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ABSTRACT Almost each mammalian cell permanently applies forces to its environment. These forces are essential for many
vital processes such as tissue formation or cell movement. In turn, the environmental conditions of cells strongly affect force
production. Here we report on the development of an array of elastomeric micropillars as cellular environment. Within these
micropillar arrays, we cultivated rat heart muscle cells (cardiac myocytes). For lattice constants between 20 and 30 um, cells
strongly preferred spanning between the elastic micropillars over adhering to the underlying flat substrate. In addition, the archi-
tectures of the cytoskeleton and of protein complexes formed for adhesion were strongly dependent on the environment of the
cell. On flat parts of the substrates, we observed prominent stress fibers and focal adhesion sites. In contrast, cells suspended
between micropillars exhibited well organized myofibers and costameric adhesions at the locations of Z-bands. These obser-
vations argue for close-to-nature environmental conditions within micropillar arrays. Resting as well as contraction forces of myo-
cytes resulted in measurable pillar bending. Using an approximate theoretical treatment of elastically founded micropillars, we

calculated average cell forces of 140 nN in the relaxed and 400 nN in the contracted state.

INTRODUCTION

The blood circulation of each mammal is driven by the me-
chanical activity of heart muscle cells, also called cardiac
myocytes. These cells exhibit a defined morphology and create
intense forces upon contraction. They are arguably the most
physically energetic cell type in the body. Myocytes isolated
from heart tissue can retain their ability to contract sponta-
neously and regularly. For these reasons, myocytes are im-
portant model systems to study force generation.

Cardiac myocyte force generation strongly depends on
repetitive actin-myosin units merged in muscle-specific com-
plexes called sarcomers (1). Within these structures, a strictly
regulated interplay between actin and myosin takes place,
enabling myosin bundles to slide along actin filaments,
which causes a shortening of the sarcomer structure and thus
eventually a contraction of the entire muscle. Actin filaments
as well as myosin bundles are anchored within an optically
dense structure called the Z-band or Z-disk, determining the
boundaries of each sarcomer. Within the Z-disks, actin fil-
aments are cross-linked by a-actinin. This protein forms an
antiparallel homodimer with one actin binding site at each
head and is one of the most prominent Z-band specific pro-
teins (2,3). Consecutive sarcomers of cardiac myocytes form
muscle fibrils spanning the whole cell. In cardiac myocytes
from heart tissue, these muscle fibrils are oriented parallel
with aligned sarcomers and fill almost the whole cytoplasmic
space. For proper contraction of all muscle fibrils in a defined
direction, connections between muscle fibrils within one cell
as well as to the extracellular matrix (ECM) or other cardiac
myocytes are essential. Here, costameric protein complexes
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come into play. The term costamere was first used by Pardo
and co-workers (4) to describe vinculin containing, rib-like
bands. Resembling the metal hoops of a wooden barrel,
costameres flank the Z-bands. In adult tissue myocytes, the
costamere consists of a complex protein network that physi-
cally connects the Z-bands of muscle cells to the surrounding
ECM. Thereby costameres provide direct linkages between
the contractile apparatus of the cell and ECM proteins (3). In
addition to their role in cell attachment, Danowski et al. (5)
first demonstrated that costameres are sites where contrac-
tile forces are directly transmitted to the surrounding ECM.
Structurally, costameres share many of the features of cell-
matrix adhesion sites found in nonmuscle cells. One example
is that vinculin can be found in costameres as well as in focal
adhesion sites. In both structures, it mainly functions as actin
bundling protein or multidomain bridge factor. Together
with several other proteins, vinculin connects integrins with
the actin cytoskeleton (6). When isolated and plated on petri
dishes as single cells, cardiac myocytes remodel their adhe-
sive structures to adapt to the two-dimensional culture envi-
ronment (7,8). This adaptation results in adhesive structures
that resemble classical focal adhesion sites (9,10). Under phys-
iological conditions, costameres form well-ordered stripes
all over the myocyte, whereas on flat substrates, remodeled
adhesion structures occur mostly at the outer rim of the cell
substrate contact zone. In isolated cells on flat substrates,
such costamere-specific proteins as vinculin and «-actinin
can be found at Z-bands along myofibrils. However, it still
remains elusive if these proteins mainly connect myofibrils
to the outer membrane or if they are also used as mechanical
interconnections between myofibrils and the ECM, i.e., it is
not yet clear if they are able to transmit forces.
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Micropillars as Myocyte Force Sensors

In the literature, force measurements on whole heart tis-
sues as well as on single cells were reported. Especially for
measurements on isolated cardiac myocytes, several setups
were built (11-13). Cell force transducers (14), suction pi-
pettes (15), glass needles (16), carbon fibers (17), or mag-
netic traps (18) are just some examples. In all, cited studies,
myocytes from adult heart ventricles were used. Contraction
forces in the range of 0.7 uN—10 uN were reported. Other
techniques for cell force analyses depended on the use of
cross-linked poly-dimethylsiloxane (PDMS) elastomers. Here,
either flat substrates with embedded ordered micropatterns
(10,19) or dense arrays of micropillars were used. The mi-
cropillars were chemically activated at the very top to pro-
mote cell adhesion exclusively at the micropillar capitals
(20). These analyses revealed contraction forces for cardiac
myocytes, isolated from neonatal rat fetuses, in the range of
300-600 nN. The large spread in reported forces originates,
at least in a major part, from the fact that in some studies
myocytes were externally activated by calcium or voltage
applications, whereas in others spontaneous contractions
were studied.

Many of the aforementioned techniques imply studying
myocytes on flat or almost flat substrates. However, a number
of studies have shown pronounced differences between
cells cultivated on flat substrates and identical cells living
in three-dimensional matrices. Effects on cell morphology
were reported 35 years ago (21). In recent work, influences
on numerous structures and processes were found (22). For
fibroblasts, for example, a pronounced influence of the di-
mensionality of the substrate on size, shape, and molecular
composition of cell matrix adhesion structures was reported
(23). In line with these observations, heart muscle cells are
also influenced by the nature of their substrates as they ad-
here to flat substrates via structures resembling focal adhe-
sions and not via the physiologically relevant costameres.
Therefore, the physiological relevance of force measure-
ments on flat substrates needs to be clarified. For this reason,
the main goal of our experiments was to establish an experi-
mental setup that would combine close-to-nature conditions
for cell culture with highly sensitive cell force analysis.

Former publications had shown dense arrays of micro-
pillars to be highly sensitive force sensors (20,24,25). How-
ever, up to now, micropillars were mechanically described
as beams with one end clamped and the other free. This is
only an approximation, because PDMS micropillars emerge
from a thick layer of identical material. Thus their founda-
tion is not rigid but elastic. We showed by an approximate
treatment that elastically founded beams are less stiff than
clamped beams. For the pillar geometries used here, the
softening amounts to ~30%.

By increasing the lattice constant between the pillars to
distances resembling approximately the size of myocytes,
we succeeded in creating a three-dimensional environment
for cell growth. To the micropillars forming this medium,
cardiac myocytes adhered at their Z-bands. The presence of
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costameric adhesions as well as their overall morphology
showed that cell conditions were close to physiological.
Thus micropillar arrays combine some of the advantages
of flat surfaces and of three-dimensional matrices for cell
studies. On one hand, live cell imaging and analysis can be
performed just as on flat substrates. On the other hand, close-
to-nature cell behavior is expected for cells within three-
dimensional matrices.

MATERIALS AND METHODS
Lithographic techniques

Silicon wafers (3-inch diameter, (100) crystallographic orientation, Silicon
Materials, Landsberg, Germany) were overlayed with a 25-30 wm thick
layer of photoresist (SU-8 Negative Tone Photoresist Formulation 2-25,
Microchem, Newton, MA) using a spin coater at 2000 rpm for 30 s.
Photoresist layers were prebaked at 90°C for 5 min and slowly cooled down
to room temperature (5 min). Using ultraviolet-photolithography at 346 nm
with a source power of 7 mW for 25 s, the structure of a photolithography
mask was transferred into the photoresist layer. The lithography mask itself
was written using an electron beam lithograph and consisted of a square
lattice of chromium squares (10 wm width) with a lattice constant that varied
over the sample (20, 25, 30, 35, 45, 60, 80, and 110 wm). The wafer was
postbaked at 90°C for 30 s and for additional 15 min at room temperature to
allow the resist to cross-link completely in exposed areas. Uncross-linked
resist was removed by an SU-8 developer (Microchem) for at least 6 min.
The developing process was stopped by immersion in isopropanol. Sub-
sequently, the SU-8 molds were silanized by exposure to the vapor of
LH,1H' 2H 2H'-perfluorooctyl-trichlorosilane (Sigma, St. Louis, MO) in
vacuum for 15 min at room temperature.

Fabrication of PDMS micropillars

PDMS elastomer Sylgard 184 (Dow Corning, Midland, MI) was carefully
mixed in a 20:1 ratio (base/cross-linker). A small droplet (~200 ul) of the
mixed fluid was dispensed onto the microstructured SU-8 master and kept
under vacuum for 30 min. This allowed the still fluid PDMS mixture to fill
the pattern and removed air bubbles from holes. A 100 wm thick microscope
coverslip (Menzel Gliser, Braunschweig, Germany) was put on top of the
wafer. Uniform PDMS layer thickness was ensured by using 80 wm spacers.
Samples were subsequently baked for 16 h at 60°C to cross-link the PDMS.
Coverslips with PDMS micropillars on top were peeled off the silicone
wafers in the presence of isopropanol and put into petri dishes. Keeping the
sample wet for the whole time was crucial, as drying caused the collapse of
PDMS columns. Over time, isopropanol was exchanged for distilled water
under sterile conditions to avoid sample contamination. Coverslips with PDMS
micropillars on top were glued with 10:1 PDMS to the bottom of perforated
petri dishes. Immediately after attachment of the micropillar arrays, these
dishes were filled again with sterile water. Samples were baked for 1 h at
60°C to cross-link the 10:1 PDMS. For storage, water was exchanged for
sterile phosphate-buffered saline (PBS) (137 mM NaCl, 6.2 mM Na,HPO3,
1.5 mM KH,PO,, pH 7.2). Samples were stored at 4°C.

Microscopy of microstructures

For visualization of SU-8 structures, samples were cut in half, as a direct
view into the deep structures was not possible. Structures were mounted onto
scanning electron microscopy (SEM) stubs, gently blown with nitrogen to
remove splitters and dust, and subsequently sputtered with gold. Scanning
electron microscopy (Gemini 1550, Carl Zeiss, Jena, Germany) was per-
formed at 10 kV at a 20° angle.
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Pillars from PDMS collapsed during drying at the mixing ratio used for
the experiments on cells (20:1 base/cross-linker). Therefore, micropillars
from stiffer elastomer (10:1 ratio) were analyzed with the SEM. After
peeling, PDMS micropillars were sputtered with gold, mounted onto SEM
stubs, and visualized. Softer pillars were analyzed using a laser scanning
confocal microscope (LSM510 with Axiovert 200M as microscope body,
Carl Zeiss). For this purpose, PDMS structures were labeled with DiD (1,1'-
dioctadecyl-3,3,3’,3'-tetramethylindodicarbocyanine 4-chlorobenzenesulfo-
nate salt) Vybrant cell-labeling solution (Molecular Probes, Eugene, OR) in
a 1:300 dilution. Staining was performed at 37°C for 2 days to allow
diffusion of the dye into the elastomer. After staining, samples were washed
twice in PBS and either directly analyzed at the LSM using a yellow HeNe
laser (543 nm) or used as substrates for cultivating cells.

Mechanical characterization of the elastomer

The elastic properties of the elastomer were characterized as described
before in detail (10). In brief, cylindrical test pieces of 1 mm diameter were
produced from the same PDMS mixtures as the samples and stretched.
Longitudinal elongation as well as transversal contraction of the test pieces
was simultaneously determined by microimaging and subsequent digital
image processing. The acting forces were measured with a precision scale.
For these samples, we obtained a Young’s modulus, E, of 608 kPa with a
standard deviation of 20 kPa (six samples). In all cases, Poisson’s number
was close to 0.50. In earlier work, we showed that the mechanical properties
of this elastomer were constant for at least 2 months (10). Thus aging played
no role in our experiments.

Cell culture

Myocytes were isolated from 19-day-old Wistar rat fetal pups. In brief, CO,
anesthetized pregnant rats were decapitated, and the pups were removed and
decapitated under sterile conditions. The heart of each fetus was quickly
isolated, washed in Hanks’ balanced salt solution (Sigma), cut into small
pieces and digested in a 0.5% Trypsin/0.2% EDTA solution in Hanks’
balanced salt solution to disintegrate the tissue. The resulting cell suspension
was further incubated with 100 ul DNase-solution (10,000 #/ml, Sigma).
Cells were collected by centrifugation at 200 X g. Cells were seeded on
PDMS microstructures that were coated with 2.5 ug/cm? human plasma
fibronectin (BD Biosciences, San Jose, CA). After 60 min, nonadherent cells
were removed with the supernatant. Cells were maintained at 37°C and 5%
CO, in a humidified incubator. The culture medium was F10 Ham’s medium
supplemented with 10% fetal bovine serum, a 1:100 dilution of an antibiotic
solution (10,000 units penicillin and 10 mg/ml streptomycin in 0.9% NaCl,
Sigma) and a 1:200 dilution of solution containing insulin (I mg/ml),
transferrin (0.55 mg/ml), and sodium selenite (0.5 pg/ml) in EBSS (Earle’s
balanced salt solution, Sigma).

Immunofluorescence

To stain adhesion sites and parts of the cytoskeleton, cells were fixed in 3.7%
formaldehyde dissolved in cytoskeleton buffer (CB): 150 mM NaCl, 5 mM
MgCl,, 5 mM EGTA, 5 mM glucose, 10 mM MES, pH 6.1) for 20 min at
37°C, followed by a rinsing step in 30 mM glycine-CB. Cells were per-
meabilized in 10% Triton X-100 in CB for 5 min and blocked in 10% normal
goat serum for an additional 30 min. All antibodies were diluted in blocking
solution. Antibody incubations were performed at 37°C for 45 min in a
humidified chamber with thorough washing steps between the primary and
secondary antibodies. Samples were mounted in Gel-Mount (Biomeda, Foster
City, CA) containing 50 mg/ml 1,4-diazabicyclo[2.2.2]octane (Sigma). We
used as primary antibodies a mouse monoclonal anti-vinculin (clone hVin-1,
Sigma) and a mouse monoclonal anti a-actinin (clone EA-53, Sigma) anti-
body. The secondary antibody was a F(ab"), fragment against mouse IgGs
produced in goat and conjugated to Cy3 (Dianova, Hamburg, Germany). To
visualize filamentous actin, we used phalloidin coupled to fluorescein (Sigma).
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Light microscopy

For light microscopy on living cells, petri dishes with DiD-labeled PDMS
microstructures as the bottom were analyzed in a live cell imaging chamber
(Incubator XL, Zeiss) mounted on the confocal microscope, which was
equipped with a multi-immersion lens (LCI PlanNeofluar 63x/1.30 Ph3,
Zeiss). Within this chamber, temperature and carbon dioxide concentration
was maintained at cell culture conditions. Beating cells were selected in
phase contrast microscopy. Subsequently, pillar bending was determined at
a focus position of 15 um above the base of the pillars in fluorescence mode.
Few samples were imaged at a height of 20 wm. Please note that in this step,
the index of refraction of the immersion fluid (65% glycerol in water,
refractive index of 1.41) was not matched to the cell culture fluid (refractive
index of 1.338). Therefore, the actual height of scanning is by a factor of
1.41/1.338 higher (26). Image sequences were taken at time intervals rang-
ing from 0.1 to 0.17 s using a yellow HeNe laser (543 nm) and a 560 nm long
pass filter.

Subsequently, cells were stained with calcein (1:200 in F10 Ham’s me-
dium, Invitrogen, Carlsbad, CA), which was added to the medium for 10 min
at 37°C. After washing twice with PBS, the medium was replaced with
minimal essential medium supplemented with 10% fetal bovine serum
(Sigma), penicillin, and streptomycin (Penstrep, Sigma) and ITS supplement
(insulin, transferrin, sodium selenite supplement, Sigma). Calcein stains
living cells and had no obvious effect on cell morphology and behavior
besides interrupting spontaneous contractions of most cells. The same cells
as analyzed before were localized using the microstructure as a marker. All
pillars neighboring the ones connected by the cells studied were included in
the micrographs. Confocal micrographs were taken for calcein as well as
DiD signals in two channels simultaneously using the yellow HeNe laser as
given above and an argon laser (488 nm) with a 505-530 nm band pass filter.
Image stacks (so-called Z-stacks) were collected at high spatial resolution in
this configuration. From these stacks we determined the exact localization of
the cell (by calcein staining) and the geometry of the micropillars (by DiD
staining). For optimal optical resolution the refractive indices of the
immersion fluid (65% glycerol in water) and the cell culture medium
(addition of 32% BSA) were matched to the one of the elastomer (refractive
index of 1.41). Geometrical parameters were read out from image stacks
using the Zeiss LSM Image Browser (Version 3).

Immunofluorescently labeled cells were analyzed on the confocal micro-
scope using a 63X Plan-Apochromat oil-immersion objective (differential
interference contrast, NA = 1.4, Zeiss) equipped with appropriate excitation
lasers and filter sets for Cy2, fluorescein, and Cy3.

Image processing

Digital image processing was used to determine the positions of the micro-
pillars within the image sequences (algorithms written in MATLAB, The
MathWorks, Natick, MA). Moreover, the moments of inertia of the micro-
pillars were determined from the lowest image in the stack where inter-
ference with substrate inhomogeneities did not obscure the image (in most
cases at a height of 1.5 wm).

As pillar positions were measured during cell contraction, scans were
performed at high scanning speed with the drawback of increased noise
levels. To overcome this problem, positions of the micropillars were deter-
mined by the deformable template matching technique.

The data were first filtered (median filter in a 3 X 3 X 3 neighborhood with
0.16 wm X 0.16 wm X 0.25um as voxel size) and then transformed to the
second step of a Gaussian pyramid (27). On these preprocessed data, the initial
positions of moving and stationary pillars were interactively marked by
rectangles. Position, size, and shape of the template were fitted for each pillar
using the least-squares criterion. (28). Due to a flexible parameterization of the
template, all shapes varying from circles over rounded squares to squares were
possible. Rotation of the template was also parameterized. Positions of
stationary pillars were used as reference points for drift correction. By these
methods, we achieved an accuracy of the pillar positions of ~34 nm.
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The moments of inertia of the micropillars were calculated from the cross
sections as follows. Micrographs of DiD labeled PDMS substrates and
calcein labeled cells were acquired as described above. Calcein labeling
blocked contraction of most myocytes but did not affect static cell con-
traction. Scans were performed for the region of interest (ROI) at low speed
to reduce noise. For image processing, pillars were marked interactively.
ROIs were filtered with a 3 X 3 median filter and smoothed with an 11 X 11
binomial filter (with a 0.07 um X 0.07 wm X 0.25 wm as voxel size). To
gain spatial resolution, ROIs were rescaled to threefold size by bicubic
interpolation. Pillar segmentation was performed in two steps: a coarse
segmentation as initialization and an exact boundary determination at the
location of the maximum magnitude of the gradient. As the moment of
inertia scales with size to the power of four, the accurate determination of the
boundary was of major importance. For coarse segmentation, the Z-score Z
was calculated for all square ROIs of 9 X 9 pixels to normalize the feature
appearance (29). The Z-score of a random variable x is defined as Z =
(x — X)/o, with X the mean of x and o the standard deviation of x (30). Z was
used for the binary segmentation with an interactively chosen threshold. Such
segmentation yielded a mask image M of the pillar cross section. The boundary
determination was performed by calculating the magnitude of the intensity
gradient within the ROI, denoted in the following by G, as feature map of the
pillar contour. The contour position of the pillar is located near the boundary
of M. Thus the boundary coordinates of M were extracted to search for the
maxima of G in normal direction to the pillar boundary. These coordinates
were used to calculate the moments of inertia using Iy = f x2dA (31), where
x is the distance of the infinitesimal area dA to the axis of bending. The
uncertainty of this method was ~60 wm®.

RESULTS
Properties of micropillar arrays

Micropillars from a PDMS elastomer were fabricated as de-
scribed above. Their geometry was characterized by light
microscopy and scanning electron microscopy. A typical
electron micrograph is shown in Fig. 1.

Micropillar geometry was fairly uniform over the sample.
The exact morphology of the micropillars varied slightly
from preparation to preparation. In most cases, the cross sec-
tions of the pillars were close to square at the base and
rounded toward the apex. Moreover, the cross-sectional
areas increased slightly with height. These shape imperfec-
tions are typical for photolithographically produced struc-

FIGURE 1
bar, 10 wm.

Scanning electron micrograph of a micropillar array. Scale
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tures in thick resist and, more important, for molding of soft
elastomers.

Effects of substrate geometry on primary
cardiac myocytes

Myocytes were prepared from fetal rat pups 19 days after
conception. Freshly isolated cells were seeded on PDMS
micropillar arrays and cultivated. They were analyzed after
2-5 days. We found that myocytes attached preferentially
to micropillars (Fig. 2, A and B). If the distance between
neighboring micropillars was 30 wm or less, with preferred
smaller distances, many cells connected two adjacent mi-
cropillars without or with very little contact to the flat part of
the substrate. In regions of the sample where the micropillars
were further apart, most cells wrapped around one column
with connections to the flat part of the substrate. We ob-
served the formation of a loose cell layer on top of the flat
substrate only in regions without columns. Examples for cell
attachments are shown in Fig. 2 B.

A INININININIES IO0nnnn

FIGURE 2 Freshly isolated cardiac myocytes were incubated for 2 days
on PDMS substrates, which were partially covered by micropillar arrays. (A)
Cells were fixed and subsequently stained for actin (FITC-phalloidin).
Myocytes were analyzed at the border between flat substrate and micropillar
array using confocal fluorescence microscopy. Note that the same substrate
area is given twice: once focused on the flat surface (/eft) and once at a height
of ~20 wm above (right). Scale bar, 50 um. (B) Living cells were labeled
with calcein and image stacks were taken by a confocal microscope. Calcein
(green) and DiD fluorescence (red) were collected simultaneously. Three
possibilities of cell attachment to adjacent micropillars are given. Each
image consists of a top view at the height indicated by a blue line in the side
view given below. For the last cell, side views in both directions are given.
Scale bars, 10 wm.
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Cell morphologies varied dramatically with the local en-
vironment of cells. Although myocytes on flat substrates
exhibited a spread-out, pancake-like shape, they were spindle-
shaped and much more compact if they connected two
micropillars (Fig. 2 A). Cells connecting a pillar to the flat
substrate often displayed both morphologies at the same
time.

In addition to these changes of the outer geometry of the
cells, pronounced changes in the cytoskeleton and in the
adhesion structures were seen. On flat substrates, the cyto-
skeleton displayed many prominent actin stress fibers. In
addition, myofibers, responsible for cell contraction, were
relatively unordered and mostly connected to stress fibers at

overlay

A Phalloidin o-Actinin

B Phalloidin Vinculin

C o-Actinin D wa-Actinin

E Phalloidin
F Phalloidin
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their ends (Fig. 3 A). These fibers connected the myofibers to
the surface via classical focal adhesion sites (Fig. 3 B).
However, these features were not observed for myocytes
adhered between two micropillars. Here, actin stress fibers
were basically absent. Instead, actin was mainly organized in
sarcomeric myofibers spanning the whole cell. Sarcomeric
organization was well defined by a regular pattern of prom-
inent Z-bands labeled with a-actinin (Fig. 3, C and D).
Moreover, this distribution of a-actinin indicated an absence
of focal adhesion sites. Instead, adhesion between cell and
column was mediated mainly by costameric protein com-
plexes at the sites of Z-bands (Fig. 3, D-F). This type of
adhesion as well as the absence of stress fibers resemble

FIGURE 3 Cardiac myocytes were incubated for 2 days
on either flat glass surfaces (A and B) or PDMS micropillar
arrays (C—F). After fixation, cells were immunofluores-
cently labeled for actin (phalloidin, green) (A, B, E, and F),
and «a-actinin (red) (A, C, and D). Cells on glass were addi-
tionally labeled for vinculin (red) (B). Vinculin staining
on PDMS micropillar substrates indicated a similar local-
ization as a-actinin but are not shown because of an
increased unspecific background staining. In D, micro-
pillars were additionally stained with DiD (green). Green
signals within the cell do not represent actin but DiD
background staining. Actin organization was always found
in myofibers all along the cells. Note, the lower part of D
shows an optical slice at the height indicated by a blue line
in the side view of the same cell given above. a-Actinin
signals in the lower image therefore characterize only the
protein localization at that height and do not represent the
overall localization in the whole cell. Brackets mark close
sarcomer (phalloidin) and Z-band/costamere (a-actinin)
contact of myocytes to the micropillars. Scale bars, 10 um.
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myocyte morphology in the myocardium of the heart and
therefore indicate close to native growth conditions on our
micropillar system.

In many cases, we observed beating myocytes. The beat
frequencies ranged from 0.1 to 0.8 Hz with an average of
0.47 Hz (15 cells). No further analysis of beat frequencies
was undertaken, as such an analysis should also include an
investigation of the regularity of the contractions. Such an
analysis would require a much longer time series than can be
collected by fluorescence microscopy of living cells.

Cell contractions were accompanied by displacements of
the micropillars. Positions of micropillars were recorded by
collecting image sequences of DiD fluorescence micro-
graphs and applying the image processing routines described
in the Materials and Methods section. As the micropillars
were arranged in a regular pattern, we could calculate the
resting positions of the bent micropillars (i.e., the ones
connected by cells) from the positions of undeflected micro-
pillars close by, which were localized by the same methods
(Fig. 4 A). Lattice constants of micropillar arrays were
measured on fluorescence micrographs showing several un-
deflected micropillars (typically 16). These calibration mi-
crographs were taken after live cell staining with calcein. The
results closely matched the input parameters of the respective
photolithography masks. Amplitudes in the relaxed state as
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FIGURE 4 Displacement of micropillars upon myocyte beating. (A)
Micrographs at time 16.55 s (fop) and 18.52 s (bottom). The inner two pillars
are connected by a cell. The open arrows indicate the centers of undisplaced
pillars. Scale bar, 10 um. (B) Displacements of the pillar centers from their
resting positions. (Solid) Left pillar, (shaded) right pillar, (solid lines) x
coordinates, and (dotted lines) y coordinates.
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well as in the contracted state of cells are reported relative
to these reference positions (Fig. 4 B). In a few cases, all
columns in a field of view were connected by cells. In these
instances, we calculated the distance between the observed
columns and assumed that the deviation between this dis-
tance and the lattice constant was equally distributed be-
tween the displacements of both micropillars. In most cases,
cell contractions ceased after calcein staining. However, cells
often retained some resting tension as indicated by micro-
pillar bending. Because calcein staining reduced cell con-
tractility, all deflections and forces reported in this article
were measured on unstained cells. An overview of column
parameters and observed contraction amplitudes is given
in Table 1.

Theoretical considerations

Although bending of slender beams is a standard topic in
most textbooks on technical mechanics, our system displays
several peculiarities that merit a closer look at the theory of
beams for this specific case.

Most importantly, our micropillars reside on a substrate of
identical material, thus their lower base is neither clamped
nor free but ‘‘elastically founded’” (Fig. 5). We will derive
approximate equations for dealing with this peculiar bound-
ary condition. Experiments on a magnified model were used
to verify this approach. Moreover, the cross sections and thus
the moments of inertia of most pillars varied with height.
This can be easily incorporated into the equation for the
shape of the bent beam. Finally, the distribution of trans-
versal tensions applied by the cell to the pillars is not known
a priori and cannot be determined by our experiments.
Therefore, we will resort to two cases. One is denoted the
“‘conservative estimate’’ and represents the lowest cell force
compatible with all observations. It is calculated by assum-
ing a point force at height / at the micropillar that is more
bent. The other, more likely, loading case is distributing the

TABLE1 Summary of the properties of the micropillars and the
observed cells

Column parameters

Diameter at base (um) 9.2 (7.8; 10.0)
Moment of inertia at base (;Lm4) 610 (240; 840)
Moment of inertia at scan height (,um4) 830 (440; 980)
Young’s modulus (kPa) 608
Poisson’s number 172

Cell parameters

Highest point of cell (um) 21.9 (17.8; 24.7)

Lowest point of cell (um) 5.0 (0; 13.8)
Observed amplitudes

In relaxed state (um) 0.66 (0; 1.8)
In contracted state (um) 1.68 (0.7; 3.0)

All results are given as averages (15 different cells exhibiting 15 contrac-
tions on average). Where applicable, lowest and highest observed values are
given in parentheses.
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FIGURE 5 Basic features of our micropillar system. Two micropillars
(light shaded) connected by a cell (dark shaded). Cells apply transversal
tensions (solid arrows) to both beams (neutral axes depicted). The torque
acting on each beam is balanced by normal tensions within the beam,
depicted for the right beam. Further shown are the coordinate system and the
geometrical parameters of the beams.

load evenly over the whole contact zone between cell and
pillar (see also Fig. 3 B, right).

Approximation to the elastically founded beam

Far from the ends, a torque acting on a beam is balanced by a
distribution of axial tensions, o,

o= 0
where M denotes the torque and / the moment of inertia of
the beam. For a square beam of side length ag, [ is given by
aﬁ /12. The origin of the coordinate system is placed into the
neutral axis of the beam. A rigorous treatment of the elas-
tically founded beam would require a finite element calcu-
lation of the entire system consisting of beam and substrate.
However, such calculations depend strongly on the exact
geometry of the system in the contact zone, which is unfor-
tunately slightly varying from preparation to preparation.
Thus we resorted to the following approximation. We as-
sume that the distribution of tensions in the contact plane
between micropillar and substrate, i.e., at the very base of the
pillar, is given by Eq. 1. Using this assumption, the resulting
deformation of the lower surface of the beam is calculated by
the response of an elastic half space (32):

i(x,y) = /é(x — Xy =YWy )ddy', ()

where i denotes the displacement of the interface between
beam and substrate, f the force densities acting on this
interface, and G the Green’s tensor of this problem. The
integration is carried out over the cross section of the beam.
The only nonvanishing component of f is the z component
given by o,,. The thickness of the flat elastomer film is at
least three times the diameter of the beam. For this reason,
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we can approximate the elastic substrate of the beam by an
elastic half space. The corresponding Green’s tensor is given
by (32)

2
X = 2 X
a-SSta Fa, A,
3 oy x’z o
G= N A+ Al O
I r
A, A, A
r r

with A; = (1+v)(2 —v)/(2@Er), Ay = (1+v)v/(27EY),
A; = (1+v)(1 = 2v)/(27Er), and A4 =2(1+v)(1 —v)/
(2mEr). Here, E denotes the Young’s modulus of the
elastomer, v its Poisson’s number, and r = \/x2+y2. The
elastomer used by us exhibited a Poisson’s number of 0.5.
Therefore, A3 = 0, which simplifies the calculations consid-
erably.

Our microbeams exhibit a square cross section at the lower
end. Thus u, is the only nonvanishing part of the displace-
ment and is given by

/aR
e R47TEI/ / V1 @

Here the limits of integration are given by /; = x/ag — 0.5,
I, =x/ar+0.5, s = y/ar — 0.5, and l4 = y/ag+0.5. The
side length of the square is ag. The integral possesses an ana-
Iytical, albeit lengthy solution that will be not presented here. It
is antisymmetric in x with respect to the center x = y = 0. The
resulting surface deflection can be seen in Fig. 6.

The angle, ©, between the tangent to the beam at its lower
end and the normal to the undeformed surface is estimated
from least-square fitting a plane to the calculated deforma-
tions. The result is

M

O~11
8 axrEr ©)

A similar calculation for a beam with a circular cross section
yields minor changes in the result. Here the beam diameter

<
~
|

u,4xEl/(3Mag?)
o
N
|

FIGURE 6 Dimensionless surface deformation (Eq. 4). The curves were
calculated at y/ag = 0, 0.1, 0.2, 0.3, 0.4, and 0.5 from top to bottom. The
vertical broken line depicts the edge of the beam. The solid straight line
depicts the result of least square fitting a plane to the deformation within the
cross section of the beam.
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replaces ag and the numerical prefactor of 1.18 is changed to
1.07. As most micropillars exhibited square cross sections
close to the substrate, we used Eq. 5 for all experiments on
cells. These relations replace the normal boundary condition
of a clamped end for an elastically founded beam. However,
several approximations entered the derivations. Therefore
we considered it necessary to test Eq. 5 experimentally.

To this end, we fabricated a 500-fold magnified model of
the micropillars from the same elastomer (Fig. 7). For ease of
fabrication of this model, a cylindrical beam (diameter 5.1
mm) was used. This macro model was mounted vertically on
a micromanipulator (MHW3, Narishige International, Tokyo,
Japan) and lowered gently onto a chisel-shaped edge placed
on a precision scale (Labstyle 204, Mettler Toledo, Giessen,
Germany). Both the distance between the substrate and the
edge as well as the loading force were varied to alter the
torque acting on the macropillar. The whole assembly was
observed with a stereomicroscope (Stemi2000, Carl Zeiss)
equipped with a XCD-X710 CCD camera (Sony, Tokyo,
Japan). Images were captured with ICcapture 1.1 (The Imaging
Source Europe GmbH, Bremen, Germany). The outer edges
of the substrate and the macropillar were found by fitting
lines through the maxima of the local variance of the images.
From these lines the angle, ®, was determined.

In these experiments, we found a proportionality factor
of 44 rad/(Nm) (Fig. 8). However, using Eq. 5 with the cor-
responding factor for a cylindrical beam yields a factor of 64
rad/(Nm). This finding implies that the correct proportion-
ality factor in Eq. 5 may be only 70% of the values calculated
by our approximate approach, which neglects transverse
stresses. Within this publication, we used the calculated fac-
tor of 1.18. However, if this factor was overestimated by as
much as indicated by the experimental calibration, all forces
given in this publication would be underestimated by 10%.
This is below the statistical uncertainty of the measurement.

FIGURE 7 Macroscopic pillar (P) was bent by pressing it down on a
chisel-shaped point (C) mounted to a precision scale. The angle between
substrate (S) surface and pillar contour was determined by tracing the outer
contours of the pillar and substrate (see text). Scale bar, 3 mm.
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FIGURE 8 Results of the macropillar bending test (cf. Fig. 7). (Arrowheads)
Measured data. (Straight line) Least-square fit. Slope, 44 rad/(Nm).

Therefore we didn’t try further to improve the accuracy of
our calculation.

Calculation of the deflection curves

The bending curve, x(z), of the micropillars is calculated by
integrating the differential equation of a bent beam (31)
d’x _ M(2)
dz>  El(z)

(6)

with the boundary conditions

dx
dz

3M(z = 0)

x(0) =0, Il = 0)

=1.18 ag

z=0

The moment is given by

M= | | / Fo)dodn, @

where f(¢) denotes the transversal force density (e.g., force
per length) acting on the micropillar. For our two loading
scenarios (point force and homogeneous loading from a to /),
this equation is elementary.

The solution to Eq. 6 is best given in dimensionless
variables (denoted by a tilde). All geometrical parameters (z,
a, ag, cf. Fig. 5) are divided by the height of the highest
contact point of the cell, /, the torque by FI, and the deflection
x is multiplied by Ely/(FP). Here F denotes the entire
transversal force of the cell applied to the micropillar.

The variation of the moment of inertia of the micropillars
with height is modeled by assuming a linear increase in
diameter with height, i.e., I(Z) = Io(1+pz)*. In fact, the
cross section of the micropillars increased with height and
rounded considerably at the same time. However, the devia-
tion of the measured I(z) from our approximation barely
exceeded the accuracy of the determination of the moments
of inertia (10% relative uncertainty). Thus, this approxima-
tion is justified.

Taken together, the dimensionless bending curve of our
beam for a point force acting at / is given by
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®)

The corresponding result for homogeneous loading from a

to / is given by

23+ 3a+ z(2ap + 2p — 2)]
12(1 + pz)°

for z<a (9a)

&= 0.14za (1 + a) +

)

and
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scenarios. First, we calculated the lowest cell force that was
compatible with the observed displacements of both micro-
pillars connected by this cell. This lower limit for the force is
obtained assuming a point like force application at the very
highest point of the cell-micropillar contact. By applying
Eq. 8, we could then calculate forces from the observed
displacements of the micropillars. Subsequently, we calcu-
lated at which height this force must have been applied to the
second micropillar to produce its observed displacement. In
all cases, this height was well within the observed contact

£= 0142 (1 +a) + [12(1 — pa)(a — )p"(1+ p2)"] {6(1 +p2)’(1 + pa)ln (Z_p : 1>

ap+1

+2p’[p'a(@ — 1) +p*(a—1)+p(1 —a) —1]2 +3p’[p'a(@ — 1) + p*(@ — 1) — pa — 3|7

+ 6p [pzzi2 +pa— 1]z — pa(p’a@ —3pa — 6)}7 for 1>z>a. (9b)

In the latter equation, the limiting case of a straight beam
(p = 0) is nontrivial and is therefore given explicitly:
F 47 +67 — 4z +a'
24(1 —a) ’
for 1>z>d@ and p=0.

%= 0.14zG, (1 + a) +

9

Equations 9a-9c hold for beams of an approximately square
cross section. In case of a circular cross section, the factors
0.14 in the first term of all three equations should be replaced
by 0.13.

In essence, a beam on an elastic foundation is softer than
a clamped beam. The amount of softening depends on the
aspect ratio of the beam. For the geometry of our micro-
pillars, this effect amounted to ~37%. Even if the propor-
tionality factor in Eq. 5 were only 70% of its calculated value
as indicated by our experimental calibration (Figs. 7 and 8),
the elastically founded beam would still be 25% softer than
the clamped one.

Calculation of forces

Calculation of cell forces is hampered by our lack of knowl-
edge about the spatial distribution of these forces over the
contact zone between cell and micropillar. Our attempts to
narrow the possibilities by measuring the overall torque
applied to one micropillar via the angle to the surface normal
at the base of the micropillar (cf. Eq. 5) failed. The reason
was that for all image processing algorithms we tested,
blurred structures from the substrate interfered with the deter-
mination of the micropillar center on the lowest 1-2 wm. The
resulting uncertainty in the micropillar shape caused unac-
ceptably large errors of the angle. Thus, we resorted to two
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zone between cell and micropillar. Thus, this scenario
yielded force distributions consistent with all observations.
The resulting forces are lower limits for the real cell forces.
In this loading scenario, the cells applied on average a force
of 90 nN in the relaxed state and 230 nN in the contracted
state (Fig. 9).

For an estimation of the experimental uncertainty, we
estimated the uncertainties of all input parameters. Subse-
quently, we calculated the overall resulting uncertainty,
assuming uncorrelated contributions and Gaussian propaga-
tion of uncertainties for a micropillar with average param-
eters as given in Table 1. The results are shown in Table 2.

Based on the distribution of myofibers in fixed cells (cf.
Fig. 3 D), we considered it more likely that forces were
applied over the whole height of the cell-micropillar contact.
For this second loading scenario, Eq. 9 was used to calculate
the respective cell forces. The heights of the lowest (a) and
highest (/) contact points between a given cell and the
respective micropillars were measured after live cell staining

[
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FIGURE 9 The lowest possible cell forces compatible with the observed
pillar displacements. Open squares: myocytes in relaxed state, filled squares:
cells in contracted state.
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TABLE 2 Error budget for the conservative estimate of the
cell forces

Parameter Uncertainty Contribution
ar 0.25 pm 0.9%
Io 60 wm* 9.8%
o 0.03 1.5%
Scan height 0.5 um 4.5%
E 20 kPa 3.2%
/ 2 wm 10%
X 0.1 um 6%

Overall uncertainty of the forces is 17%. Here, values for contracted cells
were used. For relaxed cells, the uncertainty of the forces is 21%.

with calcein from confocal microscopy stacks showing
micropillars (DiD fluorescence) and cells (calcein fluores-
cence) simultaneously. This was done using the display
software supplied by the manufacturer of the confocal
microscope (LSMS image browser, Zeiss). Due to the
different attachment parameters at both micropillars, we
obtained independent forces for both micropillars connected
by one cell. However, in a system in mechanical equilibrium,
forces must balance. Therefore, we used the mean of the
forces determined for both micropillars connected by the cell
and checked if the differences between these forces were
within the experimental uncertainty (Fig. 10).
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FIGURE 10 Contraction forces of cells assuming even force distribution
over the whole contact zone between cell and micropillars. (Top) Forces
averaged over both columns. (Solid squares) Contracted state. (Open
squares) Relaxed state. (Bottom) Differences between the forces measured at
both columns. Note the different scale.
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As the height of the lowest contact point between cell and
micropillar, a, does not influence the results very much, the
estimates for the uncertainty are almost the same for both
models of the force distribution, i.e., forces exhibit an
experimental uncertainty of ~20%. For contracted cells, the
difference between forces at both microcolumns exceeded
the expected uncertainty only for one cell. For this cell, one
column was deflected nearly five times as much as the other.
We assume that for this cell, the myofibers were attached to
one column close to its lower end. However, as we did not
label myofibers in living cells, we could not verify this
assumption. This cell was excluded form all further evalu-
ations. Based on the assumption of evenly distributed forces,
we arrive at average cell forces of 140 nN in the relaxed state
and 400 nN in the contracted state (Fig. 10).

DISCUSSION
Morphology and structure of cells

Cells suspended between two micropillars were spindle-
shaped and relatively compact (length <30 wm), whereas
the identical cells on flat substrates exhibited a very flat and
extended shape (diameter ~50-100 um), cf. Fig. 2. The
actin cytoskeleton was also very dependent on substrate
geometry. On flat substrates, actin stress fibers were abun-
dant and prominent, whereas they were entirely absent in
cells adhered exclusively to micropillars, cf. Fig. 3. In addi-
tion, the latter cells exhibited myofibers with distinct
Z-bands. Additionally, the mode of surface adhesion was also
strongly influenced by the cellular environment. Whereas
myocytes on flat substrates displayed focal adhesion sites,
we could not find any indications for such structures in cells
connecting micropillars. In our micropillar system, cells al-
ways wrapped around micropillars. For these cases, the me-
chanical connection between cells and micropillars always
seemed to be localized at Z-bands (costameric adhesion).

In summary, in all parameters studied (e.g., cell size, volume,
adhesion, actin organization), we found striking differences
between cells on flat substrate and those connecting micro-
pillars. This is very surprising, because flat parts of the substrate
and micropillars were identical in all parameters besides
geometry. They consisted of the same elastomer and were
coated with the same proteins of the extracellular matrix to
promote adhesion. These different cell morphologies were
consistently observed in all samples. They coexisted in the
same sample and, for cells that connected a micropillar to the
flat substrate, sometimes even within one cell. Thus, we con-
cluded that myocytes react strongly to the geometry of their
environment. Please note that here geometry and stiffness are
connected because micropillars deflect much farther under the
influence of a given force than the flat substrate. Moreover,
myocytes adhered to micropillars appeared more like cells in
the intact heart inasmuch as they adhered via costameres and
exhibited spindle shape and prominent myofibrils.
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Correlation of forces with control parameters

No matter in which scenario we evaluated contraction forces
of cells, they always exhibited a large spread. In part this is
caused by the fact that we used cells from the whole heart of
rat fetuses. It is well known that myocytes from different
regions of the heart exhibit different properties (33,34). We
analyzed our data further for correlations of forces or micro-
pillar deflections with some putative control parameters. In
our experiments, the most important observable is the am-
plitude of micropillar deflections. The deflection amplitudes
at maximum contraction (cf. Fig. 4 B) were not significantly
correlated with the distances between micropillars. Stiff-
nesses of micropillars varied from sample to sample because
the diameters of the pillars exhibited some spread and
because the cells adhered at different heights. Pillar stiffness
(applied force/observed displacement) depends on the model
we used to analyze our data. In both models, amplitudes and
micropillar stiffnesses were uncorrelated. Contraction forces
were calculated from amplitudes by multiplication with pillar
stiffness. As amplitudes and stiffnesses were uncorrelated,
forces and stiffnesses had to be correlated, which was indeed
observed. In Fig. 11, the results for both scenarios are shown.

The dependence of cell forces on micropillar stiffness was
modeled as proportionality. As proportionality constants, we
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FIGURE 11 Myocyte contraction forces (solid squares, contracted state;

open squares, relaxed state) plotted versus the stiffness of micropillars.
(Upper panel) Forces and stiffness evaluated assuming a point force at the
highest cell point. (Lower panel) Forces assumed to be equally distributed
over the cell-micropillar contact. The lines correspond to a proportional law:
slope 1.7 um for full line and 0.6 wm for broken line.
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found by least-squares fitting for the conservative estimate of
forces 1.8 um for contracted cells and 0.7 um for relaxed
cells. In the model of distributed forces, we found propor-
tionality constants of 1.6 and 0.6 wm, respectively.

It is very striking that these values correspond exactly to
the mean amplitudes of beam deflection in the respective
states, cf. Table 1. During seeding of cells, attachment of
cells to micropillars occurs statistically, i.e., cell properties
and micropillar stiffnesses are not correlated. In other words,
contraction amplitude and stiffness are uncorrelated random
variables, whereas force is just the product of these two
variables. In this situation, a fit of the dependence of force on
stiffness to a proportional law must yield the average value
of the amplitude just as observed.

Spontaneous cell contraction is controlled by a multitude
of biochemical processes within the cell, which comprise an
overall regulation mechanism. This mechanism can work in
two alternative ways: either it causes contractions of certain
amplitudes or of certain forces. Our results clearly imply that
under the conditions of our experiments, cell contractions are
regulated to achieve a certain amplitude. However, the
“‘preferred’’ contraction amplitude varies from cell to cell,
which masks this regulation mechanism if the standard de-
viations of measured amplitudes and measured forces are
compared. A regulation of mechanical activity controlled by
amplitudes was also found by Saez and co-workers for epi-
thelial cells (24,25). The independence of contraction am-
plitude from micropillar stiffness can obviously hold only
up to a certain point. Further support for this interpretation
comes from the studies of Tesi and co-workers (35), who
measured the contraction forces of isolated myofibers and
arrived at contraction forces per cross section of ~10° N/m”.
Thus a total cross-sectional area of 4 um?® of myofibers
would be sufficient to produce the average forces observed
here. Myocytes connecting two micropillars exhibited cross-
sectional areas in the range from 50 to 100 wm? and also a high
density of myofibers. Thus, it seems very likely that myocytes
spanning micropillars with stiffnesses in the several hundred
mN/m range are not limited in force but in cell-specific con-
traction amplitude. Obviously, this situation would change if
cells were excited externally by drugs or electrical pulses.

Moreover, cells show a large scatter of intrinsic ampli-
tudes, action potentials, and contraction frequencies, most
likely because they originate from different areas of the
heart (for a review, see James (33,34)). For myocytes, self-
generated contraction frequencies from 1.4 Hz for cells
originated from the sinoatrial-node down to 0.5 Hz for cells
from the His bundle or even 0.2 Hz for ventricular muscle
cells are characteristic for the heart conduction system. In
addition, each region of the human heart is defined by a
unique action potential waveform (36). In respect of these
natural variabilities, all myocytes analyzed in this study fitted
well into the ranges known from whole heart analyses and
confirmed the nature-like growth conditions for isolated
myocytes within micropillar arrays.
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Cell forces applied by myocytes grown in our micropillar
system were found to be in the range of 400 nN upon
contraction and 140 nN in the relaxed state. Analyses on
myocytes grown on micropatterned two-dimensional sub-
strates revealed cell forces in a very similar range upon
contraction (10,19), whereas forces applied in the relaxed
state had not been analyzed before, to our best knowledge.
This result is surprising, since cell morphology and adhesion
structures strongly differed between growth on flat surfaces
and micropillar substrates. Apparently, myocyte force for-
mation upon contraction is at least in parts independent on
the presence of defined adhesion structures or the formation
of additional stress fibers. If this independence is also true for
static forces in the relaxed state still needs to be shown. The
major benefit of cell force and cell morphological analyses
with the PDMS micropillar system is mainly the close-to-
nature growth morphology with high similarity to cardiac
muscle cells directly analyzed in heart tissues (37). The
complete absence of stress fibers and the costameric adhesion
in nature, as well as in our system, indicate that using micro-
pillars as cell substrates are indeed one step toward as physio-
logical conditions as possible for cell culture and analysis.

We thank P. Bochem for his help with scanning electron microscopy. We
additionally thank N. Hersch for myocyte primary cell isolation.
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