Sensors and Actuators B 188 (2013) 1055-1063

Contents lists available at ScienceDirect

Sensors and Actuators B: Chemical e

ACTUATORS

journal homepage: www.elsevier.com/locate/snb

PDMS elastic micropost arrays for studying vascular smooth
muscle cells

CrossMark

Qi Cheng?, Zhe Sun”, Gerald Meininger”, Mahmoud Almasri®*

a Department of Electrical and Computer Engineering, University of Missouri, Columbia, MO 65211, USA
b Dalton Cardiovascular Research Center and Department of Medical Pharmacology and Physiology, University of Missouri, Columbia, MO 65211, USA

ARTICLE INFO ABSTRACT

Article history:

Received 22 March 2013

Received in revised form 17 July 2013
Accepted 4 August 2013

Available online xxx

This paper describes the design, modeling, fabrication and characterization of a micromachined array of
high-density 3-dimensional microposts (100 x 100) made of flexible material (silicone elastomers) for
use to measure quantitatively the cellular traction force and contractile events in isolated vascular smooth
muscle cells (VSMCs). The micropost array was fabricated with diameters ranged from 3 to 10 wm, with
edge to edge spacing of 5, 7 and 10 wm, and with a height to diameter aspect ratio up to 10. VSMCs exerted
larger basal traction forces when they were grown on stiffer micropost arrays. These basal traction forces
were 80% larger in control VSMCs than in VSMCs in which integrin linked kinase (ILK) was knocked down
using shRNA. The addition of Angiotensin Il (ANGII) led to VSMC contraction as evidenced by an increased
traction force exerted on the microposts under the cell. This ANGII induced contractile response and
change in traction force on the microposts was not observed in VSMCs lacking ILK. Following treatment
of VSMCs with Cytochalasin D to depolymerize the actin cytoskeleton, the VSMCs exhibited relaxation
that was apparent as a significant reduction in the measured traction force exerted on microposts under
the cell. Overall, this study demonstrates the usefulness of micropost arrays for study of the contractile
responsiveness of VSMC and the results indicate that ILK plays a critical role in the signaling pathways
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leading to the generation of substrate traction force in VSMC.

Published by Elsevier B.V.

1. Introduction

Vascular smooth muscle cells (VSMCs) comprise the mechan-
ically active component of the blood vessel wall endowing it
with the ability to constrict and dilate. This vasoregulation occurs
through the transmission of mechanical force from the cells to
the external environment. Thus the processes of force genera-
tion and transmission play an important function role in defining
the mechanical efficiency of VSMCs in the vascular wall [1,2].
Techniques for quantitative assessment and measurement of force
generation at the level of single cells and at focal adhesion sites
where cells interact with their substrate have been limited by tech-
nical difficulties. However, recent technical advances in micropost
fabrication have permitted development of nanostructured devices
that allow questions concerning cell force generation and transmis-
sion to its environment to be quantitatively investigated.

Many techniques have been developed to detect the traction
forces generated by cells on a flexible continuum substrate. One
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example is the use of a thin silicone substrate such as polydimethyl-
siloxane (PDMS) where cells cultured on the substrate cause it
to deform by applying force to the substrate and thereby pro-
duce wrinkled pattern on it [3]. Another approach employs the
use of fluorescent beads-embedded polyacrylamide gels where
the cultured cells generate traction forces that deform the gel
structure. The deformation is then be detected by observing and
tracking the movement of the embedded beads. These techniques
have led to significant improvements in our understanding of spa-
tial and temporal aspects of force generation in cells. However, a
limitation of these approaches is that they cannot determine pre-
cisely the location, magnitude and directional vector of point forces
[3-8]. To overcome this limitation, other techniques have been
developed to quantitatively measure cell traction forces including
cantilever beams which measure the cell traction forces, micro-
fabricated microgrippers, atomic force microscope (AFM) tips or
micro-needles in conjunction with photodiode, carbon fiber beams
or carbon nanotubes, magnetic beads and optical tweezers [9-16].
These approaches, although highly quantitative are limited to mea-
suring force at a single site on a cell. These limitations were
overcome by the development of high-density elastomeric microp-
ostarrays [ 17-24]. Using the micropost array approach, cells attach
and spread across the top of regularly ordered microposts. Since
each post is discrete, it can act as an independent cantilever and
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Fig. 1. The relationship between (a) the micropost deflection and the lateral force (diameters and heights were fixed at 5 wm and 25 pm, respectively), (b) the micropost
deflection and the micropost height (the diameter and applied force were fixed to 5 wm and 15 nN, respectively), (c) the micropost deflection and the micropost diameter
(post height and applied force were fixed to 25 wm and 15 nN, respectively), (d) schematic of FEA model for a micropost with a lateral force exerted on its top. The post’s
diameter, height, and force are 5 wm, 25 pwm and 15 nN, respectively. The simulations were performed using Coventorware finite element tool.

detect the cell traction force independently at the site where it
contacts the cell. Analysis requires only a spring constant and a
measurement of the micropost deflection from acquired images
of the micropost array. Currently, this technique appears to be
among the most effective for quantitative measurement of force
at multiple sites between a cell and its substrate. Micropost array
technologies have been used to analyze cells such as cardiac fibro-
blasts, cardiac myocytes, smooth muscle cells, and cell monolayers
and detect significantly large contractile forces at the edge of the
cell and cells such as tendon fibroblast with weaker contractile
force [7,12,14,17,20].

The objective of our work is to improve the micropost array
fabrication process in order to produce high aspect ratio microp-
osts that could be used to measure small changes of traction force
when exposed to ANGII - a factor in human body that has a vessel
constriction effect, and is commonly known to induce VSMC con-
traction, and compared it with that of the VSMC relaxation effect by
Cytochalasin D, and cells with ILK expression reduced. In present
work, we successfully fabricated high aspect ratio (up to 10) PDMS
micropost arrays. Using these micropost arrays we have shown that
VSMCs that grown on a stiffer micropost array substrates gener-
ate larger traction forces than those grown on a softer micropost
array. In addition, the highly sensitive high-aspect ratio microp-
ost arrays were able to pick-up the change of VSMC contraction
forces that occur in an in vivo situation. We have demonstrated
that ANGII caused a significant increase in VSMC cell traction
force that was not observed in cells with ILK expression reduced.
Depolymerization of the actin cytoskeleton with Cytochalasin D
reduced traction force exerted by the VSMC on the micropost
array and confirmed the involvement of the cytoskeleton in our
system.

2. Micropost design and modeling

The device was designed with array of high-density 3-D micro-
posts (100 x 100) made of flexible material (silicone elastomers)
with known physical and chemical properties. The 3-D flexible
environment allowed the study of the cell-substrate distribution
of traction forces exerted by VSM cells on the micropost array. This
device was used to measure the traction forces generated by VSM
cells attached to them. It is important to note that the stiffness of the
micropost depends on the geometry and material used. Therefore
PDMS was used to create the micropost with appropriate mechan-
ical properties and biocompatibility for cells to favorably grow
on them. Initially, the micropost’s top surfaces were treated and
coated with extracellular matrix proteins (collagen or fibronectin)
in order to enhance the surface properties and enable the cells
to attach to them. Once the cells start moving (expand or con-
tract), the posts will bend. This post-deflection was measured using
phase contrast microscopy and was translated into traction force
using beam-bending theory. In the linear regime, the post behaves
similar to a spring such that the deflection is directly propor-
tional to the force applied by the attached cells. Hence the traction
forces can be quantified by determining the deflection of each
post.

The micropost was treated as a cylindrical cantilever beam, one
end was fixed to the substrate and the other end was free. The
relationship between force, F, and free end displacement, x, for a
cylindrical beam can be determined using the theory of cantilever
beam bending (Euler-Bernoulli Beam Theory) [6,10,12,25].

F=Kx = (Kt + K)xq @)
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Fig. 2. Micropost array fabrication process, (a) after photolithography and patterning circles which corresponds to post diameter, (b) after deep Si etching to create Si mold
with high aspect ratio, (c) after pouring and curing PDMS and (d) after peeling off cured PDMS from the mold.
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whereE, D, L, K, K¢, and x are the Young’s modulus, the diameter, the
height, the spring constant and the displacement of the micropost,
respectively. K; and x4 are the spring constant and displacement of
the AFM cantilever beam. Therefore, the Young’s modulus of PDMS
can be calculated after measuring the spring constant of the micro-
post and it can then be used as a calibrated value for determining
the force.

Finite element analysis (FEA) using Coventorware simulation
package were employed to determine the micropost geometry, the
deflection as a function of force applied on the top surface of the
micropost, and hence provided an accurate prediction of their per-
formance. Three models were studied in this paper. In these models,
the micropost’s base was assumed to have a rectangular shape
with thickness and area of 500 wm and 250 pm x 250 pm, respec-
tively. The experimentally measured Young modulus was used in
all models (1.38 MPa), and the simulation was performed at the
same temperature as the cell environment (23 °C) [26]. In addition,
the mesh size in the simulation ranged from 10 x 50 to 70 x 360
that was sufficient to obtain accurate results. The convergence was
accomplished when mesh density increased and a mesh size of
45 x 230 was chosen to model the behavior of the PDMS micropost.
In the first model, the force-deflection relationship was investi-
gated. The micropost diameters and heights were fixed at 5 um
and 25 pm, respectively. The bottom of the micropost’s base was
fixed and a shear force was applied to the center of its top surface
and ranged between 0nN and 60 nN. The deflections correspond-
ing to different levels of shear forces were computed as shown in
Fig. 1a. For example, a 15nN force was able to cause a noticeable
deflection to the post by 2.55 pm. It should be noted that the post
was deflected linearly when the traction force was between 0nN
and 40 nN. In second model, the height-deflection relationship was
determined. The height of the micropost was varied between O um
and 25 pm, and the diameter and applied force were fixed to 5 um
and 15 nN, respectively as shown in Fig. 1b. A deflection of 2.52 um
was achieved for a post with a height of 25 pum (Fig. 1c). In the
third model, diameter-deflection relationship was determined by
varying post diameter from pm 3 to15 wm and fixing post height
and applied force to 25 wm and 15 nN, respectively. The simulation
result is shown in Fig. 1d. The micropost was also simulated with
a rigid anchor (without base) and compared with the one with a
base. The results showed a slight difference of 2.5%. For example,

the deflection of a micropost with diameter and height of 5 um and
25 wm, respectively and under a constant force of 15nN with and
without base were 2.55 pm and 2.60 p.m, respectively. A mask was
designed and fabricated based on the modeling results, the follow-
ing dimensions were included in the mask: the post diameters were
3,5, 7,and 10 pm and the spacing were 5, 7, and 10 pm.

3. Device fabrication

The micropost arrays were fabricated using standard
microlithography and replica-molding techniques in the fol-
lowing sequence: (1) a photoresist layer (Shipley 1813 and
1827) was first patterned on a 3” silicon wafer (Fig. 2a), which
was initially cleaned with piranha solution for 15 min, to form
openings at locations corresponding to the microposts; (2) sil-
icon micromold was formed by etching micro-holes with high
aspect ratio using a Deep Reactive lon Etching System (Alcatel
DRIE AMS-100) (see Fig. 2b); (3) the wafer was cleaned again
with Pirhana solution and the natural oxide layer was removed
using hydrofluoric acid (HF); (4) the wafer was treated with a
vapor of hexamethyldisilazane reagent in vacuum desiccators for
15 min.

This step proved to be crucial for preventing the PDMS from
sticking to the substrate due to reduction of PDMS'’s surface ten-
sion to the silicon mold and hence facilitated peeling off the
posts from the mold after being cured; (5) the wafer was diced
into 2cm x 2 cm, each containing 4 arrays and was placed in
a Petri dish and a PDMS, prepared by mixing the resin (Syl-
gard 184 Silicon Elastomer Kit, Dow Corning) with curing agent
(10:1), was poured over them. The PDMS - wafer mold were
placed inside a vacuum at 65°C for 24h (Fig. 2c). The long
baking time was needed to completely cure the PDMS in the
high aspect ratio mold. This step was necessary for successfully
removing the micropost from the mold. (6) After the PDMS was
cured, it was peeled off manually creating the micropost arrays
(Fig. 2d). Each of the removed samples was cut into 4 arrays
and they were ready for cell culturing experiment. The micro-
posts were fabricated with diameter ranged between 3 wm and
10 pm, height between 5 pm and 40 wm and spacing of 5-10 p.m.
The best aspect ratio achieved was 10. In this case the post
diameter and height were 3 pm and 30 wm, respectively. Scan-
ning electron micrographs of the fabricated arrays are shown in
Fig. 3.
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Fig. 3. Scanning electron micrographs (SEMs) of microposts with diameter, height, and spacing of (a) 10 wm, 30 wm, 7 wm; (b) 3 wm, 20 wm, 7 wm; (c) 3 wm, 25 pwm, 7 wm;

(d) 3 wm, 30 wm, 5 wm; respectively.

4. Vascular smooth muscle cell studies using micropost
array

4.1. Measurements of Young’s moduli and spring constants

We have measured the Young’s modulus and stiffness of PDMS
and used them as a calibrated value for determining the traction
forces of VSMCs. The measurements were performed on over 50
microposts divided between four sets with small and large dimen-
sions that were cured at room temperature or 65 °C for the same
duration (24 h). The small dimension and large dimension micro-
posts are referred to microposts with diameter (D) and height (H)
of 3.3-9.2 wm, 10-27 pm, 16.1-26.7 pm and 30-42.9 wm, respec-
tively. Arange of forces was applied on the surface of the micropost
using an AFM cantilever beam with a spring constant of 0.06 N/m
(Veeco Company). The applied forces and the corresponding micro-
post displacements were recorded in real time by computer and
their relation was obtained by using Matlab program. This step was
repeated several times to remove the system noise and measure-
ment error. The calibration of the microposts starts by measuring
the sensitivity of AFM against a glass substrate, and measuring the
indentation of PDMS substrate by applying force between 0 nN and
60nN. In the former case, there was no indentation during the
measurement. The deflection of the micropost was determined by
applying force using AFM on its free end and by subtracting the
PDMS indentation (o) and the deflection of AFM cantilever beam
(d) from Z-travel of the cantilever beam’s base (z). The deflection
is given by x=z—d — ¢. For this analysis, we assumed the micro-
posts have uniform material properties such that the deflection is
equivalent to the corresponding traction force divided by the spring
constant. The calibrated results show that a low value Young’s
modulus of PDMS was found in small-scale and large-scale micro-
posts that were cured at room temperature (0.936 +0.037 MPa and
0.543 £0.032 MPa, respectively), while microposts that were cured
at 65°C had higher Young’s modulus values of 1.378 +0.162 MPa

and 1.090 4 0.090 MPa, respectively. The p-values of all data sets
were much less than 0.001 which verifies that there is significant
variation between compared data sets. The results indicate that the
posts cured at higher temperature were stiffer than posts cured at
room temperature. The comparison between small and large micro-
posts that were cured at the same temperature indicates that the
speed of curing of the micropost was influenced by the dimensions
of micropost. The large size of a given micropost will slow the curing
process in the silicon mold compared to those of smaller size. The
exact diameter and height of the micropost was measured using
scanning electron microscopy (SEM), and the same size and fab-
rication regime for micropost, used in the cell experiments, was
used to determine the Young’s modulus. For example, the spring
constants of the microposts with diameter, height and spacing of
5pm, 25 pm, and 7 wm; and 3 pm, 25 pm, 5 wm, respectively are
8.12nN/pwm and 1.05 nN/pm, respectively. The Young’s modulus in
both cases was 1.378 +£0.162 MPa.

4.2. Preparation for cell study

We have successfully cultured VSMCs on the fabricated high
aspect ratio microposts with two different micropost geometries of
diameter, height and spacing of 5 um, 25 pm, and 7 wm, and 3 pm,
25 um, 5 pm, respectively. Fig. 4 shows an SEM micrograph of
VSMC grown on two dimensional micropost array. This micropost
array was first treated with oxygen plasma for 45s and then
exposed with UV light for 30 min to sterilize them before using the
arrays for cell culturing. VSMCs enzymatically isolated from skele-
tal muscle arterioles from male Sprague-Dawley rats (250-350g)
were cultured on top of the micropost arrays and incubated for 2
days before image acquisition experiment. The cells on arrays were
imaged using an Olympus Fluoview 1000 confocal microscope with
60x water objective. A series of wide field optical images were cap-
tured by scanning the micropost array from the micropost bottom
to the micropost top. A single pixel in the wide field optical image
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Fig. 4. Single VSMCs grown on two micropost arrays with diameter, height, and
spacing of (a) 7 wm, 25 wm, and 7 wm. The dehydration (freezing) process of the
VSMC on the microposts causes them to squeeze together due to shrinkage of the
cell. We were not able to capture good images of cells on high aspect microposts.

represents a square area of 400 nm x 400 nm which corresponds to
minimum measured traction force for the two types of microposts
of 1.62nN and 0.21 nN, respectively, which represents the reso-
lution of our force measurement system using these microposts.
The largest measurable traction force was limited by the spacing
between adjacent posts. It was 97.08 nN and 8.73 nN for the two
micropost geometries, respectively. The microposts with no cells
attached maintained their erect position and were unchanged
when emerging in the media solution through the cell experiment
(see Fig. 5). In order to verify that the micropost without cells
maintained a stable position during the experiment, the top and
bottom positions of the same post were compared initially. It was
found that there was no position change of the micropost without
cell contact in these images that proved that the microposts with
such geometry were able to stand stably and vertically in the solu-
tion. For example, Fig. 5 shows the micropost array (with diameter,
height and spacing of 5 wm in 25 wm, and 7 wm, respectively) used
in cell study experiment. By calculating the center position of each
micropost in both bottom and top images, the average deflection
of posts with no cell is 0.348 pixel which is less than the minimum
detectable displacement. Therefore, motion noise contributions
from deflections of microposts with no cells on top were negligible.
The microposts at the cell’s edge had an average deflection of 16.26
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pixels (with standard error of 2.17) while the ones at the center of
the cell have the average deflection of 2.34 pixels (with standard
error of 2.17). This experiment demonstrated that the cells were
exerting higher traction forces at the cell margin the in the cell
center region and shown that the micropost array was able to
measure the traction force of VSMCs effectively and accurately.

4.3. Description of cell study

The effects of integrin-linked kinase (ILK), a serine/threonine
protein kinase implicated in signaling pathways involved in VSMCs
adhesion, proliferation and migration were analyzed by measur-
ing the traction forces exerted by VSMCs on the microposts [27].
Two groups of VSMCs were studied, the first was a control group,
while the second group consisted of the VSMC cells in which ILK
expression was reduced using an shRNA approach and designated
as VSMC-ILK cells. The control and ILK cells were grown on top of
PDMS micropost arrays. The cells were grown on separate micro-
post arrays with the same geometry in a 35 mm culture dish for
2 days. The optical images of the cells were recorded using Olym-
pus Fluoview1000 confocal microscope. These images were used
to determine the magnitude of the micropost deflection and map
the distribution traction forces. Fig. 6 shows the wide field optical
images of a single control VSMC and a VSMC-ILK grown on separate
micropost arrays with same geometry, and the corresponding force
distributions maps. The arrows (force vectors) in both figure pan-
els (a and b) point toward the direction of deflection to display the
force vector and the arrow lengths are proportional to the magni-
tude of the traction force applied to the corresponding micropost.
The results demonstrate that the traction forces of VSMCs cell point
toward the cell’s physical center. The analysis of traction forces also
shows that the forces are small around the center region of the cell
compared to higher forces near the cell edge. It was also found that
there was no notable difference in general morphology between
control VSMC and VSMC-ILK.

In the second part of the experiment, Angiotensin I (ANGII), a
potent vasoconstrictor hormone, was diluted to 10~> M/ml by Dul-
becco’s phosphate-buffered saline buffer (DPBS) and then added to
both groups of cells. The effect of ANGII on the cells was analyzed
by measuring the subsequent change in micropost deflections.
This process was recorded by camera at 10 frames/min scanning
rate for 30 min beginning immediately after addition of ANGII.
After 30 min, Cytochalasin D (CYTO), an agent that depolymerizes
the f-actin cytoskeleton, was diluted to 10~7 M/ml by DPBS and
added to the cells. Images were continuously recorded for 40 min

Fig. 5. Wide field optical images of single VSMC grown on micropost array with 5 wm in diameter, 25 wm in height and 7 wm in spacing, (a) recorded at the top of micropost

array and (b) recorded at bottom of the micropost array, respectively.
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Fig. 6. Wide field optical images of single (a) control VSMC and (b) VSMC-ILK grown on micropost array with diameter, height and spacing of 5 um, 25 um and 7 um,

respectively.

Fig. 7. Wide field optical images of single control VSMC grown on micropost array with (a) 3 wm in diameter, 25 wm in height and (b) 5 wm in diameter, 25 pwm in height,
respectively. The arrow’s length in (a) is magnified 8 times to make it long enough to be seen.

after application of Cytochalasin D. The responses of two groups
of VSMCs with respect to ANG Il and CYTO were obtained and
compared by recording and analyzing the images to quantify the
deflection of the microposts.

5. Results and discussion

Control VSMCs and VSMCs-ILK have been grown on microp-
ost arrays with different geometries. Two examples are shown in
Figs. 7 and 8, respectively. It should be noticed that the arrows’
length in Figs. 7a and 8a has been magnified 8 times to make
those arrows long enough to been seen. The same experiment
was repeated 5 times to verify the repeatability. Table 1 shows
the experimental results of average deflection of the microposts
and the corresponding traction force generated by control VSMCs

Table 1

and VSMCs-ILK. The results demonstrate that control VSMCs and
VSMCs-ILK tend to exert larger traction force when they grow on
stiffer micropost array. However, the traction forces generated by
control VSMCs are more than 80% larger than that generated by
VSMCs-ILK when the same size of micropost array was used. The p-
values of controlled VSMCs and ILK cells grown on 3 wm and 5 wm
micropost arrays are 9.75 x 1079 and 6.24 x 10-%¢ which shows
the extinguished traction force from these two types of cells. The
dynamic change and traction force distribution map of a single
control VSMC after adding ANG II followed by CYTO are shown
in Fig. 9a—e. The optical image recorded before adding ANGII to
the control VSMCs (Fig. 9a) shows that control VSMCs generates
a basal level traction force on the micropost array. The images
recorded 3 min, 6 min and 20 min after adding ANGII are shown
in Fig. 9b-d, and in Fig. 9e, 40 min after adding CYTO. Micropost

Average deflection of the micropost and corresponding traction force generated by cells on micropost array. D is the deflection of the micropost, Fis the traction force applied

on micropost. C and I represent the control VSMCs and VSMC-ILK, respectively.

VSMCs Post diameter and height 3 wm, 25 pwm Post diameter and height 5 um, 25 wm

D (pm) F(nN) D (pm) F(nN)

C I C I C 1 C I
1 7.00 3.18 7.35 3.34 431 3.38 34.95 27.48
2 7.03 4.27 7.38 4.48 4.72 3.71 38.28 30.09
3 7.56 4.45 7.94 4.67 6.12 3.76 49.64 30.49
4 7.61 4.86 7.99 5.10 6.70 3.83 54.34 31.06
5 7.62 5.03 8.00 5.28 7.94 4.24 64.4 34.39
6 8.87 5.24 9.31 5.50 8.04 4.58 65.2 37.14




Q. Cheng et al. / Sensors and Actuators B 188 (2013) 1055-1063

1061

Fig. 8. Wide field optical images of single control VSMC-ILK grown on micropost array with (a) 3 wm in diameter, 25 pm in height and (b) 5 wm in diameter, 25 pm in height,
respectively. The arrow’s length in (a) is magnified 8 times to make it long enough to be seen.

labeled as 1 (in Fig. 9a) shows the deflection equivalent to the trac-
tion force of 63.4 nN (before adding ANGII). This force has increased
to 69.4nN (3 min after adding ANGII) and to 79.3 nN (6 min after
adding ANGII). The traction force has decrease to 71.6 nN (20 min
after adding ANGII). The results show that ANGII leads to significant
contraction in the control VSMC. The cell contraction continued
for 6 min. Then, the contraction subsided slightly. A pronounced
relaxation (expansion) occurred 15 min after adding the CYTO to
control VSMC and it persisted for 30 min. Fig. 9k shows the traction
force of control VSMC applied on post 1 as a function of observation
time. The force applied to the post before adding ANGII (63.4nN)
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reflects the steady state level. The contraction was noted as when
the traction force applied at that time is larger than the steady state
level and relaxation occurred when the force level is lower than
the steady state level. The exact experiment has been repeated by
5 VSMCs.

The dynamic changes and traction force distribution map of a
single VSMC-ILK growing on a PDMS micropost array after adding
ANG I and CYTO are shown in Fig. 9f-j. Similarly, the optical image
recorded right before adding ANGII to the ILK cell (Fig. 9f) show
that VSMC-ILK also generates a basal traction force on the microp-
ost array. The image recorded 3 min, 6 min and 20 min after adding

@ o) e s
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level cause cell’s extra relaxation

17T
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Fig. 9. Wide field optical images of single control VSMC (a-e) and VSMC-ILK (f-j) cell recorded in real time: (a and f) right before adding ANGII, (b-d) and (g-i) 3 min, 6 min
and 20 min after adding ANG II, (e and j) 40 min after adding CYTO. The arrows’ length in b, ¢, g and h has been magnified 6 times; the arrows’ length in d, e, i and j has been
magnified 2 times to make arrows observable. (k) The traction force of control VSMC applied on post 1 (a) as a function of observation time. (1) The traction force of ILK cell
applied on post 1 (f) as a function of observation time.
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Table 2
Traction force applied on post 1, 2, 3 in Fig. 9f.

Cells Before experiment (nN) ANGII 3 min (nN) ANGII 6 min (nN) ANGII 20 min (nN) CYTO 40 min (nN)
Control-Avg. 45.50 51.51 59.22 48.95 29.06
Control-Std. error 0.36 1.86 1.544 1.93 1.22
ILK-Avg. 27.44 22.52 20.64 15.13 8.98
ILK-Std. error 0.19 0.30 047 0.45 0.22

ANGII to VSMC-ILK are shown in Fig. 9g-i, and 40 min after adding
CYTO to VSMC-ILK is shown in Fig. 9j. Micropost labeled by 1 shows
traction force of 15.32 nN (before adding ANGII). This force has been
reduced to 12.39 nN (3 min after adding ANGII) and to 10.86 (6 min
after adding ANGII). The traction force has been decrease to 9.28 nN
by 20 min after adding ANGII). The results show that the reaction
from VSMC-ILK is opposite to that of CK,4 cell during this period. The
VSMC-ILK continues relaxing during the remainder of the observ-
ing process. The relaxation (expansion) occurs 15 min after adding
the CYTO to VSMC-ILK and persisted approximately 30 min. Fig. 9i
shows the traction force of VSMC-ILK applied on post 1 as a func-
tion of observation time. The force applied to the post before adding
ANGII (12.39nN) is the basal level. Relaxation occurred at all time
points since the force levels are lower than the steady state level.
The experiments described in Fig. 9 were repeated on 6 VSMCs-ILK.
Fig. 10 shows the average forces in those 6 experiments applied
by control VSMCs and VSMC-ILK on microposts, respectively, as
a function of observation time. The error bar in the curve repre-
sents the standard error of the data set. Table 2 shows the average
traction forces of the 6 repeated experiments and the correspond-
ing standard errors. The solid and dot curve in Fig. 10 represents
the dynamic change of average traction force applied on microp-
ost by control VSMC and VSMC-ILK, respectively. The traction force
applied by control VSMC continued to increase after adding ANGII
to the cell bath and reached maximum at 6 min after ANGII. While
there was no contraction found all through the dynamic study of
VSMCs-ILK, suggesting that ILK plays an important role in mediat-
ing force generation in VSMC and in mediating the ANGII induced
VSMC contraction.

ILK has been shown to directly interact with the cytoplasmic
domain of integrins 31 and 33 [28], and has been implicated to
play an important role as both a kinase and as a scaffolding protein
in the focal adhesion (FA) structure [29,30]. Previous studies from
our laboratory [31] have shown that knock-down of ILK expres-
sion level using an shRNA approach, enhanced integrin-mediated
adhesions and FA formation but also resulted in a significantly low-
ered cortical stiffness of VSMC. This suggests that there may be
lower mechanical force transmitted from the cell across the FA
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Fig. 10. The average traction force of control VSMC and VSMC-ILK applied on posts

as a function of observation time. (The error bar represents the standard error of the
measured traction forces).

by way of the VSMC stress fibers. This observation is consistent
with the current findings that ILK-knock-down in VSMC displayed
a reduced traction force on the microposts. These findings raised
the possibility that ILK silencing could weaken the VSMC contrac-
tion and their ability to apply stress to the external mechanical
environment. Earlier studies in search of a target of the ILK’s kinase
activity have suggested a role in calcium-independent myosin de-
phosphorylation in WSMC [32,33], and in phosphorylation of the
myosin phosphatase target subunit, thereby inhibiting the activity
of myosin phosphatase [34]. These mechanisms provide possible
explanation for the low traction forces observed in these studies
and the reduced contractile response to ANGII stimulation in the
ILK-knock-down VSMCs. Together, these data provide further evi-
dence to support a functional role of ILK in promoting transmission
of force through Fas during contraction in VSMC.

6. Conclusion

The high aspect ratio PDMS micropost array was utilized for
a traction force study of VSMCs. The smallest spring constant of
the micropost is 1.05nN/wm and the corresponding minimum
detectable traction force is 0.21 nN. The control VSMCs cells and
VSMCs-ILK were successfully grown on microposts array with two
different geometries. It was found that both cell groups exert larger
traction force when growing on stiffer micropost arrays. By com-
paring these two groups of VSMCs using the micropost arrays with
the same size, it was observed that control VSMCs generate larger
traction forces than VSMCs-ILK. It has also been found that VSMCs-
ILK loses the ability to increase traction force following stimulation
with ANGII when compared to control VSMCs. This demonstrates
that ILK is important for the VSMC to develop and maintain sub-
strate traction force and to alter traction force in response to
agonists that activate the contractile apparatus.

References

[1] EJ. Alenghat, D.E. Ingber, Mechanotransduction: all signals point to cytoskele-
ton, matrix, and integrins, Sci. STKE 119 (PE6) (2002) 1-4.

[2] CS.Chen,]. Tan,]. Tien, Mechanotransduction at cell-matrix and cell-cell con-
tacts, Annu. Rev. Biomed. Eng. 6 (2004) 275-302.

[3] AK. Harris, P. Wild, D. Stopak, Silicone rubber substrata: a new wrinkle in the
study of cell locomotion, Science 208 (1980) 177-179.

[4] J. Lee, M. Leonard, T. Oliver, A. Ishihara, K. Jacobson, Traction forces generated
by locomoting keratocytes, J. Cell Biol. 127 (1994) 1957-1964.

[5] K. Burton, D.L. Taylor, Traction forces of cytokinesis measured with optically
modified elastic substrata, Nature 385 (1997) 450-454.

[6] N.Wang, E. Ostuni, G.M. Whitesides, D. Ingber, Micropatterning cell traction in
living cells, Cell Motil. Cytoskeleton 52 (2002) 97-106.

[7] N.Q. Balaban, U.S. Schwarz, D. Riveline, P. Goichberg, G. Tzur, I. Sabanay, D.
Mabhalu, S. Safran, A. Bershadsky, L. Addadi, B. Geiger, Force focal adhesion
assembly: a close relationship studied using elastic micropatterned substrates,
Nat. Cell Biol. 3 (2001) 466-472.

[8] K.A.Beningo, C.M. Lo, Y.L. Wang, Flexible polyacrylamide substrata for the anal-
ysis of mechanical interactions at cell-substratum adhesions, Methods Cell
Biol. 69 (2002) 325-339.

[9] C.G. Galbraith, M.P. Sheetz, A micromachined device provides a new bend on
fibroblast traction forces, Proc. Natl. Acad. Sci. 94 (1997) 9114-9118.

[10] J. Park, J. Ryu, S.K. Choi, E. Seo, J.M. Cha, S. Ryu, J. Kim, B. Kim, S.H.
Lee, Real-time measurement of the contractile forces of self-organized car-
diomyocytes on hybrid biopolymer microcantilevers, Anal. Chem. 77 (2005)
6571-6580.

[11] S. Yang, T. Saif, Micromachined force sensors for the study of cell mechanics,
Rev. Sci. Instrum. 76 (2005) 044301.


http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0005
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0010
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0015
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0020
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0025
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0030
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0035
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0040
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0045
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0050
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0055

Q. Cheng et al. / Sensors and Actuators B 188 (2013) 1055-1063 1063

[12] B.E.Layton, K.B. Allen, M.D. Stokes, K.A. Myers, P.W. Baas, Towards a method for
peripheral nervous system axonal stiffness measurements with MEMS-based
microgrippers, in: Proceedings of 2nd Annual IEEE EMBS Conference on Neural
Engineering, 2005, pp. 403-405.

[13] ].G. Jacot, S. Dianis, J. Schnall, J.Y. Wong, A simple microindentation technique
for mapping the microscale compliance of soft hydrated materials and tissues,
J. Biomed. Mater. Res. A 79A (2006) 485-494.

[14] C.M. Sayes, F. Liang, ].L. Hudson, ]J. Mendez, W. Guo, J.M. Beach, V.C. Moore,
C.D. Doyle, J.L. West, W.E. Billups, K.D. Ausman, V.L. Colvin, Functionalization
density dependence of single-walled carbon nanotubes cytotoxicity in vitro,
Toxicol. Lett. 161 (2006) 135-142.

[15] R. Toyoizumi, S. Takeuchi, The behavior of chick gastrula mesodermal cells
under the unidirectional tractive force parallel to the substrata, ]. Cell. Sci. Pt 2
(1995) 557-567.

[16] C.C. Wu, HW. Su, C.C. Lee, M.T. Tang, F.C. Su, Quantitative measurement of
changes in adhesion force involving focal adhesion kinase during cell attach-
ment, spread, and migration, Biochem. Biophys. Res. Commun. 329 (2005)
256-265.

[17] B.Li, L. Xie, Z.C. Starr, Z. Yang, J.S. Lin, J.H.C. Wang, Development of micropost
force sensor array with culture experiments for determination of cell traction
forces, Cell Motil. Cytoskeleton 64 (2007) 509-518.

[18] N.J. Sniadecki, A. Anguelouch, M.T. Yang, C.M. Lamb, Z. Liu, S.B. Kirschner, Y.
Liu, D.H. Reich, C.S. Chen, Magnetic microposts as an approach to apply forces
to living cells, PNAS 104 (2007) 14553-14558.

[19] ]J.L. Tan, J. Tien, D.M. Pirone, D.S. Gray, K. Bhadriraju, C.S. Chen, Cells lying on a
bed of microneedles: an approach to isolate mechanical force, Proc. Natl. Acad.
Sci. 100 (2003) 1484-1489.

[20] O.du Roure, A. Saez, A. Buguin, R.H. Austin, P. Chavrier, P. Silberzan, B. Ladoux,
Force mapping in epithelial cell migration, Proc. Natl. Acad. Sci. 102 (2005)
2390-2395.

[21] C.A.Lemmon, N.J. Sniadecki, S.A. Ruiz, J.L. Tan, L.H. Romer, C.S. Chen, Shear force
at the cell-matrix interface: enhanced analysis for microfabricated post array
detectors, Mech. Chem. Biosyst. 2 (2005) 1-16.

[22] A.Saez, A.Buguin, P.Silberzan, B. Ladoux, Is the mechanical activity of epithelial
cells controlled by deformations or forces? Biophys. J. 89 (2005) L52-L54.

[23] Y.Zhao, X.Zhang, Adaptation of flexible polymer fabrication to cellular mechan-
ics study, Appl. Phys. Lett. 87 (2005) 144101.

[24] ]. Fu, Y.K. Wang, M.T. Yang, R.A. Desai, X. Yu, Z. Liu, C.S. Chen, Mechanical reg-
ulation of cell function with geometrically modulated elastomeric substrates,
Nat. Methods 7 (9) (2010) 733-736.

[25] O. du Roure, C. Dequidt, A. Richert, A. Buguin, R.H. Austin, P. Chavrier, P. Sil-
berzan, B. Ladoux, Microfabricated arrays of elastomeric posts to study cellular
mechanics, Proc. SPIE 5345 (2003) 26-34.

[26] Q. Cheng, Z. Sun, A.M. Gerald, M. Almasri, Mechanical study of micromachined
polydimethylsiloxane elastic microposts, Rev. Sci. Instrum. 81 (2010) 106104.

[27] M.J. Davis, X. Wu, T.R. Nurkiewicz, ]. Kawasaki, G.E. Davis, M.A. Hill, G.A.
Meininger Am, Integrins and mechanotransduction of the vascular myogenic
response, ]. Physiol. Heart Circ. Physiol. 280 (2001) H1427-H1433.

[28] G.E.Hannigan, C. Leung-Hagesteijn, L. Fitz-Gibbon, M.G. Coppolino, G. Radeva,
J. Filmus, ].C. Bell, S. Dedhar, Regulation of cell adhesion and anchorage-
dependent growth by a new beta 1-integrin-linked protein kinase, Nature 379
(1996) 91-96.

[29] C. Wu, ILK interactions, J. Cell. Sci. 114 (Pt 4) (2001) 2549-2550.

[30] C. Wu, S. Dedhar, Integrin-linked kinase (ILK) and its interactors: a new
paradigm for the coupling of extracellular matrix to actin cytoskeleton and
signaling complexes, ]. Cell Biol. 155 (4) (2001) 505-510.

[31] S. Huang, Z. Sun, Z. Li, L.A. Martinez-Lemus, G.A. Meininger, Modulation of
microvascular smooth muscle adhesion and mechanotransduction by integrin-
linked kinase, Microcirculation 89 (17) (2010) 113-127.

[32] D.P. Wilson, C. Sutherland, M.A. Borman, ].T. Deng, ].A. Macdonald, M.P. Walsh,
Integrin-linked kinase is responsible for Ca?*-independent myosin diphospho-
rylation and contraction of vascular smooth muscle, Biochem. J. 392 (2005)
641-648.

[33] ].T. Deng, J.E. Van Lierop, C. Sutherland, M.P. Walsh, Ca?*-independent smooth
muscle contraction. A novel function for integrin-linked kinase, J. Biol. Chem.
276 (2001) 16365-16373.

[34] A. Muranyi, J.A. MacDonald, J.T. Deng, D.P. Wilson, T.A. Haystead, M.P. Walsh,
F. Erdodi, E. Kiss, Y. Wu, DJ. Hartshorne, Phosphorylation of the myosin
phosphatase target subunit by integrin-linked kinase, Biochem. J. 366 (2002)
211-216.

Biographies

Qi Cheng (S'09) received the B.Sc. and M.Sc. degrees from Nanjing University of Sci-
ence and Technology, Nanjing, China, in 2000 and 2003, respectively, and the M.Sc.
degree from the Royal Institute of Technology (KTH), Sweden in 2006, all in electrical
engineering. He completed his Ph.D. in 2011 in electrical engineering at the Univer-
sity of Missouri, Columbia. His research interests include optimization of Si-Ge-O
sensing material for uncooled infrared detection; optical, thermal, and mechanical
design and modeling of uncooled tunable microbolometers; and micropost array
biosensor for cardiovascular cell traction force studies. He is currently working at
Intel Corporation, Hillsboro, Oregon.

Zhe Sun received Ph.D. degree in Engineering from Department of BioEngineering,
The University of Toledo, USA, in 2000. He now serves as Assistant Research Professor
in the Dalton Cardiovascular Research Center, University of Missouri, Columbia, USA.
His current research interests include N-cadherin function as a mechano-sensor
in vascular smooth muscle cells and the regulation of cerebral artery myogenic
tone.

Gerald Meininger serves as Director of the Dalton Cardiovascular Research Cen-
ter at the University of Missouri. He is a Margaret Mulligan Professor in Medical
Research and appointed in the Department of Medical Pharmacology with adjunct
appointments in the Departments of Biomedical Sciences and Biological Engineer-
ing. Prior to MU, Dr. Meininger was at Texas A&M University, for 25 years and was a
Regents Professor, Director of the Division of Vascular Biology at the Cardiovascular
Research Institute and Associate Department Head of the Medical Physiology. His
research interests are in mechanobiology of the vascular wall and cell interactions
with extracellular matrix.

Mahmoud Almasri received Ph.D. in Electrical Engineering from Southern
Methodist University in 2001. He is currently an associate professor with the Depart-
ment of Electrical and Computer Engineering, University of Missouri, Columbia.
From 2001 to 2002 he was a research scientist with General Monitors, Lake For-
est, CA. From 2002 to 2003 he was with Albanynanotech of Albany, NY as a post
doctoral research associate, and from 2004 to 2005 he was with Georgia Institute
of Technology as a post doctoral fellow. His research includes biosensors, capaci-
tors for power harvesting, infrared detectors, MEMS Coulter counter, and uncooled
infrared material and detectors.


http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0060
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0065
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0070
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0075
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0080
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0085
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0090
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0095
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0100
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0105
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0110
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0115
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0120
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0125
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0130
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0135
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0140
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0145
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0150
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0155
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0160
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0165
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170
http://refhub.elsevier.com/S0925-4005(13)00941-6/sbref0170

	PDMS elastic micropost arrays for studying vascular smooth muscle cells
	1 Introduction
	2 Micropost design and modeling
	3 Device fabrication
	4 Vascular smooth muscle cell studies using micropost array
	4.1 Measurements of Young's moduli and spring constants
	4.2 Preparation for cell study
	4.3 Description of cell study

	5 Results and discussion
	6 Conclusion
	References

	Biographies

