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Decoupling Substrate Stiffness, Spread Area, and Micropost Density: A
Close Spatial Relationship between Traction Forces and Focal Adhesions

Sangyoon J. Han,' Kevin S. Bielawski, Lucas H. Ting," Marita L. Rodriguez,’ and Nathan J. Sniadeckit**
TDepartment of Mechanical Engineering and *Department of Bioengineering, University of Washington, Seattle, Washington

ABSTRACT Mechanical cues can influence the manner in which cells generate traction forces and form focal adhesions. The
stiffness of a cell’s substrate and the available area on which it can spread can influence its generation of traction forces, but to
what extent these factors are intertwined is unclear. In this study, we used microcontact printing and micropost arrays to control
cell spreading, substrate stiffness, and post density to assess their effect on traction forces and focal adhesions. We find that
both the spread area and the substrate stiffness influence traction forces in an independent manner, but these factors have
opposite effects: cells on stiffer substrates produce higher average forces, whereas cells with larger spread areas generate
lower average forces. We show that post density influences the generation of traction forces in a manner that is more dominant
than the effect of spread area. Additionally, we observe that focal adhesions respond to spread area, substrate stiffness, and
post density in a manner that closely matches the trends seen for traction forces. This work supports the notion that traction

forces and focal adhesions have a close relationship in their response to mechanical cues.

INTRODUCTION

Mechanotransduction pathways associated with a cell’s
focal adhesions can affect its survival, fate, and behavior
(1-5). Focal adhesions form a physical connection between
a cell and its substrate, enabling cytoskeletal tension to be
transmitted to the extracellular matrix as a traction force.
A cell needs to transfer its cytoskeletal tension through its
focal adhesion to migrate or contract (6), but it also uses
cytoskeletal tension to probe its environment by means of
integrin-related pathways that are activated by traction
forces (7-9). For example, cells need to produce cytoskel-
etal tension to sense the stiffness of their substrate so that
they can regulate the progression of their cell cycle or
commitment toward specific lineages (10-12). Cytoskeletal
tension also plays an essential role in the mechanotransduc-
tion of cell spreading, and can influence proliferation and
differentiation (13—15). The notion that cytoskeletal tension
is indispensable for mechanotransduction further supports
the idea that traction forces and focal adhesions play a key
role in interpreting these mechanical cues.

In previous studies using deformable gels or micropost
arrays, investigators observed that substrate stiffness can
strongly influence the generation of a cell’s traction forces
(11,16-21). Although these studies provided insights into
cell mechanics, they did not control cell spreading. This
omission is critical because cells are able to spread to
a greater extent when cultured on stiffer substrates
(19,22). Moreover, a cell’s spread area has a strong influence
on the generation of its traction forces (21,23-28). The
coupled relationship between spread area and substrate stiff-
ness makes it difficult to conclude whether cells have higher
traction forces due to the stiffness of their substrate or to the
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effect of stiffness on cell spreading, which in turn stimulates
higher traction forces.

Understanding how stiffness and spreading affect traction
forces can also shed light on the formation of focal adhe-
sions, which are both regulators and products of traction
forces. The initial assembly of a nascent adhesion leads to
the generation of traction forces, and their maturation into
a stable, focal adhesion is strongly dependent on the strength
of the local force (7-9). Focal adhesions have been observed
to be larger for cells on stiff substrates compared with those
on soft substrates, but these findings have been mostly
descriptive and without direct quantification on the correla-
tion between size and force (18,19,29). Similarly, spread
area can promote focal adhesion growth (27,28). Given
the underlying relationship between area and stiffness, we
sought to decouple the role of stiffness and area on traction
force generation and focal adhesion growth.

We used micropost arrays and microcontact printing to
control substrate stiffness, cell spreading, and post density,
and then studied the effects of these factors on the genera-
tion of traction forces and focal adhesions. We assessed trac-
tion forces of a cell by analyzing the sum of their
magnitudes (total force) and average of their magnitudes
(average force). We found that increasing substrate stiffness
leads to an increase in the total force and average force for
a cell. Moreover, we determined that substrate stiffness can
affect the generation of traction forces without requiring cell
spreading. We also found that cell spreading causes an
increase in total force but a decrease in average force. The
opposing effects of cell spreading on total force and average
force can be attributed to changes in the spatial distribution
of traction forces. Furthermore, we conjectured that cell
spreading causes an increase in the number of focal adhe-
sions underneath a cell, so we used arrays with a high or
low density of posts to compare cell spreading with the
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number of posts underneath a cell. We found that the post
density, rather than cell spreading, strongly determines the
total force and average force. Finally, we show that the
size of focal adhesions also increases with substrate stiffness
and spread area, and exhibits trends that closely match those
observed for traction forces.

MATERIALS AND METHODS
Cell culture

Human pulmonary artery endothelial cells (HPAECs; Lonza, Walkersville,
MD) were cultured in F-12K Kaighn’s modified media (Hyclone, Logan,
UT) containing 50 ug/ml ECGS (Biomedical Technologies), 100 ug/ml
heparin (Sigma Aldrich, St. Louis, MO), 10% fetal bovine serum (Gibco/In-
vitrogen, Grand Island, NY) on tissue culture dishes that were precoated
with 1% gelatin (Sigma Aldrich). NIH 3T3 fibroblasts (a gift from C.
Chen, University of Pennsylvania) were grown in Dulbecco’s modified
Eagle’s medium (DMEM; Hyclone) plus 10% bovine serum (Gibco),
100 U/ml penicillin, 0.1 mg/ml streptomycin, and 2 mM L-glutamine.
Human aortic smooth muscle cells (HA-SMCs; Lonza) were cultured in
DMEM with 10% fetal bovine serum, 100 U/ml penicillin, 0.1 mg /ml
streptomycin, and 2 mM L-glutamine. All cell types were grown in a humid-
ified incubator at 37°C and 5% CO..

Traction force micropost arrays

Arrays of microposts were manufactured as previously described (23) (see
Supporting Material for details).

Microcontact printing

Micropost arrays were stamped with 50 ug/ml fibronectin (BD Biosciences,
Franklin Lakes, NJ). Polydimethylsiloxane stamps that did not have topo-
graphical features were used for the studies on unconfined cells (23). A
stamp-off method was used as previously described (30), but here was
used to produce patterns of square islands of fibronectin that could be trans-
ferred onto the tips of the microposts to confine the spread area of the cells
(see Supporting Material for post-stamping processes).

Immunofluorescent staining

After culturing cells on the arrays for 14 hr, we permeabilized the samples
using a Triton-extraction protocol and stained them with Hoechst 33342
(Invitrogen, Carlsbad, CA), phalloidin (Invitrogen), IgG anti-vinculin
(hVinl; Sigma Aldrich), and anti-IgG antibodies (Invitrogen; see Support-
ing Material for details).

Image analysis of traction forces, spread area,
and focal adhesions

Images obtained from fluorescence microscopy were analyzed with
custom-built codes in MATLAB (The MathWorks, Natick, MA) to measure
the spread area of a cell, the area of its focal adhesions, and deflections in
the microposts underneath it (see Supporting Material for details).

Statistical analysis

All data were obtained from at least three replicate experiments, and error
bars in all figures represent the standard error of the mean. Regression anal-
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yses for the data were performed using Igor (Wavemetrics, Lake Oswego,
OR), Minitab (Minitab, State College, PA), and R code (www.r-project.
org). R-squared (R?) values were reported for both linear and nonlinear
curve-fittings of the data. We labeled the data as having a strong correlation
if R? > 0.9, a good correlation if R? > 0.75, a moderate correlation if
R®> > 0.4, and a weak correlation if R? < 0.4. SPSS (IBM, Armonk, NY)
was used for the multivariable nonlinear fitting surfaces shown in
Figs. 3 D and 5 D, Fig. S2 D, and Fig. S3 D.

RESULTS

Substrate stiffness affects traction forces and cell
spreading

To examine the influence of substrate stiffness on traction
forces, we seeded HPAECs onto five different types of
arrays of posts, with each array having a unique stiffness
(Table S1). HPAECs cultured on the arrays had different
shapes and sizes, and produced traction forces that deflected
the posts centripetally (Fig. 1, A and B). Total force and
average force were analyzed for cells on each array and
compared with their spread area (Fig. 1, C and D). A
positive relationship between total force and spread area
was found for cells on each of the arrays, and the statistical
correlation for each array was moderate to good (0.40 <
R? < 0.85; Table S2). On the other hand, a negative
relationship between average force and spread area was
found for cells on each of the arrays, but the statistical
correlations were weak (0.01 < R®> < 0.26; Table S3).
Thus, there is suggestive but not strong evidence from
the linear regression analysis that the spread area affects
traction forces.

We noted that the effect of spread area and stiffness may
be interrelated, because we observed that HPAECs tended to
have increased cell spreading on the stiffer arrays (Fig. 1 E).
If one considers the effective shear modulus of the arrays,
the relationship between area and stiffness can be fitted to
a power-law function, as reported previously (22). We found
that the power-law function has a good fit to our data as well
(R* = 0.83; Table S4). When cells were analyzed together
regardless of spread area, their average forces were found
to increase with stiffness (Fig. 1 F) and with a good statis-
tical correlation (R2 = 0.81; Table S5). Thus, these results
indicate that the stiffness of the microposts can promote
cells to increase their average force, but stiffness can also
influence cell spreading, which in turn contributes to lower
average forces. As a consequence, we used a stamp-off
printing approach that enabled us to control cell spreading
directly so that we could independently assess the effects
of spreading and substrate stiffness on traction forces.

Spread area and substrate stiffness affect traction
forces independently

To decouple the influence of substrate stiffness on a cell’s
spread area, we confined cell spreading by printing
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FIGURE 1 Traction forces of HPAECs versus spread area and substrate
stiftness. (Color online) (A and B) Representative fluorescent micrographs
and traction forces are shown for HPAECs on arrays of microposts with
a spring constant of (A) k = 24 nN/um and (B) k = 48 nN/um (blue:
DNA; green: actin; red: microposts). Traction forces were measured by
analyzing the deflections of the posts, and reported as a force vector
(arrows). (C) Total force increases with spread area for HPAECs on arrays
with different post stiffness. (D) Average forces decrease with spread area.
Each data point represents measurement from an individual HPAEC.
Straight colored lines denote the linear least-squares fits to the data, and
shaded regions report the 90% confidence interval for each fit. (E) Spread
area versus substrate stiffness follows a power-law relationship (dashed
line). (F) Average force versus substrate stiffness has a positive linear rela-
tionship (dashed line).

fibronectin on the arrays of posts with stamps that had
patterns of square islands with 441, 900, 1521, or 2304
um? area. HPAECs cultured on these arrays were confined
to spread inside the square islands (Fig. 2, A-D). We
observed that the average force for confined HPAECs did
not change significantly at 10-14 hr of culture time, even
though individual traction forces fluctuated over time
(Fig. S1). Analysis of traction forces revealed that the total
force produced by the confined HPAECs had a positive,
linear relationship with spread area and was statistically
identical to the fit for unconfined HPAECs on the same
substrate stiffness (Fig. 3 A). Statistical correlations in the
data were good to strong (0.76 < R* < 0.98; Table S6).
Confined cells had average forces that decreased with
spread area (Fig. 3 B). A negative power law matched
closely to the trends in the data, with strong statistical

Biophysical Journal 103(4) 640-648

Han et al.

FIGURE 2 Microcontact printing was used to confine the spread area of
HPAECs. (Color online) Representative micrographs and traction forces of
HPAECs on printed areas of (A) 441 um?, (B) 900 um?, (C) 1521 um?, and
(D) 2304 ,um2 (blue: DNA; green: actin; red: microposts).

correlations (0.94 < R? < 0.99; Table S6). For the data
obtained on unconfined cells (Fig. 1 D), a negative power
law could be applied, but the statistical correlation was
weak (0.01 < R? < 0.48; Table S7). Thus, controlling
cell spreading by microcontact printing allowed us to
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FIGURE 3 Spread area and post stiffness influence traction forces
independently. (Color online) (A) Total force increases with spread area
for HPAECs on each array type. (B) Average force decreases with spread
area for each array stiffness. (C) Average force increases with substrate
stiffness for each patterned area. Table S5 shows the number of HPAECs
that were measured per condition and the R? values of the best-fit lines.
(D) A multiparameter fit of the data for average force shows they are a
function of both spread area and stiffness. Table 1 shows the fit coefficient
for nonlinear regression analysis.
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demonstrate that a cell’s total force increases with its spread
area, but its average force decreases with spread area in
a manner that is independent of substrate stiffness.

In addition, HPAECs confined to the square patterns had
average forces that increased with substrate stiffness
(Fig. 3 (). Statistical correlations in the data were
moderate to good (0.41 < R? < 0.88; Table S6). This
finding indicates that substrate stiffness can directly influ-
ence traction forces and does not require cell spreading.
Taking the results for average force versus stiffness and
average force versus spread area together, we were able
to apply a multiparameter fit to the data (Fig. 3 D and
Table 1). The surface fit incorporated a linear relationship
for substrate stiffness and a negative power-law relation-
ship for cell spreading, resulting in a strong fit to the
data (R2 = 0.97). Similar trends were also observed in
the traction forces of 3T3s and HA-SMCs that were
consistent with the findings for HPAECs (Fig. S2 and
Fig. S3). The same multiparameter fit was applied to the
data (Table 1). In comparing the fit parameters, we find
that all three cell types have a similar power-law relation-
ship between force and spread area (parameter b). How-
ever, HPAECs are the most sensitive of the three to
changes in substrate stiffness (parameter d), and HA-
SMCs are the most sensitive to changes in spread area
(parameter a). Together, these results indicate that spread
area and substrate stiffness can affect traction forces inde-
pendently of each other.

Spread area reduces average force due to the
spatial distribution of traction forces

We theorized that the increase in total force and decrease in
average force with cell spreading is due to a change in the
spatial distribution of traction forces. We compared data
for HPAECs with areas of 441, 900, 1521, or 2304 ,umz,
and analyzed the average traction force per post (Fig. 4 A).
All of the HPAECs analyzed were on arrays that had
the same stiffness of 31 nN/um. Color maps showed that
the traction forces were highest on posts at the corners and
edges of the cells, and lowest on posts in the interior regions.
For cells confined to the smallest area (441 um?), traction
forces along the perimeter were consistently high in magni-
tude. However, for cells that were able to spread to a large
area, traction forces were strongest at the corners and were

TABLE 1 Nonlinear regression coefficients of the average
force of HPAECSs, 3T3s, and HA-SMCs with respect to substrate
stiffness and spread area shown in Fig. 3 D, Fig. S2 D, and
Fig. S3D

a b c d R?
HPAECs 0.69 —-0.32 16.65 4.25 0.97
3T3s 1.10 —0.32 —1.36 1.50 0.93
HA-SMCs 349 —-0.32 5.29 0.39 0.93

Model’s fit function is Average force = (a X Area®) x (c +d x Stiffness).
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FIGURE 4 Spatial distribution of traction forces determines the total
force and average force for an HPAEC. (Color online) (A) Color map of
average traction force at each post underneath HPAECs on 441, 900,
1521, and 2304 um? printed areas. High traction forces are found at the
edges and corners of HPAECs. (B) Histogram of traction forces for
HPAECSs on each patterned area. The area under the histogram curve is
equivalent to the total force of an average cell. Inverted triangles indicate
average force for the data.

only moderate along the edges. We found that the average
force at a post did not correlate with the distance from the
geometric center of the cell. Instead, for cells with either
small or large spread areas, the average forces at posts at
the corners of the cells were similar in magnitude, even
though the distances from the cells’ centers were different.

We plotted histogram curves of the average force per post
to clarify how the spread area leads to an increase in total
force but also causes a decrease in the average force for
an HPAEC (Fig. 4 B). We noted that the area under each
curve is equivalent to the total force for an average cell
because it is the sum of the traction forces. Consequently,
analysis of the area under the histogram curves confirmed
that cells with the largest spread area produced the most
total force. In contrast, HPAECs with a smaller area had
a similar range of traction forces, but the area under their
histogram curves was significantly smaller, and hence these
cells produced less total force.

Additionally, the relationship between average force and
spread area is evident from the skew in the distributions
toward lower traction forces per post. HPAECs with the
largest spread areas had a significant number of traction
forces that were low in magnitude, which contributed to
their overall low average force (Fig. 4 B). Based on the color
maps, we presume that these lower traction forces are
located predominantly within the interior region of a cell.
Likewise, HPAECs with the smallest spread areas had
only one post within their interior and had significantly
more adhesions at the perimeter. This spatial distribution
led to the highest average force among the different groups.
Therefore, our data show that the total force for an HPAEC

Biophysical Journal 103(4) 640—648



644

increases with spreading due to the addition of more adhe-
sions (i.e., microposts), but cell spreading decreases the
average force by shifting the proportion of strong traction
forces at the perimeter with weaker traction forces within
the interior of a cell.

Focal adhesion area versus spread area and
substrate stiffness

To examine the response in focal adhesions to substrate
stiffness and spread area, we stained HPAECs for vinculin
to quantify their focal adhesion area. Our data show
a weak, linear correlation between the area of an individual
focal adhesion and its local traction force (0.2 < R? < 0.4,
Fig. S4). However, we observed that the total area and
average area of focal adhesions follow closely with the
trends observed for traction forces: total focal adhesion
area increased with spread area with moderate-to-good
linear correlations (0.59 < R? < 0.98; Fig. 5 A and Table
S10), average focal adhesion area decreased with spread
area according to a negative power-law relationship
with moderate-to-strong correlations (0.40 < R* < 0.99;
Fig. 5 B and Table S10), and average focal adhesion area
increased with substrate stiffness with moderate-to-strong
linear correlations (0.48 < R? < 0.92; Fig. 5 C and Table
S11). As before, a multiparameter fit was applied to the
data and had a good statistical correlation (R2 = 0.84;
Fig. 5 D and Table S12). Thus, as seen in the traction force
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FIGURE 5 Spread area and post stiffness influence focal adhesion area
independently. (Color online) (A) Total focal adhesion area increases
with spread area. (B) Average focal adhesion area decreases with spread
area. (C) Average focal adhesion area increases with substrate stiffness.
Table S10 and Table S11 show R? values of the best-fit lines. (D) A multi-
parameter fit of the data for average focal adhesion areas shows that they are
a function of both spread area and stiffness. Table S12 shows the fit coeffi-
cient for the nonlinear regression analysis.
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study, the results for focal adhesions suggest that substrate
stiffness and spread area may have different effects, that
is, stiffness may affect individual adhesion size, whereas
spread area affects the number of adhesions.

As seen previously with traction forces, spread area
caused the total area of focal adhesions to increase and
their average area to decrease. To better understand the
response to spreading, we combined the focal adhesion
data for HPAECs with 441, 900, 1521, or 2304 um2 area
(Fig. 6 A), and represented the average focal adhesion
area at each post using a color-coding scheme (Fig. 6 B).
The spatial distributions of focal adhesion area were seen
to correlate with traction forces. The color maps showed
that focal adhesions were large at the corners of cells and
small within the interior regions. Histogram curves of the
average focal adhesion per post were plotted and showed
that the total area increased with spreading, whereas the
average area decreased with spreading (Fig. 6 C). These
findings demonstrate that there is a close spatial relationship
between traction force and focal adhesion area in response
to stiffness and area.

Post density affects traction forces and focal
adhesion area

The spatial distributions of the traction forces and focal
adhesion areas raise the question as to whether the spread
area affects contractility or acts by increasing the number
of focal adhesions underneath a cell. To address this ques-
tion, we used a pair of arrays that had similar spring con-
stants but different post densities (arrays 4 and 6; Table S1).
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FIGURE 6 Focal adhesions are large at the corners and edges of an
HPAEC, but small in its interior. (Color online) (A) Vinculin images of
HPAECS on each pattern area. (B) Color map of average focal adhesion
area. (C) Histogram of focal adhesion area per post for HPAECs on
patterned areas. The area under the histogram curve is equivalent to the total
focal adhesion area of an average cell. Inverted triangles indicate average
focal adhesion area for the data.
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HPAECs with the same area (1521 um?) but with a dif-
ferent number of post underneath them were compared
(Fig. 7, A and B). Conversely, HPAECs on the same number
of posts but with different areas were examined (Fig. 7, C
and D). Our results indicate that for HPAECs with similar
spread areas, those that were attached to more posts produced
larger total forces (p < 0.08; Fig. 8 A) and lower average
forces (p < 0.005; Fig. 8 B). Similar results were seen for
HPAECs with 441 umz area (p < 0.09 and 0.03; Fig. 8, E
and F;, respectively). On the other hand, HPAECs that occu-
pied the same number of posts but had different spread areas
produced total forces and average forces that were statisti-
cally identical to each other (Fig. 8, C and D). A similar trend
was seen for HPAECs on 16 posts, but with different areas
(Fig. 8 E). For all HPAECs examined, their total forces
were seen to increase with the number of posts underneath
a cell, whereas their average forces were seen to decrease
with the number of posts (Fig. 8 E and F).

To confirm that post density affects the spatial relation-
ship between focal adhesions and traction forces, we
analyzed the total area and average area of focal adhesions
as before. Post density was found to have an effect on focal
adhesion area that mirrored its effect on traction forces.
HPAECs with the same spread area had a total focal adhe-
sion area that changed with post density (Fig. 9 A), whereas
their average focal adhesion area decreased with post
density (Fig. 9 B). HPAECs on the same number of posts
but with different spread areas had total and average focal
adhesion areas that were statistically identical (Fig. 9, C
and D). The trends for total focal adhesion area and average
focal adhesion area versus the number of posts they occu-
pied was observed for all HPAECs examined (Fig. 9, E
and F). Thus, these results indicate that cell spreading
does not directly influence traction forces. Instead, it
appears that cell spreading increases the number of indi-
vidual focal adhesions underneath a cell, which in turn
affects the total and average force, as well as the total and
average focal adhesion area, of an HPAEC.
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FIGURE 8 Traction forces depend on post density rather than spread
area. (Color online) For HPAECs with similar spread area, (A) total forces
increase with post density and (B) average forces decrease with post density
(Tp < 0.08, *p < 0.005). (C) Total force and (D) average force are similar
for HPAECs occupying the same number of posts but with different areas.
(E) Total force increases logarithmically with the number of posts that an
HPAEC occupies (R* = 0.99). (F) Average force per post decreases accord-
ing to a power-law fit with the number of posts underneath a cell (R* = 0.92).

DISCUSSION
Mechanosensing of substrate stiffness

We observed that substrate stiffness can influence traction
forces and focal adhesions of cells with confined spread
areas. This finding is novel (to our knowledge) because it
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FIGURE 9 Focal adhesion area depends on the post density rather
than the spread area. (Color online) For HPAECs with similar spread
areas, (A) the total focal adhesion area increases with post density and
(B) the average focal adhesion area decreases with post density
(*p < 0.05). (C) The total focal adhesion area and (D) average focal adhe-
sion area are similar for HPAECs occupying the same number of posts but
with different area. (E) The total focal adhesion area increases linearly with
the number of posts occupied by a cell (R* = 0.91). (F) The average focal
adhesion area decreases according to a power-law fit with the number of
posts underneath a cell (R* = 0.92).
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reveals that the effect of substrate stiffness on traction forces
and focal adhesions is independent of cell spreading. The
effect of substrate stiffness and cell spreading on traction
forces was previously investigated by Califano and Rein-
hart-King (21) through a statistical analysis of unconfined
cells using substrates of different stiffness. They inferred
that the effects of stiffness and cell spreading on traction
forces were independent; however, they did not control
cell spreading. Here, by using microcontact printing, we
were able to demonstrate that both traction forces and focal
adhesion areas are affected by stiffness in a manner that is
independent of cell spreading.

It has been proposed that for cells to sense the stiffness of
a substrate, they need to use their traction force to pull at
their focal adhesions until they reach a displacement of
100-150 nm (1,8,18). It is thought that displacements
such as these cause conformational changes in focal adhe-
sion proteins, which in turn activate signaling pathways
that play a role in sensing substrate stiffness (31,32). With
our data, we can determine the average displacements at
focal adhesions from the slopes of the best-fit lines in
Fig. 3 C. We find that average displacements in our data
are significantly higher (230-440 nm; Table S6) than those
reported previously by Saez et al. (18) (130 nm). This differ-
ence suggests that the displacement required for mechano-
sensing is significantly greater than previously expected.
Moreover, we also find an inverse relationship between
spread area and average displacement: the average displace-
ment for cells with 441 ,um2 area is 440 nm, whereas for
HPAECs with 2304 um? areas it is 230 nm.

Cytoskeletal differences at the periphery versus
the interior

Our results demonstrate that the total force, average force,
total focal adhesion area, and average focal adhesion area
change with cell spreading. These aggregate measurements
receive a strong contribution from traction forces and focal
adhesions at the periphery of a cell, and a weak contribution
from forces and adhesions at the interior regions. Previously,
Rape et al. (28) patterned cells with various aspect ratios and
found that a cell’s traction forces and focal adhesions
increase with distance from the geometric center of the
cell. Moreover, Lemmon and Romer (33) predicted distribu-
tions of traction forces using an elegant model that postu-
lates that forces increase linearly with distance from the
cell’s center. Our data are partially consistent with these
observations, in that we see large forces and focal adhesions
at the corners of confined cells. However, our data also show
that forces and adhesions do not correlate with the absolute
distance from a cell’s center. This discrepancy is apparent
if one compares the heat maps for cells with 441 versus
1521 um? areas or the heat maps for cell with 900 versus
2304 ,um2 (Figs. 4 and 6). Here, cells confined to the smaller
area are seen to have forces and adhesions at their periphery
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that are much larger than those found at the same geometric
distance, but instead are located within the interior region
of a cell.

These comparisons indicate that traction forces and focal
adhesion sizes are not a linear function of distance from the
center of a cell. Instead, it is more likely that forces and
focal adhesion area are affected by the degree of cytoskel-
etal organization at the periphery versus the interior. Larger
traction forces and focal adhesions at the periphery have
been attributed to the presence of circumferential actin
bundles, which likely generate a majority of the force
produced during spreading (34,35). The periphery and in
particular the corners of cells confined to square islands
have a higher degree of cell stiffness than the interior, which
is indicative of increased cytoskeletal organization (36). The
notion that cytoskeletal organization leads to greater trac-
tion forces is supported by observations that cell stiffness
correlates with traction forces (37). Moreover, computa-
tional models of active cell contraction have predicted that
large traction forces occur at the periphery of cells in corre-
spondence with the degree of actin-myosin assembly
(38,39). Thus, our results lend support to the notion that
there are regional differences in the cytoskeleton that affect
traction force generation and focal adhesion growth.

Cell area versus focal adhesion density

Our finding that traction forces increase with cell area is
consistent with previous studies (17,23,25,26,28). However,
we show that cell area does not affect traction forces
directly, but instead acts by increasing the number of posts
underneath a cell. This finding is specific to micropost
arrays, which allow us to limit the number of adhesions
for a cell by controlling post density and cell spreading.
Previously, McGarry et al. (39) used a bio-chemo-mechan-
ical model to predict that average force should decrease
with the number of posts underneath a cell. Our data confirm
that prediction (Fig. 8 F).

It has been argued that local ligand density has a stronger
effect than global ligand density on the formation of focal
adhesions (40). However, by changing the post density, we
were able to increase the global ligand density without
affecting the local ligand density on the tips of the posts.
We found that a change in the post density led to an increase
in the total focal adhesion area and a decrease in the average
focal adhesion area. Thus, these results suggest that when
the local ligand density is high enough for focal adhesion
formation, the global ligand density can still have an effect
on the focal adhesion area.

Role of global stiffness

We have postulated that increasing post density increases
the effective shear modulus of the array, which in turn
creates a stiffer environment for the cells (41).
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Consequently, it could be argued that the effect of post
density on traction forces and focal adhesions is due to
a change in the global stiffness of the arrays. This argument
has some merit, because we observed that cells had larger
total forces and total focal adhesion areas on the globally
stiffer arrays (Figs. 8 A and 9 A). On the other hand, this
argument fails when one considers the effect of global stiff-
ness on the average force and average focal adhesion area.
Based on our findings regarding local substrate stiffness
(Figs. 3 C and 5 C), one would expect global stiffness to
increase the average force and average focal adhesion area
in cells. However, we find that global stiffness causes lower
average forces and adhesions (Figs. 8 B and 9 B). It may be
that global stiffness and local stiffness provide different
mechanical cues that affect a cell’s traction forces and focal
adhesions.

Close spatial relationship for traction forces and
focal adhesions

Several studies have shown a correlation between individual
focal adhesion size and local traction force (23,42,43).
However, other studies have shown inconsistent results
regarding the relationship between traction forces and focal
adhesion areas (23,44,45). Our data indicate that traction
forces and focal adhesion areas show similar trends in
response to mechanical cues. We find that traction forces
and focal adhesions have a close relationship for cells
with different substrate stiffnesses, spread areas, or post
densities (Fig. 3 versus Fig. 5, and Fig. 8 versus Fig. 9).
This correlation indicates that traction forces and focal
adhesions are tightly coordinated to maintain the proper
balance of cytoskeletal tension.

In summary, our results demonstrate an independent role
of substrate stiffness and spread area in traction force gener-
ation. Our data indicate that for multiple cell types, substrate
stiffness affects the average traction force, whereas spread
area reduces average forces through the addition of more
focal adhesions. This finding demonstrates that a cell’s
contractility can be controlled through combinations of
substrate stiffness, spread area, and post density. Because
cell forces play an important role in regulating cell differen-
tiation, proliferation, and migration, one could tailor these
biophysical parameters in a biomaterial or scaffold so that
it has the desired mechanical and adhesive properties to
influence cell function.

SUPPORTING MATERIAL
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