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Abstract

Focal adhesions (FAs) are important adhesion sites between eukaryotic cells and the
extracellular matrix, their size depending on the locally applied force. To quantitatively study
the mechanosensitivity of FAs, we induce their growth and disassembly by varying the
distribution of intracellular stress. We present a novel method for micromanipulation of living
cells to explore the dynamics of focal adhesion (FA) assembly under force. Fibroblasts are
sheared laterally to their adhesion surface with single PDMS micropillars in order to apply
laterally stretch or compression to focal adhesions. This allows for measuring the shear force
exerted by the micropillar and correlates it with FA length and growth velocity. Furthermore,
we analyze the resulting dynamics of FA molecules (paxillin) and compare intensity profiles
along FAs before and after the application of external force. The responses of stretched and
relaxed FAs differ fundamentally: relaxed and compressed FAs disassemble isotropically and

show no length variation while stretched FAs grow unisotropically in the direction of the

applied force and show protein influx only at their front.

1. Introduction

Cell adhesion, spreading and motility are mediated by the
assembly and disassembly of specialized transmembrane
adhesion sites, termed focal adhesions (FAs). These
molecular aggregates link the extracellular matrix to the actin
cytoskeleton via transmembrane integrin receptors and various
cytoplasmic plaque proteins, e.g. paxillin [1]. Over the
last decade it has become evident that FAs are bidirectional
mechano-chemical interfaces [2-6]: they exert [7-11] and
sense [12-16] forces, i.e. they convert biochemical signals
into mechanical force and vice versa. This way, cells
manipulate and explore their surrounding tissue. Riveline
et al [12] showed that the intrinsic force generated by
the contractile machinery of the cell, which leads to FA
growth, can be substituted by external forces. However,
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the exact mechanism behind FA-mediated mechanosensing
remained unclear. This unsolved question recently prompted
several competing theories that attempt to model the physical
principles governing the force-induced assembly of adhesion
plaque proteins [17-21].

Our study aims at providing a detailed, time-resolved
insight into the force-induced growth and disassembly of FAs.
Opposite FAs are coupled via the actin cytoskeleton. We
externally shear single cells with a micromanipulation device.
This increases the mechanical stress transmitted through the
cytoskeleton at the rear of the cells which results in stretching
and compression of FAs (compare figure 1 inset). Most
importantly, we intend to induce cellular responses within
minutes in order to be able to distinguish the reaction to
the changed loading situation from long-term events like
altered gene expression of involved proteins as done in the
flow experiments of Davies et al [15]. To perform this
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Figure 1. Schematic representation of the experiment. First, the cell is allowed to spread for at least 30 min on a glass substrate. Then a
microfabricated pillar coated with fibronectin is brought in contact with the dorsal side of the cell and kept there for approximately 15 min in
order to ensure stable adhesion between pillar and cell. Culture conditions are chosen such that the actin cytoskeleton (red) has not formed
stress fibers. When the pillar is shifted laterally, the cytoskeleton is strained and the FAs respond according to the new force loading situation.

Typically this takes 15 min.

experiment, we developed a biocompatible tool that is able to
instantaneously exert forces of the order of 100 nN to cells in
a very controlled manner.

In the last few years, many different approaches in
cell science revealed that cells are most sensitive to their
chemical environment [22], to the lateral confinement at which
molecules are offered to the cell membrane, i.e. receptor
clustering [23, 24], and to the stiffness of the matrix which
surrounds the cell [25, 26]. The molecular components
enrolled in these communication skills of cells are actin,
myosin and adhesion-associated proteins such as Integrins
which form a network that results in the application of
forces to the extracellular matrix in order to test the chemical
and physical composition of it [27]. The outcome of this
communication network has a substantial impact on the
structure of the extracellular matrix, the structure of cells and
cell assemblies as well as their functions [28].

During the last 20 years, micromanipulation of living
cells in the field of biophysics has been conducted in a
multitude of ways, e.g. by optical tweezers, magnetic tweezers,
shear flow, atomic force microscopy (AFM) and micropipette
aspiration (for reviews, see [6, 29]). The forces generated
by most of these tools are too weak for our purpose, with
the exception of micropipette aspiration, which has not been
used on adherent cells, and AFM, which is not very viable
for exerting lateral forces. Therefore, we constructed a novel
micromanipulation tool to apply lateral forces to FA sites: cell-
attached single micropillars. These microstructures made from
polydimethylsiloxane (PDMS) are tailored to our purposes and
functionalized with fibronectin to attract cell adhesion. Once
positioned on the dorsal side of cells, we move them laterally
to the adhesion area with a micromanipulator to shear the entire
cell, perturb the intracellular tension and trigger changes in
FA dynamics. The change in internal stress is fast and drastic
compared to intrinsic actomyosin-contractility. Thus, we are
able to see clearly where new plaque proteins, in our case
YFP-labeled paxillin molecules, are inserted into FA sites.
Moreover, the micropillars can be used as force sensors to
monitor the applied lateral force in real time. Hence, force-
induced FA remodeling can be systematically measured and
correlated with externally applied forces. The presented data
will be valuable for the further refinement and verification of
theories in this field [18].

2. Materials and methods

2.1. Cell culture

REF-52 cells (Rat Embryonic Fibroblasts; gift from B Geiger,
Weizmann Institute) stably transfected with YFP-paxillin were
cultured in DMEM (Dulbecco’s Modified Eagle Medium,
Invitrogen, Germany) supplemented with 10% fetal bovine
serum (Invitrogen) and 1% L-glutamine (Invitrogen) at 37 °C in
a humidified, 10% CO, environment. All measurements were
performed in an incubator mounted on an inverted microscope
maintained at 37°C and 5% CO,. Before measurements,
REF cells were seeded in 60 mm glass bottomed Petri dishes
filled with F-12 4+ Glutamax medium (Invitrogen, Germany)
supplemented with 2% fetal bovine serum (FBS) and 1%
penicillin—streptomycin solution (Invitrogen) and allowed to
spread for at least 30 min, so that they were able to establish
small focal adhesion clusters. The glass bottom was not
functionalized in order to slow down cell spreading and
adhesion and, thus, enhance adhesion of the cells to the
fibronectin-coated micropillars that were to be placed on their
dorsal side. Together with a small amount of FBS in the
medium, the untreated substrata also ensured the presence of
FAs that are small enough to grow, yet big enough to shrink as
long as experiments were conducted within 4 h after seeding.

2.2. Fabrication, mounting and calibration of PDMS
micropillars

A prepolymer of PDMS (Sylgard 184, Dow-Corning) was
poured over an array of holes in SU-8 (Microchem,
Newton, MA) created on silicon wafers via standard
photolithography [11, 30, 31] and cured at 65 °C overnight,
yielding arrays of elastic PDMS micropillars of 5 ;um diameter,
a height of 11 pum and a distance of 50 um. Prior to
the experiments, these were treated with hydrogen plasma
(10 s, 0.4 mbar, 150 W in plasma etcher (100-E) from TePla)
and subsequently immersed in 20 ug ml™! fibronectin (from
bovine plasma, Invitrogen) for 30 min. During the process of
molding, they were attached to thin glass plates (0.14 mm,
I mm, 20 mm) via sandwich assembly (see figure 2(a)).
The glass plates were then used to mount the pillars to a
micromanipulator (see figure 2(b)). The micromanipulator
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Figure 2. Micropillar fabrication and micromanipulation set-up.

(a) A glass plate (blue) is positioned between two aluminum pieces
(gray) such that there is a gap between its front and the master mold
(dark blue). That gap is then filled with PDMS which is cured
overnight at 65 °C and cut out afterwards. The resulting PDMS
pillow with micropillars is attached to the glass plate and can easily
be mounted on the XYZ stage on the microscope (b).

is connected to an inverted microscope and consists of three
micrometer screws, one of them equipped with a piezo-unit
in order to allow very fine positioning in the z direction. For
the small deflections found in our experiments, the posts can
be assumed to behave like linear springs, i.e. their deflection
is directly proportional to the applied force (see [11]). To
determine the constant of proportionality, the micropillars were
calibrated against AFM cantilevers of known flexibility after
successful experiments. For our conditions, the force constant
was around 0.2 N m™!.

2.3. Micromanipulation

The micromanipulation set-up is schematically shown in
figure 1. It was isolated from environmental vibration noise
by an air-buffered table. Once a micropillar was put in contact
with the cell surface and sufficient adhesion of the tip of the top
of the pillar to the cell surface could be obtained no vibration
of the tip was observed by the optical microscope. Also no
thermal drift was observed during the time of the experiments,
i.e. during several hours. These stability tests were performed
on cells which were dead so that vibration and thermal drift of
the pillars due to the viability of the cell could be neglected.
Additional acoustic isolation was found not to be necessary.
Approximately round cells with focal adhesions between
1 and 3 pum in length were selected for the micromanipulation.
Using the z-piezo, a fibronectin-coated micropillar was
carefully lowered onto the dorsal side of the cell halfway
between its outer edge and its nucleus (compare figure 1). The
micropillar was left at this position for 14—18 min so that the
cell was able to adhere to it. Then it was moved across the cell

using a micrometer screw. This way, the cell was sheared and
the intracellular stress of the cytoskeleton was redistributed.

In figure 3 we show typical phase contrast and
fluorescence images for an experiment on a cell right before
pulling (17 min), after pulling left (24 min) and after pulling
upwards (44 min) with the microfabricated pillar. One can
clearly see the cellular deformations caused by the pillar shift
and the resulting remodeling of the FA distribution. Such
double-pull experiments were performed in order to increase
the number of affected FAs and to study counteracting effects
of consecutive compression and stretch or vice versa.

We have analyzed approximately 20 out of 40 cells
successfully by this technique, which all resulted in similar
behaviors of focal adhesions assembled at the substrate
interface. Intense fluorescent imaging of cells resulted in cell
death. Therefore, cells were carefully analyzed for their active
response in order to prove their viability.

2.4. Microscopy and image analysis

Cells were observed both in phase contrast and fluorescence
microscopy through an inverted microscope (Axiovert 100,
Zeiss, Germany) equipped with a halogen and a 100 W
mercury vapor lamp (HBO 100, Osram, Germany) and
an environmental chamber. Images were taken with a
63 x objective (Plan-Apochromat 63x/1,4 Oil Ph3, Zeiss,
Germany) and recorded with a digital charge-coupled device
camera (ORCA-ER 12-AG, Hamamatsu Photonics, Germany).
Typically, one frame was recorded per minute. Fluorescence
image sequences were preprocessed in ImageJ (version 1.37c,
developed by Wayne Rasband at NIH, Bethesda, USA,
http://rsb.info.nih.gov/ij/). They were registered with the
plugin ‘StackReg’ [32], and the fading intensity subsequently
corrected with the plugin ‘Bleach Correction’. Threshold-
based segmentation and evaluation of the focal adhesion areas
were performed in Matlab (The Mathworks Inc., USA). An
ellipse was fitted to each detected FA, and the ends of its major
axis were defined as the back and front of the FA, the front
being always the part that is closer to the nucleus. Before
differentiating the time-dependent back and front positions,
these data had to be smoothed in order to prevent the resulting
velocities from being overly noisy. For this, we employed
the ‘smoothing cubic spline’ function implemented in Matlab,
which is a median between a cubic spline fit and a linear fit.
Kymographs of single FAs were made by rotating the
fluorescence stacks in ImageJ such that the major axes of the
FAs were horizontal, cropping them and re-slicing to switch the
time axis and the y axis. Thereafter, stacks were z-projected
using the Standard Deviation option, resulting in images with
time located on the y axis and distance on the x axis. The
kymographs were then converted to 8 bits and saved.

2.5. Force detection

To evaluate the forces that were applied via the micropillar
to the cells, it was necessary to find the deflection of
the micropillar connected to the cell with high precision
automatically. Hence, we determined the time evolution of
two pillars: the pillar that was connected to the cell and a free
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Figure 3. Double-pull experiment. Phase contrast pictures showing cell and micropillar shortly before lateral pulling (a), after first pulling (b)
and after second pulling (c). The red arrow indicates the force exerted by the micropillar which was moved manually twice (at 18 and 37 min).
(d)—(f) Fluorescence micrographs showing the resulting distribution of YFP-paxillin. Force-induced variations (orange box, growth) and

(yellow box, first stationary then growth) of FAs can be seen (for a detailed analysis see figure 5). Scale bar is 5 um. (g) The graph depicts the

force development computed from the pillar position compared to that of its neighbor. Arrows mark the times where the pillar was moved
manually. Relaxation of external load can be seen.

neighboring reference pillar, which was not bent. To gain the figures 3(a)—(c)). Our algorithm assigns a concentricity rating
required precision, we used the fact that the micropillars appear  to each sub-pixel coordinate in question by unwrapping the
as concentric ring structures in phase contrast images (compare  picture (i.e. transforming it to polar coordinates) around the
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Figure 4. Principle of ring center detection algorithm. Images of micropillars showing interference rings (a), (d) are unwrapped

(i.e. transformed to polar coordinates) around the subpixel coordinates to be tested (red X). In (a), the tested coordinate is at the center of the
rings, while in (d), it is shifted to the lower left. The resulting unwrapped pictures ((b), (e)) display lines that become straighter the closer the
tested position is to the center of the circles. Thus, the angle-averaged radial profile for a tested coordinate at the center of the rings (c) shows
more fluctuations than the profile for an off-center coordinate (f). This is reflected in the values of the symmetry metric 7.

respective position and evaluating the angle-averaged radial
profile with the following symmetry metric:

Mpre = 9 18 =0)—gr=i=D (1)

1=Fmin

where 7min, max and g are the minimal considered radius,
maximal radius and average gray value at a certain radius,
respectively (see figure 4).

To increase performance, regions within circles were
automatically detected on a down-sampled image via a circular
Hough transformation. Then, the position of the center of
the rings was iteratively refined by employing the algorithm
described above with decreasing step size. The coordinate with
the highest symmetry metric 71 was taken to be the center of
the circles. Deflection of the micropillar on top of the cell
was subsequently computed as the change of distance to an
adjacent pillar and multiplied by the calibrated force constant
to yield the total external force applied to the cell. This vector
was projected onto the major axes of FAs such that positive
values mean external stress pointing from back to front of the
respective FA.

The spatial resolution of this algorithm was around 20 nm
for good picture quality corresponding to 0.2 pixels or 4 nN
for our system. However, uneven illumination or dirty pillars
can significantly reduce this performance. All computations
were done after experiments in the Matlab environment (The
Mathworks Inc., USA). With our algorithm, one pair of pillars

was evaluated within 3 s on a standard desktop computer (Intel
Pentium 4, 3 GHz, 2 GB RAM). Thus, the program could in
principle be extended to monitor and control forces in real time,
provided that there is an XY stage that can be controlled via
computer.

3. Results

3.1. Focal adhesion remodeling induced by external shear
stress

Figure 3 shows a double-pull experiment in which a fibroblast
was first subjected to stress in the x direction and then in the y
direction. The phase contrast pictures show the deformations
caused to the cell body and the position of the micropillar
(figures 3(a)—(c)). Comparing the latter to the position of its
neighboring micropillar which was not bent (not shown), the
externally applied forces were calculated. The force’s temporal
development is shown in figure 3(g) and red arrows in the
phase contrast images indicate the force at the time the pictures
were taken. After each lateral movement of the micropillar,
the system was left alone and the subsequent relaxation of the
external force was observed (see figure 3(g)). Resulting from
the manipulation of the intracellular stress, the FA assembly
of the cell underwent a remodeling (compare figures 3(d)—
(f)). We found increased fluorescent paxillin intensity and an
elongation of FAs in regions subjected to stretching, such as the
lower right region of the cell in figure 3(f). On the other hand,
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Figure 5. Dynamics of a stretched (a)-(d) and a compressed (e)—(h) FA. Kymographs gained from the FAs inside the orange (a) and yellow
(e) boxes in figure 3 show the temporal development of the FAs after external manipulation. Times of external pulling and compression are
denoted by white and black arrows in the kymographs and by dashed lines in the graphs below. The resulting positions (b), (f) and velocities
(c), (g) of back and front gained through image analysis, as described below, reveal distinct features for the two cases: upon stretching, both
front and back of the FA move in the direction of the applied force (b), but the front moves at a much higher velocity (c), leading to FA
growth. Upon compression, however, an FA does not shrink but merely stops growing and loses intensity (e)—(g). The total external force as
measured by micropillar deflection is projected onto the direction of the major axis of the respective FA such that positive values stand for
stretching and negative force compression (d), (h). The velocity of the front scales similarly to the externally applied force. Even small
deviations in the force curve, irregularities due to intrinsic cell movement, are matched by corresponding peaks in the velocity curves (see the
gray arrows). Due to the uncertainty of stress distribution inside the cell, force values can only be compared between external movements of
the pillar, i.e. between the dashed lines.

(This figure is in colour only in the electronic version)

FAs in regions with decreased internal stress showed only a A more detailed analysis of the FA remodeling is
loss of fluorescence and no discernible variation of their length ~ presented in figure 5. Here, kymographs are shown that
(compare the left-hand side of figure 3(e) and the upper half —are derived from the FAs inside the orange (figures 5(a)—(d))
of the cell in figure 3(f); see also fluorescent intensity analysis ~and yellow (figures 5(e)—(h)) boxes in figure 3. Using the

in figure 7). This distinct behavior, elongation and increased image analysis algorithms described above, the front and back
positions of the FAs were detected for each frame (figures 5(b),

(f) solid lines). To reduce the large errors stemming from the
temporal derivative, a cubic smoothing spline fit was applied
to the position data (figures 5(b), (f) dashed lines) before
calculating the velocity of the back and front of the FAs
(figures 5(c) and (g)). The resulting position and velocity data
molecular diffusion in non-stationary FAs. of the FA back and front reveal distinct features for the two

fluorescence intensity for stressed FAs on the one hand and
isotropic intensity loss for relaxed FAs on the other hand, was
observed in all conducted experiments. From stationary FAs
we found that the bleaching of fluorescent was found to be
negligible in comparison to variation of fluorescence due to
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Figure 6. Compilation of FAs that have been stretched (white arrows) and compressed (black arrows). In the kymographs, ticks denote 5 min
on the x axes and 5 m on the y axes. Upon stretching FAs elongate and display consistently a spatially very confined integration of new
paxillin molecules at their front, whereas compression results in stagnation of length and fluorescence loss over the whole FA.

cases: upon stretching; both the front and back of the FA
move in the direction of the applied force but the front moves
at a much higher velocity, leading to a net growth of the FA
(compare figures 5(b) and (c)). Upon compression, however,
the observed FA does not shrink noticeably but merely stops
growing and loses intensity (figures 5(e)—(g)). The latter
process proved to be reversible: the growth of the FA was
re-initiated later by the application of a force in the opposite
direction.

As explained above, the measured total external force
was projected onto the major axis of the respective FA to
reflect the relative amount of stress applied in its preferential
growth direction (figures 5(d) and (h)). Thus, positive values
stand for stretching and negative values for compression of
the FA in question. Following each lateral movement of the
pillar (depicted by vertical dashed lines in figure 5), these
force curves consistently depict a relaxation of the system.
Interestingly, the velocity curve of the front of the stretched FA
follows the force curve down to its small irregularities which
are possibly due to intrinsic cell movement (gray arrows).

Note that the exact distribution of the externally applied
stress to the different FAs is unknown and changes after each
manual movement of the micropillar. Thus, the projected
forces after pillar movement cannot be compared to the ones
before. This means a proper scaling of the forces can only be
assumed between the dashed lines in figure 5. This explains,
for example, that the second manual pillar movement barely
influences the contact depicted in the left column of this figure
but significantly affects the contact in the right column—
despite the nominal value of the projected forces.

These characteristic, distinct reactions of FAs to stretching
and relaxation were observed in all conducted experiments.
Compare figure 6 for an overview of selected FA kymographs.
The reversibility of these processes has been confirmed during
several measurements: growth was induced in stationary FAs
and subsequently stopped again by lowering the intracellular

tension (see, e.g., figures 6(k) and (I)) and vice versa
(figures 6(b) and (m)).

3.2. Intensity profiles along stressed focal adhesions

A closer look at the intensity distribution of remodeling FAs
reveals even more substantial differences between stretched
and relaxed focal adhesions: figure 7 shows a comparison of
the intensity profile along the major axis of a stretched (a)—
(d), respectively relaxed (e)-(h), FA before and after force
application. Times of stretching and compression are marked
by a white, respectively black, arrow. Temporal averaging
over the blue and green boxes results in the intensity profiles
before (blue) and after (green) external shear (figures 7(b)
and (f)). The difference between the two shows where exactly
proteins have moved into or out of the FA as a response to the
changed loading situation (figures 7(c) and (g)). In the case of
the stretched FA, this analysis reveals a Gaussian distribution
that is centered over the former front of the FA. This means
that only there does the FA react to the increased stress. A
subtraction of the averaged profiles before and after stretching
from each row of the original kymograph depicts nicely how
this Gaussian peak diffuses over time (compare figure 7(d)).
Compression evokes a distinctly different response. Instead
of reacting only at the front like its stretched counterpart, the
relaxed FA loses intensity over its whole length. This becomes
most obvious when computing the ratio of intensities before
and after compression which stays rather constant (compare
(figure 7(h))—except for deviations at the very front and back
that are due to overall movement of the FA. FA adhesions did
not lose considerable fluorescence intensity in the stationary
case, meaning that fluorescence bleaching contributed in a
minor way to the loss of fluorescence intensity than did the
molecular diffusion.

Hence, the insight gained from this investigation is that
in the case of stretched FA only its very front responds to the
external stimulus, whereas the relaxed FA loses plaque proteins
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Figure 7. Influence of lateral stretching and compression of FAs on paxillin fluorescence intensity profiles along FAs. Kymographs of a
growing (a) and disassembling (e) FA are shown. Time points of stretching and compression are marked by a white, respectively black, arrow.
Temporal averaging over the blue and green boxes results in the intensity profiles before (blue) and after (green) application of external force
(b), (f). The box width was chosen according to the width of constant fluorescent condition. Subtraction of the profile before pulling from the
profile after pulling reveals the distribution of proteins that have moved into the FA as a response to stress (c), (d), a Gaussian distribution that
is centered over the former front of the FA and flattens over time (see (d)). Compression evokes a distinctly different response: instead of
reacting only at the front, the FA loses intensity over its whole length. This becomes most obvious when computing the ratio of intensities
before and after compression which stays rather constant—except for deviations at the very front and back that are due to overall movement of

the FA (h).

over its whole length. In figure 6, we show an overview of
kymographs collected from seven different cells to demonstrate
how these characteristic reactions apply qualitatively to all of
the examined cells. The Gaussian distributions seen in the
kymographs of all stretched FAs deserve some more attention.
Figure 8(a) displays paxillin influx profiles computed from
kymographs upon FA stretching shown in figure 6. The
Gaussian peaks seen consistently in these profiles display a
very variable width. A plot of the full width at half-maximum
(FWHM) of Gaussian fits to these influx profiles versus
the length of the corresponding FA shows a proportionality

(figure 8(b)) but not with the origin at 0. Consistently, this
suggests that the velocity of FA growth at its front increases
with force.

4. Discussion

4.1. Dynamics of focal adhesion molecules under external
shear

We successfully induced controlled FA assembly and
disassembly by shearing cells with microfabricated, flexible
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Figure 8. (a) Graph showing the difference in paxillin fluorescence intensity before and after stress application for several focal adhesions
(analogous to figure 7(c)). The intensity is normalized such that the maximal difference is one. The legend indicates to which kymograph in
figure 6 the respective profile corresponds. (b) Plot of the full width at half-maximum of the depicted intensity profiles versus the length of the

corresponding FA. The red line represents a linear fit to these data.

polymer pillars. Our results are in accordance with those
obtained in previous studies [12, 33] but go beyond them with
respect to their temporal and spatial resolution. Our studies
were performed on live cells and the FBS concentration in the
medium was carefully chosen to keep them in an intermediate
state where they were neither starved nor completely spread.
Hence, their metabolism was ensured to be active and
responsive to both external stretching and compression of
FA—unlike in previous experiments by Riveline er al [12]
where cells were serum-starved and, thus, not able to produce
mature FAs. Focal adhesions that were subject to increased
lateral stress displayed a distinct growth behavior. The front
end moved at a velocity of up to 0.3 m min~! proportional
to and in the direction of the applied stress. The rear of the
observed FAs was consistently rather stationary and showed
very little reaction to applied forces. Thus, externally stretched
FAs displayed a net growth along their major axis, a finding
consistent with previous studies [12]. On the other hand, we
found that relaxation of FAs causes only negligible shortening
but may stop ongoing growth (compare figures 5(f) and (g)).
Our observations are in line with a study of Chen et al where
arrays of magnetic micropillars were fabricated and applied
to cells for studying focal adhesion formation under external
load. Here, an array of pillars to which focal adhesions were
attached was mechanical stimulated resulting in simultaneous
application of forces to several focal adhesions via several
pillar posts [34].

A comparison of the intensity profile before and after
pulling yielded interesting insights into the exact position
of newly inserted plaque proteins (see figures 7(c) and 8)
and their dynamics. Stretched focal adhesions showed an
influx of plaque proteins only in their front region. The
profile of this additional fluorescence intensity displayed
Gaussian distributions with FWHMs between 0.5 and 1.5 um.
Interestingly, the FWHM increased with the length of FA (see
figure 8(b)). Since the length of FA correlates with the applied
force we assume that higher forces increase the velocity of
FA growth and such influx of plaque proteins in the FA’s

front. Conversely, the FA remodeling following a decrease
of internal pre-stress proved to be isotropic: a uniform loss
of plaque proteins along the whole length of the respective
FA was observed (compare figure 6(h)). All these processes
have been found to be reversible: we have induced growth in
stationary FAs and subsequently stopped it again by lowering
the intracellular tension (see, e.g., figures 6(k) and (1)) and vice
versa (figures 6(b) and (m)).

4.2. Impact on theoretical models

The presented data will allow for refining the competing
theories which describe underlying principles of mechanosen-
sitivity [17, 18]. The observed growth velocities, intensity
profiles along FAs and their evolution over time can be
compared to the predictions of the models that deal with
the dynamics of force-induced focal adhesion remodeling.
In particular, the spatially very confined influx of protein
molecules primarily into the front of stretched FAs allows for
differentiating between these two models. The experiments
show that the influx of proteins into the front of stretched FAs is
consistent with the theory presented by Besser and Safran, who
derive an influx proportional to the protein density gradient
which should be maximal at the FA edges [18, equation 25].
The theory by Shemesh et al predicts a smoothly varying influx
along a stretched focal adhesion [17, equation 12], which was
not observed in the experiments presented here. However, to
make definitive statements about the validity of either of the
theoretical models, detailed calculations of the influx profile
for a given stress are needed within the framework of the
respective models. These calculations need to include a more
realistic assumption for the stress profile along the FAs than
a linear one, for example the one suggested by Aroush and
Wagner [21]. The observed disassembly of plaque proteins
over the whole length of relaxed FAs is, so far, not in
accordance with either theory. This might change if a non-
constant stress profile will be assumed (see above).
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5. Summary

In summary we have observed that single PDMS micropillars
are a viable tool to laterally shear cells. We have applied forces
of up to 150 nN and detected them via an algorithm with an
accuracy of approximately 4 nN. One drawback of our set-up is
the uncertainty of force distribution inside a particular cell. We
only know how much force is applied in total and that this force
has to be transmitted through the FAs to the substratum, but
the amount of force at a particular FA can only be estimated,
e.g. by employing cytoskeleton simulations [35]. In the future
this will be overcome by seeding cells onto polyacrylamide
gels with embedded marker beads to enable the tracking of
forces below single focal adhesions. Future experiments could,
furthermore, include a force feedback system that monitors
applied forces in real time. This would, for example, allow
studying the effect of oscillating or constant, non-relaxing,
stress on FA growth. Also, it is possible to extend our set-up
with an FRAP system.
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