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One of the central challenges in cardiac tissue engineering is the control of the assembly and

organization of functional cardiac tissue. Maintenance of a three-dimensional tissue architecture is

key to myocardial function in vivo, and a variety of studies hint that provision of topological cues

within scaffolds can facilitate the engineering of functional myocardial tissue by promoting this

architecture. To explore this possibility in an isolated and well-defined fashion, we have designed

scaffolds of polydimethylsiloxane (PDMS) with microtopographic pillars (‘‘micropegs’’) to

provide cells with defined structures with which to interact in three dimensions. We show that

these surfaces permit HL-1 cardiomyocytes to grow, form myofibrillar structures and cell–cell

adhesions, and beat spontaneously. Additionally, the cells and their nuclei interact with the full

length of the micropegs, indicating that the micropegs promote a three-dimensional

cytoarchitecture in the context of a two-dimensional scaffold. We also show that the number of

cells interacting with a micropeg can be controlled by manipulating incubation time, micropeg

spatial arrangement, or micropeg diameter. Western blots reveal that the expression of the

junctional markers N-cadherin and connexin 43 is upregulated in the presence of specific

arrangements of micropegs, suggesting that micropegs can enhance cardiomyocyte function.

Together, these data show that microtopography can be used to provide three-dimensional

adhesion and control the assembly of functional cardiac tissue on a two-dimensional surface.

Introduction

The incorporation of material-encoded biophysical signals has

emerged as a powerful tool for controlling cellular assembly

and function in the design of tissue engineering scaffolds.

At the single-cell level, control of cell shape via extracellular

matrix (ECM) geometry has been shown to regulate cell

growth and death, adhesion, and stem cell differentiation.1–4

Modulation of the elasticity of the ECM has also been shown

to regulate adhesion and migration, lineage commitment and

differentiation, and contractile properties.5–9 These ideas have

also been extended to the organization of whole tissues. For

example, decellularized matrices that retain three-dimensional

ECM structure but completely lack cells have been success-

fully used as a scaffold for engineering a variety of functional

tissues and organs.10,11 Moreover, geometric patterns that

promote mechanical gradients can produce spatially-ordered
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Insight, innovation, integration

Facilitation of three-dimensional tissue architecture

remains a key challenge in tissue engineering. Here we use

microfabrication approaches to create patterned arrays of

microtopographical cues that enable a three-dimensional

cytoarchitecture of cardiomyocytes while promoting a

defined lateral multicellular organization. These scaffolds

support multiple key cardiomyocyte properties including

beating and expression of signature molecular markers, with

the latter dependent on scaffold geometry. These scaffolds

also have the valuable advantage of fostering a three-

dimensional architecture while retaining the high through-

put, fidelity, and optical accessibility of two-dimensional

scaffolds. By integrating microfabrication technology with

traditional cell and molecular biology tools, such as live-cell

imaging, confocal imaging, and measurement of protein

expression, our study supports a potential role for micro-

topographical patterning in the engineering of myocardial

tissue.
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stem cell differentiation in the context of both two- and three-

dimensional scaffolds.12

Whereas the majority of the field’s attention has focused on

the influence of substrate geometry and elasticity, scaffold

microtopography has been relatively underexplored and

remains poorly understood, despite the fact that it too has

been shown to strongly influence cell behavior. For example,

microgrooved substrates have been used to support the adhe-

sion, alignment, and proliferation of various cell types,13,14

and cyclic stretching of mesenchymal stem cells on these

substrates enhances differentiation into vascular cells.15 We

recently showed that provision of micron-sized protrusions

(‘‘micropegs’’) on a two-dimensional scaffold can strongly

regulate the proliferation of fibroblasts and skeletal myoblasts

through a mechanism that depends on the cell’s ability to

generate contractile force against these protrusions.16 Consis-

tent with this notion, we later showed that attachment

to micropegs can regulate adhesion strength, motility, and

expression of contractile markers.17

Microtopography bears particular promise for the engineer-

ing of myocardial tissue, in which well-defined, three-

dimensional lateral and transmural architectures are key to

the coordinated conduction of electrical signals and efficient

generation of mechanical force. For example, it has been

shown that changes in intracellular levels of Ca2+ and

increased pacemaking activity in cardiomyocytes can be con-

trolled by the use of microgrooved scaffolds that support a

three-dimensional cytoarchitecture.18 Furthermore, micro-

cantilever displacement measurements have shown that cardio-

myocytes grown on microgrooved surfaces generate higher

contractile forces than those on flat surfaces.19 Provision of

tissue-like topographic cues has also been shown to reduce cell

proliferation within mixed embryonic stem cell-derived cardio-

myocyte cultures prior to terminal differentiation.20

While these studies have helped to establish the potential

relevance of microtopographical features in the design of

myocardial tissue engineering scaffolds, they leave several open

questions: can these design concepts, which have largely been

established with either heterogeneous progenitor populations

or fully differentiated primary cardiomyocytes, be translated

to immortalized cardiomyocyte culture models, which are

relatively homogeneous and bear interest for high-throughput

screening and toxicology applications? Can microtopographi-

cal cues be spatially patterned, thereby concurrently promoting

both a three-dimensional cytoarchitecture and ordered lateral

assembly? Finally, does the presence of topographical cues

influence the expression of markers of cardiomyocyte function

and maturation? In this study, we address all of these questions

through the use of newly-designed PDMS scaffolds containing

microtopographical features patterned in a variety of two-

dimensional configurations. We culture HL-1 cardiomyocytes21

on these scaffolds and show that the micropatterned surfaces

support growth, beating, and expression of functional cardio-

myocyte markers. Confocal imaging reveals that the cardio-

myocytes interact with the full vertical dimension of the

micropegs, thereby adopting a three-dimensional architecture,

and time lapse imaging demonstrates that the micropegs serve

as preferential adhesion sites for cells, suggesting that these

structures might be exploited as physical organizing centers that

could facilitate the assembly of cultured cardiomyocytes into

multicellular units.

Results

Geometrical arrangements of micropegs

In our previous work, we showed that inclusion of microtopo-

graphical protrusions (‘‘micropegs’’) into two-dimensional scaf-

folds can regulate the adhesion, polarity, and migration of a

variety of cultured cell types, including fibroblasts and differ-

entiated neonatal cardiomyocytes.16,17,22–24 In those previous

studies, the micropegs were presented as simple rows, with

50 mm spacing between adjacent micropegs and 125 mm between

rows, where the spacings indicate the center-to-center distance

between micropegs. This arrangement was chosen to present

cells enough flat space to adhere and migrate as well as to

interact with one or more micropegs. In the current study, we

began by asking whether this approach could be extended to

micropegs arranged in more complex geometries, which in turn

might enable us to better understand the relationship between

micropeg spacing and cell behavior and potentially allow us to

spatially pattern the cells themselves. To test the effects of the

geometry of surface topography on cardiomyocyte assembly

and function, we recreated the rows and also developed three

other arrangements of micropegs: densely packed (50 mm �
50 mm spacing), sparsely packed (125 mm � 125 mm spacing),

and clustered (50 mm between adjacent micropegs, 200 mm
between clusters) (Fig. 1). The dense and sparse arrangements

were chosen to further elucidate the effects of micropeg spacing

on cardiomyocyte arrangement, and the clustered arrangement

was chosen to determine regulatory effects of locally concen-

trating the micropegs. In all subsequent studies, we compared

results obtained on each of these substrates to one another and

to a flat PDMS surface used as a control.

Micropatterned surfaces permit growth of HL-1 cells

An important limitation of our previous studies was the use of

fully differentiated neonatal cardiomyocytes, which must be

freshly isolated from tissue, suffer from batch-to-batch varia-

tion, and cannot be propagated in culture. Moreover, these

cells lack the throughput and self-renewal properties of cardio-

myocyte progenitors desired in toxicology, drug screening, and

tissue engineering and regenerative medicine applications.

While defined culture systems for generating cardiomyocytes

from multipotent and pluripotent stem and progenitor cells

have recently begun to emerge, their use remains technically

demanding, with isolation of stable cardiomyocyte progenitors

proving particularly challenging.25,26 As an alternative, a

continuous culture model known as the HL-1 line was recently

developed from immortalized mouse atrial cardiomyocytes

that is capable of self-renewal, synchronous beating, and

expresses cardiac-specific functional markers, including many

proteins relevant to formation of gap junctions and other

cell–cell junctional complexes. While these cells differ some-

what from primary cardiomyocytes in their electrophysiologi-

cal and contractile properties, they are nonetheless finding

increasing use in the modeling of myocardial disease and in

pharmacological testing.27–32 HL-1 cells are traditionally
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grown on glass or tissue culture plastic functionalized with

gelatin and fibronectin. Thus, we first asked whether PDMS

with a similar coating could support adhesion and growth of

HL-1 cells by culturing cells on each scaffold and counting the

number of adherent cells at early and late time points after

seeding, as measured by DAPI-positive nuclei (Fig. 2). All

scaffolds supported attachment of HL-1 cells within 6 hours of

plating, with the number of attached cells increasing at 3 days,

demonstrating that cells can proliferate on all scaffolds.

Exclusion of the collagen/fibronectin coating nearly comple-

tely abolished HL-1 adhesion (data not shown), indicating

that the biochemical information encoded in these matrix

proteins is necessary for attachment.

HL-1 cardiomyocytes spontaneously beat on PDMS surfaces

The ability to spontaneously beat in culture is a signature

property of differentiated cardiomyocytes, and HL-1 cardio-

myocytes have previously been shown to beat spontaneously

on gelatin/fibronectin-coated glass in culture medium that

contains norepinephrine. Thus, we used phase-contrast time-

lapse imaging to capture beating on our scaffolds and to

quantify the beating rate (Fig. 3, Movies 1–5, ESIw). Because
cells were only observed to beat after reaching confluence, we

performed our imaging once cultures had reached that point,

which typically occurred three days after seeding (although the

exact time depended on initial cell density). All scaffolds

supported beating with rates in the range of 90–120 beats

per minute, similar to previously-reported HL-1 beating

rates.33,34 In all cases, beating was only observed in the context

of multicellular foci, implying that all scaffolds are capable of

supporting mechanical and electrophysiological coupling

between cells.

Ratio of cells in contact with micropegs depends upon time and

the arrangement and width of micropegs

The above data establish that micropegs facilitate cardio-

myocyte attachment and do not preclude the ability to form

Fig. 2 Flat and patterned PDMS surfaces support the adhesion and

growth of HL-1 cardiomyocytes. Cells were cultured for either 6 hours

or 3 days on a specified PDMS scaffold, then fixed and fluorescently

stained with DAPI, and counted using a fluorescence microscope. Cell

counts were then normalized to the flat surface area available for

adhesion on a given scaffold. Each condition shows significant growth

from 6 hours to 3 days as measured by the Student t-test (p o 0.01).

However, the differences in growth rate between conditions have not

been shown to be significant. Error bars represent SEM.

Fig. 3 HL-1 beating rates remain consistent across different

patterned surfaces. HL-1 beating was visualized using time-lapse

phase-contrast imaging and measured by counting the number of beats

in a 60 second period. Measurements were taken once cells reached

confluence, which occurred three days after seeding. Error bars represent

SEM, and p 4 0.05 across all conditions by the Student t-test.

Fig. 1 Spatial arrangements of micropegs. Schematic illustrations of the four different arrangements of micropegs (left) with phase-contrast

images of HL-1 cells adherent to each scaffold (right). The numbers beneath the first three arrangements represent center-to-center spacings

between adjacent micropegs along each axis of the array. In the ‘‘clusters’’ arrangement, the center-to-center spacing between micropegs within a

cluster is 50 mm and the center-to-center distance between adjacent clusters is 350 mm. Micropegs are 25 mm wide and 15 mm tall. All experiments

were performed on each of these substrates as well as flat PDMS. Scale bar = 250 mm.
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cell–cell contacts needed for beating. In order to better under-

stand the dynamics of this process, we measured the ratio

of cells in contact with micropegs on each surface at both

24 hours and 48 hours after seeding (Fig. 4). The ratio of cells

in contact with micropegs is quantified by counting the

number of cells touching micropegs and dividing by the total

number of cells per field of view. In both the clustered and

sparse arrangements, this ratio increases with time, as opposed

to the rows arrangement where this ratio remains constant

(Fig. 4A). For the dense arrangement of micropegs, these

contact ratios were, as expected, typically very close to 1,

i.e., all cells were in contact with a micropeg (not shown). To

more closely examine the effect of differences in micropeg

density available for cell adhesion, we normalized the number

of micropeg-attached cells by the number of micropegs for

each field of view (Fig. 4B). This revealed consistent values

across all scaffolds at 24 h post-seeding, with an increase for

the sparse and clustered arrangements at 48 h (Fig. 4C).

We further investigated the ability of the micropegs to

control cell organization by varying the height and width of

individual micropegs while keeping the arrangement of the

micropegs constant. Using the sparse arrangement of micro-

pegs, we varied the height of micropegs between 5, 15, and

50 mm, and the width of micropegs between 15, 25, and 50 mm
(Fig. 5). We observed that the contact ratio did not vary

significantly with micropeg height but did rise with increasing

micropeg width, as expected, given that wider micropegs provide

additional surface area for attachment (Fig. 5A). Consistent

with our observations with standard-sized micropegs (Fig. 4)

contact ratios in all cases increased from 24 to 48 hours.

When these values were normalized to the width of the micro-

pegs, we found that some of the effects of the increasing width

on the contact ratio were washed out, but that the normalized

ratio for the narrower micropegs was slightly higher for each

height (Fig. 5B).

Taken together, these data are consistent with a kinetic

model in which cells initially adhere to flat portions of the

scaffold, encounter micropegs as they migrate, and preferen-

tially adhere to these structures over time. In other words,

even for scaffolds in which a small minority of the available

adhesive area is occupied by micropegs, these micropegs

eventually retain and sequester a disproportionate number of

cardiomyocytes.

HL-1 cells exhibit myofibrillar structures and cell–cell adhesions

and interact with the full length of the micropegs

As described earlier, a key design advantage of micropeg-

based scaffolds is that they are expected to promote a three-

dimensional cytoarchitecture that is more representative of

cellular morphology in tissue and is critically tied to coordina-

tion of function. To assess the degree to which our scaffolds

promote three-dimensional topologies, we used confocal

microscopy to visualize the expression and subcellular locali-

zation of the cardiac-specific myosin heavy chain, which also

serves as a secondary marker of cardiomyocyte function

(Fig. 6). For all scaffolds, cardiomyocytes expressed cardiac-

specific myosin robustly, with localization reflecting myofibril

Fig. 4 Micropeg arrangement and incubation time regulate cardiomyocyte assembly. Cells were seeded on patterned substrates and analyzed

after 24 or 48 hours. (A) Micropeg contact ratio on each surface at 24 and 48 hours post seeding, as defined by the ratio of cells in contact with a

micropeg to the total number of cells in a field of view. Error bars represent SEM. Asterisk indicates significant difference (p o 0.05) and

double asterisk indicates a very significant difference (po 0.01). (B) Micropeg contact ratio normalized by the number of micropegs in a given field

of view. Error bars represent SEM. Asterisk indicates significant difference (p o 0.05) and double asterisk indicates a very significant difference

(p o 0.01). (C) Representative phase-contrast images for each condition. Scale bar = 100 mm.
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assembly. Cells frequently wrapped themselves around the

micropegs, with cell nuclei flattened against the micropeg

walls. For dense scaffolds and scaffolds arrayed as rows and

clusters, cells were sometimes observed to bridge adjacent

micropegs. Optical sectioning revealed that the cardio-

myocytes also interacted with the full height of the micropegs,

consistent with adoption of a three-dimensional architecture.

To investigate scaffold effects on cell–cell adhesion, we

immunostained and performed confocal imaging against

N-cadherin (Fig. 7). Clear localization of this marker to

cell–cell interfaces was observed across all scaffolds. Curiously,

N-cadherin was also observed at the cell–micropeg inter-

face, although it is unclear whether this represents ectopic

localization to cell-matrix contacts or merely reflects the

projection of nonspecific N-cadherin staining across multiple

horizontal planes. As with myosin, N-cadherin staining was

observed along the entire length of the micropeg, supporting

the notion that the cells engage the full vertical aspect of

these structures and thereby maintain a three-dimensional

architecture.

N-cadherin and connexin 43 expression can be controlled by

micropeg arrangement

Having shown that the micropeg surfaces can regulate the

cytoarchitecture of the cardiomyocytes without compromising

beating, we next sought to quantify the extent to which

micropegs could be used to quantitatively regulate expression

of functional markers. We focused on the cell–cell adhesion

proteins N-cadherin and connexin 43, the former serving as an

early marker of cell–cell structural/mechanical coupling and

the latter serving as a later marker of cell–cell electrical

coupling (Fig. 8).35 Western blots revealed comparable expres-

sion levels of both markers across all scaffolds, with modest

(10–30%) but statistically significant increases in N-cadherin

expression on dense and clustered substrates and in connexin-43

expression on row and dense substrates. Importantly, inclusion

of micropegs did not reduce expression of either marker, con-

sistent with the notion that the presence of these structures does

not compromise cardiomyocyte function.

Fig. 5 Cardiomyocyte assembly depends on micropeg width but not

height. Cells were seeded on ‘‘sparse’’ patterned substrates with

micropegs of varying height and width and analyzed after 24 and

48 hours. (A) Micropeg contact ratio on each surface at 24 and

48 hours post-seeding, as defined by the ratio of cells in contact with

a micropeg to the total number of cells in a field of view. Error bars

represent SEM. Asterisk indicates significant difference (p o 0.05)

and double asterisk indicates a very significant difference (p o 0.01).

(B) Micropeg contact ratio normalized by the width of the micropegs.

Note that data for the tallest and thinnest micropegs (15 mm width,

50 mm height) are absent because the high fragility of these structures

precluded their robust fabrication and manipulation in culture.

Fig. 6 myosin heavy chain is expressed along the full length of the micropegs and incorporates into myofibrils. HL-1 cells were cultured for

3 days, fixed and immunostained for the myosin heavy chain (red) and DAPI (blue) and imaged with a confocal microscope. Images were taken at

three positions for each condition: the flat surface of the PDMS, the vertical midpoint of the micropeg, and the top of the micropeg. For completely

flat PDMS, images were taken at the surface. White arrows indicate the location of one micropeg within the field of view. Scale bar = 50 mm.
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Discussion

We have used live cell time lapse imaging, confocal fluores-

cence microscopy, and analysis of protein expression to

investigate the role played by microtopographical cues

in controlling the adhesion, organization, and function of

cardiomyocytes. We find that these micropegs can be

patterned in specific geometric arrangements that can in turn

promote sequestration of cardiomyocytes into specific macro-

architectures on the scaffold. Inclusion of these micro-

topographical features does not compromise cardiomyocyte

function as measured by beating rate and expression and

localization of specific functional markers. Attachment to a

micropeg also promotes adoption of a three-dimensional

morphology in which cardiomyocytes associate with the lateral

walls of the micropeg. Combined with our previous work detail-

ing increased cell adhesion strength to micropegs compared to

flat surfaces, these results support a model in which micropegs

serve as organizing centers that recruit and retain cardiomyocytes

over time and could potentially serve as nucleating sites for the

assembly of functional clusters of cardiac tissue.

A significant new finding of this study is that the arrange-

ment of the micropegs determines how likely the cardio-

myocytes are to attach to them. For all the patterns, the

ratio of cells in contact with micropegs is greater than one

would expect to occur through random distribution of cells on

the surface. This is most pointedly illustrated by the fact that

the pattern with the lowest global density of micropegs was the

one with the highest ratio of cells contacting micropegs. The

preferential attachment of cardiomyocytes to micropegs leads

to increased clustering, three-dimensional cellular organiza-

tion, and changes in the localization and orientation of

the nucleus. These changes suggest that cellular organization

can be controlled by modulating the arrangement of the

microtopographical features. While the degree of cell pattern-

ing observed here is relatively modest, one could envision

Fig. 7 Scaffold microtopography affects N-cadherin expression. HL-1 cells were cultured for 3 days, fixed and immunostained for N-cadherin

(red) and DAPI (blue) and imaged with a confocal microscope. Images were taken at three positions for each condition: the flat surface of the

PDMS, the vertical midpoint of the micropeg, and the top of the micropeg. White arrows indicate the location of one micropeg within the field of

view. Scale bar = 50 mm.

Fig. 8 Expression of cell–cell junctional proteins depends on the spatial

arrangement of micropegs. (A) Representative Western blot of protein

expression of cell–cell adhesion junction proteins N-cadherin and con-

nexin 43 and loading control tubulin on each patterned PDMS substrate.

Cells were seeded onto each substrate and lysates were collected after

72 hours. (B) Ratio of protein expression of N-cadherin and connexin

43 on each patterned PDMS substrate to that on a flat substrate after

72 hours. Expression levels were normalized to the expression of tubulin

on each surface. Errors bars represent SEM. Asterisk indicates signifi-

cant difference from expression on flat PDMS (p o 0.05).
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enhancing this effect by creating haptotactic or durotactic cues

on the scaffold that promote migration to the topographical

features. Moreover, the micropegs themselves conceivably

could be chemically functionalized with specific adhesive

ligands or even used as depots for the controlled release of

differentiation factors. Future efforts will focus on incorporat-

ing these functionalities.

Our studies reveal that incorporation of micropegs into

scaffolds does not compromise, and in some cases may

modestly enhance, expression of N-cadherin and connexin-43,

two markers of cardiac maturation. These two proteins

cooperate to propagate mechanical and electrical signals that

underlie synchronous beating of cardiac tissue.35 Develop-

mentally, N-cadherin expression precedes connexin 43 expres-

sion in the fetal heart and is a prerequisite for the formation of

gap junctions in the intercalated disk.36,37 N-cadherin is also

important for the anchoring of myofibrils and the transmis-

sion of force from cell to cell, and N-cadherin dependent

mechanosensing has been shown to be a regulator of

cardiomyocyte shape, myofibrillar organization, and cortical

stiffness.38,39 Loss of N-cadherin expression has been linked to

the development of myocardial arrhythmia due to slowed

conduction velocity and gap junction remodeling.40 Similarly,

connexin 43 is the primary component of gap junctions and

allows for the conduction of the electrical signal among

neighboring cardiac cells.35 Loss of connexin 43 expression

and changes in its spatial distribution in the intercalated disc

can lead to fatal cardiac arrhythmia and dysfunction.41,42

Further study should help to determine whether scaffold

geometry can be used to manipulate myocardial function

per se, including the magnitude of force generation and the

speed with which electrical signals are conducted across the

scaffold surface.

These results add to a growing body of evidence supporting

a role for the mechanical and topographical environments in

the design of cardiac tissue engineering applications. Scaffold

stiffness has previously been shown to regulate stem cell differentia-

tion, cardiac organization, beating rate, and contractility.6,8,43–45

Recently, a parallel set of studies has shown that the introduction

of microrods into 3D cardiac tissue engineering scaffolds can be

used to modulate cardiac function, scar tissue formation, and stem

cell differentiation, implying that microtopographical cues can be

incorporated into three-dimensional hydrogel scaffolds.46–48 In

each of these cases, the microrods are embedded in a gel scaffold

oriented randomly. Based on our results, we speculate that the

functionality and organization of the cardiomyocytes in these

scaffolds could be further manipulated by controlling the spatial

arrangement of the microrods.

Conclusions

We have demonstrated that we can promote both the three-

dimensional architecture and lateral organization of cardio-

myocytes through the use of microtopographical patterning.

These micropatterned substrates are capable of supporting

cardiomyocyte growth, beating, myofibril assembly, and

expression of functional markers. These results suggest that

topographical patterning may be used to control the assembly of

cardiac tissue in cell culture and tissue engineering applications.

Experimental

Cell culture

HL-1 mouse cardiomyocytes were generously provided by

Dr William C. Claycomb, Louisiana State University. Follow-

ing established HL-1 culture protocols,21 tissue culture flasks

were prepared by precoating with a solution containing 0.02%

gelatin (Fisher Scientific, Pittsburgh, PA) and 5 mg ml�1

fibronectin (Sigma-Aldrich, St Louis, MO) and incubating

overnight at 37 1C. Cultures were maintained in these

flasks in complete medium consisting of Claycomb Medium

(Sigma-Aldrich) supplemented with 10% fetal bovine serum

(Sigma-Aldrich), 0.1 mM norepinephrine (Sigma-Aldrich),

1� L-glutamine (Sigma-Aldrich), and 1% penicillin/strepto-

mycin (Gibco, Carlsbad, CA). Cell cultures were stored in a

humidity-controlled 5% CO2 incubator at 37 1C. For experi-

ments, cells were allowed to grow to confluence, trypsinized,

resuspended in complete medium, and plated on PDMS

scaffolds.

Fabrication of PDMS micropegs

PDMSmicropeg arrays were fabricated as previously described.16

Briefly, an SU-8 negative photoresist (PR) (Microchem,

Newton, MA) was spin-coated onto a single-crystal silicon

wafer and baked at 95 1C for 3 min. SU-8 2005, 2010, and 2035

were used to make thicknesses of 5, 15, and 50 mm, respec-

tively. Microscale holes were introduced by placing a

patterned photomask over the coated wafer and exposing it

to UV light for 25–30 s at an intensity of 5 mW cm�2, washing

in an SU-8 developer (Microchem) for 30 s to remove

uncrosslinked PR, then baking at 95 1C for 3 min. Different

patterns were created by changing the pattern of the photo-

mask. To create PDMS micropeg arrays, PDMS and the

curing agent were prepared and mixed as directed by the

manufacturer (Sylgard 184, Dow Corning, MI), degassed

under vacuum, and spin-coated onto an SU-8 mold. The

PDMS was baked for 1 h at 80 1C, then peeled from the

SU-8 masters. Unpatterned PDMS membranes were fabri-

cated in an identical manner. Prior to use in cell culture

experiments, the PDMS was rendered hydrophilic by exposure

to air plasma and then incubated with the gelatin/fibronectin

mix mentioned above for 2 h at 37 1C. For experiments on

PDMS surfaces with no ECM, the same procedure was

followed but the gelatin/fibronectin was replaced by phosphate-

buffered saline. For studies with fixedmicropeg height and width,

we used arrays featuring micropegs of 15 mm height and 25 mm
diameter.

Growth and micropeg contact ratio measurements

Cells were plated on either glass or PDMS at a concentration

of 104 cells ml�1 and were fixed with 4% paraformaldehyde

(PFA) at appropriate time points. Cells were then incubated

with 40,6-diamidino-2-phenylindole (DAPI) (Invitrogen,

Carlsbad, CA) for 25 min at room temperature to visualize

nuclei. Cells were then visualized with a Nikon TE2000E2

epifluorescence microscope. For growth studies, the number of

nuclei at each time point was quantified using ImageJ (NIH).

For contact ratio studies, the numbers of nuclei were counted
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manually and then compared to phase images to determine

whether cells were in contact with micropegs or completely in

flat space.

Beating measurements

Cells were plated on PDMS and allowed to grow to confluence.

Beating cells were localized and recorded using time-lapse phase

contrast imaging (Nikon TE2000E2). To quantify beating rates,

individual beating foci were recorded for 30 s and the number of

beats was divided by the time elapsed.

Immunostaining and confocal imaging

Cells grown on PDMS surfaces were fixed with 4% PFA at

room temperature for 10 min, or with 19 : 1 ethanol : acetone

at 4 1C for 15 min for the myosin heavy chain. Cells were then

permeabilized, blocked with 5% normal goat serum, then

incubated in mouse primary antibodies directed against either

N-cadherin (BD Biosciences, San Jose, CA) diluted 1 : 100

or the sarcomeric myosin heavy chain (Developmental

Studies Hybridoma Bank, Iowa City, IA) diluted 1 : 20 for 1 h,

followed by incubation with DAPI and a goat anti-mouse

secondary antibody conjugated to an Alexa Fluor dye

(Invitrogen) for 45 min at 1 : 500 for N-cadherin and 1 : 750 for

the myosin heavy chain. Confocal images were acquired with a

Zeiss LSM 510 Meta Confocal Laser Scanning Microscope.

Western blotting

Cells were allowed to adhere and spread on either flat or

micropeg-patterned PDMS as above, followed by trypsiniza-

tion and harvest of lysate. Protein levels were determined by

a Western blot using mouse primary antibodies against

N-cadherin (BD Biosciences) and tubulin (Sigma-Aldrich)

and a rabbit antibody against connexin 43 (Cell Signaling

Technology, Danvers, MA), all diluted at 1 : 50 000 and

incubated overnight at 4 1C. Bands were then detected using

HRP-conjugated goat–anti-mouse and goat–anti-rabbit secondary

antibodies (Invitrogen) diluted 1 : 100 000 and incubated for

45 min at room temperature, followed by development using

the Novex ECL chemiluminescent substrate (Invitrogen).

ImageJ was used to determine band intensity levels from the

developed blots. All intensity levels were internally normalized

to the tubulin loading control prior to calculating ratios of

protein levels on micropeg-textured versus flat scaffolds. It is

important to note that lysates obtained from micropeg-

textured scaffolds contain protein contributions both from

cells adhered to micropegs and cells adhered to the intervening

flat regions. Thus, immunoblots obtained with these scaffolds

necessarily underestimate the effects of the micropegs on

protein expression relative to completely flat scaffolds.

Statistics

Results are presented as mean with error bars representing the

standard error of the mean (SEM). Data were analyzed by

Student’s t-test for significance.
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