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Abstract—A variety of methods have been used to study the
tensile properties of cells or the influence of tensile loading on
cellular function. Such methods are frequently limited either
by cellular detachment or by an inability to image cells at
high temporal or spatial resolution. Previously, we preserved
cellular adhesion during loading and imaging by using a
flexible silicone membrane inverted over a glass coverslip.
This enabled high magnification real-time imaging of sub-
cellular structures but chemical and physical access to the
cells was limited due to geometric constraints. In this study,
we present a method to integrate thin films made from
poly(dimethylsiloxane) (PDMS) into a novel device. The
optically clear PDMS thin films allow simultaneous tensile
loading and high magnification microscopy without the need
to invert the cells, maintaining physical access during
experiments. To characterize the utility of this technology,
we evaluated fabrication conditions for optimizing the
geometry, durability, and uniformity of these films. Addi-
tionally, we demonstrate the suitability of this device for use
in high-magnification, live-cell fluorescence microscopy by
examining the response of the cytoskeletal protein actin,
expressed in cultured primary sensory neurons, to a tensile
load. This technology offers considerable potential for
extending our understanding of mechanical influences on
cellular function at a variety of spatial and temporal scales.

Keywords—Tensile loading, PDMS, Thin film, Flexible

substrate, Cell mechanics, Neuronal cytoskeleton.

INTRODUCTION

The morphology and function of numerous cell
types are strongly influenced by their mechanical
environment.52,57 Imposed mechanical loads may be
broadly categorized as tensile, compressive, or shear.

Tensile loading, or stretch, has been implicated in a
wide range of cellular activities, including differentia-
tion, migration, definition of cell morphology,
cytoskeletal remodeling, and gene and protein expres-
sion.2,15,19,45,60

A variety of experimental systems have been devel-
oped to study the tensile properties of cells and their
response to applied tension. One class of approaches
has employed calibrated glass micropipettes, optical
tweezers, or magnetically controlled flexible micro-
posts to regionally deform or measure viscoelastic
properties of single cells.13,22,36,47,50,61 Such strategies
have also been scaled up to accelerate the outgrowth of
tracts of neuronal projections by means of a sliding
glass plate housed within a bioreactor.35,42 However,
these strategies require full or partial detachment of the
stretched cells from their substrate, which can ad-
versely influence cell motility.

Alternately, deformation of a flexible culture sub-
strate such as silicone or acrylamide enables the tensile
loading of adherent cells. A popular commercial device
utilizes a vacuum chamber to apply, in its simplest
configuration, a radial deformation to a flexible sub-
strate.16 Additional inserts can be used to adapt the
chamber to apply a uniaxial load. Several groups have
also applied equibiaxial or uniaxial loading to flexible
substrates using clamps coupled to actuators or mov-
ing stages.3,4,23,28,55 Though a small number of
research groups have successfully integrated mechani-
cal loading with high resolution upright microscopy
through water immersion lenses,27,32,53 the thickness
and opacity of the utilized substrates preclude high
resolution imaging using inverted microscopy.58

An alternative method aimed at preserving cellular
adhesion during loading and imaging is to invert cells
seeded on a flexible silicone sheet suspended over a
glass coverslip.10,18,56 The silicone sheet and adherent
cells must be brought close enough to the coverslip to
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be within the working distance of a high-magnification
microscope objective, which is typically less than
200 lm for 409 or 609 objectives. This configuration
is conducive to imaging subcellular structures, but
physical access to the cells, for solution exchange,
localized drug delivery or localized mechanical per-
turbation, is severely limited.

Overcoming these limitations would significantly
advance efforts to understand the effects of tensile
loading on cellular function. One solution is the
implementation of an optically clear and flexible sub-
strate compatible with conventional microscopy tech-
niques that would preclude the need to invert cells. In
order to achieve this, a film would need to be thin
enough that adherent cells on its surface would still be
within the working distance of a high magnification
microscope objective, yet robust enough to withstand
being stretched at typical strain rates (£0.03%/s) usu-
ally employed during these types of experiments.42,49

To meet these criteria, we incorporated thin films
made from poly(dimethylsiloxane) (PDMS) into a
system in which cells can be imaged at high magnifi-
cation during exposure to an applied uniaxial tensile
load without substrate inversion. PDMS is a relatively
inexpensive, optically clear, and biocompatible silicone
elastomer that has been widely used in the develop-
ment of microfluidic systems.14,46 Methods of varying
complexity have been used to create thin films from
PDMS, including micropatterning,8,41,43 replica mod-
eling,9,38 and spin-casting.23 Thus far, however, these
films have not been transferred from the fabrication
substrate to another device, and therefore their utility
in tensile loading is not known.

In this study, we tested a number of casting protocols
to optimize the material properties and thickness profile
of thinPDMSfilms.Wedemonstrate thatuniaxial strains
are distributed uniformly across the surface of PDMS
films, and we present results from experiments using this
technology for high-resolution, live-cell tracking of the
movement of GFP-actin within the axon of a cultured
sensory neuron before and after an applied tensile load.

METHODS

Thin Film Fabrication

¼ inch thick polycarbonate plates were fabricated
into either 15 cm squares or 15 cm diameter circles.
These were used as spinning substrates to evaluate the
material characteristics of films cast onto the two dif-
ferent geometries. PDMS (Sylgard 184 Elastomer Kit,
Dow Corning) was mixed using a standard 10:1 base to
curing agent ratio. 4 g of the liquid PDMS was placed
on the center of each polycarbonate substrate and spun

for 60 s at a range of 500–1200 rpm in a clean room
setting. The films were cured for 3 h at 70 �C or
overnight at room temperature, based on published
curing curves.54 The films were then cut into
90 cm 9 30 cm ‘‘imaging sheets’’ with a razor blade
and sterilized with ethanol before use as a flexible
culture substrate in the cell-stretching device.

Thin Film Characterization

A Tencor TP-20 profilometer was used to measure
the thickness profile of the cured PDMS films. Nine
1 cm 9 0.5 cm samples from both the circular and
square plates were measured. Three samples were ta-
ken from each of three regions and the average thick-
ness of each region was calculated (Fig. 1a). To
evaluate the feasibility of using cured PDMS thin films
as a flexible culture substrate, resistance to tearing and
ease of handling were both evaluated. To measure the
susceptibility of the PDMS films to damage during
tensile loading, the 90 mm 9 30 mm imaging sheets
were clamped on either end leaving a 60 mm long re-
gion between the clamp, similar to the configuration of
the sheet within the cell stretching device. The PDMS
was then stretched until failure at a rate of 0.03–
0.04%/s, and the maximum strain was recorded. Sheets
were also evaluated for how easily they could be
removed from the polycarbonate spin plates and loa-
ded onto the stretcher. During removal, films tran-
siently experienced strain rates estimated to be a
maximum of ~0.1%/s. Table 1 defines the scoring
systems that were used to evaluate these properties.

Tissue Culture

The University of Maryland Institutional Animal
Care and Use Committee approved all animal experi-
ments. Dorsal Root Ganglia (DRG) were isolated
from the entire spinal column of 2–5 day old Sprague–
Dawley rats and maintained in ice cold F-10 supple-
mented with gentomycin. After removal from the
spinal column, whole DRGs were incubated with
2.5 mg/mL collagenase II (Roche, Basel, Switzerland)
for 15 min at 37 �C, pelleted at 769g for 5 min, trit-
urated in F-10, and pelleted again. Following protocols
provided by the manufacturer, dissociated cells were
then resuspended in electroporation media with 3 mg/
mL of plasmid encoding GFP-actin and immediately
electroporated using an Amaxa Nucleofector II
(Lonza, Walkersville, MD). After electroporation they
were allowed to recover for 20 min in RPMI at 37 �C
before being resuspended in growth media (10%
Horse Serum in F-10 media, with 1% penicillin/
streptomycin, 1% L-glutamine), seeded onto sterilized,
laminin-coated PDMS films at a density of 100,000–
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250,000 cells/mL, and incubated at 37 �C and 5% CO2

for 16–20 h.

Cell Stretching Apparatus

Previously, we developed a cell stretching device to
image cells during tensile loading.10 In this original
configuration, a flexible silicone membrane was
clamped at a fixed length under minimal tension. Cells
were seeded onto this substrate and maintained in a
cell culture incubator to allow cell adhesion and
growth. The clamp-substrate apparatus was then in-
verted and loaded into a custom-designed glass-bot-
tomed chamber for uniaxial stretch and simultaneous
imaging. In the current study, cells were seeded onto
clamped PDMS films and allowed to adhere and grow
overnight. The clamped PDMS apparatus was then
loaded upright into the glass-bottomed chamber for
stretch and imaging.

Imaging and Biomechanics Protocols

Microscopy was performed on an inverted TE-
2000E microscope (Nikon, Melville, NY) outfitted
with a LumenPRO2000 (Prior Scientific, Rockland,
MA) illumination system, 109 or 409 objectives, and
filters appropriate for FITC or GFP (Chroma, Bellows
Falls, VT. EPI: 488 nm, Emission 530 nm). Addition-
ally, a custom built chamber (Precision Plastics,
Beltsville, MD) maintained optimal temperature,
humidity and CO2 levels during imaging of live cells.
Exposure time was limited to 200–300 ms per image.

To determine the uniformity of the strain in the
PDMS film, 200 nm fluorescent beads (Invitrogen,
Carlsbad, CA) were allowed to settle and images were
taken before and after 5 or 10% strain within central
regions of the sheet. The change in position of these

FIGURE 1. Thickness of PDMS films is dependent on angu-
lar velocity, but not substrate shape or location on the sub-
strate. (a) Regions of measured PDMS on circular and square
polycarbonate substrates. Samples were taken from the cen-
ter (Region 1), middle (Region 2), and edge (Region 3) of
round or square-shaped plates. (b) Average thickness of
PDMS films as a function of angular velocity and distance
from the center of round substrates. Curves were regressed
with a power law. Region 1: a = 0.44, k = 109.4, R2 = 0.96;
Region 2: a = 0.43, k = 109.9, R2 = 0.96; Region 3: a = 0.45;
k = 114.6, R2 = 0.94. (c) Average thickness of PDMS films as a
function of angular velocity and distance from the center of
square substrates. Curves were regressed with a power law.
Region 1: a = 0.45, k = 110.6, R2 = 0.96; Region 2: a = 0.47,
k = 113.8, R2 = 0.97; Region 3: a = 0.49; k = 127.2, R2 = 0.94.
(d) Direct comparison of differences in thickness in different
regions of square vs. round substrates for angular velocities
of 600, 1000, and 1200 rpm. No statistically significant differ-
ences were found between the thickness at a particular
angular velocity and region on square and round substrates.
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beads after the applied stretch was used to calculate
strain.

For cell imaging and mechanics, protocols were
similar to those published previously.10 Briefly, axons
chosen for analysis were oriented in the direction of the
applied strain (±15�), were not in contact with other
cells, and were in a non- growing state. Cellular and
cytoskeletal response was evaluated in two phases. For
the first ‘‘instantaneous’’ phase, three paired (DIC and
fluorescence) images were taken of the unstretched
(0% strain) cells with a 30 s lapse between each image.
These images were used to confirm that puncta of actin
used to calculate instantaneous strain were indeed
stationary. The cells were then exposed to a 10% strain
applied at a rate of 0.03%/s, after which 3 more paired
images were captured. For the second ‘‘sustained
deformation’’ phase, deformed cells were continued to
be imaged over the course of 6 min with fluorescent
images captured every 5 s, to assess longer term
changes in the distribution and movement of actin
following the application of strain.

Image Processing and Kymograph Analysis

All image analysis was performed in ImageJ (NIH,
Bethesda, MD) or MATLAB (The MathWorks, Na-
tick, MA). For beads, the x and y coordinates of
adherent beads before and after stretch were deter-
mined within several imaging fields, to calculate re-
gional variability in strain. In addition, a
computational deformation of 10% was imposed on
the ‘‘before’’ image, to determine the distribution of
beads following perfectly homogeneous deformation.
For cells, we followed previously established proto-
cols.10 For the instantaneous loading phase, the dis-
tance between a pair of stationary actin puncta, as
defined above, was determined for both 0% (un-
stretched) and 10% applied strain and used to calcu-
late the strain in the intervening space. Strain was
defined as the change in separation between puncta
divided by the initial separation, or Dl/lo. In addition,
two points that flanked the region of fluorescence
analysis were used to calculate whole axon strain, from
DIC images corresponding to 0 and 10% stretch. For

the sustained deformation phase, kymographs of actin
movement were captured from the timelapse movies.
Briefly, a line segment of pixel intensities along the
axon was produced for each time point.11 The position
of each punctum was then manually extracted from
these kymographs and used to calculate mobility
parameters of non-stationary particles as well as strain
between initially stationary particles over time.

Statistical Analysis

Statistical analysis was performed using Excel
(Microsoft, Seattle, WA). Linear regression was used
to examine relationships between measured substrate
strain and the relative position of markers used to
measure this strain. A power law was used to regress
relationships between angular velocity, x, and the
thickness of PDMS films, t, in the form t = kx�a

where k and a are fit parameters.30,31,40 Means were
compared using a two-tailed t test, assuming unequal
variances.

RESULTS

Fabrication and Characterization of PDMS Films

We first examined the relationship between angular
velocity and thickness for thin films of PDMS spun
onto smooth polycarbonate plates of two geometries.
Round plates were examined due to their radial sym-
metry around the site of polymer deposition prior to
spinning, and square plates were examined because
more rectangular imaging sheets could be cut from
each plate compared to circular plates.

The thickness of regions in the center, middle, and
edge of films spun at varying speeds (Fig. 1a) were
measured using a profilometer. On both round and
square plates, the thickness of the PDMS film, as ex-
pected, decreased with increased angular velocity to a
minimum thickness of ~40 lm at 1200 rpm (Figs. 1b
and 1c). A power law accurately described this rela-
tionship, with a = 0.43–0.45 (r2 > 0.93 in all regions)
on round plates (Fig. 1b) and a = 0.45–0.49 (r2 > 0.94
in all regions) on square plates (Fig. 1c). Two-way

TABLE 1. Scoring criteria for tendency to fail and manipulability.

Failure analysis Ease of use

1 Failure during handling/clamping Very difficult to use fi breaks right away/extremely sticky,

cannot be lifted off of substrate

2 Withstands <5% strain Difficult to use fi breaks easily and is sticky

3 Withstands 5–10% strain Slightly difficult to use fi minor tearing

4 Withstands 10–20% strain Easy to use fi rare tearing and not sticky

5 Withstands >20% strain Very easy to use fi no tearing and not sticky
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ANOVA revealed a significant effect of angular
velocity (p< 0.01), but no significant effect of sub-
strate geometry on film thickness. An angular velocity
of 500 rpm resulted in considerable variability in film
thickness on plates of both geometries. Above this
speed, some subtle differences emerged, particularly at
the edge regions; the thickness of films spun on round
plates appeared to be slightly less variable at velocities
below 900 rpm compared to films spun on square
substrates. In contrast, films on square plates were
more homogeneous when spun at velocities of
1000 rpm or higher. To test whether these differences
were significant, we directly compared a range of
angular velocities, corresponding to thicknesses
potentially appropriate for high-resolution imaging,
for plates of both geometries (Fig. 1d). No significant
differences were observed, suggesting that both round
and square plates were likely to be suitable for film
preparation. For subsequent analysis, we used films
spun onto round substrates.

We next examined the durability and manipulability
of PDMS films. While the tensile properties of PDMS
films are well characterized for a range of thick-
nesses,1,34 our assessment provided a more practical
assessment of ease of handling and consistency from
film to film. Based on criteria described in Table 1,
results are summarized in Table 2. Surprisingly, the
thickest PDMS films, spun at angular velocities of less
than 800 rpm, were more difficult to handle and
stretch; they were extremely adherent to themselves
and other objects during removal from the substrate
and mounting within test devices. PDMS films spun at
900 and 1000 rpm were significantly easier to handle
and were more durable compared to those spun at
lower speeds. Films spun at 1100 or 1200 rpm were
again more fragile, most likely as a consequence of
their reduced thickness.

Based on these data, we elected to use films spun at
an angular velocity of 1000 rpm. These films were thin
enough to be within theoretical focal distances of high

magnification objectives, but durable enough to reli-
ably bear tensile loads. To evaluate the consistency and
homogeneity of strain in stretched films, we seeded
polystyrene beads on a laminin-coated sheet and
determined bead position before and after an imposed
5% (Fig. 2a) and 10% strain, which was calculated
based on the clamp-to-clamp distance. Qualitatively, it
is apparent from the beads at the edges of the imaging
field that a longitudinal strain was imposed. We also
compared the positions of beads on the experimentally
deformed membrane with those on the image of the
unstretched film subject to a 2-D computational
deformation of 5% longitudinally and 3% laterally
(Fig. 2b). There is strong agreement between the
experimental and theoretical deformation.

Using such images, we then quantified the homoge-
neity of deformation. Longitudinal strain was calculated
based on the before and after positions of at least 15 pairs
of beads visible in each image. This strain was plotted
against the angle between the beads; beads in line with
each other along the axis of deformation had an angle of
0�, while beads oriented perfectly perpendicular to the
axis of deformation had an angle of 90�. There was con-
siderable deviation from the expected 10% strain at
higher angles (Fig. 2c) due to the propagation of edge
effects induced by uniaxial clamping of the membrane.
However, when analysis was restricted to angles within
±25� of the axis of deformation, i.e., points along the axis
of deformation, strains were far more uniform and pre-
dictable, with a regression slope of essentially zero (5%:
slope = �0.0003, r2 = 0.93; 10%: slope = �0.0001,
r2 = 0.37; Fig. 2d). Interestingly, measured strains were
consistent, but slightly overshot the predicted 10 and 5%
deformations (Y-intercepts = 0.117 (11.7%) and 0.062
(6.2%), respectively).

Finally, we examined whether the fabricated thin
films were suitable for cellular imaging and yielded
images of high quality for subsequent image process-
ing. Primary sensory neurons electroporated with a
plasmid encoding GFP-actin successfully extended
axons on laminin-coated films. Morphology appeared
consistent with that of neurons seeded on glass or sil-
icone, and both DIC and fluorescence images were in
focus, with morphological features or fluorescence
puncta clearly visible (e.g., Fig. 3a). We then evaluated
cellular response immediately after 10% strain (phase
1, Figs. 3a and 3b) and during maintenance of this
10% strain (phase 2, Fig. 3c). The imposed 10% strain
yielded an instantaneous cellular strain of ~8%, mea-
sured based on the deflection of extracellular fiduciary
markers visible on DIC images before and after strain
(Figs. 3a and 3b). However, based on the deflection of
additional extracellular (DIC) and intracellular (fluo-
rescence) markers, there was considerable regional
variability in deformation. This was possibly due to

TABLE 2. Scoring of the tendency to fail and manipulability
of PDMS films.

Angular velocity (rpm) Failure analysis Ease of use score

500 1.00 ± 0.00 1.00 ± 0.00

600 1.00 ± 0 2.00 ± 0.00

700 2.00 ± 0.00 2.00 ± 0.00

800 3.66 ± 0.33 2.66 ± 0.33

900 4.33 ± 0.33 4.66 ± 0.33

1000 5.00 ± 0.00 4.66 ± 0.33

1100 3.00 ± 0.00 4.33 ± 0.33

1200 2.33 ± 0.33 2.33 ± 0.33

Data is presented as (mean ± SEM) and is based on criteria in

Table 1.
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interactions of branch points or other sites of adhesion
to the substrate before strain and straightening of
axonal regions slightly deviating from the axis of
stretch. Kymograph analysis was then used to track
actin mobility during the sustained 10% strain. Fluo-
rescence trajectories revealed a dense fluorescence field
similar in quality and pattern to GFP-actin trajectories
observed previously on glass substrates.11 Within this
image, 84 distinct puncta were traced and quantita-
tively analyzed for characteristics such as directional
movement (Fig. 3d), velocity, and run length (Fig. 3e).
The biological significance of such transport profiles
following substrate strain will be examined in a future
study; however, the ability to generate such profiles at
high spatial and temporal resolution demonstrates the
feasibility of the methodology, even for dense and
complex particle fields.

DISCUSSION

We have described the fabrication and character-
ization of a novel cell-stretching device that enables
simultaneous tensile loading and high-resolution cel-
lular imaging. We have also demonstrated the feasi-
bility and suitability of this device for use in high-
resolution, live-cell fluorescence microscopy. In par-
ticular, based on our interest in mechanical determi-
nants of neuronal function,6,10 we have initially used
our device to examine the response of cultured sensory
neurons expressing a fluorescent cytoskeletal protein to
mechanical loading.

FIGURE 2. Longitudinal deformation on thin PDMS films is
homogeneous. (a) Fluorescent beads on a PDMS film spun at
1000 rpm before (green) and after 5% strain (red). Note that on
the left side of the image, red beads are to the left of the green
beads, while on the right side of the image, red beads are to
the right of the green beads, indicating deformation. Before
and after images were aligned at the vertical midline, as
apparent from yellow (overlapping) beads near this region.
Bar = 100 lm. Arrows indicate the direction of longitudinal
loading. (b) Fluorescent beads on PDMS subject to a com-
putational (green) and experimental (red) longitudinal strain
of 5% and lateral strain of 3%. Note that there is strong
alignment from right to left, in the direction of the deformation
(right and left) and laterally (up and down). Bar = 100 lm.
Arrows indicate the direction of longitudinal loading. (c) Mea-
sured strain for pairs of beads as a function of the angle
separating them within an entire imaging field for 5 and 10%
imposed strain. 0� corresponds to horizontal (direction of
deformation) and 690� corresponds to vertical (perpendicular
to axis of deformation). Dotted box indicates region corre-
sponding to beads aligned within 625� of the direction
of stretch. This region of the graph is amplified in ‘‘d’’.
(d) Region corresponding to the dotted box in ‘‘c’’. Data within
this region for 5 and 10% strain have been fit with a linear
regression line.
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Comparison to Previous Tensile Loading Strategies

The dynamics of subcellular structures have been
imaged at high resolution following a number of
mechanical perturbations to cells cultured on glass sub-
strates.23,25,33 Tensile loads in particular have been im-
posed on detached or partially detached cells and tissues
by methods including calibrated glass micropipettes,
optical tweezers, uniaxial clamps, or magnetically con-
trolled flexible microposts.13,22,33,36,42,44,47,49–51,61 Adher-
ent cells have been stretched by flexing their substrate by
means of indentation or pressure.16,24,48 Others have
deformed clamped, flexible substrates directionally
through the use of actuators.7,17,24,29,39,48 A major
shortcoming of these strategies is the inability to image
subcellular cellular response at high magnification using
inverted microscopy. Cell outlines or larger subcellular
structures, such as nuclei or larger stress fibers, may be
imaged through thicker substrates, but finer structures
are masked. A few groups have addressed this issue by
using high-resolution upright microscopy.27,32,53 Alter-

nately, we and others have inverted flexible substrates in
close proximity to a coverslip10,56; however, substrate
inversion restricts chemical and physical access to cells,
somewhat limiting its utility.

By integrating an optically clear, durable, and pre-
dictably deformable thin PDMS film into a tensile
loading device, we have eliminated the need for sub-
strate inversion while allowing cellular adhesion during
loading. In addition to the simplicity of our fabrication
protocol, our incorporation of PDMS into the device
offers additional advantages. PDMS has already been
extensively used for a wide range of biological appli-
cations, reducing concerns about biocompatibil-
ity.12,26,46 In fact, a PDMS film has previously been
used for tensile loading of cells,23 though it was too
thick for high-resolution imaging. In addition, the
ability to easily manipulate the material properties of
and micropattern PDMS26,37 greatly enhances the
ability to customize experimental applications of the
device. It should be noted that relatively thin (100–
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FIGURE 3. Brightfield and fluorescence images are clearly visible at high resolution through thin PDMS films. (a–b) DIC and
fluorescence images of a sensory (DRG) axon before (a) and after (b) 10% deformation of the substrate. Overall strain in the axon is
~8%, based on the deformation of markers in the DIC images. However, based on the deflection of extracellular (DIC) and intra-
cellular (fluorescence) markers, there is considerable regional variability in deformation, possibly due to interactions of branch
points or other sites of adhesion to the substrate before strain as well as regional straightening of axonal regions slightly deviating
from the axis of stretch. Prongs of black brackets indicate extracellular markers, including branch points, used to calculate cellular
strain. White arrowheads indicate intracellular GFP-actin puncta that could be tracked before and after strain, to estimate cyto-
skeletal strain. Black and white diamond-tipped lines indicate a region of the axon that did not appear to stretch at all, based on an
unchanged distance between both extracellular and intracellular markers. Bar = 10 lm. (c) Kymograph indicates position of GFP-
actin puncta over time. Four such puncta are indicated by black lines, which are positioned just to the right of the actual trajectory.
The anterograde direction (away from the cell body) is oriented towards the right; the retrograde direction (towards the cell body) is
oriented towards the left. Resolution is sufficient to detect subtle changes in direction as well as branching (asterisk) and
convergence or crossing (arrow) of tracks, which result in a reduction or spike in fluorescence, respectively. Bar = 10 lm. (d)
Sample analysis of tracks contained in ‘‘c’’ (n = 84 distinct puncta). Stationary particles were designated based on a net velocity
less than 0.002 lm/s over the course of the movie. (e) Sample movement profiles of anterograde, retrograde, and stationary
particles. Note that distances and velocities for stationary particles were calculable from raw data, and reflect a subtle directional
drift.
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200 lm) silicone or PDMS films are commercially
available, and a pre-strain may be imposed to obtain
films thin enough for high-resolution imaging. How-
ever, prestrain may induce unexpected or unpredict-
able differences in mechanical properties, cell
adhesion, orientation, and locomotion,5,20,21 poten-
tially due to strain-induced wrinkling or nano-scale
substrate reorganization. Additionally, due to the
propagation of edge effects, imposing an additional
10–20% strain on an already strained membrane may
result in increased susceptibility to damage.

Fabrication and Characterization of Thin PDMS Films

An appropriately thin PDMS film of predictable
and uniform thickness is required for repeatable cel-
lular deformation and simultaneous imaging. Angular
velocities between 500 and 1200 rpm yielded films less
than 100 lm, with those exceeding 800 rpm exhibiting
uniform thickness (Fig. 1). We, like several groups,
observed a clear power law relationship between
angular velocity and PDMS thickness, confirming
control over film geometry. Our a � 0.4 accurately
described this relation for films spun at speeds of 500–
1200 rpm for 1 min. This value is similar to the value
of a � 0.5 observed by numerous groups under a wide
range of spin conditions (reviewed in Norrman
et al.40). However, the slightly lower value may reflect
low levels of fluid inertia.31 It should be noted that
solvent and spin duration may also considerably
influence a. Our value deviates significantly from
a � 0.98 described for PDMS spun at higher speeds
(1000–6000 rpm) for durations of >5 min.30

Our intended integration of films into a cell-
stretching device required several additional practical
design criteria for fabrication. Thin PDMS films are
frequently used to coat a substrate, in which case they
may be spun directly and irreversibly on their sub-
strate. Alternately, PDMS itself may be used to lift off
thin PDMS films from their substrate.59 In contrast,
here, the films needed to be removed from the casting
substrate as a sheet before being mounted within the
loading device; consequently, they needed to be dura-
ble and easy to handle. The thickest films were quite
fragile and difficult to use owing to their adhesiveness
(Table 2). Though the exact reason for this is unclear,
it may be that slower angular velocities resulted in an
increased probability of internal defects within poly-
merized sheets as well as increased variability in
thickness (Fig. 1). Films spun at greater than 1000 rpm
were the thinnest but were also very fragile. Therefore,
only films spun at speeds between 900 and 1000 rpm,
corresponding to thicknesses between 45 and 50 lm,
were usable. A final design criterion for fabrication

addressed the potential scalability of fabrication. Ide-
ally, a single spin would yield material for several
experiments. Because PDMS membranes mounted
within the mechanical loading device are rectangular, a
square casting plate would maximize usage of material.
Differences between films spun on square and round
plates were minimal but slight edge effects were
apparent on square plates at high angular velocities,
warranting some caution (Fig. 1d).

Following the above characterization, we ultimately
elected to use films spun at 1000 rpm as a circular
substrate. Based on comprehensive measurement of
bead positioning before and after 5 and 10% strain, we
confirmed that the distribution of strains on films fol-
lowing mechanical loading was predictable along the
axis of deformation (Fig. 2). We tested specimens at
maximum strain rates of 0.03%/s, which are typical for
substrate deformation studies. However, given the
importance of strain rates on the biomechanical and
physiological viscoelastic response of a cell, the per-
formance of films at higher strain rates should be
examined as needed. The slight overshoot of measured
strain compared to the applied strain was likely a
propagation of edge effects from the clamps. Strains
were also suitably transmitted to cells; measured ax-
onal strains were only ~80% of substrate strain (Fig-
s. 3a and 3b), but this value exceeds typical reported
strains of 30–60% for cells on other substrates.4,55

Both this undershoot of cell strain compared to sub-
strate strain and any regional heterogeneity within
single cells (Fig. 3b) are likely to be a result of vari-
ability in cellular adhesive and structural compo-
nents,10 rather than heterogeneity of substrate
deformation.

The predictability of deformations imposed longi-
tudinally was ideal to study cells polarized relative to
the axis of stretch, including neuronal projections.
Therefore, we tested the quality of images acquired
through the PDMS film by probing the axonal move-
ment of fluorescently labeled actin, a cytoskeletal cargo
of exceptional complexity due both to high back-
ground levels and to its subtlety of movement. The
biological significance of the reorganization of actin in
response to tensile loading is outside the scope of this
methodological study, but the fact that we were able to
accurately extract meaningful motility parameters
speaks to the high quality of imaging and highlights
the significant value of this system.

CONCLUSIONS

Through the careful characterization of our novel
cell-stretching device, we confirmed its utility for
examining cellular response to tensile loading. Though
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the system was validated using cultured neurons, this
technology has applicability for any number of cells
that are responsive to tensile loads for alignment,
motility, differentiation, signaling, or gene expression.
This broad applicability is further enhanced by the
versatility of PDMS. Indeed, one can envision the
integration of patterned substrates of varying material
properties into experimental design, or even the pos-
sibility of manufacturing disposable flexible chambers
themselves out of PDMS. Ultimately, this technol-
ogy offers considerable potential for extending
our understanding of mechanical influences on cellu-
lar function at a variety of spatial and temporal
scales.
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