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ABSTRACT

Tissue function is modulated by an intricate 3-D architecture of cells and
biomolecules on a micro- and nanometer scale. Biomedical research has become
increasingly aware of the limitations of time-honored conventional 2-D tissue cell
cultures where most tissue cell studies have been carried out. They are now searching
for 3-D cell culture systems, something between a Petri-dish and a mouse.
The behavior of cells in culture is influenced by a variety of cues from the
microenvironment, such as the media condition (pH, temperature, growth factors,
nutrients), binding to extracellular matrix components, binding to other cells, the
mechanical properties of their surrounding and forces acting on the cells which will
influence their shape. The question of how shape and function are interrelated has
been a fundamental issue of biology for the last two millennia.
In the scope of this thesis we have developed platform technologies which enable
the control of many aspects of the microenvironment of single cells, taking into
account their intrinsic 3-D nature and controlling their 3-D shape. We have developed
a set of replication techniques, starting from microfabricated Si using standard
techniques from the microelectronics field, to produce surfaces exhibiting arrays of
microstructures of the dimensions of single cells. Various materials (Thermoplastic
polymers (polystyrene), elastomers (poly(dimethyl siloxane)) and hydrogels
(poly(ethylene glycol)) with different bulk properties (different mechanical, optical
and diffusive properties) have been successfully produced in a consistent manner
using processes which can be performed without the use of expensive equipment,
such as hot-embossing, molding and casting. Furthermore, we have investigated and
developed techniques which allow to selectively functionalize different areas of the
topographically structured surfaces. To restrict adhesion of cells between the
microstructures a graft-co-polymer that consists of a poly(L-lysine) (PLL) backbone
and multiple PEG side chains (PLL-g-PEG), which renders the surface resistant to the
unspecific adhesion of proteins, was printed onto the plateau surface by the means of
a wet inverted printing method using a hydrogel containing freely diffusion PLL-gPEG.
V
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The μ3-D cell culturing concept was then further applied to address a number of
fundamental biological questions and shown to be a unique way to decouple the
effects of cell shape and spreading, cell-cell contact and adhesion to a 3-D
environment. Furthermore we have developed the system to enable high-resolution 3D imaging for both fixed and live cells. We have observed first signs of autonomous
polarization of single epithelial cells (MDCKs) when grown inside microwells
mimicking the shape of cells as only achieved when grown as dense monolayer. We
have also investigated the role of 3-D adhesion of primary human endothelial cells
(HUVECs) and mouse fibroblast-like cells (3T3s) on their ability to assemble a
fibronectin matrix. By the use of different shapes of microwells we have shown the
possible control of fibrillogenesis by the cell shape. Although the biological work has
not yet been statistically conclusive we have shown the feasibility of the μ3-D concept
to address these questions.
In addition to the culturing of cells on surfaces, we have also developed
microfluidic devices, which might be important for the integration of micro array cell
cultures into automatized microdevices. We have shown the heterogenous patterning
of biomolecules, such as proteins and lipid vesicles by the combination of crossed
microfluidic channels, a prepatterned surface and a two-step surface functionalization.
The technologies developed in this thesis are believed to have a fundamental
impact on in-vitro biological experiments and can be further applied as models for
high-throughput drug testing, the analysis of disease development or finally to
construct biohybrid devices and tissue engineering at the microscale.
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ZUSAMMENFASSUNG

Die Funktion von lebendem Gewebe wird durch eine komplexe 3-D Architektur
der beteiligten Zellen und Biomolekülen auf allen Längenskalen (Mikro- und
Nanometer) bestimmt. In der biomedizinischen Forschung wurde man sich in
zunehmendem Masse bewußt, dass herkömmliche 2-D Gewebezellkulturen, in denen
die meisten Studien durchgeführt werden, nur beschränkt der natürlichen Struktur von
Zellen gerecht werden. Daher werden 3-D Zellkultursysteme gesucht, komplexere
Modelle die zwischen Petri-Schale und Maus liegen.
Das Verhalten von Zellen in Kultur wird durch eine Vielzahl von Eigenschaften
des Mikroumfelds beeinflusst. Dazu gehören die Eigenschaften des Nährmediums
(pH, Temperatur, Wachstumfaktoren, Nährstoffe), die Adhäsion an Bestandteile der
extrazellulären Matrix, der Kontakt mit benachbarten Zellen, die mechanischen
Eigenschaften der Umgebung und die Kräfte, die auf den Zellen wirken. Letztere
bestimmen schlussendlich die Form der Zellen. Die Frage über den Zusammenhang
von Form und Funktion ist von grundlegender Bedeutung und beschäftigt seit mehr
als zweitausend Jahren eine Vielzahl von Wissenschaftlern.
Im Umfang dieser Dissertation wurden Plattformtechnologien entwickelt, mit dem
Ziel, eine Vielzahl der Eigenschaften des Mikroumfelds einzelner Zellen gezielt zu
steuern und gleichzeitig die natürliche 3-D Form der Zellen zu erhalten. Es wurden
verschiedene Replikationstechniken von mikrostrukturiertem Silizium entwickelt, um
Oberflächen zu produzieren, die angeordnete Mikrostrukturen (arrays, eng.) in der
Dimension einzelner Zellen aufweisen. Verschiedene strukturierte Materialien
(thermoplastische Kunststoffe (Polystyrol), Elastomere (Poly(dimethyl Siloxan)) und
Hydrogele (Poly(ethylene Glykol)), mit unterschiedlichen mechanischen, optischen
und diffusiven Eigenschaften wurden erfolgreich und in einer konsistenten Qualität
repliziert. Um auf den Gebrauch von kostspieligen Geräten der Mikrofabrikation
verzichten zu können, wurden einfache Prozesse verwendet; Heiss-Prägen und
Abformen durch Giessen. Weiters wurden Techniken entwickelt, die eine selektive
Funktionalisierung der Oberfläche zwischen den Mikrostrukturen ermöglichen. Um
die Adhäsion der Zellen zwischen den Mikrostrukturen zu verhindern wurde ein graftIX
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Co-Polymer verwendet, das aus einem Poly(L-lysine) (PLL) Rückgrat und
mehrfachen Poly(ethylene Glykol) Seitenketten besteht (PLL-g-PEG). PLL-g-PEG
reduziert die unspezifische Adsorbtion von Proteinen auf der Oberfläche. Basierend
auf einem hydrierten Stempelmaterial, welches als Reservoir für frei bewegliches
PLL-g-PEG fungiert, wurde eine neue Druckmethode entwickelt. Da die Geometrie
des Kontaktes durch die Topographie des Substrates definiert ist, konnte dazu ein
flacher Stempel benutzt werden. In einem zweiten Schritt konnte die ungestempelte
innere Oberfläche der Mikrostrukturen adhäsiv für Zellen gemacht weren. Entweder
durch die Adsorbtion von Proteinen oder durch Anlagerung von funktionalisierten
PLL-g-PEG Molekülen, welche eine spezifische Interaktion mit Zellrezeptoren
aufweisen. Die Technik erfordert jedoch eine weitere Optimierung der Homogenität
in der gestempelten Fläche und eine bessere Reproduzierbarkeit.
Das μ3-D Zellkulturkonzept wurde getestet um verschiedene grundlegende
biologische Fragen in einer neuartigen Weise anzugehen. Die Einflüsse der Zellform,
des Ausbreitens der Zelle, des Zell-Zell Kontaktes und der Adhäsion an ein 3-D
Umfeld können somit separiert untersucht werden. Ausserdem wurde das μ3-D
Zellkultursystem optimiert, um eine hochauflösende 3-D Mikroskopie von fixierten
und lebenden Zellen zu ermöglichen. Bei einzelnen Epithelzellen (MDCKs), die in
Mikrostrukuren wuchsen, welche die Form der Zellen so nachahmen wie sie
üblicherweise nur in dicht zusammengewachsenen Monoschichten aufweisen, wurden
Anzeichen von autonomer Polarisation beobachtet. Zusätzlich haben wir in primären
menschlichen Endothelzellen (HUVECs) und Fibroblast-artigen Mauszellen (3T3s)
den Effekt ihres 3-D Adhäsionzustandes auf ihre Fähigkeit, eine Fibronectin Matrix
aufzubauen untersucht. Durch Mikrostrukturen unterschiedlicher Form haben wir den
Einfluss der Zellform auf die Fibrillogenese festgegestellt. Es handelt sich hierbei
allerdings um Tendenzen, da der biologische Teil der Arbeit noch nicht statistisch
aussagekräftig untersucht worden ist. Die Arbeit zeigt aber, dass das μ3-D Konzept
auf diese Fragestellungen angewendet werden kann.
Zusätzlich zum Züchten von Zellen auf mikrostrukturierten Oberflächen, wurde
eine Mikrofluidik Technik entwickelt, die für die Integration, Miniaturisierung und
Automatisierung der Zellkulturen von Bedeutung sein könnte. Durch die Kombination
von gekreuzten Mikrofluidikkanälen, vorstrukturierten Oberflächen und einer
zweistufigen

Oberflächenmodifikation,

wurden

heterogene

Oberflächenstrukturierungen mit Biomolekülen, wie zum Beispiel Proteinen und
X
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Lipidvesikeln, produziert. Die Technologien, welche in dieser Dissertation vorgestellt
werden, ermöglichen eine Optimierung biologischer Experimente in-vitro. Mögliche
Anwendungsbeispiele sind Modelsysteme zur Entwicklung von neuen Medikamenten,
die Enwickling von biologischen Hybridmaschinen oder von funktionalem Gewebe,
das auf der Mikroskala gezüchtet wird.
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CHAPTER 1
1 Scope and Aim of the Thesis
1.1

Background

When cells are grown in culture their function is defined by various aspects of their
microenvironment: soluble cues such as growth factors and media conditions as well
as insoluble cues like cell-cell contacts, cell-ECM contacts, mechanical properties and
forces and finally their distribution in 3-dimensional (3-D) space (Figure 1.1). For a
more substantial understanding of how the function of cultured cell is influenced by
these cues it is crucial to be able to tailor and analyze all of them individually and
understand how they are interrelated. Because of the complexity of the biological
system this is a fundamental prerequisite to really advance the understanding of how
to engineer cells in culture.
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Figure 1.1

Schematic representation of an adherent cell in a confluent monolayer showing the
different cues of the microenvironment which govern cell function. Cells are
influenced by soluble cues such as growth factors and other media conditions and
by insoluble cues that are adhesive and mechanical in nature. The latter include
attachment of the cell to the extracellular matrix (ECM) and binding to other cells.
In the whole system forces, which are generated by the actin-myosin machinery and
transmitted to and through the ECM and to neighboring cells, control the overall 3D shape of the cells and play an important role together with all other cues in
governing the cell behavior.

There is a general interest to mimic as many aspects of the microenvironment of
the native tissue the cells are originally found in an organism. On the other hand, a
useful culture model system will always be a compromise between the technologically
feasible and biologically relevant properties of the microenvironment. The use of
engineered culture models will open up experimental ways to address new
fundamental biological questions that have not been answered previously as well as to
grow cells or tissue in vitro, which either elicit a desired function to act for example as
sensory elements in cell based biosensors or to culture cellular systems that keep their
original function as in the native organism. This would enable us to use such systems
as in-vitro models for high-throughput drug testing, the analysis of disease
development or finally to construct biohybrid devices for functional replacements in
regenerative medicine.
Various micro- and nanotechnologies have already been successfully applied
towards these goals, as described in the Introduction (Chapter 2), but usually they rely
on 2-dimensional (2-D), planar surfaces onto which cells will attach and spread, often
resulting in a highly flattened morphology that is not generally representative for
native tissues in vivo.

1.2

Aim

With this background in mind, the thesis aims at developing in vitro cell culture
concepts that take into account the three dimensional nature of the microenvironment
of cells in vivo. A particular objective is to develop surface modification techniques
that allow us to combine 3-D microstructuring and tailoring of other cues that are
relevant to the cell microenvironment. To achieve this several processes had to be
developed, adapted and finally combined in order to produce a cost-effective,
practical and easy-to-use device.
The basic technological requirements of such a device are as follows:

2
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It should allow the culturing of either single cells or small clusters of cells in

an array format. Knowing the exact position of the cultured cells can improve the
analysis of a statistically relevant number of cells with each cell experiencing the
same or a similar, well-defined and engineered microenvironment. In addition, such
arrays can be analyzed using an automated microscopy setup for faster collection of
relevant biological data.
II) The individual cells should be restricted to adhere and interact with a small
and well-defined microwell, with the aim of controlling more precisely (than is
possible with 2-D substrates) the overall 3-D shape of the cell and addressing the
fundamental question of the relation of form and function in cell biology, which has
attracted a lot of interest for centuries.
III) Because 3-D confocal laser scanning microscopy is the most suitable method
of analysis at this stage of development and the dimensions of interest are close to the
limit of conventional optics, the device has to exhibit optimal optical properties and
should be accessible with high-NA objectives.
IV) The device should be simple and cost efficient to manufacture and use,
because of the number of samples needed to get relevant biological data is generally
relatively high.
V) Finally it should be feasible to integrate such a device into a micro total
analysis system (μTAS), which might include microfluidic and electronic
components, sensors and actuators and can be packaged accordingly.
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Figure 1.2

Scope and Aim of the Thesis

Three different aspects of how the microenvironment of cells can be engineered:
Choice of material type and fabrication techniques, the biointerface and the spatial
organization of cues taking into account the 3D aspect of a biological system in
nature.

The main aspects which have to be taken into account when biological cells are in
contact with artificial materials are shown in Figure 1.2. They are divided into three
groups: the material aspects which include fabrication methods and bulk properties of
the substrate; the interface, where the cell interacts with the surface; and the
dimensionality, which includes the distributions of all aspect of the material, the
interface and the cellular components in 3-D space.
On the side of the material a suitable microfabrication method has to be found,
which allows to create arrays of well defined microwells with a designed shape and
size to incorporate single cells. The dimensions are in the range of 5 to 50 μm. For the
fabrication method one has to consider that it influences also the topography and
roughness of the resulting surface at the micro and nanoscale. Additionally, the
method should be compatible with further developments towards integration in a
device. The choice of a suitable material is very important and should, in addition of
being biocompatible and optically suitable, allow the tailoring of the mechanical
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properties and possibly the diffusion of gases and nutrients through the bulk material
to the cells.
The second part is the engineering of a functional interphase, where surface
chemistry plays an important role. It should allow controlling protein adsorption
either with the aim to eliminate unspecific adsorption of protein and cells completely
or to have control over the amount and the structure/function of the adsorbed proteins.
It should also allow the presentation of specific adhesive sites for the cells to interact
by the use of peptide mimetics or genetically engineered fusion proteins, which mimic
only certain aspect of the extra cellular matrix or a cell-cell contact and can serve as
suitable model systems of reduced complexity. Other aspects of the interface are the
mobility and stability of the adhesive sites on the surface and the possibility that the
cells can remodel the interphase themselves. All these surface cues will direct cell
surface receptor activation and clustering.
The dimensionality of the whole system includes the ability to pattern cells or
subcellular components, which means control over the position of each cell or the
adhesive sites. It also refers to the control of the overall 3-D shape of individual cells
or mutlicellular clusters to be achieved by the combination of microstructuring and
selective surface functionalization. Thus cells would grow in a engineered 3-D
microenvironment, which leads to a 3-D adhesion state that will direct the
morphology of the cells, the distribution of intracellular forces and the subcellular
organization of the cytoskeleton and the location of the organelles. Another aspect of
the dimensionality is the delivery of nutrients to the cell, which might also induce
certain effects of polarization or morphological changes.

1.3

Scope

Under the premises described above a set of tools has been developed during the
thesis, which will be described in the following chapters. It was meant as a platform
technology which takes the concept of previous cell patterning techniques to the third
dimension, as shown in Figure 1.3. To do this several new fabrication processes and
surface patterning techniques have been investigated in terms of their feasibility to
grow single cells in a well-defined 3-D microenvironment, termed μ3-D cell
culturing.
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Scope and Aim of the Thesis

Scheme of the concept of A) conventional 2-D patterning of cells and B) μ3-D
culturing of single cells. The surface of the microwells exhibits cell binding
properties, while the plateau surface inhibits adsorption of proteins and attachment
of cells.

The thesis is structured in 8 chapters; the content of some of them have already
been published while others are planned to be published. Therefore, the chapters can
be read individually; there are certain repetitions that could not be prevented in this
concept. In Chapter 2, Introduction, the scientific background is introduced, which
puts this work into the greater context of the field, the combination and merging of
engineering, microtechnology, materials and surface science, and biology. In Chapter
3 the methods of the microfabrication and replication techniques developed during the
thesis are described. Chapter 4 describes several approaches which have been
investigated to create a non-adhesive plateau surface, to restrict cell adhesion to the
microwells, on the top of a structured surface produced in polystyrene or PDMS by
replication. Due to certain problems with reproducibility and practicability with the
surface modification a variety of techniques were investigated. A successful method
was finally developed, based on a hydrogel to stamp a PEG-graft-co-polymer onto the
top surface in a hydrated environment. This was then applied to develop surfaces,
compatible with a device suitable for high resolution microscopy and live imaging.
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Chapter 5 describes the preliminary experiments performed using the μ3-D cell
culture devices to address the issue of autonomous single epithelial cell polarization in
Madin-Darby Canine Kidney cells (MDCK). In Chapter 6 we present the results
obtained on the influence of a 3-D adhesion state and shape of two cell types, human
umbilical vein endothelial cells (HUVEC) and mouse fibroblasts (3T3), on integrin
activation, cytoskeleton organization and fibrillogenesis using substrates with variable
mechanical properties. With the final goal in mind of integrating the microstructured
cell culture surfaces into a practical and miniaturized device, we have developed a
novel microfluidic platform that allows the heterogeneous functionalization of an
array with different biomolecules. Chapter 7 is a publication in Lab on a Chip, which
shows the selective functionalization of a prepatterned surface with DNA-tagged
vesicles. Finally, Chapter 8 contains the conclusions and an outlook towards future
continuation of the work described here as well as some personal thoughts about the
ethical aspects of growing tissue in micro culture. The appendix describes the patterns
on the masks used for microfabrication.
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CHAPTER 2
2 Introduction
2.1

General

Materials employed in biomedical technology are increasingly being designed to
have specific, desirable biological interactions with their surroundings(Tirrell,
Kokkoli et al. 2002). As a consequence, any serious attempt to engineer a successful
biomaterial must merge the knowledge of materials surface science and cell and
molecular biology and will allow us to establish and accurately control the interfacial
interactions.

2.2

Cells on surfaces

2.2.1 Cell adhesion
Anchorage-dependant cells require the attachment to a solid substrate to survive.
Such cells have a number of different adhesion receptors, transmembrane proteins
such as cadherins(Angst, Marcozzi et al. 2001), selectins and integrins to name a few.
Integrins have been well studied over the last 25 years, since their discovery, and have
been reported to play a crucial role in cell development, mechanotransduction and
regulation of the actin cytoskeleton(Ruoslahti 1996; Alenghat and Ingber 2002). They
bind to various proteins of the extracellular matrix (ECM), such as laminins,
collagens, vitronectins fibrinogen and fibronectin and are connecting the outside of a
cell to the inside by coupling to various proteins and the cytoskeleton. The evolution
of adhesion sites and formation of focal contacts has been extensively studied and
shown to be a crucial element of many signaling pathways that govern cell
proliferation and differentiation(Geiger and Bershadsky 2001; Geiger, Bershadsky et
al. 2001). The complexity of the adhesion site is shown in Figure 2.1.
Due to this complexity model surfaces to investigate the exact mechanisms of
adhesion have been highly important to control the interactions of the adhesion
receptors with solid substrates coated with specific adhesion molecules. The use of
self-assembled monolayers (SAMs) has enabled highly characterized surfaces for the
adsorption of fibronectin in a controlled manner(Michael, Vernekar et al. 2003).
9

Chapter 2

Introduction

Certain members of the integrin family bind specifically to a small peptide
sequence, RGD, found in fibronectin, which allows the use of highly specific model
surfaces exhibiting the RGD sequence in a non-interactive background(Massia and
Hubbell 1991).

Figure 2.1
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Taken from Geiger et al.(Geiger, Bershadsky et al. 2001). Schematic depicting the
complexity of the main molecular domains of cell–matrix adhesions. The
primary adhesion receptors are heterodimeric (α and β) integrins, represented by
orange cylinders. Additional membrane-associated molecules enriched in these
adhesions (red) include syndecan-4 (Syn4), layilin (Lay), the phosphatase leukocyte
common antigen-related receptor (LAR), SHP-2 substrate-1 (SHPS-1) and the
urokinase plasminogen activator receptor (uPAR). Proteins that interact with both
integrin and actin, and which function as structural scaffolds of focal adhesions,
include α-actinin (α-Act), talin (Tal), tensin (Ten) and filamin (Fil), shown as
golden rods. Integrin-associated molecules in blue include: focal adhesion kinase
(FAK), paxillin (Pax), integrin-linked kinase (ILK), down-regulated in
rhabdomyosarcoma LIM-protein (DRAL), 14-3-3β and caveolin (Cav). Actinassociated proteins (green) include vasodilator-stimulated phosphoprotein (VASP),
fimbrin (Fim), ezrin–radixin–moesin proteins (ERM), Abl kinase, nexillin (Nex),
parvin/actopaxin (Parv) and vinculin (Vin). Other proteins, many of which might
serve as adaptor proteins, are coloured purple and include zyxin (Zyx), cysteine-rich
protein (CRP), palladin (Pall), PINCH, paxillin kinase linker (PKL), PAKinteracting exchange factor (PIX), vinexin (Vnx), ponsin (Pon), Grb-7, ASAP1,
syntenin (Synt), and syndesmos (Synd). Among these are several enzymes, such as
SH2-containing phosphatase-2 (SHP-2), SH2- containing inositol 5-phosphotase-2
(SHIP-2), p21-activated kinase (PAK), phosphatidyl inositol 3-kinase (PI3K), Srcfamily kinases (Src FK), carboxy-terminal src kinase (Csk), the protease calpain II
(Calp II) and protein kinase C (PKC). Enzymes are indicated by lighter shades. For
further details about these and additional focal-adhesion components see (Zamir and
Geiger 2001)
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2.2.2 Cells on rough surfaces
An important area that has been extensively studied (Curtis and Wilkinson 1997;
Andersson, Backhed et al. 2003; Dalby, Giannaras et al. 2004) covers the influence of
different micro- and nanotopographies on cell behavior and contact guidance(Jiang,
Takayama et al. 2002; Gadegaard, Thoms et al. 2003). Harrison has already reported
in the early 20th century the reaction of cells to solid structures such as vinyl music
records or spider webs(Harrison 1914). Many studies published in the past, e.g., in the
field of implant surfaces, have aimed at understanding the effect of topographical and
chemical effects, both being similarly important in terms of cell interaction and tissue
formation at the interface. Few studies, however(Britland, Morgan et al. 1996; Kapur,
Spargo et al. 1996; Craighead, James et al. 2001; Ostuni, Chen et al. 2001), have
covered the biological performance of surfaces that exhibit geometrically welldefined, quantitatively described microstructures and simultaneously present
biochemical cues in a controlled manner.

2.3

Cells on patterned surfaces

2.3.1 Applications of 2-D patterned surfaces for cell biology
In the last decade a number of techniques have been developed to generate
microscopic patterns of biomolecules on different materials surfaces. Such chemical
patterns have been successfully used as model surfaces for biorelated studies and
applied

to

the

field

of

biosensors,

cell-surface

interactions

and

tissue

engineering(Bernard, Delamarche et al. 1998; Ito 1999; Kane, Takayama et al. 1999;
Park and Shuler 2003; Tan and Desai 2004). Patterns of cell adhesive and nonadhesive molecules can constrain cell adhesion to specific areas to address a great
number of cell biological questions, e.g., adhesion and spreading, migration, cell
mechanics and cell-cell communication(Folch and Toner 2000; Gallant, Capadona et
al. 2002; Bischofs and Schwarz 2003; Raghavan and Chen 2004).
Interesting examples of how 2-D chemical patterns have been successfully applied
to fundamental biological questions has been shown by the group of
Whitesides(Whitesides, Ostuni et al. 2001). Chen et al.(Chen, Mrksich et al. 1997)
have shown that cell growing on adhesive islands of different area change from
proliferation to apoptosis below 100 μm2 (Figure 2.2a and b). In addition they have
shown that if a sufficient amount of binding sites are available on a surface the cell
behavior is controlled by the shape of the cell and not the total adhesive area (Figure
11
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2.2c-3). The ability to control the shape of individual cells on a 2-dimensional
micropatterned surfaces allowed for a deeper understanding in the relation between
shape and function of cells, see Chapter 2.7(Chen, Mrksich et al. 1997; Ingber 2003;
Ingber 2005; Nelson, Jean et al. 2005).

Figure 2.2
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Effect of spreading on cell growth and apoptosis. A) Schematic diagram showing
the initial pattern design containing different-sized square adhesive islands and
Nomarski views of the final shapes of bovine adrenal capillary endothelial cells
adherent to the fabricated substrate. Distances indicate lengths of the square’s sides.
B) Apoptotic index (percentage of cells exhibiting positive TUNEL staining) and
DNA synthesis index (percentage of nuclei labeled with 5-bromodeoxyuridine) after
24 hours, plotted as a function of the projected cell area. Data were obtained only
from islands that contained single adherent cells; similar results were obtained with
circular or square islands and with human or bovine endothelial cells. Cell-ECM
contact area versus cell spreading as a regulator of cell fate. C) Diagram of
substrates used to vary cell shape independently of the cell-ECM contact area.
Substrates were patterned with small, closely spaced circular islands (center) so that
cell spreading could be promoted as in cells on larger, single round islands, but the
ECM contact area would be low as in cells on the small islands. Below: Phasecontrast micrographs of cells spread on single 20- or 50-mm-diameter circles or
multiple 5-mm circles patterned as shown in A). D) Immunofluorescence
micrographs of cells on a micropatterned substrate stained for FN (top) and vinculin
(bottom). White outline indicates cell borders; note circular rings of vinculin
staining, which coincide precisely with edges of the FN-coated adhesive islands. E)
Plots of projected cell area (black bars) and total ECM contact area (gray bars) per
cell (top), growth index (middle), and apoptotic index (bottom) when cells were
cultured on single 20-mm circles or on multiple circles 5 or 3 mm in diameter
separated by 40, 10, and 6 mm, respectively.
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Strengthening of cell adhesion by the amount of spreading of a cell could be shown
by the use of differently sized adhesive islands an thus the contributions of adhesive
area, integrin binding, and focal adhesion assembly could be investigated in a unique
way(Gallant, Michael et al. 2005). Although I want to comment that the use of
fibronectin (FN) in the adhesive areas might only be a partially controlled model
system for performing long term studies. Due to the fact that cells can actively
remodel the FN(Avnur and Geiger 1981; Mao and Schwarzbauer 2005) and the
correlation of cell shape/spreading on FN remodeling the properties of the FN adlayer
in the adhesive areas will change over time depending on the forces the cells are able
to apply(Polte, Eichler et al. 2004), see Chapter 6 for a detailed description of FN
matrix assembly. Using a variety of complex geometries (circles, triangles, squares, X
and L-shaped) of adhesive patterns, Théry et al.(Thery, Racine et al. 2005) have
shown how the extracellular matrix can guide the orientation the axis of the mitotic
spindle during cell division. The patterning of neurons and directing of axonal growth
has also been investigated by numerous groups(Heiduschka, Romann et al. 2001;
Lauer, Klein et al. 2001; Griscom, Degenaar et al. 2002; Goldner, Bruder et al. 2006).
Patterned cultures of neurons are interesting for the use as sensors(Bousse 1996;
Gilchrist, Barker et al. 2001) or the interfacing of semiconductor chips and nerve cells
to gain a deeper understanding of the function of the brain or to build advanced braincomputer interfaces(Fromherz 2002). The use of adhesive patterns in the nanometer
range has allowed controlling the binding of integrins and investigating the role of
integrin clustering(Arnold, Cavalcanti-Adam et al. 2004) with almost single molecule
control.

2.3.2 2-D patterning methods
2-D chemical patterning has been mostly used to produce patterns of proteins and
cells based on the following techniques: photolithography(Sorribas, Padeste et al.
2002), laser-directed cell writing(Odde and Renn 2000), robotic ink-jet printing(Roth,
Xu et al. 2004), self-assembly of micellar block-copolymers(Spatz, Moessmer et al.
2000) and a set of techniques termed ‘soft lithography’(Xia and Whitesides 1998)
because

they

make

use

of

an

elastomeric

‘soft’

material,

commonly

poly(dimethylsiloxane) (PDMS). Soft lithography includes methods such as
microfluidic networks (μFN)(Chiu, Jeon et al. 2000; Beebe, Mensing et al. 2002),
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micromolding in capillaries (MIMIC)(Xia and Whitesides 1998) and microcontact
printing (μCP)(Delamarche, Geissler et al. 2002; Csucs, Michel et al. 2003).

2.3.3 Surface chemistries to restrict cell adhesion
Oligo- and poly(ethylene glycol) moieties are most frequently used to impart
resistance to protein and cell adhesion in the non-interactive areas of the surface
(Harris 1992). EG6 treminated, thiols have been used(Nelson, Raghavan et al. 2003)
or amphihilic comb polymers(Hyun, Ma et al. 2003). Other strategies to restrict cell
adhesion in the non-interactive areas such as the use of Pluronics or BSA have shown
a lower long term pattern stability under cell culture conditions(Nelson, Raghavan et
al. 2003).

Figure 2.3

Simplified 3-D models of A) a single PEG chain (MW of 2 kDa) in a coiled
conformation and B) elongated structure of PLL-g-PEG adsorbed on a surface
(surface not shown). Below the PLL backbone can be seen, blue atoms are NH3+
groups. Above the PEG chains are densely packed and directed towards the solvent.
The hydration shell is visualized around the PEG chains as a deformed blue sphere.
In the PEG chains the carbon atoms are shown in blue, in the PLL chain in grey.

In our lab we have developed a system for the (bio)chemical modification of
surfaces, a graft-copolymer that consists of a poly(L-lysine) (PLL) backbone and
multiple PEG side chains (PLL-g-PEG), as shown in Figure 2.3. This polymer has
previously been shown to spontaneously adsorb from aqueous solution on negatively
charged surfaces efficiently blocking the adsorption of proteins (Pasche, De Paul et al.
2003) and cells (VandeVondele, Voros et al. 2003). If the PEG termini are
functionalized with peptides, the polymer adlayers exhibit specific interactions with
cells (VandeVondele, Voros et al. 2003; Tosatti, Schwartz et al. 2004). We have
already reported different strategies to create 2-D patterned surfaces exhibiting a noninteractive background which resists adhesion and spreading of cells, such as the
SMAP technique(Michel 2002; Michel, Lussi et al. 2002), MAPL(Falconnet, Koenig
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et al. 2004; Falconnet 2005) at the micron and nanoscale(Michel, Reviakine et al.
2002; Falconnet, Pasqui et al. 2004) or the use of μCP(Csucs, Michel et al. 2003).

2.4

Mechanotransduction

2.4.1 Introduction
Mechanotransduction is a broad field and includes how cells can sense and apply
forces and how external forces influence their behavior(Davies 1995; Galbraith and
Sheetz 1998). Emphasized here is the recent recognition that most tissue cells not only
adhere to but also pull on their microenvironment and thereby respond to its elastic
properties in ways that relate to tissue elasticity(Galbraith and Sheetz 1998; Discher,
Janmey et al. 2005). The elastic properties of tissue in-vivo varies over several orders
of magnitude. From soft tissue in the range of a few Pascals to several Gigapascals in
bone(Engler, Griffin et al. 2004; Battista, Guarnieri et al. 2005). Biological material
generally exhibits very interesting mechanical properties, optimized during evolution
to perform specific functions(Bao and Suresh 2003).
The use of silicone rubber sheets to culture cells has shown how cells react on
substrates with different mechanical properties and in parallel allowed the
quantification of the forces they apply on the substrate, as could be observed by the
formation of wrinkles due to the deformation of the substrate(Harris, Wild et al. 1980;
Harris, Stopak et al. 1981). The use of flexible substrates, such as poly(acrylamide)
hydrogels(Pelham

and

Wang

1997),

has

found

a

broad

application

in

mechanobiology(Beningo, Lo et al. 2002; Beningo, Dembo et al. 2004; Peyton and
Putnam 2005). The effects of substrate stiffness on cell morphology, cytoskeletal
structure, focal adhesions, migration and FN matrix assembly has lead various new
findings of biochemical signaling pathways and molecular mechanisms of how cells
can sense and interact mechanically with their environment(Choquet, Felsenfeld et al.
1997; Geiger and Bershadsky 2001; Alenghat and Ingber 2002; Chen, Tan et al. 2004;
Yeung, Georges et al. 2005).

2.4.2 Use of micronegineered substrates in mechanotransduction
Mechanotransduction has also been investigated by the use of microengineered
substrates exhibiting patterns(Gray, Tien et al. 2003) or gradients(Lo, Wang et al.
2000) of different mechanical properties, the use of bioMEMS devices to measure
forces(Andersson and van den Berg 2004), the use of micropatterned flexible
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substrates both measure forces and investigate focal adhesion assembly(Balaban,
Schwarz et al. 2001; Schwarz, Balaban et al. 2003). Gray et al.(Gray, Tien et al. 2003)
have reported, using patterns of different elastic moduli, that a large fraction (70%) of
the cells (3T3s and bovine pulmonary arthelial endothelial cells, both show a high
degree of migration) accumulate on the stiffer regions of the patterned substrate, both
on patterned polyacrylamide gels (pattern dimensions of only 200 μm were feasible)
or PDMS (patterns of down to 10 μm are reported), after 2 days of culture. They also
reported a difference in ECM concentration and remodeling though on the areas of
different stiffness. It is a general issue that changing the mechanical properties of the
substrate (different crosslinker densities, different polymer chain length) is difficult
without changing the amount and structure of the adsorbed ECM proteins. Therefore
well characterized model surfaces are needed to achieve consistent and conclusive
results and to decouple the effects of the mechanical properties from the influence of
cell-ECM adhesion.
An elegant example of how microfabrication techniques have been applied to the
field of mechanotransduction has been shown by Tan et al.(Tan, Tien et al. 2003).
They have produced arrays of flexible micropillars by the use of replica molding of
PDMS on a photolithographically structured surface. When cells are grown on such
surfaces the forces they apply on the substrate can be detected by the deflection of the
pillars(Figure 2.4). It is thus possible to decouple the effect of the elastic modulus of
the substrate and the detection of the forces, which is not possible using deformable
flat substrates(Pelham and Wang 1997). Micropillar force sensor arrays are now being
applied to investigate how collective forces of cells influence their behavior(Nelson,
Jean et al. 2005; Saez, Buguin et al. 2005).
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Taken from Tan et al.(Tan, Tien et al. 2003). Elastomeric silicone microposts used
to modulate the deformability of a substrate to cellular contractions. (a)
Schematically, cells adhere to the tips of an array of closely spaced, vertically
oriented elastomeric posts. When cells contact and probe the surface, the microposts
deflect, depending on their mechanical stiffness, which can be easily manipulated
by altering their dimensions. (b) Scanning electron micrograph showing a cell
attached to the entire micropost substrate, including the shafts of the microposts and
the underlying base.

A beautiful example of how a simple 2-D pattern can be applied to investigate the
role of collective forces generated by large numbers of cells influence their
proliferation has been reported by Nelson et al.(Nelson, Jean et al. 2005). They have
used μCP of FN (see comments in Chapter 2.3 and Chapter 6.3.4.2 about the use of
FN coatings as model surfaces. A FN matrix is also able to transmit forces over long
distances, a fact which has not been considered in this study) to create adhesive areas
with two different geometries, a concentric ring (annulus) and a ring showing a slight
asymmetry (Figure 2.5). The statistical analysis of a large number of patterns has
revealed an increased proliferation rate of those cells under the influence of the
highest tension generated by the whole cell population on the pattern. They have thus
concluded that tissue form is not only a consequence but also an active regulator of
tissue growth and plays a crucial role in morphogenesis.
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Figure 2.5

2.5

Taken from Nelson et al.(Nelson, Jean et al. 2005). The pattern of proliferation
corresponds to predicted local mechanical stresses. (C–E) Cells cultured on annulus.
Shown are phase contrast (C), FEM results (D), and colorimetric stacked image of
cell proliferation (E). (F–H) Cells cultured on asymmetric annulus. Shown are phase
contrast (F),FEM results (G), and colorimetric stacked image of cell proliferation
(H). Outer diameter is 346 μm; inner diameter is 200 μm; center of asymmetric hole
is 30 μm from the center of the island. (Scale bars, 100 μm.)

The effect of dimensionality of cell adhesion - 2-D vs. 3-D

Standard cell culturing is generally performed on 2-D surfaces, such as TCPS Petri
dishes and multi-well plates or glass coverslips, not or only partially taking into
account the 3-D nature of the environment of a cell in-vivo. Biomedical research has
become increasingly aware of the limitations of time-honored conventional 2-D tissue
cell cultures where most tissue cell studies have been carried out(Zhang, Gelain et al.
2005). Thus novel culture models have been developed which mimic more closely the
3-D microenvironment of a cell in a living organism. The use of natural ECM
components, such as collagen, have gained a lot of attraction and already been
extensively used to study the behavior of cells under these culture conditions(Abbott
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2003; Grinnell 2003; Webb and Horwitz 2003) and for cell-based sensing(Desai,
Kisaalita et al. 2005). Collagen solutions (Virtogen) can be cast at low pH and used
for cell culturing by adding the culture media and adjusting it to physiological pH, at
which the collagen assembles into a crosslinked fibrillar 3-D network. The fibers can
reach lengths of up to 100 μm and have a width of between few nm to 100 nm. 3-D
collagen models have been used to study cell migration(Friedl and Brocker 2000;
Even-Ram and Yamada 2005; Grinnell, B. Rocha et al. 2006), the development of
malignancy in tumor cells grown as epithelial cyst(Weaver, Petersen et al. 1997;
Weaver, Lelievre et al. 2002) or the differentiation of embryonic stem cells(Ma,
Fitzgerald et al. 2004; Battista, Guarnieri et al. 2005). The composition of such
collagen matrices can be varied by the addition of other ECM proteins, such as
fibronectin or laminin, and the concentration of the all the components allows to vary
the mechanical properties of the gels. Thus they have also been used to study effects
of mechanotransduction(Wozniak and Keely 2005) and it has been shown that similar
to 2-D substrates the elastic properties plays a crucial role governing cell
behavior(Wozniak, Desai et al. 2003) and a much more physiological behavior of
these cells in culture could be observed(Bissell, Rizki et al. 2003), see Figure 2.6.
However, these biological hydrogels exhibit a complex nonlinear elastic
behavior(Storm, Pastore et al. 2005) and high-resolution 3-D microscopy is relatively
limited due to scattering of the light at the collagen fibers(Petroll and Ma 2003). In
addition familiar structures, such as focal adhesions and actin fibers as usually
observed in 2-D can appear less obvious in 3-D.
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Taken from Wozniak et al.(Wozniak, Modzelewska et al. 2004). Cells regulate focal
adhesion dynamics in response to matrices composed of different biophysical
properties. Cells cultures on a rigid 2D matrix behave differently than cells cultured
in a 3D flexible matrix. We propose that focal adhesions are key regulators of this
response to ECM rigidity. The phosphorylation of FAK at Y397 is regulated by
ECM rigidity and here we show how this modification may alter signaling events
leading to cell behaviors that will disrupt normal cell morphology. Several of these
behaviors, such as cell proliferation, survival, and migration, will likely contribute
to cancer and metastasis. It is possible that cells in a 3D, or more flexible, matrix
down-regulate phosphorylation of FAK in order to down-regulate these pathways
which would disrupt normal cell function. We propose that other cells will use
similar types of focal adhesion regulation in the maintenance of differentiated
tissue.

Other work, performed on 3-D fibronectin (FN) matrices has revealed that the cells
show differences in the composition of the adhesion sites, integrin expression(Geiger,
Bershadsky et al. 2001; Cukierman, Pankov et al. 2002). These so-called 3-D matrices
are prepared by culturing cells which assemble a FN matrix over several days on hard
surfaces, such as glass cover slips. The samples are then treated in a way to remove
the cells from the matrix, thus leaving behind a FN matrix of a thickness around 10 to
20 μm(Cukierman, Pankov et al. 2001; Mao and Schwarzbauer 2005). Further
experiments are then performed by seeding cells on top of these FN matrices, which
will first spread on it two-dimensional and only start to migrate into the matrix at later
time points. To investigate the effect of the dimensionality the FN matrices have then
be flattened by an applied pressure, however to what extent this influence the elastic
properties of the substrate has not been addressed.
A clear definition of dimensionality in all these experiments is still missing and it
is generally difficult to compare the results with other 3-D methods. In addition
similar to the 3-D collagen gel a good control over the mechanical properties without
changing the availability of binding sites is very difficult and also the use of natural
proteins has the drawback that they might show differences from batch to batch.
Other 3-D culture model, such as synthetic hydrogels, have been shown to
overcome many of these issues(Hubbell 2003; Lutolf, Raeber et al. 2003) and allow
the independent control over mechanical and cell adhesive properties. They have been
successfully applied in tissue engineering construct for wound healing and. However
they do not mimic the fibrillar nature of natural ECMs. They have a more
homogenous structure with a pore size in the nanometer range and thus cells are only
able to migrate through these gels by enzymatic or hydrolytic degradation(Lutolf,
Lauer-Fields et al. 2003). The use of designer self-assembling peptide nanofiber
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scaffolds for 3-D tissue cell cultures has recently been introduced by Zhang et
al.(Zhang, Gelain et al. 2005) and been applied in cancer biology and
neuroscience(Edelman and Keefer 2005).
Microfabricated surfaces and microfluidic devices which mimick an in-vivo 3-D
environment and allow a better control over the properties of the microenvironment
have recently attracted increased attention(Hyun and Chilkoti 2001; Snyder and Desai
2001; Beebe, Mensing et al. 2002; Chen, Tan et al. 2004; Khademhosseini, Suh et al.
2004; Torisawa, Shiku et al. 2005).

2.6

Microdevices for the culturing of cells

Integrated microdevices, such as MEMS(Bashir 2004; Ziaie, Baldi et al. 2004) and
microfluidic devices(Beebe, Mensing et al. 2002), are able to manipulate biological
material and solutions at small volumes and length scales, perform in-situ
measurements (e.g. pH, temperature, flowrate, pressure) and allow the analysis of
single cells(Wheeler, Throndset et al. 2003). They have been successfully applied in
drug development, medicine, miniaturized long term cell cultures(Polla, Erdman et al.
2000; Park and Shuler 2003; Tourovskaia, Figueroa-Masot et al. 2005) and the study
of stem cell fates(Chin, Taupin et al. 2004). Bioengineered tissue constructs can be
build with microscale resolution(Desai 2000; Hecker, Baar et al. 2005). Cell culturing
inside microfluidic channels allows controlling flow conditions, a fast change of
media and nutrients and mimicking the 3-D organization of natural tissues like blood
vessels(Walker, Zeringue et al. 2004) or the liver(Powers, Janigian et al. 2002). The
use of microchannels in combination with surface patterns can also be used to direct
the growth of cells such as neurons and apply drugs to small areas of the growth cone
without affecting the cell body(Rhee, Taylor et al. 2005), see Figure 2.7.

21

Chapter 2

Introduction

Figure 2.7

2.7

Taken from Rhee et al.(Rhee, Taylor et al. 2005). (a) Schematic drawing of a
compartmented microfluidic neuronal culture device that was assembled on a PLL
micropatterned glass substrate. Three compartments, separated by 100 mm wide
barriers, fluidically isolated different neuron regions (soma and neurites were
separated from each other). The barriers have embedded microgrooves (3 mm high
and 10 mm wide) that allow neurites to grow across the barriers from somal to
neuritic compartments. (b) Fluorescence micrograph of rat cortical neurons cultured
on PLL patterned glass substrate (25 mm wide lines with 25 mm spacing) inside a
compartmented microfluidic neuronal culture device. Neurons were plated into the
outer two compartments and cultured for 6 DIV. Live cells were brightly stained by
a viability dye, calcein AM. (c) A series of time-lapse images were taken at the
middle compartment after 6 DIV of culture. The images show two different
processes growing toward each other while respective somas were located in the
two outer compartments. The processes follow and remain within the PLL pattern
as they extend and eventually meet.

On form and function

The relation between form and function has fascinated scientists from numerous
disciplines for at least two millennia(Thompson 1917; Polanyi 1968; Ingber 2005;
Aristotle ca. 350 BC).
Moreover, when any one of the parts or structures, be
it which it may, is under discussion, it must not be
supposed that it is its material composition to which
attention is being directed or which is the object of the
discussion, but the relation of such part to the total
form. Similarly, the true object of architecture is not
bricks, mortar, or timber, but the house;…
From Book One of “On Parts of Animals”
Aristotle, 384 - 322 BC
Figure 2.8

Bronze bust showing Aristotle.

Aristotle may be said to be the first biologist in the Western tradition. For Aristotle
there are four causes: material, efficient, formal, and final(Aristotle 350 BC). The
formal cause constitutes the essence of something while the final cause is the purpose
of something. For example in his work On Parts of Animals(Aristotle ca. 350 BC)
Aristotle believed the tongue to be for the purpose of either talking or not. If the
tongue was for the purpose of talking (final cause), then it had to be shaped in a
certain way, wide and supple so that it might form subtle differences in sound (formal
cause). In this way the purpose of the tongue for speaking dovetails with the structural
way it might be brought about. Unlike in his logical writings, it is generally the case
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that Aristotle in his biological science interrelates the final and formal causes(Boylan
2005).
“Form follows function- that has been misunderstood.
Form and function should be one, joined in a spiritual
union."
Frank Lloyd Wright, American Architect, 1867-1959
Figure 2.9

The Solomon R. Guggenheim Museum, New York, completet in 1959. The
Guggenheim Museum is an embodiment of Wright's attempts to render the inherent
plasticity of organic forms in architecture.

Since the advent of microscopy newly developed technologies have enables new
insight into the structure of living things(Leewenhoecks 1678). This has continued up
to know and especially the biological sciences are full of examples of how the
structure-function relationship cannot be seperated.
Starting from the basic building blocks of atoms it is how these are arranged in 3-D
space that finally leads to proteins, DNA, cell, organs or whole organisms as complex
as human beings. Thus, the 3-D spatial relationships between the parts within a
material govern how it will behave and whether or not it will self-assemble with other
components to build more complex hierarchical structures(Ingber 2000). The
hierarchy from the blueprint of the DNA to the irreducible structures of life forms are
the very basic principles of life itself(Polanyi 1968).
One interesting approach to describe the structure-function relationship of cells has
been introduced by Ingber et al.(Ingber 2003; Ingber 2003). Tensegrity systems,
originally inspired by R. Buckminster Fuller architectures of geodesic structures, gain
their mechanical stability from continuous tension and local compression and
maintain the shape stability within a prestressed network of structural units by
incorporating other support elements that resist compression. They are able to react as
a whole to external mechanical stimuli by changes of their shape. Tensegrity also
applies at the single-cell level. Contractile actomyosin filaments in the cytoskeleton of
eukaryotic cells generate a stabilizing tensile prestress, which is resisted by other
cytoskeletal filaments that resist compression (e.g., microtubules and cross-linked
microfilament bundles) and by external adhesion(Huang and Ingber 1999). In
collaboration with the group of Whitesides they have shown a number of examples,
using microfabricated surfaces, where a tensegrity behavior of cells can be
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observed(Singhvi, Kumar et al. 1994; Chen, Mrksich et al. 1998; Huang and Ingber
2000). Cell shape has also been shown to influence the differentiation of stem
cells(McBeath, Pirone et al. 2004).
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CHAPTER 3
3 Microfabrication and Replication Methods

The work described in this chapter has been done in collaboration with the
following people: Matthias Gössi, Stefan Blunier, Matthias Lütolf, Sheila LunaMorris, Brandon Bürgler, Marcus Textor.

3.1

Introduction

The merging of microfabrication techniques and cell biology has led to a variety of
interesting new culture models in the recent years. It is believed to improve the
understanding of how cells react to their microenvironment. One potential application
are miniaturized culture models for high throughput drug testing. Several overviews
of the different techniques of microfabrication for cell-based studies have been
published in last years(Jung, Kapur et al. 2001; Kricka, Fortina et al. 2002; Li,
Tourovskaia et al. 2003; Ziaie, Baldi et al. 2004).
Two major directions have been followed. The first relies on “hard”
microfabrication methods, which have been developed for the microelectronics and
MEMS industries and then further developed for use with biological systems. They
usually rely on Si microfabrication techniques, photolithography and different etching
methods. A good introduction into all the techniques has been written by Marc
Madou, Fundamentals of Microfabrication(Madou 2002). A widely used method to
generate deep microstructures in Si is deep reactive ion etching, DRIE, which is also
termed Bosch process or inductively coupled plasma (ICP) etching (the latter term is
used throughout the thesis).
The second class of techniques is generally termed “soft” lithography, denoting
techniques such as microcontact printing (μCP), replica molding, microtransfer
molding (μTM), micro molding in capillaries (MIMIC), stencil patterning and others.
They generally rely on replication of a soft elastomer, mostly PDMS, from a
photoresist pattern or microfabricated Si master(Folch, Ayon et al. 1999). Pioneered
by the Whitesides group(Whitesides, Ostuni et al. 2001), they have found wide

33

Chapter 3

Microfabrication

applications in many labs because they are relatively easy to use; after the fabrication
of a first master no further expensive clean room equipment is required. Several
reviews have been published describing the application of soft lithography in biology,
drug screening and medicine(Kapur, Spargo et al. 1996; Xia and Whitesides 1998;
Folch, Ayon et al. 1999; Whitesides, Ostuni et al. 2001).
The use of soft lithography to create topographically structured surface has been
further developed by many groups. For example, solvent casting of PS or
biodegradable polymers has been utilized to produce grooved substrates as model
surfaces to investigate contact guidance of cells(Walboomers, Croes et al. 1998;
Miller, Shanks et al. 2001; Recknor, Recknor et al. 2004). PDMS stamps have been
applied for the topographical structuring of polyelectrolyte multilayer, produced by
the layer-by-layer deposition (LBL)(Decher 1997), as presented by Gao et al. (Gao,
Wang et al. 2004). Structuring of parafilm to create deformable microstructures has
been developed using a PDMS stamp as an embossing tool(Hyun, Chen et al. 2005).
Thermoplastic embossing, another fast replication technique, has also been wellstudied(Chou, Krauss et al. 1996; Wilkinson, Curtis et al. 1998; Stutzmann, Tervoort
et al. 2000; Miller, Shanks et al. 2001; Kricka, Fortina et al. 2002; Narasimhan and
Papautsky 2004). It is a high-throughput and cost-effective process involving the use
of a mold to imprint the mold’s negative structure into softened thermoplastics. The
fabrication of 25 nm resolution and high aspect ratio nanostructures has been
successfully demonstrated. However, this process requires high pressure and elevated
temperature (above the glass transition temperature or melting point of the plastic).
Moreover, production of suitable molds can be rather expensive, for example in the
case of electroplated nickel structures and Recently, the use of a soft intermediate for
the embossing of PS and PMMA(Russo, Apoga et al. 2002; Narasimhan and
Papautsky 2004) has enabled easier ways to create topographically structured surfaces
in a standard lab environment.
Further techniques include laser assisted microfabrication of polymers(Duncan,
Weisbuch et al. 2002) or the structuring of ceramics by MIMIC or gel
casting(Petronis, Eckert et al. 2001).
Finally, the topographical patterning of hydrogels is another very interesting
approach to create model surfaces for cell cultures. They are hydrated environments
and exhibit similar mechanical and diffusive properties to natural extra cellular

34

Chapter 3

Microfabrication

matrices (ECM). A variety of methods have been developed recently including
standard photolithography and soft lithography. Photolithography is limited to
photosensitive gel systems, whereas soft-lithography can be applied to a variety of
material combinations such as photo-crosslinkable, radiation cross-linkable, and
thermally cross-linkable systems. Yu et al.(Yu and Ober 2003) have shown interesting
examples of structured hydroxyethyl methacrylate. Through the combined use of
hydrogel patterning and functionalization, a hybrid hydrogel superstructure was
created with specific protein binding areas. Other hydrogels, such as collagen,
matrigel, or agarose, have been microstructured by soft lithography, replica molding,
microtransfer molding, MIMIC.(Tang, Golden et al. 2003). PEG hydrogels were
structured by capillary force lithography(Suh, Seong et al. 2004) on top of a glass
surface reaching heights only up to 100s of nm. Photopolymerization using a mask to
create structures in Poly(ethylene glycol) diacrylate (PEGDA) have been described,
serving as a host structure for live cells(Liu and Bhatia 2002; Albrecht, Tsang et al.
2005). Arrays of high-aspect-ratio structures in hydrogels, such as PEGDA and
PPGDA, have been successfully produced by UV embossing on PDMS molds. They
exhibited wells with a diameter of 100 μm and relatively slim 30 μm trenches, which
could be produced without damaging the side walls. Such structured hydrogels have
also been demonstrated to be capable of containing proteins in a hydrophilic
environment(Chan-Park, Yan et al. 2003), which reduces the problem of denaturation
of the proteins.

Figure 3.1

Schematic diagram of the different microfabrication and replication processes. ICP
etched Si serves as a first master to replicate into PDMS, which can then be used as
a second master to replicate the topography into various other materials with
different characteristic material properties. Thermoplastic polymers such as
polystyrene can be hot-embossed, rubber and hydrogel materials such as PDMS or
PEG-gels respectively can be replicated by casting on top of the structured PDMS
master.

In this chapter we describe the details of the methods that have been developed and
optimized during this thesis in order to create arrays of microwells for the culturing of
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single cells in a controlled 3-D environment addressing the objectives of my thesis
outlined in Chapter 1. The method of choice was found to be microfabrication of Si
and further replication in other materials using a PDMS intermediate master, Figure
3.1. We have thus used this strategy to topographically structure a variety of
materials, including polystyrene (PS), PDMS and functionalized PEG hydrogels.

3.2

Silicon master fabrication

3.2.1 Photolithography
Standard photolithography was carried out on 4” silicon wafers (Figure 3.2, step III). After ultrasonicating in acetone and isopropanol, followed by intensive washing in
ultra pure water, the wafers were cleaned in an oxygen plasma for 10 min, pressure
0.05 mbar, power 600 watts, to enhance adhesion of the photoresist. A positive resist
(S-1813, Shipley) was then spun on the wafers (ramping to 1000 rpm, 10 sec,
acceleration 1000 rpm/s, then to 4000 rpm, 30 s, acceleration 1000 rpm/s) and soft
baked on a hot-plate for 1 min at 110°C. The wafers were exposed to UV-light
through a chromium mask (Deltamask, NL) with the desired patterns using a
MA6/BA6 (Karl Süss) mask aligner with constant intensity (total energy 80 J/cm2).
After a postbake of 2 min at 80°C the wafers were finally developed (60-100 s, MF319, Shipley), thoroughly rinsed with water in a quick dump rinser and dried in a
rinser dryer.

Figure 3.2

Schematic diagram of the photolithography and ICP etching process to prepare
microstructured Si masters. I) The photoresist (PR) is illuminated with UV light
through a mask. II) development of the PR results in a PR pattern which serves as a
protective layer during ICP etching. III) Microstructured Si after etching and final
stripping of the PR.

3.2.2 ICP etching
Structures were etched into the silicon using inductive coupled plasma (ICP, STS,
UK) (Madou 2002), Figure 3.2, step III. Prior to the etching the wafer was cleaned for
60 s using an oxygen plasma to remove any residues from the PR. SF6 was used in the
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etch steps (16 s, 130 sccm with 13 sccm of O2, platen power 10 W, coil power 1000
W) and C4F4 in the passivation steps (6 s, 100 sccm, platen power 0 W, coil power
800 W). At the start of the etching process an additional flow of C4F4 (40 sccm) was
added during the etch steps, which was subsequently decreased with 10.9 sccm/min to
0 sccm, in order to achieve vertical sidewalls from the beginning. By varying the
number of etching/passivation cycles (from 2 to 30) the depth of the final structures
was adjusted. In a second step, after photoresist stripping in acetone and cleaning in, a
60 s oxygen plasma cleaning and a 30 s passivation step was carried out to create a
thin fluorocarbon polymer layer (thickness approximately 45 nm as measured by
ellipsometry, details not given here), which facilitates later separation of the PDMS.

3.2.3 Results
Different structures were produced in Si by photolithography and ICP etching (Fig.
4a). They exhibited vertical sidewalls with typical scallops (Figure 3.3a), an inherent
feature of the ICP process due to the consecutively applied etching/passivation cycles.
By reducing the etching and passivation times of each cycle these scallops could be
decreased in height and periodicity. However, it was observed that reducing
etching/passivation time to below 6 s negatively affected reproducibility and
sometimes resulted in an extremely rough bottom surface or the formation of silicon
grass(Madou 2002), an example being shown in Figure 3.3b and c.
Features with arbitrary shapes, vertical walls and high aspect ratios could be
produced, e.g. arrays of wells and lines with diameters ranging from 2 to 200 μm and
depths from 1 to 80 µm.
It was further observed that the depth of the wells depended on the diameter of the
open photoresist structure, an effect which is known as RIE lag (Chung 2004).
Etching of deeper structures (50 to 120 cycles) turned out to be feasible as well, but
the time of the plasma cleaning before etching had to be reduced to 10 s in this case.
Longer plasma cleaning resulted in thinning of the PR prior to etching, which led to a
complete removal of the PR in the center region of the wafer at a later stage of the
process as well as to etching of the whole area between the microstructures. A thicker
layer of PR could be applied to eliminate this problem.
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Figure 3.3

SEM images of microfabricated Si structures, etched by inductive coupled plasma,
ICP. A) Small circular well showing the typical scallops at the sidewalls which
result from the etching/passivation cycles. Tilt angle 30° B) Example of an arbitrary
shape etched by ICP showing the chinese sign „tian“ for heaven. The bottom
surface is very rough due to silicon grass formation. C) Cross section through a
microwell with an etching artefact, silicon grass. On the top the PR layer is still
present.

The fluorocarbon layer, deposited after stripping the photoresist showed an
advancing water contact angle of 120°. Although it could easily be scratched off
mechanically, it stayed intact even after several replications of PDMS.

3.3

PDMS replication

3.3.1 First replication
PDMS replicas were produced by pouring a precursor mixture over the whole 4”
wafer (1:10, curing agent to prepolymer, Sylgard 184, Dow Corning, US), which
previously was vigorously stirred and degassed in vacuum, 10 min. After curing in an
oven for 24 h at ambient pressure and 80°C, it could easily be peeled off and the Si
master was reused >10 times. Application of the fluorocarbon layer was essential for
the peeling off of the PDMS after curing. Without this antiadhesive layer the small
features in the PDMS were ripped off and remained inside the Si structures. The
thickness of the PDMS was between 2 and 3 mm. From this intermediate PDMS
master the required areas (3 x 3 cm) were cut out.
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SEM images of PDMS surfaces replicated from microfabricated Si. All images were
acquired at a tilt angle of 30° A) Small biohazard structure showing the replicated
scallops on the sidewalls which result from the ICP process. Height approx 12 μm.
B) Overview of various microstructures. C) Replica of deeply etched structures (120
cycles).

The replication of the structures into PDMS showed a very high fidelity across the
whole 4” wafer (Fig. 4b). The microscallops and even the nanometer topography
created during the etching steps were accurately replicated (Fig. 4b, inset); only the
smallest nanometer features were somewhat smoothened. It was possible to fabricate
PDMS pillars with aspect ratios as high as 5 (5 μm diameter, 25 μm height). Even
higher aspect ratios could be produced with this technique, but this was not studied
systematically.

3.3.2 Second replication
To replicate the original Si microstructures into PDMS a second replication could
be performed using the first PDMS replica as the master. The areas of interest (3 x 3
cm) were cut out for further use. To reduce adhesion between the two PDMS surfaces
the first replica was exposed to air plasma (PDC-32G from Harrick Scientific
Corporation, 0.1 mbar, 30 sec) and rendered hydrophobic by gas-phase
fluorosilanization in a vacuum chamber for 1 h. The hydrophobic PDMS master was
then placed in a Petri dish and a second replica in PDMS cast on top of it using the
same method as described above. After curing, the area within the dimension of the
first master was cut out ;the second replica could then be separated easily.
The second PDMS replicas finally served either as masters to hot-emboss PS to
produce inverted topographies in PS for use as molds for the fabrication of PDMS
thin films (as described in Chapter 6), or for selective surface functionalization
experiments described in the next Chapter.

39

Chapter 3

3.4

Microfabrication

Fabrication of microstructured PS films

3.4.1 Fabrication of PS films
Thick PS films were produced by melting PS beads (Aldrich, MW 230’000)
between two steel plates covered with a polyimide foil in a large hot-press (180°C) for
3 min and subsequently applying a pressure of 4 t for 3 min. The sandwich was then
quickly quenched in a water-cooled press with 1 t. Steel spacers were used to get a
film thickness of 0.7 mm. From these films samples with dimensions slightly larger
than 3 x 3 cm were cut out for further use. It was important to dry the PS beads before
use, because PS absorbs water from the atmosphere, which will lead to bubble
formation inside the film during processing. Thus the PS beads were dried in a
vacuum oven at 80° C overnight prior to use.

3.4.2 Hot-embossing

Figure 3.5

Schematic diagram of the tribotrak used for a) embossing of PS films or b)
flattening of the embossed PS films

The PS film was embossed by melting it on a glass slide which was placed on a
small hot press (T lower and upper plate heated to 180°C, Tribotrak, Daca
Instruments, US), see Figure 3.5 for schematic view of the Tribotrak. Then the PDMS
master was placed on top and covered with another glass slide (Figure 3.5a). The
lever had first to be adjusted by eye to guarantee a parallel contact. Pressure was then
applied in three steps, 1 min at a load of 2.5 kg (~ 25 kPa), 2 respectively 5 min at 10
kg (~ 100 kPa) (2 min for dried films produced on the same day, 5 min for films
which have been stored for a longer period of time) followed by 1 min at 0.5 kg (~ 5
kPa). Subsequently, the whole sandwich was cooled rapidly by placing it between an
aluminum plate and a cold block of copper with a weight of 2.5 kg. The embossed PS
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chip could easily be removed from the PDMS master, which could be reused >20
times. The effect of bubble formation during hot embossing due to absorbed humidity
inside the PS could be eliminated in two ways; either the films were embossed
directly after they were produced, so they were still dry enough, or the time during
embossing was increased to 5 min. The latter protocol resulted in thinner films in
which the water bubbles, which were formed at elevated temperature, could be
pressed out completely.

Figure 3.6

SEM images of hot embossed PS films. Images were taken at a tilt angel of 30°.
Examples of various microstructures produced in PS.

Embossing of PS with the ‘soft’ elastomeric PDMS master turned out to be a
reliable and fast technique to produce at least up to 20 microstructured PS chips from
one master in a normal lab environment. Again, a high fidelity of replication was
observed. There was evidence that the fidelity of the embossing step was even higher
compared to the PDMS replication. Because the forces during removal of the PDMS
master can be compensated by elastic deformation of the PDMS, it was very rarely
observed that the PDMS features were ripped off and remained inside the structures,
different to the situation with hard and brittle master materials such as Si. It was,
however, not possible to emboss features with aspect ratios higher than 2. The high
PDMS pillars were inflected during the embossing process and could not straighten
back in contact with the viscous polymer melt, see Figure 3.7 below.
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SEM micrographs of high-aspect-ratio structures which were inflected during the
embossing process. A) Cross-section of PS microwell with a diameter of 5 μm and a
depth of 13 μm. Although the surface was replicated nicely, the overall shape of the
well is not completely straight. B) Overview of microwells with different diameter
imaged without a tilt of the sample. In the big wells the side walls can only be seen
as a bright rim because of their vertical orientation. The three smallest structures are
inflected, due to the limitations of hot-embossing using a soft PDMS master;
therefore the sidewall can also be seen despite the normal angle of view.

It was also possible to use the second PDMS replicas to hot emboss PS, thus
producing microstructured PS film exhibiting pillars instead of wells. In the first
couple of replicated films, using a freshly produced PDMS stamp, the formation of
small bubbles inside the films was observed; they mainly formed around the
microstructures. Further use of the same stamp reduced this effect and later replicas
(after the third replication) could be produced without any problems. Because this
effect was never observed using the PDMS replicas replicated from Si, it might be
attributed to residues resulting from the fluorosilanization of the first PDMS master,
used for the replication into the second.

3.4.3 Flattening of hot embossed PS films
The hot embossed films showed a thick rim around the replication area resulting
from the molten material that was pressed out during embossing. The inner area could
be cut using a sharp knife and the PS film carefully snapped out. The resulting PS
chips were slightly bent because of mechanical stresses resulting from non-uniform
cooling after embossing. The films were therefore flattened by the following method.
The films were placed between two clean glass slides and pressed (2.5 kg) using the
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Tribotrak at 90° (below the glass transition temperature (Tg) of PS), as shown in
Figure 3.5b. To ensure a homogenous distribution of the force, two silicone rubber
sheets were placed on both sides of the glass slides. After 2 minutes the films were
completely flat because the mechanical stresses could be dissipated, but no
deformation of the microstructures was observed, neither on the films exhibiting wells
nor on those with pillars.

3.4.4 Hot embossing of nanotopographies
We have also studied the lower limit of the hot embossing process in terms of
structure depth by replication of very shallow nanotopographies. They were produced
on two-layer-coated (TiO2 and SiO2) Si wafers, previously prepared for the use as
SMAP surfaces(Michel 2002). Micron-sized structures (lines with different widths
between 2 and 20 μm) were etched into the SiO2 using photolithography and reactive
ion etching, resulting in a topography of approximately 12 nm. After oxygen plasma
cleaning of the samples and fluorosilanization, PDMS was cast on top of the SMAP
samples and cured as described above. The PDMS master was then used to hot
emboss PS films. The films were analyzed using AFM, contact mode, to check the
quality of replication. The results showed a surprisingly good replication, as shown in
Figure 3.8. Only the PS films were investigated, thus we cannot conclude to what
extent the dimension and depth was accurately replicated. But the results are very
promising for further use to replicate nanometer sized features into polymers.
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Figure 3.8

3.5

Contact mode AFM image of hot embossed PS film using a PDMS master, which
was replicated from a SMAP sample exhibiting lines; width 2 μm and a depth of
approximately 12 nm. A very high fidelity of replication can be achieved.

Heat treatment of structured PS

Selected microstructured PS samples were placed on a glass slide on a hot plate,
annealed at different temperatures above the glass transition temperature (Tg) from
100°C to 180°C and kept for various times, ranging from a few seconds to half an
hour.
To reduce the roughness inside the microwells (originating form the Bosch etch
process) in a controlled manner, a simple heat treatment turned out to be successful
(Figure 3.9). At temperatures above Tg a gradual smoothening of the surface takes
place, driven by the reduction of the total surface energy and starting with the
elimination of the smallest features at lower temperatures. At higher temperatures the
microscallops were hardly noticeable anymore and a general change in the shape of
the microwells took place as well characterized by rounding of the edges. To achieve
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adequate reproducibility during the thermal annealing, strict control of the
temperature is essential, especially for very short treatment times. Otherwise, often
only half the sample was affected by the annealing due to a lack of good thermal
contact to the glass substrate.

Figure 3.9

3.6

Cross sectional SEM images of a PS surface microfabricated by hot-embossing
demonstrating the evolution of the surface topography in a single well before and
after post heat treatment at different temperatures and times: a) no heat treatment; b)
100°C, 30 min; c) 120°C, 30 min; d) 150°C, 5 min. Apparent differences in the
diameter of the microwells are a result of the sample preparation by cleaving with
the cleavage plane not always running exactly through the middle of the microwell;
the true diameter is 15 μm.

Characterization

The etching and replication of the microstructures was characterized using
scanning electron microscopy, SEM (LEO 1530, in-lens detector, thin coating of Pt
for conductivity), typically with the samples tilted by 30°. The cross-sections were
made by scratching the backside of the PS chip and breaking it apart. Contact angle
measurements of the fluorocarbon passivation layer on the silicon surface were
performed using a G2/G40 2.05-D (Krüss GmbH, Germany). Advancing and receding
contact angles were recorded as movies and evaluated using Drop Shape Analysis
software (Krüss).
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Casting of structured hydrogels

3.7.1 PEG hydrogels
We have investigated the replication of microstructures into PEG hydrogels,
formed via conjugate addition reactions from multiarm PEG macromers and PEGdithiol or bifunctional thiol-containing oligopeptides and proteins. These matrices
exhibit a very interesting range of mechanical properties (between 100 Pa and 10
kPa), which can be tailored by the overall crosslinking density, by modulating
functionality or chain length of the PEG macromers(Lutolf and Hubbell 2003) and
offer the possibility to incorporate biofunctional building blocks such as adhesion
peptides or growth factor proteins. Additionally, such hydrogels have the advantage
that protein and nutrients can diffuse through the bulk, thus contributing to cell
survival if used as cell culture substrates(Hubbell 1999; Lutolf, Raeber et al. 2003).
We tested the replication of different size ranges of microstructures. Arrays of
microwells, circles and squares, with a diameter of 100 and 200 μm and a distance of
100 μm were fabricated in Si and replicated into PDMS, which was subsequently
fluorosilanized as described above. The mask used for these relatively large patterns
were drawn using CAD and printed on a plastic foil (JD Photo tools, UK). Different
numbers of etching/passivation cycles, 30, 50 and 80, were investigated, resulting in a
depth of the microstructures of approximately 30, 50 and 80 μm, respectively.
Smaller microstructures, squares, triangles, circles etc, were also investigated,
showing the same features as described above (Figure 3.4b). They were in the size
range of 10 to 30 μm with a depth of approximately 13 μm.
The topographically structured PEG hydrogels were formed on the fluorosilanized
PDMS replica surface (whole 4” wafer sized) via Michael-type addition of precursor
solutions containing dithiol-PEG and 8armPEG-VS, synthesized as previously
described by Lutolf et al(Lutolf and Hubbell 2003). Gels were rendered specifically
cell-adhesive by functionalizing PEG-VS with the fibronectin-derived, integrinbinding peptide Ac-GCGYGRGDSPG (Pierschbacher and Ruoslahti 1984; Hern and
Hubbell 1998) prior to crosslinking. In a typical gel preparation, PEG-VS was
dissolved in triethanolamine (TEOA, 0.3 M, pH 8.0) to produce a 10% (w/v) solution.
The adhesion peptide was added to this solution to yield a final ligand concentration
of ca. 40 µM. After 15 min at room temperature, another TEOA solution containing
PEG-(SH)2 (again at 10% (w/v)) was added to the above solution. After vortexing the
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reaction mixture was transferred to the center of the PDMS replica and cast between a
hydrophobic glass slide using a 0.7 mm spacer. The cross-linking reaction was
continued for ca. 30 min. Finally, structured hydrogels were carefully peeled from
both surfaces and placed in PBS for equilibrium swelling and removal of nonreacted
components.

Figure 3.10

DIC images of replicated surfaces in PEG hydrogels: a) overview of different
structures that were replicated (design of chip A4, see Appendix, diameter between
9 and 16 μm, depth approximately 13 μm). B) center region of chip A4 showing all
microstructures that have been produced. C) large microwells for cell sorting,
diameter 100 μm. The small triangles, rectangles and squares show some distortion,
which most probably result from the imaging method (difference in the two images
a and b point towards an optical artifact) or a slight sagging of the sidewalls due to
the low Young’s modulus of the gel.

The replication of the large microstructures turned out to be relatively successful,
although, during peeling, some of the walls separating the wells broke. This problem
was more severe when deeper structures (80 cycles) were replicated. This can be
explained by a higher degree of mechanical interlocking of the surface of the deeper
structures. Another issue was the wetting of the microstructures with the precursor
solution. Because of the hydrophobicity of the fluorosilanized PDMS, which is crucial
for the demolding, trapping of air and incomplete wetting inside the microstructures
occurred sometimes. The latter issue was never observed when using the smaller
microstructures, which generally turned out to be replicated more successfully (Figure
3.10).

3.7.2 Polyacrylamide hydrogels
The replication into polyacrylamide hydrogels, a materials that has been already
widely used for the study of mechanosensation in cell experiments(Pelham and Wang
1997; Beningo, Lo et al. 2002), turned out to be difficult. We tried to replicate
polyacrylamide by casting and crosslinking it on top of PDMS and PS surfaces,
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produced as described above. Plasma oxidation of both surfaces was also investigated.
Different concentrations of bisacrylamide in a 90% water gel were tried; the exact
compositions and preparation can be found in Chapter 4, Table 4.1. The
microstructured surfaces were glued, using PDMS, on the back of an aluminum plate
with 4 apertures of 2 x 2 cm dimensions. The plate was then clamped together with a
glass plate and two spacers at the side using a standard setup for casting gels for
western blot.
A first observation was that the time needed for crosslinking was much higher with
this setup. Thus, when the gel was demolded after 5 minutes, the material on top of
the PDMS or PS substrates was not fully crosslinked (sometimes it was still a liquid)
and showed a different density compared to the gel that was crosslinked on top of the
aluminum. This resulted in buckling of the area above the structured surfaces. Longer
crosslinking times and multiple use of the same mold reduced this effect. Observation
by eye of the surface of the crosslinked gel pointed to a contrast of the optical
density/reflection of the gel in the microstructured areas. However, by microscopy
analysis we could not observe any clear microstructures on the surface of the gels.
The two observations of increased crosslinking time and unsuccessful replication
of the microstructures led us to the conclusion that the crosslinking reaction is
impeded by the two mold materials investigated (PDMS and PS). A possible
explanation is that the starter (APS) either reacts with the mold materials or is
depleted by diffusion into them. Another explanation might be that the mold materials
change the oxygen concentration in the pregel solution, which is known to inhibit the
crosslinking reaction. Due to these problems the replication of microstructured
polyacrylamide was not further investigated. Other mold materials might be more
successful, such as inert Si. Because only microstructured Si exhibiting microwells
was available using the masks and process described above, no further investigations
were carried out.

3.8

Conclusions

We have investigated different methods to produce large numbers of
microstructured substrates in various type of materials. The objective was to develop
simple, cost-effective processes that do not require expensive clean room equipment
and are able to produce large numbers (ten to hundreds) of substrates for further use in
biological experiments. Replication of microstructured surfaces turned out to be the
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most promising approach. We used primary microstructured masters fabricated in Si
by photolithography and ICP etching. The method developed allows the fabrication of
microstructured Si wafers containing wells of complex shapes, vertical sidewalls
exhibiting a defined roughness, well diameters as small as 2 μm and aspect ratios up
to 10. The depth of the microstructures could be tailored by adjusting the number of
etching/passivation cycles, but it has to be considered that the exact depth depends on
the shape and dimension of the pattern. Generally it was difficult to etch to an exact
depth, because of instabilities of the ICP equipment used (changes in etching speed
were observed in the course of months). Subsequent replication proved to be a highly
useful method of generating reproducible dimensions of microstructured surfaces
from a single Si master.
The first molding into PDMS showed a very good fidelity of replication and could
be performed on whole 4” wafers. Starting with this first PDMS replica we developed
various methods to replicate into different materials. Hot embossing into
thermoplastic PS turned out to be a fast and reliable method to produce large numbers
of samples. An example is shown in Figure 3.11, demonstrating all steps from Si,
PDMS and finally the hot embossed structures in PS.

Figure 3.11

SEM images of master and replicated surfaces: a) ICP etched structure in Si with an
array of microwells; b) Replicated structure in PDMS; c) Hot-embossed microwells
in PS using the PDMS stamp shown in b). Tilt angle: 30°. All structures are
approximately 20 μm in diameter and 13 μm in depth. The top row shows schematic
drawings of the different topographies.

Because all replication methods described in this chapter rely on the replication
from a first PDMS replica, it is possible to generate exactly the same structures in
different materials. This is important as it will allow comparison of the response of
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cells to identical topographies on different materials without changing the method of
fabrication of the microstructures.

50

Chapter 3

Microfabrication

References
Albrecht, D. R., V. L. Tsang, et al. (2005). "Photo- and electropatterning of hydrogel-encapsulated
living cell arrays." Lab Chip 5(1): 111-8.
Beningo, K., C. Lo, et al. (2002). "Flexible polyacrylamide substrata for the analysis of mechanical
interactions at cell-substratum adhesions." METHODS IN CELL-MATRIX ADHESION 69: 325-339.
Chan-Park, M., Y. Yan, et al. (2003). "Fabrication of high aspect ratio poly(ethylene glycol)containing microstructures by UV embossing." LANGMUIR 19(10): 4371-4380.
Chou, S. Y., P. R. Krauss, et al. (1996). "Imprint Lithography with 25-Nanometer Resolution."
Science 272(5258): 85-87.
Chung, C. K. (2004). "Geometrical pattern effect on silicon deep etching by an inductively coupled
plasma system." Journal of Micromechanics and Microengineering 14(4): 656-662.
Decher, G. (1997). "Fuzzy Nanoassemblies: Toward Layered Polymeric Multicomposites." Science
277(5330): 1232-1237.
Duncan, A. C., F. Weisbuch, et al. (2002). "Laser microfabricated model surfaces for controlled cell
growth." Biosensors and Bioelectronics 17(5): 413-426.
Folch, A., A. Ayon, et al. (1999). "Molding of deep polydimethylsiloxane microstructures for
microfluidics and biological applications." J Biomech Eng 121(1): 28-34.
Gao, C., B. Wang, et al. (2004). "Irreversible Compression of Polyelectrolyte Multilayers."
Macromolecules 37(24): 8836-8839.
Hern, D. L. and J. A. Hubbell (1998). "Incorporation of adhesion peptides into nonadhesive
hydrogels useful for tissue resurfacing." J Biomed Mater Res 39(2): 266-76.
Hubbell, J. A. (1999). "Bioactive biomaterials." Current Opinion in Biotechnology 10(2): 123-129.
Hyun, J., J. Chen, et al. (2005). "Patterning cells in highly deformable microstructures: Effect of
plastic deformation of substrate on cellular phenotype and gene expression." Biomaterials.
Jung, D. R., R. Kapur, et al. (2001). "Topographical and Physicochemical Modification of Material
Surface to Enable Patterning of Living Cells." Critical Reviews in Biotechnology 21(2): 111-154.
Kapur, R., B. J. Spargo, et al. (1996). "Fabrication and selective surface modification of 3dimensionally textured biomedical polymers from etched silicon substrates." J Biomed Mater Res
33(4): 205-16.
Kricka, L. J., P. Fortina, et al. (2002). "Fabrication of plastic microchips by hot embossing." Lab
Chip 2(1): 1-4.
Li, N., A. Tourovskaia, et al. (2003). "Biology on a chip: microfabrication for studying the behavior
of cultured cells." Critical Reviews In Biomedical Engineering 31(5-6): 423.
Liu, V. and S. Bhatia (2002). "Three-dimensional photopatterning of hydrogels containing living
cells." BIOMEDICAL MICRODEVICES 4(4): 257-266.
Lutolf, M. P. and J. A. Hubbell (2003). "Synthesis and physicochemical characterization of endlinked poly(ethylene glycol)-co-peptide hydrogels formed by Michael-type addition."
Biomacromolecules 4(3): 713-22.
Lutolf, M. P., G. P. Raeber, et al. (2003). "Cell-responsive synthetic hydrogels." Advanced
Materials 15(11): 888-+.
Madou, M. J. (2002). Fundamentals of microfabrication the science of miniaturization. Boca Raton,
FL, CRC Press.
Michel, R. (2002). "Micro and Nano-chemical Pattering of Surfaces for Biological Applications."
Diss. ETH No. 14725.
Miller, C., H. Shanks, et al. (2001). "Oriented Schwann cell growth on micropatterned
biodegradable polymer substrates." Biomaterials 22(11): 1263-9.
Narasimhan, J. and I. Papautsky (2004). "Polymer embossing tools for rapid prototyping of plastic
microfluidic devices." JOURNAL OF MICROMECHANICS AND MICROENGINEERING 14(1):
96-103.
Pelham, R. J., Jr. and Y. Wang (1997). "Cell locomotion and focal adhesions are regulated by
substrate flexibility." Proc Natl Acad Sci U S A 94(25): 13661-5.
Petronis, S., K. L. Eckert, et al. (2001). "Microstructuring ceramic scaffolds for hepatocyte cell
culture." Journal of Materials Science-Materials in Medicine 12(6): 523-528.
Pierschbacher, M. D. and E. Ruoslahti (1984). "Variants of the cell recognition site of fibronectin
that retain attachment-promoting activity." Proc Natl Acad Sci U S A 81(19): 5985-8.

51

Chapter 3

Microfabrication

Recknor, J., J. Recknor, et al. (2004). "Oriented astroglial cell growth on micropatterned
polystyrene substrates." BIOMATERIALS 25(14): 2753-2767.
Russo, A. P., D. Apoga, et al. (2002). "Microfabricated plastic devices from silicon using soft
intermediates." Biomedical Microdevices 4(4): 277-283.
Stutzmann, N., T. Tervoort, et al. (2000). "Solid-state replication of relief structures in
semicrystalline polymers." ADVANCED MATERIALS 12(8): 557-562.
Suh, K. Y., J. Seong, et al. (2004). "A simple soft lithographic route to fabrication of poly(ethylene
glycol) microstructures for protein and cell patterning." Biomaterials 25(3): 557.
Tang, M. D., A. P. Golden, et al. (2003). "Molding of three-dimensional microstructures of gels." J
Am Chem Soc 125(43): 12988-9.
Walboomers, X. F., H. J. Croes, et al. (1998). "Growth behavior of fibroblasts on microgrooved
polystyrene." Biomaterials 19(20): 1861-8.
Whitesides, G. M., E. Ostuni, et al. (2001). "Soft lithography in biology and biochemistry." Annual
Review of Biomedical Engineering 3: 335-373.
Wilkinson, C., A. Curtis, et al. (1998). "Nanofabrication in cellular engineering." JOURNAL OF
VACUUM SCIENCE & TECHNOLOGY B 16(6): 3132-3136.
Xia, Y. N. and G. M. Whitesides (1998). "Soft lithography." Angewandte Chemie-International
Edition 37(5): 551-575.
Yu, T. and C. Ober (2003). "Methods for the topographical patterning and patterned surface
modification of hydrogels based on hydroxyethyl methacrylate." BIOMACROMOLECULES 4(5):
1126-1131.
Ziaie, B., A. Baldi, et al. (2004). "Hard and soft micromachining for BioMEMS: review of
techniques and examples of applications in microfluidics and drug delivery." Advanced Drug Delivery
Reviews 56(2): 145-172.

52

Chapter 3

Microfabrication

53

54

CHAPTER 4
4 Inverted Printing Methods for the Selective
Functionalization
of
Topographically
Structured Surfaces

The work described in this chapter has been done in collaboration with the
following people: Mirabai Koch, Seunghwan Lee, Andrea Koenig, Luna SheilaMorris, Fouzia Boulmedais, Arash Dodge, Marcus Textor.

4.1

Introduction

This chapter describes several approaches aimed at transferring relatively large,
hydrophilic polymers from a stamp to a topographically structured surface. The
topography should lead to a selective functionalization of the contacted area. This
concept is comparable to other printing methods such as microcontact printing, but
instead of a structured stamp a flat stamp is used to transfer the molecules of interest
in this case. Thus the dimensions and long range periodicity of the patterns, already
present on the substrate, are not influenced by the printing method.
Standard microcontact printing(Bernard, Delamarche et al. 1998; Xia and
Whitesides 1998) is usually performed using a silicone rubber, such as
polydimethylsiloxane (PDMS) or thermoplastic elastomers like polyolefins(Csucs,
Kunzler et al. 2003), and has been successfully applied for the transfer of small
molecules, e.g., thiols and proteins. The success of transfer of complete monolayers
of thiols is generally attributed to the solubility of small thiol molecules in
PDMS(Balmer, Schmid et al. 2005); therefore the thiols can diffuse from the bulk
towards the surface during the stamping process where they will irreversibly bind to
gold. The transfer of proteins or other large molecules is generally performed in a way
that after the transfer of the molecule the surface is backfilled with a passivating
molecule such as albumin(Kane, Takayama et al. 1999) or PLL-g-PEG(Csucs, Michel
et al. 2003). It is therefore not needed to transfer a complete monolayer, because the
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printed pattern mainly defines the geometry of the interactive/adhesive area and does
not have to be a perfect layer.
Various new approaches to microcontact printing have recently been investigated.
For example the use of block copolymers(Trimbach, Feldman et al. 2003), which are
mechanically stronger, hydrophilic elastomers for the printing of polar inks(Trimbach,
Al-Hussein et al. 2004), stable hydrophilization of the PDMS surface for the printing
of colloids and polar inks(Delamarche, Geissler et al. 2001). Recently several groups
have also started to investigate the use of hydrogels for the creation of surface patterns
by reaction diffusion mechanisms(Klajn, Fialkowski et al. 2004; Campbell, Smoukov
et al. 2005) or agarose gels to print patterns of proteins and cells(Martin, Brandow et
al. 2000; Mayer, Yang et al. 2004; Weibel, Lee et al. 2005), but so far the resolution
and pattern fidelity has been limited because of the mechanical properties of the gels.
Various new ways for microcontact printing have recently been investigated. For
example the use of block copolymers(Trimbach, Feldman et al. 2003), which are
mechanically stronger, hydrophilic elastomers for the printing of polar inks(Trimbach,
Al-Hussein et al. 2004), stable hydrophilization of the PDMS surface for the printing
of colloids and polar inks(Delamarche, Geissler et al. 2001). Recently some groups
have also started to investigate the use of hydrogels for the creation of surface patterns
by reaction diffusion mechanisms(Klajn, Fialkowski et al. 2004; Campbell, Smoukov
et al. 2005) or agarose gels to print patterns of proteins and cells(Martin, Brandow et
al. 2000; Mayer, Yang et al. 2004; Weibel, Lee et al. 2005), but so far the resolution
and pattern fidelity is limited because of the mechanical properties of the gels.

4.2

Overview of stamping methods

As it is crucial to transfer a complete and dense layer of PLL-g-PEG onto the
printed regions, we have investigated both dry and wet printing method, described
separately in the following sections.

4.2.1 Dry printing methods
To increase the amount of transferred PLL-g-PEG repetitive printing using PDMS
stamps was investigated and optimized in terms of various pretreatment of the PDMS
stamps or spin coating of a PLL-g-PEG solution onto it. A hydrophilic, elastomeric
stamp material was also investigated.
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Another interesting method relies on a first printing step transfering a positively
charged polyelectrolyte onto the top surface, which should inhibit adsorption of PLLg-PEG during the subsequent functionalization of the surface inside the
microstructures, followed by building up a second layer of negatively charged
polyelectrolyte that can be modified again by adsorption of PLL-g-PEG.
A last approach investigated is based on the SMAP method developed in a
previous thesis by Roger Michel(Michel 2002). Briefly it relies on the selective
adsorption of alkane phosphates to a surface consisting of patterns of TiO2 in a
background of SiO2, followed by backfilling and passivation of the SiO2 surface with
PLL-g-PEG. Finally, the unspecific adsorption of proteins to the hydrophobic alkane
phosphate SAM results in patterns of proteins for cells to interact with. We have tried
to selectively coat the inside of the microwells with TiO2 by a lift-off method. First
the top surface was stamped using a silicone oil to reduce the adhesion of a
subsequently coated thin film, which can then be lifted off selectively from the top
surface.

4.2.2 Wet printing methods
In view of the hydrophilic nature of the PLL-g-PEG molecule, wet printing
methods were also investigated. A first method consisted of dragging a thin film of
PLL-g-PEG solution by capillary forces between the microstructured surface and a
glass slide in a way that it only wets the top surface without filling the
microstructures.
Finally the use of a hydrogel as the stamp material was investigated, which allows
diffusion of molecules through the stamp and keeps the molecules in a hydrated
environment throughout the printing process.

4.3

Materials and Methods

4.3.1 Substrates
Microstructured polystyrene (PS) substrates were used, produced by hotembossing. They exhibited various indentations on the surface with lateral dimensions
of 5 to 50 μm and depth between 1 and 20 μm.
Structured PDMS substrates were produced by either one or two step replications
from microstructured Si wafers. The first PDMS replica was treated with an air
plasma and then fluorosilanized to reduce adhesion of the second PDMS replica
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which was cast on top of it. A more detailed description of the microfabrication and
replication processes can be found in Chapter 3.
The substrates were always cleaned by ultrasonication for 5 min in isopropanol and
ultra pure water to remove contamination and dust particles prior to the plasma
treatment.

4.3.2 Plasma cleaning/oxidation
Just before use, the substrates or stamps were exposed to a plasma (air plasma for
PDMS and oxygen plasma for PS, PDC-32G from Harrick Scientific Corporation, 0.1
mbar, 30 sec) for cleaning and to introduce negative charges into the surface. This
allows the electrostatic adsorption of the positively charged backbone of the PLL-gPEG or other hydrophilic molecules. It is crucial to always place the substrates at the
same position inside the plasma tube. Thus usually not more than 10 substrates were
cleaned at a time.

4.3.3 PDMS stamps
Flat PDMS stamps were produced by casting on a flat Si wafer by pouring a
precursor mixture over the whole 4” wafer (1:10, curing agent to prepolymer, Sylgard
184, Dow Corning, US), which previously was vigorously stirred and degassed in
vacuum, 10 min. It was cured in an oven for 24 h at ambient pressure and 80°C and
could then easily be peeled off. No pretreatment of the Si surface is needed because of
a low degree of mechanical interlocking with the flat surface. The stamps were then
cut out (1x1 cm) before use.

4.3.4 Inks and solutions
Table 4.1
Detailed composition of all buffer, polymer and protein solutions used in the experiments

Name

composition

HEPES 1

10

mM

4-(2-

solvent

notes

Ultra

Adjusted to pH 7.4

hydroxyethyl)piperazine- pure water
1-ethanesulfonic acid
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10

mM

4-(2-

Ultra

hydroxyethyl)piperazine- pure water
1-ethanesulfonic

Adjusted to pH 7.4
using 6 M NaOH solution

acid

and 150 mM NaCl
PLL-g-PEG

0.1 μg/ml

HEPES 2

Molecular architecture:
mass of PLL backbone 20
kDa, mass of the PEG
side

chains

2

kDa,

grafting ratio 3.4 (PLL
repeating units per grafted
PEG chain)
PLL-g-

0.1 μg/ml

HEPES 2

48% of the grafted

PEG/PEG-

chains

are

biotin

functionalized. Molecular
architecture
except

biotin

as

mass

of

above,
PEG-

biotin chains 3.3 kDa.
PAH

1 mg/ml

HEPES 2

Poly(allylamine
hydrochloride),

MW

approx. 15’000 g/mol
PEI

1 mg/ml

Ultra
pure water

Poly(ethylene
MW

imine),

approx.

25’000

Poly(acrylic

acid,

g/mol
PAA

1 mg/ml

HEPES 2

sodium salt), MW approx.
15’000 g/mol
Fibrinogen

50 μg/ml fibrinogen

HEPES 1

labeled with Alexa 488
Streptavidin

20 μg/ml streptavidin

HEPES 2

labeled with Alexa 546
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Testing of protein resistance

4.4.1 Protein coating
In order to test the suitability of the different stamping protocols and the protein
resistance of the transferred layer of PLL-g-PEG the substrates were immersed in a
protein solution. If not stated otherwise a solution of fibrinogen was used. Aliquots of
concentrated fibrinogen Alexa fluor 488 (50 μg/20 μl, in Hepes1) were previously
prepared and stored in the freezer. Before the experiment they were diluted with 980
μl of Hepes1, vortexed for 2 minutes and then centrifuged at maximum speed for 5
minutes to sediment the agglomerated proteins. The solution was then pipetted from
the top and added into a test tube. Several ml of solution from all the Eppendorf tubes
were first mixed together in the bigger test tube to guarantee the same concentration
for all the samples and it was then transferred to a 24 well plate, 600 μl in each well.
The substrates, which were previously stored in buffer solution, were then immersed
without drying into the protein solution and left under a dark cover for 45 minutes. To
reduce drying artifacts the wells were rinsed several times (3 to 5 times) with buffer
(Hepes 1) without complete removal of the solution inside the well. For analysis with
CLSM the surfaces were mounted on a coverslip using immoglue. Again it was
important that the surface of the chip does not dry out during this step, which could
lead to aggregation of the protein at the liquid/air interphase, entrapment of air
bubbles inside the microstructures or agglomerates in the corners of the microwells.
This could be achieved by removing the sample from the buffer solution, shortly
contacting the edge with a tissue and the directly mounting it upside down on a
droplet (10 to 20 μl depending on the area of the sample) of immoglue. Then they
were stored for at least 4 hours in the dark for the glue to harden before CLSM
analysis.
Tests using fluorescently labeled fibronectin were generally performed in the same
way. Concentration of the solution was 10 μg / ml in PBS 1x. The samples were thus
first stored in PBS already and the washing was also performed using the same buffer.
Fibronectin was received from the Vogel lab (ETH), where it was isolated from
plasma, purified and labeled with Alexa 488 SE for lysines. There were
approximately 6 fluorescent labels per fibronectin molecule. A detailed description of
the isolation and purification can be found in Chapter 6.
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4.4.2 CLSM analysis
To investigate quantitatively the protein resistance of the printed areas and spatial
contrast at the protein level, CLSM was used. It allows the analysis of the
fluorescence at different vertical positions on the substrate. To compare the
intensities, bleaching was performed on a non-stamped region; depending on the type
of fluorophore used, shorter or longer times were needed to completely bleach the
selected area. Bleaching was continued until no further change in intensity could be
measured. The settings for the detector were adjusted in a way to detect a small non
bleachable background signal (5 to 10 for an 8bit image with 255 arbitrary units) and
the signal of the non-stamped area was set to be in the range of 150 to 200. The
bleaching and detector setting were changed iteratively to determine the final
conditions. This procedure guarantees that the full range of the signal can be
exploited, and relative values for different surfaces can be established.. The intensity
of the completely bleached signal can finally by deducted from the measured intensity
in the regions of interest. It is important to always check the measured intensity during
the CLSM analysis and if the fluorescent signal in another area is either below the
assumed background of above the reference of a non treated surface, the detector
settings have to be optimized again and all samples remeasured with the new settings.
It turned out that reproducible results could be achieved when a series of samples
were prepared at the same time using a single protein solution distributed to all the
samples in the batch. It was, however, comparatively more difficult to achieve
consistent results form one series to the next, which can be explained by small
variations in concentration of the protein solution due to different amounts of
aggregated proteins, the time the samples were exposed to light sources during
preparation, and possible variations in the washing step which is very crucial and has
to be performed carefully.
From the 3-D stack of images a maximum intensity projection (MIP) was deduced
in order to eliminate effects due to the surface not being completely flat. Then several
regions of interest (ROI) were selected that consisted only of either top surface
stamped, unstamped surface or microwell bottom surface. The histogram of the ROI
was measured and analyzed. The histograms of several ROIs on the same sample
were then combined by adding the count numbers at every intensity. Finally, the
intensity value at the peak frequency was taken for comparison with other regions.
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The result is the statistical median of the intensity, which has the advantage that the
effect of high intensity spots from dust particles or agglomerates contributes less, in
comparison to the arithmetic mean of the intensity. To analyze the variability from
sample to sample the medians were used to calculate the standard deviation.
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Figure 4.1

4.5

Image analysis procedure: The example shows a circular well next to the border of
the unstamped region. Top figure: Bottom plane: the measured intensity originates
from the bottom of the well. Middle plane: The ring-shaped intensity profile results
from the side walls of the microwell. Top plane: two regions contribute to the
intensity signal: the stamped area, and the unstamped region, which appear darker
and brighter, respectively. A bright spot present at the top of the image, and a
bleached region were also included. The maximum intensity projection leads to a
single image, which shows all the information needed for further quantification.
From this image the histograms of several regions of interest (ROI) were evaluated,
schematically shown in the diagrams below. For several areas of the same type (e.g.
stamped region, ROI 1 and ROI 2), the two histograms can be added together, as
shown in ROI 1 + 2. From these histograms the fluorescent intensity at the peak
position was read out and compared to the one of the other regions. It is also
possible to estimate the peaks from taking a histogram over the whole image, as
shown in the last example. But it is more difficult to get the exact peak position,
since smaller areas have a lower weight in the histogram and might therefore get
lost. High intensity regions such as the side walls of the microstructures might lead
to saturation of the detected signal and shift the peak originating from high intensity
regions, such as the unstamped reference surface.

PDMS Surface Properties

4.5.1 Recovery of Hydrophobicity
First of all we investigated the surface properties of PDMS. Unless mentioned
differently we always used an air plasma treatment to render the PDMS surface
hydrophobic. The plasma creates a thin, glassy SiOx layer on the surface(Hillborg,
Ankner et al. 2000). It is also known that after longer plasma treatment times the layer
shows small cracks(Glasmastar, Gold et al. 2003) and that the hydrophilic character of
the plasma treated surface is unstable over time due to free diffusion of the low
molecular weight fraction of uncrosslinked siloxane oligomers through the SiOx layer
to the surface (Kim, Chaudhury et al. 2000).
To evaluate, how long the PDMS stamps can be stored after the plasma cleaning
without getting hydrophobic again, the contact angle was measured as a function of
the time after plasma cleaning. During this time the PDMS was in contact with air.
Following an air plasma treatment of 30 sec, the contact angle of a water drop on the
PDMS surface was measured after 5 min, 15 min, 60 min, 5 h, 24 h and 72 h. For
comparison, the contact angle of a non oxidized sample was measured as well. Both
advancing and receding contact angles were recorded.
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Contact angle measurements of water on air plasma treated PDMS surfaces after
different times since the plasma treatment. The data after 5 min and 15 min were
below 10° and could not be evaluated. The samples have been stored in air.

4.5.2 Adsorption of PLL-g-PEG and polyelectrolytes on PDMS evaluated by
OWLS
To quantify the adsorbed mass of PLL-g-PEG and polyelectrolytes on plasma
treated PDMS surfaces OWLS experiments were performed. A detailed description of
the experiments can be found in the diploma thesis of Mirabai Koch(Koch 2004).
Briefly, OWLS waveguides were first coated with a thin film of PDMS (10 to 20 nm)
by spin coating, plasma treated under standard conditions and then measured using the
different solutions.
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Adsorbed mass vs. time curve of PLL-g-PEG and serum on plasma treated PDMS
measured by OWLS.

Figure 4.3 shows the adsorbed mass vs. time curve of PLL-g-PEG and serum on
plasma-treated PDMS. The amount of adsorbed PLL-g-PEG was found to be 58
ng/cm2, which is a comparatively small amount when compared to SiO2 (typically
150-180 ng/cm2) surface(Pasche, De Paul et al. 2003). Despite this lower coverage the
surface turned out to be resistant to the adsorption of proteins from serum (adsorbed
mass <2 ng/cm2). From this experiment we concluded that in order to transfer a full
monolayer of PLL-g-PEG onto PS using PDMS stamps repetitive printing is needed.
The adsorption of PAH and PEI from solution on a plasma cleaned PDMS surface
is shown in Figure 4.4. 78 ng/cm2 of PEI and 61 ng/cm2 of PAH were adsorbed onto
the PDMS surface. Based on a rough calculation (considering the molecular structure)
it turned out that the adsorbed amount of polyelectrolyte corresponds to more than one
flat monolayer. Therefore it can be assumed that enough polyelectrolyte adsorbs to
stamp a fully covering layer to the PS sample.
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Figure 4.4

4.6

Adsorbed mass vs. time curve of PAH and PEI on plasma treated PDMS measured
by OWLS.

Stamping of PLL-g-PEG using an oxidized PDMS stamp

Since OWLS adsorption measurements demonstrated that the amount of PLL-gPEG adsorbing spontaneously on PDMS is relatively low, repetitive printing was
investigated to increase the total amount of transferred material.
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Schematic diagram of the surface modification processes using a PDMS stamp. A)
Copolymer PLL-g-PEG (blue) adsorbed on the surface of a flat PDMS stamp. B)
Transfer of PLL-g-PEG to the plateau surface; this step was repeated 2-6 times. C1)
Site-specific, spontaneous adsorption of fibrinogen or serum proteins (green) on the
walls of the microwells. C2) Alternative to C1: Adsorption of functionalized PLL-gPEG/PEG-biotin in the microwells (blue polymer with biotin groups marked in red).
D1, D2) Cartoon magnification of the local surface architecture: PLL-g-PEG on the
plateau surface and spontaneous adsorption on the walls of the microwells of D1)
fibrinogen or D2) functionalized PLL-g-PEG/PEG-biotin with subsequently bound
streptavidin.

4.6.1 Repetitive stamping and fibrinogen backfilling
After an air plasma treatment to render the surface hydrophilic, the PDMS stamp
was immersed for 30 min in a solution of PLL-g-PEG. The stamp was then rinsed
with ultra pure water, dried under a nitrogen stream and placed on the sample (Figure
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4.5, step A-B). Previously the PS chip (1 cm2, cut out from the embossed samples)
was ultrasonicated in isopropanol and ultra pure water and finally treated in an oxygen
plasma for 30 sec. To ensure a good contact of the stamp with the PS surface the
stamp was shortly pressed down using tweezers. After 20 min the stamp was
removed, rinsed in ultra pure water and re-immersed in PLL-g-PEG solution to be
used again. To increase the amount of transferred materials, this procedure was
repeated 2, 3, 4 and 6 times, respectively. Control samples were oxygen-plasma
cleaned PS chips and chips coated with PLL-g-PEG (1 h immersion time).
The stamping procedure based on backfilling using the first method (Figure 4.5 C1,
D1), produced surfaces exhibiting reduced adsorption of fibrinogen on the plateau
surface while allowing adsorption on the inner surface of the microwells (Figure
4.6b). The cross sections demonstrate that fibrinogen adsorbed on the bottom of the
microwells as well as on the sidewalls (Figure 4.6d). The sidewalls appear brighter
because of their vertical geometry, which results in a higher amount of fluorescent
molecules in the detection volume of the focused laser. The dark rim on the bottom of
the wells can also be attributed to a geometrical artifact using CLSM on such
microwells. Taking this into account, it can be assumed that a homogenous protein
layer has formed all over the surface of the microwells, although it is not completely
straightforward to further quantify the local protein coverage of such microstructured
surfaces.
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CLSM fluorescence images (maximum intensity projected z-stack) after adsorption
of fibrinogen-Alexa Fluor 488 on hot-embossed, microstructured PS surface with
wells of different diameters ranging from 5 to 70 μm: a) Plasma oxidized PS
reference surface with fibrinogen covering the whole surface homogeneously; b)
Plasma-oxidized PS surface, top surface stamped with PLL-g-PEG 4 times,
fibrinogen adsorbed selectively on the walls of the microwells; c) and d) are the
corresponding cross-sections along the white lines shown in a) and b), respectively.

After a single stamping step, the resulting surface showed only partial
(approximately 50%) reduction of fibrinogen adsorption on the plateau surface
(Figure 4.6). Repetitive stamping (up to six times), however, reduced protein
adsorption to below 10%.

Figure 4.7

Fluorescence intensity of adsorbed fibrinogen-Alexa Fluor 488 of different PS
samples and regions measured by CLSM. Each bar represents an average of two
individual samples, with 3 different areas measured per sample. The chips without
and with prior stamping (or adsorption) of PLL-g-PEG on the plateau surface of the
microstructure were immersed in a solution of Alexa Fluor 488 labeled fibrinogen
for 60 min. 0 - 6 represent the number of repetitions of PLL-g-PEG stamping,
bleached is the reference for the background signal, peg is a (protein-resistant)
reference sample that had been immersed in a PLL-g-PEG solution prior to
fibrinogen adsorption, nil is the reference PS sample with only an oxygen-plasma
treatment prior to fibrinogen adsorption; well is the mean value measured at the
bottom area of the microwells of the different samples.
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4.6.2 Backfilling with functionalized PLL-g-PEG/PEG-biotin
The second method aims at backfilling the surface of the microwells with a
functionalized PLL-g-PEG. For visualization with the CLSM a polymer with partially
biotinylated PEG chains (PLL-g-PEG/PEG-biotin) (Huang, Voros et al. 2002) was
used. After stamping and rinsing (Figure 4.5, step A-B), the chip was immersed in a
PLL-g-PEG/PEG-biotin solution for 1 min (Figure 4.5, C2), then passivated in a PLLg-PEG solution for 30 min and finally placed in a streptavidin Alexa 546 solution for
30 min. Finally it was rinsed with ultra pure water and mounted on a glass cover slip
for microscopy.

Figure 4.8

CLSM images (projected z-stack) after adsorption of PLL-g-PEG/PEG-biotin on
hot-embossed, microstructured PS surface with wells of 10 μm diameter, backfilling
with PLL-g-PEG and subsequent binding of streptavidin-Alexa Fluor 546 of a)
plasma-oxidized PS reference surface with homogeneously bound streptavidin on
the whole surface; b) plasma-oxidized PS surface, top surface stamped with PLL-gPEG 2 times, streptavidin bound selectively on the walls of the microwells; c) and
d) are the corresponding cross-sections through the white line.

This method showed similar results (Figure 4.8). Again, after a single stamping
step, the plateau surface was not fully covered with PLL-g-PEG; thus the
functionalized PLL-g-PEG/PEG-biotin could partially adsorb onto it and subsequently
bind fluorescently labeled streptavidin (approximately 15% reduction to an unstamped
reference surface). Because the whole chip surface was backfilled with PLL-g-PEG, it
can be assumed than only specifically bound streptavidin was present (no unspecific
adsorption of streptavidin). Already with two stamping steps the binding of
streptavidin on the plateau surface could be reduced to values below 10% resulting in
an excellent contrast on the level of the immobilized streptavidin (Figure 4.8).
Both methods showed good homogeneity over most of the contacted area, except
at the border region (ca. 1mm) where the stamp did not stick properly to the surface.
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4.6.3 Further experiments
Although these results showed that it was possible to reduce the adsorption of
proteins to the stamped regions below 10%, it turned out to be relatively complicated
and impractical to stamp a large amount of samples in a reproducible way. We have
thus investigated the process in more detail to improve the reproducibility and
increase the amount of transferred PLL-g-PEG. First different pressures (0.05, 0.1 and
0.2 mbar) during air plasma treatment were investigated. Secondly, we investigated a
variety of storage times (1 day, 1 week and 3 months) of the PDMS stamps before
using them to print.
Firstly, it turned out to be difficult to reproduce a stable plasma treatment using the
plasma cleaner in our lab. Although we saw differences of transferred material
depending on the pressure we were not able to develop a protocol that resulted in
consistent quality.
We observed, however, that those stamps which provided the most successful
transfer of PLL-g-PEG were the ones that had been stored in the lab for the longest
time. A freshly produced stamp was never as successful as one which was already 3
months old. What exact mechanism is responsible for this effect could not be
evaluated during the investigation though.

Figure 4.9

CLSM fluorescence images (open pinhole) after adsorption of fibrinogen-Alexa
Fluor 488 on hot-embossed, microstructured PS surface with shallow wells (approx
2 μm depth) of different diameters ranging from 5 to 70 μm. Surfaces stamped two
times. changing pressures during plasma treatment of the PDMS stamps led to a
different success to transfer PLL-g-PEG onto PS. Sagging of the PDMS stamp
could sometimes be observed in the large wells.

4.6.4 Conclusion
In conclusion I propose the following explanation of the experimental findings.
There seem to be two important aspects: on the one hand, the PDMS surface needs to
be sufficiently adhesive for the adsorption of the PLL-g-PEG to be able to load a
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sufficiently high amount; on the other hand, the layer should not be bound too
strongly for the PLL-g-PEG molecules to be able to rearrange during the conformal
contact and assemble on the PS surface. These two opposing requirements made it
very difficult to find optimal conditions for a sufficient transfer. Additionally, because
of the low stability of the hydrophilic character of the activated PDMS stamp over
time in air, the approach turned out to be unsuitable.

4.7

Stamping of polyelectrolytes on PS

As it turned out to be difficult to directly print a fully passivating layer of PLL-gPEG we also investigated an inverse method of creating a selective functionalization
of the microwell surface. We printed first a positively charged polyelectrolyte, PAH
or PEI. This layer should then inhibit the adsorption of a functionalized PLL-gPEG/PEG-func on the printed region. Thus a specific function can be applied to the
surface of the microwells. In a subsequent step the surface was backfilled with a
negatively charged polyelectrolyte (PAA), which reversed the surface charge on the
plateau surface and allowed the final adsorption of PLL-g-PEG to the plateau surface.
Thus, a non interactive surface can be achieved between the wells. A more detailed
description of this approach can be found in the Diploma Thesis by Mirabai
Koch(Koch 2004).
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Schematic diagram of the polyelectrolyte (PE) stamping process. I) a positively
charged PE is adsorbed on a flat PDMS stamp which contacted with a negatively
charged microstructured PS surface. II) After stamping the charge on the plateau
surface is reversed. III) The surface of the microwells can be backfilled with
functionalized PLL-g-PEG/PEG-func, which should only adsorb on the negatively
charged surface. IV) The charges on the plateau surface plateau surface are reversed
again by immersion in a negatively charged PE which spontaneously adsorbs on the
first layer of PE. V) Finally the plateau surface is modified by a layer of PLL-gPEG to render it resistant to unspecific adsorption of proteins.

Some of the more interesting findings are summarized here. Figure 4.11 shows the
result on a surface processed up to step III (in Figure 4.10). After stamping of PAH
the surface was backfilled with PLL-g-PEG/PEG-biotin. Then it was immersed in a
fibrinogen Alexa 488 solution to check the protein resistance of the PLL-g-PEG/PEG-
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biotin layer and determine the quality of the stamping. Finally, the surface was
immersed in a solution of streptavidin Alexa 545 to be able to visualize the PLL-gPEG/PEG-biotin.
It was possible to achieve a homogenous and selective coating of the microwells
with PLL-g-PEG/PEG biotin as can be seen in the images below. The non-stamped
regions, the microwell surface and the area outside the contact area, clearly showed
polymer adsorption and binding of streptavidin and a very low amount of fibrinogen
adsorption, although in the contacted area some streptavidin was detected too. The
fibrinogen only adsorbed to the stamped region in the form of a very homogenous
layer. From this experiment the exact mechanism cannot be deduced though. Either a
certain amount of the PLL-g-PEG/PEG-biotin adsorbed on the positively stamped
region as well, therefore allowing the binding of streptavidin, or alternatively, the
streptavidin unspecifically adsorbed on the stamped region on top of the fibrinogen or
replaced it.
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Results of the partial process until Figure 4.10, step III (stamping of PAH, backfill
with PPB, adsorption of fibrinogen Alexa 488, adsorption of streptavidin Alexa
546). Top image focused on top of the surface, bottom image focused in the bottom
of the wells. The first image of each row shows the green channel (signal of
fibrinogen), the second the red channel (signal of streptavidin) and the third the
overlay.

In a next experiment the full process described in Figure 4.10 was investigated.
Again PLL-g-PEG biotin was used to fill the microwells. After the absorption of the
negative polyelectrolyte, PLL-g-PEG/PEG-fluorescein was used to be able to analyze
the distribution of the layer that should passivate the plateau surface. Finally the
surface was immersed in a streptavidin Alexa 545 solution. The results looked quite
similar to the first experiments; again, it was not possible to determine the exact
mechanism.
An important fact is that the signal of the PLL-g-PEG/PEG-fluorescein could also
be detected in the non-stamped regions and inside the microwells. This means that
either the PLL-g-PEG/PEG-biotin was partially removed or replaced during the
adsorption of the negatively charged PAA or it was replaced by the PLL-g-PEG/PEGfluorescein. The streptavidin signal was again detected to be present on the stamped
regions as had been observed in the first experiment. We conclude that either the final
PLL-g-PEG/PEG-fluorescein was not resistant to the adsorption of streptavidin or, as
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described above, a certain amount of functionalized PLL-g-PEG adsorbed to the
positively charged PAH layer. The first effect could be investigated by exposing the
surface to a second protein which does not bind specifically to biotin.

Figure 4.12

Results of the full process (stamping of PAH, backfill with PPB, adsorption of
PAA, adsorption of PLL-g-PEG-fluorescein, adsorption of streptavidin Alexa 546).
Top image focused on top of the surface, bottom image focused in the bottom of the
wells. The first image of each row shows the green channel (signal of PLL-g-PEGfluorescein), the second the red channel (signal of streptavidin) and the third the
overlay.

In conclusion it was not possible by this method to create a completely noninteractive surface between the microwells. The used protocol also has the drawback
that the surface of the microwells can only be modified using a functionalized PLL-gPEG system, which reduces the range of application. The relatively complex and time
consuming multi step procedure, which requires many different layers of adsorbed
molecules, also reduces the practicability of this approach. In addition, later
experiments showed similar problems with reproducibility when using an oxidized
PDMS stamp, as discussed above. Therefore, this method was not further
investigated.
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Stamping of PLL-g-PEG using a polyacrylamide stamp

In view of the limited reproducibility and impracticability of the methods described
above, other methods have been investigated to improve the stamping process.

Figure 4.13

Schematic diagram of the surface modification processes using a hydrogel stamp.
A) Copolymer PLL-g-PEG (blue) is contained in a flat polyacrylamide stamp which
is contacted with the structured substrate. B) Transfer and assembly of PLL-g-PEG
onto the plateau surface. C) Site-specific, spontaneous adsorption of proteins
(green) on the walls of the microwells. D) Cartoon magnification of the local
surface architecture: PLL-g-PEG on the plateau surface and spontaneous adsorption
of fibronectin on the walls of the microwells.

The concept of using a hydrogel to stamp a charged and hydrophilic molecule
seemed promising for the following reasons. It allows forming a wet contact with the
surface, resulting in a adsorption process that is more similar to adsorption from
solution, known to lead to a fully protein resistant layer in a relatively short time.
Another benefit is that the bulk hydrogel is expected to form a reservoir of PLL-gPEG which can diffuse towards the surface and irreversibly adsorb onto it. Thus it is
not limited to the amount of adsorbed molecules on the stamp as is the case for dry
stamping described above.
We have investigated polyacrylamide hydrogels, with different crosslinking
densities and water content to discover optimal conditions for the passivation of the
contacted surface, handling of the stamp and selectivity of the functionalization to the
top surface. We also tested two ways to incorporate PLL-g-PEG into the hydrogel,
first by diffusion from a solution into which the gel was immersed and secondly by
crosslinking the gel in the presence of PLL-g-PEG.
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First experiments were done with stamps loaded with PLL-g-PEG by diffusion,
which where dried prior to use, showed that it was feasible to form a selective contact
to the top surface and also that protein adsorption can be reduced, but only if the gels
where relatively dry. The contacting and wetting of the microstructures could easily
be followed with an optical microscope, which generates a good contrast because of
the different refractive indices of the substrate/air and the substrate/hydrogel interface.
The main problem was the fact that the gels were completely wet when removed
from the buffer solution. When a thick water film was present on the stamp the
substrate was always completely wetted, resulting in the whole microstructure
becoming filled with buffer and coated with PLL-g-PEG. It was therefore tried to dry
the gels, which, however, turned out to be very difficult to do in a controlled manner.
The stamps usually deformed and rolled up due to water gradient formation and
inhomogeneous shrinking during drying.

4.8.1 Preparation of PLL-g-PEG containing polyacrylamide gels
The first experiments were performed using polyacrylamide gels which contained
90% of water. By changing the ratio between the acrylamide and the bisacrylamide
different crosslinking densities were investigated. It is well known that this leads to
different mechanical properties of the gel and it also influences the diffusion of
molecules through the gel.
Stocks of pregel solution were prepared in advance and could be stored in the
fridge. The composition of the different solutions can be found in Table 4.2 and Table
4.3 below.
Table 4.2
Composition of pregel solution to produce high water content gels (90% water) with different
crosslinker densities

0.05%

0.26%

0.90%

pH 7.4 PBS 1x

9 ml

9 ml

9 ml

Acrylamide

1000 mg

1000 mg

1000 mg

Bis

5 mg

26 mg

90 mg

% in PBS 1x

10%

10%

10%

Table 4.3
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Composition of pregel solution to produce high water content gels (66% water) with 0.26% crosslinker
density

0.26%
pH 7.4 PBS 1x

10 ml

Acrylamide

5000 mg

Bis

130 mg

% in PBS 1x

33%

Table 4.4
Composition of concentrated PLL-g-PEG solutions, 20 mg/ml in PBS

aliquot

Stock

PLL-g-PEG

1 mg

13.2 mg

pH 7.4 PBS 1x

50 μl

660 μl

To cast the gels, 1 ml of pregel solution was mixed inside an Eppendorf tube with
50 μl of PLL-g-PEG solution (see Table 4.4), that was previously produced and stored
in the fridge. The tube was then vortexed to ensure a homogenous mixing. A mold
was prepared by placing two glass slides on top of a larger glass slide and covering it
with another standard glass slide, as shown in Figure 4.14, width 3 to 4 cm. Then the
crosslinking reaction was started by the addition of 10 μl of APS (10% w/v
ammonium persulfate in pH 7.4 PBS) and 2 μl of TEMED (N,N,N,N-tetramethyl
ethylenediamine) to the tube, the solution was mixed using a pipette and then directly
injected in the gap between the two glass slide and left for 1 h to crosslink. After
crosslinking the mold was taken apart and the borders (2 mm) of the gel were cut off,
because they showed drying effects in contact with air. From the remaining area,
several stamps could be cut out using a sharp knife. The stamps were stored in a Petri
dish which was sealed with parafilm to reduce an uncontrolled drying of the stamps
until they were used.
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Schematic drawing of the setup to cast polyacrylamide gels. A big glass slide is
placed at the bottom and two normal slides on top of it on the side with a separation
of approximately 4 cm. Another normal glass slide is the placed on the top. The gel
solution can be injected into the gap from the side using a pipette.

4.8.2 Characterization of wet contact printing
4.8.2.1 Preliminary experiment using high water content gels on PS
To observe the contact and wetting of the hydrogel stamp with the microstructured
surface the stamp was placed on a glass slide: subsequently the polystyrene chip was
positioned on top of it. If the stamps (high water content) were used right after
crosslinking and demolding, we generally observed that an apparently random number
of microstructures were filled with water. This was attributed to a very thin film of
water still present on the stamp and then squeezed out of the interphase during contact
formation. Thus we tried to first contact the stamp with a dummy surface, e.g. a glass
slide, and flip it around several times. This way it was possible to reduce the instant
filling effect. Longer observation of the stamping process showed though, that the
microwells can also be filled at later time points, as shown in Figure 4.15. We assume
that even when no real water film is present at the interface, the hydrophobicity of the
PS surface still leads to wetting of the surface of the microwells and finally formation
of a bubble, which then slowly disappears.
This was only observed with PS surfaces that had been treated with an oxygen
plasma. Hydrophobic surface clearly showed a stable contact/wetting of only the top
surface of the microstructures. However, a hydrophilic surface is required for the
adsorption of PLL-g-PEG. (This procedure might still be an alternative way to adsorb
other molecules onto microstructured surface, such as proteins or block co-polymers
consisting of a hydrophilic and a hydrophobic part.
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The dimension of the microstructures also plays an important role for the wetting
behavior. With the high-water-content gels it was not possible to form a selective
contact on shallow structures (depth below 4 μm). This was not attributed to the water
film as described above, but rather to a deformation of the whole stamp. The effect
was slightly reduced when the high-bis-content hydrogels were used.

Figure 4.15

Time series of images recorded by optical microscopy. A randomly seeming
number of microwells get filled with water during the time of contact of the
hydrogel with the structured PS surface. This was attributed to a thin water film
between the stamp and the surface and the hydrophobicity of the PS.

These observations were confirmed also by the analysis of the adsorbed protein
mass by CLSM. Figure 4.16 shows an example of such an area where the wells seem
to have become coated non uniformly with PLL-g-PEG.
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CLSM MIP image. PLL-g-PEG loaded hydrogel (high water content) was used as
stamp on microstructured PS. The passivation was evaluated by the adsorption of
fibrinogen (green). The area shows a region where both the passivation and the
filling of the wells were not homogenous. The top shows a cross section taken at the
white line.

In conclusion, high water content gels are not suitable. Therefore, we started
investigating gels with a lower content of water, which, moreover, had higher elastic
moduli, facilitating the handling of the stamp.
4.8.2.2 Low water content gels on PS
The low water content gels were prepared as described above using a different
concentration (33%) of acrylamide in the pregel solution.
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LM images of the wet contact of a polyacrylamide hydrogel and a microstructured
polystyrene surface. These images show no sign of water filling the microwells. A)
Close up of the border of the stamp. B) The stamp even spans over large and
shallow microstructures.

Preliminary tests on PS surfaces showed that the risk of undesirable filling of the
wells was substantially reduced. The gel formed a stable contact/wetting restricted to
the plateau surface and it was even possible to maintain a selective contact over very
shallow structures as seen in Figure 4.17b. The gel was spanning across a distance of
almost 1 mm despite the low depth of only 15 μm, and did not wet the wells. This was
unexpected from the experience with other stamping materials such as PDMS, and
cannot be explained by the elastic modulus of the gel, being much lower than for
PDMS. One explanation is that the trapped air in the microstructure creates a small
pressure which is high enough to keep the gel separated from the bottom surface.
After these promising observations the low water content gels were further
investigated by applying them to print different surfaces. PS surfaces where tested
with two different depths of the microstructures, 15 and 2 μm. Different contact times
(1 to 30 min) were investigated followed by drying right before usage.
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CLSM MIP image. PLL-g-PEG loaded hydrogel was used as stamp on
microstructured PS with shallow features, depth approx 2 μm. The passivation was
evaluated by the adsorption of fibrinogen (green). The area shows a region where a
very selective passivation of the top of the structures can be observed and no
sagging of the stamp to contact the shallow microwells was present. The top shows
a cross section taken at the white line.

The stamping/passivation of the PS surface turned out to be relatively successful,
although it was rarely achieved that the whole contacted surface was completely
resistant to protein adsorption. Even though the optical observation of the contact did
not show wetting of the microstructures, the analysis of the adsorbed protein
distribution showed that the surface of the microwells was not uniformly coated with
proteins. We attribute this effect to a similar mechanism as described above. Although
we never observed a complete filling of the microwells with water, a very thin film
might have been present at the interphase between the gel and the PS surface as
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shown in the drawing below (Figure 4.19). During contact this thin film can create a
thin water layer inside the microstructures, which allows the diffusion of the PLL-gPEG along the microwell surface. We also observed that many microstructures
seemed to resist protein absorption in the upper part of the microwell, which supports
the proposed mechanism; this has never been observed using dry stamping methods.
We furthermore observed that those areas, in which the microwells seemed to be
coated to a certain extent with PLL-g-PEG, were generally more resistant to the
adsorption of proteins. This led us to the conclusion that this water film might be
beneficial for the transfer and binding of the molecules to the surface. This means that
the quality of the stamping is defined by two counteracting effects, with an optimum
situation corresponding to the formation of a homogenous film all over the contacting
surface, but with a thickness thin enough to prevent complete wetting of the
microwells.

Figure 4.19

Model of the mechanism by which a thin water film between the hydrogel and the
contacted surface influences the passivation. The thin water film might spread
between the two surface and lead to a non-uniform coating of the microwells, but
might also facilitate the adsorption of PLL-g-PEG.

The best results were achieved when the stamp was first briefly contacted with a
flat surface, e.g. a Petri dish, before stamping the structured PS surface; optimum
contact time was 15 minutes.
We usually found regions (20% to 50% of the stamped area) on the sample that
were completely resistant to protein adsorption on the plateau and had a homogenous
protein coating on the inner surfaces of the microwells. The image in Figure 4.18
refers to such a region where a selective functionalization of the plateau had occurred.
This case also demonstrates that the stamp is able to span across very shallow
structures.
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4.8.2.3 Wet stamping of PDMS using low-water-content gels
In addition, hydrogel stamps were used on microstructured PDMS surfaces, which
were oxidized by an air plasma right before use. Printing on two different
topographies was investigated: PDMS structures with micrometer-sized wells
separated by the plateau surface and PDMS surfaces with an inverted topography.
Experiments of stamping onto structured PDMS surfaces showed that the risk of the
microwells being passivated with PLL-g-PEG was much reduced. This can be
attributed to a different wettability of the PDMS surface in comparison to PS. As
mentioned above, the hydrophobicity increases with time after the plasma treatment,
and this may help to protect the inner well surfaces from becoming coated with the
polymer.

Figure 4.20
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CLSM MIP image. PLL-g-PEG loaded hydrogel was used as stamp on
microstructured PDMS (exhibiting wells, inset top right). The passivation was
evaluated by the adsorption of fibronectin (green). The area shows a region where a
very selective passivation of the top of the structures can be observed. The top
shows a cross section taken at the white line.
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The homogeneity of the passivated plateau surface was also much improved, when
compared to PS as the substrate material. It was possible to create a selective
functionalization over large areas of the contacted surface. Still some issues of
reproducibility remained and could so far not be completely resolved. An alternative
approach is based on the observation that stamping tended to be more successful if the
stamp was at the bottom and the structured surface was placed on top of it. It is likely
that wetting of the microstructures was reduced in this case due to gravitational
effects, and that the trapped air inside the microstructures prevents the water film
from creeping into the microwells. An interesting approach, which we have not tested
so far, is to first completely dry the surface of the stamp, either by a stream of
nitrogen or by drying it with kim wipes or dust free cotton balls, contacting the stamp
with the structured surface upside down and then applying a small pressure from the
top. This might lead to a pressure inside the stamp, which results in the pressing out of
some water and dissolved PLL-g-PEG. By choosing the right pressure it should be
possible to generate exactly the right conditions to achieve the right thickness of the
water film and guarantee a good passivation of the surface with a successful
selectivity to the top.
4.8.2.4 Stamping on inverted topographies
We have also investigated the stamping on inverted (negative) topographies,
characterized by micropillars rather than microwells, see inset in Figure 4.21. Because
the fraction of the contact area is much smaller in this case, the wetting and adsorption
mechanisms are likely to be different. These experiments have been performed using
the high-water-content gels and a bisacrylamide concentration of 0.26%, contact time
15 min. It was possible to selectively coat the top of the pillars with PLL-g-PEG, as
can be seen in Figure 4.21 showing the border of the stamped region. The passivation
of the PDMS pillars was very good and no adsorption of fibrinogen could be detected.
Across the contact area different regions were detected. At the border of the stamped
region the contact was very selective to the top of the pillars, while in the center the
stamp seemed to have contacted the lower surface between the pillars due to sagging.
In these latter areas the side walls of the pillars were coated with fibrinogen and
surrounded by a diffuse halo of fibrinogen, see (Figure 4.22a).
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CLSM MIP image. PLL-g-PEG loaded hydrogel was used as stamp on
microstructured PDMS (exhibiting pillars, inset top right). The passivation was
evaluated by the adsorption of fibrinogen (green). The area shows a region at the
border of the contact area where a very selective passivation of the top of the
structures can be observed (upper region of the image). The top shows a cross
section taken at the white line.

A second type of topography characterized by an hexagonal array of pillars,
diameter 5 μm, spacing 5 to 30 μm was also tested. Such surfaces have interesting
applications as force sensor arrays (Tan, Tien et al. 2003). A fluorescently labeled
PLL-g-PEG was used to stamp and visualize directly the distribution of the stamped
layer. It turned out that it was feasible to passivate exclusively the top of the pillars
provided the distance between the pillars was below 15 μm; pillar surfaces with larger
spacings were found to become fully passivated. This can be attributed to sagging of
the stamp. Another interesting finding was that it was not possible to detect the
fluorescent PLL-g-PEG signal on the surface. The signal was distributed throughout
the whole volume between the wells. This is an artifact which derives from the
mounting of the samples. Obviously the PLL-g-PEG desorbs when immersed in
immoglue and dissolves in the glue. To visualize a fluorescent PLL-g-PEG the
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surfaces have to be investigated under buffer to eliminate this artifact. The sagging
problems observed should easily be resolved by the use of harder gels with lower
water content, as described in section 4.8.2.2.

Figure 4.22

CLSM MIP images: A) PLL-g-PEG printed on top of PDMS microstructures and
backfilled with fibrinogen (green). The image shows a region where the stamp
sagged and contacted the region between the pillars which led to the halo. B) A
micropillar array which was stamped with fluorescently labeled PLL-g-PEG (red)
and backfilled with fibrinogen (green). The stamped top was rendered resistant to
the adsorption of fibrinogen, but obviously the PLL-g-PEG was removed from the
surface and dissolved in the mounting media.

Additionally, it would be interesting to use the hydrogel stamping method using a
microstructured stamp and print on flat surfaces. It is possible to cast the hydrogel on
top of an inert surface, e.g., a micromachined Si, to produce the stamps. We have
already tried to cast the hydrogel on top of microstructured PDMS, but the structures
could not be replicated properly, as described in more detail in Chapter 3. This might
be a consequence of the interaction of the PDMS surface with the crosslinking
reaction, as discussed in Chapter 3.7.2.

4.9

Additional approaches investigated

Additional approaches were only investigated briefly and then abandoned because
they appeared to be less promising. An approach relying on the SMAP process
showed the feasibility of generating an inorganic contrast of TiO2 on microstructured
glass. The microstructured glass was received from University of Neuchâtel and
showed wells with a diameter of 90 and a depth of 15 μm. The lowest adhesion on the
plateau surface of the TiO2 coating, which was deposited by magnetron plasma
sputtering at PSI, was achieved when the glass was stamped with a flat PDMS stamp
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onto which previously a thin layer of uncrosslinked silicone monomer (Sylgard 184)
was painted using a cotton Q tip. For this protocol, plasma cleaning must be omitted
prior to the coating, because otherwise the non adhesive layer would be removed.

Figure 4.23

Schematic drawing of additional approaches investigated. Left: wetting of the
plateau surface of a microstructured glass by thin layer of solution introduced in a
gap by capillary force. Right: Creation of an inorganic contrast of TiO2 inside the
microstructures by lift-off, surrounded by the glass surface. This could be used for
further selective functionalization using the SMAP technique developed by Michel
et al.(Michel, Lussi et al. 2002).

After coating, the glass chips were agitated in acetone using ultrasonication. This
procedure only partially removed the top TiO2layer. Subsequent scrubbing of the
surface using a Q tip was more successful in lifting off most of the TiO2 layer, but
patches remained where the surface was not thoroughly scratched (Figure 4.24b).
After the SMAP process the resulting surface showed the typical selectivity for the
adsorption of proteins. The microfabrication of glass is relatively difficult, expensive
and has some limitation in the shapes of microwells that can be etched. Coating of
TiO2 on microstructured polymers, which was one of the direction we had decided to
follow, turned out not to be straightforward, also decreasing the practicality of the μ3D cell culture surfaces for use in biological labs that may not have access to PVD
coating facilities.
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Figure 4.24

A) CLSM z-stacks of glass microstructures after the functionalization of the plateau
surface with PLL-g-PEG by capillary drag of a solution and subsequent adsorption
of fibrinogen (green). The successfully passivated area at the border is shown. B)
SMAP functionalization of a topographically structured glass surface, the TiO2 has
been removed by a lift-off method. Small patches of TiO2 can still be seen on the
plateau.

The approach based on capillary forces to drag a thin film of PLL-g-PEG solution
between the microstructured glass surface and a flat glass surface turned out to be
feasible in terms of passivation of the plateau surface without wetting the
microstructures (Figure 4.24a). However, due to depletion of the solution a
passivation was achieved in the first millimeter from the border of the chip only. Later
trials using microstructured polystyrene demonstrated that it was crucial to work with
a perfectly flat surface, which was not feasible with hot-embossed surfaces.
Therefore, this approach was also abandoned, but it was these findings that lead to the
idea of using a hydrogel to stamp PLL-g-PEG, as described in Chapter 4.8 .

4.10

Conclusions

We have screened a range of different methods to produce a selective
functionalization of topographically structured polymer surfaces. Several turned out to
be either impractical or of limited reproducibility. The most promising approach
turned out to be inverted microcontact printing using a wet stamp, polyacrylamide
hydrogels containing 66% of water and 1 mg/ml PLL-g-PEG, on oxygen treated
PDMS microstructured surfaces, contact time 15 min.
Using the hydrogel printing method, we discovered a very promising way to
achieve our goals and to continue with further cell tests, which are described in

91

Chapter 4

Inverted Printing Methods

Chapter 5 and 6. Some problems with quality and reproducibility remained (see
Section 4.8.2.2 and 4.8.2.3): it is likely that those problems can be solved by further
optimization of the process. It may also be a promising method to print other
hydrophilic molecules, e.g., delicate proteins in a hydrated environment thus reducing
problems with denaturation(Michael, Vernekar et al. 2003; Lahiri 2004).
For other applications, where the full passivation is not needed, several of the
methods described here might be useful. Especially when these methods are applied to
inverted topographies (pillars instead of wells) it should be possible to generate arrays
of functionalized pillars in a relatively easy way. This would allow the selective
functionalization of the pillars with proteins, polyelectrolytes or graft co-polymers
exhibiting specific biologically relevant functions or binding sites for the subsequent
immobilization of proteins, DNA or vesicles(Svedhem, Pfeiffer et al. 2003; Stadler,
Falconnet et al. 2004).
The methods described allow the fast production of biologically relevant patterns
on topographically structured surfaces which have previously been replicated. It is
unique in comparison to standard microcontact printing methods, because the pattern
geometry is defined by the substrate and not stamp. Hot embossing and injection
molding are both standard techniques for the production of cheap surfaces exhibiting
topographical features (a CD is an example of a plastic surface which shows
micrometer features in the range of interest). The later functionalization does not
require any microfabrication and there is no geometrical distortion due to the use of a
soft stamp material, contrary to soft lithography, where such distortions are a
frequently experienced problem when working with structured PDMS stamps. In
terms of applications, the inverted contact printing could for example be applied to
produce cost-effective DNA or protein microarrays(Heller 2002; Mitchell 2002;
Howbrook, van der Valk et al. 2003).
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CHAPTER 5
5 Effect of μ3-D adhesion of MDCKs on
polarization of single epithelial cells

The work described in this chapter has been done in collaboration with the
following people: Dominik Schläpfer, Luzia Reutimann, Judith Zaugg, Aldo Ferrari,
Ruth Kroschewski, Marcus Textor

5.1

Introduction

5.1.1 Polarization and Morphogenesis
During the evolution of multi-cellular organisms cell communities specialized into
complex 3-D functional units, called organs. Organs form through coordinated cell
organization, proliferation, migration and differentiation. They exhibit specific forms
and structures, precisely adapted to their function(Ingber 2000). The relation between
form and function has fascinated scientists from numerous disciplines for at least two
millennia(Aristotle 300 BC; Thompson 1917; Ingber 2005). The hierarchy of
boundary conditions from the blueprint of the DNA to the irreducible structures of life
forms are the very basic principles of life itself(Polanyi 1968).
Adequate cell adhesive properties are required for most developmental processes
generating a multi-cellular organism. In particular, cell adhesion is critical to the
formation of coherent sheets of cells or epithelia(Schock and Perrimon 2002).
Subsequent complex changes in the organization of epithelial sheets, which include
changes in cell shape and cell motility, eventually generate the diversity of body
shapes found in the living world. Thus understanding the mechanisms that drive the
cellular rearrangement of epithelial sheets is fundamental to understanding
morphogenesis. Epithelial morphogenesis is a complex multistep process, each part of
which needs to be carefully coordinated and integrated in order to achieve the
appropriate biological outcome.
Epithelial cells constitute active interfaces between the outside and inside of an
organism. Fully polarized epithelial cells, of cuboidal shape that is in general taller
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than wide, self organize themselves into a monolayer of cells, in which each cell is in
a resting phase of the cell cycle (i) and with a distinct morphological organization
(Figure 5.1).

Figure 5.1

Scheme of an epithelial monolayer of a 3-D cyst showing the main connections to
other cell and the ECM. Reproduced from Kroschewski(Kroschewski 2004).

The plasma membrane domain is parted into two domains that are separated by
tight junctions (ii)(Matter and Balda 2003). The apical domain faces the cell medium
or outside world of an organisms and the basolateral domain is in contact with
neighboring cells and the extracellular matrix (ECM) (iii). Below the tight junctions
E-cadherin molecules(Wodarz 2002; Wang, Wylie et al. 2005) adhere the lateral
domains of cells together (iv). Integrins(Schwartz 2001; Brakebusch and Fassler
2003) (ECM receptor), part of the basolateral domain, are relevant for the interaction
of the cell with the ECM (v). The nucleus localizes in the basal part of the cytoplasm
(vi) and the golgi apparatus between the nucleus and the apical plasma membrane
domain (vii). Microtubules run longitudinally with their plus ends towards the apical
domain (viii). Actin filaments(Revenu, Athman et al. 2004) are organized in the apical
domain into parallel bundles constituting microvilli (ix). This structural organization
is the result of a development and dependent on cell-cell contacts. The exact
molecular pathways linking the diverse polarization aspects as dependent responses
from external cues are not yet known. Cell polarity has been studied in a variety of
biological systems, like budding yeast or epithelial cells, reviewed by Drubin et
al.(Drubin and Nelson 1996).
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MDCK cells, dog kidney epithelial cells, represent a well characterized
experimental system, in which many marker proteins and stable cells lines have been
established. These cells differentiate in vitro into a fully polarized monolayer with the
characteristics described above (i – ix)(Kroschewski 2004). When epithelial cells are
grown in culture two different methods are commonly used, see Figure 5.2 for an
overview of how the polarization is established over time (reproduced from Mostov et
al.(Mostov, Su et al. 2003). Fully polarized monolayers can be grown on artificial
filter supports, on which a polarized morphology can be achieved with the apical
surface is in contact with the culture medium and the basal surface with the support.
Another widely used model is the culturing of epithelial cells inside a 3-D gel of
extracellular matrix proteins(Weaver, Petersen et al. 1997; Weaver, Lelievre et al.
2002; Wozniak, Desai et al. 2003), like collagen. In this case the cells will form a
lumen in the developing aggregate which correlates with formation of an apical
surface. The apical surface is inside the cyst and the basal surface is in contact with
the gel and the media. It has been observed that the function of the cell is different
when grown in 3-D gels with variable mechanical properties(Wozniak, Desai et al.
2003). How forces or mechanical properties of the substrate act on epithelial cells is
still not fully understood and has been investigated for example by the use of
micropillar arrays(Tan, Tien et al. 2003; Saez, Buguin et al. 2005). Complex patterns
of epithelial cells have also been directly placed/printed inside 3-D collagen gels to
fuse into engineered biological structures, like spheroids, which retain their organ like
functionality in culture(Jakab, Neagu et al. 2004).
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Developmental plasticity and orientation of epithelial polarity, taken from Mostov
et al.(Mostov, Su et al. 2003). Development of polarity on an artificial (filter)
support (a–d) or in ECM culture (e–j). a, Cells are initially not in contact and only
minimally polarized. b, When cells contact (for example, after raising extracellular
calcium to physiological levels), cells develop initial cell–cell junctions, which
function as a targeting patch. c, E-cadherin and nectin are recruited to the lateral
surface. We speculate that they recruit the exocyst (yellow) from the cytoplasm to
the lateral membrane. d, The lateral surface then expands and tight junction
components become concentrated at the apicalmost portion of the lateral surface.
The cell becomes fully polarized along an apicobasal axis (grey arrow). The
location of the tight junction near the apical surface, as well as the structure of the
junctional complex, reflect the apicobasal polarization of the cell. e, Initially a
single cell is relatively non-polarized and in an isotropic environment. f, The cell
divides several times and a nascent lumen forms, with the apical surface of the cells
facing this lumen. Laminin is synthesized by the cells and deposited around the
periphery of the cyst in a network (orange), providing a cue to coordinate
orientation of all the cells. g, Eventually a mature cyst develops. The apicobasal axis
is orientated, as shown by the grey arrows. h, Treatment with HGF causes some
cells to form large basolateral extension. Basolateral membrane traffic is directed
into this extension, while the cell retains apicobasal polarization94. i, Cells divide
and form a chain of migrating cells that have lost apicobasal polarization75. j, Cells
repolarize to form a new tubule.

These culture models have revealed many interesting pathways of how polarization
is established, but their use to investigate the exact spatio-temporal sequence of events
is somewhat limited. Because the polarization occurs in parallel to a reorganization of
the morphology and shape of the cells it is difficult to decouple the effects of the
formation of contacts to ECM and neighboring cell from the changes in cell shape and
mechanical interactions with their environment (neighboring cells or the ECM). The
studies from Meder et al. have nicely shown that certain polarization events occur on
a single cell level at very early time points after contact with an ECM coated
100

Chapter 5

μ-3D Adhesion and Polarization of Epithelial Cells

surface(Meder, Shevchenko et al. 2005), while other events only occur after the
formation of cell-cell contacts, which occurs together with a change in cell shape, as
seen in the drawing below (Figure 5.3).

Figure 5.3

Early polarization events. Taken from Meder et al.(Meder, Shevchenko et al. 2005).
Overview of gp135 localization during the polarization of MDCK cells. Single,
resuspended MDCK cells display an even distribution of plasma membrane
proteins. Upon contact with a solid support, the cells establish a dynamic basal
perimeter that includes apical membrane proteins (green) but not gp135 (red). When
the cells flatten out and migrate toward each other, the basal plasma membrane and
the edges of migrating cells are devoid of gp135. Upon cell–cell contact, gp135
disappears from the contacting membranes while other apical proteins remain.
Apical-basolateral segregation starts at around 24 h and is completed after 3 d. In
terminally polarized cells, gp135 is confined to a subdomain of the apical
membrane that excludes the outer rim and the center surrounding the site of
outgrowth of the primary cilium. Note that the membrane of the primary cilium
(black) is devoid of classical apical marker proteins.

In this thesis we have developed a new culture model, which is able to address the
issue of polarization of single epithelial cells in a novel way. The μ3-D cell culture
method allows the control of the cell shape independently of the contact to
neighboring cells or adhesion to flat surfaces. It is a combination of
microfabrication/replication techniques to produce arrays of microwells, as described
in more detail in Chapter 3. The use of a patterning method to selectively coat the
surface of the microwells with a molecule of interest, while the surrounding plateau
surface is rendered resistant to protein adsorption, allows accommodation of cells
exclusively in the microwell (Figure 5.4).
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μ3-D culturing of single cells. The surface of the microwells exhibits cell binding
properties, while the PEGylated plateau surface inhibits adsorption of proteins and
attachment of cells.

5.1.2 Preliminary cell experiments
First experiments using microfabricated PS chips were performed to test the
feasibility of the μ-3D cell culture concept and of the passivation of the plateau
surface, with the aim to restrict adhesion of the cells to the microwells, using different
stamping methods, see Chapter 4. We also investigated to what extent the 3-D shape
of cells can be controlled using different dimensions of microwells to find optimal
condition for later experiments addressing the polarization of single cells.

5.1.3 Concept of single cell polarization experiments
The aim of this part of the thesis was to investigate which aspects of the polarized
organization of epithelial cells can develop cells autonomously. In other words, which
are the polarization aspects that strictly depend on cell-cell interactions? In particular
we wanted to investigate the following questions:
To what extent can epithelial cell polarization be induced if single epithelial cells
are forced into a shape comparable to the one found in a confluent monolayer?
Is the cell cycle phase dependent on the shape of a cell?
Tagging proteins with variants of the aequora protein family allows the
investigation of the temporal and spatial distribution of these proteins in live cells. We
have investigated the reaction of single cells plated into microfabricated wells of two
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relevant MDCK cell lines expressing either a GFP-tagged plasma membrane marker
protein or GFP-tagged E-cadherin investigated both in fixed samples and live with
video-microscopy.
In addition we analyzed control samples cultured on glass coverslips as a confluent
monolayer and subsequently fixed, and compared those to cells grown in microwell
arrays of different shapes using indirect immunostaining techniques. We analyzed
whether or not the plasma membrane is polarized by detecting the localization of
apical, basolateral marker proteins (gp114 and gp58 respectively), f-actin and ECadherin localizations.

5.2

Experimental

5.2.1 Fabrication of PS microwell arrays
Using a combination of Si microfabrication, replica molding of PDMS and hotembossing of polystyrene (PS) we produced surfaces exhibiting arrays of microwells.
The geometry of the wells (form, volume, aspect ratio) could be varied and large
numbers of chips were produced with consistent quality (Figure 5.5). A first series of
experiments were performed on chips exhibiting circular microwells with a diameter
of 10, 15 or 20 μm, depth approximately 13 μm depending on the diameter(Chung
2004) (see Appendix Figure A.4 for the exact design of the chips). In later
experiments Chip C1 (see Appendix, Figure A.1) was used, which exhibits circular
microwells with different diameters between 10 and 16 μm on each chip and also a
collection of various other shapes in a small region in the center. It was important to
flatten the chips before the subsequent step of plateau passivation stamping, and to
facilitate microscopy analysis. See Chapter 3 for a detailed description of the
fabrication method.
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SEM images of microwell arrays in hot-embossed PS chips, samples tilted 30°. A)
Array of circular wells, diameter 20 μm. B) Close up view of a single microwell,
diameter 15 μm, depth approx 13 μm. C) single microwell, diameter 10 μm, depth
approx 12 μm.

From the hot embossed PS films, samples (1 x 1 cm) were cut out, ultrasonicated
in isopropanol and ultra pure water for 5 min each and finally treated in an oxygen
plasma (PDC-32G from Harrick Scientific Corporation, 0.1 mbar, 30 s) right before
stamping.

5.2.2 Selective surface functionalization
To render the plateau surface of the PS chip resistant to protein adsorption and cell
adhesion, PLL-g-PEG was applied by the inverted microcontact printing (inverted
μCP) method as described in Chapter 4. First experiments were done using a flat
PDMS stamp, cast on a Si wafer, as described in Chapter 4.7. Briefly an oxidized
PDMS stamp was immersed in a PLL-g-PEG solution, 0.1 mg/ml in Hepes2 (10 mM
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid and 150 mM NaCl, adjusted to
pH 7.4 using 6 M NaOH solution) for 30 min, washed with ultra pure water and dried
under a stream of N2. Then the stamp was placed on top of the oxidized PS chip. To
ensure a good contact of the stamp with the PS surface the stamps were shortly
pressed down using tweezers. After 20 min the stamp was removed, rinsed in ultra
pure water and reimmersed in PLL-g-PEG solution to be used again. To increase the
amount of transferred materials the procedure was repeated 4 times. After the final
stamping, the PS chip was washed in ultra pure water, dried under a stream of N2 and
stored in the fridge until the start of the cell experiment within the next 24 h.
Due to the problems experienced with PDMS stamps as described in Chapter 4.7,
later experiments were performed using a hydrogel based method for stamping PLLg-PEG, see Chapter 4.9. Briefly, a polyacrylamide (PAAm) hydrogel containing
dissolved PLL-g-PEG was cast and cured between two glass slides with a glass spacer
of 1 mm. The PAM pre-gel solution contained 66% PBS 1x and had a crosslinker
density of 0.26 % w/w. Before casting 50 μl of a PLL-g-PEG solution (20mg/ml in
PBS 1x) was added to 1 ml of PAM pre-gel solution and the crosslinking reaction was
started by the addition of 10 μl of APS and 2 μl of TEMED. After 1 hour the gel was
demolded, cut into smaller pieces (8x8 mm) and directly used to stamp the PS chips
(5 to 25 min, no pressure), which were previously exposed to oxygen plasma (PDC32G from Harrick Scientific Corporation, 0.1 mbar, 30 sec) to create negative charges
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at the substrate surface. A sufficient negative charge at the substrate surface is a
prerequisite for the electrostatically driven adsorption of the positively charged
backbone of the PLL-g-PEG resulting in a full monolayer which resists non-specific
adsorption of proteins(Pasche, De Paul et al. 2003). The samples were stored in buffer
until the start of the cell experiment.

5.2.3 Cell culture and immonstaining
5.2.3.1 Precoating of the wells
Prior to cell seeding the chips were placed in a 24 well plate (area of each well 2
cm2) and immersed in the culture medium containing 10% fetal calf serum (FCS) for
30 min to 2 hours to coat the walls of the microwells with serum proteins.
5.2.3.2 Preliminary cell culture experiments on PDMS stamped PS chips
MDCK II cells were cultured in modified Eagle's medium (MEM) supplemented
with 10% fetal calf serum (FCS), GlutaMAX™-I (Gibco, Invitrogen) and antibiotics.
To guarantee single cells in suspension before seeding trypsinisation was carried out
until the majority of cells detached from each other. Repeated knocking of the falcon
tube, containing the cell pellet (after centrifuging), against a hard surface improved
this. After trypsinisation the cells were seeded at a concentration of 1 x 105 cells/well
onto the PS chips (10, 15 and 20 μm diameter), stamped using repetitive printing with
a flat PDMS stamp. 1 ml per well was used. After 1 h of culture the media was
exchanged to remove non-adherent cells.
After 4 h and 48 h of culture on the PS chips, the cells were processed for
immunofluorescence using a modification of the procedure of Reinsch and
Karsenti(Reinsch and Karsenti 1994). The cells were washed in warm MTSB (80 mM
PIPES pH 6.8, 5 mM EGTA, 2 mM MgCl2) followed by 5 min in warm 3% PFA in
MTSB and 5 min in warm 3% PFA, 0.25% saponin in MTSB. All the subsequent
steps were performed at RT. The cells were blocked for 1 hr in 2% BSA and 0.1%
saponin in PBS, and then incubated with primary antibodies against α DM1 (to stain
microtubules). The cells were washed and incubated with secondary antibodies
labeled with Alexa 595 to detect α DM1 and with FITC-phalloidin diluted in blocking
solution to stain filamentous actin. The cells were washed 4 times over a period of 30
min in blocking solution and then the chips were mounted (cells down) in
Moviol/SlowFade (Molecular Probes, S-7461) on a glass cover slip (24 x 40 mm).
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5.2.3.3 Stably transfected cell lines on hydrogel stamped PS chips
Stably transfected MDCK strain II cells expressing His- and monomeric YFP
(YFP, yellow fluorescent protein)-tagged MLCCMRRTKQVEKNDE fragment of
GAP-43(Zacharias, Violin et al. 2002), a plasma membrane marker) or cells
expressing GFP (GFP, green fluorescent protein)-tagged E-cadherin were maintained
in MEM supplemented with 1% glutamine, 1% penicillin/streptomycin, 10% fetal calf
serum (FCS), and 0.6 g/l G418 (PAA Laboratories). After trypsinisation the cells were
seeded at a concentration of 1.87 x 105 cells/well onto the PS chips (10, 15 and 20 μm
diameter), stamped using the hydrogel method. 1 ml per well was used. After 4 h of
culture on the PS chips, the cells were fixed and directly mounted, as described above,
without immunofluorescence
5.2.3.4 Reference experiments on glass coverslips
MDCK II cells were cultured in modified Eagle's medium (MEM) supplemented
with 10% fetal calf serum (FCS), GlutaMAX™-I (Gibco, Invitrogen) and antibiotics.
After trypsinisation the cells were seeded at a concentration of 1x 105 cells/cm2 onto
glass coverslips, which were placed in a 12 well plate. After 4 days of culture the
samples were processed for immunofluorescence. The cells were fixed as described
above. The first samples were incubated with primary antibodies against α gp114 (an
apical marker). The cells were washed and incubated with secondary antibodies
labeled with Alexa 595 to detect α gp114 and with FITC-phalloidin diluted in
blocking solution to stain filamentous actin. The second samples were incubated with
primary antibodies against α gp58 (a baso-lateral marker) and against α CLIP170
(stains the ends of growing microtubules). The cells were washed and incubated with
secondary antibodies labeled with Alexa 488 to detect α gp58 and Alexa 595 to detect
α CLIP170. The samples were washed 4 times over a period of 30 min in blocking
solution and then the coverslips were mounted on a glass slide in Moviol/SlowFade
(Molecular Probes, S-7461).
5.2.3.5 Polarization experiments on hydrogel stamped PS chips, new design
MDCK II cells were cultured in modified Eagle's medium (MEM) supplemented
with 10% fetal calf serum (FCS), GlutaMAX™-I (Gibco, Invitrogen) and antibiotics.
After trypsinisation the cells were seeded at a concentration of 2 x 105 cells/well (the
chips were places in a 12 well plate) onto the PS chips (Chip C1, showing circular
wells with a diameter between 10 and 16 μm), stamped using the hydrogel method,
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contacted for 25 min. 1 ml per well was used. After 2 h of culture the media was
exchanged to remove non-adherent cells.
After 4 h and 16 h of culture on the PS chips, the cells were processed for
immunofluorescence. The cells were fixed as described above and then incubated
with primary antibodies against α gp58 (a baso-lateral marker) and against α CLIP170
(stains the ends of growing microtubules). The cells were washed and incubated with
secondary antibodies labeled with Alexa 488 to detect α gp58 and Alexa 595 to detect
α CLIP170. The cells were washed 4 times over a period of 30 min in blocking
solution and then the chips were mounted (cells down) in Moviol/SlowFade
(Molecular Probes, S-7461) on a glass cover slip (24 x 40 mm).

5.2.4 CLSM analysis and 3-D reconstruction
All samples have been imaged using a Leica confocal microscope SP2 AOBS
using 488, 514 and 594 nm excitation and a 63x 1.4NA Oil HC Plan-Apo objective.
The setup to image the cells grown on the microstructured surface is shown below
(Figure 5.6). It was important that the gap between the coverslip and the PS surface
was small enough for the working distance of the objective. This could generally be
achieved by the use of a minimal amount of mounting media (10 to 20 μl, depending
on the exact size of the chips). The coverslips were fixed by springs to an aluminum
frame (size of a standard glass slide and a 22 x 36 mm rectangular aperture) to fit into
the microscopy stage and allow access of the objective.
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Figure 5.6

Schematic diagram of microscopy setup. The fixed cells grown on microstructured
PS chips were mounted upside down on a glass coverslip and image from below
through the class coverslip and the mounting media.

The cells grown on coverslips were imaged through the coverslip which was
mounted on a glass slide, which functions only as a mechanical support for mounting
on the microscope stage and sample handling.
The 3-D reconstructions were done using the Bitplane Imaris software and the
images were assembled using Adobe Photoshop and Macromedia Flash.

5.2.5 Live microscopy setup
We have investigated different methods for live microscopy using transfected cell
lines. Because of the thickness of the PS chips oil-immersion objectives could not be
used to image live cells from below. We have therefore tried to use an upright
microscope, Zeiss AXIO imager M1m using a Zeiss achroplan 63x/0.8 objective,
using a small culture chamber with controlled temperature and CO2.
We have also tried to image through the PS using a Delta Vision Spectris epiflurescence based system and a long distance objective or on fixed cells with an oil
immersion objective. The system is based on an Olympus microscope that is equipped
with a temperature controlled incubator box (Solent Scientific) and a very precise
motorized X-Y-Z stage. The images were further processed by deconvolution.
None of the methods turned out to produce image stacks with a sufficient quality to
detect the distribution of subcellular components in detail. Deconvolution turned out
to be difficult because of the microstructured PS chips, which led to additional
artifacts during the image processing. Only CLSM of fixed cells using high NA
objectives could achieve the needed quality, as shown below. In Chapter 6 another
μ3-D culture device is introduced which allows live microscopy using CLSM, but
stage incubators for the microscopes are needed for long term experiments.

5.3

Single cell arrays and control of cell shape in μ-3D cell
cultures

5.3.1 First results
We have successfully grown single MDCK cells inside circular microwells of
different diameter. The preliminary experiments have shown that generally multiple
cells could be found inside larger wells. This can easily be explained by the fact that
the chances of a cell to randomly find a larger well are higher and they might fall into
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the well and are thus protected from being washed away. None of the two methods to
restrict adhesion of the cells to the microwells only, using repetitive printing with a
PDMS stamp or the hydrogel stamping method, were found to be consistently
reproducible. The gel stamping turned out to be more reliable and more practical. See
Chapter 4 for a detailed description of the limits of the two procedures. Still there
were areas that were successfully passivated with PLL-g-PEG; investigations of those
areas allowed us to assess how the μ3-D cell culture method can be used to address
the issue of controlling the 3-D shape of single cell. Figure 5.7) shows such an area.
One observes a large number of YFP-cells (stably transfected with a plasma
membrane marker) that have grown inside circular microwells with a diameter of 15
μm after 4 h. No cell spreading on the plateau surface, which was stamped using the
hydrogel method, could be observed. The YFP provides clear information on the 3-D
shape of these cells, although it was not always straightforward to judge whether a
single cell or multiple cells were present. The well in the corner in the back of Figure
5.7 is probably occupied by two cells, a cell pair that already formed in suspension.
The trypsinisation of the cells was never 100% successful to achieve only single cells
in suspension. This could be improved by the knocking method described above and
also the use of subconfluent cells in the experiment. Differences in the exact shape
and volume of the individual cells can be observed though.
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μ-3D Adhesion and Polarization of Epithelial Cells
3-D reconstruction of CLSM stack of stably transfected (YFP-plasma membrane)
MDCK cells cultured 4 h on a PS microwell array, circular microwells of 15 μm
diameter. Most wells are filled by a single cell. No spreading of the cells on the
plateau surface was observed. In the back corner a well seems to be occupied by
two cells. Grid spacing 20 μm.

5.3.2 Different culture times - 2-D vs. 3-D
In Figure 5.8 a cell is shown which has grown for 4h hours on an area outside the
stamped region, it was thus adhering and spreading on the flat PS surface. By the use
of immunofluorescence of tubulin and f-actin and 3-D confocal microscopy a clear
picture of the 3-D shape of the cell can be obtained. The lowest plane shows the
typical image of a spread cell, which has a lateral dimension of approximately 40 μm.
Both, the actin cytoskeleton (also distinct stress fibers at the cell periphery) and the
microtubule cytoskeleton can be seen clearly inside the lamellipodia of the cell, which
is shown in the first two planes (Figure 5.8 A-0.0 and A-1.2). Looking at the whole 3D volume of the cell (Figure 5.8 B-D) the exact shape can be observed more clearly.
The major part of the volume of the cell is above the surface and at this time point still
shows a very rounded shape. The volume seems to be mainly occupied by the
nucleus, seen by the absence of both signals from the cytoskeleton. Both the actin and
the tubulin are present around the nucleus. The height of the cell was 10 μm. Later
time points (20 h and above) showed a much more flattened morphology of the cells
and the nucleus was more deformed, results not shown here.
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3-D reconstruction of a CLSM stack of a MDCK cell grown for 4 h on a flat surface
(outside the stamped region). Actin (green), microtubules (red). Recorded using the
Leica microscope (grid spacing 5 μm). A) Different z-planes. B to D) different
views of the 3-D reconstruction done using software Imaris using a MIP projection.
The cell has spread up to 40 μm and formed a nice lamellipodium which contains
actin stress fibers and a clear mesh-like microtubular network (A-0.0 and A-1.2).
The 3-D reconstructions clearly show the shape of the cell. The main volume is
above the surface and has a rounded morphology due to the volume of the nucleus.

The next example, Figure 5.9, shows a cell on the same chip which adhered inside
a microwell, diameter 10 μm. The image looks entirely different. As can be seen from
the 3-D reconstructions the whole volume of the cell could not be accommodates by
the well, a major fraction of the cell was bulging out. The cell also seems to not
completely fill the lower part of the microwell (see Figure 5.9 A-0.0 and D). The
position of the nucleus was mainly above the microwell. Obviously the well was too
small to accommodate entire cell. No lamellipodia or other typical structures as in the

111

Chapter 5

μ-3D Adhesion and Polarization of Epithelial Cells

cell above (Figure 5.8) could be observed. This shows that the μ3-D cell culturing
concept is able to completely change the morphology of a cultured single cell and
restricts 2-D spreading. Interestingly, the signal of the microtubules was only detected
in the upper part of the cell, but this effect was not investigated any further.

Figure 5.9
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3-D reconstruction of a CLSM stack of a MDCK cell grown for 4 h inside a circular
microwell (PS stamped with PDMS, diameter 10 μm). Actin (green), microtubules
(red). Recorded using the Leica microscope (grid spacing 5 μm). A) Different zplanes. B to D) different views of the 3-D reconstruction done using software Imaris
using a MIP projection. The cell has only partially grown inside the microwell and
bulges out from it, due to a difference in volume of the well and the cell. The cells
did not spread on the plateau surface due to a successful passivation. Distinct actin
structures can be observed in the lower part of the volume, which originate from
protrusions oriented downwards into the microwell. Interestingly the signal from the
microtubules was only detected in the upper part of the cell outside of the
microwell.
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Later time points, 48 h, under the same culture and staining condition have
revealed another interesting aspect of the morphology of these cells. As shown in
Figure 5.10, the cells seem to have divided and proliferated, thus a small cluster of
cells (probably 4 cells, as can be judged by the number of nuclear structures with an
absence of cytoskeletal signals) has formed, with the cells adhering to each other,
while at the bottom they adhere only to the microwell. No spreading was observed,
because of a successful passivation of the plateau surface. It is interesting to note that
these cells survive for 48 hours merely adhering to a small (10 μm diameter)
microwell without spreading and are viable. Obviously these cells do not go into
apoptosis under these conditions. Other studies by Chen et al.(Chen, Mrksich et al.
1997) using endothelial cells on 2-D patterns of different dimensions have shown that
at low spreading these cells switch into apoptosis below a certain threshold. It is
unclear to what extent this depends on the cell type, as has been described in the thesis
of Didier Falconnet(Falconnet 2005) or the dimensionality of the microwell.
However, our main goal was to produce structures that host single cells. We
therefore focused on shorter culture times for the further studies.
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3-D reconstruction of a CLSM stack of a MDCK cell grown for 48 h inside a
circular microwell (PS stamped with PDMS, diameter 10 μm). Actin (green),
microtubules (red). Recorded using the Leica microscope (grid spacing 5 μm). A)
Different z-planes. B to D) different views of the 3-D reconstruction done using
software Imaris using a MIP projection. The cell initially grown inside the
microwell has proliferated and a mushroom like structure has formed containing 4
cells (as judged from nuclear staining and the absence of cytoskeletal signals, A19.5). The cells did not spread on the plateau surface due to a successful passivation
and merely adhered to each other. No distinct actin structures can be observed.

5.3.3 Larger microwells
The next two examples, Figure 5.11 and Figure 5.12, show single cells grown
inside larger microstructures of square and triangular shape located in the center area
of chip C1, side length 18 μm and 24 μm respectively. The cells were cultured for 16
h and immunonstained for gp58 and CLIP170. The microwells are clearly too large to
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confine the cells to a shape given by the microwell. The cells are spreading inside
these wells without filling the whole volume. The cell in the square microwell
attached firmly to one corner of the side of the microwell and stretched to the two
opposing sidewall in the middle part of the cell volume (Figure 5.11 A-7.1 and A3.5), while in the lower part it attached to half of the bottom surface only. At the top it
seems to spread along the sidewall to the top in one corner of the well (Figure 5.11 A9.6). A similar behavior was been observed in the cell grown in a large triangular well
(Figure 5.12).
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Figure 5.11
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3-D reconstruction of a CLSM stack of a MDCK cell grown for 16 h inside a square
microwell (PS stamped with hydrogel, square_big_2, side length 18 μm). GP58
(green), CLIP170 (red). Recorded using the Leica microscope (grid spacing 5 μm).
A) Different z-planes. B to D) different views of the 3-D reconstruction done using
software Imaris using a MIP projection. The cell shape is not completely controlled
by the constraints of the microwell due the difference in volume. No distinct
polarization of the baso-lateral marker (gp58, green) can be observed. It is mainly
distributed in the cytosol in vesicular structures. Some localization can be observed
at the cell membrane contacting the surface of the microwell and at the cell
peripherie. The red signal shows no sign of polarization in is distributed throughout
the cytosol. It is also observed on the top plateau which is a result form the fixation
and the mounting as has been described in Chapter 4.9.2.4.
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3-D reconstruction of a CLSM stack of a MDCK cell grown for 16 h inside a
triangular microwell (PS stamped with hydrogel, triangle_big_1, side length 24
μm). GP58 (green), CLIP170 (red). Recorded using the Leica microscope (grid
spacing 5 μm). A) Different z-planes. B to D) different views of the 3-D
reconstruction done using software Imaris using a MIP projection. The cell shape is
not completely controlled by the constraints of the microwell due the difference in
volume. No distinct polarization of the baso-lateral marker (gp58, green) can be
observed. It is mainly distributed in the cytosol in vesicular structures and in
protrusions of the cell membrane. Some localization can be observed at the cell
membrane contacting the surface of the microwell and at the cell periphery and also
circular structure was observed (A-6.9), which could not be explained. The red
signal shows no sign of polarization in is distributed throughout the cytosol.

5.3.4 Preliminary conclusions
So far we have shown that, under the consideration of the limited reproducibility
and homogeneity to create microstructured surfaces which completely inhibit
adhesion of cells between the microwells (described in detail in Chapter 4), it is
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generally possible to investigate single cells in microwells of different shapes and
dimensions. The hydrogel printing method was in some cases highly successful, but
needs to be optimized further to improve the reproducibility of the experiments. To
ensure a control of the surface passivation during the experiment the precoating of the
wells with fluorescent proteins would be beneficial. Fluorescently labeled BSA (at an
excitation wave length that does not interfere with other labels) added to the media
could serve as an in-situ control before and during the experiments or the use of a
labeled adhesive protein adlayer such as fibronectin, as described in Chapter 6. Cell
culturing conditions were optimized to be able to seed primarily single cells and
increase the fraction of cell-hosted wells.
The control of the 3-D shape of individual cells using adhesive microwells turned
out to be very challenging. We have observed that the exact volume of the well needs
to be in a very similar range to the volume of the cell to achieve a controlled 3-D
shape, see Figure 5.13 for a schematic drawing. If the well is too small the cells only
partially adhere inside it, bulge out and have a pancake like morphology. If the wells
are too big the cells have a higher degree of freedom to adhere to the well because the
spread along the walls of the microwell and keep their volume constant. They are only
partially influenced by the constraints given by the shape of the microwell. Because of
the high variability of the volume of cells at a given time point, due to different stages
in the cell cycle or a different history, it is not possible to find the perfect dimension
of a microwell to control the shape of all cells grown on an array exhibiting a
microwell of constant dimension. Rather surfaces which present to the cells an array
of microwells exhibiting a range of dimensions. This is fundamentally different to the
use of 2-D patterns to control cell shape. This might seem evident, but is an important
fact to consider using the μ3-D cell culturing concept. Also one should comment that
in the 2-D case only the spreading (the projected area) of a cell can be controlled, as
long as the dimension of the pattern is smaller as the maximum amount of spreading a
given cell time can achieve on a given substrate. The real 3-D shape is not controlled
and likely differs from cell to cell as well as depends on the position and deformation
of the nucleus, the position of the lamellipodia, the time and strength of adhesion, the
3-D distribution and activity of the intracellular contractile forces and the volume of
the cell.
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Figure 5.13

Schematic diagram showing the concept of controlling the cell shape in 2-D and 3D. 2-D patterns can control the area onto which a cell can spread. See text for
details.

Because microscopy has been performed mostly on cells growing on planar surface
and investigated by standard microscopy, such as transmission and epi-fluorescence,
cell shape has traditionally been described from a projected 2-D viewpoint. The limits
of traditional microscopy, good contrast and resolution in the x-y plane and limited
resolution in z direction, and also the fact that many interesting structures, like
lamellipodia, stress fibers, adhesion sites can be observed at the interface between the
2-D surface and the cell has sometimes led to a negligence of the true 3-D
morphology of cultured cells. This work has shown that, although culturing of cells
and 3-D microscopy are more challenging, it is possible to obtain useful information
on 3-D morphologies using the μ3-D cell culture concept. We have thus continued to
investigate the polarization of single epithelial cells, to show how the system can be
applied towards an interesting and fundamental biological question.

5.4

Polarization of MDCKs on glass

To investigate the morphology of typically polarized cells, grown for 4 days as a
monolayer on a flat glass substrate as a reference to compare to the μ3-D culture
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system, we have used CLSM to record 3-D stacks. Two examples are discussed
below.
The monolayer in Figure 5.14 has several interesting features. The height of the
monolayer is not homogenous over the area that was imaged. Certain areas are as
much as double the height (arrow in Figure 5.14 A-7.8) of other areas (arrow in
Figure 5.14 A-3.8). This has been reported previously and results from the growth
history of the monolayer. MDCK cells grow as islands on the culture substrate and
spread, and proliferate until the different islands start to form connections and finally
a confluent monolayer. In those regions which have been filled by cells at a later time
point the cells are flatter and the projected area is larger (generally no big difference
in volume is observed). The cells which have been inside an island since the start of
culturing are more densely packed after 4 days due to proliferation of the neighboring
cells and a lack of space to spread out. These cells exhibit a clearly developed
polarized morphology and have the typical columnar shape with the height being
larger than the lateral dimension. Although cells cultured on glass will never show a
complete polarization, in contrast to cells grown on filter membranes. The images also
show a clear polarization of the baso-lateral plasma membrane marker (green, gp58).
The red signal seems to be cytosolic and shows no clear polarization. Still the signal
can be detected mainly apical with a pointed morphology (plus ends of oriented
microtubules) especially in the regions showing a higher and denser monolayer.
Clearly one can observe that polarization occurs parallel in time to the formation of
cell-cell contacts and mechanical constrains and deformation of the cells due to
confinement in the limited space.
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3-D reconstruction of a CLSM stack of MDCK cells grown as a full monolayer on
glass cover slips, 4days of culture. Stained for GP58 (green), CLIP170 (red).
Recorded using the Leica microscope (grid spacing 5 μm). A) Different z-planes. B
to D) different views of the 3-D reconstruction done using software Imaris using a
MIP projection. Differences in the height of the monolayer can be observed (arrows
in A-3.8 and A-7.8 or D), see text for details. The baso-lateral marker shows a clear
polarization at the cell-cell contacting surface and the contact to the serum coated
glass surface.

The second example, Figure 5.15, shows a region of a monolayer, with a smaller
height, at higher magnification (the left shows the basal plane, the right the top of the
monolayer, apical). This sample has been stained for f-actin (green) and gp114 (red).
A clear polarization of both signals can be observed. The apical membrane marker
can only be detected in the apical surface. The actin signal shows distinct fibers at the
basal plane and at the position of the cell-cell contact interface. At the top the actin
shows a pointed distribution which might result from the formation of microvilli,
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which are known to contain actin fibers oriented perpendicular to the cell(Revenu,
Athman et al. 2004).

Figure 5.15

MDCK cells grown as a full monolayer on glass cover slips, 4days of culture.
Stained for actin-FITC (green) and gp114 (red). Left shows the basal plane showing
distinct actin stress fibers. The left shows the basal surface, actin is present at the
cell-cell contacting surface (the subcortical actin complex) and as point like
structures from microvilli. The signal of the apical marker (gp114) can only be
observed in the apical surface, as seen below in the cross-section.

The observations reported above are admittedly not novel, but these corresponding
control experiments had to be done to show the functionality of the staining
procedures and be able to compare the results of the standard 2-D culture to those of
the m-3D one.

5.5

Polarization of MDCKs inside circular microwells

We investigated a large number of samples to get information about the occurrence
of early polarization events in single cells cultured in circular microwells. Due to the
problems of reproducibility of the stamping process (Chapter 4) and the time
consuming image acquisition process using 3-D CLSM the number of samples and
cells investigated is too small to make statistically well documented conclusions. The
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preliminary results discussed below, however, may serve as a starting point for future
systematic investigations.

Figure 5.16

3-D reconstruction of CLSM stack of stably transfected MDCK cells cultured 4 h
on a PS microwell array, circular microwells of 10 μm diameter. A) transfected for
GFP E-cadherin. B) YFP-plasma membrane marker. The wells are too small to
accompany the whole volume of the cells. A) Shows a stronger localization of Ecadherin at the contacting surface to the walls of the microwell. B) A stronger signal
of the PM marker can be detected at the edge of the microwell, where the cell might
be compressed mechanically. Grid spacing 5 μm.

The analysis of stably transfected cell turned out to be relatively difficult because
of two reasons. Using E-cadherin transfected cells for example, it was difficult to
make clear statements about the exact shape of the cell and the localization of Ecadherin inside the cell volume, because of a lack of a strong second signal to
visualize the other parts of the cell. Co-transfection of a plasma membrane marker
could improve this issue. In addition it was also difficult to decide if one or more cells
were present inside the microstructures. A nuclear stain could solve this issue.
Generally the signals were relatively weak, which means that these cells were not
expressing E-cadherin strongly due to a lack of cell-cell contacts. Still we have found
some examples which demonstrate an interesting localization of E-cadherin. Figure
5.16 shows two examples of single cells adhering to a 10 μm circular microwell
(depth approx 10 μm). The well volume was too small to take up the whole cell, as
described in the section above, Figure 5.13. The cell transfected with YFP-E-cadherin,
Figure 5.16a, showed a stronger signal at the surface contacting the walls of the
microwell. The microwells were coated with serum proteins, a relatively uncontrolled
coating, and it is unclear to which molecules the E-cadherin was bound. The second
image, Figure 5.16b, shows a cell transfected with a YFP-plasma membrane marker.
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Interestingly the signal appears stronger at the edge of the microwell. This might be
the location of stronger forces actin on the cell membrane due to the mechanical
constraints given by the microstructure compressing the cell while it is trying to
squeeze into the well.

Figure 5.17

3-D reconstruction of a CLSM stack of MDCK cells grown inside circular
microwells, 16 h of culture (PS stamped with hydrogel, circle_small_5, diameter 24
μm). GP58 (green), CLIP170 (red). Recorded using the Leica microscope (grid
spacing 5 μm). A) Different z-planes. B to D) different views of the 3-D
reconstruction done using software Imaris using a MIP projection. Different cell
morphologies can be observed in each well. Well 1 shows signs of polarization,
because a lack of gp58 in the apical surface (A-10.9 and C), see text for details.
Well 2 is occupied by 2 cells. Clear localization of the gp58 can be observed at the
cell-cell contact (arrow in A-12.3). Well 3 and 4 are examples of two cells with a
different volume.

The final examples show an area with 4 circular microwells (circle_small_5,
diameter 14.6 μm), where each well was filled by cells. The cells have grown for 16 h
and where immunostained for gp58 (a baso-lateral marker, green) and CLIP170
(growing ends of microtubules, red). There is a high variability in cell shape. In each
well a completely different morphology is present. Well 1 shows signs of polarization,
because a lack of gp58 in the apical surface (A-10.9 and C). A ring like structure can
be observed at the edge of the microwell (A-9.7 and D). This is similar to the effect
we have observed in Figure 5.16b. It might be a result of the mechanical stress on the
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cell at the edge of the microstructure. At the top an area with an absence of the red
signal can be observed (arrow in A-10.9) which is the position of the nucleus. It is not
clear though if there are two nuclei present or a single nucleus with a somewhat
distorted shape. This was a rare observation of a polarization event (approximately 3
similar morphologies) in this work. Polarization was never observed at shorter culture
times.
Well 2 is occupied by 2 cells, one below and one above hanging on the side. The
clear localization of the gp58 can be observed at the cell-cell contact (arrow in A12.3). It is not clear if this cell has already divided or has been seeded already as a
pair due to insufficient trypsinisation. Well 3 and 4 are examples of two cells with a
different volume, the effect described in Figure 5.13. The cell in well 3 seems to be
much smaller and its shape is not completely defined by the well (A-3.5). In well 4 a
good example is present of a similar volume of the cell and the microwell.

5.6

Conclusions

We have optimized the cell culture conditions and surface passivation to be able to
grow single cell inside small microstructures of variable dimensions. Some problems
with reproducibility of the surface passivation remained and are dealt with in Chapter
4. We have successfully used CLSM on fixed cells, immunostained or stably
transfected MDCK cells, to achieve high-resolution 3-D image stacks with a sufficient
quality to make statements about the subcellular localization of polarization markers.
The recording of 3-D image stacks is very time consuming and is so far not suitable as
a screening method of a large number (> 200) of cells within a reasonable time frame.
Nevertheless, we have been able to record single image stacks showing up to 16
wells, 80 % filled with cells, which allowed us to analyze multiple cells in one step.
Live microscopy was not feasible with a sufficient image quality using the PS chips.
An alternative method is introduced in Chapter 6, which turned out to be very
promising, both in reproducibility of the surface chemistry and image quality.
The full control of the 3-D cell shape has turned out to be challenging, as described
in section 5.3.4. But by the use of a library of different dimensions of microwells on
the same chip a fraction of cells will find a well which has the right volume for a good
fit. But this requires the selection by the experimentator of suitable cells for further
analysis. Furthermore, single-cell-based, highly specialized biochemical methods
(such as single-cell RT-PCR) are required in this case for the investigation and it does
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not allow the use of the more established biochemical methods that rely on the
analysis of multiple cells.
Furthermore we have observed a few events of early signs of polarization of single
cells cultured inside microwells after 16 h, showing an apical surface which did not
contain the baso-lateral marker gp58. We have thus shown the feasibility of using the
μ3-D cell culture method for further use to identify the autonomy of signaling circuits
in epithelial cells. Different shapes and dimensions of microwells can be used to
constrain small numbers of cells; this might lead to the creation of a fully polarized
morphology of epithelial cells after shorter time points. One application could be
miniaturized high-throughput cell experiments in drug discovery(Kricka 2001;
Bhadriraju and Chen 2002). We would learn if a specific temporal sequence of the
interaction of the signaling circuits is necessary to build a fully polarized epithelial
cell or not. Very importantly we will would insight into the coupling between cell
cycle and morphological differentiation. In biology today, the database related to
signaling interaction events is huge, but a hierarchical structure is still missing
revealing the key connections. This work is unique as it represents the first attempt to
test if such a hierarchy between signaling circuits exists at all. Only the combination
of the μ3-D cell culture method with a morphologically differentiated cell system
makes the dissection of signaling circuits possible.
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CHAPTER 6
6 Effect of μ3-D adhesion of HUVECs and 3T3s
on cytoskeleton, integrin binding and
fibrillogenesis

The work described in this chapter has been done in collaboration with the
following people: Michael Smith, Sheila Luna-Morris, Jérôme Lefèvre, Viola Vogel,
Marcus Textor

6.1

Introduction

Fibronectin (FN) is an abundant component of the extracellular matrix (ECM),
which plays an important role in cell growth, differentiation, viability, motility and
oncogenic transformation (Hynes 1990; Paszek, Zahir et al. 2005). Many cell types
secret FN and assemble it into a branched, fibrillar network that provides
environmental information for cells contained within it. Assembly of a fibrillar FN
matrix is a complex process and is an area of active research.
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Fibronectin (FN) matrix assembly model. A) Binding of compactly folded, inactive
FN to diffusely distributed integrins induces receptor clustering and co-localization
of talin (white ovals) and focal adhesion kinase (FAK) (red rectangles). FAK
autophosporylation (P) recruits Src (pink circles). B) Clustered integrins with colocalized (green lines) and activate signaling molecules including Ras/MAP kinase
(orange), Rho GTPase (violet) and protein kinase C (PKC) (blue). Signals
downstream of these pathways further reinforce organization of actin and focal
complexes. Contractile forces ais in converting inactive FN into the active extended
form. C) Concentration of active FN dimmers at integrin clusters promotes FN-FN
interactions and fibril assembly. Movement of integrins and associated proteins
along stress fibers towards the cell center redistributes intracellular components into
paxillin-rich focal adhesions (pink oval) and tensin-rich fibrillar adhesions (yellow
rectangle). This movement may facilitate fibril formation. Courtesy of (WierzbickaPatynowski and Schwarzbauer 2003)

A model for FN assembly into a insoluble, fibrillar matrix is shown in Figure 6.1,
as proposed by Wierzbicka-Patynowski and Schwarzbauer(Wierzbicka-Patynowski
and Schwarzbauer 2003). FN is secreted as a disulfide-bonded dimer composed
primarily of three types of repeating module (I, II and III) (Hynes 1990; Pankov and
Yamada 2002). Sets of modules make up domains for binding to a variety of
extracellular and cell surface molecules, including collagen, glycosaminoglycans,
fibrin, integrins and FN itself. Although the diagram in Figure 6.2 implies an extended
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structure for FN subunits, FN in solution is a compact dimer, folded into a
conformation that does not undergo fibril assembly. Substantial evidence supports the
idea that the assembly is an active process mediated by the cell via integrins, Rho
induced contractility and reinforcement of the actin cytoskeleton. After seeding cells
onto a 2-D planar surface coated with FN, cells adhere through cell surface
proteoglycans and integrins. Following integrin clustering and the formation of focal
complexes and nascent focal adhesions, integrins may translocate across the basal
surface of the cell and ‘pull’ fibronectin fibrils(Avnur and Geiger 1981; Pankov,
Cukierman et al. 2000; Zamir, Katz et al. 2000). The exact mechanism for fibril
formation is not known. However, strong evidence suggests that this movement
applies sufficient force to FN to partially unfold key modules within the dimer and
thus expose cryptic matrix assembly sites (Zhong, Chrzanowska-Wodnicka et al.
1998).

Figure 6.2

Domain structure of fibronectin (FN). FN consists of type I (rectangles), type II
(ovals) and type III (circles) repeats. Sets of repeats constitute binding domains for
fibrin, FN, collagen, cells and heparin, as indicated. The three alternatively spliced
segments, EIIIA, EIIIB and V (or IIICS), are in yellow. The assembly domain and
FN-binding sites are highlighted in orange. SS indicates the C-terminal cysteines
that form the dimer.a

The mechanical properties of the extracellular matrix also influences cell behavior
(Lo, Wang et al. 2000; Engler, Griffin et al. 2004; Yeung, Georges et al. 2005). It has
been shown that they influence cell contractility (cytoskeletal tension), Rho activity,
and ERK-dependent growth(Wang, Weaver et al. 1998; Wozniak, Desai et al. 2003),
and cytoskeletal tension promotes growth(Roovers and Assoian 2003) and focal
adhesion (FA) assembly (Burridge and Wennerberg 2004). Although the details of
this process must still be determined, the current paradigm states that force, whether
cell-generated or applied externally, is essential in this process. Even external
application of force to adherent cells leads to focal complex maturation at the site of
force application(Galbraith, Yamada et al. 2002). This suggests that cell behavior,
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matrix stiffness, FN matrix assembly, integrin activation and FA assembly, Rho, and
cell contractility are functionally linked.
Many of these studies have been performed on 2-D surfaces with varying
mechanical properties which have been coated with ECM proteins. In addition, the
ability to generate 2-D patterns of proteins(Kane, Takayama et al. 1999; Chen, Tan et
al. 2004), thus controlling cell shape and spreading, has lead to a deeper
understanding of how contractility and cell shape are related(Nelson, Jean et al. 2005).
It has also been shown that many cell types show a different behavior when
cultured in 3-D culture models, like collagen gels or cell deprived fibronectin
matrixes(Cukierman, Pankov et al. 2002; Grinnell 2003; Mao and Schwarzbauer
2005; Paszek, Zahir et al. 2005), which is likely a more physiologically-relevant
model system. However, 3-D culture models consist of biological material, which
might vary from batch to batch, and they are difficult to polymerize/crosslink in a
reproducible manner to produce a culture material with well defined mechanical
properties. Also good definitions of the dimensionality vs. mechanical properties and
control over cell shape in 3-D are still rarely found.
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Figure 6.3

Schematic diagram of the μ3-D cell culture device. A) a sandwich of a thin class
coverslip and a thin film of PDMS showing the desired microstructures is glued
onto the bottom of a Petri dish with a drilled aperture. This setup allows the use of
high NA oil immersion objectives, standard cell culture conditions and also allows
time-lapse video microscopy. B) A passivated plateau surface is needed to constrain
the cells to adhere solely to the adhesive microwells. The selective surface
chemistry can be achieved by stamping the top with PLL-g-PEG and then
backfilling the wells with an adhesive coating, e.g. fibronectin.

With the μ3-D cell culture concept, developed during this thesis, we aimed at
exploring the transition zone between 2-D and 3-D cell culture, while many aspects of
the microenvironment, such as type and concentration of ligands, mechanical
properties and cell shape, can be tailored and investigated independently. In addition,
the system provides a platform to study an array of single cells using confocal laser
scanning microscopy (CLSM) with high NA objectives. The μ3-D cell culture
concept is a combination of microfabrication/replication techniques to produce arrays
of microwells. Various materials can be used in conjunction with a patterning method
to selectively coat the surface of the microwells with a molecule of interest, while the
surrounding plateau surface is rendered resistant to protein adsorption and cell
adhesion. The system has been adapted to a standard Petri-dish to facilitate handling,
cell culturing and microscopy (Figure 6.3).
In the following we have checked how the μ-3D culture systems could be applied
to address the question of fibrillogenesis to 2-D and 3-D geometrically patterned
single cells in a novel way. The following issues are of interest:
Does fibrillogenesis depend on the mechanical properties of the surrounding on a
single cell level?
Does the cell shape/dimensionality control the cells ability to apply/sense forces
and does that impact fibril formation?
Preliminary test have so far been performed using primary human umbilical vein
endothelial cells (HUVECs) and mouse fibroblasts-like cells (3T3) to test the
feasibility of addressing the questions described above and optimize the culture
procedure.

6.2

Experimental

6.2.1 Concept and design of the microwell arrays
To test the μ3-D cell culturing concept and to show the feasibility to address the
question of how 3-D adhesion influences the remodeling of the extracellular matrix
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the following design criteria were chosen. The CAD mask design of chip A4 and F3
are shown in the Appendix. A4 shows many different geometries and dimensions on
the same chip to be able to screen for interesting effects. A4 shows circles, squares,
triangles and rectangles with an area ranging from 81 μm2 to 900 μm2. The exact
dimensions of all the patterns can be found in the Appendix. Three different depths of
the microwells have been produced, as described below, to gradually move from a 2D towards a 3-D adhesion state. Different etching depths and area were combined
with the aim to compare different amount of stretching or dimensionality while the
volume of the microwell is kept constant. In other words different volume/surface
ratios can be explored.
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SEM images of different PDMS thin film devices used in these studies. A) Top
shows a part of chip A4, both the large (left) and the small (right) structures can be
seen. B) The middle shows the center region of chip F3, showing the large
structures and labels which can be seen by eye. C) Below is an example of a chip
which shows lines.

By choosing different shapes the response of cells to specific cues can be studied.
For example, corners in triangles and squares when compared to circles are known to
be the locations of highest forces generated by cells and are directing the actin
cytoskeleton when grown on 2-D patterns. The rectangles force the cell to stretch in
one dimension, while the two other dimensions are constrained. The chip F3 shows
different shapes which were influenced by the typical shape fibroblast exhibit when
grown on rigid surfaces. The first shape is spindle-like with two sharp corners in the
long axes. In the second type of spindles two more sharp corners have been
introduced perpendicular to the long axes. The third type breaks the symmetry and
shows three corners in a 3-fold symmetry.

6.2.2 Investigation of mechanical properties of PDMS
The Young’s modulus of PDMS was varied by choosing different crosslinker
concentrations. Starting from the standard mixture of 1:10 (weight ratio, w/w curing
agent to prepolymer), termed “hard” in this text, 1:20, 1:40 and 1:100 ratios were
investigated as well. To create thick films of PDMS the different mixtures were cast
inside a 10 cm TCPS Petri dish and cured for 24 h at 80°. The resulting thickness was
approximately 1 mm and the films could easily be peeled off the TCPS. For the
mechanical tests standard dumbbell-shaped specimens were punched out (12 mm
gauge length, 2 mm width) and the thickness of each sample was measured
accurately. Standard tensile tests were carried out at room temperature with an Instron
tensile tester (model 4411, 1 N load cell, 12 mm/min cross-head speed, corresponding
to initial strain rate of 1 min-1). To evaluate the Young’s modulus (E) the slope at the
very start of the deformation was measured. For each crosslinker concentration 3 to 5
samples were measured from 2 separate batches of cured PDMS.

6.2.3 Fabrication of molds
A large number of polystyrene (PS) molds showing arrays of pillars were produced
by multiple replication steps starting from microfabricated Si, showing the microwells
of interest. It was thus first needed to replicate the topography twice into PDMS,
which could then be used to hot-emboss films of PS. These PS films served as
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suitable molds because of a low adhesion of the PDMS and the ease of producing
multiple molds.
Arrays of microwells with different geometries (circles, squares, triangles,
rectangles etc.) and dimensions were first produced in Si using standard
photolithography and inductive coupled plasma etching (ICP), as described in Chapter
3 and published elsewhere(Dusseiller, Schlaepfer et al. 2005). Different depths were
produced by changing the number of etching/passivation cycles, 4, 12 and 16 cycles.
After stripping of the photoresist a thin fluorocarbon polymer layer was deposited
onto it using ICP to facilitate demolding of the PDMS. PDMS replicas were then
produced by pouring a precursor mixture over the whole 4” wafer (1:10, curing agent
to prepolymer, Sylgard 184, Dow Corning, US), which previously was vigorously
stirred and degassed in vacuum, 10 min. It was cured in an oven for 24 h at ambient
pressure and 80°C and could then easily be peeled off and the Si master was reused.
From the first PDMS replicas a 3 x 3 cm region of interest was cut out, showing
four 1 x 1 cm designs of either chip A4 or F3 and part of the adjacent areas. It was
then exposed to air plasma (PDC-32G from Harrick Scientific Corporation, 0.1 mbar,
30 sec) and rendered hydrophobic by gas-phase fluorosilanization in a vacuum
chamber for 1 h. A second replica in PDMS could thus be cast on this using the same
method and could be separated easily because of the fluorosilanization. The second
replica finally served as a mold to hot-emboss polystyrene as described in Chapter 3.
A large number of microstructured PS films showing the inverse topography of the
desired microwell arrays were produced for later use as molds. Because the hotembossing leads to PS films which are slightly bent, the films had to be flattened, as
described in Chapter 3.

6.2.4 Fabrication of microstructured PDMS thin films
To create microstructured PDMS thin films with different mechanical properties
two different methods have been developed. The PS films were used as a mold to cast
60 μl of PDMS (1:10, curing agent to prepolymer, Sylgard 184, Dow Corning, US)
between the PS and a fluorosilanized glass slide using 70 μm coverslips as spacers
and pressed with a weight (120 g), as shown on the left of Figure 6.5. After curing at
80° for 4 hours, the glass side was lifted and the thin film of PDMS remained attached
to it. To assemble the device the thin film was cut into smaller pieces (4 single 1x1 cm
chips) and then peeled off and carefully transferred to a thin coverslip (Merck,
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strength 0, 80 to 120 μm). The transfer from the glass slide to the thin cover slip
though is relatively delicate and might lead to geometrical distortions because of an
elastic stretching of the films. The fluorosilanization of the glass slide was needed to
peel off the PDMS film without ripping off part of the structure. Perfect replication
using this procedure was only possible with the hard PDMS, because the soft (1:40)
could not be peeled of the glass slide without breaking it. Thus the soft PDMS films
were produced based on a modified protocol, as shown on the right hand side of
Figure 6.5. First a thin coverslip was glued with white wax (melting point 65°) using a
standard hotplate onto a glass slide. 60 μl of soft PDMS premixture (1:40 curing agent
to prepolymer) was then cast between the PS mold and the glass slide/coverslip
sandwich, pressed with a weight of 120 g and cured as described above. The sandwich
was then lifted, which was only possible without breaking the coverslip when the
thick glass slide was glued on the back, and heated on a hotplate to melt the wax and
remove the glass slide from the back. The coverslips were then washed in pure
ethanol to remove the wax residues.
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Fabrication of hard (left) and soft (right) micro-3-d cell culture device using PDMS
with different crosslinker density.

The glass slide was finally glued with standard PDMS (curing at 80°, 1h) to the
bottom of a Petri dish, into which an 18 mm aperture was drilled previously. The final
culture dishes could then be sterilized with 70% ethanol/water prior to the subsequent
surface functionalization and cell experiment. The sandwich of the coverslip and the
microstructured PDMS is relatively stiff because of the glass support and has an
overall thickness which allows the use of high NA oil immersion objectives with the
fluorescence microscope.
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6.2.5 Surface passivation
To passivate the top plateau of the PDMS chips an hydrogel based inverted
microcontact printing method was used, as described in detail in Chapter 4. Briefly, a
polyacrylamide (PAM) hydrogel containing dissolved PLL-g-PEG was cast and cured
between two glass slides with a glass spacer of 1 mm. The PAM pre-gel solution
contained 66% PBS 1x and had a crosslinker density of 0.26 % w/w. Before casting
50 μl of a PLL-g-PEG solution (20mg/ml in PBS) was added to 1 ml of PAM pre-gel
solution and the crosslinking reaction was started by the addition of 10 μl of APS and
2 μl of TEMED. After 1 hour the gel was demolded, cut into smaller pieces (8x8 mm)
and directly used to stamp the surfaces (15 min, no pressure), which were previously
exposed to air plasma (PDC-32G from Harrick Scientific Corporation, 0.1 mbar, 30
sec) to create negative charges at the substrate surface. A sufficient negative charge at
the substrate surface is a prerequisite for the electrostatically driven adsorption of the
positively charged backbone of the PLL-g-PEG resulting in a full monolayer which
resists non-specific adsorption of proteins (Pasche, De Paul et al. 2003). The samples
were stored in buffer until the start of the cell experiment. The surface inside the
microwells was then coated with the molecules of interest (see Figure 6.3b for a
schematic drawing of the area selective surface chemistry) right before cell culturing
as described below.

6.2.6 Cell experiments
6.2.6.1 Fibronectin preparation:
Human plasma fibronectin was isolated by affinity chromatography using an
established protocol(Miekka, Ingham et al. 1982). Briefly, fresh-frozen human plasma
was passed over a gelatin Sepharose 4B column. The column was washed using PBS
containing 2mM PMSF and 10 mM EDTA. The wash efficacy was verified using 280
nm absorbance measurements. Finally, the remaining bound proteins were eluted
using 6M urea and collected into 2 ml fractions. Eluted protein was dialyzed into pH
7.4 PBS using a 10 kDa molecular weight cutoff Slyde-A-Lyzer cassette under two
changes of PBS. Fibronectin purity was verified by Coomassie blue stain and Western
blot.
Fibronectin was specifically labeled with either Alexa 488 succinimidyl ester or
Alexa 546 succinimidyl ester using the manufacturer’s recommendations. Briefly,
unlabeled FN in PBS (u-Fn) was carefully mixed with a 60-fold molar excess of
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Alexa 488 or Alexa 546 and incubated for one hour. The reaction was quenched by
adding stop solution (1.5 M hydroxylamine in equal parts water and 5 N NaOH) at
10% of the protein solution’s volume and incubating for 30 minutes. Labeled protein
was separated from free dye with a size-exclusion PD-10 column (Amersham). The
column was first equilibrated with 8 changes of 3 ml of PBS. One ml of labeled
protein solution in free dye was added to the column. Next, 2 ml of PBS was added
subsequent to complete entry of protein solution into the column, and the 3 ml of
equilibration solution exiting the column during this step were discarded. Finally, 1
ml of PBS was added to the column, and eluted protein was collected. The protein
concentration and labeling ratios were determined by measuring absorbances at 280,
498 (actual peak for Alexa 488), and 556, and using the equations:

[Alexa 488] =
[Alexa 546] =
[Fn] =

A

ε

498
Alexa 488
498

ε

556
Alexa 546
556

A

Alexa 488
A280 − [Alexa 488](ε 280
)
Fn
ε 280

OR =

Alexa 556
A280 − [Alexa 546](ε 280
)
Fn
ε 280

Fn
where ε 280
represents the extinction coefficient at the stated wavelength.

6.2.6.2 Surface preparation:
Prior to cell seeding, Alexa 488- or Alexa 546-labeled FN was selectively adsorbed
to the microwell surface subsequent to plateau passivation with PLL-g-PEG. The
chips were rinsed with pH 7.4 PBS three times prior to FN exposure. The surface was
then incubated for 1 hour at room temperature with 10 μg/ml labeled FN. The FN
solution was then removed under a PBS wash. It was important to keep the chip under
PBS throughout the wash procedure by adding and removing fluid simultaneously.
This step limited FN rearrangement due to drying or exposure to bubbles (discussed in
the text below). In early experiments, FN was washed by thoroughly removing fluid
in each wash step.
6.2.6.3 Cell culture
Following FN adsorption, passage 7-14 primary Human Umbilical Vein
Endothelial cells grown in PromoCell EC Media plus 2% fetal bovine serum
(pHUVEC; PromoCell) or passage 10-15 mouse 3T3 fibroblast-like cells cultured in

142

Chapter 6

μ-3D Adhesion and FN Matrix Assembly

ATCC DMEM plus 10% fetal bovine serum (ATCC) were seeded at 100 or 50 k
cells/ml, respectively. To prevent FN drying artifacts, the PBS was exchanged for cell
culture media prior to cell seeding. Next, 1 ml of cell suspension was added directly to
approximately 500 μl of cell culture media. Cells were allowed to adhere for 30 min,
and the cell culture media was exchanged with media supplemented with 10 μg/ml
labeled FN and 90 μg/ml unlabeled FN. Cells were cultured in the microwells for up
to 24 hrs.
Cultured cells were fixed, and the actin cytoskeleton and/or nucleus were stained
Cells were fixed under 4% paraformaldehyde, 4% sucrose in PBS at 4C for 20min,
then rinsed 2 times with PBS. Cell membranes were permeabilized with 0.5% Triton
X-100 in PBS for 1 min, then rinsed 2 times with PBS. To block non-specific
adhesion, the samples were incubated with 200 μl of filtered 2% BSA for 20 min. 10
μl of Phaolloidin 547 (final concentration of 400units/ml) phalloidin was added
directly to the block solution. 15 min after addition of the phalloidin, 2 ul (100 μg/ml
stock solution; final concentration of 10 μg/ml) DAPI solution was again added
directly to the samples and incubated for 5 min. Finally, samples were rinsed 5 times
in pH 7.4 PBS.

6.2.7 Microscopy
Samples with 3T3 cells were imaged on an Olympus FV1000 confocal microscope
under 488 and 546 nm excitation. The samples with HUVECs were imaged on a Zeiss
confocal microscope (LSM 510) with an Axiovert 100 microscope under 488 and 543
nm excitation using a Zeiss 63x 1.4NA Oil DIC Plan-Apochromat objective and some
samples have been imaged using a Leica confocal microscope SP2 AOBS using UV
405, 488 and 514 nm excitation and a 63x 1.4NA Oil HC Plan-Apo objective.
Live microscopy was performed on a Delta Vision Spectris epi-flurescence based
system using a 40x 1.3NA Oil UApo objective and a FITC filter set. The system is
based on an Olympus microscope and is equipped with a temperature controlled
incubator box (Solent Scientific) and a very precise motorized X-Y-Z stage.
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Figure 6.6

CLSM or live microscopy setup. The PDMS thin film device allows the imaging of
the surface and adherent cells using high NA oil immersion objectives. Fixed
samples can be stored under buffer.

The 3-D reconstructions were done using the Bitplane Imaris software and the
images were assembled using Adobe Photoshop and Macromedia Flash.
The etching and replication of the microstructures was characterized using
scanning electron microscopy, SEM (LEO 1530, in-lens detector, thin coating of Pt
for conductivity), typically with the samples tilted by 30°.

6.3

Results and discussion

6.3.1 Mechanical properties
concentrations

of

PDMS

with

different

crosslinker

By changing the crosslinker density in PDMS it was possible to modify the
Young’s modulus over two orders of magnitude. The 1:100 mixture, however, did not
form a crosslinked rubber but remained a viscous slime, because the chain length of
the prepolymer was not sufficient to bridge between the small concentration of
crosslinking sites. The other mixtures formed nice rubbers and the young’s modulus
could be measured. Figure 6.7 shows the tensile test results. The stress/strain curves
were highly reproducible. It was possible to achieve a Young’s modulus of 60.8 kPa,
which approximates the upper bounds of physiologically-relevant tissue stiffness, as
discussed in the Introduction. This material may also be soft enough to allow
deformation by cells within wells.
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Young’s modulus of PDMS with different crosslinker ratios measured by standard
tensile tests.

6.3.2 Characterization of the microwell arrays
SEM analysis of the thin PDMS films showed that even after multiple replication
steps, the microwells could still be replicated with high fidelity. Figure 6.8 shows
overview images of the different geometrical designs which have been fabricated. It
can be observed that the corners of the small structures are not very sharp. This is due
to a combination of effects: the resolution of the mask used, the photolithography
process and the ICP etching; it demonstrates the limits of the processes used in my
thesis work. The rounded features are already present on the microfabricated Si and
are not introduced in the latter replication steps. The depth of the microstructures is
influenced both by the dimension and also by the geometry of the pattern. This is
known as RIE-lag(Chung 2004), and results from a different amount of etching gas
which is able to hit the surface at a lower angle of incident. Thus the smallest
structures are etched slightly slower. Structures with sharp corners, e.g. triangles or
the spindle structures shown in Figure 6.8, show a rounded bottom surface, with the
lowest etching depth at the corners. The following table lists the depth of different
circular wells after 16 etching cycles.
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SEM images of different structures in the PDMS thin film devices used in these
studies. A) Circle_small_6. B) Triangel_small_6. C) Square_small_6 present on
chip A4. D an E) show the spindle like structures on chip F3.

Table 6.1
Dimension and depth of different microwells after multiple replication steps into the PDMS thin films.
Si master etched 16 cycles.

Microwell

Dimension on mask

Depth

as

measured

from SEM images
Circle_small_1

Diameter: 10.16 μm

Depth: 12.4 μm

Circle_small_6

Diameter: 15.6 μm

Depth: 14.0 μm

Circle_big_6

Diameter: 33.85 μm

Depth: 16.1 μm

The soft PDMS films were not analyzed by SEM. Optical microscopy showed that
most of the microwells were replicated nicely, while a small percentage (below 10%)
had typical defects that resulted from tearing of the structures during demolding. The
narrowest structures present in the small rectangles often collapsed and the opposing
sidewalls adhered to each other.

6.3.3 Surface functionalization and fibronectin precoating
6.3.3.1 Passivation
Passivation of the plateau surface of both hard and soft PDMS was possible with
certain limitations described below. The passivation of the plateau surface was not
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always homogenous. See chapter 4 for a more detailed description of the printing
process. The use of a fluorescently labeled protein to precoat the wells prior to cell
seeding is a useful way to control the quality of the passivation step during every
experiment and for determination of the areas of interest for further investigation of
cells.
6.3.3.2 Precoating
The fibronectin adlayer sometimes showed a strange speckled distribution which
can be attributed to artifacts introduced during rinsing and media change steps. It
seems that FN underwent agglomeration when experiencing a liquid/air interface, as
has been previously shown(Ejim, Blunn et al. 1993), and also because the microwells
showed a complex wetting/drying behavior due to the topography which can retain
either water or air droplets for a short time. The images shown in the next section are
examples of this artifact; the effect can also be seen in the empty triangle shown in
Figure 6.9. It is not possible to tell if the FN has been remodeled by the cells, or
whether this observation is artifact due to drying or air/water interface. Careful control
of the sample preparation is thus required. Keeping the surface always covered by a
thin film of solution is an important aspect of preventing protein aggregation,
resulting in uniform coatings of the surface of the microwells as shown in Figure 6.10
and Figure 6.16 - Figure 6.20. It is crucial to guarantee a uniform FN coating of the
surface prior to cell seeding to be able to attribute the spatial distribution of FN to an
active cellular process.
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3-D reconstruction of a CLSM stack of an empty triangle, recorded using the Leica
CLSM. The FN (red) shows an inhomogeneous distribution due to a drying artifact.
A) Different z-planes. B to D) different views of the 3-D reconstruction done using
software Imaris.

6.3.3.3 Heterogeneity of FN in wells
Heterogeneity of the FN signal inside the wells was also observed, as described in
chapter 5. This might be a fundamental problem for the experiments described here.
We have observed areas where the wells had almost no FN, which is less a problem
because it will not allow cells to adhere at all. But to investigate the remodeling of the
FN the starting condition needs to be better controlled and more reproducible.
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6.3.4 Cell experiments
6.3.4.1 Fibril formation on flat PDMS
Figure 6.10 shows an example of an area that was insufficiently passivated with
PLL-g-PEG, because of the issues which are described in detail in the according
section in Chapter 4, thus enough FN was present on the plateau surface to support
cell attachment, growth and matrix assembly. The concentration of FN inside the
microstructure though was much higher and very uniform.
This demonstrates that the cells show a typical behavior on FN-coated PDMS and
start assembling a typical FN matrix during the first 24h of culture. The FN fibers
vary in length and thickness and they can connect individual cells mechanically to
each other which do not have a direct cell-cell contact.

Figure 6.10

MIP projection of a CLSM stack recorded on the Olympus microscope. FN (green)
has uniformly coated the walls of the microstructure. A small concentration of FN
was present on the plateau surface due to incomplete passivation by PLL-g-PEG. It
was enough for the adhesion and spreading of 3T3 fibroblasts (not shown), which
assembled a typical FN matrix after 24 h of culture. The FN fibers are elongated and
distributed below and around the cells. Cross sections are shown above and on the
side.
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6.3.4.2 HUVECs on FN coated flat glass
As a reference, cells were investigated that were grown directly on the FN coated
glass surface next to the thin PDMS film. As can be seen in the image below (Figure
6.11), these cells are highly spread and reach lateral dimensions of up to 80 μm. The
image shows several cells which contact one other. Filamentous actin is stained green,
and one can observe clearly the typical actin stress fibers which are mainly distributed
parallel to the glass surface in 2-D. In the slice above (z-position 3.5 μm) no distinct
structures are visible except for non-fibrous actin located above the nucleus. This is
likely part of the cortical actin network, which is present everywhere below the cell
membrane. The 3-D reconstruction in Figure 6.11C clearly shows how flat these cells
are and that their nucleus is highly deformed into a pancake like morphology with an
aspect ratio (horizontal/vertical dimension) of 10 or more.

Figure 6.11

HUVECs on FN coated glass, after 24 h of culture. Highly spread (up to 80 μm).
Formation of actin stress fibers (green), rearrangement of FN (red) and building of a
fibrillar FN matrix can be observed. The height of the cell is very low due to the
spreading, approximately 4 μm, and the nucleus is highly deformed and flattened.

The formation of FN fibers can clearly be observed, as seen in red in Figure 6.11.
This image also shows some more interesting details about FN matrix assembly. FN
was unspecifically adsorbed onto the glass slide; thus the cells were able to
redistribute it on the surface. A depleted zone can be observed in the center region of
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the image, where it seems that the cells have scraped off the FN at earlier time points
and used to assemble the fibers. It also shows that the cells migrate; leaving behind
either depleted areas of labeled FN or assembled matrix fibrils.
Although this observation was made as early as 1981(Avnur and Geiger 1981), FN
rearrangement is rarely described or considered in publications reporting on standard
cell culture experiments, in which FN is widely used as an adsorbed substrate of the
culture dish surface. Obviously the surface, the FN adlayer, and the cells represent a
highly dynamic system in which matrix remodeling takes place with feedback into the
cell. For example in the study by Gallant et al(Gallant, Michael et al. 2005), the
adhesion strength of fibroblasts on circular islands of printed FN with varied pattern
areas has been investigated. To what extent the FN had been remodeled was not
reported, but might explain certain effects observed. Apparently the assembly of FN
into fibers, which exposes additional cryptic binding sites for cells, can be influenced
by cell shape. Also it is so far unclear what types of molecules adsorb on the FNdepleted zones and how this affects pattern stability. A standard precoating of FN on
cell substrates is unlikely to represent a sufficiently defined, stable surface in long
term experiments (> 10h). Covalent attachment of FN to a surface would be one way
to improve the stability of the coating or pattern, but this may still lead to matrix
formation when FN is present in the media or the cells start expressing and secreting
their own FN.
6.3.4.3 Single HUVECs in hard PDMS microwells
Single cell adhesion completely contained within a microwell was rare. This can be
explained by an insufficient density of cells seeded and because those cells which
landed on the sufficiently passivated surface between the microstructures were
washed away during the media exchange. We have recorded 3-D image stacks using
CLSM of a number of HUVECs which have been found to adhere inside differently
shaped microwells. Several examples are shown below.
Figure 6.12 shows a cell which is adhering to a triangular microwell (side length
20 μm). The signal of the fibronectin (red) shows the drying artifact described above,
and no conclusion about FN matrix assembly could be drawn from this experiment.
Still some interesting morphological observations could be made. The cell shows an
interesting actin cytoskeleton (f-actin, green), which is very different from cells
adhering to flat surfaces. The actin fibers are not only at the bottom of the cell, but it
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is distributed throughout the cell volume in 3-D. In the upper part (Figure 6.12a, zposition 5.4 μm) of the cell, discrete actin fibers can be found. Also fibers oriented in
z direction are visible. This morphology is a direct result from the 3-D adhesion state
and control of cell shape of this cell.

Figure 6.12

3-D reconstruction of a CLSM stack of a HUVEC grown inside a triangle, recorded
using the Leica CLSM. The FN (red) shows an inhomogeneous distribution due to a
drying artifact. Actin (green) is present all around the nucleus (blue). Actin fibers
can be detected on the contacting plane below (A-0.0) and also above the nucleus
(A-5.4) They are also directed in z-direction which can be seen as spots for example
in A-2.4. The nucleus is influenced by the shape of the well and seems to be
squeezed into the bottom corner of the triangle. A) Different z-planes. B to D)
different views of the 3-D reconstruction done using software Imaris using a MIP
projection. B) Same view as in the stacks. C) View from the top. D) View from the
side.

This effect has been observed in a number of cells analyzed. Figure 6.13 and
Figure 6.14 show two more examples of a similar actin cytoskeleton. In Figure 6.14
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clear stress fiber like structures are present in the lowest plane which point into the
corner of the triangle. This is a similar effect to what has already been observed on 2D patterns and has been explained by the localization of the actin stress fibers in
direction of the strongest forces due to stress concentrations dictated by the geometry
of the pattern(Chen, Alonso et al. 2003). Close observation of the actin in the upper
part of the cell shows that the surface of the cell is rough. Ring like structures can be
observed. These might come from protrusions of the cell membrane (resembling
microvilli), similar to filopodia as observed on flat surfaces, which are oriented in zdirection, These processes might provide the cell with a mechanism to probe their
environment looking for adhesive sites. Because the surrounding area on the top
surface is sufficiently resistant to cell adhesion, the cells cannot make contact and
form adhesive structures.

153

Chapter 6
Figure 6.13

μ-3D Adhesion and FN Matrix Assembly
3-D reconstruction of a CLSM stack of a HUVEC grown inside a circular well,
recorded using the Zeiss CLSM. The FN (red) shows an inhomogeneous
distribution due to a drying artifact. Actin (green) is present above and below the
nucleus (not analyzed). Actin fibers can be detected on the contacting plane below
(A-0.0 and A-2.1) along the sidewalls (A-7.9) and also above the nucleus (A-12.6).
A) Different z-planes. B to D) different views of the 3-D reconstruction done using
software Imaris. B) Same view as in the stacks. C) View from the side with a
tresholded actin 3-D volume. D) View from below/side.

Generally all these examples show a lack of actin in the center of the volume of the
cell. This is due to the position of the nucleus. The nucleus (stained with DAPI, blue)
has only been recorded in the cell shown Figure 6.12, which was recorded on the
Leica system using a UV 405 nm laser. Again the shape of the microwell had a big
influence on the shape of the nucleus. The nucleus is situated in the lower part of the
cell volume and has taken the shape of the corner of the triangular microwell and rises
along the side in z-direction.
The last example, Figure 6.15, shows a cell which is adhering inside a square
shaped microwell. Most of the volume of the cell appears within the well, but
protrusions can be observed which reach out onto the plateau surface. The cell seems
to be hanging in the microwell by surrounding adhesion sites. An explanation of this
morphology is that the plateau surface was insufficiently passivated with PLL-g-PEG
and a small amount of FN has adsorbed. Although no strong signal of FN could be
detected on the plateau surface, the FN concentration is high enough to allow the
formation of adhesion sites.
A high variability of morphologies can be observed from these examples, which
only reflect a fraction of all the different cells we have found. The staining of the actin
cytoskeleton and the nucleus has turned out to be important factors to make
conclusions about the shape of the cells. It was generally difficult to judge from the
actin signal alone if only a single cell was present inside a microwell. It was thus
possible, by the looking at the DAPI signal using the microscope in normal
fluorescence mode, to first check the number of nuclei before doing 3-D confocal
laser analysis. In addition the DAPI stain can also be used to detect apoptotic cells,
which were scarcely found. Apoptotic cells do not show a discrete nucleus but show
several round structures of a much smaller size and can thus easily be detected.
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3-D reconstruction of a CLSM stack of a HUVEC grown inside a triangular well,
recorded using the Zeiss CLSM. The FN (red) shows an inhomogeneous
distribution due to a drying artifact. Actin (green) is present above and below the
nucleus (not analyzed). Clear actin stress fibers can be detected on the contacting
plane below pointing towards a corner of the triangle (A-0.0) and actin structures
along the sidewalls (A-4.2) and also above the nucleus (A-11.5 and 14.0). At the top
the actin structures might come from protrusions of the cell membrane, see text for
details A) Different z-planes. B to D) different views of the 3-D reconstruction done
using software Imaris using a MIP projection. B) Same view as the z-planes. C)
View with a x-y plane. Some FN can be observed inside the cell volume
(internalized into vesicles). D) View from the side with a tresholded actin 3-D
volume showing the typical distribution below and above the nucleus found in the
μ3-D culture.
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3-D reconstruction of a CLSM stack of a HUVEC grown inside a square well,
recorded using the Zeiss CLSM. The FN (red) shows an inhomogeneous
distribution due to a drying artifact. Actin (green) is present also on the plateau
surface due to incomplete passivation by PLL-g-PEG. Clear actin stress fibers can
be detected on the plateau. The cell seems to hang inside the microwell and does not
completely fill it (A-3.5). A) Different z-planes. B to D) different views of the 3-D
reconstruction done using software Imaris using a MIP projection. B) Same view as
the z-planes. C) View from below. D) View from the side which shows the flat actin
spread out onto the plateau surface.

6.3.4.4 Single 3T3 in hard PDMS microwells
In the experiments using 3T3 mouse fibroblasts, similar observations were made to
those above. The actin (green) again shows the same localization. Discrete actin
structures could be detected, both in the lower and upper part of the cell volume,
Figure 6.16. The FN coating was much improved by careful washing and media
change steps and thus preliminary observations of FN fibril formation could be done.
We have not found any signs of fibril formation in small microwells, but no statistical
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analysis is yet available. Figure 6.16 shows an example of a cell growing inside a
square microwell (side length 12 μm) which has a very uniform FN coating. There is
neither any sign of remodeling or rearrangment of the absorbed FN nor formation of
FN fibers from the FN in solution. The top shows again the extension of a cellular
process which is possibly attached to an inhomogeneity on the plateau surface.
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3-D reconstruction of a CLSM stack of a 3T3 cell inside a square microstructure
(square_small_4, side 12 μm), recorded on the Olympus microscope. No sign of
fibril formation can be observed. A uniform coating of the microwell surface with
FN (red) has been achieved. The actin (green) shows that this cell does not fill the
well completely until the bottom (A-0.0). On the top a protrusion is reaching out of
the well (A-14.0). The lack of actin in the middle regions might be the position of
the nucleus (A-8.0 and A-11.0). A) Different z-planes. B to D) different views of
the 3-D reconstruction done using software Imaris. B) Same view as the z-planes
using a MIP projection. C) View from below with thresholded volumes . D) View
from the top. Single plane showing the DIC images and the red signal. The DIC
image shows intracellular vesicles at a high resolution and gives more information
about the overall shape of the cell.

In Figure 6.17 a cell is shown which has grown inside a circular well, diameter
12.4 μm. A localized FN signal can be seen at the end of the protrusion on the plateau
surface. This might be an FN agglomerate or a dust particle to which the cell could
adhere to. In the lower part of the image localized FN structures are present. A close
observation of the different planes clearly shows that fibrillar FN is spanning from the
inhomogeneity on the top surface down to the bottom surface of the well. It is closely
associated to a strong signal of actin oriented in the same direction, as would be
expected based on observations of α5β1 translocation during fibrillogenesis along
stress fibers(Pankov, Cukierman et al. 2000; Zamir, Katz et al. 2000).
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3-D reconstruction of a CLSM stack of a 3T3 cell inside a circular microstructure
(circle_small_3, Diameter 12.4 μm), recorded on the Olympus microscope.
Evidence of fibril formation can be observed, see arrows. A uniform coating of the
microwell surface with FN (red) has been achieved. The actin (green) shows fibers
at the bottom (A-0.0) and above the nucleus (A-14.0). On the top a protrusion is
reaching out of the well (A-16.0), which seems to be attached to a FN coated dust
particle or FN agglomerate. A FN fiber seems to have formed starting from the top
at the end of the protrusion and going downwards until the bottom of the well along
a stress fiber, see arrows. In the middle plane (A-10.0) an area of FN removal can
be seen at the side of the microwell. A) Different z-planes. B to D) different views
of the 3-D reconstruction done using software Imaris. B) Same view as the z-planes
using a MIP projection. C) View from the side, the actin fiber can be seen going
downwards through the well . D) View from the top. Only the FN (red) is displayed.
Discrete FN structures can be observed.

The next example, Figure 6.18, shows a cell adherent within a large triangle (side
length 27 μm). The microwell size is much bigger than the volume of the cell, thus the
shape of the cell is not completely defined by the microwell. The cell spans from the
top along the side towards the bottom surface of the microwell. At the bottom it
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spreads into all the three corners of the triangle and shows discrete actin stress fibers.
At the bottom a clear localization of FN can be observed, which seems to be
associated with the shape of the triangle via the actin cytoskeleton. Both in the center
below the cell FN is present in a fibrillar form as well as around the cell, Figure 6.18c.
A zone around the central FN structures could be detected which shows a certain
depletion of FN at the surface, which results from the active remodeling of the
adsorbed FN by the cell. Because of the large dimension of the microwell this cell is
much more spread than the ones in the smaller wells shown above, it might thus be in
a more contractile state.
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3-D reconstruction of a CLSM stack of a 3T3 cell inside a relatively large triangular
microstructure (triangle_big_2, side length 27 μm), recorded on the Olympus
microscope. A uniform coating of the microwell bottom surface with FN (red) is not
observed, which might be due to an active remodeling by the cell. The actin (green)
shows clear stress fibers at the bottom (A-2.0) which are directed into the corners of
the triangle. On the top a protrusion is reaching out of the well (A-17.0). Small FN
fibers seem to have formed below the cell centre and at the periphery in proximity
of the actin stress fibers, see arrows. A) Different z-planes. B to D) different views
of the 3-D reconstruction done using software Imaris. B) Same view as the z-planes
using a MIP projection. C) View from the top. Only the FN (red) is displayed.
Discrete FN structures can be observed in the center and at the cell periphery.
Around the centre an area of depletion of FN due to active remodeling can be seen.
D) View from the top below, thresholded volume of the actin signal.

The final example shows a cell adherent inside a large rectangular microstructure.
Again the cell shape is not completely defined by the microwell because of the
volume difference. The cell is spreading along the long axes of the microwell and
shows distinct FN fibers on the bottom and on the side of the cell.
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3-D reconstruction of a CLSM stack of a 3T3 cell inside a large rectangular
microstructure (rectangle_big_5, long axes 50 μm, short axes 12.5 μm), recorded on
the Olympus microscope. Clearly FN (red) fibers can be observed, which might be
due to an active remodeling by the cell. The actin (green) shows clear stress fibers
in all planes which are direction from the bottom up to the plateau. On the top a
protrusion is reaching out of the well (A-17.0). FN fibers have formed along the
actin fibers spanning along the cell membrane from the bottom to the plateau
surface, see arrows. Regions with a reduced FN concentration in the microwell can
also be observed in the left corner of the rectangle. A) Different z-planes. B to D)
different views of the 3-D reconstruction done using software Imaris. B) View from
the top using a MIP projection. C) View from the top. Only the FN (red) is
displayed. Discrete FN structures can be observed. D) View from the short side of
the rectangle, thresholded volume of the actin signal.

6.3.4.5 Live cell experiment
A first live cell experiment showed the feasibility of using the device, described in
this chapter, to collect images at different positions of the sample using an automated
stage at different time points. The resolution of the images using transmitted light was
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high enough to observe subcellular components, such as vesicles and the cell
membrane. The experiment was not fully satisfying, however, because of fluorescent
photobleaching beyond the 3rd z stack of images. It was thus not possible to follow
fibronectin matrix assembly in real time. These issues can be solved, though, by
optimizing the light intensities and changing to a different media.
Additionally, because of the use of a CO2 independent media, the HUVECs
(primary cells are generally difficult to culture) did not grow normally and were not
spread on the fibronectin coated areas.
In one of the areas recorded, exhibiting big triangles and squares (big_2 and
big_3), we could nicely observe cell movement within the microstructure without
spreading out on the passivated platform surface. Because the wells were slightly too
large for the volume of these cells, they were actively sensing their environment by
the extension of filopodia and migrating inside the well. The experiment clearly
showed how active these cells behave, a fact which is sometimes underappreciated
when just looking at fixed cells.
One drawback of 4-D (z-stacks and time lapse) live imaging is the production of
huge amount of data for the analysis of a small amount of cells. Transfer and analysis
of the data is still a limiting factor for the acquisition of statistical results.
After a more complete understanding of how these cells react to the μ-3D culture
condition and more results towards the formation of a FN matrix, a method protocol
must be derived which allows for faster screening of the system. This could be
performed by defining a threshold of a localized intensity at the bottom of the well
(excluding the high intensity from the sidewalls), which results from the formation of
fibers. This could then be compared to the presence of a single cell inside the well by
a simple nuclear stain, analyzed statistically to correlate well shape or dimension with
the initiation of fibrillogenesis. No 3-D analysis would be necessary. As mentioned
above, a good control of the FN adsorption and homogeneity is necessary for this
analysis.

6.4

Conclusions

We have shown the feasibility using the Petri dish format μ-3D cell culture devices
to grow HUVECs and 3T3s as single cells for at least 24 h in defined 3-D
microstructures of various shapes. We have also successfully produced surfaces with
different elastic properties (Young’s modulus from 60 kPa to 1400 kPa) and shown
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the ability to selectively grow cells inside these microstructures by the hydrogel based
inverted printing method of PLL-g-PEG on the plateau surface. The PDMS thin film
device allows the imaging of the cells using either CLSM or epi-fluorescence live
microscopy at high resolution, which is a crucial prerequisite for the study of
subcellular effects in single cells. In contrast to spread cells on flat surfaces, the
culture and analysis of cells inside 3-D microstructures makes image acquisition more
challenging since the projected size of the cells and the features of interest (actin
fibers, FN fibers) are much less extended and not distributed horizontally in the same
z-plane as the plane of focus of the optical setup.
From the images above it can be seen that, although different materials are present
in the device (glass and PDMS), no severe chromatic aberrations were observed,
which would lead to a shift in z-direction at different wavelengths. For these studies
the effect of chromatic aberration could be ignored, but for co-localization studies (for
example at adhesion sites, integrins, paxillin etc.) the device has to be calibrated first
using fluorescent beads and the shift could then be corrected digitally for the different
channels.
We have optimized the cell culture conditions, FN precoating and washing steps,
staining protocols and microscopy analysis. So far we have only rarely found signs of
fibril formation inside the small wells and no conclusion can be made yet. We have
observed the formation of FN fibers by 3T3 cells inside large and elongated
structures, like rectangles, and also inside microstructures with sharp corners, like big
triangles. Further investigation is needed though to achieve a deeper understanding of
how the 3-D adhesion state influences the ability of cells to assembly a FN matrix and
react to the different mechanical properties of the substrate.
A final example of a HUVEC inside a spindle shaped microwell with corners in the
perpendicular direction to the long axes is shown below, Figure 6.20. This shows how
the shape of an individual cell can be controlled and how this influences both the
shape of the nucleus and the distribution of actin stress fibers in 3-D.

164

Chapter 6

Figure 6.20

μ-3D Adhesion and FN Matrix Assembly

HUVEC inside a spindle like microstructure recorded on the Leica CLSM. A) SEM
image of the empty microstructure as reference. B) CLSM 3-D reconstruction of the
cell viewed from the top. C) from below. D-I) different z-planes starting from the
top. Actin (green), FN (red, shows drying artifact), nucleus (blue). The actin
cytoskeleton is highly influenced by the shape of the microstructure, the fibers are
aligned in direction of the long axes (see c, f and i) and also of he corners at the side
(see g). They are distributed in 3-D throughout the cell volume. The nucleus shows
a unique shape due to the constraints by the microwell and the actin fibers cross
along it on all sides.
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CHAPTER 7
7 A Novel Crossed Microfluidic Device for the
Precise Positioning of Proteins and Vesicles

The work described in this chapter has been done in collaboration with the
following people: Brigitte Niederberger, Brigitte Städler, Didier Falconnet, Wulf
Glatz, Marcus Textor, Janos Vörös

7.1

Introduction

In the last few years microarray technology has become a powerful tool for highthroughput analysis of biological molecules. After the success of DNA microarrays,
there is a need for analytical devices for highly parallel analysis of mixtures of
abundant proteins and the study of protein functions and interactions(Templin, Stoll et
al. 2002; Wilson and Nock 2002). In contrast to DNA microarrays the patterning of
functional proteins on predefined areas of a substrate has turned out to be a
technically highly challenging task(Mitchell 2002; LaBaer and Ramachandran 2005).
Several approaches have already been investigated, for example spotting(MacBeath
and Schreiber 2000), binding to patterned lipid bilayers(Yoshina-Ishii and Boxer
2003), local translation of proteins using spotted DNA(Ramachandran, Hainsworth et
al. 2004) or the use of microfluidic channels as in the micromosaic
immunoassay(Bernard, Michel et al. 2001; Cesaro-Tadic, Dernick et al. 2004) or
crossing channels for hydrodynamic guiding(Brevig, Kruhne et al. 2003).
Microfluidic devices offer the possibility to manipulate small volumes of reagents
and analytes on a small area of a surface(Xia and Whitesides 1998; Hong and Quake
2003). They have already been successfully applied to a variety of application by
combining microsensors with fluidic components or miniaturization of analytical
chemical methods, in particular separation, e.g. amino acids, DNA and
proteins(McDonald, Duffy et al. 2000; Erickson and Li 2004). Furthermore,
microfluidic devices are currently investigated to be used for cell manipulation and
cultivation(Rhee, Taylor et al. 2005; Tourovskaia, Figueroa-Masot et al. 2005) or
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even for tissue engineering at the microscale(Park and Shuler 2003). The use of
microfluidic devices to create gradients either in the bulk solution or on surfaces has
also lead to new tools for cell-biological assays(Lin, Saadi et al. 2004).

Figure 7.1
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The working concept of the crossed microfluidic device introduced in this paper.
Generally, in separated laminar streams a row of prepatterned spots can be activated
by an activation stream (a1), which then can be functionalized by 3 different
laminar streams (r1, r2, r3) in the perpendicular direction. This is then repeated
another two times to generate an array of nine differently functionalized spots. The
concept can be applied to a variety of two-step surface architectures. Below is an
example of the surface architecture used in this paper. The chip surface consists of
spots of PLL-g-PEG/PEG-biotin in a protein resistant background of PLL-g-PEG.
During activation, previously prepared complexes of streptavidin and single
stranded biotin-DNA can bind to the spots. These can then hybridize with the
corresponding cholesterol/DNA-tagged vesicles during the functionalization step.
This architecture allows for the performance of the activation (a1-a3) and of the
functionalization (r1-r9) in single steps using the selectivity of DNA hybridization.
Furthermore, the used lipid vesicles are known to be suitable environments as drug
containers or for the incorporation of transmembrane proteins.
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In this chapter, we describe a novel concept to create heterogeneous arrays of
different proteins or vesicles inside a microfluidic device. The concept combines the
use of I) a prepatterned surface, with a designated two-step surface chemistry, which
allows activation and subsequent binding of a receptor molecule selectively only on
the activated spots, and II) a poly(dimethylsiloxane) (PDMS) microfluidic channel
device, which consist of two perpendicularly crossing channels, in which separated
laminar streams can be used for the local functionalization of individual spots (Figure
7.1). This device allows for the arraying and subsequent testing of proteins in a
hydrated environment, thus maintaining their function by eliminating problems with
drying out of the samples. In addition to approaches by Fang et al(Fang, Frutos et al.
2002) using spotting techniques, our approach also provides the possibility for the
arraying of membrane proteins which can be embedded in the membrane of lipid
vesicles(Stamou, Duschl et al. 2003).

7.2

Experimental

7.2.1 Concept and Design
The purpose of the microfluidic device developed in this work is to generate local
functionalization of an array of 9 spots as a proof of concept. A transparent MAPLchip (Molecular Assembly Patterning by Lift-off, details see below) provides the
prepatterned surface onto which the microfluidic device is mounted. The device
consists of two crossing channels with 1.5 mm width, one for activation of the surface
and one, which intersects perpendicularly, for subsequent functionalization (Figure
7.1).
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Design of the crossed microfluidic channel system, exhibiting one channel for
activation and one for functionalization, each with three inlets for separated laminar
streams and one outlet. The width of the channels was selected to accompany an
array of 3 x 3 spots (diameter 200 μm, spacing 300 μm) at the cross section of the
two perpendicular channels.

Each channel has 3 separate inlets to obtain separated laminar streams of different
solutions and one outlet. The general principle is shown in Figure 7.1. The
prepatterned spots surrounded by a non-adhesive background are arranged in an array
such that an area of 3 x 3 spots is situated at the cross section of the two channels. The
spots exhibit a surface chemistry, which allows in a two-step process to first activate
certain spots and subsequently bind the biomolecule of interest. In a first step, an
activating laminar stream (a1) is led over the chip, activating the first row of 3 spots.
Subsequently these 3 activated spots are functionalized by 3 laminar streams (r1, r2
and r3) of reagent solutions, which flow perpendicular to the activation stream. These
two steps are repeated for the second (a2 and r4, r5, r6) and third row (a3 and r7, r8,
r9). Thus an array of 9 differently functionalized spots can be obtained. This concept
can be applied to different surface nanoarchitectures consisting of an activator-analyte
pair, like biotin-streptavidin for activation and biotinylated antibodies (Huang, Voros
et al. 2002; Zhen, Eggli et al. 2004) for functionalization, or NTA surfaces and histagged proteins(Zhen, Falconnet et al. in press 2005). In the example described in this
paper, the process is further simplified by using the binding of different single
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stranded DNA-streptavidin complexes to activate the selected biotinylated spots
followed by the subsequent hybridization of complementary DNA-tagged
vesicles(Svedhem, Pfeiffer et al. 2003; Stadler, Falconnet et al. 2004). The activation
and also the functionalization could be achieved in a single step each, due to the high
selectivity of hybridization (a1, a2 and a3 using three different DNA strands, one for
each row of reagent streams).

7.2.2 Fabrication of the Device
The fabrication of the prepatterned MAPL-chips has been described earlier by
Falconnet et al(Falconnet, Koenig et al. 2004). Briefly, a photoresist layer on a
niobium oxide-coated glass slide is patterned using standard photolithography (Figure
7.3a). Subsequently, a graft-copolymer, poly(L-lysine)-g-poly(ethylene glycol)
functionalized with a fraction of biotinylated PEG chains (PLL-g-PEG/PEG-biotin), is
immobilized on the surface (Figure 7.3b). After removal of the photoresist using Nmethyl-pyrrolidone, patches of immobilized polymers remain on the bare substrate
(Figure 7.3c), which can then be backfilled with PLL-g-PEG to render the background
resistant to non-specific adsorption of proteins (Figure 7.3d). The patterns used for all
experiments showed circular spots of a diameter of 200 μm with a distance from edge
to edge of 300 μm.
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Molecular Assembly Patterning by Lift-off (MAPL); a) a niobia-coated glass wafer
is patterned with photoresist (PR) by UV illumination through a mask and
developed; b) the PR-patterned sample is dipped into a solution of functionalized
PLL-g-PEG/PEG-biotin; c) the PR is lifted-off in an organic solvent; d) the
background is finally filled with non-functionalized PLL-g-PEG inhibiting nonspecific interactions outside the interactive spots.

The microfluidic device was fabricated by replica molding(Xia and Whitesides
1998). Briefly, a precursor mixture of poly(dimethylsiloxane), PDMS, was cast and
cured on a Si wafer which shows the designed channel patterns of SU-8 photoresist,
height 90 μm, previously fabricated using photolithography. The device could then be
peeled off from the Si master and 2 mm holes for the in and outlets were punched
using a sharp punching tool.

7.2.3 Assembly of the Device
To assemble and seal the whole setup a clamping device was manufactured (Figure
7.4a), consisting of a steel bottom plate with a 20 mm circular aperture in the middle
for access with microscopy objectives and a PMMA top plate with holes drilled
through to fit onto the punched inlets of the PDMS channel system. The tubing was
connected from the top plate to the valves. For the inlets an L-valve, Omnifit Ltd
USA, was used to be able to switch between connecting the solutions to the device (to
start flow) or to a waste container (during filling of the inlet tubes with reagent
solution) or to close the inlets completely (to stop flow). The outlets were connected
to a 4-way linear valve, Omnifit Ltd USA, to be able to switch the flow between the
activation channel and the reagent channel and back. The MAPL-chip and the PDMS
channel system were placed between the two plates and were tightly sealed by
applying a modest pressure using 4 screws. The PDMS device was previously
exposed to air plasma (PDC-32G from Harrick Scientific Corporation, 0.1 mbar, 30
sec) to render the surface hydrophilic. The whole setup was mounted on an inverted
fluorescence microscope (Zeiss, Axiovert 100 1V) for in situ monitoring (Figure
7.4b).
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a) Drawing of the setup. The MAPL chips and the microfluidic device are placed
between a top PMMA plate including the tubing and a bottom steel plate with an
aperture for microscopy access. The whole device is sealed by four surrounding
screws. b) Picture of the setup with the valves and tubing, installed on an inverted
microscope.

Before the experiments, the device and all the tubing were filled with HEPES
buffer (10 mM 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid, pH 7.4,
containing 150 mM NaCl) or ultra pure (UP) water respectively, using a manual
syringe and pressing the solutions through from the outlet. To reduce bubble
formation inside the channels, all solutions were degassed in a vacuum oven at 37°C
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prior to the experiments. In all experiments, gravitational flow was used to ensure
continuous flow. The flow rate of the different laminar streams was adjusted by
slightly changing the height difference between in- and outlets.
There was no need for alignment of the PDMS device to the MAPL chip, because
the whole area of the chip was covered with spots and small misalignments could be
corrected later by adjusting the position of the laminar streams.

7.2.4 Test of Crossed Channels with Food Dye
The initial performance test of the device was done using a commercial red food
dye to be able to observe and record the laminar streams with bright field microscopy.
In the first step, the red food dye was running in the middle and UP water in the outer
activation channels with a total flow rate of 175 +/- 25 μl/min. By adjusting the height
difference between in- and outlets the middle stream was centered and its width was
adjusted between 300 and 900 μm. After rinsing with water, the flow was stopped and
the device was switched to the perpendicular direction. In the second step, the tubes of
the two outer reagent channels were filled with the dye. After starting the flow, the
laminar streams were positioned and adjusted as before. The whole experiment was
recorded using a 5x objective and a color camera (Zeiss AxioCam MRc).

7.2.5 Vesicle Patterning
Solutions containing complexes of 0.35 μM biotinylated DNA (5’-CCC-CCATGG-AAT-CGT-AA-3’ or 5’-CCC-CCT-TCA-GAG-CAT-AT-3’, 5’ modified with
biotin; Eurogentec S.A.) and 0.3 μM streptavidin Alexa Fluor633 (Molecular Probes)
were prepared and labeled as a1 and a2 respectively. Solutions containing complexes
of cholesterol-tagged complementary DNA (0.35 μM, 5’-CCC-CCT-AGT-TGTGAC-GAT-CAT-TAC-GAT-TCC-AT-3’ or 5’-CCC-CCT-AGT-TGT-GAC-GTACAA-TAT-GCT-CTG-AA-3’, 5’ modified with a TEG cholesterol) and extruded 50
nm vesicles (0.027 μM) composed of 99 w% 1-Palmitoyl-2-Oleoyl-sn-Glycero-3Phosphocholine (POPC) and 1w% of 1-Oleoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazol-4yl)amino]hexanoyl]-sn-Glycero-3-Phosphocholine (NBD-PC; Avanti Polar Lipids)
were labeled with r1 and r2 respectively.
In the first step, solution a1 was running in the middle and HEPES buffer in the
outer activation channels. The flow rate of the middle channel was initially low in
order to position a thin laminar stream onto the middle row of spots and then
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widening it by increasing the flow rate (Figure 7.6a). The average flow rate was 175
+/- 25 μl/min. After all the solution a1 ran through, the device was thoroughly rinsed
with HEPES buffer. Then the tubes of the two outer activation channels were filled
with solution a2, the middle one with buffer and the flow was started again (Figure
7.6b). After rinsing with HEPES buffer the flow was stopped and the device was
switched to the perpendicular direction with solution r1 running in the middle and r2
in the two outer reagent channels at the same time (Figure 7.6c). Series of images
were recorded using a 5x objective, the corresponding filter sets, and an ORCA-ER
camera. The red fluorescent channel was recorded until the end of the activation steps
and the green channel only during the functionalization. At the end of the experiment,
both channels were recorded separately again and merged into one image.

7.3

Results and Discussion

7.3.1 Food dye
The initial tests to control laminar streams in crossing channels have shown that
both the position and the width of the middle stream can be easily adapted by
changing the gravitational pressure difference between the solutions entering the
device through the three inlets (see supplementary information for a full movie). As
can be seen in Figure 7.5a, the middle stream shows a slight broadening at the cross
section of the two channels due to a pressure drop in the perpendicular channels and
the somewhat flexible tubing before the closed valves. When the reservoir of colored
solutions was exhausted, the stream started to dilute out from the center outwards
until finally all was completely washed out (Figure 7.5b II). This effect can be
explained by the parabolic flow profile due to liquid drag inside the tubing and the
inlet channels in the upper part of the device.
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Stills from a recorded movie (see supplementary information) of the performance
test using a red food dye; a) stitched image of the channel, top shows where the
three inlets combine and form separated laminar streams, bottom shows the stream
at the cross section, where a slight broadening was observed; b) different times
during the experiment: I) stable and centered middle stream; II) dilution after
exhaust of colored solution; III) positioning of the streams after switching to
perpendicular channel; IV) stable outer streams, which show filling of the
perpendicular channels; V) dilution of the streams before final rinsing after the
experiment. The scale bars are 500 μm.

After complete rinsing and switching to the perpendicular channel, again the
laminar streams could be adjusted as described above (Figure 7.5b III-V). When the
two outer streams were colored, it was observed that these solutions also filled the
perpendicular channels at the cross section. This might lead to cross contamination
during further switching steps, but there are several ways to circumvent this problem.
One could think of either using just the center stream for sequential functionalization
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of each row, or two more inlet channels could be added to generate sheathing streams
with pure buffer at the sides. Furthermore valves could also be incorporated into the
microfluidic device to completely eliminate this problem(Thorsen, Maerkl et al.
2002).

7.3.2 Vesicle Patterning
Figure 7.6 shows the three steps to achieve a chessboard pattern on a 3x3 array of
spots. The individual rows could successfully be activated by fluorescently labeled
streptavidin complexed with two different biotin-DNA sequences as can be seen in
Figure 7.6a and b. By first positioning the thin middle stream, it was possible to target
the row of spots (see supplementary information for a movie). The streptavidin-DNA
complexes selectively adsorbed onto the biotinylated spots provided by the MAPL
chips and only a small amount of unspecific adsorption was observed in the
passivated background. It should be mentioned that the activation with three different
streptavidin-DNA complexes could be done in a single step eliminating differences in
the exposure time of the different regions.
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Figure 7.6

Concept and experimental results using a crossed microfluidic device to bind lipid
vesicles tagged with different DNA strands onto a chessboard pattern of a
prepatterned surface. Left: laminar streams during the three steps; A) activation of
middle row; b) activation of the two outer rows; c) perpendicular functionalization
of the activated spots with lipid vesicles using DNA hybridization. Right: expected
surface modification and fluorescence microscopy images of the experimental
results after rinsing with buffer; A) streptavidin633/biotin-DNA1 complexes are
bound to the middle row of spots; B) streptavidin633/biotin-DNA2 complexes are
bound to the two outer rows; C) DNA1-tagged vesicles only bind to the middle
spot, DNA2-tagged vesicles bind to the four spots in the corner. This shows that all
9 spots can be individually functionalized. The scale bars are 200 μm. See
supplementary information for a full movie.

During the functionalization step, the complementary DNA tagged vesicles
attached only to the spots which were functionalized with the corresponding DNA
sequence (Figure 7.6c). A high binding selectivity was achieved using the selectivity
of DNA hybridization, thus only the corresponding spots were decorated with the
vesicles. On the other hand, the observed variations in the amount of bound vesicles
on the spots and the differences in the non-specific binding on the background might
be due to changes in the exposure time of the different channels to streptavidin, buffer
and the vesicles. Further tests are needed to quantify the exact amount of binding, the
stability, and the reproducibility of the array.
Nevertheless, this experiment showed the feasibility to achieve a heterogeneous,
predefined pattern of differently labeled vesicles on a prepatterned surface.

7.4

Conclusions and Outlook

We have demonstrated a proof of principle of using a microfluidic device for the
creation of a heterogeneous pattern of biomolecules on a prepatterned substrate. The
combination of an intelligent surface nanoarchitecture and two perpendicularly
crossing microfluidic channels allowed for the addressing of each individual spot
separately. However, the device has to be further miniaturized and integrated with
valves to reduce sample consumption and increase the number and density of the
spots. The approach presented here is a first step to create functional arrays of delicate
biomolecules like membrane proteins, an important class of proteins which so far
cannot be analyzed using high throughput methods. In order to achieve this goal, the
non-specific binding of DNA-tagged vesicles has to be further reduced and the
exchange of DNA between the vesicles has to be eliminated (i.e. by the use of more
cholesterol)(Pfeiffer and Hook 2004).
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This technique can be applied to many other two step surface architectures or also
to the direct positioning of cells. In addition, it might lead to further advances in
various other fields, like biohybrid devices and bionanotechnology, or the
development of micro factories on a chip.
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CHAPTER 8
8 Conclusions and Outlook
8.1

Conclusions

In the scope of this thesis we developed a variety of different processes that can
serve as a platform technology for the culturing of single cells in a controlled 3-D
microenvironment and in a miniaturized array format. A major goal was to restrict
adhesion of single cells to microstructures with defined shapes and dimensions,
exhibiting specific substrate material properties and a biologically relevant, well
defined functional interface.

8.1.1 Fabrication and functionalization methods
We have shown that by multiple replications from a single microfabricated Si
master microstructured surfaces could be produced in polystyrene (PS) by hotembossing, a widely used material for cell cultures, in poly(dimethylsiloxane)
(PDMS) by replica molding, a material that allows to vary the mechanical properties
between 60 and 1500 kPa, as well as in poly(ethylene glycol) (PEG), hydrogels, i.e. a
highly hydrated materials exhibiting mechanical and diffusive properties similar to
natural extra cellular matrices (ECM). We have proven the feasibility of replication of
microstructures between 5 and 500 μm width and 2 to 100 μm depth. The replication
into PS and PDMS showed excellent fidelity with resolution down to the nanometer
(below 100 nm) level; the PEG gels were not investigated in this size range. Using a
soft intermediate PDMS master, microwells with a depth/width aspect ratio of up to 2
could be produced. Replication is a preferred method, because it allows the
fabrication of large numbers of samples at low cost and high throughput without
expensive equipment.
To selectively coat the plateau surface between the microwells with PLL-g-PEG
and render it resistant against non-specific adsorption of proteins, we developed
successfully a method based on a wet inverted printing method. The use of a relatively
stiff (low water content) poly(acrylamide) hydrogel containing dissolved PLL-g-PEG
turned out to be most successful and practical. The adsorption of proteins on the
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stamped regions could be reduced to below 5% and this resulted in plateau surfaces
that resisted the adhesion and spreading of cells. The surface of the microwell could
then be functionalized in a second step by the spontaneous adsorption of adhesive
proteins, such as fibronectin, or functionalized PLL-g-PEG/PEG-X exhibiting desired
biological functions or binding sites, such as mimetic peptide sequences, biotin or
NTA, in a non-interactive background. The stamping method turned out to be not yet
fully reliable and reproducible though; further optimization work is needed, e.g.,
along the lines discussed in Chapter 4.

8.1.2 Control of 3-D cell shape
We investigated the feasibility to grow different cell types, (epithelial cells
(MDCKs, normal and stably transfected), primary human endothelial cells (HUVECs)
and mouse fibroblast-like cells (3T3)) on the microfabricated surfaces. Except for
occasional problems of reproducibility, mentioned above, we have successfully grown
cells for 1 to 48 h inside microwells on both PS and PDMS surfaces, while completely
blocking cell attachment/spreading on the plateau surface. The cells in the wells
remained viable, as judged by their proliferation after 48 h. They partly formed
clusters of multiple cells, which adhered to the microwell and to each other only.
Observation by CLSM of the 3D shape of cells cultured under μ3-D conditions
revealed that it is a challenging task to control cell shape in 3-D in a consistent
manner. Because the μ3-D culture concept relies on an adhesive surface inside a 3-D
microstructure with a fixed volume, the cell experiences an additional degree of
freedom (compared to the 2D pattern case) to distribute its volume in space. Only for
the case where cell and microwell volume are identical, is cell shape completely
controlled by the form and dimensions of the microwell. Because of the variability in
cell volume for a given culture, the fit is only rarely achieved using a surface with
only one type of microwells. The use of a library of different dimensions on the same
culture surface though allows the selection of cells by the experimentator for further
investigation, if they fulfill the required morphological properties to investigate the
biological question of interest.
Another aspect of the μ3-D culturing of single cells is the experience that Confocal
Laser Scanning Microscopy (CLSM) and high NA objectives are necessary for
achieving a sufficient quality of 3-D image stacks and to be able observe the 3-D
localization of subcellular structures. In contrast to cells grown on 2-D, which are
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usually spread to dimensions of 30 to 80 μm and exhibit distinct structures in the x-y
plane, the μ3-D culturing constrains the cells to typically 10 to 20 μm. We have also
developed a technique to prepare thin films of microstructured PDMS on thin
coverslips, mounted into a standard Petri dish format, to be able to use oil immersion
objectives and perform microscopy through the device for the imaging of fixed cells
and for live microscopy.

8.1.3 μ3-D Adhesion and polarization of single cells
We used the μ3-D cell culture surfaces to check the feasibility to address two
fundamental biological questions in a novel way. The first investigation addressed the
question of autonomous polarization in single epithelial cells (MDCK). Due to the
mechanical constraint of the microwells the system allows us to control the cell shape
of single cells independently of cell-cell contacts and mimic the columnar shape
epithelial can otherwise only achieve in the context of a flat monolayer grown on 2-D
surfaces of a 3-D cyst grown in ECM cultures. By the use of immunofluorescence
techniques we observed first, rare events of early polarization after 16 h of. Single
cells were found that showed an absence of the baso-lateral marker protein gp58 at the
apical surface and a strong localization at the edge of the microwell. This has never
been reported before on the single cell level and supports the hypothesis that
mechanical cues play a role, in addition to biochemical signals from cell-cell contacts,
in the establishment of a polarized morphology of epithelia. A more detailed statistical
analysis and further investigation using different dimensions of microwells is needed
though to explore the underlying mechanism.

8.1.4 μ3-D Adhesion and FN matrix assembly
The second question we have addressed using the μ3-D cell culture device was in
the context of cells forming 3-D adhesions and fibronectin matrix assembly. The
ability to grow cells in a defined 3-D microenvironment of variable mechanical
properties and designed shape allows investigating the role of 3-D cell shape,
spreading/contractility and mechanosensation on the ability of the cell to assemble
fibronectin fibers in a unique way. We performed preliminary experiments using
primary endothelial cells (HUVEC), optimized culture and microscopy (thin film
device) conditions, but so far could not make any definitive conclusions about
fibrillogenesis. The investigation of 3T3 cells showed a small number of cells inside
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larger microstructures which exhibited signs of fibril formation influenced by the
shape of the microwells and oriented parallel to actin stress fibers; they only formed
when the cells were growing either outwards of the microwell or in cells that could
spread to a larger extent.. Further studies are ongoing to investigate this effect in more
detail and also to analyze the composition of the adhesion sites, which have been
reported to differ in 2-D in comparison to 3-D environments(Cukierman, Pankov et al.
2002) using culture system that provided a lesser degree of control over the
microenvironment.

8.1.5 Integration with microfluidic devices
With the goal to integrate surfaces for the culturing of cells in miniaturized arrays
with microfluidic devices, enabling parallel measurements, we developed a crossed
microfluidic device, produced in PDMS by replica molding as a novel approach for
the creation of a heterogeneous pattern of biomolecules on a prepatterned 2-D
substrate. The combination of an intelligent surface nanoarchitecture and two
perpendicularly crossing microfluidic channels allowed for the addressing of each
individual spot separately. The concept can easily be further developed towards
integration of valves, miniaturization and parallelization to generate high density
arrays of up to 1000 or more spots. This technique can be applied to many other two
step surface architectures and also to the direct the positioning of cells. To what extent
the control of the laminar streams would be negatively influenced by a
topographically structured surface such as the μ3-D cell culture substrates has so far
not been investigated. The use of such a device in combination with specific
microstructures would allow creating heterogeneous cell cultures and more complex
microscopic tissue constructs than by merely seeding cells on surfaces as it has been
done so far in this thesis. Such heterogeneous cell-based devices would potentially be
highly relevant for efficient discovery and screening of drugs in the pharmaceutical
industry.

8.2

Outlook

With the technologies developed in this thesis one can envisage several different
possibilities to continue with further cell based studies. The use of soft materials such
as PDMS with a low crosslinker density to create microstructures in materials with a
low Young’s modulus is expected to allow the study of cells in a deformable
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microenvironment for cell cultured under the μ3-D condition. The length scale of
these deformations could serve as quantitative information of the forces the cells exert
in a 3-D adhesion state. Integration of fluorescent beads or quantum dots into the
surface is a method that could be used to quantify the deformation using particle
tracking methods and FE modeling of the elastic deformation. The intermediate
master could be coated with particles which are subsequently incorporated into the
PDMS or PEG hydrogels during replication, as has been shown by the group of Spatz
(personal communication). Current methods of quantifying cellular forces in 3-D
collagen gels rely on the dislocation of collagen fibers, which are difficult to image
with sufficient quality(Petroll and Ma 2003). In addition, biological gels show a nonlinear elastic behavior(Storm, Pastore et al. 2005).
We have so far functionalized the surface of the PS and PDMS microwells with
serum proteins, fibronectin or functionalized PLL-g-PEG/PEG-X (X = biotin). Other
interfaces of high interest to mimic cell-relevant microenvironmental factor include
the use of PLL-g-PEG/PEG-biotin, followed by the immobilization of streptavidin
and a pair of antibodies, the first biotinylated and the second a chimera protein
exhibiting extracellular domains of cell adhesion proteins such as cadherins (Figure
8.1a). Another interesting approach is the coating of the microwell surface using
supported lipid bilayers(Yoshina-Ishii and Boxer 2003) mimicking a cell membrane.
Small binding sites fur further functionalization, cell adhesive membrane proteins or
protein fragments could be incorporated into these membranes, which are generally
resistant to unspecific adsorption of proteins. In addition the mobility of these sites
can be tailored using different mixtures of phospholipids (Figure 8.1b).
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A) Sketch of a surface nanoarchitecture using PLL-g-PEG/PEG-biotin to bind
streptavidin to which a first biotinylated antibody can be linked, which finally can
bind to the fc-fragment of a chimera protein exhibiting the extracellular domain of
cadherin. B) Coating of the microwell surface with a supported lipid bilayer
exhibiting specific binding sites for the immobilization of cell adhesion molecules.

We have not yet investigated how to selectively functionalize structured PEG
hydrogels to restrict adhesion of cells only to the microwells. Yu et al.(Yu and Ober
2003) developed a technique to produce microstructures with a different biological
functionality on the bottom surface of microstructures, but the sidewalls and the
plateau are made from the same material. To selectively functionalize the surface of
the microstructures (sidewalls and bottom surface) of such hydrogels, another method
is needed. A possible approach is shown in Figure 8.2. Taking advantage of the
diffusive properties and a photo-initiated immobilization scheme, it might be possible
to squeeze a reactant solution into the volume of the microwell by placing it on a flat
surface. Subsequent functionalization using light might lead to a selective reaction
inside the diffusion zone (Figure 8.2b).
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Possible method to produce microstructured hydrogels exhibiting cell binding
functionalities selectively at the surface of the microwell. A) A reactant solution is
squeezed into the microwell after contact with a solid surface. B) Using photoinitiated chemistry the reactant is linked to the hydrogel. It will only bind where it
has diffused into the hydrogel at the time of the photoreaction. Subsequent washing
removes the unreacted molecules.

Surfaces that mimic even more closely the microenvironment of cells in tissue
should exhibit binding sites at the bottom surface (mimicking the ECM) that are
different from those on the side walls (mimicking a cell-cell contact). Using a
combination of the techniques developed in this thesis and the use of PDMS stencils,
as has been described by Folch et al.(Folch, Jo et al. 2000; Park and Shuler 2003) it
might be possible to place a PDMS stencil with holes of the desired dimension on top
of a previously coated surface. Subsequent use of the inverted printing method,
described in Chapter 4, and a final backfill to adsorb the molecules of interest on the
PDMS sidewalls should result in the formation of the desired pattern inside the
microstructures. A potentially feasible concept (Figure 8.3) is based on a MEMS
device that contains a microfluidic network below and patterns of a porous membrane
on top, thus allowing diffusion of nutrients through a cell cultured on top, another
important cue for epithelial cells to fully mimic their barrier function between the
outside and the inside(Takoh, Ishibashi et al. 2005). The use of a PDMS stencil with
functionalized sidewalls and a non adhesive plateau aligned on top of the microdevice
might be interesting for miniaturized HT screening applications in drug development.
The transport of drugs through the epithelial barrier is one of the most important
factors for the successful uptake of the drug into the body.
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Vision of an integrated device consisting of a microfluidic part below which
exhibits patterns of a porous membrane and a PDMS stencil aligned on top. The
latter produces microwells to accommodate single cells. The membrane could be
coated with matrix proteins prior to assembling of the device. Subsequent use of the
inverted printing method introduced in this thesis can lead to a selective coating of
the side walls and a non-interactive plateau surface. The sidewalls could exhibit
adhesion sites mimicking a cell-cell contact. The device allows the investigation of
transport phenomena through single epithelial cells (or small clusters).

The main subject of this thesis was the culturing of single cells in a defined 3-D
microenvironment. Functional biological units like organs, though, always consist of
colonies of different cell types. The use of microfabrication to grow clusters of cells to
construct miniaturized functional units that can serve as physiological models for drug
testing is of high interest(Bhatia 1999; Hecker, Baar et al. 2005; Fukuda, Sakai et al.
2006). The combination of replication and selective surface modification techniques
can further be applied to create arrays of microwells that contain for example natural
ECM, as shown Figure 8.4. The adhesion of these gels to the surrounding might be
tailored using designed surface chemistry. In addition the tailoring of the mechanical
properties of such microwells as well as their shape should lead to highly elaborated
culture models in an array format. The growth of 3-D aggregates inside ECM gels is
already a standard technique and has been shown to be more relevant, for example, in
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breast cancer research(Weaver, Petersen et al. 1997); miniaturized systems, though,
are still rarely used.
A more complete understanding of how cells behave in microengineered
environments and the integration of different miniaturized cell cultures and
microfluidic components to mimic different interacting parts of an organism is crucial
for the development of reliable culture models, such has been introduced by Shuler et
al.(Park and Shuler 2003; Khamsi 2005). These so-called cell culture analogs, or
loosely termed rat on a chip(Khamsi 2005), could allow screening of biological cues
in a model (still relying on tissue of sacrificed animals but making a more intelligent
and efficient use of them) that is intermediate between standard cell culture tests and
animal models, thus reducing the number of variants of drug to be tested in animals.

Figure 8.4

Gel in well concept for functional microorgan arrays. Microfabricated substrates, as
has been developed in this thesis, could be used to grow functional cell aggregates
in a 3-D environment, like natural ECMs, contained in microwells with a functional
interface to control adhesion of the ECM proteins, mechanical properties and
restrict outgrowth of the cells on top.

There are still numerous technologies used in the microelectronics and MEMS
industry that could be combined with biology to create hybrid devices containing
living matter interfaced with various sensors and actuators. Microscale cell cultures
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can be integrated into implantable devices for the monitoring of body functions or
release of substances such as insulin(Service 2002). Furthermore, engineered cell
cultures could be integrated with fuel cells, which create energy from hydrogen
produced by enzymes of the biological units in the system(Tye, Hall et al. 2005).
There is still a long and very challenging way to go before such dreams become
reality, although they have been dreamt by scientists, futurists or science fiction
writers decades ago already.

8.3

Ethical aspects of miniaturized cell cultures

We would like to make some final comments about ethical considerations which
are involved with the work described in this thesis. We have mainly worked on
developing new technologies for the miniaturized culturing of cells. Miniaturization
and automatization of biological experiments are technologies which can find a broad
application in various fields. It is a general issue of enabling technologies that the
final use of them is not known or decided by the investigators, who are mainly driven
by the fascination of “getting things to work”. We have so far applied our
technologies mainly on fundamental biological studies, but other applications can
easily be envisaged. The combination of cell cultures and microrobotics will have an
implication also in fields like reproductive medicine. Microfluidic devices have
already been applied for gender selection used for in-vitro fertilization(Cho, Schuster
et al. 2003) and have been commercially applied. The technologies mentioned in this
thesis will lead to improved systems for the sorting and selection unfertilized eggs or
embryos, enabling cloning experiments and pre implantation diagnostics (PID) at
high-throughput and higher success rates. In addition, the understanding and control
of the microenviromental influences on human stem cells might enable platforms for
the miniaturized engineering of tissue, as foreseen in regenerative medicine by the use
of therapeutic cloning(Hwang, Roh et al. 2005). Or finally the implantation of
engineered biohybrid microdevices consisting of microelectronics and biological
material, even from other human beings or different organism can be thought of.
All these issues are currently discussed in politics, media, academia and ethical
committees. The discussion is needed and most important is has to be done between
all members of society. I have the impression that many people are not aware of the
fact that these technologies are already available in labs all over the worlds and are
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not mere science fiction. It is thus a decision society has to make now and not a matter
of feasibility. Therefore I want to encourage everybody in research to speak openly
about their work, their fears, their dreams and their opinions about life and humanity.
Only by an open debate and sufficient information society is able to frame their
destiny by creating ethical concepts, laws and regulations using democratic means.

Corrigendum:
Due to the controversy about the human embryonic stem cell lines reported by
Hwang et. al.(Hwang, Roh et al. 2005), which have been finally proven to be
fraudulent and the papers been retracted(Kennedy 2006), we would like to mention
that at the time of print of this thesis no successful attempt to create patient specific
embryonic stem cells have been reported. The potential and ethical considerations of
using embryonic stem cells in controlled microenvironments mentioned above are still
valid.
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Layout and design of the different microwell arrays

Figure A. 1

Layout of Chip C1. The chip shows arrays of circular wells with a diameter between
10 and 16 μm. The whole area is divided in seperate 1 x 1 mm areas showing
structures of the same dimension. The center region shows various different shapes
and labels which can be seen by eye for easy sample assesment. The same layout
has also been used for the chips showing squares (S1), rectangles with a different
aspect ratio (R1 and R2), triangle with a different aspect ratio (T1 and T2) and
elipses with a different aspect ratio (E1 and E2).
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Figure A. 2

Layout of Chip A4. The chip shows arrays of differently shaped patterns, circles,
squares, triangles and rectangles, with a diameter between 10 and 40 μm. The whole
chip is divided in seperate areas showing structures of similar dimensions.The left
side shows the smaller structures, the right side the bigger. The center region shows
various different shapes and labels which can be seen by eye for easy sample
assesment. The same layout has also been used for the chips showing only squares
(S6) and only cicrles (C5).

Figure A. 3

Layout of Chip F3. The chip shows arrays of differently shaped patterns with
complex shapes inspired by the typical shape of fibroblasts. Different size of
structures are present on the chip, on the left side the small patterns and on the right
side the big patterns. The center region shows various different shapes and labels
which can be seen by eye for easy sample assesment.
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Dimensions of the patterns
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Design of first mask
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Manufacturing Engineering and Management (Dr. David Grant, Prof. John V.
Wood); 2. semester thesis on the subject of aqueous sol gel coatings of titania
for biomedical applications; AFM, photon correlation spectroscopy,
mechanical tests
Institute of Polymer Technology, ETH Zürich, 1. semester thesis on the
subject of solution processing of PTFE; binary solution behaviour of
perfluorinated ring-structures, DSC
Tsinghua University, Beijing, P.R. China, Dept. of Material Science and
Engineering – Ceramics (Prof. Hezhuo Miao); research of phase evolutions in
pressureless sintered α/β-SiAlONs with XRD
ABB Corporate Research Ltd., Baden (CH), internship in the group of a
superconducting current limiter; improvement of critical current density by
heat treatment, microstructure
Institute of Nonmetallic Materials, ETH Zürich, parttime laboratory assistant
on the field of Solid Oxid Fuel Cells; sintering of new electrolytes, spraypyrolysis of elecrolytes, SEM, microstructural analysis
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Languages
•
•
•
•
•

Swiss German, mother tongue
German, very good knowledge
English, very good knowledge
French, good knowledge
Chinese, basics - spoken only

Awards
Travel Award from the American Society of Cell Biology for the attendance at the 2005 ASCB Summer
Meeting on Engineering Cell Biology – The Cell in Context
“Lab on a Chip Award” for best poster presentation at NanoTech 2003, 7th Annual European Conference
On Micro & Nanoscale Technologies for the Bioscience, November 25-27, 2003, Montreux, Switzerland

Selected Publications
Journal articles
Microfabricated three-dimensional environments for single cell studies
Dusseiller, M. R. Smith, M. L. Vogel, V. Textor, M.
Biointerphases, 2006, 1, P1-P4
A novel crossed microfluidic device for the precise positioning of proteins and vesicles
Marc R. Dusseiller, Brigitte Niederberger, Brigitte Städler, Didier Falconnet, Marcus Textor and Janos
Vörös
Lab on a Chip, 2005, 5, 1387-1392
An inverted microcontact printing method on topographically structured polystyrene chips for arrayed micro3D culturing of single cells*
Marc R. Dusseiller, Dominik Schlaepfer, Mirabai Koch, Ruth Kroschewski, Marcus Textor
Biomaterials, 2005, 26, 5917-5925
* was also included in µTAS Virtual Journal, 2005, Volume 5, Issue 5,
Dynamic, electronically switchable surfaces for membrane protein microarrays
C.S. Tang, M. Dusseiller, S. Makohliso, M. Heuschkel, S. Sharma, B. Keller, J. Vörös
Analytical Chemistry, 2006, 78, 711-717.

Conference Proceedings
Microfabricated Cell Culture System for Single Cell Analysis in 2.5 Dimensions
Marc R. Dusseiller, Mirabai Koch, Dominik Schlaepfer, Aldo Ferrari, Ruth Kroschewski and Marcus Textor
Microtas 2004: Volume 2 - The Eighth International Conference on Miniaturized Systems in Chemistry and
Life Science - µTas 2004
Micro-3D cell culture devices for single cell analysis.
Dusseiller, M. R., Schlaepfer, D., Ferrari, A., Kroschewski, R., Textor, M.
3rd IEEE/EMBS Special Topic Conference on Microtechnology in Medicine and Biology, 2005

Oral presentations
Engineered Surfaces for Micro-3-D Cell Culturing
Marc R. Dusseiller, Dominik Schlaepfer, Michael Smith, Matthias Lutolf, Ruth Kroschewski, and Marcus
Textor
Engineering Cell Biology: The Cell in Context - ASCB Summer Meeting, 2005, Seattle, USA
Microfabricated Cell Culture Systems for 3D Analysis of Single Cells
01.06.2006
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Marc R. Dusseiller
Kolloqium D-MATL, June 2, 2004, ETH Zürich, Switzerland

Poster presentations
Single Cell Polarization Analysis in Micro-3D Cell Culture Devices
Luzia Reutimann, Marc R. Dusseiller, Dominik Schlaepfer, Marcus Textor, Ruth Kroschewski
BIOSURF VI — Tissue-Surface Interaction, September 21-23, 2005, EPFL, Lausanne, Switzerland
Engineered Surfaces for Micro-3-D Cell Culturing
Marc R. Dusseiller, Dominik Schlaepfer, Matthias Lutolf, Ruth Kroschewski, and Marcus Textor
Engineering Cell Biology: The Cell in Context - ASCB Summer Meeting, 2005, Seattle, USA
Microfabricated Cell Culture System for Single Cell Analysis in 2.5 Dimensions
Marc R. Dusseiller, Mirabai Koch, Dominik Schlaepfer, Aldo Ferrari, Ruth Kroschewski and Marcus Textor
Joining Forces Symposium, October 14, 2004, ETH, Zürich, Switzerland
Microfabricated Cell Culture System for Single Cell Analysis in 2.5 Dimensions
Marc R. Dusseiller, Mirabai Koch, Dominik Schlaepfer, Aldo Ferrari, Ruth Kroschewski and Marcus Textor
MicroTAS 2004, September 26-30, 2004, Malmö, Sweden
Microfabricated Cell Culture System for Single Cell Analysis in 2.5 Dimensions
Marc R. Dusseiller, Mirabai Koch, Dominik Schlaepfer, Ruth Kroschewski, Marcus Textor
SSB, Swiss Society for Biomaterials 10th General Meeting, July 1, 2004, Davos, Switzerland
Microfabricated Wells for Single Cell Attachment in a 2.5-dimensional Environment
Dusseiller, MR, Schlaepfer, D, Koenig, A, Kroschewski, R, Textor, M
7th World Biomaterial Congress, May 17-21, 2004, Sidney, Australia
Fabrication of plastic biochips to study single cells in a controlled 2.5 dimensional microenvironment
Marc R. Dusseiller, Andrea Koenig, Marcus Textor
NanoTech 2003, 7th Annual European Conference On Micro & Nanoscale Technologies for the Bioscience,
November 25-27, 2003, Montreux, Switzerland
Microfabricated Biochips with a selective surface chemistry to control 3-dimensional cell shape
M. Dusseiller, A. Koenig & M. Textor
BioSurf V - Functional Polymeric Surface in Biotechnology, September 25-26, 2003, Zürich, Switzerland
Development of Microfabricated Surfaces for Cell Patterning in quasi 3-Dimensions
Marc R. Dusseiller, Didier Falconnet, Marcus Textor
Joining Forces Symposium, June 1, 2003, ETH, Zürich, Switzerland
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