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Differential Orientation of 10T1/2 Mesenchymal Cells on
Non-Uniform Stretch Environments

WJ Richardson∗, DD van der Voort∗, E Wilson†, JE Moore Jr.∗,‡

Abstract: Non-uniform stress and strain fields are prevalent in many tissues in
vivo, and often exacerbated by disease or injury. These mechanical gradients poten-
tially play a role in contributing to pathological conditions, presenting a need for ex-
perimental tools to allow investigation of cell behavior within non-uniformly stim-
ulated environments. Herein, we employ two in vitro cell-stretching devices (one
previously published; one newly presented) capable of subjecting cells to cyclic,
non-uniform stretches upon the surface of either a circular elastomeric membrane
or a cylindrical PDMS tube. After 24 hours of cyclic stretch, 10T1/2 cells on both
devices showed marked changes in long-axis orientation, with tendencies to align
parallel to the direction of minimal deformation. The degree of this response var-
ied depending on location within the stretch gradients. These results demonstrated
the feasibility of conducting cell mechanobiology investigations with the two novel
devices, while also highlighting the experimental capabilities of non-uniform me-
chanical environments for these types of studies. Such capabilities include ro-
bust data collection for developing mechanobiological dose-response curves, signal
threshold identification, and potential spatial targeting for drug delivery.

1 Introduction

It is widely known that cells of many types alter their behaviors in response to
mechanical stimulation. One such behavior is altered cellular orientation depen-
dent upon the direction of substrate stretching. Numerous studies with endothelial
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cells (ECs), fibroblasts and smooth muscle cells (SMCs) have demonstrated that,
in vitro, cells will tend to align parallel to the direction of minimal stretch [1-6]. In
true uniaxial environments, minimal stretch occurs perpendicular to the direction
of loading. ‘Simple uniaxial’ setups, wherein the transverse edges are unrestricted,
actually create biaxial stretch environments due to lateral compression; in such
cases, the direction of minimal stretch is slightly off-axis. The degree of cellular
alignment response typically correlates to the magnitude and duration of stretch
imposed upon the matrix, or the relative ratio of principal stretch components in bi-
axial stretch cases [5, 7]. The mechanism for this orientation response is suspected
to be mediated by the remodeling of the cytoskeleton via stretch-dependence of
actin assembly and disassembly rate constants [8].

Understanding the orientation behavior of cells is important as alignment plays vi-
tal roles in numerous physiologic and pathologic conditions. For instance, SMCs
in the artery wall are oriented primarily in the circumferential direction in a slightly
helical fashion, which is important to function as it optimizes the cells’ ability to
control lumen size via contraction and dilatation [9, 10]. Also, arterial EC align-
ment is indicative of vascular health but randomly orientated cell populations cor-
relate to atherogenic behaviors [11]. Our ability to understand cell orientation be-
havior is important to understanding disease development as well as potentially
controlling this behavior to improve function of engineered tissue constructs.

Linking cell orientations to their local mechanical stimuli within the body is made
difficult by the complexity of in vivo stress and strain environments. For example,
morphogenic structures have been shown to include large spatial variations in stress
and strain. Taber and colleagues quantified the strain-environment of the chick head
fold during embryological development revealing stark non-uniformities [12]. In
computational models, these distributions have been predicted to play important
roles in achieving final tissue form [13]. Similarly, Chen and colleagues have
demonstrated how spatial variation in cell-generated traction forces can arise within
cell populations cultured on micropatterned surfaces of various shapes, indicative
of the diverse geometric forms taken by developing tissues [14].

In addition to the morphogenic environment, stretch in a mature artery wall can
also be highly non-uniform, depending on location in the vasculature, presence of
an atherosclerotic plaque, or implantation of a stent[15-18]. In these cases, stretch
at the inner wall is much greater than stretch at the outer wall, resulting in a dra-
matic stretch gradient through the artery thickness. After stent implantation, there
is also an introduction of stress concentrations at the ends of the implant. These
stress concentrations result in gradients of stress along the longitudinal direction
of the artery, with high stresses at the edge of the stent and lower stresses farther
from the stent. This stark non-uniformity is presumably pathogenic and therefore,
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as a result, stent designs that seek to smoothen the transition of stress from the
stented region to the nearby non-stented region of the artery have been developed.
In particular, the “compliance matching stent” (CMS) of Berry et al. and Rolland
et al. showed improved performance over a standard non-CMS stent, with inhib-
ited local tissue restenotic processes after implantation in swine models[19, 20].
The detailed cellular mechanisms responsible for these beneficial effects, however,
remain unclear, limiting our ability to optimize similar stent designs or develop
pharmaceutical regimens to prevent restenosis. Thus, there remains a need to in-
vestigate the effects of non-uniform in vivo loading conditions on particular cell
behaviors related to disease.

Although the body’s mechanical environments are highly heterogeneous and spa-
tially complex, the bulk history of cell stretching experiments has employed rather
simple mechanical stimuli, most often uniaxial loading of cell-seeded constructs
[21]. Such studies have provided important results to help develop our understand-
ing of mechanobiological processes. Still, there remains a need to subject cells to
more physiologic stretching environments, namely non-uniform stretch fields. We
have previously designed and tested a cell-stretching device capable of fine-tuning
stretch gradients across 2-D elastomeric membranes [22]. Herein, we describe an
additional device capable of subjecting cells cultured on the outer surface of a tubu-
lar substrate to a longitudinal stretch gradient. This work analyzed the orientation
responses of murine mesenchymal cells when stretched upon both devices.

2 Materials & Methods

2.1 Membrane Device Design

The device used to stretch cells cultured on elastomeric membranes has been pre-
viously described [22]. Briefly, a thin circular membrane was radially deformed in
all directions via vertical displacement of its outer circumference over a stationary
Teflon platen (Figure 1). The deformation was driven by a computer-controlled
stepper motor (Anaheim Automation) with a rack and pinion gear connected to
the clamped membrane. The motor was controlled by manufacturer-provided soft-
ware (SMC50WIN) allowing precise programming of cyclic stretch amplitude and
frequency. Once the device was assembled, the membrane was suspended upside-
down in an enclosed Lexan box containing culture medium, and the box was kept
inside an incubator at 37˚C and 5% CO2. A glass coverslip was mounted in the bot-
tom of the box to allow imaging of the cells with an inverted fluorescent microscope
(Nikon TE-2000, Nikon Instruments).

Radial deformation of a circular elastomeric membrane generates both radial and
circumferential stretches. Cutting a circular defect in the center of the membrane
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Figure 1: Membrane device schematic: A circular elastomeric membrane was
radially deformed by stretching over a stationary platen driven by a computer-
controlled stepper motor. Vertically displacing the clamped outer circumference
of the membrane produces uniform radial loading of the membrane’s edge.

produces gradients in each of these stretch components. The profiles of stretch
gradients in such cases depend upon the magnitude of the displacement at the
outer edge, as well as the outer and inner radii values. The solution for this finite-
deformation problem has been previously solved by David and Humphrey, and the
capabilities of this stretching device have been previously tested and reported [22,
23]. Importantly, with the inclusion of a central defect, circumferential stretch (λ θ )
ranged from high values at the inner edge to lower values at the outer edge, while
radial stretch (λ r) ranged from low values at the inner edge to higher values at the
outer edge, but everywhere λ r < λ θ . In this study, membranes with outer radius =
50mm and inner radius = 7.5mm were stretched with stepper-motor displacement
chosen to achieve ∼11% circumferential stretch at the inner edge.

In order to compare cellular orientation to the directions of stretch, the angle of
minimal stretch was calculated for every point across the membrane. For this cal-
culation, the equation for composite stretch, λ , was derived from the deformation
gradient tensor F, yielding the following:

λ
2 = λ

2
r cos2 (φ)+λ

2
θ sin2 (φ) (1)

where φ equals the angle measured off of the radial axis. Taking λ = 1 (minimal
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perturbation of cell cytoskeleton), the angle of least stretch was calculated:

φ = arcsin

(√
1−λ 2

r

λ 2
θ
−λ 2

r

)
(2)

Since λ r and λ θ varied with radial position, φ was a function of position as well.
Also, note that Eq. 2 was only valid for λ r ≤ 1. Where λ r > 1, of course ϕ

= 0˚ since λ r < λ θ everywhere (ie., the direction of least stretch is in the radial
direction).

2.2 Tube Device Design

To subject cells to longitudinal stretch gradients on tubular constructs, a tube-
stretching device was built based upon tube inflation theory used by Mohammad et
al. and Rachev et al [24, 25]. Briefly, a thin elastomeric tube was implanted with
an oversized, cylindrical rigid insert (Figure 2). When the tube was subsequently
inflated by an intramural pressure wave, circumferential and longitudinal stretches
are generated. The oversized insert introduces a boundary condition resulting in
large variations of these stretch components depending on their location upon the
tube.

Tubes were manufactured using Sylguard 186 (Dow Corning, MI), a silicon based
polymer solution. After mixing with a curing agent (10:1 ratio of polymer: cur-
ing agent), the mixture was poured into a mold consisting of FEP shrink tubing
(ID =5.25mm) mounted around a stainless steel inner mandrel (D=4.4mm). Once
poured, the elastomer was cured by heating in an oven at 80˚C overnight. After
curing, the shrink tubing was removed, and the tube was slid off the inner man-
drel using ethanol as a lubricant. Final dimensions of the cylindrical tube were
50mm in length with 5.25mm outer diameter and 4.4mm inner diameter (0.425mm
thickness). For the rigid insertion, a cylindrical glass segment (10.0mm in length,
6.0mm outer diameter,) was manually inserted and positioned at the center of the
tube. Post manufacturing, tubes were autoclaved in deionized water, hydrophilized
by soaking in 70% sulfuric acid for 60 seconds, autoclaved again, and stored in DI
water.

For inflation, tubes were canulated and secured to metal tube attachments, and
connected to a flow loop consisting of a gear pump (Ismatec BVP-Z; Ismatec SA,
Switzerland) driven by a function generator (BK Precision 4016; BK Precision,
CA), a glass compliance chamber, a resistance valve and a supply reservoir (Figure
2). These elements allow for a wide variety of pulsatile pressure waveforms to
be generated for tube inflation. The tube and its connections were housed inside
a culture chamber to hold cell-culture medium. This box also contained a glass
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Figure 2: Tube experimental setup: Thin-shell theory was used to calculate radial
wall displacement, w, as a function of the longitudinal position, z, relative to the
edge of the insert (A). For experiments, a cell-seeded PDMS tube containing an
oversized glass insert within a short segment of the tube was enclosed within a
culture box (B) to contain cell-culture medium, with a glass coverslip in the bottom
of the box to allow imaging via inverted microscopy. The connected flow loop (C)
consisted of a gear pump driven by function generator, a capacitance reservoir, and
a resistance valve over a supply reservoir.
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coverslip on the bottom surface to allow for imaging with a Nikon TE-2000 inverted
fluorescent microscope (Nikon Instruments, Japan).

2.3 Tube Device Deformation Field

As in Mohammad et al. and Rachev et al., thin-shell theory is applied to estimate
deformations of a cylindrical tube stretched over a rigid insert [24, 25]. The ‘thin
tube’ assumption requires the thickness:radius ratio to be negligibly small, allowing
for simplification of the governing motion equation derived from equilibrium and
displacement boundary conditions. By also assuming the tube is linearly elastic,
isotropic (Eθ = Er = E), and incompressible (µ =0.5), the equilibrium equation
for the case of tube deformation by a uniform radial pressure reduces to a 4th-
order, linear ODE of radial displacement of the mid-wall surface, w (measured
positive inward), as a function of longitudinal position, z. The linear elasticity
assumption is justified since the end-goal is to estimate stretches, which requires
only the displacements rather than the calculation of stresses, and the displacements
(rather than pressures) are calibrated experimentally. For deformations caused by
rigid insertion and pressurized inflation, boundary conditions were enforced for the
edge behaviors in order to restrict the wall displacement at the insert to be exactly
determined by the size of the insert, the wall displacement far from the insert to
be exactly determined by the inflation due to intraluminal pressure change, and the
wall displacement transitions to be smooth along the entire length of the tube (from
0 < z < ∞). These restrictions result in the following solution:

w(z) =
PR0

EH
+

(
Rinsert

0 −R0

R0
+

PR0

EH

)
(sinh(kz)− cosh(kz))(sin(kz)+ cos(kz))

with

k =

√
3R0

2H
(3)

This displacement, w, is the dimensionless wall displacement (normalized by R0)
from a straight, undeformed tube to a pressurized tube with a rigid insert. Given
the undeformed radius of the tube, R0, undeformed tube thickness, H, radius of the
rigid insert, intraluminal pressure, P, and linearized elastic modulus of the tube, E,
the solution can be used to give the deformed tube wall position profile.

eθ =− w̄
R0

(4)

ez =−d2w̄
dz̄2 (r

∗) (5)
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where the overbar denotes actual (dimensional) values, and r* is the radial distance
of from the mid-wall surface (r* = -0.5 × thickness for the outer wall). In our
experiments, the tube was cyclically inflated from a diastolic pressure to a systolic
pressure, after the rigid insert had been implanted. To calculate stretches between
these two conditions, w is used to find the tube wall positions at both diastolic
and systolic time points. The circumferential and longitudinal stretch values for
deformation between diastolic and systolic inflation (and the respective stretch, λ )
can then be calculated with the following:

eθ ,z =
esystolic

θ ,z − ediastolic
θ ,z

ediastolic
θ ,z +1

(6)

λθ ,z = 1+ eθ ,z (7)

The deformation analysis accurately estimates the levels of stretch as they vary
from the edge of the rigid insert to the end of the tube. This variation provides an
experimental region to study the effects of stretch gradients on cell behavior.

2.4 Cell Culture & Stretching

For cell stretching experiments, 10T1/2 cells (ATCC CCL-226) were cultured in
SMGM with 5% fetal bovine serum, and antibiotics (Lonza). The 10T1/2 cell line
is a murine mesenchymal cell, used for its relevance to a variety of fully differ-
entiated cell types, particularly SMCs [26]. Prior to cell-seeding, the surface of
circular membranes (diameter = 10mm; cut from 0.5mm thick silicone sheeting
(Specialty Manufacturing Inc., MI) and outer surface of tubes (described above)
were coated in bovine fibronectin (Sigma-Aldrich) by submerging for 1.5 hours
in a fibronectin-PBS suspension to yield a surface area concentration of 5µg/cm2.
Membranes and tubes were then washed with PBS, washed with medium, and then
submerged in medium containing 10T1/2 cells (between passages 10-15) in sus-
pension. Cell concentration in suspension was chosen to yield a seeding density of
104 cells/cm2. Each tube was slowly rotated for several hours post seeding to en-
able uniform seeding around its outer surface. Both constructs were subsequently
incubated for 2 days prior to stretching to ensure adequate adhesion.

After 2 days incubation, membranes were attached to the stretching device and
cyclically deformed at 1Hz for 24hours according to the stretch profile described
above Tubes were stretched via cyclic inflation at 1 Hz for 24 hours, with pressur-
ization level selected to yield 10% circumferential stretch far from the rigid insert.
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2.5 Orientation Analysis

After stretching, cells were imaged with bright field microscopy at 10x magni-
fication. Across the membrane, images were captured at ∼50 positions using a
motorized stage to collect image coordinates. Radial position of each image was
calculated by estimating the membrane’s center based on a circular fit of the points
around the inner edge. Within each image, the orientation of every cell was calcu-
lated using ImageJ software (NIH). Cell outlines were manually traced and fit to
ellipses using ImageJ’s algorithm. This fit maintains the cell’s total area and orien-
tation direction. Each cell’s orientation angle (measured from the horizontal axis of
the image) was adjusted for the image’s position on the membrane to give the angle
measured off the radial direction. This angle was further adjusted for the direction
of minimal stretch as a function of radial position, calculated by Eq. 2 above. The
resulting angle for each cell describes that cell’s angle away from the direction of
minimal stretch, ranging from 0˚ (parallel to minimal stretch) to 90˚ (perpendicular
to minimal stretch). Cell elongation was also calculated, quantified for each cell as
the aspect ratio of the fitted ellipse.

For the tube setup, images were captured above the rigid insert, far from the rigid
insert, and within the transition region. Cell alignment was again quantified using
ImageJ with orientation angle defined between a cell’s major axis and the longitu-
dinal direction of the tube.

2.6 Statistical Analysis

Orientation histograms were generated for each microscope image, dividing cells
into 5˚ orientation bins between 0˚ and 90˚. Images were grouped (n=2-9) ac-
cording to their position upon the membrane or tube setups and overall histograms
for each position group were generated by averaging histogram values of individ-
ual images within the group. To analyze the degree of cell alignment at various
positions (and therefore at various stretches), circular statistical techniques were
applied. Briefly, cell orientation angles were translated into x- and y-components,
which were then averaged for all cells from all images within each group. The
length of the resultant mean vector is a measure of alignment that varies from 0
(perfectly random) to 1 (perfect alignment). These mean vector lengths (MVLs)
were tested for statistical significance using Rayleigh’s test for randomness. Lin-
ear regression analysis was used to fit the response of elongation to mechanical
stimulus. Averaged data are reported as mean ± st. deviation.
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3 Results

3.1 Stretch Field Characterization

Radially deforming a circular elastomeric membrane with a central defect gener-
ated gradients in circumferential and radial stretch components (Figure 3). With
the selected membrane geometry and loading regimen, circumferential stretch de-
creased from 1.11 at the inner edge to 1.03 at the outer edge, while radial stretch
increased from 0.95 at the inner edge to 1.02 at the outer edge. These variations
result in a ‘simple uniaxial’ stretch environment near the inner edge that transi-
tions to a near equi-biaxial stretch environment at the outer edge. Stretch gradients
are steep near the center and shallower further from the center. Due to the non-
uniformity in the stretch components, the resultant angle of minimal stretch varies
with membrane position (Figure 3), decreasing from 33.8˚ off the radial axis at the
inner edge to 0˚ (parallel with the radial axis) from r = 14.5mm and outward.

Tube deformation profiles were calculated using the governing displacement equa-
tion (Eq. 3) and the stretch relations (Eq. 7) for potential stretching cases yielding
far-field circumferential strains of either 10% or 20% (Figure 4). Above the rigid
insert (z ≤ 0mm), the tube wall does not move with inflation. Far from the glass in-
sert (z ≥ 3mm), the tube wall displacement is nearly uniform, and solely dependent
upon the intraluminal pressure increase. When the tube is inflated from the baseline
(diastolic) to either the 10% or 20% case (systolic), there is no stretch above the
glass insert and strip-biaxial stretch (λθ >1, λz=1) far from the glass insert, with
a highly non-uniform biaxial stretch transition in between. For the nominal 10%
case, circumferential stretch varies from 1.0 at the glass edge to 1.10 far field, while
longitudinal stretch varies from 0.91 at the glass edge to 1.0 far field. Notably the
longitudinal stretch profile peaks at nearly 1.04 before falling back to 1.0. This
biphasic behavior arises from the bending-inflation interactions within the transi-
tion zone. For the 20% case, the trends are identical with circumferential stretch
varying from 1.0 to 1.20, and longitudinal stretch varying from 0.82 to 1.0 with a
peak at 1.07.

3.2 Cellular Orientation Response

Prior to stretching, 10T1/2 cells seeded on both the membrane and outer surface
of the tube showed good viability and adequate adhesion to the substrate. Af-
ter 24hours of cyclic stretch, cells remained adhered to both surfaces with healthy
morphology and obvious orientation changes (Figures 5-7). These changes demon-
strated a tendency for cells to orient parallel to the local direction of least stretch.
On the membrane, the degree of this response varied greatly correlating to radial
position (Figures 5, 7). High alignment tendencies were evident among cells sub-
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Figure 3: Membrane stretch profile characterization: Radially deforming a circular
membrane with a central defect generated gradients in both circumferential and
radial stretch components (A). The off-axis direction of minimal stretch varied with
radial position due to circumferential: radial stretch ratio variation (B).
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Figure 4: Tube geometries and stretches: A thin-walled tube was implanted with
a rigid cylindrical insert and subsequently subjected to cyclic inflation. The tube
geometric profile (A) and stretches (B) were calculated for cases of 10% and 20%
nominal stretch, defined by the circumferential stretch far from the rigid insert be-
tween systolic and diastolic configurations.
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Figure 5: 10T1/2 cell orientation on membranes: Before stretch, 10T1/2 cells ori-
ented randomly on elastomeric membranes (A). After 24hrs of cyclic stretch, cell
alignment varied with radial position, from random alignment under near equibiax-
ial stretch (B) to high alignment under simple uniaxial stretch (D). Scale bars equal
100 microns.
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Figure 6: 10T1/2 cell orientation on tubes: After 24 hours of cyclic stretch, the
orientation of 10T1/2 cells on the outer surface of PDMS tube constructs varied
with longitudinal position. Above the rigid insert, cells demonstrated no particu-
lar alignment (A). Within the transition zone of biaxial stretch, cells demonstrated
moderate alignment in the longitudinal direction (B). Far from the glass insert, cells
demonstrated strong alignment in the longitudinal direction, which corresponds to
the direction of minimal deformation (C). Scale bars equal 100 micrometers.
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Figure 7: 10T1/2 cell alignment metrics: Cell alignment (quantified as the length
of grouped cells’ mean orientation vector) varied strongly with biaxial stretch ratio
on both the membrane and tube setups (A). Cells exhibited very low alignment un-
der no stretch or near equibiaxial stretch, and very high alignment under uniaxial
stretch. Rayleigh’s test for randomness revealed statistically significant alignment
at p<0.01 (*) or p<0.001 (#). Cell alignment also varied with maximum prin-
cipal stretch component but did so less smoothly (B). Cell elongation (quantified
as the aspect ratio of an ellipse fit to each cell’s outline) varied very slightly with
biaxial stretch ratio (C) and maximum stretch component (D), according to linear
regression analyses.
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jected to uniaxial stretch near the center, while lower alignment tendencies were
seen among cells in near equibiaxial stretch far from the center. A smooth transi-
tion of alignment occurs along the radial positions between the two extremes.

On the tube device, the degree of alignment varied with longitudinal position (Fig-
ures 6-7). Cells located above the rigid insert were subjected to no stretch and
showed no alignment tendencies, while cells located far from the insert were sub-
jected to strip biaxial stretch (λθ > λz = 1) and showed a strong tendency to align
longitudinally. Within the transition region of biaxial stretch, there is a smaller
tendency for longitudinal orientation.

A dose-response behavior of cell alignment as a function of mechanical stimuli
across both the membrane and tube constructs was clearly exhibited by the increas-
ing relationship of cellular mean vector length versus the local ratio of maximum
stretch component to minimal stretch component (Figure 7A). Interestingly, the
curve exhibits a clear inflection point at a stretch ratio around 1.03 corresponding
to a MVL around 0.5. Before this point, cell MVL quickly rises with stretch ratio
increasing from 1.0 (corresponding to no stretch or perfect equibiaxial stretch); but
after this point, further increases in stretch ratio produce smaller increases in cell
MVL. Also interestingly, the relationship between cell MVL and the local max-
imum stretch component (λθ ) was not as smooth as that with the biaxial stretch
ratio (Figure 7B). The increases in cell alignment were not coincident with much
change in cell elongation measurements, which showed a trend to increase only
very slightly with increasing biaxial stretch ratio or maximum stretch component
(Figure 7C and 7D, respectively)

4 Discussion

There is a pressing need for in vitro studies to subject cells to the realistic, spa-
tially varying mechanical environments imposed in health and disease. Herein,
we have demonstrated the feasibility of two cell-stretching devices designed to in-
vestigate cellular responses to non-uniform strain fields. By radially deforming a
circular elastomeric membrane with a central defect, we can generate controllable
gradients in radial and circumferential stretch components. Additionally, by insert-
ing an over-sized rigid fixation into an elastomeric tube and subsequently inflating
the tube, we can create a longitudinal gradient in circumferential and longitudinal
stretch components. 10T1/2 cells subjected to these stretching environments for
24 hours changed their alignment depending upon their location within the stretch
gradients. As anticipated, cells adhered to regions of highest stretch demonstrated
strong alignment tendency parallel to the direction of minimal stretch, while cells
adhered to regions of low stretch or near equi-biaxial stretch demonstrated more
random orientations. This behavior is consistent with numerous previous investiga-



Differential Orientation of 10T1/2 Mesenchymal Cells 261

tions that indicate cells of many types align in the direction of minimal deformation
[1-6].

The vast majority of previous cell stretching devices subjected cultures to simpli-
fied mechanical stimuli. Several recent devices, however, have sought to represent
more physiologic-like environments by incorporating non-uniform strain fields into
culture substrates. For example, Ohashi et al created a spatial gradient in strain by
uniaxially loading a rectangular elastomeric membrane with a circular glass disc
embedded in the center [27]. ECs stretched with this device demonstrated marked
changes in stress fiber organization depending on location along the gradient. In
similar fashion, Yung et al generated strain gradients by uniaxially loading PDMS
wells with rectangular glass strips bonded to the bottom surface [28]. The non-
uniform strain profile on this device was characterized but cell behaviors at differ-
ent points along the gradient were not analyzed.

Balestrini et al extended the rigid-fixation strategy to biaxial loading environments
by employing the commercially available Flexcell system to stretch 2D membranes
and 3D fibrin gels with a glass disc secured as a central fixation [7]. This setup
generated radial gradients in both circumferential and radial stretch components,
similar to the environment created by our device but with opposite relative magni-
tudes of the stretch components (ie., radial stretch was greater than circumferential
stretch in their setup). When loaded with their device for several days, dermal fi-
broblasts showed varied alignment tendencies across different positions upon the
membrane. With an alternative approach, Tan et al used topographical patterns
(circumferential or radial grooves) to create nonuniform anisotropy in strain upon
circular membranes [29]. They found differential patterns of vascular SMC prolif-
eration and nuclear shape across these gradients. However, their experiments re-
stricted cell orientation to align with the imposed microgrooves regardless of local
stretch components, thereby limiting their ability to elucidate cell behavior when
stretched on a ‘free’ surface without contact guidance cues. This recent handful
of studies has revealed the great potential of non-uniform stretch environments
within mechanobiological investigation for linking cell behavior to many levels
of mechanical loading with single experiments This capability is useful for effi-
ciently collecting more complete data sets to build and test theoretical models of
mechanobiological processes (e.g., alignment models such as those presented by
Kaunas and Hsu, and De et al.) [8, 30].

With similar motivation, we have recently published a novel device employing
platen displacement of a circular membrane with a central defect [22]. A unique
feature of this design is that it generates a region of compressive radial strain in
concert with a tensile circumferential strain. This combination is noteworthy as
it represents what is seen in the in vivo arterial wall. Moreover, our device in fact
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generates three types of stretching environments including simple uniaxial (λe1 >1,
λe2 <1), strip biaxial (λe1 >1, λe2=1), and nearly equibiaxial (λe1 = λe2). This al-
lows the investigation of cellular behavior in diverse environments with individual
experiments. The two devices used herein reflect a move toward creating environ-
ments that attempt to directly mimic mechanical stimuli from particular implanted
devices, in this case, a stented artery.

Admittedly, SMC alignment is not necessarily of greatest interest to the clinical
problem of restenosis Still, our findings demonstrate the devices’ capability to suc-
cessfully elicit differential cellular responses along a non-uniform stretch gradient.
Since data collection and analysis for cell orientation is relatively straight-forward,
we can quickly demonstrate feasibility of experimental protocols, confirm cell sen-
sation of mechanical stimuli, and prove adequate cell viability. In addition, cellular
alignment is a significant process in many other tissue behaviors, normal and dis-
eased, such as morphogenesis wherein strain environments are highly non-uniform
and potentially provide directional cues for tissue differentiation and development
[14]. Our results provide a more detailed description of the dose-response behavior
of 10T1/2 cell alignment as a function of biaxial stretch ratio, and suggest several
interesting behaviors including the potential existence of a threshold in cell align-
ment and/or stretch stimulus that slows the rise of cell MVL with increasing stretch
signal, and also the existence of cell alignment increases without strong concurrent
increases in cell elongation.

A principal limitation of this work is the use of 2D cell culture. Many studies
have revealed differences in cell behavior when cultured on 2D vs 3D substrates
[31]. Still, we believe 2D cell culture is a useful first step toward creating more
physiologic mechanical environments, and both devices presented can be adapted
to load 3D constructs in the same fashions. An additional limitation of this work is
the ambiguity of primary vs interaction effects between stretch magnitude, biaxial
stretch ratio, and stretch gradients. All three of these mechanical parameters varied
with spatial position upon our devices. Experiments remain to be conducted that
test each of these parameters independently in order to isolate the effects of each
on biological responses of interest.

Future studies with these devices will focus on cell behaviors more closely related
to arterial disease formation such as SMC migration, proliferation and phenotype
modulation. 3D constructs will also be incorporated to subject cells to a mechan-
ical environment even more representative of the physiologic conditions, thereby
providing additional detail and investigative capability. A particular mechanical
cue that remains to be adequately investigated is a gradient in stretch and its abil-
ity to act as a directional cue for cell behavior. Although one study noted cells’
ability to potentially sense directionality via strain gradients, this data was qualita-
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tive and limited [27]. It would be interesting to know if stretch gradients are able
to guide cell migration or division in a mechanism similar to durotactic motility.
The nonuniform strain fields imposed by stenting and other conditions potentially
play important roles in the development of disease as well as the success of possi-
ble treatment options. To that end, experimental devices recreating the mechanical
stimuli as closely as possible can be used to help illuminate the cellular mecha-
nisms involved in these conditions, a key step in designing adequate therapies and
technologies to treat or prevent disease.
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