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Contractile cell forces deform macroscopic
cantilevers and quantify biomaterial performance†

U. Allenstein,*ab S. G. Mayrabc and M. Zink*b

Cells require adhesion to survive, proliferate and migrate, as well as for wound healing and many other

functions. The strength of contractile cell forces on an underlying surface is a highly relevant quantity to

measure the affinity of cells to a rigid surface with and without coating. Here we show with

experimental and theoretical studies that these forces create surface stresses that are sufficient to

induce measurable bending of macroscopic cantilevers. Since contractile forces are linked to the

formation of focal contacts, results give information on adhesion promoting qualities and allow a

comparison of very diverse materials. In exemplary studies, in vitro fibroblast adhesion on the magnetic

shape memory alloy Fe–Pd and on the L-lysine derived plasma-functionalized polymer PPLL was

determined. We show that cells on Fe–Pd are able to induce surface stresses three times as high as on

pure titanium cantilevers. A further increase was observed for PPLL, where the contractile forces are four

times higher than on the titanium reference. In addition, we performed finite element simulations on the

beam bending to back up the calculation of contractile forces from cantilever bending under non-

homogenous surface stress. Our findings consolidate the role of contractile forces as a meaningful

measure of biomaterial performance.

1 Introduction

Cellular adhesion is a prerequisite for cell survival, prolifera-
tion and migration, since external stimuli to the cell from the
extra cellular matrix (ECM) are required to regulate protein
expression and further pathways within the cell.1 However, the
link between cell and matrix not only serves for signaling
purposes, but is furthermore required for mechanical stability.
This connection is mediated by focal adhesions, which estab-
lish the connection between the cells’ cytoskeleton and ECM
proteins and enable cells to exert contractile forces onto rigid
surfaces balancing inward directed forces the material exerts on
the cell.2 In fact the contractile force generated by fibroblasts is
closely linked to their matrix adhesion.3

To this end, one of the most important goals in developing
modern biomaterials for applications requiring good initial cell
adhesion is to provide the conditions for a natural organization
of the ECM on the material. But the mere adhesion of ECM
proteins to the material is not sufficient to also confirm good
cellular adhesion. Also the conformation of the molecules is an

important factor whether cells are able to establish a hold.
Therefore in vitro testing with primary or immortalized cells
is an important prerequisite to make statements about the
adhesion promoting properties of a biomaterial candidate.

Early developed methods concentrated on investigating
cellular adhesion instead of its manifestation in the form of
contractile forces. They simply determine the portion of adherent
cells compared to those seeded, and how much they spread after
longer incubation times,4 or their resistance to shear flow.5 For
more quantitative results, one of the most common techniques is
based on immunostaining of ECM proteins. Antibodies can
recognize a certain protein fragment with very high precision. It
is possible to specifically label adhesive proteins like vinculin, or
an and b1 integrin subunits, which correspond to the location of
focal contacts and thus the anchoring points of contractile
forces.6,7 With this method one can easily compare the expression
of focal contacts on similar materials as for example done for
different metals by Turner et al.8 However, giving an actual value
for the force a cell exerts on its support materials is not possible.
More detailed information can be acquired by directly measuring
the force needed to remove a cell from its substrate, which is for
example done by peel-off tests9 or single-cell force spectroscopy,10–12

which both use a modified atomic force microscopy (AFM) setup.
The problem here however is that only single cells are tested, which
is not only a time-consuming measurement on an expensive setup.
As a method operating on a microscopic scale, it also requires some
knowledge of surface proteins and adhesion receptors.13 This is not
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the case for macroscopic measurements, where averaging over
thousands of cells is possible.

Since direct force measurements turn out to be very challen-
ging, a different and highly promising approach is to measure the
effect of these forces on their substrate. The underlying idea dates
back to as much as 35 years ago by investigating the effect of cell
contractile forces on wrinkle formation in soft silicon rubber.14

The method was recently refined by Tan et al.,15 who seeded cells
on micropillars and calculated forces from their bending, while
Schwarz et al.16 used labeled gels to visualize substrate deforma-
tion. Although giving valuable insights on cell force distributions,
the methods are only suitable for highly flexible materials such
as silicon and PDMS elastomers employed in those studies. A
comparison of a larger variety of surfaces including high stiffness
metals is still lacking.

A different type of approach is established within the area of
surface physics, in which the phenomenon of surface stress is
widely investigated and numerous methods exist to indirectly
measure this quantity. Concepts that determine absolute stress
values by measuring surface phonon properties or atomic
structures17 of thin specimens compared to bulks of the same
material18 are not applicable in combination with living cells.
However, the absolute stress is usually not the property of
interest, and it is sufficient to know the change in surface
stress when comparing substrates with and without cells.
Therefore, measuring cell-adhesion induced changes in curvature
of a macroscopic cantilever19 is the method of choice, leaving
unnecessarily difficult aspects like the bending due to atomic
structure or coatings of the cantilever out of the equation. The
tensile stress results from contractile forces within a cell and
attractive interactions between neighboring atoms within a surface
layer that induce stresses in solid thin films.20

Attempts to apply this method to cell biology were made
before with silicon micro cantilever arrays,21 but lack an
in-depth study of the physics behind the process. Furthermore,
a rescaling to macroscopic cantilevers is desirable to obtain
maximal generality with respect to the surface of interest,
improve statistics and gain better experimental feasibility.
The higher generality of macroscopic approaches results from
the fact that the tested surface material can be applied as thin
films, not influencing the bulk cantilevers elastic properties, as
we will discuss in the course of this work. Therefore a wide
spectrum of surface layers can be investigated reaching from
biopolymers up to metals with Young’s moduli of some kPa up
to several 100 GPa, respectively.

Opposing to the objections of Raiteri et al.,22 observed
stresses are sufficient to induce measurable deformations in
macroscopic cantilevers, as we will show by performing finite
element calculations.

We justify this claim by demonstrating adhesion measure-
ments exemplarily on two very different, yet equally promising
and interesting materials applied as thin films: the hard metal
alloy iron–palladium (Fe7Pd3) and the soft polymeric plasma
functionalized poly-L-lysine (PPLL) coating.

Fe–Pd is a ferromagnetic shape memory alloy23 and as such a
smart material with a unique set of properties. It is superelastic

and can respond to external magnetic fields with deformations
and strains of theoretically up to 6%.24 Moreover, it offers great
potential for medical applications due to its biocompatibility25,26

and a surface chemistry favoring biomolecule adhesion.27 On the
other hand PPLL is a coating that was developed as prototype of a
new promising plasma functionalization technique. It shows
similar properties as fermented poly-L-lysine, which is widely used
to increase biocompatibility and bioactivity of various materials,28–30

but exceeds it in robustness, ductility and functionality.31

Conclusively, our study gives new insights on contractile
forces with a quantitative comparison of cell behavior on
materials with very diverse properties. Furthermore, finite
element simulations of the cantilever bending induced by
inhomogeneous stress distributions from living cells are
employed to model the interaction of cells with the cantilever
and interpret the experimental findings.

2 From bending to forces – setup
and analysis
2.1 Cantilever bending experiment

The principle of this contractile force measurement relies on
determining the difference in deformation of a cantilever due
to the absence or presence of adherent cells. The fully home-
built setup is sketched in Fig. 1. A laser was pointed towards a
glued reflector plate on the bottom side of the cantilever and
then reflected onto a one dimensional position sensitive detec-
tor (PSD) from Sitek Electro Optics (PSD 1L20-CP3), attached to
a home-built amplifier electronics, as described previously.32

Since diffusively reflected light from cell culture medium and
dish can differ from cantilever to cantilever, the linearity and
scaling of the PSD were calibrated for each measurement
individually, as described in the ESI.† The cell-covered canti-
lever was clamped on one side into a serum-free cell culture
medium filled culture dish and the position of the reflected
laser spot was measured after some relaxation time. While
continuously tracking the laser spot deflection, 2 ml of 10�
trypsin–EDTA solution (Biochrom L2153) were added to the
medium around the cantilever to detach the cells. To compen-
sate the additional fluid weight, 2 ml of medium were removed
simultaneously from the culture dish. After a short mixing

Fig. 1 Schematic and inset photograph of the bending beam setup to
measure the deflection of a cantilever exposed to contractile forces of
living cells. The change in position of a laser beam deflected on the
bended beam is measured with a position sensitive detector.
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time, a change in cantilever deflection could be observed due to
the detachment of cells. The missing contractile stress on the
upper side of the cantilever caused a bending downwards
resulting in a shifting of the laser spot towards the laser. The
laser spot position in dependence of the time was captured by a
self-written LabView routine. To confirm a complete detach-
ment of the cells from the cantilever, the surface was examined
with fluorescence microscopy. Exemplary pictures before and
after trypsin treatment are provided in the ESI.† Note that the
imaging does not require fixation of the cells, since no immu-
nofluorescence labeling is applied. Only samples with less than
ten residual cells per mm2 were considered for further analysis.

2.2 Surface stress determination with finite element
calculations

The cantilever bending due to surface stresses on one side is a
very intuitive process, yet not trivial to calculate in most cases.
One could assume that the behavior is described by Stoney’s
formula proposed in 1909 to calculate spontaneous bending
of wafers due to a thin film on top of them,33 but two very
important requirements of this method are not matched in our
case. First, the cell layer on top does not have a defined
thickness as it is the case for solid thin films. Second, the stress
is not distributed equally over the whole substrate surface but
concentrates at the location of focal contacts. Determining the
stress from thin film theory by assuming constant cell height of
3.4 mm, as it was done by Köser et al.,21 results in stress values on
the order of MPa and thus forces per cell in a mN range, which is
clearly unrealistic. Therefore, we decided to iteratively calculate
stresses with finite element simulations on each individual sample.
After several convergence tests described in the results section, the
following routine was established.

From fluorescence micrographs obtained before the
measurement, cells were counted and the cantilever surface
area covered by cells on the cantilever surface was calculated.
From these values, the parameters coverage and spacing were
derived. Coverage describes the area populated by cells divided
by the total surface area of the cantilever. Spacing is the
hypothetical distance from one cell’s center to the next if they
were evenly distributed along the long axis of the cantilever.
From these values, a matching stress profile was designed and
applied to the top side of the cantilever. Finite element simula-
tions were performed with COMSOL Multiphysics 4.1. The
cantilever was modeled as a block consisting of titanium with
the dimensions 25 mm � 10 mm � 0.1 mm and the elastic
properties in terms of the Young’s modulus E = 105 GPa and
Poisson ratio n = 0.33, as provided by the COMSOL databank.
The coating’s elastic properties are negligible due to its very
small thickness of 50 nm compared to the bulk thickness of
0.1 mm. Negligible in this regard means that for metallic
coatings with Young’s moduli up to double that of titanium
(105 GPa), the position of the neutral axis would move by 0.1%,
while for soft coatings with Young’s moduli around 100 kPa,
the effect would diminish to as few as 10�7% using the
relations giving by Wyser et al.34 for thin film laminates.

For the stress a value according to Stoney’s formula was
chosen as first approximation. The thereby simulated cantilever
surface shape was fitted linearly in a 5 mm region prior to the
tip to determine the position and tilt of the reflector plate.
Through simple algebra and ray optics, the position of the laser
spot on the PSD was calculated by taking the position and
length of the cantilever, the laser position and angle, and the
PSD position into account. This value is subtracted from the
position of the reflection from the undeformed cantilever to get
the difference Dl.

On the other hand, Dl was obtained from experimental data.
Fig. 2 shows typical curves of the relative laser spot position
over time for two cantilevers that were covered with different
amounts of cells. It was calculated from the sum and difference
signal of the PSD considering the linearity calibration for the
respective sample. The noise in the signal at the 100 s mark
results from adding trypsin to the medium. The moving fluid
made the laser spot reflection diffuse until the system equilibrated
again. In the end, simulated and measured values were compared
and simulations were iteratively repeated with different stress
values until both values for Dl were identical.

3 Results
3.1 Finite element simulations of cantilever bending

In our study, fibroblast cell monolayers were seeded onto a
macroscopic metallic cantilever. Due to interaction of the cells
with the cantilever and contractile forces of the cells parallel to
the surface, a bending of the cantilever was detected. The
simulation parameters for calculating contractile forces from
measured deflection were established by performing several
convergence tests and parametric studies of which we want to
summarize the results in the following.

For later comparison with cantilever bending theories,
the key quantity for measuring the influence of different
parameter sets is the displacement at the far end of the
cantilever, 25 mm away from the clamping. The reference

Fig. 2 Typical curves of the laser spot position on the PSD after being
deflected at the bending cantilever. Trypsin was added at the 100 s mark
and causes the noisy behavior.
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parameter set is described by the dimensions of the cantilever
(width � length � thickness with W = 10 mm, L = 25 mm,
t = 0.1 mm), its Young’s modulus E = 105 GPa, its Poisson ratio
n = 0.33, and the external parameters defined by the adherent
cells, which are coverage = 0.75, spacing = 250 mm and tensile
stress on covered areas s = 1000 pN mm�2. With these para-
meters, the tip deflection is Dz = 21.1 mm. The z-direction
denotes the direction of the cantilever thickness.

In order to verify that the established BE�1 and Bt�2

behavior is unchanged by the presence of cells, we varied these
internal parameters along with the Poisson ratio n. Fig. 3(A)
confirms the expectations. The dependence with respect to the
Poisson ratio is much smaller than for the other parameters
and also does not follow such a simple power law. Fitting a
parabola function results in the equation Dz(n) B (1 + 0.0115n
� 0.427n2) with an accuracy of R2 4 0.999.

More interestingly, we also varied the distribution and size
of the cells on top of the cantilever. The coverage has a directly
proportional effect on the cantilever displacement. The same is
true for the tensile stress the cells exert on the surface. The
spacing parameter is varied up to hypothetical values that are
unrealistic in the context of cells but still give valid information
on the system. While the cantilever tip deflection drops slightly
for very high values of the space per cell, it approaches a
constant value for the displayed, more realistic dimensions of
up to 500 mm.

Of course not only the maximum deflection at the end of the
cantilever gives information about the elastic behavior. There-
fore also the curve shape of the displacement over the whole
length of the cantilever was investigated and is displayed in
Fig. 3(B). Differences in the behavior are only visible for very
high values of the spacing parameter. For a spacing parameter
of 25 000 mm representing a hypothetical single huge cell
stretched over the whole cantilever, the simulated bending
was smallest. However, already for 12 500 mm spacing repre-
senting two cells, the shape of the curve converges towards the

behavior, that is consistently exhibited for smaller spacing
values, particularly below 250 mm. The calculation of two giant
cells is of course a mere theoretical dalliance that does not
imply that we are able to detect 2 single cells. However it shows that
cell size effects are negligible in realistic orders of magnitude.
In addition to the normalized curves for these three characteristic
values, two ideal curves of the shape z(x) = Lx2 � 1/3x3 and x2 are
plotted in Fig. 3(B) with z being the direction along the cantilever
thickness and x along its length. The cubic behavior fits the small
spacing data very precisely (R2 4 0.9999).

3.2 Cell-induced surface stresses

The considerations of Section 3.1 are prerequisites for calculating
actual stress values from the measured deflection. This section
shows the results for this cell induced tensile surface stress on
pure titanium. Additionally the results were compared to mea-
surements on Fe–Pd sputtered titanium and on L-lysine plasma
functionalized titanium.

Fig. 3 (A) Parametric studies from finite element simulations of the cantilever bending in dependence of mechanical properties of the material and cell
properties, plotted in a double logarithmic scale to directly derive power law behavior and (B) simulated shape of the cantilever for different spacing
between the cells.

Fig. 4 Boxplot of the surface stress values of NIH/3T3 cells on different
surfaces calculated from the measured cantilever deflection. Whiskers
range between minimum and maximum. Boxes indicate standard error.
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The boxplots in Fig. 4 show the mean of the measured values�
standard errors. The whiskers indicate minimum and maximum
of the data set. For titanium, an average surface stress of s = (610�
130) pN mm�2 was measured. The stress is increased on titanium
substrates with Fe–Pd coating, where the mean value is s = (1733�
273) pN mm�2 and highest on titanium with a continuous L-lysine
polymer film reaching s = (2321 � 247) pN mm�2.

4 Discussion

Most approaches to correlate cantilever bending with surface
stress originate from Stoney’s formula in 1909

stf ¼
1

3

Et2Dz
L2

with surface stress stf, Young’s modulus E, substrate thickness t,
cantilever length L and tip deflection Dz.32 Although this
relation gives values that overestimate the value obtained from
finite element simulations by around 60%, the proportionality

Dz � s
Et2

is confirmed by our parametric studies. Reasons for the

derivation are the non-uniform stress distribution and that
Stoney did not consider effects of the bending in the in-plane
direction perpendicular to the tensile stress due to a non-zero
Poisson ratio. To remedy the latter factor, we included the
dimensionality parameter D in our calculations, which was
defined in the work of Dahmen et al.35 It depends on the aspect
ratio of the cantilever. In case of a perfect two-dimensional
(D = 2) behavior for very long cantilevers, a factor (1 � n) must
be considered. The shorter the cantilever with respect to its
width, the more one-dimensional (D = 1) is the behavior, leading
to a correction factor (1 � n) � (1 + n). In the transition between
these regimes, Stoney’s formula transforms to

stf ¼
1

3

Et2Dz
L2

1

ð1� nÞð1þ ð2�DÞnÞ

With an approximate dimensionality of D = 1.8 in our case,
the derivation from the simulated results remains only 15%.
However, our simulations did not confirm the dependency of
the deflection on the Poisson ratio. In case of the best fitting
dimensionality D = 1.57, the correction factor found in our
simulations still deviates by 0.58n. This additional linear term
results from the areas unstrained within the cantilever through
which the conversion to transverse strain is corroborated.

Besides the material properties of the cantilever, also the
coverage of the cantilever with cells and the spacing between
those have an influence on the bending. However, the spacing
only changes the total cantilever displacement in case of very
large stress inducing elements (we do not want to call them
cells here since these spacing values are far from realistic cell
sizes). As soon as the spacing is small compared to the
cantilever dimensions, its influence vanishes and one can
assume a mean stress field acting with a constant value on
the whole length of the cantilever. Parametric studies proved

that the magnitude of this mean field is influenced by the
coverage in a simple linear manner:

smean ¼
1

L

ðL
0

sðxÞdx ¼ coverage� smax

for sðxÞ ¼
0; cell free areas

smax; covered areas

(

We thus find that the introduction of coverage is required,
while the spacing parameter does not influence the mean field.
This independence of particular cell spacing coincides with
the findings of Schwarz et al.,16 who showed that the force
distribution of a cellular focal contact can be described by a
multipole expansion, and can be considered as point-like force
at high distances.

Stoney’s formula furthermore assumes a constant radius of
curvature over the whole cantilever due to a constant stress
induced moment acting on the surface. In the approximation of
small curvatures, this would imply

1

R
¼ z00ðxÞ

1þ z0ðxÞ2ð Þ
3
2

� z00ðxÞ ¼ const

and thus a parabola shaped cantilever surface. This is not the
case as we observe a cubic progression of the shape z(x) B Lx2

� 1/3x3 as displayed in Fig. 3(B), hinting towards a momentum
that increases linearly towards the clamping of the cantilever.
This can also be explained with the influence of the Poisson
ratio in combination with the cell-free surfaces, since the
cantilever behavior gets more and more one-dimensional
towards the clamping.

With this, the conversion from stresses to cantilever deflec-
tions is set, but another very important question to discuss is,
whether obtained stress really results from the cells. This is
confirmed by control measurements with cells seeded on the
bottom side of the cantilever that are added to the ESI.†
Another indicator for really measuring an effect from the cells
is the agreement of the results with values reported in literature.
Dembo and Wang36 reported stresses of 2000 pN mm�2 for NIH/
3T3 fibroblasts on soft polyacrylamide substrates. Assuming that
this stress results from the strength of integrin–fibrinogen
bonds, one can predict the number of such bonds within a cell.
Using 150 pN as force of one such bond37 and a density of 300
integrin bonds per mm2 within a focal contact,38 we can calculate
an expected density of focal contacts within a single cell from the
measured mean surface stress and get (3.8 � 0.6)% for Fe–Pd
and (5.2� 0.6)% for PPLL coated samples. Considering the up to
now poorly characterized strength of single integrin bonds, these
values are in good agreement with earlier reported results for
adherent NIH/3T3 fibroblasts after 1 day incubation of 2.9%25

and 4.6%31 on Fe–Pd and PPLL, respectively. Despite the differ-
ences resulting from comparing various measurement methods,
we were able to calculate reliable surface stress values. Therefore
both Fe–Pd and PPLL show an enhancing effect on the for-
mation and growth of focal contacts in comparison to a titanium
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substrate. Moreover, our findings give a quantitative measure for
improved bioactivity of PPLL coated films compared to uncoated
metals.

5 Conclusions

Traction forces exerted by cells on substrates are a highly relevant
quantity to systematically address interaction of cells with sub-
strate surfaces. While it of course does not replace established
biocompatibility assays investigating cellular morphology and
focal contact expression, it adds a new complementing view point
that has high relevance in biomaterial performance. To achieve
this, an intuitive versatile apparatus was used for measuring
macroscopic influences of adherent cells on the bending of their
support material, which can be functionalized with thin films of
biomaterials. These thin films do no influence the bending
properties of the cantilever and thus allow comparison of a broad
spectrum of surfaces. Particularly due to this simplicity and
clearness in design, it was a key objective of this work to confirm
the results by comparing them to existing bending beam and cell
adhesion theories. The results showed that the measured effect
can be mainly attributed to the cells while other surface stress
phenomena only contribute to a negligible amount. In combi-
nation with finite element simulations, we were able to develop a
theory how cells bend an underlying support material. As proof
of principle, we measured the forces exerted on titanium as
reference material and on the same titanium cantilevers coated
with two very diverse materials of biomedical interest, namely a
ferromagnetic shape memory alloy iron–palladium and an adhe-
sion promoting L-lysine based coating, polymerized by plasma
functionalization. The stresses from cells on Fe–Pd exceed those
on titanium by a factor of three, while the PPLL coating allows the
cells to interact four times as strong as on titanium.

Both these results encourage the usage of the cantilever
bending method for an easy-to-employ assessment of contractile
forces on surfaces as different as solid metals and soft polymers
in a physiological environment.

6 Experimental
6.1 Cantilever preparation

The cantilever was cut from a titanium foil (Advent Research
Materials, Catalogue No. TI228724) with a thickness of 100 mm.
The precise dimensions of 10 mm � 37 mm were achieved by
laser cutting, such that the free bending length of the cantilever
after clamping would be 25 mm. To ensure a consistency in
bending behavior, roughness, and elastic properties, the same
bulk cantilever material from the same titanium foil was also
used as support for the testing of other materials and only the
surface was modified, by applying closed thin films of the
respective material. Fe–Pd films were sputtered onto Ti foils
described above from an Fe7Pd3 alloy target (ACI Alloys). Prior
to sputtering, the chamber was evacuated and flooded with
an argon flow of 3.5 sccm to achieve a sputtering pressure of

5 � 10�3 mbar. The argon plasma was excited by an RF input
power of 45 W. The resulting films have a thickness of 50 nm.

The special plasma treated lysine-based polymer coating was
applied within a continuous-flow pulsed plasma reactor which
was previously described in greater detail.31 The precursor
L-lysine solution, consisting of monomer powder (CAS 56-87-1,
Sigma-Aldrich Chemie GmbH) and pure ethanol (CAS 64-17-5,
Merck KGaA) with a concentration of 0.009 mol l�1, was injected
at a flow rate of 0.24 ml min�1 into a pulsed argon plasma with
10 W input power and duty cycle of 2%. Under the influence of
the plasma, lysine monomers were cleaved into radicals and
deposited on the titanium foil, where they recombined to
a highly cross-linked, closed polymeric network. The film thick-
ness after one hour of deposition was 50 nm.

6.2 Cell culture

The embryonic murine fibroblast cell line NIH/3T3 (ATCC,
Manassas, VA) was used due to their strongly adhesive nature
and their high contractility compared to many other cell types.
Cells were cultured in Dulbecco’s Modified Eagles Medium
(Biochrom, F0435), supplemented with 10% calf serum and
1% penicillin–streptomycin antibiotic solution (PS). Cells were
incubated at 37 1C in 5% CO2 humidified atmosphere. Medium
was changed every two to three days.

One day before the respective measurement, cells were
seeded onto the according cantilever in full culture medium
in high enough densities to ensure a measurable contractile
effect but also low enough to ensure growth in monolayers
(B10 000 cells per cm2). Measurements were carried out in
supplement-free DMEM so that the detaching effect of trypsin
is not inhibited.

6.3 Cell imaging and counting

For an accurate estimation of contractile cell forces, the number
of cells on the measured beam must be known not only after
seeding but directly before measuring. To count the cells on
the intransparent materials, a vital fluorescent staining was
required. Therefore CellTracker Red (Invitrogen C34552) was
first diluted in serum-free medium to a final working concen-
tration of 2 mM and incubated with the cells for 45 minutes.
Subsequently, cells were gently washed with phosphate buffered
saline (PBS) and then stored in serum-free culture medium for
less than 2 hours before the measurement. Images were taken
with a Zeiss Axio Scope A1 fluorescence microscope with
5� objective magnification both before the measurement and
directly afterwards to count the cells and confirm that they were
all released from the cantilever. The micrographs were processed
using ImageJ39 for contrast enhancement and noise reduction.
Afterwards, cells were counted manually to calculate the spacing
parameter and the percentage of the area covered by cells was
determined by a self-written edge detection routine, which
distinguishes background from foreground through a manually
adjusted brightness threshold value. For each of the measured
surfaces, the final values are averaged over measurements from at
least six samples, each containing more than 100 000 cells per cm2.
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Results are given as mean value � standard error of these six
measurements.
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