
SPECIAL ISSUE - REVIEW

Microfabricated substrates as a tool to study cell
mechanotransduction

Jimmy le Digabel • Marion Ghibaudo •
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Abstract Mechanical cell–substrate interactions affect

many cellular functions such as spreading, migration, and

even differentiation. These interactions can be studied by

incorporating micro- and nanotechnology-related tools. The

design of substrates based on these technologies offers new

possibilities to probe the cellular responses to changes in

their physical environment. The investigations of the

mechanical interactions of cells and their surrounding

matrix can be carried out in well-defined and near physio-

logical conditions. In particular, this includes the trans-

mission of forces as well as rigidity and topography sensing

mechanisms. Here, we review techniques and tools based

on nano- and micro-fabrication that have been developed to

analyze the influence of the mechanical properties of the

substrate on cell functions. We also discuss how micro-

fabrication methods have improved our knowledge on cell

adhesion and migration and how they could solve remaining

problems in the field of mechanobiology.
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1 Introduction

Cells usually migrate in a 3D extracellular matrix (ECM)

that is composed of fibers and glycosaminoglycans during

many physiological and pathological processes such as

embryonic development, tumor formation, and morpho-

genesis. The ability of cells to migrate within the extra-

cellular matrix and to remodel it depends as much on the

biochemical characteristics of the matrix as on its physical

properties [20]. The main components of 3D tissue struc-

tures in vivo are protein fibers such as fibrillar collagen,

inducing a heterogeneous network of fiber scaffolds of

variable density, orientation, and mechanical strength

[31, 98]. Therefore, cells encounter matrices that could

have very different physical properties in terms of stiffness,

protein composition, ligand density, and pore size. While

migrating, cells in 3D are surrounded by ECM that acts as

structural barrier. Consequently, cell migration in 3D

environments during tumor formation [33, 81], immune

response [64, 75], or tissue repair [42, 61] implies large

deformations of cells during their penetration into inter-

stitial tissues which pore size can be as small as a few

microns, as well as a remodeling of the ECM in terms of

changes in matrix stiffness and topography [69, 98, 101].

On 2D-substrates as well as in 3D environments, it is now

well-known that cells respond to various parameters of the

ECM such as its chemical composition [31, 74], mechan-

ical stiffness [19, 27, 40, 49, 71, 101], and topological

properties [5, 16, 22, 41, 54, 98]. As on 2D substrates, cells

in 3D have to deform their surrounding matrix and thus

exert forces to adhere and/or move forward [11, 13, 47, 62,

96]. However, in contrast to the 2D case, the traction forces

generated by a cell moving in a 3D gel are transmitted

through cell matrix attachments over all the surfaces of a

cell in contact with the surrounding matrix [11, 101]. On

2D substrates, cell migration is seen as a multistep cycle

which includes the extension of a membrane protrusion, the

formation of stable attachments near the leading edge of

the protrusion, and the translocation of the cell body for-

ward [56, 97]. At the rear, this process leads to a release of
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adhesions and retraction. Actin polymerization governs the

initial extension of the plasma membrane at the cell front

[9, 83]. The interaction of the integrin family of trans-

membrane receptors with the extracellular matrix stabilizes

the adhesions by recruiting signaling and cytoskeletal

proteins [83]. Forces are thus transmitted to the substrate

through these adhesion sites and thus help to move the cell

body forward. Then the release of adhesions at the rear

completes the migratory cycle allowing net translocation of

the cell in the direction of movement.

The adhesion sites to which contractile forces are

applied can be classified in different classes depending on

their size and composition, mainly focal complexes, focal

adhesions (FAs), and fibrillar adhesions [6, 36, 37]. At

these sites, transmembrane integrin receptors are associated

via their cytoplasmic domains with the actin cytoskeleton.

This interaction with actin is mediated by a submembrane

plaque, consisting of numerous cytoskeletal and signaling

molecules. FAs are thus an important linkers between the

external environment and internal cellular structures. They

are typically 0.25–0.5 lm wide and 2–10 lm long. They

appear to play a key role in mecanotransduction processes

since they have both mechanical and biochemical signaling

activities [2, 37, 48, 68]. The coupling of FA assembly with

actomyosin contractility and traction forces [2, 76, 79, 90]

makes FAs plausible candidates to modulate mechano-

sensing activity. A recent study at molecular level has

shown indeed that mechanical stretching of single FA

proteins can activate binding of other molecules [24].

However, the exact mechanism by which FAs are coupled

to mechanical forces remains unclear.

In this context, traditional studies and standard cell

culture conditions are made on 2D-substrates such as glass

coverslips or Petri dishes. Compared to cells on 2D sur-

faces, cells in vivo or in model tissues show a drastically

different morphology and behavior, including the lack of

prominent stress fibers and FAs [20]. The complexity of 3D

in vivo micro-environments led the scientific community to

first use 2D surfaces to perform cell analysis. However, the

recent development of a large panel of techniques such as

traction force microscopy [72], fabrication of soft bio-

compatible substrates [27, 29], soft lithography [99],

microfabrication [21, 86], and micromanipulation [1, 17,

63] allows us to control and uncouple the various physical

parameters that cells may encounter in their natural

environment.

Micro- and nano-engineered methods have thus pro-

vided new and important information about the regulation

of cell–substrate interactions. For instance, micro-pattern-

ing of ECM proteins has been used to confine cell

spreading on well-defined areas [16, 92, 93]. Using this

method, it has been shown that the proliferation rate

decreased and apoptosis increased on substrates composed

of extracellular matrix-coated adhesive islands of

decreasing size that restrict cell extension [16]. A similar

method has succeeded in showing that ECM can guide the

orientation of the cell division axis [92]. A second example

is the use of microfluidic devices to locally modify the

chemical environment of cells. The dimensions of standard

microfluidic channels enable to induce multi-laminar flows

within the main channel and thus deliver pharmacological

reagents onto cells on a micrometer scale [88].

Additionally, nano- and micro- fabricated substrates

have been used to probe the reciprocal relationship

between cells and their external microenvironment. The

nature of the ECM can modify the ability for cells to

adhere, migrate, and even differentiate. The versatility of

microfabrication techniques enables to culture cells in

environments with well-defined mechanical, physical, and

chemical properties. Here, we will focus on different

aspects of mechanotransduction at the cell–matrix interface

using modulated 2D-surfaces. We will particularly high-

light how microfabrication can be used as a powerful tool

to study in details the regulation of cell functions through

the interactions of cells with their external microenviron-

ment. In particular, we will present how the different nano-

and micro-fabricated tools (1) can be useful to study the

traction forces exerted by cells on their substrate; (2) can be

used to modify the mechanical properties of the matrix,

especially its stiffness; (3) provide well-defined conditions

to analyze the cellular response to various nano- and micro-

topologies.

2 Force measurements using microfabricated

substrates

Traction forces, which are essential for cell movement, are

exerted by cells and transmitted to the underlying substrate

through focal adhesions and close contacts. The generation

of forces on the ECM is important for a large variety of

cellular processes such as cell adhesion and motility. Due

to the size of adhesion sites and the range of cellular forces

(nanoNewton scale), it appears crucial to develop sub-

strates composed of micro- and nano-force sensors. Such

substrates should allow the detection of forces with a sub-

cellular spatial resolution, be biocompatible and allow

standard surface coatings of ECM proteins to promote cell

adhesion.

In the 1980s, Harris et al. [44] were the first being able to

qualitatively visualize cellular traction forces as visible

wrinkles on a deformable silicone rubber substrate,

reflecting the strong traction forces exerted by motile

fibroblasts parallel to the direction of locomotion (Fig. 1a).

These sensitive membranes were formed by pouring liquid

silicone rubber onto a glass coverslip. Then a brief exposure
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to a flame cross-linked a thin skin of rubber (1 lm thick-

ness) on top of the lubrificating fluid silicone layer [10, 44,

45]. This extremely smart and powerful technique has been

used with success to show that fibroblasts were able to

deform the thin cross-linked layer and thus study the

compressive forces exerted by those cells. However,

although an elegant approach, the method has several lim-

itations such as the complex relationship between the size of

the wrinkles and the amplitude of the generated forces.

Based on the same principle, more recent techniques

have been developed to achieve a better spatial resolution,

especially at individual adhesion sites [26, 65]. The tech-

nique, called traction force microscopy, is based on the use

of elastic gels or membranes that avoid the formation of

wrinkles. For instance, a polyacrylamide (PA) gel with a

variable degree of cross-linking allows easy manipulation

of substrate rigidity and a surface onto which extracellular

matrix proteins can be conjugated to provide optimal cell

adhesion [53, 71]. Fluorescent beads are embedded into the

gel and are used as markers of deformation (Fig. 1b).

Quantification of forces can be made through large scale

matrix computation that converts maps of substrate defor-

mation (detected as local bead movements) into maps of

traction stress (force per unit area) [25, 26]. This inverse

operation does not lead to unique solutions and requires

assumptions about the force distribution patterns. Several

groups have thus developed various strategies to solve the

problem of computing the traction field from the observed

displacement field [3, 12, 25].

Since the beads are randomly distributed inside the gels,

an elegant way to limit the difficulty of the inversion

problem was to use regular arrays of embedded markers [2,

82] (Fig. 2a). Such substrates were prepared by microfab-

rication techniques based on a combination of electron-

beam lithography and ‘‘soft’’ lithography. Briefly, the

preparation of the micropatterned surfaces was carried out

in different steps. First, the negative pattern was prepared

using standard optical or electron-beam lithography on

solid substrates (Fig. 2a). The solid substrates and their

photoresist or polymethylmethacrylate (PMMA) pattern

were then used as a mould for patterning the surface of the

elastomer (PolyDiMethylSiloxane (PDMS)) before its

reticulation. For instance, Si wafers were prepared by spin-

coating photoresist polymer whose final thickness was

chosen at 0.3 lm. The silicone elastomer was mixed with

the silicone elastomer reticulating agent in a ratio leading

to a very soft gel (Young’s modulus of *15 kPa), allowing

cells to significantly deform the substrate. The silicone

mixture was poured on glass coverslips and the Si–resist

moulds were put in contact with the elastomer in order to

imprint the topographic pattern onto the upper layer of the

elastomer. The thickness of the resist that determines the

depth of the topographic patterns on the elastomer was thin

enough to avoid a possible influence of topography on cell

adhesion but allows the optical detection of the deforma-

tions of the elastomer (Fig. 1c). In this case, the calculation

of the forces is similar to the previous method using

embedded fluorescent beads into PA gels but the regular

positioning of the markers reduces the number of solutions

in the determination of the traction force field [82].

This approach has provided new insights into the regu-

lation of traction forces, their relationship with the formation

of focal adhesions, the role of ECM adhesiveness and

stiffness. For instance, as fluorescent beads can be used as

markers in the gel, dual channel fluorescence microscopy

has permitted the correlation of traction stresses in relation

to the spatial localization of either GFP-fused FA proteins.

Surprisingly, it has been shown by using GFP–zyxin as an

adhesion marker that small nascent FAs under the leading

edge of migrating cells exert stronger traction stresses than

large mature FAs [4]. This inverse relationship is unique to

the leading edge of motile cells and is not observed in the tail

(Fig. 3b). On the opposite, in relatively stationary cells,

there is a positive correlation between the traction force and

the size of the FAs [2]. By combining living cell imaging of

GFP–paxillin and the micropatterning of elastomer sub-

strates, the authors demonstrated that traction forces are

correlated with the orientation of FAs and also linearly

Fig. 1 Forces exerted by cells on flexible continuous substrates.

a Wrinkles on a silicon sheet induced by fibroblast (adapted from

[44], Reprinted with permission from AAAS). Scale bar = 50 lm;

b Deformation of PA gels visualized by embedded fluorescent beads

induced by the migration of a 3T3 fibroblast (adapted from [65], with

permission from Elsevier). Scale bar = 20 lm; c Traction forces

exerted by a fibroblast on micropatterned flexible substrate (adapted

from [2] by permission from Macmillan Publishers Ltd.). Scale
bar = 30 lm
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increased with their area, indicating a constant stress (force

divided by the FA area) of around 5.5 nN/lm2 (Fig. 3a).

Assuming that traction forces are correlated with acto-

myosin contractility, these differences in the traction force–

FA size relationship under both conditions may be related to

the connection of FAs with actin stress fibers. In non-motile

cells, if actin filaments are distributed over several mature

FAs, the force generated by the actin filaments may be dis-

tributed to multiple FAs whereas actin filament may be

related to less adhesion sites for a nascent FA. This could

explain why a nascent FA may sustain more force trans-

mitted through the actin filament. Furthermore, as ECM

adhesiveness and stiffness modulate traction forces, it would

be interesting to directly compare motile and non-motile

cells on substrates sharing similar chemical and physical

properties.

Assuming that forces are linked to FA formation, it might

be difficult to use flexible continuous susbstrates since

forces propagate within the substrate whereas FAs make

discrete adhesion sites. Alternative methods can thus be

useful to directly measure traction forces exerted by indi-

vidual FAs. Instead of using uniformly flexible substrate, an

innovative approach has been the use of micromachined

cantilevers as force transducers on silicon wafers [34]. Cells

Fig. 2 Microfabrication processes to obtain deformable substrates.

a Example of micropatterned PDMS gel with topographical features:

peeling off the elastomer from the Si mould results in a topographic

modulation with a depth of 0.3 lm; 2 and 3, Phase contrast and

fluorescent images of the micropatterned substrates (adapted from [2]

by permission from Macmillan Publishers Ltd.). b Schematic drawing

of the method used to fabricate PDMS micropillars using soft

photolithography (adapted from [90]) ‘‘Copyright (2003) National

Academy of Sciences, U.S.A.’’. Scale bar = 30 lm. c Schematic

drawing of the method used to fabricate PDMS micropillars using

deep reaction ion etching and soft lithography

Fig. 3 Relationship between FAs assembly and traction forces.

a Fluorescence image of non-motile fibroblast expressing GFP-

vinculin. Red arrows correspond to the forces. White scale bar
represents 4 lm and red scale bar 30 nN (adapted from [2] by

permission from Macmillan Publishers Ltd.). b Traction forces

exerted during the formation of nascent FAs at different times and

color mapping of the resulting forces (red colors represent high

forces) (adapted from [4], with permission from Elsevier)
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adhere and exert forces on micrometer-sized pads at one

end of the flexible cantilever, causing displacements that are

detected with high precision on a light microscope. Unlike

flexible sheets in which strain propagates across the surface

and requires sophisticated computational analysis for the

calculation of traction forces, strains are confined to indi-

vidual cantilevers and forces can be easily calculated by

multiplying the spring constant of the cantilever by the

distance of movement. However, the device is difficult to

construct and the surface topology can exert some effects on

cell migration. Moreover, the spatial resolution is limited by

the density of cantilevers and the detection of forces is

limited to one dimension—perpendicular to the axis of the

cantilever. To overcome these limitations, a similar

approach has been developed using substrates composed of

flexible arrays of micropillars [28, 73, 77, 78, 90]. Those

pillars can be fabricated in various materials such as silicon

wafers [73, 78] or PDMS [40, 66, 77, 90]. In the case of

silicon wafers, the basic microfabrication process consists

first on a deposition of a thin layer of photoresist on a silicon

wafer to create a temporary etching mask, and then the

uncovered paths of the silicon wafer are etched up to the

desired length. High aspects ratios (*1:100) can be

achieved with this method in a close packing geometry.

Since PDMS has a 104 times lower Young’s modulus than

silicon, the use of PDMS micropillar substrates permits to

fabricate pillars with lower aspect ratio to detect nano-

Newton forces exerted by cells and makes the fabrication

process easier and more rapid than silicon substrates. Var-

ious methods can be used to fabricate such substrates. These

devices are made from PDMS rubber formed from a

microfabricated mold. A negative replica of the array was

fabricated either by standard photolithography [90] or by

deep reactive ion etching after a photolithography step [28],

was then silanized (to make them anti-adhesive) and

covered with (?) PDMS (Fig. 2b, c). After curing, PDMS

replicas were peeled off.

In these cases, the deflection of each post gives a direct

measurement of the local force exerted by the attached

cells independently of the forces acting on the neighboring

posts. The pillars act as simple independent springs and the

linear theory of elasticity gives their deflection. For a

cylinder of radius r and length L bent by the application of

a force F, it leads to the following formula:

F ¼ k:Dx ¼ 3=4pE
r4

L3

� �
Dx ð1Þ

where E, k, and Dx are, respectively, the Young’s modulus,

the spring constant and the deflection of the post. For

instance, pillars of 1 lm in diameter and 100 lm in height

for silicon substrates lead to k * 0.022 N/m. As a com-

parison, PDMS pillars of around the same diameter and a

height of 10 lm have a lower spring constant of 0.0045 N/m.

Cells are able to deform the micropillar substrates as

they spread onto the top of the pillars (Fig. 4). Such

devices permit to confirm previous observations made on

flexible continuous gels such as the linear relationship

between FA areas and traction forces [90] but it also leads

to new insights into the regulation of forces through other

ligands such as cadherin proteins [35, 55] or within a group

of cells [28, 66, 75, 80] instead of individual cells. Using

this technique, Nelson et al. [66] have shown that gradients

of mechanical stresses generated within multicellular

aggregates are correlated with cellular proliferation and can

induce spatial organization of cell assemblies. In addition,

force mapping within epithelial cell sheets showed that the

strongest deformations were always localized at the edges.

Hence the largest forces were mostly due to the mechanical

activity of the edge of the monolayer and they were

in average oriented normally to the monolayer edges.

Fig. 4 Scanning electron

micrographs of cells on PDMS

micropillar substrates.

a Fibroblast spread on the top of

micropillars (adapted from [90])

‘‘Copyright (2003) National

Academy of Sciences, U.S.A.’’.

Scale bar = 10 lm. b Cellular

island of epithelial cells on

PDMS micropillars. (adapted

from [28]) ‘‘Copyright (2005)

National Academy of Sciences,

U.S.A.’’

Med Biol Eng Comput (2010) 48:965–976 969

123



A recent improvement of the traction force microscopy

technique enabled to visualize the forces exerted by a

growing epithelial cell sheet as well [94].

Micro-pillar technique appears as a versatile tool for

various applications: (1) surface chemistry on PDMS pillars

can be easily modified using micro-contact printing tech-

nique [16, 84, 90]; (2) different proteins can be delivered on

the PDMS pillars [35]; they can be used in different con-

figurations to measure forces exerted by tissues or cellular

assemblies suspended between the pillars [52, 57]; and (3)

different polymers can be used to tune the stiffness of the

micropillars such as softer PA gels than PDMS [7].

The development of these recent tools to map the trac-

tion forces exerted by cells led to a deeper understanding of

the regulation of cell–matrix interactions as well as the

coupling between mechanics and biochemical signalling.

Up to now, subcellular mechanical measurements at the

size of adhesion sites have been performed. To bridge the

gap between single molecule experiments and mechanical

studies within living cells, the fabrication of mechanical

nano-devices would be of particular interest to analyze

forces exerted at single molecule levels and the impact of

protein recruitment on force dynamics. Furthermore, as

cells evolve in vivo in 3D environments, similar approa-

ches using force sensors embedded in 3D matrices would

allow us to better understand the mechanisms of cell

migration in vivo.

3 Rigidity sensing during cell adhesion and migration

Most of the cells do not only apply forces but also respond

through cytoskeleton organization to the resistance that

they sense with regard to the mechanical properties of the

matrix. Cell migration may be directed toward increased

substrate adhesiveness [14], stiffness [27], and cell adhe-

sion depends on substrate rigidity [43, 71]. Cellular tension

can also be affected by changes in the mechanical prop-

erties of the environment [17, 59, 70, 76, 79].

In this context, the different methods previously

described are also useful to modify substrate stiffness. In

particular, the rigidity of PA-based hydrogels can be easily

manipulated by varying the concentration of the bis-

acrylamide crosslinker [50]. By controlling the extent of

polymer cross-linking in the gels, their Young’s modulus,

E, can be adjusted over several orders of magnitude, from

extremely soft to stiff, respectively from 1 to 100 kPa.

Interestingly, these values are compatible with the stiffness

of in vivo tissues [27]. Seminal studies on epithelial cells

and fibroblasts exploited inert PA gels with a thin coating

of covalently attached collagen [71]. This adhesive ligand

allows the cells to attach to the substrate. Images of

adhesion proteins such as vinculin revealed that on soft,

lightly cross-linked gels (E & 1 kPa), diffuse and dynamic

adhesion complexes were observed whereas stiff, highly

crosslinked gels (E & 30–100 kPa) induced stable focal

adhesions, close to those observed in cells cultured on glass

substrates [71] (Fig. 5a).

Additionally, traction force mapping of fibroblasts on

PA gels proves that they are able to pull harder on rela-

tively stiffer substrates [59]. If a cell can generate higher

traction, it has some internal structure that can sense the

stiffness of the matrix on which it resides. Fibroblasts also

preferentially move toward stiffer areas of a gel as well as

areas of a gel that are compressed, a phenomenon analo-

gous to chemotaxis in which a cell can move directionally

toward a chemical signal. The movement has been so

called ‘‘durotaxis.’’ This finding may have relevance to

areas from development to disease where cells migrate to

various regions of tissue systems that may differ in material

characteristics [69]. Moreover, theoretical models have

been recently developed to predict the dynamics and the

orientation of cells in response to changes in the matrix

elasticity [8, 23, 67]. Let us notice that not all cell types

appear to be sensitive to substrate stiffness, and not all

mechanosensitive cell types respond similarly to changes

in substrate stiffness. For instance, neurons appear to sur-

vive better on soft materials and exert less traction forces

on stiffer substrates [15, 38]. A recent study has shown that

mesenchymal stem cells can differentiate toward neurons,

myoblasts, and osteoblasts on PA gels of different stiff-

nesses under identical serum conditions [30].

Micropillar substrates can be used as well to quantify the

effects of substrate stiffness on cell traction forces [40, 75].

According to Eq. 1, surfaces of different spring constants

can be designed by changing the geometrical parameters of

the pillars (length and radius). For instance, the dimensions

of the posts from 1 to 2 lm in diameter and from 1.6 to

6 lm in height lead to a wide range of spring constants,

from 2 to 130 nN/lm. Such devices permit to confirm

some of the previous observations made on flexible con-

tinuous gels such as the correlation in the size of FAs and

the rigidity of the substrate [79] as well as the development

of higher traction forces on stiffer substrates (Fig. 5b, c).

Using this technique, the force-rigidity relationship of

different cell types can be determined [40]. A first regime

observed for low rigidities exhibits a linear variation of the

traction forces exerted by either epithelial cells or fibro-

blasts on their substrate (Fig. 5c). Beyond this regime, a

saturation plateau is observed for the highest spring con-

stants of the pillars, characterizing the upper limit of

traction forces that cells could exert on the substrate. These

results showing a linear increase of the forces in a certain

range of rigidity clearly imply that cell traction forces are

regulated to achieve a certain deformation of the matrix.

Additionally microfabricated substrates are helpful to
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engineer substrates that exhibit local anisotropic stiffnesses

[80, 90]. By making substrates that consist of a dense array

of micro-pillars of oval cross-section, one direction is made

stiffer than the other. Such an anisotropic rigidity induces

directional epithelial growth and guides cell migration

along the direction of highest rigidity [80].

Cell-to-substrate interactions are controlled by a multi-

tude of biochemical processes within the cell, which

Fig. 5 Influence of rigidity on FA dynamics and forces. (a–d)

Distribution of vinculin and phosphotyrosine in NRK cells cultured

on PA stiff substrates (a, c, e) or soft substrates (b, d, f). Cells were

injected with rhodamine-labeled vinculin and imaged over a period of

10 min. On more rigid substrates (a, c), vinculin is incorporated into

elongated focal adhesions, which show only minor changes during the

period of observation. On highly flexible gels (b, d), vinculin is

localized at punctate structures of irregular sizes and shapes, many of

which appear and disappear over a period of 10 min (arrows). e and f,
Immunofluorescence of phosphotyrosine. Phosphotyrosine is local-

ized at elongated focal adhesions in cells cultured on more rigid gels

(e), and at punctate structures in cells cultured on highly flexible gels

(f). (adapted from [71]) ‘‘Copyright (1997) National Academy of

Sciences, U.S.A.’’. Scale bar = 30 lm. g and i Confocal images of

immunofluorescence staining of the focal adhesion protein vinculin

for epithelial cells on micropillar substrates with various rigidities,

respectively, soft and stiff. h and j Details corresponding to the

indicated regions in a and c, respectively. Scale bars correspond to

10 lm. k ‘‘Log–Log’’ plot of the force as a function of substrate

rigidity for epithelial cell islands cultured on micropillar substrates.

Mean and maximal forces (resp. \F[ and Fmax) within an island of

cells are represented (resp. blue and red plots). Hollow and filled
symbols, respectively, correspond to pillars of 1 and 2 lm in

diameter. The slope of the dashed line is 1. (Inset) Typical histogram

of force distribution (spring constant 64 nN/lm; adapted from [79],

with permission from Elsevier)
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comprise an overall regulation mechanism. This mecha-

nism can work in two alternative ways: it maintains either

certain deformations or certain forces. Theoretical model-

ing shows that the regulation of cell adhesion under stress

can also lead to a linear relationship between forces and

stiffness [67]. However, the regulation of forces and

adhesion sites on substrates of various stiffnesses remains

an open question. In particular, the determination of me-

chanosensing components within cells is crucial to better

understand the contractile probing of cells. We need to

bridge the gap between single molecule experiments

exploring for instance the interaction of individual myosins

with actin filaments and the collective behavior of myosins

on actin stress fibers to sustain and exert traction forces

within living cells. Furthermore, special attention should be

given to rearrangements of proteins under mechanical

forces such the opening and exposure of cryptic sites [24]

as well as reorganization of ECM proteins [58, 85].

Future experiments on rigidity sensing should also take

advantage of micro-structured substrates to fabricate

rigidity gradients or pillars of various stiffnesses on the

same chip [39].

4 The influence of topography on cell adhesion and

migration

Extensive studies that are important to understand

cell–matrix interactions have been done on traditional 2D

surfaces. However, cells in vivo experience complex

environments that have various geometric and physical

properties. By creating precise surface structures, micro-

nano-fabrication is helping in understanding cell interac-

tions with topographical features. For instance, the spacing

between mechanical obstacles has been found to be a

critical parameter in cell migration [89]. It has been shown

that these topographical cues, such as lines [21, 95], ridges

[51], columns [32, 87], or pits [5] can guide cell adhesion

and migration.

The development of numerous strategies to analyze the

cellular response to substrate topography has provided new

insights into the interactions of cells with their micro-

environments, especially in terms of cell shape, cytoskel-

eton organization, and FAs remodeling [5, 32]. Cells on

substrates composed of pillars or pits exhibit spindle shape

and pseudopodial protrusions, more akin to the in vivo

situation. It has been suggested that these pseudopods can

insert into gaps in 3D matrices and serve as anchoring

points to pull the cell body [60]. The ability of cell pene-

tration in 3D-environments as well as the success of tissue

engineering scaffolds require multiple balances between

integrin activity, cell contractility, proteolysis, and matrix

rearrangements and depend on matrix pore size [46, 101].

However, our knowledge concerning how cells detect,

move over long time scales and respond in terms of cyto-

skeleton reorganization and formation of adhesive contacts

in a 3D environment is still limited. Systematic studies of

cell migration in well-defined topographical substrates

appear as a useful tool to mimic some of the cellular pro-

cesses involved in a 3D matrix.

Micro-scale features have an impact on cell migration.

For instance, cell motion dynamics depends on the geo-

metrical parameters of the substrate within 10 lm size

micro-pillar substrates (Fig. 6a, b). The analysis of cell

trajectories points out that substrate topography and phys-

ical constraints slow down cell movements but increase

their persistence [41]. Furthermore, recent studies have

shown that the organization of the actin cytoskeleton and

FAs is crucial for the cell to orient and migrate through

micron-sized patterns [5, 32, 41]. In particular, the life-time

of FAs increases on micropillar substrates and myosin II

activity and cell contractility play an important role in the

migration processes. Moreover, Clark et al. [18] demon-

strated that using a step could inhibit the progression of

fibroblasts depending on height comprised between 1 and

10 lm (Fig. 6c, d). Consequently, as previously observed

for rigidity sensing, microfabricated substrates permit to

induce topographical changes within the same substrate and

thus to study transition states in cell shape and migration

between a 2D surface and a micro-textured substrate. As

micro-patterned surfaces aim at mimicking a basic struc-

tural element of a 3D environment, such studies may pro-

vide information on mechanisms governing 3D migration

and relevant pore sizes in future tissue engineering scaffolds

that encourage cell migration and penetration.

Furthermore, nanoscale features have also an influence

on cell adhesion and shape. In particular, nano-grooves

within the substrate that mimic surfaces encountered by

cells in vivo induce an alignment of epithelial cells along

the preferential direction of the lines (Fig. 6e, f). It appears

that nanoscale features can serve as substrate guidance

because cell adhesion as well as cellular protrusions such

as filopodia (Fig. 6f) follow the orientation of the substrate.

Moreover, smooth muscle cells on poly(methyl methacry-

late) (PMMA) and poly(dimethylsiloxane) (PDMS) sur-

faces comprising nanopatterned gratings with 350 nm

linewidth, 700 nm pitch, and 350 nm depth are also sig-

nificantly oriented along the lines [100]. Interestingly

cytoskeletal structures are correlated to the orientation of

the cells as well as the nuclei. Nanoimprinting technology

could be a useful tool to study in cell–substrate interactions

and for the development of medical devices with nanoscale

features. Another interesting technique to better control

ECM architecture is the electrospinning of nanofibrous

structures [102]. This enables to engineer cellular scaffolds

and control their architecture in terms of geometry,
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morphology or topography. However, the cellular respon-

ses in terms of cytoskeleton dynamics and protein clus-

tering are still far to be understood. Combining well-

controlled surface chemistry, drug delivery, and topologi-

cal features would be helpful to understand the respective

influences of the physical properties of the substrate and

biochemical cues.

5 Conclusion

By using nano- and microfabrication tools, we can better

understand the role of physical properties of the substrate,

such as topography and rigidity, on cell adhesion, migra-

tion and even differentiation. Since cell adhesion, migra-

tion, and differentiation implicate different time scales,

adapting the properties of the substrate could lead to define

optimal conditions for operating specific cellular functions.

Given the profound effects on cell shape, adhesion, and

migration, microfabricated features also represent an

important factor in the engineering of artificial tissues.
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Biais, P.-G. de Gennes, R.-M. Mège, M. Piel, A. Saez, M. P. Sheetz,
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1. Allioux-Guérin M, Icard-Arcizet D, Durieux C, Hénon S, Gallet

F, Mevel J-C, Masse MJ, Coppey-Moisan M (2009) Spatio-

temporal analysis of cell response to a rigidity gradient: a

quantitative study by multiple optical tweezers. Biophys

J 96:238–247

2. Balaban NQ, Schwarz US, Riveline D, Goichberg P, Tzur G,

Sabanay I, Mahalu D, Safran S, Bershadsky A, Addadi L, Geiger B

Fig. 6 Scanning electron

micrographs showing the

influence of micro- and nano-

scale patterns on cell adhesion.

a and b 3T3 fibroblasts spread

on rigid PDMS micropillar

substrates (pillar

diameter = 10 lm). Spindle

shapes are observed on micro-

textured substrates as compared

to flat PDMS substrates

(adapted from [41], with

permission from Elsevier). In

c and d, cells at 10 lm steps are

seen to align at both upper and

lower surfaces, small arrow in d
indicates the cell margin at the

upper surface folded over the

step edge, large arrow shows

cell at lower surface in contact

with the step wall.

Bars = 40 lm (reproduced

from [18]). Cells cultured on

patterned lines with 400 nm

pitch. e Cell aligned along

nanostructured substrate.

f Filopodia extend along the top

of ridges and bottom of grooves

(reproduced from [91])

Med Biol Eng Comput (2010) 48:965–976 973

123



(2001) Force and focal adhesion assembly: a close relationship

studied using elastic micropatterned substrates. Nat Cell Biol

3:466–472

3. Barentin C, Sawada Y, Rieu JP (2006) An iterative method to

calculate forces exerted by single cells and multicellular

assemblies from the detection of deformations of flexible sub-

strates. Eur Biophys J Biophys Lett 35:328–339

4. Beningo KA, Dembo M, Kaverina I, Small JV, Wang YL (2001)

Nascent focal adhesions are responsible for the generation of

strong propulsive forces in migrating fibroblasts. J Cell Biol

153:881–887

5. Berry CC, Campbell G, Spadiccino A, Robertson M, Curtis

ASG (2004) The influence of microscale topography on fibro-

blast attachment and motility. Biomaterials 25:5781–5788

6. Bershadsky AD, Balaban NQ, Geiger B (2003) Adhesion-

dependent cell mechanosensitivity. Annu Rev Cell Dev Biol

19:677–695

7. Biais N, Ladoux B, Higashi D, So M, Sheetz M (2008) Coop-

erative retraction of bundled type IV pili enables nanonewton

force generation. PLoS Biol 6:e87

8. Bischofs IB, Schwarz US (2003) Cell organization in soft media

due to active mechanosensing. Proc Natl Acad Sci USA

100:9274–9279

9. Borisy GG, Svitkina TM (2000) Actin machinery: pushing the

envelope. Curr Opin Cell Biol 12:104–112

10. Burton K, Park JH, Taylor DL (1999) Keratocytes generate

traction forces in two phases. Mol Biol Cell 10:3745–3769

11. Butcher DT, Alliston T, Weaver VM (2009) A tense situation:

forcing tumour progression. Nat Rev Cancer 9:108–122

12. Butler JP, Tolic-Norrelykke IM, Fabry B, Fredberg JJ (2002)

Traction fields, moments, and strain energy that cells exert on

their surroundings. Am J Physiol Cell Physiol 282:C595–C605

13. Cai YF, Rossier O, Gauthier NC, Biais N, Fardin MA, Zhang X,

Miller LW, Ladoux B, Cornish VW, Sheetz MP (2010) Cyto-

skeletal coherence requires myosin-IIA contractility. J Cell Sci

123:413–423

14. Carter SB (1967) Haptotaxis and mechanism of cell motility.

Nature 213:256–260

15. Chan CE, Odde DJ (2008) Traction dynamics of filopodia on

compliant substrates. Science 322:1687–1691

16. Chen CS, Mrksich M, Huang S, Whitesides GM, Ingber DE

(1997) Geometric control of cell life and death. Science

276:1425–1428

17. Choquet D, Felsenfeld DP, Sheetz MP (1997) Extracellular

matrix rigidity causes strengthening of integrin–cytoskeleton

linkages. Cell 88:39–48

18. Clark P, Connolly P, Curtis ASG, Dow JAT, Wilkinson CDW

(1987) Topographical control of cell behavior. 1. Simple step

cues. Development 99:439–448

19. Cortese B, Gigli G, Riehle M (2009) Mechanical gradient cues

for guided cell motility and control of cell behavior on uniform

substrates. Adv Funct Mater 19:2961–2968

20. Cukierman E, Pankov R, Yamada KM (2002) Cell interactions

with three-dimensional matrices. Curr Opin Cell Biol 14:633–639

21. Curtis A, Wilkinson C (1997) Topographical control of cells.

Biomaterials 18:1573–1583

22. Curtis ASG, Wilkinson CD (1998) Reactions of cells to

topography. J Biomater Sci Polym Edn 9:1313–1329

23. De R, Zemel A, Safran SA (2007) Dynamics of cell orientation.

Nat Phys 3:655–659

24. del Rio A, Perez-Jimenez R, Liu RC, Roca-Cusachs P, Fer-

nandez JM, Sheetz MP (2009) Stretching single talin rod mol-

ecules activates vinculin binding. Science 323:638–641

25. Dembo M, Wang YL (1999) Stresses at the cell-to-substrate

interface during locomotion of fibroblasts. Biophys J 76:2307–

2316

26. Dembo M, Oliver T, Ishihara A, Jacobson K (1996) Imaging the

traction stresses exerted by locomoting cells with the elastic

substratum method. Biophys J 70:2008–2022

27. Discher DE, Janmey P, Wang YL (2005) Tissue cells feel and

respond to the stiffness of their substrate. Science 310:1139–1143

28. du Roure O, Saez A, Buguin A, Austin RH, Chavrier P, Sil-

berzan P, Ladoux B (2005) Force mapping in epithelial cell

migration. Proc Natl Acad Sci USA 102:2390–2395

29. Engler A, Bacakova L, Newman C, Hategan A, Griffin M,

Discher D (2004) Substrate compliance versus ligand density in

cell on gel responses. Biophys J 86:617–628

30. Engler AJ, Sen S, Sweeney HL, Discher DE (2006) Matrix elas-

ticity directs stem cell lineage specification. Cell 126:677–689

31. Even-Ram S, Yamada KM (2005) Cell migration in 3D matrix.

Curr Opin Cell Biol 17:524–532

32. Frey MT, Tsai IY, Russell TP, Hanks SK, Wang YL (2006)

Cellular responses to substrate topography: role of myosin II and

focal adhesion kinase. Biophys J 90:3774–3782

33. Friedl P, Wolf K (2003) Tumour-cell invasion and migration:

diversity and escape mechanisms. Nat Rev Cancer 3:362–374

34. Galbraith CG, Sheetz MP (1997) A micromachined device

provides a new bend on fibroblast traction forces. Proc Natl

Acad Sci USA 94:9114–9118

35. Ganz A, Lambert M, Saez A, Silberzan P, Buguin A, Mege RM,

Ladoux B (2006) Traction forces exerted through N-cadherin

contacts. Biol Cell 98:721–730

36. Geiger B, Bershadsky A (2001) Assembly and mechanosensory

function of focal contacts. Curr Opin Cell Biol 13:584–592

37. Geiger B, Bershadsky A, Pankov R, Yamada KM (2001)

Transmembrane extracellular matrix–cytoskeleton crosstalk.

Nat Rev Mol Cell Biol 2:793–805

38. Georges PC, Janmey PA (2005) Cell type-specific response to

growth on soft materials. J Appl Physiol 98:1547–1553

39. Ghassemi S, Biais N, Maniura K, Wind SJ, Sheetz MP, Hone J

(2008) Fabrication of elastomer pillar arrays with modulated

stiffness for cellular force measurements, May 27–30; Portland,

OR, pp 2549–2553

40. Ghibaudo M, Saez A, Trichet L, Xayaphoummine A, Browaeys

J, Silberzan P, Buguin A, Ladoux B (2008) Traction forces and

rigidity sensing regulate cell functions. Soft Matter 4:1836–1843

41. Ghibaudo M, Trichet L, Le Digabel J, Richert A, Hersen P,

Ladoux B (2009) Substrate topography induces a crossover from

2D to 3D behavior in fibroblast migration. Biophys J 97:357–

368

42. Ghosh K, Ingber DE (2007) Micromechanical control of cell and

tissue development: implications for tissue engineering. Adv

Drug Deliv Rev 59:1306–1318

43. Giannone G, Dubin-Thaler BJ, Dobereiner HG, Kieffer N,

Bresnick AR, Sheetz MP (2004) Periodic lamellipodial con-

tractions correlate with rearward actin waves. Cell 116:431–443

44. Harris AK, Wild P, Stopak D (1980) Silicone rubber substrata: a

new wrinkle in the study of cell locomotion. Science 208:177–

179

45. Harris AK, Stopak D, Wild P (1981) Fibroblast traction as a

mechanism for collagen morphogenesis. Nature 290:249–251

46. Hollister SJ, Maddox RD, Taboas JM (2002) Optimal design

and fabrication of scaffolds to mimic tissue properties and sat-

isfy biological constraints. Biomaterials 23:4095–4103

47. Huang S, Ingber DE (2005) Cell tension, matrix mechanics, and

cancer development. Cancer Cell 8:175–176

48. Ingber DE (2003) Mechanosensation through integrins: cells act

locally but think globally. Proc Natl Acad Sci USA 100:1472–

1474

49. Isenberg BC, DiMilla PA, Walker M, Kim S, Wong JY (2009)

Vascular smooth muscle cell durotaxis depends on substrate

stiffness gradient strength. Biophys J 97:1313–1322

974 Med Biol Eng Comput (2010) 48:965–976

123



50. Janmey PA, Georges PC, Hvidt S (2007) Basic rheology for

biologists. Methods in cell biology. Academic Press, New York,

p 1, 3–27

51. Kaiser JP, Reinmann A, Bruinink A (2006) The effect of

topographic characteristics on cell migration velocity. Bioma-

terials 27:5230–5241

52. Kajzar A, Cesa CM, Kirchgessner N, Hoffman B, Merkel R

(2008) Toward physiological conditions for cell analyses: forces

of heart muscle cells suspended between elastic micropillars.

Biophys J 94:1854–1866

53. Kandow CE, Georges PC, Janmey PA, Beningo KA (2007)

Polyacrylamide hydrogels for cell mechanics: steps toward

optimization and alternative uses. Methods in cell biology.

Academic Press, New York, pp 29–46

54. Kim DH, Han K, Gupta K, Kwon KW, Suh KY, Levchenko A

(2009) Mechanosensitivity of fibroblast cell shape and move-

ment to anisotropic substratum topography gradients. Biomate-

rials 30:5433–5444

55. Ladoux B, Anon E, Lambert M, Rabodzey A, Hersen P, Buguin

A, Silberzan P, Mege RM (2010) Strength dependence of cad-

herin-mediated adhesions. Biophys J 98:534–542

56. Lauffenburger DA, Horwitz AF (1996) Cell migration: a phys-

ically integrated molecular process. Cell 84:359–369

57. Legant WR, Pathak A, Yang MT, Deshpande VS, McMeeking

RM, Chen CS (2009) Microfabricated tissue gauges to measure

and manipulate forces from 3D microtissues. Proc Natl Acad Sci

USA 106:10097–10102

58. Lemmon CA, Chen CS, Romer LH (2009) Cell traction forces

direct fibronectin matrix assembly. Biophys J 96:729–738

59. Lo CM, Wang HB, Dembo M, Wang YL (2000) Cell movement

is guided by the rigidity of the substrate. Biophys J 79:144–152

60. Mandeville JTH, Lawson MA, Maxfield FR (1997) Dynamic

imaging of neutrophil migration in three dimensions: mechani-

cal interactions between cells and matrix. J Leukoc Biol 61:

188–200

61. Martin P, Parkhurst SM (2004) Parallels between tissue repair

and embryo morphogenesis. Development 131:3021–3034

62. Meshel AS, Wei Q, Adelstein RS, Sheetz MP (2005) Basic

mechanism of three-dimensional collagen fibre transport by

fibroblasts. Nat Cell Biol 7:157–164

63. Mitrossilis D, Fouchard J, Guiroy A, Desprat N, Rodriguez N,

Fabry B, Asnacios A (2009) Single-cell response to stiffness

exhibits muscle-like behavior. Proc Natl Acad Sci USA

106:18243–18248

64. Muller WA (2003) Leukocyte–endothelial-cell interactions in

leukocyte transmigration and the inflammatory response. Trends

Immunol 24:327–334

65. Munevar S, Wang YL, Dembo M (2001) Traction force

microscopy of migrating normal and H-ras transformed 3T3

fibroblasts. Biophys J 80:1744–1757

66. Nelson CM, Jean RP, Tan JL, Liu WF, Sniadecki NJ, Spector

AA, Chen CS (2005) Emergent patterns of growth controlled by

multicellular form and mechanics. Proc Natl Acad Sci USA

102:11594–11599

67. Nicolas A, Safran SA (2006) Limitation of cell adhesion by the

elasticity of the extracellular matrix. Biophys J 91:61–73

68. Nicolas A, Geiger B, Safran SA (2004) Cell mechanosensitivity

controls the anisotropy of focal adhesions. Proc Natl Acad Sci

USA 101:12520–12525

69. Paszek MJ, Nastaran Z, Johnson KR, Lakins JN, Rozenberg GI,

Gefen A, Reinhart-King CA, Margulies SS, Dembo M, Boett-

inger D, Hammer DA, Weaver VM (2005) Tensional homeo-

stasis and the malignant phenotype. Cancer Cell 8:241–254

70. Paul R, Heil P, Spatz JP, Schwarz US (2008) Propagation of

mechanical stress through the actin cytoskeleton toward focal

adhesions: model and experiment. Biophys J 94:1470–1482

71. Pelham RJ, Wang YL (1997) Cell locomotion and focal adhe-

sions are regulated by substrate flexibility. Proc Natl Acad Sci

USA 94:13661–13665

72. Pelham RJ, Wang YL (1999) High resolution detection of

mechanical forces exerted by locomoting fibroblasts on the

substrate. Mol Biol Cell 10:935–945

73. Petronis S, Gold J, Kasemo B (2003) Microfabricated force-

sensitive elastic substrates for investigation of mechanical cell–

substrate interactions. J Micromech Microeng 13:900–913

74. Peyton SR, Putnam AJ (2005) Extracellular matrix rigidity

governs smooth muscle cell motility in a biphasic fashion. J Cell

Physiol 204:198–209

75. Rabodzey A, Alcaide P, Luscinskas FW, Ladoux B (2008)

Mechanical forces induced by the transendothelial migration of

human neutrophils. Biophys J 95:1428–1438

76. Riveline D, Zamir E, Balaban NQ, Schwarz US, Ishizaki T,

Narumiya S, Kam Z, Geiger B, Bershadsky AD (2001) Focal

contacts as mechanosensors: externally applied local mechanical

force induces growth of focal contacts by an mDia1-dependent

and ROCK-independent mechanism. J Cell Biol 153:1175–1185

77. Roos W, Ulmer J, Grater S, Surrey T, Spatz JP (2005) Micro-

tubule gliding and cross-linked microtubule networks on mi-

cropillar interfaces. Nano Lett 5:2630–2634

78. Rovensky YA, Bershadsky AD, Givargizov EI, Obolenskaya

LN, Vasiliev JM (1991) Spreading of mouse fibroblasts on the

substrate with multiple spikes. Exp Cell Res 197:107–112

79. Saez A, Buguin A, Silberzan P, Ladoux B (2005) Is the

mechanical activity of epithelial cells controlled by deforma-

tions or forces? Biophys J 89:L52–L54

80. Saez A, Ghibaudo M, Buguin A, Silberzan P, Ladoux B (2007)

Rigidity-driven growth and migration of epithelial cells on mi-

crostructured anisotropic substrates. Proc Natl Acad Sci USA

104:8281–8286

81. Sahai E (2005) Mechanisms of cancer cell invasion. Curr Opin

Genet Dev 15:87–96

82. Schwarz US, Balaban NQ, Riveline D, Bershadsky A, Geiger B,

Safran SA (2002) Calculation of forces at focal adhesions from

elastic substrate data: the effect of localized force and the need

for regularization. Biophys J 83:1380–1394

83. Sheetz MP, Felsenfeld DP, Galbraith CG (1998) Cell migration:

regulation of force on extracellular-matrix–integrin complexes.

Trends Cell Biol 8:51–54

84. Singhvi R, Kumar A, Lopez GP, Stephanopoulos GN, Wang

DIC, Whitesides GM, Ingber DE (1994) Engineering cell-shape

and function. Science 264:696–698

85. Smith ML, Gourdon D, Little WC, Kubow KE, Eguiluz RA,

Luna-Morris S, Vogel V (2007) Force-induced unfolding of

fibronectin in the extracellular matrix of living cells. Plos Biol

5:2243–2254

86. Sniadecki N, Desai RA, Ruiz SA, Chen CS (2006) Nanotech-

nology for cell–substrate interactions. Ann Biomed Eng 34:59–74

87. Steinberg T, Schulz S, Spatz JP, Grabe N, Mussig E, Kohl A,

Komposch G, Tomakidi P (2007) Early keratinocyte differen-

tiation on micropillar interfaces. Nano Lett 7:287–294

88. Takayama S, Ostuni E, LeDuc P, Naruse K, Ingber DE,

Whitesides GM (2001) Laminar flows—subcellular positioning

of small molecules. Nature 411:1016

89. Tan J, Shen H, Saltzman WM (2001) Micron-scale positioning

of features influences the rate of polymorphonuclear leukocyte

migration. Biophys J 81:2569–2579

90. Tan JL, Tien J, Pirone DM, Gray DS, Bhadriraju K, Chen CS

(2003) Cells lying on a bed of microneedles: an approach to isolate

mechanical force. Proc Natl Acad Sci USA 100:1484–1489

91. Teixeira AI, Abrams GA, Bertics PJ, Murphy CJ, Nealey PF

(2003) Epithelial contact guidance on well-defined micro- and

nanostructured substrates. J Cell Sci 116:1881–1892

Med Biol Eng Comput (2010) 48:965–976 975

123



92. Thery M, Racine V, Pepin A, Piel M, Chen Y, Sibarita JB,

Bornens M (2005) The extracellular matrix guides the orienta-

tion of the cell division axis. Nat Cell Biol 7:947–953

93. Thery M, Pepin A, Dressaire E, Chen Y, Bornens M (2006) Cell

distribution of stress fibres in response to the geometry of the

adhesive environment. Cell Motil Cytoskelet 63:341–355

94. Trepat X, Wasserman MR, Angelini TE, Millet E, Weitz DA,

Butler JP, Fredberg JJ (2009) Physical forces during collective

cell migration. Nat Phys 5:426–430

95. Tzvetkova-Chevolleau T, Stephanou A, Fuard D, Ohayon J,

Schiavone P, Tracqui P (2008) The motility of normal and

cancer cells in response to the combined influence of the sub-

strate rigidity and anisotropic microstructure. Biomaterials

29:1541–1551

96. Vogel V, Sheetz M (2006) Local force and geometry sensing

regulate cell functions. Nat Rev Mol Cell Biol 7:265–275

97. Webb DJ, Parsons JT, Horwitz AF (2002) Adhesion assembly,

disassembly and turnover in migrating cells—over and over and

over again. Nat Cell Biol 4:E97–E100

98. Wolf K, Friedl P (2009) Mapping proteolytic cancer cell–

extracellular matrix interfaces. Clin Exp Metastasis 26:289–298

99. Xia YN, Whitesides GM (1998) Soft lithography. Annu Rev

Mat Sci 28:153–184

100. Yim EKF, Reano RM, Pang SW, Yee AF, Chen CS, Leong KW

(2005) Nanopattern-induced changes in morphology and

motility of smooth muscle cells. Biomaterials 26:5405–5413

101. Zaman MH, Trapani LM, Siemeski A, MacKellar D, Gong HY,

Kamm RD, Wells A, Lauffenburger DA, Matsudaira P (2006)

Migration of tumor cells in 3D matrices is governed by matrix

stiffness along with cell-matrix adhesion and proteolysis. Proc

Natl Acad Sci USA 103:10889–10894

102. Zhang YZ, Su B, Venugopal J, Ramakrishna S, Lim CT (2007)

Biomimetic and bioactive nanofibrous scaffolds from electro-

spun composite nanofibers. Int J Nanomed 2:623–638

976 Med Biol Eng Comput (2010) 48:965–976

123


	Microfabricated substrates as a tool to study cell mechanotransduction
	Abstract
	Introduction
	Force measurements using microfabricated substrates
	Rigidity sensing during cell adhesion and migration
	The influence of topography on cell adhesion and migration
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


