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Cellular Microbiaxial Stretching
to Measure a Single-Cell Strain
Energy Density Function
The stress in a cell due to extracellular mechanical stimulus is determined by its mechan-
ical properties, and the structural organization of many adherent cells suggests that their
properties are anisotropic. This anisotropy may significantly influence the cells’ mecha-
notransductive response to complex loads, and has important implications for develop-
ment of accurate models of tissue biomechanics. Standard methods for measuring
cellular mechanics report linear moduli that cannot capture large-deformation aniso-
tropic properties, which in a continuum mechanics framework are best described by a
strain energy density function (SED). In tissues, the SED is most robustly measured using
biaxial testing. Here, we describe a cellular microbiaxial stretching (ClBS) method that
modifies this tissue-scale approach to measure the anisotropic elastic behavior of individ-
ual vascular smooth muscle cells (VSMCs) with nativelike cytoarchitecture. Using ClBS,
we reveal that VSMCs are highly anisotropic under large deformations. We then charac-
terize a Holzapfel–Gasser–Ogden type SED for individual VSMCs and find that
architecture-dependent properties of the cells can be robustly described using a formula-
tion solely based on the organization of their actin cytoskeleton. These results suggest
that cellular anisotropy should be considered when developing biomechanical models,
and could play an important role in cellular mechano-adaptation.
[DOI: 10.1115/1.4036440]

Introduction

Active mechanical feedback between cells and their environment
has important implications for tissue homeostasis and repair as it
influences stem cell differentiation [1], tissue self-organization
[2,3], and the ability of tissues to adaptively grow and remodel in
response to mechanical forces [4,5]. Many tissues are composed of
highly organized fibrous matrices with anisotropic mechanical
properties [6,7], to which cells are highly attuned [8], suggesting an
important role for anisotropy in mechanobiology. Cells found
in mechanically dynamic tissues, like muscle and arteries, have
similarly organized structure [9,10], likely resulting in tissuelike
anisotropic mechanical properties, and potentially influencing
mechanotransductive signaling [11–14]. However, the general
approach using current methods (e.g., bead cytometry [15], micro-
pipette aspiration [16], atomic force microscopy [17]) for meas-
uring cellular elastic mechanical properties report linear moduli
[18,19] intended for assessment of small-strain isotropic materials.

A description of the full large-strain anisotropic properties of
cells is necessary for developing robust mathematical models of

tissue biomechanics. Cells that exist in dynamic mechanical envi-
ronments must constantly adapt to maintain tissue integrity [20].
Growth and remodeling theory often posits that this adaptation is
driven by changes in cell stress [21]. Theoretical approaches that cap-
ture this mechano-adaptation could be used to develop model-aided
individualized medicine to, for example, predict aneurysm growth
and rupture [22,23]. Modern tissue modeling approaches, like con-
strained mixture [24–28] and multiscale [29–31] models, require
mechanical descriptions of each of the constituents in the tissue. So,
for these models to be successful, it is vital that we understand how
the complex forces and deformations impact cellular mechanics and
mechanotransduction. But, the large-strain anisotropic properties
needed for the models have not been empirically determined.

Here, we seek to measure large-strain anisotropic properties of
cells, which can be used to improve multiscale models of tissues.
In continuum mechanics, the full elastic mechanical behavior of a
material is described by the SED [32]. The gold standard method
for measuring the SED of tissue samples is biaxial testing [6,7].
While tissue-scale biaxial testing requires samples to be physi-
cally clamped or sutured to the testing apparatus, this is not feasi-
ble with individual cells. Thus, we have developed cellular
microbiaxial stretching (ClBS) microscopy to measure the large-
deformation SED of micropatterned adherent cells by modifying
tissue-scale stretching methods and coupling them with traction
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force microscopy [33]. Using this approach, we find that VSMCs
with nativelike elongated geometries have highly anisotropic cell
shape-dependent mechanical properties, and can be described by a
simple SED determined by the organization of the VSMC actin
cytoskeleton.

Methods

Substrate Fabrication and Cell Micropatterning. Micropat-
terned polyacrylamide-elastomer composites were fabricated by
combining the methods of Simmons et al. [34] and Polio et al.
[35] (Fig. 1(a)). Elastomer membranes (0.01 in thick, Specialty
Manufacturing, Saginaw, MI) were clamped into membrane grips
and placed under slight tension using custom fabricated grip hold-
ers so that the membranes were taut. Glass slides were adhered
to the bottom of the membranes to prevent oxygen diffusion
into the membrane during subsequent steps. Polydimethylsiloxane
(PDMS) rings (30 mm diameter� 3 mm wall thickness) were then
bonded to the membrane to retain cell culture media. Ideally,
biaxial stretching would be performed using a large number of
stretching protocols on a single sample [6,36]. However, cells
remodel in response to mechanical load [37], which limits the
number of protocols to which a single cell can be exposed. To
overcome this limitation, VSMCs were micropatterned with iden-
tical architectures, conferring a uniform geometry for direct com-
parison between cells exposed to different stretching protocols.
Standard photolithography techniques were used to design PDMS
stamps with arrays of 4000 lm2 features, as previously published
[38], of varying aspect ratios (ARs). Aspect ratios (AR1: 63 lm
� 63 lm; AR2: 91 lm� 44 lm; AR4: 127 lm� 32 lm; AR8:

175 lm� 22 lm) were chosen to mimic the ranges of physiologi-
cal shapes ranging from cobblestone shapes in blood vessel bifur-
cations and more elongated geometries seen in unbranched blood
vessels [10]. Stamps were inked with 100 lg/mL of human fibro-
nectin (BD Biosciences, Bedford, MA) for 1 h. The stamps were
blown dry with air, then placed in conformal contact with an O2-
plasma treated 15 mm glass coverslips for 30 min. Elastomer
membranes were functionalized with photoinitiator benzophenone
(10% w/v in 35:65 water/acetone) by placing 1 mL of solution
onto the center of the membrane within the boundary of the PDMS
ring for 1 min. The membranes were then rinsed 3� with methanol
and degassed for 30 min to remove oxygen. Prepolymer gel solu-
tion was prepared with 10/0.13/0.005% w/v acrylamide/bisacryla-
mide/acrylic acid N-hydroxysuccinimide (Sigma-Aldrich, St.
Louis, MO), 0.014% 1 M HCl, 0.01% 0.2 lm red fluorescent beads
(Polysciences, Warrington, PA) and degassed for 15 min, then,
0.002/0.05% w/v of tetramethylethylenediamine/ammonium per-
sulfate (Sigma-Aldrich) was added. Degassed and functionalized
membranes were vented to N2 gas. 10 lL of the prepolymer solu-
tion was deposited onto the functionalized elastomer and covered
with the micropatterned coverslip (patterned side down). The gels
were then exposed to UV illumination using a Jelight 342 UVO
Cleaner for 30 min approximately 1 in away from the UV lamp.
After polymerization, gels were hydrated in 1� phosphate-
buffered saline for 15 min and the coverglasses were removed.
Gels were then passivated with 4% bovine serum albumin for 1 h
and then incubated in cell growth media for 48 h at 37 �C to
remove residual benzophenone and unreacted prepolymer constit-
uents. Gel moduli were measured by fabricating dog-bone shaped
(�5 mm width, �5 mm thick, �50 mm length) gels in a custom
mold and performing uniaxial testing using an Instron biaxial
stretcher (Tissue Mechanics Lab, University of Minnesota).

Stretcher Design. Cellular microbiaxial stretching (ClBS) was
used for simultaneous stretching and imaging of cells. The ClBS
device consists of four independent linear actuators (M-111.1DG,
M-110.1DG, Physik Instrumente, Auburn, MA) (Fig. 1(b)) with a
total travel range of 20 or 30 mm (50% or 75% strain), controlled
by a servomotor controller (C-863, Physik Instrumente), and
mounted on to the microscope stage. Custom stainless steel arms
and membrane grips (Fig. 1(b)) mounted to the actuators con-
strained a cruciform shaped elastomer membrane. Computer-
aided design plans for all custom-designed parts will be provided
on request. Grip strain was calculated by measuring distance
between the grips with respect to the initial distance between the
grips. Substrate strain to grip strain calibration was performed by
tracking bead displacement in the top layer of the gel during cell-
free stretch (see Fig. 2(d)) applied by the actuator membrane grips
and calculating strain (Figs. 1(c) and 1(d)). We define a
�50 lm� 50 lm region centered about the microscope field of
view and measure the locations of the beads in the corner of the
region. The substrate strains were then calculated by measuring
relative displacement of beads with respect to the original loca-
tions for each step of grip strain.

Cell Culture. Human umbilical artery vascular smooth muscle
cells (VSMCs) were purchased from Lonza at passage 3 and cultured
at 37 �C and 5% CO2 in a growth medium consisting of Medium
199 (GenDEPOT, Baker, TX) supplemented with 10% fetal bovine
serum (Gibco, Grand Island, NY), 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (Gibco), 3.5 g L�1 glucose (Sigma-
Aldrich, St. Louis, MO), 2 mg L�1 vitamin B12 (Sigma-Aldrich), 50
U mL�1 penicillin–streptomycin (Gibco), 1� minimal essential
medium nonessential amino acids (Gibco), and 2 mM L-glutamine
(Gibco). All experiments were conducted at passages 5–7. Cells
were seeded at a density of 5000–150,000 cells per gel-membrane
construct overnight in growth media to allow cells to adhere to
micropatterns. After overnight seeding, cells were serum starved
for a minimum of 24 h prior to all experiments to induce a

Fig. 1 Fabrication of substrate and cellular microbiaxial
stretching device: (a) schematic representation of substrate
fabrication process, (b) schematic representation of the ClBS
device. Inset: cell substrate, (c) grip strain versus measured
substrate strain under applied uniaxial grip strain (n 5 10), and
(d) grip strain versus measured substrate strain under equibiax-
ial grip strain. Error bars: standard deviation (n 5 10).
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physiological phenotype [39]. All experiments were conducted at
37 �C in Tyrode’s solution.

Cell Structure Determination. Cells were fixed using 4% para-
formaldehyde (Electron Microscope Sciences, Hardfield, PA) for
5 min then stained for F-actin (Alexa Fluor 488 Phalloidin, Life
Technologies, Eugene, OR), nuclei (DAPI, 4’, 6-diamiidino-2-
phenylindole, Life Technologies), and microtubules (YL 1=2
hybridoma, Sigma-Aldrich). F-actin and microtubules were imaged
using an Olympus X-81 fluorescent microscope at 40� magnifica-
tion (UPLSAPO40X2, NA 0.95) using a Hamamatsu ORCA-R2
(C10600) CCD camera, and fiber distributions were measured
using a custom MATLAB code [40,41]. F-actin stacks were obtained
using an Olympus FluoView FV1000 BX2 laser-scanning confo-
cal microscope (UPlanFLN, 40X, NA 1.30) at the University
Imaging Centers (University of Minnesota). Cell thicknesses and
volume were determined using a custom MATLAB script [41]. Cell
cross-sectional area was determined by integrating the cell thick-
ness over the cell width. The axial midplane area (Ax) was taken
as the mean area over the middle 50% of the cell. The transverse
midplane area (Ay) was calculated similarly. Cell architecture was
determined using at least ten cells per micropattern aspect ratio.

Single Cell Biaxial Testing. For the standard experiment, sub-
strates were stretched by applying increments of 5% grip strain up
to 25% uniaxial (uniaxial-axial (uniaxial-A), in the direction of
cell alignment, or uniaxial-transverse (uniaxial-T), transverse to
cell alignment) and 20% equibiaxial strains at 0.1%/s (Figs. 2(a)
and 2(b)). Note: 5% grip strain equated to �4% substrate strain at
the cell/gel interface (see Fig. 1(c)). At each increment, brightfield
images of the cells and fluorescent images of the beads at the top
layer of the gel were obtained at 40� magnification

(UPLSAPO40X2, NA 0.95, Olympus X81). The cells were then
lysed with 0.1% sodium dodecyl sulfate and the stretching proto-
col was repeated (Fig. 2(b)). For the repeated stretch experiments,
the stretch was repeated four times prior to cell lysis. To deter-
mine the contribution of major cytoskeletal components to the cell
properties, cells were treated with nocodazole (20 lM) to inhibit
microtubule polymerization or cytochalasin D (0.5 lM) to inhibit
f-actin polymerization prior to stretch for 1 h [42–44]. A maxi-
mum of five micropatterned cells per substrate were imaged and
analyzed in any single stretching experiment, to maintain consis-
tency between experiments. Only cells with single nuclei, con-
firmed by nuclear staining poststretch, were analyzed.

Pre- and postlysis bead images were compared using particle
image velocimetry (PIV) to determine the cell-induced substrate
deformation [45]. Displacement fields were calculated using
5� 5 lm2 grids interrogated every 2.5 lm. Average experimental
displacement maps were generated assuming cell quarter symme-
try. The displacement of the substrate about each cell quadrant was
averaged for all cells of each aspect ratio.

Individual cell traction stress vectors were determined from
bead displacements using an unconstrained Fourier transform
traction cytometry (FTTC) algorithm [45] with a regularization
factor of 1� 10�9 and assumed Poisson’s ration of 0.5, yielding a
grid of n substrate traction stresses vectors given by Tn ¼
Tn

x ex þ Tn
y ey where ei is the unit vector in the i direction. The total

traction force components fx and fy are given as

fi ¼
X

n

�Tn
i An rn

i

jrn
i j

� �
(1)

where i ¼ x; y, An is the area (6.25 lm2) of discrete surface n, and
rn ¼ rn

x ex þ rn
y ey is the vector that described the location of sur-

face n with respect to the center of the cell [38]. The first
Piola–Kirchhoff stresses (force with respect to undeformed cross-
sectional area) Px and Py were taken as

Px ¼
fx

2Ax
and Py ¼

fy

2Ay
(2)

Planar Biaxial Strain Energy Density Determination. The
cell was treated as an anisotropic incompressible material exposed
to planar biaxial deformation (no shear). The deformation tensor
F ¼ diag½kx; ky; kz� was taken as the observed deformation of the
cell, where ki are the stretch ratios in the i direction (x: parallel
to the long axis of the cell, y: parallel to the short axis of the
cell, and the z: perpendicular to the gel surface). The first
Piola–Kirchhoff stress in the i direction is given by

Pi ¼
@W

@ki
� kz

ki

@W

@kz
(3)

where W is the SED of the cell, i ¼ x; y, and kz ¼ ðkxkyÞ�1
.

The cell was assumed to be composed of prestressed actin fibers
within an isotropic matrix. The shear modulus of the matrix is given
by lm. The actin fiber stiffness is characterized by the parameter Cf ,
and the stress-free shortening that the fiber would undergo if it was
unconstrained is given by ka. The fibers were assumed to be oriented
as described by the measured whole-cell orientation probability den-
sity in the x–y plane and with an assumed Gaussian distribution out
of the x–y plane. The fiber orientation was used to determine a struc-
ture tensor H ¼ aijeiej, as defined by Gasser et al. [46]. (aij values
for each AR can be found in Table 1.)

Fig. 2 Cell stretching and stress measurement: (a) uniaxial
and biaxial stretching protocols, (b) protocol to determine sub-
strate displacements used to calculate cell-induced substrate
traction force, (c) schematic for calculating first Piola–Kirchhoff
stress from measured substrate traction force, and (d) flow-
chart describing ClBS microscopy technique and cell stress
calculation

Table 1 Actin fiber structure tensor values

axx ayy azz axy ayz azx

AR1 0.486 0.486 0.028 0 0 0
AR2 0.846 0.126 0.028 0.023 0 0
AR4 0.928 0.044 0.028 0.010 0 0
AR8 0.945 0.027 0.028 0.011 0 0
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Briefly, fiber orientation was described by the unit vector
MðH;UÞ ¼ sin H cos Uex þ sin H sin Uey þ cos Hez where H and
U are Eulerian angles with respect to the z and x axes, respec-
tively, and ei is the unit vector in the i direction. The density func-
tion qðMÞ was normalized so that

1

4p

ð
x
q M H;Uð Þð Þdx ¼ 1 (4)

and the structure tensor was given by

H ¼ aijeiej ¼
1

4p

ð
x
q M H;Uð Þð ÞM H;Uð ÞM H;Uð Þdx (5)

When the fiber distribution is included, the SED of the cell was
given as

W ¼ lm

2
k2

x þ k2
y þ k2

z � 3
� �

þ Cf

4
axx

kx

ka

� �2

þ ayy
ky

ka

� �2

þ azz
kz

ka

� �2

� 1

 !2

(6)

Parameter optimization was performed by comparing predicted
versus experimental stress Px and Py at the six uniaxial stretches
and five equibiaxial stretches corresponding with the measured
substrate deformations (uniaxial: k ¼ 1:00; 1:04; 1:08; 1:12;
1:16; 1:20 in the directions of stretch and k ¼ 1:00; 0:99;
0:98; 0:97; 0:96; 0:95 transverse to the stretch. Equibiaxial: k ¼
1:00; 1:04; 1:08; 1:12; 1:16 in both directions). The range
of possible parameters was limited to lm : 0:5� 10 kPa,
Cf : 1� 100 kPa, and ka : 0:8� 1:0. This parameter range was
determined using both the practical constraints of the model and
physical assumptions of the cell. A too large mismatch between
lm and Cf caused the finite element (FE) model used to validate
this model (see Finite Element Model section) to be unable to con-
verge, limiting the range of lm. In the previous models, ka was
assumed to be 0.9 at homeostasis, with a minimum possible value
(during maximum stimulation) of 0.6 [27]. Since our cells were
not being stimulated, we limited the range of ka. The parameter
set that best fit the experimental data, as determined by least
squares fitting, was determined to be optimal.

Finite Element Model. To validate the SED determined using
planar biaxial assumptions, a quarter symmetry finite element
model of the cell and underlying polyacrylamide and elastomer
substrates was developed using COMSOL Multiphysics 4.2. The
cell was modeled as hyperelastic and nearly incompressible with a
SED of

W ¼ lm

2
I1 � 3ð Þ þ Cf

4
H : A�T � C � A�1ð Þ � 1ð Þ2 þ j

2
J � 1ð Þ2

(7)

where C ¼ FT � F, I1 ¼ trðCÞ, A ¼ diag½ka; ka; ka�, J ¼ detðFÞ,
and j is the bulk modulus. The gel and elastomer membrane were
modeled as neo-Hookean, with a strain energy density function of

W ¼ l
2

I1 � 3ð Þ � l ln Jð Þ þ k
2

ln Jð Þð Þ2 (8)

where l is the shear modulus and k is the first Lamè parameter.
Gel parameters were taken from the experimentally determined
Young’s modulus (E) and assumed Poisson’s ratio (�) based on
the relations l ¼ E=3ð1� 2�Þ and k ¼ E�=ð1þ �Þð1� 2�Þ. Elas-
tomer parameters were based on standard PDMS values [47,48].

The model geometry was meshed with tetrahedral elements
using COMSOL’s physics-controlled meshing sequence. The
AR1 model had 21,204 elements (cell: 821, gel: 10,005, mem-
brane: 10,378). The AR2 model had 21,265 elements (cell: 850,

gel: 9945, membrane: 10,470). The AR4 model had 22,435 ele-
ments (cell: 929, gel: 11,173, membrane: 10,333). The AR7
model had 23,870 elements (cell: 1146, gel: 12,205, membrane:
10,429). Displacement consistent with experimental strains was
applied to the membrane and gel on the nonsymmetry x–y planes.
The top surface was free and the bottom surface was constrained
from displacement in z. The governing equations were solved via
quasi-static analysis. Prior to displacing the boundaries, the acti-
vation tensor, which is initially A ¼ I, was incremented linearly
with time until A ¼ diag½ka; ka; ka�. The nonsymmetry boundaries
were then incremented linearly with time, while A was not
varied. Cell-induced displacement (d) was determined as d ¼
ððu� uoÞ2 þ ðv� voÞ2Þ1=2

where u and v are the displacements of
the top surface of the gel in x and y and uo and vo are the expected
displacements due to the prescribed boundary displacement.
Model-predicted cell-induced substrate displacements (d) were
then compared to the average experimental substrate
displacements.

Statistical Analyses. Differences in stress as a function of strain
were compared by using a one-way analysis of variance
(ANOVA), and pairwise comparison significance was performed
using a Holm–Sidak test. Differences in Px and Py as a function of
strain were compared by using a two-way ANOVA and pairwise
comparison significance was performed using a Holm–Sidak test.
Similarly, nocodazole and cytochalasin D treatment were compared
to control stress values for each aspect ratio cell and stretch using a
two-way ANOVA and pairwise comparison significance was per-
formed using a Holm–Sidak test. Computational fits to experimen-
tal data were compared by computing r2 ¼ 1� SSres=SStot. Sum of
squares of residuals and the total sum of squares were computed as
SSres ¼

P
iðyi � fiÞ2 and SStot ¼

P
iðyi � �yÞ2 over n values over i,

where yi are data values, fi are predicted values, and �y is the mean
of data.

Results

Single-Cell Biaxial Stretching With ClBS Microscopy. To
perform single-cell biaxial stretching, we developed the ClBS
microscopy method to measure the stress in cells adhered to a
deformable elastomer substrate. The ClBS device (Fig. 1(b)) can
apply any combination of x–y strains up to 25% grip strain (Fig.
2(a)). Cells were micropatterned on a fluorescent bead-doped
layer of polyacrylamide (Young’s modulus: 13.5 6 2.2 kPa)
adhered to an elastomer membrane and stretched by increments of
5% grip strain up to 25%, while the deformation of the substrate
beneath the cell was measured using the displacement of the
embedded beads. Traction force microscopy methods [33] were
used to determine the traction stresses applied to the substrate by
the cell at each stretch increment, by comparing substrate defor-
mation during identical stretching protocols with the cells intact
and after cell lysis.

VSMCs With Nativelike Architecture Exhibit Anisotropic
Material Properties. In vivo, VSMCs are normally organized
into elongated spindles wrapped circumferentially around blood
vessels [10]. To mimic this architecture, the cells were micropat-
terned with an aspect ratio (AR) of 4:1 (AR4) (Fig. 3(a)). When
the cells were stretched uniaxially parallel to their long axes (uni-
axial axial, uniaxial-A) (Movie S1, which is available under the
“Supplemental Data” tab for this paper on the ASME Digital Col-
lection), the cell-induced substrate deformation and traction force
increased with increasing applied strain and decreased with
decreasing strain (Figs. 3(a) and 3(b)). VSMCs were consecu-
tively stretched four times over 110 min (Fig. 3(b)), during which
we observed hysteresis during unloading, consistent with previous
viscoelastic [49–53] or soft glassy [54] descriptions of cells. How-
ever, the cellular traction forces during both loading and unload-
ing were consistent over the four stretches (Figs. 3(c) and 3(d)).
The cycle-independent nature of the force-strain behavior

071006-4 / Vol. 139, JULY 2017 Transactions of the ASME
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indicates that the VSMCs were not plastically deforming [55] or
significantly remodeling [56] during the stretching protocol,
allowing their elastic properties to be measured. For the remainder
of this work, we focused only on the first extension (increasing
strain) of each cell, and did not perform repeated stretch.

Confocal microscopy was used to determine the 3D geometry
of the micropatterned cells. The mean axial and transverse cross-
sectional areas were determined to be Ax¼ 78 lm2 and Ay

¼ 278 lm2, respectively. The undeformed geometry was used to
calculate the midplane first Piola–Kirchhoff stress [32] during
stretching. For uniaxial-A stretching (Fig. 4(a)), the stresses in the
direction of stretch (Px) increased with strain, while transverse
stresses (Py) were lower and nearly constant (Fig. 4(b)). However,
when the cells were stretched uniaxially parallel to their short
axes (uniaxial transverse, uniaxial-T) (Fig. 4(c), Movie S1, which
is available under the “Supplemental Data” tab for this paper on

the ASME Digital Collection) the stresses in both the stretched
(Py) and unstretched (Px) directions were nearly unchanged over
0–20% strain (Fig. 4(d)). When equibiaxially stretched (Fig. 4(e),
Movie S1, which is available under the “Supplemental Data” tab
for this paper on the ASME Digital Collection), the cells’
stress–strain behavior in each direction mimicked that of the uni-
axial stretch (Fig. 4(f)). This large-deformation mechanical anisot-
ropy is consistent with previous small-deformation studies in
micropatterned cells [57]. Taken together, these data demonstrate
that there is significant material anisotropy in VSMCs with native-
like elongated architecture [10].

Cellular Architecture Dictates VSMC Material Properties.
The stereotypical elongated VSMC architecture is dramatically
altered near small artery bifurcations [10]. It is notable that cere-
bral aneurysms, which are thought to initiate due to a weakening
of the artery wall, occur disproportionately around these bifurca-
tions [58]. To determine the effect of cellular architecture on
mechanical properties, we performed ClBS microscopy on
VSMCs micropatterned with matching adhesive areas, but varying
aspect ratios (1:1 (AR1), 2:1 (AR2), 4:1 (AR4), 8:1 (AR8))
(Fig. 5(a)). VSMC volume was fairly consistent in the patterned
cells (AR1: 7841 6 2512 lm3, AR2: 8954 6 3323 lm3, AR4:
10,164 6 3452 lm3 AR1: 8831 6 2984 lm3; only AR1 and AR4
were statistically different). But the cross-sectional areas were
altered by the micropatterning such that larger aspect ratios had
decreasing axial cross section (Ax) and increasing transverse cross
section (Ay) (Fig. 5(b)). VSMCs with larger ARs had greater axial
prestress and were stiffer when stretched parallel to their long
axes, compared to VSMCs with smaller ARs (Fig. 5(c)). Con-
versely, cells with larger aspect ratios had lower transverse pre-
stress and were less stiff when stretched transverse to their long
axes (Fig. 5(c)). These trends were consistent for equibiaxial
stretching (Fig. 5(c)). These results, taken as a whole, indicate that
anisotropic prestress and resistance to strain depend on cellular
architecture [10].

Actin Cytoskeleton Mediates Whole-Cell Mechanical
Anisotropy. The actin and microtubule cytoskeletons are critical
structural components of cells [19]. We asked whether the
observed cell shape-dependent mechanical properties were a

Fig. 3 Repeated cell stretching and hysteresis: (a) representative images of a single AR4 VSMC during one cycle of loading
and unloading. Left columns: brightfield image of cell. Right columns: cell-induced bead displacement field. (b) Total traction
force generated by AR4 cells undergoing loading and unloading cycles during repeated uniaxial-A stretch (n 5 9). (c) Total trac-
tion force exerted by AR4 cells during cyclic loading over four sequential stretches (n 5 5). (d) Normalized cycle-to-cycle total
traction force relative to the first stretching cycle for cells exposed to four sequential uniaxial-A stretches. All error bars: stand-
ard deviation.

Fig. 4 Mechanical anisotropy in biaxially stretched micropat-
terned VSMCs. (a), (c), and (e) Representative cell-induced dis-
placement fields for unstretched and 16% strain AR4 VSMCs
undergoing (a) uniaxial-A (n 5 10), (c) uniaxial-T (n 5 13), and (e)
equibiaxial stretch (n 5 9). (b), (d), and (f) First Piola–Kirchhoff
stresses in AR4 cells during (b) uniaxial-A (*, * 5 significant
from 0%, p < 0.05), (d) uniaxial-T (* 5 significant from 0%, 4%,
8%, p < 0.05), and (f) equibiaxial stretching (* 5 significant from
0%, p < 0.05). All error bars: standard deviation.
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result of changes in cytoskeletal architecture. To quantify their
organization, we stained VSMCs for actin and microtubule fila-
ment systems (Fig. 6(a)) and found that both are highly aniso-
tropic in high AR VSMCs (Figs. 6(b) and 6(c)), and increasing
anisotropic alignment correlates with increasing mechanical ani-
sotropy (Figs. 6(b)–6(e)). To determine the contributions of these
filament systems to the mechanical properties of VSMCs, axial
and transverse uniaxial stretching was performed in cells treated
with nocodazole or cytochalasin D, which act to depolymerize
microtubule or actin filaments, respectively [43]. While nocoda-
zole treatment hardly altered the mechanical behavior of VSMCs
(Figs. 6(f) and 6(g)), cytochalasin D treatment significantly
reduced VSMC rigidity in comparison to control cells (Figs. 6(h)
and 6(i)). Thus, these data suggest that the mechanical properties
of VSMCs are mediated by the intact actin cytoskeleton.

Actin Organization-Based SED Is Sufficient to Characterize
VSMC Mechanical Properties. To determine the SED of
VSMCs at the single-cell level, we first analyzed the ClBS
method as planar biaxial stretching (i.e., no shear), as previously
described for tissue-scale biaxial tests [6]. We assumed that cellu-
lar deformation and material properties were uniform and
described by a three-parameter SED using the measured actin ori-
entation to define a distribution of prestressed fibers within an iso-
tropic matrix [46] (see Table 1). Parameters were optimized so
that the model reproduced the experimentally measured AR4 first
Piola–Kirchhoff stresses for all stretching protocols (Fig. 7(a),
Table 2). Next, we asked whether the AR4 SED could be general-
ized for any cellular architecture for which the actin orientation is
known. To do this, we simulated planar biaxial tests of VSMCs
with varying ARs. All parameters were identical to those

Fig. 5 Cell shape influences mechanical properties. (a) Brightfield images of micropatterned cells with identical adhesive
area, but varied aspect ratios (1:1 (AR1), 2:1 (AR2), 4:1 (AR4), 8:1 (AR8)). Scale bar: 20 lm. (b) Measured cell cross-sectional
areas from average cell thickness maps. (c) First Piola–Kirchhoff stresses for all active cells during uniaxial-A, uniaxial-T, and
equibiaxial stretching. Error bars: standard deviation. Uniaxial-A: AR1 (n 5 10), AR2 (n 5 10), AR4 (n 5 10), AR8 (n 5 9). Uniax-
ial-T: AR1 (n 5 10), AR2 (n 5 11), AR4 (n 5 13), AR8 (n 5 9). Equibiaxial: AR1 (n 5 10), AR2 (n 5 10), AR4 (n 5 9), AR8 (n 5 10).
(* 5 Px significant from Py at same strain, p < 0.05).
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determined for the AR4 cell, except the actin orientation, which
was based on those measured for VSMCs of each aspect ratio
(Table 1). For each of the experimental stretching protocols, this
simple model was able to capture the stress–strain behavior of
VSMCs of most ARs (Fig. 7(b)).

Adhered VSMCs are likely not truly undergoing shear-free pla-
nar biaxial deformation. To determine whether our planar biaxial
model recapitulates the true dynamics of the cell, we developed a
3D quarter symmetry finite element (FE) model of the AR4 cell
and its underlying substrate (Fig. 8(a)). When this model was
used to replicate the three experimental stretching protocols
(Movie S2, which is available under the “Supplemental Data” tab
for this paper on the ASME Digital Collection), the VSMC-
induced substrate deformation in the model mirrored the experi-
mentally measured mean displacement throughout each stretching
protocol (Figs. 8(b)–8(d)), suggesting that our planar biaxial
assumptions do not create excessive error. There was good agree-
ment between FE model-predicted and experimentally measured
substrate deformations for most ARs (Fig. 9), with AR1 deforma-
tions varying the most from the experimental, likely due to greater
spatial heterogeneity in actin orientation. Thus, these data demon-
strate that a simple SED-based solely on the organization of the
actin cytoskeleton can be used to describe the elastic properties of
VSMCs.

Discussion

To determine the cellular stress induced by extracellular
mechanical stimuli, it is necessary to know the mechanical proper-
ties of the cells. Here, we describe the ClBS method for perform-
ing biaxial tests on individual cells to determine the SED that
fully describes their elastic mechanical properties. Standard meth-
ods for measuring cellular elastic properties, such as atomic force
microscopy indentation [59], micropipette aspiration [60],

Fig. 6 Cytoskeletal structure influences mechanical proper-
ties. (a) Representative immunofluorescent images of F-actin
and microtubules in representative micropatterned cells for
each aspect ratio. Top: dimethyl sulfoxide control. Middle: noco-
dazole treated. Bottom: cytochalasin D treated. (b) Microtubule
filament orientation. Measured from n 5 10 cells. (c) Actin fila-
ment orientation. Measured from n 5 10 cells. (d), (f), and (h)
Axial first Piola–Kirchhoff stress (Px ) in VSMCs during uniaxial
stretch in axial direction (d) control cells (n 5 10). (f) Nocodazole
treated (n 5 10). (h) Cytochalasin D treated (n 5 6). (e), (g), and (i)
Transverse first Piola–Kirchhoff stress (Py ) in VSMCs during
uniaxial stretch in the transverse direction (e) control cells
(n 5 13). (g) Nocodazole treated (n 5 4). (i) Cytochalasin D
treated (n 5 6). All error bars: standard deviation. Note: data
staggered about strain values to prevent overlapping data. (d),
(f), and (h) Y-axis scaled to maximum of Px. (e), (g), and (i) Y-axis
scaled to maximum of Py. (*, *, *, * 5 significant from control at
same strain with same AR p < 0.05 for respective aspect ratios).

Fig. 7 Mechanical models using actin organization-based SED
recapitulate experimental results. (a) AR4 experimental data
used to determine SED parameters and planar biaxial model fit.
(b) AR1, AR2, and AR8 experimental data and planar biaxial
model prediction. Error bars: standard deviation.

Table 2 Calculated cell properties and assumed gel and mem-
brane properties in the model

Cell properties
l ¼ 0:5 kPa; Cf ¼ 11:8 kPa; ka ¼ 0:8; j ¼ 100 kPa

Gel properties
E ¼ 13:5 kPa; � ¼ 0:49

Membrane properties
E ¼ 1:0 MPa; � ¼ 0:49
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magnetic tweezers [50], and magnetic twisting cytometry [61],
report isotropic descriptions of the cell’s properties, like Young’s
modulus. While this is sufficient for comparative studies [62],
most adherent cells are not well described by a single modulus
due to their structural anisotropy. Our results show that VSMCs
patterned with in vivo like architecture are highly anisotropic.
Elongated cells were markedly stiffer when stretched parallel to
their long axes, compared to their short axes. It is also notable that
we found limited orthogonal coupling in VSMCs, which is unlike
intact arteries, where axial stretch significantly alters pressure-
radius behavior in vessel inflation tests [63].

VSMCs in arteries can undergo physiological strains of up to
15–25%, per cardiac cycle [64,65], and under extreme conditions
such as aneurysm growth, chronic strains may be markedly larger.
In this study, we used strains up to 20%, to measure large-
deformation anisotropic mechanical properties that are appropriate
for these cells. Many tissues, including arteries, have highly nonlin-
ear material properties when exposed to large strains [63,66]. How-
ever, we did not find significant nonlinearity in VSMC stress–strain
behavior, though it is notable that our strains were not as large as
those in many tissue studies.

The primary aim of this study was to determine the SED of
VSMCs. It is important to know the SED, rather than a simple mod-
ulus, when developing computational models of cells and tissues.
Cutting edge models of tissue mechanics, like rule-of-mixtures
[24–28] and multiscale [29–31] models, consider the contribution
of each tissue constituent independently. As a result, the assumed
properties of these constituents can significantly alter model predic-
tions [67]. Thus, for models that simulate complex loads, the full
anisotropic description captured by the SED is necessary. Here, we
characterized nativelike AR4 VSMCs with a simple three parame-
ter SED that incorporates actin cytoskeletal organization. With only
actin alignment altered, this SED was also able to describe cells
patterned into other ARs, demonstrating that an architecture-
dependent SED can robustly describe VSMCs.

In this study, we found that VSMCs with larger ARs have
greater prestress and are stiffer in their long axes, which is consist-
ent with evidence that cells with greater prestress exhibit
increased stiffness [68]. In a related study, it was found that in
highly aligned confluent engineered tissues, VSMC AR influences
tissue prestress, even when actin organization is not significantly
altered [69]. In those tissues, agonist-induced contractility also
increases with increased AR, possibly due to altered phenotype

Fig. 8 FE model for validating cell stretching experiment. (a) Quarter symmetry cell and substrate model generated in COMSOL of
AR4 cell undergoing prescribed uniaxial-axial, uniaxial-transverse, and equibiaxial stretch. (b) and (c) Comparison of model and
experimental cell induced substrate displacements during (b) uniaxial-axial, (c) uniaxial-transverse, and (d) equibiaxial stretch.

Fig. 9 Quarter-symmetry FE model-predicted substrate displace-
ment compared to the mean experimental substrate displace-
ments. All stretched images represent 16% strain cases.
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expression [69], suggesting that a model that considers both cytos-
keletal organization and expression of a set of key phenotype
markers could improve on the one presented here.

The ClBS method requires several assumptions that may affect
experimental robustness. We assume that the cell is a continuum
body with a uniform SED throughout, ignoring the contribution of
the nucleus [70,71] and spatial variation of cytoskeletal organiza-
tion. Thus, we report an average planar cell stress, with no assump-
tions of the stress distribution in the cell. We ignored viscous
behavior and assumed that the cells were purely elastic when deter-
mining the SED. However, we observed hysteresis during cell
unloading, demonstrating time-dependent mechanical properties
that have been previously described with both viscoelastic [49–53]
and soft glassy rheology [54] theories. Another shortcoming of this
study is that we did not study the range of possible SEDs, only one
formulation. In addition, due to constraints in the data range over
which the model would converge, we did not sample the entire pos-
sible parameter space. This is most notable in our fitting of l, which
is at the bottom of our tested data range and for which there is no
physical reason that it could not be lower. Finally, ClBS only truly
measures two-dimensional properties, and it has been shown that
adherent cells exert forces normal to their substrates [72,73]. In the
VSMCs studied, the primary orientation of the actin cytoskeleton is
in 2D plane measured, so though there is out-of-plane rigidity, it is
likely that it is relatively low. Although beyond the scope of this
study where we study mechanical properties of single cells, multi-
cellular monolayers have been shown to exhibit complex material
properties due to cell–cell contact. In the future, ClBS microscopy
can be extended to study mechanical properties of multicellular
monolayers [74].

Early elasticity-based measurements, like biaxial testing, formed
the basis of the field of modern soft-tissue biomechanics [6]. These
studies not only demonstrated the complex structure-function rela-
tions of tissues [75–77], but also laid the foundation for the tissue-
scale growth and remodeling theory currently used to model how
tissue function is affected by mechanical perturbations [78,79].
Today, mechanobiology researchers are making great strides
toward understanding how cells transduce mechanical forces
[80–82]. However, nearly all of these studies describe the properties
of the cells and their environment in terms of a modulus or stiff-
ness. Our demonstration that cells, like tissues, have complex aniso-
tropic properties suggests their mechanotransductive response to
applied loads may be similarly anisotropic, which must be taken
into consideration.
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