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Integrin-mediated adhesion plays a key role in mechanotransduction to the cytoskeleton by regulating signaling pathways
that convey physical forces into chemical signals.[1,2] Several
studies have focused on studying how the activation of specific
integrin types and integrin receptor clustering may contribute
to adhesion strength.[3–7] In particular, it has been reported
that upon binding to fibronectin, αvβ3- and α5β1-integrins have
a distinct role in establishing adhesion. While α5β1-integrin
mediates adhesion strength, αvβ3-integrin is required for reinforcement and mechanotransduction.[8] Integrin clustering
leads to the formation of focal adhesions, which are discrete
structures where adherent cells establish contact to the extracellular matrix. Integrins bind to several signaling and structural proteins, thereby connecting the extracellular side of
the membrane to the actin cytoskeleton.[9] Several proteins at
focal adhesion sites mediate cellular responses to force; among
these, zyxin is considered a key protein for mechanotransduction, since its localization at focal adhesions and along actin
filaments is related to high contractility.[10,11]
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Hydrogel Micropillars with Integrin Selective
Peptidomimetic Functionalized Nanopatterned Tops: A
New Tool for the Measurement of Cell Traction Forces
Transmitted through αvβ3- or α5β1-Integrins

Two types of approaches have commonly been used in the
last years to study forces in cellular systems: traction force
microscopy and elastic micropillar systems.[12–18] Traction
force microscopy analyzes the forces cells exert on plane substrates by tracking particles embedded in the elastic surface. It
still remains a matter of debate how the actual forces are determined in detail, because the elastic matrix containing the particles couples to the lateral displacement of the matrix surface
in a rather complex manner.[19] Micropillar systems provide a
more direct measurement of forces. Each pillar has a known
spring constant and can be examined independently; furthermore, the forces acting on a pillar can be correlated directly
with the deformation of the pillar. Micropillars are typically
made of polydimethylsiloxane (PDMS), which allows only a
limited variation in the Young’s modulus. The spring constant
of the PDMS pillars ranges from 1,31 - 1556 nN/μm and is
mainly adjusted by changing the pillar geometry, i.e. length and
diameter.[20]
By choosing poly(ethylene glycol) diacrylate (PEG) over
PDMS for micropillar fabrication we were also able to change
the Young’s modulus over a wide range (1 kPa to several MPa),
while simultaneously benefiting from its protein repellent
and cell adhesion suppressing properties.[21,22] The obtained
PEG pillar presented a spring constant comparable to that of
PDMS micropillars, but allowed to vary the spring constant
by changing only the Young’s modulus at a fixed pillar geometry. Inspired by reports on PEG micropatterning techniques,
we established a fabrication method to obtain PEG micropillars applying microscope projection photolithography.[23,24] We
were able to obtain aspect ratios of up to 10, center-to-center distances as low as 5 μm and diameters of 2 μm. Although more
sophisticated methods to achieve PEG polymerization with submicrometer precision and to create 3-dimensional PEG structures exist, however, these methods require special devices for
direct laser lithography.[25] In contrast, we used a fluorescence
microscope with its HBO lamp as the illumination method of
choice to achieve the formation of PEG structures. Overall, the
aim was to keep the pillar size such that mature focal adhesions
would fit on the pillar top, while reducing the Young’s modulus.
The functionalization of pillar and traction force substrates is
commonly realized by methods such as micro-contact-printing
and incubation, which are based on the self-assembly of proteins or biologically active compounds of interest directly onto
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for a whole variety of proteins and biologically active compounds which can be covalently bound via thiol linker molecules. Furthermore, it is possible to transfer the nanoparticles to biologically inactive PEG surfaces.[27] Here, we produced nanostructured
micropillars by combining PEG micropillar
fabrication with BCML gold nanostructures.
To fabricate gold nanoparticle structured PEG micropillars (GPPP), a layering
approach (Figure 1 (a)) was developed. In
this regard, we stacked the following components in a sandwich-like structure: (i) an
allyl-triethoxysilan-silanized glass slide as
base, (ii) a 3–15 μl large drop of pre-polymer
PEG solution (the volume depending on the
desired length of the pillars to be constructed
on the glass slide), and (iii) a coverslip with a
gold nanoparticle pattern obtained by BCML
and functionalized with a diacrylate linker
on top. This arrangement was then placed
on the specimen platform of the microscope.
The samples were illuminated by UV light
(360 nm) through the fluorescence pathway
of an inverted microscope. As an illumination mask, a 100 μm pinhole was placed at
the field-stop position within the fluorescent light path. Due to the limitations in
platform positioning and shutter speed an
illuminated spot accuracy of Δt = 0.1 s and
Δx = 1 μm could be achived. Polymerization
is initiated by illuminating the PEG prepolymer solution with UV light, causing the
PEG to covalently bind to both the silanized
lower coverslip and to the gold nanoparticles
located above via the attached linker. After
rinsing with water and removal of the upper
coverslip, the GPPP fields remained on the
silanized coverslip.
A wide range of geometrically and physiFigure 1. (a) The method for gold nanoparticle PEG pillar (GPPP) fabrication is illustrated. cally different pillars could be produced by
Left: illumination and polymerization of the fluid PEG using a UV ray; right: after rinsing with varying: (i) the pillar length by adjusting
water and removal of the upper coverslip, the GPPP field stays on the lower silanized coverslip. the amount of PEG between the coverslips,
SEM micrographs of (b) the top of a gold particle nano-patterened PEG pillar, (c) an enlarged
(ii) the focal length and magnification of the
image of the pillar top displaying the gold particle nanostructure, (d) a fixed REF-YFP-PAX cell objective lens leading to pillars with diamon GPPPs and (e) close-up of a single pillar with an attached cell protrusion. Pillar bending
eters as small as 2 μm, (iii) the illumination
in (d) is enhanced due to the fixation and drying process compared to live-cell experiments.
time, (iv) the pattern defined by the input
coordinates (e.g. rectangular, hexagonal,
pairs), and (v) the molecular weight of the PEG pre-polymer
the substrate. A shortcoming of these methods is their inability
solution. As a result, pillar spring constants can be adjusted to
to precisely control spacing and density of the presented funcfit the experimental needs.
tional molecules. To overcome these limitations we used surThe spring constant of the PEG micropillars was determined
face nanopatterning, which permits the immobilization of
using an AFM cantilever as a reference. First, the cantilevers
molecules in a controlled manner. Sputtering and etching techspring constant was determined using the integrated tool of a
niques, as well as block copolymer micellar nanolithography
JPK BioAFM (atomic force microscope, JPK Instruments AG).
(BCML), are methods commonly used for surface nanopatTo calibrate the micropillars, the AFM cantilever was vertically
terning.[26,27] Using BCML for the deposition of gold nanopartifixed in a custom-made micromanipulator such that its tip was
cles on hard surfaces, e.g. glass, has the advantage of being able
situated approximately 1 μm below the top of the PEG pillar.
to control both size (2–15 nm) and spacing (30–300 nm) of the
Both the cantilever and pillar were made to bend by moving
gold nanoparticles. The gold particles can serve as an anchor
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the microscope platform, and with it the pillar, towards the
cantilever at a predefined constant velocity. This was monitored with a camera at a fixed frame rate. The acquired images
were used to determine the position of the cantilever using the
ICARUS video tracking software.[28] The PEG pillar spring constant was determined from the values of the cantilever spring
constant, the stage speed and camera frame rate. In all cases
the calibration curves show a linear relation for small deflections (< 5°), presenting a constant spring constant (Figure S1).
The smallest obtained spring constant was 0,35 ±
0,15 nN/μm. PEG pillars with even lower spring constants
were produced, but could not be calibrated reliably by our cantilever method. In fact, a 10 nN/μm cantilever spring constant
- the lowest we were able to monitor - caused only a minute,
and therefore an imprecise tracking of the cantilever deflection. Stiffer pillars were fabricated by decreasing the pillar
length or by using PEG with a lower molecular weight. For
cell experiments the pillars were standardized to the following
parameters: (i) 15 ± 2 nN/μm spring constant, (ii) 3.5 ± 0.5 μm
diameter, (iii) 13 ± 1 μm length, and (iv) 8 ± 1 μm center-tocenter spacing. With these settings the pillars were sufficiently
elastic to be displaced up to 1,8 μm by the cells, but not too
elastic to permit cell attachment. 55 ± 5 nm, an established
ligand spacing for stable cell adhesion, was used as the spacing
between gold nanoparticles (attached ligands).[29,30] The particle
diameter was approx. 8 ± 2 nm.
The scanning electron microscope (SEM) images in Figure 1
(b) and (c) show the top of a PEG-pillar covered with gold nanoparticles. The nanoparticles are visible as bright dots with an
approximate diameter of 8 nm.
We applied the nanostructured PEG micropillars as force
sensors to assess the contribution of αvβ3- or α5β1-integrins
to cell traction forces.[6,8] To this end, αvβ3- or α5β1-selective
integrin antagonists were coupled to the gold nanoparticles on
the pillar tops via thiol linkers (Figure S3).[31,32] Rat embryonic
fibroblasts, which express both integrin types, were seeded on
the PEG micropillars functionalized with either αvβ3- or α5β1integrin antagonists. SEM images show the adhesion of fibroblasts to the top surface of the functionalized PEG micropillars
(Figure 1(d)).
To determine the impact of the recruitment of specific integrin-types at focal adhesion sites on cell forces, we monitored
the displacement of the pillars upon cell adhesion. One hour
after seeding, cells adhesion forces were monitored every 10 min
by bright field and fluorescence microscopy over a period of 8
h. The acquired time-lapse images were analyzed to determine
the maximum forces acting on each pillar within the observed
time frame. Each pillar position was tracked and the maximum
deflection during the time frame was determined. Figure 2(a)
shows the forces generated by fibroblasts adhering to the two
selective integrin-antagonists as the normalized frequency of
the maximum forces observed on each pillar. Normalization was
obtained by dividing each histogram bar by the total number
of pillars used for this diagram. The histogram indicates that
at approximately 7 nN the maximum force counts are comparable between cells on the αvβ3-integrin antagonist and cells on
the α5β1-integrin antagonist. For forces greater than 7 nN more
counts are detected on the α5β1-integrin antagonist. Figure 2(b)
shows the difference between the data sets in percent, further

Figure 2. (a) Normalized frequency of the maximum cell traction forces
observed on each pillar. The normalization was obtained by dividing each
histogram bar by the total number of pillars analyzed for this diagram.
(b) Plot of differences between α5 β1-integrin and αvβ3-integrin data sets
shown in (a) in percent. (c) Normalized histogram of the zyxin by actin
fluorescence intensity ratio on antagonist-bearing pillars that interact
with the cell periphery (Figure 3). The ratio of the fluorescence intensity
values directly reflects the ratio of zyxin protein to actin protein. In cells
attached to the α5 β1-selective integrin antagonist the zyxin to actin fluorescence intensity ratio is higher than in cells attached to αvβ3-integrin
antagonists. A two-tailed student’s t-test reveals a significant difference
between the two normal distributions with a p-value < 0.001.

highlighting the differences observed in Figure 2(a). The comparison in Figure 2(b) illustrates that for forces smaller than
7 nN only a few more maximum force counts are observed on
the αvβ3-integrin antagonist than on the α5β1-integrin antagonist. In contrast, at forces above 7 nN the number of maximum
force counts on the α5β1-integrin antagonist is up to four times
greater than on the αvβ3-integrin antagonist. In general, the data
shows a trend towards higher maximum force counts at higher
force levels for cells on the α5β1-integrin specific antagonist,
suggesting that these cells must exert a greater pulling force on
the pillars when adhering to them.
In separate experiments cells were fixed 5 h after seeding on
the PEG micropillars and stained for actin, zyxin and paxillin.
Focal adhesions (identified as paxillin clusters), were localized
solely on the pillar tops (Figure 3). The fluorescence intensity
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spacing, 4) covalent binding of a great variety
of proteins and other biologically active compounds to the nanopatterned pillar tops is
possible. Our fabrication method provides
significant progress towards the production
of highly versatile micropillars as we were
able to produce a wide range of spring constants ranging from 0,35 - 100 nN/μm with
pillar diameters as low as 2 μm and aspect
ratios of up to 10. In this work, we used a
spring constant of 15 ± 2 nN/μm a diameter
of 3.5 ± 0.5 μm, a length of 13 ± 1 μm and
a center-to-center distance of 8 ± 1 μm. We
achieved biofunctionalization with two different peptidomimetics with high specificity
for either α5β1- or αvβ3-integrin. With this
particular setup we were able to trace pillar
bending and acquire reliable force data with
a resolution as low as 0.7 nN.
We recently proved that the αvβ3- and
α5β1-integrin antagonists attached to gold
nanostructured glass surfaces via a thiol
group selectively bind their corresponding
integrin.[31] In this study we functionalized
GPPPs with either one of the two antagonists
and monitored traction forces over time. To
the best of our knowledge, this is the first
study showing force measurements that can
be attributed to specific integrin types at focal
adhesion sites. Roca-Cusachs et al. measured
the interaction of αvβ3- or α5β1-integrins
with either vitronectin or fibronectin-coated
beads by magnetic tweezers, and reported
that high forces are mainly mediated by
α5β1-integrins.[8]] They also describe that
αvβ3-integrins initiate the reinforcement
Figure 3. (a) Fluorescence image of fixed REF-YFP-PAX cells on GPPP decorated with ligands of integrin-cytoskeleton linkages through
selective for αvβ3-integrins (a-c) or α5 β1-integrins (d-f). (a) and (d) show the actin network
talin-dependent bonds. Our findings demon(orange) and zyxin (blue). (b), (c), (e), (f) show a magnified view of the cell areas framed
strate that cells adhering via α5β1-integrins
by the red boxes. (b) and (e) show paxillin fluorescence (green, YFP); (c) and (f) show zyxin
exert higher maximum forces on the pilfluorescence (blue, CY5).
lars than cells adhering via αvβ3-integrins.
However, the fluorescence intensity ratio of
zyxin to actin on the pillars attached to focal adhesions in the
of zyxin and actin was monitored and quantified on several
cell periphery shows higher zyxin levels on the α5β1-integrin
(n > 120) pillars connected to focal adhesions located at the
antagonist than on the αvβ3-integrin antagonist. This suggests
cell periphery. To investigate differences in the focal adhesions
that the mechanisms triggering adhesion and traction forces in
formed by cells prior to cell fixation, we calculated the fluoresclose proximity to the cell edge may be different. Hence, intecence intensity ratio of zyxin to actin (Figure 2(c)). On the α5β1grin selective peptidomimetics anchored to nanostructured
integrin antagonist the ratio is much higher, indicating that
PEG micropillars provide a tool to further explore the molecmore zyxin in relation to actin is present in the periphery of
ular mechanisms underlying the recruitment of different integthese cells compared to cells on the αvβ3-integrin antagonist.
rins to adhesion sites.
The significance was tested by a two-tailed student's t-test with
In several studies it has been shown that forces localize
a resulting p-value < 0.001 for the two normal distributions.
at focal adhesions and that the focal adhesion size correlates
Our GPPPs proved to be a powerful tool for force measurewith the amount of force that is applied. The amount of strain
ments and cell adhesion manipulation. The advantages of this
exerted on focal adhesions depends on substrate rigidity.
tool are as follows: 1) GPPP fabrication is simple and cost effecTrichet et al. propose that the cytoskeleton dictates mechanotive, 2) the GPPP spring constant and geometry can be easily
sensing for cellular adaptation to substrate rigidity as part of
varied and adjusted to experimentally required values, 3) the
a large-scale mechanism.[18] In agreement with this report,
use of gold nanoparticle anchors for ligand binding allows conour findings on the range of overall maximum forces indicate
trol over the actual number of ligands per pillar top and ligand
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Experimental Section
Further information on the experimental materials and methods are
available in the supporting information.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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a similar maximum force exerted by cells that were seeded on
pillars with a stiffness of approximately 15 nN/μm. Although a
direct comparison of the measured values shows that the maximum deflection observed by Trichet et al. was 0.84 ± 0.03 μm,
whereas we measured a maximum deflection of up to approx.
1.8 μm on both antagonists, this was only observed in very few
instances. The mean deflection for the α5β1-integrin antagonists and αvβ3-integrin antagonists obtained with our measurements is 0.43 ± 0.15 μm and 0.31 ± 0.14 μm, respectively. These
values are comparable to those reported by Trichet et al.
These results, along with the findings on zyxin to actin
ratios, indeed suggest that cytoskeletal organization may be
pivotal in regulating the cellular mechanosensing response.
Moreover, as the downstream pathways of α5β1- and αvβ3integrin signaling are quite distinct in terms of the recruited
cytoplasmic proteins and cytoskeleton signaling, the amount of
force at focal adhesions sites might be regulated by a feedback
mechanism.[6] As a result, weaker cytoskeletal forces caused by
physical or chemical properties of the substrate would lead to a
decrease in force. This, in turn, would lead to a change in the
localization of mechanosensor proteins. Our observation of a
higher zyxin to actin ratio in cells attached to the α5β1-integrin
antagonist is in good agreement with this model. Zyxin localization correlates with the distribution of acting forces as previously reported.[33,34]
In conclusion, we developed highly versatile micropillars for
measuring cell adhesion and traction forces. The pillars consist
of poly(ethylene glycol) hydrogel and are nanopatterned with
gold nanoparticles on the top surface. While the gold nanoparticles can be functionalized with different molecules, the
hydrogel base of the pillars provides a protein-resistant interface, restricting unwanted interaction with biological material.
Using this base material the bending stiffness of the pillars can
be varied widely, ranging from less than 0.5 nN/μm to more
than 100 nN/μm. At the same time, the size of the pillar top
area is adjustable to fit mature focal adhesions. In our studies,
the gold nanoparticles were functionalized with αvβ3- or α5β1integrin specific antagonists. This enabled the separate measurement of individual cellular traction forces, thus making possible to determine the contribution of different integrin-types
to the total traction force. We demonstrate that cells binding to
α5β1-integrin antagonists have a tendency to exert higher maximum forces on the pillars than cells binding to αvβ3-integrin
antagonists. These results are confirmed by staining experiments, which show a higher zyxin to actin ratio on the α5β1integrin antagonists at adhesion sites situated along the cell's
outer edge. Future studies on the effects of different pillar properties and integrin ligand spacing will further elucidate the role
of specific spatial cues in regulating cell mechanotransduction.
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