisville,	
  MO),	
  gadolinium	
  chloride	
  (Sigma,	
  St	
  Louis,	
  MO),	
  cytochalasin	
  D	
  
(Sigma,	
  St	
  Louis,	
  MO),	
  nocodazole	
  (Sigma,	
  St	
  Louis,	
  MO),	
  and	
  blebbistatin	
  (Sigma,	
  St,	
  Louis,	
  
MO).	
   Control	
   experiments	
   conducted	
   in	
   the	
   presence	
   of	
   0.33%	
   DMSO,	
   the	
   maximum	
  
percentage	
   required	
   for	
   any	
   drug	
   experiments,	
   showed	
   no	
   distinct	
   behavior	
   from	
   CO2-­‐
independent	
  media	
  without	
  DMSO	
  or	
  drug	
  additions.	
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Experimental	
  setup	
  	
  

Experiments	
   were	
   conducted	
   with	
   a	
   modified	
   Bioscope	
   AFM	
   (Veeco	
   Metrology,	
   Santa	
  
Barbara,	
  CA)	
  with	
  a	
  closed-­‐loop	
  piezoelectric	
  platform	
  stage	
  (Mad	
  City	
  Labs,	
  Madison,	
  WI)	
  
and	
  temperature	
  control	
  (Warner	
  Instrument	
  Corporation,	
  Hamden,	
  CT)	
  atop	
  an	
  inverted	
  
microscope	
   (Zeiss	
   Axiovert	
   25,	
   Carl	
   Zeiss,	
   Thornwood,	
   NY)	
   allowing	
   brightfield	
   imaging	
  
and	
   alignment	
   of	
   the	
   cantilever	
   and	
   cell	
   (see	
   Fig.	
   1b).	
   	
  Data	
   acquisition	
   and	
   the	
   stiffness	
  
clamp	
   feedback	
   algorithm	
   are	
   controlled	
   by	
   custom	
   software	
   (LabVIEW,	
   National	
  
Instruments,	
   Austin	
   TX).	
   For	
   further	
   details	
   on	
   the	
   feedback	
   algorithm	
   please	
   see	
   (24).	
  
Tipless	
   PNP	
   cantilevers	
   from	
   Nanoworld	
   (NeuChatel,	
   Switzerland)	
   were	
   used	
   in	
   all	
  
experiments	
  with	
  spring	
  constants	
  ranging	
  from	
  50-­‐800	
  nN/mm	
  as	
  determined	
  by	
  fitting	
  
thermal	
  fluctuations	
  of	
  each	
  cantilever	
  in	
  air.	
  

Stiffness	
  cycling	
  experiment	
  

Prior	
  to	
  adding	
  cells,	
  the	
  AFM	
  cantilever	
  and	
  glass	
  substrate	
  were	
  incubated	
  with	
  50	
  µg/ml	
  
fibronectin	
  (Sigma,	
  St	
  Louis,	
  MO)	
  in	
  phosphate	
  buffered	
  saline	
  (PBS)	
  for	
  at	
  least	
  30	
  minutes	
  
and	
   then	
   rinsed.	
   Concanavalin	
  A	
   (Sigma,	
   St	
   Louis,	
  MO)	
   and	
  poly-­‐L-­‐Lysine	
   (MW>300,000,	
  
Sigma,	
  St	
  Louis,	
  MO)	
  were	
  also	
  used	
  as	
  alternatives	
  to	
   fibronectin	
   for	
  experiments	
  where	
  
indicated.	
  All	
  experiments	
  were	
  performed	
  at	
  37°C	
  with	
  perfusion	
  of	
  media	
  exchanging	
  the	
  
chamber	
  volume	
  every	
  hour	
  to	
  compensate	
  for	
  evaporation.	
  The	
  point	
  of	
  contact	
  between	
  
the	
   glass	
   substrate	
   and	
  AFM	
   cantilever	
  was	
   recorded	
   as	
   zero	
   height	
   and	
   cell	
   height	
  was	
  
measured	
  with	
   respect	
   to	
   this	
   point.	
   Prepared	
   cells	
   in	
   suspension	
  were	
   flowed	
   into	
   the	
  
system	
  and	
  within	
  minutes	
  of	
  settling,	
  a	
  single	
  cell	
  was	
  brought	
  into	
  contact	
  with	
  both	
  the	
  
AFM	
  cantilever	
  and	
  glass	
  substrate	
  with	
  a	
  4	
  nN	
  contact	
  force.	
  The	
  cell	
  was	
  then	
  allowed	
  to	
  
adhere	
  and	
  contract	
  a	
  minimum	
  of	
  several	
  nN	
  before	
  stiffness	
  cycling	
  began.	
  Step	
  changes	
  
in	
  stiffness	
  were	
  imposed	
  every	
  20	
  seconds.	
  Multiple	
  time	
  intervals	
  were	
  tested	
  to	
  confirm	
  
that	
  a	
  steady	
  state	
  contraction	
  velocity	
  and	
  tensile	
  rate	
  are	
  reached	
  within	
  20	
  seconds.	
  	
  

Measurement	
  of	
  response	
  by	
  ratio	
  analysis	
  

The	
  nonlinearity	
  of	
  the	
  contractile	
  response	
  to	
  step	
  changes	
  in	
  stiffness	
  was	
  established	
  by	
  
measuring	
   the	
   slope	
   of	
   the	
   traction	
   force	
   and	
   cell	
   height	
   over	
   the	
   first	
   quarter	
   of	
   the	
  
interval	
  and	
  the	
  last	
  quarter	
  of	
  the	
  interval.	
  A	
  ratio	
  of	
  these	
  slopes	
  greater	
  than	
  1	
  indicates	
  
acceleration,	
  while	
  a	
  ratio	
  less	
  than	
  1	
  indicates	
  deceleration.	
  The	
  p-­‐value	
  was	
  determined	
  
using	
   a	
   binomial	
   test	
   with	
   a	
   null	
   hypothesis	
   of	
   equal	
   probability	
   of	
   acceleration	
   or	
  
deceleration.	
  

Measurement	
  of	
  response	
  timescale	
  by	
  curve	
  fitting	
  

The	
   response	
   timescale	
   was	
   determined	
   by	
   fitting	
   a	
   linear-­‐plus-­‐exponential	
   equation	
   to	
  
each	
  stiffness	
  interval	
  

𝑓𝑓 𝑡𝑡 = 𝑐𝑐 + 𝑐𝑐 𝑡𝑡 + 𝑐𝑐 𝑒𝑒 	
   (1)	
  

where	
  c0	
   is	
  a	
   constant	
  offset,	
   c1	
   is	
   the	
  slope	
  after	
  equilibration,	
   c2	
   is	
   the	
  multiplier	
  of	
   the	
  
exponential	
  term,	
  and	
  𝜏𝜏	
   is	
  the	
  response	
  timescale.	
  For	
  the	
  accelerating	
  intervals,	
  c1	
  and	
  c2	
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have	
  opposite	
  signs.	
  This	
  results	
  in	
  an	
  extremum,	
  df(textremum)	
  ∕	
  dt	
  =	
  0,	
  where	
  the	
  exponential	
  
contribution	
   exactly	
   cancels	
   out	
   the	
   linear	
   contribution.	
   When	
   fitting	
   step	
   decreases	
   in	
  
stiffness,	
  this	
  extremum	
  point	
  was	
  constrained	
  to	
  be	
  within	
  2	
  seconds	
  of	
  the	
  beginning	
  of	
  
the	
   stiffness	
   interval.	
   For	
   increases	
   in	
   stiffness,	
   c1	
   and	
   c2	
   have	
   the	
   same	
   sign	
   and	
   t=0	
   is	
  
defined	
   as	
   the	
   start	
   of	
   the	
   interval.	
   In	
   order	
   to	
   compare	
   response	
   timescales,	
   an	
   F-­‐test	
  
comparing	
   the	
   nested	
   linear	
   model	
   to	
   the	
   linear-­‐plus-­‐exponential	
   was	
   used	
   with	
   only	
  
traces	
  with	
  p<0.1	
  used.	
  This	
  was	
  done	
  to	
  exclude	
  data	
  whose	
  noise	
  precluded	
  an	
  accurate	
  
measurement	
  of	
  the	
  response	
  timescale.	
  	
  

Given	
   the	
   shorter	
   response	
   timescales	
   for	
   high	
   stiffnesses,	
   the	
   F-­‐value	
   criterion	
   yields	
  
fewer	
   usable	
   values	
   at	
   high	
   stiffnesses	
   for	
   inhibition	
   experiments	
  where	
   data	
   is	
   noisier.	
  
Therefore	
  comparison	
  of	
  response	
  timescales	
  between	
  inhibition	
  experiments	
  is	
  based	
  on	
  
low	
  stiffnesses	
  and	
  analysis	
  of	
  the	
  height	
  trace.	
  	
  

The	
  steady	
  state	
  contraction	
  velocity	
  is	
  measured	
  as	
  the	
  slope	
  during	
  the	
  last	
  5	
  seconds	
  of	
  
the	
  interval	
  where	
  the	
  velocity	
  is	
  constant	
  (equivalent	
  to	
  c1	
  from	
  Eq.	
  1).	
  

Statistical	
  analysis	
  

The	
   significance	
   of	
   drug	
   treatments	
   and	
   transformed	
   cells	
   on	
   response	
   timescales	
   were	
  
investigated	
  using	
  a	
  non-­‐parametric	
  rank	
  sum	
  test	
  (Mann-­‐Whitney	
  U	
  test)	
  comparing	
  each	
  
condition	
  to	
  the	
  control.	
  The	
  underlying	
  data	
  is	
  not	
  normally	
  distributed,	
  and	
  thus	
  a	
  non-­‐
parametric	
   test	
  was	
   used.	
   Levels	
   of	
   significance	
   are	
   reported	
   for	
   given	
   conditions	
   in	
   the	
  
text.	
   Box	
   plot	
   percentile	
   values	
   are	
   calculated	
   based	
   on	
   discrete	
   stiffness	
   intervals	
   (n	
   =	
  
number	
  of	
  intervals)	
  across	
  multiple	
  cells	
  (N	
  =	
  number	
  of	
  cells).	
  Each	
  stiffness	
  interval	
  was	
  
considered	
   as	
   independent	
   because	
   no	
   greater	
   correlation	
   existed	
   within	
   a	
   cell	
   than	
  
between	
  cells.	
  

Osmotic	
  swelling	
  of	
  polyacrylamide	
  hydrogel	
  

A	
   polyacrylamide	
   hydrogel	
   with	
   an	
   elasticity	
   of	
   ~	
   100	
   Pa	
   was	
   osmotically	
   swelled	
   by	
  
replacing	
  the	
  10x	
  PBS	
  surrounding	
  the	
  gel	
  with	
  deionized	
  water.	
  As	
  the	
  gel	
  swelled	
  against	
  
the	
  AFM	
  cantilever,	
   the	
  stiffness	
  clamp	
  was	
  applied,	
  and	
   the	
  change	
   in	
  gel	
  height	
  and	
  gel	
  
expansion	
   force	
   were	
   measured	
   in	
   the	
   same	
   manner	
   as	
   for	
   the	
   contracting	
   cells.	
   Step	
  
changes	
  in	
  stiffness	
  were	
  imposed	
  every	
  40	
  seconds	
  to	
  allow	
  ample	
  time	
  for	
  equilibration.	
  
Multiple	
  time	
  intervals	
  were	
  tested	
  to	
  confirm	
  that	
  a	
  steady-­‐state	
  contraction	
  velocity	
  and	
  
force	
  rate	
  are	
  reached	
  within	
  40	
  seconds.	
  

RESULTS	
  

Cells	
  spreading	
  between	
  an	
  AFM	
  cantilever	
  and	
  surface	
  exhibit	
  uniform	
  contraction	
  
velocity	
  and	
  force	
  rates	
  for	
  a	
  given	
  extracellular	
  stiffness	
  

We	
  determined	
  the	
  whole-­‐cell	
  contractile	
  response	
  to	
  extracellular	
  stiffness	
  using	
  an	
  AFM-­‐
based	
   stiffness	
   clamp.	
   Briefly,	
   a	
   single	
   fibroblast	
   is	
   simultaneously	
   brought	
   into	
   contact	
  
with	
  a	
   fibronectin-­‐coated	
   tipless	
  AFM	
  cantilever	
  and	
  a	
   fibronectin-­‐coated	
  glass	
  substrate.	
  
As	
  the	
  cell	
  adheres	
  to	
  the	
  two	
  surfaces	
  and	
  contracts,	
  we	
  record	
  the	
  cell-­‐generated	
  forces	
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and	
  height	
  changes	
  with	
  nanometer	
  precision.	
  Without	
   feedback	
  to	
  control	
   the	
  cantilever	
  
deflection,	
   cell	
   contraction	
   is	
   resisted	
   by	
   a	
   single	
   extracellular	
   stiffness	
   in	
   the	
   vertical	
  
direction	
   defined	
   by	
   the	
   spring	
   constant	
   of	
   the	
   cantilever.	
   Under	
   these	
   conditions,	
   the	
  
contraction	
  increases	
  to	
  a	
  constant	
  contraction	
  velocity	
  (μm/min)	
  and	
  force	
  rate	
  (nN/min)	
  
as	
  the	
  cell	
  spreads	
  onto	
  both	
  surfaces,	
  consistent	
  with	
  previous	
  studies	
  (24,	
  26).	
  A	
  sample	
  
trace	
   of	
   this	
   linear	
   region	
   under	
   constant	
   stiffness	
   is	
   shown	
   in	
   Fig.	
   S1	
   in	
   the	
   Supporting	
  
Material	
  with	
  a	
  subset	
  shown	
  in	
  Fig.	
  2a.	
  	
  

Contracting	
  cells	
  adapt	
  to	
  step	
  changes	
  in	
  extracellular	
  stiffness	
  on	
  a	
  timescale	
  of	
  
seconds	
  

To	
  dynamically	
  change	
  the	
  extracellular	
  stiffness	
  felt	
  by	
  the	
  contracting	
  cell,	
  we	
  employ	
  a	
  
feedback	
   algorithm	
   for	
   the	
   AFM-­‐based	
   stiffness	
   clamp,	
   as	
   previously	
   described	
   (24).	
  
Briefly,	
   the	
   stiffness	
   clamp	
  allows	
  a	
   rapid	
   and	
   reversible	
   tuning	
  of	
   extracellular	
   stiffness,	
  
independent	
  of	
  cell-­‐generated	
  force	
  or	
  contraction,	
  by	
  adjustment	
  of	
  the	
  substrate	
  position.	
  
For	
  example,	
  in	
  the	
  extreme	
  case	
  of	
  infinite	
  stiffness,	
  kex	
  =	
  ∆F⁄∆X	
  →	
  ∞,	
  no	
  change	
  in	
  height	
  is	
  
achieved	
   (∆X	
   =	
   0)	
   regardless	
   of	
   the	
   force	
   applied	
   by	
   the	
   cell.	
   To	
   achieve	
   this,	
   every	
  
incremental	
  deflection	
  of	
  the	
  cantilever	
  is	
  accompanied	
  by	
  an	
  identical	
  step	
  of	
  the	
  substrate	
  
such	
  that	
  cell	
  height	
  remains	
  constant.	
  This	
  feedback	
  technique	
  is	
  referred	
  to	
  as	
  a	
  position	
  
clamp.	
  By	
  a	
  similar	
  argument,	
  a	
  force	
  clamp	
  (∆F	
  =	
  0)	
  yields	
  an	
  extracellular	
  stiffness	
  of	
  0.	
  
Any	
  intermediate	
  stiffness	
  is	
  obtained	
  by	
  appropriate	
  adjustment	
  of	
  the	
  substrate	
  position	
  
based	
  on	
  cell-­‐generated	
  cantilever	
  deflection.	
  

We	
  expose	
  single	
  contracting	
  cells	
  to	
  a	
  series	
  of	
  step	
  changes	
  in	
  extracellular	
  stiffness	
  every	
  
20	
  seconds	
  during	
  the	
  linear	
  region	
  of	
  contraction.	
  Fig.	
  2b	
  shows	
  a	
  typical	
  cellular	
  response	
  
to	
   a	
   series	
   of	
   step	
   changes	
   between	
   10	
   and	
   100	
   nN/μm,	
   which	
   are	
   equivalent	
   to	
   cells	
  
contracting	
   against	
   an	
   extracellular	
  matrix	
  with	
   an	
   elasticity	
   of	
   approximately	
   1	
   and	
   10	
  
kPa,	
   respectively,	
   which	
   is	
   within	
   the	
   range	
   of	
   sensitivity	
   previously	
   reported	
   for	
  
fibroblasts	
   (2,	
   4,	
   29)	
   (see	
   Supporting	
   Material	
   for	
   conversion	
   calculation).	
   Contraction	
  
velocity	
  (and	
  force	
  rate)	
  is	
  stiffness-­‐dependent,	
  as	
  shown	
  in	
  Fig.	
  2d,	
  where	
  a	
  step	
  change	
  in	
  
stiffness	
  results	
  in	
  a	
  rapid	
  change	
  in	
  both	
  force	
  rate	
  and	
  contraction	
  velocity,	
  as	
  described	
  
previously	
   (23,	
   24).	
   However,	
   examination	
   of	
   the	
   high-­‐resolution	
   traces	
   enabled	
   by	
   the	
  
AFM	
  reveals	
  a	
  response	
  period	
  on	
  a	
  timescale	
  of	
  seconds	
  immediately	
  following	
  a	
  change	
  in	
  
stiffness	
   that	
   has	
   not	
   been	
   previously	
   identified.	
   Specifically,	
   the	
   cell	
   accelerates	
   to	
   a	
  
constant	
   rate	
  upon	
  a	
  step	
  decrease	
   in	
  stiffness	
  and	
  decelerates	
   to	
  a	
  constant	
   rate	
  upon	
  a	
  
step	
   increase	
   in	
   stiffness.	
  This	
   response	
   is	
  even	
  more	
  pronounced	
  when	
  cycling	
  between	
  
the	
   extremes	
  of	
   kex	
   =	
  0	
   (force	
   clamp)	
   and	
  kex	
   =	
  ∞	
   (position	
   clamp)	
   every	
  20	
   seconds,	
   as	
  
shown	
  in	
  Fig.	
  2c.	
  	
  

To	
   quantify	
   this	
   response,	
   we	
   take	
   the	
   ratio	
   of	
   the	
   slope	
   during	
   the	
   last	
   quarter	
   of	
   the	
  
stiffness	
   interval	
   to	
   the	
   slope	
   during	
   the	
   first	
   quarter	
   of	
   the	
   stiffness	
   interval.	
   For	
   an	
  
increase	
   in	
   stiffness	
   (from	
   10	
   to	
   100	
   nN/μm	
   or	
   0	
   to	
   ∞)	
   the	
   ratio	
   is	
   <1	
   indicating	
   a	
  
deceleration.	
   For	
   a	
   decrease	
   in	
   stiffness,	
   the	
   ratio	
   is	
   >1	
   indicating	
   an	
   acceleration.	
   These	
  
ratios,	
   illustrated	
   in	
   Fig.	
   2g,	
   are	
   consistently	
   distinct	
   from	
   1	
  with	
   p<0.001.	
   The	
   identical	
  
trend	
   is	
  observed	
   in	
   the	
   force	
   trace	
  as	
   in	
   the	
  height	
   trace	
   (see	
  Fig.	
  S2),	
   indicating	
  proper	
  
functioning	
  of	
  the	
  stiffness	
  clamp.	
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Notably,	
   this	
   response	
   is	
   consistent	
   across	
   the	
   entire	
   contractile	
   regime	
   of	
   the	
   cell.	
   As	
  
demonstrated	
   by	
   normalizing	
   and	
   overlaying	
   each	
   stiffness	
   interval	
   for	
   the	
   entire	
  
contractile	
  period	
  (Fig.	
  2e,f),	
  the	
  shape	
  of	
  the	
  response	
  is	
  preserved	
  despite	
  an	
  increasing	
  
contractile	
   force	
   and	
   decreasing	
   cell	
   height	
   over	
   the	
   course	
   of	
   contraction.	
   Indeed,	
   the	
  
observed	
   adaptation	
   behavior	
   is	
   independent	
   of	
   force,	
   cell	
   height,	
   force	
   rate,	
   and	
  
contraction	
  velocity	
  (see	
  Fig.	
  S3.)	
  Based	
  on	
  the	
  previously	
  described	
  cellular	
  responses	
  to	
  
changes	
   in	
   force	
   (16,	
   17),	
   we	
   expect	
   focal	
   adhesion	
   signaling	
   to	
   be	
   involved	
   in	
   the	
  
consistently	
  observed	
  seconds-­‐timescale	
  response	
  to	
  changes	
  in	
  stiffness.	
  

Focal	
  adhesion	
  signaling	
  does	
  not	
  affect	
  the	
  seconds-­‐timescale	
  response	
  to	
  a	
  step	
  
change	
  in	
  extracellular	
  stiffness	
  

Multiple	
  studies	
  have	
  directly	
  linked	
  cellular	
  stiffness	
  sensing	
  with	
  focal	
  adhesion	
  activity.	
  
Specifically,	
   the	
  kinase	
  activity	
  of	
   focal	
  adhesion	
  kinase	
  (FAK)	
   is	
  regulated	
  by	
  mechanical	
  
stretching	
   and	
   likely	
   plays	
   a	
   role	
   in	
   stiffness-­‐sensitive	
   adhesion	
   turnover	
   (7).	
   Src	
   family	
  
kinases	
  are	
  proposed	
   to	
  play	
  an	
  early	
   role	
   in	
   the	
   rigidity	
   sensing	
   cycle	
  and	
  are	
  activated	
  
within	
   300	
  ms	
   of	
  mechanical	
   perturbation	
   via	
   fibronectin	
   linkages	
   (7,	
   16).	
  We	
   therefore	
  
expect	
   FAK	
   and	
   Src	
   family	
   kinases	
   to	
   be	
   involved	
   in	
   the	
   seconds-­‐timescale	
   contractile	
  
response	
  to	
  a	
  step	
  change	
  in	
  extracellular	
  stiffness.	
  

Focal	
   adhesion	
   activity	
   was	
   inhibited	
   using	
   either	
   a	
   FAK	
   inhibitor	
   or	
   pp2,	
   a	
   Src	
   family	
  
kinase	
   inhibitor,	
   and	
  contraction	
  experiments	
  with	
   step	
  changes	
   in	
  extracellular	
   stiffness	
  
between	
  kex	
  =	
  0	
  and	
  kex	
  =	
  ∞	
  were	
  performed	
  as	
  previously	
  described.	
  In	
  the	
  presence	
  of	
  30	
  
μM	
   FAK	
   inhibitor,	
   the	
   contraction	
   velocity	
   was	
   significantly	
   slower	
   (p<0.0001)	
   than	
   the	
  
control;	
   whereas	
   25	
   μM	
   pp2	
   did	
   not	
   statistically	
   significantly	
   alter	
   contraction	
   velocity	
  
compared	
   to	
   the	
   control	
   (Fig.	
   3a).	
   To	
   quantify	
   the	
   response	
   timescale	
   under	
   these	
   drug	
  
conditions,	
  we	
  fit	
  a	
  linear-­‐plus	
  exponential	
  curve	
  (Eq.	
  1)	
  to	
  each	
  interval	
  of	
  kex	
  =	
  0	
  (Fig.	
  3b).	
  
The	
  resulting	
  response	
   timescale	
   in	
   the	
  presence	
  of	
  30	
  μM	
  FAK	
   inhibitor	
  and	
  25	
  μM	
  pp2	
  
was	
  not	
  statistically	
  significantly	
  different	
  from	
  the	
  control	
  response	
  timescale,	
  as	
  shown	
  in	
  
Fig.	
  3d.	
  These	
  results	
  indicate	
  that	
  while	
  focal	
  adhesion	
  signaling	
  is	
  known	
  to	
  be	
  involved	
  in	
  
long	
   timescale	
   stiffness-­‐dependent	
   behaviors,	
   the	
   seconds-­‐timescale	
   response	
   to	
   a	
   step	
  
change	
  in	
  extracellular	
  stiffness	
  is	
  independent	
  of	
  focal	
  adhesion	
  activity.	
  

At	
   high	
   concentrations	
   of	
   either	
   drug	
   (50	
   μM),	
   cells	
   are	
   able	
   to	
   adhere,	
   as	
   indicated	
   by	
  
significant	
  forces	
  of	
  de-­‐adhesion	
  required	
  to	
  detach	
  the	
  cell	
   from	
  either	
  surface,	
  but	
  were	
  
unable	
   to	
   contract.	
   The	
   ability	
   to	
   adhere	
   without	
   contraction	
   is	
   consistent	
   with	
   the	
  
reported	
   ability	
   to	
   form	
   nascent	
   adhesions	
   in	
   the	
   absence	
   of	
   myosin	
   II	
   (30).	
   Similarly,	
  
attachment	
   by	
   either	
   poly-­‐L-­‐lysine	
   or	
   concanavalin	
   A	
   yields	
   no	
   contraction	
   (data	
   not	
  
shown),	
   illustrating	
  the	
  need	
  for	
   integrin-­‐mediated	
  adhesion	
  to	
  generate	
  contractile	
   force	
  
in	
  this	
  system.	
  

Partial	
  inhibition	
  of	
  myosin	
  lengthens	
  the	
  seconds-­‐timescale	
  response	
  to	
  a	
  step	
  
change	
  in	
  extracellular	
  stiffness	
  

We	
  next	
  tested	
  if	
  disrupting	
  the	
  cytoskeleton	
  of	
  the	
  cell	
  using	
  cytochalasin	
  D,	
  nocodazole,	
  
or	
   blebbistatin	
   would	
   affect	
   the	
   response	
   timescale.	
   Intermediate	
   concentrations	
   of	
   all	
  
three	
  drugs	
  decreased	
   the	
  steady	
  state	
  contraction	
  velocity,	
  as	
  shown	
   in	
  Fig.	
  3a	
   (500	
  nM	
  



	
   39	
  

cytochalasin	
   D,	
   30	
   μM	
   nocodazole,	
   and	
   30	
   μM	
   blebbistatin).	
   Interestingly,	
   the	
   response	
  
timescale	
   was	
   not	
   significantly	
   affected	
   by	
   disruption	
   of	
   the	
   actin	
   cytoskeleton	
   with	
  
cytochalasin	
   D	
   or	
   microtubules	
   with	
   nocodazole	
   at	
   concentrations	
   that	
   decreased	
   the	
  
steady	
   state	
   contraction	
   velocity,	
   as	
   shown	
   in	
   Fig.	
   3d.	
   Only	
   partial	
   disruption	
   of	
  myosin	
  
ATPase	
  activity	
  with	
  30	
  μM	
  blebbistatin	
  showed	
  a	
  significant	
  change	
  in	
  response	
  timescale	
  
compared	
   to	
   control	
   (p<0.0001).	
   As	
   expected,	
   lower	
   concentrations	
   of	
   all	
   three	
   drugs	
  
showed	
   no	
   significant	
   difference	
   in	
   either	
   steady	
   state	
   contraction	
   velocity	
   or	
   response	
  
timescale.	
   Higher	
   concentrations	
   of	
   the	
   drugs	
   completely	
   disrupted	
   contraction	
   (1	
   μM	
  
cytochalasin	
   D	
   and	
   50	
   μM	
   blebbistatin,	
   data	
   not	
   shown),	
   thereby	
   indicating	
   the	
  
requirement	
  of	
  an	
  intact	
  cytoskeleton	
  and	
  active	
  myosin	
  for	
  the	
  buildup	
  of	
  traction	
  forces.	
  	
  

Stretch-­‐activated	
  ion	
  channels	
  are	
  not	
  involved	
  in	
  the	
  seconds-­‐timescale	
  response	
  to	
  
a	
  step	
  change	
  in	
  extracellular	
  stiffness	
  

Stretch-­‐activated	
  ion	
  channels	
  are	
  another	
  proposed	
  sensor	
  of	
  extracellular	
  mechanics,	
  and	
  
calcium	
  signaling	
  is	
  expected	
  to	
  operate	
  within	
  the	
  seconds	
  timescale	
  observed	
  here	
  (31–
33).	
  	
  We	
  therefore	
  explored	
  whether	
  the	
  response	
  timescale	
  was	
  dependent	
  on	
  the	
  activity	
  
of	
  stretch-­‐sensitive	
  ion	
  channels.	
  	
  Gadolinium	
  chloride	
  has	
  been	
  used	
  previously	
  to	
  inhibit	
  
stretch-­‐activated	
  ion	
  channels	
  resulting	
  in	
  decreased	
  traction	
  forces	
  and	
  migration	
  (32).	
  In	
  
our	
  experiments,	
  blocking	
  of	
  stretch-­‐activated	
  ion	
  channels	
  with	
  a	
  high	
  dose	
  of	
  gadolinium	
  
chloride	
   slightly	
   decreased	
   the	
   steady	
   state	
   contraction	
   velocity	
   during	
   the	
   force	
   clamp	
  
(p=0.0025	
  compared	
  to	
  control),	
  but	
  it	
  did	
  not	
  affect	
  the	
  response	
  timescale	
  compared	
  to	
  
the	
  control,	
  as	
  shown	
  in	
  Fig.	
  3.	
  	
  This	
  result	
  indicates	
  that	
  stretch-­‐activated	
  ion	
  channels	
  do	
  
not	
  play	
  a	
  significant	
  role	
  in	
  the	
  seconds-­‐timescale	
  stiffness	
  response	
  observed	
  here.	
  

A	
  simple	
  mechanical	
  model	
  predicts	
  the	
  seconds-­‐timescale	
  response	
  to	
  a	
  step	
  change	
  
in	
  extracellular	
  stiffness	
  	
  

The	
  repeatability	
  of	
  the	
  seconds-­‐timescale	
  response	
  at	
  different	
  contractile	
  forces	
  over	
  the	
  
course	
  of	
  contraction	
  of	
  a	
  single	
  cell	
  and	
  from	
  cell	
  to	
  cell,	
  combined	
  with	
  the	
  robustness	
  of	
  
the	
  response	
  timescale	
  against	
  inhibition	
  of	
  focal	
  adhesion	
  signaling	
  and	
  stretch-­‐activated	
  
ion	
  channel	
  activity,	
  suggests	
  that	
  the	
  response	
  might	
  be	
  mechanical	
  in	
  nature	
  rather	
  than	
  a	
  
biochemically	
   controlled	
   event.	
   We	
   therefore	
   sought	
   a	
   simple	
   mechanical	
   model	
   to	
  
describe	
   the	
   observed	
   behavior.	
   Because	
   cell	
   contraction	
   changes	
   immediately	
   with	
   a	
  
change	
   in	
   stiffness,	
   independent	
   of	
   the	
   tensile	
   force,	
   we	
   hypothesized	
   that	
   the	
   passive	
  
viscoelasticity	
  of	
  the	
  whole	
  cell	
  was	
  influencing	
  the	
  coupling	
  of	
  the	
  extracellular	
  stiffness	
  to	
  
an	
  underlying	
  contractile	
  process	
  that	
  is	
  independent	
  of	
  force	
  and	
  stiffness.	
  	
  

A	
   simple	
   mechanical	
   model	
   that	
   has	
   a	
   transient	
   response	
   to	
   both	
   step	
   increases	
   and	
  
decreases	
   in	
   stiffness	
   is	
   the	
   standard	
   linear	
   solid	
  viscoelastic	
  model,	
  which	
   is	
   a	
   spring	
   in	
  
parallel	
  with	
  a	
  spring	
  and	
  dashpot	
  in	
  series,	
  as	
  shown	
  in	
  Fig.	
  4a.	
  We	
  found	
  that	
  a	
  constant	
  
velocity	
  actuator	
  representing	
  a	
  simple	
  spring	
  with	
  a	
  reference	
  length	
  changing	
  at	
  a	
  fixed	
  
rate	
  captures	
  the	
  measured	
  response	
  of	
  the	
  cell	
  to	
  step	
  changes	
  in	
  stiffness,	
  suggesting	
  that	
  
active	
  biochemical	
  changes	
  in	
  the	
  contractile	
  response,	
  such	
  as	
  force-­‐dependent	
  changes	
  in	
  
myosin	
   contraction	
   velocities,	
   are	
   dwarfed	
   by	
   passive	
   whole-­‐cell	
   viscoelasticity	
   on	
   the	
  
seconds-­‐timescale.	
   The	
   viscoelastic	
   network	
   couples	
   the	
   internal	
   contraction	
   of	
   the	
  
actuator	
  to	
  the	
  extracellular	
  stiffness	
  resisting	
  contraction.	
  The	
  actuator	
  is	
  independent	
  of	
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the	
   current	
   state	
   of	
   the	
   transducer	
   and	
   also	
   independent	
   of	
   the	
   instantaneously	
   applied	
  
extracellular	
  stiffness.	
  

As	
  shown	
  in	
  Fig.	
  4b,	
  the	
  model	
  predicts	
  the	
  observed	
  deceleration	
  upon	
  a	
  step	
  increase	
  in	
  
stiffness	
  and	
  acceleration	
  upon	
  a	
  step	
  decrease	
   in	
  stiffness.	
  Derivation	
  of	
   the	
  response	
  of	
  
the	
  model	
   to	
  step	
  changes	
   in	
  stiffness	
   is	
  described	
   in	
  the	
  Supporting	
  Material.	
  The	
  model	
  
predicts	
  the	
  response	
  timescale	
  𝜏𝜏kex  for	
  any	
  step	
  change	
  to	
  extracellular	
  stiffness	
  kex:	
  

𝜏𝜏 = 𝛾𝛾
1

𝑘𝑘 + 𝑘𝑘 +
1
𝑘𝑘 	
   (2)	
  

where	
  𝛾𝛾	
  is	
  the	
  damping	
  parameter,	
  and	
  k1	
  and	
  k2	
  are	
  the	
  stiffness	
  values	
  of	
  the	
  two	
  internal	
  
springs	
  as	
   labeled	
   in	
  Fig.	
  4a.	
  The	
  extreme	
  cases	
  of	
   the	
   force	
  clamp	
  (kex	
  =	
  0)	
  and	
  position	
  
clamp	
  (kex	
  =	
  ∞)	
  follow:	
  

𝜏𝜏 = 𝛾𝛾
1
𝑘𝑘 +

1
𝑘𝑘 	
   	
  

(3)	
  

𝜏𝜏 =
𝛾𝛾
𝑘𝑘 	
   	
  

(4)	
  

The	
  model	
  makes	
  two	
  important	
  predictions.	
  First,	
  the	
  model	
  predicts	
  a	
  lack	
  of	
  hysteresis.	
  
In	
  other	
  words,	
  the	
  response	
  timescale	
  is	
  only	
  dependent	
  on	
  the	
  current	
  kex	
  and	
  not	
  on	
  the	
  
previous	
   extracellular	
   stiffness,	
   assuming	
   consecutive	
   stiffness	
   intervals	
   that	
   are	
   greater	
  
than	
   the	
   response	
   timescale.	
   Second,	
   the	
  model	
   predicts	
   a	
   shorter	
   response	
   timescale	
   at	
  
higher	
  stiffness	
  and	
  longer	
  response	
  timescale	
  at	
  lower	
  stiffness,	
  as	
  indicated	
  in	
  Fig.	
  4b.	
  We	
  
tested	
   and	
   confirmed	
   both	
   of	
   these	
   predictions	
   experimentally.	
   As	
   shown	
   in	
   Fig.	
   4c,	
   the	
  
response	
  timescale	
  at	
  100	
  nN/μm	
  is	
  the	
  same	
  regardless	
  of	
  whether	
  the	
  previous	
  stiffness	
  
was	
  10	
  nN/	
  μm	
  or	
  ∞,	
   confirming	
   the	
  prediction	
  of	
   no	
  hysteresis.	
  Next	
  we	
  measured	
   the	
  
response	
   timescale	
   for	
   a	
   range	
   of	
   extracellular	
   stiffness	
   values	
   and	
  observed	
   statistically	
  
significantly	
  different	
  values	
  at	
  kex	
  =	
  0	
  versus	
  kex	
  =	
  ∞	
  as	
  shown	
  in	
  Fig.	
  4d,	
  again	
  confirming	
  
the	
  model	
  prediction.	
  

Swelling	
  hydrogels	
  exhibit	
  a	
  similar	
  seconds-­‐timescale	
  response	
  to	
  a	
  step	
  change	
  in	
  
external	
  stiffness	
  

Our	
   simple	
   mechanical	
   model	
   suggests	
   that	
   the	
   observed	
   response	
   to	
   step	
   changes	
   in	
  
extracellular	
   stiffness	
   should	
   occur	
   for	
   any	
   system	
   with	
   an	
   independent	
   actuator	
   and	
  
standard	
   linear	
   solid	
   viscoelastic	
   material	
   properties.	
   We	
   tested	
   whether	
   this	
   was	
   true	
  
using	
   a	
   polyacrylamide	
   hydrogel,	
   which	
   exhibits	
   seconds-­‐timescale	
   viscoelastic	
   behavior	
  
(34)	
   and	
   can	
   be	
   driven	
   to	
   expand	
   by	
   changes	
   in	
   osmotic	
   pressure.	
   The	
   hydrogel	
   was	
  
subjected	
   to	
   a	
   change	
   in	
   osmotic	
   pressure	
   and	
   exposed	
   to	
   the	
   same	
   stiffness	
   cycling	
  
between	
  kex	
  =	
  0	
  and	
  kex	
  =	
  ∞,	
  but	
  for	
  40	
  second	
  intervals	
  to	
  accommodate	
  longer	
  response	
  
times.	
  As	
  shown	
  in	
  Fig.	
  5,	
  we	
  indeed	
  observe	
  the	
  same	
  acceleration	
  upon	
  a	
  step	
  decrease	
  in	
  
stiffness	
  and	
  deceleration	
  upon	
  a	
  step	
  increase	
  in	
  stiffness	
  with	
  response	
  timescales	
  longer	
  
than	
   those	
   observed	
   for	
   cells,	
   but	
   still	
   dependent	
   on	
   the	
   current	
   external	
   stiffness.	
   This	
  
supports	
   that	
   the	
   mechanical	
   equilibration	
   of	
   the	
   viscoelastic	
   properties	
   of	
   the	
   cell	
   are	
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sufficient	
   to	
   describe	
   the	
   observed	
   short-­‐timescale	
   adaptation	
   to	
   a	
   step	
   change	
   in	
  
extracellular	
  stiffness.	
  

DISCUSSION	
  

Our	
   measurements	
   of	
   cellular	
   contraction	
   upon	
   a	
   step	
   change	
   in	
   extracellular	
   stiffness	
  
reveal	
  a	
  seconds-­‐timescale	
  response	
  that	
  shows	
  the	
  importance	
  of	
  cytoskeletal	
  mechanics	
  
for	
  models	
  of	
   stiffness	
   sensing.	
  Using	
   an	
  AFM	
  stiffness	
   clamp	
   to	
   control	
   the	
   extracellular	
  
stiffness	
   exposed	
   to	
   contractile	
   fibroblasts,	
   we	
   consistently	
   observe	
   acceleration	
   to	
   a	
  
constant	
   contraction	
   velocity	
   and	
   force	
   rate	
   upon	
   a	
   step	
   decrease	
   in	
   stiffness	
   and	
  
deceleration	
   upon	
   a	
   step	
   increase	
   in	
   stiffness.	
   Experiments	
   with	
   drugs	
   that	
   disrupt	
  
adhesion	
  signaling	
  and	
  the	
  cytoskeleton	
  suggest	
  that	
  the	
  response	
  timescale	
  depends	
  only	
  
on	
   the	
  extracellular	
   stiffness	
   and	
   intracellular	
  mechanical	
  properties.	
   In	
  our	
  experiments	
  
the	
   adaptation	
   of	
   cells	
   to	
   changes	
   in	
   stiffness	
   is	
   well-­‐described	
   by	
   a	
   simple	
   mechanical	
  
model	
   of	
   an	
   internal	
   cellular	
   actuator	
   pulling	
   at	
   a	
   constant	
   velocity	
   against	
   both	
   the	
  
extracellular	
   stiffness	
   and	
   intracellular	
   mechanics	
   (Fig.	
   4).	
   Indeed,	
   when	
   we	
   expose	
   an	
  
actively	
   swelling	
  gel	
   to	
   the	
   same	
  conditions	
  as	
   the	
   cell,	
  we	
  observe	
  comparable	
  behavior	
  
(Fig.	
   5),	
   reinforcing	
   the	
   idea	
   that	
   the	
   stiffness	
   adaptation	
   results	
   from	
   the	
   viscoelastic	
  
properties	
  of	
  the	
  cell.	
  

The	
  simple	
  mechanical	
  model	
  can	
  be	
  used	
  to	
  extract	
  viscoelastic	
  and	
  contractile	
  properties	
  
from	
  the	
  experimental	
  data.	
  The	
  actuator	
  velocity,	
  𝛼𝛼,	
  is	
  simply	
  the	
  steady	
  state	
  contractile	
  
velocity	
   at	
   kex	
   =	
   0,	
   as	
   described	
   in	
   the	
   supplemental	
   section.	
  We	
   find	
   a	
  median	
   actuator	
  
velocity	
   of	
   𝛼𝛼	
   =	
   13	
   nm/s	
   (25th,	
   75th	
   percentile:	
   8.3,	
   20	
   nm/s),	
   which	
   is	
   consistent	
   with	
  
reported	
   velocities	
   of	
   retrograde	
   actin	
   flow	
   in	
   the	
   presence	
   of	
   focal	
   adhesions	
   of	
   10-­‐20	
  
nm/s	
   (35).	
   As	
   expected,	
   disruption	
   of	
   either	
   the	
   actin	
   network	
   with	
   cytochalasin	
   D	
   or	
  
myosin	
  ATPase	
  activity	
  with	
  blebbistatin	
  decreases	
  a	
  as	
  shown	
  in	
  Fig.	
  3a.	
  Furthermore	
  by	
  
fitting	
  the	
  model	
  predictions	
  to	
  the	
  control	
  data,	
  we	
  found	
  the	
  viscoelastic	
  components	
  of	
  
the	
   actomyosin	
   network	
   to	
   be	
   k1	
   =	
   36,	
   k2	
   =	
   53	
   nN/µm,	
   and	
   𝛾𝛾	
  =	
  140	
  nN*s/µm	
  
(corresponding	
   to	
  approximately	
  E1	
  =	
  3.6,	
  E2	
  =	
  5.3	
  kPa,	
   and	
  𝛾𝛾	
  =	
  14	
  kPa*s,	
   see	
  Supporting	
  
Material	
   for	
  calculation	
  of	
  model	
  parameters	
  and	
  elasticity	
  conversion).	
  These	
  values	
  are	
  
consistent	
  with	
  previously	
  published	
  values	
  of	
  E	
  =	
  0.5-­‐20	
  kPa	
  (29,	
  36)	
  and	
  𝛾𝛾	
  =	
  1-­‐100	
  kPa*s	
  
(36,	
  37).	
  Interestingly,	
  a	
  study	
  by	
  Humphrey	
  et	
  al.	
  showed	
  that	
  actomyosin	
  networks	
  of	
  a	
  
similar	
  ratio	
  of	
  actin	
  to	
  myosin	
  as	
  in	
  vivo	
  environments	
  relieve	
  macroscopic	
  stress	
  over	
  an	
  
average	
   relaxation	
   time	
   of	
   ~8	
   seconds	
   –	
   remarkably	
   similar	
   to	
   the	
   response	
   timescale	
  
observed	
   here	
   (38).	
   Consistent	
   with	
   this,	
   we	
   expect	
   that	
   the	
   physiological	
   basis	
   of	
   the	
  
viscoelastic	
  component	
  of	
  our	
  model	
  is	
  dominated	
  by	
  the	
  actomyosin	
  network,	
  which	
  may	
  
include	
  contributions	
  from	
  the	
  cortex	
  and	
  stress	
  fibers.	
  

Close	
   examination	
  of	
   the	
   viscoelastic	
   parameters	
   in	
  Table	
   S1	
   reveals	
   a	
   robustness	
   of	
   the	
  
response	
   timescale	
  such	
   that	
  changes	
   in	
  elastic	
   (k1,	
  k2)	
  and	
  viscous	
  (𝛾𝛾)	
  components	
  have	
  
opposing	
  effects	
  on	
  the	
  response	
  timescale.	
  For	
  example,	
  both	
  500	
  nM	
  cytochalasin	
  D	
  and	
  
30	
  µM	
  blebbistatin	
  cause	
  a	
  significant	
  decrease	
  in	
  all	
  viscoelastic	
  parameters	
  compared	
  to	
  
control.	
  As	
  seen	
  in	
  Eq.	
  2,	
  the	
  elastic	
  and	
  viscous	
  components	
  have	
  opposing	
  effects	
  on	
  the	
  
response	
   timescale.	
   Therefore,	
   in	
   the	
   case	
   of	
   cytochalasin	
  D,	
   the	
   decrease	
   in	
   the	
   viscous	
  
component	
   counteracts	
   the	
   decrease	
   in	
   the	
   elastic	
   components	
   resulting	
   in	
   a	
   response	
  
timescale	
  consistent	
  with	
   the	
  control.	
  However	
   the	
  decrease	
   in	
   the	
  viscous	
  component	
   is	
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smaller	
  for	
  blebbistatin,	
  resulting	
  in	
  a	
  response	
  timescale	
  distinct	
  from	
  the	
  control.	
  These	
  
competing	
  effects	
  point	
   to	
   the	
  complexity	
  of	
   the	
  role	
  of	
   intracellular	
  mechanics	
  such	
   that	
  
changes	
  in	
  distinct	
  mechanical	
  components	
  may	
  not	
  translate	
  to	
  the	
  whole-­‐cell	
  scale.	
  	
  

The	
  model	
  we	
  propose	
  does	
  not	
  require	
  incorporation	
  of	
  force-­‐dependent	
  motor	
  activity	
  to	
  
explain	
   the	
   response	
   timescale.	
   This	
   is	
   distinct	
   from	
   previous	
   models	
   that	
   combine	
   the	
  
force-­‐velocity	
   relationship	
   with	
   binding	
   and	
   unbinding	
   kinetics	
   of	
   adhesions	
   to	
   predict	
  
stiffness-­‐dependent	
   motility	
   and	
   stress	
   fiber	
   development	
   (12,	
   39).	
   It	
   has	
   also	
   been	
  
proposed	
  that	
  actomyosin	
  contraction	
  itself	
  may	
  be	
  stiffness-­‐dependent	
  either	
  due	
  to	
  catch	
  
bond	
   behavior	
   (7,	
   40)	
   or	
   load-­‐dependent	
   resistance	
   from	
   internal	
   friction	
   due	
   to	
   cross-­‐
linkers	
  (26).	
  While	
  the	
  inverse	
  force-­‐velocity	
  relationship	
  has	
  been	
  well-­‐characterized	
  for	
  
skeletal	
   myosin	
   and	
   on	
   the	
   whole-­‐cell	
   scale	
   for	
   muscle	
   cells	
   where	
   load	
   is	
   directly	
   and	
  
efficiently	
   applied	
   to	
  myosin	
   networks	
   (26,	
   41,	
   42),	
   the	
   effect	
   of	
   force	
   on	
   less	
   organized	
  
acto-­‐myosin	
  networks	
   in	
  non-­‐muscle	
  cells	
  remains	
  unclear.	
  Recent	
  studies	
  of	
  non-­‐muscle	
  
myosins	
   IIa	
   and	
   IIb	
   suggest	
   that	
   load	
   dependent	
   kinetics	
   are	
   complex	
   (43,	
   44)	
   and	
   are	
  
likely	
  further	
  complicated	
  by	
  dynamic	
  re-­‐organization	
  of	
  actin	
  in	
  non-­‐muscle	
  cells.	
  Only	
  a	
  
constant	
  velocity	
  actuator	
   is	
   required	
   in	
  our	
  simple	
  mechanical	
  model,	
  potentially	
  due	
   to	
  
activity	
   in	
  a	
  regime	
  of	
  minimal	
   force	
  sensitivity	
  or	
   the	
  re-­‐organization	
  of	
  actin	
  structures	
  
that	
   results	
   in	
   approximately	
   constant	
   myosin	
   activity.	
   A	
   simple	
   mechanical	
   model	
   has	
  
been	
  proposed	
  recently	
  by	
  Marcq	
  et	
  al.	
  where	
  “adaptation	
  to	
  substrate	
  rigidity	
  results	
  from	
  
an	
   interplay	
   between	
  passive	
   elasticity	
   and	
   active	
   contractility”	
   (28).	
   That	
   recent	
  model,	
  
however,	
  incorporates	
  a	
  different	
  specific	
  force-­‐velocity	
  relationship	
  and	
  does	
  not	
  address	
  
the	
  short	
  timescale	
  equilibration	
  that	
  we	
  report	
  here.	
  	
  

This	
   study	
   finds	
   that	
   viscoelastic	
   equilibration	
   of	
   the	
   cytoskeleton	
   is	
   central	
   to	
   stiffness-­‐
dependent	
  contraction	
  over	
  short	
  timescales.	
  We	
  observe	
  a	
  seconds-­‐timescale	
  response	
  to	
  
a	
   step	
   change	
   in	
   extracellular	
   stiffness,	
   independent	
   of	
   focal	
   adhesion	
   signaling	
   and	
  
dependent	
   only	
   on	
   actomyosin	
  mechanics.	
   In	
   the	
   simple	
  mechanical	
  model	
   we	
   propose,	
  
extracellular	
  stiffness	
  is	
  coupled	
  through	
  the	
  viscoelastic	
  cytoskeleton	
  such	
  that	
  stretching	
  
of	
   mechanosensory	
   proteins	
   and	
   subsequent	
   intracellular	
   signaling	
   result	
   from	
   a	
  
combination	
   of	
   extracellular	
   stiffness	
   and	
   cytoskeletal	
   mechanics	
   that	
   equilibrate	
   after	
  
several	
   seconds.	
   Examination	
   of	
   longer	
   timescale	
   responses	
   to	
   stiffness	
   changes	
   will	
   be	
  
required	
   to	
   characterize	
   signal	
   transduction	
   from	
   cytoskeletal	
   relaxation	
   and	
   focal	
  
adhesion	
  signaling	
  to	
  changes	
  in	
  gene	
  expression.	
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FIGURES  

 
Figure	
  1.	
  Atomic	
  force	
  microscope	
  based	
  control	
  of	
  stiffness	
  during	
  single	
  cell	
  
contraction.	
  	
  

(a)	
  Setup	
  of	
   single	
  cell	
   contraction	
  experiments.	
  Cell-­‐generated	
   forces	
  and	
  cell	
  height	
  are	
  
measured	
   by	
   deflection	
   of	
   the	
   AFM	
   cantilever	
   (of	
   stiffness	
   kcant)	
   while	
   extracellular	
  
stiffness,	
  kex,	
  is	
  controlled	
  in	
  real	
  time	
  using	
  the	
  stiffness	
  clamp	
  feedback	
  algorithm	
  (24).	
  (b)	
  
Top-­‐down	
   view	
   of	
   cell	
   adhered	
   to	
   AFM	
   cantilever	
   and	
   substrate.	
   The	
   cell	
   membrane	
   is	
  
fluorescently	
  labeled	
  for	
  visual	
  clarity	
  (arrow).	
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Figure	
  2.	
  Contracting	
  cells	
  adapt	
  to	
  a	
  step	
  change	
  in	
  extracellular	
  stiffness	
  on	
  a	
  
timescale	
  of	
  seconds.	
  	
  

(a)	
   Typical	
   trace	
   of	
   cell	
   height	
   and	
   contractile	
   force	
   of	
   a	
   single	
   cell	
   contracting	
   under	
   a	
  
constant	
   extracellular	
   stiffness	
   as	
   illustrated	
   by	
   the	
   top	
   row	
   cartoons.	
  Once	
   contact	
  with	
  
both	
  surfaces	
  is	
  established,	
  the	
  cell	
  contracts	
  at	
  a	
  constant	
  rate	
  for	
  several	
  minutes	
  before	
  
slowing.	
  (Full	
  trace	
  shown	
  in	
  Fig.	
  S1.)	
  (b)	
  Step	
  changes	
  in	
  extracellular	
  stiffness	
  between	
  10	
  
and	
  100	
  nN/μm	
  every	
  20	
  seconds	
  yield	
  changes	
  in	
  both	
  contraction	
  velocity	
  and	
  the	
  rate	
  at	
  
which	
  force	
  changes	
  in	
  time.	
  (c)	
  Extreme	
  step	
  changes	
  in	
  stiffness	
  between	
  kex	
  =0	
  and	
  kex	
  =	
  
∞	
  clearly	
  reveal	
  a	
  response	
  period	
  following	
  the	
  step	
  change.	
  (d)	
  Steady-­‐state	
  contraction	
  
velocity	
  depends	
  directly	
  on	
  extracellular	
  stiffness.	
  (e)	
  The	
  response	
  timescale	
  is	
  consistent	
  
across	
  the	
  entire	
  contractile	
  period	
  of	
  the	
  cell	
  as	
  shown	
  by	
  the	
  normalization	
  and	
  overlay	
  of	
  
all	
  kex	
  =	
  0	
  intervals	
  from	
  a	
  single	
  trace.	
  The	
  dark	
  line	
  is	
  the	
  average	
  over	
  all	
  the	
  intervals.	
  (f)	
  
Normalization	
  and	
  overlay	
  of	
  all	
  kex	
  =	
  ∞	
  intervals	
  from	
  a	
  single	
  trace.	
  (g)	
  The	
  ratio	
  of	
  the	
  
slope	
  over	
  the	
  last	
  quarter	
  of	
  the	
  interval	
  to	
  the	
  slope	
  over	
  the	
  first	
  quarter	
  of	
  the	
  interval	
  is	
  
calculated	
  for	
  each	
  20-­‐second	
  stiffness	
  interval	
  for	
  the	
  height	
  traces.	
  n	
  represents	
  number	
  
of	
   stiffness	
   transitions,	
  N	
   represents	
  number	
  of	
   cells,	
   and	
  box	
  plot	
  presents	
  median,	
  25th	
  
and	
  75th	
  percentile	
  and	
  10	
  and	
  90th	
  percentile	
  outliers.	
  The	
  median	
  value	
  is	
  indicated	
  above	
  
each	
  box	
  for	
  clarity.	
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Figure	
  3.	
  Inhibition	
  experiments	
  reveal	
  a	
  consistent	
  response	
  timescale	
  dependent	
  
on	
  cell	
  mechanics	
  rather	
  than	
  adhesion	
  signaling.	
  	
  

(a)	
   Steady	
   state	
   contraction	
   velocity	
   for	
   the	
   control,	
   FAK	
   inhibitor,	
   Src	
   family	
   kinase	
  
inhibitor	
   pp2,	
   gadolinium	
   chloride,	
   cytochalasin	
   D,	
   nocodazole,	
   and	
   blebbistatin.	
   All	
  
conditions	
  are	
  statistically	
  significantly	
  slower	
  than	
  the	
  control	
  except	
  pp2.	
  (b)	
  Linear	
  plus	
  
exponential	
  fit	
  to	
  typical	
  height	
  trace.	
  (c)	
  Demonstration	
  of	
  distinct	
  adaptation	
  timescales.	
  
Normalized	
   traces	
   from	
   kex	
   =	
   0	
   under	
   control	
   and	
   30	
   μM	
   blebbistatin	
   conditions	
   are	
  
overlaid	
  for	
  comparison.	
  See	
  Fig.	
  S4	
  for	
  multiple	
  cycles	
  of	
  stiffness	
  changes	
  in	
  the	
  presence	
  
of	
  blebbistatin.	
  (d)	
  Response	
  timescale	
  from	
  kex	
  =	
  0	
  intervals	
  remains	
  unchanged	
  under	
  all	
  
conditions	
  except	
  30	
  μM	
  blebbistatin.	
  For	
  all	
  box	
  plots,	
  n	
  represents	
  number	
  of	
  transitions	
  
or	
   intervals	
   and	
  N	
   represents	
  number	
  of	
   cells.	
  Median	
  values	
  are	
   shown	
  below	
  each	
  box	
  
plot	
  while	
  the	
  plot	
  presents	
  median,	
  25th	
  and	
  75th	
  percentile	
  and	
  10	
  and	
  90th	
  percentile	
  
outliers.	
  *	
  indicates	
  p<0.01	
  and	
  **	
  indicates	
  p<0.0001.	
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Figure	
  4.	
  Simple	
  mechanical	
  model	
  describes	
  contractile	
  response	
  upon	
  a	
  step	
  
change	
  in	
  stiffness.	
  	
  

(a)	
  Cartoon	
  illustrating	
  an	
  independent	
  actuator	
  moving	
  at	
  a	
  constant	
  velocity	
  𝛼𝛼	
   in	
  series	
  
with	
   the	
   standard	
   linear	
   solid	
   (SLS)	
   element	
   consisting	
   of	
   a	
   spring	
   k1	
   in	
   parallel	
   with	
   a	
  
dashpot	
   𝛾𝛾	
   and	
   spring	
   k2	
   in	
   series.	
   As	
   extracellular	
   stiffness	
   conditions	
   change,	
   different	
  
elements	
   of	
   the	
   SLS	
   absorb	
   the	
   sudden	
   change	
   in	
   stiffness	
   as	
   illustrated	
   in	
   Fig.	
   S5.	
   (b)	
  
Predictions	
  of	
  the	
  model	
  successfully	
  simulate	
  the	
  observed	
  response	
  timescale	
  for	
  a	
  step	
  
increase	
  and	
   step	
  decrease	
   in	
   stiffness,	
   for	
  both	
   the	
  height	
   and	
   force	
  behavior.	
  Response	
  
timescale,	
  𝜏𝜏,	
  is	
  indicated	
  for	
  both	
  the	
  kex	
  =	
  0	
  and	
  kex	
  =	
  ∞	
  cases.	
  (c)	
  Experimental	
  validation	
  
of	
  the	
  model	
  prediction	
  that	
  response	
  timescale	
  is	
  independent	
  of	
  the	
  previous	
  stiffness.	
  (d)	
  
Experimental	
  validation	
  of	
  the	
  model	
  prediction	
  that	
  response	
  timescale	
  is	
  longer	
  for	
  lower	
  
stiffness	
   and	
   shorter	
   for	
   higher	
   stiffness.	
   The	
   differences	
   between	
   the	
   groups	
   was	
  
confirmed	
   with	
   a	
   Kruskal-­‐Wallis	
   one-­‐way	
   analysis	
   of	
   variance	
   (ANOVA)	
   across	
   all	
   four	
  
groups,	
  with	
  *	
  indicating	
  p<0.0001.	
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Figure	
  5.	
  Swelling	
  hydrogel	
  exhibits	
  a	
  seconds-­‐timescale	
  response	
  to	
  a	
  step	
  change	
  in	
  
extracellular	
  stiffness.	
  	
  

(a)	
  Step	
  changes	
  in	
  stiffness	
  between	
  kex	
  =	
  0	
  and	
  kex	
  =	
  ∞	
  applied	
  to	
  an	
  expanding	
  hydrogel	
  
every	
   40	
   seconds	
   yield	
   changes	
   in	
   both	
   expansion	
   velocity	
   and	
   force	
   rate.	
   (b)	
   Force	
   and	
  
height	
   traces	
   for	
   each	
   stiffness	
   interval	
   are	
   normalized	
   and	
   overlaid,	
   revealing	
   a	
  
deceleration	
   for	
   a	
   step	
   increase	
   in	
   stiffness	
   (force	
   trace)	
   and	
   an	
   acceleration	
   for	
   a	
   step	
  
decrease	
  in	
  stiffness	
  (height	
  trace).	
  Force	
  and	
  height	
  traces	
  are	
  displayed	
  on	
  the	
  same	
  plot	
  
to	
   emphasize	
   curvature.	
   (c)	
   Gel	
   response	
   timescale	
   for	
   extreme	
   extracellular	
   stiffness	
  
values.	
   *	
   indicates	
   p<0.001.	
   n	
   represents	
   number	
   of	
   stiffness	
   transitions	
   and	
   box	
   plot	
  
presents	
  median,	
  25th	
  and	
  75th	
  percentile	
  and	
  10	
  and	
  90th	
  percentile	
  outliers.	
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SUPPORTING	
  MATERIAL	
  

Conversion	
  from	
  stiffness	
  to	
  elasticity	
  

We	
  use	
  a	
  simple	
  conversion	
  that	
  assumes	
  cell	
  height	
  is	
  on	
  the	
  order	
  of	
  10	
  µm	
  and	
  contact	
  
area	
  on	
  the	
  order	
  of	
  100	
  µm2.	
  	
  Young’s	
  modulus	
  can	
  then	
  be	
  calculated	
  according	
  to	
  

𝐸𝐸 =
𝑘𝑘𝐻𝐻
𝐴𝐴 = 0.1𝑘𝑘	
  

where	
  k	
  is	
  in	
  nN/µm	
  and	
  E	
  is	
  in	
  kPa.	
  

Calculation	
  of	
  model	
  parameters	
  for	
  a	
  contracting	
  cell	
  

The	
   model	
   predictions	
   may	
   be	
   retroactively	
   applied	
   to	
   the	
   data	
   to	
   get	
   median	
   and	
  
percentile	
   values	
   for	
   the	
   independent	
   actuator	
   rate,	
   𝛼𝛼,	
   and	
   viscoelastic	
   parameters	
   as	
  
follows:	
  	
  

α =
dX
dt

!

"
#

$

%
&
kex=0,tτ

k1 =

dF
dt

!

"
#

$

%
&
kex=∞,tτ

dX
dt

!

"
#

$

%
&
kex=0,tτ

k2 = k1
τ kex=0
τ kex=∞

−1
!

"
#
#

$

%
&
&

γ = k1τ kex=∞

 

where	
   𝜏𝜏	
   is	
   the	
   response	
   timescale.	
   Calculations	
   based	
   on	
   the	
   median,	
   25th	
   and	
   75th	
  
percentile	
   values	
   reported	
   yield	
   the	
   following	
   presented	
   as	
  median	
   (25th	
   percentile,	
   75th	
  
percentile):	
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Table	
  S1.	
  Model	
  Parameters	
  calculated	
  based	
  on	
  data.	
  

	
   𝛼𝛼	
  (nm/s)	
   k1	
  
(nN/µm)	
  

k2	
  
(nN/µm)	
  

𝛾𝛾(nN*s/µm)	
  

Control	
  
	
  

-­‐13	
  
(-­‐8.3,	
  -­‐20)	
  

36	
  
(35,	
  37)	
  

53	
  
(27,	
  75)	
  

140	
  
(78,	
  240)	
  

30	
  µM	
  
Blebbistatin	
  

-­‐4.8	
  
(-­‐3.5,	
  -­‐6.7)	
  

16	
  
(12,	
  23)	
  

25	
  
(14,	
  34)	
  

89	
  
(82,	
  90)	
  

500	
  nM	
  
Cyto	
  D	
  

-­‐6.7	
  
(-­‐3.8,	
  -­‐10)	
  

15	
  
(7.0,	
  23)	
  

12	
  
(3.1,	
  46)	
  

64	
  
(51,	
  83)	
  

10	
  nM	
  
Jasplakinolide	
  

-­‐15	
  
(-­‐9.3,	
  	
  -­‐24)	
  

26	
  
(16,	
  27	
  

40	
  
(11,	
  62)	
  

89	
  
(48,	
  98)	
  

30	
  µM	
  
Nocodazole	
  

-­‐4.7	
  
(-­‐2.5,	
  -­‐6.3)	
  

93	
  
(73,	
  97)	
  

140	
  
(48,	
  190)	
  

340	
  
(210,	
  600)	
  

25	
  µM	
  
pp2	
  

-­‐14	
  
(-­‐8.2,	
  -­‐17)	
  

40	
  
(34,	
  58)	
  

85	
  
(61,	
  110)	
  

140	
  
(92,	
  150)	
  

30	
  µM	
  
FAK	
  inhibitor	
  

-­‐6.7	
  
(-­‐3.7,	
  -­‐9.5)	
  

42	
  
(11,	
  53)	
  

52	
  
(12,	
  67)	
  

170	
  
(60,	
  180)	
  

200	
  µM	
  
Gadolinium	
  

-­‐9.2	
  
(-­‐5.9,	
  -­‐16)	
  

51	
  
(43,	
  55)	
  

110	
  
(38,	
  120)	
  

170	
  
(92,	
  240)	
  

 

The	
  calculated	
  viscoelastic	
  parameters	
  reveal	
   interesting	
   inhibition-­‐based	
   trends	
   that	
  are	
  
not	
  visible	
  by	
  simply	
  studying	
  the	
  response	
  timescale.	
  Specifically,	
  both	
  elastic	
  and	
  viscous	
  
parameters	
   decrease	
   for	
   blebbistatin	
   and	
   cytochalasin	
   D	
   treated	
   cells	
   while	
   elastic	
   and	
  
viscous	
   parameters	
   increase	
   for	
   nocodazole-­‐treated	
   cells.	
   These	
   changes	
   in	
   mechanical	
  
properties	
   are	
   not	
   observed	
   in	
   the	
   response	
   timescale	
   because	
   elastic	
   and	
   viscous	
  
properties	
  have	
  opposing	
  effects:	
  	
  

0
1 2

1 1
exk k k

τ γ=

⎛ ⎞
= +⎜ ⎟

⎝ ⎠
 

Therefore	
  corresponding	
   increases	
  or	
  decreases	
   in	
  both	
  parameters	
  may	
  cancel	
  resulting	
  
in	
  a	
  response	
  timescale	
  consistent	
  with	
  the	
  control.	
  The	
  decrease	
  in	
  elastic	
  components	
  in	
  
the	
  cases	
  of	
  blebbistatin	
  and	
  cytochalasin	
  D	
  and	
  the	
  increase	
  in	
  elastic	
  components	
  in	
  the	
  
case	
  of	
  nocodazole	
  are	
  consistent	
  with	
  previously	
  published	
  results	
  (1).	
  To	
  further	
  examine	
  
the	
   role	
  of	
  actin	
   structures,	
  we	
  stabilized	
   the	
  actin	
   cytoskeleton	
  with	
   Jasplakinolide.	
  This	
  
had	
   a	
   similar	
   effect	
   to	
   cytochalasin	
   D	
   in	
   that	
   10	
   nM	
   Jasplakinolide	
   had	
   no	
   effect	
   on	
   the	
  
response	
  timescale	
  compared	
  to	
  the	
  control,	
  but	
  50	
  nM	
  was	
  adequate	
  to	
  stop	
  contraction	
  
altogether.	
   Calculation	
  of	
   viscoelastic	
   parameters	
   in	
   the	
  presence	
  of	
   10nM	
   Jasplakinolide	
  
reveals	
  a	
  slight	
  decrease	
  in	
  all	
  values	
  to	
  yield	
  a	
  response	
  timescale	
  indistinguishable	
  from	
  
the	
  control,	
  as	
  shown	
   in	
  Table	
  S1.	
   In	
   the	
  case	
  of	
  blebbistatin,	
   the	
  decrease	
   in	
   the	
  viscous	
  
component	
   is	
   not	
   as	
   great	
   and	
   therefore	
   does	
   not	
   fully	
   cancel	
   the	
   decrease	
   in	
   elastic	
  
component,	
  resulting	
  in	
  a	
  response	
  timescale	
  distinct	
  from	
  control.	
  



	
   53	
  

Inhibition	
   of	
   FAK,	
   Src	
   family	
   kinases,	
   or	
   stretch-­‐activated	
   ion	
   channels	
   did	
   not	
   yield	
   any	
  
major	
  difference	
   in	
  k1	
  or	
  𝛾𝛾	
   components	
   compared	
   to	
   the	
   control	
   in	
  our	
   system.	
  We	
  note	
  
that	
   the	
   internal	
   spring	
   parameter	
   k2	
   shows	
   the	
   greatest	
   inhibition-­‐induced	
   changes	
  
compared	
   to	
   the	
   control	
   in	
   all	
   cases,	
   including	
   focal	
   adhesion	
   signaling.	
   We	
   therefore	
  
expect	
   we	
   may	
   see	
   a	
   difference	
   in	
   response	
   timescale	
   for	
   extreme	
   step	
   increases	
   in	
  
stiffness:	
  

2
exk k

γ
τ =∞ =  

While	
  we	
   do	
   anecdotally	
   observe	
   the	
   expected	
   trends,	
  we	
   are	
   unable	
   to	
   show	
   statistical	
  
significance	
  with	
  the	
  limited	
  number	
  of	
  force	
  trace	
  intervals	
  that	
  pass	
  our	
  F-­‐test	
  criterion.	
  
We	
  therefore	
  leave	
  investigation	
  of	
  this	
  intriguing	
  phenomenon	
  to	
  a	
  subsequent	
  study.	
  

	
  

Derivation	
  of	
  the	
  response	
  of	
  the	
  model	
  to	
  step	
  changes	
  in	
  stiffness	
  

The	
  equations	
  for	
  the	
  model	
  are:	
  

𝑓𝑓 𝑡𝑡 = 𝑘𝑘 𝑥𝑥 − 𝛼𝛼𝛼𝛼 + 𝑓𝑓   
𝑓𝑓 = 𝑘𝑘 𝑥𝑥 = 𝛾𝛾𝑥𝑥   
𝑥𝑥 = 𝑥𝑥 + 𝑥𝑥  

where	
  𝑓𝑓(𝑡𝑡)	
   is	
   the	
   tensile	
   force	
  applied	
  at	
   the	
  cell-­‐cantilever	
   interface,	
   α is	
   the	
  velocity	
  at	
  
which	
  the	
  reference	
  length	
  of	
  the	
  spring	
   1x 	
  is	
  changing	
  (i.e.,	
  this	
  is	
  the	
  actuator),	
  and	
   x2 	
  and	
  

3x 	
  describe	
  the	
  state	
  of	
  the	
  internal	
  spring	
  and	
  dashpot,	
  respectively.	
  

In	
   the	
   experiment,	
   the	
   effective	
   stiffness	
   jumps	
   at	
   the	
   set	
   of	
   times	
   { }
1

j N

j j
t

=

=
.	
   	
   This	
   can	
   be	
  

described	
  within	
  the	
  model	
  by	
  setting	
  	
  

( ) ( ) ( ) ( )( )1 1j ex j jf t f t k t x x t= − −  

for	
   )1,j jt t t +⎡∈⎣ 	
  	
  where	
   ( )exk t 	
  is	
  the	
  applied	
  stiffness	
  at	
  time	
  t.	
  	
  When	
  the	
  intervals	
  between	
  
jumps	
   in	
   stiffness	
   are	
   very	
   long,	
   t	
   ≫	
   𝜏𝜏,	
   we	
   can	
   analyze	
   the	
   model	
   by	
   considering	
   its	
  
behavior	
  for	
  a	
  single	
  jump.	
  First	
  we	
  define:	
   jt t tʹ′ = − 	
  and	
  

  

!x1 !t( ) = x1 !t + t j( ) − x1 t j( )
!x2 !t( ) = x2 !t + t j( )
!x3 !t( ) = x3 !t + t j( ) − x1 t j( )

 

so	
  that	
  the	
  equations	
  take	
  the	
  form	
  	
  



	
   54	
  

f t j( ) − kex t j( ) !x1 = k1 !x1 −α !t( )+ k1 x1 t j( )−αt j( )+ f2
f2 = k2 !x2 = γ !x3
!x1 = !x2 + !x3

 

This	
  can	
  be	
  rearranged	
  to	
  	
  	
  

!f = !k1 !x1 − "α !t( )+ f2
f2 = k2 !x2 = γ !x3
!x1 = !x2 + !x3

	
  

with	
  

( )

( ) ( )( )

1 1

1

1

1 1

ex j

j j j

k k k t

k
k

f f t k x t t

α α

α

ʹ′ = +

ʹ′ =
ʹ′

ʹ′ = − −

	
  

The	
  solution	
  of	
  this	
  model	
  is	
  	
  

( ) ( )

( ) ( )

3 3
1

2
1 3

1 1 2 1 2

0 exp 1 exp 1 exp

0 exp 1 exp 1 exp

t f t tx t x t
k

kf f t t tx t x t
k k k k k

α τ
τ τ τ

γ
α τ

τ τ τ

τ

⎛ ⎞ʹ′ ʹ′ ʹ′ ʹ′⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞ʹ′ ʹ′ ʹ′ ʹ′ ʹ′= − + − − + − − −⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ʹ′⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠

⎛ ⎞⎛ ⎞⎛ ⎞ʹ′ ʹ′ ʹ′ ʹ′ ʹ′⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞ʹ′ ʹ′ ʹ′ ʹ′ ʹ′= − − − + − − − + − −⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ʹ′ ʹ′ ʹ′+ ⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠ ⎝ ⎠

=
1 2

1 1
k k

γ
⎛ ⎞

+⎜ ⎟ʹ′⎝ ⎠

 

and	
  for	
  long	
  stiffness	
  intervals	
  we	
  find	
  

( )

( )

3
1

1
2 1

fx t t
k

fx t t
k k

α α τ

γα
α α τ

ʹ′
ʹ′ ʹ′ ʹ′ ʹ′ ʹ′≈ + −

ʹ′

ʹ′ ʹ′
ʹ′ ʹ′ ʹ′ ʹ′ ʹ′≈ − + +

ʹ′

 

Using	
   these	
  asymptotic	
   relations	
  we	
  can	
  deduce	
   the	
  values	
  of	
   ( )3 0xʹ′ 	
   and	
   f ʹ′ 	
   immediately	
  

following	
  a	
  change	
  in	
  stiffness	
  at	
   1jt t += ,	
  let	
  us	
  call	
  these	
   ( )3 0xʹ′ʹ′ 	
  and	
   f ʹ′ʹ′ .	
  Assuming	
   !t  τ 	
  so	
  
that	
  we	
   can	
   use	
   the	
   asymptotic	
   formulas,	
  with	
   the	
   recurrence	
   formula	
   for	
   ( )f t 	
   and	
   the	
  

formula	
  for	
  τ 	
  we	
  find	
   f γαʹ′ʹ′ ʹ′= .	
  	
  We	
  can	
  also	
  easily	
  find	
  that	
   ( )3
2

0x
k
γ
αʹ′ʹ′ ʹ′= − .	
  These	
  formulas	
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can	
   be	
   used	
   to	
   give	
   the	
   final	
   complete	
   solution	
   for	
   changes	
   in	
   stiffness	
   with	
   long	
   time	
  
intervals	
  as	
  

( ) ( ) ( ) ( )1
1 1 1 1

1 1
j j

ex j

k
x t x t t t

k k t
α+ +

+

− = −
+

 

( ) ( ) ( )
11 1

11 1 1 1 1

1 1 exp j

jex j ex j ex j

t tk k
k k t k k t k k t

γ
α

τ
+

++ +

⎛ ⎞⎛ ⎞⎛ ⎞−
⎜ ⎟+ − − −⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟+ + + ⎝ ⎠⎝ ⎠⎝ ⎠

 

    

where	
  

( )1
21 1

1 1
j

ex j kk k t
τ γ+

+

⎛ ⎞
⎜ ⎟= +
⎜ ⎟+⎝ ⎠

 

The	
  increment	
  to	
  the	
  measured	
  force	
  during	
  the	
  interval	
   )1 2,j jt t+ +⎡⎣ 	
  can	
  be	
  derived	
  from	
  this	
  

relation	
   by	
  multiplying	
   by	
   ( )1ex jk t + ,	
   and	
   in	
   the	
   case	
   of	
   a	
   displacement	
   clamp,	
   taking	
   the	
  

limit	
   ( )1ex jk t + →∞ .	
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SUPPORTING	
  FIGURES	
  	
  

	
  

Figure	
  S1.	
  Contractile	
  behavior	
  of	
  single	
  cell	
  under	
  constant	
  stiffness.	
  	
  

Under	
   a	
   constant	
   extracellular	
   stiffness,	
   kex,	
   here	
  presented	
  as	
   the	
   stiffness	
  of	
   the	
  
cantilever,	
   the	
   cell	
   originally	
   accelerates	
   (decreasing	
   cell	
   height	
   and	
   increasing	
  
contractile	
   force)	
   to	
   a	
   constant	
   contraction	
   velocity	
   and	
   traction	
   rate.	
   This	
   linear	
  
regime	
  is	
  maintained	
  over	
  several	
  minutes	
  before	
  slowing.	
  We	
  consistently	
  observe	
  
this	
   linear	
   contractile	
   regime	
  whereas	
   behavior	
   upon	
   slowing	
   is	
   variable	
   ranging	
  
from	
  a	
   temporary	
  tensional	
  equilibrium	
  at	
  constant	
   force	
   to	
   the	
  cell	
  releasing	
  one	
  
surface	
  resulting	
  in	
  a	
  decrease	
  in	
  contractile	
  force	
  and	
  lengthening	
  of	
  the	
  cell.	
  Note	
  a	
  
stable	
  steady-­‐state	
   force/height	
   is	
  never	
  permanently	
  reached	
  in	
  our	
  setup	
  due	
  to	
  
the	
  motile	
  nature	
  of	
  fibroblasts.	
  All	
  stiffness	
  response	
  data	
  were	
  collected	
  from	
  the	
  
middle	
  linear	
  regime	
  of	
  contraction.	
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Figure	
  S2.	
  Same	
  trend	
  observed	
  for	
  force	
  trace	
  as	
  for	
  height	
  trace	
  upon	
  a	
  step	
  
change	
  in	
  stiffness.	
  	
  

The	
  ratio	
  of	
  the	
  slope	
  over	
  the	
  last	
  quarter	
  of	
  the	
  interval	
  to	
  the	
  slope	
  over	
  the	
  first	
  
quarter	
   of	
   the	
   interval	
   is	
   calculated	
   for	
   each	
   20-­‐second	
   stiffness	
   interval	
   for	
   the	
  
force	
  trace.	
  At	
  a	
  given	
  stiffness,	
  the	
  force	
  and	
  height	
  traces	
  are	
  directly	
  related	
  by	
  the	
  
extracellular	
   stiffness.	
  Therefore	
  by	
  definition	
  of	
   the	
   system	
  we	
  observe	
   the	
   same	
  
trend	
   as	
   seen	
   for	
   the	
   height	
   trace	
   in	
   Figure	
   2g.	
   	
   n	
   represents	
   number	
   of	
   stiffness	
  
transitions,	
  N	
   represents	
   number	
   of	
   cells,	
   and	
  box	
  plot	
   presents	
  median,	
   25th	
   and	
  
75th	
  percentile	
  and	
  10	
  and	
  90th	
  percentile	
  outliers.	
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Figure	
  S3.	
  Response	
  timescale	
  is	
  independent	
  of	
  contractile	
  force,	
  cell	
  height,	
  
force	
  rate,	
  and	
  contraction	
  velocity.	
  	
  

Response	
  time	
  was	
  not	
  statistically	
  significantly	
  correlated	
  with	
  (a)	
  cell	
  height,	
  (b)	
  
contractile	
   force,	
   (c)	
   contraction	
   velocity,	
   (d)	
   or	
   force	
   rate,	
   as	
   determined	
   by	
  
Spearman’s	
  rank	
  correlation	
  analysis	
  (p>0.2).	
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Figure	
  S4.	
  	
  Contractile	
  response	
  of	
  a	
  cell	
  to	
  changes	
  in	
  stiffness	
  in	
  the	
  presence	
  
of	
  30	
  μM	
  blebbistatin.	
  	
  

At	
  an	
  intermediate	
  dose	
  of	
  blebbistatin,	
  acto-­‐myosin	
  contraction	
  is	
  slowed,	
  but	
  the	
  
seconds	
  timescale	
  acceleration	
  upon	
  a	
  reduction	
  in	
  stiffness	
  and	
  deceleration	
  upon	
  
an	
  increase	
  in	
  stiffness	
  are	
  present.	
  However,	
  the	
  median	
  response	
  timescale	
  is	
  52%	
  
longer	
  with	
  30	
  μM	
  blebbistatin	
  than	
  for	
  the	
  control.	
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Figure	
  S5.	
  	
  Detailed	
  explanation	
  of	
  mechanical	
  model.	
  	
  

(a)	
  Cartoon	
  illustrating	
  the	
  independent	
  actuator	
  moving	
  at	
  rate	
  α	
  in	
  series	
  with	
  the	
  
standard	
   linear	
   solid	
   (SLS)	
   element	
   consisting	
   of	
   a	
   spring	
   k2	
   and	
   dashpot	
   γ	
   in	
  
parallel	
   with	
   a	
   spring	
   k1.	
   As	
   extracellular	
   stiffness	
   conditions	
   change,	
   different	
  
elements	
   of	
   the	
   SLS	
   absorb	
   the	
   sudden	
   change	
   in	
   stiffness	
   as	
   illustrated.	
   (b)	
  
Predictions	
   of	
   the	
   model	
   perfectly	
   simulate	
   the	
   observed	
   response	
   for	
   a	
   step	
  
increase	
   and	
   step	
  decrease	
   in	
   stiffness,	
   for	
   both	
   the	
   height	
   and	
   force	
   behavior,	
   as	
  
shown	
   by	
   the	
   solid	
   lines	
   labeled	
   “Total”	
   (indicating	
   whole-­‐cell	
   behavior).	
   The	
  
activity	
  of	
  individual	
  elements	
  is	
  indicated	
  by	
  dashed	
  lines.	
  For	
  the	
  height	
  trace,	
  the	
  
change	
  in	
  height	
  of	
  the	
  actuator	
  is	
  constant	
  as	
  indicated	
  by	
  the	
  linearity	
  of	
  the	
  trace	
  
marked	
  α.	
  The	
  standard	
  linear	
  solid	
  element	
  (SLS),	
  however,	
  equilibrates	
  to	
  the	
  step	
  
change	
  in	
  extracellular	
  stiffness.	
  For	
  the	
  force	
  channel,	
  the	
  individual	
  activity	
  of	
  the	
  
two	
  sides	
  of	
  the	
  SLS	
  model	
  are	
  shown:	
  the	
  lone	
  spring	
  k1	
  and	
  the	
  spring	
  and	
  dashpot	
  
in	
   series:	
   k2+γ.	
   The	
   sum	
  of	
   these	
   two	
   curves	
   yields	
   the	
   total	
   force	
   exerted	
   by	
   the	
  
whole-­‐cell.	
  The	
  roman	
  numerals	
  indicate	
  corresponding	
  time	
  points	
  in	
  (a)	
  and	
  (b).	
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Chapter	
  4.	
  	
  
	
  
Multicellular	
  architecture	
  of	
  breast	
  epithelia	
  influences	
  
mechanics	
  of	
  the	
  epithelial	
  structure	
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ABSTRACT	
  

During	
  breast	
  carcinoma	
  progression,	
  epithelial	
  cells	
  often	
  grow	
  into	
  the	
  lumen	
  and	
  form	
  a	
  
filled	
   structure.	
   Breast	
   cancers	
   are	
   often	
   stiffer	
   than	
   healthy	
   tissue,	
   and	
   breast	
   epithelial	
  
cells	
   grow	
   into	
   abnormal,	
   filled	
   structures	
   in	
   response	
   to	
   matrix	
   stiffness.	
   Cell-­‐matrix	
  
interactions	
  have	
  been	
  an	
  area	
  of	
  extensive	
  study,	
  and	
  a	
  growing	
  body	
  of	
  work	
   indicates	
  
that	
  cell-­‐matrix	
  ‘mechanosensing’	
  is	
  an	
  important	
  player	
  in	
  many	
  cellular	
  processes.	
  Recent	
  
evidence	
  suggests	
  that	
  epithelial	
  cells	
  also	
  mechanosense	
  through	
  their	
  cell-­‐cell	
  junctions,	
  
but	
  it	
  remains	
  unclear	
  how	
  this	
  interaction	
  changes	
  as	
  a	
  result	
  of	
  changes	
  to	
  multicellular	
  
structure	
  during	
  cancer	
  progression.	
  In	
  this	
  study,	
  we	
  investigated	
  the	
  role	
  of	
  multicellular	
  
structure	
   on	
   mechanical	
   properties	
   of	
   the	
   epithelial	
   subunit.	
   We	
   extracted	
   multicellular	
  
breast	
   epithelial	
   structures	
   from	
   laminin-­‐rich	
   extracellular	
   matrix	
   and	
   performed	
   creep	
  
compression	
   tests	
   on	
   the	
   structures.	
   We	
   found	
   that	
   hollow	
   (MCF10A)	
   structures	
   were	
  
significantly	
  more	
  compliant	
  than	
  filled	
  (MCF10AT)	
  ones.	
  This	
  difference	
  was	
  found	
  to	
  be	
  
dependent	
   on	
   acinar	
   structure,	
   as	
   neither	
   single	
   cells	
   nor	
  multicellular	
   structures	
   tested	
  
before	
   lumen	
   formation	
   exhibited	
   these	
   differences.	
   To	
   further	
   investigate	
   the	
   role	
   of	
  
multicellular	
   structure,	
  we	
  developed	
  a	
  multiphase	
  simulation	
   framework	
  using	
   the	
   level	
  
set	
  method	
  to	
  track	
  displacements.	
  Our	
  model	
  suggested	
  a	
  3-­‐fold	
  increase	
  in	
  stiffness	
  due	
  
to	
  the	
  lumen	
  filling	
  with	
  cells,	
  consistent	
  with	
  the	
  1.6-­‐fold	
  increase	
  observed	
  in	
  experiment.	
  
We	
   then	
   used	
   this	
   model	
   to	
   simulate	
   a	
   single	
   contracting	
   cell	
   in	
   different	
   multicellular	
  
structures.	
  Using	
  the	
  forces	
  and	
  displacements	
  from	
  this	
  single	
  cell	
  contraction	
  simulation,	
  
we	
   predicted	
   the	
   “perceived	
   stiffness”	
   of	
   a	
   single	
   contracting	
   cell	
   as	
   the	
   lumen	
   fills	
  with	
  
cells.	
  Based	
  on	
  this	
  model,	
  lumen	
  filling	
  could	
  contribute	
  approximately	
  a	
  15%	
  increase	
  in	
  
the	
  “perceived	
  stiffness”	
  of	
  a	
  single	
  contracting	
  cell	
   independent	
  of	
  any	
  changes	
  to	
  matrix	
  
mechanics.	
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INTRODUCTION	
  

Physical	
   forces	
  drive	
  many	
  multicellular	
  processes	
  such	
  as	
  morphogenesis	
  [1]	
  and	
  tumor	
  
growth	
   [2].	
  Forces	
  either	
  originate	
   from	
  cells	
   themselves,	
  or	
   can	
  be	
  applied	
  externally	
   to	
  
the	
   tissue.	
   Forces	
   transmit	
   through	
  a	
   tissue	
   to	
   single	
   cells	
   via	
  direct	
   attachment	
   to	
  other	
  
cells	
  [3],	
  adhesion	
  to	
  the	
  extracellular	
  matrix	
  (ECM)	
  [4],	
  or	
  the	
  shearing	
  force	
  of	
  fluid	
  flow	
  
[5].	
  One	
  important	
  determinant	
  of	
  this	
  force	
  transmission	
  is	
  the	
  mechanics	
  of	
  the	
  cellular	
  
microenvironment.	
   Previous	
   studies	
   extensively	
   characterized	
   the	
   structure-­‐mechanics	
  
relationship	
   in	
   ECMs	
   (for	
   example	
   [6])	
   and	
   showed	
   that	
   changes	
   to	
   ECM	
   mechanical	
  
properties	
  affect	
  active	
  cellular	
  processes	
  such	
  as	
  contraction	
  [7],	
  stem-­‐cell	
  differentiation	
  
[8],	
   and	
  growth	
   signaling	
   [9].	
   	
   In	
  mammary	
  epithelial	
   cells,	
  milk	
  production	
   requires	
   the	
  
appropriate	
   ECM	
   stiffness	
   [10].	
   At	
   the	
  multicellular	
   level,	
   disruptions	
   to	
   ECM	
  mechanics	
  
scale	
   up	
   to	
   disrupt	
   normal	
   mammary	
   epithelial	
   tissue	
   structure	
   and	
   growth	
   [11]	
   and	
  
contribute	
  to	
  malignancy	
  [12].	
  

In	
  addition	
   to	
   the	
  ECM,	
  epithelial	
   cells	
   reside	
   in	
  a	
  multicellular	
   configuration	
  where	
   they	
  
are	
  tightly	
  attached	
  to	
  several	
  other	
  cells	
  (Figure	
  1A).	
  These	
  connections	
  are	
  essential	
  for	
  
proper	
  development	
  [13,	
  14]	
  and	
  function	
  [15]	
  of	
   the	
  tissue.	
  Multicellular	
  structure	
  often	
  
changes	
  during	
  mammary	
  ductal	
  carcinoma	
  progression	
  as	
  the	
  lumen	
  fills	
  with	
  cells	
  (e.g.,	
  
ductal	
   carcinoma	
   in	
   situ	
   [16]),	
   but	
   it	
   remains	
   unclear	
   how	
   these	
   structural	
   changes	
   are	
  
associated	
  with	
  changes	
  in	
  multicellular	
  mechanics	
  or	
  cell-­‐cell	
  forces.	
  Epithelial	
  cells	
  have	
  
been	
   shown	
   to	
  mechanosense	
   through	
   their	
   cell-­‐cell	
   contacts	
   [17],	
   and	
   increases	
   in	
   cell-­‐
ECM	
   forces	
   have	
   been	
   correlated	
   to	
   increases	
   in	
   cell-­‐cell	
   forces	
   using	
   traction	
   force	
  
microscopy	
   [3].	
   Taken	
   together,	
   these	
   data	
   suggest	
   that	
   nanonewton	
   scale	
   forces	
   play	
  
essential	
   roles	
   in	
   cancer	
   and	
   development,	
   but	
   we	
   do	
   not	
   know	
   whether	
   multicellular	
  
architectural	
  changes	
  like	
  lumen	
  filling	
  contribute	
  to	
  changes	
  in	
  cellular	
  mechanosensing.	
  

Single	
   cell	
   experiments	
   suggest	
   a	
   mechanical	
   difference	
   between	
   non-­‐malignant	
   and	
  
malignant	
  mammary	
  epithelial	
  cells	
  spread	
  on	
  a	
  glass	
  surface	
  [18],	
  but	
  we	
  do	
  not	
  yet	
  fully	
  
understand	
   the	
   roles	
   of	
  multicellularity	
   and	
   biologically-­‐relevant	
   ECM	
   on	
   cell	
   and	
   tissue	
  
mechanics.	
   Multicellular	
   atomic	
   force	
   microscope	
   (AFM)	
   experiments	
   characterized	
   the	
  
elasticity	
  of	
  healthy	
  mouse	
  mammary	
  organoids	
  on	
  a	
   laminin-­‐rich	
  ECM	
  gel	
  [10].	
  Recently	
  
micropipette	
  aspiration	
  has	
  been	
  used	
  to	
  apply	
  step	
  forces	
  to	
  multicellular	
  structures	
  and	
  
study	
  their	
  time-­‐dependent	
  response.	
  Xenopus	
  laevis	
  embryonic	
  tissue	
  behaves	
  in	
  a	
  linear	
  
viscoelastic	
  fashion	
  [19]	
  while	
  murine	
  sarcoma	
  model	
  tissues	
  behave	
  like	
  a	
  string	
  of	
  Kelvin-­‐
Voigt	
   elements	
   [20].	
  However,	
   an	
   investigation	
  of	
   how	
  multicellular	
  mechanics	
   differs	
   in	
  
phenotypically	
  normal	
  (hollow	
  lumen)	
  and	
  pre-­‐malignant	
  (filled	
   lumen)	
  epithelia	
  has	
  not	
  
been	
  performed.	
  

To	
   investigate	
   differences	
   in	
   the	
  mechanics	
   of	
   phenotypically	
   normal	
   and	
   pre-­‐malignant	
  
structures,	
   we	
   carried	
   out	
   in	
   situ	
   experiments	
   using	
   MCF10A	
   (non-­‐malignant)	
   and	
  
MCF10AT	
  (pre-­‐malignant)	
  mammary	
  epithelial	
  cells.	
  We	
  cultured	
  MCF10A	
  and	
  MCF10AT	
  
cells	
   long-­‐term	
   embedded	
  within	
   a	
   laminin-­‐rich	
   ECM,	
   extracted	
  multicellular	
   structures,	
  
and	
   performed	
   creep	
   compression	
   tests	
   using	
   an	
   AFM	
   (Figure	
   1B).	
   The	
   filled	
   structures	
  
formed	
  by	
  MCF10AT	
  cells	
  were	
   less	
  compliant	
  (stiffer)	
   than	
  hollow	
  structures	
   formed	
  by	
  
MCF10A	
  cells.	
  To	
  study	
  how	
  changes	
  in	
  multicellular	
  structure	
  influence	
  bulk	
  multicellular	
  
elasticity,	
   we	
   developed	
   a	
   three-­‐dimensional	
   mechanical	
   simulation	
   of	
   an	
   acinus	
   and	
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calibrated	
  it	
  using	
  our	
  experimental	
  creep	
  data.	
  Our	
  simulation	
  predicts	
  that	
  lumen	
  filling	
  
would	
   lead	
   to	
   decreased	
   compliance	
   consistent	
   with	
   the	
   experimental	
   results.	
   Further	
  
simulations	
   of	
   single	
   cell	
   contraction	
   within	
   a	
   hollow	
   or	
   filled	
   structure	
   predict	
  
approximately	
   a	
   15%	
   increase	
   in	
   perceived	
   stiffness	
   of	
   single	
   cells	
   in	
   a	
   filled	
   structure,	
  
suggesting	
   an	
   architectural	
   reinforcement	
   of	
   the	
   stiffening,	
   possibly	
   amplifying	
   the	
  
tumorigenic	
  mechanical	
  signaling.	
  

RESULTS	
  

Healthy	
   and	
   pre-­‐malignant	
   epithelial	
   structures	
   have	
   different	
   mechanical	
  
properties	
  

We	
  measured	
   the	
  mechanics	
  of	
  healthy	
  and	
  pre-­‐malignant	
  epithelial	
   structures	
  using	
   the	
  
MCF10A	
  and	
  MCF10AT	
  model	
  system.	
  MCF10A	
  cells	
  are	
  a	
  human-­‐derived	
  breast	
  epithelial	
  
cell	
   line	
   [21].	
  When	
  embedded	
   in	
   laminin-­‐rich	
  ECM,	
  MCF10A	
  single	
  cells	
  grow	
   into	
   large,	
  
structures	
  with	
  lumens	
  after	
  a	
  period	
  of	
  2-­‐3	
  weeks	
  (Figure	
  2A,	
  [22]).	
  In	
  contrast,	
  c-­‐Ha-­‐Ras	
  
transformed	
  MCF10AT	
  cells	
   [23]	
  do	
  not	
   form	
   lumens	
   (Figure	
  2B,	
   [24]).	
  The	
  MCF10A	
  cell	
  
line	
  has	
  been	
  used	
   to	
  demonstrate	
  mechanical	
   sensitivity	
   of	
   breast	
   epithelial	
   cells	
   in	
   the	
  
context	
  of	
  acinar	
  morphogenesis	
  [11]	
  and	
  growth	
  factor	
  sensitivity	
  [9].	
  

Because	
  mechanosensitive	
  breast	
  epithelial	
  cells	
   form	
  filled	
   lumen	
  structures	
   in	
  response	
  
to	
  both	
  genetic	
  mutations	
   [24]	
  and	
   increased	
  matrix	
   stiffness	
   [11],	
  we	
  hypothesized	
   that	
  
healthy	
   and	
   pre-­‐malignant	
   structures	
   could	
   have	
   different	
  mechanical	
   properties,	
   which	
  
might	
  provide	
  a	
  mechanical	
   reinforcement	
  of	
  pre-­‐malignancy.	
  Given	
  recent	
  evidence	
   that	
  
cell-­‐cell	
   junctions	
   are	
   mechanosensitive	
   [17],	
   the	
   mechanics	
   of	
   the	
   whole	
   multicellular	
  
structure	
   could	
   play	
   an	
   important	
   role	
   in	
   tumor	
   formation.	
  We	
   developed	
   an	
   extraction	
  
protocol	
   that	
   allowed	
   us	
   to	
   extract	
   cells	
   from	
   a	
   laminin-­‐rich	
   ECM	
   without	
   protease	
  
digestion,	
  allowing	
  us	
  to	
  extract	
  cells	
  and	
  colonies	
  without	
  cleaving	
  structurally	
  important	
  
proteins	
  such	
  as	
   integrins	
  and	
  cadherins	
  (Figure	
  1B).	
  Using	
  a	
  parallel	
  plate	
  geometry,	
  we	
  
applied	
  step	
  loads	
  on	
  the	
  order	
  of	
  10-­‐50	
  nN	
  to	
  isolated	
  colonies,	
  and	
  used	
  force-­‐feedback	
  
control	
   to	
  maintain	
   a	
   given	
   load	
  while	
   recording	
   colony	
   deformation	
   (Figure	
   S1B).	
   Both	
  
MCF10A	
   and	
   MCF10AT	
   colonies	
   exhibited	
   large	
   initial	
   displacements	
   followed	
   by	
  
continuous	
  creep	
  (Figure	
  2C).	
  However,	
  their	
  responses	
  were	
  markedly	
  different	
  from	
  each	
  
other.	
   Pre-­‐malignant	
   MCF10AT	
   colonies,	
   given	
   the	
   same	
   environmental	
   conditions	
   and	
  
time	
  to	
  grow,	
  were	
  significantly	
  stiffer	
  than	
  phenotypically	
  normal	
  MCF10A	
  colonies	
  (two-­‐
sided	
  t-­‐test,	
  p=5.5x10-­‐5).	
  

The	
   difference	
   in	
   compliance	
   between	
   MCF10A	
   and	
   pre-­‐malignant	
   MCF10AT	
   colonies	
  
could	
  primarily	
  be	
  due	
  to	
  three	
  different	
  factors	
  (Figure	
  2D):	
  (1)	
  single	
  cell	
  mechanics,	
  (2)	
  
cell-­‐cell	
  connection	
  strength,	
  or	
  (3)	
  changes	
  in	
  multicellular	
  structure.	
  To	
  test	
  single	
  cells,	
  
we	
   embedded	
  MCF10A	
   and	
  MCF10AT	
   cells	
   in	
   laminin-­‐rich	
   ECM	
   as	
   before,	
   but	
   extracted	
  
them	
  after	
  12	
  hours	
  for	
  creep	
  compression	
  tests.	
  MCF10AT	
  single	
  cells	
  were	
  not	
  noticeably	
  
stiffer	
  than	
  MCF10A	
  single	
  cells	
  (one-­‐sided	
  t-­‐test,	
  p=0.329),	
  suggesting	
  that	
  the	
   increased	
  
stiffness	
  observed	
  for	
  pre-­‐malignant	
  colonies	
  does	
  not	
  result	
  from	
  stiffer	
  cells	
  (Figure	
  3A).	
  
To	
  test	
  cell-­‐cell	
  connectivity,	
  we	
  extracted	
  MCF10A	
  and	
  MCF10AT	
  colonies	
  after	
  6-­‐8	
  days	
  of	
  
growth.	
  As	
  suggested	
  by	
  previous	
  literature	
  [22],	
  6-­‐8	
  day-­‐old	
  MCF10A	
  colonies	
  did	
  not	
  yet	
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have	
   lumens	
   (i.e.	
   colonies	
   were	
   filled	
   structures,	
   Figure	
   S2).	
   When	
   healthy	
   and	
   pre-­‐
malignant	
   colonies	
   had	
   the	
   same	
  multicellular	
   structure,	
  MCF10AT	
  were	
   once	
   again	
   not	
  
distinguishably	
   stiffer	
   than	
   MCF10A	
   colonies	
   (Figure	
   3B,	
   p=0.963).	
   Changes	
   in	
   cell-­‐cell	
  
connectivity	
  would	
  be	
  present	
  at	
  the	
  6-­‐8	
  day	
  time	
  point,	
  suggesting	
  that	
  neither	
  single	
  cell	
  
mechanics	
  nor	
  cell	
  connectivity	
  accounted	
  for	
  the	
  increased	
  stiffness	
  observed	
  in	
  “mature”	
  
pre-­‐malignant	
  colonies.	
  Notably,	
  both	
  of	
  the	
  6-­‐8	
  day	
  “filled”	
  colonies	
  (Figure	
  3B)	
  exhibited	
  
similar	
   creep	
   response	
   to	
   “mature”	
   MCF10AT	
   colonies	
   (Figure	
   2C).	
   This	
   suggested	
   that	
  
lumen	
  formation	
  significantly	
  decreased	
  the	
  stiffness	
  of	
  the	
  colony.	
  

Predicted	
  mechanical	
  property	
  changes	
  due	
  to	
  structural	
  differences	
  are	
  consistent	
  
with	
  measurements	
  

As	
  creep	
  response	
  of	
  MCF10A	
  and	
  MCF10AT	
  were	
  only	
  different	
  upon	
  lumen	
  formation,	
  we	
  
developed	
  a	
  computational	
  model	
  to	
  investigate	
  how	
  differences	
  in	
  multicellular	
  structure	
  
could	
   affect	
   the	
  mechanical	
   properties	
   of	
   the	
   colonies.	
   Constitutive	
  modeling	
   of	
   cells	
   has	
  
been	
   previously	
   considered	
   by	
   a	
   number	
   of	
   authors.	
   Some	
   of	
   the	
  most	
   detailed	
  models	
  
made	
  use	
  of	
  a	
  biphasic	
  approach,	
   in	
  which	
  the	
  cell	
  cytosol	
  was	
  modeled	
  as	
  having	
  both	
  a	
  
solid	
  phase	
  and	
  a	
   fluid	
  phase	
   that	
   interact	
   [25,	
  26,	
  27,	
  28].	
   Similar	
  approaches	
  have	
  also	
  
been	
   extensively	
   used	
   to	
   model	
   collagen	
   networks	
   [25,	
   29].	
   However,	
   because	
   our	
  
measurements	
   were	
   on	
   the	
   multicellular	
   scale	
   and	
   probed	
   relatively	
   small	
   strains,	
   we	
  
adopted	
  a	
  simpler	
  modeling	
  approach,	
  whereby	
  the	
  acinus	
  was	
  modeled	
  using	
  the	
  level	
  set	
  
method	
  [30]	
  as	
  an	
  incompressible	
  linear	
  viscoelastic	
  solid	
  immersed	
  in	
  an	
  incompressible	
  
fluid	
  (see	
  Simulation	
  Development).	
  	
  

Within	
  this	
  simulation	
  framework,	
  there	
  is	
  a	
  clear	
  correspondence	
  between	
  the	
  simulation	
  
parameters	
  and	
  the	
  experimental	
  measurements.	
  Using	
  a	
  system	
  identification	
  method,	
  we	
  
fit	
  a	
  standard	
  linear	
  solid	
  (SLS)	
  model	
  to	
  our	
  single-­‐cell	
  experimental	
  data	
  and	
  converted	
  
these	
  results	
  into	
  simulation	
  parameters	
  (see	
  Simulation	
  Development).	
  To	
  investigate	
  the	
  
effects	
  of	
  multicellular	
  structure	
  alone,	
  we	
  created	
  hollow	
  and	
  filled	
  models	
  using	
  identical	
  
material	
  properties,	
  with	
  structure	
  being	
  the	
  only	
  difference	
  between	
  the	
  two.	
  Our	
  model	
  
predicted	
  approximately	
  a	
  3-­‐fold	
  increase	
  in	
  compliance	
  for	
  a	
  hollow	
  structure	
  (Figure	
  3C).	
  
This	
   is	
   on	
   the	
   same	
   scale	
   as	
   the	
   1.6-­‐fold	
   increase	
   observed	
   in	
   experiments	
   (Figure	
   2C),	
  
suggesting	
   that	
   multicellular	
   structure	
   could	
   be	
   an	
   important	
   determinant	
   of	
   the	
  
mechanical	
  properties	
  of	
  breast	
  epithelial	
  cell	
  subunits.	
  

Multicellular	
   structure	
   could	
   affect	
   perceived	
   mechanical	
   microenvironment	
  
independent	
  of	
  material	
  properties	
  

If	
  multicellular	
  structure	
  affects	
  the	
  mechanical	
  response	
  of	
  epithelial	
  subunits,	
  individual	
  
cells	
   could	
   mechanically	
   sense	
   these	
   differences	
   in	
   structure.	
   Epithelial	
   cells	
   have	
   been	
  
shown	
   to	
  mechanosense	
   through	
   cadherin	
   junctions	
   [17],	
   and	
   disrupting	
   these	
   cadherin	
  
junctions	
   causes	
   formation	
   of	
   a	
   disorganized,	
   filled	
   structure	
   [13].	
   Here,	
   we	
   consider	
   a	
  
simple	
  case	
  corresponding	
  to	
  when	
  a	
  cell	
  undergoes	
  a	
  very	
  small	
  isotropic	
  contraction,	
  due	
  
to	
   a	
   small	
   amount	
   of	
   fluid	
   flow	
   across	
   the	
   cell	
   boundary.	
   Considering	
   the	
   cell	
   as	
   a	
   small	
  
control	
   volume	
   within	
   the	
   multicellular	
   structure,	
   we	
   can	
   apply	
   small	
   changes	
   to	
   this	
  
control	
  volume	
  as	
  a	
  simple	
  model	
  of	
  cellular	
  contraction.	
  Using	
  our	
  multiphase	
  simulation,	
  
we	
  can	
  model	
  contraction	
  and	
  predict	
  the	
  force-­‐displacement	
  response	
  of	
  the	
  surrounding	
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structure.	
  With	
   this	
  prediction,	
  we	
  can	
  calculate	
  a	
   “perceived	
  stiffness”	
   for	
   the	
  cell	
  based	
  
only	
  on	
  the	
  surrounding	
  cells	
  (see	
  Simulation	
  Development).	
  We	
  simulated	
  single	
  cells	
  on	
  
the	
  edges	
  of	
  both	
  hollow	
  and	
  filled	
  structures	
  (Figure	
  4	
  A-­‐B),	
  and	
  predict	
  approximately	
  a	
  
15%	
  increase	
  in	
  “perceived	
  stiffness”	
  due	
  to	
  lumen	
  filling	
  alone.	
  

DISCUSSION	
  

We	
   investigated	
   changes	
   to	
  mechanical	
   properties	
   of	
   a	
   breast	
   epithelial	
   structure	
  during	
  
lumen	
   filling.	
   Our	
   data	
   indicate	
   that	
   the	
   filling	
   of	
   the	
   lumen	
   leads	
   to	
   about	
   a	
   1.6-­‐fold	
  
decrease	
   in	
   short-­‐timescale	
   creep	
   compliance	
   (i.e.	
   increased	
   stiffness).	
  We	
   observed	
   this	
  
difference	
   despite	
   single	
   MCF10A	
   and	
   MCF10AT	
   cells	
   having	
   very	
   similar	
   mechanical	
  
properties,	
  and	
  multicellular	
  structures	
  pre-­‐lumen	
  formation	
  not	
  being	
  detectably	
  different	
  
from	
   each	
   other.	
   From	
   these	
   data,	
   we	
   concluded	
   that	
   the	
   arrangement	
   of	
   cells	
   in	
   the	
  
epithelial	
  subunit	
  could	
  affect	
  the	
  mechanical	
  properties	
  of	
  the	
  structure	
  itself.	
  

Our	
  results	
  highlight	
  a	
  key	
  role	
  for	
  tissue	
  structure	
  in	
  the	
  mechanosensing	
  at	
  the	
  single	
  cell	
  
level.	
  Considering	
  that	
  a	
  two-­‐fold	
  increase	
  in	
  matrix	
  stiffness	
  leads	
  to	
  lumen	
  filling	
  [11],	
  a	
  
15%	
   increase	
   in	
   perceived	
   stiffness	
   due	
   to	
   multicellular	
   structure	
   alone	
   could	
   be	
   a	
  
potentially	
  significant	
  step	
  towards	
  loss	
  of	
  structure	
  and	
  function	
  in	
  the	
  mammary	
  gland.	
  In	
  
humans,	
  many	
  –	
  but	
  not	
  all	
   –	
   filled-­‐lumen	
  structures	
  progress	
   to	
   form	
  malignant	
   tumors	
  
[16].	
  As	
  increased	
  matrix	
  stiffness	
  drives	
  the	
  malignant	
  phenotype	
  through	
  a	
  contraction-­‐
mediated	
  process	
  [11],	
  a	
  15%	
  increase	
  in	
  perceived	
  stiffness	
  could	
  further	
  destabilize	
  the	
  
equilibrium	
  of	
  a	
  multicellular	
  structure.	
  Increased	
  perceived	
  stiffness	
  could	
  lead	
  to	
  a	
  loss	
  of	
  
contact	
  inhibition	
  [9]	
  and	
  eventually	
  promote	
  tumor	
  progression	
  [12]	
  and	
  invasion	
  into	
  the	
  
surrounding	
  environment	
  [31].	
  

In	
  order	
  for	
  this	
  type	
  of	
  mechanical	
  difference	
  to	
  be	
  biologically	
  significant,	
  individual	
  cells	
  
would	
  have	
  to	
  be	
  capable	
  of	
  mechanosensing	
  through	
  cadherins	
  or	
  other	
  cell-­‐cell	
  junctions.	
  
A	
   growing	
   body	
   of	
   evidence	
   suggests	
   that	
   cells	
   can	
   sense	
   mechanical	
   forces	
   through	
  
cadherins.	
   For	
   example,	
   vinculin	
   localizes	
   to	
   E-­‐cadherin	
   when	
   cells	
   are	
   pulled	
   with	
  
cadherin-­‐coated	
  beads	
  [17],	
  similar	
  to	
  behavior	
  observed	
  with	
  integrins	
  [32].	
  Interestingly,	
  
cadherins	
   also	
   play	
   an	
   important	
   role	
   in	
  morphogenesis	
   and	
   tumor	
   growth.	
   Blocking	
   E-­‐
cadherin	
   function	
   in	
   non-­‐malignant	
   breast	
   epithelial	
   cells	
   leads	
   to	
   disorganized,	
   non-­‐
polarized	
  structures	
  [13].	
  This	
  has	
  been	
  previously	
  shown	
  to	
  affect	
  mechanical	
  phenomena	
  
such	
   as	
   coherent	
   rotation	
   in	
   breast	
   epithelia	
   [1].	
   The	
   molecular	
   mechanisms	
   behind	
  
cadherin-­‐based	
  mechanosensing	
  are	
  still	
  under	
  investigation,	
  and	
  the	
  techniques	
  described	
  
here	
  provide	
  additional	
  tools	
  to	
  study	
  this	
  process.	
  

SIMULATION	
  DEVELOPMENT	
  

Development	
  of	
  simulation	
  framework	
  

The	
  simulations	
  are	
  carried	
  out	
  within	
  a	
  cube,	
  using	
  a	
  right-­‐handed	
  coordinate	
  system	
  in	
  
which	
   the	
  z-­‐axis	
  points	
  upwards	
   (Figure	
  S3A).	
  The	
  cube	
   is	
   filled	
  with	
  a	
  background	
   fluid	
  
that	
  is	
  modeled	
  using	
  the	
  Navier-­‐Stokes	
  equations	
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with	
  the	
  incompressibility	
  constraint	
  

	
  

where	
  u	
  is	
  the	
  fluid	
  velocity,	
  ρ	
  is	
  the	
  density	
  of	
  the	
  fluid,	
  p	
  is	
  the	
  fluid	
  pressure,	
  and	
  ν	
  is	
  the	
  
fluid	
   viscosity.	
   For	
   the	
   small	
   length	
   scales	
   considered,	
   the	
   term	
   (u�∇)u	
   corresponding	
   to	
  
the	
   fluid	
   inertia	
   is	
   negligible.	
   This	
   system	
   of	
   equations	
   is	
   simulated	
   using	
   the	
   finite-­‐
difference	
   method	
   on	
   a	
   fixed	
   rectangular	
   grid,	
   with	
   the	
   incompressibility	
   constraint	
  
imposed	
  via	
  a	
  finite-­‐element	
  projection	
  step	
  [33,	
  34].	
  

The	
   acinus	
   is	
  modeled	
   using	
   the	
   level	
   set	
  method	
   [30],	
  which	
   is	
  well-­‐suited	
   for	
   tracking	
  
deforming	
  boundaries	
  on	
  a	
   fixed	
   rectangular	
  grid.	
  Within	
   the	
  acinus,	
   the	
  velocity	
   follows	
  
the	
  equation	
  

	
  

where	
  σ	
   is	
  an	
  elastic	
   stress	
   tensor,	
  and	
  ς	
   is	
  a	
  viscoelastic	
   stress	
   tensor.	
  Here,	
  we	
  assume	
  
that	
  the	
  density	
  and	
  viscosity	
  of	
  the	
  acinus	
  is	
  the	
  same	
  as	
  the	
  fluid.	
  Since	
  we	
  are	
  interested	
  
in	
  quasi-­‐static	
  behavior,	
   the	
  viscosity	
  will	
  not	
  play	
  a	
   significant	
   role,	
   and	
   since	
  gravity	
   in	
  
negligible	
  at	
  the	
  small	
  scales	
  considered,	
  the	
  relative	
  difference	
  in	
  density	
  will	
  have	
  only	
  a	
  
limited	
  effect.	
  

Since	
  the	
  material	
  is	
  incompressible,	
  there	
  is	
  no	
  notion	
  of	
  a	
  bulk	
  modulus	
  due	
  to	
  volumetric	
  
deformations,	
  and	
  σ	
  and	
  ς	
  are	
  therefore	
  traceless.	
  For	
  small	
  strains,	
  the	
  two	
  tensors	
  can	
  be	
  
updated	
  using	
  the	
  equations	
  

	
  

where	
  the	
  derivative	
  D	
  incorporates	
  advection	
  and	
  tensor	
  spin	
  components,	
  and	
  D = (∇u +
∇u )/2	
   is	
  the	
  rate-­‐of-­‐deformation	
  tensor.	
  Here	
  μ0	
  and	
  μ1	
  are	
  the	
  elastic	
  and	
  viscoelastic	
  
shear	
  moduli	
  respectively,	
  and	
  λ	
  is	
  a	
  viscoelastic	
  damping	
  parameter.	
  Equation	
  2	
  has	
  a	
  very	
  
similar	
   form	
   to	
   the	
   SLS	
   model,	
   and	
   is	
   a	
   natural	
   three-­‐dimensional	
   extension,	
   with	
   the	
  
parameters	
  μ0,	
  μ1,	
  and	
  λ	
  being	
  analogous	
  to	
  k0,	
  k1,	
  and	
  η	
   from	
  a	
  SLS	
  1-­‐dimensional	
   linear	
  
viscoelastic	
  model.	
  

To	
   inform	
  the	
  simulation	
  with	
  properties	
  based	
  on	
  our	
  measurements,	
  we	
  used	
  a	
  system	
  
identification	
   method	
   to	
   fit	
   our	
   creep	
   data	
   to	
   the	
   SLS	
   model.	
   This	
   model	
   (Figure	
   S4A)	
  
consists	
  of	
  a	
  spring	
  (k1)	
  in	
  parallel	
  with	
  a	
  spring-­‐dashpot	
  (k0,	
  η).	
  As	
  a	
  check,	
  the	
  parameters	
  
obtained	
   from	
   this	
   model	
   (Figure	
   S4B-­‐D)	
   are	
   qualitatively	
   consistent	
   with	
   the	
   data	
  
presented	
   in	
   Figures	
   2	
   and	
   3.	
  While	
   other	
  models	
  may	
   also	
   fit	
   our	
   data,	
  we	
   use	
   the	
   SLS	
  
model	
   here	
   simply	
   to	
   inform	
   our	
   simulation	
   with	
   a	
   set	
   of	
   reasonable	
   mechanical	
  
parameters.	
  

⇢
@u

@t
+ ⇢(u · r)u = −rp+ ⌫r2

u

r · u = 0 [1]

⇢
@u

@t
+ ⇢(u · r)u = −rp+ ⌫r2

u+r · σ +r · &.

Dσ

Dt
= 2µ0D,

D&

Dt
= 2µ1D− 2λ& [2]



	
   68	
  

To	
   carry	
   out	
   the	
   compression	
   of	
   an	
   acinus,	
   a	
   horizontal	
   plate	
   is	
   introduced	
   into	
   the	
  
simulation	
  that	
  is	
  free	
  to	
  move	
  in	
  the	
  vertical	
  direction,	
  onto	
  which	
  a	
  constant	
  downward	
  
force	
  of	
  Fp	
  is	
  applied.	
  As	
  it	
  comes	
  into	
  contact	
  with	
  the	
  acinus,	
  it	
  exerts	
  a	
  force	
  on	
  the	
  acinus	
  
causing	
   it	
   to	
   deform,	
   until	
   it	
   reaches	
   equilibrium.	
   Figures	
   S3C	
   and	
   S3D	
   show	
   typical	
  
snapshots	
  of	
  the	
  simulation	
  for	
  a	
  sphere	
  to	
  model	
  the	
  MCF10AT	
  geometry,	
  and	
  a	
  spherical	
  
shell	
   to	
  model	
   the	
  MCF10A	
   geometry.	
   In	
   Figure	
   S3D,	
   four	
   small	
   tubes	
   are	
   placed	
   in	
   the	
  
acinus,	
  since	
  the	
  acini	
  in	
  experiments	
  are	
  assumed	
  not	
  to	
  be	
  watertight,	
  and	
  allowing	
  fluid	
  
to	
  flow	
  out	
  of	
  the	
  lumen	
  can	
  affect	
  the	
  mechanical	
  response.	
  However,	
  simulations	
  using	
  a	
  
watertight	
  central	
  cavity	
  were	
  also	
  carried	
  out.	
  

Using	
   the	
   simulation	
   to	
  quantify	
   the	
  effects	
  of	
  geometry	
   is	
   simplified	
  by	
   the	
   fact	
   that	
   the	
  
mechanical	
   model	
   is	
   linear,	
   and	
   that	
   the	
   time	
   scale	
   for	
   the	
   acinus	
   to	
   reach	
   quasistatic	
  
equilibrium,	
   t ,	
   is	
   much	
   smaller	
   than	
   the	
   viscoelastic	
   relaxation	
   time	
   scale	
   τ.	
   Since	
   the	
  
model	
  is	
  linear,	
  if	
  the	
  elastic	
  modulus	
  is	
  scaled	
  by	
  a	
  factor	
  α,	
  then	
  the	
  force	
  response	
  for	
  a	
  
given,	
   fixed	
   displacement	
   will	
   be	
   scaled	
   by	
   α	
   also.	
   Over	
   an	
   intermediate	
   time	
   t ,	
   where	
  
t ≪ t ≪ τ,	
  the	
  effective	
  elastic	
  modulus	
  is	
  given	
  by	
  µμ + µμ ,	
  whereas	
  over	
  a	
  much	
  longer	
  
time	
  t 	
  where	
  τ ≪ t ,	
  the	
  effective	
  elastic	
  modulus	
  is	
  given	
  by	
  µμ .	
  The	
  force	
  response	
  at	
  t 	
  
will	
   therefore	
   be	
   equal	
   the	
   force	
   response	
   at	
   t 	
   but	
   scaled	
   by	
   a	
   factor	
   of	
   µμ /(µμ + µμ ).	
  
Because	
  of	
  this,	
  it	
  is	
  possible	
  to	
  focus	
  on	
  simulations	
  using	
  elasticity	
  only,	
  setting	
  µμ = λ =
0.	
   By	
   carrying	
   out	
   severalsimulations	
   with	
   different	
   displacements,	
   a	
   constant	
   G	
  
representing	
  a	
  geometrical	
  scaling	
  factor	
  can	
  be	
  obtained,	
  so	
  that	
  K = Gµμ .	
  By	
  the	
  above	
  
argument,	
  it	
  must	
  also	
  be	
  true	
  that	
   K + K = G(µμ + µμ )	
  and	
  thus	
  K = Gµμ .	
  

The	
   simulations	
   are	
   carried	
   out	
   in	
   dimensionless	
   units	
   that	
   are	
   differentiated	
   from	
   their	
  
physical	
   counterparts	
   by	
   writing	
   them	
   with	
   a	
   tilde.	
   To	
   connect	
   the	
   simulations	
   to	
  
experiments,	
   a	
  mass	
   scale	
  M,	
   length	
   scale	
   L,	
   and	
   time	
   scale	
   T	
  must	
   be	
   introduced,	
   after	
  
which	
   any	
   simulation	
   quantity	
   can	
   be	
   related	
   to	
   a	
   physical	
   value	
   by	
  multiplying	
   by	
   the	
  
appropriate	
  scales.	
  The	
  simulation	
  cube	
  has	
  side	
  length	
  3,	
  the	
  acinus	
  has	
  radius	
  1.1,	
  and	
  the	
  
fluid	
  has	
  unit	
  density	
  ρ = 1.	
  In	
  the	
  MCF10A	
  simulations,	
  the	
  shell	
  has	
  thickness	
  0.4,	
  which	
  
was	
   chosen	
   based	
   on	
   the	
   confocal	
   microscope	
   images	
   in	
   Figure	
   2.	
   To	
   model	
   a	
   55	
   μm	
  
diameter	
  acinus,	
  a	
   length	
  scale	
  of	
  L=25	
  is	
  chosen,	
  and	
  by	
  assuming	
  the	
  density	
  is	
  close	
  to	
  
that	
  of	
  pure	
  water,	
  so	
  that	
  ρ = 10 ,	
  then	
  the	
  mass	
  scale	
  must	
  be	
  

M = 10 ×L = 1.56×10 .	
  

For	
  each	
  acinus	
  geometry,	
  simulations	
  over	
  a	
  range	
  of	
  plate	
  forces	
  were	
  carried	
  out,	
  using	
  
µμ = 1	
   and	
  µμ = λ = 0.	
  For	
  each	
  simulation,	
   the	
  change	
   in	
  height	
  of	
   the	
  acinus	
  once	
   it	
  has	
  
reached	
   equilibrium	
   is	
   recorded.	
   By	
   carrying	
   out	
   a	
   linear	
   fit	
   of	
   the	
   height	
   changes	
  with	
  
respect	
   to	
   the	
   plate	
   force,	
   a	
   spring	
   constant	
  K 	
   can	
   be	
   calculated.	
   To	
   estimate	
   the	
   shear	
  
modulus	
   of	
   the	
   acinus,	
   the	
   value	
   of	
  K = 0.0193	
   for	
   the	
   solid	
   sphere	
   is	
   compared	
   to	
   the	
  
value	
  K = 0.018	
  from	
  experiment.	
  Since	
  

K =
K T
M 	
  

it	
  follows	
  that	
  the	
  time	
  scale	
  is	
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T = = 3.35×10 .	
  

Hence	
  the	
  shear	
  modulus	
  is	
  

µμ = = 557.	
  

For	
   an	
   incompressible	
   material	
   where	
   the	
   Poisson	
   ratio	
   is	
   0.5,	
   the	
   Young’s	
   modulus	
   is	
  
E = 3µμ = 1670.	
  With	
  the	
  physical	
  scales	
  now	
  calibrated,	
  the	
  simulation	
  data	
  of	
  plate	
  force	
  
against	
  height	
  change	
  can	
  now	
  be	
  plotted	
  in	
  physical	
  units	
  as	
  in	
  Figure	
  3C.	
  This	
  figure	
  gives	
  
a	
  value	
  of	
  K 	
  for	
  the	
  MCF10A	
  acinus	
  as	
  0.0055.	
  The	
  three-­‐fold	
  difference	
  is	
  roughly	
  similar	
  
to	
  the	
  differences	
  in	
  the	
  1.6-­‐fold	
  difference	
  in	
  experimental	
  measures	
  for	
  K ,	
  and	
  thus	
  it	
  is	
  
consistent	
  that	
  the	
  differences	
  could	
  be	
  explained	
  by	
  geometry.	
  

Figures	
  S3A	
  and	
  S3B	
  show	
  plots	
  of	
  pressure	
  in	
  a	
  vertical	
  cross-­‐section	
  through	
  the	
  hollow	
  
and	
  filled	
  acini.	
  As	
  would	
  be	
  expected,	
  regions	
  of	
  higher	
  pressure	
  are	
  visible	
  at	
  the	
  locations	
  
where	
   the	
   plate	
   and	
   bottom	
   surface	
  make	
   contact.	
   However,	
   in	
   the	
   hollow	
   simulation,	
   a	
  
region	
   of	
   negative	
   pressure	
   is	
   also	
   visible,	
   as	
   the	
   interior	
   part	
   of	
   the	
   shell	
   is	
   stretched	
  
during	
  the	
  deformation.	
  

Simulations	
  of	
  perceived	
  stiffness	
  

Suppose	
  first	
  that	
  a	
  single	
  cell	
  is	
  centered	
  at	
  the	
  origin	
  in	
  three-­‐dimensional	
  material	
  that	
  is	
  
incompressible	
  with	
  Young's	
  modulus,	
  E,	
  which	
  initially	
  has	
  no	
  stress	
  within	
  it.	
  A	
  spherical	
  
region	
  S	
  centered	
  on	
  the	
  origin	
  with	
  radius	
  R	
  can	
  be	
   introduced,	
  where	
  R	
   is	
  chosen	
  to	
  be	
  
large	
  enough	
  to	
  enclose	
  the	
  cell.	
  Suppose	
  that	
  the	
  cell's	
  volume	
  decreases	
  by	
  a	
  very	
  small	
  
amount	
   V.	
   If	
   the	
   radial	
   symmetry	
   is	
   assumed,	
   then	
   it	
   can	
   be	
   analytically	
   derived	
  
(Supplemental	
  Information)	
  that	
  the	
  components	
  of	
  the	
  stress	
  tensor	
  σ	
  can	
  be	
  expressed	
  in	
  
spherical	
  coordinates	
  (r,	
  θ,	
  ϕ)	
  as	
  

	
  

The	
  total	
   force	
  exerted	
  on	
  the	
  spherical	
  region	
  can	
  therefore	
  be	
  calculated	
  by	
   integrating	
  
the	
  radial	
  coordinate	
  of	
  the	
  stress	
  tensor	
  over	
  the	
  surface	
  of	
  sphere	
  ϕS	
  to	
  obtain	
  

	
  

It	
  therefore	
  follows	
  that	
  force	
  exerted	
  on	
  the	
  cell	
  will	
  be	
  proportional	
  to	
  the	
  shear	
  modulus	
  
of	
  the	
  material.	
  This	
  provides	
  a	
  method	
  in	
  which	
  cells	
  can	
  probe	
  their	
  local	
  environment:	
  if	
  
a	
   cell	
   contracts	
   by	
   a	
   volume	
  V	
   and	
   experiences	
   a	
   total	
   radial	
   force	
   F,	
   then	
   the	
  perceived	
  
shear	
  modulus	
  of	
  the	
  nearby	
  material	
  is	
  given	
  by	
  

	
  

σrr =

EV

3⇡r3
, σ✓✓ = σφφ = − EV

6⇡r3
,

σr✓ = σrφ = σ✓φ = 0. [3]

F =

Z

φS

n · � · n dS = 4⇡R2 EV

3⇡R3
=

4EV

3R
.

E =

3RF

4V
. [4]
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Using	
   the	
   simulations,	
   we	
   can	
   now	
   address	
   how	
   the	
   effective	
   shear	
   modulus	
   will	
   vary	
  
depending	
  on	
  where	
  a	
  cell	
  is	
  situated	
  within	
  a	
  given	
  geometry.	
  To	
  carry	
  this	
  out,	
  we	
  modify	
  
the	
  incompressibility	
  condition	
  of	
  Equation	
  1	
  to	
  include	
  a	
  small	
  volume	
  removal,	
  with	
  the	
  
form	
  

	
  

for	
   t < 1	
   and	
   Χ − Χ < q.	
   Values	
   of	
   the	
   simulation	
   constants	
   of	
   q = 0.5,	
   c = 0.15,	
   and	
  
R = 0.25	
  were	
  used,	
  corresponding	
  to	
  a	
  removal	
  of	
  307μm2	
  in	
  physical	
  units.	
  

Three	
  simulations	
  carried	
  out	
   for	
  a	
  contraction	
   in	
  the	
  center	
  of	
  a	
  sphere,	
  at	
   the	
  edge	
  of	
  a	
  
sphere,	
  and	
  at	
  the	
  edge	
  of	
  a	
  spherical	
  shell.	
  For	
  each	
  one,	
  the	
  effective	
  stiffness	
  that	
  a	
  cell	
  
would	
  perceive,	
  using	
  Equation	
  4,	
   is	
   shown	
   in	
  Figure	
  4C.	
   In	
   the	
  center	
   of	
   the	
  sphere,	
   the	
  
effective	
  stiffness	
  closely	
  matches	
   the	
  real	
  stiffness	
  of	
   the	
  material,	
  as	
  would	
  be	
  expected	
  
for	
  a	
  cell	
  in	
  an	
  infinite	
  medium.	
  However,	
  the	
  stiffness	
  is	
  significantly	
  lessened	
  for	
  the	
  other	
  
two	
   simulations,	
   particularly	
   for	
   the	
   spherical	
   shell.	
   While	
   the	
   precise	
   reductions	
   in	
  
perceived	
   stiffness	
   are	
   dependent	
   on	
   the	
   parameters	
   used,	
   a	
   marked	
   drop	
   in	
   perceived	
  
stiffness	
  and	
  a	
  difference	
  depending	
  on	
  the	
  geometrical	
  configuration	
  of	
  the	
  cells	
  appear	
  to	
  
be	
  general	
  features.	
  Using	
  the	
  parameters	
  described	
  here	
  yields	
  a	
  15%	
  drop	
  in	
  stiffness	
  due	
  
to	
  lumen	
  formation	
  alone.	
  

Figures	
  4A	
  and	
  4B	
  show	
  plots	
  of	
  the	
  magnitude	
  of	
  the	
  deviatoric	
  stress	
  tensor,	
  computed	
  as	
  
σ − 1(tr  σ) ,	
   for	
  a	
  contraction	
  at	
  the	
  edge	
  of	
  sphere	
  and	
  spherical	
  shell	
  respectively.	
  This	
  
quantity	
   provides	
   a	
   useful	
   scalar	
   measure	
   of	
   shear	
   stress,	
   and	
   for	
   this	
   case	
   is	
   more	
  
instructive	
  than	
  examining	
  pressure,	
  given	
  that	
  the	
  analytic	
  solution	
  in	
  Equation	
  3	
  predicts	
  
zero	
  pressure.	
  As	
  expected,	
  the	
  shear	
  stresses	
  decay	
  rapidly	
  as	
  a	
  function	
  of	
  distance	
  from	
  
the	
   contraction	
   region.	
   Shear	
   stresses	
   are	
   slightly	
   higher	
   for	
   the	
   spherical	
   shell,	
   since	
   it	
  
provides	
  less	
  resistance	
  to	
  deformation.	
  

METHODS	
  

Cell	
  culture	
  

Mammary	
   epithelial	
   cells	
   (MCF10A,	
   Ha-­‐Ras	
   MCF10AT)	
   were	
   stably	
   transfected	
   with	
   a	
  
lentiviral	
   tet-­‐off	
   promoter	
   to	
   express	
   Histone-­‐H2B	
   labeled	
   with	
   eGFP	
   ([35],	
   Addgene	
  
plasmid	
   21210).	
   Following	
   a	
   previously	
   established	
   protocol	
   [22],	
   cells	
  were	
   cultured	
   in	
  
DMEM/F12	
  (UCSF	
  Cell	
  Culture	
  Facility)	
  supplemented	
  with	
  5%	
  horse	
  serum	
  (Invitrogen),	
  
20	
  ng/mL	
  EGF	
  (Peprotech),	
  0.5	
  μg/mL	
  hydrocortisone	
  (Sigma),	
  100	
  ng/mL	
  cholera	
   toxin	
  
(Sigma),	
  10	
  μg/mL	
  insulin	
  (Sigma)	
  and	
  1x	
  penicillin/streptomycin	
  (Invitrogen).	
  Cells	
  were	
  
passaged	
  using	
  0.05%	
  tripsin-­‐EDTA	
  (UCSF).	
  

Cells	
  were	
  then	
  fully	
  embedded	
  in	
  laminin-­‐rich,	
  growth-­‐factor	
  reduced	
  extracellular	
  matrix	
  
(MatrigelTM,	
   BD	
   Biosciences)	
   at	
   a	
   concentration	
   of	
   approximately	
   100	
   cells/mL	
   using	
  
previously	
  described	
  methods	
  [22,	
  36].	
  Cells	
  embedded	
  in	
  gels	
  were	
  fed	
  with	
  DMEM/F12	
  
supplemented	
  with	
  2%	
  horse	
  serum,	
  5	
  ng/mL	
  EGF,	
  0.5	
  μg/mL	
  hydrocortisone,	
  100	
  ng/mL	
  
cholera	
  toxin,	
  10	
  μg/mL	
  insulin	
  and	
  1x	
  penicillin/streptomycin.	
  For	
  single	
  cell	
  experiments,	
  

˜r · ˜u = c̃(1− cos 2⇡˜t)(q̃ − |˜x− ˜

xc|)
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cells	
   were	
   extracted	
   from	
   the	
   lrECM	
   gels	
   after	
   12	
   hours.	
   For	
   multicellular	
   experiments,	
  
structures	
  were	
  extracted	
  either	
  between	
  days	
  6-­‐8	
  or	
  days	
  15-­‐21.	
  Measurements	
  were	
  not	
  
noticeably	
  different	
  as	
  a	
  function	
  of	
  number	
  of	
  days	
  in	
  culture.	
  

Immunofluorescence	
  

Embedded	
  structures	
  fixed	
  as	
  previously	
  described	
  [36].	
  Structures	
  were	
  pipetted	
  directly	
  
onto	
  a	
  glass	
  slide	
  and	
  fixed	
  with	
  4%	
  paraformaldehyde	
  in	
  phosphate-­‐buffered	
  saline	
  (PBS).	
  
Samples	
  were	
  washed	
  with	
  PBS,	
   permeabilized	
  with	
   1%	
  Triton-­‐X	
  100,	
   and	
  blocked	
  with	
  
3%	
  BSA	
  in	
  PBS.	
  Samples	
  were	
  stained	
  with	
  anti-­‐α6-­‐integrin	
  (1:500).	
  Images	
  were	
  taken	
  on	
  
a	
   Yokogawa	
   spinning	
   disk	
   confocal	
   microscope	
   on	
   a	
   Zeiss	
   Axio	
   Observer	
   Z1	
   using	
   a	
  
thermoelectrically	
  cooled	
  Cascade	
  II	
  EMCCD	
  and	
  a	
  20x	
  0.4NA	
  objective.	
  

Extraction	
  from	
  3D	
  culture	
  

Single	
  cells	
  and	
  colonies	
  were	
  extracted	
  from	
  the	
  lrECM	
  gels	
  for	
  AFM	
  study	
  with	
  an	
  adapted	
  
version	
   of	
   previously	
   described	
   colony-­‐extraction	
   method	
   [36].	
   The	
   lrECM	
   gels	
   were	
  
quickly	
   washed	
   with	
   PBS	
   and	
   then	
   mechanically	
   detached	
   from	
   the	
   culture	
   well.	
   To	
  
dissolve	
  the	
  matrix,	
  embedded	
  gels	
  were	
  soaked	
  in	
  a	
  cold	
  PBS-­‐EDTA	
  mixture	
  (0.5	
  M	
  EDTA	
  
pH8.0	
  from	
  Invitrogen	
  diluted	
  to	
  5.5μM	
  final	
  concentration	
  in	
  PBS)	
  for	
  10	
  minutes	
  before	
  
being	
  placed	
   in	
   a	
   1.5~mL	
   tube	
  with	
   excess	
   PBS-­‐EDTA	
   for	
   an	
   additional	
   25	
  minutes.	
   The	
  
resulting	
  mixture	
  was	
   gently	
   centrifuged	
   at	
   100-­‐200g	
   (single	
   cells	
   3-­‐5	
  minutes/colonies	
  
~10s)	
  and	
  the	
  supernatant	
  was	
  aspirated	
  away.	
  Cells/colonies	
  were	
  resuspended	
  in	
  CO2-­‐
independent	
   media	
   (Invitrogen)	
   with	
   10%	
   fetal	
   bovine	
   serum	
   and	
   1x	
   penicillin-­‐
streptomycin	
   and	
   plated	
   on	
   a	
   poly-­‐L-­‐lysine-­‐coated	
   (MW>300,000,	
   P5899	
   Sigma-­‐Aldrich)	
  
cover	
   slip	
   for	
   AFM	
   experiments.	
   Poly-­‐L-­‐lysine	
   coatings	
   were	
   used	
   to	
   allow	
   samples	
   to	
  
electrostatically	
  attach	
  without	
  activating	
  cell	
  adhesion	
  machinery	
  on	
  the	
  surface.	
  

Surface	
  preparation	
  

Custom	
  chambers	
  for	
  AFM	
  experiments	
  were	
  made	
  by	
  UV-­‐gluing	
  custom	
  laser-­‐cut	
  acrylic	
  
walls	
  (3mm	
  tall)	
  to	
  a	
  pre-­‐cleaned	
  (KOH	
  base	
  bath)	
  cover	
  slip.	
  Chambers	
  were	
  coated	
  with	
  
poly-­‐L-­‐lysine	
  immediately	
  before	
  the	
  experiments	
  by	
  incubating	
  for	
  20	
  minutes	
  with	
  a	
  0.1	
  
mg/mL	
  solution	
  of	
  poly-­‐L-­‐lysine	
  in	
  PBS.	
  Chambers	
  were	
  washed	
  ten	
  times	
  with	
  deionized	
  
water	
  and	
  dried	
  with	
  a	
  nitrogen	
  stream	
  before	
  plating	
  samples.	
  

Atomic	
  force	
  microscopy	
  

AFM	
   experiments	
   were	
   performed	
   on	
   a	
   modified	
   Veeco	
   Bioscope	
   I	
   mounted	
   on	
   a	
   Zeiss	
  
Axiovert	
   25	
   inverted	
   microscope	
   [7]	
   and	
   a	
   Veeco	
   Catalyst	
   mounted	
   on	
   a	
   Zeiss	
   Axio	
  
Observer	
  Z1.	
  Tipless	
  silicon	
  nitride	
  MLCT	
  (30-­‐50	
  nN/μm,	
  Veeco)	
  cantilevers	
  were	
  used	
  for	
  
multicellular	
  experiments,	
  and	
  tipless	
  Arrow	
  cantilevers	
  (10-­‐20	
  nN/μm,	
  Nanoworld)	
  were	
  
used	
   for	
  single	
  cell	
  experiments.	
  Force	
  steps	
  were	
  applied	
   to	
   the	
  samples	
  using	
  a	
  closed-­‐
loop	
  piezoelectric,	
   and	
   sample	
  deformation	
  were	
  measured	
  over	
   time.	
  Data	
   analysis	
  was	
  
performed	
   on	
   the	
   force	
   reduction	
   step,	
   after	
   a	
   series	
   initial	
   compression	
   and	
   relaxation	
  
steps	
   that	
   ensured	
   good	
   contact	
   between	
   the	
   samples	
   and	
   both	
   the	
   cantilever	
   and	
  
substrate.	
  Experiments	
  were	
  performed	
  at	
  37C	
  and	
  completed	
  within	
  2	
  hours	
  of	
  plating	
  on	
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poly-­‐L-­‐lysine.	
   There	
  was	
   no	
   discernible	
   change	
   in	
  measured	
  mechanical	
   properties	
   over	
  
the	
   course	
   of	
   the	
   experiment.	
   Each	
   sample	
   was	
   also	
   imaged	
   in	
   brightfield	
   and	
   eGFP	
  
epifluorescence	
   (nuclei),	
   and	
   its	
   position	
   on	
   the	
   coverslip	
   was	
   recorded	
   to	
   prevent	
  
duplicate	
  testing	
  of	
  the	
  same	
  sample.	
  

Parameter	
  fitting	
  and	
  statistics	
  

Quantification	
  of	
  the	
  compliance	
  of	
  acini	
  and	
  single	
  cells	
  was	
  performed	
  using	
  techniques	
  
from	
   system	
   identification.	
   A	
   three-­‐parameter	
   SLS	
   model,	
   as	
   shown	
   in	
   Figure	
   S4A,	
   is	
   a	
  
simple	
   linear	
   viscoelastic	
   system	
   that	
   can	
   capture	
   the	
   observed	
   instantaneous	
   response	
  
followed	
  by	
  an	
  exponential	
  decay.	
  We	
  selected	
  an	
  eight-­‐second	
  interval,	
  beginning	
  with	
  the	
  
force	
  step,	
  to	
  fit	
  the	
  data	
  to	
  a	
  Kelvin	
  body	
  parameterized	
  by	
  k0,	
  k1,	
  and	
  η.	
  

The	
  parameter	
  fitting	
  was	
  accomplished	
  by	
  first	
  downsampling	
  with	
  a	
  moving	
  average	
  at	
  
5~Hz	
   to	
   filter	
  out	
  high-­‐frequency	
  noise.	
  Next,	
  Matlab's	
   `idgrey'	
  was	
  used	
   to	
   solve	
   for	
   the	
  
state-­‐space	
   parameters	
   of	
   the	
   first-­‐order	
   ODE	
   for	
   a	
   SLS	
   body,	
   given	
   an	
   initial	
   guess.	
   To	
  
ensure	
  a	
  valid	
  solution,	
  the	
  output	
  SLS	
  body	
  was	
  then	
  simulated	
  with	
  the	
  measured	
  force	
  
input.	
  The	
  simulated	
  SLS	
  body	
  and	
  actual	
  measured	
  displacements	
  were	
  compared	
  visually	
  
to	
   ensure	
   a	
   reasonable	
   fit	
   to	
   the	
   data.	
   SLS	
   fits	
   that	
   were	
   very	
   far	
   from	
   the	
   measured	
  
response	
  were	
  discarded,	
  usually	
  due	
  to	
  noise	
  in	
  the	
  measurement.	
  

Statistical	
  tests	
  	
  

Creep	
   compliances	
   were	
   compared	
   at	
   8s	
   time	
   points	
   using	
   t-­‐tests	
   as	
   described	
   in	
   the	
  
results	
  section	
  with	
  p<0.05	
  as	
  the	
  significance	
  threshold.	
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  FIGURES	
  	
  

	
  

Figure	
  1.	
  Using	
  3D	
  culture	
  and	
  AFM	
  to	
  measure	
  acinar	
  mechanics.	
  	
  

(A)	
   A	
   mammary	
   epithelial	
   cell	
   grows	
   in	
   a	
   dynamic	
   environment	
   surrounded	
   by	
   extra-­‐
cellular	
  matrix,	
  fluids,	
  and	
  other	
  cells.	
  (B)	
  Mammary	
  epithelial	
  cells	
  grown	
  in	
  laminin-­‐rich	
  
extracellular	
  matrix	
  can	
  be	
  extracted	
  and	
  mechanically	
  probed	
  at	
  single	
  and	
  multicellular	
  
states	
  using	
  identical	
  trypsin-­‐free	
  extraction	
  methods.	
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Figure	
  2.	
  Pre-­‐malignant,	
  filled	
  acinus	
  is	
  stiffer	
  than	
  the	
  healthy,	
  hollow	
  acinus.	
  

Confocal	
   immunofluorescence	
   images	
   of	
   (A)	
  non-­‐malignant	
  MCF10A	
   (hollow	
   lumen)	
   and	
  
(B)	
  pre-­‐malignant	
  MCF10AT	
  (filled	
  lumen)	
  colonies.	
  Scale	
  bars	
  25μm.	
  (C)	
  Creep	
  compliance	
  
(mean	
  +/-­‐	
  95%	
  CI)	
  of	
  hollow	
  and	
  filled	
  breast	
  epithelial	
  colonies.	
  (N=32	
  and	
  31	
  colonies	
  for	
  
A	
  and	
  T)	
  (D)	
  Differences	
  in	
  mechanical	
  response	
  could	
  be	
  due	
  to	
  (1)	
  different	
  properties	
  of	
  
single	
  cells	
  (2)	
  changes	
  in	
  connectivity	
  or	
  (3)	
  changes	
  in	
  multicellular	
  architecture.	
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Figure	
  3.	
  Differences	
  in	
  multi-­‐cellular	
  architecture	
  cause	
  increased	
  stiffness	
  with	
  
malignancy.	
  

Creep	
  compliance	
  (mean	
  +/-­‐	
  95%	
  CI)	
  of	
  MCF10A	
  and	
  MCF10AT	
  cells	
  at	
  (A)	
  single	
  cell	
  state	
  
(N=14	
  and	
  15	
  cells	
  for	
  A	
  and	
  T)	
  and	
  (B)	
  6-­‐8	
  day	
  state	
  before	
  lumen	
  formation	
  (N=34	
  and	
  33	
  
colonies	
   for	
   A	
   and	
   T).	
   (C)	
   Simulation	
   of	
   hollow	
   and	
   filled	
   structures	
   predicts	
   decreased	
  
compliance	
  (increased	
  stiffness)	
  of	
  the	
  structure	
  associated	
  with	
  multicellular	
  architecture.	
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Figure	
  4.	
  Filled	
  architecture	
  increases	
  stiffness	
  of	
  cellular	
  microenvironment.	
  

Cross-­‐section	
  through	
  3D	
  simulations	
  of	
  single	
  cell	
  contraction	
  in	
  (A)	
  filled	
  and	
  (B)	
  hollow	
  
structures.	
   (C)	
  Perceived	
   stiffness	
   for	
  a	
   single	
   cell	
   in	
  a	
  hollow	
  structure	
   is	
   approximately	
  
15%	
  lower	
  than	
  a	
  filled	
  structure.	
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SUPPORTING	
  FIGURES	
  	
  

 
Figure	
  S1.	
  Atomic	
  force	
  microscopy	
  is	
  used	
  to	
  apply	
  defined	
  loads.	
  

(A)	
   Example	
   image	
   of	
   an	
  MCF10A	
   acinus	
   under	
   a	
   tipless	
   atomic	
   force	
  microscope	
   canti-­‐
lever.	
  Scale	
  bar	
  50μm.	
  (B)	
  Representative	
  creep	
  response	
  of	
  an	
  MCF10A	
  acinus.	
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Figure	
  S2.	
  After	
  1-­‐week	
  healthy	
  and	
  pre-­‐malignant	
  acini	
  have	
  the	
  same	
  architecture.	
  

Confocal	
  immunofluorescence	
  images	
  of	
  8	
  day	
  colonies	
  of	
  (A)	
  MCF10A	
  and	
  (B)	
  MCF10AT.	
  
6-­‐8	
  day	
  time	
  points	
  were	
  selected	
  for	
  testing	
  because	
  this	
  was	
  before	
  lumens	
  formed.	
  Scale	
  
bars	
  25μm.	
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Figure	
  S3.	
  Three-­‐dimensional	
  model	
  of	
  acinus	
  reveals	
  internal	
  stress	
  propagation.	
  

(A-­‐B)	
  Visualization	
  of	
  the	
  3D	
  plate	
  compression	
  simulation	
  environment	
  used	
  in	
  this	
  study.	
  
(C)	
  Cross-­‐section	
  through	
  3D	
  simulation	
  of	
  plate	
  for	
  hollow	
  and	
  filled	
  structures.	
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Figure	
  S4.	
  Creep	
  response	
  can	
  be	
  modeled	
  by	
  an	
  SLS	
  model.	
  

(A)	
  Standard	
  Linear	
  Solid	
  model	
  and	
  (B-­‐D)	
  relevant	
  parameters	
  measured	
  by	
  fitting	
  creep	
  
curves	
  using	
  system	
  identification	
  techniques.	
  Fit	
  parameters	
  were	
  used	
  to	
  extract	
  mechan-­‐
ical	
  properties	
  for	
  the	
  model.	
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Chapter	
  5.	
  	
  
	
  
Tensional	
  homeostasis	
  in	
  single	
  contractile	
  cells	
  occurs	
  
through	
  a	
  strain-­‐rate	
  dependent	
  tensional	
  buffer	
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ABSTRACT	
  

Adherent	
  cells	
  generate	
  forces	
  through	
  acto-­‐myosin	
  contraction	
  and	
  sense	
  the	
  mechanical	
  
properties	
  of	
  their	
  environment.	
  In	
  the	
  context	
  of	
  tissues,	
  these	
  cells	
  have	
  been	
  described	
  
as	
   existing	
   in	
   tensional	
   homeostasis	
   with	
   their	
   surroundings,	
   implying	
   an	
   internal	
  
regulation	
  of	
  tension	
  at	
  the	
  cellular	
  level.	
  However,	
  changes	
  in	
  spread	
  area	
  of	
  the	
  cell	
  and	
  
alterations	
   in	
   extracellular	
   matrix	
   organization	
   and	
   mechanical	
   properties	
   complicate	
  
interpretation	
  of	
  experiments	
   that	
   implicate	
   tensional	
  homeostasis.	
  Here	
  we	
  directly	
   test	
  
this	
  tension	
  regulation	
  by	
  mechanically	
  perturbing	
  fibroblast	
  cell	
  tension	
  and	
  observing	
  the	
  
contractile	
   response.	
   As	
   a	
   cell	
   spreads	
   and	
   contracts,	
   sandwiched	
   between	
   two	
   parallel	
  
fibronectin-­‐patterned	
  surfaces,	
  it	
  exerts	
  a	
  tensile	
  load	
  across	
  the	
  height	
  of	
  the	
  cell.	
  We	
  use	
  a	
  
flexible,	
   tipless	
   atomic	
   force	
  microscope	
   (AFM)	
   cantilever	
   as	
   the	
   top	
   surface	
   to	
  measure	
  
and	
  to	
  modulate	
  forces	
  and	
  displacements	
  of	
  the	
  contracting	
  cell.	
  Cell	
  spreading	
  is	
  confined	
  
on	
   both	
   surfaces	
   to	
   defined	
   regions	
   using	
   micropatterning	
   and	
   attains	
   a	
   steady-­‐state	
  
contraction	
   force	
   as	
   the	
   cell	
   reaches	
   the	
   edges	
   of	
   the	
   fibronectin-­‐coated	
   areas	
   on	
   the	
  
cantilever	
   and	
   substrate.	
   To	
   specifically	
   test	
   whether	
   the	
   magnitude	
   of	
   the	
   steady-­‐state	
  
tension	
  is	
  an	
  internally	
  regulated	
  setpoint,	
  we	
  modulate	
  the	
  cell's	
  displacement	
  by	
  moving	
  
the	
  cantilever	
  up	
  or	
  down.	
  Interestingly,	
  fibroblast	
  cells	
  can	
  maintain	
  the	
  same	
  magnitude	
  
of	
   cellular	
   tension	
  when	
   their	
   height	
   is	
   either	
   increased	
   or	
   decreased.	
   This	
   regulation	
   is	
  
rate-­‐dependent,	
  breaking	
  down	
  for	
  fast	
  or	
  step	
  perturbations.	
  These	
  observations	
  provide	
  
the	
   first	
   direct	
   evidence	
   for	
   a	
   widely	
   cited	
   process	
   of	
   tensional	
   homeostasis,	
   showing	
  
specific	
   tension	
   regulation	
   at	
   a	
   single	
   cell	
   level.	
   However,	
   unlike	
   a	
   closed-­‐loop	
   feedback	
  
controller	
   with	
   a	
   particular	
   setpoint,	
   cellular	
   tensional	
   homeostasis	
   appears	
   to	
   operate	
  
through	
  rate-­‐dependent	
  tensional	
  buffering,	
  whereby	
   if	
   the	
  strain	
  rate	
   is	
   faster	
   than	
  what	
  
the	
   cell	
   can	
  buffer,	
   a	
   new	
   tensional	
   state	
  will	
   be	
   regulated	
  once	
   the	
   rate	
   slows	
   again.	
  By	
  
measuring	
   cellular	
   elasticity	
   throughout	
   contraction	
   and	
   straining,	
   we	
   observe	
   that	
  
elasticity	
   is	
   maintained	
   during	
   buffering,	
   but	
   changes	
   with	
   fast	
   straining.	
   These	
   results	
  
suggest	
  a	
  process	
  whereby	
  cells	
  will	
  accommodate	
  slow	
  strains	
  applied	
  to	
  a	
   tissue,	
  while	
  
they	
  maintain	
  a	
  rigid	
  state	
  to	
  stabilize	
  the	
  tissue	
  to	
  rapid	
  loading.	
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INTRODUCTION	
  

The	
   interplay	
   between	
   microenvironmental	
   forces	
   and	
   cell-­‐generated	
   forces	
   is	
   an	
  
increasingly	
   important	
   subject	
   of	
   study,	
   as	
   researchers	
   seek	
   to	
   elucidate	
   the	
   myriad	
   of	
  
ways	
   in	
   which	
   physical	
   signals	
   affect	
   biological	
   processes,	
   from	
   differentiation	
   (1)	
   to	
  
metastasis	
   (2).	
  Adherent	
  cells	
  not	
  only	
   transduce	
  applied	
   forces	
   into	
  biochemical	
   signals,	
  
but	
  they	
  also	
  adjust	
  their	
  own	
  mechanics	
  in	
  response	
  (3).	
  This	
  can	
  be	
  manifested	
  through	
  
structural	
  changes	
  within	
  the	
  cell	
  to	
  change	
  attachments	
  and	
  to	
  modulate	
  cellular	
  elasticity,	
  
or	
  potentially	
  a	
  concomitant	
  contractile	
  response	
  to	
  applied	
  forces.	
  

One	
   particular	
   concept	
   that	
   has	
   received	
   significant	
   attention	
   when	
   addressing	
   the	
  
interplay	
   between	
   external	
   and	
   internal	
   physical	
   parameters	
   of	
   cells	
   is	
   tensional	
  
homeostasis.	
   The	
   disruption	
   of	
   tensional	
   homeostasis	
   has	
   been	
   implicated	
   in	
   numerous	
  
disease	
  states,	
  from	
  cardio-­‐vascular	
  disease	
  and	
  developmental	
  disorders,	
  to	
  cancer	
  (5).	
  In	
  
particular,	
   a	
   recent	
   study	
   looking	
   at	
   the	
   disease	
   floppy-­‐eyelid	
   syndrome,	
   reported	
   a	
  
significantly	
   larger	
   tensile	
   setpoint	
   for	
   diseased	
   fibroblast	
   cells.	
   Additionally,	
   metastatic	
  
cancer	
  is	
  thought	
  to	
  be	
  associated	
  with	
  a	
  disruption	
  of	
  tensional	
  homeostasis.	
  Specifically,	
  
the	
  increased	
  invasiveness	
  of	
  breast	
  cancer	
  epithelial	
  cells	
   is	
  thought	
  to	
  be	
  in	
  part	
  a	
  result	
  
of	
  mis-­‐regulation	
  of	
  tensional	
  homeostasis	
  (2).	
  

Tension	
   homeostasis	
   can	
   be	
   broken	
   down	
   into	
   two	
   particular	
   concepts.	
   The	
   first	
   was	
  
described	
  by	
  Brown	
  et	
  al.	
  to	
  explain	
  the	
  tendency	
  of	
  millions	
  of	
  fibroblast	
  cells	
  embedded	
  
in	
  a	
  3D	
  collagen	
  gel	
  to	
  counteract	
  exogenous	
  force	
  application	
  to	
  move	
  toward	
  a	
  previous	
  
force	
  “setpoint”	
  (4).	
  The	
  other	
  definition	
  was	
  introduced	
  by	
  Paszek	
  et	
  al.	
  where	
  tensional	
  
homeostasis	
   represented	
   the	
   tendency	
   of	
   cells	
   to	
   adjust	
   endogenous	
   forces	
   to	
   balance	
  
exogenous	
  forces	
  (2).	
  We	
  focus	
  on	
  the	
  former	
  concept,	
  as	
  first	
  conceived	
  by	
  Brown	
  et	
  al.,	
  in	
  
order	
  to	
  definitively	
  address	
  the	
  original	
  hypothesis.	
  

While	
   tensional	
  homeostasis	
   is	
  a	
  pervasive	
  concept	
  within	
  cellular	
  mechanobiology	
  (with	
  
over	
   two	
  dozen	
  papers	
  discussing	
   it),	
   there	
  have	
  been	
  no	
  studies	
   that	
  have	
  shown	
  direct	
  
evidence	
   of	
   the	
   ability	
   of	
   cells	
   to	
   respond	
   to	
   external	
   loading	
   by	
   maintaining	
   a	
  
“homeostatic”	
   level	
   of	
   tension.	
   The	
   only	
   evidence	
   consists	
   of	
   indirect	
   measures	
   of	
   this	
  
behavior,	
  either	
  extrapolating	
  the	
  direction	
  of	
  force	
  response	
  to	
  a	
  step	
  load	
  (4,	
  6),	
  or	
  using	
  
cell	
  stiffness	
  as	
  a	
  proxy	
  for	
  contractile	
  tension	
  (7).	
  We	
  set	
  out	
  to	
  look	
  for	
  direct	
  evidence	
  of	
  
tensional	
   homeostasis	
   in	
   fibroblast	
   cells	
   building	
   on	
   the	
   single	
   cell	
   contraction	
   force	
  
microscopy	
  system	
  that	
  we	
  previously	
  developed	
  (8–10).	
  As	
  used	
  in	
  previous	
  experiments	
  
investigating	
   tensional	
   homeostasis,	
   fibroblasts	
   present	
   an	
   excellent	
   model	
   cell	
   system	
  
because	
  of	
  the	
  importance	
  of	
  tension	
  in	
  their	
  native	
  connective	
  tissue	
  environment.	
  	
  

MATERIAL	
  &	
  METHODS	
  

Cell	
  culture	
  and	
  sample	
  preparation	
  

NIH	
  3T3	
  fibroblasts	
  were	
  cultured	
  in	
  DMEM	
  (Mediatech,	
  Manassas,	
  VA)	
  supplemented	
  with	
  
10%	
  fetal	
  bovine	
  serum	
  (Lonza,	
  Walkersville,	
  MD),	
  and	
  1%	
  Penicillin/Streptomycin	
  (Sigma,	
  
St	
  Louis,	
  MO).	
  Cells	
  were	
  collected	
  by	
  incubating	
  in	
  0.25%	
  trypsin	
  for	
  3	
  minutes,	
  followed	
  
by	
   resuspension	
   in	
   trypsin	
   neutralizing	
   solution,	
   centrifugation	
   (300g	
   for	
   5	
   min),	
   and	
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resuspension	
  in	
  pre-­‐heated	
  CO2-­‐independent	
  media	
  (Invitrogen)	
  supplemented	
  with	
  10%	
  
FBS	
   and	
   1%	
   Pen/Strep.	
   Cells	
   were	
   then	
   given	
   at	
   least	
   15	
   minutes	
   to	
   recover	
   from	
  
trypsinization	
  before	
  experiments	
  began.	
  

Experimental	
  setup	
  	
  

Experiments	
  were	
  conducted	
  using	
  a	
  BioScope	
  Catalyst	
  Atomic	
  Force	
  Microscope	
  (Bruker	
  
AXS,	
   Santa	
   Barbara,	
   CA)	
   with	
   a	
   temperature-­‐controlled	
   stage	
  mounted	
   atop	
   an	
   inverted	
  
optical	
  microscope	
  (Zeiss	
  Axio	
  Observer	
  Z1,	
  Carl	
  Zeiss,	
  Thornwood,	
  NY).	
  Data	
  acquisition	
  
and	
   AFM	
   control	
   was	
   done	
   using	
   a	
   signal	
   access	
  module	
   and	
   custom-­‐designed	
   software	
  
(LabVIEW,	
   National	
   Instruments,	
   Austin	
   TX).	
   Tipless,	
   uncoated	
   All-­‐in-­‐One	
   silicon	
  
cantilevers	
   from	
   BudgetSensors	
   (Sofia,	
   Bulgaria)	
   were	
   used	
   in	
   all	
   experiments	
   with	
   an	
  
average	
   spring	
   constant	
   of	
   200	
   nN/mm	
   as	
   determined	
   by	
   fitting	
   thermal	
   fluctuations	
   of	
  
each	
  cantilever	
  in	
  air.	
  

Constraining	
  spreading	
  	
  

In	
  order	
  to	
  prevent	
  the	
  cells	
  from	
  spreading	
  unevenly	
  between	
  the	
  substrate	
  and	
  cantilever	
  
surfaces,	
   we	
   pattern	
   both	
   surfaces	
   with	
   200	
   -­‐	
   250	
   µm2	
   of	
   an	
   ECM	
   ligand,	
   blocking	
   the	
  
remaining	
  surface	
  to	
  prevent	
  adhesion.	
  Substrate	
  patterning	
  is	
  done	
  through	
  micro-­‐contact	
  
printing	
   as	
   described	
   elsewhere	
   (11).	
   On	
   the	
   cantilever,	
   a	
   constrained	
   pattern	
   of	
   ECM	
  
ligand	
   was	
   achieved	
   using	
   the	
   dipping	
   method,	
   as	
   previously	
   described	
   (12).	
   Briefly,	
   a	
  
micromanipulator	
  was	
  used	
   to	
  dip	
  only	
   the	
  end	
  of	
  a	
   cantilever	
   in	
  a	
  50	
  µg/ml	
   fibronectin	
  
solution	
   (Sigma,	
   St	
   Louis,	
   MO).	
   After	
   a	
   20-­‐minute	
   incubation	
   period,	
   the	
   cantilever	
   was	
  
rinsed	
  in	
  ultra-­‐pure	
  water	
  (UPW)	
  and	
  was	
  incubated	
  in	
  a	
  10%	
  BSA	
  solution	
  at	
  37°C	
  for	
  an	
  
hour	
  to	
  passivate	
  the	
  uncoated	
  surface.	
  The	
  cantilever	
  was	
  then	
  rinsed	
  in	
  UPW	
  again	
  and	
  
mounted	
  directly	
  onto	
  the	
  AFM.	
  By	
  adding	
  1%	
  fluorescently	
  labeled	
  FN,	
  we	
  were	
  then	
  able	
  
to	
  visualize	
  the	
  patterned	
  areas	
  and	
  measure	
  the	
  size	
  of	
  available	
  ligand	
  on	
  both	
  surfaces.	
  	
  

Measuring	
  contraction	
  and	
  spread	
  area	
  

We	
  then	
  add	
  the	
  fibroblast	
  cells	
  in	
  suspension	
  and	
  establish	
  simultaneous	
  contact	
  between	
  
the	
   cell	
   and	
   both	
   surfaces,	
   as	
   previously	
   described	
   (9).	
   At	
   this	
   point,	
   we	
   measure	
   the	
  
deflection	
   of	
   the	
   cantilever	
   as	
   the	
   cell	
   spreads	
   onto	
   both	
   surfaces.	
   Cell	
   spreading	
   is	
  
monitored	
  by	
  expressing	
  GFP-­‐vinculin.	
  After	
  a	
  cell	
  has	
  contracted	
  and	
  spread,	
  we	
  evaluate	
  
whether	
  or	
  not	
   the	
   cell	
  has	
  achieved	
   a	
   tensile	
   steady	
   state,	
  which	
  we	
  define	
  as	
   the	
   force	
  
remaining	
  within	
  10%	
  of	
  its	
  average	
  value	
  over	
  the	
  preceding	
  10	
  minute	
  interval.	
  	
  

Testing	
  tensional	
  homeostasis	
  

Once	
  the	
  cell	
  has	
  reached	
  a	
  steady-­‐state	
  force,	
  we	
  set	
  out	
  to	
  test	
  whether	
  this	
  force	
  was	
  a	
  
regulated	
  value	
  (tensional	
  homeostasis).	
  To	
  this	
  end,	
  we	
  use	
  a	
  closed-­‐loop	
  piezo-­‐electric	
  to	
  
control	
   the	
   separation	
   of	
   the	
   base	
   of	
   the	
   cantilever	
   (or	
   the	
   cantilever	
   chip)	
   from	
   the	
  
substrate	
  to	
  apply	
  a	
  0.1	
  µm/min,	
  1	
  µm/min,	
  or	
  step	
  input.	
  By	
  measuring	
  how	
  the	
  cell	
  force	
  
changes	
   with	
   these	
   different	
   perturbations,	
   we	
   can	
   evaluate	
   if	
   the	
   force	
   is	
   unregulated	
  
(leaves	
   the	
   steady-­‐state	
   condition)	
   or	
   is	
   regulated	
   (remains	
   within	
   the	
   steady-­‐state	
  
condition).	
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Micro-­‐rheology	
  

Rheology	
  experiments	
  were	
  conducted	
  using	
  custom	
  code	
  written	
   in	
  LabVIEW	
  to	
  apply	
  a	
  
15	
  nm	
  amplitude	
  2	
  Hz	
  sinusoidal	
  input	
  to	
  the	
  cantilever	
  holder	
  piezo	
  for	
  a	
  30	
  sec	
  period.	
  A	
  
DSP	
  lock-­‐in	
  amplifier	
  (Ametek,	
  Oak	
  Ridge,	
  TN)	
  was	
  used	
  to	
  read	
  the	
  magnitude	
  and	
  phase	
  
delay	
  of	
  the	
  cantilever	
  deflection,	
  after	
  correcting	
  for	
  magnitude	
  and	
  delay	
  offsets	
  by	
  first	
  
running	
  the	
  measurement	
  directly	
  on	
  the	
  hard	
  substrate.	
  The	
  following	
  equation	
  was	
  used	
  
to	
  calculate	
  the	
  storage	
  (E’)	
  and	
  loss	
  (E’’)	
  moduli	
  at	
  2	
  Hz:	
  

𝐸𝐸 =
𝐹𝐹𝐹𝐹
𝐴𝐴𝐴𝐴

cos 𝜃𝜃	
   (1)	
  

𝐸𝐸 =
𝐹𝐹𝐹𝐹
𝐴𝐴𝐴𝐴

sin 𝜃𝜃	
   (2)	
  

where	
  F	
  is	
  the	
  amplitude	
  of	
  the	
  force	
  of	
  the	
  cantilever	
  deflection,	
  H	
  is	
  the	
  cell	
  height,	
  A	
  is	
  
the	
   cross-­‐sectional	
   area	
   of	
   cell	
   between	
   the	
   surfaces,	
   d	
   is	
   the	
   amplitude	
   of	
   the	
   piezo	
  
displacement,	
   and	
   θ	
   is	
   the	
   phase	
   lag	
   of	
   the	
   cantilever	
   deflection	
   from	
   the	
   piezo	
  
displacement.	
  

Statistical	
  analysis	
  

Unless	
  otherwise	
  noted,	
  all	
  tests	
  for	
  significance	
  were	
  conducted	
  using	
  the	
  Student’s	
  t-­‐test,	
  
with	
  a	
   two-­‐tailed,	
  p	
  ≤	
  0.05	
   threshold	
   for	
   significance.	
  Average	
  values	
   are	
  presented	
  ±	
  SE	
  
unless	
  otherwise	
  noted.	
  

RESULTS	
  

Steady-­‐state	
  tension	
  is	
  achieved	
  when	
  spreading	
  is	
  constrained	
  	
  

In	
  order	
   to	
  observe	
  whether	
   cells	
  will	
   actively	
  maintain	
  a	
   given	
   level	
  of	
   tension,	
  we	
   first	
  
considered	
   the	
   conditions	
   necessary	
   to	
   allow	
   a	
   cell	
   to	
   reach	
   a	
   steady-­‐state	
   force.	
   Using	
  
contraction	
   force	
   microscopy,	
   as	
   previously	
   demonstrated	
   in	
   our	
   group	
   (8–10),	
   we	
  
presented	
   cells	
   with	
   two	
   parallel	
   surfaces	
   coated	
   with	
   the	
   extracellular	
   matrix	
   protein	
  
fibronectin.	
   By	
  micropatterning	
   both	
   surfaces	
   to	
   limit	
   cell	
   spreading	
   to	
   200-­‐250	
   µm2	
   on	
  
each	
  surface	
   (Figure	
  1A),	
  we	
  observed	
   that	
   cells	
  would	
  pull	
   the	
   two	
  surfaces	
   together	
  as	
  
they	
   filled	
   the	
   patterns	
   (Figure	
   1B).	
   Contracting	
   cells	
  would	
   form	
   an	
   extended	
   columnar	
  
shape,	
   spanning	
   both	
   the	
   substrate	
   and	
   the	
   cantilever,	
   as	
   seen	
   by	
   confocal	
   microscopy	
  
(Figure	
   1C).	
   By	
   measuring	
   the	
   contraction	
   force	
   during	
   this	
   process,	
   we	
   observed	
   that,	
  
when	
  cell	
  spreading	
  was	
  constrained	
  on	
  both	
  surfaces,	
  cells	
  tended	
  to	
  remain	
  attached	
  to	
  
both	
  surfaces	
  and	
  contraction	
  leveled	
  off	
  to	
  a	
  steady-­‐state	
  tension	
  (Figure	
  2A,B).	
  If	
  only	
  one	
  
surface	
  was	
  patterned,	
   cells	
   tended	
   to	
   commit	
   to	
   the	
  unpatterned	
  surface	
   (Figure	
  S1).	
   In	
  
the	
  absence	
  of	
  any	
  patterning,	
  we	
  observed	
  that	
  cells	
  generally	
  committed	
  to	
  either	
  surface.	
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Cell	
  spreading	
  is	
  necessary	
  and	
  precedes	
  contraction	
  in	
  3D	
  

To	
   better	
   understand	
   the	
   nature	
   of	
   this	
   contractile	
   steady	
   state,	
   we	
   quantified	
   the	
  
relationship	
   between	
   spreading	
   and	
   force	
   generation	
   by	
   imaging	
   vinculin	
   with	
   TIRF	
  
microscopy	
  (Figure	
  1B).	
   Interestingly,	
  we	
  observed	
  an	
  initial	
  period	
  of	
  spreading	
  on	
  both	
  
surfaces	
  that	
  did	
  not	
  generate	
  any	
  contractile	
  force.	
  This	
  lasted	
  about	
  5	
  minutes	
  as	
  the	
  cell	
  
spread	
   to	
   about	
   40	
   µm2.	
   After	
   this	
   initial	
   period	
   of	
   contraction-­‐free	
   spreading,	
   the	
   cell	
  
continued	
  to	
  spread,	
  but	
  now	
  generated	
  substantial	
  contraction	
  forces	
  (Figure	
  2B).	
  As	
  the	
  
cell’s	
  lamellipodia	
  reach	
  the	
  edges	
  of	
  the	
  pattern,	
  spread	
  area	
  stopped	
  increasing.	
  However,	
  
for	
  a	
  period	
  of	
  5-­‐10	
  minutes	
  after	
  total	
  spread	
  area	
  stopped	
  increasing,	
  cellular	
  contraction	
  
continued	
  (Figure	
  2B).	
  After	
  this	
   lagging	
  period,	
  contraction	
  then	
  followed	
  spreading	
  and	
  
leveled	
  off	
  to	
  a	
  plateau	
  value,	
  which	
  remained	
  unchanged	
  for	
  >25	
  min	
  in	
  the	
  absence	
  of	
  any	
  
perturbations.	
  We	
  defined	
  steady	
  state	
  as	
  beginning	
  when	
  the	
  contraction	
  changed	
  by	
  less	
  
than	
  10%	
  over	
  the	
  course	
  of	
  10	
  minutes	
  (grey	
  box,	
  Figure	
  2B).	
  	
  

To	
   identify	
   whether	
   this	
   relationship	
   between	
   spreading	
   and	
   contraction	
   force	
   was	
  
causative	
  or	
  merely	
  correlative,	
  we	
  conducted	
  an	
  experiment	
  to	
  decouple	
  spreading	
  from	
  
contraction	
   force	
  generation.	
  Specifically,	
  by	
  using	
  a	
   force	
  clamp	
  at	
  zero	
   force	
  as	
   soon	
  as	
  
the	
  cell	
  makes	
  contact	
  with	
  both	
  surfaces,	
  we	
  are	
  able	
  to	
  present	
  with	
  the	
  cell	
  with	
  a	
  zero	
  
stiffness	
   environment,	
   where	
   it	
   can	
   freely	
   adjust	
   its	
   height	
   during	
   spreading	
   (9).	
   Under	
  
these	
  conditions,	
  we	
  observe	
  that	
  cell	
  spreading	
  continues	
  in	
  much	
  the	
  same	
  way	
  as	
  when	
  
the	
   cell	
   is	
   generating	
   a	
   contraction	
   force	
   >0	
   between	
   the	
   two	
   surfaces	
   (Figure	
   2C).	
   By	
  
stopping	
   the	
   force	
   clamp	
   5-­‐10	
   minutes	
   after	
   spreading	
   has	
   reached	
   a	
   plateau,	
   we	
   then	
  
tested	
  whether	
  or	
  not	
  the	
  cell	
  will	
  contract	
  further,	
  without	
  being	
  able	
  to	
  spread,	
  in	
  order	
  
to	
   remain	
   under	
   some	
   tension.	
   Interestingly,	
   we	
   observe	
   no	
   increase	
   in	
   tension	
   in	
   the	
  
absence	
  of	
  spreading	
  (Figure	
  2C),	
  suggesting	
  that	
  spreading	
  is	
  necessary	
  to	
  drive	
  traction	
  
generation.	
  	
  

Steady-­‐state	
  tension	
  is	
  maintained	
  in	
  a	
  rate-­‐dependent	
  manner	
  

Having	
  demonstrated	
  that	
  single	
  cells	
  reach	
  a	
  steady-­‐state	
  contractile	
  force,	
  we	
  set	
  out	
  to	
  
test	
  whether	
  the	
  cell	
  is	
  capable	
  of	
  maintaining	
  this	
  force	
  in	
  the	
  face	
  of	
  perturbations.	
  Once	
  a	
  
cell	
   has	
   remained	
   at	
   steady	
   state	
   for	
   10	
  minutes,	
  we	
   slowly	
   increased	
   or	
   decreased	
   cell	
  
height	
   by	
   1	
   µm	
   and	
   quantified	
   cell	
   tension.	
   Conceptually,	
   tensional	
   homeostasis	
   predicts	
  
that	
  cells	
  will	
   remain	
  at	
   the	
  steady-­‐state	
   tension	
  value	
   in	
  response	
  to	
   the	
  perturbation	
   in	
  
height.	
   Consistent	
   with	
   this,	
   the	
   cell	
   counteracted	
   the	
   changes	
   in	
   tensile	
   force	
   and	
  
maintained	
   the	
   steady-­‐state	
   tension	
   during	
   slow	
   (0.1	
   µm/min)	
   displacements,	
   both	
   for	
  
increasing	
   and	
   decreasing	
   height	
   (Figure	
   3A).	
   In	
   contrast,	
   step	
   displacements	
   (>600	
  
µm/min)	
  of	
  the	
  same	
  magnitude	
  (1	
  µm)	
  dramatically	
  changed	
  cellular	
  tension,	
  with	
  the	
  cell	
  
exhibiting	
  classic	
  viscoelastic	
  relaxation	
  (Figure	
  S2).	
  Of	
  note,	
  the	
  cell	
  does	
  not	
  return	
  to	
  the	
  
steady-­‐state	
   force	
   after	
   allowing	
   for	
   viscous	
   equilibration,	
   instead	
   settling	
   at	
   a	
   new	
  
intermediate	
  tension.	
  To	
  isolate	
  the	
  role	
  of	
  viscosity,	
  we	
  applied	
  a	
  fast	
  ramp	
  that	
  was	
  still	
  
slow	
  enough	
  not	
  to	
  exhibit	
  viscous	
  relaxation	
  after	
  the	
  ramp	
  (1	
  µm/min).	
  When	
  applying	
  
this	
  faster	
  rate	
  loading,	
  over	
  the	
  same	
  displacement	
  as	
  the	
  slow	
  or	
  step	
  perturbations,	
  we	
  
saw	
  a	
  clear	
  correlation	
  between	
  the	
  applied	
  displacement	
  and	
  the	
  change	
   in	
  tensile	
   force	
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(Figure	
  3B).	
  These	
  results	
  suggest	
  a	
  clear	
  rate	
  dependence	
  at	
  which	
  the	
  cell	
  can	
  respond	
  to	
  
perturbations	
  to	
  maintain	
  a	
  given	
  tension.	
  

Tensional	
  homeostasis	
  through	
  tensional	
  buffering	
  	
  

Our	
  results	
   indicated	
   that	
  cells	
  do	
  maintain	
   their	
   tension	
  despite	
  perturbations	
   in	
  height,	
  
but	
   only	
   under	
   certain	
   conditions.	
   In	
   order	
   to	
   better	
   understand	
   the	
   nature	
   of	
   cellular	
  
tension	
   regulation,	
   we	
   wanted	
   to	
   test	
   if	
   the	
   cell	
   had	
   a	
   given	
   setpoint	
   tension,	
   or	
   rather	
  
regulated	
  tension	
  by	
  acting	
  to	
  prevent	
  the	
  current	
  tension	
  -­‐-­‐	
  whatever	
  it	
  might	
  be	
  -­‐-­‐	
  from	
  
changing.	
  We	
  assessed	
  this	
  question	
  by	
  observing	
  the	
  cell’s	
  response	
  after	
  we	
  displaced	
  the	
  
cell	
   faster	
   than	
   it	
   could	
   counteract	
   (fast	
   ramp	
   and	
   step).	
   The	
   fact	
   that	
   after	
   a	
   step	
  
perturbation	
   the	
   force	
   did	
   not	
   return	
   to	
   the	
   steady-­‐state	
   value	
   provided	
   initial	
   evidence	
  
against	
  a	
  setpoint	
  mechanism.	
  However,	
  to	
  avoid	
  the	
  issue	
  of	
  viscous	
  relaxation	
  we	
  instead	
  
focused	
  on	
   the	
  response	
  after	
  a	
   fast	
   ramp	
  (1	
  µm/min).	
  The	
   fast	
   rate	
  was	
  chosen	
  so	
  as	
   to	
  
avoid	
  viscous	
  relaxation	
  while	
  being	
  too	
  fast	
  for	
  the	
  regulation	
  mechanism.	
  After	
  applying	
  
the	
   fast	
   ramp	
  we	
   observed	
   that	
   the	
   cell	
   remained	
   at	
   the	
   new	
   tension	
   value	
   (Figure	
   4A).	
  
Importantly,	
  this	
  new	
  tension	
  became	
  the	
  value	
  that	
  the	
  cell	
  tried	
  to	
  maintain.	
  Immediately	
  
after	
  applying	
  a	
  fast	
  ramp,	
  we	
  applied	
  a	
  slow	
  ramp	
  and	
  observed	
  that	
  the	
  cell	
  maintained	
  
this	
  new	
  tension	
  when	
  undergoing	
  slow	
  loading	
  (Figure	
  4B).	
  Rather	
  than	
  a	
  feedback-­‐type	
  
setpoint	
   control,	
   it	
   appears	
   that	
   cellular	
   tension	
   regulation	
   instead	
   operates	
   through	
   a	
  
buffering-­‐type	
  mechanism.	
  	
  

Cellular	
  elasticity	
  measurements	
  suggest	
  rearrangement	
  of	
  cytoskeleton	
  

Given	
  the	
  observation	
  that	
  the	
  cell	
  can	
  buffer	
  slow,	
  but	
  not	
  fast	
  deformations,	
  we	
  sought	
  to	
  
identify	
   the	
   nature	
   of	
   the	
   cells	
   compensatory	
  mechanism.	
   The	
   acto-­‐myosin	
   cytoskeleton	
  
has	
   been	
   previously	
   implicated	
   in	
   tensile	
   mechanosensation.	
   Therefore,	
   we	
   set	
   out	
   to	
  
observe	
   whether	
   the	
   cell’s	
   rheological	
   properties	
   changed	
   during	
   cellular	
   tensional	
  
homeostasis.	
   To	
   that	
   end,	
   we	
   used	
   AFM	
   micro-­‐rheology	
   to	
   track	
   the	
   storage	
   and	
   loss	
  
moduli	
  as	
  the	
  cell	
  spread,	
  contracted,	
  and	
  reached	
  steady	
  state.	
  We	
  observed	
  that	
  cellular	
  
elasticity	
   increases	
   as	
   the	
   cytoskeleton	
   forms	
   during	
   contraction,	
   peaking	
   when	
   the	
   cell	
  
reaches	
  steady	
  state	
  (Figure	
  5A).	
  Notably,	
   in	
   the	
  absence	
  of	
  an	
  external	
  perturbation,	
   the	
  
cell	
  remains	
  at	
  a	
  steady-­‐state	
  force,	
  spread	
  area,	
  and	
  elasticity.	
  	
  

Upon	
   step	
   increases	
   or	
   decreases	
   in	
   cell	
   height,	
   significant	
   changes	
   in	
   elasticity	
   rapidly	
  
result,	
  with	
  elasticity	
  increasing	
  with	
  cell	
  height	
  increases	
  while	
  decreasing	
  with	
  cell	
  height	
  
decreases.	
  Fast	
  ramps	
  (1	
  µm/min),	
  which	
  produce	
  a	
  new	
  steady-­‐state	
  cellular	
  tension,	
  also	
  
change	
  the	
  elasticity	
  of	
  the	
  cell	
  to	
  a	
  new	
  steady-­‐state	
  elasticity	
  (p≤0.001,	
  N=8),	
  in	
  the	
  same	
  
direction	
  as	
  the	
  step	
  changes	
  (Figure	
  5B).	
  However,	
  slow	
  ramps	
  (0.1	
  µm/min)	
  that	
  deform	
  
the	
  cell	
  by	
  the	
  same	
  magnitude	
  without	
  a	
  change	
  in	
  cell	
  tension	
  produce	
  no	
  distinguishable	
  
change	
  in	
  elasticity	
  (p>0.1,	
  N=5,	
  Figure	
  5B).	
  Consequently,	
  the	
  tensional	
  buffering	
  process	
  
does	
   not	
   involve	
   a	
   change	
   in	
   cellular	
   elasticity,	
   while	
   strain-­‐rates	
   beyond	
   the	
   cell’s	
  
compensatory	
  ability	
  do	
  change	
  the	
  cell’s	
  rigidity.	
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DISCUSSION	
   	
  

Controls	
  of	
  cellular	
  tension	
  

In	
   this	
   study,	
   we	
   observed	
   that,	
   when	
   cells	
   are	
   sandwiched	
   between	
   two	
   constrained	
  
surfaces,	
  cell	
  spreading	
  drives	
  contraction	
  until	
  adhesive	
  area	
  is	
  filled.	
  Tension	
  then	
  levels	
  
off	
   to	
   a	
   steady-­‐state	
   value.	
   Previous	
   studies	
   have	
   observed	
   the	
   correlated	
   nature	
   of	
   cell	
  
spreading	
   and	
   traction	
   forces	
   (13,	
   14).	
   Our	
   results	
   extend	
   this	
   observation	
   to	
   out-­‐of-­‐
adhesive-­‐plane	
   traction	
   forces,	
   and	
   further	
   clarify	
   the	
   force/area	
   relationship.	
   Area	
  
increases	
  initially	
  without	
  generating	
  much	
  force,	
  consistent	
  with	
  previous	
  observations	
  of	
  
the	
  initial	
  P0/P1	
  phases	
  of	
  cell	
  spreading	
  (13,	
  15).	
  As	
  area	
  increases	
  further,	
  tension	
  then	
  
starts	
   to	
   increase.	
  However,	
   as	
   the	
  available	
   ligand	
  becomes	
  completely	
   filled,	
   area	
   stops	
  
increasing,	
  but	
   force	
  continues	
   for	
  a	
   few	
  minutes	
   (5-­‐10	
  min),	
   suggesting	
  some	
   lag	
  where	
  
force	
   takes	
   some	
   time	
   to	
   reach	
   equilibrium	
   when	
   presented	
   with	
   new	
   area.	
   Soon	
   after	
  
spreading	
  ceases,	
  cellular	
  traction	
  force	
  stops	
  increasing	
  and	
  levels	
  off	
  to	
  a	
  steady	
  state.	
  We	
  
further	
   demonstrated	
   the	
   necessity	
   of	
   spreading	
   for	
   driving	
   contraction	
   using	
   a	
   force	
  
clamp.	
   The	
   fact	
   that	
   after	
   spreading	
   in	
   a	
   zero	
   stiffness	
   environment,	
   the	
   cell	
   would	
   no	
  
longer	
   contract	
   to	
   be	
   under	
   some	
   degree	
   of	
   tension	
   reinforces	
   the	
   results	
   others	
   have	
  
observed	
  regarding	
  the	
  critical	
  role	
  of	
  spreading	
  in	
  contraction	
  (14,	
  16,	
  17).	
  

Direct	
  evidence	
  for	
  tensional	
  homeostasis	
  

The	
   fact	
   that	
   cells	
   established	
  a	
   tensile	
   steady	
   state	
   in	
  our	
   system	
  presented	
  us	
  with	
   the	
  
perfect	
   opportunity	
   to	
   test	
   the	
   widely	
   asserted	
   notion	
   that	
   cells	
   maintain	
   tensional	
  
homeostasis	
  with	
   their	
   environment.	
  Brown	
  et	
   al.	
   first	
  proposed	
   this	
  hypothesis	
   in	
  1998:	
  
“We	
  would	
   define	
   tensional	
   homeostasis	
   as	
   the	
   control	
  mechanism	
   by	
  which	
   fibroblasts	
  
establish	
   a	
   tension	
   within	
   their	
   extracellular	
   collagenous	
   matrix	
   and	
   maintain	
   its	
   level	
  
against	
  opposing	
  influences	
  of	
  external	
  loading.”	
  (4)	
  Unfortunately,	
  to	
  date,	
  no	
  experiments	
  
have	
  shown	
  this	
  ability	
  of	
  cells	
  to	
  maintain	
  a	
  tension	
  when	
  undergoing	
  external	
  loading.	
  All	
  
three	
  studies	
  that	
  have	
  approached	
  this	
  question	
  have	
  only	
  observed	
  indirect	
  evidence	
  for	
  
tensional	
  homeostasis	
  in	
  fibroblast	
  cells	
  (extrapolate	
  a	
  trend	
  (4,	
  6);	
  use	
  stiffness	
  as	
  a	
  proxy	
  
for	
   tension	
   (7)).	
  To	
   that	
   end,	
   in	
   this	
   study	
  we	
  show	
   the	
   first	
  direct	
   evidence	
  of	
   tensional	
  
homeostasis	
   in	
   fibroblast	
   cells.	
   Our	
   study	
   is	
   the	
   first	
   to	
   actually	
   measure	
   the	
   tension	
  
produced	
   by	
   a	
   single	
   cell	
   and	
   observe	
   the	
   cell	
   regulating	
   its	
   force	
   to	
   maintain	
   a	
   given	
  
tension	
  when	
  undergoing	
  rather	
  substantial	
  straining	
  (>10%).	
  	
  

Two	
  features	
  of	
  this	
  tensional	
  homeostasis	
  are	
  particularly	
  notable.	
  First,	
  the	
  cell	
  can	
  only	
  
counteract	
  external	
  loading	
  at	
  a	
  rate	
  of	
  ~100	
  nm/min	
  or	
  below,	
  with	
  loading	
  at	
  a	
  rate	
  of	
  1	
  
µm/min	
  or	
  faster	
  resulting	
  in	
  clear	
  changes	
  in	
  tension.	
  Second,	
  loading	
  the	
  cell	
  faster	
  than	
  it	
  
can	
   adjust	
   causes	
   a	
   change	
   in	
   steady-­‐state	
   cellular	
   tension	
   and	
   elasticity.	
  When	
   loading	
  
ceases	
  or	
  slows	
  down,	
  the	
  cell	
  then	
  maintains	
  the	
  new	
  steady-­‐state	
  force.	
  Taken	
  together,	
  
these	
  observations	
  suggest	
  a	
  buffering	
  regulation	
  mechanism,	
  as	
  opposed	
  to	
  a	
  mechanostat	
  
force	
  setpoint	
   feedback	
  system.	
  We	
  propose	
  that	
   tensional	
  homeostasis	
  operates	
  through	
  
strain-­‐rate	
  dependent	
  tensional	
  buffering.	
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Mechanism	
  of	
  tensional	
  homeostasis	
  

Our	
   observations	
   regarding	
   tensional	
   homeostasis	
   suggest	
   several	
   key	
   characteristics	
   of	
  
the	
   underlying	
   mechanism	
   responsible	
   for	
   this	
   behavior.	
   First,	
   we	
   observe	
   a	
   rate-­‐
dependent	
  regulation	
  of	
  tension,	
  with	
  cells	
  losing	
  homeostasis	
  between	
  0.1	
  µm/min	
  and	
  1	
  
µm/min.	
   Second,	
   we	
   do	
   not	
   observe	
   a	
   tensile	
   setpoint	
   behavior;	
   instead	
   cells	
   work	
   to	
  
maintain	
  whatever	
  their	
  current	
  steady-­‐state	
   tension	
   is	
  once	
  they	
  are	
   fully	
  spread.	
  Third,	
  
cellular	
  elasticity	
  does	
  not	
  change	
  under	
  loading	
  when	
  the	
  cell	
  remains	
  in	
  homeostasis,	
  but	
  
dramatically	
  changes	
  when	
  loading	
  is	
  faster	
  than	
  the	
  cell’s	
  tensional	
  buffering	
  capacity.	
  	
  

Numerous	
  models	
  have	
  been	
  developed	
  to	
  explain	
  tensional	
  homeostasis,	
  but	
  the	
  absence	
  
of	
  direct	
  and	
  specific	
  experimental	
  evidence	
  has	
  limited	
  the	
  utility	
  of	
  these	
  models.	
  Several	
  
computational	
   models	
   have	
   been	
   developed	
   to	
   explore	
   the	
   dynamic	
   nature	
   of	
   cellular	
  
spreading,	
  contraction,	
  and	
  response	
  to	
  applied	
   loads	
  (16,	
  18,	
  19).	
  Different	
   length	
  scales	
  
have	
  also	
  been	
  explored	
  from	
  the	
  single	
  molecule,	
  single	
  adhesion	
  or	
  stress	
  fiber	
  level,	
   to	
  
the	
  whole	
   cell	
   or	
  multi-­‐cellular	
   tissue	
   scale.	
   Previous	
   studies	
   suggest	
   that	
   there	
   are	
   two	
  
classes	
   of	
   potential	
  mechanisms	
   to	
   explain	
   tensional	
   homeostasis:	
   acto-­‐myosin-­‐based	
   or	
  
focal	
   adhesion-­‐based	
  models.	
   Given	
   our	
   observation	
   that	
   focal	
   adhesions	
   did	
   not	
   change	
  
during	
   the	
   tensional	
   homeostatic	
   response	
   to	
   external	
   loading,	
   we	
   focused	
   on	
   the	
   acto-­‐
myosin	
  class	
  of	
  models.	
  

In	
  order	
   to	
  better	
  relate	
   to	
  potential	
  acto-­‐myosin	
  models,	
  we	
  sought	
   to	
  characterize	
  how	
  
the	
  cytoskeleton	
  responded	
  during	
  tensional	
  homeostasis.	
  Using	
  AFM	
  micro-­‐rheology,	
  we	
  
observed	
   substantial	
   stiffening	
   of	
   the	
   cell	
   as	
   it	
   contracted	
   to	
   steady	
   state,	
   achieving	
   an	
  
elasticity	
  on	
  average	
  of	
  4.5	
  (±1.7)	
  kPa,	
  consistent	
  with	
  previous	
  observations	
  of	
  fibroblast	
  
elasticity	
   (20).	
   Slowly	
   loading	
   the	
   cell	
   did	
   not	
   change	
   cell	
   stiffness,	
   while	
   faster	
   loading	
  
significantly	
  changed	
  the	
  cell’s	
  elasticity.	
  	
  

There	
   are	
   a	
   variety	
   of	
   ways	
   in	
   which	
   the	
   acto-­‐myosin	
   cytoskeleton	
   could	
   behave	
   as	
   a	
  
loading-­‐rate	
  mechanosensor.	
  Recent	
  evidence	
  suggests	
  a	
  potential	
  role	
  of	
  actin	
  as	
  a	
  tension	
  
sensor	
  (21)	
  whereby	
  actin	
  binding	
  protein	
  affinity	
  is	
  affected	
  by	
  structural	
  changes	
  (22)	
  or	
  
fluctuation	
   changes	
   (23)	
   of	
   the	
   actin	
   filament.	
   These	
   changes	
   can	
   either	
   drive	
   increased	
  
crosslinking	
  with	
  load	
  (24,	
  25)	
  or	
  rather	
  inhibition	
  of	
  depolymerization	
  when	
  the	
  filament	
  
is	
   under	
   tension	
   (26).	
   Either	
   way,	
   if	
   structural	
   changes	
   in	
   the	
   cell’s	
   cytoskeleton	
   were	
  
taking	
  place	
  when	
  the	
   loading	
   is	
   faster	
   than	
  what	
   the	
  cell	
  can	
  buffer,	
  we	
  would	
  expect	
   to	
  
see	
  a	
  change	
  in	
  the	
  cell’s	
  elasticity	
  to	
  reflect	
  this	
  rearrangement.	
  	
  

Two	
  models	
   proposed	
   recently	
   hold	
   particular	
   promise	
   for	
   explaining	
   our	
   observations.	
  
The	
   first	
   is	
   the	
   sarcomeric	
   model	
   of	
   tensional	
   homeostasis	
   presented	
   by	
   Kaunas	
   and	
  
colleagues	
  (18).	
  Starting	
  by	
  simplifying	
  a	
  stress	
  fiber	
  with	
  a	
  sarcomeric	
  model,	
  Kaunas	
  et	
  al.	
  
relate	
   the	
   tension	
   and	
  deformation	
  of	
   the	
   stress	
   fiber	
   to	
   the	
  myosin	
   cross-­‐bridge	
   cycling	
  
rate	
  and	
  the	
  substrate	
  loading	
  rate.	
  Using	
  model	
  parameters	
  derived	
  from	
  experiments	
  in	
  
the	
   literature,	
   they	
   found	
   a	
   frequency	
   dependence	
   of	
   the	
   tension	
   on	
   stress	
   fibers	
   when	
  
undergoing	
   sinusoidal	
   loading.	
   This	
  model	
   has	
   since	
   been	
   expanded	
   to	
   irregular	
   loading	
  
schemes	
  (27),	
  and	
  notably	
   it	
  was	
   found	
  that	
   the	
   loading	
  rate,	
  and	
  not	
   the	
   frequency,	
  was	
  
the	
  determinant	
  of	
   cellular	
   tension.	
  One	
   result	
   of	
   this	
  model	
   is	
   that	
   for	
  high	
   strain	
   rates,	
  
stress	
   fibers	
   behave	
   elastically,	
   with	
   changes	
   in	
   length	
   corresponding	
   to	
   a	
   proportional	
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change	
   in	
   tension.	
   However,	
   for	
   low	
   strain	
   rates,	
   myosin	
   activity	
   counteracts	
   substrate	
  
deformation	
  and	
  stress	
   fiber	
  tension	
  does	
  not	
  change.	
   Instead,	
  acto-­‐myosin	
  filaments	
   just	
  
slide	
  past	
  each	
  other.	
  This	
  predicts	
  both	
  the	
  tensional	
  regulation	
  that	
  we	
  observe	
  and	
  that	
  
cellular	
  elasticity	
  would	
  not	
  change	
  during	
  slow	
  loading.	
  However,	
  the	
  model	
  does	
  not	
  yet	
  
capture	
  our	
  observation	
  of	
   tensional	
  buffering	
  of	
   the	
  new	
  steady-­‐state	
   forces,	
  which	
  will	
  
need	
  to	
  be	
  incorporated	
  into	
  the	
  model	
  in	
  order	
  to	
  move	
  it	
  beyond	
  only	
  characterizing	
  how	
  
the	
  cell	
  responds	
  during	
  loading	
  to	
  extend	
  it	
  to	
  how	
  it	
  behaves	
  after	
  loading.	
  	
  

Another	
   recent	
   model	
   by	
   Abhilash	
   and	
   colleagues	
   used	
   discrete	
   network	
   modeling	
   to	
  
observe	
  rate-­‐dependent	
  elasticity	
  in	
  fibrous	
  actin	
  networks	
  consisting	
  of	
  only	
  actin,	
  motors,	
  
and	
  crosslinkers	
  (19).	
  Consistent	
  with	
  our	
  observations,	
  such	
  a	
  model	
  predicts	
  the	
  network	
  
to	
  have	
  a	
  very	
  low	
  stiffness	
  (minimal	
  force	
  change	
  for	
  a	
  given	
  strain)	
  for	
  low	
  strain	
  rates,	
  
while	
   for	
   faster	
   strain	
   rates,	
   the	
   network	
  would	
   have	
   an	
   elevated	
   stiffness	
   (larger	
   force	
  
change	
  for	
  the	
  same	
  given	
  strain).	
  This	
  model	
  has	
  the	
  added	
  benefit	
  of	
  describing	
  whole-­‐
cell	
   scale	
   responses	
   based	
   on	
   underlying	
  molecular	
  modeling.	
   However,	
   it	
   has	
   not	
   been	
  
extended	
   to	
   incorporate	
   either	
   the	
   buffering	
   response	
   we	
   observe,	
   or	
   the	
   rheological	
  
observations	
  we’ve	
  made.	
  

While	
   no	
   current	
   model	
   completely	
   accounts	
   for	
   the	
   behaviors	
   we	
   observe,	
   numerous	
  
modeling	
   efforts	
   establish	
   frameworks	
   that	
   hold	
   the	
   promise	
   of	
   being	
   extendable	
   to	
  
account	
   for	
  the	
  tensional	
  homeostasis	
  through	
  rate-­‐dependent	
  buffering	
  that	
  we	
  observe.	
  
Indeed,	
  given	
  that	
  acto-­‐myosin	
  based	
  models	
  have	
  successfully	
  predicted	
  so	
  much	
  of	
  what	
  
we	
  observe,	
  we	
   think	
   it	
   likely	
   that	
   they	
  point	
   to	
   the	
   fundamental	
   underlying	
  mechanism	
  
driving	
  tensional	
  homeostasis.	
  	
  

Conclusions	
  

By	
  constraining	
  spread	
  area	
  for	
  fibroblast	
  cells	
  spreading	
  between	
  a	
  substrate	
  and	
  an	
  AFM	
  
cantilever,	
   we	
   observe	
   that	
   once	
   cells	
   stop	
   spreading,	
   they	
   soon	
   settle	
   at	
   a	
   steady-­‐state	
  
force.	
  Then,	
  by	
  loading	
  the	
  cell	
  at	
  different	
  rates,	
  we	
  discovered	
  the	
  first	
  direct	
  evidence	
  for	
  
tensional	
  homeostasis	
  through	
  a	
  tensional	
  buffering	
  response,	
  wherein	
  cells	
  can	
  counteract	
  
loading	
   up	
   to	
   some	
   rate,	
   above	
   which	
   results	
   in	
   tension	
   changes.	
   Notably,	
   after	
   rapid	
  
loading,	
   the	
   cell	
   will	
   maintain	
   and	
   buffer	
   the	
   new	
   force,	
   rather	
   than	
   return	
   to	
   some	
  
previous	
   tensional	
   setpoint.	
  Measuring	
   cellular	
   elasticity	
   throughout	
   the	
   contraction	
   and	
  
loading	
  conditions,	
  we	
  observe	
  that	
  the	
  stiffness	
  of	
  the	
  cell	
  also	
  changes	
   in	
  a	
   loading-­‐rate	
  
dependent	
  manner.	
  	
  

These	
  insights	
  will	
  prove	
  useful	
  to	
  provide	
  constraints	
  for	
  models	
  trying	
  to	
  recapitulate	
  the	
  
dynamic	
   nature	
   of	
   cellular	
   force	
   regulation	
   and	
   elucidate	
   the	
   underlying	
   molecular	
  
mechanism.	
  Interestingly,	
  tensional	
  buffering	
  may	
  serve	
  to	
  help	
  cells	
  differentiate	
  between	
  
slowly	
  changing	
  strains	
  in	
  tissue	
  that	
  the	
  cell	
  needs	
  to	
  accommodate,	
  and	
  rapid,	
  transient	
  
strains	
   applied	
   to	
   the	
   tissue,	
   in	
  which	
   case	
   the	
   cell	
   behaves	
  more	
   rigidly	
   to	
   stabilize	
   the	
  
tissue.	
   Ultimately,	
   this	
   study	
   highlights	
   the	
   need	
   to	
   consider	
   the	
   dynamics	
   of	
   a	
   cell’s	
  
microenvironment	
  and	
  not	
  only	
  equilibrium	
  responses.	
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FIGURES	
  

	
  

Figure	
  1.	
  Cell	
  contraction	
  between	
  dual	
  patterned	
  surfaces.	
  	
  

A)	
  We	
  use	
  a	
  combination	
  of	
  microcontact	
  printing	
  and	
  dipping	
  to	
  pattern	
  fibronectin	
  on	
  the	
  
substrate	
   and	
   AFM	
   cantilever,	
   respectively,	
   with	
   the	
   remaining	
   surface	
   passivated	
   using	
  
BSA.	
  This	
  presents	
  a	
  single	
  cell	
  with	
  two	
  constrained	
  surfaces	
  to	
  spread	
  between,	
  deflecting	
  
the	
  cantilever	
  as	
  it	
  exerts	
  force,	
  which	
  we	
  can	
  measure	
  at	
  the	
  sub-­‐nN,	
  sub-­‐second	
  level.	
  A	
  
piezo-­‐electric	
  element	
  allows	
  precise	
  positioning	
  of	
  the	
  cantilever	
  to	
  apply	
  desired	
  loading.	
  
B)	
  A	
  cell	
  rapidly	
  spreads	
  to	
  fill	
  up	
  the	
  fibronectin	
  pattern.	
  In	
  this	
  case,	
  we	
  are	
  observing	
  a	
  
fibroblast	
  cell	
  expressing	
  GFP-­‐vinculin	
  spreading	
  between	
  15x15	
  µm2	
  FN	
  patterns	
  over	
  the	
  
course	
  of	
  30	
  min.	
  C)	
  A	
  custom-­‐built	
  confocal-­‐AFM	
  provides	
  a	
  3D	
  reconstruction	
  of	
  how	
  a	
  
fibroblast	
  cell	
  expressing	
  mCherry-­‐LifeAct	
  spreads	
  between	
  the	
  patterned	
  FN-­‐GFP	
  coated	
  
cantilever	
  and	
  substrate,	
  after	
  30	
  min.	
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Figure	
  2.	
  Limiting	
  cell	
  spreading	
  results	
  in	
  a	
  steady-­‐state	
  force.	
  	
  

A)	
  Patterning	
  both	
  surfaces	
  is	
  required	
  to	
  repeatedly	
  achieve	
  a	
  steady-­‐state	
  force,	
  with	
  the	
  
cell	
  remaining	
  attached	
  to	
  both	
  surfaces.	
  B)	
  Cellular	
  contraction	
  increases	
  tension	
  until	
  the	
  
force	
  reaches	
  a	
   steady-­‐state	
  value,	
  which	
  we	
  define	
  as	
   the	
   force	
  remaining	
  within	
  a	
  10%	
  
range	
  (shaded	
  area).	
  By	
  tracking	
  cell	
  area	
  as	
  well	
  as	
  contractile	
  force,	
  we	
  observe	
  that	
  the	
  
tension	
  continues	
  for	
  a	
  short	
  time	
  (~5	
  min)	
  after	
  spreading	
  ceases.	
  Note	
  Figure	
  1B	
  shows	
  a	
  
subset	
  of	
  the	
  images	
  from	
  which	
  the	
  cell	
  spread	
  area	
  data	
  in	
  this	
  panel	
  was	
  calculated.	
  C)	
  
Spreading	
  is	
  necessary	
  to	
  generate	
  contractile	
  force.	
  If	
  a	
  force	
  clamp	
  maintains	
  zero	
  tension	
  
from	
  first	
  contact	
  of	
  the	
  cell	
  with	
  both	
  surfaces	
  until	
  spreading	
  has	
  stopped	
  (shaded	
  area),	
  
then	
  when	
  the	
   force	
  clamp	
   is	
  removed	
  (after	
   the	
  shaded	
  area),	
   the	
  cell	
  does	
  not	
  contract	
  
further	
  to	
  generate	
  any	
  substantial	
  tension.	
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Figure	
  3.	
  Cellular	
  tension	
  regulation	
  is	
  rate	
  dependent.	
  	
  

A)	
   Once	
   a	
   steady-­‐state	
   force	
   is	
   established,	
   we	
   stretch	
   the	
   cell	
   by	
   1	
   µm	
   at	
   a	
   rate	
   of	
   0.1	
  
µm/min.	
   Notably,	
   cellular	
   tension	
   is	
   unchanged	
   during	
   this	
   stretching.	
   B)	
   Averaging	
   the	
  
response	
  of	
  all	
  cells	
  (normalizing	
  by	
  the	
  steady-­‐state	
  force	
  value),	
  we	
  can	
  clearly	
  observe	
  
that	
   while	
   the	
   slow	
   perturbations	
   (0.1	
   µm/min,	
   blue	
   square)	
   stay	
   within	
   the	
   shaded,	
  
steady-­‐state	
  region	
  (N=12),	
  faster	
  loading	
  (1	
  µm/min,	
  red	
  circle)	
  clearly	
  changes	
  the	
  force	
  
beyond	
   the	
   shaded	
   steady	
   state	
   (N=19).	
   Error	
   bars	
   are	
   ±	
   SE.	
   C)	
   Displacements	
   of	
   1	
   µm	
  
produce	
  dramatically	
  different	
  force	
  changes	
  depending	
  on	
  the	
  rate	
  of	
  loading.	
  While	
  slow	
  
loading	
  produces	
  a	
  statistically	
  indistinguishable	
  change	
  in	
  force	
  from	
  the	
  steady	
  state,	
  fast	
  
(N=19,	
   p<0.015)	
   and	
   step	
   loading	
   (N=6,	
   p<0.01)	
   significantly	
   change	
   cell	
   tension	
   for	
   the	
  
same	
  strain.	
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Figure	
  4.	
  Tensional	
  buffering	
  rather	
  than	
  tensional	
  setpoint.	
  	
  

A)	
  Plotting	
  the	
  average	
  response	
  (N=8)	
  of	
  cells	
  during	
  and	
  after	
  a	
  5	
  µm	
  fast	
  displacement	
  
demonstrate	
   that	
   the	
   cells	
   remain	
   at	
   the	
   new	
   force	
   value,	
   instead	
   of	
   returning	
   to	
   the	
  
previous	
  steady-­‐state	
  value.	
  Error	
  bars	
  are	
  ±	
  SE.	
  B)	
  Switching	
  directly	
  from	
  a	
  fast	
  ramp	
  to	
  a	
  
slow	
  ramp	
  shows	
  that	
  the	
  cell	
  starts	
  maintaining	
  the	
  new	
  force	
  value	
  immediately.	
  (Inset)	
  
A	
  clear	
  transition	
  from	
  the	
  fast	
  (blue)	
  to	
  slow	
  (red)	
  ramp	
  highlights	
  the	
  transition	
  from	
  an	
  
unregulated	
  tension	
  (blue)	
  to	
  regulated	
  tension	
  (red).	
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Figure	
  5.	
  Cellular	
  elasticity	
  during	
  contraction	
  and	
  dynamic	
  loading.	
  	
  

A)	
   Cellular	
   elasticity	
   increases	
   as	
   the	
   cell	
   spreads	
   and	
   contracts.	
   Once	
   the	
   cell	
   reaches	
   a	
  
steady-­‐state	
   force,	
   cellular	
  elasticity	
  also	
  reaches	
  a	
  plateau.	
  B)	
  Slow	
   loading	
   (0.1	
  µm/min	
  
for	
  1	
  µm)	
  does	
  not	
  change	
  cellular	
  elasticity	
  from	
  the	
  steady-­‐state	
  value.	
  However,	
  rapidly	
  
increasing	
  cell	
  height	
  (1	
  µm/min	
  for	
  1	
  µm	
  or	
  a	
  step	
  change	
  of	
  1	
  µm)	
  dramatically	
  increases	
  
cellular	
   stiffness,	
   while	
   rapidly	
   decreasing	
   height	
   significantly	
   lower	
   cellular	
   elasticity	
  
(n=15,	
  p<0.005).	
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SUPPORTING	
  FIGURES  

	
  

Figure	
  S1.	
  Micropatterning	
  promotes	
  stabile	
  3D	
  attachment.	
  	
  

Constraining	
   spread	
   area	
  on	
  both	
   surfaces	
  dramatically	
   increases	
   the	
  percentage	
  of	
   cells	
  
that	
  achieve	
  a	
  steady	
  state	
  attached	
  to	
  both	
  surfaces.	
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Figure	
  S2.	
  Viscoelastic	
  response	
  of	
  cells	
  to	
  step	
  strains.	
  

When	
  applying	
  step	
  strains	
  to	
  the	
  cell,	
  force	
  changes	
  rapidly	
  and	
  then	
  viscoelastically	
  
relaxes	
  towards	
  the	
  previous	
  force.	
  However,	
  the	
  cell	
  does	
  not	
  return	
  to	
  the	
  same	
  tension,	
  
rather	
  assuming	
  a	
  new	
  steady	
  state	
  at	
  some	
  intermediate	
  force.	
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Chapter	
  6.	
  	
  
	
  
Concluding	
  remarks:	
  Thoughts	
  on	
  the	
  future	
  of	
  cellular	
  
mechanobiology	
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Summary	
  

This	
  dissertation	
  is	
  unified	
  by	
  the	
  question:	
  How	
  do	
  mechanics	
  affect	
  cellular	
  behavior?	
  In	
  
Chapter	
  1,	
  I	
  set	
  the	
  groundwork	
  for	
  this	
  dissertation,	
  giving	
  an	
  overview	
  of	
  the	
  background	
  
literature	
   necessary	
   to	
   understand	
   my	
   research.	
   Then	
   in	
   Chapter	
   2,	
   I	
   report	
   the	
  
development	
  of	
  a	
  new	
  technology,	
  called	
  a	
  stiffness	
  clamp,	
  which	
  when	
  used	
  in	
  conjunction	
  
with	
   contraction	
   force	
   microscopy,	
   enables	
   dynamic	
   control	
   of	
   the	
   microenvironmental	
  
stiffness	
   experienced	
   by	
   single	
   contractile	
   cells.	
   By	
   instantly	
   changing	
   the	
   apparent	
  
stiffness	
  surrounding	
  the	
  cell,	
  I	
  observed	
  an	
  immediate	
  change	
  in	
  cellular	
  contraction	
  rate	
  
in	
   response.	
   In	
   Chapter	
   3,	
   I	
   look	
   deeper	
   into	
   the	
   cellular	
   stiffness	
   sensing	
   response,	
  
observing	
   a	
   seconds-­‐timescale	
   equilibration	
   in	
   cellular	
   contraction	
   during	
   stiffness	
  
changes.	
  The	
  timescale	
  of	
  this	
  behavior	
  was	
  dependent	
  on	
  the	
  viscoelastic	
  properties	
  of	
  the	
  
cell’s	
  acto-­‐myosin	
  cytoskeleton.	
  In	
  fact,	
  the	
  response	
  I	
  observed	
  was	
  fully	
  explained	
  using	
  a	
  
standard	
  linear	
  solid	
  element	
  in	
  series	
  with	
  a	
  constant	
  velocity	
  actuator.	
  This	
  observation	
  
provides	
  a	
  lower	
  temporal	
  bound	
  on	
  the	
  cell’s	
  ability	
  to	
  sense	
  stiffness	
  signals	
  perceived	
  in	
  
its	
  environment,	
  where	
  the	
  cell	
  must	
  integrate	
  its	
  own	
  viscoelasticity	
  in	
  combination	
  with	
  
its	
  environment.	
  

Cancer	
   tumors	
   have	
   long	
   been	
   known	
   to	
   have	
   different	
  mechanical	
   properties	
   from	
   the	
  
surrounding	
   tissue.	
   In	
  Chapter	
  4,	
   I	
   investigate	
   the	
   source	
  of	
   these	
  mechanical	
   changes	
   in	
  
the	
  context	
  of	
  invasive	
  lobular	
  breast	
  carcinoma.	
  Using	
  atomic	
  force	
  microscopy	
  (AFM)	
  to	
  
apply	
  creep	
  tests	
  to	
  both	
  single	
  cell	
  and	
  mulit-­‐cellular	
  acinar	
  structures,	
  I	
  observe	
  a	
  distinct	
  
stiffening	
  of	
  mature	
  pre-­‐malignant	
  acini	
  resulting	
  from	
  not	
  mechanical	
  changes	
  on	
  a	
  single	
  
cell	
   scale	
  nor	
  changes	
   in	
   cell-­‐cell	
   adhesion,	
  but	
   rather	
   from	
   the	
  structural	
  architecture	
  of	
  
the	
  acinus.	
  I	
  then	
  show,	
  using	
  a	
  custom	
  developed	
  3D	
  computational	
  model,	
  how	
  the	
  pre-­‐
malignant	
   architecture	
   itself	
   affects	
   the	
   apparent	
   microenvironmental	
   stiffness	
  
experienced	
  by	
  a	
  single	
  epithelial	
  cell	
  within	
  the	
  acinus.	
  

Finally,	
   in	
   Chapter	
   5	
   I	
   tackle	
   one	
   of	
   the	
   most	
   widely	
   discussed	
   hypotheses	
   in	
  
mechanobiology:	
  tensional	
  homeostasis.	
  For	
  the	
  first	
  time	
  since	
  originally	
  being	
  proposed	
  
15	
  years	
  ago,	
  I	
  report	
  conclusive,	
  direct	
  evidence	
  for	
  tensional	
  homeostasis	
  at	
  a	
  single	
  cell	
  
level.	
  However,	
  unlike	
  as	
  had	
  previously	
  been	
  hypothesized,	
  homeostasis	
  is	
  not	
  maintained	
  
through	
  a	
   “mechanostat”,	
   force	
  setpoint	
  behavior.	
  Rather,	
   tensional	
  buffering	
  enables	
   the	
  
cell	
   to	
   maintain	
   its	
   steady-­‐state	
   force,	
   up	
   to	
   some	
   loading	
   rate,	
   at	
   which	
   point	
   the	
   cell	
  
tension	
   will	
   change	
   to	
   form	
   a	
   new	
   homeostatic	
   value.	
   This	
   strain-­‐rate	
   dependent	
  
homeostasis	
  potentially	
  enables	
  the	
  cell	
  to	
  behave	
  in	
  two	
  different	
  ways,	
  depending	
  on	
  the	
  
nature	
  of	
  the	
  mechanical	
  load.	
  One	
  the	
  one	
  hand,	
  for	
  slow	
  loading,	
  the	
  cell	
  accommodates	
  
and	
   deforms	
   to	
   absorb	
   the	
   load.	
   One	
   the	
   other	
   hand,	
  when	
   the	
   tissue	
   experiences	
   rapid	
  
loading,	
  the	
  cell	
  behaves	
  more	
  rigidly,	
  thereby	
  stabilizing	
  the	
  tissue.	
  

One	
   of	
   the	
   key	
   takeaway	
   points	
   from	
   my	
   research	
   is	
   the	
   importance	
   of	
   the	
   dynamic	
  
behavior	
  of	
  cells	
  with	
  the	
  mechanics	
  of	
  their	
  environment.	
  Ignored	
  by	
  most	
  studies	
  in	
  the	
  
field,	
   I	
   have	
   shown	
   how	
   important	
   the	
   element	
   of	
   time	
   is	
   in	
   understanding	
   cellular	
  
mechanosensation.	
   Additionally,	
   I	
   have	
   highlighted	
   the	
   role	
   of	
   other	
   contributors	
   to	
   the	
  
mechanics	
   of	
   a	
   cell’s	
   microenvironment,	
   beyond	
   the	
   commonly	
   considered	
   extracellular	
  
matrix	
   (ECM).	
   In	
   addition	
   to	
   the	
  matrix,	
   cells	
   also	
   sense	
   the	
   stiffness	
   of	
   the	
   cells	
   around	
  
them,	
  as	
  well	
  as	
  how	
  those	
  cells	
  are	
  geometrically	
  arranged.	
  All	
   these	
   factors	
  combine	
   to	
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form	
  the	
  mechanical	
  tapestry	
  with	
  which	
  adherent	
  mammalian	
  cells	
  constantly	
  interact.	
  As	
  
we	
  better	
  understand	
  how	
  this	
  interaction	
  is	
  important	
  during	
  healthy	
  development,	
  so	
  too	
  
do	
  we	
  learn	
  how	
  disruptions	
  in	
  these	
  interactions	
  might	
  be	
  involved	
  in	
  disease.	
  

Future	
  challenges	
  and	
  opportunities	
  

The	
   field	
   of	
   cellular	
  mechanobiology	
   faces	
   several	
   key	
   challenges,	
   which	
   simultaneously	
  
offer	
   unique	
   opportunities	
   for	
   moving	
   forward.	
   Addressing	
   these	
   issues	
   will	
   occupy	
  
researchers	
  for	
  years	
  to	
  come.	
  

One	
  of	
  the	
  prominent	
  outstanding	
  questions	
  facing	
  the	
  field	
  is	
  identifying	
  how	
  mechanical	
  
signals	
   become	
   translated	
   into	
   changes	
   in	
   gene	
   expression.	
   Additionally,	
   how	
   does	
   the	
  
mechanical	
   history	
   of	
   the	
   cell	
   (or	
   its	
   lineage)	
   affect	
   its	
   current	
   mechanical	
   perception?	
  
Understanding	
  the	
  transition	
  from	
  short-­‐term	
  sensing	
  to	
  a	
  stable,	
  long-­‐term	
  phenotype	
  will	
  
require	
  the	
  development	
  of	
  new	
  technologies	
  to	
  span	
  the	
  requisite	
  timescales.	
  	
  

Another	
  challenge	
   facing	
   the	
   field	
   is	
  moving	
  beyond	
  model	
   systems	
   to	
  better	
  understand	
  
the	
   mechanosensing	
   behavior	
   of	
   primary	
   cells	
   within	
   heterogeneous	
   environments	
   that	
  
more	
  closely	
  mirror	
  in	
  vivo	
  tissue.	
  One	
  of	
  the	
  most	
  important	
  and	
  limiting	
  simplifications	
  of	
  
most	
   experimental	
   platforms	
   is	
   the	
   use	
   of	
   two-­‐dimensional	
   substrates.	
  Moving	
   to	
   three-­‐
dimensional	
   adhesive	
  matrices,	
  while	
   presenting	
  many	
   technical	
   challenges,	
   provides	
   an	
  
environment	
  markedly	
  more	
   like	
   the	
   native	
   tissue	
   surrounding	
  most	
   cells.	
   As	
  we	
   better	
  
understand	
  simplified	
  model	
  systems,	
  we	
  will	
  also	
  begin	
  to	
  be	
  able	
  to	
  identify	
  how	
  healthy	
  
responses	
  of	
  cells	
  in	
  vivo	
  break	
  down	
  with	
  various	
  diseases.	
  

Finally,	
   another	
   challenge	
   facing	
   the	
   field	
   is	
   developing	
   constitutive	
   equations	
   that	
  
characterize	
   the	
   cell’s	
  mechanical	
   relationship	
  with	
   its	
   environment.	
   Tackling	
   this	
  would	
  
dramatically	
   improve	
   the	
   utility	
   of	
   computational	
   models	
   that	
   have	
   sought	
   to	
   describe	
  
these	
  behaviors,	
  which	
   to	
  date	
  have	
  been	
   limited	
  by	
   the	
  absence	
  of	
  detailed,	
  quantitative	
  
experimental	
  data.	
   Indeed,	
   this	
  will	
  be	
  of	
  mutual	
  benefit,	
   as	
  models	
  will	
  be	
  able	
   to	
  make	
  
testable	
  predictions	
  to	
  help	
  guide	
  experiments.	
  

Ultimately,	
  I	
  believe	
  the	
  goal	
  of	
  the	
  field	
  of	
  mechanobiology	
  should	
  be	
  to	
  become	
  integrated	
  
into	
   the	
   rest	
   of	
   cellular	
   biology,	
   wherein	
   mechanics	
   are	
   considered	
   right	
   alongside	
  
biochemical	
   signaling	
   when	
   investigating	
   questions	
   of	
   cell	
   function.	
   As	
   the	
   field	
   initially	
  
formed,	
   its	
   task	
  was	
   to	
  make	
   the	
   case	
   that	
  mechanics	
   are	
   important,	
   that	
   ever	
  more	
   cell	
  
types	
  behave	
  differently	
  as	
  a	
  function	
  of	
  stiffness	
  and	
  force	
  within	
  their	
  microenvironment.	
  
This	
   evidence	
  has	
  mounted	
  and	
  now,	
   any	
  given	
   cell	
   type	
  exhibiting	
  mechanosensation	
   is	
  
more	
   of	
   the	
   rule	
   than	
   the	
   exception.	
  However,	
   to	
   be	
   really	
   useful,	
  mechanobiology	
  must	
  
demonstrate	
  that	
  incorporating	
  its	
  results	
  are	
  necessary	
  for	
  a	
  deeper	
  understanding	
  of	
  cell	
  
biology;	
   that	
   during	
   development	
   and	
   disease,	
   mechanics	
   stands	
   alongside	
   biochemical	
  
signaling	
   in	
  regulating	
  cell	
  behavior.	
  When	
   this	
  happens	
   the	
   field	
  of	
  mechanobiology	
  will	
  
have	
  fully	
  matured.	
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