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Abstract: Because cell shape and alignment, cell–matrix
adhesion, and cell–cell contact can all affect growth, and
because mechanical strains in vivo are multiaxial and
anisotropic, we developed an in vitro system for engi-
neering aligned, rod-shaped, neonatal cardiac myocyte
cultures. Photolithographic and microfluidic techniques
were used to micropattern extracellular matrices in par-
allel lines on deformable silicone elastomers. Confluent,
elongated, aligned myocytes were produced by varying
the micropattern line width and collagen density. An el-
liptical cell stretcher applied 2:1 anisotropic strain stati-
cally to the elastic substrate, with the axis of greatest
stretch (10%) either parallel or transverse to the myofi-
brils. After 24 h, the principal strain parallel to myocytes
did not significantly alter myofibril accumulation or ex-
pression of atrial natriuretic factor (ANF), connexin-43
(Cx-43), or N-cadherin (by indirect immunofluorescent
antibody labeling and immunoblotting) compared with
unstretched controls. In contrast, 10% transverse princi-
pal strain resulted in continuous staining of actin fila-
ments (rhodamine phalloidin); increased immunofluo-
rescent labeling of ANF, Cx-43, and N-cadherin; and up-
regulation of protein signal intensity by western blotting.
By using microfabrication and microfluidics to control
cell shape and alignment on an elastic substrate, we
found greater effects for transverse than for longitudinal
stretch in regulating sarcomere organization, hypertro-
phy, and cell-to-cell junctions. © 2003 Wiley Periodicals, Inc.
Biotechnol Bioeng 81: 578–587, 2003.
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INTRODUCTION

Neonatal ventricular myocytes cultured on deformable sili-
cone membranes have been used as an in vitro model for

mechanical stretch-induced cardiac hypertrophy (Simpson
et al., 1995). Cell shape and alignment, cell–matrix adhe-
sion, and cell–cell contact can all affect cell growth and
differentiation and are likely to modulate their responses to
external forces. However, these factors are not normally
controlled in neonatal cardiomyocyte cultures, nor are they
typically representative of conditions in vivo. Cultured neo-
natal myocytes are randomly arrayed and multipolar when
spread and adhered to an extracellular matrix immobilized
on a surface, whereas they are rod-shaped and aligned in
vivo. Mechanical strains in vivo are multiaxial and aniso-
tropic, but previous in vitro stretch systems have been uni-
axial or isotropic. The objective of this study was to develop
an in vitro system for engineering neonatal cardiac myo-
cytes so that cell shape and alignment, cell–matrix adhesion,
and cell–cell contact could be independently controlled, and
to investigate the effects of anisotropic mechanical strains
on aligned rod-shaped cells.

External mechanical loading of myocytes can increase
protein synthesis rates (Simpson et al., 1999), promote myo-
fibrillogenesis and induce hypertrophy (Sadoshima and
Izumo, 1993), accelerate connexin-43 expression and gap
junction formation (Zhuang et al., 2000), and (if the load is
too great) induce apoptosis (Anversa et al., 1986). Simpson
et al. (1999) reported that the orientation of stretch applied
to aligned myocytes affects the hypertrophic response.
However, their method (Simpson et al., 1994a) for promot-
ing polymerization of collagen into parallel fibrillar arrays
on the culture surface could not be engineered to control
independently cell shape and alignment or cell–cell contact
nor to vary extracellular matrix concentration and compo-
sition. Therefore, we adopted a microfabrication technique
using soft lithography and microfluidics (Bhatia et al., 1999;
Delamarche et al., 1997; Desai et al., 2000; Deutsch et al.,
2000) to achieve spatial control of cells cultured on elastic
surfaces.

Photolithographic etching of glass substrates and immo-
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bilization of adhesive molecules have been used to control
cell–surface interactions and to micropattern various cell
types (Bhatia et al., 1997; Chen et al., 1997; Lom et al.,
1993). Rohr et al. (1991) grew neonatal rat ventricular myo-
cytes on photoetched glass to control cell shape, alignment,
and contact for studying action potential propagation. Be-
cause soft elastomers are not suited to microlithography, we
patterned extracellular matrix proteins onto silicone mem-
branes using a microfluidic template with 10- to 100-�m
channels constructed by replica-molding polydimethylsilox-
ane (PDMS) from a microfabricated silicon master. Matrix
micropatterning and substrate surface treatments allowed
parallel individual strands of aligned elongated myocytes to
be grown. Micropatterned membranes were installed in a
modification of our static equibiaxial stretch device (Lee et
al., 1996; Summerour et al., 1998) with an elliptical indenter
that applies homogeneous, anisotropic strain with respect to
cell orientation.

Myocardial cells respond to changes in the mechanical
forces imposed on them with changes in myocardial force
development in the short term, and with structural remod-
eling in the long term. Actin is a major component of the
cytoskeleton, and may be important for transmitting me-
chanical signals that activate the hypertrophic response to
increased hemodynamic load (Wang and Ingber, 1994). It
has also been shown that myocardial cells respond to me-
chanical load with changes in the distribution and number of
gap junctions (Wang et al., 2000). Cell contact is an inde-
pendent factor modulating cardiac myocyte hypertrophy
and survival. Thus, in this study we examine the stretch
response of the actin structures, gap junctional proteins con-
nexin-43 and N-cadherin, and atrial natriuretic factor
(ANF), which is a well-known indicator of myocyte hyper-
trophy.

MATERIALS AND METHODS

Photolithography and Replication Molding

Photolithographic patterning of silicon wafers was carried
out as described previously (Bhatia et al., 1998) and is de-
picted schematically in Figure 1. Negative photoresist Epon
SU8 was coated on a silicon wafer, exposed to ultraviolet
light (365 nm) through a transparency mask, and developed
using a modified method of Folch et al. (1999). Masks were
generated by high-resolution printing of patterns with 10- to
100-�m parallel lines and 300-�m spacing. Using this tech-
nique, features >8 �m were reproducibly generated. Poly-
dimethylsiloxane was prepared from a mixture of two liquid
components (Sylgard 184 Kit, Dow Corning), poured onto
the developed wafer, and cured. The resulting replicas were
peeled off the master leaving deep microchannels with the
specified width and separation. The ends of the mold were
cut to expose the ends of the channels and the resultant
channels were utilized as a microfluidic network to pattern
the extracellular matrix (ECM) substrates.

Matrix Micropatterning on Silicone
Elastomeric Membranes

The PDMS microchannel mold was sealed against a trans-
parent silicone elastomeric membrane (0.25 mm thick, gloss
finish; Speciality Manufacturing, Saginaw, MI) installed in
a biaxial stretch device (see later) creating a seal between
the mold and elastomer and leaving the microchannels open
at both ends. Collagen solutions were prepared by dissolv-
ing 3 mg of type I collagen (Sigma Co., St. Louis, MO) in
1 mL of 0.1 M acetic acid and further diluted with sterile
phosphate-buffered saline (PBS) to the desired concentra-
tion (10 to 3000 �g/mL). We typically placed 0.2 mL of
collagen solution at one end of mold, and achieved continu-
ous perfusion by applying a vacuum to the other end, pro-
ducing uniform coverage. Using this method we could en-
sure that collagen coverage was uniform throughout the
channel, which may not occur with capillary action (Dela-
marche et al., 1997). After all channels were completely
filled with the solution, the assembly was placed an incu-
bator at 37°C for 1 h to allow protein adsorption to the
elastic substrate before the mold was carefully removed. To
verify that this technique works with different extracellular
matrix substrates, laminin, vitronectin, and fibronectin
(Sigma) were also patterned onto silicone membranes. Im-
munofluorescent labeling and electron microscopy of these
matrix proteins were done to confirm reproducible pattern-
ing (Fig. 2). As described in the next sections, studies were
also carried out with neonatal cardiac myocytes grown only
on the type I collagen patterns.

Surface Treatment

Pluronic F108 was used to produce a protein repellent coat-
ing between the matrix stripes on the silicone membrane.
F108 (Spectrum Chemical Manufacturing Corp.) is a tri-
block polymer having polypropylene centers with polyeth-
ylene oxide side chains, and an average molecular weight of

Figure 1. SU8 process and PDMS replication from the Si master. The Si
wafer was spin-coated with SU8 and exposed to ultraviolet light through a
mask with 30-�m lines. The micropatterns were developed on the Si mas-
ter, and the master was covered with PDMS prepolymer. After curing, the
PDMS mold was removed, and the edges cut off to expose the free edges
of the channels. The final PDMS mold is about 2 cm2.
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17,000 g/mol. Polyethylene oxide (PEO) surface coating
has been widely reported to repel protein and cell adhesion
due its hydrophilicity, flexibility, chain mobility, and high
steric exclusion volume in water (Jo and Park, 2000). Liu
and co-workers demonstrated the utility of F108 to localize
PEO in micropatterned systems using simple adsorption
(Liu et al., 2002). Patterned silicone elastomers were ex-
posed to 2% (w/w) solution of F108 in sterile PBS for 12 h
at 37°C (Fig. 3).

Measurement of Collagen Adsorption

The concentration of collagen I adsorbed on the patterned
surfaces was estimated by radiolabeling using collagen
(type I), N-[propionate-2-3-3H] propionylate (NEN Life
Science Products, Inc.), and unlabeled type I collagen in a
fixed ratio, using a modification of the protocol described
elsewhere (Chandy and Sharma, 1986; Liu et al., 2002;
Uniyl and Brash, 1982). Tritiated collagen was patterned
with concentrations ranging from 10 to 3000 �g/mL. Col-
lagen mixture (0.2 mL) was used for each pattern, and a 2
× 2 cm2 piece of elastic membrane was cut out, rinsed with
PBS, incubated in a scintillation cocktail (EcoLume, ICN
Biomedical), and analyzed for radioactivity by liquid scin-
tillation counting (Rackbeta 1214, Wallac-LKB, Turku,
Finland). These tests were carried out in triplicate for each
concentration and then compared with measurements from
unpatterned membranes. The collagen concentration was
computed from Cp � Rb/(A � Rs), where Cp is the concen-
tration of collagen in the injecting solution, Rb is the count
at the surface, A is the surface area, and Rs is the reference
count per milliliter of collagen solution (Chandy and
Sharma, 1986; Liu et al., 2002; Uniyl and Brash, 1982).

Anisotropic Cell Stretch

Silicone membranes were installed before matrix micropa-
tterning in the anisotropic cell stretch device illustrated in
Figure 4A and B. In a modification of a previously de-
scribed equibiaxial stretcher (Lee et al., 1996), the polycar-
bonate indenter and membrane holder were elliptical instead
of circular. The elastic membrane was clamped into an el-
liptical groove in the bottom of the membrane holder by a
silicone rubber O-ring. The indenter ring was fit inside the
membrane holder and pushed down by a flange when the
screw top was turned. The resulting homogeneous strain
field had a constant ratio of maximum-to-minimum princi-
pal stretching determined by the 2:1 ellipticity of the in-
denter, with the axis of maximum principal stretch being the
minor axis of the ellipse. As in the original report (Lee et al.,
1996), we confirmed that the new device applied homoge-
neous anisotropic two-dimensional strains both to the mem-
brane and to adhered cells. To validate uniform membrane
deformation, we used unpatterned membranes and calcu-
lated two-dimensional strains at five different locations on
the membrane (based on displacements of sets of three
closely spaced ink markers) for three different membranes
(n � 15 total). The results were very consistent between
membranes and location: the strain along the short axis of
the ellipse was 0.108 ± 0.015 (range 0.126 to 0.088), and the
strain along the long axis of the ellipse was 0.055 ± 0.013 (a
strain of 0.105 is exactly equivalent to 10% stretch). Theo-
retically, the shear strain would be zero for this deformation
and was found to be 0.014 ± 0.011. Thus, we found the
strains to be homogeneous across the membrane, except
within 2 mm of the indenter ring. Cell deformations were
also verified in separate experiments with 1-�m fluorescent

Figure 2. Indirect immunofluorescent antibody labeling of different
ECMs patterned on silicone elastomers: (A) fluorescent collagen (conc. 1
mg/mL); (B) laminin; (C) fibronectin; and (D) vitronectin. Patterns were
imaged by primary antibody labeling and detected with fluorescent sec-
ondary antibodies. Each of these ECM proteins produced excellent mi-
cropatterns on the elastomer. Vitronectin assay shows some nonspecific
background adhesion. Scale bars � 100 �m.

Figure 3. Schematic drawing of surface modifications to the silicone
elastomer. Type I collagen is patterned on the silicone elastomer using the
PDMS mold. Non-cell-adhesive moieties between the collagen patterns are
produced by immobilizing Pluronic F108, a polyethylene oxide-terminated
triblock polymer, to the silicone membrane. One million neonatal cardiac
myocytes per stretcher are used to obtain patterned myocytes.
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microspheres attached to the cells (Lee et al., 1996). We
found cellular stretch to be within 10% of the membrane
stretch.

Microfluidic templates were positioned so that the myo-
cytes were aligned with either the major or minor axis of the
ellipse. Anisotropic stretch was applied to the membranes to
achieve maximal stretch of 10% in the minor axis direction
and 5% in the major axis direction. Elongated cells on the
patterned substrate were either stretched with 10% longitu-
dinal (5% transverse) or 10% transverse (5% longitudinal)
stretch, depending on the alignment of the pattern with the
axes of the ellipse (Fig. 4C). Controls cells were grown in
identical devices but not stretched.

Cell Culture

Primary neonatal ventricular myocytes from 1- to 2-day-old
Sprague–Dawley rats were prepared using a standard Per-
coll gradient method as described previously (Iwaki et al.,
1990). Myocytes were isolated and separated from fibro-
blasts by a selective attachment method (Borg et al., 1984).

Cells were plated at a density of 1 million cells per stretcher.
Each stretcher had an approximately 2-cm2 surface area of
micropatterned membrane. Cells were plated on the pat-
terned elastomer in high-serum media containing Dulbec-
co’s modified Eagle medium (DMEM), 3.8% M199, 3.8%
horse serum, 2% fetal bovine serum (FBS), antibiotics (100
units/mL penicillin, 50 �g/mL streptomyocin, 0.25 �g/mL
amphotericin B), and cytosine. Twenty-four hours later, the
media was changed to low-serum media containing 18.4%
M199, 5.4% horse serum, and 1% FBS and antibiotics. All
chemicals and media were obtained from Gibco (Grand Is-
land, NY). Cells were maintained at 37°C in an atmosphere
of 5% CO2 in air. On the fourth day of plating, cells were
stretched anisotropically and held with static stretch for 24
h before performing immunohistochemistry and cell har-
vesting for immunoblotting.

Adhesion Assay

Adhesion of neonatal cardiac myocytes to various concen-
trations (10 to 3000 �g/mL) of collagen substrate was as-
sayed as described elsewhere (MacKenna et al., 1998).
Myocytes were allowed to attach and align on the micropa-
tterned channels. One day later, media was removed after
gentle shaking to remove unattached cells and cells in be-
tween channels, then washed with PBS twice. Cells were
fixed with 4% paraformaldehyde in PBS and stained over-
night with 5 mg/mL crystal violet (Sigma) in 20% metha-
nol. Stained cells were solubilized with 2% sodium dodec-
ylsulfate (SDS) and absorbance was measured using a spec-
trophotometer (Beckman DU 640) at 590 nm. Percentage of
cell adhesion was calculated from the absorbance of the
SDS-solubilized solution of one million stained cells and
total area of collagen pattern on each membrane.

Immunohistochemistry

Myocytes were cultured under the different loading condi-
tions described earlier. Samples were processed in situ on
elastic membranes. Immunohistochemistry of cultured neo-
natal myocytes was performed as previously described
(Wang et al., 1998). Cells were washed with PBS and fixed
in 4% formaldehyde solution in PBS for 10 min at room
temperature. Cells were again washed with PBS and per-
meabilized with 0.1% Triton X-100 (Sigma) for 10 min, and
then washed three times with PBS. The membranes were
removed from the stretchers and attached to microscopy
slides in the unstretched state. Actin filaments were stained
with rhodamine-conjugated phalloidin (Sigma). Intercalated
disk proteins, N-cadherin and connexin-43, were visualized
by the immunohistochemical staining with primary antibod-
ies of monoclonal mouse anti-N-cadherin (Zymed Labora-
tories, Inc.) and rabbit anti-connexin-43 (Zymed). Floures-
cein isothiocyanate (FITC)-conjugated secondary antibod-
ies raised in mouse and rabbit were used to identify
N-cadherin and connexin-43, respectively. Immunofluores-
cent visualization of hypertrophic marker atrial natriuretic

Figure 4. (A) Three-dimensional schematic representation of the ellipti-
cal stretching device for cultured cells, as modified from the equibiaxial
approach of Lee et al. (1996). (a) Screw top, (b) indenter ring, and (c)
membrane holder. Indentation of the membrane by the indenter ring applies
homogeneous, anisotropic strain to the substrate and cultured cells. The
magnitude of the strain is controlled precisely by the turns of the threaded
screw top, which pushes the indenter ring onto the membrane. The elastic
membrane is fixed to the membrane holder section with an O-ring as
shown in (B). (C) Schematic representation of directional patterning of
collagen on elliptical stretchers. In the configuration at left (horizontal
lines), cells undergo 10% stretch along their short axis and 5% stretch
along their longitudinal axis. In the configuration at right, cells undergo
10% longitudinal and 5% transverse stretch.
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factor (ANF) was carried out with rabbit anti-ANF (Penin-
sula Laboratories, Inc.) and FITC-conjugated secondary an-
tibody (Sigma). Laser scanning confocal microscopic analy-
sis was performed with a Bio-Rad MRC1024 apparatus,
with an identical amplifier and gain setting for each differ-
ent strain.

Cell Lysate

Anisotropically and statically stretched neonatal cardiac
myocytes were washed twice in ice-cold PBS and homog-
enized with 200 �L of lysis buffer containing ice-cold PBS,
5 mM ethylene-diamine tetraacetic acid (EDTA), 1 mM
phenylmethylsulfonylfluoride, 1 mM sodium orthovana-
date, and 10 mM sodium fluoride. Myocyte lysates were
centrifuged at 10,000g for 10 min at 4°C, and the pellet was
resuspended in 50 �L of lysis buffer and 50 �L of sample
buffer containing 37% deionized water, 13% 0.5 M Tris-
HCl (pH 6.8), 26% glycerol, 21% to 10% sodium dodecyl-
sulfate, and 2% 0.5% (w/v) bromophenol blue.

Total protein concentration was determined with a deter-
gent-compatible protein assay kit (Bio-Rad Laboratories)
using bovine gammaglobulin as a standard. Absorbance was
measured at 650 nm with a microplate reader (Spectra-
MAX). Before performing western blotting, �-mercapto-
ethanol was added to the cell lysate at a 1:20 dilution.

Western Blot Analysis

Cell lysate (25 �L) was resolved by polyacrylamide gel
(Ready Gels, Bio-Rad Laboratories) electrophoresis, and
the proteins were transferred to nitrocellulose membranes
(Bio-Rad). The membrane was blocked for 1 h using 5%
milk in TBST buffer (10 mM Tris, 0.1 M NaCl, 10% Tween
20, pH 7.4). Blots were incubated with the primary anti-
bodies in 5% milk in TBST buffer overnight at 4°C with
light agitation. The following primary antibodies were used:
monoclonal antibody for actin (Sigma); polyclonal antibody
for Cx-43 and monoclonal antibody for N-cadherin (Zymed
Laboratories); and antibody for ANF. Following the incu-
bation with primary antibodies, blots were washed three
times for 10 min each with TBST buffer and then incubated
with appropriate horseradish peroxidase-labeled secondary
antibodies (Bio-Rad) for 1 h at room temperature, and
washed again as indicated earlier. Enhanced chemilumines-
cence (Pierce Corp.) was employed to detect bound second-
ary antibodies. Densitometric quantitation of protein bands
was performed digitally with CHEMIIMAGER software.

RESULTS

Type I Collagen Micropatterning and
Cell Adhesion

High-resolution microscopic observation of collagen mi-
cropatterns on silicone elastomers showed discontinuous

patterns of collagen deposition in channels with the high
and low concentrations of collagen solution used, regardless
of the width of the channels, whereas 1000 �g/mL collagen
solution produced a regular pattern of collagen adsorption
within the channels. Radiolabeling showed that collagen I
adsorption increased with increasing solution concentration
by reaching about 80% of maximal density (20 �g/cm2)
near 1000 �g/mL solution (Fig. 5).

Figure 5 also shows myocyte adhesion as a function of
matrix concentration. The percentage of cell adhesion to
collagen I microchannels was maximal near 1000 �g/mL
collagen solution (20 �g/cm2 surface density). Light mi-
croscopy observation showed the best confluent cell pat-
terns for channels of collagen concentration at between 500
and 2000 �g/mL. Cell shape also varied with concentration
of collagen in the microchannels. Polygonal or stellate mor-
phology was observed with lower concentrations of colla-
gen, whereas cells acquired an elongated shape with higher
concentrations (1000 to 3000 �g/mL).

Myocyte Morphology

Cells adhered preferentially to collagen-coated microchan-
nels, and by 24 h cells were not observed in the spaces
between channels. In the narrowest channels (10 to 30 �m),
there was a parallel arrangement of cells along the axis of
the channels. In wider channels (>40 �m), cells near the
edge of the pattern had a more rod-like, aligned morphol-
ogy, whereas those near the center of the channel were more
irregular and randomly aligned (Fig. 6). There was no sig-
nificant overlap of myocytes as judged by microscopic ob-
servation.

Figure 5. Changes in cell adhesion and collagen concentration adsorbed
as functions of collagen concentration infused into the mold (n � 3).
Collagen absorbance to the silicone elastomers increases with increase in
concentration and starts to plateau near 1000 �g/mL collagen concentra-
tion. Maximal cell adhesion also shown to occur at about the same infused
collagen concentration (1000 �g/mL).
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Stretch Responses

Alignment of microchannels with the major axis of the el-
liptical indenter allowed us to apply maximum principal
strain (10%) transverse to the long axis of the cells and
minimum principal strain (5%) parallel to the myocyte axis.
Myocyte alignment along the minor short axis of the ellipse
resulted in maximum principal strain (10%) applied parallel
to the myofibers. Figure 7 shows patterned myocytes with
four different stains and three stretch states fixed on day 4
of plating. F-actin organization in myocytes stained with
rhodamine phalloidin shows aligned myocytes exhibiting a
rod-like morphology with polarized arrays of myofibrils and

clear I-bands in unstretched controls. Anisotropic stretch
with principal strain parallel to the long axis of the cells
(longitudinal) did not alter the cell alignment or the pattern
of actin staining, whereas cells stretched principally trans-
verse to the myofibers exhibited large regions of intense
continuous staining and a loss of striations. Immunoreactive
signals of N-cadherin appeared as a continuous pattern
throughout the cell-to-cell junctions in patterned myocytes
with and without stretch. However, upregulation of N-
cadherin was seen in cells stretched principally transverse to
the cell axis, but not longitudinally. Representative confocal
images of Cx-43 immunohistochemical staining showed
gap junctions in micropatterned neonatal myocytes dotted
around the cells predominantly at the ends but also on the
sides. Although longitudinal stretching did not significantly
alter the intensity or distribution of the Cx-43 immunoreac-
tive signal, there was a marked increase in Cx-43 immuno-
labeling when principal strain was applied transverse to the
myofibers. The mean size of gap junctions appeared to in-

Figure 6. Light micrographs (40×) of neonatal cardiac myocytes grown
on: (A) collagen-coated Si elastomers without patterning; (B) 30-�m-width
collagen patterns; and (C) 90-�m-width collagen patterns. At widths of
>40 �m, no specific orientation of the cells is observed, whereas with the
narrower patterns, cells align with the underlying pattern and take on a
rod-like phenotype. Scale bars � 50 �m.

Figure 7. Representative confocal images of aligned myocytes stained
for F-actin, N-cadherin, connexin-43, and ANF. Each column represents
one of three stretch states: no stretch; 10% longitudinal stretch; and 10%
transverse stretch. The direction of stretch relative to the cell axis appears
to have an effect on protein upregulation. Ten percent transverse stretch
shows continuous staining for F-actin, whereas longitudinal stretch does
not. Transverse stretching appeared to increase gap junction protein con-
nexin-43 staining, and also the intensity of ANF staining. Scale bar is 30
�m for each label type.

GOPALAN ET AL.: ANISOTROPIC STRETCH OF MICROPATTERNED MYOCYTES 583



crease and continuous staining of connexin was observed
throughout the periphery of the cell. In cells stained for
ANF, principal strain applied transverse the myofibrils
markedly upregulated ANF expression compared with un-
stretched controls and longitudinally stretched myocytes.
Longitudinally stretched cells did display increased ANF
staining in the perinuclear region.

Western blot analysis showed that 24 h of static and
anisotropic stretch induced a differential upregulation of
actin, connexin-43, N-cadherin, and atrial natriuretic factor
compared with unstretched controls (Fig. 8). For all four
proteins, transverse stretch produced the greater response as
compared with longitudinal stretch. As expected, the
amount of ANF was greatly increased with stretch, in this
case to a greater degree with transverse stretch. In general,
these results correlated with immunohistochemical staining.

DISCUSSION

Ventricular myocytes in intact myocardium have a charac-
teristic rod-shaped morphology and are organized by the
collagen extracellular matrix into a fibrous architecture. In
cell culture, they lose responsiveness to hypertrophic
stimuli and become more pleiomorphic (Guo et al., 1986).
Therefore, use of neonatal myocytes is the preferred in vitro
model system for investigating myocyte hypertrophy. Stud-
ies have shown that mechanical stretch as well, as agonists,
can stimulate gene expression (Komuro et al., 1991), protein
metabolism, and myofibrillar organization (Simpson et al.,
1996) in cultured neonatal cardiac myocytes, or even, if the
stretch is too great, apoptosis (Cheng et al., 1995).

However, isolated neonatal cardiac myocytes also lack an
in vivo morphology and tissue organization when grown in
culture. Controlling extracellular matrix composition and
spatial distribution has been shown to influence cell pheno-
type in many cell types. Simpson et al. (1994b) demon-
strated that promoting collagen fibrils to polymerize in long
parallel arrays on the culture substrate modified the myo-
cyte phenotype, giving rise to elongated rod-shaped cells.
Using this technique, they subsequently showed that spe-
cific directions and magnitudes of stretch regulate myofi-
brillar protein accumulation, contractile protein turnover,
and sarcomere structure in cultured myocytes (Simpson et
al., 1999). Uniaxial stretch, transverse to the myofiber axis
suppressed contractile protein turnover in pulse–chase ex-
periments, thus enhancing myofibrillar accumulation,
whereas stretch parallel with the myocytes had no effect on
protein turnover. These results are consistent with our own
observations. By applying a more physiological biaxial
stretch, we observed hypertrophic responses, which ap-
peared to be greater with transverse stretch. These differ-
ences may contribute to different patterns of cell growth in
vivo, such as eccentric vs. concentric hypertrophy (Calder-
one et al., 1995; Simpson et al., 1995), or to regional dif-
ferences in myocyte hypertrophy (Omens and Covell,
1991).

Cell–matrix interactions have also been strongly impli-
cated in mechanical signal transduction. For example, acti-
vation of extracellular signal-regulated kinase (ERK) and
c-Jun NH2-terminal kinase (JNK) by biaxial mechanical
stretch in adult cardiac fibroblasts has been shown to be
matrix-specific and integrin-dependent (MacKenna et al.,
1998). McKenna and co-workers also emphasized the im-
portance of controlling for cell adhesion in studies of me-
chanical signaling, because cell phenotype and the force
transmitted from substrate to cell are both adhesion-
dependent. Finally, cell–cell interactions may also influence
the cell response to external loading and are themselves
affected by mechanical loading. In isolated neonatal cardiac
myocytes, Cx-43 expression, gap junction formation, and
action potential propagation velocity increase within hours
of the onset of stretch (Zhuang et al., 2000).

Based on these findings, we sought to develop a system
in which isolated neonatal cardiac myocytes could be grown

Figure 8. Typical western blot analysis shows the regulation of actin,
N-cadherin, connexin-43, and ANF with 24-h static anisotropic stretch, and
in general correlates with immunohistochemistry. (B) Relative intensity of
immunoblots vs. control (mean ± SD; n � 6). Transverse stretch (across
the long axis of the cell) shows greater increases in protein content com-
pared with longitudinal stretch.
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on deformable elastic substrata under conditions in which
cell shape and alignment, cell–cell contact and cell–matrix
adhesion, and extracellular matrix composition and concen-
tration could be controlled independently. This would allow
the effects of cell–matrix interactions and cell–cell contact
on myocyte responses to anisotropic multiaxial strains to be
investigated while controlling for cell shape and adhesion
(MacKenna et al., 1998; Mooney et al., 1995). Photolithog-
raphy and micropatterning of self-assembled monolayers
have been used for spatially organizing proteins and cells.
Unfortunately, photolithography is classically limited to
rigid materials. Alternative approaches for cell micropat-
terning include thermosensitive polymers (Ito et al., 1997),
protein irradiation (Letourneau, 1975), laminar flow pat-
terning, microcontact printing with elastomeric stamps, and
capillary micromolding (Gombotz et al., 1991). Folch et al.
(1999) used microfluidic channels to pattern cells on bio-
compatible substrates. They created protein templates on
surfaces by adsorption from solutions that flowed through
elastomeric microchannels. Microfluidic access was
achieved through a post fixed at the inlet of each channel.
We have adapted this method to pattern neonatal myocytes
on a silicone membrane fixed to an anisotropic homoge-
neous cell stretcher. We fabricated an elastomeric master
that has a planar surface with a network of microchannels
by casting PDMS against a complementary relief structure.
Microchannels were perfused continuously with 1000 �g/
mL of type I collagen by applying suction, which allowed
for precise control over the rate of collagen flow.

To prevent cell adhesion between matrix-coated micro-
channels, we used Pluronic F108, which is thought to un-
dergo irreversible adsorption to hydrophobic materials, such
as silicone, via its hydrophobic polypropylene core. The
polyethylene oxide tails are well known for their ability to
form a barrier to reduce nonspecific adsorption of adhesive
proteins (Lee et al., 1990; Neff et al., 1999). Using this
technique, Liu et al. (2002) showed that murine fibroblasts
micropatterned on tissue-culture polystyrene retained their
pattern fidelity for up to 28 days in the presence of 10%
serum.

It is important to control for cell–matrix adhesion in stud-
ies of stretch signaling, and extracellular matrix concentra-
tion can also influence cell spreading, shape, and phenotype.
The amount of collagen adsorbed to the silicone membranes
increased as the concentration of collagen in solution was
increased up to 1000 �g/mL, above which the collagen
adsorbed began to saturate. The resulting protein surface
density was 30- to 35-�g/cm2 type I collagen, the same as
that achieved by passive adsorption into unpatterned sili-
cone membranes at this concentration of collagen solution.
At this surface density of collagen, adhesion of neonatal
myocytes to patterned microchannels was maximal, and
myocytes became mostly elongated and rod-like, as com-
pared with lower concentrations where they were more po-
lygonal. Less efficient adhesion at higher concentrations
may be associated with a less homogeneous surface coating.
Scanning electron microscopy showed that collagen micro-

fibrils were less uniform and parallel and more discontinu-
ous at higher and lower concentrations. The ability of cells
to bind to surface-bound collagen is affected by both the
orientation and conformation of the collagen on the surface
relative to its receptor binding (Neff et al., 1999).

The replication molding approach allows geometric vari-
ables such as collagen width and separation to be controlled
independently. We kept channels >100 �m apart in these
studies, because closer channel separations have been asso-
ciated with the occasional appearance of individual myo-
cytes forming transverse bridges spanning adjacent chan-
nels. Microchannel width had a profound effect on cell mor-
phology. In channels 10 �m wide, cells were highly
elongated, and aligned in single file. At 30-�m width, cells
were still rod-shaped, but with room to permit side-to-side
as well as end-to-end cell–cell contact. In yet wider chan-
nels, myocytes tended to remain elongated and aligned at
the edges of the microchannels; however, near the center,
alignment sometimes became more random and cells were
more irregular in shape. Therefore, for type I collagen ma-
trix and neonatal cardiac myocytes maintained in this cul-
ture system, we chose an optimal microchannel width of 30
�m. This gave rise to repeatable rod-shaped myocytes
aligned in parallel with end-to-end and side-to-side cell con-
tact.

Myocyte deformations in vivo are multiaxial and aniso-
tropic. For example, during passive loading there are dif-
ferences in fiber vs. cross-fiber stretch (Omens et al., 1991)
with fiber stretch tending to be greater than that of cross-
fiber. Similar differences have been seen in systolic defor-
mations (Waldman et al., 1985). Differential responses to
chronic fiber vs. cross-fiber loading may contribute to re-
gional variations in cell growth reported in hypertrophy
models in vivo (Omens and Covell, 1991). By aligning col-
lagen microchannels with the major or minor axis of the
elliptical cell stretchers, the effects of anisotropic strains
could be examined in vitro, and stretch similar to that seen
in the intact heart can be duplicated. Cells arrayed in parallel
to the 10% principal strain did not display altered actin
filament organization, gap junction protein distribution, or
ANF expression. In contrast, the same magnitude of prin-
cipal stretch applied across the short axis of the cells sig-
nificantly altered actin filament organization and increased
expression of Cx-43, N-cadherin, and ANF. With 10% prin-
cipal stretch along the long axis of the cell, there appeared
to be altered organization of the I-bands, and some incon-
sistent decrease in the I-band spacing. In general, there ap-
peared to be disruption of the normal actin structure with
this type of stretch. Further studies are needed to examine
the mechanism behind this response. Long-term pressure
and volume overload have been shown to result in morpho-
logically and functionally distinct forms of myocardial hy-
pertrophy (Calderone et al., 1995). The cellular mechanism
behind these different responses is not known. Perhaps the
direction of stretch is one way that myocytes can distinguish
different types of loads, in theory responding with different
modes of growth (Sugden, 2001). The observed changes in
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myofibrillar organization and ANF expression with stretch
are also consistent with the activation of Rho (Hoshijima et
al., 1998).

Anisotropic stretch of myocytes with principal strain
across the long axis of cells produced marked upregulation
of Cx-43 and N-cadherin in intercellular junctions after 24
h. Previous studies have shown that expression of Cx-43
and other gap junction proteins is induced by early media-
tors of hypertrophy, such as cAMP (Darrow et al., 1996)
and angiotensin II (Dodge et al., 1998). Although upregu-
lation of Cx-43 expression and a marked increase in gap
junction number were prominent features in cells subjected
to principal strain across the myofibers, 10% longitudinal
stretch had little effect. Thus principal stretch across the
myofibers and stretch along the myofibers may activate dif-
ferent mechanotransduction signaling pathways. The
mechanism behind differential production of intercellular
junction proteins is not known, nor it is clear whether ac-
cumulation of protein in intercellular junctions is due to
increased synthesis, decreased degradation, enhanced trans-
location of intracellular protein to cell surface junctions, or
a combination of these processes.

In general, immunoblot data correlate with immunohis-
tochemistry for actin, Cx-43, N-cadherin, and ANF with
24-h anisotropic stretch. The increase in Cx-43 with 10%
transverse strain may indicate increased cell–cell commu-
nication with this type of growth stimulus. ANF is a well-
known marker of hypertrophy and is upregulated with
stretch of myocytes. These results suggest that this response
may be direction-dependent, with a much greater hypertro-
phic response when myocytes are stretched across their long
axis.

We did not measure the protein activation with aniso-
tropic stretch for shorter time periods. However, we postu-
late that temporal differences in the activation of proteins
may be due to stimulation of different signaling pathways
that are involved in myocardial remodeling. The mecha-
nisms responsible for the distinct patterns and time courses
of protein upregulation remain to be defined.

In summary, the new combination of soft lithographic
and microfluidic techniques described herein allows cells to
be grown on deformable substrata with a much greater de-
gree of spatial and directional control over matrix compo-
sition, cell morphology, cell–cell contact, and cell–matrix
adhesion than has previously been possible. By micropat-
terning silicone elastomers with extracellular matrix pro-
teins, neonatal cardiac myocytes were more confluent,
aligned, and rod-shaped, consistent with a more adult-like
phenotype than conventional cardiac myocyte cell cultures.
Control over the chemistry of surface collagen grafting on
silicone elastomers further improves the reproducibility of
the cell cultures. By aligning myocytes on elastic substrata,
we observed differential responses to anisotropic strain the
using a new homogeneous cell stretch device. In general,
10%:5% biaxial strain had a significantly more pronounced
hypertrophic effect when the direction of maximum strain
was transverse to the myofiber axis than when it was par-

allel to the myofilaments. This may be associated with the
spatial distribution of receptors, the orientation of cytoskel-
etal structures, or some other factor. Elucidating the struc-
tural role of these protein activation pathways may lead to a
better understanding of the mechanisms behind pathological
cellular hypertrophy.

The authors gratefully acknowledge the technical assistance of
Keith Herrmann, Zhuangjie Li, and Ned Jastromb in the experi-
mental studies.
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