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The physiologic role of smooth muscle structure in defining arterial function is

poorly understood. We aimed to elucidate the relationship between vascular smooth muscle

architecture and functional contractile output. Using microcontact printing and muscular

thin film technology, we engineered in vitro vascular tissues with strictly defined geometries

and tested their contractile function. In all tissues, vascular smooth muscle cells (VSMCs)

were highly aligned with in vivo-like spindle architecture, and contracted physiologically in

response to stimulation with endothelin-1. However, tissues wherein the VSMCs were forced

into exaggerated spindle elongation exerted significantly greater contraction force per unit

cross-sectional area than those with smaller aspect ratios. Moreover, this increased

contraction did not occur in conjunction with an increase in traditionally measured

contractile phenotype markers. These results suggest that cellular architecture within vascular

tissues plays a significant role in conferring tissue function and that, in some systems, traditional

phenotype characterization is not sufficient to define a functionally contractile population

of VSMCs.

Introduction

There is a fine interplay between structure and function in

biological systems. However, it is often unclear whether func-

tion is derived from structure or if structure follows from

functional requirements. Recent results indicate that cellular

and tissue structure, enforced by constrained boundary con-

ditions, can confer directed function of cell processes such

as apoptosis,1 lamellipodia extension,2 cytoskeletal and

focal adhesion organization3–5 and electrical conductance.6

However, the relationship between vascular smooth muscle

structure and contraction, the primary function of vascular

tissue, is relatively unstudied.

Vascular smooth muscle cells (VSMCs) have markedly

different structures in different arteries.7 In all healthy arteries,

VSMCs have a characteristic spindle shape; however, in elastic

arteries such as the aorta, the spindle is less pronounced, while

in muscular arteries the spindle is elongated and well defined.7

This elongated muscular geometry may function to facilitate

tone modulation in muscular arteries, where dynamic response

to blood flow rate8,9 and pressure10,11 are more important.

However, to date this relationship has not been demonstrated.

Understanding the relationship between structure and function

in VSMCs is complicated by the fact that, under different condi-

tions, they can play two distinct physiological roles.12 In a healthy

mature artery, VSMCs’ primary function is maintenance of

vascular tone. However, following injury, VSMCs switch their
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Insight, innovation, integration

Vascular tissue structure and contractile function vary

from vessel to vessel, and maladaptive changes in arterial

architecture may play a role in vascular disease progression.

To understand the role of arterial structure in determining its

function, we microfabricated tissues of vascular smooth

muscle with differing tissue and cell-level architecture and

employed vascular muscular thin film technology to measure

their dynamic stress generation during contraction. Interest-

ingly, we found that cellular and nuclear architecture more

strongly correlate with contractile function than does expres-

sion of traditionally measured contractile markers. This

novel finding suggests that smooth muscle cell structure

within a tissue plays a significant role in both functional

and dysfunctional vascular regulation.
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phenotype; losing contractility, becoming proliferative and

migratory, and producing more extracellular matrix (ECM).13

This phenotype switching plays a role in a number of vascular

disorders such as hypertension,14 restenosis15 and vasospasm.16

Elucidating the many triggers of this switching between contrac-

tile and synthetic VSMCs is an area of current interest.12,17

The traditional methods for identifying VSMC phenotype

are measurement of protein or RNA expression of standard

contractile markers, cell migration persistence, or cell proli-

feration rate. Using these approaches, it has been shown that

VSMC phenotype can be modulated by a number of factors,

including ECM composition,18–20 substrate rigidity,21 mecha-

nical stimulation,22,23 growth factor stimulation24,25 and cell

or tissue geometry.26,27 Most prior VSMC phenotype studies

have been done in vitro, on glass or polystyrene substrates, so

it has not been possible to measure contractile function

associated with expression changes.

We hypothesized that tissue structure directly affects con-

tractility in VSMCs. To address this hypothesis we utilized

techniques previously developed in our laboratory for high

fidelity tissue engineering,28–30 where a 2D muscle tissue can be

engineered with cellular shape control, the contractility mea-

sured, and the lysates collected for expression analysis. We

find that an elongated spindle-like cell shape strongly corre-

lates with contractile function of VSMCs, even in the absence

of concurrent changes in contractile markers. This result suggests

that cell geometry plays a significant role in muscle function

and that traditional measures of VSMC phenotype may not be

sufficient for predicting functional behavior in vascular tissue.

Results

Controlling tissue architecture with soft lithography

We hypothesized that vascular tissue architecture would regu-

late contractile strength. We reasoned that we could control

the geometry of cell shapes within a vascular smooth muscle

tissue by assembling multicellular VSM fibers on long bands of

extracellular matrix, where the band width could be varied to

constrain VSMC geometry. Tissues were constructed as 20, 40,

60, 80 and 100 mmwide lines separated by 100 mm gaps (Fig. 1A).

This approach allowed us to control three key predictors of

VSMC contractility: cell architecture, cell-cell contact density

and extracellular signaling cues.

We previously observed that in anisotropic tissues consist-

ing of VSMCs, individual cells’ short axes were greater than

20 mm.29 Thus, by limiting lateral migration, the 20 mm wide

patterning forced the cells within the micropatterned tissue

into a thinner more exaggerated spindle-like conformation,

characteristic of contractile cells. Moreover, the thinner tissues

(20, 40 mm) were limited to only one to three cells spanning

their width, while the wider tissues had increased parallel

registration of cells (Fig. 1A). Increased cell-cell contact has

been shown to induce greater expression of contractile markers,31

suggesting that the wider tissues should be more contractile.

Thus, the tissue micropatterning provided multiple geometric

cues for VSMC contractility.

Cell-ECM interactions regulate a wide range of physiological

phenomena ranging from cell migration32 to differentiation.33

In VSMCs, differential ECM cues have been shown to drive

phenotypic expression, with laminin (LN) inducing a more

contractile phenotype than fibronectin (FN).18 Here, the cells

were seeded in a serum-free defined medium and patterned with

either FN or LN, to elucidate the functional response to ECM-

integrin signaling.

Micropatterned tissue thickness was measured using confocal

microscopy of phalloidin stained f-actin (Fig. 1B). Local thick-

ness was not uniform within a given tissue (Fig. 1C), however,

the average thickness of the tissue was unchanged between

different tissue widths, when ECM substrate was controlled for

(Fig. 1D). The result of this tissue engineering protocol was

repeatable, highly organized tissues with defined geometries and

multiple independently controllable phenotypic cues.

Vascular tissue structure and contractile strength

To measure the contractility of the micropatterned tissues, we

employed vascular muscular thin films (vMTFs),29,30 which

are flexible two-layer biohybrids composed of a layer of poly-

dimethylsiloxane (PDMS) and a layer of micropatterned VSMCs

(Fig. 2A). Contraction in the VSMC layer bends the PDMS

resulting in a measurable curvature of the construct (Fig. 2B

and C) that can be used to calculate the tissue stress, or force

per cross-sectional area (see Methods and Alford et al.29

for details). To determine the dose-response behavior of the

tissues, we serially stimulated the vMTFs with increasing doses

of the vasoconstrictor endothelin-1 (ET-1) (500 pM, 5 nM,

50 nM, 500 nM) (Fig. 2D). All tissue patterns demonstrated

typical sigmoidal dose-response behaviors in response to this

stimulus (Fig. 3A and B). Controlling for cell coverage, we

found that the thinner tissues contract significantly more

than the wider tissues (Fig. 3A and C) and that tissues

patterned on fibronectin generated slightly greater ET-1

induced contraction stress than those patterned on laminin

(Fig. 3B and C).

Following ET-1 stimulation, the vMTFs were treated with

100 mM HA-1077, a rho-associated kinase (ROCK) inhibitor,

sufficient to inhibit all contraction in the constructs (see Fig. 2D).

By comparing the initial stress to the ROCK inhibited stress,

we calculated the basal contractile tone of the micropatterned

tissue. Pattern dependent basal tone mirrored ET-1 induced

contraction stress with the 20 mm wide tissues exhibiting signi-

ficantly greater stress than wider lines (Fig. 3D). These results

demonstrate that VSMC functional behavior can be modulated

by tissue architecture.

Subcellular alignment in micropatterned tissue

We asked whether differences in cytoskeletal organization

would indicate the functional differences in the different tissue

architectures. To address this question, we measured align-

ment of f-actin and nuclei in the micropatterned tissues, using

histochemical staining (Fig. 4A and B). We measured actin

orientation using a method based on fingerprint identification

algorithms4 (Fig. 4B and C), and quantified alignment (Fig. 4D)

by calculating the orientational order parameter (OOP)34 of the

actin fibers. For all tissues, the OOP was greater than 0.95,

where 1.0 represents perfect alignment and 0 is random organi-

zation (Fig. 4E). We also quantified nuclear organization by
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measuring the orientation of the major axis of the ellipse

that best fit the DAPI stained nuclei35 (Fig. 4F and G).

OOP of nuclear organization was above 0.95 for all tissue

with no significant differences between groups (Fig. 4H). These

data suggest that the cells and their cytoskeletons are highly

aligned in all tissue patterns, thus variable alignment of

contractile mechanisms is likely not the source of the differ-

ential contractility between the different tissue architectures.

Cell shape and functional contractile output

Though there were no differences in actin organization, cellular

geometry and organization within the tissue varied in the different

tissue widths (Fig. 5A). We asked whether cell shape was corre-

lated with the contractility of our micropatterned vascular tissues.

Mature contractile VSMCs have a characteristic spindle shape,

while synthetic cells tend to be pleomorphic.12 We asked if the

spindle shape itself optimizes contractile functionality. Using live

membrane and nuclear staining (Fig. 5A), we noted that cell aspect

ratio is correlated with nuclear eccentricity (Fig. 5B), consistent

with previous findings,35 allowing us to use nuclear eccentri-

city as an indicator of cell geometry. In tissues patterned on

both fibronectin and laminin, the thinner tissues had higher

nuclear eccentricities, with 20 mm and 40 mm wide tissues

Fig. 1 Microcontact printing used to provide spatial cues for vascular tissue self-organization. (A) Phase contrast images of VSMCs

micropatterned into thin tissue lines of varying widths, indicated in each image, separated by 100 mm gaps. (scale bars =200 mm). (B) 3-D

confocal image of 100 mm wide patterned VSMC tissue. (Green: f-actin, Blue: nuclei). Scale bar = 100 mm. (C) Thickness map of tissue in B,

using f-actin staining. (D) Tissue thickness as a function of pattern width and ECM (fibronectin (FN) and laminin (LN)) substrate (mean � SD).

Fig. 2 Vascular muscular thin film (vMTF) construction and experi-

mental methods. (A) Schematic representation of vMTF method.

(B) Curvature of vascular muscular thin films was used to calculate

change in tissue stress. (C) Example images from one vMTF experi-

ment, pre ET-1 treatment (0 min), after 50 nM ET-1 stimulation

(30 min) and following HA-1077 treatment (60 min). (D) Typical

temporal apparent stress evolution for serial stimulation of vMTF

with increasing doses of endothelin-1 followed by HA-1077.

Fig. 3 Vascular tissue structure influences functional contractile

output. (A) Heat map representing dose-response behavior of all

tissue widths, patterned on fibronectin (FN) and laminin (LN).

(B) Typical sigmoidal dose-response curves for 20 mm wide lines

patterned on both fibronectin and laminin. (C) Tissue contraction

induced by 50 nM ET-1 stimulation for all tissues. (D) Basal contrac-

tile tone for all tissues. (for F,G; * = statistically different from

20 mm FN tissue, w = statistically different from 20 mm LN tissue,

** = statistically different from both 20 mm and 40 mm FN tissue,

p o 0.05). All plots: mean � SEM.
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statistically different from 60–100 mm wide tissues (Fig. 5C).

Moreover, nuclear eccentricity strongly correlated with vMTF

measured stress of both ET-1 induced contraction (Fig. 5D)

and basal contractile tone (Fig. 5E). These results suggest

that functional contractile output of VSMCs is dependent on

cellular architecture.

Fig. 4 Constrained tissue structure does not significantly alter subcellular organization. (A-B) Phalloidin and DAPI stained images of patterned

tissues. (Green: f-actin, Blue: nuclei). (A) scale bar = 100 mm (B) scale bar = 50 mm. (C) Actin orientation map for a representative region of the

tissue in (B). (D) Histogram of actin orientation angles in 100 mm wide tissues. (E) F-actin orientational order parameter for all tissue patterns.

(FN: fibronectin, LN: laminin; mean � SD) (F) Nuclear orienatation map for nuclei in (B). (G) Histogram of nuclear orientation in 100 mm wide

tissues. (H) Nuclear orienational order parameter for all tissue patterns. (FN: fibronectin, LN: laminin; mean � SD).

Fig. 5 Cell and nuclear morphology correlate with VSMC functional output. (A) Di-8 membrane (white) and DAPI nuclear (blue) stained

micropatterned vascular tissues. scale bar = 100 mm (B) Correlation between cell aspect ratio and nuclear eccentricity. Each circle represents a single

cell. Color indicates tissue width of measured cell (red: 20 mm, blue: 40 mm, green: 60 mm, gray: 80 mm, black: 100 mm). Pearson correlation of cell

aspect ratio and nuclear eccentricity: r = 0.346, p = 1.66e-7. (C) Nuclear eccentricity for patterned vascular tissues (* = statistically different from

20 mm FN tissue, w= statistically different from 20 mm LN tissue, ** = statistically different from both 20 mm and 40 mm FN tissue, z= statistically

different from both 20 mm and 40 mm LN tissue, p o 0.05) box: 25–75%, error bars: 10–90% (D) Nuclear eccentricity correlates with contraction

stress (see Fig. 3C) following stimulation with 50 nM ET-1 (Pearson correlation: r= 0.748, p= 0.013). (E) Nuclear eccentricity correlates with basal

contractile tone (see Fig. 3D) (Pearson correlation: r = 0.823, p = 0.008). (D-E) Error bars: x: 25–75% (from (C)), y: SEM (from Fig. 3C and D).

Reported p values for Pearson correlations are two-tailed, demonstrating that the correlation is significantly different from zero.
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Tissue structure and phenotype expression

During development, VSMCs undergo a switch from a synthetic

(motile and proliferative) phenotype to a mature contractile

phenotype.12 Additionally, VSMCs can revert to a synthetic

phenotype following injury or disease36 or in culture.37 We

measured the protein expression of two prominent contractile

phenotype markers,13 smooth muscle myosin heavy chain

(SM-MHC) and smoothelin, in our patterned tissues to

determine if phenotype switching accounted for the elevated

contraction stress in the thinner tissues (Fig. 6A). Similar

techniques for controlling cell geometry have been shown to

affect phenotypic behavior in VSMCs.26,27,31

Consistent with previous studies,18 we found that tissues

patterned on laminin expressed SM-MHC and smoothelin

at greater levels than those on fibronectin (Fig. 6B and C).

We also found that the markers were elevated in the wider

tissues, consistent with previous observations that increased

cell-cell contacts induce greater contractile phenotype expression31

(Fig. 6B and C). It is normally assumed that SM-MHC and

smoothelin expression are predictive of a contractile phenotype.12,13

However, there was not a positive correlation between contractile

marker expression and ET-1 induced contraction stress (Fig. 6D)

or basal contractile tone (Fig. 6E). This data suggests that the

observed increase in contractility in the thinner tissues is not due to

phenotypic switching, as customarily measured.

Discussion

Recent work has suggested that often cellular and tissue-level

functional behavior can be conferred by structural organization.1–6

Here, we used micropatterned vascular tissue with enforced

structural characteristics, due to constrained boundary condi-

tions, to study the relationship between cell shape and con-

tractile output in vascular smooth muscle. We found that the

elongated spindle shape, characteristic of VSMCs in muscular

arteries, strongly correlates with greater contractility. Previous

researchers have shown that VSMC alignment, with the resul-

tant spindle architecture, can induce an increase in traditionally

measured contractile phenotype markers, compared to unaligned

cells.27,31 Our result suggests that increased cell elongation within

an aligned tissue can maximize contractile output, even in the

absence of concurrent increase in contractile mechanism markers.

A number of factors contribute to VSMC phenotypic

determination, including mechanical environment21–23 and bio-

chemical stimulation.24,25 ECM substrate composition has also

been shown to have a marked effect on phenotype expression

in vitro. Collagen I substrates provide mixed phenotypic cues,

depending whether the collagen is fibrillar or monomeric,38

laminin upregulates contractile marker expression,18,19 and

fibronectin induces a more synthetic phenotype.20 Here, we

patterned tissues using fibronectin or laminin as a substrate.

Consistent with previous findings, we found increased expres-

sion of contractile phenotype markers in tissues constructed on

laminin, compared to fibronectin. However, this relationship

was not reflected in the functional contraction of the tissues.

This result suggests a more fundamental question about

vascular smooth muscle: what is the definition of a contractile

phenotype, proteomics or function?

Traditionally, in the absence of a robust functional assay,

in vitro studies of VSMCs have relied on expression of con-

tractile apparatus-associated markers to define phenotype

switching, with SM-MHC and smoothelin being two of the

most robust markers.13 The vMTF assay presented here allows

direct measurement of functional output of in vitro VSMCs.

Using this assay, we found that for varying tissue architecture,

contractile output correlated poorly with SM-MHC and

smoothelin expression, but did correlate well with cell shape

and nuclear morphology. This result suggests that phenotype

marker measurement is not sufficient for describing a VSMC

as functionally contractile and additional assays, such as the

vMTF assay, should be used in conjunction with these measure-

ments to fully describe VSMC phenotype.

It has been suggested that both vessel-level geometry39,40

and spatial distributions of artery constituents41,42 (VSMCs,

collagen and elastin) can affect artery mechanics. It stands to

Fig. 6 Contractile phenotype protein expression does not correlate

with contractile output. (A) Example western blot for contractile

markers smooth muscle myosin heavy chain and smoothelin.

(B) Quantified expression of SM-MHC. * = FN and LN statistically

different from one another (p o 0.05). (C) Quantified expression of

smoothelin. * = FN and LN statistically different from one another

(p o 0.05). (D-E) Contractile stress and basal tone plotted against

quantified expression of SM-MHC and smoothelin. (circles: FN,

triangles: LN, gray: SM-MHC, red: smoothelin) For correlation analyses,

FN and LN data points were pooled and treated as one group. (D)

Contraction stress. (Pearson correlation: r, p). SM-MHC: (�0.553,
0.975), smoothelin (�0.475, 0.166) (E) Basal tone. (Pearson correlation:

r, p). SM-MHC: (�0.179,0.621), smoothelin: (�0.031, 0.933). All error
bars mean � SEM. (D-E) Reported p value is two-tailed, demonstrating

that the correlations are not significantly different from zero.
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reason that smaller scale geometric variation within the vessel

could play a similar role. VSMCs in many arteries are sepa-

rated into discrete lamellae by concentric elastin sheets.7,43 In

the experiments reported here, the tissue shape restriction due

to micropatterning may be mimicking the lateral constraint

imposed by lamellar elastin. The increased functional contrac-

tion in our thinner micropatterned tissues suggests that this

constraint may play a role as a tissue-level geometric cue for

mechanical regulation in arteries in vivo.

Our finding that cell shape is correlated with tissue con-

tractility suggests an important role for cell shape in arterial

function. As mentioned previously, cellular morphology varies

as a function of arterial function.7 Studies with other cell

types suggest that cell shape is an important regulator of

gene expression and cell function,1,44 and in the heart, changes

in striated muscle cell morphology have been associated

with contractile function and dysfunction.45,46 Our results

suggest that remodeling of VSMC shape could contribute to

unique functionalities within the vascular system. It is notable

that we find nuclear morphology correlates with both cell

shape and contractile function. The cytoskeleton is intercon-

nected with the nuclear lamina,47,48 and extracellular stresses

have been shown to actively deform the nucleus.49 Addition-

ally, internally generated contractile stress induces increased

nuclear eccentricity in cardiac myocytes.35 It has been propo-

sed that nuclear deformation by cytoskeletal forces plays

a key role in mechanotransduction.48,50 The sum of these

reports and our own data suggest that the nuclear mechanics

may have an important role in determining cell contractile

function.

In this study we show that controlled vascular tissue struc-

ture can be employed to direct functional behavior, a finding

that is particularly relevant in vascular tissue engineering,

where the assembly of small diameter arterial replacements

has been a goal of the field for nearly two decades.51 Though a

great deal of research has been done to address this need,52–54

mechanically viable and functionally active engineered small

arteries are still elusive. Our data suggest that, in addition to

replicating the chemical and mechanical environment of artery

development, providing organizational guidance cues that

force replication of healthy in vivo VSMC cellular architecture

could provide mechanical functionality for implantable small

artery grafts.

Methods

Sample preparation

Microcontact printing. Extracellular matrix (ECM) proteins

fibronectin (BD Biosciences, Sparks, MD) or laminin (Invitro-

gen, Carlsbad, CA) were microcontact printed onto the

polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning,

Midland, MI) substrate, as previously published.29 Briefly, the

ECM was incubated on a PDMS stamp with microscale raised

features for 1 h and blown dry. The MTF substrate was

UV-ozone treated for 8 min, after which the dried ECM

coated stamp was placed in contact with it, transferring the

ECM to the substrate. The sample was then incubated in 1%

Pluronics F127 for 5 min. When seeded, cells were constrained

to the ECM patterned portion of the substrate, guiding organi-

zation into aligned tissues. VSMC tissues were constructed with

widths of 20, 40, 60, 80 and 100 mm, with individual tissue fibers

separated by gaps of 100 mm.

Muscular thin films. Vascular muscular thin films were

constructed as previously published.28 First, the thermosensi-

tive polymer poly(N-isopropylacrylamide) (PIPAAm) (Poly-

sciences, Warrington, PA) was spin coated onto a 25 mm glass

coverslip, then PDMS doped with 0.2 mm diameter fluoro-

spheres (Invitrogen, Carlsbad, CA) was spin coated on top of

the PIPAAm layer. The construct was cured at 65 1C for a

minimum of 4 h. For imaging and western blotting experi-

ments substrates were made without the PIPAAm layer, with

PDMS directly spin coated onto the glass.

Cell culture

Human umbilical artery vascular smooth muscle cells (VSMCs)

were purchased from Lonza (Walkersville, MD) at passage 3 and

cultured in growth medium consisting of M199 culture medium

(GIBCO, Invitrogen, Carlsbad, CA) supplemented with 10%

fetal bovine serum (Invitrogen), 10 mM HEPES (GIBCO,

Invitrogen, Carlsbad, CA), 3.5 g L�1 glucose, 2mg L�1 vitamin

B-12, 50 U/ml penicillin and 50 U/mL streptomycin (GIBCO).

All experiments were performed at passage 5–7.

VSMCs were seeded in a defined medium55 of M199, 10 mM

HEPES, 3.5 g L�1 glucose, 2 mg L�1 vitamin B12, 50 U/mL

penicillin, 50 U/mL streptomycin, 0.2% bovine serum albumin,

10 ng mL�1 platelet-derived growth factor, 10 ng mL�1 epi-

dermal growth factor, 20 ng mL�1 insulin-like growth factor,

and 5 ug/mL transferring (all growth factors from Sigma

Aldrich, St Louis, MO). Cells were seeded at 10000 cells cm�2,

creating a confluent tissue, and incubated in growth medium

for 24 h. Defined seeding medium was then replaced with

a growth factor free medium ofM199, 10 mMHEPES, 3.5 g L�1

glucose, 2mg L�1 vitamin B12, 50 U/mL penicillin and 50 U/mL

streptomycin to induce a contractile phenotype,56 for 24 h prior

to contractility or biochemistry experiments.

vMTF stress measurement

Vascular muscular thin film tissue stresses were calculated as

previously published.29 Briefly, prior to the experiment, the

tissues are cultured at 37 1C. At the time of the experiment, the

tissue and PDMS layers of the construct are cut into strips

and the medium is allowed to cool below 32 1C, dissolving the

PIPAAm layer. The free-floating vMTFs were then trans-

ferred to a separate dish of 37 1C Tyrode’s solution where

they were attached to polytetrafluoroethylene (PTFE) coated

posts in a conformation where their radii of curvature could be

observed.29 The vMTFs were serially stimulated with 500 pM

ET-1, 5 nM ET-1, 50 nM ET-1, and 500 nM ET-1 followed by

100 mM HA-1077 (Sigma-Aldrich, St Louis, MO). The radius

of curvature was measured under a stereomicroscope (Ziess

Lumar V12, Carl Zeiss, Oberkochen, GER) under fluorescent

illumination. The tissue force necessary to bend the film to the

observed curvature was calculated by assuming that the vMTF

is a two-layer beam with one passive layer (PDMS) and one

active layer (VSMCs)29 (Fig. 2A). For the stress calculation,

the cross-sectional area of the tissue was determined from the
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tissue height (Fig. 1C and D) and the fractional substrate

coverage, where

% coverage ¼ % patterned

% patternedþ% unpatterned

The stress calculation is independent of film width, as long as

the film is sufficiently wide that the % coverage equation

above is approximately valid. To assure this, all vMTFs were

cut with a minimum width of 2 mm. The serial stimulation

allows measurement of the dose response curve to ET-1

stimulation and the basal contractile tone, i.e. the contraction

stress prior to any stimulation. FN and LN contractility

results were compared using an ANOVA test, with pairwise

comparisons performed using a Tukey test.

PDMS layer and tissue layer thickness are needed to

calculate vMTF stress28,29 The PDMS thickness of MTF

substrates fabricated at the same time as those used in the

experiments was measured using stylus profilometery (Dektak

6M, Veeco Instruments, Inc., Plainview, NY) and assumed to

be the same as those used. Tissue thickness was measured

using confocal microscopy. F-actin was stained with Alexfluor

488 phalloidin and local thickness was measured using the

z-plane locations of f-actin filaments. The tissue thickness was

taken as the average local thickness in the tissue covered

regions. The cross-sectional area used to calculate the tissue

stress was the measured tissue thickness x tissue width, as

dictated by the micropatterning.

Histochemistry

Micropatterned tissues were stained for F-actin (phalloidin)

and nuclei (DAPI). Actin orientation was calculated from

phalloidin staining.4 Nuclear orientation and eccentricity were

calculated by fitting an ellipse to each individual nucleus and

calculating the orientation of the major axis of the ellipse35

and its eccentricity, defined as e ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� minor axis length

major axis length

� �2r
.

Actin and nuclear orientation were quantified for ten images

in a single tissue and the total orientational order parameter34

was calculated for each tissue. Non-normal eccentricity data

was compared using a Kruskal-Wallis ANOVA on ranks test

and pairwise comparisons were done using Dunn’s method.

To quantify cell shape within the patterned tissue samples,

tissues were live stained with (50 ug/mL) DAPI for 15 min at

37 1C followed by (3 mM)Di-8-ANEPPS (Invitrogen, Carlsbad,

CA) for 2 min in Tyrodes solution with Pluronic F-127 (20%

solution in DMSO at 4 1C). Samples were then rinsed with

Tyrodes solution and immediately imaged using a Ziess 5-Live

(Carl Zeiss, Oberkochen, GER) line scanning confocal micro-

scope. Cell aspect ratio was measured manually from the

membrane stain, using ImageJ.

Western blotting

RIPA buffer contained 50 mM Tris, pH 8.0, 150 mM NaCl,

0.1% SDS, 1.0% NP-40, 0.5% sodium deoxycholate and

protease inhibitor cocktail (Complete mini, Roche). Criterion

4%–15% polyaccrylamide gels (Bio-Rad, Hercules, CA) were

loaded with 20 mg of total protein and the gel was run for 1.5 h

at 150 V. The gel was transferred to PVDF membranes for

Western analysis. Membranes were incubated in primary anti-

body for 36 h. Primary antibodies used were Smooth-muscle

myosin heavy chain (1 : 10, Leica, Bannockburn, IL), smooth-

elin (1 : 100, Milipore, Billerica, MA) and beta actin (1 : 5000,

Santa Cruz Biotechnology, Santa Cruz, CA). Secondary anti-

bodies were conjugated with infrared labels (1 : 15 000, Licor,

Lincoln, NE) and imaged with a Licor Odyssey reader (Licor,

Lincoln, NE). Quantification was performed by densitometry

analysis using Odyssey 3.0 software. Quantified values were

compared using a 2-way ANOVA (patterning, ECM) and

pairwise comparisons were done using Tukey tests.
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