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The contractile strength of vascular smooth
muscle myocytes is shape dependent†

George J. C. Ye,a Yvonne Aratyn-Schaus,a Alexander P. Nesmith,a

Francesco S. Pasqualini,a Patrick W. Alfordb and Kevin Kit Parker*a

Vascular smooth muscle cells in muscular arteries are more elongated than those in elastic arteries.

Previously, we reported changes in the contractility of engineered vascular smooth muscle tissue that

appeared to be correlated with the shape of the constituent cells, supporting the commonly held belief

that elongated muscle geometry may allow for the better contractile tone modulation required in

response to changes in blood flow and pressure. To test this hypothesis more rigorously, we developed

an in vitro model by engineering human vascular smooth muscle cells to take on the same shapes as

those seen in elastic and muscular arteries and measured their contraction during stimulation with

endothelin-1. We found that in the engineered cells, actin alignment and nuclear eccentricity increased

as the shape of the cell elongated. Smooth muscle cells with elongated shapes exhibited lower

contractile strength but greater percentage increase in contraction after endothelin-1 stimulation. We

analysed the relationship between smooth muscle contractility and subcellular architecture and found

that changes in contractility were correlated with actin alignment and nuclear shape. These results

suggest that elongated smooth muscle cells facilitate muscular artery tone modulation by increasing its

dynamic contractile range.

Insight, innovation, integration
The shape and contractility of smooth muscle cells vary according to the type of artery, local micro-environment, developmental stage and disease. To probe the
role of cell architecture in smooth muscle contractility, we engineered vascular smooth muscle cells with varying length to width ratios and measured their
contractility using traction force microscopy in response to vasoactive agents. We found that while contractile strength decreased as vascular smooth muscle
cell shape elongated, the dynamic range of contractility, relative to basal tone, increased with the length of the cells. These findings suggest that vascular
smooth muscle cells adopt different shapes to facilitate the functions of the vasculature they constitute.

Introduction

The contractile function and structure of vascular smooth
muscle cells (VSMCs) vary as a function of location in the
cardiovascular system.1 In large diameter elastic arteries,
such as the aorta, VSMCs contract to maintain vessel pressure
during cardiac cycle.2 This is in contrast to mid-sized mus-
cular arteries, such as the external carotid artery of the neck
and femoral artery of the thighs, where VSM contracts

concentrically to constrict or relax the arterial wall in a process
called vascular tone modulation.3 These functional differences
are reflected structurally, where VSMCs exhibit markedly dif-
ferent geometries in these arteries. Although differentiated
VSMCs in elastic and muscular arteries have a characteristic
spindle shape, the elongated shape of VSMCs in muscular
arteries with nearly 15 : 1 in cell length to width aspect ratio
(AR), is more pronounced than those found in elastic arteries,
which have cell AR about 9 : 1.1 It has been speculated that the
VSMC shape may facilitate vascular tone modulation in mus-
cular arteries by providing better dynamic response to blood
flow4 and pressure changes.5 However, definitive evidence to
support this relationship between VSMC shape and contractile
function has been limited.

VSMCs undergo significant changes in geometry in physio-
logical and pathological developments. Domenga and collea-
gues demonstrated rapid VSMC structural changes in wild-type
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mice, where VSMCs developed more elongated shape,
increased thickness and become circumferentially oriented
around the lumen by postnatal day 28 compared to immature
VSMCs at birth.6 Genetic deletion of Notch3, which is uniquely
expressed in arteries but not of veins, led to thin, irregular,
roundly shaped VSMCs that are poorly orientated around the
lumen.6 In human, Notch3 mutation leads to a hereditary
vascular dementia called cerebral autosomal dominant arterio-
pathy with subcortical infarcts and leukoencephalopathy
(CADASIL), characterised by a cerebral non-atherosclerotic,
non-amyloid angiopathy that mainly affects the small arteries
penetrating the white matter. Patients diagnosed with this
disease were usually found with more rounded and irregular
VSMC shape in small- and mid-sized arteries.7 During normal
vascular repair following injury, VSMCs switch their contractile
phenotype to synthetic phenotype and in the process, changing
their shape from the elongated spindle morphology to an
epithelioid or rhomboid morphology.8 The epithelioid shaped
VSMCs proliferate and produce extracellular matrix (ECM) to
help with the wound healing process.8 However, the deregula-
tion of this phenotype switching process underlies a number of
vascular disorders such as hypertension,9 restenosis,10 and
vasospasm.11 This is supported by pathological studies that
observed morphologically distinct VSMC populations between
spindle and epithelioid shapes at the site of atherosclerotic
intima in the aorta,12 carotid artery13 and coronary artery.14

Understanding the role of VSMC shape change may elucidate
mechanistic insight in the context of cellular physiology and
vascular pathology.

In addition to VSMCs, shape change also plays an important
role in regulating the physiological and pathological develop-
ment of other smooth muscle cells and cardiomyocytes. In an
early ultra-structural study focusing on the prenatal develop-
ment of smooth muscle in the human fetal uteri between 12–40
weeks of gestation, Konishi et al. showed immature uterine
SMCs changed from a rounded morphology at week 12–16 to an
elongated shape with identifiable dense bodies at week 18.15 A
clinical and pathological analysis of 26 cases of atypical smooth
muscle tumours of the uterus demonstrated that SMC in
leiomyoma changed from the typical elongated shape to a
rounded, polygonal shape.16 In cardiac development, cardiac
looping is one of the first steps of forming a four chambered-
heart that requires bending and twisting of heart tube asym-
metrically. It was found that myocardium on the concave side
of the heart tube remains thick and columnar while the convex
side flattened and increased in surface area, effectively redu-
cing the AR of the myocardium epithelial tissue17 and resulting
in different contractility on the concave and convex surfaces.18

In mature adult heart under pathological chronic pressure
overload, the heart undergoes concentric hypertrophy, result-
ing myocytes increase cell width without significant changes in
cell length. This, in turn, decreases the normal AR from 7 : 1,19

as seen for normal ventricular myocytes, to 5 : 1.20 As heart
continues to fail, eccentric hypertrophy develops in response to
volume overload, which adds sarcomere in series without
changing myocytes’ cross-sectional area. This eventually

increased the myocytes aspect ratio to 11 : 1.19b,c Investigating
the shape and contractility relationship in myocytes, our group
recently reported that myocytes contractility is optimised at AR
observed in normal hearts and decreased in cardiomyocytes
that resemble AR of failing hearts.21 In addition, we observed
that boundary condition encoded in the extracellular space can
regulate myocyte tissue cytoskeletal alignment and function.22

These studies clearly demonstrated that shape adaptations in
smooth and striated muscles can profoundly influence the
cellular function.

We hypothesised that forcing VSMCs to assume increasingly
elongated shapes would mimic the VSMC morphology in
muscular arteries in vivo and induce changes in the intra-
cellular architecture that consequently increase the dynamic
contractile range of VSMC in response to contractile stimuli. To
test this hypothesis, we engineered VSMCs on micropatterned
islands of fibronectin (FN) with ARs of 5 : 1, 10 : 1 or 20 : 1 to
mimic VSMC shapes found in elastic and muscular arteries
in vivo, quantified cytoskeletal and nuclear organization, and
directly measured contraction via traction force microscopy
(TFM) upon stimulation with the vasoconstrictor endothelin-1
(ET-1). We found that cell shape significantly influenced cyto-
skeletal and nuclear organization and isolated VSMCs of AR
near 20 : 1 achieved lower basal and stimulated contractile
forces but greater percent change in contractile force after
stimulation. These results suggest that the elongated shape
equips VSMC with a greater dynamic contractile range, facil-
itating modulation of vascular tone over a broad range by
muscular arteries in vivo.

Results
Engineering cell shape on soft substrate

In vitro studies have revealed the unique sensitivity of VSM to
the cellular micro-environment. These studies suggest that
VSMC are influenced by substrate stiffness,23 growth factor
stimulation,24 extracellular matrix (ECM) composition,25 and
geometric constraints.26 We measured the cell spreading area
of isolated VSMCs cultured on polyacrylamide (PAA) gels
(Fig. 1A, inset) uniformly coated with fibronectin (FN) and
found that cell spreading area is normally distributed with a
mean at 4000 mm2 (Fig. 1A). Based on 9 : 1 to 15 : 1 VSMC ARs in
elastic and muscular arteries from prior in vivo1 study, we
selected length to width ARs of 5 : 1 (141 mm � 28 mm), 10 : 1
(200 mm � 20 mm) and 20 : 1 (282 mm � 14 mm) as the shape of
our engineered VSMCs. Utilizing a microcontact printing
strategy established in our group,21,27 we micropatterned
rectangular FN islands with 5 : 1, 10 : 1 and 20 : 1 ARs on
13 kPa PAA gel surfaces (Fig. 1B). We immunostained the FN
islands with anti-human FN and found them to be highly
uniform (Fig. 1C). After culturing VSMCs for 72 hours on the
patterned PAA substrate, isolated VSMCs with AR of 5 : 1, 10 : 1
and 20 : 1 assumed the rectangular shape of the patterned FN
islands (Fig. 1D). Micropatterned VSMC thickness was mea-
sured by imaging the phalloidin stained F-actin via confocal
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microscopy (Fig. S1A, ESI†). No statistically significant differ-
ence in cell thickness was observed between the three ARs,
suggesting the cell volume was conserved (Fig. S1B, ESI†).
Taken together this approach enabled us to engineer isolated
VSMCs with cell ARs that mimic in vivo VSMC shape on PAA
soft substrate in vitro.

Cytoskeletal architecture varies as a function of cell shape

Mechanical stimuli within the cellular microenvironment induce
remodeling of cellular structure.23,28 Previously, we reported dis-
tinctions in cell shape, cytoskeletal alignment, and nuclear shape
in engineered vascular tissues assembled on matrix templates
with varying geometries.26a In our engineered cells, we measured
the alignment of F-actin (Fig. 2A–C, 5 : 1, 10 : 1 and 20 : 1 respec-
tively) and nuclei, projected nuclear area and eccentricity
(Fig. 2D–F, 5 : 1, 10 : 1, and 20 : 1 respectively), using fluorescent
staining. The orientation of the F-actin was calculated based on a
structure tensor method previously developed29 and the global
degree of cytoskeletal alignment was quantified with the orienta-
tional order parameter (OOP),30 an indicator that ranges from a
value of one for perfectly aligned samples to zero for completely
random ones. The OOP is extensively used in crystallography31 and
previously used by our group for analysing the cytoskeletal organi-
zation of cardiac,32 vascular26a and valve33 cells, as well as a design
parameter for the development of a biohybrid jellyfish.34 We found
that F-actin OOP increased significantly as cell AR increased
(Fig. 2G), suggesting that as the cell’s long axis was extended, the
transverse boundary conditions on the cell potentiated the align-
ment of polymerizing actin with the cell’s long axis.

The cell nucleus interacts with the cytoskeleton35 and
deforms when extracellular stresses are applied.36 Changes
in nuclear shape have been proposed to cause conformational
changes in chromatin structure and subsequently influence
transcription level and cell function.37 We observed a marked
difference in nuclear angle offset, projected area and eccen-
tricity (Fig. 2H). Nuclear angle offset, which measures the
difference in orientation between the major axes of the ellipse
that best fits the cell body and nucleus (Fig. 2D), was signifi-
cantly lower for cells with 20 : 1 AR (Fig. 2G). The projected
nuclear area in these cells was found to decrease significantly
for cells with 10 : 1 and 20 : 1 ARs (Fig. 2I). Consistent with
previous findings,26a nuclear eccentricity significantly
increased as cell AR increased (Fig. 2I). We asked whether
changes in nuclear morphology could be explained by a
decrease in nuclear volume resulting from cell lengthening
as seen in endothelial cells.38 Based on three-dimensional
rendering of the nucleus (Fig. S2A, ESI†), we fitted it with an
ellipsoid morphology38 (Fig. S2B, ESI†) and evaluated the
length, width and height of the ellipsoid (Fig. S2C, ESI†). We
found that the nuclear volume and nuclear surface area were
similar for all ARs with means at 475 mm3 and 464 mm2

respectively (Fig. S2D, ESI†). These data suggested that VSMC
shape can regulate cytoskeletal architecture by remodelling
F-actin stress fibre orientation and nuclear morphology.

Elongated VSMCs exhibited greater contractile range

The primary function of VSMCs in muscular arteries is tone
modulation in response to systemic and local signals to

Fig. 1 Microcontact printing (mCP) of biotinylated fibronectin (biotin-FN) provided spatial cue for building isolated vascular smooth muscle cells
(VSMCs). (A) VSMC surface area is normally distributed (solid line) with mean surface area of 4000 mm2 (red dotted line). Inset: we labelled the cells with a
lipophilic, fluorescent cell membrane stain, DiO, and DNA-binding fluorescent stain, DAPI to observe the cell membrane and nucleus, respectively.
Representative DiO and DAPI stained VSMCs sparsely seeded on polyacrylamide (PAA) gel with isotropic biotin-FN are shown. (White: cell membrane,
blue: nuclei). Scale bar = 50 mm. (B) Schematic representation of mCP method on PAA gel to construct isolated VSMCs with different aspect ratios (AR). (C)
Anti-human FN staining of patterned biotin-FN on PAA gel. (D) Phase contract images of micropatterned isolated VSMCs with AR of 5 : 1, 10 : 1 and 20 : 1
and surface area of 4000 mm2. (C and D) scale bar = 100 mm.
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contract or relax the vessel wall.39 We hypothesised that in our
in vitro system, the elongated VSMC shape would improve its
dynamic contractile range in response to an external stimulus.
To test this hypothesis, we developed a traction force micro-
scopy (TFM) protocol to measure contractile strength of iso-
lated VSMCs with varying ARs prior to and after stimulation
with the vasoconstrictor ET-1 (Fig. 3A). Prior to stimulation,
we imaged the basal tone of isolated VSMCs. At 8 min, we

stimulated contraction of the isolated VSMCs with a 100 nM
dosage of ET-1. At 31 min, we treated cells with a rho-associated
kinase inhibitor, HA-1077, at a saturating dosage of 100 mM to
induce relaxation of the cells as previously reported by our
group.26a Finally at 60 min, we terminated the experiment by
exposing the cells to trypsin, such that there was no traction on
the substrate in order to establish a reference for calculation of
the absolute bead displacements. For each condition, three

Fig. 2 AR of isolated VSMCs influences its cytoskeletal organization and nuclear morphology. (A–C) Phalloidin and DAPI stained patterned isolated
VSMCs with AR of 5 : 1 (A), 10 : 1 (B) and 20 : 1 (C). (White: F-actin, blue: nuclei). Scale bar = 20 mm. (D–F) Manual traces of cell border with nuclei of isolated
VSMCs in (A–C). (Magenta: cell border, blue: nuclei). Nuclear angle, y, is shown between the two dotted white lines in (D), representing the major axes of
the ellipses that best fit the cell body and nucleus respectively. Scale bar = 20 mm. (G) F-actin orientational order parameter (black) and nuclear angle
offset (red) as a function of VSMC ARs. (H) Superimposed nuclear outlines from cells in D–F show clearly the differences in nuclear eccentricity, angle
offset and projected area as cell AR changes. (I) Nuclear eccentricity (black) and projected area (red) as a function of VSMC ARs. * = statistically different
from 5 : 1 AR, † = statically different from 10 : 1 AR, ‡ = statistically different from 20 : 1 AR. p o 0.05. (G, I) mean � SEM. n = 7–12 cells per AR.

Fig. 3 Traction force microscopy experimental protocol and representative stress spatial maps of isolated VSMCs. (A) Drug administration timeline of
TFM experiment for isolated VSMCs and corresponding schematic representations of cell–substrate interaction at different stages. DIC images of isolated
VSMC of AR 5 : 1 (B), 10 : 1 (C) and 20 : 1 (D) and corresponding traction stress maps at basal (E–G), after stimulation with 100 nM endothelial-1 (H–J), after
treatment with 100 mM HA-1077 (K–M) and finally detached with 0.5% trypsin (N–P). The longitudinal and transverse directions of the cell are defined in
x- and y-axis in (B). E–P has the same colour scale to the right side. (B–P) scale bar = 20 mm.
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consecutive images separated by 4 minute intervals were taken
to ensure consistency in VSMC contractile output and to
minimize potential phototoxic effect of laser excitation.

Prior to stimulation, we ascertained that isolated VSMCs
fully occupied the rectangular FN islands by differential inter-
ference contrast (DIC) imaging. High fidelity rectangular iso-
lated VSMCs with AR of 5 : 1 (Fig. 3B), 10 : 1 (Fig. 3C) and 20 : 1
(Fig. 3D) were selected for TFM experiments. We defined the AR
of an isolated VSMC at its basal state prior to stimulation as the
cellular AR. As a convention, we further defined the long-
itudinal and transverse directions of isolated VSMCs as the
x- and y-axes, respectively (Fig. 3B). Prior to ET-1 stimulation,
basal traction stresses were observed for isolated VSMCs with
AR of 5 : 1 (Fig. 3E), 10 : 1 (Fig. 3F) and 20 : 1 (Fig. 3G). Following
ET-1 stimulation, traction stress intensity and area both
increased for AR 5 : 1 (Fig. 3H), 10 : 1 (Fig. 3I) and 20 : 1
(Fig. 3J) isolated VSMCs. After HA-1077 treatment, traction
stress was significantly reduced for isolated VSMCs with AR
of 5 : 1 (Fig. 3K) and completely absent for AR of 10 : 1 (Fig. 3L)
and 20 : 1 (Fig. 3M). After cells were detached by trypsin,
traction stress was completely absent for all ARs (Fig. 3N–P,
respectively). For all three ARs, we observed that the basal
(Fig. 3E–G) and ET-1 stimulated (Fig. 3H–J) traction stresses
were localised at the two ends of the cells and pointed towards
the geometric centre of the cell where the nucleus is generally
located. This phenomenon became more pronounced for isolated
VSMCs with AR 10 : 1 (Fig. 3F and I) and 20 : 1 (Fig. 3G and J).

We quantified the contractile strength of isolated VSMCs by
computing the traction force (T) and strain energy40 (U) applied
by the cell on the substrate from beads displacements at basal,
stimulated, and relaxed conditions with respect to the acellular
reference condition. The traction force is a vector measure-
ment, which allowed us to probe changes in contractility along
either the longitudinal (Fig. 4A) or transverse (Fig. S3A, ESI†)
axis of the cell. Strain energy is a scalar measurement that
integrates tractions exerted in all directions (Fig. S4A, ESI†),
which enabled us to measure the overall changes in cell
contraction. In response to ET-1 stimulation, the isolated
VSMCs contracted, increasing the measured longitudinal trac-
tion force from the initial basal tone (Tbx) to a higher level, here
denoted as Tcx (Fig. 4B). Similar increases were also observed
in transverse traction force (Fig. S3B, ESI†) and strain energy
(Fig. S4B, ESI†). To assess the dynamic contractile range of
isolated VSMCs, we computed the relative contractile increase
in longitudinal traction force (KTx, Fig. 4B), transverse traction
force (KTy, Fig. S3B, ESI†) and strain energy (Ku, Fig. S4B, ESI†)
by normalizing the change between the basal tone to the ET-1
stimulated tone with the basal tone. These measurements
allowed us to fully characterize the absolute and relative
changes in contractile strength of isolated VSMCs in response
to external stimuli.

We plotted the AR of each isolated VSMC against its con-
tractile measurements. For longitudinal traction force, we
found that Tbx (Fig. 4C) and Tcx (Fig. 4D) both negatively
correlated with cell AR. Similar trends were observed in strain
energy as Ub (Fig. S4C, ESI†) and Uc (Fig. S4D, ESI†) decreased

as cell AR increased. This suggested that the absolute contrac-
tile strength of isolated VSMCs weakens as they elongate. No
correlations between cell AR and transverse traction forces
was observed prior to (Fig. S3C, ESI†) or after ET-1 stimulation
(Fig. S3D, ESI†), suggesting that longitudinal elongation in cell
shape accounts for the observed differences in contractile out-
put. However, the relative contractile increase in longitudinal
traction force (Fig. 4E, KTx) and strain energy (Fig. S4E, KU, ESI†)
significantly increased as cell AR increased, which indicates
that elongated VSMCs exhibited a greater percent change in
contractile strength in relation to its basal tone after stimula-
tion with ET-1. In the transverse direction, no correlation
between cell AR and relative contractile increases (KTy) were
found (Fig. S3E, ESI†). Taken together, these results suggest
that cell shape elongation led to a decrease in contractile
strength but an increase in the dynamic contractile range along
the longitudinal cell axis.

Contractility correlated with subcellular organization

We asked whether differences observed in F-actin cytoskeletal
organization would reflect the differences in contractility of the
cells. To answer this question, we grouped isolated VSMCs into
5 : 1, 10 : 1 and 20 : 1 ARs and compared their actin alignments
with initial basal tone (Tbx) and relative contractile increase
(KTx). We found that as OOP increased, Tbx decreased while KTx

increased (Fig. 5A), suggesting that more aligned F-actin fibres
enable greater relative increase in force generation along the
fibre direction at the expense of weakened overall force output.

A previous study demonstrated that more polarised cells
have reduced Rho-dependent actomyosin contractile activity.41

We asked if the reduction in overall force generation is a result
of fewer actomyosin cross-bridge cycling activities in VSMCs
with more aligned F-actin fibres. Since cross-bridge cycling
directly leads to cell shortening,42 we quantified longitudinal
cell shortening (DL) from the changes in cell length during
contraction with respect to basal and relaxed states (Fig. S5A,
ESI†). We found that DL increased for VSMC with higher ARs
(Fig. S5B, ESI†) and this increase is positively correlated with
OOP values (Fig. S5C, ESI†). These results suggested that cross-
bridge cycling is unlikely to be the cause for the reduction in
overall force generation.

Nuclear shape and surface area is influenced by cell mor-
phology43 and subsequently affects other cellular functions.38

Our recent work showed that nuclear eccentricity is positively
correlated with VSM tissue contractility.26a We asked if nuclear
shape and projected area are also suggestive of the observed
differences in isolated VSMC contractility. We grouped isolated
VSMCs into 5 : 1, 10 : 1 and 20 : 1 ARs and compared nuclear
eccentricity and projected area with Tbx and KTx. Here, we found
that as projected nuclear area increased, Tbx increased while KTx

decreased significantly (Fig. 5B). However, as nuclear eccentri-
city increased, Tbx decreased while KTx decreased significantly
(Fig. 5C). These data suggested the morphological changes in
VSMC nucleus may be an important metric for assessing the
absolute and relative contractile strength of VSMCs in response
to external stimuli.
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Fig. 4 Isolated VSMC AR correlated with longitudinal traction force. (A) Schematics illustrating calculations for longitudinal traction force of an isolated
VSMC at basal (Tbx) and after stimulation with ET-1 (Tcx). Longitudinal traction force was calculated as half the sum of the longitudinal magnitude of all
traction force vectors, assuming that each half of the cell exert an equal amount of force in opposite directions. (B) Representative temporal longitudinal
traction force profiles of isolated VSMCs with AR 5 : 1 (lower bound) and 20 : 1 (upper bound) prior to and after stimulation. Relative contractile increase in
longitudinal traction force (KTx) is defined as the per cent change in longitudinal traction force from basal to ET-1 stimulated. Tbx (C), Tcx (D) and KTx (E)
plotted as a function of isolated VSMC ARs. (C–E) n = 14–17 cells from 4–6 experiment per AR. The correlation efficient, r, is determined by linear
regression analysis. Reported p values for Pearson correlations are two-tailed, demonstrated that the correlation is significantly different from zero.

Fig. 5 Contractile output correlated with cytoskeletal organization and nuclear morphology. Basal longitudinal traction force (Tbx, black) and relative
contractile increase (KTx, red) in longitudinal traction force after ET-1 stimulation (KTx, red) as a function of F-actin OOP (A), projected nuclear area (B) and
nuclear eccentricity (C). Specifically, as F-actin OOP (A) and nuclear eccentricity (C) increased, Tbx decreased while KTx increased. However, as projected
nuclear area increased, Tbx increased while KTx decreased. The correlation coefficient, r, is determined by linear regression analysis. Reported p values for
Pearson correlations are two-tailed, demonstrated that the correlation is significantly different from zero. All plots: mean � SEM. n = 13–18 cells per
condition.
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Discussion

In this study, we showed that VSMC shape can regulate its
contractile function. We found that whereas wider width cells
generate a greater force when stimulated with ET-1, longer,
thinner VSMCs have a greater range of contraction relative to
their basal tone. This suggests that where the vasculature
requires a higher fidelity in its modulation of blood flow,
longer, thinner cells are functionally advantageous. This is
particularly relevant to vascular tissue engineering where there
is a requirement that vascular grafts are compatible both anato-
mically and functionally at the graft site.44 In the past two
decades, several strategies have been explored to recapitulate
the 3D architectural organization in native vessels.45 Customarily
these strategies rely on seeded cells to migrate and self-assemble
into tissues with minimal guidance. While arterial replacements
can be engineered in vitro, when engrafted, the compliance
mismatch between the graft and native vessel results in throm-
bosis and intimal hyperplasia at the anastomotic site, resulting
in low patency rate.46 Our findings suggest that, in addition
to closely matching the biomechanical aspects of healthy
artery, engineering vascular grafts with VSMC shapes that
mimic cellular architecture of the native, healthy vasculatures
could improve functionality and long-term patency.

We previously reported that engineered VSM with forced
elongated spindle shapes exerted greater contractile tensile
stress when chemically stimulated.47 The results reported
herein are consistent with the findings by Tolic-Norrelykke
and Wang, where they found that cells with wider width
contracted with greater force than slimmer cells with a similar
projected area.26d The differences in observed shape-contractility
relationship between the current findings and our previous
study by Alford and colleagues may be attributed to differences
in measured quantities, experimental techniques and cellular
micro-environmental conditions. Our previous study utilised the
muscular thin film technology,48 which measured the contractile
strength of the VSM tissue with the component of Cauchy stress
along the cell orientation. This measured quantity represented
contractile force per tissue cross-sectional area, whereas the
current study quantified the contractility of VSMCs via TFM,
which measured the contractile force and strain energy exerted
by the cell on the substrate. In addition, the engineered VSM
tissue tested in Alford et al. was cultured with a higher level of
cell–cell contact, the possibility of off axis alignment of cells, and
stiffer abiotic substrates as compared to this single cell study.
These differences in micro-environmental conditions will influ-
ence VSMC phenotype49 and functions.50 As a result, measured
contractile strength may be reduced as it reflects an average of all
cells in the tissue, including weakly or non-contractile cells and
cells oriented in off-axis compared to the global orientation of
the tissue.

Mechanical forces exerted on the exterior of a cell are
propagated into the cell via the cellular cytoskeleton to the
nuclear lamina,35,51 directly affecting nuclear shape and gene
transcription. While cell shape induced nucleus elongation
has been well documented, the relative contribution between

longitudinal tension and lateral compression imposed by the
stress fibres on the nucleus is unknown.52 Our finding that
nuclear eccentricity negatively correlated with longitudinal
traction force suggests that lateral compression forces exerted
by stress fibres physically deforms the nucleus. This observa-
tion agrees with a recent report detailing how lateral compres-
sive forces exerted on the nucleus are responsible for shape
deformation, chromatin remodelling and reduced cell pro-
liferation.38 Others have proposed that compressive physical
forces exerted by aligned actin fibres are required to expose
transcription binding sites or DNA regulatory motifs, potentiat-
ing differences in DNA-associated protein binding and gene
transcription.53 Since nuclear shape deformation is correlated
with physiological26a,38,54 and pathological55 changes in
cellular functions, nuclear deformation may be indicative of,
and further distinguish, the function and phenotype of vascular
smooth muscle.

In this study, we demonstrated that isolated VSMCs with
elongated shape exhibited less contractile strength but greater
relative contractile increase upon stimulation. This shape-
dependent contractile behaviour suggests that the elongated
shape of VSMC in muscular arteries may lead to improved
dynamic contractile range, a key feature required for effective
vascular tone modulation in vivo. In addition to providing
mechanical insight into the physiological structure–function
relationship of VSMCs, our finding is particularly important for
obtaining the desired VSMC contractile function from a clinical
perspective in the design of a functionally active tissue engi-
neered graft.56 Our data suggest that providing organizational
guidance cues to guide the development and assembly of VSMC
into elongated shape may be beneficial in a successful implan-
tation of a small artery graft.

Materials and methods
Sample preparation

Photolithography. Photolithographic chromium mask for
microcontact printing were designed in AutoCAD (Autodesk
Inc.) and fabricated at the Center for Nanoscale Systems facility
with Heidelberg DWL-66 mask writer. The design for traction
force microscopy (TFM) studies, consisted of rectangles of
approximately 4000 mm2 surface area and variable length to
width ratios (5 : 1, 141 mm � 28 mm; 10 : 1, 200 mm � 20 mm;
20 : 1, 280 mm � 14 mm). Silicon wafers (Wafer World) spin-
coated with SU-8 2002 negative photoresist (MicroChem Corp.)
were exposed to ultra-violet (UV) light to cross-link the designed
pattern. Uncross-linked regions were dissolved by submerging
the wafers in propylene glycol methyl ether acetate.

Microcontact printing of polyacrylamide gels. ECM protein
FN after biotinylation modification was microcontact printed
onto the polyacrylamide (PAA) substrate, as previous pub-
lished.4 Briefly, FN was cross-linked with biotin using Sulfo-
NHS-LC-Biotin (Pierce). 13 kPa PAA gel substrate was fabricated
with 5/0.1% acrylamide/bis concentration. Immediately prior
to gel polymerization, streptavidin-acrylamide and 200 nm
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fluorescent beads were added to the gel solution for a final
concentration of 1 : 5 and 1 : 100, respectively, by volume. 15 mL
of gel-bead solution was cured on activated 25 mm coverslips.
200 mg mL�1 biotinylated fibronectin (biotin-FN) was incubated
on a PDMS (Sylgard 184, Dow Corning, Midland, MI) stamp
with microscaled raised features for 1 h at room temperature
and blown dry gently. The biotin-FN coated PDMS stamp was
placed in contact with cured PAA gel, transferring the biotin-FN
pattern to the substrate. The patterned PAA gel was stored in
phosphate buffered saline (PBS) until cell seeding. When
seeded, cells were constrained to the ECM patterned portion
of the substrate after serum starvation.

Human umbilical artery smooth muscle cell culture

Human umbilical artery smooth muscle cells (Lonza, Walkersville,
MD) purchased at passage 3 was cultured in growth medium
consisted of M199 culture medium (GIBCO, Invitrogen, Carlsbad,
CA) supplemented with 10% fetal bovine serum (FBS, Invitro-
gen), 10 mM HEPES (GIBCO, Invitrogen, Carlsbad, CA),
3.5 g L�1 glucose, 2 mg L�1 vitamin B-12, 50 U mL�1 penicillin
and 50 U mL�1 streptomycin (GIBCO). All experiments were
performed at passage 6–7.

VSMCs were seeded in growth media at 5000 cells cm�2 and
allowed to attach to the isotropically patterned FN on PAA gel or
patterned biotin-FN islands on PAA gel for 24 hours before
replaced with a growth factor free medium consisted of M199,
10 mM HEPES, 3.5 g L�1 glucose, 2 mg L�1 vitamin B-12,
50 U mL�1 penicillin and 50 U mL�1 streptomycin to induce a
contractile phenotype for 48 hours prior to cell staining or TFM
experiments.

Fluorescent and immunohistochemical staining

VSMCs seeded on PAA gel after 3 d of culture were fixed
with 4% formaldehyde solution (Thermo Scientific Pierce) for
10 minutes prior to staining. VSMCs seeded on isotropically
patterned FN were stained for cell membrane (DiO, Invitrogen)
and nucleus (DAPI) while VSMCs seeded on patterned biotin-
FN islands were stained for F-actin (phalloidin, Molecular
Probes) and nucleus (DAPI). Patterned FN islands were stained
with rabbit anti-human fibronectin antibody (1 : 100 dilution,
Sigma-Aldrich, St. Louis, MO) followed by Alexa Fluor 647
conjugated anti-rabbit secondary antibody (1 : 100 dilution,
Abcam). The stained samples were then mounted with ProLong
Gold antifade agent (Molecular Probes) and stored in �20 1C
freezer until imaging.

Cell, patterned FN island, F-actin and nucleus fluorescent
microscopy

Fixed and stained cells seeded on isotropically patterned FN
were imaged on a line-scanning Zeiss LSM 5 LIVE confocal
microscope (Carl Zeiss, Oberkochen, GER) with a 20� Plan-
Apochromat objective at 1� zoom and laser excitations at
405 nm and 488 nm wavelengths to image the DAPI and DiO
staining respectively. With the same microscope, stained micro-
patterned FN islands on PAA gel were imaged with a 20� Plan-
Apochromat objective at 0.5� zoom and laser excitation at 633 nm

wavelength. 2D and Z-stack images of phalloidin stained
F-actin and DAPI stained nucleus were acquired with the Zeiss
LSM 5 LIVE confocal microscopy with a 40� EC-Plan Neofluar
lens oil objective with 1� zoom and laser excitations at 561 nm
and 405 nm wavelength respectively. Z-stack images were sub-
sequently deconvolved in Imaris (Bitplane Scientific Software).

Cell, F-actin, and nucleus image analysis

The spreading area of single cells on isotropically patterned FN
was manually traced in ImageJ (rsbweb.nih.gov/ij/) and quanti-
fied. Cell AR was calculated by manually tracing the phalloidin
stain in ImageJ. F-actin OOP was calculated from phalloidin
stain with a coherence threshold of 0.3 using a structure tensor
method.30 Similar to a previous report by our group,26a cell
thickness was calculated from deconvolved Z-stack images of
F-actin, which closely approximated the actual cell thickness in
engineered cardiomyocytes.57 Nuclear angle offset (y) was
calculated by manually tracing the outlines of nucleus and cell
body in ImageJ and comparing orientation difference between
the principle axes. Nuclear eccentricity was evaluated by fitting
an ellipse to individually traced nucleus in ImageJ and calculat-
ing its eccentricity, defined as:

e ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� minor axis length

major axis length

� �2s
(1)

Projected nuclear area was quantified by tracing the outline of
the nucleus in ImageJ. Nuclear volume (V) and surface area (SA)
were evaluated by fitting an ellipsoid with half-length (a), half-
width (b) and half-height (c) to each individual nucleus from
deconvolved Z-stack images in Imaris (Fig. S2B, ESI†) with the
following formulas:

V = p4
3abc (2)

SA � 4p
apbp þ apcp þ bpcp

3

� �1=p

(3)

where p = 1.6075. Cell shortening was calculated by summing
the differences in cell length from DIC images of cell at basal
and relaxed conditions (Fig. S5A, ESI†). OOP, nuclear angle
offset, eccentricity, projected area, surface area, and volume
were quantified from between 7–12 images of isolated VSMCs
for each AR. All results were compared using ANOVA on ranks
test, with pairwise comparisons performed using the Tukey’s
test. All correlations analysis was evaluated using Pearson
product moment analysis.

Traction force microscopy

After 3 d of culture, micropatterned VSMCs on PAA gels were
moved to an incubation chamber on a Zeiss LSM 5 LIVE
confocal microscope maintained at 37 1C and immersed in
Tyrode’s solution (1.8 mM CaCl2, 5 mM HEPES, 1 mM MgCl2,
5.4 mM KCl, 135 mM NaCl, 0.33 mM NaH2PO4, adjusted to
pH 7.4). After allowing the cells to equilibrate for 10 minutes in
the incubation chamber, isolated VSMCs were imaged with a
40� EC Plan-Neofluar oil objective at 0.5� zoom on a Zeiss LSM
5 LIVE confocal microscope (Carl Zeiss, Oberkochen, GER) at
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4-minute intervals 3 times with both bright field and 488 nm
wavelength laser excitation to obtain images of VSMCs and
displacing fluorescent beads in the gel substrate. Subsequently,
the VSMCs were imaged at 4-minute intervals 3 times after
stimulation with 100 nM ET-1 for 15 minutes, followed by
100 mM HA-1077 (Sigma-Aldrich, St. Louis, MO) for 15 minutes.
During the stimulation, no images were taken to minimize the
amount of photo-damage to cells. Immediately prior to cell
detachment, cell nuclei were stained with DAPI and imaged to
ensure that only single cells were analysed. At last, trypsin was
added to detach the cells from the substrate. The experiment
was terminated when the cell in the field of view dissociated
from the gel, thus leaving the gel with no surface traction.

Traction force microscopy data analysis

Displacement and traction stress vectors were calculated from
the bead displacement as previously published.40 Briefly, dis-
placement of gel was determined by comparing the beads
images at baseline, stimulated and relaxed states to the bead
image when cells were detached from the substrate. The trac-
tion stress field was then calculated from the displacement
map using Fourier transform traction cytometry method. Trac-
tion stress vectors were discretised to a 10 � 10 mm2 grid.

To calculate the total strain energy U transferred from the
cell to the elastic distortion of the substrate, we applied the
following equation as previously published:27

U ¼ 1

2

X
n

An ux;nTx;n þ uy;nTy;n

� �
(4)

where ui and Ti represent displacement and traction force
vectors in the i-direction; A is the discretised unit surface area
of the cell body.

To calculate the total traction force cell Ti applied to the
substrate in the i-direction, we summing the magnitudes of
all traction force vectors

-

Ti,n cell exerted on both sides and
multiply by one half as previously published:32

Ti ¼
1

2

X
n

An
~Ti;n

�� �� (5)

assuming that cells exerted about equal magnitude of traction
force on each side.

Isolated VSMC AR was calculated in ImageJ by tracing the
cell outline from a DIC image taken at baseline. VSMCs that
responded to ET-1 stimulation with significantly elevated
strain energy were selected for correlation analysis. All corre-
lation analysis was evaluated using Pearson product moment
analysis.

Abbreviations

AR Aspect ratio
DIC Differential interference contrast
ET-1 Endothelin-1
FN Fibronectin
OOP Orientational order parameter

TFM Traction force microscopy
VSMC Vascular smooth muscle cells
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