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Valve interstitial cell shape modulates cell contractility independent
of cell phenotype
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Valve interstitial cells are dispersed throughout the heart valve and play an important role in maintaining
its integrity, function, and phenotype. While prior studies have detailed the role of external mechanical
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and biological factors in the function of the interstitial cell, the role of cell shape in regulating contractile
function, in the context of normal and diseased phenotypes, is not well understood. Thus, the aim of this
study was to elucidate the link between cell shape, phenotype, and acute functional contractile output.
Valve interstitial cell monolayers with defined cellular shapes were engineered via constraining cells to
micropatterned protein lines (10, 20, 40, 60 or 80 mm wide). Samples were cultured in either normal or
osteogenic medium. Cellular shape and architecture were quantified via fluorescent imaging techniques.
Cellular contractility was quantified using a valve thin film assay and phenotype analyzed via western
blotting, zymography, and qRT-PCR. In all pattern widths, cells were highly aligned, with maximum cell
and nuclear elongation occurring for the 10 μm pattern width. Cellular contractility was highest for the
most elongated cells, but was also increased in cells on the widest pattern (80 μm) that also had
increased CX43 expression, suggesting a role for both elongated shape and increased cell-cell contact in
regulating contractility. Cells cultured in osteogenic medium had greater expression of smooth muscle
markers and correspondingly increased contractile stress responses. Cell phenotype did not significantly
correlate with altered cell shape, suggesting that cellular shape plays a significant role in the regulation
of valve contractile function independent of phenotype.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Cardiac valves maintain their integrity and function by a com-
plex interplay between the tissue, cells, and surrounding hemo-
dynamic and mechanical environment (Chester and Taylor, 2007).
Valve interstitial cells (VICs) are dispersed within the valve leaflets
and are crucial in regulating valve matrix composition, function,
and disease progression (Taylor et al., 2003). VICs exist as a het-
erogeneous spectra of phenotypes (Chester and Taylor, 2007; Liu
et al., 2007; Taylor et al., 2003). During valve disease, pathogenic
stimuli results in activated and osteoblastic phenotypes, poten-
tiating remodeling or further disease progression, respectively (Liu
et al., 2007). Another class of smooth-muscle like VICs that appear
to be involved in mediating an active contractile response within
the tissue (El-Hamamsy et al., 2009; Taylor et al., 2003). Most prior
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studies have focused on the role of the VIC phenotype in mod-
ulating valve function and disease progression. These studies have
reported the role of chemical mediators like bone morphogenic
proteins, nitric oxide, and the notch pathway in regulating tran-
sition to an osteoblastic VIC (Chen et al., 2015; Farrar et al., 2015; Li
et al., 2013; Walker et al., 2004; Xu and Gotlieb, 2013). Others have
reported the role of mechanical stimulation in potentiating chan-
ges in the VIC phenotype (Balachandran et al., 2011, 2009, 2010;
Chen et al., 2015; Gould et al., 2013; Hutcheson et al., 2012; Ku et
al., 2006; Stephens et al., 2011; Sucosky et al., 2009). An added
recent paradigm are the implications of VIC phenotype on its
contractile function (Balachandran et al., 2012; El-Hamamsy et al.,
2009; Merryman et al., 2006). Relatively few studies discuss the
role of VIC shape in regulating its contractile function or biological
phenotype.

Cellular shape, enforced by constraining the boundary condi-
tions of cell spreading, potentiates altered cellular function in
other cell types. For instance, capillary endothelial cells cultured
on single large circles (20 mm) had a significantly greater apoptosis
than when cultured on multiple smaller circles (Chen et al., 1997).
Rate of proliferation also depended on geometry of the cell
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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monolayer (Nelson et al., 2005). It was also reported that nuclear
shape was regulated by the tension in actomyosin fibers that
expanded as cells became more elongated, suggesting an overall
balance of intracellular forces (Versaevel et al., 2012). Several
recent papers have extended these structural alterations in cells to
pro-inflammatory phenotype (McWhorter et al., 2013), cell dif-
ferentiation (McBeath et al., 2004), and cell motility (Parker et al.,
2002). In the context of VICs, it has been acknowledged that VICs
alter their shape in response to externally applied mechanical load
(Sacks et al., 2009), and that applied load can affect phenotype. In
light of these earlier studies, it is therefore important to under-
stand how VICs alter their function and phenotype in response to
changes in cell shape and architecture.

We hypothesized that cellular shape directly affects acute
contractile function in VICs. To test this hypothesis, we utilized a
protein microcontact printing technique (Balachandran et al.,
2011) to engineer VIC monolayers constrained with control over
cellular shape. VIC contractility was quantified using a valve thin
film cantilever assay, and phenotype analyzed via western blots,
gelatin zymography, and qRT-PCR. We report that contractility,
normalized per cell, was maximum for an elongated cell shape, but
also increased in the wider patterns that had increased cell-cell
contact as evidenced by increased expression of connexin-43. Cells
cultured in osteogenic medium had increased cellular contractility.
Cell shape did not have any effect on cell phenotype. Taken as a
whole, our results suggest that cell shape plays a significant role in
moderating VIC function, and that phenotype measurements alone
may not accurately indicate VIC function.
2. Methods

2.1. Valve interstitial cell isolation and culture

Fresh porcine hearts (3–6 months old) were obtained from Cockrum's Custom
Meat Processing (Rudy, AR) and transported to our laboratory in cold Dulbecco's
Phosphate Buffered Saline (dPBS; Gibco, Carlsbad, CA) supplemented with 1%
antibiotic/antimycotic solution. Hearts were immediately dissected aseptically. Left,
right, and non-coronary aortic valve leaflets were pooled and washed in Hank's
Balanced Salt Solution (HBSS; Gibco). Cells were isolated using collagenase diges-
tion as described in previous protocols (Butcher and Nerem, 2004; Butcher et al.,
Fig. 1. In vitro model for controlling VIC shape. (A) Schematic representation of microcon
micro-tissues in (B) normal and (C) osteogenic media after 48 h of cell culture. (Scale b
2004; Gould and Butcher, 2010). Cells from passages 2–6 were used in all sub-
sequent experiments.

2.2. Cell shape model

2.2.1. Photolithography
Photolithographic transparency masks were designed in AutoCAD (Autodesk

Inc., San Rafael CA) and fabricated by CAD/Art Services Inc (Bandon, OR). The design
of the masks comprised of a regular array of line patterns with five different widths
(10, 20, 40, 60, and 80 mm) spaced 40 mm apart. Silicon wafers (Wafer World, West
Palm Beach, FL) were then spin coated with Su-8 2005 negative photoresist
(MicroChem Corp., Westborough, MA) and exposed to ultraviolet light through the
photomask and developed using standard photolithographic protocols (Kane et al.,
1999; Qin et al., 2010).

2.2.2. Soft lithography and cell culture
Fibronectin (Corning; 100 μg/mL) was incubated on a polydimethylsiloxane

(PDMS; Sylgard 184, Dow Corning) stamped with aforementioned microscale raised
patterns for 1 h at room temperature and gently blown dry. The stamp was then
placed in contact with Ultraviolet-Ozone (Novascan, Ames, IA) treated PDMS-coated
25 mm no. 1 coverslips for 10 minutes. Coverslips were then blocked for 1 min with
1% Pluronics F-127 (Sigma-Aldrich, St. Louis, MO) to prevent cell attachment onto the
areas without fibronectin patterns (Fig. 1A). Fibronectin was chosen for its ease of
creating high-fidelity and uniform microscale cell boundaries (Balachandran et al.,
2011). Additionally, others have demonstrated that fibronectin did not significantly
alter VIC phenotype compared to collagen substrates (Latif et al., 2015). Fibronectin
pattern uniformity was also characterized using image analysis techniques familiar
to our group (Supplementary Fig. S3) (Balachandran et al., 2011). The coverslips were
washed three times with dPBS and VICs were seeded at 100,000 cells per
cm2 coverslip area in normal medium as before or in pro-osteogenic medium
(normal culture medium supplemented with 10 mM β-glycerophosphate, 100 nM
dexamethasone, and 50 mg/ml ascorbic acid) (Balachandran et al., 2010) and cultured
at 37 °C, 5% CO2. Cells were constrained to the fibronectin patterned portion of the
substrate and spontaneously formed confluent monolayers of differing pattern
widths within those boundaries (Fig. 1B).

2.3. Characterization of cellular shape and architecture

After 48 h of culture, cells were fixed with 4% PFA/1% Triton X-100 and fluor-
escently labeled with 1:200 Alexa Fluor 488 phalloidin (Life Technologies, Carlsbad,
CA), and 5 μg/mL 40 ,6-diamidino-2-phenylindole (DAPI, Life Technologies). Samples
were mounted onto a glass slide and imaged using a custom-built resonant-scan-
ning multiphoton microscopy platform with a 40X, 0.8 NA water immersion
objective (Nikon, Japan) and a MaiTai ultrafast Ti:Sapphire tunable laser source
(Spectra-Physics, Santa Clara, CA). The laser excitation source was tuned to 750 nm
(DAPI-stained samples) or 960 nm (Alexa-Fluor 488-stained samples) and images
tact printing protocol. Phase contrast microscope images showing formation of VIC
ar¼80 μm).



Fig. 2. Valve thin film cantilever experiments. (A) Schematic representation of two-layered substrate preparation for valve thin film cantilever experiments. (B) Schematic
representation of dissolution of PNIPAAm layer upon reduction of temperature to o32 °C and resulting release of VIC and PDMS layers. (C) Representative snapshot of thin
film experiments with top-view of films and projected length (yellow arrows) shown at the start of the experiment, after ET-1 stimulation and at the end of the experiment
following HA-1077 stimulation. (Scale bars¼1 mm). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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were acquired via a 466/40 nm (DAPI) or 525/45 nm (Alexa 488) bandpass filters.
Cells from separate experiments were live-stained with 30 mM di-8 ANEPPS (Life
Technologies) and imaged using the multiphoton microscope with a 960 nm
excitation and via a 607/70 nm emission filter, while being incubated in a coverslip
warming chamber (Warner Instruments, Hamden, CT).

Phalloidin stained cells were analyzed using a custom MATLAB script based on
a fingerprint detection algorithm to quantify actin filament orientation as a func-
tion of different pattern widths (Supplementary Fig. S1) (Balachandran et al., 2011).
Termed actin orientation parameter (OP), perfect alignment was indicated by an OP
value of 1, while completely isotropic samples had an OP value of 0. Nuclear and
cell length-to-width aspect ratios were quantified manually using ImageJ (NIH)
analysis of the DAPI images and di-8 stained images, respectively (Bray et al., 2010;
Ye et al., 2014). All the above measurements were measured for at least 6 different
experimental runs (comprising all pattern widths) from at least 8 fields of view per
experimental condition.

2.4. Valve thin film stress measurement assay

Coverslips for valve thin film (vTF) experiments were prepared as previously
published by us and others (Alford et al., 2010; Balachandran et al., 2011). Briefly,
poly(N-isopropylacrylamide) (PNIPAAm, Sigma-Aldrich) was spin coated onto a
25mm glass coverslip, that had a tape mask (Patco, Flushing, NY) with a rectangular
window cut out such that the PNIPAAm would only be coated within this window.
The tape mask was removed and PDMS was then spin coated onto the entire
coverslip (Fig. 2A). The substrate was cured at 70 °C for 4 h before being micro-
contact printed with the pattern widths and cultured as before.

VIC contractile stress and basal tone were calculated using methods published
previously (Alford et al., 2010; Balachandran et al., 2011). Briefly, VICs were cul-
tured for 48 h at 37 °C. Before the start of the experiment, culture medium was
exchanged with Tyrode's salt solution (Sigma-Aldrich), the VIC and PDMS layers
were cut into strips under a stereomicroscope (Leica M205, Leica Microsystems,
Wetzlar, Germany), and the sample was allowed to cool to below 32 °C to dissolve
the PNIPAAm layer. The PDMS-VIC layer released from the glass as a freely floating
cantilever, termed valve thin film (vTF) cantilevers (Fig. 2B). The vTFs would curl
due to the inherent tone in the VICs. The vTFs were stimulated with 50 nM
endothelin-1 (ET-1; Sigma-Aldrich), followed by an excess dose of 100 mM HA-1077
(Sigma-Aldrich). These doses were determined based on previous studies (Alford
et al., 2011; Balachandran et al., 2011; El-Hamamsy et al., 2009). Samples were
imaged using the stereomicroscope to record changes in the projected length of the
film (x) and calculate the radius of curvature (r) of the cantilever films (Fig. 2C),
based on the following:

x¼
r sin L

r
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The stress (σ) required to bend the film was then calculated using the modified
Stoney's equation (Feinberg et al., 2007):

σ ¼ Et3

6r 1�νð Þh2 1þt=h
� � ð2Þ

Based on prior publications (Alford et al., 2011; Balachandran et al., 2011), the Young's
Modulus of PDMS (E) was assumed to be 1.5 MPa; the Poisson's ratio (ν) of PDMS
was assumed to be 0.49; the thickness of the PDMS layer (t) (Supplementary
Fig. S2A) was measured using stylus profilometry and the cell layer thickness (h)
(Supplementary Fig. S2B) was measured using confocal z-stacks (Balachandran et al.,
2011). As the VICs patterned in the wider patterns covered a larger area of the substrate,
stress data was normalized by mean cell coverage for each specific pattern as observed
under the cell culture microscope (Fig. 1B - C), to yield a normalized stress per cell value.
We reported the measurement of VIC contractile stress (response to ET-1), and the basal
tone (response to HA-1077). The contractile stress is a measure of the stress generation
capacity of the VIC monolayer and is thus a direct measure of cell function
(El-Hamamsy et al., 2009). The basal tone is a measure of the baseline stress state of the
VICs that was eliminated by HA-1077 relaxation. Sample size was 420 vTF cantilevers
from a minimum of four separate experimental runs for each condition.

2.5. Western blotting and immunostaining

After 48 h of culture, cells were washed three times with sterile dPBS, lysed
using RIPA lysis buffer (Santa Cruz, Dallas, TX), and 10 mg of total protein was
analyzed via western blotting under reducing conditions, as previously reported
(Balachandran et al., 2011). The following primary antibodies were used: Smooth-
muscle myosin heavy chain (1:10, Millipore, Billerica, MA), α-smooth muscle actin
(1:100, Abcam, Cambridge, MA), vimentin (1:200, Abcam), connexin-43 (CX43;
1:1000, Abcam), and β-actin (1:1000, Abcam). Infrared-conjugated secondary
antibodies (1:15000, Li-Cor) were used and samples were imaged using a Li-Cor
Odyssey scanner (Li-Cor). Densitometric analysis was performed using the Li-Cor
Odyssey software. Band intensity for proteins of interest were normalized with the
intensity obtained for β-actin. Sample size was at least n¼5 for each protein.

2.6. Gelatin zymography

Cell lysates were prepared as above and 5 mg of total protein was subjected to
gel electrophoresis in a 10% SDS-PAGE gel co-polymerized with 4.67 mg/mL gelatin
(Sigma-Aldrich). After renaturation of proteins within the gel, gelatinolytic activ-
ities were detected as transparent bands against the background of Coomassie
Brilliant Blue stained gels and quantified using ImageJ. Sample size was at least
n¼3.



Table 1
List of primers and sequences used in this study (Ku et al., 2006; Lerman et al.,
2016).

Target
gene

Sense primer sequence Antisense primer sequence

COL1A1 5-TACCATGACCGAGACGTGTG-3 5-ATAAGACAGCTGGGGAGCAA-3
COL3A1 5-GACATCGAGGATTCCCTGGT-3 5-CCAATCCCAGCAATGGCAG-3
RHOA 5-ACCAGTTCCCA-

GAGGTGTATGT �3
5-TTGGGACA-
GAAATGCTTGACTTC �3

18S 5-TAGAGGGACAAGTGGCGT-3 5-AATGGGGTTCAACGGGTT-3
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2.7. Quantitative real-time polymerase chain reaction

After 48 h of culture, total mRNA was purified using the QIAGEN RNeasys Plus
assay kit (Qiagen, Hilden, Germany), and reverse transcribed to cDNA with iScript
RT Supermix (Bio-Rad). Expression of the COL1A1, COL3A1, RHOA, and 18S genes
(Table 1) was quantified and analyzed by performing qRT-PCR using the SsoAd-
vanced™ Universal SYBR Greens supermix (Bio-Rad) with the CFX96™ Real-Time
System (BIO-RAD). Expression of the target genes in each sample was reported as
dCt value (relative expression) in reference to the house-keeping gene 18S. Sample
size was n¼4.

2.8. Statistical analysis

All data were first analyzed for normality using the Anderson–Darling method,
and subsequently analyzed by two-way ANOVA followed by Holm-Sidak multiple
pairwise comparisons. Data was plotted as mean with standard error bars. Data not
normally distributed were analyzed using ANOVA by ranks and Dunn's post-hoc
testing, with data plotted as box plots. A p-value of less than 0.05 was used to
indicate statistical significance.
3. Results

3.1. In vitro model for altered VIC shape and its implications on cell
architecture

Our model demonstrated fine control over cell architecture via
constraining the width that VICs were allowed to spread (Fig. 3).
We observed that constricting the lateral width of the fibronectin
pattern boundaries, as in the narrow 10 and 20 mm line patterns,
resulted in cells forming exaggerated, elongated shapes with
highly aligned actin architecture (Fig. 3A and B). Wider pattern
boundaries (60 and 80 mm) resulted in cells that maintained the
spindle-like shape of a VIC, but with lower length-to-width aspect
ratios and actin architecture that was more variable in alignment
(Fig. 3A and B). Quantification of actin alignment using the
orientation parameter (OP) (Fig. 3C) indicated that 10 and 20 mm
wide VICs had significantly greater actin cytoskeletal alignment
compared to 40, 60 and 80 mmwide ones (*po0.05). VICs cultured
in osteogenic media had lower actin OP values compared to cor-
responding samples cultured in normal media, suggesting greater
disorder in the cytoskeletal architecture.

Cell aspect ratio measurements (Fig. 3D) demonstrated similar
results as the actin OP, with 10 and 20 mm wide VICs having sig-
nificantly higher length-to-width aspect ratios compared to wider
pattern widths in both normal and osteogenic conditions
(*po0.05). Similarly, nuclear aspect ratios (Fig. 3E) in 10 and 20 mm
wide VIC monolayers were statistically greater than the wider
pattern widths (*po0.05). In line with the actin OP data, nuclear
aspect ratios of VICs cultured in normal media were higher than
that of VICs cultured in osteogenic media (*po0.05). Additionally,
the nuclear aspect ratio values were within a tighter range com-
pared to the cellular aspect ratios, with the median values for all
pattern widths falling between 1.6 and 3.4 for nuclear aspect ratio
and between 6.8 and 9.5 for cell aspect ratio. Nuclear aspect ratios
were also highly correlated with cellular aspect ratios (Fig. 3F).

3.2. VIC contractile function was modulated by cell shape

All samples in both normal and osteogenic media demon-
strated an acute contractile response to ET-1 and a vasodilatory
response to HA-1077 (Fig. 4A and B; Supplementary Videos
S1-S10). Analysis of maximum induced contraction (Fig. 4C)
revealed a U-shaped response with respect to VIC pattern width
for both normal and osteogenic VICs. We observed significantly
decreasing contractile stress with increasing pattern width until
low contraction values were reached at the 40 and 60 μm widths
(*po0.05). Subsequent increase in VIC pattern width to 80 μm
resulted in significantly increased maximum contractile stress
(*po0.05). We noted significantly increased contractile stress
response for every pattern width in the osteogenic VICs compared
to the similarly patterned VICs cultured in normal media
(*po0.05). The rate of contraction (Fig. 4D) followed a similar
trend as the contraction data (Fig. 4C). Osteogenic VICs demon-
strated significantly faster rates of contraction (*po0.05). Taken
together, the peak stress and contraction rate data suggest that
osteogenic VIC contraction is both more robust and faster than
normal VICs. Additionally, similar U-shaped response curves were
observed for all pattern widths.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.jbiomech.2016.08.013.

VIC response to HA-1077 (Fig. 4E) revealed no significant differ-
ences in cellular basal tone as a function of VIC pattern width for
normal VICs. Within osteogenic VICs, we observed significantly
increased basal tone for the 10 μm and 80 μm pattern widths, com-
pared to both the corresponding normal VICs with the same pattern
widths, as well as the 20, 40 and 60 μm osteogenic VICs (*po0.05).

3.3. VIC phenotype was not affected by altered cell shape

Western blotting (Fig. 5A) together with semi-quantitative
densitometric analysis revealed that cell shape did not have a
significant effect (p40.05) on VIC phenotype. Changes in pattern
width did not significantly alter the expression of vimentin
(Fig. 5A), SM-MHC (Fig. 5B) or α-SMA (Fig. 5C), suggesting that
there was consistent expression of the myofibroblast and smooth
muscle-like phenotype across all VIC pattern widths. Culture
conditions (normal vs. osteogenic), however, had a significant
effect (*po0.05) on VIC phenotype. Osteogenic media resulted in
a significant increase in both SM-MHC (Fig. 5B), and α-SMA
(Fig. 5C) expression compared to corresponding normal media
conditions (*po0.05). CX43 expression (Fig. 5D) was significantly
increased (*po0.05) as a function of increasing pattern width as
well as in osteogenic VICs, suggesting an overall increase in nor-
malized cell-cell contact with increasing pattern width, and in
osteogenic conditions.

MMP-2 gelatinolytic activity (Fig. 6A and B) showed a similar
trend, where culture conditions had a significant effect (*po0.05)
on MMP-2 activity, while increasing pattern width did not. Addi-
tionally, the MMP-2 was in the active form only for the osteogenic
conditions and not the normal culture conditions (Fig. 6A), sug-
gesting greater remodeling activity in the osteogenic VICs. COL1A1,
COL3A1 and RhoA gene expression (Supplementary Fig. S4) were
not significantly altered as a function of pattern width or osteo-
genic culture medium.

4. Discussion

Over the last decade, extensive research has implicated bio-
chemical mediators, the mechanical environment, and the

dx.doi.org/http://dx.doi.org/10.1016/j.jbiomech.2016.08.013


Fig. 3. Constraining VIC boundaries altered cell shape and architecture. (A) Phalloidin (green) and DAPI (blue) stained images of VIC micro-tissues constrained to different
pattern widths, cultured in normal and osteogenic media. (Scale bar¼80μm) (B) Di-8 (white) stained VIC micro-tissues. (Scale bar¼80μm) (C) Actin orientation parameter,
(D) cell aspect ratio, and (E) nuclear aspect ratio data for all VIC micro-tissue pattern widths. (*po0.05) (F) Correlation between nuclear and cell aspect ratio (Black circles –
normal; White circles – osteogenic; Pearson correlation: r¼0.935, p¼7.13e�5). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 4. VIC shape influenced cellular contractile function. Stress-time plots for 10, 20, 40, 60 and 80 mm VIC micro-tissues in (A) normal and (B) osteogenic culture medium,
normalized to a per cell basis. (C) Maximum VIC micro-tissue contraction induced by 50 nM ET-1 stimulation. (D) Rate of contraction due to ET-1 stimulation. (E) Maximum
basal tone within VIC micro-tissues induced by 100 μM HA-1077 stimulation. (*po0.05).
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substrate as factors that regulate the VIC phenotype and function
(Balachandran et al., 2011, 2009, 2010; Chen et al., 2015; Gould
et al., 2013; Hutcheson et al., 2012; Ku et al., 2006; Liu et al., 2013;
Quinlan and Billiar, 2012; Stephens et al., 2011; Sucosky et al.,
2009; Wang et al., 2013; Yip and Simmons, 2011). In the current
study, we used micropatterned VICs with enforced shapes via
constraining boundary conditions to study the relationship
between cell shape and contractile output. Our results suggest that
alteration of VIC shape alone can modulate contractile output,
even in the absence of contractile markers. Indeed, while the
extracellular matrix substrate components such as collagen and
elastin have a major role in modulating the mechanics of the
whole valve (Rodriguez et al., 2014), our results suggest an
important role for smaller scale geometric variations in VICs as
well. Future studies will investigate the interaction between cel-
lular shape and other factors such as substrate stiffness or exter-
nally applied mechanically load in modulating VIC function.
Traditionally, the study of VICs has lacked a robust in vitro func-
tional assay to complement molecular biology-based techniques that
quantify smooth muscle, myofibroblast, and fibroblast protein
expression to indicate VIC phenotype. The vTF cantilever assay pre-
sented here allows direct measurements of cellular contractile out-
put. This assay can potentially be extended to test the role of other
contractile mediators on valve function as a complement to earlier
ex vivo studies (Balachandran et al., 2011; El-Hamamsy et al., 2009).
Utilizing this vTF assay, our most significant finding was that VICs
cultured in both the narrower (10 mm) and wider patterns (80 mm)
exhibited strong induced contractile responses to ET-1. These
responses were not associated with corresponding changes in VICs
phenotype or remodeling markers. It is possible that the increased
contractile response in the wider patterns (80μm) can be attributed
to increased cell-cell contact as evidenced by the increased CX43
expression in these samples. Within the VICs treated with osteogenic
medium, contractility was modulated by cell shape in a similar



Fig. 5. Western blotting analysis of VIC phenotype. (A) Representative western blots of smooth muscle myosin heavy chain (SM-MHC), α-smooth muscle actin (α-SMA),
vimentin, connexin-43 (CX43) and β-actin loading control. Semi-quantitative analysis of western blot band densitometry of (B) SM-MHC, (C) α-SMA, and (D) CX43.
(*po0.05).

Fig. 6. Gelatin zymography analysis. (A) Representative gelatin zymogram image.
(B) Semi-quantitative analysis of gelatinolytic activity. (*po0.05).
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manner to the normal VICs, with values significantly higher in
osteogenic VICs. This last result is all the more intriguing, as osteo-
genic VICs had lower metrics for actin alignment and cellular elon-
gation compared to the corresponding normal VICs, and is likely
related to the increased expression of activated phenotype markers,
as well as cell-cell contact markers, in the osteogenic VICs. The
contractile response results, taken together with the cellular shape
results, suggested that induced contractile stress was regulated by a
combination of cell aspect ratio, which was maximized in the nar-
rower patterns, and cell-cell contact within a pattern, maximized in
the wider patterns. Taken as a whole, these results strongly suggests
that phenotype marker measurements might not be sufficient to
characterize the contractile function of the VIC, and that additional
direct functional measurements have to be employed.

Recent publications have indicated cellular functional and
pathological behavior as an emergent property that can be dic-
tated by structural shape and architectural organization in other
cell types, including vascular smooth muscle cells and cardio-
myocytes (Alford et al., 2011; Lee et al., 2015; Parker and Ingber,
2007; Parker et al., 2008; Tee et al., 2011; Win et al., 2014).
Changes in striated muscle morphology within the heart have
been associated with contractile dysfunction (Gerdes, 2002).
Internally generated contractile stresses also deformed the myo-
cyte nucleus (Bray et al., 2010). Additionally, vascular smooth
muscle cells demonstrate altered contractile behavior depending
on cellular elongation (Alford et al., 2011; Win et al., 2014).
Unfortunately, studies relating VIC morphology to valvular func-
tion and disease are limited. Elongated VICs were reported to be
more motile (Liu and Gotlieb, 2007). Lengthening of VIC nuclear
and cellular shape was also correlated with increased mechanical
strain within the valve tissue (Sacks et al., 2009). While it would be
speculative to compare the elongated shapes in our model to the
elongated shapes observed in stretched valve leaflets, it was
reported that VICs under elevated strain also generated increased
contractile stress (Balachandran et al., 2012), as seen in this study.

Our observed correlation between nuclear and cell shape was
expected, as the cell membrane and the cytoskeleton are inter-
connected with the nuclear lamina (Dahl et al., 2008). Indeed, it
was recently reported that cell elongation of singly microcontact
printed cells potentiated a more elongated but laterally-compact
nucleus (Versaevel et al., 2012). The change in nuclear shape was
thought to be due to lateral compression by stress fibers. Further, it
has been proposed that nuclear deformation by cytoskeletal forces
plays a key role in mechanotransduction (Dahl et al., 2008; Wang
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et al., 2009). It is thus possible that nuclear mechanics also play an
important role in regulating VIC function.

Finally, we show in this study that controlling VIC structure can
be used to finely tune the functional behavior of the cell. In
addition to providing mechanical insights into the structure-
function relationship of VICs, our finding is of particular impor-
tance to the field of valvular tissue engineering, where there is a
need to direct cellular function to yield a viable and functional
valve replacement (Mack, 2014; Vesely, 2005). Our study thus
suggests that providing organizational cues in addition to chemical
and mechanical stimuli might be beneficial in the development of
a tissue-engineered replacement valve.
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