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a b s t r a c t

Mechanosensation in many organs (e.g. lungs, heart, gut) is mediated by biosensors (like mechan-
osensitive ion channels), which convert mechanical stimuli into electrical and/or biochemical signals. To
study those pathways, technical devices are needed that apply strain profiles to cells, and ideally allow
simultaneous live-cell microscopy analysis. Strain profiles in organs can be complex and multiaxial, e.g.
in hollow organs. Most devices in mechanobiology apply longitudinal uniaxial stretch to adhered cells
using elastomeric membranes to study mechanical biosensors. Recent approaches in biomedical en-
gineering have employed intelligent systems to apply biaxial or multiaxial stretch to cells. Here, we
present an isotropic cell stretch system (IsoStretcher) that overcomes some previous limitations. Our
system uses a rotational swivel mechanism that translates into a radial displacement of hooks attached
to small circular silicone membranes. Isotropicity and focus stability are demonstrated with fluorescent
beads, and transmission efficiency of elastomer membrane stretch to cellular area change in HeLa/HEK
cells. Applying our system to lamin-A overexpressing fibrosarcoma cells, we found a markedly reduced
stretch of cell area, indicative of a stiffer cytoskeleton. We also investigated stretch-activated Ca2þ entry
into atrial HL-1 myocytes. 10% isotropic stretch induced robust oscillating increases in intracellular Fluo-4
Ca2þ fluorescence. Store-operated Ca2þ entry was not detected in these cells. The Isostretcher provides a
useful versatile tool for mechanobiology.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

Through mechanotransduction, cells and tissues respond to
environmental mechanical stimuli, e.g. pressure, shear stress, de-
formation. These stimuli connect to external environments but are
also vital for sensing the internal milieu to maintain homeostasis,
e.g. in the cardiovascular system (Chatterjee and Fisher, 2013;
Friedrich et al., 2012). Mechanical stimuli are transformed into
intracellular signals, either by direct ion channel modulation
(Blumenthal et al., 2104) or via membrane adhesion complex
signaling (Janotiak et al., 2013; Martinac, 2014). In hollow organs,
cells are exposed to complex strain patterns. Fluctuations in in-
tramural pressure translate to multi-directional or isotropic
.de (O. Friedrich).
cellular stretch (Friedrich et al., 2012), in contrast to more linearly
arranged organs, e.g. skeletal muscle (Iwata et al., 2007). However,
even muscle cells can differentially sense and respond to various
stretch orientations, i.e. uniaxial versus multiaxial (Hornberger
et al., 2005). Studying the underlying biosensors requires en-
gineering of complex biomechatronics stretch-devices. Many
stretch systems operate by linear piezo-driven displacements of
thin silicone membranes to which cells are adhered (Yost et al.,
2000). A very useful, highly biocompatible, elastomer is PDMS
(polydimethylsiloxane). Its viscoelasticity and stiffness can be
controlled by appropriate base compound-to-crosslinker ratios
(Shi et al., 2013). Substrate stiffness is crucial for cells to tightly
adhere and establish focal adhesion connections (Galie et al.,
2013). Several uniaxial cell stretch systems have been developed to
perform cyclic/static stretch protocols while studying cellular re-
sponses using live-cell imaging (Ito et al., 2010; Matsumoto et al.,
2007). Most researchers use rectangular PDMS membranes coated
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with extracellular matrix proteins to which cells are adhered.
Membranes are then linearly stretched using attached rods, hooks
or clips (Bonakdar et al., 2012; Shao et al., 2013; Yost et al., 2000).
Many such systems have shortcomings, e.g. uneven stretch ratios
within membrane locations or severe shifts in focal z-length. The
latter may limit use in confocal imaging where a large stretch-
induced focal plane shift can result in loss of the in-plane image
and time-consuming refocussing. Although this can be partially
overcome by fine tuning of the PDMS membrane design (Shao
et al., 2013), a more physiological mode of cell stretching, invol-
ving isotropic or biaxial stretch, has only partly been sufficiently
resolved yet. The most popular approach for biaxial stretch in-
volves pneumatic pressure applied to either the PDMS membrane
directly (Gavara et al., 2008; Granet et al., 2002), within inter-
mediate Teflon posts (Tan et al., 2008) or stretch by vertical
Fig. 1. : Custom-built isotropic cell stretch device (IsoStretcher) and conical design
plementation. A,C, and E, elastic PDMS chamber with a central well for cell substrates
chambers. E, PDMS membranes after removal from the cast mold and cleaning. Approxim
under slack conditions. F, side view schematics of membrane thickness under slack. G, a
six pins along a tangential trajectory and translates their displacement into a radial stre
membrane displacement through an indenter ring (Huang et al.,
2010). Majd et al. (2009) introduced an isotropic cell stretcher
based on an iris-like diaphragm mechanism involving rotational
displacements of eight interdigitating lever arms (Majd et al.,
2009) to expand a highly elastic culture dish. This idea prompted
us to engineer an advanced isotropic stretch-device that involves
rotation of a translation ring containing oblique grooves to which
radial hooks were inserted. The continuous rotational movement
of the ring is translated into an equal, radial displacement of six
hooks clamped to a conically designed circular PDMS membrane.
The device performs isotropic stretch in all membrane sectors
with acceptable z-shift, which is ideally suitable for high content
cell imaging in light or fluorescence microscopy. Our design re-
presents a ‘low-cost’ solution to study mechanical biosensors in
cells compared to commercial systems. We apply this system here
of the PDMS stretch membrane. A,B,F, and G system designs. C,D,E, and H, im-
and six holes to hold stretcher pins. B, and D, aluminium mold for forming PDMS
ate sizes are 1.4 cm in diameter and �300 mm in height at the thinnest center area
nd H, cell stretcher device. A stepper motor-driven disk with oblique groves moves
tch of the central PDMS chamber.
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to study two biologically relevant scenarios: (i) stretch-mediated
Ca2þentry into cardiac HL-1 cells and (ii) membrane distensibility
in lamin A-overexpressing fibrosarcoma cells.
2. Materials and methods

2.1. Engineering of the IsoStretcher device

Fig. 1 illustrates the design and implementation of our custom-
built isotropic stretch device. Central part is an elastic silicone
chamber (Fig. 1A, and C) fabricated from polydimethylsiloxane
(PDMS) in custom-made aluminium molds (Fig. 1B, and D). It
contains a small central reservoir for cell culture and six peripheral
holes for mounting the PDMS chambers onto the pins of the Iso-
Stretcher (Fig. 1G, and H). The IsoStretcher is mounted on an alu-
minium base-plate that fits on many microscope stages. Six pins
are moved radially in linear troughs to apply isotropic stretch to
the silicone membrane. Motion of the pins is generated by rota-
tional movement of a disk containing oblique guide grooves. The
disk is connected to a stepping motor by a synchronous belt and is
driven and controlled by a microcontroller (Arduino Uno R3) and
stepper motor board (EasyDriver). A custom-written LabVIEW
application based on the LabVIEW-to-Arduino interface (LIFA) was
used to control stretch. Full stretch from 0% to 20% requires �1.2 s
(�0.4 Hz for 20% stretch).

2.2. Design, manufacturing and pre-treatment of PDMS membranes

PDMS membranes were cast using custom-made molds drilled
from aluminium blocks as a three-piece cast (Fig. 1B, and D). The top
and bottom parts were symmetrically designed to provide a conical
shape of decreasing gap distance between the two parts towards the
center at a 173° angle (Fig. 1F). Top and bottom parts were placed
into a middle ring part containing circular metal spacers that allowed
manufacturing of membranes of various thicknesses. The top part
contained six evenly spaced pins touching the bottom part when
completely assembled. In between, the remaining volume represents
the mold volume. We used chambers with a thickness of �1.2 mm at
maximum radius and �0.3 mm thickness in the central flat area for
cell microscopy. The latter has a diameter of �1.2 mm, roughly
matching the field of view of a 10x objective. Reservoir area was
around 1 mm2. Membranes were cast from dimethylsiloxane (Syl-
gard 184, Dow Corning) and polymerised by adding a crosslinker (a
proprietary platinum-based catalyst, catalysing the addition of the
SiH bond across the vinyl groups to form Si-CH2–CH2-Si linkages).
PDMS is almost incompressible at room temperature, has an ap-
proximately linear elasticity with mixture ratios and is highly bio-
compatible (Carrillo et al., 2005; Lee et al., 2004). A 10:1 ratio of base
elastomer and crosslinker, respectively, was mixed and transferred to
a vacuum desiccator. The mass was then carefully poured into the
casting device, the top part mounted and clamped with a fixture.
Venting channels in the upper lid ensured exit of air bubbles and
excess elastomer. After polymer curing (60 °C for 5 h), the upper lid
was removed and the PDMS membrane scraped off the aluminium
surface. Protruding polymer pillars (from remaining polymer in
vents) were cut off using a surgical blade. Only PDMS membranes
that did not show any irregularities within the central area or the
hook holes (Fig. 1C, and E) were used with the IsoStretcher. The
elasticity modulus (E-modulus) of our PDMS membranes was ob-
tained from stress-strain measurements (weights attached to the
membranes and measuring length changes). The mean E-modulus
was �1.76 MPa, in agreement with published values (Markert et al.,
2013). To validate stretch trajectories of surface points on the PDMS
membranes within the IsoStretcher, 2.5 mm fluorescent beads (Ther-
moFisher Scientifics, Germany) were coated on the PDMS
membranes by evaporation of a bead-ethanol suspension. Images of
beads were taken at different stretches and trajectories analysed
using a custom-written MatLab program.

To adhere cells to the PDMS membranes, the PDMS hydro-
phobic surface was pre-treated (‘etched’) to increase hydro-
philicity for cell attachment. Etching was achieved by immersing
the central PDMS membrane area in a 1:1 mixture of H2O2 and
1 M HCl for 2 h at 37 °C. After washes with sterile water, PDMS
membranes were coated with extracellular matrix proteins. In
order to validate the IsoStretcher, we performed experiments on
selected cell lines available: HeLa cells, HEK (human embryonic
kidney) cells, HT1080 fibrosarcoma cells and atrial myocyte HL-1
cells. For HL-1 cells, PDMS coating consisted of gelatine-fi-
bronectin mixtures (200:10 mg/ml, overnight, 37 °C). For HeLa,
HEK and HT1080 cells, coating involved 10 mM PEG-silane (2 h,
37 °C) followed by PBS washes and laminin coating (20 mg/ml, 1 h).
Cell suspension was added to coated PDMS membranes and cell
adhesion allowed overnight.

2.3. Cell culture and imaging procedure of HeLa, HEK, HT1080
LamAþ and HL-1 cells on PDMS membranes

Details of cell seeding and imaging are given in the Supple-
mentary material.

2.4. Image and statistical analysis

Images of cell borders (bright-field) and Ca2þ-fluorescence
intensity were analysed in manually assigned ROIs using ImageJ
software by a student blinded to the stretch conditions. This ap-
proach may arguably be more subjective, yet produced more ro-
bust results as compared to several anticipated automated analysis
approaches in ImageJ or MatLab, since in particular in bright-field
images, the low contrast of unstained cells precluded a reliable
segmentation of cell borders (note: HEK cell data involving fluor-
escent membrane staining could be analysed using automated
segmentation by thresholding). Moreover, from the calibration of
fluorescent bead z-focus with stretch (Fig. 2), a mean tabulated
z-shift with stretch was implemented into a macro to correct the
z-position of the objective for each stretch position prior to ac-
quiring a new image. For bright-field images, the remaining un-
certainty of z-focus loss with stretch was counteracted by re-
cording a small z-stack of images, quickly driving the objective
z-position from �15 mm to þ15 mm of the projected z-focus rather
than taking one single image. From the stack images that were
recorded, the best-focused image was chosen for analysis. The
aforementioned corrections were not available for the confocal
microscope. Data are given as box plots (median, quartiles and 1–
99% whiskers) or as mean7SEM with number of observations (n).
3. Results

3.1. Isotropic stretch and small z-shifts of PDMS membranes in the
IsoStretcher

To validate the isotropicity of stretch, trajectories of fluorescent
beads were tracked. Fig. 2A confirms an equal stretch in all di-
rections with the Isostretcher. Single beads move on radial traces
with small central displacements and larger peripheral move-
ments. More important than the overall movement of single beads
is an assessment of their relative distances during stretch. An ex-
ample of the distance between four individual beads forming a
trapezoid is shown in Fig. 2B. The area of the trapezoid clearly
increases with applied stretch. Fig. 2C shows box plots of the
measured stretch distances in x and y direction as a function of the



Fig. 2. : Isotropic stretch of PDMS membranes and z-focus shift quantification during stretch. A, fluorescent beads tracked during 0–18% isotropic stretch. Traces illustrate
radial displacements. B, magnified view of sector 1. The distance between neighboring particles increases upon stretch, illustrated by two connecting polygons at 0% and 18%
stretch. C, stretch along x-and y-direction measured between all neighboring particles for all beads. Measured stretch shows linear dependence on applied stretch with no
significant difference between x-and y-component. D, measured stretch along y-direction at 15% applied stretch, for each of the nine sectors, shows uniform behavior within
the entire field-of-view. E, analysis of z-focus shifts during isotropic stretch in PDMS membranes made from seven casting devices (GW1-GW7). Z-focus shift normalized to
the z-value at 3% stretch. C and D, show box plots with the median value as horizontal line, the upper and lower quartiles and the whiskers marking the 1–99% percentiles.
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applied stretch between hundreds of neighboring particles on the
membrane. The results show a good translation of stretch to the
PDMS membrane. The measured stretch of all beads was analysed
in nine membrane sectors and confirmed uniformity of the applied
stretch to the whole PDMS membrane for a representative stretch
to 15% (Fig. 2D). To validate the suitability of our stretch system for
live-cell imaging, we analysed the extent of z-plane shift during
increasing stretch in PDMS membranes produced from our seven
equally engineered casting devices. As during the initial 2–3% of
stretch, z-shift scatters were large due to different slack conditions
among individual membranes, the actual slack tension was as-
sumed at a stretch of 3%, to which all subsequent z-values were
normalized. Between 2% and 20% of applied stretch, the focal shift
of the membrane was only �10 mm, on average (Fig. 2E). Such a
small drift can be well compensated either on systems running an
automated focus correction or by manual focus adjustment be-
tween stretches. In our case, we implemented a macro to drive the
objective z-position to a new z-value deposited in a mean z-shift-
stretch matrix obtained from Fig. 2E.



Fig. 3. : Stretch of HeLa cells. A, single HeLa cell at 0, 5% and 17% applied stretch. Cell borders were traced manually. B, overlay of the cell border traces at 0% and 17% stretch
clearly shows an increase in cell area. C, relative cell area measured for 16 cells at different stretch levels. D, mean values of measured cell area change evaluated separately in
four quadrants. Solid line represents the theoretical area increase for the applied stretch. E, fluorescence images of live HEK cells, stained with Evans Blue to highlight the cell
membrane, at 0%, 9% and 19% of applied stretch. Cell borders were traced automatically with a threshold based method in ImageJ. F, overlay of the cell ensemble border
traces at 0% and 19% stretch shows the increase in cell area. G, relative area of HEK cells at different stretch levels (average based on three different thresholding methods).

S Schürmann et al. / Biosensors and Bioelectronics 81 (2016) 363–372 367
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3.2. Translation of PDMS membrane stretch to adherent HeLa and
HEK cells

The results so far confirm a good translation of ‘hardware-set’
stretch (calculated from the degree of swivel motor rotation to radial
pin displacement) to the 2D plane stretch of the PDMS membrane.
However, this does not yet correspond to the effective stretch to the
cell membrane area since the translated stretch depends on the
tightness of cell adherence to the ECM-coated PDMS membrane. In
principle, this has to be evaluated for each cell type separately. As an
example for epithelial cells, the human epithelial carcinoma cell line
HeLa was used to validate the stretch transmission from PDMS to
cellular membrane. Fig. 3A, and B show images of a single adherent
HeLa cell subjected to various stretches in the IsoStretcher as in-
dicated. A clear increase in cellular circumference can be detected.
This is evaluated for the relative cell area change in 16 HeLa cells for a
range of stretch levels in Fig. 3C for the whole membranes and se-
parated by four quadrants (Fig. 3D). It is interesting to note that the
measured increase in surface area falls behind the theoretical in-
crease, assuming a 1:1 translation of mechanical stretch, which al-
ready indicates that this strongly depends on the tightness of the
cell-matrix junction. Also, the deficit becomes larger for larger
stretches 410%, which is indicative of partial disruptions of the cell-
matrix fixation, i.e. focal adhesions. For up to 10% stretch, it can be
stated that stretch applied to the PDMS membrane is well trans-
mitted to HeLa cells growing on this substrate resulting in an in-
crease in projected cell area. The importance of this calibration of
applied PDMS stretch to actual membrane area stretch translation is
further documented by the responses of HEK cells coated to our
PDMS membranes and stained for membrane fluorescence (Fig. 3 E–
G, suppl. movie 1). The cells nicely follow the overall membrane
stretch (suppl. movie), the detailed membrane area analysis shows a
similar behavior for the HeLa cells with an approximate 16% cell area
change upon the largest stretches.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.bios.2016.03.015.

3.3. Cell membranes are stiffer in HT1080 cells overexpressing lamin-
A

The above results suggest that stretch regimes up to 10% are well
transduced to cell membranes, at least in epithelial-like cells em-
bedded in Matrigel. We next wanted to elucidate the effects of the
nuclear lamina protein lamin-A on cell membrane mechanics during
Fig. 4. : Isotropic stretch of Lamin-A overexpressing HT1080 cells. A, image of HT1080
change observed at 5%, 10% and 15% applied stretch is lower in Lamin-A overexpressing
overexpressing cells completely (not further evaluated) and few control cells partially d
interpretation of the references to color in this figure legend, the reader is referred to t
isotropic stretch. Nuclear lamina is a filamentous meshwork com-
prised of lamin proteins that line the inner nuclear membrane and
provide structural support to the nucleus and attachment sites for
nuclear and cytoskeletal proteins (Lammerding et al., 2006). Lamin-A
overexpressing (�threefold) HT1080 fibrosarcoma cells (LamAþ),
also expressing a GFP-tag at the lamin A N-terminus, were subjected
to 5–15% isotropic stretch and compared with controls.

Fig. 4A shows a representative example of GFP-signals origi-
nating from the nuclei of Lamin-Aþ cells under slack and 10%
stretch. Statistical analysis showed reduced increase in cell area in
the Lamin-Aþ cells compared with controls up to 10% stretch,
indicative of a stiffer cell membrane. This is in line with recent
findings where cell stiffness was about two times increased in
LamAþ cells (Lautscham et al., 2015). For 15% stretch, all Lamin-Aþ

cells detached from the PDMS membrane, while this accounted
only for a few of the control cells. Also, in the aforementioned
study (Lautscham et al., 2015), adhesiveness of Lamin-Aþ HT1080
cells was about one third reduced compared to controls.

3.4. Demonstration of stretch-activated, but not store-operated
Ca2þentry in cardiac HL-1 cells

Apart from a recently demonstrated shear-stress induced me-
chanosensitivity of Naþ current depolarisation in HL-1 cells
(Strege et al., 2012), nothing is known about mechanosensitive
Ca2þ entry in HL-1 cells, in contrast to adult cardiomyocytes
(Friedrich et al., 2012). Therefore, stretch-activated Ca2þ entry was
analysed in HL-1 cells. Fig. 5A shows images from HL-1 cells iso-
tropically stretched to 10% in Ca2þ-free medium. First, thapsi-
gargin was added to deplete intracellular Ca2þ stores, reflected by
the first Ca2þ release peaks in stretched HL-1 cells (note: in-
dividual cells may respond with variable time delay to thapsi-
gargin, as indicated in four individual cell responses in the right
panel thus, broadening the thapsigargin response in the averaged
group presentation). Then, Ca2þ was re-introduced to the bathing
solution, which led to a robust induction of Ca2þ oscillations and
sustained increase in intracellular Ca2þ . To rule out or quantify any
contribution from store-operated Ca2þ entry (SOCE), the same
protocol was repeated in unstretched HL-1 cells adhered to the
PDMS membrane. As shown in Fig. 5B, the cells responded to
thapsigargin by a transient increase in Fluo-4 fluorescence. How-
ever, introduction of Ca2þ to the external bath did not result in any
further increase in Fluo-4 fluorescence, which is indicative of no
contribution of SOCE in stretched HL-1 cells.
cells (Lamin-A overexpressing, GFP-tag) at 0% and 10% applied stretch. B, cell area
cells (red boxes) compared to control cells (black boxes). At 15% stretch, all Lamin-A
etached from the PDMS membrane resulting in low relative cell area changes. (For
he web version of this article.)

http://dx.doi.org/10.1016/j.bios.2016.03.015


Fig. 5. : Stretch-activated Ca2þ entry in murine cardiac HL-1 cells during isotropic stretch. A, image series from HL-1 cells stained with Fluo-4 stretched to 10% and re-
addition of 2 mM Ca2þ to the external solution results in Ca2þ oscillations indicative of stretch-induced Ca2þ entry (prior to Ca2þre-addition, intracellular stores had been
emptied with thapsigargin to eliminate Ca2þ release from internal stores). Right panel shows individual responses from four HL-1 cells in the chamber indicative of some
variability in the store-depletion response. B, control experiment with no applied stretch showing that re-addition of external Ca2þ after emptying of internal stores does not
induce Ca2þ entry. TG, thapsigargin. Data are mean 7 s.e.m.
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4. Discussion

4.1. Advantages of the IsoStretcher over other conventional systems

We chose a mechanical actuator-driven approach implement-
ing a rotational swivel motor to drive an intermediate transmis-
sion ring with oblique grooves, where metal hooks were em-
bedded in a linear trough to be radially displaced as the ring was
turned. This system has the advantage of a transmission of rota-
tion angle to radial displacement of the hooks clamping a circular
PDMS membrane. The isotropicity of stretch was confirmed tra-
cing fluorescent beads. Relative stretch was equally distributed
over the PDMS membrane. The design of the conically-shaped thin
PDMS membranes allowed for a reduced focal z-shift of (on
average) 10 mm at 10% stretch, the smallest so far reported. This
represents an improvement over pneumatic systems (Kreutzer
et al., 2014). Since all parts are off-the-shelf mechanical/electrical
components implemented on an Arduino board, the pure material
costs of our system are in the range of 200 USD, including the cast
devices. Several previous biaxial/multiaxial systems relied on
pneumatically induced stretch of an elastomer membrane, either
by suction to the membrane directly or to interdigitating post
pillars. Although the first approach nicely simulates complex
multi-axial cyclic strains, such as found in distending hollow or-
gans, the membrane bending during pneumatic extension in-
troduces substantial curvature and displacement, which renders it
unsuitable or at least difficult for live-cell imaging. Under such
conditions, cells were usually fixed and stained for microscopy
following the mechanical strain protocols. For example, Tan et al.
(2008) subjected rat vascular smooth muscle cells to cyclic multi-
axial strain applying �20 kPa vacuum sinusoidal pressure fluc-
tuations for 24 h. Their membranes were designed with micro-
groove patterns to generate anisotropic biaxial micro-gradients. In
post-stretch fixed cells, strain anisotropy only had minor effects on
F-actin expression (Tan et al., 2008). In order to overcome the
constraints imposed by a direct vertical extension of the base-
membrane through pneumatic suction on microscopy, pioneering
work by AJ Banes introduced loading posts underneath the elas-
tomeric membrane. By applying suction, the membrane is sucked
into the corridor set between the loading posts and the chamber
walls, effectively resulting in a planar stretch of cells, either uni-
axially or biaxially, depending on post geometry (Banes, 2013;
Dhein et al., 2014; Garvin et al., 2003). Although this technology
has been commercialized by FlexCells Int., a major provider for
mechanobiology research (Banes, 2013), its main application has
been on imaging of fixed cells following prolonged cyclic stretch
protocols (e.g. Dhein et al., 2014; Garvin et al., 2003; Wang et al.,
2015) rather than live-cell imaging (De Jonge et al., 2013). One
reason might be potentially large focus shifts during stretch that
may render such systems prone to elaborate refocussing during
live cell imaging involving confocal microscopy, to a much larger
extent than tolerable, for instance, during epifluorescence or white
light transmission imaging (Ahearne et al., 2008). Interestingly, the
focal z-shifts in FlexCells systems seem not well documented in
the literature. Also, in the FlexCells systems, lubricants required to
enhance membrane sliding over posts were described to disturb
visualization of cells, and the large loading posts themselves
completely block visualization of cells on inverted microscopes
(Kreutzer et al., 2014). In order to overcome those constraints,
Kreutzer et al. (2014) developed a pneumatically actuated, post-
free, biaxial stretch system consisting of a thin PDMS membrane,
an outer and inner PDMS shell and a rigid glass plate. By applying
vacuum pressure to the cavity between shells, the elastic PDMS
membrane was deformed thus, buckling the inner shell symme-
trically into radial direction (Kreutzer et al., 2014). This system
proved suitable for use with inverted microscopes however, their
calibration of in-plane-strain with vacuum pressure and out-of-
focus displacement documented a marked focus shift during
stretch, e.g. 300–350 mm at 10% strain. Wang et al. (2010) also used
a pneumatically-driven approach with a vacuum chamber within a
thick PDMS layer (support walls) connected to a thin PDMS
membrane of 50 mm thickness that slides over a glass cover-slip
upon suction. This way, focal membrane shifts could be minimised
through adhesive forces by introducing a silicone oil between
PDMS membrane and cover slip, while the latter allowed for high
NA immersion inverted microscopy. However, focal shifts were not
quantified (Wang et al., 2010). It should be noted that Rapalo et al.
recently published a very similar approach to ours, presenting an
in-plane mechanical stretch device utilizing six evenly spaced
clamps attached to the flexible membrane allowing a maximum
linear strain of 20% (Rapalo et al., 2015). Membrane strain was
linearly translated to adherent human bronchial epithelial cells as
judged from linear distance measurements of DAPI stained nuclei
under a confocal microscope pre- and post-stretch (Rapalo et al.,
2015). However, the actual increase in cell membrane area by
applying equiaxial stretch was not assessed. This is important
since the actual confirmation of cell membrane area increase is a
crucial determinant of the transmission efficiency of PDMS
membrane stretch to the cell membrane and depends on the
tightness of mechanical linkage.

4.2. Coating conditions and cell adherence to the PDMS membrane

Living cells do not adhere directly to PDMS membranes and
require special coatings. The mechanical linkage to extracellular
matrix coatings (laminin, fibronectin, collagen, etc.) is determined
by local cytoskeletal architecture and the amount and distribution
of focal adhesions (FAs). The latter was shown to crucially depend
on the substrate stiffness in adult cardiomyocytes cultured on
PDMS membranes. When the extracellular environment was too
stiff or too soft, cells began to remodel (Galie et al., 2013). Cell
borders and FA protein distributions under uniaxial and biaxial
stretch conditions were monitored in bovine aortic endothelial
cells using an indenter-ring-based stretch of an elastomeric
membrane; a modular indenter design allowed switching between
equiaxial and uniaxial strain profiles (Huang et al., 2010). The
authors confirmed cell border transmission of elastomeric mem-
brane stretch to compute the extent of cellular deformation at 14%
stretch. Cell membrane area stretch closely matched the expected
magnitude of substrate stretch, and cells created more FAs when
subjected to biaxial stretch compared to uniaxial stretch (Huang
et al., 2010). In our system, the increase in cell area was also
confirmed up to 15% stretch. Higher stretches resulted in mem-
brane areas below the expected theoretical increase, most prob-
ably because of focal adhesions disruption and mechanical un-
coupling of cells from the substrate. Thus, it is important to assess
optimum coating conditions and maximum mechanical trans-
mission confidence for each cell type.

4.3. Mechanical cell-substrate coupling and stiffness in lamin-A
overexpressing cells

Lamin-A determines nuclear shape and mechanics (Lammerd-
ing et al., 2006) and connects between the nuclear interior and the
cytoskeleton (Lombardi et al., 2011). While lamin A/C deficiency
promotes defects in nuclear structure, mechanics (i.e. increased
nuclear deformation, decreased cytoskeletal stiffness) and dilative
cardiomyopathy (Lammerding et al., 2004; Nikolova et al., 2004),
effects of lamin-A overexpression are less known. In melanoma
cells overexpressing recombinant lamin A, reduced nuclear de-
formability was found (Ribeiro et al., 2014). Lamin A over-
expression in HT1080 cells was recently shown to be associated
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with decreased cell adhesiveness and increased stiffness (Lautsc-
ham et al., 2015). Since no literature data are available on cellular
mechanics under isotropic stretch in cells with stiffened nuclear
envelopes, we isotropically stretched Lamin-Aþ HT1080 cells. The
stiffening of the nucleus also transmits to a stiffening of the cy-
toskeleton and the membrane area, as evidenced by a reduced
increase in cell area compared to control cells for stretches up to
10% (an alternative explanation is a partial detachment from
within the 3D Matrigel matrix). At 15% stretch, the increased
stiffness of the mutant HT1080 cells resulted in a complete de-
tachment of cells within the Matrigel hydrogel. These results
confirm the stiffening of the global cellular cytoskeleton through
isolated increase in nuclear stiffness in Lamin-Aþ cells.

4.4. Mechanosensitive Ca2þ entry in isotropically stretched cardiac
HL-1 cells

The importance of external mechanical load on mechano-che-
mical transduction and Ca2þ signaling in adult cardiomyocytes
was recently demonstrated using a cell-in-gel system in gel-em-
bedded cardiomyocytes (Jian et al., 2014). Although no stretch was
applied then, it already showed that cardiomyocytes require a
complex 3D matrix environment for adequate assessment of FAs.
Preliminary results with our IsoStretcher system confirmed that 2D
coating to PDMS was not successful to obtain a firm adherence of
adult cardiomyocytes for isotropic stretch. While 3D embedding in
hydrogels is ongoing work in our lab, we turned to cardiac HL-1
cells that show adult phenotypic characteristics (Claycomb et al.,
1998) and good adherence to coated PDMS membranes. Ca2þ

homeostasis has been studied in conjunction with disease models,
e.g. atrial fibrillation (Xiao et al., 2010) or RyR2 mutations (Jiang
et al., 2005), but never under stretch conditions. Our results from
HL-1 cells stretched to 10% with the IsoStretcher clearly show a
marked stretch-induced Ca2þ entry that was absent under control
conditions. Since we emptied intracellular Ca2þ stores, the Ca2þ

dynamics observed could be a superposition of store-operated
(SOCE) and mechano-activated Ca2þ entry. However, the former
was excluded since under control conditions, no SOCE was de-
tected. This is an interesting finding suggesting non-existence of
SOCE in atrial HL-1 cells, which has not been addressed before. In
adult ventricular cardiomyocytes, SOCE was documented over the
last years (Kojima et al., 2012; Völkers et al., 2010) and recently,
also in human atrial myocytes (Zhang et al., 2013). This may point
towards an important difference in fully differentiated atrial car-
diomyocytes versus murine immortalised HL-1 cells unravelled by
our IsoStretcher approach.
5. Conclusion and outlook

We designed a cell stretch system that is suitable for live-cell
imaging of cells under conditions of defined mechanical stretch to
study mechanical biosensors in living cells and their mechan-
osensitive signaling pathways. Our system provides isotropic
stretch of cells adhered to a PDMS membrane up to �15% with
acceptable shifts in optical focus plane. The system is compact,
adaptable to many microscopes and has the advantages of low cost
and increased throughput compared to systems using uniaxial
stretch in isolated single cells (Prosser et al., 2011). With this
system, we gained new insights into cellular stiffening by lamin-A
overexpression and stretch-activated Ca2þ entry in HL-1 cells.
Potential future applications of this system are clearly in the field
of mechanobiology and mechano-bioengineering to study and
identify cellular mechano-biosensors in cells and their effect to cell
biology and tissues.
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