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Waters, Christopher M., Matthew R. Glucksberg, Eu-
gene P. Lautenschlager, Chyh-Woei Lee, Reed M. Van
Matre, Richard J. Warp, Ushma Savla, Kevin E. Healy,
Brian Moran, David G. Castner, and Jane P. Bear-
inger. A system to impose prescribed homogenous strains on
cultured cells. J Appl Physiol 91: 1600—-1610, 2001.—There is
presently significant interest in cellular responses to physical
forces, and numerous devices have been developed to apply
stretch to cultured cells. Many of the early devices were
limited by the heterogeneity of deformation of cells in differ-
ent locations and by the high degree of anisotropy at a
particular location. We have therefore developed a system to
impose cyclic, large-strain, homogeneous stretch on a multi-
well surface-treated silicone elastomer substrate plated with
pulmonary epithelial cells. The pneumatically driven mech-
anism consists of four plates each with a clamp to fix one edge
of the cruciform elastomer substrate. Four linear bearings
set at predetermined angles between the plates ensure a
constant ratio of principal strains throughout the stretch
cycle. We present the design of the device and membrane
shape, the surface modifications of the membrane to promote
cell adhesion, predicted and experimental measurements of
the strain field, and new data using cultured airway epithe-
lial cells. We present for the first time the relationship
between the magnitude of cyclic mechanical strain and the
extent of wound closure and cell spreading.

airway epithelial cells; biaxial strain; surface chemistry; cel-
lular biomechanics

IN RECENT YEARS THERE HAS been a proliferation of devices
intended to provide a mechanical environment for cul-
tured cells similar to that which occurs in vivo (3).
Early efforts focused on the behavior of endothelial
cells under the influence of continuous fluid shear as
an approximation of the stresses imposed by the flow of
blood though vessels (reviewed in Ref. 8), and this

avenue of study has continued with increasingly so-
phisticated devices for imposing known and time-vary-
ing shear stress. Other investigators have begun to
examine the effects of stretch on cultured cells, includ-
ing vascular endothelial cells (11, 28, 36), smooth mus-
cle cells (7, 29), fibroblasts (5, 30), osteoblasts (26), fetal
lung cells (18, 19), and other cells (1, 2, 33, 34).

As with all in vitro systems, and indeed all physio-
logical models, each technique has its limitations, and
these have been reviewed extensively by Brown (3).
The most widely used system for applying cyclic
stretch is the commercially available Flexercell strain
unit (Flexcell International, McKeesport, PA), in which
a vacuum applied under the membrane deforms the
monolayer of cells grown on top of the membrane. Our
laboratory utilized the Flexercell apparatus to demon-
strate strain-induced inhibition of prostanoid synthe-
sis (24) and wound closure (25) in airway epithelium.
The many attractive features of the Flexercell unit
(ease of use, reliability, multiple wells, availability)
promoted its use, but its utility was initially limited by
the high degree of anisotropy and heterogeneity of the
deformations. Anisotropy occurs when the magnitude
of strain at a particular location varies in different
axial directions. Heterogeneity occurs when the strain
tensor varies with position. Similar units have been
designed to operate with a positive pressure (12, 36),
which generally results in a more homogeneous defor-
mation of the cell monolayer (3) but is still far from
isotropic or homogeneous over the entire surface.
Other investigators have constructed devices that
avoid nonuniform deformation by restricting the defor-
mations to uniaxial stretch (5, 7, 20, 30). Still others
have approached the problem with devices to provide a
better approximation of a uniform biaxial strain field;
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however, in many cases these either were not designed
for cyclic stretch or were not suitable for use in an
incubator (21). Vandenburgh (32) developed a narrow
prong-displacement system although no strain distri-
bution was reported. Similar systems using a glass
dome (1, 4), platen (6, 26, 27), or a ring (15, 17, 31)
instead of a narrow prong have been shown to impose
more highly uniform and isotropic deformations. The
system described by Schaffer et al. (26) and Cheng et
al. (6), in particular, achieved an impressive strain up
to 33% that was nearly isotropic and homogeneous.
The manufacturer of the Flexercell device has modified
the well design for the plates (BioFlex-II) so that the
diameter is larger (36 mm) and the thickness of the
membrane is reduced (0.5 mm), leading to much im-
proved radial strain homogeneity. In addition, the com-
pany now markets a fixed loading station that simu-
lates the platen-loading systems by applying a vacuum
only in the outer annulus of the well, causing the
membrane to distend uniformly over the loading sta-
tion. One disadvantage of these systems is that the
sliding of the membrane over the platen or loading
station causes friction that might lead to increased
heating of the cultured cells. Another disadvantage is
that there is little flexibility in terms of controlling
anisotropy, if that is a feature that is desired.

We report a practical system designed and con-
structed for stretching cultured cells that overcomes
some of the limitations of previous efforts. Our device
has two mechanical components. One, which we call
the “rack,” is a pneumatically driven mechanism that
imposes a known set of displacements at a prescribed
rate. The second mechanical component is the elas-
tomer substrate or “membrane,” which is fixed in the
rack and stretched to impose a prescribed set of
strains. We present our characterization of the mem-
brane mechanical characteristics, surface modification
for cell culture, finite element analysis of the strain
field, and experimental measurements of the strain
field. In addition, we present initial data using cul-
tured airway epithelial cells, which demonstrate that
uniform biaxial cyclic stretch inhibits prostanoid syn-
thesis and wound closure. We report for the first time
that the inhibition of wound closure was dependent on
the magnitude of strain.

METHODS

Mechanical design and design considerations. The device
was designed to satisfy several performance criteria. First
and foremost, homogeneity of deformations over the surface
of the wells should be maintained as tightly as possible. The
other important consideration was the ability to maintain
and control the degree of isotropy within the wells. Addi-
tional design considerations were the ability to vary the
degree of strain anisotropy; the ability to control the fre-
quency, duty cycle, strain rate, and magnitude of the oscilla-
tions independently; and the ability to ultimately use this
device with a permeable substrate. The latter design consid-
eration was imposed because we wish to eventually culture
airway epithelial cells at an air-liquid interface, which is not
possible with the Flexercell device or any of the commercially
available deflection-type devices.
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A computer-generated drawing of the device is shown in
Fig. 1 in the relaxed (A) and in the distended (B) states, and
a photograph of the device with an elastomer membrane
clamped in place is shown (C). The rack is a pneumatically
driven mechanism compact enough to fit inside an incubator
and consists of four Y4-in.-thick aluminum plates (two 4 X 11
in., one 3 X 22 in., and one 2 X 20 in.) each with a clamp to
fix one edge of the cruciform membrane. The clamps were
lined with sandpaper to prevent slippage of the membrane.
Four linear bearings set at predetermined angles between
the plates ensure a constant ratio of principal strains
throughout the stretch cycle, and in the drawing shown in
Fig. 1 the ratio is set at one. The ratio may be varied simply
by replacing the two side plates so that the linear bearings
are set at an arbitrary angle between 0 and 45°. The fre-
quency of the oscillatory stretch is set between 1 and 0.01 Hz
by computer-controlled electronic valves connecting a 100-psi
compressed air source to the pneumatic actuators, and the
computer also controls the duty cycle. The rates of extension
and relaxation are independently controlled by the computer
by use of electronic needle valves. In most experiments de-
scribed below, cyclic stretch was applied with a frequency of
30 cycles/min with strain applied for 1 s during each cycle.
The strain rate was set at ~50%/s so that maximal distention
(10%) was obtained within 0.2 s. The magnitude of the
strains is set by a mechanical stop.

A.

Silastic membrane

Membrane clamp

Fig. 1. Computer-generated drawing of the mechanical design of the
device, showing the mechanism for converting the 1-dimensional
motion of the pneumatic actuators into biaxial stretch of the relaxed
(A) and distended (B) silicone rubber membrane. C: photograph of
the device with the elastomer membrane in the relaxed state.
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Membrane manufacture and preparation. The elastomer
membrane was manufactured by using Dow Corning (Mid-
land, MI) Silastic T-2 mixed at a 10:1 base-catalyst ratio. The
base-catalyst mixture was poured directly into a mold fash-
ioned from cast acrylic (Plexiglas) and smoothed to a uniform
thickness of ~2.5 mm. Within the first hour of curing, any
large bubbles were punctured to prevent defects in the cured
membrane. Well walls were formed separately by partially
filling 2.5-cm ID centrifuge tubes with the uncured Silastic
mixture, inverting the tubes on a rack, and allowing the
excess Silastic to coat the inside surfaces. When fully cured,
the 0.1-mm thick elastomer linings were peeled from the
centrifuge tubes and cut into 12-mm ring segments to form
the well walls. The well walls were then placed on the
partially cured membrane and left for 24 h to complete the
curing process.

The shape, thickness of the membrane, and placement of
the wells on the membrane were determined by an iterative
process using prototypes and finite element models. We de-
termined the uniaxial material properties of the Silastic by
testing a 5 X 10 X 0.25 mm rectangular strip in an Instron
testing machine (floor model 1114, Canton, MA). From uni-
axial tests, the material is well characterized as a Blatz-
Ogden material with a strain energy density function per
unit initial volume, W, under conditions of plane stress, given
by

W =20\ + A 4+ NSAs — 3)/a? (1)
where \; and M\ are the stretch ratios and « and p are
material constants determined to be 0.3 and 5.5 X 108 dyn/
cm?, respectively. We used ABAQUS (Hibbitt, Karlsson, and
Sorensen, Pawtucket, RI), a commercially available finite
element package on a Hewlett-Packard 9000 Series 720 Unix
workstation, to model the material and predict the local
deformations caused by prescribed displacements of the
membrane at the clamps. Each proposed membrane geome-
try was first evaluated by finite element analysis, and mem-
brane geometries were adjusted by varying element distribu-
tion, sizes, and thicknesses. The analysis included the
placement of the wells on the top surface and consideration of
their contribution to the material response. The membrane
geometry was optimized for intrawell and interwell homoge-
neity and isotropy over a wide range of equibiaxial stretch.
To assure numerical stability and accuracy, the size of the
finite element mesh was increased until variations in maxi-
mum principal strains were <1%. To validate the predictions
of our finite element analysis, we printed a mesh on an
acetate transparency by using a 300 dpi laser printer (HP
Laserjet II) but stopped the page feed before the page passed
over the heating element. The transparency with the unfused
toner attached was then trimmed and placed toner side up in
the mold, and the Silastic was poured and cured as described
above. Thus the finite element mesh was transferred pre-
cisely and indelibly to the membrane itself. Displacements
were recorded by a charge-coupled device camera (Hamamatsu,
Hamamatsu City, Japan) and a personal computer-based
image processing system (Metamorph, Universal Imaging,
West Chester, PA) and were compared with the finite ele-
ment predictions. Positions of features (lines of toner) on the
membranes were extracted from captured images by an al-
gorithm that fit the image intensity across a line to an
even-ordered polynomial function. The pixel closest to the
midpoint of the polynomial was considered to be the center-
line. The positions in the deformed (stretched) configuration
were used to calculate displacements u; with respect to the
original configuration described by the coordinates a;. The
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quantities were then used to approximate the local Green’s
strains E;; and stretch ratios A\, using the relation

E; = Yelou/oa; + ou;/da; + (0u/da)(du;/day)] (2)

where u;/a; may be approximated by a linear interpolation
function between nodes. Stretch ratios \; and Ao were com-
puted from the relation \, = (2E}; + 1)**, where EJ; are the
principal components of E;;. For comparisons to the finite
element model presented in the RESULTS section, we limited
the nodes examined to those within the wells.

Membrane surface modification and characterization. To
facilitate protein adsorption and cell adhesion, the mem-
branes were exposed to an oxygen plasma by use of methods
adapted from Ferguson et al. (9). The oxygen plasma was
used to form a thin layer of oxidized silicon (SiOx) on the
disordered silicone membranes that was amenable to further
modification with organosilanes. Oxygen plasma conditions
were varied and optimized to avoid altering the mechanical
properties of the membranes. Membranes were exposed to an
oxygen plasma (March Plasmod, Concord, CA) at 0.4 Torr
oxygen pressure and 45 W power for either 30, 60, or 90 s.
An aminosilane [N,N-2-aminoethyl-3-aminopropyl trimethox-
ysilane (EDS), Hiils America, Piscataway, NJ] was coupled to
the oxidized membrane in the following manner. A solution of
1% EDS and 94% anhydrous methanol (1 mM acetic acid in
methanol) was prepared in a glove box under nitrogen atmo-
sphere. The beaker was transferred into a laminar flow fume
hood (Class 100), and 5% ultrapure water was added. The
solution was mixed, and the membrane wells were filled with
the solution for 5 min and then rinsed three times in meth-
anol for 1 min each rinse. Membranes were sterilized by use
of ethanol.

To verify the surface modification, membrane chemistry
and species present were analyzed using X-ray photoelectron
spectroscopy (XPS), also known as electron spectroscopy for
chemical analysis. This is an extremely sensitive technique
that probes the chemical composition of the outer 1-15 nm of
a surface (e.g., the membrane). XPS is based on the photo-
emission of core-level electrons in an atom, and the principles
of the technique are reviewed in detail by Ratner and McEl-
roy (22) and Grainger and Healy (13). XPS analyses were
conducted on a Surface Science Instrument (SSI) X-probe
spectrometer with a monochromatic Al K,12 X-ray source
(1486.6 eV) to stimulate photoemission. Emitted electron
energies were measured with a hemispherical energy ana-
lyzer at pass energies ranging from 25 to 150 eV. Binding
energy was referenced by setting the CHx peak maximum in
the Cls spectrum to 285.0 eV. Survey and high-resolution
spectra were collected at a takeoff angle of 55° (the take-off
angle, ¢, is defined as the angle between the surface normal
and the axis of the analyzer lens system). Survey spectra
were collected over a binding energy range of 0—1,000 eV,
high-resolution Cls spectra were collected over a 275- to
295-eV range, and Si2p spectra were collected over a 96- to
108-eV window. Analyzer resolution was on the order of 1.5
eV for survey scans and 0.25 eV for high-resolution scans.
SSI data analysis software was used to calculate elemental
compositions from peak areas and to peak-fit the high-reso-
lution spectra.

1HAEo~ and 16HBE140~ cell culture. Airway epithelial
cells transformed with the SV, virus (1IHAEo™ and 16BHE140™)
were provided by Dr. D. Gruenert (University of California-
San Francisco) and have been characterized by his laboratory
(14). Cells were grown in modified Eagle’s medium contain-
ing 10% FBS, 2 mM L-glutamine, 100 pg/ml streptomycin,
and 100 U/ml penicillin G. To further promote cell adhesion,
the membranes were coated with type I rat tail collagen (50

JJ Appl Physiol « VOL 91 « OCTOBER 2001 « WwWWw.jap.org
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pg/ml in 2.5% acetic acid for 15 min). Cells were seeded onto
the membranes at 2—3 X 10° cells/well and used on day 4 of
culture.

Prostaglandin Es measurement. PGEs synthesis by cycli-
cally stretched 1HAEo™ cells was assessed by collecting me-
dia samples 5, 10, and 20 min after the initiation of cyclic
stretch. PGE2 was analyzed by a sensitive and highly specific
competitive enzyme immunoassay from Cayman Chemical
(Ann Arbor, MI). The quantity of PGE, measured was nor-
malized to the average cell number.

Wounding protocol and measurement of cell area and cen-
troid-centroid distance. Confluent monolayers of 1IHAEo™ or
16HBE140~ cells were wounded by scraping the monolayers
with a metal spatula across the diameter of the well. Dupli-
cate paired membranes were either subjected to cyclic strain
using the biaxial stretcher or maintained static as a control.
The frequency of strain was 30 cycles/min (1 s stretch/1 s
relaxation per cycle), and elongation and compression were
varied. In the compression studies, cells were cultured on a
prestretched membrane before wounding, and then cyclic
“relaxation” of the membrane led to compression of the cells.
After wounding, the cells were rinsed once with PBS to
remove cellular debris. Complete growth medium (2 ml) was
added to the wells, and this medium was not removed during
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the course of the experiment. Images were obtained at the
initial time of wounding and at various times up to 24 h
postwounding. Images of the wounds were obtained across
the entire well. Cell area and centroid-centroid distance
between cells were measured by tracing cells at the wound
edge as previously described (35).

RESULTS

Device performance. The device performs well and
meets all our design criteria. The simplicity of the
pneumatic-driven rack mechanism and the choice of
noncorroding materials ensure reliability in the warm
and humid environment of an incubator. The alumi-
num base and stainless steel bearings have run rou-
tinely for periods of 24-48 h without problems. The
design is modular, so failure due to wear can easily be
repaired by replacing individual, easily fabricated ele-
ments. One of our design criteria was to allow for
stretch that was of arbitrary but prescribed anisotropy.
We achieved that by swapping out the side plates so
that the bearings were aligned at 60° and near 90°
angles rather than the 45° angles shown in Fig. 1. This

Fig. 2. Finite element mesh used to
design the silicone rubber membrane
that acts as an extensible substrate
for cultured cells in its unstretched (A)
and stretched configuration (15% well
strain; B). Boundary conditions are a
mixture of stress-free (along the curved
edges) and prescribed displacement
(along the clamped, straight edges).
C: finite element grid when anisotropic
strain was applied. In this case, a 15%
stretch was applied in the vertical di-
rection while no strain was applied in
the horizontal direction.

JJ Appl Physiol « VOL 91 « OCTOBER 2001 « WwWWw.jap.org
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Nominal Strain

Fig. 3. The finite element model predicts a uniform and isotropic
distribution of strain over the central portion of the membrane.
Effects of the well walls on the strain distribution can be seen as the
raised “rims” on this graph.

feature allows for strain to remain homogeneous over
the surface of the wells but maintains a fixed level of
isotropy. In the case in which the angle is set closer to
90°, true uniaxial strain is achievable, in contrast to
some other devices that apply uniaxial stress and
cause compression in the in-plane transverse direction.

Membrane mechanics. A membrane of uniform thick-
ness mounted in the rack and symmetrically stretched
will only undergo isotropic and homogeneous large
strain in a relatively small region near the center of the
membrane. We therefore used finite element analysis
to design a membrane with a thin central region sur-
rounded by a thicker peripheral region and shaped
with generous curves so as to optimize the three factors
of interest within the wells: strain magnitude, strain
isotropy, and strain homogeneity. The finite element
grid and membrane geometry that resulted from this
ad hoc and iterative process is shown in Fig. 2 in the
unstretched state (Fig. 2A) and with 15% strain (Fig.

A

Fig. 4. Portions of the finite element mesh were
printed on the membrane under the wells and pho-
tographed to assess the uniformity and isotropy of
the strain field. Wells remained round and the dis-
tance between concentric circles remained equal
when the membrane was deformed from its initial
configuration (A) to its stretched configuration (B).
Three wells are labeled for the strain measurements
shown in Fig. 5.

STRAIN ON CULTURED CELLS

2B). As an example of anisotropic strain, Fig. 2C dem-
onstrates the changes in the finite element grid for 15%
strain in the vertical direction with no strain in the
horizontal direction. The outer portion of the mem-
brane was fixed at a thickness of 4.4 mm, whereas the
inner portion of the membrane (including the wells)
was fixed at 2.2 mm. Because the walls of the wells and
the Silastic used to attach them to the membrane
contribute to the thickness, we made a cross-sectional
cut of a membrane and measured the thickness. The
thicknesses at each location were input into the finite
element analysis. Figure 3 shows the predicted strain
field in the wells for isotropic strain.

To validate the finite element method we also
present measurements taken directly from the mem-
brane itself for comparison to the model-predicted re-
sults in Fig. 3. Figure 4 shows photographs of a portion
of the finite element grid indelibly marked on the
Silastic surface on the unstretched membrane and on
the membrane stretched 15% in three different wells.
Similar images were used to measure the strain field in
the wells shown in Fig. 4 and show an acceptably
uniform strain profile both within and between wells
(Fig. 5). Also shown in Fig. 5 are the predicted strain
profiles. We note that the predicted deformations are
consistently 1-2% higher than those measured exper-
imentally; this may be attributed to some degree of slip
at the clamped edge. We also noted some minor plastic
deformation in high-strain regions of the membrane.
We chose the strain energy density function, Eq. 1, on
the basis of results of uniaxial testing of the Silastic
membrane. More extensive testing of the material un-
der multiaxial conditions might lead to some adjust-
ment of the material parameters with a slight effect on
the predicted strain field, but a perfect fit between
theory and experiment was not the goal of this analy-
sis. The model returns reasonable values for strain and
serves as a workable method to help guide the design of
the membrane. The strains were determined by direct
measurement.

Surface characterization. Changes in the surface
chemistry due to the modification of the membranes
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Fig. 5. Experimental measurements and model predictions for wells
1,2, and 3 as labeled in Fig. 4 but with 10% strain applied. Predicted
(w) and measured (a) strains in wells 1, 2, and 3 along the x-axis of
each well. exx and ey, represent the normal strains in the x and y
directions, respectively. Theory consistently overestimates the
strains by a few percent.

were determined by XPS. The atomic composition of
the surface during each stage of the protocol was de-
termined from XPS survey spectra (Table 1). Treat-
ment of the Silastic membrane with the oxygen plasma
led to a time-dependent increase in the oxygen content
and a decrease in the carbon present at the surface.
Figure 6 shows the high-resolution Si2p spectra, which
supports the atomic composition analysis and indicates
that silicon oxides, possibly SiOy, were produced after
exposure to the oxygen plasma. Clearly, a shift in the
Si2p peak line shape occurred during the plasma treat-
ment: the predominant silicone peak at 102.6 eV for
the starting material was replaced by the oxide peak
(104 eV) during the plasma treatment. The peak area
ratios of the silicone to the oxide species in the Si2p
spectra changed from 2.7:1 for the initial Silastic to 1:4
after 90 s oxygen plasma treatment, indicating sub-
stantial oxidation of the surface to a depth of ~6 nm.
The formation of SiOx species was a prerequisite for
coupling the organosilane, EDS, to the surface. Analy-
sis of high-resolution Cls spectra in Fig. 7 confirmed
that the starting membrane had no oxidized carbon
species (Fig. 7A), and, after 90 s of exposure in the

Table 1. Elemental surface composition of Silastic
membranes at each stage of the treatment as
determined by XPS

XPS Atomic Percent

Sample Si (6] C N

Untreated 27.2 28.0 44.8

30-s Oxygen plasma 28.2 37.6 34.2
60-s Oxygen plasma 28.9 54.3 16.8
90-s Oxygen plasma 29.3 52.7 18.0
EDS/90-s Oxygen plasma 26.9 33.6 37.5 2.0
EDS/90-s Oxygen

plasma/ethanol 18.9 274 454 8.4

XPS, X-ray photoelectron spectroscopy; EDS, N,N-2-aminoethyl-3-
aminopropyl trimethoxysilane.
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Fig. 6. X-ray photoelectron spectroscopy Si2p spectra for membranes
at various stages of the oxygen plasma treatment process. The Si2p
line shape shifts from a dominant peak at 102.6 eV for the starting
silicone species to 104 eV for the oxidized Si species (e.g., SiOy).
Silicone with an oxidized surface is further modified with an amino-
functional organosilane [N,N-2-aminoethyl-3-aminopropyl trimethoxy-
silane (EDS)].

oxygen plasma, oxidized carbon species were also
present on the surface (Fig. 7B). Conformation of the
immobilization of the EDS was established by the
presence of nitrogen in the atomic composition data
(Table 1) and the formation of the carbon-nitrogen
peak identified in Fig. 7C. Taken together, these data
confirm the formation of a thin oxidized surface on the
membranes after oxygen plasma treatment and the
successful coupling of EDS to the oxidized moieties.
Although no quantitative measurements were made,
cell adhesion to the membranes was markedly en-
hanced by the surface treatments. No cells attached to
the surfaces before treatment, and excellent cell at-
tachment was observed after treatment.

Response of airway epithelium to stretch. To verify
stretching of cell monolayers on the membranes, we
constructed a clamping system to fix the membrane in
the distended configuration so that cells could be
viewed on the microscope. Figure 8 shows Hoffman
modulation contrast images of a wounded monolayer of
1HAEo™ human airway epithelial cells on an un-
stretched membrane (Fig. 84) and after 10% strain
(Fig. 8B). The scale bar indicates the separation be-
tween the two wound edges. Figure 8, C (unstretched)
and D (10% strain), shows higher magnification images
of 1THAEo™ cells from the same field. Note the expan-
sion of the cluster of cells up and to the right in Fig. 8D.

Our laboratory previously demonstrated that prosta-
noid release by airway epithelial cells is significantly
inhibited by cyclic strain applied using the Flexercell
device (24). To verify this response using our biaxial
strain device, we cyclically stretched 1HAEo™ cells at
10 cycles/min (5-s stretch, 1-s relaxation) with 10%
strain. This short relaxation time was previously
shown to result in maximal inhibition of prostanoid
synthesis. The amount of PGE: secreted by the

JJ Appl Physiol « VOL 91 « OCTOBER 2001 « WwWWw.jap.org
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Fig. 7. X-ray photoelectron spectroscopy C1ls spectra for membranes.
A: spectrum for starting silicone membrane. B: spectrum of 90-s
oxygen plasma treatment. C: spectrum after EDS grafting with the
peak fit with identical carbon species. PDMS, poly(dimethylsilox-
ane); CHx, carbon-hydrogen bonding (x = no. of atoms); C-N, carbon-
nitrogen bonding.

stretched cells was inhibited compared with un-
stretched cells (Fig. 9). Our laboratory also previously
demonstrated, using the Flexercell device, that cyclic
stretch inhibits wound closure of airway epithelial cells
(25). As described in our laboratory’s previous study,
the distention of the membrane in the Flex-I plates
from Flexercell led to radial elongation in the periph-
ery of the wells and radial compression in the center of
the wells. Figure 10 shows a comparison of the inhibi-
tion of 16HBE140~ wound closure by cyclic mechanical
strain using the Flexercell device (Fig. 10A with ~10%
mean elongation in the periphery and ~1-2% compres-

STRAIN ON CULTURED CELLS

sion in the center of the wells) and using our biaxial
strain device (Fig. 10B with 10% elongation or with 2%
compression). For the compression studies, the cells
were cultured on a prestretched membrane before
wounding. The membranes were then placed on the
stretching device and cyclically relaxed to provide com-
pression to the cells. To further demonstrate the rela-
tionship between inhibition of wound closure and the
magnitude of mechanical strain, we measured the ex-
tent of wound closure after 8 h using our biaxial strain
device set for various levels of elongation or compres-
sion (Fig. 11). Figure 11 shows that even low levels of
compression inhibited wound closure and that maxi-
mum inhibition occurred at ~2% compression. To fur-
ther investigate the inhibitory effect of mechanical
strain on wound closure, we measured the cell area at
the wound edge as a function of time for each level of
strain. Figure 12A shows that cell area increased over
time at the wound edge in static cultures but that
increasing levels of elongation led to inhibition of cell
spreading. At the highest level of elongation studied
(9.6%), the cells actually began to decrease in size. By
comparison, even the lowest level of compression
(0.5%) led to a significant decrease in cell area.

DISCUSSION

Although there has been significant effort to inves-
tigate the responses of cultured cells to mechanical
strain, many of the existing devices provide strain
fields that are both heterogeneous (strain varies from
position to position) and anisotropic (strain varies
along axial directions at the same location). For exam-
ple, the radial strain profile of the original Flexercell
device varies from maximum tensile strain near the
well wall to low levels of compression in the center of
the wells, whereas the circumferential strain is near
zero at the center and near the walls but is compressive
at other radial positions (10). Also, simple uniaxial
strain devices may provide uniform strain in one direc-
tion, but because of the Poisson effect compression
occurs in the transverse direction. In our laboratory’s
studies examining wound closure of airway epithelium
using the Flexercell device (25), we found that com-
pression in the center of the wells inhibited wound
closure to a greater extent than elongation in the
periphery of the wells (also shown in Fig. 10A). In
another study, our laboratory cultured cells in isolated
regions of the wells and found that compression re-
sulted in greater inhibition of PGE; release than did
elongation (24). The compression in the Flexercell de-
vice was actually an unwanted characteristic due to
the thickness of the membrane that could not be selec-
tively controlled, and cells cultured in the same well
were subjected to elongation and compression simulta-
neously. Therefore, we sought to develop a system in
which we could apply both homogeneous and isotropic
strain to cultured cells and to apply specific levels of
compression. In addition, we wished to have greater
control over the surface characteristics of the substrate
on which the cells were cultured, and we wished to
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have the capability for culturing airway epithelial cells
at an air-liquid interface. The present device was de-
veloped to meet these criteria. We have not yet
achieved the goal of stretching cells cultured at an
air-liquid interface, primarily because of material lim-
itations, but our system can be modified for this pur-
pose.

1.5 r
Tu" control
=
y—
E;
~ stretch
(o]
=
&}
-
0.0 L 3 J
0 10 20 30

Time (min)

Fig. 9. Cyclic biaxial strain (10% strain, 10 cycles/min, 5-s stretch,
1-s relaxation) inhibited the production of PGE: by 1HAEo ™~ cells.
Samples were collected at indicated times, and PGE2 was measured
and normalized to cell count. Symbols represent means = SE for
control (m) and stretched cells (0) from 3 different wells; *significant
difference from control (P < 0.05).
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Fig. 8. Hoffman modulation contrast
images of human airway epithelial
cells (1HAEo™) cultured on Silastic
membranes. Low-power images of the
same wounded monolayer in the un-
stretched (A) and the stretched condi-
tion (B, 10% strain) and higher magni-
fication images of the cells in the
unstretched (C) and the stretched con-
dition (D, 10% strain).

Our approach is unique among cell-stretching de-
vices in that significant analysis went into the design of
the membrane as well as the design of the mechanism
used to deform the membrane. We used an iterative
finite element-based process to design a membrane
that would result in the most uniform strain distribu-
tion within the wells. Our model predictions, as shown
in Figs. 3 and 5, were useful in designing the shape of
the membrane but consistently overestimated the mea-
sured strains by 1-2 percentage points. This was likely
due to approximating the clamped edges of the mem-
brane by displacement boundary conditions and not
accounting for the practical difficulty of imposing such
boundary conditions on a soft rubber membrane. By
controlling the opening and closing of electronic needle
valves, we can control the rate at which strain is
applied to the wells as well as the rate of relaxation.
This will be useful for studies in which we will mimic
the frequency and time-dependent strain experienced
by airway epithelial cells during breathing or mechan-
ical ventilation. Because neither side of the well mem-
brane comes in contact with machinery or an applied
vacuum or positive pressure where the cells are lo-
cated, it will eventually be possible to apply strain to
cells cultured on a flexible, permeable substrate, allow-
ing for culture of airway epithelial cells at an air-liquid
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Fig. 10. Comparison of the inhibition of 16HBE140~ cell wound
closure in the Flexercell device (A) and in our biaxial stretching
device (B). In both cases the frequency of strain was 30 cycles/min.
Wounds were scraped across the monolayer, and wound widths were
measured at the indicated times and normalized to the original
wound width. Symbols represent means + SE. A: static periphery
(m), static center (e), elongated (0), and compressed regions (O) from
5 different wells. B: static (w), elongated (0), and compressed (0) wells
(n = 5). *Significant difference from unstretched controls (P < 0.05).

% original wound width

interface. Another advantage to our system is that
there is no friction due to the sliding of the membrane
over a platen or dome surface. The ring loading devices
can also avoid the problem of frictional heating by
keeping the cell culture areas smaller than the area
encompassed by the ring, and these systems can also
potentially be used for applying strain to cells on per-
meable substrates. However, a unique feature of our
system is the ability to apply anisotropic strains, as
demonstrated in Fig. 2C. Also, the shear stresses that
are induced by movement of the fluid over the surface
of the cells is estimated to be quite low. With an
elongation of 10% and a frequency of 30 cycles/min, we
estimate that the maximum shear stress would be
~0.025 dyn/cm?2.

We also developed techniques for controlling the sur-
face chemistry of the silicone elastomer substrate to pro-
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Fig. 11. Inhibition of wound closure in 16HBE140~ cells is dependent
on the magnitude of cyclic strain. Strain was applied at a frequency of
30 cycles/min. The percentage of the original wound width was mea-
sured after 8 h in cultures that had been elongated, compressed, or kept
static as indicated (n = 42, static; n = 6, all others). Symbols represent
means * SE; *significant difference from static (P < 0.05).
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Fig. 12. Cyclic elongation (A) and cyclic compression (B) inhibit cell
spreading at the wound edge of 16HBE140~ cells. Cells at the wound
edge were traced by use of Metamorph image analysis software, and
cell area was calculated. Symbols represent means *= SE; *signifi-
cant difference from initial value (P < 0.05, n = 420 for static; n = 60
for all others). A: static (»), and 4.3% (0), 7.5% (0), and 9.6% (©)
elongation. B: static (»), and —0.5% (®), —2% (csq), —5% (), and
—10% (a) compression.
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mote cell adhesion. Although many commercially avail-
able silicone elastomer materials have been previously
used for cell culture, we found little cell adhesion to our
untreated custom-manufactured membranes. Surface
modification with an oxygen plasma followed by attach-
ment of functionalized amino groups significantly im-
proved cell adhesion and growth on the substrate. Al-
though a simple amine was used in this work, the surface
modification is amenable to further manipulation such as
preadsorption of extracellular matrix molecules (e.g.,
collagens, vitronectin) and covalent coupling of peptides
(23), growth factors (16), and other molecules of biological
interest. The combination of the detailed mechanical
analysis, uniform strain distribution, and versatility of
the surface chemistry provides a robust system for study-
ing the associated effects of mechanical stretch and
receptor-ligand interactions with the present device.

In the airways, maintenance of a continuous epithe-
lium is important for resistance against infection and
injury, control of lung fluid balance, and regulation of
airway tone. Our laboratory (24) showed that release of
PGEg by 1HAEo ™ cells stretched by using the biaxial
strain device was inhibited to the same extent as the
release of PGE: by other airway epithelial cells
strained using the Flexercell device. We have also
begun to study the mechanisms by which epithelial
wound closure occurs on a substrate undergoing cyclic
elongation or compression as occurs in vivo. In the
present study, we demonstrated that uniform biaxial
elongation (10%) inhibits epithelial wound -closure
(Fig. 10) in a manner similar to what our laboratory
previously observed with the Flexercell device (25). We
also demonstrated that the extent of inhibition de-
pends on the magnitude of elongation or compression
(Fig. 11) and that cell spreading at the wound edge is
dependent on the magnitude of strain (Fig. 12). With
our new device, we were able to apply cyclic compres-
sion by culturing cells on a prestressed membrane and
then allowing cyclic relaxation of the membrane. This
is the first demonstration that the magnitude of cyclic
strain affects the extent of cell spreading and wound
closure.

In summary, we have presented the mechanical design
of a novel biaxial strain device and custom-manufactured
membrane that can be used to apply homogeneous, iso-
tropic strain to cultured cells. We characterized the me-
chanical properties and the surface chemistry of the
membrane, used finite element analysis to predict the
appropriate geometry for uniform strain, and measured
the strain field experimentally. Finally, we applied cyclic
biaxial strain to cultured airway epithelial cells and mea-
sured responses similar to those we obtained using the
Flexercell device, and we extended our studies by evalu-
ating the relationship between strain magnitude and
inhibition of wound closure.
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