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Abstract: Both  biological  and  engineering  approaches  have  contributed  significantly  to  the  recent  advance  in  the  field  of
mechanobiology.  Collaborating  with  biologists,  bio-engineers  and  materials  scientists  have  employed  the  techniques  stem-
ming from the conventional  semiconductor industry to rebuild cellular  milieus that mimic critical  aspects of in vivo conditions
and elicit  cell/tissue responses in vitro.  Such reductionist  approaches have help to unveil  important mechanosensing mechan-
ism in both cellular and tissue level,  including stem cell  differentiation and proliferation,  tissue expansion,  wound healing,  and
cancer metastasis.  In this mini-review, we discuss various microfabrication methods that have been applied to generate specif-
ic  properties and functions of  designer substrates/devices,  which disclose cell-microenvironment interactions and the underly-
ing  biological  mechanisms.  In  brief,  we  emphasize  on  the  studies  of  cell/tissue  mechanical  responses  to  substrate  adhesive-
ness, stiffness, topography, and shear flow. Moreover, we comment on the new concepts of measurement and paradigms for in-
vestigations of biological mechanotransductions that are yet to emerge due to on-going interdisciplinary efforts in the fields of
mechanobiology and microengineering.

Key words: designer  substrates  and  devices;  microfabrication;  mechanobiology;  microengineering;  tissue  mechanics;  micro-
fluidics

Citation: W Xi, D Delacour, and B Ladoux, Designer substrates and devices for mechanobiology study[J]. J. Semicond., 2020, 41(4),
041607. http://doi.org/10.1088/1674-4926/41/4/041607

 

1.  Introduction

Designer  substrates  and  devices  have  long  been  the
heart of biomaterials,  bioengineering, and a powerful tool for
developmental biology, cell biology, biomedical studies. Espe-
cially,  the  high-cost  of  animal  models  and  their  concomitant
long experimental cycle, ethical issues and poor reproducibil-
ity have cried out for in vitro substrates that mimic various in
vivo conditions and tissue functions. The past decade has wit-
nessed  a  surge  in  the  interdisciplinary  efforts  in  soft  litho-
graphy,  bio-inspired  microfabrication,  biochemistry  and  cell
biology,  allowing the design and production of  sophisticated
platforms  that  are  capable  to  recapitulate  natural  contexts
and  elicit  physiologically  relevant  events  outside  the  body
(Fig. 1). This emerging field that studies cell and tissue mechan-
ics  with  biological  and  engineering  approaches  is  coined  as
mechanobiology.  Progress  in  this  field  has  shed  light  on  im-
portant  biological  processes  of  live  systems  at  the  interface
of  biology  and  artificial  substrates,  which  are  directly  related
to  the  design  and  advance  of  next  generation  biomaterials,
biomedical devices, and large scale tissue engineering[1].

Live systems are made of cells that can support tissue de-
velopment  and  homeostasis  through  processes  such  as  self-
replication,  renewal,  selective  destruction  and  sensing  of  the
microenvironment.  These  processes  require  the  cells  to  act-
ively  react  to  the  environmental  inputs,  while  having  suffi-
cient  mechanical  stability  to  sustain  shape  and  function,  and
at  the  same  time  adequate  fluidity  for  remodeling.  Suppor-

ted by increasing evidences from reconstituted molecular sys-
tems  and  single  cell  studies,  it  is  now  known  that  these  act-
ive  properties  can  be  attributed  at  the  molecular  level
through ATP consumption and in particular, by the activity of
cell  cytoskeleton  and  molecular  motors[2−4].  For  instance,  the
active  remodeling  of  the  actin  cytoskeleton  and  the  contr-
actility  of  the  stress  fibers  have  been  found  to  influence  cell
adhesion[5, 6],  cell  migration[7−10],  cell  differentiation[11],  and
cell  polarity[12, 13],  and  can  lead  to  the  cellular  sensing  of
their  microenvironment,  such  as  the  sensing  of  substrate
stiffness[14−16],  substrate  curvature[17−21],  stretch[22, 23] and
shear[24].  At  the  tissue  level,  the  cells  that  constitute  the  co-
hort  can  be  seen  as  individual  agents  that  actively  interact
among  themselves  through  cell–cell  junctions  and  with  their
local  milieu via the  cell–substrate  adhesions  to  give  rise  to
complex,  emergent tissue responses[25].  Hence,  unlike a  pass-
ive  system,  the  response  of  tissues  promotes  nonequilibrium
properties[2],  later  resulting  in  numerous  synergistic  cell  beh-
aviors  that  dictate  many  important  tissue  processes  as  ob-
served in vivo and in vitro.

Such  cell/tissue  mechanosensing  behaviors  are  influ-
enced  by  a  plethora  of  biochemical  and  biophysical  cues[1],
such  as  adhesive  sites,  geometry,  stiffness,  and  confinement
that  are  ubiquitous  in  cellular  microenvironment.  One  main
goal of mechanobiology is to offer insights about how cell/tis-
sue  interprets  these  complicated  and  often  intertwisted  cues
to  commit  to  distinct  fates.  Hence,  though  it  is  within  the
realm of biology, the other side of the coin often relies on nu-
merous bioengineering, reductionist approaches to rebuild cel-
lular  milieu  and  to  elicit  cell/tissue  responses in  vitro (Fig.  1).
In  particular,  technologies  developed  from  the  field  of  semi-
conductor,  including  soft-lithography,  microcontact  printing
(μCP),  dry/wet  etching,  strain  engineering,  and  microfluidics
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have  enabled  the  production  of  various  biomimetic  sub-
strates  and  devices,  modulation  of  cell  behaviors  and  unpre-
cedented  insights  into  tissue-level  mechanotransduction.  For
example, different adhesive and stiffness patterns were made
by  lithography  and  micropatterning  to  unveil  the  mechan-
isms  of  durotaxisin  fibroblasts[26] and  epithelia[27],  differenti-
ation in stem cells[28],  and extrusion in an epithelium[29].  More
complicated tridimensional (3D) scaffolds have also been fab-
ricated by etching and molding to mimic  tissue architectures
and disease phenotypes[30, 31].  Furthermore,  functional  micro-
devices  including  microfluidics  chips[32−35] and  self-folding
3D[36−38] scaffolds  have  begun  to  unravel  distinctive  mecha-
nical principles in cell migration, cancer metastasis, and prolif-
eration.

In this review, we discuss how specific properties and func-
tions  of  designer  substrates/devices  are  achievable  by  vari-
ous microfabrication methods and explain how underlying bio-
logical  mechanisms  due  to  cell-microenvironment  interac-
tions  can  be  disclosed  by  these  capabilities.  In  brief,  we  em-
phasize  on  semiconductor-based  techniques  that  advance
the study of cell/tissue mechanical responses to substrate ad-
hesiveness,  stiffness,  topography,  and  shear  flow.  Moreover,
we  comment  on  the  new  concepts  of  measurement  and
paradigms  for  investigations  of  biological  mechanotransduc-
tion  that  are  yet  to  emerge  due  to  on-going  interdisciplinary
efforts  in  the  fields  of  mechanobiology  and  microengineer-
ing.

2.  Engineering substrate adhesion

One  important  aspect  of  biologists’  concerns  is  the
cell/substrate  interface  and  their  interaction.  Attachment  of
cells  to  a  surface via adhesion  complexes  (ACs, Fig.  2)

provides  important  feedbacks  that  trigger  a  variety  of  signal-
ing cascades and cellular behaviors. In vivo, cells take advant-
age  of  the  heterogeneous  distribution  of  extracellular  matrix
(ECM) cues to define many vital processes, such as wound heal-
ing[39],  metastasis[40] and  fibrosis[41].  To  mimic  such  a  surface
chemistry  property  and  to  control  assembly  of  ECM in  vitro
Whitesides group developed soft lithography (SL) in 1990s[42],
whose  derivative,  known  as μCP[43] (Fig.  3),  quickly  became  a
popular  means  to  define  the  shapes  and  adhesive  sites  on  a
flat surface. This approach invokes the conventional photolitho-
graphy  tools  and  a  mask  to  produce  the  master  with  pat-
terns  of  high  precision  (down  to  several  hundred  nanomet-
ers).  The  lateral  resolution  can  be  further  improved  down  to
sub-10 nm with advanced technologies,  for  instance electron
beam  lithography.  These  prescribed  features  are  mass-pro-
duced  in  almost  any  arbitrary  shapes  and  transferred  to
stamps  or  stencils  by  molding,  which  can  be  later  used  to
transfer  biomolecules  (e.g.,  proteins)  to  other  surfaces  by
stamping  or  stenciling.  In  addition,  with  soft  stamps  and  in
some  specific  cases  it  is  possible  to  print  on  out-of-plane
curved  substrates[44].  Though  it  is  labor-intensive,  the  itera-
tion of μCP process  also  allows transferring multiple  proteins
with  high  accuracy.  The  further  development  of  surface  pat-
terning  aims  at  improving  the  spatial  resolution,  switchable
coating and 3D printing with ease. For example, block copoly-
mer micelle nanolithography patterns gold nanoarrays on non-
fouling  background  to  control  the  distribution  and  position
of  individual  transmembrane  receptor  integrin  molecule[28].
Later,  the  advent  of  the  combination  of  surface  chemistry
and light-activated patterning coined dynamic optical projec-
tion  stereolithography[45] (Fig.  3)  enables  the  dynamic  coup-
ling of proteins to 2D as well as 3D surfaces without a mask.
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Fig. 1. (Color online) Microengineered synthetic substrates for cell/tissue mechanics studies. The properties of a substratum can be modified to
adjust the cell/material interactions, such as surface topographies, stiffness, and adhesiveness. In addition, mechanical probes can be integrated
into the substrate to detect the force in tissue. These include microbeads in the traction force microscopy and elastomeric micro-pillars.
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Patterning  proteins  is  now  made  possible  with  multiple
methods  (Fig.  3)  and  has  become  a  routine  technique  in
many  biological  studies.  As  early  as  late  1990s,  the  Ingber
group  used μCP  to  constraint  cells  within  arbitrary  adhesive
shapes  containing  fibronectin,  a  binding  partner  of  integrin,
and  found  that  different  areas  of  printing  as  well  as  its  pro-
tein  constituent  results  in  dramatically  modulation  of  cell
growth and death[46]. It was then discovered that it is the trans-
mitting of contractile forces by the interplay between cytoskel-
eton  machinery  and  ACs[47] (Fig.  2)  that  lets  the  cells  to  “feel”
their surroundings and triggers the onset of a range of molecu-
lar  pathways,  underpinning  the  fates  of  cells.  Along  this  line,
unprecedented  insight  into  cell–substrate  interaction  has
been  unveiled.  Broadly  speaking,  in  contact  with  ECM  pro-
teins, like fibronectin, cell–substrate adhesion is formed, medi-
ated  through  integrin-based  complexes  called  focal  adhe-
sions  (FAs) [48].  Once  anchored  on  a  surface,  the  FA  is  subjec-
ted  to  a  traction  force  to  resist  cytoskeletal  tension[49].  We
now know that the stress at a single FA is of the order of sever-
al  nN/μm2 and  for  instance,  it  was  measured  in  fibroblasts  at
5.5 ± 2 nN/μm2[50].  In addition, Ha et al. found that during ini-
tial  adhesion process  a  universal  peak  tension of ca. 40  pN is
applied  to  single  integrin-ligand  bonds  by  cells[51].  The
mechanosensitive  response  is  thus  driven  by  protein  unfold-
ing under force and the exposure of cryptic sites for the bind-
ing of other proteins leading to adhesion reinforcement as ex-
emplified by talin/vinculin binding in the FA (Fig. 2). This mech-
anism  allows  FA  to  grow  in  size  by  sensing  forces.  Thus,  as
the cell spreads, the build-up of larger FAs correlates with high-
er  traction  forces.  Indeed,  smaller  FAs  and  softer  cytoskeletal
network  have  been  observed  in  rounded  (less  spreading)
cells[49],  leading  to  cellular  structural  reorganization,  which
could  have  a  lethal  consequence[46].  In  a  multicellular  con-
text,  this  indicates  the important  role  of  local  mechanical  de-
formation of cell shape in tissue homeostasis, where cell dens-
ity and crowding is balanced via both proliferation and extru-
sion.  Additionally,  given  that  many  other  organelles  are  also
mechanically  coupled  to  the  FA  through  cytoskeleton  net-

work,  the  cell–substrate  adhesion  has  a  much  broader  im-
pact  on  cellular  behaviors,  such  as  mitosis.  This  was  demon-
strated  by  the  seminal  work  from  Piel  and  colleagues[52] that
retraction  fibers  that  anchor  to  a  substrate  with  pre-de-
signed micropatterns  exert  directional  strong forces  on mito-
tic  machinery  and  orientate  the  spindle  by  regulating  acto-
myosin structures and microtubule dynamics.

3.  Engineering substrate stiffness

The fact that FA growth is coupled to the cell–substrate in-
teraction  leads  to  the  postulation  that  cells  tune  their  con-
tractility  according  to  the  substrate  rigidity.  In  this  context,  a
series  of  methods  have  been  developed  to  adjust  substrate
stiffness. Conventional approaches involvethe modification of
the cross-linking degree of the gels (Fig. 4), including polyacryl-
amide  (PAA)  and  polydimethylsiloxane  (PDMS).  Typically,
their  Yong’s  modulus  can  be  changed  over  at  least  two  or-
ders  of  magnitudes, i.e.,  from  1  to  100  kPa,  which  is  overlap-
ping with the rigidity range of in vivo tissues[53].  Alternatively,
another  elegant  means to  modify  surface stiffness  is  synthet-
ic elastomeric micropost array[15] (Fig. 4). Produced by conven-
tional  SL,  uniform  arrays  of  microposts  with  different  shape
and  length  lie  the  affinity  surface  for  cell.  The  bending  of
each post due to the lateral force applied by cells reflects the
nature  of  traction  force  is  trackable,  and  thus  provides  a
simple way for the measurement of traction forces in cells/tis-
sues[15, 54].  Furthermore,  by  producing  arrays  of  micropost
with specific geometry, such as oval cross-section, one can gen-
erate a substrate exhibiting anisotropic local stiffness[55].

As  discussed  above,  most  types  of  cells  response  to  the
resistance via their  attachment  to  a  surface.  Light  resistance
on  a  soft,  flexible  substrate  will  not  stretch  the  force-bearing
proteins, e.g.,  talin  and  vinculin,  and  leads  to  diffuse  and  dy-
namic ACs[56]. On the other hand, high resistance on a stiff sub-
strate will unfold the adaptor proteins located within the adhe-
sion,  enhancing  the  ACs[56, 57].  As  a  result,  bigger  and  more
stable FAs lead to more spreading and traction on a rigid sur-
face than a soft one. This mechanism causes cells to move pref-
erentially  towards  a  stiffer  substrate[15, 58],  a  phenomenon
coined  durotaxis.  Along  this  line,  a  large  cohort  of  cells  that
connect  together via cell–cell  adhesion  has  also  been  found
to  a  range  of  rigidity  gradients  where  single  cells  do  not  re-
spond[59].  In fact,  the cohort behaves like a giant cell  that can
transmit forces through the cell–cell junctions over a larger dis-
tance within  the monolayer  than single  cells.  These discover-
ies may have offered important indications in disease and de-
velopment  where  cells  translocate  due  to  different  material
characteristics  in  various  tissues[60].  Further,  other  important
roles  of  substrate  rigidity  in  regulating  cell  fates  and  func-
tions include the modulation of nuclear mechanics and genet-
ic  expression  that  determine  stem  cell  differentiation[11] and
the promotion of  epithelial-mesenchymal  transition of  invad-
ing epithelial cancer cells[61].

4.  Engineering substrate topography

Many biological studies are still carried out on planar and
featureless substrates, while perfectly flat surfaces do not usu-
ally exist in vivo. Instead, cells in physiological environment of-
ten  experience  complex  3D  architectures  and  out-of-plane
curvatures. To mimic in vivo situations and to study cell interac-
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folding at ~ 10 pN at the normal rate of force loading in cells lead to vin-
culin binding to recruit more actin fibers, thus reinforcing the FA.
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tions  with  these  features,  cells  are  seeded  on  synthetic  sub-
strate  harboring  precise  surface  topographies.  In  general,
photolithography is combined with etching techniques to cre-
ate  prescribed  3D  topographic  structures  and  later,  function-
al  substrates  are  produced  using  replica  molding  from  mas-
ters[30].  Other microfabrication methods, such as strain engin-
eering[62],  can  also  generate  3D  microstructures.  This  tech-
nique  patterns  pre-strained,  flexible  nanofilm  of  various
shapes on top of a sacrificial layer. The latter was later under-
etched to release the nanofilm, which self-folds into complex

3D architectures by its intrinsic strain. In principle, a vast topo-
graphical  diversity  can  be  generated  using  elastomeric  poly-
mers,  for  example,  PAA and PDMS,  deformable semiconduct-
or materials and even rigid metal materials[62]. The photolitho-
graphy-based  approaches  also  allow  the  integration  of  elec-
tronic  and  optical  functions  for  novel  biological  microelec-
tromechanical systems (Bio-MEMS).

Previous  studies  revealed  that  cellular  FAs  have  a  broad
range  of  size  from  about  10  nm  to  10 μm,  suggesting  cell
may employ dynamic FA mechanism to sense the topographic-
al  cues.  For  instance,  cell  migratory  dynamics  changes  on  an
array  of  10 μm size  micropillars,  where the cells  move slower
with higher persistence in comparison with that on a flat sur-
face[63].  Other  concomitants  include  re-organization  of  the
actin cytoskeleton and FAs, prolonged FA life-time, and diversi-
fied  myosin  II  activity[63, 64].  Nanoscale  features  also  influence
cell  adhesion  and  morphology.  By  seeding  smooth  muscle
cells  on PDMS nano-grooves,  researchers  have demonstrated
that the cells tend to align along the longitudinal direction of
the lines[65] (Fig. 5(a)). Using rolled-up strain-engineered nano-
film,  the  Schmidt  group  has  produced  microtubes  that  con-
fine motile neural stem cells (NSCs). They found that 3D tubu-
lar configuration limited the spreading of NSCs and cause the
cells to adapt an amoeboid-like migration mode[38] (Fig. 5(b)).
Furthermore,  the  advantage  of  SL  enables  the  creation  of
on-chip  micro-scaffolds  to  guide  the  tissue-level  morphoge-
nesis.  For  example,  villi  and  crypts  laden  with  epithelia  have
been  fabricated via simple  steps  of  casting  and  curing  of  or-
ganic  polymers  on  a  master[30, 31].  With  this  approach,  a  re-
cent  study  discovered  the  importance  of  tissue-level  contr-
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Fig. 3. (Color online) Methods for patterning adhesive surfaces. Semiconductor-based technologies has allowed the development of micro-con-
tact printing and micro-stenciling for patterning biomolecules with define shapes. Later, researchers developed other techniques for this pur-
pose, including Dip-pen lithography and UV-based patterning.
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Fig. 4. (Color online) Methods for engineering substrate elasticity and viscosity. Conventionally, by controlling the cross-linking degree in elast-
omers, one could adjust the viscoelasticity of a gel. Another approach to change substrate rigidity involving photolithography is to pattern pil-
lars of different shapes.
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actility in maintaining epithelial  tissue integrity,  as comprom-
ise  in  cell–cell  adhesion  disturbs  the  overall  stress  field  and
leads  to  the  development  of  a  disease  phenotype[30].  These
examples  reveal  that  controlling  material  properties  could
offer a means to gain insights about how cells interpret topo-
graphical cues in physiological conditions.

5.  Microfluidic chip

One  major  goal  of  bioengineering  is  to  establish in  vitro
models  that  emulate  the  architecture,  function,  microen-
vironment,  and  physiological  processes  of  living  tissues.  The
aforementioned  techniques  show  various  advantages  in
understanding  various  mechano-properties  of  cells/tissues,
but they also face limitations. Recently, with advanced micro-
fabrication  methods  there  is  a  surge  in  the  integration  of
multiple moduli that provide controls to various biochemical/
physical  cues  into  a  single  microfluidic  chip[66].  This  tech-
nique allows gaining control of the flow of minute amount of
liquid by perfusing fluid into microchannels. Later, many deriv-
ative  approaches,  such as  organ-on-a-chip,  sprung up due to
the  collaborative  efforts  of  biologists  and  engineers  to  laden
the  channels  with  cells.  One  advantage  of  microfluidics  is
that  it  generates  various  types  of  flow  ranging  from  laminar
stream  to  turbulence[66],  more  akin  to  a  series  of in  vivo situ-
ations  for  mimicking  fluid-tissue  interactions.  Thus,  some in
vivo challenges  faced  by  epithelia  as  well  as  endothelial  lay-
ers,  such as  fluid  shear  stress,  biochemical/pathogen concen-
trations,  and  osmotic  pressure  can  be  conveniently  recapitu-
lated[67−69].

The fluid shear stress is due to the flow imposed on the tis-
sues  such  as  epithelial  sheets  that  line  ducts  and  endothelia
that  line  the  vessels.  Epithelial  cells  sense  fluid  flow via their
primary cilia – as the primary cilia are bended, the Ca2+-signal-
ing pathway is elicited[70, 71].  Using microfluidic chips,  a previ-
ous study has confirmed that the cytoskeleton network of  an
epithelium  that  is  subjected  to  continuous  fluid  shear  is  un-
der  mechanical  stress[68].  Such  stress  within  the  monolayer
can  then  cause  cytoskeleton  rearrangement  and  adherens
junction  (AJ)  enhancement  (Fig.  6(a)),  leading  to  a  tighter
layer[72−74].  Arguably,  the  most  studied  fluid  shear-induced
mechanobiology  response  is  the  endothelial-hemodynamic
interaction related to  the atherosclerosis  disease,  where  arte-

rial  blockage  happens  due  to  plaque  buildup.  Specifically,
straight  sections  within  the  artery  promote  laminar  blood
flow  that  in  turn  induces  endothelial  cell  alignment  with  the
flow[75]. Cellular-flow alignment is found to be important in ac-
tivating  endothelial  nitrous  oxide  (NO)  production  crucial  for
the  prevention  of  atherosclerosis  progression[76].  In  contrast,
atherosclerosis  forms  preferentially  at  arterial  bifurcations
with  disturbed  flow  and  reduced  collective  cell  alignment.
The mechano-sensing of shear flow in endothelial cells (ECs) in-
volves  molecular  mechano-sensors  such  as  the  proteoglycan
Syndecan-4 at the surface of ECs[77] and the cell–cell junction-
al  protein  PECAM-1[78] at  the  endothelial  AJ  showing  the  im-
portance of cell-collectivity in this process.

Such active behaviors have been attributed to active cellu-
lar  force  distribution  changes  under  static  or  flow  conditions
measured  using  traction  force  microscopy  (TFM),  micropillars
and/or FRET bio-sensor techniques[78, 79] (Fig.  1).  For example,
cell–substrate traction and intercellular stress are found to re-
align  first  with  flow  direction,  followed  by  a  slower  EC  cell
body  reorientation  with  flow[79, 80].  At  the  same  time,  a  flow-
induced elevated molecular tension in PECAM-1 is thought to
activate the Src family kinase pathway and NO production[78].
Interestingly,  even  though  PECAM-1  experiences  higher  ten-
sion,  the  overall  intercellular  stress  was  found  to  drop  in-
stead during flow and this is found to be related to VE-cadher-
in-junctional remodeling. This overall decrease of the intercellu-
lar  stress  and  junctional  tension  could  retain  the  integrity  of
cell–cell  junctions  and  maintain  EC  barrier  function.  Further,
the crucial  effects  of  the cell  collectivity  in  driving large-scale
EC-alignment  under  flow  is  most  clearly  seen  in  experiments
showing  that  isolated  ECs  elongate  their  cell  body  in  re-
sponse to flow,  but  do not  align with their  neighbors  in  con-
trast to those in a confluent monolayer[81].

Moreover,  cancer cell  migration and invasion can also be
stimulated by hydrodynamic currents in the form of lymphat-
ic  flows  experienced  by  cancers  cells  that  have  spread  into
the lymphatic system, and interstitial  flows between the ECM
of  tissues.  It  was  found  that  wall  shear  stress  few  orders  of
magnitude  lower  than  that  experienced  by  ECs  (~  1  Pa  for
ECs)  induced  by  flow  on  a  dense  but  non-confluent  layer  of
PC3  prostate  cancer  cells  on  the  inner  collagen-coated  sur-
faces  of  a  cylindrical  PDMS  tube,  could  stimulate  Yes-associ-
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Fig. 6. (Color online) Shear stress influences cell adherens junction (AJ) and filopodia protrusion. (a) At AJs, a higher force transmitted from F-
actin caused by other factors (such as shear) leads to α-catenin unfolding and subsequently the recruitment of vinculin to stabilize the AJ struc-
ture. (b) SEMs showing filopodia formation in human cancer cells in response to wall shear stress (WSS) (Reproduced from Ref. [80]).
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ated  protein  (YAP)  activation  and  increase  filopodia  protru-
sion  and  migration[82] (Fig.  6(b)).  In  a  different  setting,  sparse
populations of breast cancer cells MDA-MB-231 embedded in
collagen  I  gel  was  induced  to  migrate  along  interstitial  flows
(typical  flow  speeds  of  ~  0.3 μm/s)  and  this  was  found  to
be  due  to  the  flow-assisted  autologous  chemical  gradient
establishment  involving  the  cell-secreted  ligand  and  its
CCR7  receptor[83].  Interestingly,  an  increased  cell  density  re-
duced this migration behavior with flow, probably due to the
local  chemical  gradient  around each cell  being overwhelmed
by  ligands  secreted  by  neighboring  cells.  Further,  higher
flows  (~  3 μm/s)  induced  cells  to  migrate  against  flow  as
evidences show that an integrin-dependent signaling is activ-
ated by higher shear to compete with the autologous chemo-
taxis[83]. In a collective solid tumor setting of MDA-MB-231, an
increased interstitial fluid pressure (~ 1.2 mm Hg pressure dif-
ferential  between tumor  tip  and base)  triggered multicellular
cell  chains  to  invade  at  the  tumor  tip  where  the  pressure  is
higher,  similar  to  the  migration  against  flow  observed  for
single  cell  conditions[84].  This  was  related  to  the  elevation  of
EMT  markers  within  cells  such  as  snail  and  vimentin.  Surpris-
ingly,  the  increased  expression  of  E-cadherin  was  crucial  for
this  collective  invasion  even  though  EMT  is  usually  associ-
ated with the down-regulation of E-cadherin. Taken together,
the  “microfluidic  organs-on-chips”[85] that  bridge in  vitro and
in  vivo systems  offer  a  powerful  platform  to  spatiotempor-
ally  regulate  and  study  different  critical  parameters  that  are
important for tissue mechanotransduction.

6.  Outlook

The  recent  advancement  of  mechanobiology  has  been
largely based on the rapid development of material microfab-
rication  and  engineering  methods  to  recapitulate  aspects  of
in vivo cell/tissue milieus. Microenvironmental factors, includ-
ing  the  surface  affinity  to  cells,  substrate  rigidity  and  topo-
graphy,  as  well  as  shear  flow  have  been  found  to  contribute
significantly for cell adhesion, migration, polarization, and dif-
ferentiation.  Our  ability  to  independently  control  a  range  of
parameters  has  offered  unprecedented  insight  into  cell/tis-
sue mechanical properties. This is further combined with con-
ventional  cell  biology  approaches,  which  results  in  many dis-
coveries in novel molecular pathways that are related to vari-
ous  mechanosensing  mechanisms.  The  latest  efforts  in  this
field begin to focus on even more complex microenvironment-
al  controls[86],  such  as  developing  anisotropic  materials  with
3D  topographic  cues  and  time-evolving  substrates.  Indeed,
the  cellular  environment  contains  a  plethora  of  influential
factors  that  cells  encounter  and  decipher.  Since  time  scales
are  important  in  cell  behaviors,  specific  cell  functions  could
be  defined  by  adapting  optimal  properties  of  the  substrate.
Hence,  a  platform  that  can  simultaneously  and  independ-
ently modulate different parameters will surely improve our un-
derstanding of  the cause-and-effect  of  cell  processes  in  com-
plicated contexts, and is highly sought-after. This challenge is
currently addressed by interdisciplinary approaches to gener-
ate  novel  substrates  that  consist  of  heterogeneous  ECM
biocomposites  and  adjustable  material  properties  by  light,
temperature,  pH,  and  biochemistry.  Microfabrication  meth-
ods  will  be  helpful  in  integrating  these  important  advance-
ments  into  smart  bio-chips  and  achieving  a  system  that  ex-

tends the current relatively short-term mechanobiology stud-
ies  to  the  investigations  of  long-term  effects  of  mechanical
factors  in  development,  disease  and  functions.  Furthermore,
Bio-MEMS can provide high-throughput screening with integ-
rated  bio-sensors.  In  short,  the  innovations  in  microfabrica-
tion  will  continuously  advance  our  ever-growing  knowledge
in the field of mechanobiology in the future.
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