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Mammalian cells redirect their movement in response to changes in the physical properties of their
extracellular matrix (ECM) adhesive scaffolds, including changes in available substrate area, shape, or
flexibility. Yet, little is known about the cell’s ability to discriminate between different types of spatial
signals. Here we utilize a soft-lithography-based, microcontact printing technology in combination with
automated computerized image analysis to explore the relationship between ECM geometry and directional
motility. When fibroblast cells were cultured on fibronectin-coated adhesive islands with the same area
(900 µm2) but different geometric forms (square, triangle, pentagon, hexagon, trapezoid, various
parallelograms) and aspect ratios, cells preferentially extended new lamellipodia from their corners. In
addition, by imposing these simple geometric constraints through ECM, cells were directed to deposit new
fibronectin fibrils in these same corner regions. These data indicate that mammalian cells can sense edges
within ECM patterns that exhibit a wide range of angularity and that they use these spatial cues to guide
where they will deposit ECM and extend new motile processes during the process of directional migration.

Introduction

Extracellular matrix (ECM) adhesive substrates play
a central role in the establishment of normal tissue
structure during embryogenesis.1 For this reason, artificial
ECMs and related biomaterials are currently being
explored as structural scaffolds for tissue engineering
applications.2 Yet little is known about the determinants
of ECM that are critical for control of the complex cell
behaviors that underlie tissue development, such as
directional cell motility. Recent studies suggest that
physical cues from ECM, including local changes in
substrate mechanics and shape, may provide important
regulatory information to cells.1,3 However, exploration
of this mechanical form of cell regulation has been limited
by the lack of experimental techniques to control spatial
interactions between cells and ECM.

Microcontact printing provides a versatile method to
create novel adhesive substrates that are useful for
spatially positioning mammalian cells and controlling
their form and function.4-10 Adhesive islands of defined
shape, size, and position on the micrometer scale may be

created with this soft-lithography-based technique on
biocompatible substrates, such as glass.11 Cells adhere
preferentially to the islands that are coated with ECM
adhesion molecules, such as fibronectin (FN), and not to
the interisland regions on which nonadhesive poly-
(ethylene glycol) (PEG) moieties are exposed. This system
offers the opportunity to explore how simple structural
cues, such as differently shaped adhesive substrates,
influence more complicated biological responses which can
be harnessed for cell and tissue engineering applications,
including growth,4-7 differentiation,4,6 and apoptosis.4,8

One of the most critical determinants of tissue form is
directional control of cell migration. Examples include
the oriented formation of capillary sprouts in the direction
of a tumor3 and neural cell migration during formation of
the nervous system in the embryo.12 In mammalian cells,
the initial step in cell migration is the formation of
specialized, actin-rich membrane processes, known as
lamellipodia and filopodia, that extend outward from the
leading edge of the cell. The direction of lamellipodia
extension can be modulated by soluble chemoattractants;
for example, administration of a motility factor through
a pipet induces lamellipodia extension from the closest
region of the cell.13 Importantly, the surface characteristics
of the terrain over which the cell moves also may influence
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the direction of migration. Cells cultured on a gradient of
immobilized ECM protein migrate in the direction of
increasing matrix concentration,14 and their migration
velocity varies as a function of substrate stiffness.15,16

We have recently shown that cells cultured on individual
square FN islands created with microcontact printing
preferentially extend lamellipodia and filopodia from their
corner regions.9 Immunostaining and traction force mi-
croscopy revealed that square cells also localize focal
adhesions and concentrate mechanical tension in these
same areas.9,17 Thus, control of directional cell migration
is sensitive not only to the concentration and composition
of ECM protein but also to the geometry of the ECM-
coated surface. In the present study, we explore in greater
depth how cells respond to differently shaped adhesive
substrates and how they discriminate between different
geometric cues to more accurately define the spatial
determinants of directional cell migration.

Results and Discussion

Micropatterned substrates containing an array of
adhesive islands with the same area (900µm2) but different

geometric forms (square, triangle, pentagon, hexagon,
trapezoid, and various parallelograms) and aspect ratios
were created using a soft-lithography-based, microcontact
printing technique11 (Figure 1). A pattern containing the
polygons was designed using computer software and then
printed to a mask. This mask was used to transfer the
pattern to a thin layer of photoactive polymer (photoresist)
which was spin-coated onto a silicon wafer via standard
soft photolithographic techniques. A negative form of the
pattern was then created from the topographical surface
on the wafer by covering the surface with poly(dimeth-
ylsiloxane) (PDMS) followed by heat-induced polymeri-
zation. The flexible PDMS “stamp” (Figure 1, left) was
peeled back from the wafer and coated with hydrophobic
alkanethiols. The stamp was dried with an inert gas and
then brought into tight contact with the surface of a cover
glass containing a thin layer of deposited gold (with a thin
titanium adhesion layer). The hydrophobic alkanethiol
molecules are transferred only to regions of the glass
surface that contact the raised regions of the stamp and,
thus, that correspond directly to the polygonal island
shapes. When transferred to the gold surfaces, these
molecules self-assemble into a semicrystalline molecular
monolayer or “self-assembled monolayer” (SAM) that is
limited to the regions of the islands created on the original
master. Next, a solution containing nonadhesive poly-
(ethylene glycol)-alkanethiolate, which contains terminal
triethylene glycol groups [HS(CH2)11O(CH2CH2O)2CH2-
CH2OH], was added to the patterned substrate. The
nonadhesive alkanethiol self-assembles between the
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Figure 1. Low-magnification microscopic images of a phase contrast view of a PDMS stamp containing variously shaped islands
of constant area (900 µm2) and of a fluorescent image of the FN-coated adhesive substrate created with this stamp using microcontact
printing. The PDMS stamp (left), viewed here from below, was created by polymerizing the polymer against a silicon master with
complementary surface topography. When this stamp was inked with alkanethiol and manually pushed down on a gold-coated cover
glass, SAMs of hydrophobic alkanethiols formed only in the region where the polygonal mesas of the stamp contacted the planar
substrate. The stamp was then removed, and the intervening areas of the gold-coated glass were covered with a second SAM
composed of nonadhesive PEG-alkanethiol. When FN was added to the substrate, it adsorbed only to the hydrophobic polygonal
islands. Thus, when FN is visualized by immunostaining, the evenly stained (gray) adhesive islands appear in a pattern that is
nearly identical to that contained within the PDMS stamp, except that it is the mirror image because it is viewed from above (right).
Note that the few quiescent cells that were cultured on this substrate in the absence of PDGF remain confined within the boundaries
of the differently shaped adhesive islands. The arrow indicates a triangular island with an attached triangular cell that stains
bright white; the adjacent island to the right in this view has no cell and stains gray.
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hydrophobic SAM-covered islands, thus forming a con-
tinuous SAM over the entire substrate. A saturating
concentration of the ECM molecule, FN, was coated on
these substrates. The FN adsorbed only on the hydrophobic
surfaces in the polygonal adhesive islands, while the
intervening PEG-covered barrier regions remained un-
coated (Figure 1, right) and hence nonadhesive.

When serum-deprived NIH3T3 fibroblasts were plated
on the FN-coated micropatterned substrates, they pref-
erentially attached to the islands and spread to assume
the islands’ size and shape (Figure 1). These quiescent
cells remained constrained by the adhesive region and
did not extend lamellipodia. In contrast, when cells
adherent to square islands were stimulated with platelet-

Figure 2. Geometric control of lamellipodia formation in cells on square adhesive islands. (A) Fluorescent microscopic images of
a cell adherent to a square 30 × 30 µm island that was stimulated with PDGF and stained for F-actin with fluoresceinated
phalloidin. (B) The adhesive island beneath the cell shown in (A) after staining for FN using a rhodaminated secondary. (C) A
schematic showing digitized images of (A) (green) and (B) (red) after being overlaid to visualize the localized distribution of new
cell processes within the corner regions. (D) A plot of the radial distance from the centroid of each island to each point on the cell
perimeter (solid circles) for multiple cells cultured on different square islands compared to the null hypothesis in which cell
processes were assumed to extend equally at all points from the edge of the square island (open squares). Note that both the
experimental data and theoretical results for the null hypothesis periodically peak every 90° in the regions that correspond to the
corner of the square. However, there is also a relative increase in radial distance for the cell relative to the island in these same
regions. (E) Schematic of the null hypothesis for the unbiased cell (green) relative to the FN square (red). In the case of square
islands, all angles can be represented as multiples of the region swept out from 0° to 45° degrees due to symmetry, as highlighted
in this schematic. (F) A plot of the length of processes that extend beyond the island perimeter for living cells (closed circles) versus
that of the hypothetical unbiased cell (open squares) after normalization against the cosine of the respective angle for each radius.
Note that specific geometric bias for lamellipodia extension from square fibroblasts is greatest between 33° and 45°, thus confirming
that these motile processes preferentially extend from the corners of these cells.
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derived growth factor (PDGF) to promote motility, the
cells extended F-actin-rich lamellipodia and vertical
membrane ruffles from their corner regions within 30 min
of stimulation (Figure 2A). In a previous studies, we found
that cells cultured on 30 × 30 µm square islands
preferentially extended motile processes from a region
defined by 6 µm on either side of the 90° corner using a
manual form of image analysis.9 However, that quanti-
tation technique was limited only to use with square
islands.

To investigate how cells discriminate between subtle
geometric cues in a comprehensive way, we developed an
automated computational technique for quantitation of
lamellipodia extension that may be generalized for dif-
ferent island shapes and sizes. Briefly, fluorescent mi-
crographs of the F-actin cytoskeleton (Figure 2A) and
underlying FN-coated adhesive island (Figure 2B) were
collected for each PDGF-stimulated cell. Only islands
containing single adherent cells, as confirmed using DAPI
staining, were used for this analysis. The images of
fluorescent cells and islands were batch processed using

a boundary-detecting algorithm developed in Matlab.
Thresholds for the boundaries outlining each cell and
adhesive island were determined from histogram plots of
pixel intensities for each condition. Binary images of the
boundary edges were then generated and overlaid on one
another; this process clearly delineated cell processes that
extended past the edge of the adhesive island (Figure 2C).
By use of this information, angles and radial distances
were calculated from the centroid of each island to every
pixel along the outer edge of the island and cell. The radial
distances for each cell and pattern were then binned and
averaged per degree of angular rotation around the
centroid so that each cell contributes only one averaged
radial distance per degree. The shortest radial distance
to the edge of the island was used to register the angular
phase of each cell/island pair. An average of all radial
distances across the population of all cells and islands
was then taken at each angle (Figure 2D).

In the case of the square cells, the period of the peak
plotted in Figure 2D is 90° and each period is symmetric
about a multiple of 45°. Thus the extension of the cells

Figure 3. Geometric control of lamellipodia extension in cells on triangular islands. (A,D-F) PDGF-stimulated fibroblasts cultured
on triangular islands with different aspect ratios and stained with phalloidin and DAPI to visualize F-actin (green) and nuclei (blue),
respectively. Note that cells preferentially extend lamellipodia from the corner regions. (B) A plot showing the radial distance from
the centroid of the triangular pattern to each point on the cell perimeter for the triangular cells (closed circles) compared to the
unbiased null hypothesis (open squares). (C) A plot showing normalized extension lengths for the experimental cells (closed circles)
versus a hypothetical unbiased cell (open squares) which demonstrates a clear bias for lamellipodia extension in the corner region,
with a narrow peak between 50° and 60°.
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relative to the island edge (Figure 2C,D) can be clearly
shown by plotting the difference in radial distance between
the cell and the island at each angle between 0° and 45°
(Figure 2E,F). Since the radial differences are measured
angularly from the centroid, the radial differences were
converted to Cartesian distances using the cosine of each
radius’s angle. Figure 2E is a schematic of the null
hypothesis where a cell extends lamellipodia an equal
distance from each point along the island perimeter. The
null hypothesis was normalized to the cell such that the
total area of the cell extending over the islands was the
same in the null hypothesis case as in the experimental
situation (e.g., green areas are equal in parts C and E of
Figure 2). A plot of the normalized length of cell processes
that extended beyond the island perimeter confirmed that

there was a specific geometric bias for lamellipodia
extension from square fibroblasts. New motile processes
formed preferentially in the corners relative to the sides,
with the greatest increase in extension relative to the
null hypothesis being observed between 33° and 45°,
precisely in the corner regions of the square islands (Figure
2F).

To explore the generality of this technique, similar
computerized analysis was then carried out using a data
set for PDGF-stimulated cells cultured on FN-coated
equilateral triangles of equal area (900 µm2) to the squares
(Figure 3A). In this case, when the radius along the
periphery of the cell was compared to that of the triangular
island, periodic peaks in cell radius occurred at 60°
intervals, again with new cell extensions appearing

Figure 4. Directional lamellipodia extension in cells on differently shaped islands: (A) rectangle, (B) pentagon, (C) trapezoid, (D)
hexagon, and parallelograms (E-G) of different aspect ratios and constant area (900 µm2). All cells were stimulated with PDGF
and stained with phalloidin and DAPI to visualize F-actin (green) and nuclei (blue), respectively. Note that lamellipodia were
constrained to corners on all islands.
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directly above the corners of the island (Figure 3B). As
with the square cells (Figure 2), we observed a clear
deviation between the angular dependence of the normal-
ized extension length versus what would be expected for
an unbiased cell (Figure 3C). Yet, the characteristic angle
of lamellipodia extension from triangular islands differed
from that observed in cells on squares: the radial length
of the cell edge increased sharply between approximately
50° and 60°. Thus, the more acute angle of the triangle
(60° versus 90°) appeared to more tightly constrain the
region in which lamellipodia could form.

Preferential extension of motile processes from the
corners was also observed in cells cultured on many
different islands geometries, including triangles (Figure

3D-F), rectangles, pentagons, hexagons, trapezoids, and
parallelograms of different aspect ratios (Figure 4A-G),
but constant area (900 µm2). These studies revealed that
fibroblasts were able to extend lamellipodia from various
angle sizes, ranging from acute angles of 15° to obtuse
angles of 120°. In this study, however, cells appeared more
likely to extend lamellipodia from acute angles (Figures
3E,F and 4E-G); extension from the obtuse angles was
observed but occurred only rarely. These results are
intriguing because previous studies of the cytoskeleton in
motile cells have shown that the branched actin network
grows through nucleation of new filaments at a fixed angle
of 70° from the side of existing filaments.18 A number of
actin-binding proteins18 and mRNAs19 also bind to specific

Figure 5. Cells deposit new FN fibrils in the corner regions of polygonal adhesive islands. (Left) Total FN staining within and
beneath cells cultured for 24 h in serum-free medium on islands in the form of triangles (top), hexagons (middle), and parallelograms
(bottom) visualized using anti-FN antibodies in conjunction with a fluoresceinated secondary. The islands were precoated with
rhodaminated FN; however, this view reveals the pattern of both the immobilized FN and cell-derived FN. (Right) The same images
as shown at the left after the rhodamine image for the immobilized FN was digitally subtracted to visualize newly deposited,
cell-derived FN which appears in a fibrillar form precisely in the corner regions of each cell. Interesting, the hexagonal cell also
accumulates FN fibrils in a seventh cell process where there appears to be a defect in the island shape that creates a seventh corner.
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actin structures, such as filament intersection points or
branch points with characteristic angles. Thus, spatial
control of cell shape exerted at the micrometer scale by
altering ECM island geometry apparently provides an
experimental means to influence the local polymerization
of actin and the structure of actin filament networks.

Past studies have shown that cells deposit new FN fibrils
on the corners of square adhesive islands, directly beneath
their focal adhesion sites where they exert greatest
tractional forces.9,17 Adherent cells can remodel substrate-
adsorbed FN by exerting cytoskeletal forces on their focal
adhesion sites via integrin receptors.20 However, cells also
may deposit new FN and, in fact, many cells must
continually synthesizeanddeposit theirownECMproteins
in order to migrate.21,22 Thus, we set out to explore whether
altering island geometry influences the position in which
FN fibril assembly occurs, and we asked which mechanism
is responsible for their production: reorganization of
immobilized FN or new production by the adherent cells.

To determine whether FN fibrils were cell derived or
the result of remodeling of immobilized FN that was
precoated on adhesive islands, rhodamine-conjugated FN
was adsorbed onto the micropatterned islands prior to
cell plating. Cells adherent to triangular islands for 24 h
were then stained for total FN using an antibody which
recognizes both immobilized and cell-derived protein in
conjunction with a fluoresceinated secondary antibody. A
triangular island could be detected that had an even
coating of FN over its entire surface and brightly stained,
linear FN fibrils oriented radially within each corner
(Figure 5 left). Subtraction of the rhodamine image from
the fluorescein image resulted in an image that contained
only the linear FN fibrils (Figure 5 right), thus indicating
that these ECM proteins were newly synthesized and
deposited by the overlying cell. Similar results were also
obtained with cells adherent to hexagons and paral-
lelograms (Figure 5) as well as other shaped islands.

It is important to note that these cells were not
stimulated with PDGF and thus the constrained island
geometry was sufficient to orient FN fibril assembly. Cells
also form focal adhesions and apply greatest tensional
forces in these regions.9,17 Thus, through this tension-
driven mechanism, cells apparently are able to guide the
deposition of new ECM proteins such that they are poised
to rapidly extend lamellipodia and migrate along tension
field lines (i.e., in the direction of greatest distortion or
mechanical strain) when motility factors are administered.

One strength of the microcontact printing technology
is its ability to provide structural cues at the size scale of
individual cells that are able to trigger changes in the
subcellular machinery such that specific structural rear-
rangements occur on the molecular scale within particular
microdomains in the cell. The effects of adhesive island
geometry on directional extension of lamellipodia is a clear
example of this effect. The present data extend findings
from past studies which demonstrate that cells can sense
regions of the edge of the adhesive island that lose linearity
and exhibit discrete angles. Moreover, cells respond to
this break in linearity by reorienting their cytoskeleton,
redirecting their tractional forces, depositing ECM fibrils,
and extending lamellipodia all in the same direction (away

from the cell center). Our results also show that cells can
discriminate between different angles and that more acute
angles promote formation of narrower lamellipodia that
are more tightly restricted to the corner of the island.
These findings may help to explain how ECM guides cell
migration during developmental processes, such as neu-
rulation, where cells move on fibrillar tracks of FN23

similar to those that promote acute angle formation at
the cell periphery. The structural cues mapped out in this
study also represent a first attempt at delineating design
criteria for the fabrication of artificial ECMs that may be
used to support, promote, or accelerate wound healing
and tissue repair in the future. For example, incorporation
of artificial adhesive scaffolds with microstructured
surfaces that contain the correct geometric cues could
provide a means to facilitate directional movement of cells
during wound closure.

Experimental Protocol

Microfabrication of Adhesive Islands. Our detailed meth-
ods for microfabricating adhesive islands of defined size, shape,
and position on the microscale have been published.11 By use of
this method, islands of constant area (900 µm2) but different
shape were created on gold-coated glass coverslips. The adhesive
alkanethiol used in this study, hexadecanethiol, was purchased
from Aldrich; the nonadhesive PEG-alkanethiolate was synthe-
sized in our laboratory. After the micropatterned substrates were
created by microcontact printing using the flexible stamp, the
islands were coated with fibronectin (BD Biosciences) or
rhodamine-conjugated fibronectin (Cytoskeleton, Inc.) (50 µg/
mL in phosphate-buffered saline) prior to use.

Cell Culture. NIH3T3 fibroblasts were passaged in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum, glutamine (0.3 mg/mL), penicillin (100 U/mL),
streptomycin (100 µg/mL), 20 mM N-2-hydroxyethylpiperazine-
N′-2-ethanesulfonic acid (HEPES), and D-glucose (5 µg/L).
Subconfluent cell monolayers that were serum-starved for 1 day
were dissociated using trypsin-EDTA and plated (3000 cells/
cm2) on micropatterned substrates in DMEM containing high-
density lipoprotein (10 µg/mL), transferrin (5 µg/mL), and 1%
bovine serum albumin. Lamellipodia extension was stimulated
by the addition of 10 ng/mL PDGF (Sigma) for 30 min.

Immunostaining. At the end of each experiment, paraform-
aldehyde was added directly to the culture medium (final
concentration of 4%) prior to washing to preserve the structure
of lamellipodia; fixed cells were washed in phosphate-buffered
saline (PBS) (Boston Bioproducts) and fixed for 15 additional
min in 4% paraformaldehyde/PBS. Cells were permeabilized with
0.2% Triton X-100 in PBS prior to staining for F-actin, FN, and
DNA (nuclei) using Alexa488-phalloidin (Molecular Probes),
rabbit anti-FN antibody (Sigma), and DAPI (Sigma), respectively.

Computerized Morphometric Analysis. Immunofluores-
cence microscopy was carried out using a Nikon Diaphot 300
inverted microscope, and images of 41 different cells on square
islands (164 corners) and 7 cells on triangular islands (21 corners)
were acquired with the IP Lab Spectrum software package.
Subsequent image analysis and quantitation of lamellipodia area
wereperformedwithMatlabversion6.1 (Mathworks)asdescribed
in Results and Discussion.
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