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Abstract
Many cells in the body reside in a complex three-dimensional (3D) environment stimulated by mechanical force. In vitro bioreactor
systems have greatly improved our understanding of the mechanisms behind cell mechanotransduction. Current systems to impose strain
in vitro are limited either by the lack of uniform strain proﬁle or inability to strain 3D engineered tissues. In this study, we present a
system capable of generating cyclic equibiaxial strain to an engineered vascular wall model. Type I collagen hydrogels populated with rat
aortic smooth muscle cells (RASMCs) were created either as a compacting disk or constrained hemisphere. Both models were adhered to
silicone membranes precoated with collagen I, ﬁbronectin, or Cell-Tak and assayed for adhesion characteristics. The best performing
model was then exposed to 48 h of 10% strain at 1 Hz to simulate wall strain proﬁles found in vascular aneurysms, with static cultures
serving as controls. The ﬁnite strain proﬁle at the level of the membrane and the free surface of the construct was quantiﬁed using
microbeads. The results indicate that the hemisphere model adhered with Cell-Tak had the most stable adhesion, followed by ﬁbronectin
and collagen I. Disk models did not adhere well under any coating condition. Uniform strain propagation was possible up to a maximum
area strain of 20% with this system. RASMC responded to 10% equibiaxial strain by becoming less elongated, and
immunohistochemistry suggested that stretched RASMC shifted to a more synthetic phenotype in comparison to static controls.
These results suggest that equibiaxial strain may induce smooth muscle cell differentiation. We conclude that this system is effective in
stimulating cells with cyclic equibiaxial strain in 3D cultures, and can be applied to a variety of biomaterial and tissue engineering
applications.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
The physiology and pathology of many tissues can be
related to the local cellular response to mechanical forces
and adaptation to alterations in these forces. Mechanical
strain has been shown to be a key stimulant of function in
many cell types, including osteoblasts [1], smooth muscle
cells [2], and endothelial cells [3]. Almost all mechanistic
investigation of cell behavior in vitro has been conducted
on planar cell monolayers. All cells within the body reside
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in a three-dimensional (3D) matrix network, and the
mechanical forces experienced by these cells are interpreted
through this matrix. Recent evidence has shown that
matrix structure plays an important role in cell biology and
response to mechanical forces, and evidence suggests that
experiments with cells in 3D matrices give responses
different than with monolayers, and perhaps closer to the
in vivo condition [4,5].
Many advances in identifying mechanisms of cell
response to mechanical factors have been achieved with
the use of devices capable of imposing a mechanical
stimulus on cultured cells or isolated tissues in a controlled
manner in vitro [6,7]. A critical function of these systems is
the imposition of a controlled, uniform mechanical
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stimulus, so that all of the cells respond similarly. While
several systems have the capacity to expose cultured cell
monolayers to a deﬁned force, devices for 3D culture are
limited.
The use of tissue engineering to develop more physiological models for in vitro study has gained attention over
the past decade. Devices have been developed to expose
engineered tissue to pulsatile uniaxial strain [8], shear stress
[9] or simple ﬂexure [10]. Uniaxial stretch systems actually
expose engineered tissues to a more complex and heterogeneous biaxial strain proﬁle because of the Poisson effect.
While negligible for long, thin tissues like tendons, this
effect becomes much more pronounced for some of the
more sheet-like tissues commonly found in the body such
as pericardium, membranous tissues, and valvular leaﬂets.
Completely biological engineered tissue is initially much
more fragile than more mature native tissue, largely
incapable of being supported with grips or sutures without
introducing artifacts. The only mechanical strain environment that is truly homogeneous is an equibiaxial strain
environment, where the principal strains are equal and
independent of direction.
The objective of this study therefore was to design and
develop a system capable of applying equibiaxial strain to
engineered 3D tissues for the application of investigating
the relationship between mechanical forces and cellular
events. Aortic smooth muscle cells were chosen as a model
cell type incorporated into a type I collagen hydrogel
matrix, this being a primary matrix component in aortic
tissue.

2. Methods and materials
2.1. Cell isolation and culture
Rat aortic smooth muscle cells (RASMCs) were isolated by collagenase
digestion, cultured on tissue cultured plastic, and fed with Dulbecco’s
Modiﬁed Eagle’s Medium supplemented with 10% fetal bovine serum and
1% penicillin/streptomycin as previously described [5]. Cells were used at
passages 8–12.

2.2. Tissue model creation
Two common tissue models were used in this study, the cylindrical disk
model (DM), and the hemisphere model (HM) [11]. For the DM, a
solution of type I collagen (rat tail, 2.0 mg/ml) suspending
1  106 RASMC/ml was inoculated into wells of different diameters as
previously described [5], and liberated from the walls after 3 h of
culture. The DM gels compacted over a 48 h period, and were then
transferred to a chamber containing a thin silicone elastomer bottom, and
allowed to adhere for an additional 2 days. Medium was changed
at 3 h compaction, and every other day thereafter. For the HM gels, an
identical suspension (0.5 ml) was applied directly to the silicone
membrane, bounded by a circle created with a hydrophobic marker. A
small amount of medium was placed over the constructs after 1 h of
culture. Medium was added after 24 h of compaction, and every other day
thereafter. The geometric constraints of the membrane adhesion and
hydrophobic ring limited tissue compaction to reducing the thickness of
the construct.
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2.3. Adhesion to membrane
Different extracellular matrix proteins were used to enhance adhesion
of the tissue models to the silicone membrane. Membranes were etched
with 10 N H2SO4 for 1 h, followed by serial rinses in distilled water. Type 1
collagen (50 mg/ml, BD Biosciences), ﬁbronectin (50 mg/ml, Sigma), or Celtak (50 mg/ml, BD Biosciences) were applied to the membrane surfaces and
incubated for 24 h at 37 1C. Coating was performed 24 h prior to tissue
adhesion: day1 for DMs, and day 2 for HMs. Uncoated membranes
served as controls for both models.

2.4. Measurement of membrane adhesion
DM and HM models of varying sizes were created and attached to
coated membranes as previously described. Adhered constructs were then
transferred to a shaker plate, which was activated to different levels (rpm)
of speed. Constructs were monitored for adhesion over 20 min.

2.5. Equibiaxial strain device
The device used to create equibiaxial strain is a modiﬁed version of a
system ﬁrst presented and described in great detail by Sotoudeh et al. [12],
shown on Fig. 1. It consists of a series of polycarbonate chambers which
are placed on a movable stage, and screwed concentrically over a Teﬂonlined cylindrical mandrel. The bottom of the polycarbonate chamber is a
silicone elastomeric sheet secured to the chamber with an O ring. The
chamber is then lowered into the mandrel, which expands the sheet
homogeneously. The motion of the stage is controlled by a hermetically
sealed rotary motor attached to a cam, the eccentricity of which creates a
sinusoidal strain proﬁle with time. The system was housed in a standard
tissue culture incubator, which maintained 37 1C and 5% CO2 throughout
the culture period.

2.6. Strain calibration
Small marks were made on the surface of the membrane opposite the
construct, and 0.5 mm diameter beads were placed on the free surface of
the construct (Fig. 3A). The marks and beads were homogeneously
distributed at 1–2 mm intervals. For the purpose of strain measurement it
was assumed that the displacements of each set of three beads (construct
surface) or marks (membrane) arranged in a triangular pattern could be
described by a system of equations relating the undeformed (unstrained)
conﬁguration and the deformed (strained) conﬁguration by position [13],
namely:
xi ¼ FXi þ bi ,

(1)

where x is the deformed coordinates, and X undeformed. F is a
deformation gradient tensor for the plane of interest, either membrane
or construct surface:
Fij ¼ dxi =dXj .

(2)

By solving the system of equations in Eq. (1) relating the observed
deformed and undeformed conﬁgurations of triangular bead/mark
positions, the coefﬁcients of F were obtained. These were then was used
to obtain ﬁnite (Green’s) strain components:
E ¼ 0:5ðFT F  IÞ,

(3)

where I is the identity tensor. Finite strain was then transformed into area
strain by the following formula:
A=A0 ¼ l1 l2 ¼ ð2E 11 þ 1Þ0:5 ð2E 22 þ 1Þ0:5 .

(4)

At least ﬁve different sets of triangularly arranged membrane marks and
surface beads at in different regions of the two planes were used to
determine the homogeneity of the strain proﬁles. The strain proﬁles were
then monitored at different peak strain magnitudes by adjusting the cam
to varying amounts of eccentricity with respect to the rotary motor.
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Fig. 1. Experimental systems: (A) the equibiaxial strain device; (B) schematic of the device operation; (C) diagram of the disk model; and (D) diagram of
the hemisphere model.

Zero eccentricity creates no strain, while increased eccentricity results in a
linearly proportional increase in peak strain magnitude.

2.7. Equibiaxial strain of tissue constructs
Constructs (HM and DM) containing 1  106 RASMC/ml were placed
on Cell-Tak (50 mg/ml) coated membranes, and strained 10% (area strain)
at 1 Hz for 48 h, with static cultures serving as controls. Upon completion
of the experiment, constructs were evaluated for cell viability and
phenotype. Antibodies to contractile machinery [a-smooth muscle actin
(1:100, sigma), calponin (1:100, sigma), and myosin heavy chain (1:100,
sigma)] and mesenchymal ﬁbroblast marker vimentin (1:100, sigma) were
incubated for 1 h, followed by ﬂuorescently conjugated secondary
antibody incubation and coverslipping with a DAPI containing mountant
(Vector Labs). Cell viability was determined using the LiveDeadTM assay
(Molecular Probes) as recommended, and the morphometry (Shape Index,
Orientation angle) determined as previously described [14]. Signiﬁcant
differences between strained and unstrained controls were determined
using t-tests with Po0:05.

3. Results
3.1. Construct adhesion
The compaction process for the DM constructs was
complete by day 2 (Fig. 2A) while for HM constructs
minimal lateral compaction was observed when coating
with Cell-Tak. Collagen and ﬁbronectin, however, did not
completely inhibit lateral compaction of HMs. The results
of the adhesion assay are shown in Fig. 2B. Cell-Tak
coating promoted stable adhesion of constructs even at the

most vigorous shaking (100 rpm), with larger constructs
(D42:0 cm) faring better than smaller constructs.
Fibronectin was less effective, but with larger diameter
constructs maintained 50% adhesion. Collagen I was a
very poor adhesive protein for the collagen gels, with all of
the constructs detaching at the lowest setting (25 rpm).
Neither construct remained adhered to the membrane
without prior coating at any shaker speed tested (data not
shown).
3.2. Calibration of system strain
Fig. 3B shows the calibration of the strain at the level of
the membrane. No signiﬁcant differences exist between the
magnitudes of the principal axes of strain E11 and E22,
while shear strain (E12) varied between 0.01 and 0.01
(essentially zero). This demonstrates that the system
generates equibiaxial strain up to 20%, encompassing the
physiological range of many tissues. DM and HM
constructs both remained adhered to the membrane in
approximately 75% of the experiments when pre-coated
with Cell-Tak. While both models strained at the adhered
surface, only the HM constructs recorded measurable
strains at the free surface, so all future experiments in this
study were conducted using HM constructs. The strain
proﬁle through the HM constructs, as shown in Fig. 3C, is
equibiaxial to a maximum ﬁnite strain of 11%. The
difference in strain magnitude between the free and
adhered surface is best shown in Fig. 3D. No signiﬁcant
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Fig. 2. Compaction and adhesion results: (A) disk models compacted to approximately 15% of original area after 24 h, and minimal further compaction
was recorded; (B) Cell-Tak coated membranes promoted the most stable adhesion, followed by ﬁbronectin and collagen I. Larger constructs (42.0 cm)
performed better than smaller ones; and (C) unlike Cell-Tak, ﬁbronectin was incapable of prohibiting lateral compaction of hemisphere model disks.
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Fig. 3. Strain measurement results: (A) schematic of strain measurement; (B) equibiaxial strain proﬁle at the level of the membrane; (C) equibiaxial strain
proﬁle at the free surface of the constructs; and (D) near homogeneous transmission of strain through the thickness of the construct to a maximum of
10%, above which tissue failure ensues. *Po0:05.

differences existed between the two strain proﬁles up to a
principal strain of 10%, after which the adhered surface
strains much more than the free edge. This strain limit
corresponds to an area strain of approximately 20%.
Without knowing anything about how the material

properties varied across the construct, it was impossible
to model the transmission of strain through the thickness
of the constructs, but as no observable tissue failure
occurred, it is possible that localized internal collagen ﬁber
slip was responsible.
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3.3. Equibiaxial strain of tissue constructs
HM constructs were strained 10% (area strain) for 48 h at
1 Hz with static cultures serving as controls. Cell viability
improved signiﬁcantly with strain (Fig. 4), and cells in strained
constructs were morphologically less elongated than in
unstrained controls. Immunohistochemistry results presented

in Fig. 5 show that RASMC in equibiaxially strained
constructs as compared to unstrained controls expressed less
a-smooth muscle actin and calponin, but greater amounts of
vimentin. There were no cells that were stained positive for
myosin heavy chain in either group (data not shown). These
results suggest a shift from a contractile phenotype to a more
synthetic phenotype with this type of strain.
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Fig. 4. Viability and morphological results: (A) confocal images of RASMCs in disk model collagen gels stained with LiveDead; (B) improved viability of
RASMCs in strained constructs over static controls; (C) cells in strained constructs became more round in comparison to controls; and (D) cells in both
conditions are randomly aligned within the constructs. *Po0:05.

Fig. 5. Immunohistochemistry shows smooth muscle phenotype shift from contractile to synthetic. Smooth muscle cells strained 10% for 48 h decreased
expression of a-smooth muscle actin and calponin, but increased expression of vimentin.
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4. Discussion
Numerous studies have shown the efﬁcacy of mechanical
stimulation in promoting more physiological cell phenotypes or inducing altered phenotypes in vitro for a variety
of cardiovascular and orthopedic applications [15–18]. The
critical requirement of each of these systems is the ability to
provide controlled, uniform mechanical stimulation to
ensure that every cell in the tissue received a similar
mechanical loading regime. Lee and colleagues have shown
dramatic differences in cell response with only 3%
difference in strain magnitude [19]. Heterogeneities in
strain proﬁles exist in many uniaxial stretch devices,
especially at the gripping interfaces and free edges due to
the Poisson effect. Cells from a differently strained region
may secrete factors that inﬂuence the strain response of the
cells in the region of interest, potentially compromising the
results. Therefore, a multiaxial strain system is generally
required to expose cells to uniform strain. The mechanisms
and generated strain proﬁles of different systems have been
systematically reviewed by Brown [20] and Brown et al.[21],
who showed that a telescoping concentric cylinder system
that forces a membrane against a platen (or vise versa) is
ideal for generating equibiaxial strain. The device presented
in this study creates strain using this mechanism, and we
have calibrated it rigorously to conﬁrm its equibiaxial
strain proﬁle up to 20% strain.
The challenge with exposing engineered 3D tissue to
different mechanical strain regimes is gripping the tissue
without inducing artiﬁcial stress concentrations and cell
responses. While most biaxial test systems for mechanical
property testing involve suturing long threads at the
periphery of test specimens [22,23], this is not possible for
weaker tissues like collagen hydrogels. Precoating the
silicone membrane with Cell-Tak, a mixture of adhesive
proteins extracted from the marine mussel, Mytilus edulis,
greatly enhanced construct adhesion. This protein has been
shown previously to have very favorable cell adhesion
properties in comparison to other matrix proteins [24], and
we now report that Cell-Tak was superior to type I
collagen and ﬁbronectin at similar concentrations in
adhering engineered tissue constructs to ﬂexible substrates.
It is unclear what biological effects Cell-Tak has on
cultured cells, and toxicity reports from the literature are
conﬂicting [25,26]. Cell-Tak did not appear to be toxic to
the cells used in this study as indicated by the viability
analysis.
This in vitro test system was then used to assess cellular
changes in response to equibiaxial strain in aortic smooth
muscle cells. RASMC phenotype changed from elongated
contractile cells to more rounded synthetic cells after 48 h of
equibiaxial strain. Shifts between contractile and ﬁbroblastic
phenotypes have been associated to diseases in numerous
organ systems, including atherosclerotic vascular diseases
[27,28], bladder dysfunction [29], renal insufﬁciency
[30] and lung impariment [31]. Maintenance of quiescent
cell phenotype, whether ﬁbroblastic or contractile,
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is critical for long-term tissue function. These results suggest
that mechanical strain of a 3D tissue environment may
provide physiological and pathological stimuli to study these
phenomena in vitro.
5. Conclusions
The modiﬁed strain system and protocol presented can
be used to expose 3D tissue models with equibiaxial strain
up to a 20% area change uniformly. Different strain
magnitudes and frequencies relevant to other tissue types
can be readily accommodated for short- or long-term
studies, enabling the controlled in vitro investigation of 3D
mechanical strain tissue environments to understand
the relationships between mechanical forces and tissue
physiology and pathology.
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