View Online

Integrative Biology

Dynamic Article Links

Cite this: Integr. Biol., 2011, 3, 560–567

PAPER

www.rsc.org/ibiology

Subcellular spatial segregation of integrin subtypes by patterned
multicomponent surfacesw
Downloaded by University of Pennsylvania Libraries on 23 May 2011
Published on 04 February 2011 on http://pubs.rsc.org | doi:10.1039/C0IB00129E

Ravi A. Desai, Mohammed K. Khan, Smitha B. Gopal and Christopher S. Chen*
Received 20th October 2010, Accepted 19th January 2011
DOI: 10.1039/c0ib00129e
While it is well known that individual integrins are critical mediators of cell behavior, recent work
has shown that when multiple types of integrins simultaneously engage the ECM, cell functions
are enhanced. However, it is not known how integrins spatially coordinate to regulate cell
adhesion because no reliable method exists to segregate integrins on the cell membrane. Here, we
use a microcontact printing-based strategy to pattern multiple ECMs that bind distinct integrins
in order to study how integrins might interact. In our technique, proteins are ﬁrst adsorbed
uniformly to a poly(dimethyl siloxane) stamp, and then selectively ‘‘de-inked.’’ Our strategy
overcomes several inherent limitations of conventional microcontact printing, including stamp
collapse and limited functionality of the surface patterns. We show that integrins spatially
segregate on surfaces patterned with multiple ECMs, as expected. Interestingly, despite spatial
segregation of distinct integrins, cells could form adhesions and migrate across multicomponent
surfaces as well as they do on single component surfaces. Together, our data indicate that
although cells can segregate individual integrins on the cell surface to mediate ECM-speciﬁc
binding, integrins function cooperatively to guide cell adhesion and migration.

Introduction
Adhesive interactions between cells and their underlying
substrate are critical to many cell functions including growth
factor signaling,1 diﬀerentiation,2–5 survival,6,7 and migration.8–10
Cells adhere speciﬁcally to extracellular matrix (ECM) ligands
on their substrate.11 The principal transmembrane receptors
that bind to the ECM, recruit additional proteins to sites of
ECM binding, bind the actin cytoskeleton, and therefore
transduce ECM ligand binding into cellular events, are the
heterodimeric integrin proteins.12,13 24 distinct integrins have
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been identiﬁed to date, many of which bind to diﬀerent types
of ECM.
The concept that speciﬁc integrins are critical to speciﬁc
cell behaviors ranging from diﬀerentiation to migration is
based on classic experiments using substrates coated with a
single type of ECM, or a promiscuous ligand combined with
integrin-speciﬁc blocking antibodies.2,14 Interestingly, many
cells co-express multiple integrins that bind to distinct ECM
ligands. For instance, endothelial cells and mesenchymal stem
cells express b1-containing heterdimers such as a1b1 and a2b1,
and also express the avb5 heterodimer; many b1-containing
integrin heterodimers bind to type-I collagen but not vitronectin,
whereas avb5 binds to vitronectin but not type-I collagen.15
Studies using a variety of cells and stimulation methods
suggest ‘cross-talk’ between speciﬁc integrins.16–18 For instance,
an integrin speciﬁc for collagen type I (a2b1) actively represses

Insight, innovation, integration
Many types of integrins can mediate cell adhesion but have
distinct eﬀects on cell functions ranging from diﬀerentiation to
migration. It is not known, however, whether cells can
coordinate the simultaneous engagement of multiple types
of integrins to regulate cellular behaviors. To engage multiple
types of integrins in a spatially controlled manner, we created
a technique to simultaneously pattern multiple integrin
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ligands, or extracellular matrix proteins (ECMs), on a surface.
In this setting, distinct types of integrins segregate to their
corresponding ECM spots. Interestingly, cells were able to
coordinate simultaneous engagement of spatially segregated
avb3 and b1-based integrins to assemble focal adhesions and
guide migration. This technique may shed light on interactions between adhesion receptors in a variety of settings.
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activation of integrins speciﬁc for ﬁbronectin (a5b1 and avb3)
when endothelial cells are exposed to shear stress while
adhering to collagen type I, and vice-versa when the cells are
adhering to ﬁbronectin.18 Moreover, substrates composed of
mixtures of ECM proteins that engage multiple integrins in
concert can have synergistic eﬀects, such as enhancing
embryonic stem cell diﬀerentiation5,19 and endothelial cell
survival.20 However, experiments to date were performed on
substrates presenting either individual, puriﬁed ECM proteins,
or homogenous mixtures of ECM proteins. A lack of techniques
with which to present multiple adhesive ligands in spatially
organized patterns has prevented studies of spatial interactions between integrins.
Spatial control of cell behavior by integrins has been
demonstrated by subcellularly patterning integrin ligands,
including puriﬁed ECM proteins and adhesive ligands such
as the arginine-glycine-aspartic acid (RGD) tripeptide sequence.
The majority of current patterning techniques rely on microcontact printing of proteins.21,22 This simple method uses a
poly(dimethyl siloxane) (PDMS) stamp inked with ECM
proteins to pattern a conventional cell culture substrate, then
coats the remainder of the substrate with materials that
prevent cell adhesion.23 Patterning approaches have enabled
the discovery that the spatial pattern of adhesion guides cell
structure and function from the molecular24,25 to whole-cell8,26,27
scales. However, these patterning approaches currently
print only a single adhesive ligand. Multiple ligands can be
patterned by simply printing multiple times, but spatial registration between successive printing steps is not trivial.28
Here, we utilize a simple extension of conventional microcontact printing of proteins to encode a surface with distinct
patterns of multiple ECMs to spatially segregate integrin
receptors. The technique is based on cyclic inking and patterned
de-inking of a PDMS stamp, and allows the generation of
microscale, sparse, multicomponent surface patterns. By using
the technique to generate surfaces presenting either patterned
vitronectin (VN) or collagen type I (CI), or VN and CI simultaneously, we segregated integrin receptors on a cell membrane.
In concordance with the literature, cells use avb5 but not

b1 to bind to VN, and b1 but not avb5 to bind to CI. Strikingly,
we observed that cells spanning VN and CI regions can
assemble yet segregate co-existing avb5 and b1 adhesions,
and single adhesions spanning both the VN and CI regions
are formed with avb5 and b1 segregated within the adhesion.
Moreover, cells can decipher a directional migration cue that
is only evident from using the union of both VN and CI
adhesions provided on the substrate. These results indicate
that integrins function in concert to guide cell adhesion and
migration.

Results
Development of the stamp-oﬀ method
We ﬁrst set out to design a strategy to pattern surfaces with
protein, keeping in mind that the strategy should be compatible
with patterning multiple proteins. In our approach, a featureless, poly(dimethyl siloxane) (PDMS) stamp is ﬁrst inked
with protein (For initial studies, we used ﬂuorescently-tagged
bovine serum albumin; Fig. 1a, i). In parallel, a PDMS
template, cast against a photolithographically-generated master
to generate features in relief, is cleaned and activated by
ultraviolet (UV) ozone treatment23 (Fig. 1a, ii). The inked
stamp is then rinsed, dried, and placed in conformal contact
with the template, transferring protein from the stamp surface
to the template where contact is made (Fig. 1a, iii). Thereby,
the previously featureless stamp surface encodes a pattern
corresponding to the features of the template. Finally, this
pattern is transferred to a cell culture substrate by microcontact
printing (Fig. 1a, iv). Using ﬂuorescent microscopy to track
this method before and after stamp-oﬀ and stamping indicates
this is a reasonable method to generate protein surface patterns.
Importantly, as we directly show shortly, this strategy is
compatible with patterning multiple proteins.
Complete protein transfer from the stamp surface during
contact between the stamp and template is key to the stamp-oﬀ
approach. We previously reported that cleaning and rendering
a PDMS template hydrophilic by UV ozone permits protein

Fig. 1 The stamp-oﬀ process. (a) Schematic representation of the stamp-oﬀ process. For certain substrates, either ﬂuorescent (FL) or transmitted
light (TL) images are shown. (b) Relative ﬂuorescence intensity versus time of ultraviolet oxidation on the stamp (red), and substrate (blue).
R.F.U., relative ﬂuorescence units. Means  s.e.m. are from three independent experiments. (c) Either bovine serum albumin conjugated to
AlexaFluor-488, collagen type I, or ﬁbronectin were loaded onto a ﬂat stamp, stamped-oﬀ, transferred to a cell culture surface, immunolabeled and
imaged. Note the lack of ﬂuorescence intensity outside of the patterned squares. All scale bars, 10 mm.
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transfer from stamp to template.23 To characterize protein
transfer eﬃciency here, we measured the ﬂuorescent intensity
of AlexaFluor 488-tagged bovine serum albumin on the stamp
and template after stamping-oﬀ as a function of UV ozone
treatment time. Consistent with prior results, no protein
transfer from stamp to template occurs without UV ozone
treatment (Fig. 1b). In contrast, UV ozone treatment for 7 min
permitted complete protein transfer from stamp to template.
This eﬀect is not speciﬁc to bovine serum albumin, as detection
of type I collagen and ﬁbronectin by immunoﬂuorescence
similarly indicated complete protein removal from the stamp
following 7 min of UV ozone treatment time (Fig. 1c). Thus,
UV ozone treatment of the PDMS template permits complete
protein removal from the stamp, enabling a topographically
featureless stamp to encode a protein pattern.
Advantages of stamp-oﬀ over conventional microcontact
printing
Conventional microcontact printing suﬀers from the key limitation that PDMS stamps bearing small, sparse features are
prone to deformation and collapse during printing.29 Stamp
collapse depends both on the geometry of the features, and the
pressure applied during stamping.30 Because the stamp-oﬀ
technique uses a topographically featureless stamp, we hypothesized that it could overcome the deformation and collapse
problems of conventional microcontact printing. To test
this idea, conventional PDMS stamps bearing 20 mm tall,
20 mm  20 mm square features with variable spacing were
loaded with AlexaFluor 488-tagged bovine serum albumin
(BSA) and stamped onto a substrate. When stamps with
spacing of features similar to the characteristic feature size
and height were used (25 mm spacing between 20 mm features
sizes with 20 mm height), no collapse occurred and pattern
ﬁdelity was high (Fig. 2a i). However, signiﬁcant collapse
occurred when the spacing greatly exceeded the height of the
stamp, as evidenced by pattern fouling from stamps bearing
>100 mm spacing (Fig. 2a ii, iii). In our stamp-oﬀ technique,
in contrast, identical but inverse features on a template were
used to remove AlexaFluor 488-tagged bovine serum albumin
from a topographically featureless stamp. The stamp bearing
the pattern was then placed in conformal contact with a
substrate. Regardless of the feature spacing, no pattern fouling
occurred (Fig. 2a iv–vi). These data directly indicate that the
stamp-oﬀ technique obviates the risk of pattern fouling associated
with stamp deformation and collapse during conventional microcontact printing.
Despite this limitation, conventional microcontact printing
has illuminated the role that geometry has in regulating
cell diﬀerentiation, proliferation, and polarity.4,6,26,31,32 These
insights have been gained from studies on dual-component
patterned surfaces generated by conventional microcontact
printing, wherein one protein is patterned on a surface, and
the remainder of the surface is coated to prevent adhesion. In
contrast, through iteration of the steps outlined in Fig. 1A
i–iii, we generated discrete (Fig. 2b) and adjacent (Fig. 2c–e)
3-color patterns, as well as higher-order patterns (Fig. 2f). In
general, n deinking and re-inking steps can create n+1-component
surface patterns. We used ﬂuorescently-conjugated BSA for
562
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these examples; so long as the iterative inking steps do not
involve proteins that bind to one another, the pattern remains
segregated. If two inking proteins did bind each other, then the
second inking step would lead to adsorption of the second
protein on both the bare (stamped-oﬀ) region and the region
containing the ﬁrst protein. The stamp-oﬀ process allows in
some cases for positioning of features at substantially higher
spatial resolutions than the actual resolution of stamp placement.
For example, to generate the pattern shown in Fig. 2b via
stamp-oﬀ, we ﬁrst generated a checkerboard (no uncolored
region), then stamped-oﬀ with an array of holes whose
periodicity matched the periodicity of the checkerboard. The
resolution of stamp placement in the second step only needed
to be good enough to land each hole entirely within a square in
the checkerboard. To generate the pattern shown in Fig. 2b by
sequential conventional microcontact printing, the resolution
of stamp placement must be equal to the precision required for
the edge-to-edge spacing. As such, one can with proper design
position features with high resolution using low resolution
manual stamp placement via our technique. Thus, whereas
conventional microcontact printing is limited to generation of
dual-component surfaces, the stamp-oﬀ technique enables
easy preparation of multicomponent surface patterns.
Integrin segregation by stamp-oﬀ
Since stamp-oﬀ enables multifunctional surface patterns, we
used it to ask whether we could localize integrin receptors on a
cell to spatially distinct regions of ECM proteins. Human
umbilical vein endothelial cells (HUVECs) express both b1 and
avb5 integrins, and the coordinated use of these integrins by
endothelial cells is essential to angiogenesis.33,34 Importantly,
b1 integrin (in a heterodimer with an a subunit, usually a1 or
a2) binds to collagen type I (CI) but not vitronectin (VN),
while avb5 integrin recognizes VN but not CI. To investigate
this segregation further, we leveraged the ability of stamp-oﬀ
to generate surfaces patterned with CI, VN, or CI and VN
simultaneously (Fig. 3a–c). When we plated HUVECs on these
substrates and immunostained for speciﬁc integrins, we
observed that adhesion receptors localized in a predictable
and reproducible manner. On surfaces composed of alternating,
3 mm stripes of VN and non-adhesive F127 Pluronics, cells
spread across many stripes and used avb5, but not b1, to form
adhesions on the VN (Fig. 3d). On surfaces composed of
alternating, 3 mm stripes of CI and F127 Pluronics, cells used
b1, but not avb5 to form adhesions on the CI (Fig. 3e). Cells
did not form adhesions onto the non-adhesive stripes on either
surface. On surface patterns displaying alternating, 3 mm
stripes of CI and VN, cells spread isotropically as expected,
but used b1 and avb5 to bind to CI and VN, respectively
(Fig. 3f). Another integrin known to bind VN but not CI, avb3,
localized very similarly (Supplementary Fig. 1w). 2 h after
plating, the cells adopted polarized morphology, but the
integrins remained segregated (Fig. 4a). Interestingly, distinct
integrins composed an adhesion complex that spanned multiple
ECMs (Fig. 4b,c). Similar integrin segregation was seen in
human mesenchymal stem cells (hMSCs), which also express
av- and b1-based integrin heterodimers (data not shown).
These data directly indicate that cells can co-express yet
This journal is
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Fig. 2 Advantages of stamp-oﬀ. (a) Conventional microcontact
printing (top row), and stamp-oﬀ (bottom row), for 20 mm features
that are spaced 20, 110, or 200 mm apart (edge-to-edge). (b)–(e) A ﬂat
stamp was loaded with BSA conjugated to AlexaFluor-594 (red),
stamped-oﬀ, reloaded with BSA conjugated to AlexaFluor-488 (green),
stamped-oﬀ, and imaged. (f) A ﬂat stamp was loaded with BSA
conjugated to AlexaFluor-594 (red), stamped-oﬀ, reloaded with BSA
conjugated to AlexaFluor-488 (green), stamped-oﬀ, reloaded with
BSA conjugated to AlexaFluor-647 (blue), stamped-oﬀ, and imaged.
All scale bars, 20 mm.

spatially segregate integrin receptors on the cell surface when
they encounter distinct ECMs simultaneously.

Fig. 3 Integrin segregation on multicolor surface patterns. (a)–(c)
Fluorescent micrographs of BSA conjugated to AlexaFluor-488 (green)
to represent vitronectin, BSA conjugated to AlexaFluor-594 (red) to
represent collagen type I and black to represent non-adhesive F127.
(d)–(f) Micrographs of human umbilical vein endothelial cells
(HUVECs), seeded on substrates patterned as in (a)–(c), ﬁxed after
1 h, and immunolabeled. Note the colocalization of avb5 integrin to
vitronectin, and b1 integrin to collagen type I. All scale bars, 20 mm.

Coordinate regulation of migration by distinct integrin types
Cells express distinct integrins yet segregate avb5 from b1 on
multicomponent substrates, suggesting that multiple integrins
may coordinate to guide migratory direction on such substrates.
To test this hypothesis, we measured the migratory trajectories
of HUVECs on surfaces composed of patterned, symmetric
VN or CI, versus the same VN and CI patterns positioned
adjacently (Fig. 5a–c). Cells spread and migrated without
directional bias on surfaces displaying patterned and symmetric
VN or CI (Fig. 5a, b). We used the stamp-oﬀ technique to
generate trifunctional surfaces that presented VN, CI and nonadhesive regions to the cells. Interestingly, cells spread and
migrated parallel to the adhesive co-pattern of VN and CI,
and did not show a bias for either VN or CI (Fig. 5c). To
characterize cell migration, we measured the cell speed (rate of
displacement) and persistence (the average time between signiﬁcant direction changes) from the migration trajectories. Although
cell speed was similar on the three surfaces (Fig. 5d), migration persistence was signiﬁcantly higher on the surfaces
displaying both VN and CI than the surfaces displaying
either VN or CI (Fig. 5e). Consistently, these patterned
substrates directed hMSC migration in the same way as the
HUVECs: hMSC migration was not directional on patterned
This journal is
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Fig. 4 Continuous adhesions composed of compositionally and spatially
segregated types of integrins. (a–c) Micrograph of a HUVEC seeded on a
pattern with alternating lines of vitronectin and collagen type I as in Fig. 3c,
ﬁxed 2 h after seeding and immunolabaled. Panels (b) and (c) correspond
boxed regions in (a). Note the segregation of avb5 and b1 integrins
throughout the cell (a), and within single adhesions (b, c). Scale bar, 20 mm.

VN or CI alone, but highly directional on patterned VN
and CI (data not shown).
These diﬀerences in cell shape and migration were due to
either the combined presence of VN and CI on the surface,
or the adhesive geometry of the parallel stripes. The latter
Integr. Biol., 2011, 3, 560–567
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Fig. 5 Multicolor surface patterns direct cell migration. (a–c, top) Fluorescent micrographs of BSA conjugated to AlexaFluor-488 (green) to
represent vitronectin, BSA conjugated to AlexaFluor-594 (red) to represent collagen type I and black to represent non-adhesive F127. (a–c, middle)
HUVECs were seeded on patterned substrates, and recorded via time-lapse, phase-contrast microscopy. Representative cells are shown.
(a–c, bottom) Representative migration trajectories of cells on patterned substrates. Each black line represents a single cell, originating from
(0,0), tracked every 15 min for 12 h. 15 cells are plotted per graph. (d, e) Migration speed (d) and persistence (e) as determined from the trajectory
of at least 60 cells from three independent experiments. Trajectories were ﬁt to the persistent random walk model to calculate the persistence time.49
See Materials and Methods for details. Means  s.e.m. are from 3 independent experiments. All scale bars, 20 mm.

possibility was likely since adhesive geometry has previously
shown to direct migration.9,35 To directly distinguish between
these possibilities, we examined the migration responses of cells
on single-component stripes of identical geometry to that of
Fig. 5c. Parallel stripes of VN alone, CI alone, and the combined
VN and CI stripes resulted in similar spreading and migration
patterns (Fig. 5c, Supplementary Fig. 2w), indicating that adhesive
geometry indeed directed migration. Together, these data therefore
suggest that cells can assemble a composite picture from distinct
ECMs whose ensemble pattern conveys directional information
even though the individual patterns do not convey directional
information. Because cells used at least two distinct integrin
heterodimers to bind to these surfaces (av-based heterdimers to
bind vitronectin, and b1-based heterodimers to bind type-I
collagen; Fig. 3 and 4, Supplementary Fig. 1w), cells appear to
be able to use distinct integrin receptors together, perhaps even
indiscriminately, to guide migration direction.

Discussion
The stamp-oﬀ technique oﬀers clear advantages over conventional microcontact printing even for single-protein stamping.
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To overcome stamp deformation and collapse investigators
have used PDMS stamps backed with glass,22 PDMS stamps
coated with a rigid material,36 and stamps made from a material
more rigid than conventional PDMS.37 In contrast, stamp-oﬀ
can easily achieve small, sparse features with unlimited distance
between features without the risk of deformation and collapse.
Several investigators have devised creative methods to generate
multifunctional surface patterns using techniques other than
iterative, conventional microcontact printing.38 Unfortunately,
the limited accessibility and reproducibility of these methods
has prevented their widespread adoption and application to
biologic assays. In contrast, the stamp-oﬀ method is capable of
easily generating robust, multifunctional surface patterns
without any additional specialized equipment. A similar method
to stamp-oﬀ based on cyclic inking and de-inking was recently
described, except that the method used silicon wafers as the
stamp-oﬀ template.39 However, the method was not applied to
the interaction of cells with a surface. The use of PDMS molds
instead of silicon wafers as stamp-oﬀ templates presented
herein will enable wider adoption of the approach to biological
researchers that do not have access to cleanroom facilities.
Thus, the stamp-oﬀ technique presented here provides a facile
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mechanism to generate multifunctional, ECM-based surface
patterns for studying cell-material interactions.
Directed migration is thought to be guided by soluble
signals in many settings, including embryonic development,40
wound healing,41 and angiogenesis.42 Emerging evidence
suggests that non-soluble, adhesive signals can also be important
to directing migration in vivo.43,44 It was recently demonstrated
that adhesive interactions may polarize cells during directed
migration of neural crest cells prior to establishment of a soluble
gradient of the chemokine Sdf1 in developing Xenopus.43
In vitro, many lines of evidence suggest that the ECM can
impinge strongly on cell polarity and migration.8,9,26,32
Cells migrate up a gradient of immobilized ECM, in a
process known as haptotaxis.45 Similarly, cells orient and
migrate in the direction of closer spacing between integrinligand bonds.24 Surfaces displaying patterned ECM in a nonadhesive background can direct cell migration by constraining
cell adhesion to patterned regions.9,35 Moreover, the spatial
pattern of adhesion can direct cell polarity, and the degree of
traction force generation.8,26,46 Results here suggest that
cells can also coordinate spatial information by generating a
composite picture of the geometry of the ECM, even if that
involves distinct integrins and multiple ECMs, to decode such
geometric cues. Although the mechanism by which this
coordination occurs remains unclear, it is likely that cytoplasmic interactions between integrins and the cytoskeleton
are suﬃciently universal that cells can use diﬀerent integrins
interchangeably to spread and migrate with an integrated
cytoskeleton on a complex ECM.
A single focal adhesion involves up to hundreds of bound
integrin heterodimers.47 When cells bind to multiple ECMs
simultaneously they use diﬀerent types of integrins.16,18
However, it is not known whether each focal adhesion is a
cluster of a single type of integrin, or a mixture of diﬀerent
types. Our data indicate that a single focal adhesion can be
composed of diﬀerent types of integrins. Moreover, the integrins
within a focal adhesion clearly segregate based on the underlying ECM: av localized to VN, while b1 localized to CI even
when a single adhesion spanned both ECMs. Although some
studies suggest diﬀerences in focal adhesion dynamics and
composition depending on the bound integrin, our studies
suggest that there is suﬃcient sharing of the structural components that lie between the cytoskeleton and the integrin
that these adhesions can ﬂexibly reorganize as they cross
ECM boundaries. How a cell regulates, and is regulated by,
adhesions composed of spatially and compositionally distinct
integrins bonded to distinct ECM proteins remains an open
question that necessitates further study.
Studies demonstrating functional overlap between integrins
during physiological processes suggest that distinct integrin
receptors may regulate the actin cytoskeleton in a coordinated
manner.13,16,33 Detailed in vitro studies of the integrin-actin
cytoskeleton linkage during cell migration48 have focused on
one integrin receptor subtype. Thus, the view that cells use
distinct integrin receptors to cooperatively regulate the actin
cytoskeleton has been controversial. We present direct evidence
that (1) cells use distinct integrin receptors to bind to diﬀerent
kinds of ECM simultaneously, and (2) cells migrate along
adhesive paths regardless of the type of ECM that composes
This journal is
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the path. These data together suggest that cells distinguish
between ECM ligands by using diﬀerent integrin receptors,
and likely use spatial information from these integrins as an
ensemble to regulate spatial decisions such as the direction of
migration. Given the importance of cell adhesion and migration, it is critical to identify mechanisms that mediate crosstalk
between integrin receptors during migration. Surfaces that
display multiple types of ECMs such as those employed here
will be key to this line of study.

Experimental
Cell culture and reagents
Human umbilical vein endothelial cells were obtained
from, and cultured as prescribed by the manufacturer (Lonza,
Walkersville, MD). Other biological reagents included:
bovine serum albumin conjugated to AlxeaFluor 488, 594 or
647 (Invitrogen, Carlsbad, CA), ﬁbronectin from human
plasma (BD Biosciences, Bedford, MA), rat tail collagen type I
(BD Bioscience, Bedford, MA), vitronectin from human
plasma (Sigma-Aldrich, St. Louis, MO), anti-active-b1 (clone
9EG7, BD Biosciences, Bedford, MA), anti-avb5 (clone P1F6,
Santa Cruz Biotechnology, Santa Cruz, CA), anti-avb3
(clone LM609, Millipore, Billerica, MA), anti-collagen type I
(polyclonal, Meridian Life Science, Saco, ME), anti-human
ﬁbronectin (polyclonal, MP Biomedicals, Santa Ana, CA) and
Pluronics F127 (Sigma-Aldrich, St. Louis, MO). poly(dimethyl
siloxane) (PDMS; Sylgard 184, Dow Corning, Midland, MI)
was used at 10 : 1 (w : w) base : curing agent.
Soft lithography
Patterned PDMS stamps were cast from a photoresistpatterned silicon wafer, as previously described.23 Stamp-oﬀ
templates were cast similarly, but from negative photoresist
patterns on the silicon wafer. Flat PDMS stamps were cast
from an unpatterned silicon wafer. For microcontact printing,
PDMS stamps were inked with protein at 50 mg ml 1 in H2O
(for ﬁbronectin and vitronectin), 50 mg ml 1 in PBS (for bovine
serum albumins), or 100 mg ml 1 in 1% (v/v) acetic acid
(for collagen type I), all for 1 h at room temperature. The
stamps were then thoroughly rinsed in H2O and blown dry
with a stream of N2. In parallel, the target substrate (a stamp-oﬀ
template or PDMS cell culture substrate) was treated with
ultraviolet ozone for speciﬁed times (Jelight Company, Irvine,
CA). The stamp was then placed in conformal contact with the
target substrate for B1 s. F127 Pluronics was adsorbed to
PDMS surfaces from a 0.2% (w/v) solution for 1 h at room
temperature to prevent protein adsorbtion to non-functionalized
portions of the PDMS.
Immunoﬂuorescence and microscopy
Substrates were ﬁxed in chilled acetone for 3 min at 20 1C, and
blocked and immunolabeled in 10% goat serum. Samples were
imaged on a Zeiss AxioVert 200M, and images were acquired
with an AxioCam HRm using AxioVision software (Carl Zeiss,
Thornwood, NY). Fixed samples were imaged using a
63, N.A. 1.4 Plan Apochromat objective, and live samples
were imaged with a phase contrast, 10, N.A. 0.25 A-plan
Integr. Biol., 2011, 3, 560–567
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objective. An environmental chamber was used to control
temperature and CO2 during live experiments (In Vivo Scientiﬁc,
St. Louis, MO).

Conclusion
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As investigators delve deeper into molecular mechanisms that
underlie adhesive cell behaviors, it is increasingly important to
dissect pathways mediating cell adhesion. In this spirit, we
believe the surface patterning method presented herein will
lead to a greater understanding of mechanisms of fundamentally
adhesive events, such as cell migration.
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