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Abstract Recent advances in the physical sciences and engineering
have made it possible to measure and manipulate the mechanical
and binding properties of cells in new ways. In this chapter, we
will introduce this field by discussing two different experimental
approaches at the interface of biology and engineering: 1) ways
to measure the different types of forces generated by the actin cy-
toskeleton and 2) how we can probe the interactions between cells
and their environment using nanostructured surfaces.

1 Introduction

A single cell could be considered the fundamental building block of life.
Yet within this single unit there exist innumerable mechanisms for the cell
to sense and interact with its environment. These processes involve many
different types of signaling mechanisms, from molecular cues to physical
forces (Alberts et al., 2008).

The primary system responsible for regulating cellular mechanics is the
cytoskeleton. Far from just acting as a static scaffold to maintain the struc-
tural integrity of the cell, the cytoskeleton is a remarkably adaptive and
highly dynamic structure that provides the forces necessary for the cell to
move, reproduce, and react to external stimuli (Janmey, 1998). For exam-
ple, it is the main determinant of the cell’s stiffness and orientation and
plays a key role in cellular processes such as migration and division. The
cytoskeleton is composed of three structure-giving proteins, namely actin,
keratin and tubulin. All three exist in monomeric and polymerized forms
and can be organized into higher order structures such as bundles and net-
works by specific binding and crosslinking proteins. In this way simple
components can become a complex, flexible system (Alberts et al., 2008).
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Over the years, experimentalists have developed a variety of tools to
probe the mechanical properties of cells on different scales. For example,
experimental setups have been developed to investigate a cell’s response to
membrane stretching (by pulling on the substrate) or to probe the cell’s
stiffness in different regions (through indentation with an atomic force mi-
croscopy tip) (Jungbauer et al., 2008; Huang et al., 2004). On a much
smaller scale, it is also possible to isolate the individual components of the
cytoskeleton, and study their fundamental mechanical properties in con-
trolled environments outside of the cell (Streichfuss et al., 2011).

Herein, we will illustrate through case studies some of the techniques
used to understand both cellular forces and cell-material interactions. We
will start with one of the fundamental building blocks of the cytoskeleton,
actin filaments, and build up to more complex, whole-cell interactions. We
hope that in this way we can provide a flavor of this rich field of research.

2 Forces in the Actin Cytoskeleton

As it is the key player in cell motility and integrity, the actin cytoskeleton has
been intensively studied on levels ranging from a single filament to groups
of filaments (e.g. bundles, networks and gels) to the entire cytoskeleton (the
whole cell). The first part of this chapter focuses on measurements of the
actin-based force generation driving cell motility and a biomimetic model
of the actin cortex, a quasi-two-dimensional network beneath the plasma
membrane of eukaryotic cells.

Actin exists both in monomeric and polymerized forms. Actin filaments
are 7-9 nm thick and are built up from the monomeric building block G-
actin, a globular protein consisting of two domains. When G-actin concen-
trations are over 0.1 μM or the salt concentration is high, the G-actin starts
to polymerize at the plus (aka barbed) end of the polar polymer, forming fil-
amentous actin. This polymerization is not only responsible for the presence
of filamentous actin in the cell, but is also the driving mechanism behind
membrane protrusions (i.e. lamellipodia and filopodia) and bacterial loco-
motion. Unlike molecular motors, which consume chemically stored energy
to generate forces, this so-called ”brownian ratchet” or ”polymerization mo-
tor” relies exclusively on Brownian motion (Peskin et al., 1993). Either the
filament itself or the obstacle (e.g. the cell membrane) fluctuates according
to its thermal motion, thereby generating a gap sufficiently large for an-
other G-actin to be added to the growing filament in front of the obstacle
(Figure 1). As the filament grows monomer by monomer, it exerts a force
against the obstacle.

The forces generated by this mechanism have been studied both exper-
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Figure 1. Schematic of the polymerization motor. The slow-growing (mi-
nus/pointed) end of the filament is anchored (black box), whereas at the
fast growing (plus/barbed) end of the filament, addition of G-actin is still
possible. An obstacle (black bar) limits the growth of the filament as soon
as the gap between the growing filament and the obstacle becomes smaller
than the size of a globular subunit. As the obstacle undergoes Brownian
motion, the spacing becomes large enough for another subunit to be added.
Therefore, the growing filament exerts a force (red arrows) along its axis
pushing the obstacle.

imentally and theoretically. In addition to membrane protrusions in eu-
karyotic cells, pathogenic bacteria such as Listeria are believed to use the
polymerization motor to move within a host cell. The pathogen presents
ActA, a protein promoting actin polymerization, on its surface, inducing
fast filament growth and movement. A minimal system of an ActA coated
microsphere in an actin-rich cytoplasmic extract is sufficient to propel a
0.5 μm microsphere against the frictional force in medium with a speed
of up to 0.2 μm/second (Cameron et al., 1999). A comet tail of several
actin filaments behind the microspheres or bacteria is visible with both flu-
orescence imaging and electron micrographs (Brieher et al., 2004; Cameron
et al., 1999). The question what force a single growing filament can con-
tribute to this amazing propulsion can be calculated with

f =
kBT

δ
ln

(
c

cc

)
(1)

where kB is the Boltzmann factor, T the temperature, δ the gap size
needed for an actin subunit to be added, c the concentration of G-actin and
cc the critical concentration (Peskin et al., 1993). It is also possible to mea-
sure the force of a single growing filament directly using optical tweezers
(Footer et al., 2007). Optical tweezers are a versatile tool for force measure-
ments in biology because they can sense forces from less than a piconewton
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up to hundreds of piconewtons with high spatial resolution. In addition,
they can be operated in biologically relevant medium to avoid damaging
the specimen.

In one set of experiments, a bundle of actin filaments was attached to
a microsphere trapped by optical tweezers and the force exerted by the
polymerization motor against a rigid barrier was directly measured (Footer
et al., 2007). The experimentally determined value of 0.76±0.22 pN cor-
responds very well with the calculated value of 0.8 pN for the maximum
force (eq. 1).

It is also important that the growing semi-flexible filament can bear the
force it exerts on the obstacle. In order to estimate the maximum force the
filament can take before it buckles, one can use the Euler-Bernouille beam
theory. The critical force at which a semi-flexible filament buckles is given
by the critical Euler buckling force

fcrit =
π2 · EI

(KL)
2 =

π2 · lpkBT
(KL)

2 (2)

where E is the elastic modulus, I the second moment of area, K a
geometrical factor and L the length of the polymer. K depends on the
condition of the ends of the polymer: In the case in Figure 1, one end is
pinned to the anchor and the other is free to move laterally correspond-
ing to K = 2. Replacing EI with the more common expression for semi-
flexible polymers lpkBT , where lp is the persistence length (≈ 15 μm for
filamentous actin), gives a critical load of 0.15 pN for a 1 μm long actin
filament. Therefore, it is clear that such a filament could not bear the load
of 0.8 pN. However, the critical load of a bundle of filaments scales with
Nα, where N is the number of filaments and α depends on the interconnec-
tion between the filaments. For weakly attached filaments, the force scales
linearly with N (α = 1), but for bundles bound by the actin binding pro-
tein (ABP) fascin, it scales quadratically (α = 2, Mogilner and Rubinstein
(2005)). This might be the reason for the fact that 10-30 parallel actin
filaments bundled by fascin were found in filopodial protrusions (Figure 2)
(Svitkina et al., 2003).

The next important issue to consider is how much force is needed to
deform the cell membrane. Based on a Helfrich model, one can calculate
the force of a cell membrane forming a cylindrical protrusion as

F =
κπ

R
+ 2πRσ (3)

where R is the radius of the protrusion, κ the membrane bending stiffness
and σ the surface tension (Pronk et al., 2008; Nambiar et al., 2010). Using
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R = 200 nm, κ = 270 pN nm and σ = 0.003 pN
nm , this equation gives a force

of about 8 pN (Nambiar et al., 2010). This corresponds very well to the
force of 10-30 filaments growing in a filopodium.

Figure 2. Schematic drawing of a filopodium. The cell membrane (black) is
pushed by a growing bundle of several actin filaments (red). The filopodial
actin filaments originate from a branched network of actin in the lamel-
lipodium, which is organized by the Arp2/3 complex. Fascin (blue) bundles
the filaments tightly, thereby greatly enhancing the mechanical stability of
the bundle.

Another mechanism possibly driving membrane protrusions and bacte-
rial locomotion has been proposed based on attractive interactions between
two semi-flexible actin filaments in a splayed configuration and in contact
with the obstacle being pushed (Figure 3) (Kühne et al., 2009; Streichfuss
et al., 2011).

At the barrier the two filaments are splayed, whereas at the anchor they
are bundled by an attractive interaction. This attractive interaction can
be induced by counterion condensation along the negatively charged actin
filament, ABPs, or the crowded cellular environment. In our group, we have
used holographic optical tweezers (HOTs) to study the forces generated by
the bundling of two individual actin filaments in such a geometry. Holo-
graphic optical tweezers use a diffractive optical element to alter the phase
of the incoming laser beam in such a way that multiple traps are generated
in the focal plane of the objective. These traps can be switched on and off,
moved with high precision, tuned in intensity, and used as very sensitive
force sensors. In combination with a microfluidic device, we can control the
physical and chemical environment very precisely in order to study the in-
fluence of ionic strength on the force generation. The experiment started by
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Figure 3. Schematic drawing of two actin filaments pushing an obstacle.
Two actin filaments are anchored (black box) on one end. The opposite ends
are splayed and in contact with the barrier to be pushed. The attractive
interactions between the two filaments cause a force bundling them together
(bundling force in the inset). Due to the semi-flexible nature of filamentous
actin the bending is thereby increased and the buckled filaments exert a
force along the bundling axes against the barrier (buckling force).

trapping three microspheres with HOTs, attaching two filaments to them in
the configuration shown above, and then inducing the bundling with diva-
lent ions (Figure 4). The forces driving bundle formation were measured by
repeatedly changing the potential of the optical traps and recording the cor-
responding displacement of the microspheres (Figure 4B). After calibration
of the optical traps, we could calculate the force exerted by the attractive
interaction between the two filaments.

We also used a complementary approach to determine the forces during
dynamic bundle formation. Having prepared the steady state condition de-
scribed above, we switched off the optical traps for microspheres 1 and 2
(Figure 4A). Due to the attractive interaction, the filaments bundled and
consequently pulled the microspheres against the viscous drag. Knowing
the velocity of the dragged microsphere, we used the Stokes equation to
calculate the generated force. These two complementary methods demon-
strated independently that the forces generated depend on the concentration
of divalent ions and can go up to 0.2 pN at 100 mM (Figure 5).

In addition to these fundamental measurements of the interactions be-
tween two filaments, we conducted experiments using multiple actin fila-
ments on a scaffold of seven microspheres that resembles the actin cortex,
a quasi two-dimensional network of actin beneath the plasma membrane



Advances in Experimental Cell Biology… 93

High trap stiffness
Low trap stiffness

A

20 40 60 800

-200

-100

0

100

Time [s]

D
is

pl
ac

em
en

t Y
 [n

m
]

 

 
B

1

2

3

Optical Forces

Figure 4. Schematic drawing of the experiment. First, we trap three mi-
crospheres with HOTs and attach two single actin filaments such that one
is connected to microsphere 1 and 3, the other to microsphere 2 and 3.
Subsequently, the bundling is induced by moving the filaments with the
microspheres to a buffer with divalent ions, which results in bundling of the
filaments along the bundling axes (blue) as far as the optical traps allow
for. In this steady state, the optical forces (red) balance the attractive in-
teraction. Next, the laser intensity and therefore the potential of the optical
traps is alternately lowered and raised from ≈ 10 pN/μm (yellow) to ≈ 1
pN/μm (red), with simultaneous monitoring of the displacements of the
microspheres. An example of the displacement of one microsphere is given
in B.

(Uhrig et al., 2009). These seven microspheres were held by HOTs in a
hexagonal array and subsequently filamentous actin was attached. Next, a
buffer with 100 mM Mg2+ was introduced into an exchange chamber, al-
lowing for the diffusion of the divalent ions into the experimental chamber.
As soon as the ions reached the network, the filaments started to bundle
and the networks contracted (Figure 6). Due to this contraction, the op-
tically trapped microspheres were displaced, and the exerted force could
be determined after trap calibration. These contractile forces increased as
more and more ions diffused into the network, reaching up to 3 pN. This
implies that more than 10 filaments were pulling on a microsphere, as pre-
vious experiments showed 0.2 pN per filament pair (Figure 6D). For the
central microsphere the forces do not balance entirely as the filaments are
not homogeneously distributed over the hexagon.

In summary, the measurements of force generation between two actin
filaments during bundle formation revealed forces of up to 0.2 pN with
100 mM divalent ions, which is less than the force exerted by a single grow-
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Figure 5. Forces generated by the bundling of two individual actin fila-
ments, as measured by optical tweezers. The forces were measured in the
steady state (red) and during dynamic bundle formation (black) using dif-
ferent concentrations of Mg2+ to induce counterion condensation along the
negatively charged actin filaments. The forces are given by the mean ± stan-
dard deviation.

ing filament. However, while scaling of the buckling force with increasing
number of filaments is expected and has been treated in theory, it has not
yet been investigated experimentally (Kühne et al., 2009). A related ex-
perimental approach with 2D networks of actin filaments on a scaffold of 7
optically trapped particles in a hexagonal arrangement supports this idea,
as the forces increased up to 3 pN for each of the trapped microspheres due
to the large number of attached actin filaments (Uhrig et al., 2009).

3 Cell-Substrate Interactions

The actin network and the rest of the cytoskeleton are linked to the ex-
tracellular environment through large assemblies of proteins known as focal
adhesions (Zamir and Geiger, 2001). Focal adhesions transmit information
about the substrate to the actin network through transmembrane proteins
called integrins. Integrins have both an extracellular component, which as-
sociates with proteins in the extracellular matrix surrounding the cell, and
an intracellular component, which associates with the actin cytoskeleton
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Figure 6. Experimental approach addressing the contractile forces in a
quasi 2D actin network. A) Actin network with loosely hanging actin fila-
ments on a hexagonal scaffold of microspheres optically trapped by HOTs.
B) After diffusion of Mg2+ to the network the filaments start to bundle and
contract the network. C) Schematic representation of the scaffold with the
three microspheres colored red, yellow, and green, whose forces are shown
in D. D) Forces exerted on microspheres 2, 4, and 6 by the contracting actin
network during the bundling process induced by diffusion of Mg2+ ions to
the network.

through focal adhesions. These linkages allow the cell to sense and respond
to its mechanical environment (Giancotti and Ruoslahti, 1999). The infor-
mation the cell receives about the substrate is transmitted throughout the
cell via signaling pathways that can activate specific proteins or modify gene
transcription. These signals (combined with others) influence whether the
cell will grow, migrate, divide, differentiate, or even begin programmed cell
death (Geiger et al., 2001).

The importance of this signaling is evident in the sensitivity of cells to
the properties of the surface on which they are growing. Most cells from
solid tissue must attach to a substrate before they are able to grow and
divide. While there is a lot of variation between cell types, it can generally
be said that cells attach more strongly to substrates with a similar stiffness
to the tissue they came from (e.g. brain tissue 0.1-1 kPa and muscle 8-
17 kPa) and in the presence of extracellular matrix proteins (Engler et al.,
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2006; Ruoslahti and Pierschbacher, 1987). This has been nicely illustrated
by plating cells on surfaces which have been micropatterned with specific
shapes of adhesive molecules; the cells only adhered in the pre-coated regions
and stress fibers (bundles of actin filaments) formed along the edges of the
pattern (Théry et al., 2006).

However, many questions still remain about the precise nature of the
cell-substrate interaction, particularly about the spatial arrangement of ad-
hesion sites. It is difficult to perform studies on this topic because cells
are constantly changing their environment by excreting extracellular ma-
trix proteins and because many of the processes happen below the resolution
limit of typical microscopy setups. In particular, researchers are interested
in understanding better the role that integrin clustering plays in cell sig-
naling. It has been shown that different signaling pathways are activated
when only one integrin or a cluster of integrins is activated (Miyamoto et al.,
1995), but the specifics of the receptor arrangement in these clusters is still
not completely understood.

Towards this end, our group developed nanopatterned substrates that
can present integrin-binding ligands with controlled densities and spac-
ings (Girard et al., 2007; Cavalcanti-Adam et al., 2008). These surfaces
are created through a technique known as block copolymer micelle lithogra-
phy (BCML) (Lohmüller et al., 2011; Arnold et al., 2004). In the first step,
gold salt-loaded micelles are created using block copolymers of polystyrene
(PS) and poly-2-vinylpyridine (P2VP). Block copolymers are polymers with
clearly defined segments comprising different monomer building blocks. In
the block copolymers used here, the different components have dramatically
different chemical properties: PS is nonpolar, while P2VP is polar. This
heterogeneity within the copolymer leads to the formation of inverse micelles
when the copolymer is dissolved in nonpolar toluene; the P2VP ends cluster
together, creating a sphere with a polar core and a nonpolar shell. When
a gold salt is added to this solution, the gold ions preferentially cluster in
the polar cores. In the next step, a clean glass surface is dipped into the
solution, generating a monolayer of micelles arranged in a hexagonal array
as the glass slide is slowly removed from the micellar solution. It is impor-
tant to precisely control the dipping speed in order to ensure well-ordered
arrays.

This surface is then treated with an oxygen plasma, which reduces the
gold salt to generate solid gold nanoparticles between 1 and 12 nm in di-
ameter, depending on the amount of gold salt loaded. The plasma treat-
ment also removes the excess solvent and the copolymer from both the gold
nanoparticles and the glass substrate. This technique is capable of produc-
ing gold nanoparticle arrays with well-defined inter-particle distances and
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a high degree of order, as shown in Figure 3. The inter-particle distance
can be tuned between 30 and 250 nm by tuning the copolymer composition,
concentrations, and the dipping speed (Spatz et al., 2000; Lohmüller et al.,
2011).

28nm 

73nm 

400 nm

Figure 7. Block copolymer micelle lithography. Clean surfaces are coated
with a monolayer of gold ion-loaded micelles by dipping the substrate under
precisely controlled conditions. After treatment with an oxygen plasma, the
surfaces are patterned with a precise array of gold nanoparticles.

We chose to create the nanoparticle arrays with gold due to the high
biocompatibility and well-known surface chemistry of this metal. Thiol
group-containing compounds (R-SH) bind readily to gold and have been
used to attach a wide variety of biologically active components to gold sur-
faces and nanoparticles. For integrin-related experiments, we conjugate the
nanoparticles with a cyclic-RGD peptide containing a thiol group at the end
of a short alkane spacer. The RGD amino acid sequence (Arginine-Glycine-
Aspartic acid) is commonly found in extracellular matrix proteins and is
known to bind to integrin receptors (Ruoslahti and Pierschbacher, 1987).
Cells typically adhere readily on surfaces displaying these amino acid se-
quences. By placing these peptides only on the surface of the nanoparticles,
we can study how the spacing of RGD ligands affects the cell’s response. As
the cross-section of an integrin is 10-12 nm, when small gold nanoparticles
are used (e.g. 5-8 nm), it can be assumed that only one integrin can bind to
each nanoparticle (Figure 8A) (Arnold et al., 2004). Therefore, the spacing
of the gold nanoparticles on the surface controls the closest distance two
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integrins can obtain, consequently controlling their clustering density. In
order to ensure that the ECM proteins secreted by the cell do not adsorb
onto the glass between the nanoparticles and lead to non-specific inter-
actions, these regions are passivated with covalently-bound poly(ethylene
glycol) (PEG), which repels proteins and provides a neutral background
(Bluemmel et al., 2007). With this setup, the cells can only interact with
the surface through the nanopatterned RGD peptides. The specific interac-
tion between the cell and the RGD peptides on the gold nanoparticles was
observed in SEM images of cells fixed after they had adhered to nanopat-
terned surfaces (Figure 8B). Protrusions extend from the edge of the cell
to the nanoparticles (visible due to dehydration during the fixing process),
but not to the surface in between.

100 nm 

metal 
nanoparticles 

Nanometer 
Scale 

ligand for cell 
surface 
receptor                                             

d

Vary d  
Signaling 
Molecule 

Integrin Receptor

A B

Figure 8. A) Integrins are 10-12 nm in size and therefore only one integrin
can bind to one gold nanoparticle, which has a size of 5-8 nm. The inter-
particle distance on the surface also controls the closest spacing two integrins
can have when cells adhere. B) The interaction of the cell with the gold
nanoparticles and not the PEG-passivated background can be seen under
the SEM.

The importance of integrin clustering for cell adhesion was studied by
plating rat embryonic fibroblast (REF) cells on RGD-functionalized nanopat-
terned surfaces with different gold nanoparticle spacings. When the distance
between the gold nanoparticles was less than 60 nm, a large number of cells
could adhere to the surface. However, when the spacing was larger than 70
nm, the number of cells that could adhere was greatly reduced (Figure 9A).
Differences could also be seen on the single cell level; cells on surfaces with
gold nanoparticle spacings under 60 nm had a larger spreading area and
were more circular in shape. Furthermore, when the cells were stained for
the integrin β3 (blue), the focal adhesion protein vinculin (red) and the actin
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cytoskeleton (green), cells on surfaces with spacings under 60 nm showed
colocalization of vinculin and integrin β3, indicating the formation of ma-
ture focal adhesions. The formation of the focal adhesions resulted in the
establishment of distinct stress fibers in the actin cytoskeleton, which were
also only observed on the surfaces with particle spacings below 60 nm (Fig-
ure 9C-D) (Cavalcanti-Adam et al., 2006). The cells on the surfaces with a
larger spacing had contact with only a few spots on the surface, were more
triangular in shape, had a smaller spreading area and didn’t form mature
focal adhesions (i.e. vinculin and integrin β3 stains were diffuse and did not
colocalize) (Figure 9C-D). From this data we concluded that integrins need
to cluster closer together than 60 nm for mature focal adhesions to form
(Figure 9B) (Arnold et al., 2004).

A C

B D

Figure 9. Adhesion of cells on gold nanopatterns with different particle
spacings. A) Cells adhere well on surfaces with inter-particle distances lower
than 60 nm but not on surfaces with larger particle spacings. B) Mature
focal adhesions can form and connect to the actin skeleton on surfaces where
the integrins can cluster closer than 58 nm. Focal adhesions cannot form
when the spacing of integrins is larger than 73 nm. Overlayed images of cells
on surfaces with 58 nm (B) and 109 nm (C) inter-particle spacing stained
for integrin β3 (blue), vinculin (red), actin (green).

Cells can sense not only the overall spacing but also gradients of the
adhesion ligand RGD (Hirschfeld-Warneken et al., 2008). The spacing of
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gold nanoparticles can be varied on a glass surface by changing the speed the
glass is removed from the gold micellar solution. By pulling with a constant
acceleration, gradients of gold nanoparticles with a controlled steepness can
be formed. Cells were plated on such surfaces with 15 nm/mm gradients (i.e.
the inter-particle distance changes 15 nm per mm on the slide), resulting in
a spacing that increased from 60 nm up to 100 nm. On these surfaces, cells
were able to sense the gradient and moved towards the closer-spaced part
of the surface, thereby adopting a polarized shape. Based on the size of a
cell and the steepness of the gradient, this means that the cell can sense a
difference of less than 1 nm in the ligand spacing between the opposing ends
of the cell. Interestingly, the cell adhesion behavior on ordered vs. randomly
patterned gold nanoparticle surfaces was strikingly different (Huang et al.,
2009). To study this phenomenon in detail, four surfaces were prepared
with gold nanoparticles with high density ordered, high density random,
low density ordered and low density random patterns (Figure 10A). Cells
showed similar adhesion to surfaces with a high ligand density whether
the particles were ordered or random. However, at low particle densities,
cells couldn’t adhere to the ordered substrates, while the cells were able to
adhere if the nanoparticle arrangement was random (Figure 10B). Thus,
even if gold nanoparticle, and therefore adhesion molecule densities, are low
on a global level, the cell can adhere if localized clusters can be formed.

As becomes clear from the comparison between ordered and random pat-
terned surfaces, not the global but the local clustering of integrins is critical
for the formation of an adhesion cluster. Therefore, the question becomes
how many integrins are required in a cluster for one stable focal adhesion
to form (Arnold et al., 2009). To answer this question, we have to con-
trol the spacing of the gold nanoparticles not only on the nanometer length
scale but also on the micrometer length scale. To produce such surfaces,
a combination of the above described BCML technique and photo/e-beam
lithography was used (Figure 11A). In short, the gold nanostructured glass
surfaces prepared by BCML were coated with a photo-sensitive resist which
can be etched away by a light/e-beam into μm-sized patterns. Nanoparti-
cles that are no longer protected by the resist can selectively be removed.
Finally, the rest of the resist is also removed, yielding nanopatterned mi-
crostructures on glass.

Nanopatterns with 58 nm gold nanoparticle spacings were divided into
150 x 150 μm patches with square micropatterns (3000 nm, 1000 nm,
500 nm, 250 nm and 100 nm in side length) that were separated by their
respective side length (Figure 11B). Therefore, the number of gold nanopar-
ticles in each square was controlled by the size of the square micropattern,
and the number of gold particles per square was 3000, 300, 80, 30 or 6.
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Figure 10. Cell adhesion on ordered vs. random gold nanoparticle patterns.
A) SEM images of the prepared surfaces. B) Characterization of the ordered
and randomly patterned surfaces.

Despite the dramatically reduced global nanoparticle density, the cells were
able to adhere to these micro-nanopatterns. However, differences were ob-
served. In the case of the larger patches with 3000 and 300 gold nanopar-
ticles per patch, formation of classical focal adhesions on the patches was
observed. (Figure 11C) On the other hand, while the cells were still able
to adhere to the smaller patches, with 80, 30 or 6 nanoparticles per patch,
elongated adhesions bridging several patches were observed (Figure 11D).
When the number of gold nanoparticles in a square was lower than 6 per
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A B

C D

Figure 11. Cell adhesion on micro-nanopatterned gold nanoparticle sur-
faces. A) Preparation of micropatterns. B) Micropattern on the surfaces.
C) Cells on nanostructured 3000 x 3000 nm micropatterns. D) Cells on
nanostructured 250 x 250 nm micropatterns.

patch, the cells could not form stable focal adhesions, which shows that 6
is the minimum number of integrins that have to cluster in order to form a
stable focal adhesion. Together these experiments help shed a light on the
complex interactions between cells and their substrates. Through the use
of carefully designed nano- and micro-structured materials, we were able to
show that two integrins have to be closer than 60 nm for the cell to ad-
here to the substrate, that cells are able to sense small differences in ligand
concentration and move toward greater ligand densities, and that at least 6
integrins must cluster together to form a stable focal adhesion.

4 Conclusion

Experiments such as those presented here have given biologists a clearer
picture of the forces found in native biological systems and given them more
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powerful tools to influence cell behavior. This type of knowledge could be
helpful in designing better materials for a variety of biomedical applications
and could make it possible to encode signals into surfaces in order to direct
cell behavior.
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