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Summary

Tissue formation and organ development in animals is a complex, lifelong process. The
building blocks of tissue are living cells surrounded by secretion products, mostly proteins
and polysaccharides. Aggregates of these proteins have different structural geometries and
functionalities depending on localization and task in vivo. They form the extracellular matrix
(ECM). The detailed quantitative evaluation of tissue construction and tissue-cell interaction
is essential for a detailed understanding of organ development and its associated malfunctions
which lead to different diseases. However, quantitative studies of cellular events in vivo are re-
stricted since high resolution techniques characterizing cell functions are not suitable for living
organism (eg. fluorescence microscopy, local force probing or different blotting techniques).

In vitro models of the ECM represent an approximation of in vivo conditions. They offer
unique possibilities to investigate cell-ECM interaction with the highest precision, applying
quantitative optical, force and chemical techniques. In respect to tissue culture techniques,
introduction of artefacts in mammalian cells cultured on flat, rigid and non-natural two dimen-
sional surfaces is apparent. Such surfaces do not possess three dimensionality and variation
of compliance on the micrometer scale as observed in the ECM. To circumvent this drawback
new materials and techniques are needed, where surface compliance, structural geometry and
chemical composition of ECM models can be adjusted independently. In addition, local force
and compliance measurements should produce new insights in cell-ECM interaction and tissue
development.

The first two parts of this thesis describe a novel micro-engineered mechanical device which
serves as a platform for constructing ECM models and as force sensor array. We developed a
transparent elastic surface with arrays of micrometer scaled posts. The development process
is based on standard photolithographic techniques. Typical structural dimensions of posts
are a diameter of 2.5 µm a height of 15 µm. Physical properties of post arrays such as local
and macroscopic substrate elasticity were investigated quantitatively. These posts were shown
to be able to serve as a quantitative device measuring local forces down to the nanonewton
range implied by the calibration analysis. The micro-array offers a template for constructing
the ECM in vitro with different chemical and mechanical constitutions of the ECM as well as
different geometries. The tops of posts were selectively functionalized with either a peptide
sequences (arginine-glycine-aspartate, cRGD) or an amorphous matrix protein resulting in
well defined surfaces suitable for quantitative force measurements of living cells. By exploring
the impact of surface tension of air-water interfaces from protein solution in close contact with
a micro-array, the force dependence of fibronectin fibre formation was shown.



Part III describes the application of force sensor arrays for measuring an adherent cell’s
spatial distribution of local forces along its membrane. Therefore rat embryonic fibroblasts
with GFP fusion proteins to paxilin and β3 integrin were used to localize the focal adhe-
sions with fluorescence microscopy under physiological conditions. Correlation of patch size
to generated force revealed local stress values from 0.1 ± 1.5 up to 115 ± 15.1 nN/µm2 as a
function of cell-state. Using surfaces with different pliabilities by variation of post height and
chemical functionality, it was possible to investigate different morphological states of adhe-
sion sites in human foreskin fibroblasts (HFF). The molecular composition of focal contacts
strongly depends not only on local substrate stiffness but also on the global compliance of
the surface. In the case of fibronectin coated microarrays development of focal contacts was
strongly dependent on stiffness of the underlying support. However post arrays with different
compliance and coated with cRGD demonstrated that local mechanosensing capabilities of fo-
cal contacts is also assisted by different mechanisms which sense global mechanical properties
of cell’s environment.

The mechanical interplay in a multicellular system was investigated in the last part of this
work. During organ development cells aggregate and form multicellular compartments in a
very precise manner. In order to maintain regular organ function it is important that cell can
communicate during organogenesis. The communication pathways based on biochemical sig-
nalling have been extensively investigated over the past twenty years. But less is known about
mechanical signalling between cells in multicellular aggregates. Madin-Darby Canine Kidney
(MDCK) cells form functional cellular aggregates, termed cysts under special conditions in
vitro. The conditions were adapted to induce cyst growth on force sensor arrays allowing pre-
cise force mapping during cyst development. In collaboration with Ruth Kroschewski, ETH
Zuerich, these data were analysed to verify a computational model calculating of surface-forces
generated by MDCK cysts inside a 3 dimensional cell culture system. Switching to a mechani-
cal anisotropic environment meant that MDCK cysts no longer grew as round spheres. Instead
cell aggregates generated tubular shapes. So far, tubulogenesis in vitro was only inducible by
adding growth factors to the culture medium.



Zusammenfassung

Der Aufbau von Gewebe in Säugetieren ist ein komplexer Prozess, der nicht nur während
der embryonalen Phase stattfindet, sondern das ganze Leben hindurch anhält. Das Gewebe
besteht grundsätzlich aus vielen komplexen Bausteinen, wie beispielsweise aus lebenden Zellen,
welche in eine Faserproteinenmatrix eingebettet sind. Die Architektur der Fasermatrix weist
dabei unterschiedliche Gestalt und Funktion auf. Die Architektur hängt wiederum von der
Aufgabe und der Lokalisierung im Organismus ab. Für die quantitative Untersuchung von zel-
lulären Funktionen in vivo sind die heutzutage vorhandenen Untersuchungsmethoden, wie z.B.
die Fluoreszenz- bzw. die Kraftmikroskopie oder verschiedene Blotting Techniken, völlig un-
zureichend. Dieser Umstand macht die Entwicklung von in vitro Modellen der extrazellulären
Matrix (EZM) notwendig. Diese können jedoch nur eine Annährung an die Bedingungen in
vivo darstellen. In Bezug auf die allgemeine Zellkultur Techniken, bei denen Säugetierzellen auf
flachen, festen zwei dimensionalen Oberflächen kultiviert werden, sind Artefakte bezüglich des
Verhaltens von Zellen im Verglich mit dem Verhalten in vivo klar erkennbar. Diese Oberflächen
ermöglichen keine dreidimensionale zelluläre Umgebung und zeigen auf der Mikrometerskala
keine Veränderung der Oberflächenfestigkeit, wie sie in vivo für die EZM charakteristisch
sind. Die Einschränkung dieses scheinbaren Nachteils macht die Entwicklung neuer Techniken
notwendig, bei der Festigkeit, Strukturumgebung und chemische Eigenschaften individuell und
unabhängig voneinander angepasst werden können.

Die ersten beiden Teile dieser Arbeit befassen sich mit der Beschreibung einer neuartigen
mikromechanischen Systemtechnik. Diese besteht aus einer transparenten Oberfläche, dekori-
ert mit einem Säulenmuster im Mikrometermaßstab. Diese wurden mittels photolithographis-
cher Techniken hergestellt. Typische Strukturgrößen der Säulen betrugen 2,5 µm im Durch
messer und 15 µm in der Höhe. Die physikalischen Eigenschaften der Säulenmuster, wie
Oberflächen steifigkeit und Benetzbarkeit mit einer Flüssigkeit, wurden quantitativ unter-
sucht. Diese Säulen dienen als quantitative Messsonden um lokale Kräfte im Nanonewton-
bereich zu messen. Dies schließt eine Kalibrierung und die Analyse von videomikroskopischen
Aufnahmen mit ein. Zudem dient das vorgestellte mikroskopische Säulenfeld als Matrize zum
Nachbau der EZM in vitro mit unterschiedlicher chemischer Zusammensetzung, Architek-
tur und Strukturgröße. Hierzu wurden zum einen die Köpfe der Säulen selektiv mit einer
Peptidsequenz (Arginine-Glycine-Aspartate, cRGD) oder zum anderen mit einem amorphen
Matrixprotein beschichtet, um so definierte Oberflächen für die quantitative Kraftmessung
an lebenden Zellen zu erhalten. Es wurde der Einfluss der Oberflächenspannung an der Luft-
Wasser Grenzfläche von Proteinlösungen, die in Kontakt mit den Spitzen der Säulenstrukturen



standen, untersucht. Dies ermöglichte die quantitative Erfassung der Kraftabhängigkeit der
Fibronektinpolymerisation.

Im dritten Teil der Arbeit wird die Anwendung der Kraftsensoren für die Messung lokaler
Kräfte adhärenter Zellen beschrieben. Hierfür wurden embryonale Fibroblasten von Ratten,
welche entweder ein GFP-Paxilin oder ein GFP-β3 Fusionsprotein exprimieren, eingesetzt,
um die Fokaladhäsion an lebenden Zellen mittels Fluoreszenzmikroskopie sichtbar zu machen.
Die Korrelation zwischen der Größe von fokalen Adhäsionsflächen und der erzeugten Kraft
ergab eine Spannung von 0.1 ± 1.5 bis 115 ± 15.1 nN/µm2 als Funktion des Zustandes der
Zelle. Die Verwendung von Oberflächen unterschiedlicher Festigkeit - welche durch unter-
schiedliche Säulengeometrien eingestellt wurden - und der chemischen Funktionalität, war
es möglich, verschiedene morphologische Zustände der Adhäsionspunkte in humanen Fibrob-
lasten zu unterscheiden. Die molekulare Zusammensetzung des Proteinclusters der fokalen
Adhäsion ist nicht nur abhängig von lokal an die Zellmembran angreifende Kraft sondern auch
von der makroskopischen Festigkeit des Substrats. Im Falle von mit Fibronektin beschichteten
Säulensubstraten war die Entwicklung der Fokaladhäsion stark von der Steifheit des unter-
liegenden Materials abhängig. Die Verwendung von RGD beschichteten Säulensubstraten
unterschiedlicher Festigkeiten zeigte, dass die lokale mechanosensitiven Eigenschaften der
Fokaladhäsion durch einen unabhängigen Mechanismus, welcher die globalen mechanischen
Eigenschaften der Zellumgebung bestimmt, unterstützt wird.

Die mechanische Wechselwirkung eines multizellulären Systems wurde im letzten Teil der
Arbeit untersucht. Während der Organentwicklung lagern sich Zellen zu Gruppen zusam-
men und bilden multizelluläre Einheiten in einer strukturell sehr definierten Art und Weise.
Die Gewährleistung einer geregelten Organfunktion erfordert die Kommunikation der Zellen
untereinander und mit dem einschließenden Gewebe. Die Kommunikationswege basieren auf
biochemischen Signalen, welche in den letzten zwanzig Jahren intensiv erforscht wurden. Aber
nur wenig ist über den mechanischen Signalweg zwischen Zellen in multizellulären Aggregaten
bekannt. Insbesondere wird die chemomechanische Kopplung von Signalwegen immer inten-
siver erforscht. Madin-Darby Canine Kidney (MDCK) Zellen bilden unter bestimmten Bedin-
gungen in vitro funktionale Aggregate, so genannte Zysten. Die Kulturbedingungen wurden
soweit angeglichen, um das Zystenwachstum auf Kraftsensoren zu ermöglichen. Damit wurde
die auftretende Kraftverteilung während der Zystenentwicklung präzise dargestellt. In Zusam-
menarbeit mit Ruth Kroschewski von der ETH Zürich wurden die so erhaltenen Daten ver-
wendet, um ein computergeneriertes Model der Kraftverteilung an MDCK-Zysten innerhalb
eines drei-dimensionalen Zellkultur-Systems zu verifizieren. Zudem konnte gezeigt werden,
dass unter Verwendung einer strukturell und mechanisch nicht isotropen Umgebung das Zys-
tenwachstum nachhaltig beeinflusst wird. Die normalerweise rund wachsenden Zysten zeigten
auf anisotropen Säulensubstraten eine schlauchartige Geometrie, welche bis dahin nur unter
Verwendung von Wachstumsfaktoren induziert werden konnte.
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Chapter 1

General view

Cells are the fundamental units of life. Their behavior such as migration, proliferation, dif-
ferentiation and gene expression is predominantly dictated by the readout inside the cell but
also by the surrounding environment. In vivo, the local tissue structure defines the cellu-
lar environment, constraining how cells interact with the surrounding extracellular matrix
(ECM), neighboring cells, soluble growth factors, and physical forces. These ’microenviron-
mental’ cues do not only cooperate to regulate the behavior of individual cells - including
cell proliferation, differentiation, and gene expression - but also govern emergent properties
of the multicellular community. Although understanding these interactions between cells and
their surroundings is a fundamental aspect of both, biology and tissue engineering, only a few
experimental models exist to control these interactions at the cellular length scale, making it
difficult to study the structure-function relationships of cells and tissues. Unlike cells growing
in a soft environment, cells cultured on tissue culture dishes or glass coverslips are attached
(often via adsorbed ECM proteins) to essentially rigid materials. Therefore, the question
arises: Do cells perceive and respond to the rigidity of these conventional materials in ways
that contrast with their behavior in much more compliant materials such as tissues, gels, or
sublayers of cells? The answer to this question appears important in its impact not just on
standard cell culture but also, perhaps, for understanding disease processes, morphogenesis,
and tissue-repair strategies.

1.1 Physical state of cellular environment determines cells’

fate

Almost 80 years ago, Paul Weiss showed that fibroblasts cultured in a blood plasma clot varied
in shape from stellate to bipolar depending upon the orientation of the fibrous network of the
clot, and he used this observation to emphasize the dynamic interaction between cells and
their physical environment [198]. Around the same time, Warren Lewis observed mesenchy-
mal cells on glass coverslips and reported ’tension striae’ or stress fibers in the flattened cells
[115]. Ironically, given the ease of culturing and observing mammalian cells on glass and, later
’tissue culture’ plastic substrata, 2D cell cultures became standard for most research purposes.

The recent reintroduction of soft materials (either 2D or 3D) as a cell culture substrate
emphasized how sensitive cells respond to changes in the physical properties of the cell culture
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support. Epithelial cells and fibroblasts were the first cells reported to detect and respond
distinctly to soft versus stiff substrates[150] . They have a higher motility on soft surfaces
as compared to glass. The adhesion sites were smaller and more dynamic, allowing the cells
to migrate faster over the surface. Moreover, fibroblasts showed capabilities to sense stiffness
gradients moving always from soft to hard materials, referred to as durotaxis. Although the
molecular pathways in the mechanical regulation during cell’s life are still only partially known,
some evidence exists that a feedback loop, activating different signalling proteins needed to
assemble actin, is disabled in cells growing on or inside soft materials (see also part III).

Despite the differences in morphology according to substrate compliance, cells growing in
soft gels show also distinguished proliferation patterns and changes in the formation of cell
substrate adhesions. In fibroblasts, when growing in floating 3D reconstituted gels of collagen,
the typical pattern of actin stress fibers are inexistent compared to the same cells cultured
on flat two-dimensional rigid surfaces with the same chemical input. Furthermore, cells in
mechanically unloaded gels are quiescent in terms of reduced cell division, however, they
still can reorganize collagen fibrils through migration which densify the gel. After reaching
a certain threshold of matrix stiffness and ligand density, further contraction of the cell-
matrix agglomerate is mediated via an intracellular process called acto-myosin contractility.

Taking into account that fibroblasts in vivo are building up new matrices after wound-
ing and reorganize existing tissue, these individual phenomenas can be summarized to a
general view: In normal tissue fibroblasts experience a relatively low amount of tension
owing to stress-shielding by the surrounding collagen matrix, so that the organization of
a contractile cytoskeleton is not stimulated. This stage correlates to cells growing in soft
unloaded collagen gels in vitro. After wounding different grow factors are released from
the blood clot and stress fields inside the tissue change suddenly. Under these new condi-
tions fibroblasts differentiate to proto-myofibroblasts and start to migrate towards the stiffer
blood clot filling the wound with newly synthesized fibronectin and collagens. The stage of
proto-myofibroblasts is comparable to fibroblasts cultured on rigid 2D substrates. Apart from
changes in the chemical environment inside the wound, the cells respond to higher stiffness
with further differentiation. Myofibroblasts expressing alpha smooth muscle actin in the pres-
ence of TGF beta and fibronectin, containing ED-A in the spliced region, generate tension
via actin stress fiber formation causing the wound to contract. Therefore, the different phases
in the life-cycle of dermal fibroblasts can be simulated with different cell culture systems[53].

Differentiation of cells according to substrate compliance was also found to be improtant
after heart attacks or parapleiga. Both are irreversible malfunctions of tissue but stem cell
therapy tries to revert these results in new approaches of regenerative medicine. The stiff-
ening of infarct zones for example is mainly caused by replacing the dead muscle cells by
fibrotic connective tissue. Restoring the affected area back to a fully function heart tissue
by injecting mesenchymal stem cells leads to cellular expression of myocyte markers, but dif-
ferentiation clearly stops short of myofibril assembly. The reason is unclear, but physical
aspects of the microenvironment, especially mechanical compliance of matrix and perhaps
adjacent cells, are becoming increasingly linked to gene expression and protein organization.
Engler et al. showed in an in vitro approach that substrate compliance similar to mus-
cle tissue is necessary for myotube differentiation into functional subunits of a muscle [61].
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Furthermore it is also important to regulate ligand density together with substrate rigidity
in order to create the proper environmental conditions for cell proliferation and differen-
tiations. Ligand cues can have different dimensions and even nanometric scaled distances
of single recognition sites for cell adhesion can affect cellular response in a dramatic way
by switching from stationary to motile cells by only varying dimensions about 20 nm[29].

Furthermore, tissue stiffness may also contribute to cancer development since tumor di-
agnosis is based on differences in tissue rigidity sensible by palpation, and pathologists have
long known that cancer involves distinct changes in the extracellular matrix (ECM) which
normally holds cells together within distinct tissue patterns. Alterations of mechanical prop-
erties can, in fact, influence tumor development as illustrated by experiments that show
how rigidification of ECM shifts the cell to malignacy [147]. Once more, integrin activa-
tion followed by enhanced contractility and tension inside the cells alters the cellular force
balance that can impact cell proliferation via the mitogenic EGFR/Erk and mechanotrans-
ducing Rho/ROCK pathways. Generalized, a physical cue lacking chemical signature in-
side the tissue may therefore switch cells, even between normal and cancerous states, per-
haps by initiating a cascade of multiple switches that simultaneously trigger the leap from
one self-stabilizing attractor state to another within the genome-wide cell regulatory net-
work [93]. This mechanism may also explain why continued culturing of normal cells for
many passages on rigid plastic dishes often leads to spontaneous transformation in vitro.

The majority of the present thesis is dedicated to the importance of reconsidering physics
for cell and developmental biology. First the basic physical aspects of how ECM molecules are
assembled into complex three-dimensional networks including surface interaction of proteins at
air water-interfaces and shear-stress mediated protein-elongation and -aggregation will be pre-
sented. The interaction of living cells with these artificially generated tissue model systems was
further analyzed with physical and biochemical methods to shed light on the complex interplay
of biological and physical aspects in cellular viability.

1.2 Environmental geometry controls cellular growth

Besides tissue compliance, geometrical arrangement, as well as the density of tissue compo-
nents has a dramatic impact to cellular control mechanisms. The various 3D forms that tissues
exhibit (e.g. tubular, branched, lobular, acinar, etc.) often result from establishment of local-
ized differentials in cell growth during embryogenesis [92]. During angiogenesis, for example,
cells at the tips of sprouting blood vessel proliferate more rapidly than cells located only
some micrometers away in the clefts of the same vessel leading to regional tissue expansion.
Local cell proliferation over time and space leads to the fractal patterns characteristic of all
epithelial and endothelial tissues. Positional information responsible for spatially constrained
cell growth patterns during organ development is commonly thought to be due to gradients
of soluble morphogens or local production of growth factors [124, 202]. However, cell and
tissue distortion are observed before growth is initiated in some developing tissues , and it
is difficult to explain how soluble gradients of mitogens can produce discrete growth bound-
aries over the length scale of a single cell, especially in microenvironments saturated with
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multiple mitogens [138]. Recent investigations clarified that these local growth differentials
may have a mechanical basis. The form of any structure inside a living organism is somehow
determined through a dynamic equilibrium of physical forces and can be characterized by its
own distinct pattern of internal forces. Thus, the internal mechanical stresses characteris-
tic of a tissue’s 3D conformation may convey a physical form of positional information that
feeds back to spatially constrain cell proliferation and thereby drive tissue morphogenesis [184].

For example by culturing cells on differently shaped ECM islands, Nelson and co-workers
were able to demonstrate that the geometry of the entire tissue dictates the growth pattern: ac-
cumulations of proliferating cells were consistently positioned in discrete regions of the cellular
monolayer, including along the short edges of rectangles and outer periphery of circles and an-
nular rings, where mechanical stresses were most highly concentrated [137]. This work is based
on previous findings, where spatial geometry of cell adhesion can distinguish between prolifer-
ating and apoptotic cells. Critical values of adhesion area and ligand density can be attributed
either to cell death, when cells are grown on isolated 20 µm islands of fibronectin, or cell growth
if cultured on smaller but narrower islands keeping the overall projected ECM area constant
[31]. In fact, the establishment of local differentials in cell growth and viability drives pattern
formation due to the capability that a living cell can filter the same set of chemical inputs (acti-
vation of integrin and growth factor receptor signaling) to produce different functional outputs
(growth versus apoptosis) as a result of local mechanical deformation of the cell or nucleus.

Furthermore, pattern formation during embryogenesis is not only dictated by switching be-
tween a cell’s life and death, the cellular orientation during mitosis contributes also to the shap-
ing of organs during development. Thiery et al. found that the determination of spindle orien-
tation in cultured cells is largely dependent on the spatial distribution of the ECM. Spindle ori-
entation may be influenced by the cell shape anisotropy during cell rounding but its final orien-
tation is defined by the cortical marks that become associated with the retraction fibers. After
respreading, these fibers are used to guide the two daughter cells to their destination inside the
tissue.

In vivo it was found that epithelial cells always keep spindle orientation restricted during
mitosis, so that daughter cells cannot escape from the epithelial sheet. Part of the mechanism
may be controlled by ”chemical patterning” inside the cell but also cellular geometry has a
great input to mitosis. Some results in the last part pointed out that anisotropy in the extracel-
lular environment of a multicellular system can affect the direction of growth during cystogene-
sis.

Summarizing the body of acquired knowledge, physical methods can contribute to a better
understanding of the cellular complexity and the interaction between intra- and extra-cellular
processes, yet their applications in molecular cell biology is still in an initial stage.



Part II

Development of force sensors

19





Chapter 2

Introduction

The use of physical methods in living systems is a relatively new and emerging field in biology.
Especially in the last decade, physical methods like AFM or optical tweezers were adopted
for the characterization of biological systems. Other approaches used functional substrates,
where force measurements are no longer spatially restricted to a single spot. Aside from these
passive force measurements some methods were developed that allow active manipulation of
the living specimen and change environmental conditions, which again affects the behaviour of
the investigated sample. This chapter gives a brief overview of some now common techniques
used in cell biology and describes the development of a new force sensor array build up of
vertically aligned PDMS posts. Ten years ago Rovensky et al. used for the first time surfaces
decorated with silicon spikes in order to create a discontinued surface to investigate the lamellae
formation in between filopodias [167]. Turner et al. used micro-fabricated pillars in astroglial
cell culture which preferentially attached to the microstructured surface [191]. Unfortunately
during the course of this thesis Tan et al. picked up the idea and introduced in 2003 a
elastomeric based force sensor array to measure forces generated from single mammalian cells
[188].
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Chapter 3

Theory

3.1 Force measurement in biological systems

The structure and function of many living cells depend directly on their global and local
mechanical environment. The importance of mechanical stimuli can be appreciated at the
tissue level through well-known examples such as muscle atrophy and bone resorption in the
absence of skeletal loading, and has been implicated at the cellular level in terms of processes
inducing adhesion, motility and differentiation. Fundamental understanding of these basic
cellular mechanisms and of the pathological response of the cell will be facilitated greatly
by developments in the fields of cell and molecular biomechanics [193]. To understand the
interactions caused by biochemical and mechanical stimuli, it is necessary to separate these
issues by different model systems. In particular, application of external mechanical stimuli
can induce biochemical reactions, including the synthesis of new bio-molecules, like collagens
or other proteins from the ECM [5]1. Likewise, changes in chemical stimuli, including pH,
temperature, and biomolecular activity, can alter the structure and mechanical integrity of
the cell and their environment, even in the absence of mechanical stimuli [73, 16]. Since the
development of new physical techniques like scanning probe microscopy or optical/magnetical
tweezers, interdisciplinary approaches from different fields contributed significantly to adapt
physical and chemical techniques to biology. Thus, it is now possible to probe the interaction
forces between individual molecules that comprise the cell and its local environment, as well
as the mechanical response of the entire cell down to a resolution in the fN (10−15 N) and
Å(10−10 m) range. Tab.3.1

3.1.1 Techniques used to measure forces in biology

Fig. 3.1 indicates the range of force and displacement covered by these approaches, as com-
pared to the range relevant to representative biological structures/processes. Physical values,
like passive (viscoelastic properties of single cells with or without their environment) or active
forces (generated by cell movement) are of special concern in biological systems:

• With optical/magnetic tweezers experiments it is possible to quantify passive forces
in biophysics [114, 88]. Optical tweezers are based on the controlled displacement of

1for detail see Part II
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Application Technique Abbreviation Example

Single cell Substrate composition SC Effects of substrate
stiffness on cell motility

Embedded particle tracking EPT Measuring cell
migration forces

Force sensor array FSA Measuring cell
traction forces

Uniaxial cell puller UCP Viscoelastic properties
of keratinocytes

Single cell Atomic force AFM Cell stiffness and
& single molecule microscopy traction forces

High resolution force HRFS Measure ligand-receptor
spectroscopy unbinding forces

Optical tweezers OT Measuring erythrocyte
elasticity

Magnetic tweezers MT Viscoelastic deformation
of cells and membranes

Table 3.1: Applications of experimental approaches in cell/molecular mechanics and relevant nomenclature. Table
adapted from [193]

dielectric objects that are either attached to single molecules or a cell membrane with a
laser beam. The applied force can be easily calculated by:

F = −kx (3.1)

where k is the optical trap stiffness and x is the bead displacement due to momentum
conversation, measured via image analysis or optical interference patterns. The value of
k can be tailored by varying the trap design and is in the order of 50 pN/µm [7]. The
maximum force generated with OTs is nowadays 600 pN with 1 pN resolution.

• Uniaxial cell puller: Micoulet et al. used a soft and a rigid glass micro-plate with known
spring constants and pulled on a cell which was adhered in between the plates. They
showed that biochemical input can alter viscoelastic properties of malignant cell via the
rearrangement of keratin, a protein building up the cell cytoskeleton, in the presence of
scp. The force resolution is limited to a range of 10 to 50 nN, caused by the minimal
optical resolution of 500 nm [16].

• Force sensor arrays: The first experiments using modified surfaces to explore cell gener-
ated forces were carried out on soft artificial membranes (PDMS) to detect cell generated
wrinkles [85]. Observing the number and the extensions of wrinkles qualitatively, pre-
dictions can be made about the direction of cell movements. In 1997 Pelham et al. used
surfaces with different compliances to guide cell movement. The fish fibroblasts used by
the authors migrate from the soft areas to the stiffer areas but not vice versa indicating
that a cell can sense its environment (durotaxis) [150]. More detailed Munevar et al.
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Figure 3.1: A: Force range of experimental techniques and biological events; B: Displacement range of experimental
techniques and dimension of biological structures. Abbreviation: AFM: Atomic force microscopy; FSA: Force sensor
array; MT/OT: magnetic/optical tweezers; SC/EPT: Substrate composition with embedded particle tracking; UCP:
uni-axial cell puller. Adapted from[193]

used soft hydrogels with embedded micro spheres to measure the cell generated force and
its directions during cell movement, locally with sub-micron resolution (traction force
microscopy) [136]. Micropatterned flexible substrates (PDMS) were used by Balaban et
al. to measure local forces exerted by fibroblasts and cardiac myocytes at specific points
where the cell is adhering to their environment [8]. For the first time it was possible to
correlate exerted force and the area of single focal contacts. They calculated values from
cell generated stress at focal contact sites of about 5.5 ± 2 nN/µm2 2. Tan et al. pub-
lished the application of separated elastic post to get individual readable force sensors
3 [188]. They used standard photolithography to create a silicon replica, then cast the
elastomer PDMS within that replica to form microstructures. With these point-like force
sensors, Tan et al. showed that cells can form focal adhesions to deflect them towards
the cell center. The stiffness can be adjusted by changing geometry of the individual

2for details of the theory, see [176]
3Therefore it is no longer necessary to calculate the force from elasticity theory of soft materials
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Figure 3.2: Schematic draw of uniaxial cell pulling in between two microplates. While the rigid microplate is
deforming the cell the displacement of the soft microplate is monitored with a photosensitive detector system.
From the delayed movement one can calculate viscoelastic properties of the cell with and without the influence of
biochemical drugs. Drawing from [16]

posts or by varying the Young’s modulus of the polymer. Pillar deviation was imaged
with high resolution phase contrast or fluorescence microscopy. From image analysis a
limited force resolution of 10 nN was calculated. F is given by standard linear elastic
beam theory:

Figure 3.3: From elastic beam theory the spring constant can be calculated using beam length and diameter.
Concerning to the theory it is necessary to have pillars with high aspect ratios to increase force resolution.

F = −3
4
E

r4

L3
x (3.2)

There is the need to restrict cell attachment only to the top part of such arrays. The
calculated force F strongly depends on where the force is applied to the posts. There-
fore several techniques have been developed to functionalize only pillar tops with bio-
(fibronectin, FN; collagen type I(CTI)) or biomimetic molecules like the tripetide se-
quence Arginine, Glycin, Aspartate (short RGD).

• Single molecule interactions: Going from single cell mechanics down to the level of bi-
molecular interactions it is necessary to change force resolution. The best way to measure
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F
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Figure 3.4: Methods to study cell exerted forces to surfaces A: Wrinkles in soft materials are generated by cell
contractility[85]. B: Cell migration can be visualised with embedded particles in soft polyacrylamide gels. During cell
locomotion, particles are displaced and a force field of surface stress can be computed from elasticity theory [51]C:
Principle of force sensor array: While a cell is growing on top of the functionalized arrays the exerted force can be
calculated from the pillar displacement.

weak interactions from single cell-cell or cell-substrate contacts is to use high resolution
force spectroscopy (HRFS)with an atomic force microscope (AFM). While this technique
enables Ångstrom-scale positioning accuracy there is also the ability to image biological
features under physiological conditions and manipulate single biological structures with
nm and pN resolution. To estimate for example chemomechanical interactions with cell
surface proteins (receptors) it is necessary to functionalize the AFM tip with molecules of
interest (ligand) to determine the unbinding force between them or to explore the kinet-
ics of molecular interactions as a function of chemical and mechanical environments [15].
With HRFS it is also possible to measure single protein mechanics like unfolding of the
FIII domains in fibronectin which plays an important role in fibronectin polymerisation
[139].
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Chapter 4

Photolithography for FSA
formation

4.1 Methods used for standard photolithography

On the basis of the growing field of micro-fabricated devices like small pumps, waveguides
for optical networks, sensors and miniaturised magnetic disk drives and to overcome the
cost-intensive LIGA1-process, IBM introduced at the beginning of the 90s a low molecular
weight negative photoresist which form stable cross-linked high aspect-ratio films upon irra-
diation with the i-line (365 nm) obtained from mercury lamps. The resist is based on the
bis-pheno-A novolac Epon SU-8, which is cross-linked by a cationic ring opening polymeriza-
tion of the epoxy groups with a commercially available triaryl-sulfonium salt as photoinitiator
(CYRACURE UVI, Union Carbid, MA, USA) (see Fig. 4.1). The triarylium-sulfonium salt is
converted into an acid upon the exposure with uv-light. During the heating process after the
light exposure (post exposure bake, PEB) the acid molecules react with the glycidyl-residue by
opening the epoxy ring. The acid molecule regenerates and can induce further polymerisation.
Tg of unexposed SU-8 is approximately 50°C. Such a low Tg value would have prohibited the
use of PEB temperatures any higher than the room temperature in order to keep the linewidth
undisturbed by the acid diffusion. The Tg value of the polymer begins to grow rapidly with
the increase of the number of cross-links thus dramatically decreasing the acid diffusion rate.
For fully crosslinked SU-8 Tg exceeds 200◦C (after hard bake). In this way the polymerisation
process is constrained in the areas of the resist where the initial acid concentration exceeded a
certain threshold value. Therefore, SU-8 resist offers a threshold exposure behaviour, which in
other words means a high contrast and probably high resolution. There are several advantages
of this system:

• The high content of epoxy groups in the monomer (for SU-8 there are 8) and the aromatic
backbone results in a highly cross-linked matrix with remarkable thermal and chemical
stability.

• The low molecular weight of around 7000 g/mol makes it soluble in a variety of organic
solvents such as propylene glycol methyl ether acetate (PGMEA) or gamma-butyrolacton

1Lithographie, Galvanoformung-Abformung
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Figure 4.1: Scheme of photo-initiated polymerisation of SU-8: A: The aryl-sulfonium salt is cleaved by light. The
generated acid opens the epoxy ring and cross-links the bis-phenol-A novolac to a 3D network.

(GBL), to provide solutions containing up to 85% solids by weight. Therefore thicknesses
of 200 µm can be obtained with a single spin-coating step.

• The very low optical absorption of SU-8 in the near UV (from 300 nm to 400 nm provides
high aspect structures with ratios up to 14:1).

Figure 4.2: Left: Optical absorption of resists thick film processing : A: 25 µ m of SU-8; B: 25 µm of dry-film
RISTON T-168 resist; C: 10 µm of positive diazo resist. Right: Hi aspect-ratio structure generate by photolithography
in SU-8 resist. Scale bar is 10 µm

4.2 Limitations in photolithography

The aspect-ratio in thick resist methods with optical lithography is basically diffraction limited.
To get a detailed view into these limitations the standard lithographic techniques are described
in the following.

4.2.1 Shadow printing lithography

The structure is generated by patterning a transparent support, mask (normally fused silica
glass) with chromium by optical (low resolution structures) or e-beam lithographic (high
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Figure 4.3: Left: Basic two techniques of optical photolithography: Left Shadow printing uses a chromium mask
to protect part of the resist from light to get the structure on the photoactive layer. High resolution is achieved
only in contact mode with the risk of mask damage. To prevent damage of the mask, the resist is not in close
contact (proximity gap), which also results in lower resolution. Right side: Today’s 90 nm Intel and AMD chips are
produced in projection mode, where the structure of the mask is projected to the resist through an objective. Right
A: Resulting geometry of a negative photoresist caused by the diffraction limit. B: Intensity profile of the UV-light
using contact printing with a finite proximity gap.

resolution structures) methods. To imprint the structure to a photo-reactive resist (substrate)
the mask can be in close contact to the substrate (contact printing) or placed with a gap
(dprox) of a few microns over the substrate (proximity printing).The limitation is given by:

2bmin = 3

√
λ(s +

z

2
) (4.1)

where λ is the wavelength (365nm for i-line), 2bmin is the periodicity of the structure,
s is the gap between mask and resist layer (in case of contact printing s=0) and z is the
resist thickness. For SU-8 thick-film lithography using 365 nm light and z=10 µm the min.
resolution is 1.5 µm in theory. Below this value the structure is not imaged correctly. The
reason is illustrated in Fig. 4.4 While the intensity profile depends on the wavelength of the
light used for exposure and the proximity gap between the mask and the resist could not be
infinite, the resist is also exposed in the buried regions. This effect gets predominant with
higher aspect-ratios. Above a certain threshold there is no possibility to get well defined
structures as seen in Fig. 4.4.

4.2.2 Projection printing lithography

The structure on the mask, which could be 10 times bigger than the resulting structure, is
projected through a lens system onto the resist layer with a resolution given by:

bmin =
λ
2

NA
(4.2)

where NA is the numerical aperture of the objective used in the system. The attained
increase of resolution is limited only to thin resist layers because the depth of focus can be
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Figure 4.4: SEM image of moulded PDMS pillars with highest aspect-ratio possible produced with standard pho-
tolithography. The ends are round shaped because the light is also exposing small areas in the eclipsed part of the
resist.

formulated as:
∆f =

λ

NA2
(4.3)

Today the limiting factor in photolithography is the light source. The latest chip generation
is produced with an ArF eximer laser at 193 nm. For lower wavelength (soft X-ray) there is only
the cost intensive x-ray lithography to produce structures in the lower nm range. According
to Moore´s law 2 in chip production, the use of immersion objectives will be necessary to
increase NA over 1 (e.g. oil immersion objective has a NA up to 1.45).

Further on there are some more effects that limit resolution, such as light absorption by the
resist material, back-scattering from the support (e.g. highly polished silicon wafers, which
is predominant in dense structures with inter-distances smaller than 2 µm), and vibrations
during exposure.

2doubling of the chip preformance every 24 month
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Superhydrophobic properties of
pillar arrays

Wetting of a surface with a liquid depends on the energy of the liquid and substrate surface
and on the surface roughness. It can be quantified in the simplest way by contact angle
measurements where the angle between the three contact lines, air-liquid, air-surface and
surface-liquid is measured (see also Fig. 5.1). Although it has been known for a long time that
surface energy affects contact angle only in the last few years, several approaches have been
investigated how surface roughness can amplify hydrophobicity in order to produce so called
superhydrophobic surfaces [209, 57, 71, 149, 113, 159]. Two requirements are necessary to
define a surface superhydrophobic, a very high water contact angle and very low water roll-off
angles1. The earliest theoretical work to model the apparent contact angle of a drop on a rough
surface can be attributed to Wenzel and Cassie [200, 28]. In nature, several superhydrophobic
surfaces are known. The most prominent example is the lotus leaf where water droplets
rolls off without wetting the plant surface (see also Fig. 5.2)2. From that observation it is
know that surface structures inducing superhydrophobicity are built up of micrometer sized
asperities with a high surface roughness. Several groups used different techniques to obtain
super repellent surfaces3 such as negative photolithography (SU-8 photoresist), structuring of
silicon surfaces by dry etching or dicing and deposition of polymers with high surface area[183,
103, 109, 54]. The best defined substrates to explain the theory established by Cassie and
Baxter are microstructured surfaces where lateral distance and structural height can easily be
controlled. Wetting on rough surfaces may assume either of two regimes: homogeneous wetting
(Fig. 5.1 A), where the liquid completely penetrates the roughness grooves, or heterogeneous
wetting (Fig. 5.1 A), where air (or another fluid) is trapped underneath the liquid inside
grooves. The transition between these regimes plays a major role in superhydrophobicity
[121]. The apparent contact angle on a rough surface in the homogeneous regime, ΘW , is
given by the Wenzel equation [200]:

cosΘW = rcosΘY (5.1)

1the roll-off angle is defined as an angle were a drop applied to a tilted surface starts to roll off.
2beside superhydrophobicity the lotus leaf has also self cleaning properties; dirt will be uptaken from the rolling
water drops which results in clean dust free surfaces after a rain shower

3surfaces are not only superhydrophobic but also can repel non polar liquids [33, 182].
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A

B

?

C

Young Wenzel Cassie

Figure 5.1: A: Different surface roughness from material with ΘY > π/2 result in superhydrophobic behaviour
(Cassie‘s regime). The contact angel of water easily exceeds 170◦and the drop can role over the surface (self cleaning
surfaces [21]). B: In contrast, surfaces having contact angels ΘY < π/2 the roughness is enhancing wettability (see
also C on the right part of the diagram). A superhydrophobic surface from materials with ΘY < π/2 was predicted
by Herminghaus and Patankar [86, 148] and also found in vivo. C: Graphical illustration of Wenzel‘s law. It shows the
dependency of cosΘW from cosΘY . It is not predicting the hydrophobicity for hydrophilic (ΘY < π/2) materials.

where ΘY is the ideal Young contact angle:

cosΘY = γSV − γSL/γLV (5.2)

and r is the roughness ratio, defined as the ratio of the true area of the solid surface to
its projection area. Since r is always > 1, the wetting gets better in hydrophilic situations
(ΘW < ΘY for ΘY < π/2) and worse in hydrophobic ones (ΘW > ΘY for ΘY > π/2) [100].
Heterogeneous wetting results from the lower surface energy of dry solids when ΘY > π/2
compared to a wet solid (γSV > γSL). The contact line does not follow the accidents of the
solid surface, as supposed for establishing Eq.5.1. In this case, the drop is rather laid on
a composite surface, a patchwork of solid and air. Cassie and Baxter proposed an equation
describing the contact angle ΘC at a heterogeneous surface composed of two different materials
with surface fractions φ1 for material 1 and φ2 for material 2 [28]:

cosΘC = φ1 ∗ cosΘ1 + φ2 ∗ cosΘ2 (5.3)

If one of the surfaces is just air, the cosine of the contact angle on this surface is -1, and in
this case the Cassie-Baxter equation (Eq.5.3) can be simplified to:

cosΘC = −1 + φs(cosΘY + 1) (5.4)

where φs is the fraction of the solid surface. Fig. 5.1 is illustrating the different wetting condi-
tions on smooth and structured surfaces: The switch from Cassie‘s regime to Wenzel‘s regime
is controlled by the fraction of solid surface area, by the weight of the drop (gravity force
must be equal to surface force) and by the height of the surface asperities [46]. The surface
enhanced hydrophobicity based on Cassie‘s equation is only valid for surfaces with ΘY > π/2,
but in nature many superhydrophobic surfaces exists (leaves from Nelumbo nucifera, Cotinus
coggygria Scop., Ginkgo biloba L. or Cercis siliquastrum L.) where the material building up
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Figure 5.2: A lotus leaf with superhydrophobic and self cleaning properties and its microstructured surface imaged
with SEM. The microstructures on the leaf are decorated with epicuticular waxes, witch results in a hierarchical
roughness. On the right a artificial surface was generated by nanoembossing PVA polymer through a nano-porous
aluminum membrane. The ΘY of PVA is 72◦on the smooth surface. After nanotexturing the surface, the contact
angle raised to 171◦.

the structured surface has ΘY < π/2. All these surfaces showed a hierarchical roughness
with nanometer-scale decoration of micrometer-sized spikes (see Fig. 5.2). For such surfaces,
Herminghaus derived an argument that a hierarchical structure of the roughness could render
any surface (independent of contact angle ΘY ) non-wettable [86, 148]. Experiments on hier-
archical surfaces made from nanoembossed PVA4 polymer or fractal polymer surfaces, yielded
in ΘH > 170◦ for water drops indicating a contribution of the hierarchical structure to the
superhydrophobic properties of such surfaces (see Fig. 5.2) [64, 182].

4PolyVinylAlcohol
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Chapter 6

Materials and Methods

6.1 Mold Fabrication

To fabricate molds with holes of defined height and diameter, it is necessary to get a ho-
mogeneous thick layer of photoreactive polymers, which defines the structural height, onto a
solid support, like pieces of silicon wafers. Therefore the epoxy based SU-8 resin (Microre-
sist Technologies, Germany) is spin coated under clean room conditions 1onto a clean silicon
wafer with a defined speed (for more details see Tab.6.1). Afterwards the solvent is evap-
orated by a two step baking process. The wafer is cut into 1 × 1 cm pieces and exposed
to uv light through a custom-made negative chromium mask. Thereafter, the photoinitiated
ring opening reaction is accomplished at 95◦C on a hotplate. To reduce the stress inside the
thick resist layer, the structure is cooled slowly for 10 min to RT. Developing is preformed in
propylenglycol-monoethylether-acetate containing developer (mr-Dev.600, Microresist Tech-
nologies, Germany) for 1 min. The protocol is explained in detail for a 10 µm thick resist:

• Before spincoating, the silicon wafer (Ø100 mm) was dried on a hotplate at 150◦ C for
20 min. Immediately after cooling to 60 ◦ C, 3 ml of photoresist was spun on with a two
step process. To control resist thickness the residual speed is set as listed in Tab.6.1 In
the described case for 10 µm thickness a SU-8 10 2resist is spun on with 2700 rpm for
30 sec. resulting in film thickness of 10 µm.

• Softbake and cutting: Evaporate the solvent in two steps, generates a stress-reduced
non sticky polymer layer ready to exposure with uv light. In example a wafer with 10
µm resist is heated on a hotplate with a heating rate of 30 ◦C up to 95 ◦C and hold for
6 min. After cooling for 10 min. to RT the wafer is cut with a wafer cuter in 1×1 cm
pieces and cleaned with a stream of pure nitrogen.

• UV-exposure is preformed on a mask aligner (MJB3, Karl Suess, Germany) equipped
with a 400 W mercury lamp.3 Exposure time depends on resist thickness and varies
from 3 to 4.5 sec. (see Tab.6.1).

1all work has been carried out in a class 100 cleanroom
2The declaration of the resist indicate the medial resist thickness available. It is adjusted by changing the
viscosity of resin (epoxy to solvent ratio). There are also SU8-2 (2 µm), SU8-25 (25 µm)and SU-8 100(100 µm)

3The build in optics generates a power density of 22 mW/cm2. The company recommends 100mJ/cm2 for 10µm
thick resists which is according to 4.5 sec. exposure time. [30]
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• To complete crosslinking in the exposed areas the wafer chips are heated up to 95◦ C 4

for 2 min and cooled to RT for about 10 min.

• For developing the structures it is necessary to redissolve the unexposed parts in PGMEA
for up to 1 min. while shaking. The structure is blown dry with a stream of nitrogen
and baked for 20 min. at 150◦C on a hotplate.

SU-8
on silicon

uv-light

mask
PEB and

SU-8 mold

PDMS,
12 h @ 65 °C

Peeling

spincoat

softbacke
and breaking

Exposure

develop

PDMS-Pillars

10-20 µm PDMS-layer

170 µm glass coverslip

Figure 6.1: Scheme of array formation with spincoating to distribute the resist to homogeneous layer of the desired
thickness, exposure to start the polymerisation reaction and development to generate the holes in the resist layer.
Pouring the PDMS and pressing the mold to a coverslip gives a suitable device ready for use in standard cell culture

6.2 Casting PDMS

The PDMS used for sensor array formation is from Dow Corning 5. It consist of a vinyl-
terminated 250 siloxane unit prepolymer (18500 g/mol) that is crosslinked via a short hy-
drosilane crosslinker (50% hydrosilane (4-5), 50% methyl; 684 g/mol and a platinum catalyst.
In the well mixed crude state PDMS is a honey-like viscous liquid wich polymerizes at 65◦C
to a transparent elastic polymer with a Young‘s modulus of 1.0-2.5 MPa 6. [ht]

4with the same heating rate as for the soft bake to reduce stress inside the polymer layer
5Sylgard 184
6when is mixed with the crosslinker in the ratio 1:10
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Step Process Parameters
R

E
S
IS

T
C

O
A

T
IN

G 1○ surface cleaning bake for 20 min. at 150◦C

2○ spincoating SU8-10, 500 rpm,7s., 1500 rpm,30s.⇒ 15µm thickness
SU8-10, 500 rpm,7s., 3000 rpm,30s.⇒ 10µm thickness
SU8-25, 500 rpm,7s., 2000 rpm,30s.⇒ 18µm thickness
SU8-25, 500 rpm,7s., 3500 rpm,30s.⇒ 12µm thickness

3○ softbake • 10µm: 1 min. 65◦; 5 min. 95◦

• 12µm: 1 min. 65◦; 6 min. 95◦

• 15µm: 1 min. 65◦; 7 min. 95◦

• 18µm: 1 min. 65◦; 8 min. 95◦

E
X

P
O

S
U

R
E 1○ uv-light Exposure 3-4.5 s., hard contact

2○ post exposure bake (PEB) • 10µm: 1 min. 65◦; 2 min. 95◦

• 12µm: 1 min. 65◦; 2 min. 95◦

• 15µm: 1 min. 65◦; 3 min. 95◦

• 18µm: 1 min. 65◦; 4 min. 95◦

D
E

V
E

L
O

P
M

E
N

T 1○ resolve unexp. resist PGMEA 1 min.

2○ rinsing and drying 10 s. fresh PGMEA, nitrogen stream

3○ hardbake 20 min. 150◦

Table 6.1: Parameters for resist coating, UV exposure and development

After vigorous mixing of crosslinker and base, the PDMS is poured over the molds. To
remove trapped air the molds are degassed for 1h under vacuum at 7×10−2 mbar. The molds
are pressed upside down onto 24×24 mm coverslips 9 and cured for 16 h at 65◦C. After cooling
to RT, the substrates were peeled with an razor blade and overlapping PDMS residues were
removed .

6.3 Contact angle measurements

For contact angle measurements, a goniometer from Karl Suess equipped with a video camera
was used. Drops were either deposited with a micropipette (at least 20 µl) or was sprayed
or condensated onto the surfaces. Drop shape analysis was done with ImageJ. For confocal
imaging of water drops on the microstructure, tetramethyl-rhodamine was dissolved in water

9to ensure stability of the thin PDMS films and for better handling in cell culture and fluorescence microscopy.
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Figure 6.2: The catalytic cycle starts with complexing the hydrosilane to the platinum catalyst 1○ 8 In the next
step the vinyl-terminated oligo-dimethylsiloxane is also complexed 2○and the single bond between the silicon atoms
is formed after releasing from the catalyst 3○.

and imaged in fluorescence and reflection mode using a 40x water immersion objective (N.A.
1.2).

6.4 Calibration and image analysis

Calibration was carried out in two independent ways. Firstly, the measured bulk Young’s
modulus of PDMS is used to calculate kpillar from pillar dimensions obtained from sem im-
ages. In detail, stripes with a rectangular footprint 10 were cut out from PDMS, cured at 65◦C
and measured at different time points of curing with a spring loaded balance11. Dimensions
were obtained from microscopy images taken with 10x magnification. Length before stretch
and during elongation was measured manually with an calliper (Mitutoyo, Japan). The elas-
tic stress-strain curves were plotted and the Young‘s modulus fitted according to E = σ/ε,
where σ is the tension (in force per unit area) and ε is the strain (relative change in length).
Each timepoint was measured twice and the maximal strain from which the PDMS stripes
could return to their basic length was shown to be 50% (concerning Hooks‘s law). For direct
calibration of individual pillars a micromanipulator was build onto an inverted microscope.
Single pillar bending was performed using calibrated AFM cantilever (see also insert in Fig.
7.3). To characterize the stiffness of a cantilever the thermal fluctuation is measured with an

10Areas between 4.8×10−7m2 and 9.1×10−7m2 were analysed to get an appropriate material compliance.
11The balance is designed for loadings up to 30 N with a total accuracy of ±0.3%; PESOLA AG, Switzerland.
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AFM. The distribution of thermal noise is described by (Boltzmann distribution):

lnp = − kx2

2kBT
+ lnA (6.1)

After fitting of a second-order polynomal function and background subtraction k can be cal-
culated:

k = −C2kBT (6.2)

In a second step the cantilever is approached to a hard surface and the photodiode current
is plotted against the distance from the surface. Thereby it is possible to correlate photo-
diode current and the cantilever displacement. This cantilever is then approached to the
microstructured surface in order to laterally bend single pillars. In detail, the microstructures
were assembled on a glass bottom petridish and placed on an inverted microscope equipped
with a highly precise x, y, z stage (Nanomotion; Applied Precision, USA). The cantilever is
mounted with x, y, z micrometer screws to the body of the microscope. After manual ap-
proaching the tip to the pillars top, the stage is moved with 0.1 µm steps laterally and images
are taken between each step with an 60× water immersion objective 12 and a ccd camera with
1024×1024 pixels in phase contrast. To reduce electrostatic interactions between the PDMS
and the cantilever, all measurements are performed in aqueous solution (PBS). Because of the
great influence of L on the calculated value of kpillar, it is important to measure all calibrations
at the same height, except those where the height dependence is measured explicity (see Fig.
7.5). Overall, a lateral movement of 10 µm is analysed for each pillar (100 datapoints). Posi-
tion determination from video microscopy is done with sub pixel accuracy using an algorithm
written by Wouter Roos in IDL (Interpreted Data Language; RSI, USA). This automated
program is based on an analysis method called cross correlation and is described in [75]. It
will find the position of a structure marked in one image taken at t0 from an image taken at
timepoint t1. As the cantilever is concealing the pillar of interest, it is not possible to track
the position of the pillar itself. Therefore the difference of the movement from an unaffected
pillar and the movement of the tip is plotted against the tip-movement. From the slope (mfit)
of the linear fit (see Fig. 7.2.2) the stiffness of the bended pillar can be calculated as:

kpillar = mfitktip (6.3)

12Objective is from Olympus, N.A. 1.2; camera is from Photometrix, CoolsnapHQ with a resulting pixel size of
0.1103 µm
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Chapter 7

Results

7.1 Dimensions

The obtained structures from the molds and after demolding the PDMS are shown in Fig.
7.1. It can be clearly seen that the sidewalls are not parallel. This results from low exposure
times and use of soda lime glass as mask blanks which has a slight transmission below 350
nm where the epoxy resist has a high actinic absorption leading to an overexposure of the
top portion of the resist film [30]. The dimension and the resulting kpillar values used in this
course are listed in Tab. 7.2.1

A

B

C

D

Figure 7.1: A, B: Side view of molding masks with different heights. The resulting structure sizes are A: Ø=5.97
µm, L =11.7 µm; B: Ø=6.8 µm, L= 18.9 µm. bar 10 µm C, D: Molded PDMS Pillars generated from mask B. Bar
5 µm
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Height L kpillar

10 0.306
12 0.177
15 0.09
18 0.05

symbol T [◦C] t[ht] E[MPa]

� 65 3 1.00±0.06
� 65 8 1.29±0.18
� 65 12 1.65±0.06
• 65 24 2.17±0.25
� 65/180 8/2 2.84±0.21
� 65/180 8/12 3.11±0.12

T curing temperature
t curing time
E Young‘s modulus

Figure 7.2: Left: Experimental stress-strain curves of PDMS under different curing conditions. The parameters
used are listed in the table on the right. Top, right: calibrated kpillar values for the pillars used in this course. The
changing parameter was L while r kept constant.

7.2 Calibration

7.2.1 Calibration from known Young‘s modulus

As the pillars are used for measuring forces applied to them only on the pillar ends, it is
necessary to find an appropriate method for calibration. Tow independent ways were used as
described in the experimental section. Young’s modulus of bulk PDMS stripes were measured
with a force gauge at different time points of curing. Fig. 7.2.1 summarize the Young‘s modi
taken at different curing times. A variation from 1 MPa up to 3 MPa could be obtained from
different curing conditions. With the measured Young‘s modulus and Eq.3.2, the stiffness
kpillar of the pillars shown in Fig. 7.1 can be calculated to 0.17N/m for the lower and to 0.07
N/m for the higher structure. The main errors result from friction caused by sliding inside
the force gauge and by size variation of the measured stripes.

7.2.2 Single pillar calibration

For calibrating single pillars, at least 10 different measurements were preformed for one pillar
geometry. An average stiffness of kpillar = 0.218 ± 0.042N/m is calculated 1. Fig. 7.2.2
compares the height dependence calculated from theory with the experimental data. After
non-linear curve fitting, a L2.5 dependence could be estimated. Therefore the experimental
data give a slightly reduced value of kpillar. A reason could be, that the pillars are not of
cylindrical shape with straight sidewalls as assumed in theory. It is also possible that the

1Error is calculated from standard deviation
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0 µm 1 µm 2 µm 3 µm

4 µm 5 µm 6 µm

objective

coverslip

cantilever

pillars

Figure 7.3: Left: Image sequence taken during pillar calibration. Arrow indicates tip of fixed cantilever; asterix
indicate a moving pillar in phase contrast. Bottom right: Scheme of pillar calibration with a calibrated AFM
cantilever. Arrow indicates moving direction of the microscopy stage. To calculate kpillar the movement from the
array is compared with the tip movement of the cantilever. From the resulting difference it is possible to calculate
kpillar.

Young‘s modulus varies depending on the mixing and curing condition (see Fig. 7.2.1). But
the biggest error is due to the fact, that in phase-contrast microscopy the z focus could not
be set properly 2 and the position of the cantilever along the pillars height could thus not be
estimated correctly . As a result kpillar has an error of at least 10 % .

7.3 Superhydrophobicity

The structural size and the contact angle of smooth PDMS (120◦) used to build the force sensor
arrays are in the range where superhydrophobicity is predominant. The criteria for structures
to be superhydrophobic are discussed in the work of C.W.Extrand [46]. In conclusion a contact
line density and asperity height criterion must be met in order to show super repellence of the
surfaces. As surface forces acting around the perimeter of asperities they must be greater than
body forces and directed upward suspending the drop. Also, asperities must be tall enough
that liquid protruding between them does not contact the base of the solid, causing the liquid
to be drawn downward, leading to collapse. Quantitatively, this requires that values of contact
line density and asperity height determined from surface geometry must exceed critical values
calculated from properties of the liquid, solid, and their interfacial interactions. Contact angles
on the microstructured surfaces are in the range of 150◦and 170◦. The variation depends on
the fraction of solid interface to the entire projected interface and also on the drop size. Drops
below the capillary length (water has a capillary length of around 1mm) lie only on the top of
the asperities, creating a surface contact angle ≥ 170◦3. If the drop size exceeds the capillary
length, body weight dominates and the drop tends to penetrate the pillars as seen in Fig. 7.7.
To look in detail at the tension line at the air water interface connecting the pillars, rhodamin
labelled drops of water were applied onto the microstructure and imaged using a confocal

2The PDMS is translucent and the pillar geometry generates many fringes in the collected images
3small drops of water can only be deposited on the microstructure by condensation of humified air to the cold
surface or by spraying water onto the surface.
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Figure 7.4: Left: Reference pillar and tip movement resulting from image analysis. Right: Pillar- vs. tip-displacement
and linear fit. The slope defines the pillar stiffness kpillar.

-1 µm -2 µm -3 µm

Figure 7.5: Image series for measuring the height dependence of kpillar. Note that the pillars seem to be in focus
in all images, although the z focus-plane is moved about 3 µm.

microscope. From Fig. 7.7 it is seen that the pillars are wetted over about 1/4 of their entire
length and the air water interface has a convex shape between the pillars.
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Fitting �Theory �Exp.
Parameters

y = abx

a 406.31± 14.98 85.19± 54.43
b -3.1± 0.19 -2.5± 0.29
R2 0.99989 0.97541

Figure 7.6: Left: Experimental stress-strain curves of PDMS under different curing conditions. The parameters
used are listed in the table on the right.

A

B

C D

Figure 7.7: A: Side view of a rhodamin labelled drop suspended on the microstructure imaged with a confocal
microscope in fluorescence (green) and reflection (red) mode. The reflection of the air-water interface (arrow) is
slightly below the pillar ends (arrow heads). B: The suspended drop has a curved interface (arrow) between the pillars
(arrowhead) C: 3D reconstructing allows viewing the drop from the bottom. The penetration depth of the water
drop corresponds with drop size, here approximately 1.5 mm. Even smaller drops could not be deposited because
the adhesion to the pipette tip was stronger than that to the microstructured surface. D: A series of differently sized
drops on the microstructure, imaged during contact angle measurement. The small drops on the top row show a
near spherical shape (ΘC near 180◦) If drop size is increased the shape gets flattened (ΘC 160◦) and the water is
penetrating the surface until it contacts the pillar basement (ΘW 90◦). The scale bars for the confocal images are
10 µm and those for the video microscopy images are 100 µm.
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Chapter 8

Discussion

As shown in the last sections, it is possible to fabricate reproducible force sensor arrays using
standard photolithographic techniques. The dimensions are in the range of 2.5µm to 6 µm in
diameter and up to 20 µm in height. The stiffness can be varied two orders of magnitude (from
≤ 0,4 N/m down to 0.006 N/m). With a nominal resolution of 50-100 nm 1 in image analysis
it should be possible to resolve forces down to 0.6 nN. The limitations for structures with high
aspect ratios are not only set by the described limitations in standard photolithography, it is
also a problem of demolding structures. For removing the pillar array from the mould, high
forces are necessary, in particular when the array has a high aspect ratio and the contact area
between mould and PDMS is increased 2. The pillars are stretched extensively and snapping
back while they are released from holes. During release high pillars tend to aggregate or even
collapse due to their own weight. This is shown in Fig. 8.1, where pillars are released from a
high aspect-ratio structure generated with focused ion beam drilling 3. For measuring forces
lower than nN, e.g. generated by single molecular motors, their is the need to change polymer
for array formation. Great effort has been invested by our group in polymerising PEG di-
acrylate inside the SU-8 molds. For releasing the structure it is no longer possible to peel the
mold. An appropriate method for demolding is to destroy the mold by swelling the hydrogel
in a solvent were SU8 did not change volume 4. With the PEG pillars it should be possible to
measure force generated by single motor proteins to their substrate like myosin II interaction
with actin 5. Roos et al. already used PDMS pillar arrays, to build up a biomimetic 2D actin
cortex, to study the interactions involved in muscle contractility. Further work could be done
to study interactions during vesicle transport on artificial microtubule 6networks or the force
distribution during mitosis in vitro. Another possibility for the use of microstructure with
higher aspect ratios is to investigate surface hydrophobicity of materials where ΘY is smaller
than π/2. Therefor a contact angle should also exceed 150◦because the slender pillars would
protect the water drop against wetting of the entire surface 7[148].

1depending which objective was used for image acquisition
2At a certain level of aspect ratio, it is impossible to demold the structure without breaking the silicon mould
3FIB: Focused Ion Beam use high energy gallium ions to strike out atoms from the silicon surface.
4mostly water was used in preliminary experiments
5actin is a filament-protein which builds up the intracellular skeleton and plays a major role together with myosin
II in muscle contractility

6microtubules are involved in transportation of proteins or signal transduction in nerve cells
7this phenomena is seen in nature and is called the plastron effect. Insects are able to trap air around their
body while diving for hunting. Small hair covering insect’s body which are bended at their tips about 90◦are
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Figure 8.1: PDMS structures molded from a silicon mask generated with focused ion beam. Hole geometry is
controlled by the beam shape and structure sizes can be smaller than 1 µm

holding off the water.
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Chapter 9

Introduction

Most mammalian cells are adherent. In order to maintain normal cell function, they need to
connect to underlying (epithelial cells) or to thre surrounding (mesenchymal cells) matrix. The
biological matrix comprises a collection of insoluble proteins and glycoaminoglycans that are
collectively referred to as the extracellular matrix (ECM). A huge amount of these peptide and
carbohydrate ligands are recognized by cellular receptors. These receptor-ligand interactions
are critical for the maintenance of normal metabolism, proliferation and differentiation and
are essential to enable cells to respond appropriately to their environment. The primary
function of ECM is to mediate the adhesion of cells 1. Without adhesion, most cells initiate
a program of apoptosis that results in their death, while the loss of adhesion-related signal
transduction pathways leads to the growth and spreading of cancerous tumors. The majority
of studies on cell adhesion use artificial surfaces like glass, polystyrene and in fewer cases
siloxane based elastomers (PDMS), none of which are suitable for cell adhesion. In order to
stimulate cell adhesion these surfaces need to be ‘activated‘. This can be done in a very simple
way by incubating the substrates in a physiological solution of cell adhesive proteins, which
results however in unspecific adsorption of the proteins with unknown orientation and surface
activity. Tailoring proteins, protein fragments or peptide sequences 2 by covalent linkage to
the surface is more useful because it is possible to control the amount, spatial distribution
and conformational state of the bound molecules [65, 131, 132, 45]. Such surfaces can help
to investigate basic aspects of cell adhesion and its regulated processes inside the cells and
how different integrin activation is influencing cellular behaviour [6, 110]. There are however
some disadvantage for such tailored surfaces. The proteins that mediate cell adhesion are not
adsorbed onto flat surfaces in vivo, instead they form a fibrous complex network, to which cells
can adhere in a three dimensional fashion. Another drawback is the rigidity of surfaces used
in standard cell culture. Since hard surfaces do not exist in vivo,3 soft and flexible surfaces
seem more favorable to control the pliability of cellular vicinities in vitro. For example, it was
shown that surface compliance can alter cell morphology on both microscopic and molecular
scale. Proliferation and cell spreading was minimized and distribution of focal adhesion was
different on soft surfaces compared to rigid ones [150, 43, 195]. However major differences are
seen when cells are growing inside a 3D matrix in vitro. Fibroblasts for example have a stellate

1It also serves as a mechanical support in connective tissue and strengthens bones due to its fibrous architecture.
In cartilage ECM is build up from huge polysaccharides that resist compressive force

2which are found in the essential cell binding domains like the RGD sequence in fibronectin
3except bone and teeth surfaces
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morphology when cultured in a reconstituted soft collagen matrix instead of a ‘pancake-shaped‘
morphology when growing on flat 2D rigid glass substrates [78, 79]. Minimizing such artefacts
resulting from non-natural hard surfaces used in cell culture a necessary step is to create new
surfaces mimicking structural and molecular composition as well as the pliability of ECM.
In this part a new method is described to generate defined fibrous matrix protein networks
supported by a soft microstructured surface as introduced in the previous part. By combining
all the advantages of both systems, the flat surfaces and the 3D gels into one substrate it is
possible to create a powerful tool for the investigative cell biology.



Chapter 10

Theory

10.1 The ECM

The extracellular matrix is composed of five classes of macromolecules: collagens, elastin, pro-
teoglycans, hyaluronan and adhesive glycoproteins, which all together present a rich variety
of different organization with vastly different mechanical properties. As a result, the ECM
in different tissues is adapted to particular functional requirements, which are as different as,
tendons, blood vessel walls, cartilage, bone, the vitreous body of the eye and the subcutaneous
fat. The ECM molecules secreted and self-assembled into the immediate cellular environment
are linked to one another by multiple binding regions and with specific receptor molecules
in the plasma membrane of cells into an organized multifunctional network present in extra-
cellular spaces. The ECM consists of a meshwork of fibers embedded in a gel-like ground
substance. The ground substance consists of glycosaminoglycans and proteoglycans, which
form extended random coils that hold water by osmotic pressure. The fibrous extracellular
matrix components are glycoproteins that reinforce the ground substance and resist its ex-
pansive forces. Beyond providing mechanical support, the extracellular matrix also strongly
influences embryonic development, provides pathways for cellular migration and sequesters
important growth factors.

10.1.1 Glycosaminoglycans

Glycosaminoglycans are long polysaccharides made up of repeating disaccharide units, usually
a hexuronic acid and a hexosamine. Apart from hyaluronan, all GAGs are synthesised as co-
valent, post-translational modifications of a core protein inside the cell 1 resulting in protegly-
cans. Hyaluronan, a linear polymer, that which often exceeds 20,000 disaccharide repeat units
is released without further post-synthetic modification from membrane localised enzymes into
the extracellular space. Hyaluronan and proteoglycans are highly charged polyanions (each
hydrophilic disaccharide unit bears a carboxyl or sulfate group) that extend themselves by
electrostatic repulsion in solution and attract up to 50 g of water per gram of proteoglycane.
Retention of water by hyaluronan and aggrecan 2 is essential in cartilage, where compressive

1The core protein is synthesised in the ER and glycosylation takes place between ER and the trans-Golgi
apparatus

2a composite of a hyaluronan backbone with attached proteoclycanes consisting of chondroitin sulfate and
keratan sulfate
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A B

Figure 10.1: A: schematic view of the extracellular matrix network in connective tissue. The proteins are linked to
cells via transmembrane receptors which bind to adhesion-mediating ligands such as collagen, laminin or fibronectin.
B: TEM image of a fibroblast surrounded by collagen fibrils, seen as black dots (perpendicular) and lines (in plane to
image axis). In higher magnification the typical striated morphology of collagen I fibers appears. images are taken
from [117, 4].

forces are high. In other tissues, networks of hyaluronan restrict water flow, limit diffusion of
solutes, and impede the passage of micro-organisms. Hyaluronan also acts as lubricant in joint
cavities 3. Beside the space filling properties, proteoglycans and hyaluronan are also present at
the cell surface, building up the glycocalix. Syndecan, the most common proteoglycan present
at plasma membranes of living cells, has for example different functions. Among these func-
tions its heparan sulfate chains at the extracellular domain binds to fibrous proteins (collagen
or fibronectin) and the cytoplasmic tail can interact with the actin cytoskeleton. Another
class of cell surface proteoglycanes are selectins which play an important role in adhesion of
leukocytes to endothelial cells during inflammation (for reviews see [164, 97]).

10.1.2 Collagen

Collagen is the major insoluble fibrous protein in the extra-cellular matrix of connective tissue.
It is the most abundant protein found in the animal kingdom. At least 16 different types of
collagens are known, but 80-90 % of the collagen in the body consists of the fibrous types I,
II, III collagens. Whereas type IV collagen is forming a 2D reticulum, the basal lamina. The
typical collagen I base unit consists of a 300 nm long and 1.5 nm thin triple helical structure.
It arises from the unusual abundance of three amino acids: glycin, prolin and hydroxyproline,
where glycin occupies every third place in the single chain. Collagen is synthesised from
cells as a long precursor protein, the procollagen. Enzymatic cleavage of the propeptides
in the extracellular space assembles the collagen triple helicals to fibrils [155, 104]). This
entropically driven process is completed by crosslinking of oxidised lysine residues with free
amino groups (mainly from non-oxidised lysin). Fiber morphology (length and diameter) is
controlled by collagen associated proteins and proteoglycans, like collagen type V, type IX,
decorin or Fibromodulin [19, 108].

10.1.3 Glycoproteins

Glycoproteins are a class of insoluble, highly glycosylated multiadhesive proteins in extra-
cellular space (e.g. laminin, elastin, fibronectin). They are and long flexible molecules that

3recently hyaluronan has been used as a lubricant for arthritic patients
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A
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Figure 10.2: A: Structure of the cell surface receptor sydecan, a proteoglycan with heparan sulfate side chains,
which can bind to matrix proteins. B: Aggrecan aggregates, an extracellular macromolecule found in cartilage and as
space filler in the connective tissue is build up from hyaluronan with attached aggrecan proteoglycan. Its structure,
characterized by branches and by the negative charged side chains is responsible for the highly hydrated state of the
polymer in vivo. Images are from [117, 157].

contain domains responsible for binding a variety of collagens, other matrix proteins and
proteoglycans, cell-surface receptors and signalling molecules such as growth factors and hor-
mones. Their major role is to attach cells to the extracellular matrix. In epithelium-matrix
connections laminin is one of the major binding proteins found in the basal lamina. To-
gether with collagen IV it forms a flexible thin (40-120 nm) mat of specialised matrix that
underlies all epithelial cell sheets and tubes. The basal lamina thus separates epithelial cells
from the underlying or surrounding connective tissue and is determining cell polarity during
embryogenesis. It also influences cell metabolism and regulates apoptosis, proliferation or
differentiation during organ development. Moreover it can serve as a highly selective filter in
the kidney glomerulus (see also Part IV) or direct cell migration. Laminin is a cross-shaped
heterotrimeric protein with a total MW of 820 kD which can self-assemble in vitro into a
felt-like sheet, largely through interactions between the ends of the laminin arms.

10.1.4 Fibronectin

Fibronectin (FN) is a large, protein consisting of two polypeptides of about 235 kD linked by
two disulfide bonds near their C-termini. Each polypeptide chain is a linear array of three
types domains, the F-I, F-II, F-III. Each of them has different amounts of repeating units
which consist of antiparallel β strands. It exists in two major states, either circulating in
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Figure 10.3: The mat-like basal lamina (BL) is protecting the epithelial cells (E) from the underlying connective
tissue (C) of fibroblasts embedded in collagen. B: Model of the basal lamina. Images are from [117].
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Figure 10.4: Functional sites of fibronectin drawn schematically. In general three types of repeating structural motif
are present on the fibronectin chains, termed types I, II, and III. Fibronectin’s binding domains and regions involved
in its assembly into a fibrillar matrix are delineated along the molecule. Alternative splicing occurs at the ED-A,
ED-B, and on the variable (V) sites. A major cell-binding region is present on the 10th repeat unit in the FN III
motif. This central cell-binding domain consists of an RGD (arg-gly-asp) site and a synergy site located on FN III9 .
A second set of cell-binding sites is located in an alternatively spliced region termed the CS or V region. Scheme is
adapted from [127].

blood plasma as a soluble dimeric protein or integrated in the connective tissue as insoluble
fibers. Plasma fibronectin is involved in blood clots formation. Binding to fibrin leads to a
concentration of the cell binding domains, where activated platelets can bind to (via cell surface
receptors). The fibronectin in connective tissue exists exclusively as a fibrous matrix protein
interconnecting cells with other matrix proteins. Concerning the functions of a multiadhesive
protein, fibronectin has different domains to bind ligands like collagen (located on the FN II
domain), heparin I and II (located on the FN I and FN III domains), cell surface receptors
(located on the FN III9−10 domain), fibrin (located on the FN I domains near the N and C
termini) or even to itself (FN recognition site are located on domain FN I1−5[145, 180, 127, 178].

Besides cell adhesion, FN regulates migration, differentiation, and growth during normal
wound healing and embryonic development. Loss of FN from the cell surface is a characteristic
of many transformed and tumorgenic cells. Restoration of a FN matrix often suppresses the
transformed phenotype . Most functions of FN are more evident in the fibrous state compared
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to effects of FN in solution. Although much effort has been done to understand the assembly
of FN into a matrix, this process is not fully understood. The mechanisms of collagen and
laminin fibrillogenesis are well known and confirmed also by cell free experiments [154, 212].
First evidences about the mechanism of FN assembly into fibers were collected from floating
cell-populated collagen gels, where a reduced fibrillogenesis of FN was obvious, indicating
that forces are needed in order to aggregate FN into fibers [82]. In more detail Zhong et
al. have shown that fibrous FN is reduced in serum starved Swiss 3T3 cells. These cells
lack active Rho protein - a small GTPase which can induce organization of actin and myosin
into stress fibers - and cannot apply tension to the surrounded FN. In contrast FN assembly
is enhanced under conditions that activate Rho [220, 206]. From recombinant FN proteins,
lacking repeating units 2-5 in the FN III domain and the entire FN I domain near the NH2

terminus, the essential self binding domain were identified [181, 177]. For example FN III2−5

depleted FN did not polymerize when cultured together with CHOα cells, therefore no fibrous
FN containing matrix was found in the extracellular space [181]. A possible mechanism was
first suggested and considered theoretically by Erickson in 1994, both in the context of FN and
for the muscle structural protein titin, which contains many FN III modules and is subject
to considerable stretching [62]4. The structural change of FN III domains under tension may
expose a cryptic site for binding additional FN proteins. The energy to unfold a type III
module was calculated to be surprisingly small and in the same range as the force generated
by one or a few myosin motors interacting with actin [62, 139]. The structural change was also
investigated in situ during cell assisted FN matrix assembly. Vogel et al. used a dual-labeled
FN monomer and measured FRET 5values in order to discriminate between compact (high
FRET signal) and stretched (low FRET signal) molecules during FN self-assembly. These
authors found a stretched conformation of FN in fibrils and a compact conformation of FN
on the cell surface and in solution, which is indicating a conformational change during FN
aggregation [10, 12]. Additionally several cell-free routes were identified that can promote FN
fibril formation, due to the addition of denaturants, reducing agents, or peptidic fragments of
the purified protein [130, 89]. FN fibers can also be induced by shear stress in the absence
of additives or underneath expanding bilayered phospholipid LB-films [11, 58]. The resulting
fibrils exhibit also the high molecular weight characteristic as it is found in the cell-mediated
fibrillar networks. However, whether their structure or assembly mechanism is equivalent
to that of cellular matrices remains unclear. In both cell-based and cell-free systems, tension
seems to play a major role in FN fibrillogenesis. From these results and from SMD6 simulations
of FN unfolding, a general mechanism can be proposed. As illustrated in Fig. 10.5, the
assembly of FN into functional matrices can be described by a multistep process. After FN
has been secreted in a compact conformation (1), the integrins present on the cell surface binds
via the cell binding domain (2). This induces conformational changes that expose FN binding
sites and activate the protein to promote intermolecular interactions with other FN dimers
(3). Integrin clustering and binding of additional FNs leads to fibril formation, elongation,
connections to neighbouring cells, and accumulation into a dense network (4) [178, 72, 41].

4while unfolding titin it is protecting the muscle from overstretching. Unfolding of titin is a reversible process
unlike applied force is not too high.

5Fluorescence Resonance Energy Transfer; the technique is based on the energy transfer between two dyes in a
closed vicinity, smaller than 10 nm. If the distance increases the energy transfer efficiency is decreasing by 1/r6

6SMD: Steered Molecular Dynamics
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Figure 10.5: Schematic illustration of FN matrix assembly assisted by cell exerted tension. Adapted from [178].

10.2 Protein absorption to interfaces

10.2.1 Native Protein adsorption

Proteins adsorb to essentially all non-natural surfaces [63]. The rate of adsorption is fast 7

and is irreversible on the time scale of routine experiments. All surface adsorbed proteins
undergo denaturation. The degree of denaturation is difficult to predict since it depends on
many variables, including the structures of the protein and surface, and the composition of the
solution (pH, ionic strength, temperature). Denaturation also depends on the concentration
of protein in solution; on average, lower concentrations are correlated with greater extents of
denaturation since the adsorbed protein has a longer time to denature before the surrounding
sites are occupied by neighbouring proteins [185]. Finally, even under ideal conditions, the
layer of protein is typically heterogeneous and the determination of distribution in orientation
and structure is essentially impossible 8. Concerning the 3D structure of proteins as shown for
FN in Fig. 10.5, proteins should adsorbed to the surface in such a way that the cell binding
domains of the adsorbed proteins are accessible for the cell surface receptors 9. Only in this
way can cell adhesion studies lead to results that are comparable to adhesion in vivo. This was
shown in studies of FN adsorption to substrates with different surface characteristics (surface
energy, surface charge) where differences in the structures of adsorbed proteins (see Fig. 10.6)
result in change in the cell morphology, and where the molecular composition of adhesion
clusters are obviously different [73, 162, 14, 17, 153, 189, 201, 43].

10.2.2 Alternatives to native protein adsorption

In general, there are some possible ways of controlling the orientation of surface adsorbed
proteins. First, it is possible to use only the essential protein sequences mediating cellular
adhesion. In the majority of cases a sequence from the cell binding domain found in the
FN protein is used, termed RGD (Arginin-Glycin-Aspartate). This small peptide sequence is

7for large proteins it can be near the diffusion limit
8Therefore it is worth to know how many and in which conformation active ligands are available from the surface
adsorbed proteins

9Protein structures are normally obtained from x-ray crystallographic methods which may also show a different
view of the protein structure compared to the natural one
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in ECM fibersat cell surface on hydrophobic / hydrophilic
surfaces

denaturated with
8M GdnHCl

Figure 10.6: Different states of fibronectin conformation in vivo and in vitro. On the left side secreted FN to a cell
surface has a compact conformation as well as in physiological solution. Change in surface energy or due to applied
force, FN unfolds to a more open configuration. The extreme case of FN unfolding is seen on the right, were FN
was totally denaturated in 8 M GdnHCl; tertiary structure is destroyed. The different position of the red marker
symbolise the variance in conformation a protein could adsorb onto a surface. Image and data are from [12, 14]

covalently bound to the substrate by reactions shown in Fig. 10.7, generating a surface with
known ligand density and orientation [87, 168]. Also the spatial distribution can vary from the
nanometer scale, up to homogeneous coatings. Moreover, using different peptides, a organized
patterned surface can mimic the spatial distribution of matrix proteins in vivo [6, 52, 135].
Some techniques for surface grafting of small molecules are summarized in the following:

• Co-polymerisation of RGD motif to polymers via acrylates [171]. The small peptide
sequence is implemented in the polymerisation reaction or can be added to a existing
polymer surface [59].

• Attaching thiolated RGD peptides to gold or silver surfaces forming self assembled mono-
layers, which are defined in orientation and also in a certain range in spatial distribution
10.

• Chemoselective ligation to premodified surfaces using active ester coupling to amino-
terminated RGD derivatives resulting in stable amide bonds [98], or direct coupling
of amino-RGD to active hydroxylated surfaces with N,N-disuccinimidyl carbonate in
aqueous solution [101]. Bromoacetyl-RGD binding to thiolated surfaces or vice versa
[99], quinones which reacts with cyclopentadien generating stable Diels-Alder adducts
[210].

• Grafting of RGD peptides to surfaces in a less defined but more general way is done
using a photocrosslinker like benzophenone or fluorinated arylic azides. They insert
into CH bonds 11 via a photoiduced triplet state (benzophenone) [55] or by a nitren
generated from nitrogen cleavage (in case of the arylic azide) [26]. Surface density is
not as controlled as in SAM‘s (multilayers are possible but the percentage of coverage
can be adjusted by varying the illumination density or the time of irradiation) but the

10in the micrometer range spatial RGD concentration can be controlled by softlithographic methods and in the
nanometer range by self assembly of gold nanoparticles [135, 133, 134, 91, 6]

11a majority of polymers have CH bonds at their interface like PMMA or the chemical inert PDMS
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Figure 10.7: Different coupling methods for thiolated (A), aminated (B), and light sensitive (C) RGD peptides to
pre modified surfaces. Scheme is adapted from [87]

wide range of usage 12 and the possibility of micropatterning surfaces makes this system
more favorable. In Fig. 10.7 some surface reactions known from literature and used for
biofunctionalization are summarized.

These tailored surfaces are useful to investigate basic cell behaviour at a low complexity.
To create a more complex system which is closer to in vivo conditions a second approach

uses fibrous matrices generated from in vitro polymerisation of different matrix proteins like
collagen I, FN, laminin, collagen IV, different GAG‘s and in combination of the last three
together in a mixture called ECM gel (for details in preparation see Part IV of this thesis)
[44, 79, 78]. Interestingly cells growing inside 3D matrices which are floating in culture medium
behave much different as cells inside a gel connected to a rigid support or growing on a thin
layer of protein fibers coated on coverslips [205, 43]. They showed differences in morphology
and matrix composition depended integrin usage. Therefore it is necessary to use a system
where fibrous protein matrices can be used in combination with controllable rigidity of the
substrate 13.

12almost all surfaces can be treated
13in case of 3D matrix cultures the rigidity can be varied to some extend by the usage of different protein

concentrations in the precursor solutions.
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Material and Methods

11.1 Protein labeling

Bovine FN (Sigma, Germany) was fluorescently labelled following a protocol published in
[1]. In detail, 0.5 ml of FN solution (1 mg/ml) was first desalted using a size exchange
column (Sephadex PD-10, Amersham Bioscience) to remove the Tris-containing buffer 1. After
exchanging the buffer to PBS 10 µg of 5,6-Tetramethylrhodamin-isothiocyanate (TRITC) was
added while gently stirring the solution overnight at 4 ◦C. An 8-fold molar excess of dye
molecules was used to get an appropriate degree of labelling. The protein concentration was
measured at 280 nm on a UV-Vis spectrometer (Cary scan 500, Varian). The degree of
labelling was measured with a fluorescence spectrometer (Cary eclipse, Varian) following the
protocol.

11.2 FN at the air water interface

To see how the FN is concentrated at the air water interface, drops of labelled FN (app. 10
µg/ml at 10 µg/ml) were applied to clean coverslips and imaged with a confocal microscope
at the border of the drop. In addition a small region was bleached and the fluorescence
recovery was imaged over a period of 5 min at 30 sec interval. In Fig. 12.1 C the position of
FN bleaching and of image capturing is schematically illustrated. Additionally the FN was
deposited also to formvar coated TEM-grids (Plano, Germany) from a 10 µg/ml solution.
The FN solution was applied to a flat Parafilm and the TEM-grid was laid onto the drop
surface. After 5 min. the drop was withdrawn and the grid was washed once with PBS and
immediately negative stained with 2 % uranylacetate. Images were captured with a Philips
CM12 (Hamburg, Germany)

11.3 FN solutions on superhydrophobic surfaces

FN deposition on the superhydrophobic surfaces was preformed by several approaches. For
depositing FN only to the pillar tops small drops (10 µl) of a FN solution in PBS were pipetted
carefully to the surfaces and incubated for 2 min at RT. Immediately after withdrawing the

1Tris, a primary amine is also reacting with the used dye for labelling FN.
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drops with a tissue paper, the surface was wetted with a 70 % solution of Ethanol in double-
distilled water (EtOH, Riedel deHaen, Germany) and rinsed with PBS. To generate fibrous
FN, the incubation time was increased to 10 min and the FN stock solution was not prediluted
but injected into an existing PBS drop sitting alredy on the microarray, resulting in a solution
with 10 µg/ml. After 3 exchanges with PBS the surface was either wetted with 70% EtOH
or processed unwetted to get different fiber morphologies. In a different set of experiments,
FN was deposited at 10 µg/ml in solutions with different ionic strengths and compared to
PBS. Two solutions were prepared containing 0.5 M Tris (pH 7.4) and 0.1 M or 1 M NaCl.
Deposition was followed by a wetting step with 70 % EtOH and washing with PBS. In the
same way bovine FN from two different sources (from Sigma and from Biological Industries)
where compared once from its originated buffer diluted to 10 µg/ml with PBS or dialysed
first overnight in 2 × 2 l against PBS and then diluted to 10 µg/ml in PBS. In addition
laminin, a different type of protein from the ECM, was applied in PBS at a concentration
of 10 µg/ml to the microstructure surface. Wetting and washing steps were the same as for
the FN samples. After rinsing the samples, FN or LM was immunoassayed for visualization
in fluorescence microscopy. Preincubation for blocking was performed using 0.1 % bovine
serum albumin (BSA, Sigma) solution in PBS. A rabbit anti-FN or in the case of laminin
a rabbit anti-LM antibody (both 1:100, Sigma) was used as primary antibody followed by
incubation of the sec. antibody (Alexa-Fluor488 goat ant-rabbit, 1:50; Molecular Probes).
Samples were mounted on objective slides with mowiol 488 (Hoechst, Germany) containing
0.5 % Diaza-bicyclooctan (DABCO, Sigma) and imaged with confocal (Zeiss LSM 5 Pascal) or
epi-fluorescence microscopy the DeltaVision Spectris system (Applied Precision Inc., Issaquah,
WA, USA).

11.4 Western blot

The cabability of FN fibrillogenesis from soluble FN of different sources was investigated in
an additional set of experiments. It is known, that fiber formation only occurs, when the FN
molecule is intact, therefore the bovine FN from the two sources was analysed by Western blot
following the manufactors protocoll [3]. SDS-PAGE (SDS-polyacrylamide gel electrophoresis)
allows the separation of proteins according to their molecular weight. Sodium dodecyl sulfate
(SDS) is an anionic detergent, which denatures proteins by ´wrapping around´ the polypep-
tide backbone and conferring a negative charge to the polypeptide in proportion to its length.
It is also necessary to reduce disulphide bridges in proteins with 2-mercaptoethanol or dithio-
threitol (DTT) 2, before they adopt the random-coil configuration necessary for separation
by size. In denaturing SDS-PAGE separations therefore, migration is determined not by the
intrinsic electrical charge of the polypeptide, but by the molecular weight. In a discontinuous
system, a non-restrictive large pore gel (stacking gel) is layered on top of a separating gel
(resolving gel) to obtain higher resolution of the protein band. For the protein separation,
gel electrophoresis is performed using 3-8 % Tris-Acetate pre-cast gels with NuPAGE system
(Invitrogen). Protein solutions are reduced with 500 mM DTT and diluted in loading buffer
containing glycerin and bromphenolblue (to visualize the run of the protein in the gel). The
samples are then incubated for 10 min at 70°C. In each well, a 30 µl volume containing 5
µg of protein sample diluted in loading buffer. The reducing effect is increased by adding an

2FN has two disulphide bridges near the c-terminus
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antioxidant to the running buffer. Gels are run at 150 V, 110 mA for 1 hr and 10 min. A
marker with a protein spectrum between 210-41 kD is used as a molecular weight reference
(SeeBlue Plus2 Pre-Stained Standard, Invitrogen). To visualize the different protein bands,
the gels were incubated in E-Zinc stain solution (Pirce) for 10 min. and developed for 1.5
min. After washing with PBS, the gels were scanned and digitalized (Epson Perfection 2450
Photo).

11.5 Basement membranes

In order to mimic the basment membrane in vivo, Matrigel was applied at different concen-
tration onto the microarrays by first overlaying the surface with PBS and then injecting the
appropriate (100 µg/ml and 500 µg/ml) amount of Matrigel at 4◦C. The samples were equili-
brated to RT for 10 min and washed gently 3 times. After removing the washing solution, the
surface was dried for 2 min and rehydrated with PBS. The samples were critical point dried
(CPD 030 Critical point dryer, Bal-Tec, Balzers Liechtenstein) and examined with scanning
electron microscope (SEM, Leo 1530, Zeiss, Oberkochen, Germany).

11.6 Single fiber measurement

To measure the elasticity of single FN fibers generated on the microarrays, a solution of
10 µg/ml rhodamin labeled FN was applied to the microarray by the injection method as
described above. After washing the samples were mounted to a pinched petridish to allow
observation through the pillars. To measure the stiffness of single FN fibers a similar setup
to that described in Part I for pillar calibration was used. Instead of cantilevers, rigid glass
microplates were used to bend the pillars. Images were taken every 100 nm of lateral movement
and imaged in fluorescence mode. For analysis the sample was moved 1 µm with 100 nm
increments and the stiffness of the analysed pillar (in Fig. 12.6 the pillar marked with *)
was set to 0.9 N/m corresponding to the height where the fibers are connected to the pillar
sidewalls (about 5 µm from the pillar base). Changes in fiber length were measured from the
fluorescence images using ImageJ software (version 1.32j, developed by NIH, Bethesda, USA).
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Chapter 12

Results

12.1 FRAP at the air-water interface

In order to construct FN fiber networks on top of pillar surfaces, first a drop of labelled FN
solution was placed onto a clean coverslip and examined with confocal microscopy. At the
interface the integrated fluorescence intensity was 3 times higher compared to areas inside the
drop 1as seen in Fig. 12.1 A). The stability of this fluorescence intense layer was investigated
using FRAP(Fluorescence Recovery After Photobleaching). FRAP is commonly used to es-
timate protein mobility and turnover in living cells and therefore an ideal tool to investigate
the protein diffusion to or from the air-water interface (for review see [161]). A spot at the
interface was bleached by a focused laser beam. The rate of fluorescence recovery in this area
is plotted in Fig. 12.1. Recovery was in the range of minutes (IFRAP1/2 = 330sec). For freely
diffusing proteins towards and from an air-water interface a diffusion rate in the millisecond
range should be expected [126].

12.2 TEM of FN at the air-water interface

Using a pipette tip, it proved possible to pull out thin fibers from the stable interconected
network of FN that was lying as a membrane at the air-water interface. By transferring the
membrane from the drop surface of a protein solution to a TEM grid, the proteins from the
interface were investigated in mor detail. Using electron microscopy randomly orientated FN
molecules and orientated fibrils which had dimensions of several 100nm in length and 20 nm
in width were observed (see Fig. 12.2). A slight periodicity along fibrils is observed in Fig.
12.2 B. This periodicity was also observed on FN aggregates produced by adding Anastellin 2

to a FN solution. It may result from partially unfolded FN modules along the fiber [123].

12.3 Restricted protein adsorption

By placing a drop of FN in buffered solution (10 µg/ml) on the surface for only 2 min, followed
by completely withdrawing the drop, only the pillars top were immersed in the solution due to

1in drops were only rhodamin was dissolved a near uniform intensity distribution was found.
2FNIII1 fragment of FN
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Figure 12.1: A: A drop of labelled FN placed on a coverslip and imaged with a confocal microscope 10 µm above
the coverslip. High FN concentration is indicated by an arrow at the air water interface. B: Scheme of bleaching
position at the air water interface. C: The bleached area at the air water interface is marked with *. D: Image
of a flat drop which was afterwards expanded by injecting 5µl of buffer solution. The stable FN membrane was
ripped apart. E: Plotted fluorescence recovery after photobleaching and the absolute photobleaching during image
acquisition. The scale bar is 5 µm.

the superhydrophobic properties of the pillar surface. The area of coating was thus restricted
to the flat tops of the pillars. The incubation time was kept to a minimum because the
solution tends to penetrate the microarray a. The drop sticks to the microarray and after
withdrawal a thin liquid film is observed. This leads to deposition of FN-fibers and FN-sheets
interconnecting pillar tops (see Fig. 12.3 A-C which are all from the same sample). If the FN
is injected into an existing drop of buffer solution in contact with the microarray, resulting in
a final concentration of 10 µg/ml, and incubated at RT for more than 5 min, a dense fibrous
network was deposited at the non-wetted areas (see Fig. 12.5 C). This matrix tends to form
aligned fibers among major tension lines where the FN molecules are stretched. Tension was
increased when the solution had begun to sink slowly inside the pillars 3(see Fig. 12.5D).
Defects such as missing pillars allow the solution to penetrate the array and cover the pillars
entirely. Along the interface of wetted and non-wetted areas, the fibers are formed. In Fig.
12.5 A the retracted interface is seen leaving behind fibers interconnecting the pillars. The
unidirectional orientation of wetting, the substrate was wetted line by line, was responsible of
the direction of the highly oriented FN fibers.

12.4 FN fibrillogenesis depends on the protein integrity

In further experiments two different sources of FN 4 were used to see how buffer content is
affecting Fn fibrillogenesis. FN from stock solution containing 0.5 M NaCl and 0.05 M Tris
was diluted to 10 µg/ml with PBS or first dialysed against PBS extensively to remove the
origin buffer contents and then diluted with PBS. In the same way FN dissolved in 0.05 M Tris

3some networks were tend to sink about half of the entire length of the pillar towards the bottom.
4both were bovine FN but from different companies one from Sigma and the other one from Biological Industries
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Figure 12.2: A:TEM image of FN deposited on formvar coated grids. Randomly orientated single molecules or
aligned strands of several molecules are magnified. A line scan taken from the encircled area with a repetition of
intensity every 20-30 nm. Scale bare is 100 nm.

and 2 M Urea was used. Interestingly, FN solutions that originated from the 2M Urea solution
did not form FN fibers whereas FN from the 0.5 M NaCl buffer solution showed fibrillogenesis
on the microarrays in both cases (the normal diluted and the dialysed solutions). Western
blot analysis of the proteins showed a single line at 200 kD for the Sigma FN whereas the FN
from Biological Industries was fragmented (two bands at 28 kD) and no band at 200 kD was
observed. For fibrillogenesis the need of an intact FN molecule is apparent (see Fig. 12.4).

12.5 Effect of ionic strength to FN fibrillogenesis

The effect of fibrillogenesis on the conformational state of FN molecules in solution was inves-
tigated by diluting the FN solutions in buffer with different ionic strenght. From literature it
is know that fibronectin unfolds if the ionic strength of the solution is raised [189]. Therefore
solutions of 10 µg/ml of FN with different salt concentrations were prepared and casted onto
the microstructured surfaces (0.1M NaCl or 1M NaCl). No effect of different salt concentration
on FN fibrillogenesis was observed (data not shown).

12.6 Other matrix proteins

Other proteins were also tested to see whether fiber formation is unique to FN. Instead of FN,
LM was used under same conditions either the 2 min. approach or adding LM to an existing
drop suspended by the microarray and incubated for 10 min. No fibers between the pillar
were visible and the coating was restricted to the pillar heads as seen in Fig. 12.4 E. LM was
slightly visible at the sidewalls if the incubation time was raised to 10min. (compare also Fig.
22.4 in Part IV). To generate a fibrous matrix from non FN-containing proteins or protein
blends which was suspended by the microarray a thin diluted protein solution (in this case
Matrigel was used) with at least 100 µg/ml protein content was slightly dried on the pillar
array and rehydrated with PBS. The fibrous matrix was concentrated either as a thin film
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Figure 12.3: A-C: A series of image taken from the same sample. A drop of FN solution was incubated for 10 min.
and removed. After wetting and fluorescent labelling, different FN morphologies are visible. Starting from dense
fibrous sheets (A) over intermediate fibrous bundles (B) to thin interconnecting fibers (C). The overlaying mats in C
are located at the point where the FN solution was detached from the surface. D: Thin ECM layer supported by the
microarray casted from a solution. Cultured cells tend to spread out as on flat rigid surfaces. If a higher concentration
is used (500 µg/ml, E) the layer becomes more softer. Cultured cells have a more compact morphology. D‘ and E‘
are images magnified from inserts. Scale bars in the fluorescence images are always 10 µm. In the SEM images D
and D‘ scale bar is 10 resp. 1 µm and in E, E‘ it is 100, 10 µm.

(less than 1 µm 5) or as a 10-20 µm thick hydrated gel depending on the concentration of the
applied protein solution.

12.7 Single fiber elasticity

To measure the elasticity of the FN fibers thin fibrils were connected between two pillars as seen
in Fig. 12.6 by placing labelled FN solution on top of pillars. A fiber, which was suspended
between tow pillar, was choosen to preform the elasticity measurements. One pillar was bent
and the movement of the connected pillar was tracked according to the procedure described
for pillar calibration. A linear fit of the force distance curves results in a stiffness kFN of
3.45 ± 1.3mN/m which is two orders of magnitude less than kpillar. Therefore the measured
values could only provide a rough estimate of the fiber stiffness.

5data from SEM image
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Figure 12.4: A, A‘: Images of deposited FNb (at 10 µg/ml) either from stock or dialysed against PBS. B, B‘:
FNs was used under same conditions resulting in fiber Formation. E: Image of FN deposited from a drop with
2min. incubation time resulting in top coating of pillar ends (see also Chapter 3 Fig. 22.4 A). Images are taken
in epifluorescence and the scale bar is 5 µm. D: Western blot analysis of the different protein sources. The stock
solution was either used without change (FNs s or FNb s) or dialysed against PBS (FNs d or FNb d), where FNs or
FNb is indicating the different source of FN. For FNs a single band is observed at 200 kD (arrow). Whereas, when
FNb is used, two bands are observed at 28 kD, indicating fragmentation of the protein (arrowhead). No band at
200 kD was visible.
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Figure 12.5: A: Image of a sample during fibrous FN deposition. The sample was mounted during wetting. The air
water interface , where the fibers are pulled out while the air retracts, is indicated by an arrow. B: 3D reconstruction
of the z stack imaged in A. The arrow indicates an area where FN is highly concentrated and the fibers are connected
to the pillars sidewall. C: Single z-plane image from the non-wetted area. A random network of interconnected FN
aggregates is visible. The dark areas are the pillars which are not fluorescently labelled. D: If tension is applied on
the FN network fibrils appeared to be orientated along the major stress lines. B’: Side view of B, P is indicating the
pillar position to which the FN fibers are connected to (white circle). A’: Side view of A with wetted and non-wetted
areas (from left to right, P is indicating the pillars). The membrane has a concave shape because the non-wetted
area was sealed from surrounded solution. The increased Laplace pressure pushed the membrane upwards against
the weight of the solution (see *). Scale bar is 5 µm.

*

*
A B

0 200 400 600 800 1000

14

15

16

17

18

19

20

21

F
[n

N
]

�l [nN]

Linear Fit (3.42 mN/m)

l+ l

movement

microplate
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Discussion

Generation of FN fibers can be generated by different approaches. In the literature, stirring
and pulling out a pipette tip from a concentrated FN solution ahve been described [58, 25].
Orientation is poor and the mechanism of fiber formation in vitro is not yet fully understood.
From the approach described within this chapter some aspects of fibrillogenesis can be under-
stood. It is apparent that force was needed to aggregate FN into fibrills. The fiber formation
on the microarray was fast (fibers develop during wetting or remove of droplets [11]). Fib-
rillogenesis was in most cases a result of shear forces, which were either from the proceeding
water interface during wetting or caused by withdrawal of the protein solution. How these
forces affected the thin layer of proteins at the drop boundary laying on the pillar surface
was not investigated in detail, e.g. during wetting, because of the inaccessibility 1. Along
the line of highest tension at the air water interface between the pillars, orientation of the
interconnected FN molecules was observed indicating a stretch-induced fibrillogenesis. It is
worth mentioning that use of a protein from a different company results in no fibrillogenesis
in vitro. From Western blot analysis it could be concluded that the entire fully functional
protein is necessary to produce fibers. If FN is fragmented no fibers were obvious on the
microarray. Fragmentation could be a result of wrong storage conditions or even of a different
purification procedure. Which epitope in the protein sequence was responsible for fibrilloge-
nesis was not investigated but one can propose to use recombinant proteins lacking different
FN modules and check whether they can form force induced fibrils in the future [181]. While
fibrillogenesis from solutions of different ionic strength resulted in the same fiber morphology,
the initial conformation of the FN molecules is not important2. This may a result of the strong
hydrophobic character of the air water interface to which proteins can adsorb such that the
original conformation in solution plays a minor role. This artificial model of FN fiber forma-
tion could be useful for the full understandings how selfassembly of FN molecules takes place.
In combination with techniques like FRET or AFM 3 which can measure stiffness of single
fibers and by investigation of the crystal structure of the fibrils by TEM, a model of formation
and the molecular/structural composition should be available. It could also be useful to study
how a defined structural environment can affect cellular behaviour in vitro and how this well
controlled support changes biochemical signals and gene expression (see also Part III, where

1air water interfaces and the PDMS are disturbing fluorescence microscopy, and even the fast process of wetting
makes it difficult to achieve good images for quantification

2change in pH was not investigated.
3Atomic Force Microscopy
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A B

Figure 13.1: A: Epithelial cells (stained for actin, green and nuclei, blue) are growing in a dense monolayer on top
of ECM (stained for laminin, red) coated pillars, which is mimicking the basal lamina. Also it should be possible to
generate co-cultures where mesenchymal cells are growing inside the microarray and epithelial are laid on top. B:
Cells growing inside a thick gel which is supported by the microarray, which could serve as an additional model to
study invasive characteristics of tumorgenic cells.

such surfaces were used in combination with adhesion studies). Also dense fibrous mats with
well defined physical and chemical properties can be used as a model system of the basal layer
between epithelial and mesenchymal cells. So far, no artificial model systems exists, where the
molecular composition and tphysical properties of the surface are combined into one system.
This enables for example, ephitelial cells to grow as polarised sheets of cells as also found in
vivo (compare also Part IV and Fig. 13.1).
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Chapter 14

Introduction

The linkage between cells and their environment, mostly other cells or the ECM is mediated
by membrane-localized proteins which are referred to as cell adhesion molecules (CAMs).
Those proteins building up cellular junctions are different in nature and function depending
where they are localized. Overall five major transmembrane proteins have been shown to
be involved in cellular adhesion: cadherins, immunglobuline-superfamily (Ig-superfamily), se-
lectins, mucins and integrins. The interactions are either homophilic (cadherins), which are
predominant in cell-cell junctions or heterophilic (integrins) in the case of cell-ECM adhesion.

Both the cell-cell and cell-ECM junctions play an important role in maintaining cellular
behaviour at a single cell level during embryogenesis and wound healing and are necessary for
shaping and the functionality of multicellular structures. The known junctions in adherent
cells can be classified into different functions: occluding junctions seal cells together, for
example in epithelial tissue, to prevent small molecules from leaking from one side to the
other; communicating junctions mediate the passage of signalling molecules, such as ions and
soluble factors, and electrical signals. Anchoring junctions serve to mechanically attach cells to
each other and to the extracellular matrix. In particular, anchoring junctions play an essential
role in tissue maintenance providing structural cohesion; such junctions are most abundant in
tissues subject to constant mechanical stress like skin, connective tissue and heart.

A B

Figure 14.1: Scheme of molecules that are involved in cell-cell and cell-ECM adhesions. Cadherins are essential in
maintaining epithelium integrity, whereas integrins link cellular domains to the ECM. Image adapted from [117].
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Chapter 15

Theory

15.1 Cell-cell contacts

Stable adhesion in cell-cell interactions are predominantly mediated by homophilically inter-
acting cadherins which have structural (adherens junctions) and signalling (desmosomes and
gap junctions) features. In adherens junctions, actin is linked to cadherins through a set of
intracellular proteins, such as catenins, vinculin and α−actinin forming a contractile bundle
which allows the epithelium to be reshaped. Cadherins in tight junctions are not only in-
volved in selective adhesion between embryonic cells but are also primarily responsible for the
formation of stable junctions between cells in tissue. For example, E-cadherin is expressed
in epithelial cells, so homophilic interactions between E-cadherins lead to the selective adhe-
sion of epithelial cells to one another. It is noteworthy that loss of E-cadherin can lead to
the development of cancer derived from epithelial cells, indicating the importance of cell-cell
interactions in controlling cell behavior. Different members of the cadherin family, such as N-
cadherin (neural cadherin) and P-cadherin (placental cadherin), mediate selective adhesion of
other cell types. In desmosomes desmoglein and desmocollin are interconnecting intermediate
filaments between cells, forming an intercellular net of great tensile strength. The interme-
diate filaments are anchored intracellular by linking proteins (plakoglobin and desmoplakin),
see Fig. 14.1.

15.2 Cell-ECM contacts in two dimensions

Adhesions to the ECM ligands are mediated by heterophilic interactions with the extracellular
domain of integrins. Integrins form a family of receptors that share, as a basic structure, two
non-covalently linked type I transmembrane glycoproteins subunits, the α (120-180 kD) and
the β (90-110 kD) subunits [94]. The α and the β subunit, which both contribute to ligand-
binding specificity, contain a large extracellular domain, a single transmembrane domain and
a short cytoplasmic domain, usually 40-50 amino acids long. The β subunit is linked to the
cytoskeleton by interacting with actin-binding proteins, such as vinculin and talin. This allows
vertebrate cells to use a combinatorial strategy to establish their integrin repertoire. They
selectively express a subset of 18 different α chains and 8 β chains. These chains combine to
form at least 24 different kinds of dimers, each with different ligand binding specificity (see
Fig. 15.1 [117]). Both the α and the β chains participate in binding at least two sites on
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JUNCTION ADHESION EXTRACELLULAR INTRACELLULAR INTRACELLULAR
TYPE PROTEIN LIGAND CYTOSKELETAL ANCHOR

ATTACHMENT PROTEINS
CELL-CELL

Adherens E-Cadherin E-Cadherin Actin filaments Catenins, vinculin
junction α-actinin

Desmosome Desmoglein, Desmoglein, Intermediate filaments Desmoplakins,
desmocollin desmocollin plakoglobin

CELL-MATRIX

Focal Integrin Extracellular matrix Actin filaments Talin, vinculin, α-actinin
adhesion proteins

Hemi- Integrin α6β4, Intermediate filaments plectin, BP230
desmosome BP180 proteins

Table 15.1: Anchoring junctions and their components. Table is adapted from [4]

ligands. Integrin α5β1 binds two sites on fibronectin: the RGD loop of FN-III domain 10,
and a secondary site on the adjacent FN-III domain 9 (the synergistic site, see also Fig. 10.4)
[120]. Integrins generally have a low affinity for their extracellular ligands. The micromolar
Kd of integrin α5β1 and fibronectin makes the interaction dynamic. Rapid association and
dissociation allow cells to adjust their grip on fibronectin in the matrix as they move through
connective tissue [117].

15.2.1 Structure and characterization of contact sites mediated by integrins

When a cell contacts the ECM, several types of structures are formed at the contact side;
these structures are assembled according to the type of matrix, the cell type and the stage of
cell activity. These sites are termed Focal Adhesion (FA) and consist of clustered integrins,
and numerous membrane-associated and cytoplasmic proteins. During cell adhesion integrins
are employed in physical anchoring processes as well as in signal transduction. The activity of
integrins is regulated from the inside of the cell (inside-out signaling), while the binding of the
ECM elicits signals that are transmitted into the cell (outside in signaling) [95]. The principal
structural elements of a cell-matrix contact are shown in Fig. 15.2. On the extracellular face,
matrix macromolecules bind to specific adhesive receptors, which are typically transmembrane
or glycosylphosphatidylinositol-linked glycoproteins. On the intracellular side of the plasma
membrane, the cytoplasmic domains of receptor molecules interact with either cytoplasmic
proteins which provide linkage to cytoskeletal filaments, or larger sets of cytoplasmic proteins
which cluster by protein-protein interactions to form sub-membranous junctional complexes
which then interface with cytoskeletal filaments. Progress in microscopy techniques has en-
abled the characterization and the analysis of the largest and most stable types of contacts
which include focal adhesions and fibrillar adhesions (Tab. 15.2). These structures form dis-
crete sites where elements of the matrix co-align with elements of the cytoskeleton, indicating
that these are structures specialized in cell anchorage. Other contact structures have been,
until recently, less accessible to identification by these criteria because they are smaller, tran-
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Figure 15.1: Left: The subunit structure of an integrin cell-surface matrix receptor drawn schematically. The α and
β subunits are held together by non-covalent bonds in the active state. Right: The integrin family of cell surface
receptors and their specific ECM binding partners. Images are adapted from [4, 96].

sient, or have restricted distribution. These include focal complexes, filopodia and microspikes.
Progress in microscopy techniques and the recent use of chimeras comprising green fluores-
cent protein (GFP) attached to various focal adhesion proteins in combination with classical
immunohistological methods has made important contributions to our understanding of focal
adhesions. Owing to the stoichiometric fusion of GFP to focal adhesion proteins, such GFP
chimeras can be used not only as markers for cellular attachment sites but also to provide
dynamic and quantitative information about the composition of focal adhesions [216, 217, 8].

CONTACT TYPE DIMENSION DISTANCE CHARACTERISTICS
FROM SURFACE

Podosome 0.2-0.4 µm diameter 15-20 nm Core of Actin
perpendicular to surface

Focal complex 0.25-1 µm round 30-50 nm Submembrane
agggregates paralell to
F-actin, associated to
lamellipodium

Focal adhesion 0.25 µm wide, ≥ 1.5µm 10-15 nm Associated to stress
fibers, containing integrin

Fibriar adhesion 3-5 µm long 100 nm Cables parallel to stress
fibers, containing α5β1

Table 15.2: Characterization of cell-ECM contacts mediated by integrins. Table is adapted from [207]
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Figure 15.2: Different types of adhesion sites and its temproal stages in the formation and organization of cell-ECM
contacts. Images are from [213].

15.2.2 Assembly and dynamics of focal adhesions

Integrin-mediated adhesions have a typical morphology and molecular composition [215]. As
a general approach, the structure and dynamics of focal adhesions are described according
to their components and their potential interactions; however, more information about spa-
tial and temporal organization is required (Fig. 15.2). A key event in the assembly of focal
adhesions is the activation and clustering of ligand-occupied integrins. Specific integrins are re-
cruited according to matrix context: on fibronectin, the major integrin is α5β1, on vitronectin,
the major receptor is αvβ3 [187]. In the case of fibronectin, concurrent adhesion to both the
central cell-binding domain (that contains the RGD site and synergy adhesion sites) and the
heparin-binding domain, coupled by recruitment of syndecan-4 to focal adhesions, is required
for full assembly of focal adhesions [204, 203]. The assembly of ECM proteins secreted by cells
and the physical properties of the matrix are linked to matrix adhesion dynamics. Develop-
ment of fibronectin fibrils and formation of fibrillar adhesions occur when cells are plated on
native fibronectin matrix, whereas cells plated on covalently immobilized fibronectin do not
form fibrillar adhesions, and their peripheral focal contacts contain high levels of α5β1 integrin
and tensin [106].

Early stages in cell adhesion are mediated by small, dot-like contacts present at the edges
of lamellipodia and are termed focal complexes [173]. An ’in vitro wound’ introduced into the
confluent monolayer of endothelial cells allows the study of the formation of focal complexes
under the advancing leading edge [213]. The incorporation of the different components into
adhesion sites is a hierarchical process: the earliest observed molecules are αvβ3 integrin
and phosphotyrosine, followed by talin and paxillin. Later, vinculin and α−actinin enter the
developing focal complex, along with focal adhesion kinase (FAK) and vasodilator-stimulated
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Figure 15.3: A: initial adhesions containing both the αvβ3 and the α5β1 integrins. B: Fibrillar adhesion, witch are
enriched in α5β1 integrins, are formed because of centripetal sliding due to actomyosin contractility. The figure is
also illustrating the molecular complexity of cell-ECM focal adhesion. Image is taken from [215].

phosphoprotein (VASP). Thus, the composition of a focal complex depends on its maturation;
however, two components of focal adhesions, zyxin and tensin, are always absent from focal
complexes [214]. During the advancement of lamellipodia, focal complexes, with a typical area
of 0.25 µm2, are formed and persist for a few minutes, until the leading edge further advances
and new complexes are formed in front of them. This cyclic formation and dissociation of focal
complexes persists throughout lamellipodium advancement. The formation of focal complexes
is induced by the small Rho-family GTPase, Rac [36]. When the lamella retracts, or even
stops protruding, many focal complexes disappear, whereas some of them start growing and
transform into definitive focal adhesions. This transformation is not manifested just by a
growth in size of the adhesion site, but also by changes in its molecular composition, as
mentioned in Fig. 15.2. Thus the formation of FA is accompanied by recruitment of zyxin to
the membrane and the concomitant assembly of an actin bundle. Focal complexes develop into
focal adhesions as a consequence of Rho activation, or following the application of external
forces. This transition seems to be dependent on actomyosin-driven contractility, which applies
force at cell-matrix adhesions. This is supported by the observation that myosin light-chain
kinase (MLCK) inhibitors enhance lamellipodial protrusions, induce an accumulation of focal
complexes close to the cell’s edge and block focal adhesion formation [35]. The idea that
local mechanical forces activate the growth of focal adhesions is in line with experiments in
which local forces are externally applied to matrix adhesions on MLCK inhibited cells. This
bypassing of the actomyosin machinery can also induce a rapid growth of the adhesion site
[163]. The development of FA is further shown to depend on two downstream targets of Rho,
namely Rho kinase, which activates the cellular contractile machinery and mDia, which is
involved in the regulation of both actin and tubulin dynamics.

On the intracellular side, focal adhesions contain a large number of structural and signaling
molecules (see Fig. 15.2.2). The complexity of interactions and regulatory signals between
integrins, focal adhesion components and actin organization is an ongoing field of interest. The
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clustering of integrin β subunit cytoplasmic domains provides binding sites for the proximal
intracellular components of focal adhesions. Typical focal adhesions present αvβ3 integrin,
paxillin, vinculin and tyrosine phosphorylated proteins; also, direct binding of talin, α−actinin
and filamin to β subunit cytoplasmic domains has been reported [42]. A second step in the
assembly of focal contacts appears to be the recruitment and unfolding of vinculin. Vinculin
monomers exist in a head-to-tail folded conformation, which mask its binding sites for actin
and talin [102]. It seems likely that the binding of phosphatidylinositol bis-phosphate (PIP2,
a signaling molecule present at increased levels during cell adhesion to fibronectin) to vinculin
serves to unfold the protein and to expose the talin-binding site, thus recruiting vinculin
into nascent focal contacts and presumably propagating the assembly of other focal adhesion
components by molecular interactions [27]. Focal adhesions often appear to slide centripetally,
relative to the substratum, due to a polar extension of the adhesion in the direction of the
attached stress fibers, and dissociation at the other end (Fig. 15.2). Examination of the
molecules at adhesion sites in cultured fibroblasts has revealed an additional dynamic process,
characterized by the formation of a new type of adhesion, termed as fibrillar adhesion, where
α5β1 integrin associates with fibronectin fibrils [216]. Fibrillar adhesions consist of elongated
fibrils or array of dots and are located in more central areas under the cells (Fig. 15.2). While
focal adhesions contain αvβ3 integrin, high levels of phosphotyrosine, paxillin and vinculin,
but display only low levels of tensin, fibrillar adhesions, on the other hand, contain α5β1

integrin, relatively high levels of tensin and little or no phosphotyrosine. The formation
of fibrillar adhesions is regulated by the pliability of the ECM, suggesting a role for these
structures in matrix reorganization [106] (see also Part II). Focal adhesions contain also many
signaling molecules, such as PKC isoforms, FAK, and tyrosine kinases, the activities of which
are regulated by matrix adhesion. These molecules regulate important cell functions such
as proliferation and growth; moreover, as the closest matrix attachment sites for cells on
two-dimensional matrices, focal adhesions participate in the maintenance of isometric tension
[174].

15.3 Adhesion in the third dimension

As seen in the last part, integrin-mediated cell adhesion under in vitro conditions show dis-
crete molecular, spatial and temporal compositon with well defined signalling pathways. But
the question arises how the artificial vicinity of the flat and rigid surfaces used in tissue cul-
ture affects the types of cell-matrix adhesions and the signals they transmit; therefore, a
closer approximation to in vivo environments should be attained by growing cells in three-
dimensional gels or matrices. Culturing cells within such three-dimensional matrices is not
a novel idea. In 1972, Elsdale and Bard described model system for fibroblastic cells in the
body using collagen I matrices polymerized in vitro to form a three-dimensional fibrous net-
work [60]. These three-dimensional collagen gels induced morphological changes in fibroblasts
that partially mimicked connective tissue cells in vivo. In addition, the importance of 3D
ECM for epithelial cells is obvious: 3D environments promote normal epithelial polarity and
differentiation (see also Chapter IV). The adhesions formed by fibroblastic, mesenchymal, and
neural crest cells to 3D matrices are distinct from both the focal adhesions and the fibrillar
adhesions traditionally described and studied in cell culture [43]. These novel 3D matrix ad-
hesions contain many of the same plaque proteins as are found in focal adhesions, such as
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Protein Focal Focal Fibrilar 3D-matrix
complex adhesion adhesion adhesion

(mature)

α5 integrin - - + +
β1 integrin - + + +
β3 integrin + + - -
paxillin + + - +
tensin - + + +
talin - + + +
vinculin - + - +
phosphotyrosine + + - +
FAK - + - +
FAK [Y397] - + - -

Table 15.3: There are similarities and differences between the molecules found in focal, fibrillar, and 3D-matrix
adhesions as indicated in this table showing selected components of these cell-matrix adhesions. Components
indicated in black are characteristically present in mature focal adhesions. If that component differs in fibrillar or
3D-matrix adhesions compared to focal adhesions, it is indicated in red. Table is adapted from [207]

paxillin, vinculin, and focal adhesion kinase (FAK). However, they lack the αvβ3 integrin,
and they are instead based on the α5β1 integrin (see Tab. 15.3). Most intriguingly, unlike
the very well studied tyrosine-phosphorylated forms of FAK in focal adhesions, the FAK in
3D matrix adhesions is poorly phosphorylated at its major tyrosine 397 phosphorylation site.
This discrepancy in signaling in 2D versus 3D contexts is specific in that paxillin is equally
phosphorylated at tyrosine 31 in both 3D-matrix adhesions and focal adhesions. Moreover,
the extent of mitogen-activated protein kinase (extracellular signal-regulated kinase, ERK)
phosphorylation is moderately elevated, which may help contribute to the enhanced rate of
proliferation in 3D matrix [43, 44]. Differences in signaling processes have also been reported
in cells suspended in three-dimensional collagen gels when compared to 2D cultures, or under
different loading conditions for collagen gel contraction measurements [76, 78].
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Chapter 16

Materials and Methods

16.1 Surface Preparation

Microstructured surfaces were prepared as described in Part I. Different types of molds were
used starting from 1 µm in height up to 15 µm. All examined areas had the same pillar
diameter and the change in bending stiffness can be attributed to the change in length (bend-
ing stiffness is proportional to lenght cubed). Surfaces were activated for cell adhesion either
by adsorption of 10 µg/ml FN (Sigma) in PBS for 2 min or by coupling the central cell
recognition motive on the FN, the RGD tri-peptide, termed cRGD due to its cyclic struc-
ture that has been created via a hetreobifunctional crosslinker (see Fig. 16.1) [87, 171]. The
cyclic structure is mimicking the geometrical orientation of the RGD peptide sequence inside
the cell binding domain of the FN protein. Crosslinking biactive molecules to non-reactive
polymer surfaces is most efficient when arylic azides are used [208, 221]. Although the sim-
ple aryl azides may be initially photolyzed to electron-deficient aryl nitrenes, it has been
shown that these rapidly ring-expand to form dehydroazepines-molecules that tend to react
with nucleophiles rather than form C-H insertion products [116]. In contrast, Keana and
Cai have shown that the photolysis products of the fluorinated aryl azides are clearly aryl
nitrenes and undergo characteristic nitrene reactions such as C-H bond insertion with high
efficiency [107]. Moreover, conjugates prepared from 4-azido-2,3,5,6-tetrafluoro benzoic acid
may have quantum yields for formation of photocrosslinked products that are superior to those
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Figure 16.1: Structural formula of the used cyclic RGD tri-peptide.
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Figure 16.2: Reaction scheme for the coupling of activated cRGD to the PDMS surface.

of the non-fluorinated aryl azides. An important application of these reactive derivatives of
4-azido-2,3,5,6-tetrafluorobenzoic acid is the photofunctionalization of polymer surfaces (see
Fig. 16.2).

In detail, a 0.2 mM solution of NH2 terminated cRGD dissolved in 20 mM Hepes (Roth,
Karlsruhe, Germany)at pH 7.21, was preincubated with 1.5 µmol of 4-azido-2,3,5,6-tetrafluoro
benzoic acid, sulfo-tetraflurophenyl-ester, sodium salt (ATFB, STP ester, Molecular Probes)
overnight at 4◦C. The solution was used without further purification by placing small drops
of the activated cRGD peptide onto the microarray and covered them with fused silica glass
slides (Heraeus, Hanau, Germany). The samples were irradiated for 10 min. with uv light at
250 nm (Phillips, Hamburg, Germany). During illumination, nitrogen is cleaved off the azide
group generating a highly reactive carbene analogue termed nitrene. This nitrene is stabilized
by the four electron withdrawal fluorine groups at the phenyl ring. After extensively washing
in PBS2 the microarrays were washed with 70% EtOH for 30 sec to allow complete wetting of
the microarray (see also Part II). The samples were washed extensively with sterile PBS and
transferred to 6 well plates (BD Bioscience) containing complete medium. For live cell imaging
coverslips carrying the microarray were mounted on pinched 60 mm petri-dishes under sterile
conditions. For samples were the cell adhesive area was not restricted to the top end of the
pillar head, the microarray was first wetted with 70% EtOH and after rinsing with PBS the
protein solution or the cRGD was grafted onto the entire surface allowing the cells to adhere
also to the sidewalls and the basement of the pillar arrays.

1kindly provided by Horst Kessler (TU Munich, Germany)
2the surface was always kept under liquid to prevent dewetting
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16.2 Cell culture

16.2.1 General methods for cell culture

To maintain sterility during the experiments with eukariotic cells all steps are performed under
a sterile hood (Kendro, Langenselbold, Germany) using sterile techniques and materials. The
cells employed in this study are maintained normally in Dulbecco’s Modified Essential Medium
(DMEM, complete medium in the following) supplemented with 10% fetal bovine serum (FBS)
(Invitrogen, Karlsruhe, Germany) and 2mM L-glutamine (Invitrogen). Transfected cells were
maintained in complete medium supplemented with the corresponding antibiotics for selection.
Cells are cultured at 37°C and 5% CO2 moistened atmosphere in an incubator (Kendro). The
media is changed every 2 days. After the cells have reached confluence, they are first rinsed
with a few drops of trypsin-EDTA 2.5% (Invitrogen) and then released with additional trypsin-
EDTA solution for 3-5 min. After gently knocking off, diluting in 5-10 ml of complete medium
and centrifugation at 1200 rpm for 5 min, the cell pellet is suspended in media and cells are
then re-plated in tissue culture flasks (Nunc, Wiesbaden, Germany) or in wells (BD-Bioscience,
Heidelberg, Germany) containing the substrates prepared for the adhesion studies.

16.2.2 Primary cell culture

Primary human foreskin fibroblasts (HFF) were kindly provided by Prof. Benjamin Geiger
(Weizmann Institute of Science, Rehovot, Israel). They were cultured in complete medium
and used between passage 18 and 23.

16.2.3 Fusion proteins and transfection of cells

The REF52 cells (rat embryonic fibroblasts, originated from [66]) expressing β3-GFP integrin
and paxilin-YFP fusion proteins were also a gift from Prof. Benjamin Geiger. The fusion
protein was prepared according to Ballestrem et al. (2001). Fusion of the β3 cDNA coding
sequence with pEGFP-N1 (Clontech, Palo-Alto, CA, USA) resulted in full-length β3-GFP-
integrin uing BamHI and EcoRV. Cloning of GFP-paxillin has been described previously
(Zamir E, 1999). Paxillin has been re-cloned into pEYFP-C3 (Clontech) using HindIII and
XbaI. REF52 fibroblasts are cultured in DMEM supplemented with 10% FBS and 2 mM
L-glutamine. Superfect (Qiagen, Hilden, Germany) is used according to the manufacturers’
recommendation for stable transfection. Cells are cultured in the presence of 1 mg/ml G418
(Invitrogen) to select for stable β3-GFP-integrin and in 2 µg/ml Puromycin (Invitrogen) for
YFP-paxillin expressing clone (REF 52 β3-GFP and REF 52 paxillin-YFP).

16.2.4 Cell counting

To determine the cell number and the number of vital cells used in the experiments, a cell
suspension in DMEM was diluted 1:10 in a 0.05% Trypan blue (Sigma) solution in MQ-water.
This colored substance can enter and stain only dead cells. The cell suspension in Trypan blue
was then transferred into two hemocytometer chambers (Neubauer counting chamber). By
using a 10x objective and light microscopy, the cells were counted in 8 fields (each field having
an area of 1 mm2) and the average number of cells per volume (ml) is calculated (excluding
cells stained in blue which are dead).
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16.2.5 Cell maintenance for adhesion studies

After trypsinising and counting the cells were plated onto the surfaces in DMEM containing 1%
FBS (to minimize the effect of extracellular matrix molecules contained in FBS on cell adhesion
and spreading) For fluorescence microscopy and live cell experiments the cell plating density
was 1 − 5 × 105/sample. Time-lapse movies (fluorescent and phase contrast) are acquired
whilst maintaining cells on the microscope stage in F12 medium (Invitrogen) 3 supplemented
with 1% FBS in 5% CO2 atmosphere and 37◦C.

16.2.6 Immunofluorescence staining and image analysis

Cultured cells are fixed for 25 min. in PBS containing 3.7% paraformaldehyde (Merck)
and then are fixed and permeabilized further with 0.1% Triton X-100 (Sigma) and 3.7%
paraformaldehyde in PBS for 5 min. Non-specific binding was blocked by incubation with 1%
BSA in PBS for 30 min. The cells are then incubated at room temperature (RT) for 30 min.
with the primary antibodies at a 1:20-1:100 dilution in PBS containing 0.1% BSA (PBS/BSA);
after washing three times for 10 min in PBS, samples are further incubated with the appro-
priate secondary antibodies at a 1:100 dilution in PBS/BSA for 30 min at RT. The primary
antibodies used in this study included: monoclonal antibody (mAb) anti-integrin β1 and
mAb anti-integrin β3 (both from BD Transduction Laboratories Lexington, KY, USA), mAb
anti-vinculin (clone hVin-1, Sigma), mAb anti-pFAK(397) (BD Bioscience), mAb anti-paxilin
(Sigma), mAb anti-zyxin (Synaptic Systems, Göttingen, Germany) polyclonal antibody (pAb)
anti-zyxin (Sigma), pAb anti-fibronectin (Sigma). Secondary antibodies used were either goat
anti-rabbit conjugated to Alexa Fluoro-488 dye (Molecular Probes, Eugene, OR, USA) or
goat anti mouse conjugated to Cy5 dye from (Jackson Immuno-Research, West Grove, PA,
USA). Phalloidin-TRITC was purchased from Sigma and brought in 1 mg/ml solution with
dimethylsulfoxyde (DMSO). The working dilution is 1:250 in PBS. For triple protein stain-
ing the fibronectin was visualised using the Zenon technique from Molecular Probes [122].
The other two proteins were stained using classical primary and secondary antibodies derived
from different species as mentioned above. Zenon technology is based on the complexation of
primary antibodies with dye-labeled Fab fragments of secondary antibodies directed against
their Fc regions. The primary antibody types that can be recognized and detected by Zenon
labeling reagents are determined by the immunospecificity of the Fab fragments from which
they are prepared. 1 µg/ml of unconjugated pAb anti-fibronectin were incubated for 5 min.
with 5 µg/ml rabbit Fc-specific Fab fragments conjugated with AlexaFluor 350, followed by
incubation with 5 µg/ml non-specific rabbit IgG1 to block unbound anti-Fc sites. The result-
ing complex was further diluted with PBS resulting in a 1:100 primary antibody dilution [158]
and incubated for 30 min. at RT. Reaction with the Fab labeled pAb anti-fibronection was
following the labeling the two other proteins with secondary antibodies.

After extensive washing with PBS (except when Zenon labeling was used the washing after
incubation was constricted to 5 min), samples were mounted in Elvanol (Mowiol 4-88, Serafon,
Ashdod, Israel) in phosphate buffer containing 0.5% 1,4-diazabicyclo[2.2.2]octane (DABCO,
Sigma) to conserve the sample and inhibit photobleaching. Immunofluorescent images are
taken with the DeltaVision Spectris system (Applied Precision Inc., Issaquah, WA, USA) on an

3F12 medium has nearly the same composition as DMEM except for Riboflavin which has a fluorescent peak in
the region where GFP is emitting; resulting in an exceptional high image background.
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Figure 16.3: The Zenon labeling scheme. An unlabeled IgG is incubated with the Zenon labeling reagent, which
contains a fluorophore-labeled Fab fragment (A). The labeled Fab fragment binds to the Fc portion of the IgG
antibody (B), and excess Fab fragment is neutralized by the addition of a non-specific IgG (C). The addition of
non-specific IgG prevents cross-labeling of the Fab fragment in experiments where multiple primary antibodies of
the same type are present. Note that the Fab fragment used for labeling need not be coupled to a fluorophore, but
could instead be coupled to an enzyme or to biotin. Image is from [158].

Olympus IX 71 inverted microscope (Olympus, Hamburg, Germany). The DeltaVision system
allows optimal illumination and image recording of living and fixed samples providing high
resolution even for small samples and faster image acquisition for live-cell studies. To allow
time-lapse experiments, the system is equipped with an incubation chamber (heated to 37◦C
and air humidified). In addition, the CO2 concentration is controlled with a sensor (Vaisalla,
Stuttgart, Germany) and maintained at 5% (v/v). The following objectives are used: 60x oil,
1.4 UPlanApo (Olympus) for fixed samples. Time-lapse movies of the fluorescently-tagged
cells are acquired with a 60x water, 1.2 objective at 10-minute intervals for several hours.
Images are acquired with cooled CDD camera (Photometrix, Kew, Australia) at a resolution
of 1024x1024; each pixel corresponds to 110.3 nm. Image acquisition and processing are
controlled by a Linux workstation using the Resolve3D software, and the SoftWorx software for
image visualization and deconvolution (Applied Precision Inc). For image analysis, fluorescent
images were processed by using high pass filtering and segmentation according to Zamir and
coworkers [105]. The program was written in IDL (Version 5.4, Research Systems, Inc.)
and kindly provided by Christian Schmitz (University of Heidelberg, Germany). For size



92 CHAPTER 16. MATERIALS AND METHODS

measurements of focal contacts and RGB line profiling, segmented images were loaded and
analyzed using ImageJ 4. For analysis of pillar bending, from each image the non-deflected
position of the pillars were subtracted and the resulting differences were plotted against the
adhesion area using the software OriginPro (Version 7.0, OriginLabs Corp., Northampton,
MA, USA).

16.2.7 Cell proliferation assay

4’, 6-Diamidin-2’-phenylindol-dihydrochlorid (DAPI, Sigma) staining is used to determine
the total cell number adhering to the substrate. To quantify cells entering the S phase 5,
the percentage of cells incorporating 5-bromo-2’-deoxyuridine (BrdU) relative to the control
was measured by fluorescence microscopy. Cells on the samples were incubated in medium
containing 10 mM BrdU for 18-24 hr and DNA was then denatured with 2N HCl incubation
for 20 min. After rinsing with PBS, cells were incubated with mouse monoclonal antibody
anti-BrdU (Sigma) and then fluorescently labeled with Alexafluor 488-conjugated goat anti-
mouse (Molecular Probes). Samples are mounted and observed by fluorescence microscopy
(on the DV Spectris system) using a 20x objective (Olympus). Five different fields per sample
are examined and the number of stained nuclei was determined using ImageJ software. The
proliferation index is defined to be the ratio of the number of BrdU positive nuclei to the
number of DAPI-stained nuclei and was plotted using OriginPro.

16.2.8 Cell adhesion assay

To evaluate the growth rate on the microstructured surfaces different cell types were plated
onto the samples at a cell density of 1.5 × 105 cells/ml. After 24 h in culture, samples were
fix/permeabilzed and stained for F-actin using Phalloidin conjugated to TRITC (Sigma).
Samples are mounted and observed by fluorescence microscopy (on the DV Spectris system)
using a 20x objective (Olympus). Ten different fields per sample are examined and the cell
area was determined using the cell ouliner plugin implemented in the ImageJ sofware. Only
cells were counted that showed a spreading behaviour comparable to flat surfaces, indicating
that the attachment is restricted to the pillar heads. For each different sample type, the total
average area was plotted using OriginPro software.

16.2.9 Force measurement in vivo and in vitro

The microarrays were calibrated as demonstrated in chapter 2 resulting in a nominal stiffness
of 0.17 N/m. Two cell lines, the YFP-paxilin and the β3-GFP REF52 cells were plated at
a density of 1 × 105 either on cRGD or on FN∗ functionalised force sensor arrays. After
incubation of the cells for at least 3h under normal conditions the samples were mounted in
Ham/F12 medium upside down onto a glass bottom petridish. A spacer of 50 µm thickness
was used to prevent cell damage. Illumination time was kept to a minimum, to reduce cell
death and photobleaching. Timelapse videos were captured every 10 min. over a period of
60 min. After rinsing with fresh PBS the samples were fixed/permeabilized and stained for
fibronectin and zyxin. After image acquisition, from each sample the focal contact area of a

4freely avaliable@http://rsb.info.nih.gov/ij/
5During the S phase the cell is synthesizing DNA and is using also the present 5-bromo-2’-deoxyuridine (BrdU)
for DNA replication
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single cell was estimated using IDL and was correlated with pillar deflection and plotted in
OriginPro.
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Chapter 17

Results

17.1 Viability of mammalian cells on pillar arrays

17.1.1 Adhesion area depends on surface pliability

Cell viability on the microstructured surfaces was investigated by measuring the cell adhesion
area on pillars functionalized with FN or cRGD. Surfaces with different compliances were
compared to each other, varying from non structured flat PDMS to 10 µm to 15 µm high
microstructures. The spring constant was changed from 10,000 N/m (approximated for the
flat surface [188]) to 0.04 N/m for the 15 µm high pillars. The projected cell area are plotted
in Fig. 17.1 for primary human fibroblasts (HFF). They show a maximum of cell area at 6h on
all surfaces, which is in good agreement with the change in cell polarity after 6-12h. Initially
fibroblasts adhering to rigid surfaces have a pancake-like morphology due to formation of
lamellipodia. After cell attachment and stress fiber formation (1-3h) the shape was changed
to a spindle shaped morphology and the projected cell area was reduced. The effect is more
predominant on hard surfaces compared to softer ones, but at later time points the cell shape
is comparable to cells growing on the solid support. For rat embryonic fibroblast (REF52) the
effect is not as distinct as for the HFF cells. As seen in Fig. 17.2 this cell line retained more
or less a pancake-shape. In both cell lines the differently functionalized surfaces had a minor
effect on cell spreading, more obvious was the effect of the different surface pliabilities of the
microstructures. At any given time the projected cell area on the soft pillars was around half
of those measured on the flat samples, which indicates that cell spreading is closely related to
surface stiffness.

The cell shape changed dramatically from a spindle like to a stellate morphology when
the area of adhesion was not only restricted to the top part of the microstructures. Complete
coating of the microstructures with FN or cRGD allowed the cell to increase its contact
area, inducingit to change shape. In Fig. 17.3 several surface conditions are shown from a
homogeneous surface to 1 µm and 10 µm of structure length. The cell formed fine filaments
containing actin which were several microns long if plated on an array with 10 µm high posts. If
the asperities were only 1 µm high, cell shape didn‘t change obviously. The length of extension
was maximized when the distance between the posts was increased to 10 µm (compare C and
D in the same Figure).
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17.1.2 Proliferation of HFF on surfaces with different compliance

The effect of surface pliability on cell proliferation was investigated using HFF on surfaces
coated with cRGD in the presence of BrdU. As in previous sections, the stiffness of the
pillars was varied by 5 orders of magnitude (a flat PDMS surface was also used). All cell
nuclei were stained with DAPI and the relative percentage of proliferating cells was evaluated
by immunocytochemistry for BrdU. Only proliferating cells synthesizing DNA incorporate
BrdU. As shown in Fig. 17.1 the proliferation rate of human fibroblasts decreased when
cells were cultured on soft surfaces for 24 h, and only about 25% of the cells were BrdU
positive, indicating that more cells were in quiescent phase. When shorter asperities were
used, proliferation was significantly higher. The difference compared to flat and homogeneous
coated surface was in the range of 10%.

17.2 Measuring cellular forces

17.2.1 Forces generated by living REF52 YFP-Paxilin cells

In situ force measurements was conducted on calibrated force sensor arrays with a nominal
stiffness of 0.17 (N/m) 1. REF52 stably transfected with YFP-paxilin were used to localize
focal adhesions; these cells were plated on cRGD or FN∗. Cells spread and develop focal
adhesions (Fig. 1f) on these substrates and showed a behaviour comparable to that on flat
surfaces. The forces applied by the cells deformed the initially regular pattern of the surface.
The position of the center of the posts was recorded together with the fluorescence picture
pixels of the focal adhesions, marked by YFP-paxilin, using a high numerical aperture 60x
water immersion objective 2. The pattern was regular and so any deviation from regularity
indicates an application of force. The displacements of the posts relative to a non-deflected one
next to the investigated cell are determined by setting a threshold the fluorescence images or
phase-contrast images in case of cRGD coated force sensors and analysed with imageJ. Once
the displacements are mapped (Fig. 17.4), the forces generated at each pillar are compared
with the area of focal adhesion for the corresponding pillar. The area of focal contacts was

1for each experiment at least 10 pillars were calibrated according to chapter 2.
2images where recorded with 1024 × 1024 resulting in 110.3 nm pixel size.
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Figure 17.1: A: Cell proliferation was measured by BrdU incorporation and plotted in percent of total cells present
at the surface. B: Projected cell area of HFF cells plated on FN or cRGD functionalized microstructures. C: Time
coarse of HFF cell spreading on cRGD functionalized surfaces with different compliance.
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Figure 17.2: Temporal growth of projected cell area of REF52-WT on surfaces with different stiffness coated with
FN (A) or with cRGD(B).
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Figure 17.3: Image sequence of HFF cells growing on complete functionalized microstructures, with 0 µm (A), 1
µm (B), 10 µm (C) high structures. In D a sample with a reduced inter-pillar distance was used, resulting in a
reduced length of extensions. Scale bar is 15 µm.

analyzed using highpass filtering and a segmentation algorithm (see materials and methods).
The temporal force development was plotted against the area of focal contacts. The increase
in force, determined by pillar deflection correlated linear with the increasing area of the corre-
sponding focal contact. From a linear fit an average stress of 13 nN/µm2 in the cRGD coated
force sensors and a slightly increased stress (14.4 nN/µm2) on the surface coated with FN
could be estimated. Maximum force level generated at a single post was up to 100-250 nN
with a corresponding total area of focal contacts of 8-16 µm2 3. The orientation of the force
was parallel to the direction of the long axis of the focal adhesions, indicating that the increase
in area owing to force is not isotropic but occurs mainly in the direction of force application.

3force was always estimated as a sum of the focal contacts present on a single pillar. The number of contacts
varied from 1-4 FA/pillar.
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Figure 17.4: REF YFP-Paxilin were imaged during focal contact formation on cRGD functionalized (A) and FN∗

activated microarrays. Three time points are shown which correspond to the marked lines in the force vs. time
curves on the left. The pillars are encircled in red, and the area of the patches (green channel) were outlined in blue.
Scale bar is 5 µm.

17.2.2 Maximum force generated by different cell lines

To investigate how the overexpression of different proteins inside the focal adhesion affects cell
contractility, YFP-paxilin and GFP-integrin β3 were compared. Both cell types were plated
on FN∗ functionalized and calibrated pillars with the same stiffness as used for the other live-
cell experiments. The cells were investigated in vivo and after fixation. A marked difference
between YFP-Paxilin and GFPβ3 was visible. The GFPβ3 exerted much more force to the
force sensor array indicated by the average stress value of 115.1 nN/µm2. Under the same
conditions the YFP-Paxilin cells could only generate 16.1 nN/µm2. The increased force of the
GFPβ3 cells could not be correlated to a bigger patch size. In contrast the focal adhesions had
a distinct smaller area when compared to that of the YFP-Paxilin cells. To see if the patch
size is affected by the used fusion proteins both samples were fixed and immunofluorescence
stained for zyxin which is also present in focal adhesions. The zyxin labeling in the two cell
lines showed a comparable focal adhesion size and the area for the GFPβ3 cells was in the range
of 2-5 µm2/post. For YFP-Paxilin cells the area per post was more than two times bigger
(up to 16 µm2) 4 indicating an influence on adhesion morphology of the tagged integrins.
From immunofluorescence images, calculated forces were not comparable to those estimated
for living cells. Both, YFP-paxilin and GFPβ3 cells when alive had a 5 to 10 fold higher
contractility alive than cells after fixation. In Fig. 17.5 A the force versus focal adhesion area
is plotted for GFPβ3 cells resulting in an average stress of 115.1 nN/µm2 when the cells are

4total area of the pillars used was 19.6 µm2
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Figure 17.5: Different mutants of REF52 cells plated on calibrated FN∗ functionalized pillars. The cells were imaged
alive or after fixation . Maximal force was obtained with β3-GFP stably transfected (A). Measured force after fixation
was only 1/10 of the initial value. B: YFP-Paxilin expressing cells generated an average stress of 16.1 nN/µm2 and
after fixation the measured force was in the range of 0 to 50nN. Scale bar is 5µm.

imaged alive and 10.9 nN/µm2 after fixation.

17.3 Molecular assembly of focal contacts

17.3.1 Cluster size dependence on surfaces with different pliability

The molecular composition of the focal adhesions formed on surfaces with different pliability
was investigated using HFF cells and immunofluorescent labeling of different plaque proteins
always compared to zyxin as a reference protein. It is known that zyxin is not present in
initial adhesion sites, the so called focal complexes, and it is therefore a good candidate to
discriminate between the different types of adhesion clusters. The HFF cells were plated on
substrates with 0 µm, 10 µm, 15 µm-high pillars. All microarrays were functionalized with
cRGD to get a uniform and undisturbed pattern 5. The cells were fixed after 24h in culture and
double labeled for vinculin, β3 integrin, β1 integrin and zyxin. The axial ratio was measured
by fitting an ellipse into each patch of the segmented images. For each analyzed substrate
(n>8) the cellular adhesion pattern showed morphological characteristics. On flat surfaces

5using FN to functionalize the pillars tend to agglomerate especially for the flexible 15 µm high pillars. The
same was noticed for cRGD coating, but a sonification step during preparation could recover uniform array
geometry.
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Figure 17.6: Focal adhesion morphology is depended on surface compliance. The axial ratio of the adhesion clusters
are plotted against patch area resulting in three distinguished domains. The molecular composition of focal adhesions
was investigated by double labeling of HFF cells. Different plaque proteins were compared to zyxin. Line scans of
individual focal contacts showed the diversity inside the contact area when the surface pliability was changed.

the adhesion sites are rather elongated with a typical length of 2-5 µm. On the other side the
adhesion structures on the very soft surfaces were dot like and the length of single adhesions
clusters were below 1 µm. For cells growing on the 10 µm high arrays the cluster size was in
between that on the soft and rigid surfaces (see Fig. 17.6).

The molecular composition of the focal contacts developed on surfaces with different plia-
bility was plotted in Fig. 17.6. Looking at the β3 integrin and zyxin it was ascertained that
zyxin was shifted towards the cell center when surface stiffness was lowered. The shift was
examined by plotting a line scan for the two fluorophores and by the low colocalization visible
in the merged images. For the β1-zyxin pair the shift was less distinguished but still visible.
For the last protein combination there was no visible shift of the two fluorescent markers and
the merged image showed a high colocalization. In all three sets of images the cluster size of
adherent cells decreased with decreasing surface pliability, indicating a morphological change
of focal contact according to the surface stiffness.



17.3. MOLECULAR ASSEMBLY OF FOCAL CONTACTS 101

17.3.2 Surface specific FA composition on FN coated pillar arrays

For cRGD functionalized pillar arrays, the area of adhesion was always restricted to the solid
surface of the pillar top. However in case of FN coated pillars the focal adhesions tend to grow
over the solid surface. A closer look in the molecular composition of the extended adhesion
area revealed that underneath the extensions dense FN bundles were present. Along this
bundles the distribution of different plaque proteins were investigated by double labeling of
the different proteins and FN. In case of β3 integrin staining no antibody labeling was found
along the fibrils. The reduced intensity of FN colocalized with β3 was an artefact of the
fixing and permeabilization procedure. The fluorescence signal of pre-labeled FN under focal
contacts was significant higher than that of FN labeled via antibodies (datas not shown). This
could be due to the low accessibility ot antibodies of the area where the cell came in close
contact to the surfaces, in samples that were first fixed and then permeabilized 6. For β1, the
intensity profile of protein labeling was totally inverted; the integrin colocalized with dense
FN fibers but was absent in areas where cells formed focal adhesions. For the last two sets
of proteins the intensity profile was nearly identical. On the sites of weak FN labeling the
intensity of paxilin and pFAK(397) was increased. Along the fiber, proteins did not colocalize
except in the tip where the FN was connected to the intracellular actin.

6comment of Prof. Benjamin Geiger
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Figure 17.7: HFF plated on FN coated pillars resulting in increase of focal adhesion area over the pillar boundary.
Specific proteins present in the focal adhesions showed a typical pattern on this extensions which was also visualized
by line scans of individual adhesions. Scale bar in all images is 5 µm.



Chapter 18

Discussion

In this Part, the cellular behaviour, including proliferation and cell morphology, of two REF52
cell lines with focal contact-associated proteins tagged with GFP and HFF cells was inves-
tigated on surfaces with different pliability and functionalization. The influence of surface
stiffness to the molecular composition of focal adhesion sites in HFF cells was determined,
giving new insights on contact assembly. In particular, the cell viability was estimated by
measuring the adhesion area on substrates with different adhesion molecules and quantifi-
cation of proliferating cells by BrdU assay on cRGD functionalized surfaces. That surface
pliability can influence cell viability was proved by calculating the rate of proliferation on
surfaces with different compliances. The fractin of proliferating cells was reduced by 50%
when compared to flat surfaces. This suggests that the assembly of integrins and integrin
related proteins inside the focal contacts acts as a local regulatory element that can control
the proliferative activity of fibroblasts [195]. Integrins intersect the MAP kinase pathway at
multiple points, involving the sequential activation of Ras, Raf, MEK and Erk, ELK-1 and
finally Cyclin-D1 transcription. Integrin-mediated adhesion enhances the transmission of this
signal at the level of recruitment of RasGAP and regulation of several other proteins inside
the pathway [175]

The reduced cell spreading was not affected by the ligand used (either FN or cRGD); rather
it was a result of surface pliability. The low cell area on softer surfaces was accomanied by
a reduced amount of stress fibers and by the generation of small punctuated focal adhesions.
An insufficient maturation of the initial focal complexes into focal contacts could be a con-
tributing effect to explain these observations. In Fig. 17.6 the adhesion sites on the 15 µm
substrates functionalised with cRGD still remain dot-like even after 24 h in culture whereas
the contacts of cells cultured on flat surfaces are dense and well established. Focal complexes
are initially formed at the protrusing areas of the cell - the filopodia and lamellipodia. They
are formed in a Rac1- or CDC42-dependent manner [9, 166]. When the cell spreads, the small
dot like adhesions normally transform into mature focal contacts in response to RhoA activa-
tion and myosin-dependent actin-filament contraction [9, 166]. RhoA activation also affects
actin polymerization via its downstream target Diaphanous (mDia) [74, 163]. Together with
the activation of Rho kinase, which inhibits the myosin light chain phosphatase resulting in
continuous acto-myosin contractility, this effect may regulate the maturation of focal com-
plexes into focal adhesion. Similar results as seen on soft surfaces were obtained by inhibition
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of actomyosin contractility with butanedione monoxime, a myosin-ATPase inhibitor or with
ML-7 (inhibition of myosin light chain kinase). In summary, if the contractile apparatus is
not activated because of surface pliability or because the downstream targets of RhoA are
inhibited, the cell is unable mature the initial focal adhesions into focal contacts and is unable
to spread.

Interestingly, the substrate stiffness underneath the adhesion plaque of cells growing on the
microarrays is the same as for cells growing on flat PDMS surfaces where they can develop
focal adhesions. Therefore the change in the micromechanical environment is not the only
reason for the inhibition of focal adhesion assembly on the softer pillar array. In addition
to their local force-sensing capabilities cells can also sense global stiffness. The regulatory
mechanisms behind are unclear and further investigations is needed to prove this idea. Beyond
the insufficient maturation of focal contacts on the soft pillars a instability was also detectable.
Compared to flat surfaces, zyxin was not colocalized with β3 integrins in cells growing on 15
µm pillars. Moreover, zyxin was accumulated along actin fibers, indicating a translocation
of this protein out of the focal contact. Similar results from cells plated on ligand reduced
substrates indicate that focal adhesions from cells cultivated on pliable substrates are unstable
[29]. The dynamics of different adhesion cluster morphologies should ideally be investigated
in further experiments.

How strong this contractile machinery inside a cell can be, and how it is influenced by
overexpressing different plaque proteins, was estimated using different REF52 cell lines (REF
YFP-Paxilin and REF GFP-β3) plated on calibrated microarrays. Functionalization had no
effect on stress values exerted by REF YFP-Paxilin cells. A major difference was obtained
when β3 integrins were overexpressed. Not only are that the maximum forces 3 to 6 times
higher when compared to the YFP-Paxilin cells, but the area of focal adhesions is also reduced.
From the literature it is known that overexpressing β3 integrin increases activity of Rho and
stress fiber formation [125]. This may result in higher contractility and stress values for the
GFP-β3 cells compared to cells overexpressing YFP-Paxilin.

The way in which the mechanical properties of the adhesive support can control the recruit-
ment of different signalling and linking proteins was demonstrated using FN coated microar-
rays. During cell spreading on surfaces where contractility was not reduced, the FN is pulled
toward the cell center in a actomyosin dependend manner [215]. Different regions of protein
composition were observed along the fibers. At the point where the cell was forming the focal
contacts, proteins like β3 integrin , pFAK(397), paxilin and vinculin were accumulated. From
samples where pre-labeled FN was used, it could be observed that FN was not reduced signifi-
cantly under focal adhesions. In this region the focal contacts are supported by a rigid surface
and the intracellular tension can distort the focal adhesions that is inducing a mechanical sig-
naling. Protein composition varies greatly along the fiber, which can extend several microns
over the pillar area. Paxilin, pFAK(397) and β3 integrin showed reduced intensity, whereas
β1 integrin was increased and colocalized with FN fibers. Interestingly, when the extracellu-
lar tension is reduced, focal adhesion sites lose the ability to recruit paxillin, suggesting that
continuous generation of intracellular tension is required to maintain focal adhesions. This is
supported by the increased amounts of paxillin and pFAK(397) at the tip end of the FN fibers
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where tension exerted to FN is maximized. Physical distortion during the contraction of focal
adhesions can serve as a mediator to recruit paxillin and pFAK(397) towards the adhesion
site [170]. Wehrle-Haller et al. proposed a model for the mechanism of how adherent cells are
sensing the mechanical properties of their environment [197]. The pliability of the substrate
influences the assembly of focal contacts by regulating the mechanical distortion of integrins
and their related proteins. This then activates a signalling cascade which regulates intracellu-
lar tension to compensate the external forces. If the extracellular support can withstand the
cell mediated forces, more integrins and anchor proteins are recruited to the adhesion plaque.
To this model a third mechanism should be added. Mechanosensing is not only restricted to
the sites where the cells are forming focal adhesions, but may be also implemented in other
signalling pathways.
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(c) Pillar substrate

Figure 18.1: The influence of substrate elasticity on focal adhesions formed on rigid [brick wall; (a)], elastic [blue
ribbon (b)] and rigid but slender substrates (c). The integrin-binding sites are represented by blue triangles. When
focal adhesions are formed within filopodia or lamellipodia, they assume a low-density configuration that does not
necessarily occupy all available extracellular-matrix-binding sites (left-hand side). In addition, the loose integrin
spacing might leave space for additional non-integrin transmembrane receptors within the adhesion site (yellow).
Owing to the absence of acto-myosin contraction, adaptor proteins are in a relaxed configuration (green circles). In
response to RhoA activity and increased tension, the actin cytoskeleton will contract, generating a lateral pull. We
propose that the distortions created in integrins (red) and adaptor proteins (green ovals) between the rigid extracellular
binding sites and the contracting actin cytoskeleton induce mechanical signaling (’zigzag’ orange arrows) by exposing
so-far unidentified stress-sensitive binding sites for adaptor or signaling proteins. The subsequent recruitment of
new integrins and adaptor proteins together with actin polymerization leads to high-density focal adhesions that,
however, need to be continuously pulled to maintain mechanical signaling. When the cell establishes a low-density
focal adhesion on an elastic substrate, the subsequent acto-myosin dependent contraction was not able to create a
distortion within the condensing focal adhesion because of the lack of resistance of the substrate (b). In the absence
of a mechanical distortion, no mechanical signaling occurred. The lack of focal adhesion reinforcement results in
the dispersal of the focal adhesion site. If the microenvironment behaves like a rigid surface but the entire substrate
is deformable as presented in the used pillar array, RhoA activation is lost. The reduced distortion of integrin and
their related proteins is permitting the maturation into foacal contacts. Therefore a focal adhesion independent
mechanosensor may exist which is measuring the global elasticity around a cell (c). Scheme is adapted from [197].
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Chapter 19

Introduction

Building up organs during embryogenesis is a complex process involving a huge population
of different cells. These multicellular structures have to organise their spatial and temporal
distribution in such a way, that the resulting organs (kidney, lung, blood vessels) show dis-
tinguishable properties. Most organs in human body, but also in other animals and insects
are composed of tubes and cavities from 0.1 µm or less in diameter for the smallest insect
tracheal tubes to greater than 20 cm for the gut of an adult elephant [119]. They serve as the
body‘s plumbing, transporting critical gases, liquids and cells from one site to another. These
biological pipes and collecting ducts are almost invariably composed of living cells, usually
attached to one another forming an epitehlium, the inner layer of organs facing the environ-
ment. There are many developmental pathways found to be important of building epithelian
sheets forming cavities and tubular structures. Most of them are based on specific biochemi-
cal signalling from growth factors or receptors, which specify the location, differentiation and
patterning of tubular organs [218]. Despite significant progress over the past decade in under-
standing how tubular organs are patterned during development, we are only now beginning to
understand how cells assemble into tubes and how tube size and shape is regulated. But some
general rules for cyst formation and tubulogenesis can be formulated and a detailed mecha-
nistic understanding of these processes is important for medicine as well as biology, because
many human diseases such as polycystic kidney disease and atherosclerotic heart disease are
essentially plumbing defects. A molecular understanding of cysto- and tubulogenesis could
lead to new ways of diagnosing and treating these conditions [119].
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Chapter 20

Theory

20.1 Epithelization during organogenesis and in kidney devel-

opment

The aggregation of mesenchymal cells is an essential step in vertebrate development. It is seen
in the formation of many tissues including somites, muscles, bones, hair follicles and nephrons1.
The underlying mechanism of mesenchymal condensation and in the case of nephron devel-
opment, epithelialization and tube maturation are not well understood (see Fig. 20.1) [13].

Figure 20.1: Left: Functional units and their localisation inside the kidney. The primary filtration is done in the
Brownman‘s capsule. Nutrient recovery takes place in the so called loop of helene, where electrolytes, glucose and
water are reabsorbed from blood vessels. Right: Early stages of nephron development induced by condensation and
epithelialization of mesenchymal cells. For more details see [47]. Images were taken from[2].

In vivo tubulogenesis occurs by many different mechanisms, which at least superficially
seem distinct [1]. Tubulogenesis is such a widespread and fundamental property of epithelial
cells, however, that one could imagine an underlying basic program (or small number of

1the functional structures in vertebrate kidneys
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programs) for tubule formation, which perhaps might be modified in different organs [3,4].
In vertebrates, tubulogenesis can be described as occurring by one of two broad mechanistic
categories: epithelial sheet deformation, or condensation from non-polarised cells [1,51,52]. In
epithelial sheet deformation, the cells move as a coherent sheet 2 that invaginates or evaginates.
Typically, this involves only a portion of the epithelium, with the tube-forming cells first detach
from the basal membrane to form a cervice in the epthelium, then sealing off and separating
from the rest of the epithelium, as seen during neural tube formation in many vertebrates .
This generates a tube that runs parallel to the plane of the epithelium from which it derives
[38]. In condensation, cells that lack epithelial polarity aggregates and arrange themselves into
a tubule. The rearrangement starts with the transition from a non-polarised mesnchymal cell
state to ephitelial polarity. The change in cell polarity allows the formation of tightly packed
sheet of cells. The dense sealing from outer environmental influence is arises from tight-
junctions, that separate the cell membrane into two distinct regions. The apical compartment
is the free surface (the lumen in kidney cysts and ducts). The basolateral compartment
lies between epithelial cells and is continuous with the underlying connective tissue and its
blood vessels. This sealing inhibits the diffusion of solutes between the apical and basolateral
compartments of the extracellular space. The plasma membrane is also separated into apical
and basolateral domains, restricting the movement of integral membrane proteins between
these domains [157] (see also Fig. 20.3). After aggregation of mesenchymal cells and the
transition to epitelial polarity, cells tend to form a cavity surrounded by a monolayer of cells.
Cavities are formed by membrane separation or by clearing lumenal space from cells not facing
the extracellular space by apoptosis 3(see also Fig. 20.4) [119, 218].

20.2 In vitro model systems for tissue morphogenisis

To understand the mechanisms that organise the action of single cells during tissue morpho-
genesis, it is necessary to overcome the barriers that are inherent in carrying out such an
investigation in vivo. Different model systems were developed during the past 25 years, most
notably Madin-Darby Canine Kidney cells (MDCK) 4. Cultivation of MDCK cells shows very
specific behaviour on culture conditions. Epithelial polarisation 5 can be induced by growing
the cells on filter supports, were nutrition also takes place from the basal side of the cell [40].
They grow to confluency as tightly packed columnar cells, which are well polarised and show
contact inhibition means that they do not pile up on top of each other. This contact inhibi-
tion can be dramatically reduced by overlying monolayers of cells with matrix proteins such
as collagen I. The mechanism involves induction by apical activation of the collagen receptor
α2β1 integrins. The α2β1 integrin is primarily located basolaterally in MDCK cells, but there
is also a small, crucial pool at the free apical surface [222]. The α2β1 integrins are normally
inactive here, as long as collagen is absent at free surfaces. Overlaying the free membrane
with collagen I matrix activates the apical integrins and cause cells to sprout out from the
monolayer enclosing a lumen with the existing cells from the epithelial layer to generate new
free apical surfaces for recovering epithelial polarity [179]. To investigate morphogenic details

2the epithelium can also detach from the underlying surface
3apoptosis can be inhibited by ErbB2, Bcl-2 or ECM contact
4A human model system from mammary glads (MCF10-A)was also developed.
5specific markers for epithelial polarity are gp135, actin for the apical membrane, ZO-1 is a protein located in
tight-junctions and p58, laminin are secreted only at the basal membrane [140]
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Figure 20.2: Morphological Processes of Tube Formation. Wrapping: a portion of an epithelial sheet invaginate
and curls until the edges of the invaginatig region meet an seal, forming a tube that runs parallel to the plane of the
sheet. Budding: a group of cells in a existing epithelial tube (or sheet) migrates out and forms a new tube as the
bud extends. The new tube is a direct extension of the original tube. This mechanism is described in HGF-induced
tubulogenesis of embedded cysts. Cavitation: the central cells, which lack the basal membrane surface-contacting
ECM of a solid aggregate are eliminated to convert it into a tube or a hollow sphere. Image taken from [119].

during tissue development it was necessary to extend the standard culture methods with a
3D model system [81, 142, 144, 223]. Single cells, when embedded in a gel build up from
reconstituted collagen type I 6, tends to grow as cell aggregates with a central lumen (see
Fig. 20.4). This 3D-system has been used extensively to investigate how extracellular factors
interact with an intrinsic differentiation programme to specify the architecture of epithelial
tissues. Like simple 2D epithelial tissue, cysts - also known as acini in the mammary gland,
aveoli in the lung and follicles in the thyroid - are spherical monolayers of polarised cells that
enclose a lumen and encircled by a basement membrane. The polarisation is common for self
enclosed epithelial layers wherein cells have three distinguished surfaces: a free, apical surface
that borders the lumen; a lateral surface that adheres to neighbouring cells; and a basal sur-
face that adheres to the ECM. Because many proteins localise to both the basal and lateral
surfaces, these surfaces are often collectively referred to as ’basolateral’ (see Fig. 20.3) [141].

With the established 3D model-system, it is also possible to get detailed information during
tubulogenesis in vivo and how different biochemical and matrix composition is influencing
these mechanisms. It has been known for 15 years that hepatocyte growth factor (HGF)
induces tube formation in cells and hollowed cell aggregates embedded in collagen I matrices
[18, 23, 128]. It is speculated that HGF initiates new tubule development by inducing a
transient epithelial-mesenchymal transition (EMT) that temporarily overrides the driving force
for the ’three surfaces’ condition. There are several downstream targets which can be affected
by HGF, like the cytoskeleton or the basal plasma membrane. The most abundant effect

6collagen can be extracted from tendons or skin at pH 2. For gelation and fiber recovery it is necessary to
neutralize and warm up the solution
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Figure 20.3: Internal epithelial organs (a) consists of two basic building blocks: cysts and tubules(b). c) In
cross section, these building blocks are lumen-enclosing monolayers of polarised cells. Each cell in the monolayer
has a microvilli-rich, free apical membrane domain that faces the lumen, a lateral membrane domain that facing
neighbouring cells, and a basal membrane domain that faces the basement membrane. d) The basement membrane,
a specialised extracellular matrix (ECM) that is produced by epithelial cells, forms a layer between the epithelium and
the mesenchymally derived interstitial ECM. Cells attach to ECM through integrin and non-integrin receptors and
bind to neighbouring cells through tight-junctions, desmosones and homotypic E-caderin interactions. Tight-junction
also demarcate the boundary between the apical and basolateral surfaces. Image was taken from [141].

caused by HGF is switching the spindle orientation during cell mitosis [211]. Normally, dividing
MDCK cells orient their spindles parallel to the axis of the monolayer [160]. In cells trying
to escape the monolayer the spindle might orientate perpendicular to the cyst surface. 7 As
the cell is proliferating out from the cyst monolayer, it forms a chain surrounded by ECM
proteins. This status is similar to filter supported MDCK monolayers overlaid with collagen
as discussed above. To restore normal polarisation, cells again form multilayers and then
create small lumens between the layers (membrane separation, see also Fig. 20.4). Therefore
tubulogenesis shows features of both basic mechanism: sheet deformation and condensation
(see also Fig. 20.2) [156, 90]. The existence of an intermediate situation between sheet
deformation and condensation suggests that these two mechanisms are not as dichotomous as
is usually assumed, but rather that they are likely to be two ends of a continuous spectrum.
That the MDCK/HGF model as a redundant system cannot describe the complexity of lumen
formation is evident. For example other proteins or growth factor can inhibit EMT induced
by HGF [169, 37]. It is also known that kidney development of HGF-knockout embryos seem
normal [192, 172]. Therefore the complex interaction during tissue morphogenesis is not only
influenced by different growth factors or other up-/downstream signaling proteins but also by
other factors not relatet to biochemistry.

7Parallel and perpendicular mitotic axes are specified by APC/EB-1 and Par-3-Par-6 [118, 152, 112]
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1

0d 2d 5d 7d 9d 12d

Figure 20.4: 1) Single epithelial cells that are embedded in extracellular matrix (ECM) proliferate to form clonal
cysts. Madin-Darby Canine Kidney (MDCK) cyst at 0, 2, 5, 7, 9 and 12 days of development are shown. The
lumenal apical domain is stained for actin (red), basal and lateral domains are stained for p58 (green), and the nuclei
appear blue. Although each cell in the mature 12-day cyst has a free, lateral and basal membrane surface, cells in
immature cyst often lack at least one surface type. Note the apoptotic nuclei in the lumen of the cyst at day 7.
2) MDCK tubules at different stages of development, stained for nuclei(red) and actin (green). In cartoons, blue
represents cell-cell contacts, green represents cell-matrix contacts, and red represents free membrane surface. A)
After treatment with hepatocyte growth factor (HGF), new tubules initiate when single cells become invasive and
project a long, basal-membrane extension into the ECM (arrowheads). B) Cells proliferate to form single file chains,
were cells has lost apico-basolateral polarity. C) To recover polarity cells starts to form multilayered cords. Apical
membrane surface is re established, as shown by intense actin staining at the interface between cell layers, and new
lumen formation is initiated. D) Lumen enlargement provides each cell with a free surface. Note apoptotic nuclei in
the developing lumen (arrows). Images were taken from [141].

20.3 Mechanical influences on cystogenesis

During cyst formation, cells in a 3D culture mechanically remodel ECM [151]. A number
of studies have suggested that mechanical forces play a role in controlling epithelial morpho-
genesis [199, 24, 84, 186]. The mechanical forces might also be one of the factors controlling
cell proliferation and cyst formation [205]. To elucidate the correlation between mechanical
forces and cystogenesis, it is necessary to quantify the mechanical forces between cells and the
ECM. Various approaches have been proposed for evaluating the mechanical forces between
cells and the ECM, including measurements and calculations using cell-populated matrices,
planar elastic substrata in 2D cultures as mentioned in Chapter 1, or differential interference
contrast (DIC) images in 3D cultures. When fibroblasts were seeded into a porous matrix,
forces generated by the cells could contract the matrix [80]. This has been used in some stud-
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ies to measure the force produced by the cell population [111, 49, 67]. In these studies, one
end of the matrix was clamped, and a force gage was attached to the other end, so that the
mechanical force produced by the cell population in the ECM was monitored. Although cells
were present in the 3D culture in these tests, details on forces produced by single cells could
not be obtained, except for average values in some cases. Vanni and co-workers presented a
technique in which DIC images were used to measure the displacement around a cell in a 3D
culture. Visible collagen fibers were tracked in the in-focus plane of DIC images of a cell to
derive the displacements caused by the cell [194]. However, the displacements thus derived
were essentially 2D, as was the subsequent calculation of stress. To elucidate the correlation
between mechanical forces and cystogensis, it is necessary to quantify the mechanical forces
between cells and the ECM in 3 dimensions. Elastic substrate methods, which apparently can
measure forces at the interface between the cell surface and the ECM in 2D cultures, need
to be extended by a computational model of cyst movement in the 3D matrix in order to
estimate the 3D force distribution [219].



Chapter 21

Materials and Methods

3D cultures have proven advantages over 2D cultures in studying tissue morphogenesis in vitro
[48, 218]. The necessity to develop a method and tools for evaluating the mechanical forces
between cells and the ECM, in three dimensions and at the cellular level, is apparent. A 3D
computational model complemented by experiments for such a purpose was developed. Stably
transfected GHY3-MDCK (YMD in the following) 1 cells expressing the monomeric fluorescent
fusion protein Gap-43:mYFP:His6. Gap-43 portion was doubly palmitoylated and targets the
monomeric Yellow Fluorescent Protein (YFP) to the membrane lipid rafts. YMD cells were
embedded in type I collagen gel. Cells were tracked over time with a confocal microscope to
determine the 3D geometry of the cells or aggregates. Displacements at the boundary between
the cell aggregate and the ECM were derived by registering two images of the same aggregate
taken at two consecutive times. These displacements were taken as boundary conditions at
the surface of the aggregate. The ECM was modeled as a viscoelastic material. The finite
element method (FEM) was used to compute the stress field around the cell aggregate. To
validate the calculated forces resulting from cell aggregate displacement within the ECM an
appropriate model system is necessary. It should fulfil several conditions:

• The cells should be able to form multicellular cysts surrounded by a ECM network.

• The force should be measured at the boundary of the aggregate independently from the
ECM displacement.

• The system should be capable of being used in conjuction with fluorescence microscopy.

21.1 Surface preparation and cell culture

The ideal tool that fullfills these guidelines is the force sensor arrays introduced in part II.
Further improvements were done to ensure preferred cyst growth on the microarray. To
evaluate cell behavior on PDMS, flat glass coverslip supporting thin PDMS films and bare
coverslips (as a control) were coated with different proteins under various conditions. All
proteins were diluted in PBS except reconstituted collagen I. The surfaces were incubated for
2 minutes at RT or overnight at 4◦Cwith a protein concentration of 100 µg/ml. To coat the

1kindly provided by Dr. D. A. Zacharias (The Whitney Laboratory for Marine Bioscience, University of Florida.
Gainesville, FL, USA)
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microarry, the pillars supported on a 24×24 mm coverslip were incubated in a neutralized
acetic solution of collagen I with a final concentration of 100 µg/ml at RT for 2 minutes.
RGD was grafted as described in the previous part. After washing in PBS the samples were
mounted with vacuum grease on a punched 60 mm petridish and uv-sterilized for 2 minutes.

21.2 Cell plating

YMD cells were used to achieve better visualization of the cyst geometry during force measure-
ments. A single cell suspension was generated by trypsinizing a sub-confluent YMD 2D culture
with 0.05% Trypsin and 0.53 mM EDTA for 20 minutes at 37 ◦C. Cells were resuspended in
DMEM suppl. with 1% glutamine, 1% penicillin/streptomycin and 10% FBS to obtain a final
cell density of 12500 cells/ml. After one day of incubation a solution of reconstituted collagen
I (1mg/ml)in DMEM or diluted gfr-Matrigel (BD-Bioscience, Heidelberg, Germany)2 was al-
lowed to polymerize on top of the cells for 1 h at 37◦C. After polymerization was complete,
5 ml of complete cell culture medium was added. After 4 days, cyst-like cell aggregates had
developed on the microarrays. One sample was fixied for immunofluorescence labeling. Fix-
ation was performed in PBS containing 3.7 % PFA for 30-40 minutes. For permeabilization,
the sample was incubated for 10 min. in 0.1 % Triton X-100 solution (diluted in PBS) and
washed thoroughly 3 times with PBS. In general all antibodies used for immunostaining were
incubated in a 0.1 % BSA -PBS solution for 30 minutes at RT. A washing step was included
during the staining procedure between primary and secondary antibody (3 times á 10 min. in
PBS). Samples were mounted on objective slides with elvanol to prevent photobleaching. For
detection of adsorbed proteins on the microarrays, primary monoclonal mouse anti-collagen
I antibody (1:400, Sigma) was used in combination with secondary goat anti-mouse Alex-
afluor 488 (1:100, Molecular Probes). The cysts were stained for laminin (polyclonal, rabbit
anti-laminin, 1:400, Sigma, together with goat anti-rabbit conjugated to Cy5, Jackson Im-
munoResearch), actin was visualized with TRITC conjugated Phalloidin (1:100, Sigma) and
DNA was stained using DAPI (Sigma, 1:50). Three coloured images were taken with a wide
field epi-fluorescence microscope (DeltaVision, Spectris) equipped with a 60X water immersion
Plan Apochromat objective (NA 1.2) to keep spherical aberration minimized. Fluorescence
was excited with a 100 W mercury lamp. All excitation and emmision filters were from chroma
(Rockingham, VT, USA). Image restoration was performed on a workstation running a de-
convolution software (SoftWorX, version 3.2) from Applied Precision. For higher resolution
and 3D reconstruction of the cyst images were captured with a ’5 Pascal’ confocal microscope
(Zeiss, Goettingen, Germany ).

21.3 Image acquisition and analysis

Images from the flat surfaces for evaluating the best protein combination were taken on a
inverted microscope (Axiovert 25, Zeiss) equipped with a CCD camera (Axiovision,Zeiss) and
a 20X LD Ph1 objective (N.A. 0.5; Zeiss). Image acquisition of growing cysts was performed

2Matrigel is a mixture of laminin, collagen type IV, entactin, and other proteglycans derived from Engelbreth-
Holm-Swarm (EHS) mouse sarcoma. It gelates to a matrix that resembles the basal membrane. Here it was
used with reduced growth-factors to minimize the biochemical influence of ECM. Dilution (1:1) was done with
DMEM supplemented with 10% FBS.
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on a DeltaVision Spectris system equipped with a environmental chamber and LD 20× (N.A.
0.6) objective and a resulting pixel size of 0.3313 µm. Images were taken every 10 min.
over a period of 8 h. YFP was excited at 510 nm selected from a 100 W mercury lamp
and the Pillar movement was acquired in phase contrast. Seven images from different time
points were aligned manually using NHI ImageJ to remove thermal drift between the images.
Manual contrast enhancement of each pillar was done in Corel Photopaint (Ver.11, Corel
Corp., Ontario, Canada). Analysis of pillar movement was done in ImageJ. From each image a
threshold image was generated and the center of mass from each particle (pillar) was recorded.
An image of undeflected pillars was also analysed using the same protocol. Force calculations
were preformed in OriginPro (Version 7.0, OriginLabs Corp., Northampton, MA, USA) and
the resulting force was addressed as false color to each pillar position as shown in Fig. 22.6
for three images representing the entire stack. Two pillars were also tracked over the whole
47 images, one is underlying the cyst(∗) and the other lies outside (+). In Fig. 22.6 C the
movement of those pillars is plotted as force over time curves. The microarrays used were
calibrated before cell plating as described in Chapter 1. The kpillar was calculated to be 0.089
N/m.
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Chapter 22

Results
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Figure 22.1: Changing cell morphology by different surface conditions. A: Glass surfaces were coated for 5 minutes
at RT with different proteins: collagen I, collagen IV, laminin, and fibronectin. B: The same coating conditions
were used to functionalise thin PDMS films supported on glass coverslips. C: Incubation of the different proteins on
PDMS was extended to 12 h for saturation of surface adsorbed protein molecules to maximum. Last column: for
selective activation of the α2β3 integrins a cyclic RGD was crafted on the PDMS surface. As a control images were
also taken from bare tissue culture plates. Scale bar corresponds to 100 µm in panels and 10 µm in inserts.

22.1 Influence of protein type on cell morphogenesis

To assay polarized cyst formation several protein combinations and media supplements were
tested as promoters for the defined cell adhesion necessary for cyst development on PDMS.
In Figure 22.1, flat PDMS coated coverslips were incubated for 2 min with different protein
solutions at a concentration of 100 µg/ml and compared to coated glass coverslips. The most
relevant difference can be seen on collagen type I coated PDMS surfaces when compared to the
glass surfaces. After one day, cell spreading is not as distinctive as for cells on collagen-coated
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glass. Rather the cells assume a more elongated morphology. To rule out the possibility of a
reduced surface adsorption of collagen type I on PDMS compared to glass the surfaces were
incubated with the same collagen concentrations overnight at 4 ◦C. There was no evident
coating difference between the short and the prolonged incubation time of collagen type I on
PDMS. After 4 days in culture the cells formed a confluent layer and the incipiently visible
difference between glass and PDMS surfaces was no longer predominant. Unlike the protein-
coated substrates, confluent monolayers on RGD terminated surfaces, start to detach from the
surface and form loops of single cell monolayers. This peculiar behaviour was never detected
on collagen or fibronectin coated glass or PDMS surfaces (see Fig. 22.2).

x-y

x-z

3D

Figure 22.2: After growing to confluency on a RGD terminated surface, YMD cells detaches from the surface on a
circular area and form a single layered loop (arrow). This morphology never appeared on protein adsorbed surfaces.
The reconstructed 3D image on the right was rendered from confocal z slices. Scale bar 10 µm.

22.2 Enabling 3D growth on 2D substrates

As known from the literature [81], embedding MDCK cells in an ECM matrix initiates cyst
formation. Cells growing on different protein-coated surfaces were overlaid with either collagen
I (1 mg/ml) or gfr-Matrigel (diluted in a 1:1 ratio with DMEM). Fig. 22.3 shows the effects
of the different ECM proteins to MDCK cyst formation. Only when the cells are overlayed
with gfr-Matrigel they start to aggregate and to form small cysts within 4-5 days in culture.
Overlaying the cells with collagen I matrix did not induce cyst formation. It was also seen
that cell proliferation was reduced when matrix proteins were present at the apical surface
of the cells. After 4 days in culture, monolayers were formed on non-overlaid samples and
on overlaid glass substrates. Cells on PDMS surfaces still remain as cell islands (data not
shown). From other experiments it was known that the microarrays reduce cell proliferation.
This preliminary result was used in order to optimize cytogenesis onto microstructured surfaces
[22].
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A

B

Figure 22.3: Influence of different matrix overlays in flat MDCK cultures after 4 days in culture. A: Glass surfaces
were collagen type I coated and after one day cells were overlaid with either reconstituted collagen type I at a
concentration of 1 µg/ ml (column 1) or with gfr-Matrigel diluted with one part of complete medium (colum2). B:
The cells were cultured on flat PDMS instead of coated glass coverslips. Only in the case of gfr-Matrigel overlay,
cells started to leave the surface and to grow inside the gel (arrows). The control is shown in column 3 were the
cells were cultured w/o matrix overlay. Cells growing on PDMS had a roundish unspread morphology even after 4
days, whereas the cells on glass showed a well spread phenotype. Scale bar corresponds to 20 µm

22.2.1 Cystogenesis on force sensor arrays

The reason for keeping the incubation time at minimum, is shown in Figure22.4. When the
microarray is coated for only two minutes, the majority of collagen was adsorbed to the pillars
top. If the incubation time is extended to 30 minutes, the protein solution is adsorbed also
to the sidewalls. In this case the repellent properties of bare PDMS to cell adhesion vanished.
The resulting increase of cell-substrate adhesion inhibits cystogenesis. The cells are growing
as a multilayer incorporating the pillars. Spherical cysts did not develop at any time point
under these conditions(see Fig. 22.4 C).

After cells were embedded in gfr-Matrigel, they started to form multicellular aggregates
with a central lumen. Small cysts of 50 to 100 µm developed within 5 days in culture. They
were composed of a cell monolayer enclosing a central lumen where the cells showed distinct
polarization. Actin (green in Fig. 22.5 A) is concentrated to the apical membrane in actin-
rich microvilli [129]. Laminin (red in Fig. 22.5 A), the major protein in the basal lamina,
is secreted only to the basal surface and is not present in lumenal space. Cysts were only
attached with the basal side to the top of the microarray as seen in Figure22.5 C.

22.3 Force measurements

In this configuration it was possible to measure forces exerted by the cell aggregate on the
pillar array. In Fig. 22.6 three representative images are displayed from time lapse imaging
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A B C

Figure 22.4: A: Collagen type I was incubated for two minutes on the micro array and visualized by immunofluo-
rescence labeling and confocal imaging. From the insert were bended pillars are imaged, it is clearly seen that the
protein layer (shown in green) is restricted only to the top of the pillars, which were visualized in reflection. B: If
incubation time is extended to 30 minutes the protein solution is also wetting the sidewalls of the micro array as
seen in the x, z and y, z sections of the confocal z-stack. C: Cells growing on entire coated micro arrays as shown in
B forming mono- or multilayers without lumen incorporating the pillars (arrow). Cells were immunostained for actin
(red) and YFP is shown in green. Scale bar correspond to 5 µm in A/B and to 15 µm in C.

of a growing cyst. From phase contrast images, the pillar bending was tracked manually and
the exerted force is displayed using false colors at the corresponding pillar position (see Fig.
22.6 B. The white circles in the images symbolize the initial position of each pillar in the field.
Two pillars (marked with ∗ and +) were tracked throughout the experiment (in total cyst
development was recorded over a period of 8h) and force was plotted over time (see Fig. 22.6
C). Three time points from picture A and B were marked as lines in the graph. The initial
force values decrease over time as the cyst is growing and moving. At the beginning the pillar
underneath the cell aggregate is near the center were the cyst is adherent to the force sensors.
The area of adhesion is encircled in Fig. 22.6 B. After 8 h the cyst moved and the pillar of
interest was tracking the force at the cyst boundary where adhesion was weaker. Pillars next
to the aggregate were also bent, because the attached fibers of the model ECM serve as force
transducers. The average force value applied to the pillar marked with + was around 1/3
lower than forces exerted directly to the force sensors (marked with ∗).

22.4 Anisotropy induce cyst polarization

The micro array used to measure forces generates an isotropic environment 3 for the cell ag-
gregates. It was important to know how cystogenesis was affected by changing environmental
conditions, because previous investigations in this directions considered only biochemical sig-
nals [141, 211, 169]. To answer this question anisotropic microarrays were used instead of
circular pillars with equal stiffness in x and y direction. The cells were plated under the same
conditions as for the isotropic microarray. Under these conditions cells could recognise the
anisotropic environment provided by the pillar surface. Some of the cyst altered their shape
from spherical to cylindrical and grew as tubes on the arrays (see Fig. 22.7 E, F). Polarity
did not change dramatically, actin was still concentrated at the apical surface and laminin

3not taking into account that interfaces in general generates an anisotropic vicinity
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Figure 22.5: Left: Image of a cyst, immunostained for laminin (red), actin (green), nuclei (blue). The images were
extracted from a deconvolved z-stack at the plane of biggest cyst diameter. Cells forming a cyst segregate laminin
only to the basal membrane while actin is concentrated on the apical surface in small extension (the microvilli),
typical of polarized epithelial cells. Right: Different plans through a cyst stained for actin. The z-stack was collected
with a confocal microscope 2. Arrows indicate the points in which the cyst adheres to the pillar surface. The
freestanding cyst surface was surrounded by gfr-Matrigel which was removed during fixation and immunostaining
procedure. The reconstructed 3D image in the upper right corner was rendered from confocal z-slices. Scale bar is
10 µm.

was secreted exclusively to the basal membrane. How this contact guidance was influenced by
the matrix overlay could not be investigated, because of matrix removal during the staining
procedure [56]. To draw more attention to the influence of matrix remodelling, cells were
plated on flat PDMS surfaces and overlaid with a collagen type I matrix.

22.4.1 Basic mechanism of Cyst reorientation

It is known from the literature that overlaid MDCK cells can be cultured 4. Therefore the cells
cultured on PDMS should have an intermediate morphology between epithelial and mesenchy-
mal. Collagen type I can induce a change in cell differentiation from epithelial to mesenchymal
(see also Fig. 22.1) [223]. The transition from epithelial polarity to migratory polarity causes
matrix reorganisation of the surrounding fiber network [39, 190, 77]. The cells condense and
align the fibers along the direction of highest tension between two separated cell islands. This
fiber condensation guides cell growth. In the first panel of Fig. 22.8, two cell cords growing
against each other directed by the aligned fibers between them are shown. The arrows are
indicating small extensions which may guide growth direction. Furthermore on Panel B a
migrating cell is changing direction when reaching an area of collagen matrix fibers orientated
perpendicular to the migration axis. This well known contact guidance show how sensitive
cellular recognition of the surrounding matrix is. In the same field, a round cell island (marked

4MDCK cells growing on solid supports are much less polarised as cells growing inside a 3D culture or on filter
supports [40]
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Figure 22.6: A: After 4 days in culture cysts, developed on 15 µm height posts. Images were taken at the cyst pillar
interface every 10 minutes over a period of 8 h in phase contrast. In panel B the corresponding fluorescence images
are displayed and the area of adhesion is encircled in white. Images shown in inserts were taken 12µm above the
surface at biggest cyst diameter. Lumen is marked with ∗. The corresponding bending of each pillar is shown by the
false color (B). Circles illustrate the undeflected position of the corresponding posts. Circles were no color is present
are below the threshold of 10 nN. C: The two pillars marked with ∗ or + in A and B were tracked throughout the
experiment and the resulting force was plotted over time. The three selected time points from A and B are marked
as lines in the graph. Scale bar corresponds to 10 µm and to 20 µm in the inserts.
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Figure 22.7: Different stages of tubule development of MDCK cells growing on the microarrays with a matrix
overlay. The different stages were taken from the sample shown at low magnification in (A). Cell nuclei are stained
in blue, actin is green and laminin appears red (except of image D were laminin was not stained). Encircled areas
are shown in B, C, D at higher magnification. Along the protrusions (which can be over 50 µm long) the cells are
growing as a thin nearly single cell cord with small vacuoles at the tip (B). In the multilayered string of cells, the
vacuoles grow to localised lumen in order to create new apical membrane (C). As the mature tube the lumen is
extended over the whole length. The inserts are x−z sections of confocal images taken on the same areas as for the
widefield deconvolved images. To orient the growth direction of the tube, cells were also plated on anisotropic pillars
(see encircled pillar, E). The cells are recognising the given direction and forming a tube within the same orientation.
Small vacuoles are generated at the tip of the growing tube to get a free surface for proper polarization. Scale bars
are 10 µm and in the inserts 5 µm.
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t=110 min t=170 min t=210 min

t=520 min t=610 min t=670 min

B

A

* * *

Figure 22.8: A: MDCK cells growing on collagen type I coated PDMS overlaid with matrix. Cell protrusions
(arrows) may guide the growth direction concentrating the fibrils by means of higher tension. The round cell
aggregate (arrowheads) did not alter morphology during 8 h of observation. Cell division was observed in both
structures. For the single cell wires the dividing cells orientate their axis along the migration axis, which is defined
by the aligned fibers. For the round cell aggregate the axis of division was turned of 90 ◦. The change of mitosis axe
orientation kept the daughter cells inside the cell assembly (see inserts). This difference in the division axes is known
from cells which change morphology from epithelial to mesenchymal cell state [211]. B: In the mesenchymal state,
cells become more motile and show fibroblastic polarization. They have reduced cell-cell contacts and can detach
from cell monolayers. During migration the cell is always sensing its surrounding and change migration direction
(arrow) depending on extracellular cues (arrowheads).

with ∗) showed only small protrusions during 8h of investigation (arrow heads), without cell
outgrow. The fiber alignment around the perimeter was evenly distributed and not as oriented
as for cells growing in cords. Therefore, directed growth is not predominant in this state of
cell morphology. This may be an effect of the dense cell packing inside the circular cell island
compared to the cells in the cord. The different behaviour of the two cell stages (epithelial
and mesenchymal) was also investigated during cell mitosis (see inserts in Fig. 22.8). In the
cell cord built up from highly motile cells, the division axes are not changed and they are
orientated along the direction of migration. Inside the small island of cells (marked with ∗)
the axis of mitosis is tilted of about 90 ◦ to keep the daughter cells inside the monolayer.
In combination with the microarray, the cells cultured with matrix overlay did not form a
closed monolayer after incubation even after several days in culture. Instead they grew as
interconnected cords and tubules connecting separated cell islands. Different evolution stages
could be observed from single cell cords and multilayered strings with small lumens through
to mature tubules between formerly separated cell islands (see Fig. 22.7). The orientation of
tubules was randomly distributed and directed by aligned matrix fibers. In contrast the cells
growing on anisotropic arrays showed a distinct growth direction along the long axis of the
posts (see Fig. 22.7 E,F).



Chapter 23

Disscusion

It was shown that cultivating epithelial cells inside a 3D environment drives cells to form
lumen-enclosing structures [81, 142, 144, 223, 205]. In order to get 3D structures near a surface,
where the cell-exerted forces can be measured via the force sensor arrays, culture conditions
were adapted in such a way, that complete matrix embedding was no longer necessary. It could
be shown that MDCK cells growing on collagen type I coated flat PDMS surfaces had a reduced
proliferation rate. The cells showed a reduced spreading and a marked fibroblastic polarization.
An explanation could be that the amount of collagen type I present on the surface was lower
on PDMS than on glass surfaces [50, 73]. The cell spreading was was further reduced when
cells were grown on collagen type I coated microarrays 1. When gfr-Matrigel was polymerized
on top of the substrate, cells started to grow as multilayered aggregates on the flat surfaces
and then formed lumen-enclosed cysts on the microarrays. Several publications discussed
the influence of the small GTPase Rho and its effector ROCK to cyst formation [205, 211].
They predicted a down regulation of Rho in soft collagen gels due to the missing feedback
from ROCK. Rho inactivation is in turn influencing FAK phosphorylation (a central event
in creating cell adhesion, and migrations; [32, 83]) and cell proliferation [43]. Rho activity
is also influenced by integrin α2β1 activation 2 [125]. Reduction of surface present collagen
type I should also influence the morphology of epithelial cells. In the case of MDCK . The
samcells cultured in suspension where collagen is not present, hollowed 3D aggregates with
inverted polarity was generated[143]e cellular behaviour was established on surfaces without
coated adhesion-promoting proteins (see Fig. 23.1 B).

23.1 Strategies

From these experiments a strategy was developed to achieve 3D growth on the microarrays.
First the surfaces should have the capability to allow cell adhesion while keeping cell spreading
to a minimum. To maintain cell polarity with an apical membrane facing the lumen and a
basolateral surface directed to the ECM, it was also necessary to overlay the cells with a gel
of gfr-Matrigel (compare Fig. 23.1 B with Fig. 22.5). It has been known for 25 years that
the application of matrix proteins to the apical membrane changes cellular behaviour and
morphology [81]. The usage of reconstituted collagen type I gel did not promote cyst grow,

1in this case only a partial adhesion is available on the pillar array compared to flat surfaces
2integrins are the cellular actors at the cell-ECM interface. Their signalling affects also Rho activity
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A B

Figure 23.1: A: MDCK cells growing on a microarray in media supp.with 50 µg/ml. Collagen fibers (red) were
deposited on the apical membrane (green). The dense fiber network is only allowing lumen formation near the
surface and 3D cystogenisis was not observed [222]. B: As a controll cells were cultured on a non-coated microarray.
Adhesion is dramatically reduced and cell-cell contacts get predominant. 3D structures with lumenal space developed
over 5 to 7 days in culture. Polarity was not as distinct as on matrix surrounded cells (actin, green, is localised at
the outer surface).

as observed in the case of gfr-Matrigel overlays. It can be explained by the difference in fiber
density of the two gels. Collagen type I generates a dense meshwork of thick fibers that lies
like a sheet on top of the cells 3 whereas a diluted gfr-Matrigel behaves as a much softer matrix
4. The reduced spreading and the matrix overlay may play an important role in building up
3D structures instead of 2D growth of MDCK cells on the force sensor arrays.

23.2 Tubulogenesis induced by anisotropic force fields

Several groups have previously investigated the ability of MDCK cyst to build up tubules
in vitro. It was shown that hepatocyte growth factor (HGF) is enhancing tubular outgrowth
[23, 169, 165, 18]. There are several mechanisms involved in tubulogenesis which are influenced
by HGF. First an ephitelial/mesenchymal transition occurs, and the cells form long protruding
extensions. In the mesenchymal state, cell can migrate out from the cyst monolayer and form
cords. After a lumenal space is generated the cords mature to tubes [119, 211, 141] (see
also Introduction of this chapter). Similar effects were seen with cells growing on collagen
type I coated PDMS surfaces overlaid with collagen type I or gfr-Matrigel. Cells aggregate
to form islands but maintain the ability to polarize into migrating cells (see Fig. 22.8 B).
Also the mitosis axis changed in some cells indicating a different cell state. The alignment
of the spindle axis along the migratory direction was only seen in cell cords, whereas spindle
orientation in spherical ordered cell island always turns 90◦, in order to keep daughter cells

3the cells are collecting and condensing the fibers from the gel at their apical surface even at a collagen type I
concentration as low as 50 µg/ml

4Collagen type IV is not a fiber forming collagen, it only produces a meshwork of short interconnected fibrilles
[20]
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inside the island boundary [211]. However it is not clear how surface characteristics can
influence cellular behaviour. In 1994 Clark et al. investigated how different ECM proteins 5

influence HGF induced scattering of sub confluent MDCK cultures [37]. Renner et al. showed
how different polymer surfaces can influence endothelial cell growth [162]. They assumed that
the lower binding strength of fibronectin on hydrophilic surfaces can change cell morphology 6

by relieved fibronectin remodeling. These results may also explain why cells on collagen type
I coated PDMS 7 surfaces show different polarity compared to tissue culture surfaces or filter
membranes.

23.3 Integrin activation and morphological cell behavior

Surface characteristics also played a role in the detachment of confluent monolayers of MDCK
cells grown on cRGD grafted to PDMS (see Fig. 22.2). Detachment of cells from surfaces
normally induces anoikis (detachment-induced apoptosis) [68, 196]. But how distinguished
integrin activation 8 could lead cells to detach is not clear. What is known from literature
is that different protein kinase signaling pathways like FAK, ILK, PI3K, ERK MAPK are
involved in the apoptosis pathway [70, 69]. Moreover small GTPases such as CDC42 and
Rac1 regulate anoikis until survival of detached cells [34]. These results could be useful for
the interpretation of the observed detachment on cRGD surfaces, as it is known that integrins
interact closely with these two families of signal proteins. Further investigations on well-defined
RGD interfaces should lead to an appropriate description of this phenomena [6].

In this chapter, biological phenomena were described strictly from a physical point of
view. How far biochemical signaling can influence these processes was not investigated. It
could be similar to that case of gfr-Matrigel which still contains TGF-β. This growth factor can
influence cystogenesis of MDCK cells embedded in matrix derived from Matrigel [169]. Other
factors from serum-supplemented media could also have an effect 9. Future investigations
analysing the influence of both biochemical signaling and mechanical stimuli on tubulugenesis
in vitro will be based on new interdisciplinary approaches between physics and biology.

5vitronectin and fibronectin was compared
6cells grow in a stellate morphology on hydrophilic surfaces whereas on hydrophobic surfaces the cell monolayer
was not disrupted

7PDMS water contact angle is 120◦
8the cRGD was designed for interacting predominantly with αvβ3 integrins
9LPA influences cell contractility for instance [146]





Bibliography

[1] Amine reactive Probes Molecular Probes.

[2] http://golgi.ana.ed.ac.uk/kidhome.html.

[3] NuPAGE® Technical Guide General information and protocols for using the Nu-
PAGE® electrophoresis system.

[4] B Alberts, A Johnson, J Lewis, M Raf, K Roberts, and P Walter. Molecular Biology of
The Cell. Garland Science, New York, 2002.

[5] Gregory H Altman, Rebecca L Horan, Ivan Martin, Jian Farhadi, Peter R H Stark,
Vladimir Volloch, John C Richmond, Gordana Vunjak-Novakovic, and David L Kaplan.
Cell differentiation by mechanical stress. FASEB J, 16(2):270–2, Feb 2002.

[6] M Arnold, E A Cavalcanti-Adam, R Glass, J Blümmel, W Eck, M Kantlehner, H Kessler,
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