Downloaded by HARVARD MEDICAL SCHOOL on 28 August 2010
Published on 19 August 2010 on http://pubs.rsc.org | doi:10.1039/COSM 00394H

PAPER

View Online

www.rsc.org/softmatter | Soft Matter

Hierarchical wrinkling patternst

Hugues Vandeparre,;* Sylvain Gabriele,;* Fabian Brau,” Cyprien Gay,” Kevin Kit Parker®

and Pascal Damman**

Received 18th May 2010, Accepted 2nd July 2010
DOI: 10.1039/c0sm00394h

This paper reports a simple and flexible method for generating hierarchical patterns from wrinkling
instability. Complex features with gradually changing topographies are generated by using the
spontaneous wrinkling of a rigid membrane (titanium) on a soft foundation (polystyrene) compressed
via the diffusion of a solvent. We show that the morphology of these unreported wrinkled patterns is
directly related to the rheological properties of the polymer layer and the geometry of the diffusion
front. Based on these ingredients, we rationalize the mechanism for the formation of hierarchical
wrinkling patterns and quantify our experimental findings with a simple scaling theory. Finally, we
illustrate the relevance of our structuration method by studying the mechanosensitivity of fibroblasts.

Introduction

Structured surfaces are especially attractive in various applica-
tions including stretchable electronics,! photonics,?™ wettability,’
tissue engineering, implants, cell-based biosensors, high-
throughput microarrays, basic cell biology and regenerative
biology.%” Various techniques have been employed for the
fabrication of micro- and nano-structures on solid substrates,
such as colloidal lithography,® polymer demixing,® electro-
spinning,'® nanoimprinting ' or dip-pen lithography.'> However
these methods have severe drawbacks, including high cost, the
substantial inconvenience of using clean room facilities and their
inability to generate complex patterns with gradients of ampli-
tudes and tailor-made geometries.

To address the need for a simple, more scalable and cost-
effective technique for fabricating micro- and nano-structures,
non-lithographic based strategies have been developed based on
the wrinkling instability of a compressed rigid membrane on
a soft elastic foundation.'>'* The characteristic dimensions of the
uniform wrinkled pattern obtained (i.e. amplitude and wave-
length) can be easily tuned by setting experimental parameters
such as: membrane and film thicknesses, elastic moduli and the
applied compressive stress.'*'> Beside the linear and labyrinthine
patterns generally obtained by applying either uniaxial or
isotropic stress, a few studies have explored the feasibility to
achieve more complex patterns.’*!>2! These strategies are
however all based on edge effects and are thus not suitable to
organize the wrinkles on large areas. Recently, we described a new
method to generate custom-tailored wrinkled patterns based on
the molecular diffusion of solvent through the polymer layer.
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Here we propose, by changing the rheological behavior of the
polymer layer in which the solvent diffuses, to generate complex
hierarchical wrinkled patterns, with a topographical gradient
ranging from the nano- to the microscale. We study in detail the
mechanism at the origin of these hierarchical wrinkled patterns
and finally propose to illustrate the relevance of these complex
features by observing cell mechanosensitivity.

Results and discussion
Wrinkling by solvent diffusion

Previous studies showed that metal/polymer/substrate trilayers
undergo wrinkling after either an appropriate thermal treatment
or the diffusion of a solvent in the polymer layer.'*!52%23 Ag
shown in Fig. 1, wrinkling can indeed be induced by immersing
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Fig.1 (a) A schematic representation of the experimental set-up. From
left to right: Successive optical micrographs of (b) the growth of parallel
and (c) radial wrinkled domains, obtained after immersion of a Ti/PS/
SiO, trilayer in toluene vapors. The scale bar corresponds to 20 pum.

111!!

il ”hl”lm

TRl =
o | 9 g8

—

This journal is © The Royal Society of Chemistry 2010

Soft Matter


http://dx.doi.org/10.1039/C0SM00394H

Downloaded by HARVARD MEDICAL SCHOOL on 28 August 2010
Published on 19 August 2010 on http://pubs.rsc.org | doi:10.1039/COSM00394H

View Online

the multilayers in toluene vapors at room temperature in
a homemade device, allowing in situ optical microscopy obser-
vations (Fig. la). Regular wrinkles spontaneously form and
propagate together with the diffusion front (Fig. 1b). The
resulting wrinkling patterns do not show the usual labyrinthine
morphology'**® but are clearly determined by the geometry of
the diffusion process. Parallel wrinkles (Fig. 1b) are observed
when the solvent diffuses from the edge yielding a linear front.
Radial organization of wrinkles (Fig. 1c) arises from point-like
diffusion starting at tiny holes/defects randomly distributed in
the thin metal layer. Interestingly, the wrinkled domains grow
and meet together in such a way that they adjust their orientation
to avoid the formation of “expensive” dislocations (Fig. 2). This
phenomenon occurs until the whole surface is decorated with
wrinkles. Finally a labyrinthine-like morphology made of large
domains of straight parallel wrinkles emerges, the size of the
domains being determined by the distances between the native
individual patterns. This continuous re-organization illustrates
the dynamics of the wrinkles observed for a purely elastic
foundation.

A detailed description of both the mechanism at the origin of
the wrinkling phenomenon and the particular orientation of the
wrinkles can be found in Ref. 23.

For very long polymer chains (M, ~1.5 MDa), the rheological
behavior of the polymer layer is essentially elastic in spite of the
diffusion of toluene. Indeed, the large number of entanglements
per chain for these polymer films requires very long diffusion
times (i.e., related to the reptation time) to obtain a viscous fluid.
For these samples, the characteristic wrinkle wavelength 2
selected by the system can thus be determined by the balance
between the bending energy of the metal film, which favors large
As, and the elastic deformation of the rubbery polymer layer,
which in contrast favors small ones.'*'5-*32* A similar approach is
used to describe the wavelength in the case of thermal wrinkling
with an elastic foundation.'>'s

Hierarchical wrinkling

In contrast with the high M, samples described in the previous
section, polystyrene (PS) films made up of small chains rapidly
become viscous during solvent diffusion (they remain, however,
elastic for experimental times shorter than the Rouse or reptation
times of the chains). Surprisingly, different wrinkled patterns are

Fig. 2 (a)-(c) Successive optical micrographs of two radial wrinkled
patterns joining together. (d) The final morphology arising from the
meeting of several radial patterns. The scale bar corresponds to 20 um.

obtained by solvent diffusion in these low M,, polymer layers
(2 kDa < M, < 75 kDa). The formation of a hierarchical
structure of folds is observed (Fig. 3). Due to the diffusion
process, this pattern shifts forward as it grows, closely following
the wavefront. For both linear and radial symmetry, a discrete
evolution of the wavelength is observed along the direction
perpendicular to the diffusion front. We observe a continuous
growth of “juvenile” wrinkles with the same A located at the
diffusive front. With time (i.e., staying at the same location!),
these wrinkles spontaneously evolve toward “mature” wrinkles
characterized by larger As. Interestingly, the evolution of A can be
rationalized by a simple power law for all studied samples
(Fig. 4b). All data closely follows A o« y'3, y being the distance
from the diffusion front (Fig. 4a).

The mechanism leading to the growth of these new hierar-
chical structures of folds in a compressed rigid membrane
should involve bending of the sheet, viscous flow in the polymer
layer and solvent diffusion. To get a first insight into this
complex mechanism, we will consider a simplified system
involving only bending and viscous flow: the evolution of
homogeneous wrinkled patterns obtained during thermal
compression of Ti/PS/SiO, trilayers. In fact, increasing the
solvent fraction in a polymer film produces a similar effect to
a thermal jump. Indeed, adding solvent to a glassy polymer
reduces its glass transition temperature, T,, that can decrease
well below the ambient temperature.>® Similarly, heating the
polymer above its glass transition temperature induces the
transition from the glassy to the rubbery state. Fig. 5 shows the
evolution of wrinkled patterns when heated above T,,. For such
a viscoelastic fluid, the pattern wavelength is driven by elasticity
at the very beginning of the wrinkling and is thus determined by
the thicknesses and elastic moduli of the metal and polymer
layer, such as: Ay ~ (hHp)"(E/E,)"® (where h, H, and E, E,, are
the metal and polymer thicknesses and moduli, respectively).!3!%

i

Fig. 3 (a) Successive optical micrographs of the growth of a wrinkled
domain obtained after immersion in toluene vapors of a Ti/PS/SiO,
multilayer formed by a 15 nm thick titanium layer deposited on a 0.25 um
thick polystyrene layer (M,, = 75 kDa) on top of a silicon substrate. From
left to right, after 10's, 35 s, 60 s, 85 s, and 110 s immersion in toluene
vapors (scale bar 10 um). (b, ¢) Radial wrinkled patterns obtained with
similar conditions ((b) 15 kDa, and (c) 75 kDa).
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Fig. 4 (a) Optical micrograph of a wrinkled domain obtained after
immersion in toluene vapors of a Ti/PS/SiO, multilayer formed by
a 15 nm thick titanium layer deposited on a 0.25 pm thick polystyrene
layer (My, = 15 kDa) on top of a silicon substrate. (b) Evolution of the
wavelength versus the distance from the diffusion front for different low
molecular weight polymers.
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Fig. 5 (a) Thermal wrinkling. Optical micrographs of the temporal
evolution of wrinkled Ti(15 nm)/PS(250 nm; 15 kDa)/SiO,, trilayers after
1, 2 and 30 min at 130 °C, from left to right, respectively. The scale bar
corresponds to 20 um. (b) Evolution of the wavelength versus time of
wrinkled Ti(15 nm)/PS(250 nm; 15 kDa)/SiO, at different temperatures.
Curves were shifted thanks to the time-temperature principle (Williams-
Landel-Ferry (WLF) equation).

This elastic regime lasts until the polymer chains relax (via either
Rouse or reptation dynamics), which marks the transition
between elastic and viscous regimes. Beyond the relaxation time,
we found that the wrinkle wavelength increases continuously
with time and follows a power law with an exponent close to 1/6
(Fig. 5b).

The dynamics of these wrinkled patterns can be rationalized by
considering the bending energy of the rigid membrane, that is
minimized for infinite wavelength, and the energy dissipated
within the polymer flow. The bending energy U, is proportional
to the square of the local membrane curvature: Uy, ~ [ER*C*dx.
For a sinusoidal profile of wavelength A and amplitude A4, the

typical local curvature is C ~ A/2*> ~/6/4 (by considering

inextensibility, the compression strain, ¢ is given by 4*2%). The
bending energy Uy, becomes therefore:

A 6
Uy ~ ER® o Eh3i (1)

Because U, is a decreasing function of A, once the polymer is
able to flow, the membrane deforms to achieve larger wave-
lengths (the wrinkle amplitude also increases since inextensibility
yields A4 ~ Av/6). When the wavelength and the amplitude
change, incompressibility of PS implies a flow within the poly-
mer layer, the maximum horizontal velocity being given by
v = du/dt ~ (1/Hp) d(A4X)/dt, considering the condition of
incompressibility uH, ~ AA. Assuming a no slip boundary
condition at the membrane and substrate interfaces, the velocity
gradient related to the shear flow should be given by dv/0z ~
v/Hy,. The power dissipated by this shear flow, integrated over the
polymer thickness, is finally given by

A pHy , N a2
Pisc ~ J J n(dv/dz)"dxdz ~ ﬁ)t A 2
oJo b
where 7 is the polymer viscosity.

The variation of the membrane elastic energy with time should
be equal to the dissipated power: dU,/dt = —P,;.. Hence, the
wavelength obeys the following ordinary differential equation,

. 5
i~ Bl 54 (3)
P

Solving this differential equation yields the time evolution of
the wavelength given by the relation,

)\ ~ (th)l/Z(E/n)1/6t1/6 (4)

The evolution of the wavelength with time given in Fig. 5 is in
very good agreement with this scaling law over 6 orders of
magnitude. The master curve was obtained by shifting the
“rough” data recorded at various temperatures with ay para-
meters computed from the WLF relation of PS.2¢

The balance between bending energy and viscous dissipation is
well understood. Now, we go back to the formation of the
hierarchical patterns observed for wrinkling of low M, polymer
from solvent diffusion (Fig. 3). As seen in Fig. 4a, the wavelength
evolves from the diffusion front to the sample edge (or the point-
like defect for radial patterns). In fact, as the diffusion domain
expands, the polymer at the front has just become soft enough to
allow wrinkling. The wavelength of these “juvenile” wrinkles, A,
is thus determined by elasticity and is very small (close to 1 pm).
As one goes towards the edge of the sample, the polymer has
been plastified for a longer period of time and is characterized by
a purely viscous behaviour. These “mature” wrinkles exhibit
larger wavelengths (larger than 10 um). Combining roughly the
dynamics of wrinkles on a viscous foundation A ~ "¢ (see eqn (4))
with the diffusion process which should scale as y ~ "2, y being
the distance from the diffusion front, we could easily find that
A ~ y', which is in agreement with the experiments, as shown in
Fig. 4b.

Furthermore, the above interpretation is also consistent with
the observation that the evolution of the wavelength (and
amplitude) is sharper for very low Mys, considering the drastic
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evolution of polymer viscosity with M,,**. According to eqn (4),
the wavelength should increase faster with time for low
viscosity polymers (low M,,), which implies steeper spatial
variations. The rheological properties of the polymer and the
geometry of the diffusion front thus play a crucial role in the
formation of complex wrinkled patterns. By modifying the M,
of PS, for instance, we can shift from homogeneous to hier-
archical wrinkled patterns. It should be noted however that the
dynamics of these patterns can also be affected by the localized
defects required to double the wavelength (i.e., these defects
exhibit a finite Gaussian curvature leading to high energetic
penalties). The exact role of these defects is currently investi-
gated.

As shown in Fig. 3, these complex patterns exhibit a gradient
in amplitude and wavelength which increases from the periphery
to the center. The diffusion controlled wrinkling process thus
provides a unique tool to create patterns with well-controlled
gradually changing topographies.

In the last part of the paper, we will show that wrinkling can be
consider as a valuable tool for the design and fabrication of
structured surfaces suitable for applications in the field of
biotechnology.

Cell mechanosensitivity

One of the promising applications of hierarchical wrinkled
patterns concerns the development of substrates to stimulate and
commit cell functions such as adhesion, motility or proliferation
through topographical interactions.?” To date, research efforts
have been largely focused on examining how anisotropic struc-
tures such as ridges or grooves influence cell responses,
irrespective of the length scale (nano- or microscale). As
a consequence, the variety of studied structured surfaces with
different shapes and sizes may account for the discrepancies
between reported observations on the mechanism of lamellipodia
and filopodia formation in response to topography.?® Therefore,
the design of substrates with variable topographic features while
maintaining constant physical (e.g. rigidity) and chemical (e.g.
surface tension) properties to avoid undesirable responses is
a significant challenge.

By replicating the original wrinkled patterns presented in the
first part of this paper, we fabricated optically transparent
structured substrates (see the Experimental section) to illustrate
the relevance of our structuration method by studying the
mechanosensitivity in response to local variations in topography,
based on (i) cell-substrate adhesion and (ii) cell sensing mech-
anisms.

Cell adhesion. Cells adhere to the extracellular matrix (ECM)
via integrin-mediated adhesions that link the ECM to the actin
cytoskeleton. In addition to their function as adhesion sites, focal
adhesions are also the sites at which forces are transmitted to the
substrate.?**° Therefore the spatial distribution of focal adhesion
sites should play a major role in the regulation of cell adhesion
and cytoskeletal organization. With this in mind, we explored the
possibility to control the distribution of sites of cell adhesion to
the substrate by using wrinkled patterns. This was achieved by
mapping the correlation between the localization of adhesion
sites and topographic features.

The distribution of focal adhesions under fibroblasts onto flat
and wrinkled PDMS domains was detected by microscopy with
fluorescence labelling of specific adhesion molecules. Immuno-
histochemical staining of vinculin, which is one of the most
prominent cytoskeletal proteins in focal adhesion, indicates the
localization of specific binding sites between cells and substrates.
On flat domains, fibroblasts make numerous vinculin-positive
focal contacts, which are exclusively distributed along the cell
perimeter of leading and trailing edges (Fig. 6a, white arrow-
heads). In contrast, the distribution of focal contacts was
drastically modified for cells with leading and trailing edges in
contact with structured domains. Indeed, vinculin staining
clearly reveals the presence of focal adhesions within the central
area of cell protrusions on structured domains (Fig. 6b, white
arrowheads). The overlay of the thresholded vinculin staining
with the topography (Fig. 6¢ and d) helps in demonstrating the
spatial correlation of focal adhesion sites with the topographic
features. Our results show that integrin binding is preferentially
located on the top of ridges located at the center of the pattern,
corresponding to microscale topographic features (from 950 to
725 nm groove depth). This observation indicates that fibroblasts
cannot bridge the gap of microscale structured zones and thus
lead to the confinement of cell attachment on the top of the
rounded microscale wrinkles. In contrast, no effect of nanoscale
features on the spatial distribution of focal contacts has been

Fig. 6 Immunofluorescence images of fibroblast cells cultured on
textured PDMS surfaces with a localized topographical gradient. Images
(a) and (b) present the vinculin distribution of leading and trailing edges
in contact with (a) a flat surface and (b) a hierarchical wrinkled pattern,
respectively. White arrowheads show that (a) fibroblasts exhibit discrete
focal contacts located at the cell periphery on flat substrates and (b) that
integrin binding is limited to the top of the ridge when cells bridge micro-
scale patterns. Images (c) and (d) present a close-up of the vinculin
distribution (in red) on microscale wrinkles obtained from (b) after
processing. Images (e), (f), (g) and (h) show the organization of fila-
mentous actin in green. Extension of cellular protrusions from the cell
body: (e) large lamellipodial extensions on flat surfaces and (f) multiple
filopodial structures on structured surfaces. Images (g) and (h) show
a close-up of the alignment of filopodia with nanoscale features. Images
(1) and (j) are merged images of F-actin (green), vinculin (red) and nuclei
(blue). The scale bars correspond to 20 pm for images (a), (b), (e), (f), (1),
(j) and 5 pm for images (c), (d), (g) and (h).
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observed, suggesting that integrin-binding sites are preferentially
sensitive to micrometre-range features.

Cell sensing mechanisms. Two alternate forms of actin
machinery coexist in most motile cells: lamellipodia which seem
designed for persistent protrusion over a surface, and filopodia
which appear to perform sensory and exploratory functions to
steer cells depending on cues from the environment.?' Therefore,
understanding how a cell type expresses the lamellipodial or
filopodial form of the actin machinery in response to topography
is essential for understanding cell sensing mechanisms as well as
for applications in the field of biotechnology. To determine how
a cell chooses among these alternative modes of cellular
protrusions in response to a specific topographic scale (nano vs.
macro), we observed the behavior of fibroblasts plated on flat
and wrinkled domains with well-controlled gradually changing
topographies.

Lamellipodia and filopodia protrusions are driven by dynamic
local actin polymerization and can thus be probed via actin
fluorescence labeling. Fig. 6e shows that fibroblasts on flat
surfaces extend a few large lamellipodial extensions from the cell-
body. On the contrary, fibroblasts with their cell body deposited
on a wrinkled domain were found to extend numerous filopodial
structures (Fig. 6f). These observations suggest a specific
response of fibroblast cells to the topographical modifications of
their surrounding matrix by extending filopodia, that is in
agreement with a sensory role of filopodia protusions. As shown
in Fig. 6g-h, we have noticed that filopodia are preferentially
aligned along nanoscale features (from 60 to 140 nm groove
depth) located at the periphery of the pattern. Whereas micro-
metric wrinkles located at the center of the pattern are involved
in filopodia attachment, as shown by discrete vinculin spots (see
Fig. 6d, 850 nm groove depth). Although previous works suggest
that filopodia can feel variations of surface topography, many
contradictory results on the alignment of filopodia have been
reported.?? In light of this, our observations suggest that align-
ment of filopodia may be preferentially driven by nanoscale
topographic features, whereas microscale patterns are necessary
to permit filopodia attachment.

Although already particularly interesting, a systematic study is
needed to quantify these preliminary results.

Conclusions

We have reported on a novel lithography-free method for
obtaining sophisticated patterns with a gradient of topography
ranging from the nano- to the microscale. We have demonstrated
that solvent-induced wrinkling of multilayer systems can lead to
the formation of a hierarchical structure of folds. We have
showed the crucial role of the rheological properties of the
polymer and the geometry of the diffusion front in the formation
of the wrinkled patterns obtained. In an attempt to exploit the
topography of these patterns, we have considered hierarchical
wrinkled patterns as a valuable tool to modulate cell mechano-
sensitivity. We believe that the present structuration method will
open up new directions to achieve a desired optical effect, to
prepare controlled substrates for bacterial organization, to
develop sophisticated microfluidic devices or to promote cell
mechanosensing for tissue engineering.

Experimental section
Fabrication of the multilayers

The multilayers were prepared in two steps: (i) spin coating
atactic polystyrene (PS) solutions in toluene on bare silicon
substrates to produce films with thicknesses around 0.25 pum.
Polymers with molecular weights ranging from 10° to 10° Da
were used, (ii) deposition of a 15 nm thick titanium (Ti) layer
onto the polymer surface by thermal evaporation.

Buckling process

Wrinkling was induced by immersing the multilayers in toluene
vapor at room temperature in a homemade device allowing in
situ optical microscopy observations. Toluene is a good solvent
for PS that can swell the polymer layer by diffusion through the
Ti membrane.

PDMS replica molding

PDMS replicas were prepared by spin-coating a 10:1 (w/w)
degassed mixture of PDMS prepolymer and curing agent
(Sylgard 184, Dow Corning) on 25 mm diameter clean glass
coverslips. The Ti layer was passivated with a fluorosilane
(tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane, Gelest)
for 30 min in a vacuum to facilitate the removal of the PDMS
from the structured surface.®®* PDMS coated coverslips were
cast against the structured Ti layers and the elastomer was
cured overnight at 65 °C. After curing, the PDMS coated
coverslips were gently peeled off the titanium substrate. The
PDMS replicas were washed with ethanol and then made
hydrophilic by exposure to ultraviolet ozone (UV/O3) activa-
tion for 15 min. Cells do not readily adhere to PDMS, thus
activated PDMS replicas were finally coated with a sterile
aqueous fibronectin (FN) solution for 1 h at room temperature
to promote cell attachment.

Cell culture

Normal Human Dermal Fibroblasts (NHDFs, American Type
Culture Collection) were cultured in Dubelcco’s Modified
Eagle Medium (DMEM) supplemented with 10% Fetal Bovine
Serum (FBS) and penicillin/streptomycin (100 U/mL, Invi-
trogen). The cells were kept at 37 °C and 5% CO,. At
confluence, NHDFs were detached from the culture dishes
using trypsin/EDTA followed by centrifugation (2000 rpm,
5 min). NHDFs were re-suspended in fresh culture medium
and seeded at the density of 50.10° cells mL~" on FN-coated
structured PDMS coverslips.

Immunocytochemisry

Components of the cytoskeleton were made visible using fluo-
rescent staining techniques. Staining of fibroblasts for actin and
vinculin followed established protocols.?* Briefly, fibroblasts,
cultured on structured substrata, were rinsed 3 times with PBS
(pH = 7.2), fixed in a fresh 4% paraformaldehyde solution for
15 min and permeabilized with 1% Triton X-100 for 10 min.
Coverslips were rinsed extensively with PBS and incubated with
Alexa Fluor 488 phalloidin to stain filamentous actin (Molecular
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Probes, Leiden, The Netherlands) for 45 min at 37 °C. Finally,
vinculin was stained with mouse polyclonal primary antibodies
followed by labelling with goat anti-rabbit secondary antibodies
IgG (Molecular Probes, Leiden, The Netherlands) for 45 min at
37 °C. The distribution of actin and vinculin was observed by
fluorescence microscopy and correlated with the surface topo-
graphy. For each cell, three separate images were taken; one for
each of the two fluorescence filter sets utilized and one additional
differential interference contrast (DIC) image showing the
underlying surface topography. When combined, the staining
could be overlaid on the topography, unambiguously demon-
strating the interaction of stained intracellular components with
the underlying topographic features. Digital images were
captured with a QuantEM 512SC deep-cooled CCD camera
(Photometrics, Tuscon, AZ) mounted on a Nikon TI inverted
confocal microscope equipped with 40x, 60x and 100x oil
immersion objectives.

Image processing

The position and the dimension of the focal contacts were
quantified to investigate their relationships to the topographic
features. These were observed after image processing using
ImageJ software. In detail, original images of immunostained
cells were thresholded, based on the mean and standard devi-
ation of the gray level distribution of all pixels, respectively.
After obtaining a binary image, the segmented images were
converted to a binary mask such that all pixels above the
threshold were assigned a value of one and all those below were
assigned a value of zero. The background and sub-threshold
regions are color-coded black and red, respectively, in the final
images.
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