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Abstract

Tissue function is the summation of cell responses and therefore closely coupled to the

stimuli the cell experiences in its microenvironment. In addition to substrate rigidity, ma-

trix composition, and cell shape, dimensionality is now considered an important physical

property of the cell’s microenvironment which directs cell behavior. Studies have shown

differences in cell behavior when cells are cultured in a three-dimensional (3-D) matrix,

in comparison to cells cultured on flat surfaces. Therefore, next to the physical and chem-

ical microenvironment, the structural environment of a cell plays a crucial role in its shape

and function.

Microwell fabrication
The merger of microfabrication and cell biology has led to a variety of new tools to in-

vestigate the behavior of cells when cultured in vitro. However, available tools for the

study of cell behavior in two-dimensional (2-D) versus 3-D environments are difficult to

compare. Current 3-D models, such as gels or fibrous networks, provide no 3-D shape

control of individual cells and are often difficult to combine with high-resolution mi-

croscopy imaging, such as confocal laser scanning microscope (CLSM). M. Dusseiller,

M. Smith, V. Vogel, and M. Textor at ETH Zurich have developed a set of tools which

combines 2-D chemical patterning with topographical microstructuring, thus presenting

to the cells a structurally and biochemically defined, reductionist microenvironment. The

technique combines master fabrication in silicon and replication techniques which allows

us to create polydimethylsiloxane (PDMS) chips that display defined microwells of var-

ious shapes with dimensions in the order of single cells. By making use of different

cross-linking densities of the PDMS substrate, tailoring of the mechanical properties of

the material surrounding a cell becomes possible.
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In addition to geometry, we were also able to control the chemistry of the micro-

environment such that the surface inside the wells presented specific chemical function-

ality, e.g. adhesion proteins, while the plateau surface between the wells is passivated

against non-specific protein adsorption and cell adhesion. The passivation is critical to

ensure cells adhere only within the microwells and thereby within a controlled micro-

environment. Therefore, Dusseiller et al. have developed a method for the wet-printing

of a protein resistant graft-co-polymer, poly(L-lysine)-g-poly(ethylene glycol) (PLL-g-

PEG) using an inverted microcontact printing approach. In view of the promising po-

tential of this culture technique, the work of this thesis has been to further optimize and

develop more advanced chemical modification tools of the microwells as well as to answer

a number of fundamental question as to how cells respond to variations of microenviron-

mental parameters, individually and in concert.

Presentation of a mobile E-cadherin coating inside microwells
As many proteins of interest in cell studies are membrane proteins, wherein mobility

may play an important role, a new methodology to coat the inside of the wells with sup-

ported phospholipid bilayers (SPB) functionalized with human E-cadherin was developed

in this thesis. Characterization of mobility revealed that SPBs were mobile on an oxidized

PDMS surface and that the edges of the microwells did not limit the lateral diffusion of

the lipids. The selection of a phospholipid with a liquid-gel transition temperature, TM,

of 35 ◦C meant the mobility within the microwell could be manipulated through adjusting

the temperature of the environment within a small temperature range. The combination

of the microwell structure with the mobile and immobile SPB provides a new tool for

the study of membrane protein clustering and actin organization in well controlled 3-D

environments. First preliminary experiments with Chinese hamster ovary (CHO) cells

demonstrated that cells were able to adhere inside E-cadherin-functionalized SPB micro-

wells, and furthermore, that mobility influenced actin organization of the cell in 2-D and

therefore impacted cell behavior in general.

Microwells with heterogeneous display of proteins
In vivo, adhesion molecules often have tightly controlled spatial patterns, for example in

epithelial cells which have cell-cell contacts laterally and basement membrane underneath

the cell. Therefore, in addition to a homogeneous coating inside the microwells, we devel-

oped a technique to coat the wall and bottom with different proteins. To this end, a line-of-

sight deposition of titanium (Ti) allowed for the creation of a TiO2 (bottom)/SiO2 (wall)
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contrast inside the microwell. The passivation of the plateau by inverted microcontact

printing and the subsequent vesicle exposure led to vesicle rupture and SPB formation on

the SiO2 wall surface. The protein-resistant properties of the PLL-g-PEG on the plateau

and the SPB on the SiO2 side walls allowed for selective fibronectin (Fn) coating on the

TiO2-coated bottom of the microwell. The functionalization of the SPB with cell-cell ad-

hesion molecules provides a microenvironment for the cell which possibly mimics more

closely the environment present in vivo. Therefore, this culture substrate is potentially

suited to the investigation of cell responses, such as cell polarity, division, differentiation

and stem cell fate.

Dimensionality and its impact on apoptosis, viability, actin fibril assembly and
mechanosensation
Cells cultured inside 3-D microwells showed altered cell responses to environmental stim-

uli compared to cells on a 2-D surface. We asked whether cell size and shape within 3-D

environments could control cell viability. Endothelial cells constrained within microwells

were viable up to 7 days. Furthermore, cells in very small microwells (spreading area be-

tween 100 and 200 µm2) were viable, while cells on 2-D patterns with the same projected

adhesive area underwent apoptosis. Dimensionality seems to enable the cell to overcome

spreading limitation induced apoptosis.

Next, we studied the assembly of the cytoskeleton, since an intact actin cytoskeleton

is necessary for cells to migrate, apply contractile forces to their surroundings, and divide.

Fibroblast cells constrained within microwells assembled a robust actin network which

was in stark contrast to the limited actin filament assembly found within cells on 2-D pat-

terns with equivalent projected spreading areas. Moreover, the cytoskeleton exhibited 3-D

arrangement in microwells and was not only limited to the cell-substrate interface as on 2-

D surfaces. The ECM is a dynamic structure; it also undergoes changes and is constantly

rebuilt and rearranged by the cell itself. Since extracellular Fn matrix fiber formation re-

quires cell contractility, we next asked whether fibroblast cells in microwells rearranged

surface adsorbed Fn into fibers in situations where actin filament assembly was observed.

Cell containment on 2-D patterned surfaces progressively limited Fn rearrangement with

decreasing size. In contrast, cells which adequately filled microwells rarely rearranged

Fn from the microwell surfaces. The formation of an actin skeleton and the hindrance

of Fn matrix rearrangement made it difficult to draw any definitve conclusions about cell

contractility inside the microwells, but it suggested that actin filament assembly is driven
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by other cues and might help to explain some other differences seen in cells in 3-D gels

versus on 2-D substrates.

Since the mechanosensing abilities of a cell are coupled to the actin skeleton, we

investigated actin filament assembly in both hard and soft microwells. Interestingly, cells

in soft microwells with limited spreading and substrate stiffnesses of approximately 20

kPa did not assemble a detectable actin cytoskeleton, which was in contrast with cells on

flat, homogeneous 2-D substrates where actin filament assembly was observed. Therefore,

we have to conclude that it is not mechanosensation alone, but also dimensionality that

influences the cell’s ability to probe its environment and to respond to the stiffness of its

surrounding.

Finally, we investigated the dependence of the metabolism of cells on spreading area

and dimensionality. Increasing the spreading area of the cell led to increased metabolic

activity on both 2-D patterns and inside 3-D microwells. Furthermore, our results indicate

that the metabolic activity of the cell was greater in a 3-D environment, indicating that

metabolic activity was also affected by dimensionality.

Conclusion
These observations demonstrate that single-cell microwell substrates are a valuable ad-

dition to the toolbox of engineered cell culture platforms and can produce micro-

environments for the study of cell behavior in reductionist 3-D environments. The possi-

bility to control the spreading area of the cell, the stiffness of the substrate, and the coating

inside the wells made it possible to evaluate the impact of varying a single parameter and

furthermore, the interplay between different parameters. Additionally, the microwell thin

PDMS film substrates are compatible with conventional culturing assays, live imaging

and high-resolution microscopy often used in cell biology. The microwell substrate is a

useful platform to study biophysical fundamentals. However, it needs to be taken into

consideration that such an engineered platform is never able to simulate exactly the envi-

ronment of a cell in vivo as these substrates are constrained by the reduced and simplified

presentations of biochemical ligands and the absence of real cell-cell contacts. Further-

more, the imitation of very soft tissue is limited since the transference of the microwell

structure into very soft materials is difficult. Nevertheless, the microwell substrate is a

suitable platform to address biological questions, such as the influence of dimensionality

on cell division or stem cell differentiation. Furthermore the microwell platform provides

a microarray format for high-thoughput cell-based assays in drug or toxicity screening.



Zusammenfassung

Die Funktionsfähigkeit von lebendem Gewebe ist ein Zusammenspiel von Zellfunktio-

nen und deshalb an die Stimuli gekuppelt, welche die Zelle in ihrer Umgebung erfährt.

Neben Substratsteifigkeit, Matrixzusammensetzung und Zellform zählt die Dimensiona-

lität zu den wichtigen physikalischen Eigenschaften der Mikroumgebung der Zelle, die

das Zellverhalten steuert. Studien haben gezeigt, dass sich Zellen in dreidimensionalen

(3-D) Systemen anders verhalten als auf flachen Substraten. Deshalb spielt neben dem

physikalischen und chemischen Mikroumfeld das strukturelle Umfeld für die Zellform

und -funktion eine kritische Rolle.

Fabrikation der Mikrostrukturen
Die Verschmelzung von Mikrofabrikation und Zellbiologie führte zu einer Vielzahl neu-

er Methoden, mit denen sich das Verhalten von Zellen in vitro studieren liess. Jedoch

sind die vorhandenen Techniken, welche das Zellverhalten im zweidimensionalen (2-D)

Umfeld zum Verhalten in 3-D Umgebungen gegenüberstellt, schwierig zu vergleichen.

Geläufige 3-D Modelle, wie z.B. Gele oder faserförmige Netzwerke, ermöglichen keine

Kontrolle über die Form einzelner Zellen und sind schwierig mit hochauflösender Mikro-

skopie zu kombinieren. M. Dusseiller, M. Smith, V. Vogel und M. Textor von der ETH

Zürich haben eine Technik entwickelt, die 2-D, chemische Muster mit topographischer

Mikrostrukturierung kombiniert und die Möglichkeit eröffnet, den Zellen eine struktu-

relle und biochemisch definierte, jedoch vereinfachte Mikroumgebung reduzierter Kom-

plexizität zu präsentieren. Die Methode kombiniert Mikrostrukturierung in Silizium mit

einer Replikationstechnik, welche es ermöglicht, ein Polydimethylsiloxan (PDMS) Sub-

strat herzustellen, das Mikrostrukturen in der Grössenordnung einer Zelle enthält. Aus-

serdem kann man die mechanischen Eigenschaften des PDMS Substrats steuern, indem

man dessen Quervernetzungsdichte variiert.
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Zusätzlich zur Geometrie konnte auch die Chemie der Mikroumgebung kontrolliert

werden: Die Oberfläche innerhalb der Mikrostrukturen präsentierte eine spezifische che-

mische Funktionalität, wie z.B. Adhäsionsproteine, während das Plateau zwischen den

Strukturen gegen unspezifische Proteinadsorption passiviert ist. Die Passivierung ist ein

kritischer Schritt, der gewährleisten soll, dass die Zellen nur innerhalb der Strukturen ad-

herieren, in denen eine kontrollierte Mikroumgebung präsentiert wird. Deshalb hat Dus-

seiller et al. eine Stempelmethode entwickelt, die ein graft-co-polymer, poly(L-lysine)-g-

poly(ethylene glycol) (PLL-g-PEG), mit einem hydrierten Stempel auf das Plateau auf-

trägt. Wegen des viel versprechenden Potentials dieser neuen Zellkulturplatform wurde

in dieser Arbeit die chemische Modifikation in den Mikrostrukturen weiterentwickelt und

erste detaillierte Zellstudien ausgeführt.

Präsentation einer beweglichen E-cadherin Schicht innerhalb der Mikrostrukturen
Da viele für Zellstudien interessante Proteine Membranproteine sind, bei denen die Be-

weglichkeit der Liganden eine wichtige Rolle spielt, wurde eine neue Methodologie ent-

wickelt, die im Inneren der Mikrostrukturen eine Doppellipidschicht aufträgt, die mit E-

Cadherin funktionalisiert wird. Die Charakterisierung der Mobilität hat gezeigt, dass die

Doppellipidschicht auf oxidiertem PDMS beweglich war und die Kante der Mikrostruktu-

ren die laterale Beweglichkeit der Lipide nicht einschränkte. Durch die Wahl eines Phos-

pholipids mit einer Transitionstemperatur von 35 ◦C konnten wir die Beweglichkeit in-

nerhalb der Mikrostruktur durch die Temperatur steuern.

Die Kombination der Mikrostruktur mit der beweglichen Doppellipidschicht hat ei-

ne neue Technik hervorgebracht, mit der sich das Anhäufen von Membranproteinen und

die Aktinorganisation in einer gut kontrollierten, 3-D Umgebung studieren lässt. Erste

Experimente mit Zellen (Chinese Hamster Ovary Zellen) haben gezeigt, dass sich die

Zellen innerhalb der Mikrostrukturen, die mit einer Cadherin-funktionalisierten Doppel-

lipidschicht beschichtet waren, anhaften konnten. Des weitern hat die Mobilität die Ak-

tinorganisation der Zelle in 2-D beeinflusst und somit auch das Verhalten der Zelle im

Allgemeinen.

Mikrostrukturen mit heterogener Proteinanordnung
Adhäsionsmoleküle in vivo haben oft kontrollierte räumliche Anordnung, wie z. B. in

Epithelzellen, welche Zell-Zell-Kontakte lateral und Kontakte zur Basalmembran unter-

halb der Zelle aufweisen. Deshalb haben wir neben dem homogenen Beschichten der Mi-

krostrukturen eine Technik entwickelt, die es ermöglicht, die Wände und den Boden der
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Mikrostrukturen mit verschiedenen Proteinen zu beschichten. Mit Hilfe einer senkrech-

ten (“line-of-sight”) Abscheidung von Titan (Ti) wurde ein TiO2 (Boden)/SiO2 (Wand)

Kontrast kreiert. Die Passivation des Plateaus und die anschliessende Exposition mit ei-

ner Vesikellösung hat zur Bildung einer Doppellipidschicht auf dem SiO2 geführt. Die

proteinresistenten Eigenschaften von PLL-g-PEG auf dem Plateau und der Doppellipid-

schicht auf den SiO2 Wänden ermöglichte die selektive Adsorption von Fibronektin auf

dem Boden der Mikrostruktur. Die Funktionalisierung der Doppellipidschicht mit Zell-

Zelladhäsionsmolekülen hat den Zellen eine Mikroumgebung geschaffen, welche die in

vivo Umgebung besser imitieren dürfte. Deshalb ist diese Platform potenziell geeignet

um Zellverhalten, wie z.B. Polarität, Zellteilung, sowie Differenzierung von Stammzellen

besser zu untersuchen.

Dimensionalität und ihr Einfluss auf Apoptosis, Lebensfähigkeit, Aktinfaserbildung
und Mechanosensation
Je nachdem ob die Zellen in 3-D Mikrostrukturen oder auf 2-D Oberflächen gezüch-

tet wurden, haben Stimuli aus der Umgebung unterschiedliches Zellverhalten provoziert.

Deshalb wurde untersucht, ob die Zellgrösse und -form innerhalb 3-D Mikrostrukturen die

Lebensfähigkeit von Zellen beeinflussen kann. Endothelzellen, die in einer Mikrostruktur

gezüchtet wurden, haben 7 Tage lang überlebt. Sogar in kleinen Strukturen (Ausbreitungs-

fläche (“spreading area”) < 200 µm2) haben die Zellen überlebt, während die Zellen auf

2-D Mustern mit derselben Ausbreitungsfläche gestorben sind. Dimensionalität scheint

folglich die im 2-D-Fall als Folge mangelndem Ausbreitungsgrad induzierte Apoptose zu

überwinden.

Da ein intaktes Zytoskelett eine wichtige Voraussetzung für Zellmigration, Zelltei-

lung und Zellkontraktilität ist, haben wir die Bildung des Zytoskeletts in den Mikrostruk-

turen untersucht. Es konnte beobachtet werden, dass Zellen innerhalb der 3-D Struktu-

ren ein Aktinskelett aufbauen konnten, während Zellen auf 2-D Mustern mit der gleichen

projezierten Fläche hingegen nur limitierte Aktinbildung aufwiesen. Das Zytoskelett hatte

eine 3-D Anordnung und war nicht nur auf die Zell-Substrat Grenzfläche limitiert. Die ex-

trazelluläre Matrix ist eine dynamische Struktur, die konstant von den Zellen neu gebildet

und angeordnet wird. Da Zellkontraktilität eine Voraussetzung für Fibronektin Matrixfa-

sernbildung ist, wurde untersucht, ob der Aufbau eines Aktinskeletts ein Hinweis darauf

ist, dass Fibroblasten in Mikrostrukturen mit adsorbiertem Fibronektin Fasern bilden kön-

nen. Zellen, bei denen mit Hilfe von 2-D Mustern die Ausbreitungsfläche kontrolliert wur-

de, haben mit kleiner werdender Fläche weniger Fibronektin reorganisiert. Zellen in den
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Mikrostrukturen haben im Gegensatz dazu selten Fibronektin innerhalb der Mikrostruk-

turen reorganisiert und Fasern gebildet. Der Widerspruch zwischen dem Aufbau eines

Zytoskeletts und der Verhinderung von Fibronektin Reorganisation hat es schwierig ge-

macht, definitiven Schlussfolgerungen über Zellkontraktilität in den Mikrostrukturen zu

ziehen. Er hat jedoch darauf hingewiesen, dass Aktinfaserbildung wahrscheinlich durch

andere Faktoren beeinflusst ist und zudem helfen könnte, andere Unterschiede zwischen

dem Zellverhalten in 3-D Gelen und auf 2-D Substraten zu erklären.

Die Fähigkeit einer Zelle zur Mechanosensation sind ans Aktinskelett gekuppelt. Dar-

um wurde die Aktinorganisation in weichen und harten Mikrostrukturen untersucht. Inter-

essanterweise habe Zellen in weichen Mikrostrukturen (Substratsteiffigkeit von etwa 20

kPa) mit limitierter Ausbreitungsfläche keine feststellbaren Aktinfasern ausgebildet; ganz

im Gegensatz zu Zellen auf flachen, homogenen Oberflächen. Deshalb liegt der Schluss

nahe, dass nicht Mechanosensation alleine, sondern ebenso Dimensionalität, die Fähigkeit

der Zelle ihre Umgebung abzutasten und auf deren Steifigkeit zu reagieren, beeinflusst.

Schlussendlich wurde untersucht, wie der Metabolismus einer Zelle von deren Aus-

breitungsfläche und Dimensionalität abhängt. Mit grösserer Ausbreitungsfläche einer Zel-

le nahm deren Aktivität sowohl auf 2-D Mustern als auch in 3-D Mikrostrukturen zu.

Ausserdem wurde beobachtet, dass die metabolische Aktivität in einer 3-D Umgebung

grösser ist als in 2-D.

Schlussfolgerungen
Diese Beobachtungen haben gezeigt, dass die für Einzelzellen konzipierten Mikrostruktu-

ren eine wertvolle Ergänzung zu den schon vorhandenen Zellkultursubstraten und nützlich

sind, um das Verhalten einer Einzelzelle in einer vereinfachten 3-D Umgebung zu studie-

ren. Die Möglichkeit, die Ausbreitungsfläche der Zelle, die Steifigkeit des Substrates und

die Beschichtung innerhalb der Mikrostrukturen zu steuern, hat es ermöglicht, den Ein-

fluss einzelner Parameter auf das Zellverhalten und deren Zusammenspiel zu untersuchen.

Die Mikrostrukturen sind ausserdem mit konventionellen Untersuchungsmethoden kom-

patibel, d.h. erlauben die Beobachtung lebender Zellen mit hochauflösender Mikroskopie.

Das mikrostrukturierte Substrat ist dabei geeignet, biophysikalische Grundfragen zu er-

örtern. Nichtsdestotrotz muss bedacht werden, dass eine künstlich konzipierte Platform

nie die genaue in vivo Umgebung einer Zellen imitieren kann. Die Aussagekraft solcher

Substrate wird immer mehr oder weniger eingeschränkt sein durch die reduzierte und ver-

einfachte Präsentation biochemischer Liganden und der Abwesenheit richtiger Zell-Zell-

Kontakte. Ausserdem ist die Imitation von sehr weichem Gewebe schwierig zu gestalten,
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da die Replikation der Mikrostruktur in sehr weiches Material nur beschränkt möglich

ist. Trotzdem ist das mikrostrukturierte Substrat geeignet, biologische Fragestellungen zu

untersuchen, wie z.B. in Bezug auf die Frage, inwieweit die Dimensionalität die Zelltei-

lung und Stammzellendifferenzierung beeinflusst. Ferner sind zukünftige Anwendungen

solcher Zell-basierter Technolgien im Gebiet der Medikamenten-Entwicklung und der

Toxizitätsprüfung denkbar.
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CHAPTER 1

Introduction

This chapter starts with a short overview of eucaryotic cells, with a particular focus on

the cytoskeleton and the cell membrane. The behavior of cells in culture as well as a vari-

ety of cell culturing platforms, such as 3-D model systems and microwells, are discussed

next. Finally, an overview of how the microenvironment of a cell might influence cell

behavior is presented, focusing on biophysical parameters, such as cell shape, substrate

rigidity, and dimensionality. The conclusion provides a brief, critical overview of the pre-

viously discussed cell culturing approaches. Furthermore it focuses on the presentation of

our microwell platform while examining the different aspects and advantages compared

to traditional cell culturing methods. The motivation of studying cells in a reduction-

ist microwell platform are considered here, while the individual biological questions are

introduced in the following chapters.

1.1 The cell

Cells are the structural and functional building blocks for every living organism (fig 1.1)

and are the smallest living unit of any organism. A human, for example, has about 1014

cells; with typical cell sizes of 10 – 100 µm and a mass of 1 ng [1]. In this chapter,

some general characteristics of a cell, which are relevant for this thesis, are described

with emphasis on the cytoskeleton and the cell membrane.
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Figure 1.1: Schematic of an eucaryotic cell. This schematic presents an eucaryotic cell and its
intracellular features. The components described in this chapter as well as the cell nucleus are
printed in bold (adapted from [1]).

1.1.1 The cytoskeleton

The cytoskeleton is a system of protein filaments in the cytoplasm of eucaryotic cells. It

is responsible for cell shape and for the cell’s capacity for directed movements. The cyto-

skeletal structures consist of small subunits which are only a few nanometers in size. Be-

cause the subunits are so small, they can quickly diffuse through the cytoplasm, rendering

the cytoskeleton a flexible construct, therefore allowing for fast structural reorganization,

disassembly, and reassembly of subunits.

Its most abundant structures are microtubules, intermediate filaments and actin fila-

ments. Microtubules are crucial in the development and maintenance of cell shape, in the

transport of vesicles and mitochondria through the cell, positioning of organelles inside

the cytoplasm, as well as in cell division and mitosis. The main role of intermediate fil-

aments is in the maintenance of cell-shape by bearing tension and tolerating stretching

and bending. The cytoskeletal aspect investigated in this thesis is actin fiber formation

(chapter 7), thus a brief overview of the role of actin, and motor proteins are presented in

the following paragraphs.
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Actin

Figure 1.2: Schematic of actin organization. A) The globular actin molecules are the building
blocks of the actin skeleton. B) Single actin molecules nucleate into C) an actin fiber. The actin
inside a cell can be organize as gel-like networks, contractile bundles, and tight aligned bundles.

The actin skeleton consists of the protein actin, which has a globular shape. The

nucleation of the actin skeleton occurs primarily at the plasma membrane. The actin

filaments underlying the plasma membrane determine the shape and movement of the

cell. The nucleation is often regulated by external stimuli, such as substrate stiffness

or dimensionality, which allows the cell to respond to its environment. Nucleation is

catalyzed by a protein complex including two actin related proteins (ARP), each of which

is about 45% identical to actin [1]. The ARP complex nucleates actin filaments from

the minus to the plus end building a treelike web (fig 1.2 A-D). In most nonmuscular

vertebra cells, 50% of the actin is in filaments and 50% in soluble form. Actin filaments

can become cross-linked by two different types of proteins, the bundling proteins or the

gel-forming proteins. Bundling proteins cross-link actin filaments into aligned bundles;

conversely gel-forming proteins hold filaments together in a non-aligned way resulting in

a loose network (fig 1.2 D). Two abundant bundling proteins are α-actinin and fimbrin.

α-actinin contains two actin filaments that are further apart and it is responsible for the

relatively loose cross-linking of actin filaments in contractile bundles. It is also involved in
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forming focal complexes and anchoring the stress fiber ends at the plasma membrane. The

density of the actin fibers determines if certain proteins, such as myosin (discussed below),

can enter the structure and interact with the actin bundles. The looser packing caused by

α-actinin allows myosin to enter the structure, interact with the actin filaments, and make

stress fibers contractile [1]. Conversely, fimbrin holds two chains closely together with

a single peptide chain. It is enriched in aligned actin bundle filaments in filopodia at the

leading edge of cells. The very close packing of actin filaments caused by fibrim excludes

myosin and thus filopodia are not contractile.

Recent studies have defined regulatory mechanisms that control stress fiber forma-

tion. Members of the Rho family of small GTPases, especially RhoA, may be involved

in the signalling that controls stress fiber formation [2, 3]. In support, injection of RhoA

into subconfluent fibroblast cells has been shown to cause the cells to form extensive stress

fibers [4].

The identification of downstream effectors of RhoA, in particular the ROCK protein

kinases, lead to an early breakthrough in the understanding of the regulation of stress

fibers (fig 1.3). The ROCK protein kinase is a key player in the complex signaling net-

work that controls stress fiber assembly. ROCK is activated by RhoA binding and causes

prominent stress fiber formation [5, 6]. ROCK phosphorylates different targets in the

pathway leading to actin fiber formation via increased myosin light chain phosphoryla-

tion (MLP-PP) and therefore, to increased actomyosin contractility [7].

Figure 1.3: Signaling pathways controlling actin bundling. Part of the signaling pathway that
is influenced in actin bundling is illustrated here. RhoA activation triggers mDia1 expression
which provides the actin nucleation activity. RhoA also activates ROCK which initiates different
pathways leading to actinmyosin contractility (adapted from [8]).
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Motor proteins - Myosin
Motor proteins are a class of molecular motors inside a cell which are able to move along

a filament. Motor proteins differ in the type of filament they bind to, the direction in which

they move and the cargo they carry. Some are responsible for the transport of membrane-

enclosed organelles, such as mitochondria, golgi stack, or secretory vesicles, others are

involved in ciliary beating, and cell division. An exemplification is the motor protein

myosin, which moves along the actin filament, and is involved in the generation of muscle

contraction and contractile forces. Motor proteins, associating with the cytoskeleton, bind

to a polarized cytoskeletal filament using energy derived from adenosine-5’-triphosphate

(ATP) (fig 1.4).

Myosins are actin-based motor proteins which form bipolar filaments and are pre-

sumed to contract the actin skeleton. Myosin II is the "conventional" form of myosin,

consisting of two isoforms, muscle and nonmuscle myosin II. The subunits myosin IIA

and IIB are found in stress fibers and are important in generating forces within cells. They

are normally constructed of a motor, neck and tail domain. The motor domain interacts

with the actin and uses ATP hydrolysis to generate force and walk along the actin filament.

The neck domain transfers force generated by the motor domain and has binding sites for

light chains, which often have regulatory functions. The tail domain is responsible for the

anchoring of cargo molecules and positioning of the motor domain so that it can interact

with the actin.

Figure 1.4: Schematic of a myosin II interacting with an actin filament. The myosin moves with
its motor group along actin tracks. The subunits nonmuscle myosin IIA and IIB are found in
stress fibers and are important in generating forces within cells.
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1.1.2 The cell membrane

To present a biomimetic system, we also work with artificial cell membranes. A bio-

logical membrane defines the inside and the outside of a cell, furthermore it surrounds

organelles inside a cell. The observation that cells change their size depending on the

osmotic pressure led to the discovery, in 1877, of semipermeable cell membranes [9].

In 1895, the oily or lipid like structure of cell membranes was first described [10]. The

first statements describing the electrical membrane potential date back to 1910 (qualita-

tively) and 1917 (quantitatively) [11]. From these first steps it took until 1972 for the

famous fluid mosaic model to be proposed [12, 13]. The fluid mosaic model explains the

plasma membrane as a lipid bilayer doped with proteins which are embedded to varying

degrees, randomly distributed and have free lateral and rotational mobility. Except for

some redefining, such as the more active role of lipids in the membrane, the model is still

valid today. The plasma membrane acts as a semipermeable barrier preventing the free

diffusion of molecules, water, and ions across the membrane. Specific proteins embed-

ded in the membrane perform several distinctive functions and work as pumps, channels,

enzymes and receptors maintaining chemical and electro-physical gradients required for

cell survival (fig 1.5). The cell membrane is composed primarily of lipids, but depending

on the cell type, the mass percentage ratio of lipids to proteins can vary between 25 and

75% [1].

Figure 1.5: Fluid mosaic model of a cell membrane. The cell membrane consist of a phospho-
lipid bilayer. It is doped with proteins which are embedded, randomly distributed and have free
lateral and rotational mobility.
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1.1.3 Lipids and membranes

Phospholipids and lipid assemblies
Phospholipids are the main constituents of biological membranes. Their chemical struc-

ture has a common motif: two fatty acid tails and a polar head group (fig 1.6 A). The fatty

acid tails are usually composed of a variable number of double bonds ranging from 0 to

3. The number of carbon atoms in the most common lipids is 16 or 18. The polar head

group is formed by a phosphate group [1]. In phosphoglycerides, acyl chains are linked

to the polar group via glycerol. Because of the presence of hydrophobic tails and polar

hydrophilic head groups, these molecules are amphiphiles.

The driving force for the assembly of a cell membrane in an aqueous environment

is the hydrophobic effect. Amphiphilic molecules try to shield their hydrophobic parts

by arranging themselves into aggregates. The observed lipid assembly is largely depen-

dent on the geometric shape of the monomer (fig 1.6 B). In aqueous solution, large hy-

drophilic heads compared to the hydrophobic tails result in micelle packing. Cylindrical

molecules rearrange themselves into a bilayer structure as in the cell membrane. Cone

shaped molecules organize themselves into inverted micelles [14].

Figure 1.6: Phospholipids and lipid assembly. A) A phospholipid consists of a hydrophilic head
and a hydrophobic tail. B) The geometry of the lipid in aqueous solution defines the shape of
the assembly. a) A large hydrophilic head and a smaller tail results in micelles. b) Cylindrical
shaped molecules form a planar bilayer structure. c) A small head group and larger tail results in
an inverted micelle structure (adapted from [14].
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Supported phospholipid bilayers
SPBs are interesting model systems for cell membranes [15, 16] and a novel system for

cell culture substrates [17–21]. Supported phospholipid bilayers (SPB) can be formed on

a solid support by vesicle rupture (fig 1.7 A). An SPB consists of two leaflets where the

hydrophilic head groups are exposed on both sides of the membrane and the hydrophobic

tails are hidden within the membrane. They have a planar structure and are approximately

5 nm thick and separated from the substrate by a 1 – 1.5 nm thick layer of water [22]. Sev-

eral factors seem to play an important role for vesicle adsorption and bilayer formation,

for example charge, hydrophilicity and roughness of the substrate [23], as well as charge

of the vesicle [24] and lipid phase, which is dependent on temperature [25], are all known

to play a role. Furthermore, osmotic pressure [26], vesicle size [26] and concentration

[27] might influence the vesicle surface interaction. Once an SPB is formed, it normally

does not tolerate exposure to air. However, polymerized SPBs [28], poly(ethylene gly-

col) (PEG) [29], cholesterol [30] and streptavidin (SA) functionalization [31] have been

shown to increase the stability of the SPB structure in air.

Individual lipids within an SPB have lateral mobility (fig 1.7 B) and the diffusion

coefficient depends on the size of the hydrophobic tail, where a larger lipid anchor results

in slower diffusion [32]. The diffusion coefficient also depends on the temperature of the

surrounding of the SPB. The liquid-gel transition temperature (Tm) divides the lamellar

liquid phase above Tm (fig 1.7 B) from the lamellar gel phase below Tm (fig 1.7 C). In the

more ordered state of the gel phase, the lipids are more closly packed and their hydropho-

bic chains stretched. This results in the suppression of diffusion. The lateral diffusion can

be followed and quantified by the fluorescence recovery after photobleaching technique

(FRAP) (see section 3.7.3).

Besides lateral mobility, individual lipids can also move between the leaflets, this

process is called flip-flop. However this movement is relatively slow (fig 1.7 D) [33]. The

flip-flop rate is increased at Tm due to defects at the boundaries between the liquid crys-

talline and gel crystalline phase [34]. The slow flip-flop rate is important for biological

membranes as an asymmetric distribution of lipids is crucial for the functionality. Lipid

head groups can specifically act as docking sites for proteins on one side of the membrane,

and some extracellular signals act through membrane receptor proteins to stimulate intra-

cellular signaling molecules [35].

SPBs made with PC lipids have been reported to be resistant against protein adsorp-

tion [36] and cell adhesion [37–39]. This characteristic is not fully understood yet, but
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the large number of water molecules that associate with the PC head group and as well as

the lateral fluidity of the SPB creating a water-like interface are assumed to play a critical

role [40].

Figure 1.7: SPB formation on a planar substrate. A) Vesicles adsorb on a surface and at a certain
density rupture and fuse into a planar SPB. Individual lipids in an SPB have lateral mobility and
they exist in two different phases, B) the mobile lamellar liquid phase above TM and the C)
immobile lamellar gel phase below TM . D) Additionally, they can also flip-flop, move between
the different leaflets.

Interactions of vesicle with different surfaces
Depending on the surface, the possible interactions of liposomes with a surface result in

bilayer formation, monolayer formation, or vesicle adsorption. In this study, quartz crystal

microbalance with dissipation monitoring (QCM-D) (see section 3.7.1) was used to study

the bilayer formation. The QCM-D response for the possible interactions are described in

detail by Keller et al. [23]. Briefly, on oxidized gold, for example, vesicles adsorb as intact

vesicles and do not rupture (fig 1.8 A). On very hydrophobic surfaces, such as pure gold,

a monolayer formation is observed, the typical frequency decrease is 13 Hz (fig 1.8 B).

On glass, SiO2 or mica, vesicles build an SPB on the surface (fig 1.8 C). The resonance

frequency decreases when vesicles adsorb onto the surface until it reaches a minimum.

When vesicles start to rupture, they release their water content. The frequency decreases
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to -26 Hz, the characteristic frequency change of an SPB formation. Meanwhile, the

dissipation increases when the vesicles start to attach to the surface which correlates with

the rigidity of the adsorbate. After rupturing, the dissipation goes back to its initial value

because an SPB is a very thin and rigid layer.

Figure 1.8: Schematic QCM-D response of the interaction of vesicles with different surfaces.
The interaction of vesicles with a surface can result in A) vesicle adsorption as on gold, B)
monolayer formation as observed on very hydrophobic surfaces, and C) SPB formation as de-
scribed for glass, mica, and SiO2. The top row shows the typical frequency changes for the three
different cases, the bottom row the dissipation change after the vesicles had interacted with the
surface (adapted from [23]).

SPB formation and PDMS
Polydimethylsiloxane (PDMS) is a material frequently used in biomedical research, for

microfluidic chips and cell culture platforms. Therefore, the ability to form SPB on PDMS

is briefly discussed in this paragraph. PDMS is a hydrophobic elastomer, the surface of

which can be converted into hydrophilic SiOx by oxygen plasma treatment. Oxidized

PDMS has been shown to be suitable for SPB formation and the SPB can even be trans-

ferred to a glass substrate by microcontact printing [41]. Furthermore, depending on the

oxygen plasma treatment time, the lipid interaction with PDMS can be tuned. Unmodified

PDMS favors the formation of fluid lipid monolayers; with increasing plasma oxidation,

PDMS rejects lipid adhesion, adsorbs intact vesicles, and finally favors SPB formation

[42].
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SPBs in cell studies
SPBs are a novel system for cell culture substrates [17–21]. Non-cell adhesive SPBs

[43] can be functionalized with other molecules, such as carbohydrates, amino acids and

proteins. Coupling is typically done to the headgroup functionalized lipid anchor. Pos-

sible functionalization strategies include: i) biotinylated lipids that can be linked to a

biotinylated protein via streptavidin [44, 45]; ii) nitrilotriacetic acid (NTA) functionalized

head groups that can be modified by chelating of nickel ions, followed by conjugation

of proteins exposing sequential histidines [46]; iii) maleimide functionalized head groups

that can couple to proteins with available free thiols [17, 47]; iv) N-hydroxysuccinimide

(NHS) functionalized head groups that can covalently bind to amines common in many

proteins [48].

Early studies used the phospholipids primarily to investigate the cell response to a

certain system. For example, the question of cell-cell interactions in the adaptive immune

system was investigated. The main purpose of the SPB was to mimic a specific cell type

and the SPBs were modified such that they exposed a Fc fragment [16, 49]. Immunospe-

cific cells settled on this SPB and the cell response was studied [50, 51]. Mossmann et

al. found a correlation between the geometrical distribution of receptors and activation

which could explain noise suppression in immunological amplification [52].

Later studies involved non-antigen mediated cell adhesion and focused on the aspect

of mobility in cell-extracellular matrix (ECM) interactions. Therefore, SPBs have been

functionalized with ECM peptide sequences [17, 21, 53]. Cells can rearrange the ligands

resulting in clustering of cell receptors, strengthened cell attachment [18, 49, 53–56] and

facilitated cell spreading [16, 44]. The presentation of the ligand is crucial to cell response

and important factors are ligand conformation [57, 58], orientation [59], availability [60]

and density [17, 21, 59–61].

1.2 Cells and their microenvironment

Scientists have long been interested in identifying the signals which dictate the shape and

structure of cells, tissues, and whole organisms. Every cell is embedded into a micro-

environment which consists of other cells and ECM. This matrix consists of a variety of

fibrous proteins, such as fibronectin (Fn), collagen, elastin, and laminin. The other main

component is polysaccharide chains called glycosaminoglycans (GAGs) which normally

covalently link to proteins. These macromolecules are secreted locally and assembled into
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an organized meshwork by the cell itself. The cell’s microenvironment can be divided into

geometrical, mechanical, and chemical components. The geometry is determined by the

cell shape, the mechanics by the rigidity of the microenvironment and the chemistry by

the extracellular molecules with which the cell interacts. These properties of the local cell

microenvironment regulate cell behavior in concert with autocrine and paracrine soluble

or matrix bound signaling molecules [62]. In vivo, these properties are defined by the

ECM and adjacent cells.

Further understanding and insight into biology is often driven by advances in tech-

nology. Both curiosity and a desire for efficiency have advanced our ability to manipulate

materials with great precision on the micrometer and, more recently, on the nanometer

scale. Therefore, progress in technology is also a crucial step toward studying and manip-

ulating the cell and its microenvironment. The following paragraph briefly describes the

technical progress in observing the cellular world.

The discovery of light microscopy during the 17th century opened a new era for bi-

ology. This instrument permitted the discovery of a previously unknown cellular world.

With the development of fluorescence microscopy, it was possible to detect specific pro-

teins and other molecules in cells and tissues, giving more precise information on how a

cell responds to certain stimuli. In the 20th century the appearance of microelectronics

provided the tools to overcome the observer status and to start manipulating objects (some

of them living) at the micron scale. The Nobel-prize winning inventions of electron mi-

croscopy in 1931 and scanning tunneling microscopy in 1981 allowed us to look into the

’nano-world’. The images provided by these new technologies, particularly in biology,

made us quickly realize that we needed new tools to access the individual building blocks

of living organisms (e.g. proteins, DNA, and supramolecular complexes). A controlled

microenvironment for cells might help to improve the understanding of how the micro-

environment influences cellular response. Finally we are getting closer to understanding

the miracles of the complicated processes of life [63].

1.2.1 Cells in culture

Given appropriate surroundings, most animal cells can live, multiply and express differ-

entiated proteins in culture. The advantage is that cultured cells can be monitored contin-

uously or analyzed biochemically. The effects of adding or removing certain molecules,

growth factors, or signaling molecules can be explored. From the beginning of cell cul-
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ture in the early 20th century until the present day, there has been a great deal of progress

in controlling the cell environment and tuning its properties. This section gives a short

overview on cells in culture, including cell culture inside microwells.

Cells on surfaces
The surface itself is seen as increasingly important for materials employed in biomedical

technology [64–66]. Surface properties, such as topography and surface chemistry, have a

strong impact on cell behavior. As early as 1914 Harrison et al. showed that cells respond

to solid structures such as spider webs or vinyl music records [67].

Anchorage dependent cells need the attachment to a solid substrate to survive. They

have a number of different adhesion receptors, such as integrins, which can interact with

the chemistry presented on a surface [68–71]. Their interaction with the surrounding is

very complex since they can bind to various matrix proteins, such as Fn, laminin, and col-

lagen. The linkage between the cell and the ECM takes the form of large, dynamic protein

complexes, called focal adhesions [72]. Integrins, vinculin, paxilin, and many other pro-

teins are involved in focal adhesions, rendering it an extremely complicated structure [73].

After binding to ECM ligands, the cell initiates an initial clustering of integrins which is

associated with the formation of focal adhesions. With time, the focal adhesions progres-

sively mature into adhesion complexes which provide an ever stronger linkage between

the ECM and the cytoskeleton. In motile cells, focal adhesions are being constantly as-

sembled and disassembled as the cell establishes new contacts at the leading edge, and

breaks old contacts at the trailing edge of the cell.

Focal adhesions function not only as the mechanical linkages that anchor the in-

tracellular cytoskeleton to bound integrins and the ECM, but also as biochemical sig-

nals for many regulatory pathways [74–77]. They have been heavily studied during the

last decades and are known to have a crucial impact in cell development, mechanotrans-

duction, the organization of the actin skeleton, and thereby on cell behavior in general

[71, 78, 79]. Integrins are involved both in the inside-out and the outside-in signaling and

serve therefore as a communication unit across the plasma membrane [68].
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3-D substrates for cell culturing
Cells live in a complex 3-D environment, therefore there is a need for 3-D tissue models

in vitro as they are closer to the in vivo situation of a cell. Animal models can capture

important aspects of human responses and bear many similarities to humans. However,

they fail to capture important aspects, for example many pathogens (e.g. Hepatitis C)

are species specific. Another issue is the ethical considerations. Therefore, it would be

helpful to have a model system that successfully mimics the cellular response in humans,

so that the need for animal models can be reduced.

Figure 1.9: 3-D cell culture models. A) Artificial 3-D models can consist of fibers of dif-
ferent length scales and different materials, such as biodegradable electro-spun fibers made of
poly(D,L)-lactide-co-glycolide [80] or peptide nanofibers [82]. B) Gels, like hydrogels are a
popular 3-D model system. They can be used to maintain the phenotype of hepatocytes by
encapsulation of the cells in a PEG-hydrogel [91]. C) Sandwich cultures allow for long term
culturing of hepatocytes [86]. D) In multicellular spheroids, the cell itself provides the 3-D envi-
ronment for the other cells and this model system shows an intermediate complexity between a
real tissue and cells on a Petri dish [89].
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The commonly used 3-D matrices can be divided into 4 classes: (i) Fibers (fig 1.9 A)

[80, 81]; (ii) peptide scaffolds (fig 1.9 A) [82]; (iii) microfabricated substrates, such as

microchannels [83]; (iv) and gels including hydrogels (fig 1.9 B) [84], Matrigels [85],

collagens [86], cell-derived gels [87], or gel sandwich culture [86, 88] (fig 1.9 C). Another

approach to provide a 3-D environment is the multicellular spheroid system where the

cells provide the 3-D environment for the other cells [89] (fig 1.9 D). This model has high

potential in high-throughput drug screening especially for cancer therapy [90]. Animal-

derived matrices, e.g. matrigel, collagen gels, have been used widely. They present to the

cell an in vivo like situation, but they often contain residual growth factors and undefined

or non-quantified impurities. Furthermore, they might trigger a different cell response

from experiment to experiment due to batch to batch variations. Additionally, animals are

still needed to provide the matrices. Therefore, it is also of great interest to work with

synthetic 3-D matrices.

Even though cells in 3-D models capture the dimensional aspects of the cell envi-

ronment, they also have certain limitations. Within 3-D systems, concentration gradients

might exist [92]. Since the cell behaves differently depending on the chemical micro-

environment, this might result in different behavior of cells in the middle from cells on

the surface. Furthermore, it can trigger chemotaxis, meaning cells start to migrate through

the system depending on the chemical gradient that a cell experiences [92]. More specific

limitations and comparisons between the different systems relevant for this thesis are dis-

cussed in the conclusion of this chapter.

Microwells as cell culture platforms
This section gives a short overview of the use of microwells by other groups. The pri-

mary differences between our microwell approach and those described in the literature,

namely the confinement of single cells and as an alternative 3-D cell culture platform, are

discussed in the conclusion section of this chapter.

Microwells in biology have the advantage of reduced volume requirements, and pro-

vide a defined localization. The wells confine the migrating area of highly motile cells

and facilitate time lapse imaging [99]. Early studies in microwells investigated the trans-

port and activity of enzymes [100] and cell population control [101]. Furthermore, the

curiosity to understand how the cell response depends on environmental stimuli and the

awareness of the heterogeneity within a cell population, increased the interest to analyze

a huge number of single cells [102]. This allows for the determination of the distribu-

tion of cell responses to an external stimuli, instead of an average over the whole cell
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Figure 1.10: Microwells as cell culture platforms. A) Microwells can be used as cell culture
platforms without any specific surface modification. U-shaped wells in PDMS allow for hy-
drodynamic trapping of single cells with special geometry that catch only one single cell [93].
Microwells made in photo resist offer the potential for a parallel, quantitative analysis of single
cells [94]. Trapping of single cells in large arrays of microwells in PDMS was optimized to
capture as many single cells as possible [95]. B) Microwells with a cell-adhesive coating inside
the microwell and a passivated plateau are presented here. a) Trapping of air bubbles inside the
microwells allows for coating of the plateau with a passivating protein while in a second step a
cell-adhesive protein can be adsorbed inside the microwell [96]. b) In a first step the microwell
platform is completely covered with a cell-adhesive protein. In a second step the protein on the
plateau is subtracted and the subsequent incubation with a protein solution that is resistant to
protein adsorption renders the plateau non-cell-adhesive [97]. c) First the plateau is passivated
against protein adsorption via a inverted microcontact printing method and in a second step, the
cell-adhesive protein can adhere inside the microwell [98].
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population. Furthermore, inside microwells all the cells interact with exactly the same

microenvironment which can be controlled and is well defined [93, 103].

Microwells have been used for both adherent and non-adherent cells [104]. They

have been produced in a variety of different materials using microfabrication techniques

without any specific surface chemistry (fig 1.10 A). They can be etched in silicon [105]

or photo resist [94], transferred into agarose [101, 106], PEG-hydrogels [107–109], or

PDMS [93, 95, 110, 111]. These microwells enabled the fabrication of arrays of bacteria

[105], characterization and sorting of individual leukocytes [108], studying stem cell fates

[94, 109–111], and the analysis of the effect of cell-cell contact on proliferation behavior

[106].

The interest to present the cell a specific ligand only inside the microwell, led to

different techniques of specific protein deposition inside microwells (fig 1.10 B). Ostuni

et al. trapped air bubbles inside the microwells and subsequently passivated the top with

BSA and coated the wells with Fn (fig 1.10 B,a) [96]. Lovchik et al. introduced sub-

stractive patterning where they simply removed the protein coating on the plateau and

backfillled it with BSA (fig 1.10 B,b) [97]. The inverted microcontact printing technique

was developed by Dusseiller et al. [98] and is the main technique used in this thesis (for

more details see section 3.5.1).

1.2.2 Biologically relevant patterns

Non-fouling surfaces
The vast majority of biological interactions are based on highly selective and specific in-

teractions. Uncontrolled, non-specific interactions are usually the cause of device failure

in a biological environment as the cell is unable to recognize and respond to it in a specific

manner. For example, the rejection of an implant due to immune reactions or the false

response of biosensors are often caused by the non-specific adsorption of proteins.

Providing a substrate, which the cell can interact with through specific interactions,

requires the ability to define areas of specific interactions in a non-interacting background.

Biology evolved to utilize a combination of lipids, sugars, and proteins (i.e. cellular mem-

branes) as the mobile and highly hydrated surface at which most bioprocesses take specif-

ically place. Several groups have managed to mimic this strategy using lipid based micro-

and nanopatterns. In biotechnology, approaches utilizing non-ionic and hydrophilic ma-

terials, such as polyacrylamide (PAAm) [112] or poly(ethylene glycol) (PEG) [113], has
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been shown to be more stable and compatible with the processing steps of current tech-

nology methods. Various techniques exist to attach PEG to surfaces, e.g. end-grafting

methods [114, 115], block copolymers, such as pluronics [116, 117], self-assembled

monolayers (SAM) [118, 119], interpenetrating networks [120] and the spontaneous ad-

sorption of polyelectrolyte grafted PEG [121]. In our lab the passivation is achieved with

a graft-copolymer that consists of a poly(L-lysine) (PLL) backbone presenting PEG side

chains (PLL-g-PEG). In solution the positively charged backbone adsorbs spontaneously

onto negatively charged surfaces and effectively blocks the adsorption of proteins or cells

[122, 123]. After eliminating the non-specific interactions with a surface, different micro-

and nanopatterning methods can be used to introduce selected biofunctionalities onto well

defined spots on the substrate, in an otherwise ’silent’ background. Proteins, DNA, sug-

ars, or short peptide sequences are commonly introduced onto surfaces to elicit specific

cellular responses or to capture specific ligands from a complex biological sample.

Molecular assembly patterning by lift-off
An example of such a patterning technique is the ’molecular assembly patterning by lift-

off’ (MAPL) technique, developed by Falconnet et al. [124]. MAPL allows for the

fabrication of patterns in the micrometer range by photolithography [124]. X-ray interfer-

ence lithography or nanoimprint lithography allowed patterning using this technique to be

expanded into the nanometer range [125]. In the first step a pattern was transferred into

a resist onto a negatively charged surface, such as niobium oxide (Nb2O5), silicon oxide

(SiO2) or titanium oxide (TiO2) (fig 1.11 A). Afterwards, functionalized PLL-g-PEG was

adsorbed from solution. The resist was removed with an organic solvent without remov-

ing the functionalized PLL-g-PEG from the surface. To render the background protein-

resistant unfunctionalized PLL-g-PEG was subsequently adsorbed. A similar principle

was used to prepare 2-D patterned samples with Fn islands in a PLL-g-PEG background

(details see section 3.3.2) (fig 1.11 B).

Selective molecular assembly patterning
Michel et al. developed the ’selective molecular assembly patterning’ (SMAP) as a pat-

terning technique that takes advantage of the chemical contrast between SiO2 and TiO2

[126]. Alkane phosphates form ordered self-assembled monolayers (SAM) from aqueous

solutions on the TiO2, but not on the SiO2. Exposing a SiO2-TiO2 surface to a SAM

solution therefore transformed the TiO2 structures into hydrophobic, strongly protein in-

teractive regions. A polycationic PEG-grafted polymer solution was then exposed to the
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sample. The negatively charged SiO2 regions allowed for adsorption of the polymer and

rendered them protein resistant. The subsequent protein exposure led to protein adsorp-

tion on the SAM coated region and thereby a protein-PLL-g-PEG pattern was created.

The basic feasibility of SMAP had been successfully demonstrated on TiO2/SiO2 2-D

micropatterned surfaces produced by photolithography [126, 127]. The same principle

was used to coat the bottom of a microwell differently from the walls (see chapter 5).

Figure 1.11: MAPL process for 2-D patterns using two methodologies. A) After transferring the
pattern into a photo resist, functionalized PLL-g-PEG was adsorbed onto the sample. The photo
resist was removed and the blank areas are backfilled PLL-g-PEG [124]. B) After transferring
the pattern into photo resist, PLL-g-PEG was adsorbed onto the sample. The photo resist was
removed and the blank areas were backfilled with Fn. The resulting Fn-PLL-g-PEG pattern
allowed for cell attachment on the Fn islands and while the PLL-g-PEG areas were resistant to
cell adhesion.
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1.2.3 Influence of geometrical, mechanical and dimensional proper-
ties of the microenvironment on cell behavior

Much of our understanding of the role of the microenvironment in regulating cell phys-

iology has been revealed using reductionist cell culture systems with tunable substrate

stiffness, ligand density, topography, or shape in two or three dimensions. Controlling and

regulating biological processes with engineered cell culture platforms or scaffolds might

prove useful for tissue engineering applications where a specific cell phenotype must be

stimulated or maintained. The knowledge of the influence of the microenvironment on cell

behavior might also permit the maintenance of a specific phenotype, for instance hepato-

cytes [86], or be important for in vitro cytotoxicity [128] and drug screening applications

[129, 130].

Defining cell shape - Cells on patterned surfaces
The demonstration of anchorage independence in malignant or transformed cells initiated

broad efforts to determine the relationship between cell adhesion and shape on cell func-

tion. Transformed cells have been shown to loose their shape-responsiveness controls

which may give some indication about tumor progression [131]. Early efforts demon-

strated that virus-transformed cells grew into colonies in agar suspension in the absence

of physical support [132, 133]. In addition, adhesion to glass fibers of increasing length

was used to demonstrate that not only adhesion to a solid support but cell extension be-

yond a minimum distance was critically important for progression through the cell cycle

[134]. Cell spreading was also investigated by modulating the adhesivity of tissue culture

polystyrene (TCPS) with poly-(2-hydroxyethyl methacrylate)(poly-HEMA), and a clear

correlation between proliferation and spreading of individual cells on planar surfaces was

confirmed [135]. Early efforts tried to determine how cell adhesion and shape impact cell

function. But the relationship was complicated and research was limited by the rudimen-

tary tools available, which, for instance, were incapable of differentiating between the

effects of ligand density from the extent of cell spreading.
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Figure 1.12: Influence of cell shape on cell behavior. The images are explained clockwise.
Proliferation: The more a cell is allowed to spread, the greater is the observed DNA synthesis and
cell growth [135]. Apoptosis: Cells on a small spreading area undergo apoptosis, in contrast cells
on bigger spreading areas survived [136]. Cell division: The cell shape guides the orientation
of the cell division axis, and therefore the future position of the daughter cells [137]. Actin
skeleton: Cells distribute stress fibers in response to the geometry of the adhesive environment
[138]. Differentiation: Cell shape regulates commitment of human mesenchymal stem cells
(hMSCs). hMSCs on small patterns differentiate into adipocyte cells on bigger patterns into
osteoblast [139].

The technology platform of microfabrication, developed primarily for and by the

semiconductor industry, has since become a useful tool in the emerging field of biotech-

nology for generating patterns on surfaces in the micrometer range. By generating cell-

adhesive patterns on a surface one can tailor well-defined model surfaces for biological

studies [140, 141]. Generally, cell adhesive patterns consist of a protein pattern in a pro-

tein resistant background, such that cells can only adhere to the protein areas [142–144].

As described above, a crucial point to produce an effective pattern is the passivation of

the background. In the fields of biology and implantology, the development of patterned

substrates became important because it allowed for the decoupling of the properties of

a microenvironment in reductionist systems. These advancements were a major break-
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through since they allowed the independent decoupling of cell spreading from the quan-

tity of bound matrix ligands. Using chemical 2-D micron-sized patterns, a number of

seminal studies have shown that these properties regulate a seemingly endless variety of

observable cell responses (fig 1.12) and contribute to a number of biomaterial-related re-

search fields ranging from biosensors and tissue engineering to fundamental cell-surface

interactions [140, 142, 145–148]. 2-D patterns have proved very useful for the controlled

study of apoptosis [136], cell spreading, migration, proliferation, mechanics and com-

munication [149–154]. Control over spatial arrangement of the cell adhesive patterns

influences stress fiber formation [138] and enables one to steer, e.g. the mitotic spindle

during cell division [137] or the placement of neuron cells [155] which can be used in

sensors [156, 157]. Furthermore, even stem cell differentiation could be tuned depending

on the cell shape and its interplay with cytoskeletal tension [139].

More recently, other tools have become available which can be used to vary the

nanometer spacing of individual adhesive molecules [158, 159]. Therefore, investigating

or manipulating features in the range of single protein/receptor molecules [160, 161], such

as controlled binding of integrins or the investigation of integrin clustering [162], is now

possible. These tools also contributed to our understanding of cell behavior by demon-

strating that there is a maximal ECM ligand separation, above which integrin clustering-

mediated stimulation of cell spreading and adhesion is hindered [163].

An interesting example of how cell shape steers cell fate is presented by Chen, Ingber

et al. [136]. Cell spreading was restricted by progressively decreasing the size of ECM

coated adhesive islands (fig 1.13 A). The shape of bovine adrenal capillary endothelial

cells, or spreading area, was found to govern whether individual cells grew or died. Cells

on squares with a side length of 10 µm showed increased apoptosis rate while cells on

20 µm squares survived. Cell spreading was also varied while maintaining the total cell-

matrix contact area constant (fig 1.13 B). Cells, which could spread over many small

islands, but with the same total amount of ECM attachment sites per cell (many circles

3 µm in diameter separated by 6 µm), showed similar survival rates to cells on a ho-

mogenously coated substrate. Cells on one single cell-ECM contact site of the same total

area (circle 20 µm in diameter and separated by 40 µm) showed decreased cell survival

and growth. Therefore, Chen, Ingber et al. concluded the spreading area and not the area

of ECM contact was the critical factor that directed cell survival and the local geome-

try might represent a fundamental mechanism which is responsible for cell survival and

death.
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Figure 1.13: Influence of cell shape on cell life and death. A) The effect of spreading area on
apoptosis is presented here. Schematic pattern design with different sized squares and Nomarski
view of the effective shape of bovine adrenal capillary endothelial cells are shown in the first
figure. The apoptotic and DNA synthesis index are plotted as a function of pattern size and show
that cells on pattern < 1000 µm2 had reduced DNA synthesis and higher apoptosis rates. B) Cell
spreading functioned as a regulator of cell fate rather than cell-ECM contact. The schematic of
pattern to vary cell shape independently from cell-ECM contact shows the different geometry
of ligand presentation. The 20 µ-m circle hindered cell spreading while the small circles with
narrow distance enhanced cell spreading. Growth and apoptotic index were defined when cells
were cultured on the different geometric presentations of ECM (total cell-ECM contact area per
cell (grey bar), projected cell area (black bar). Cells with a higher spreading area over many
small circles showed lower apoptosis rate compared to cells on the 20 µ-m circles [136].

Rigidity sensation
Normal tissue cells are dependent on anchoring to a substrate for survival. However, tissue

can have a wide range of stiffness, with brain in the soft range (about 1 kPa), bone in the

hard range (about 100 kPa) and many nuances in between. Therefore, a cell experiences

different tissue stiffness in vivo. Physical properties of tissue are also altered at a wound

healing site and can change during disease progression [164–166].
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The production of 2-D substrates, such as PAAm gels or PDMS, with variable elas-

ticity or stiffness are good model surfaces to mimic different tissue stiffness and study

the downstream consequences of substrate rigidity. Studies using such materials helped

to expand our understanding of cell function by demonstrating that cell function was also

dependent on the elasticity of the cell microenvironment (fig 1.14) [167–169]. Simi-

lar to results obtained through cell spreading confinement, rigidity sensation of flat sub-

strates was shown to influence cell adhesion [170–173] and actin cytoskeleton organiza-

tion [174]. Therefore, downstream responses of actin assembly, such as cell morphology

[175], migration [176–179], and growth [180], are also strongly influenced by substrate

stiffness. Engler et al. have shown that substrate stiffness also directs mesenchymal stem

cell differentiation [181]. Furthermore, rigidity sensation is cell type specific, and this

form of environmental stimulation appears to be dysfunctional in transformed cells [182].

Defects in mechanical signaling may allow for survival of transformed cells which may

reach the bloodstream and from there transfer into diverse tissue environments [182].

The initial cellular response to mechanical signals occurs in seconds to minutes. A

cell in culture for a number of days can therefore be expected to experience countless

stimulus-response cycles. The mechanism behind mechanosensing is complex. Focal

adhesions, focal complexes, and thereby integrins and cytoskeleton have been identified

to play a key role in the mechanosensing ability of cells [183, 184]. Mechanosensing is

understood as a bidirectional relationship. The cell senses the mechanical features of the

environment which causes a signaling response. While the cell explores the environment,

it will modify the signaling response and create new signals. Over time, these intracellular

signals change the expression pattern of a cell and thereby its overall state. The process

of mechanosensing consists of an inside-outside-inside feedback loop. At a cellular scale,

most cells probe the elasticity of their microenvironment as they anchor through focal

adhesions and focal complexes, pull on their environment, and responde through cyto-

skeletal organization to the resistance that the cell senses. In return, the cell responds to

the stiffness of the substrate by adjusting adhesion [185] and its cytoskeleton [174]. For-

mation of these structures requires tension generated within the cell that is built up by the

actinmyosin cytoskeleton and transmitted through cellular structures. These forces from

the cell to the substrate are called traction forces and are investigated with model systems,

such as wrinkling of silicon sheets [186] or bending of elastomeric pillars [187]. The

RhoA/ROCK pathway described in section 1.1.1, is also involved in the mechanosens-

ing processes. Studies with drugs affecting the contractility or proliferation behavior of

cells led to new insight into mechanosensing abilities of the cell, e.g. in stem cell differ-
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Figure 1.14: Influence of substrate stiffness on cell behavior. The images are explained clock-
wise. Growth and apoptosis: Non-transformed cells on flexible substrates showed a decrease
in the rate of DNA synthesis and an increase in the rate of apoptosis, while transformed cells
maintained their growth and apoptotic characteristics regardless of substrate flexibility [182].
Differentiation: Matrix elasticity directed stem cell lineage specification. On soft matrices, that
mimicked brain, cells differentiated neurogenic. On stiffer matrices, that mimicked muscle tis-
sue, cells differentiated myogenic. On comparatively rigid matrices, that mimicked collagenous
bone, cells favored osteogenic differentiation [181]. Adhesion: Focal adhesions on flexible sub-
strates were irregularly shaped and highly dynamic. Those on firm substrates had a normal mor-
phology and were much more stable [170]. Cytoskeleton: F-actin showed no articulated stress
fibers in cells on soft gels (right), whereas on stiff gels (left) the stress fibers resembled those ob-
served in a fibroblast cells cultured on tissue culture plastic [169]. Migration: Over several days
in culture, cells accumulated preferentially on stiffer regions of the substrates by mechanotaxis
[177].

entiation, but furthermore showed the importance of substrate stiffness for regenerative

medicine and drug delivery [188].

An impressive example that demonstrates the influence of substrate stiffness on cell

behavior has been presented by Engler, Discher et al. [181]. Mesenchymal stem cells

(MSCs) on soft hydrogels (E = 0.1 – 1 kPa) which mimicked brain tissue exhibited a
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Figure 1.15: Influence of substrate stiffness on cell morphology and lineage specification. A)
Depending on the substrate stiffness the MSC expressed a branched, spindle or polygonal shape.
B) Paxilin-labeled adhesions grew from diffuse staining to punctuate adhesions with increasing
stiffness. On the stiffest gels, the adhesions were clearly visible and of a long and thin shape.
C) Different differentiation markers of the MSCs were expressed depending on the stiffness of
the gel: on soft gels, the neurogenic marker β3 tubulin was expressed, on stiffer substrates the
myogenic marker MyoD and on the stiffest gel the osteogenic marker CBFα1 was expressed
[181].

branched filiapodia-rich morphology, similar to neurons. On stiffer matrices (E = 8 –

17 kPa) MSCs showed a spindle-shaped morphology similar to myoblasts. Even stiffer

matrices (E = 25 – 40 kPa) led to cell shapes similar to osteoblasts (fig 1.15 A). Next

to cell shape, adhesion and cytoskeletal organization was also influenced by the substrate

stiffness. On soft substrates, paxilin-labeled adhesions were difficult to detect and diffuse.

They grew to form small punctuated contacts on substrates with intermediate stiffness and

on the most rigid substrate, the adhesions were long and thin (fig 1.15 B). A similar trend

was observable for actin organization. On soft gels the actin was diffused while it became

progressively organized on stiffer substrates. Furthermore the stiffness of the substrate

also influenced the lineage specification of MSCs (fig 1.15 C). Culturing MSCs on soft

substrates (0.1 – 1 kPa) triggered neurogenic differentiation, stiffer matrices (8 – 17 kPa)

caused myogenic differentiation, and on the stiffest matrices (25 – 40 kPa), osteogenic

differentiation was favored.
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Dimensionality sensation
Most of what is known about cells and their functional regulation has been derived from

cell culture studies performed on flat, 2-D culture surfaces, where the effect of cell shape,

substrate rigidity or ligand density on cell behavior was investigated. However, virtually

every cell in vivo possesses a 3-D arrangement of contacts with other cells and/or an

ECM. A relatively new consensus has emerged that there are fundamental differences

between cells grown on 2-D surfaces versus within 3-D matrices (fig 1.16) [92, 189–191].

Culturing cells in 3-D versus 2-D provides another dimension for external mechanical

inputs and cell adhesion.

The additional dimension influences basic cellular processes, such as cell migration

[193, 194]. Numerous studies have shown that cell phenotype is heavily dependent upon

cell culture in 3-D systems relative to their 2-D counterparts. For example, maintenance

of the phenotype of chondrocytes [195] and hepatocytes [86] in vitro is heavily dependent

upon dimensionality of culture conditions. In addition to cell phenotype, cells grown on

2-D surfaces, versus within 3-D matrices, have altered cell-matrix adhesions [87, 196],

which affects integrin ligation, cell contraction and associated intracellular signaling [197,

198]. The gene expression is also drastically altered for cells on 3-D compared to 2-D

[192]. The 3-D environment, furthermore, influences the cell response to drugs or toxins.

It has been shown that the response of cancer cells to drug candidates seems dependent

upon whether cells are grown as 2-D monolayers or in 3-D clumps [85]. Skin cells in 3-D

rather than 2-D demonstrated an improved ability to survive exposure to cytotoxic agents

[128].

An example of how the spatial arrangement of ECM contacts alters cell behavior is

presented by Beningo, Wang et al. [88]. Fibroblast cells in 3-D sandwich culture showed

changed morphology, they became highly elongated, showing one or several long, thin

extensions, but no lamellipodium as observed on 2-D. Furthermore, the actin skeleton

was drastically altered in 3-D compared to 2-D (fig 1.17 A). In 3-D actin staining showed

fewer prominent stress fibers whereas on 2-D pronounced stress fiber formation was ob-

served. In situations where actin fiber formation occurred, most fibers were found along

the lateral borders of the extensions. Cells in 3-D sandwich culture also formed fewer

prominent focal adhesions and most adhesions appeared as small dots near protrusive

regions at the tip and side of extensions (fig 1.17 B).
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Figure 1.16: Influence of dimensionality on cell behavior. The images are explained clockwise.
Cytoskeleton: Fibroblast cells in 3-D sandwich culture lacked lamellipodia and large actin bun-
dles which was in contrast to the stress fiber formation on 2-D substrates [88]. Gene expression:
Cells cultured on 2-D surfaces expressed different genes to cells grown in 3-D cultures [192].
Adhesive phenotype: 3-D-matrix adhesions differed from focal and fibrillar adhesions charac-
terized on 2-D substrates in structure, localization, and function. Relative to 2-D substrates,
3-D-matrix interactions also displayed enhanced cell biological activities and narrowed integrin
usage [73, 87]. Drug response: A malignant phenotype was reversed in 3-D culture and in vivo
by integrin blocking antibodies [85]. Maintenance of phenotype: The culture of hepatocytes in
a collagen sandwich provided the possibility of maintaining the phenotype and therefore long-
term culturing of hepatocytes [86]. Toxicity response: Skin cells in 3-D culture had an improved
ability to survive exposure to cytotoxic agents in contrast to cells on 2-D substrates [128].

These altered cell responses in a 3-D compared to a 2-D environment show the need

for suitable 3-D environments to gain further and more precise knowledge of the cell

responses to external stimuli. Unfortunately, only limited attempts have been made to de-

termine the relationship between ligand density, cell shape, substrate elasticity and dimen-

sionality, as yet no tools are available which allow investigation of the interrelationship of

these various stimuli in 3-D space.
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Figure 1.17: Influence of dimensionality on actin and focal adhesion organization. A) Organi-
zation of actin filaments and ARP 3 in fibroblast cells is shown: a) Phalloidin staining of actin
filaments on a 2-D substrates revealed many large actin fibers. b, c) In 3-D sandwich culture the
actin was predominantly located at the lateral borders of the extensions. d) On 2-D ARP3 stain-
ing showed a band of high concentration at the leading edge while e) on 3-D sandwich ARP3
shows discrete foci at the tips of extension. B) Organization of focal adhesions (paxilin) is pre-
sented here: a) On 2-D prominent focal adhesion formation was observed. b) In 3-D only few
focal adhesions were formed. c) Higher magnification of focal adhesions in 3-D showed small
dot-like adhesions in extensions close to protrusive edges [88].

1.3 Conclusion and open questions

The previous paragraphs discussed the importance of controlling the microenvironment

and how the ability to individually vary different parameters in a controlled manner would

provide us with the opportunity to learn how a cell reacts to different stimuli. Unfortu-

nately, the differential or synergistic impacts of these properties are less frequently in-

vestigated [183]. A predictive understanding of the cellular response to physical cues

necessitates the development of tools which permit the independent decoupling of these

environmental properties, and their subsequent recombination.

It has been shown how important the control over cell shape is and also how rigidity

influences cell behavior. However, the existing approaches for mimicking the 3-D en-

vironment of a cell, such as gels or fiber scaffolds, do not allow for the control of cell

shape. They often have limited control over stiffness and local mechanical properties, as

cells will remodel their surroundings [199]. Therefore, they are not appropriate for a di-

rect comparison to 2-D substrates concerning cell shape and matrix rigidity. In addition,

compression of these matrices into 2-D substrates most likely results in substrates with

increased stiffness relative to their 3-D counterparts [87]. Finally, these approaches are
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difficult to compare in the absence of a widely accepted standard for 3-D culture and an

inability to quantify the local rigidity experienced by an individual cell.

However, similar to the limitations which plagued early attempts at understanding

spreading effects on cell function, the currently available tools which can be used to de-

lineate the role of dimensionality on cell function are limited. In this project we combined

the advantage of 2-D patterning with 3-D cell culturing systems (fig 1.18). M. Dusseiller,

M. Smith, V. Vogel and M. Textor at ETH Zurich developed a novel platform with micro-

wells in the size of a single cell and variable substrate elasticity, which can be used to

control the 3-D shape of cells [98, 200, 201]. Microwells can be more directly compared

to 2-D surfaces, since in both cases cells are in contact with planar surfaces coated with

adhesive ligands of defined nature. Other innovative approaches to trap single cells in

microwells have been reported [93, 103]. However, these approaches are better suited

for the generation of population statistics derived from individual cell measurements than

for basic biological investigations since they would have yet to be adapted for 3-D shape

control. The size of the microwells in our technique allows for a 3-D shape control since

the wells are in the size of a single cell. In addition, only a few of the competing ap-

proaches to 3-D cell culture are compatible with high-resolution microscopy. In our ap-

proach, however, thanks to a double-replication technique of microfabricated masters into

PDMS, it is possible to produce very thin films (on glass cover slips (total thickness < 200

micrometer) containing the microwell structure that are compatible with high-resolution,

inverted-stage microscopy.

This thesis builds upon and expands the results obtained by Dusseiller et al. [200].

The platform is further developed towards more complex chemistry inside the microwells,

namely a mobile E-cadherin coating by means of SPB and a variation in wall and bottom

coating. Furthermore, it investigates the interplay between different microenvironmental

parameter, such as 3-D shape, substrate stiffness, and ligand specifity, that can be varied

independently. Thanks to the ability of independently controlling different environmental

properties we hope to improve our understanding of the interrelationship between dimen-

sionality, cell spreading, and stiffness and its influence on cell behavior.
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Figure 1.18: The microwell structure combines control different aspects of cell culture platforms.
It combines the shape control of 2-D patterned substrates, the stiffness control of the surrounding
area, and the dimensionality typical for 3-D cell culture dishes. This results in a microwell in the
size of a single cell with control over the cell shape and tunable stiffness of the substrate.





CHAPTER 2

Scope of the thesis

A cell in vivo experiences many stimuli from the tissue in which it adheres and grows.

Neighboring cells, ECM proteins, soluble growth factors, hormones, stiffness of the tis-

sue, and many more factors influence the fate of a single cell. It is this complex interplay

of different stimuli and molecules which gives the tissue its final shape and function. Re-

searchers aspire to achieve a greater understanding of the processes of life. Due to the

complexity of the in vivo environment, simplified reductionist systems in vitro are needed

to study processes that are crucial for human function and health. To approximate the

in vivo environment of a real human body from a Petri dish, is difficult and therefore it

is also important to combine the knowledge gained from such simplified systems into a

bigger context.

The overall objective of this thesis is to establish a novel microwell platform that

mimics certain aspects of the cell’s microenvironment. This technique was first designed,

engineered and tested by M. Dusseiller, M. Smith, V. Vogel and M. Textor [98, 200, 201]

at ETH Zurich and is further developed towards a more complex biochemical micro-

environment in this thesis, allowing additional cell-biological questions to be addressed.

The main advantage of this microwell structure is that it allows for the study of the effect

of multiple extracellular stimuli on the cell and further allows the interrelationship be-

tween these stimuli to be explored. Many studies have explored how cell shape influences

cellular behavior; how substrate stiffness directs cell fate, and how the cell’s response is

altered in a 3-D environment compared to a Petri dish. The advantage of the microwell

platform is that we present to the cell a microwell in the size of a single cell, and inside

that well we are able to independently control cell shape, substrate stiffness, and presen-

tation of different biochemical cues in 3-D. To this end, the objective of this thesis is to
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Figure 2.1: Overview of different microwell platforms used/developed in this thesis and the
addressed cell-biological issues. The microwell structure was produced in a Si wafer and sub-
sequently replicated into PDMS. The inside of the microwell was coated with i) Fn, or ii) with
cadherin-functionalized bilayers, or iii) a wall-bottom variation with bilayers on the wall and Fn
on the bottom of the well.
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study the influence of dimensionality on cell behavior, namely actin fiber assembly and

how dimensionality affects cell responses to spreading limitation and mechanosensation

(schematically summarized in fig 2.1).

Chapter 3 presents first the replication technique used to transfer a microwell struc-

ture from a silicon wafer into PDMS and the subsequent passivation of the plateau area

between the microwells and coating of the microwells with fibronectin (Fn) as developed

by Dusseiller. Next, the development of the functionalisation of the microwells within this

thesis work towards microwells coated with a) a functionalized supported phospholipid

bilayer (SPB) and b) a variation in wall and bottom coatings thus creating a biochemical

contrast in 3-D is presented. Through this process, individual cells adhere to and interact

with a small and well defined microwell of variable geometry. Therefore this platform of-

fers the possibility to control and elucidate the effects of dimensionality in a well defined

manner.

Chapter 4 covers the modification of the microwells with a mobile SPB that is func-

tionalized with human E-cadherin (fig 2.1 II). The cell inside the microwell experiences

a microenvironment that is expected to be closer to the microenvironment of a cell ex-

periencing cell-cell contacts. The characterization and the presentation of a lateral mo-

bile/immobile bilayer system can be used to present cells with an environment of variable

mobility. This allows mobile events to be studied, such as clustering of cell adhesion

molecules. The main focus of this chapter was on the engineering and detailed charac-

terization of the mobile E-cadherin coating inside microwells. Preliminary cell studies,

though, were performed with the cadherin-functionalized SPB and demonstrated the fea-

sibility of the approach.

Cells are often in a microenvironment composed of a locally heterogeneous arrange-

ment of proteins. Therefore, in a next step addressed in Chapter 5, we engineered a

microwell type that should mimic more closely the heterogeneous presentation of both

fibronectin and cadherin cues, thus mimicking the environment a cell in a cell sheet. To

achieve this, the platform was developed with a contrasting wall-bottom coating ("wall-

bottom variation" fig 2.1 III).

In chapter 6, the results of cell survival assays are presented and discussed. These

were performed to determine whether cells survive inside microwells for periods of sev-

eral days to weeks and whether limitation in spreading area can induce apoptosis as has

been observed for cells on 2-D patterns. A number of technical issues are also addressed

in this chapter: a) The critical well size for optimum control of cell shape in 3-D was
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determined using a library of well sizes. b) The technical aspect of compatibility of the

microwell substrate with high-resolution microscopy is addressed. c) The ability to per-

form immunohistochemistry (IHC) with cells in wells is demonstrated; specifically, po-

tential limitations in the ability to visualize intracellular proteins with IHC due to reagent

diffusion issues are shown to be absent.

In chapter 7, the cytoskeletal characteristics of single cells either adhering to mi-

crofabricated adhesive islands in 2-D or accommodated in microwells (3-D) of con-

trolled size, shape and rigidity were compared. The fundamental question is addressed of

whether a 3-D arrangement of cell adhesive contacts stimulates actin cytoskeleton assem-

bly, even under conditions where cell spreading is limited to an extent that did not pro-

mote actin cytoskeleton assembly on 2-D surfaces. Furthermore, we investigated whether

cell adhesion in 3-D alters the response of cells to substrate stiffness relative to 2-D, and

whether cell metabolism is elevated or not in 3-D cultured cells versus cells on 2-D pat-

terns.

The thesis ends with the Conclusion and Outlook chapter which discusses possible

future directions in the engineering and application of the microwell platform (chapter 8).



CHAPTER 3

Materials and methods

In this chapter, all materials and methods are listed which were used in this thesis for

the general fabrication of the platform and cell culturing. For the sake of convenience,

long names are listed with their abbreviations. Additionally, the fabrication process of the

standard microwell substrate is presented here. Furthermore, the methods used for charac-

terization are briefly explained. The individual chapters contain additional experimental

sections where the specific experiments, concentrations and conditions are described in

greater detail.

3.1 Materials

3.1.1 Water

Ultrapure water was used for all buffers and suspensions. A milli-Q system Gradient A 10

(Millipore) equipped with an Elix 3 (three step purification process) and an ultraviolet

lamp for photo-oxidation was used. The resistivity and TOC level were in the range of

18.2 MΩcm and < 5 ppb, respectively.

3.1.2 Buffer

Phosphate buffered saline
Phosphate buffered saline (PBS; Fluka Chemie, Switzerland) was diluted in ultrapure
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water. The final concentration was 137 mM NaCl, 10 mM Phosphate, 2.7 mM KCl, and

a pH of 7.4. The buffer was filtered (0.22 µm filter) prior to use.

HEPES buffer
4(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES; Fluka Chemie, Switzerland)

was prepared at 10 mM concentration with additional 150 mM NaCl and adjusted to

pH 7.4 with 6 M NaOH. Prior to use the buffer solution was filtered (0.22 µm filter).

3.1.3 Poly(L-lysine)-graft-poly(ethylene glycol)

Poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG) was purchased from SuSoS AG

(Switzerland). PLL(20)-g[3.4]-PEG(2) was the standard polymer used in this study. The

numbers in the “()” brackets are the molecular weights of the polymer chains in kDa

and the number in the “[]” brackets is the grafting ratio. PLL-g-PEG powder was dis-

solved in HEPES buffer and stored as a stock solution of 1 mg/ml below -18 ◦C. Prior

to use the polymer was dissolved in PBS to a final concentration of 0.1 mg/ml. In this

thesis, PLL(20)-g[3.4]-PEG(2) is referred as PLL-g-PEG. To visualize the PLL-g-PEG,

PLL-g-PEG labeled with rhodamine was used (PLL-g-PEG-rhod) (SuSoS AG, Switzer-

land). Biotinylated PLL-g-PEG (PLL-g-PEG-biotin, SuSoS AG, Switzerland) was used

to functionalized the heterogeneous wall and bottom coating.

3.1.4 Proteins

Fibronectin
Human plasma Fn was isolated from fresh human plasma (Swiss Red Cross) using

gelatin-sepharose chromatography based on established methods [202, 203]. Afterwards,

Fn was labeled with Alexa 488 or Alexa 633 (Molecular Probes, Switzerland) using es-

tablished protocols [204]. Fn in amine labeling buffer (PBS with 0.1 M NaHCO3, pH 8.5)

was incubated with a 30-fold excess of Alexa 488 or Alexa 633 succinimidyl ester for 1 h.

Labeled Fn was separated from free dye using a PD-10 column equilibrated with PBS.

The labeling ratio was determined by measuring the absorbance of labeled Fn at 280 and

either 496 or 632 nm and using published extinction coefficients for dyes and Fn. Labeled

Fn with ∼4 fluorophores per Fn molecule was used in this study. Fn was used in studies

for chapters 5, 6, and 7.
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Streptavidin
Streptavidin (SA) and Alexa 488 labeled streptavidin (SA 488) were purchased from In-

vitrogen (Switzerland). The proteins were received in 1 mg powder portions, dissolved in

1 ml HEPES buffer and aliquoted in 20 µg/20 µl portions. The aliquots were stored as a

1 mg/ml stock solution at -18 ◦C. SA was used in experiments performed for chapter 4.

E-Cadherin
Human E-cadherin/Fc chimera (E-cad/Fc) was received from D. Leckband, University of

Illinois, Urbana-Champaign, and engineered by Yuan Hung Chien as described in [205].

E-cad/Fc is used to mimic cell-cell interaction and described in chapter 4.

Bovine serum albumin
Bovine serum albumin (BSA; Fluka Chemie, Switzerland) was diluted in PBS at a con-

centration of 4 wt%, filtered and stored at -18 ◦C. To block the surface against unspecific

adsorption, the BSA was directly used without further dilution.

3.1.5 Antibodies

Biotinylated antibody
Biotinylated goat anti-human IgG Fcg (bAB; eBioscience) was stored as obtained at -4 ◦C

and used in experiments for chapter 4.

Antibody staining for fibronectin
Sheep anti-human Fn polyclonal antibody (1:200 in PBS; Serotec AHP08) was incubated

for 1 h, rinsed thoroughly, and finally incubated with a rhodamine conjugated donkey

anti-sheep IgG secondary antibody (1:200 in PBS; Chemicon AP184R) for 1 h. Immuno-

histochemistry (IHC) for Fn labeling is described in section 6.3.3.

3.1.6 Lipids

All the lipids were purchased from Avanti Polar Lipids (Instruchemie, Netherlands). They

were obtained in powder and stored at -18 ◦C before dilution in chloroform. Full details

of vesicle preparation are given in chapter 4. In this studies, lipid mixtures are simply

called, e.g. 5% bDOPE/DOPC for 5% biotinylated lipids in 95% DOPC.
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DOPC
1,2-Dioleoyl-sn-Glycero-3-Phosphocholine (DOPC) was diluted to 25 mg/ml and stored

at -18 ◦C before vesicle preparation. These lipids were used in experiments for chapters

4 and 5.

MPPC
1-myristoyl-2-palmitoyl-sn-glycero-3-phosphocholine (MPPC) was diluted to 25 mg/ml

and stored at -18 ◦C before vesicle preparation. These lipids were used in experiments for

chapter 4.

bDOPE
1,2-Dioleoyl-sn-Glycero-3-Phosphoethanolamine-N-(Cap Biotinyl) Sodium salt

(bDOPE) was diluted to 25 mg/ml and stored at -18 ◦C before vesicle preparation. To

obtain biotinylated vesicles, between 0.5 and 5% biotinylated vesicles were added to the

DOPC or MPPC lipids. These lipids were used in experiments for chapter 4.

NBD-PC
1-Oleoyl-2-[12-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]dodecanoyl]-sn-Glycero-3-

Phosphocholine (NBD-PC) was diluted to 2 mg/ml and stored at -18 ◦C before vesicle

preparation. To obtain fluorescent vesicles, 1% NBD-PC was added to the lipid mixture

bevore vesicle preparation. These lipids were used in experiments for chapters 4 and 5.

3.1.7 Vesicle preparation

Lipids with phase transition temperature < room temperature
Pure DOPC, fluorescent (1 wt% NBD-PC and 99 wt% DOPC), and biotinylated vesicles

(0.5 – 5 wt% bDOPE and 95 – 99.5 wt% DOPC) were prepared as follows: Lipid solutions

were mixed in a clean glass flask. The lipids were dried for at least 30 min under a flow of

nitrogen. 1 ml of HEPES buffer was added to hydrate the lipid film forming vesicles. The

vesicle suspension was extruded 31 times through a 100 nm polycarbonate membrane

(Avestin Inc., Canada) using a Lipofast extruder (Avestin Inc., Canada). The vesicle

solution was diluted with HEPES buffer to a final concentration of 0.5 mg/ml and stored

in the refrigerator for up to 2 weeks.



3.2. SUBSTRATES 45

Lipids with phase transition temperature > room temperature
The vesicles based on MPPC have a gel-to-liquid-phase transition temperature (Tm) at

35 ◦C and therefore have to be prepared above this temperature. The lipids were mixed

and dried as described above. To hydrate the lipid film, 40 ◦C warm HEPES buffer

was used. Instead of extrusion, the vesicles were produced by sonication (Ultrasonik,

Blackstone-Ney) in a water bath set at 40 ◦C. The cloudy vesicle solution was sonicated

until it turned clear (after about 20 min). Afterwards, the lipids were diluted to 0.5 mg/ml

and stored at 4 ◦C for up to 2 weeks.

3.2 Substrates

3.2.1 Wafer and glass slide

Silicon wafers (p type, 〈100〉, polished, � = 100 mm; Si-Mat Silicon Materials, Ger-

many), glass slides (76 mm × 26 mm; Menzel GmbH, Germany) and glass cover slides

(round and squared, � and x = 10 – 24 mm, thickness 0; Menzel GmbH, Germany) served

as substrates.

3.2.2 Polydimethylsiloxane

Polydimethylsiloxane (PDMS) is a cross-linked elastomer with the general chemical

structure CH3[Si(CH3)2O]nSi(CH3)3. PDMS is non-toxic, permeable for oxygen, non-

swelling in aqueous solutions and optically clear. This combination of properties makes

PDMS a suitable material for cell culture and microscopy [206, 207]. PDMS was used

for wafer replication or microwell production (see section 3.4). For standard stiffness,

Sylgard R©184 (Dow Corning, Germany) was mixed to the ratio of 1:10 (weight ratio,

w/w curing agent to prepolymer) with cross-linker solution and degassed in an exsiccator

until all air bubbles disappeared. For wafer replication, PDMS was poured over the wafer

to a thickness of about 5 mm. The polymer was cured at 80 ◦C for 4 h. The detailed

fabrication of the microwells is described in section 3.4.

Spin-coating
For measurements of homogeneous flat PDMS with the QCM-D or with the microscope,

it was important to have a very thin and homogeneously flat PDMS layer. Therefore
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2 wt% uncross-linked PDMS was dissolved in hexane (Fluka Chemie, Switzerland) and

spin-coated for 40 sec at 2000 rpm resulting in a thin film [208, 209]. Afterwards the

sample was dried at 80 ◦C for at least 4 h.

Stiffness variation
PDMS covers a physiologically relevant range of mechanical properties. The stiffness can

be controlled by varying the cross-linking density [177, 210]. Curing agent to prepoly-

mer mixtures of 1:10, 1:30, 1:40, 1:50, 1:60, 1:70 and 1:100 ratios were investigated. To

create thick films of PDMS, the different mixtures were cast inside a 14 cm TCPS Petri

dish and cured for 4 h at 80 ◦C. The resulting thickness was approximately 1 mm. 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. 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). The slope

at the start of deformation was used to calculate the Young’s modulus (fig 3.1). For each

cross-linker concentration, three samples were measured on the day after curing and 16

days later to test if the mechanical properties changed after storage at room temperature.

For soft PDMS mixtures from 1:60 or 1:50 ratios of cross-linker to PDMS, a Young’s

modulus of 3 or 8 kPa was measured and no further cross-linking after 16 days was ob-

served. Variability in the Young’s modulus increased in very soft samples (1:60) and may

have resulted from cross-linking heterogeneity or insufficient mixing. At lower concen-

trations of 1:70 or below, the material did not cross-link but remained a highly viscous

liquid. These data suggest PDMS is not suitable as a model substrate below 10 kPa.

3.3 2-D patterning techniques

3.3.1 Photolithography for microwell replication

10 µm deep microwells
Photolithography [211] was used to produce masters with microwells for replica molding

[160]. Photolithography was carried out in a class 10 clean room. For microwells, silicon

wafers (as received) were placed on a hot plate for 5 min at 190 ◦C for dehydration. SU-

8 2010 (negative resist; MicroChem, US) was spin coated for 90 sec with 2000 rpm. To

soft bake, the wafer was heated for 2 min at 65 ◦C, followed by 2 min at 95 ◦C. The photo
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Figure 3.1: Tunable stiffness of PDMS. Varying the cross-linking density of PDMS allows one to
tailor the mechanical properties of the substrate. The measured Young’s modulus ranged between
3 kPa and 1.3 MPa using 1:60 or 1:10 ratios of cross-linker to polymer, respectively.

resist on the sample was then exposed for 15 sec (12 mW/cm2) to UV light using a mask

aligner (Karl Süss MA6, Germany). The exposed regions started to cross-link resulting

in a microwell pattern. In the following post-exposure bake, the wafer was placed onto a

hot plate at 65 ◦C and at 95 ◦C for 2 min each. The photo resist was developed in SU-8

developer (MicroChem, US) for 2 min to remove the non-cross-linked photo resist, rinsed

thoroughly with isopropanol and dried with nitrogen. In the final hard baking step the

sample was placed onto a hot plate at 65 ◦C and heated up to 150 ◦C. The sample was

then baked at 150 ◦C for additional 5 min. These parameters led to a resist thickness of

10 µm.

1- and 5 µm deep microwells
To fabricate shallow wells, the protocol was slightly modified. For 5 µm deep wells,

SU-8 2005 (MicroChem, US) was used and spin coated with 2500 rpm for 90 sec. The

baking, illumination and development steps were performed the same way as described

above. For even more shallow wells, SU-8 2002 (MicroChem, US)) was used and spin-

coated for 90 sec at 3000 rpm. The baking and developing steps were reduced to 1 min

each and the illumination time was shortened to 10 sec. This led to 1 µm deep microwells

on a Si wafer that was used as a master.
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3.3.2 Molecular assembly patterning by lift-off

2-D patterned reference sample were produced using the MAPL technique which was

developed by Falconnet et al. [124] and presented in section 1.2.2 and illustrated in fig

1.11.

The pattern was first transferred from a mask into a photo resist by photolithography.

After dehydration of the sample, S1818 (positive resist; Microresist, UK) was spin-coated

for 2 min at 4000 rpm and afterward the sample was heated for 2 min at 100 ◦C. The

sample was exposed for 10 sec and developed for 1 min in a water-AZ developer mix (1:1)

(Clariant, Switzerland). The exposed photo resist was thereby removed. After rinsing

with water, the samples were dried with nitrogen. Afterwards, the prepattern surfaces

were modified chemically to transfer the pattern into a biological contrast. In a first step,

the sample was exposed to an air plasma for 5 s and afterwards PLL-g-PEG (0.1 mg/ml)

was adsorbed on the surface for 1 h, adsorbing on the substrate surface itself and on the

photo resist. In a second step, the photo resist and therefore the PLL-g-PEG on top was

removed with N-Methyl-2-pyrrolidone (NMP; Fluka Chemie, Switzerland). To achieve

this, the sample was placed in an ultrasonic bath for 2 min, then for additional 2 min in

a water-NMP mix (1:1). This resulted in a PLL-g-PEG pattern on a glass surface. The

PLL-g-PEG renders the surface protein-resistant, while on the spots where previously the

photo resist was adsorbed, Fn (25 µg/ml, 1 h) can adsorb, resulting in a PLL-g-PEG-Fn

pattern. The Fn islands allowed for cell attachment while the PLL-g-PEG regions were

resistant against cell attachment.

3.4 Microwell fabrication

3.4.1 Replica molding

In order to generate arrays of 3-D microwells, a silicon master was first produced us-

ing standard photolithography. Through replication into a 1st PDMS master and sub-

sequent replication into the final PDMS sample for cell culture (replication process is

illustrated in fig 3.2). To ensure the transfer of the microwell structure from the 1st

PDMS stamp into the 2nd , the 1st PDMS master was fluorosilanized. Therefore, the

sample was air plasma treated for 30 s and gasphase fluorosilanized (1H,1H,2H,2H-

Perfluorooctyltrichlorosilane, ABCR GmbH & Co. KG, Germany) for 1 h. The fluo-
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Figure 3.2: Microwell fabrication. In order to transfer the microwell pattern from the silicon
master into a thin film of PDMS, a thin glass coverslip was glued onto a glass specimen slide
between which the PDMS is cast. This sandwich is weighted while the PDMS is cured. The
master and glass support are removed leaving behind a thin PDMS film bound to the coverslip
which is then glued to the bottom of a Petri dish into which a hole was previously drilled.

rosilanes bound covalently to the PDMS and the 1st PDMS master was used > 10 times

without additional fluorosilanization.

In addition, a thin film replication technique was developed to permit high-resolution

microscopy of the samples. Therefore, a thin glass coverslip was glued onto a glass

specimen slide between which the PDMS was cast. This sandwich was weighted down

while the PDMS was cured. The master and glass support were removed leaving behind a

thin PDMS film bound to the coverslip. This cover slip was glued to the bottom of a Petri

dish into which a hole was previously drilled. In addition to high-resolution microscopy,

this set up also allowed for live imaging. The standard Petri dish could be used with

almost every microscope.

Although replication into the final PDMS thin film device required multiple steps,

the fidelity of the microstructures, as assessed by scanning electron microscope (SEM),

was very high. Replication of hard PDMS (1:10) led to microwells with straight walls

(fig 3.3 A). Microstructures replicated into the soft mixtures (1:40) showed less accurate

retention of shape fidelity due to the low stiffness of the resulting polymer (fig 3.3 B). It
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Figure 3.3: Replication of the microwells into hard and soft PDMS. A) The microwells could
be transferred in a reliable manner into hard (1MPa) PDMS and wells of 10 µm and 1 µm depth
could be replicated. B) The transference of the microwell structure into soft (20 kPa) PDMS
could also be performed, but the walls of the microwell showed slightly less sharp edges than in
the hard PDMS.

was not possible to transfer the microwell structure in a reliable manner into softer PDMS

(< 1:50). Normally, for the fabrication of soft microwells the polymer-cross-linker ratio

1:40 was used.

3.5 Surface modification techniques

3.5.1 PLL-g-PEG stamping and fibronectin coating

To passivate the top plateau of the PDMS chips and to render it resistant to adsorption of

proteins and the adhesion of cells, a hydrogel based inverted microcontact printing method

was developed (as illustrated in fig 3.4) by Dusseiller et al. [98]. This passivation step of

the plateau was the critical step in microwell fabrication. An incomplete passivation of the

plateau resulted in cell attachment all over the sample. Since a cell inside the microwell
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Figure 3.4: Chemical coating of the microwells. A) The microwell plateau surface was passi-
vated by inverted micro-contact printing of PLL-g-PEG using a PAAm stamp. B) After plateau
passivation the sample was either exposed to C) a Fn solution, or D) a vesicle solution. The
Fn or vesicles were only able to adsorb inside the microwells and conversely no Fn or vesicles
adsorption occurred on the plateau.

needed to be isolated to have a defined shape, cells on the platform might interact with

cells in microwells and therefore ruin the controlled shape in 3-D.

While working with a structured substrate, we used a flat stamp for the passiva-

tion step. An Acrylamide 4K-Solution (30%) Mix 37.5:1 (AppliChem, Germany) was

used to produce the polyacrylamide stamp (PAAm). To obtain a protein-resistant surface,

PLL-g-PEG (1 mg/20 µm in PBS) was added to 1 ml of PAAm pre-gel solution and the

cross-linking reaction was started by the addition of 10 µl of ammonium persulfate (APS;

Aldrich, Switzerland; 10% w/v APS in PBS, concentration to PAAm 1:100 ) and 2 µl of

N, N, N, N-tetramethyl ethylenediamine (TEMED; Sigma, Switzerland; concentration to

PAAm 1:500). The PAAm hydrogel containing the dissolved PLL-g-PEG was then cast

and cured between two 1 mm glass slide spacers resulting in a flat stamp. After 1 h the gel

was removed from glass spacers, cut into smaller pieces (5x5 mm) and stored in a humid

environment.

Before stamping, the microstructured PDMS surface was exposed to air plasma

(PDC-32G from Harrick Scientific Corporation, 0.1 mbar, 30 sec) to create negative

charges at the substrate surface. This is a prerequisite for the electrostatically driven

adsorption of the positively charged backbone of the PLL-g-PEG. Subsequently, the flat
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hydrogel functionalized with PLL-g-PEG was simply placed upside down onto the struc-

tured substrate. To enable a sufficient contact between the sample and the stamp, a weight

of 5 g was applied during the 15 min stamping procedure (fig 3.4 A). This resulted in a

passivation of the background and still enabled protein adsorption inside the microwells.

After the passivation of the background (fig 3.4 B), the surface inside the microwells was

coated with Fn for the majority of cell culture studies. The sample was exposed to unla-

beled or fluorescently labeled Fn at 25 µg/ml in PBS for 1 h. Fn adsorption was limited

to the non-passivated PDMS inside the wells due to PLL-g-PEG passivation of the top

surface (fig 3.4 C). After the coating step, the sample was thoroughly rinsed with PBS.

Fn-coated samples were used for studies described in chapters 6 and 7.

3.5.2 PLL-g-PEG stamping and bilayer coating

As many proteins of interest in cell studies are transmembrane proteins, where ligand

mobility may be an important determinant of cell function, microwells were also coated

with SPB. 100 nm diameter DOPC vesicles were produced by extrusion (section 3.1.7)

and dispersed into PBS to a concentration of 0.5 mg/ml. The PDMS microstructured

surfaces were exposed to air plasma treatment for 30 sec, stamped with PLL-g-PEG and

then exposed to the vesicle solution at room temperature for 15 min. On the plasma

treated PDMS surfaces, vesicles spontaneously adsorbed on the surface and subsequently

ruptured to form an SPB inside the microwells. The SPB coating was also limited to

microwell surfaces while the plateau remained devoid of vesicles due to the PLL-g-PEG

stamping (fig 3.4 D). After the coating step the sample was thoroughly rinsed with PBS.

The samples were kept in liquid at all times, as SPBs are not stable in air. SPB coated

samples were used as described in chapters 4 and 5.

3.6 Cell culture and IHC

3.6.1 Cell lines

HUVEC
Primary human umbilical vein endothelial cells (HUVECs; PromoCell, Germany) were

maintained for less than 8 passages in Endothelial Cell Growth Medium plus Supple-

ment (2% fetal calf serum (FCS) ; PromoCell, Germany, 1% Antibiotic-Antimycotic
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(pen/strep), Invitrogen, Switzerland). Cells were allowed to adhere within the micro-

wells for 30 min, after which the unbound cells on the non-adhesive background were

removed by gentle pipetting.

HFF
Human foreskin fibroblasts (HFF) were obtained from ATCC (US) and cultured in fibrob-

last growth media with supplement. They were maintained for no more than 10 passages.

Fn-coated microwells were seeded with 5×104 cells/cm2. Cells were allowed to adhere

within the microwells for 10 min, after which the unbound cells on the non-adhesive

background were removed by gentle pipetting.

Myosin knockout cells
The myosin IIA experiments were performed with mouse embryonic fibroblasts with a

silenced nonmuscle myosin NMM-IIA (myosin IIB knockdown cells) and were obtained

from M. Sheetz Lab, Colombia University, New York. They are cultured in DMEM with

high glucose (4.5 g/l), 10% calf serum, and 1% pen/strep.

For the myosin IIB study, fibroblast cells with deleted nonmuscle myosin heavy chain

II (myosin IIB knockout cells) were also obtained from M. Sheetz Lab. They are cultured

in DMEM with high glucose (4.5 g/l), 10% newborn calf serum, and 1% pen/strep.

CHO cells
Chinese hamster ovary cells expressing GFP-cadherin (CHO cells) were obtained from

Deborah Leckband, University of Illinois, Urbana-Champagne. The cells were stably

transfected with plasmids encoding the Fc tagged extracellular domain of human E-

cadherin as described in [205]. They were cultured in DMEM with 10% serum plus

150 µg/ml G418 (Gibco).

HeLa cells
HeLa cells JW (immortal human cervical cancer line) expressing cherry-tubulin were ob-

tained from the lab of Benny Geiger and Sasha Bershadsky, Weizman Institute of Science,

Israel. They were cultured in DMEM (10% FCS, 1% pen/strep).
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3.6.2 Cell fixation and staining

Actin and nucleus staining
For actin stress fiber imaging, cells were permeabilized with 0.1% Triton X-100 plus

1.5% formalin in PBS for 10 min and then fixed in 3% formalin in PBS for another

10 min. Samples were next blocked in 4% bovine serum albumin in PBS for 1 h. Samples

were rinsed three times with PBS between each stage.

After fixation, samples were incubated with Alexa Fluor 488 Phalloidin for actin

staining (1:400 dilution; Molecular Probes, Switzerland) and ethidium homodimer-1 for

nucleus staining (1.5 µM; Invitrogen, Switzerland) for 20 min. Samples were rinsed

thoroughly prior to imaging. Similar microscopy settings were used for imaging on 2-D

and in 3-D, therefore images of actin filament assembly can be compared.

Because actin visualization is a crucial read-out in this thesis, some background about

actin fiber staining is provided here. Phalloidin is isolated from the mushroom death cap

and belong to the group of toxins known as phallotoxins. It has the property to bind

specifically to F-actin subunits and locking them together, therefore preventing its depoly-

merization [212]. Due to this characteristic phalloidin is a useful tool for investigating the

distribution of F-actin in cells by labeling phalloidin with fluorescent analogs. Labeled

phalloidin has similar affinity for both large and small filaments, binding in a stoichiomet-

ric ratio of roughly one phalloidin molecule per actin subunit [213]. It has been reported

that phalloidin is unable to bind to monomeric G-actin, and hence fluorescence is only

seen where filaments are present [214]. A saturating concentration of phalloidin allows

even for visualization of single actin filaments.

Viability study
The standard protocol is described here; cell type and incubation time are specified in the

appropriate chapters (chapters 4 and 6). Viable cells were distinguished from apoptotic

cells by the enzymatic conversion of calcein AM to fluorescent calcein and the exclu-

sion of ethidium homodimer-1, which is membrane impermeable but undergoes a 40-fold

enhancement of fluorescence upon binding to nucleic acids in dead cells with a compro-

mised membrane [139, 215]. Samples with cells were carefully rinsed with PBS warmed

to 37 ◦C and then simultaneously incubated with 5 µM calcein AM (Invitrogen, Switzer-

land) and 1.5 µM ethidium homodimer-1 (Invitrogen, Switzerland) in PBS for 20 min.

Subsequently they were rinsed with PBS and imaged.
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Mitochondrial membrane potential
Tetramethylrhodamine ethyl ester (TMRE; Molecular Probes, Switzerland) was used to

stain the mitochondrial membrane potential. The stock solution was 25 µM in 1:1

DMSO/Ethanol and diluted 1:1000 in cell culture media prior to experimentation. The

cells were incubated at 37 ◦C for 30 min, rinsed and imaged. The imaging was performed

in an incubator box with controlled temperature and CO2. The cells were always imaged

at 37 ◦C unless stated otherwise.

3.7 Analytical and imaging techniques

Surface analytical techniques are essential tools to characterize the substrates and mate-

rials we were working with. In this thesis analytical techniques, such as Quartz crys-

tal microbalance with dissipation monitoring (QCM-D) and fluorescence recovery after

photobleaching (FRAP), were used. Microscopy techniques used for imaging were flu-

orescence microscopy (FM), confocal laser scanning microscopy (CLSM), and scanning

electron microscopy (SEM). These techniques are described here in more detail.

3.7.1 QCM-D

Quartz crystal microbalance with dissipation monitoring (QCM-D) is an in situ technique

that allows for determination of the adsorbed mass on the surface and the viscoelastic

properties of adsorbed molecules, such as polymers, lipids and proteins in liquid [216–

218]. A quartz crystal is oscillated at its resonance frequency and frequency changes

(mass) as well as changes in the dissipation (rigidity) are measured. A negative frequency

shift indicates a mass increase on the surface [219]. The dissipation is the ratio of all

energy loss in the system to the total stored energy during one cycle of oscillation change

and gives information about the viscoelastic properties of the film. A soft film results in

high dissipation and a rigid one in low or no dissipation change.

A QCM-D E4 instrument (Q-Sense AB, Sweden) was used to analyze the bilayer

formation on PDMS, test its protein resistance and the functionalization of bilayers with

cadherin (chapter 4) and furthermore to investigate the crosstalk between biotinylated

SPB and Fn (chapter 5). QCM-D crystals were coated with a thin layer of PDMS as

described in section 3.2.2 or purchased already coated with SiO2.
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3.7.2 SEM

Scanning electron microscopes (SEM) images were obtained by scanning a high energy

electron beam over the sample and collecting either the back scattered or the secondary

electrons. Back scattered electrons give some information about the material contrast,

while secondary electrons often provide more distinct topographic information. SEM has

the ability to image topographic samples with very high lateral resolution (< 10 nm).

In this work a SEM LEO1530 (Zeiss, Germany) equipped with a field emission elec-

tron source was used to characterize the quality of the microwell replication into PDMS

(section 3.4). All specimens were coated with a few nanometer thin platinum layer us-

ing a sputter coater (SCD 050, BAL-TEC) to prevent charging. The images were taken

in-lens (back scattered electrons) as well as using secondary electrons at an acceleration

voltage of 2 – 3 kV.

3.7.3 Fluorescence microscopy

Fluorescence is a phenomenon where certain molecules or atoms can absorb light at a

certain wavelength and emit it at longer wavelength. The first fluorescence microscopes

(FM) were build in the 1910s. The potential of the technique was realized in the 1940s

when scientist started to couple fluorochromes to larger molecules like antibodies and the

technique found its way into the field of cell biology [1].

Confocal laser scanning microscopy
In a confocal laser scanning microscope (CLSM), a laser beam is focused and scanned

over the surface and excites fluorophores. The images are acquired pixel by pixel. A pin-

hole allows the user to confine the focal plane, leading to much sharper images compared

to regular FM. Emitted and scattered light is collected in an objective. Filter sets and beam

splitters are used to filter the excitation light allowing only the emitted fluorescent light

to pass, which is collected with a CCD (charge-coupled device) camera. Fluorescently

labeled proteins and vesicles were visualized using an inverted confocal laser scanning

microscope (CLSM, LSM 510, Zeiss), images of the cells were acquired with an Olym-

pus FV1000 confocal microscope with an oil immersion 1.35NA 60× objective.
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FRAP
Fluorescence recovery after photobleaching (FRAP) is a simple method to test the lateral

mobility of a layer, e.g. phospholipids in a supported lipid bilayer which are laterally

mobile if they are above their TM [220–222]. FRAP experiment are normally performed

on a bilayer doped with fluorescently labeled lipids. The molecules are bleached with

the laser beam in a small, defined area. If the lipids are in a planar lipid bilayer, the

bleached molecules are replaced by fluorescent molecules arriving from the non-bleached

area and the dark spot disappears over time. By following the bleach spot and its recovery

over time, the diffusion coefficient of lipids in the bilayer can be calculated (see fig 3.5).

FRAP was performed for mobility studies described in chapter 4.

The FRAP experiment were performed using a Zeiss LSM 510 CLSM equipped with

a 25 mW Argon laser (line used: 488 nm ) and 1 mW HeNe laser (line used: 633 nm)

with the corresponding filter sets.

Figure 3.5: Principle of FRAP. Initially, the fluorescent molecules are distributed equally in the
lipid bilayer and with a focused laser beam a defined area of dyes is bleached. If the fluorescent
signal recovers with time, it is an indication of the presence of a mobile bilayer. If the bleached
spot stays unchanged, the fluorophores are immobile which might be the case in, for example,
vesicle adsorption on the surface.





CHAPTER 4

Mobile and immobile cadherin-functionalized bilayer coatings

Cells in a tissue are, in most cases, in a cellular context and interact with ECM and soluble

factors shared with neighboring cells. The microwell platform presented in the previous

chapter enables the study of isolated single cells, however, cell-cell contacts have been

shown to influence many aspects of normal cell function. It has also been suggested that

mobility of these contacts, which is a physiologically relevant mode of presentation, is

important for their function. Therefore, the intention of the work presented in this chapter

was to mimic cell-cell interactions, in a simplified manner, using a human E-cadherin-

functionalized supported phospholipid bilayer (SPB), which is itself a laterally mobile

system and can be coated onto the walls of the microwells.

4.1 Background

4.1.1 Cell-cell interaction

Cells in tissues adhere to each other and the ECM through specific surface proteins called

cell-adhesion molecules (CAM). CAMs cluster at specific junctions (cell-cell adhesions)

or adhere via the binding of adhesion receptors to the ECM (cell-matrix adhesions). The

extracellular part of CAMs serves to mediate interactions with other CAMs of the same

type (homophilic binding) or to different types of CAMs (heterophilic binding). The

intracellular part of CAMs is built of a network of adapter proteins interacting with the

cytoplasmic tail of the CAMs. This adapter protein network is in close contact with the

cytoskeleton and assures a link between the actin filaments and the CAMs.
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Cadherins
Cadherins are a large superfamily of cell-cell adhesion molecules. Several different sub-

types of cadherins exist. The most important ones are desmosomal cadherins and classi-

cal cadherins. Desmosomal cadherins are found in the adhesive junction of epithelial and

muscle cells where they link their intermediate filaments to those of the neighboring cell

to help the cell resist shearing forces. Therefore, they usually link their own intermediate

filaments to those of the neighboring cell. Classic cadherins consist mainly of epithelial

cadherins (E-cadherin) and neural cadherins (N-cadherin). They are usually concentrated

in adherent junctions in epithelial and neural cells, where they help to connect the cortical

actin cytoskeleton of adjacent cells. The classic cadherins have some universal features,

such as homophilicity and Ca2+-dependence binding. The presence of Ca2+ is crucial

for activation of cadherins since it maintains structural rigidity, protease resistance and

adhesive activity in forming cadherin homodimers on the surface. If Ca2+ is removed, the

extracellular part of the protein loses its defined conformation and is rapidly degraded by

proteolytic enzymes. In this project, the main focus was on E-cadherins, because these

are known to crucial for cell-cell contacts as discussed below.

Cadherin function is a dynamic process involving cadherin clustering and environ-

mental cues which regulate the cell response. Processes involving cell-cell interactions

have been shown to be important for multicellular tissue formation, cell association,

and migration. Cadherin regulation is an important mechanism during development. E-

cadherin is the first cadherin expressed during embryogenesis; during the eight-cell stage

of a mouse embryo, the loosely attached cells become tightly packed together by inter-

cellular junctions [223–225]. It has been shown that the blocking of cadherins with anti-

bodies results in morphological defects and the disruption of tissue structure [226, 227].

Furthermore, the segregation of cells into distinct tissues is accompanied by changes in

the complement of cadherins expressed by the cells [228].

In adult tissue, cadherins are crucial to generate stable, tight junctions which form, for

example, a strong barrier between the blood stream and the intestine. Furthermore, cad-

herins are also involved in signaling processes which are important for cell differentiation,

movement, and tissue organization [229]. Deregulation in cell-cell adhesion is a charac-

teristic in diseases, such as cancer [230]. It has been shown that a loss of E-cadherin

expression or function leads to enhanced cell invasiveness in cell culture. Furthermore

E-cadherin deficiencies or mutations correlate with the invasiveness and metastasis of

certain human tumors [231, 232].



4.1. BACKGROUND 61

Figure 4.1: Models of the cadherin-catenin complex and its link to the cytoskeleton. This
schematic illustrates the cadherin architecture and its linkage to the actin cytoskeleton. The ex-
tracellular part consists of 5 domains which can interact with a neighboring cell. The intracellular
part links the cadherin to the cytoskeleton via catenins (adapted from [235].

Most cadherins are transmembrane proteins that indirectly link the actin cytoskeleton

(fig 4.1). The cadherin extracellular part consists of 5 domains, each containing Ca2+

binding sites, which are responsible for intercellular interactions. The highly condensed

cytoplasmic tail of these cadherins interact with actin via a group of intracellular anchor

proteins called catenins. The attachment of the actin cytoskeleton to the cadherin is cru-

cial for the increase of adhesive strength, and for the clustering of cadherins. Cadherins

lacking their cytoplasmic domain cannot maintain their interaction sufficiently, leading to

disruption of the adhesion bond between cells [233].

Recent studies indicated that the linkage between the cadherins and the cytoskeleton

is complex [234, 235]. The α-catenin monomers show an altered binding preference

compared to the α-catenin dimer. The monomers preferentially attach to the β -catenin,

while the dimer preferentially attaches to actin filaments. Initial contact between cells

causes cadherin clustering and therefore a high local concentration of the cadherin bound

β -catenin monomers. The binding of α-catenin monomers to the clustered β -catenins

creates a high local concentration of α-catenin that can dimerize and preferentially attach

to the actin filaments. Meanwhile the α-catenin dimers were also responsible for the

suppression of ARP2/3 activity, which results in a cessation of lamellipodia activity and

creation of stable cell-cell contacts (fig 4.1 B).

Lateral mobility of cadherins
During processes, such as development of multicellular organisms, tissue regeneration,

immunological response and tumor metastasis, the cell-cell contact is dynamic [228]. For

example, cell-cell contacts must be transient during morphogenesis to establish new cell
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boundaries. Conversely, the maintenance of structural integrity requires strong and stable

cell-cell contacts.

Laterally mobile cell adhesion molecules permit the cell to spatially arrange its cell

contacts and build clusters which strengthen and stabilize the adhesion site [61, 236, 237].

E-cadherins concentrate at cell-cell contacts and accumulate actin in their perijunctional

regions in discrete spots or clusters [238]. Movements of E-cadherin inside the plasma

membrane have been shown to be regulated by the cytoplasmic domain via tethering

to actin filaments [239]. It has been reported that cadherin adhesion influences actin

organization [240], while conversely an intact actin skeleton is necessary for cadherin

based cell-cell interaction [237].

4.1.2 Motivation behind mimicking cell-cell interaction

Cell fate is strongly influenced by the properties of the ECM and the interaction of the cell

with its surroundings. The interaction of a cell with its environment consists of cell-ECM

contacts or cell-cell contacts, where the link is via a mobile transmembrane protein, such

as cadherin. The interaction of the cell with the cadherin depends on ligand presenta-

tion. Studies investigating cell-cell interaction showed that orientation and dimerization

are critical factors for homophilic cadherin interaction [241]. To obtain an orientation of

the cadherin closer to the physiological condition of a cell-cell interaction, where cad-

herins first dimerize and subsequently bind to the neighboring cell, strategies to couple

cadherin/Fc chimera via protein A or antibodies have been explored [242, 243].

Mobile presentation of cadherins
In vitro studies with immobilized cell adhesion proteins enables the control of chemistry

and density of ligands on the surface [71, 78, 79, 88, 170, 175], but they unfortunately

lack lateral mobility, an important feature that steers cell behavior (discussed earlier in

this chapter). A seminal study by Yap et al. pointed out the fundamental role for lat-

eral clustering and the distribution of cadherin binding sites [236], but was performed

on immobilized cadherins. The dynamic aspect of cadherin interactions was captured by

Perez et al. where they facilitated cell adhesion by patterning Fn islands and presented the

cell with cadherin-functionalized SPB between the islands to study cell adhesion. But to

our knowledge, there are no previous studies where the lateral clustering of cell adhesion

molecules and its implications on cytoskeletal organization on mobile substrates has been

investigated.
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Our platform is based on an E-cadherin-functionalized SPB-coated on topographi-

cally structured PDMS substrates. This permits the study of lateral cadherin clustering

on a mobile substrate. Furthermore, due to the choice of the phospholipid, we are able

to switch between a mobile and an immobile platform by a minor change in temperature.

Thus, we are able to present a mobile and an immobile system with exactly the same

chemistry to the cells and to change the mobility during the experiment itself. The ar-

rangement of ligands in 3-D has been shown to stimulate the cell and its responses were

altered in comparison to a 2-D surface (as discussed in section1.2.3) [92]. The combina-

tion of the E-cadherin-functionalized SPB within a 3-D microwell structure [244] enables

a closer mimic to cell-cell contacts in vitro. However, it needs to be taken into account

that the SPB platform only allows for a coupling of the extracellular part of the cadherin

and that the isolation from the intracellular machinery, normally present in the neighbor-

ing cell in a tissue, might trigger different behavior compared to a real cell-cell contact

situation.

4.2 Experimental section

4.2.1 Cadherin functionalization

Functionalization via biotin-streptavidin
For studies on 2-D surfaces, PDMS was spin-coated onto substrates as described in sec-

tion 3.2.2. For studies in 3-D, microwells were produced as described in section 3.4 and

3.5.2.

To functionalize the SPB, 0.5 or 5% bDOPE were added to the DOPC before vesi-

cle formation. The surfaces and microwells were exposed to a vesicle solution (100 nm,

0.5 mg/ml in HEPES) for at least 15 min and rinsed with HEPES. For further functional-

ization, the samples were incubated with SA (50 µg/ml in PBS, 15 min), bAB (10 µg/ml

in PBS, 30 min) and E-cad/Fc (10 µg/ml in PBS with 0.2 mM Ca2+, 30 min). They were

carefully rinsed with HEPES after every functionalization step.

For cell studies, samples with 5% bDOPE/DOPC bilayers were further functionalized

with SA, bAB and E-cad/Fc as described above and the final sample was kept in PBS with

2 mM Ca2+ until exposure to the cells.
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4.2.2 Characterization techniques

QCM-D
The PDMS spin-coated QCM-D crystals (Q-sense, Sweden) (for spin-coating protocol see

section 3.2.2) were treated for 30 sec with air plasma and mounted in the QCM-D flow

cells. The SiO2 coated QCM-D crystals were treated with UV ozone (model 135500,

Boekel Industries Inc., US) for 30 min and mounted in the flow cells. The crystals were

checked for the resonance frequency of the 3rd and the 5th overtones. The PDMS layer

on the crystals was relatively thick and affected the viscoelastic properties. Therefore,

the resonance frequencies of the crystals were damped due to internal loss of oscillation

energy and higher overtones were not detectable. All the quantitative analysis was per-

formed for the frequency and the dissipation with the 5th overtone. After stabilization

of the baseline in HEPES buffer, lipid vesicles were injected. After the adsorption step,

the excess molecules were removed by rinsing with HEPES buffer. The further E-cad/Fc

functionalization was performed as described above.

Mobility studies inside microwells
For the investigation of lateral mobility across the edge of a microwell, microwell samples

were replicated into PDMS as described in section 3.4. In contrast to the standard proto-

col, the plateau was deliberately not passivated by PLL-g-PEG before vesicle exposure.

The vesicles could therefore build an SPB on the whole sample, which provided a huge

reservoir of lipid, allowing the diffusion of non-bleached lipids from the plateau to the

bottom of the well to be observed.

4.2.3 Cell culture

CHO cells expressing GFP-E-cadherin were used for this study. On 2-D substrates, CHO

cells were seeded at a density of 104 cells/cm2. For the specific interaction assay with

the cadherins, cells were allowed to attach for 2 h and rinsed afterwards. To test cell

survival and cytoskeleton formation, cells were cultured for 2 h and subsequently rinsed

to remove non-adherent cells. Afterwards they were cultured for an additional 22 h for

the cell survival study (section 3.6.2) and 12 h for the bilayer stability study.

Microwells were coated with E-cad/Fc functionalized SPB to test if CHO cells could

adhere inside the wells. The cells were seeded inside the microwells (5 × 104 cells/cm2)
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and incubated for 2 h before rinsing and kept for a total of 24 h in cell culture. For actin

stress fiber imaging, cells were fixed after 24 h in culture and stained as described in

section 3.6.2.

4.3 Results and discussion

4.3.1 Characterization of bilayer functionalization on PDMS

To test if the PDMS microwell platform could be combined with SPB formation and

functionalization, SPB formation kinetics, protein resistance, and functionalization with

E-cad/Fc was investigated on a flat PDMS surfaces (fig 4.2 A, B illustrates the function-

alized SPB inside a microwell). To do so, QCM-D experiments on PDMS spin-coated

crystals were performed. QCM-D allowed for the in situ monitoring of every step of the

E-cad/Fc functionalization via the biotin-SA linkage. Other groups have also successfully

shown the modification of a biosensor with PDMS and subsequent SPB or lipid mono-

layer coating [56, 245].

Bilayer formation on PDMS
The formation of SPBs composed of DOPC, 0.5% and 5% bDOPE/DOPC on oxidized

PDMS was investigated by QCM-D. The vesicle solution was added to the QCM-D

crystal and functionalized with E-cad/Fc (schematic of functionalization is illustrated in

fig 4.2 C). The QCM-D curves (fig 4.2 C) indicated bilayer formation after vesicle ex-

posure for all three bDOPE concentrations through a residual change in frequency of -26

Hz, the characteristic frequency change for SPB formation.

The different frequency changes in the QCM-D measurement during vesicle adsorp-

tion and before rupture are indicative of different kinetics occurring during SPB forma-

tion. The kinetics were not further investigated since the final frequency change after

vesicle rupture was always -26 Hz. Several different parameters may influence the kinet-

ics, such as surface properties, vesicles size distribution, concentration, volume injected

and the speed of injection [246]. Lenz et al. have reported that the interaction of vesi-

cles with oxidized PDMS surface can be tuned to yield bilayers, monolayers, or vesicles

respectively [42]. In our experiments, the SPB formation on oxidized PDMS was less

sensitive to plasma treatment time than has previously been reported and on every oxi-
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dized PDMS surface SPB formation occurred. After observing stable SPB formation, the

system was further functionalized.

Cadherin functionalization
All the functionalization steps following SPB formation were also monitored by QCM-D

(fig 4.2 C). After SPB formation on PDMS, the SPB was exposed to SA; the pure DOPC

SPB showed no frequency change as expected. Conversely, 0.5% and 5% bDOPE/DOPC

SPB showed a decrease in frequency, indicating SA binding through the biotin groups.

The further functionalization steps with injection of bAB and E-cad/Fc resulted in further

negative frequency shifts, representing mass uptake.

The decrease in frequency was monitored and the adsorbed mass calculated by Sauer-

brey’s Equation (fig 4.2 D) [219]. No binding of SA occurred on a 0% bDOPE/DOPC

SPB as mentioned above. On a 0.5% bDOPE/DOPC SPB, the average adsorbed mass

of SA was 277 ± 55 ng/cm2. The average adsorbed mass on a 5% bDOPE/DOPC SPB

was 463 ± 28 ng/cm2, which was in good agreement with Höök et al. They found an

adsorbed mass of 440 ng/cm2 on SiO2 [247]. The SA density was calculated with the

method used by Huang et al. [248]. A molar mass of 60 kDa was assumed for SA and the

unit cell area of one SA molecule was 24.8 nm2. Therefore, a close-packed SA monolayer

would correspond to 402 ng/cm2. However, QCM-D measures the mass of the adsorbed

molecule and bound water. Therefore, the adsorbed protein mass cannot directly be cal-

culated into a percentage of a close-packed monolayer. Fortunately, the adsorbed mass

without bound water has been determined. Reimhult et al. used simultaneous QCM-D

and surface plasmon resonance (SPR) measurements to demonstrate that SA on a 5%

bPE/POPC SPB bound a mass of water equal to 250 ng/cm2 [249], which corresponds to

56% of the 440 ng/cm2 total mass. If we apply the same percentage of 56% to our total

mass uptake of 463 ng/cm2, the SA mass is 259 ng/cm2, which corresponded to a SA

layer which was the equivalent of 64% of a closely packed SA monolayer. As a control,

the mass of adsorbed SA on SiO2 was also determined and a SA mass of 540± 12 ng/cm2

was calculated. The density of SA on an SPB is discussed later in this section.

The SPB was further functionalized with the bAB and a mass uptake of

267 ± 28 ng/cm2 for 0.5% bDOPE/DOPC SPB and 424 ± 23 ng/cm2 for a 5%

bDOPE/DOPC SPB was detected. The exposure of the SPB to E-cad/FC resulted in a

mass uptake of 33 ± 5 ng/cm2 for a 0.5% bDOPE/DOPC SPB and 81 ± 5 ng/cm2 for a

5% bDOPE/DOPC SPB. A monolayer of E-cad/Fc had a mass uptake of 280± 52 ng/cm2

on a oxidized PDMS surface. As a reference experiment the binding of E-cad/Fc via pro-
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Figure 4.2: E-cad/Fc functionalization of an SPB. A) Schematic of a microwell and its exposure
to a vesicle solution is shown. B) The vesicles rupture inside the microwell and build a bilayer
which can be further functionalized with E-cad/Fc. C) The different functionalization steps of
the biotinylated SPB are sketched and monitored by QCM-D. After vesicle injection, the SPB
was exposed to SA, bAB and finally to the E-cad/Fc chimera. D) The average calculated mass
uptake and standard deviation of SA, bAB and E-cad/Fc for a 0.5% bDOPE/DOPC and a 5%
bDOPE/DOPC SPB were calculated.
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tein A was performed. The binding via protein A is a method to immobilize cadherin

on the surface and should allow for a more ordered arrangement of the E-cad/Fc, simi-

lar to the immobilization on a biotinylated SPB. The binding of E-cad/Fc via protein A

resulted in a mass uptake of 763 ± 63 ng/cm2. The mass uptake of E-cad/Fc for a 5%

bDOPE/DOPC SPB corresponded to 11% of an E-cad monolayer on protein A, the 0.5%

bDOPE/DOPC SPB to 4%.

Protein-resistant SPBs on PDMS
Protein resistance is an important prerequisite for the presentation of E-cad/Fc on the

SPB platform and the specific interaction with cells. Because the functionalization with

E-cad/Fc involved a SA linkage, the DOPC SPB was exposed to this specific protein and

the mass change following SA exposure was monitored. Importantly, no mass change

was observed after SA exposure, demonstrating that SA did not adsorb non-specifically

on the SPB (fig 4.2 C). Therefore, we concluded a protein-resistant DOPC SPB had been

successfully formed on PDMS , which was consistent with previous results on SiO2 [36]

and PDMS [250].

PDMS surface alters mobility of streptavidin layer on SPB in comparison to SiO2

An important criterion for the mobile platform was the mobility of the SPB and conse-

quently the SA layer on PDMS. It is known from the literature, that it is possible for SA

to crystallize on top of SPBs [251, 252]. A 2-D crystallization or close packing would

result in loss of mobility. Therefore, we investigated the mobility of the SA layer. The

mobility of a 5% bDOPE/DOPC SPB and the subsequent SA layer was studied by FRAP

on PDMS and, as a reference surface, on SiO2.

The control measurements with fluorescently labeled lipids showed a mobile SPB

on SiO2 (fig 4.3 A). A diffusion coefficient of 0.28 ± 0.04 µm2/s with a mobile fraction

of 86 ± 1% was measured. For membranes on glass, Phillips et al. found a value of

4 ± 1.3 µm2/s for PC on glass, while Rossetti et al. measured a diffusion coefficient of

1.7 ± 0.3 µm2/s for NBC-PC on SiO2 [250, 253]. However after SA adsorption, the

bleached SA layer showed slow and incomplete recovery of its fluorescence even after

400 s (fig 4.3 A).

Interestingly, on PDMS both the lipid and SA were mobile; the SA layer, in particu-

lar, did not result in an immobile layer (fig 4.3 B). The diffusion coefficients of the SPB

and SA on PDMS were in the same order of magnitude. For oxidized PDMS, a diffusion

coefficient for the SPB of 0.1± 0.04 µm2/s with a mobile fraction of 83± 4% was found.
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Figure 4.3: Mobility of SPB and the subsequent layer of SA on SiO2 and PDMS. A) The mo-
bility of a 5% bDOPE/DOPC SPB on SiO2 was investigated using FRAP and showed lateral
mobility. The mobility of the subsequent SA layer was also determined and there was no fluo-
rescent recovery observable, which was indicative of the formation of an immobile layer of SA.
B) Furthermore, the mobility of a 5% bDOPE/DOPC SPB on PDMS was investigated by FRAP
and showed the presence of laterally mobile lipids. The mobility of the subsequent SA layer was
also determined and fluorescent recovery was observed, which was an indication that a mobile
layer of SA was formed in this case.

This diffusion coefficient was lower than reported in the literature. Phillips et al. reported

a diffusion coefficient of 2.2 ± 0.9 µm2/s for PC on oxidized PDMS [250]. This could

be due to differences in SPB used or experimental set up. The diffusion coefficient of

SA on PDMS was determined as 0.09 ± 0.01 µm2/s with a mobile fraction of 88 ± 2%.

Since the SA coating is the critical step in determining the mobility in the E-cad/Fc func-

tionalization, it is assumed that the E-cad/Fc coupled via the SA to the SPB was also

mobile.

The adsorption of SA on an SPB on PDMS and SiO2 was also monitored by QCM-D.

The QCM-D curves after SA injection showed a different response in the frequency and

dissipation on PDMS versus SiO2, indicating a different viscoelastic behavior of the SA
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Figure 4.4: QCM-D curve for SA injection on PDMS and SiO2. The small QCM-D curves on the
left show the area of zoom in and for clarity there is only one curve shown. A) Frequency change
of a QCM-D curves after SA injection showed that more SA adsorbed on SiO2. B) Dissipation
change after SA injection showed that the dissipation of the SA on PDMS remained constant,
while the dissipation on SiO2 decreased. Next to the representative QCM-D curves, average and
standard deviation of frequency change and mass uptake (calculated by Sauerbrey’s equation)
are given.

layer for the two preparations. The frequency changes indicated that there was more SA

adsorbing on the SiO2 (540 ± 12 ng/cm2) surface versus the PDMS (463 ± 28 ng/cm2)

(fig 4.4 A). On SiO2, the dissipation curve of 5% bDOPE/DOPC SPB increased and then it

decreased slightly (fig 4.4 B). This is indicative of a dissipative non-rigid protein arrange-

ment followed by the formation of a more rigid layer [247]. On PDMS, the dissipation

curve increased monotonically and stabilized. This, together with the differences in fre-

quency change, indicated that there was a more dense packing of SA on an SPB on SiO2

versus PDMS. The shape of the dissipation curves alone cannot be used to determine the

2-D ordering of the SA layer. Other techniques would be needed for the direct measure-

ment of crystallization of SA, such as scattering showing the crystal lattice or imaging

techniques, e.g. high-resolution AFM [254]. Furthermore, the combination of biosensor

techniques, e.g. SPR coupled with QCM-D, might also provide useful information about

the state of the SA layer. Reimhult et al. pointed out the possibility that changes in viscos-
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ity with the variation in water content were a possible signal for 2-D SA crystallization

[249]. The higher SA layer density and rigidity on SiO2, indicates the formation of a

close packed layer of SA molecules, at least in comparison to the lower density observed

on the PDMS.

Table 4.1: Roughness values of PDMS and SiO2 (measured by Stefan Kaufmann, ETHZ)
Roughness PDMS master PDMS wells - ox PDMS spin coated - ox SiO2

Rmax 3.8 6.8 2.5 4.9
Rmin -5.9 -2.0 -4.3 -3.2
Rms 0.9 0.63 1.2 0.73

Skewness 0.06 -0.26 0.42 -0.25
Kurtosis 0.9 0.86 0.27 0.89

The mobility of SA on PDMS might be influenced by parameters, such as surface

roughness, interaction between the solid support and the lipids and the diffusivity of the

lipids [251]. Therefore, the roughness of the PDMS surface might be critical, decreasing

the diffusion coefficient of the lipids and preventing the formation of an ordered surface.

The roughness of the PDMS master, the PDMS microwell structure after plasma treat-

ment, spin coated PDMS after plasma treatment and a glass slides coated with SiO2 was

measured by AFM (table 4.1). Different roughness parameters were determined. Rmax

and Rmin give the highest and lowest spot on the surface but these values are very sensi-

tive to external conditions like dust on the sample or sharpness of the tip and might not

be representative of the surface. Rms represents the root-mean-square roughness which

was in the same order of magnitude for all surfaces. Skewness is a measure meant to

capture the asymmetry of a probability distribution, like the presence of spikes on a flat

background compared to small scale roughness. Kurtosis is a comparison of the height

distribution with a Gaussian distribution and captures the occurrence of, e.g. large infre-

quent events in the tail of the distribution, such as spikes. Unfortunately, there was no

difference in the roughness of the surfaces that could explain why SA becomes immobile

on SiO2 but not on PDMS. The roughness values for spin coated PDMS were slightly

different from the values for PDMS on microwells and SiO2, but since an SPB on spin

coated PDMS and in microwells was mobile, which was in contrast with the mobility of

the SiO2 surface, we assume that most likely the different behavior of SA is caused by

something other than the surface roughness. A likely explanation is that the difference in

mobility is due to different amounts of SA that were adsorbed on the two surfaces, which

could be influenced by the underlying substrate despite the same lipid composition being

used for both SPBs.
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Biotin is slightly hydrophobic and therefore the biotinylated lipid distribution might

be asymmetric between the leaflets resulting in a lower concentration towards the SA in

solution. PDMS is likely to be less hydrophilic than SiO2 even after plasma treatment and

is also known to experience an increasing contact angle with time after oxidation of the

surface. Frank et al. demonstrated the concentration required to saturate a biotin-SA bi-

layer is ∼ 2 mol% [255]. 5 wt% bDOPE in our system corresponds to ∼3 mol% bDOPE.

If the biotinylated lipids are distributed asymmetrically, we could have a system contain-

ing less than 2% biotinylated lipids in the upper leaflet and therefore less SA adsorption

on the SPB. Fig 4.4 also shows that less SA adsorbed on PDMS (463 ± 28 ng/cm2) in

comparison to on SiO2 (540 ± 12 ng/cm2).

In conclusion we can say that the SA layer on an SPB on PDMS was mobile versus

the immobile SA layer on SiO2. Although the diffusion coefficient of SPB and SA was

lower on PDMS than reported in the literature, it is still in a physiological relevant range

since ligands in a cell membranes show a diffusion coefficient between 0.01 – 0.1 µm2/s

[61]. The diffusion coefficient of cell membranes is lowered compared to pure SPB be-

cause of the interaction of membrane proteins and the cytoskeleton [13].

SPB coating inside microwells and its mobility across the edge
As discussed in section 3.5.2, the PLL-g-PEG stamping prevented vesicles from adsorb-

ing on the passivated surface, instead they adsorbed and underwent rupture inside the

wells. SPB coating inside the microwells was visualized and the side view demonstrates

that the SPB formed both on the side walls and the bottom of the well. There was no

vesicle adsorption on the top of the plateau (fig 4.5).

However, to present to the cells a mobile 3-D system that mimics cell-cell inter-

actions, the mobility of the SPB inside microwells and across the edge of the plateau

needed to be confirmed. To study the mobility across the edge II (for labeling of edges

see fig 4.6 B) of the microwell, the plateau was not passivated with PLL-g-PEG and the

entire oxidized PDMS surface was exposed to fluorescent vesicles, guaranteeing a huge

reservoir of non-bleached lipids. If only the microwell was covered with SPB, the fluo-

rescent signal would not fully recover due to the lack of sufficient fluorescent lipids and

not due to hindered mobility (fig 4.6 A).

First, the entire bottom of the well was bleached. With time, the fluorescence signal

recovered, indicating that fluorescent lipids from the plateau of the microwell structure

moved across the edge I down the wall to the bottom of the microwell (fig 4.5 B). The
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Figure 4.5: SPB formation inside microwells. A) A schematic of the SPB inside the microwells
and the PLL-g-PEG coating on the plateau is shown. B) Z-projection of a confocal image of
NBD-PC/DOPC shows specific SPB formation inside microwells. C) The side view shows that
there was no vesicle adsorption on the plateau between the microwells.

radius of the edge II of the microwell does not act as diffusion barrier and is probably so

large that the SPB does not experience any hinderance of spreading [256]. Brisson et al.

have shown SPB formation from vesicles on nanoparticles with 100 nm diameter [257].

After replication into PDMS, we can assume that the radius of our edge II is larger than

100 nm. After SA injection, the SA on top of the SPB inside the microwell was bleached.

It was confirmed that the SA was mobile on SPB on PDMS and that this mobility was not

hindered by the microwell structure (fig 4.5 C).

The calculation of the diffusion coefficient is difficult in a non-radially symmetric

3-D environment. The formula normally used for diffusion coefficient calculation was

developed for an initially large reservoir of lipids distributed homogeneously with ra-

dial symmetry. As visualized in fig 4.7, the effective neighboring lipid reservoir to the

bleached spot inside the microwells is smaller than compared to a flat surface. Therefore,

we expect that we would calculate a smaller diffusion coefficient and a non-homogeneous

recovery due to geometrical reasons. The diffusion coefficient that was calculated in a

triangular well was about two orders of magnitude smaller than coefficients calculated on

a flat PDMS surface (fig 4.7). Therefore the coefficient was expected and observed to be

lower.
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Figure 4.6: Mobility of the SPB and SA layer inside microwells. A) The fluorescent SPB was
formed only inside the microwell and a FRAP experiment was performed on the bottom of the
surface. Due to the limited lipid reservoir, the fluorescent signal could not be restored completely.
The calculated diffusion coefficient is lower than on 2-D surfaces (for explanation see text).
B) To test the mobility across the edge, the whole bottom of the well was bleached and the
fluorescence recovery monitored. C) The SA layer inside microwells was also mobile as shown
by the recovery of FRAP.

4.3.2 Immobile and mobile SPB

To study the influence of the mobility of cell adhesion ligands on cell response, a system

that presents the same chemical composition in both its mobile and immobile state was

developed. Phospholipids allow for the switching from a mobile to an immobile state by

temperature change as presented in section 1.1.3. By using lipids with a Tm of 35 ◦C,
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Figure 4.7: Geometry of the lipid reservoir for FRAP experiments. A) The FRAP formula
is based on the assumption that the lipid reservoir is homogeneously distributed around the
bleached spot. B) Inside microwells, the lipid reservoir is smaller due to geometrical reasons.

under normal cell culture condition (37 ◦C) the cell experiences a mobile ligand presen-

tation, by lowering the temperature cells interact with an immobile platform.

Mobility variation with the same chemical system
The mobility of the SPB was investigated at T = 37 ◦C and T = 30 ◦C, using FRAP. These

experiments confirmed the mobility of the SPB above Tm at 37 ◦C (fig 4.8 A). The fluo-

rescence intensity of the bleached spot in the NBD-PC/MPPC SPB fully recovered after

6 min. Below Tm, at 30 ◦C, the NBD-PC/MPPC SPB was immobile and the fluorescence

intensity of the bleached spot did not recover its fluorescent signal after 6 min (fig 4.8 B).

The bright spots visible in the images may be an indication of the presence of larger

or multilamellar vesicles which gave a stronger fluorescent signal. In the sample coated

with the mobile SPB, the bright spots did not recover with time, as it was observed for the

homogeneous fluorescent signal. This also might be indicative of the presence of vesicles

since vesicles are not laterally mobile and therefore can not move into the bleached area

to aid fluorescent recovery.

In conclusion, the MPPC SPB could be switched between a mobile and an immobile

system depending on the temperature. Furthermore, the temperature change was per-

formed in a physiological relevant temperature range, thereby allowing for the culture of

cells both below and above the Tm.
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Figure 4.8: Conversion between mobile and immobile MPPC SPB via temperature change. A)
A mobile MPPC SPB at 37 ◦C showed fluorescence recovery. B) The same bilayer below TM at
30 ◦C did not recover its fluorescence and was therefore immobile.

Mobile and immobile SPB show protein-resistant properties
The protein resistance of the pure MPPC SPB above and below Tm was investigated by

QCM-D, since a protein-resistant background is an important prerequisite for specific

ligand presentation. It has been shown that vesicles below Tm have slower or do not

exhibit SPB formation [25]. Therefore, all our SPBs were assembled above Tm and the

temperature adjusted afterwards. After MPPC vesicle injection at 38 ◦C, the vesicles

adsorbed on the PDMS surface and rupture occurred resulting in SPB formation.

To investigate the resistance against protein adsorption of the mobile system, serum

injection was performed at 36 ◦C; for the immobile SPB, the system was first cooled down

to 25 ◦C and after the stabilization of the baseline, serum was injected. Serum exposure

to the SPB below and above Tm resulted in no frequency shift indicating protein-resistant

SPB (fig 4.9). As a control, a plasma treated PDMS surface was exposed to serum and

resulted in a large adsorption of serum (∆f = -50 Hz).

The protein-resistant properties of the MPPC SPB above Tm were similar to the

protein-resistant properties described in literature for other SPBs. More interestingly,

the MPPC SPB below Tm did not allow for serum adsorption. Due to the higher order-

ing and closer packing of the frozen SPB, one might expect a lateral shrinking of the

SPB and crack formation resulting in reduced protein resistance [14]. The lack of protein
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Figure 4.9: Conversion between mobile and immobile MPPC SPB via temperature change. The
protein resistance of A) a mobile SPB at 36 ◦C and B) an immobile SPBs at 25 ◦C was tested
with QCM-D and frequency and dissipation monitored. The SPB above and below TM showed
no mass increase after serum exposure.

adsorption indicated that these cracks might be in a small size range, such that the ad-

sorbed proteins were not detected by the QCM-D since they would replace fully trapped

water in such cracks. It is, however, more likely that non-specific adsorption was below

2 ng/cm2, the detection limit of the QCM-D. Furthermore, some single vesicles might

still be present after rinsing and act as a lipid reservoir which filled the cracks in the SPB.

Further evidence for the protein resistance of the SPB can be obtained from the specific

cell interactions with the surface (discussed in the next paragraph).
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4.3.3 Cells on the cadherin-functionalized SPB

Specific cell interactions
In section 4.3.1, it was shown that E-cad/Fc can be coupled to a protein-resistant SPB

via a biotin-SA linkage. Next, the specific interaction of the E-cad/Fc functionalized SPB

with CHO cells was investigated. Therefore, cells were seeded on 2-D, PDMS coated

surfaces after every functionalization step and the cell density imaged (fig 4.10). The

specific interaction was tested for each of the systems developed, namely SPB of DOPC

at 37 ◦C (fig 4.10 A), mobile MPPC at 37 ◦C (fig 4.10 B) and immobile MPPC at 29 ◦C

(fig 4.10 C). Fig 4.10 D visualized the increase in cell attachment for the fully function-

alized E-cad/Fc SPB. Standard error of the mean was only plotted for the fully function-

alized SPB with many cells attached, for the other data points the mark covered the bar

representing the standard error of the mean.

On a pure DOPC or MPPC SPB, only one cell was found to adhere to each

of the surfaces (fig 4.10) [43]. Culturing cells on surfaces which were coated with

5% bDOPE/DOPC or 5% bDOPE/MPPC SPB functionalized with SA also resulted in

limited cell adhesion (1 – 3 cells). After the bAB addition, the cell adhesion was similarly

low (1 – 2 cells). Cadherins are known to be only active in the presence of calcium (Ca2+)

[236]. Therefore the specific interaction with the surface was investigated in the absence

of Ca2+ and again very few cells managed to attach to the non-active E-cad/Fc function-

alized SPB (1 – 4 cells). On an active E-cad/Fc functionalized SPB in presence of Ca2+,

the cells were able to attach to the E-cad/Fc (20 – 35 cells), showing the specificity of the

surface and the interaction of the cells with the cadherin functionalized SPB.

The reduction of cell attachment with non-fully functionalized SPB supported the

conclusion that the SPB itself and the molecules used for the functionalization steps pro-

vided no cell attachment, the cells adhered only to E-cad/Fc. Furthermore, the lack of

cell attachment to E-cad/Fc without Ca2+ confirmed that cells were only able to adhere

specifically to the functionality E-cad/Fc in presence of Ca2+.
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Figure 4.10: Specific interaction of CHO cells with E-cad/Fc functionalized SPB. Cells were
seeded for 2 h onto A) a 5% bDOPE/DOPC, B) 5% bDOPE/MPPC above TM , and C) 5%
bDOPE/MPPC below TM after every functionalization step. There was limited cell attachment
on a pure SPB, after SA exposure and bAB injection. After E-cad/Fc functionalization the cells
were only able to interact with the SPBs in the presence of Ca2+ as removal of the Ca2+ lead to
reduced cell number. D) The average number of cells attached to the surfaces and the standard
error of the mean for the functionalized and activated SPB are visualized in the plot.

Stability of SPB under cell culture conditions
To test if the bilayers were stable over a longer time period, cells were seeded on an

E-cad/Fc functionalized, fluorescently labeled SPB. Cells and fluorescent signals were

imaged immediately after cell seeding and rinsing (fig 4.11 A) and 14 h later (fig 4.11 B).

Cells could attach to the functionalized SPB and the fluorescent signal was not altered
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after 14 h, indicating that the cells did not destroy the bilayers. Cell adhesion after 14 h

also indicated, that the cells were unable to detach the E-cad/Fc from the system.

Cell survival on mobile SPB
Cell-adhesive ligands linked to a viscous SPB might not resist the nanonewton forces gen-

erated by the cell which might result in the limitation of cell spreading, an activity required

for survival of anchorage-dependent cells [136]. To study if the SPBs functionalized with

E-cad/Fc provoke cell death or can support cell adhesion and growth, a cell live/dead as-

say was performed. Cells were cultured for 24 h on an E-cad/Fc functionalized SPB in

2-D. Afterwards, the cells were stained with calcein AM and ethidium homodimer to de-

termine if the cells were still viable (fig 4.11 C). Cell survival was not diminished by the

mobility of the ligand presentation, therefore we can assume that E-cad/Fc functionalized

SPB can be used as a model system without reducing cell survival.

Figure 4.11: Stability of E-cad/Fc functionalized SPB during cell culture and cell survival on
a mobile E-cad/Fc functionalized SPB. To investigate the stability of the E-cad/Fc functional-
ized SPB under cell culture condition, A) CLSM image of cells (top) and fluorescent signal of
a 5% bDOPE/DOPC functionalized with E-cad/Fc (bottom) were imaged 2 h and B) 14 h af-
ter cell seeding. C) Live/dead staining was performed for CHO cells cultured on an E-cad/Fc
functionalized SPB for 24 h. The calcein AM (green) cells are the living cells.
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Figure 4.12: Difference in actin formation depending on the mobility of the E-cad/Fc coating in
2-D. A) A CHO cell (cell culture for 24 h) on a mobile 5% bDOPE/MPPC/E-cad SPB showed
diffuse actin staining, while a B) CHO cell on an immobile bDOPE/MPPC/E-cad SPB showed
similar actin formation to cells cultured in a Petri dish.

Cadherin mobility alters actin filament formation
Changes in mobility alters the cytoskeletal organization of a cell and therein its general

behavior (as discussed in detail in chapter 7). Many cell responses are linked to the

organization of the actin skeleton, such as proliferation [258] and differentiation [139].

Therefore, the difference in actin bundling was chosen as a demonstrative example of

how the substrate mobility influences cell behavior. To visualize how the cellular response

was altered by this environmental parameter, actin bundling was imaged on 2-D mobile

and immobile E-cad/Fc functionalized SPB. Cells were fixed and actin stress fibers on

mobile and immobile systems were stained with Phalloidin 488. It is clearly visible that

cells on a mobile system (fig 4.12 A) built up different actin stress fibers than cells on

an immobile substrate (fig 4.12 B). On the immobile substrate the cells showed distinct

stress fibers similar to cells cultured on a Petri dish. The actin within cells cultured on

the mobile system did not form stress fibers and was more diffuse. The different actin

formation might be caused by ability to apply forces to the substrate. On an immobile

substrate, the cell can anchor on the substrate and build up contractile forces which result
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in a strengthening of the cytoskeleton. On a mobile system the ligand movement might

hinder the generation of contractile forces and therefore stress fiber formation.

This example therefore demonstrated the different cell responses that the mobility of

cell ligands provoked, and highlights the importance of a platform which can be used to

study the influence of mobility and ligand clustering on cell behavior.

Presentation of mobile cadherins in 3-D
To show that the microwell platform is also suitable to study the dependence of ligand

mobility on cell behavior in 3-D, cells were cultured on a microwell structure coated

with mobile E-cad/Fc functionalized 5% bDOPE/DOPC SPB. DIC and fluorescent im-

ages showed that cells can specifically adhere inside microwells (fig 4.13 A). The actin

staining was performed to visualize the cell inside the microwell structure (fig 4.13 B, C).

In microwells coated with E-cad/Fc functionalized SPB, cells were located inside the

microwells and their shape was restricted to the microwell dimensions. Initial results

showed a similar trend in actin formation as observed on the 2-D substrates. The cells

inside microwells were interacting with a mobile E-cad/Fc coating and the actin skeleton

showed a more diffuse staining without any pronounced stress fibers.

Therefore, the platform may enable the investigation of the connection between mo-

bility and dimensionality in a novel way thereby allowing us to gain further insight into

how a cell senses dimensionality and how a cell responds to its neighboring cells inside a

tissue.

Figure 4.13: CHO cell inside 3-D microwell coated with an E-cad/Fc functionalized SPB.
A) CHO cells were able to adhere inside a microwell for 24 h that was coated with a mobile
bDOPE/DOPC/E-cad SPB. B) To visualize the CHO cell, actin staining was performed. C) The
zoomed in image shows the actin skeleton of a single cell inside a bDOPE/DOPC/E-cad SPB
microwell.
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4.4 Conclusions and outlook

Monitoring of biotinylated vesicle surface interaction with QCM-D demonstrated the abil-

ity to build an SPB on oxidized PDMS and to further functionalize the SPB with E-cad/Fc

via a biotin-SA linkage. Studies with FRAP demonstrated the mobility of both lipids and

SA on PDMS. Furthermore, using a lipid with a TM of 35 ◦C allowed for the presentation

of a mobile and immobile SPB at physiologically relevant temperature range as analyzed

by QCM-D and FRAP. Preliminary cell studies demonstrated that cell survival on a mo-

bile E-cad/Fc functionalized SPB was not reduced and that cells can adhere specifically

to E-cad/Fc functionalized SPB. The difference in actin staining between cells cultured

on the mobile versus immobile platforms was a demonstrative example of how ligand

mobility influences cell responses.

Next this mobile system was incorporated into the microwell structure that provides

a 3-D environment. It was shown that the lipids diffused from the wall to the bottom, and

vice versa, demonstrating the retained mobility of the SPB in a 3-D environment. Further-

more, the coating of microwells with E-cad/Fc functionalized SPB and the combination

with cell culture resulted in an array of single cells in microwells. Hence, they specifically

interacted with the E-cad/Fc and did not adhere to the passivated plateau. To summarize,

this platform is expected to offer the possibility of studying events which are influenced

by dimensionality and mobility of ligands. Ideally, it might be used to address a variety of

biological questions, such as cadherin clustering or cell polarization. Furthermore, the in-

vestigation of cadherin binding strength and dynamics might provide further insight into

homeostasis and therefore the deregulation of homeostasis which occurs during cancer

formation.





CHAPTER 5

Heterogeneous microwells presenting different biochemical cues

on the walls and bottom

5.1 Background

Cell polarization and stem cell division
Cells in vivo often experience an asymmetric environment. These asymmetric stimuli

result in cell polarization and are reflected in cell shape, protein distribution, and specific

cell function [259]. This phenomena is observed in many cell types. Epithelial cells,

for example, exhibit a characteristic apical-basolateral polarity (fig 5.1) that is critical for

their function and dependent on a number of external stimuli, such as cell-substratum

and cell-cell contacts [260]. This polarization of the cell plays an essential role in many

cellular responses, such as vectorial transport of molecules, cell division, activation of

immunoresponse, and cell differentiation [261].

The asymmetric stimulation of the microenvironment, resulting in cell polarization,

also has a strong influence on stem cell differentiation. A process that is particularly fas-

cinating is the extensive proliferation potential of stem cells and their ability to give rise

to one or more differentiated cell types. A stem cell must accomplish a dual task of self-

renewal and the generation of differentiated cells. A stem cell can divide symmetrically

either into two daughter stem cells or two differentiated cells. Conversely asymmetric

division results in one stem cell and one differentiated cell. The balance between stem

cells and differentiated cells is important for the control over the cell population. This

balance is necessary for the repair of tissue after injury or disease [262]. Studies have
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Figure 5.1: Schematic of polarized epithelial cells. Schematic representation of polarized ep-
ithelial cells and the organization of the actin and microtubule cytoskeleton within these cells is
illustrated (adapted from [258].

shown that stem cell division and function is controlled by external cues from the micro-

environment, the so called stem cell niche, and intrinsic genetic programs within the cell.

Cell-cell interactions through adherens junctions, utilizing cadherins and catenins, and

cell-matrix interactions with the ECM and basal lamina have been identified as impor-

tant for determining maintenance, activation and differentiation of the neural stem cells

[263, 264].

Heterogeneous display of proteins
To be a step closer to mimicking the cell in its natural environment, we aimed at devel-

oping a microwell variant where walls and bottom present different biochemical cues.

The chemical contrast inside these microwells and the different surface coatings might be

utilized to create adhesive contrast between basal lamina proteins and proteins present in

cell-cell adhesion to mimic the ’asymmetric’, heterogeneous display of proteins present

in the physiological cell microenvironment (fig 5.2).

Microwells with a different wall or bottom coating have been previously described in

literature. For example, microwells with PEG side walls and glass bottom were used for

a cytometry platform for characterization and sorting of individual leukocytes [108]. An-

other approach presents microwells with agarose walls and glass bottom and showed that

cadherin simultaneously stimulates and inhibits cell proliferation by altering cytoskeletal

structure and tension. Microwells in PEG-hydrogels with modified bottoms allowing for

the adsorption of Fc chimera-proteins were used for the investigation of the perturbation

of single hematopoietic stem cell fates [265]. All these modifications presented to the

cell a different bottom and wall coating where the wall is made of a non-cell-adhesive

material. These microwells serve mainly for the isolation of a single cell and thereby
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Figure 5.2: Schematic of the envisioned biological relevance of microwells with wall-bottom
variation. The culture of cells inside heterogeneous coated microwells, with cadherin on the side
walls and Fn on the bottom, is envisioned to present to the cell a more in vivo-like environment
and A) might provoke cell polarization on a single cell level or B) steer the division of stem cells
that can result in one stem cell and one differentiated cell or the maintenance of two stem cells.

facilitated observation of cell responses. The microwells with non-interactive walls are a

possible continuation of the study with homogeneous Fn-coated wells (see chapters 6 and

7) to investigate if the differences seen in 3-D versus 2-D are also evident if there is a 3-D

environment but non-interactive walls.

In contrast, we tried to present to the cell a well containing a different wall versus

bottom coating, in the size of a single cell. Furthermore, the coatings of both the bottom

and wall present cell-adhesive ligands and the cell can adhere in 3-D. This platform and its

variation in wall-bottom coating might be an interesting tool to mimic the stem cell niche

to elucidate the environmental cues which determine the mode of stem cell division or to

study how polarization can be induced in single cells through interaction with engineered

surfaces.
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5.1.1 Approaches to achieve a different wall and bottom coating

To obtain a well with a different coating on the wall and on the bottom, we took advantage

of the chemical contrast between SiO2 and TiO2 (fig 5.3). The functionalization of the

TiO2/SiO2 patterned microwells was achieved using two different strategies resulting in

an immobile PLL-g-PEG/Fn (wall/bottom) coating (fig 5.3 D) and a mobile bilayer/Fn

coating (fig 5.3 E). In this study, we present the two approaches attempted to achieve a

heterogeneous display of cell adhesive ligands, but no cell studies were performed.

The first approach exploits the specific binding of phosphates to TiO2, but not to

SiO2. The chemical contrast results in a phosphate-SAM/PLL-g-PEG contrast, via SMAP

(principle is explained in section 1.2.2) [126]. Ideally, this allows for a well functionalized

with Fn on the bottom and PLL-g-PEG on the walls and plateau. The PLL-g-PEG might

be further functionalized using PLL-g-PEG-biotin.

The second strategy was based on work by Rossetti et al. which demonstrated that

vesicles adsorb differently on SiO2 and TiO2 [266]. Vesicles are particulary exciting as

they can be used to form a mobile bilayer on the surface leading to biologically inspired

patterns and cell membrane mimics (see section 1.1.3 and chapter 4). Researchers have

shown that vesicles containing only phosphatidylcholines adsorb intact on TiO2 [266–

268]. Combined AFM and QCM-D studies revealed that vesicles adsorb onto the surface

until very densely packed layers are formed, without formation of supported bilayers

and can thus be removed by rinsing [268]. This is in contrast with the situation on SiO2,

where vesicle rupture and SPB formation is observed once a critical surface concentration

is reached [23, 24, 267]. This could be exploited to selectively coat the side walls with an

SPB, the bottom with Fn, and the plateau with PLL-g-PEG.

5.2 Experimental part

5.2.1 Ti coating and plateau passivation

For both approaches, the microwells were replicated into PDMS as described in 3.4. After

replication, the samples were coated with Ti in a line-of-sight process, meaning the Ti is

deposited on the surfaces orthogonal to the incoming material (fig 5.3 A), ideally, result-

ing in a Ti coating on the plateau and on the bottom of the wells, but without coating the

walls (fig 5.3 B). The Ti deposition was perfomed by Kris Pataky, EPF Lausanne. First,
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Figure 5.3: Schematic of fabrication of chemical contrast and coating of wells. A) Ti was de-
posited onto the PDMS microwell platform using a line-of-sight evaporation process, B) covering
the plateau and the bottom of the wells with Ti. C) After air plasma treatment PLL-g-PEG was
stamped with an inverted microcontact printing technique onto the plateau rendering it protein-
resistant. D) PLL-g-PEG on the walls and Fn on the bottom present an immobile wall-bottom
contrast coating. To render the PLL-g-PEG interactive for cells, functionalized PLL-g-PEG (e.g.
RGD) might be used. E) For a mobile contrast, the walls of the wells were covered with an
SPB and the bottom with Fn. To render the SPB interactive for cells, functionalized SPB (e.g.
biotinylated lipids as presented in chapter 4) might be used.

the samples were oxygen plasma treated with a Tepla 300 (by PVA TePla) for 30 sec.

Afterwards, Ti (99.99% purity) was evaporated using an evaporator Optics LAB 600 H

(Leybold, Germany) (Ti layer thickness: 5 nm, evaporation rate: 4 Angstrom/sec, vac-

uum: 5.0 × 10−6 mbar).

The samples were air plasma treated for 30 sec (PDC-32G from Harrick Scientific

Corporation, 0.1 mbar) and the PDMS oxidized into SiO2 and Ti into TiO2. Subsequently
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Figure 5.4: Schematic of a PLL-g-PEG/Fn contrast inside the microwell. This schematic vi-
sualizes the different steps in the coating process, unfortunately the results did not confirm the
selectivity of the approach (see text). A) After passivation with PLL-g-PEG, B) the sample was
exposed to a DDPO4 solution that should specifically adsorb on the Ti surface of the bottom of
the well. C) The exposure to PLL-g-PEG should result in a coating of the wall. D) Afterwards,
Fn adsorption should be limited to the hydrophobic SAM resulting in a Fn-coated bottom.

the plateau of the TiO2/SiO2 patterned microwells was passivated with PLL-g-PEG by

inverted microcontact printing using a PAAm stamp (fig 5.3 C) exactly as described for

non-Ti-coated PDMS microwells (see section 3.5.1). Due to the negative charge on the

TiO2 surface, PLL-g-PEG was also able to adhere electrostatically to TiO2 surfaces, sim-

ilar to SiO2.

5.2.2 PLL-g-PEG and fibronectin

For a PLL-g-PEG/Fn contrast, TiO2 was specifically functionalized with alkane phos-

phate SAM through exposure to a solution containing the water soluble ammonium salt

of dodecylphosphoric acid (DDPO4H4), in the following just called DDPO4, for 24 h at

room temperature (15 mg/100 ml in H2O) (fig 5.4 B). After rinsing with PBS, the sample

was incubated with PLL-g-PEG-rhodamine (PLL-g-PEG-rhod) (0.5 mg/ml in PBS, 1 h)

and rinsed with PBS (fig 5.4 C). Finally, the bottom of the well was coated with Fn 488
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by physisorption (25 µg/ml in PBS, 1 h) onto the hydrophobic alkane SAM regions and

thoroughly rinsed before confocal imaging.

5.2.3 Bilayers and fibronectin

To achieve a microwell functionalized with SPB-coated walls and a Fn-coated bottom,

the sample was modified in the following way (fig 5.5 A). DOPC vesicles (see section

3.1.7) have been demonstrated to selectively adsorb onto the SiO2 regions of TiO2/SiO2

patterned microwells to form SPBs. Therefore, DOPC was mixed with 1% NBD-PC to

visualize the vesicles with a 488 nm laser. After vesicle extrusion, the microwell sur-

face was exposed to a vesicle solution containing 100 nm-sized DOPC/NBD-PC vesi-

cles (0.5 mg/ml in HEPES) for 10 min (fig 5.5 B). After rinsing with PBS, Fn 633

(20 µg/ml in PBS) was incubated on the microwells for 1 h and afterwards thoroughly

rinsed (fig 5.5 C). The samples were kept in solution at all times and imaged directly after

surface modification was completed.

Figure 5.5: Bilayer/Fn contrast. A) After passivation of the plateau with PLL-g-PEG by inverted
microcontact printing, B) the microwell platform was exposed to a solution of DOPC vesicles
that adsorbed and ruptured specifically on the oxidized PDMS wall surface of the wells. C) The
exposure to Fn resulted in coating of the bottom of the microwell by displacement of the adorbed
vesicles.
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5.2.4 QCM-D measurements

The QCM-D experiments were performed by Dr. Mirren Charnley, ETH Zurich. The

QCM-D crystals were treated the same as the microwell sample and the concentration of

the solutions was as described above. Crystals were either TiO2-coated or spin-coated

PDMS.

5.3 Results and discussion

5.3.1 Characterization of the Ti coating

The surface modifications with fluorescent molecules as described below are only indirect

proofs that the Ti was only adsorbed onto the plateau and on the bottom of the microwell,

but not on the side walls. A more direct proof was needed to investigate whether Ti was

absent from the side walls.

SEM imaging was performed on the Ti coated samples (fig 5.6 A). There was some

wrinkling of the PDMS observed where the Ti was deposited. On the side walls of the

microwells no wrinkling was observed which might be an indication that no Ti was de-

posited on the side walls (fig 5.6 B). Imaging of a larger feature of the microwell chip

showed the wrinkling structure on the plateau and on the bottom of the well. The edge

of the microwell (indicated by the arrow) marked the border between wrinkles and a flat

PDMS surface.

To obtain more precise information about the chemical composition of the side walls

and bottom of the microwells, Energy Dispersive X-ray (EDX) analysis was performed.

Unfortunately, the analysis with EDX was not successful. Certain limitations made it im-

possible to measure a reliable spectra by EDX. Firstly, the layer of Ti was too thin and

therefore the Ti signal was below the detection limit of the EDX, which needs the equiv-

alent of roughly 3 mol% present on the surface to measure a reliable spectra. Secondly,

due to the 3-D geometry of the sample the photons were scattered in different directions

and EDX imaging of the sample was not possible. Other, more sensitive surface tech-

niques are needed to determine the absence of Ti from the side walls, such as e.g. X-ray

photoelectron spectroscopy (XPS). But the 3-D structure of the microwell structure might

also be a limiting factor for other surface techniques.
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Figure 5.6: SEM images of the microwell platform coated with Ti. A) Overview images of
microwells after a line-of-sight evaporation process of Ti. B) The larger images show clearly the
wrinkling of the PDMS on the plateau and the bottom of the microwell, and the flat PDMS side
walls. The edge (arrow) is the border between wrinkled and flat substrate.

5.3.2 PLL-g-PEG and fibronectin

This approach investigated the possibility of applying the SMAP technique to 3-D micro-

wells, aiming towards a PLL-g-PEG coating on the side walls and Fn on the bottom of

the microwell. Fig 5.7 A shows that, after adsorbing the alkane-phosphate SAMs to the

bottom of the wells, the PLL-g-PEG-rhod only adsorbed onto the walls of the microwell

as expected. The intensity plot showed a stronger fluorescent signal on the side walls,

compared to the bottom and the plateau of the microwell. The intensity of fluorescence

on the bottom and plateau was of a similarly low level and bleaching experiments shown

in fig 5.7 B confirmed that there was no fluorescent signal on the plateau and the bottom

of the microwell.

As shown in the representative fig 5.7 B it was observed that Fn was not restricted to

the bottom of the wells. Bleaching experiments confirmed the presence of the fluorescent

signal on the plateau of the structure. Because the fluorescence of the plateau and the

bottom were of a similar intensity, we assumed that there was roughly the same amount
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Figure 5.7: CLSM images of defected PLL-g-PEG/Fn contrast. A) shows a CLSM image and
the side view of the PLL-g-PEG-rhod coating on the side walls, where the intensity plot showed
that there is more PLL-g-PEG-rhod on the side walls of the well. On the plateau and bottom of
the well the same intensity level was detected. Because of the bleaching experiments discussed
below, it could be concluded that there was no detectable PLL-g-PEG-rhod adsorbing onto the
plateau and bottom. B) represents the Fn 488 that in theory should specifically adsorb on the
bottom of the well, but the Fn signal was visible all over the sample, indicating non-specific
adsorption had occurred. The intensity plot showed that there was the same fluorescent intensity
on the bottom of the wells and the plateau. C) The fluorescent intensity of PLL-g-PEG rhodamine
and Fn 488 was plotted on an area on the plateau where a bleaching was performed. Left: The
PLL-g-PEG rhodamine could not be bleached and therefore it can be concluded that there was
no PLL-g-PEG rhodamine on the plateau. Right: Fn 488 on the plateau could be bleached as
visible in the confocal image and the intensity plot. Therefore it can be concluded that Fn was
present on the plateau.
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Figure 5.8: QCM-D measurements to determine the crosstalk between PLL-g-PEG, Fn and
DDPO4 simulating the experimental condition occurring on the plateau. The black curve rep-
resents the experimental condition occurring on the plateau of the microwell. First, PLL-g-PEG
was adsorbed onto a TiO2 crystal and then the surface was exposed to a DDPO4 solution. The
DDPO4 removed some of the PLL-g-PEG and afterwards, Fn adsorbed onto the PLL-g-PEG.
The following exposure to SA did not result in any further mass uptake. The control (grey curve)
shows the same procedure without exposure to the DDPO4 solution and confirmed the protein-
resistant properties of PLL-g-PEG.

of adsorbed Fn on the plateau and on the bottom. Because of the lower resolution in x-

axis and the the cross signal from one confocal slice into the other, the fluorescent signal

on the plateau (or well) can not be set in relation to the signal intensity on the side walls.

However, it can be stated that there was Fn adsorption on the side wall, the plateau and

the bottom. In summary, the Fn was distributed all over the microwell platform making it

impossible to obtain a heterogenous wall-bottom coating.

The different experimental conditions on the plateau, the walls and the bottom of the

microwell were also mimicked in QCM-D studies to examine the cross talk between the

different molecules. To study the situation on the plateau (fig 5.8), a TiO2 coated QCM-

D crystal was initially exposed to a PLL-g-PEG solution, because it was not possible

to passivate the crystal by inverted microcontact printing of PLL-g-PEG. To mimic the

situation on the plateau, the PLL-g-PEG layer formed on the TiO2 crystal was exposed

to DDPO4. QCM-D results showed that the exposure to a DDPO4 solution resulted in a

positive followed by a negative frequency change. This indicated that some of the PLL-

g-PEG was removed and replaced by DDPO4. It is probable that this was a result of

the DDPO4 TiO2 interaction being stronger than the TiO2 PLL-g-PEG interaction. The
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following exposure of the surface to Fn showed a mass uptake, indicating that the PLL-g-

PEG lost its resistance to protein adsorption or that the Fn was adsorbing to the DDPO4 on

the surface. This QCM-D curve correlated with the findings of the CLSM images where

Fn was adsorbing on the plateau of the microwell substrate. For the control measurement,

the PLL-g-PEG was subsequently exposed to a FN and SA solution and showed no mass

uptake, as expected.

To study the experimental condition on the walls, especially the protein resistance of

PLL-g-PEG-biotin, an oxidized PDMS surface with a PLL-g-PEG-biotin layer was ex-

posed to a Fn solution and monitored by QCM-D (fig 5.9). No mass uptake was detected,

indicating that PLL-g-PEG-biotin was resistant to Fn adsorption. The following exposure

to SA showed a mass increase (∆f = -37Hz) similar to the control experiment (∆f = -36Hz)

where the PLL-g-PEG-biotin layer was directly exposed to SA without any Fn exposure

step. This data was not confirmed by the CLSM images where Fn adsorption was detected

on the side walls of the microwell. A possible explanation might be that there were some

impurities on the side wall that allowed for DDPO4 adsorption and therefore compro-

mised the resistance of PLL-g-PEG-biotin against protein adsorption. The analysis of Ti

impurities on the side walls was unfortunately not possible, as discussed in section 5.3.1.

Figure 5.9: QCM-D measurements to determine the crosstalk between PLL-g-PEG-biotin, Fn
and SA simulating the experimental condition occurring on the walls. The black curve represents
the experimental condition occurring on the wall of the microwell. First, PLL-g-PEG-biotin was
adsorbed onto TiO2 and afterwards the surface was exposed to a Fn solution. There was no mass
uptake of Fn on the PLL-g-PEG-biotin and the following exposure of the surface to SA resulted in
a mass uptake as expected. The control (grey curve) shows the same procedure without exposure
to Fn.
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Figure 5.10: QCM-D measurements to determine the crosstalk between PLL-g-PEG, Fn and
DDPO4 simulating the experimental condition occurring on the bottom. The black curve rep-
resents the experimental condition occurring on the bottom of the microwell. First, a DDPO4
coated surface was exposed to PLL-g-PEG-biotin and resulted in a mass increase, indicating
PLL-g-PEG adsorption on the DDPO4 layer. The following exposure to Fn showed no uptake
of Fn and the final exposure to SA showed a decrease in frequency, indicating mass uptake. The
control (grey curve) shows the same procedure without exposure to PLL-g-PEG and showed the
mass uptake after the DDPO4 coated surface was exposed subsequently to Fn and SA.

The imitation of the experimental conditions on the bottom of the microwells started

with a DDPO4 coated QCM-D crystal (fig 5.10). The following exposure to PLL-g-

PEG-biotin led to an adsorption of PLL-g-PEG-biotin on the DDPO4 layer and after Fn

adsorption no change in frequency was detected. The control experiment showed a strong

decrease in frequency if Fn was directly adsorbed onto the DDPO4 layer.

The zero frequency shift observed in QCM-D may be caused because the PLL-g-

PEG-biotin rendered the DDPO4 surface protein resistant or some PLL-g-PEG-biotin was

replaced by the same amount of Fn so that the total mass did not change and was, there-

fore, not detectable. Michel et al. also reported PLL-g-PEG adsorption on the dodecyl

phosphate SAM probably due to hydrophobic-hydrophobic interactions. However, ex-

posure to serum led to a replacement of the PLL-g-PEG by serum [126]. The CLSM

images agreed with the hypothesis that Fn replaced some of the PLL-g-PEG-biotin, how-

ever, there was only a weak fluorescent signal on the bottom of the microwell detectable.

A likely explanation for this result is that the PLL-g-PEG-biotin that adsorbed onto the

DDPO4 was not completely replaced by Fn, but reduced the potential of Fn to adsorb

onto the DDPO4 layer. It is possible that serum replaces the PLL-g-PEG more efficiently
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because it is a mixture of various proteins. A surface analytical technique, e.g. XPS or

secondary ion mass spectroscopy, would help to determine the amount of replaced or

adsorbed PLL-g-PEG-biotin and Fn.

Due to these observations, this approach of heterogeneous wall functionalization was

not further followed.

5.3.3 Bilayers and fibronectin

This approach exploited the selective formation of SPB from DOPC vesicles on SiO2,

but not on TiO2. Fig 5.12 A shows the bottom of a microwell after addition of DOPC

vesicles. It was clearly visible that there were vesicles adsorbing on the bottom of the

microwell. After exposure to the Fn solution, the bottom of the wells were fully covered

with Fn and the vesicles were removed. This suggests that the interaction of Fn with the

TiO2 surface was stronger than the vesicle surface interaction with TiO2. Therefore the

vesicles that were present on the bottom of the microwell must have been removed by

Fn. The red spots in fig 5.12 B might be some remaining vesicles on the surface or rather

more likely the signal of the bilayer coating from the wall that was visible because of a

gradual transition between the Fn coating to the SPB or a wall/bottom border that is not

fully straight.

The lack of Fn adsorption to the side walls indicated that the bilayer successfully pre-

vented non-specific protein adsorption. The side view demonstrates the selectivity of the

coating process; the passivated plateau showed neither DOPC/NBD-PC nor Fn signal, the

walls were covered with DOPC/NBD-PC and the Fn signal was only present on the bot-

tom of the microwell (fig 5.12 B). The fluorescent intensity profile of a selectively coated

microwell showed a strong signal of the Fn on the bottom of the microwell (fig 5.12 A)

and a strong DOPC/NBD-PC signal on the side walls (fig 5.12 B). A reconstruction, done

with the imaris software, visualized the microwell with the two different coatings in 3-D

(fig 5.12 C).
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Figure 5.11: Confocal images of bilayer/Fn contrast. A) The confocal microscope slice focused
on the bottom of the microwell. First, the surface was exposed to a DOPC/NBD-PC vesicle so-
lution and the bottom of the well showed the presence of adsorbed vesicles. B) The subsequent
Fn 633 addition and rinsing removed most vesicles on the bottom of the microwell and Fn ad-
sorbed onto the bottom. The red spots on the side walls are most likely due to signals from the
red-fluorescent bilayer on the walls "shining into" the confocal fluorescence image of Fn (green)
due to non-straight wall/bottom border.

Therefore, we achieved a wall-bottom biochemical contrast in this case whereby

DOPC vesicles were selectively immobilized onto the SiO2 regions of TiO2/SiO2 pat-

terned microwells to form an SPB while the Fn was only able to cover the bottom of the

microwell. To present to cells an interactive coating, we have to present a biotinylated

SPB which can be further functionalized with cell adhesive proteins. The crosstalk be-

tween the biotinylated SPB and Fn has to be investigated and is discussed in the next sec-

tion. The mobility of the SPB on the side wall could not be investigated due to technical

issues it is not possible to bleach a defined area on a side wall and image the fluorescence

recovery. Therefore, we refer to the mobility study in section 4.3.1, where the mobility of

an SPB inside a microwell confirmed a mobile SPB coating.

Crosstalk between biotinylated lipids and Fn
This methodology of selectively adsorbing SPB on the walls and Fn on the bottom can

be further exploited to coat the sides of the microwell with biotinylated SPB which could

be further functionalized with cadherins etc. Ideally, this would allow cells to not only

adhere to the Fn on the bottom but also to interact with the mobile coating on the side

walls of the microwells. The crosstalk between the biotinylated SPB and Fn was therefore
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Figure 5.12: Confocal images of bilayer/Fn contrast and 3-D reconstruction. A) Z-projection
of confocal image of the Fn 633 signal (red) which adsorbed onto the bottom of the microwell
and for which the intensity plot is shown. B) Z-projection of confocal image of the DOPC/NBC-
PC (green) signal showed fluorescent signal on the side walls and the intensity plot confirmed
the higher fluorescent intensity on the side walls compared to the bottom. C) An imaris recon-
struction of the microwell with DOPC/NBD-PC coated side walls and Fn 633 coated bottom is
shown.

investigated to determine if this heterogeneous display remained intact when biotinylated

vesicles were used.

To determine the crosstalk between the different materials, QCM-D measurements

were performed. The investigation of the crosstalk between the SPB formed from biotiny-

lated lipids and Fn showed the resistance of the biotinylated SPB against Fn adsorption.

Furthermore, the biotinylated SPB retained the ability to specifically bind to SA. The in-

vestigation of the crosstalk on the Fn-coated bottom of the microwell showed that after

SA injection, some of the Fn was removed and/or replaced by SA. Unfortunately it is not

possible to determine with QCM-D how much of the Fn mass is replaced by SA and how

much SA was able to adsorb to the surface.
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Figure 5.13: QCM-D measurements to determine the potential crosstalk between DOPC and
Fn. The black curve shows the situation of the SPB occurring on the side wall of the microwell.
Biotinylated vesicles built an SPB on the surface and the injection of Fn did not result in a fre-
quency change, therefore no Fn adsorption was detectable. The following SA injection showed a
frequency decrease, indicating mass uptake of SA. The grey curve represents the situation of the
bottom of the microwell. After SA injection, the adsorbed Fn is removed and/or replaced by SA.

Other techniques are needed to determine if and how much SA adsorbed on the sur-

face. If we want to investigate the sample in liquid, microscopy with differently labeled

Fn and SA may be possible. However, microscopy is not suited to quantitatively deter-

mine the adsorbed mass of SA. To determine the amount of adsorbed SA techniques, such

as XPS or secondary ion mass spectrometry, might be helpful. However, this techniques

need to be performed in vacuum which means the sample has to be dried.

5.4 Conclusion and outlook

Two strategies to coat the side walls and the bottom of the microwells with different

biochemical functionalities were explored in this chapter. Both take advantage of the

chemical contrast of SiO2 and TiO2.

The approach used to coat the walls of the well with PLL-g-PEG and the bottom with

Fn, following adsorption of DDPO4, was not successful. However some adjustments

could be made in future studies. To work with a wall-bottom variation involving DDPO4
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it may be necessary to only coat the bottom of the well with TiO2 and not the plateau,

using an aligned mask. In this way, the stamped PLL-g-PEG on the plateau might not be

compromised by the DDPO4 and maintain its protein resistance because DDPO4 does not

interact with SiO2. Therefore the PLL-g-PEG should not be replaced during the DDPO4

exposure. The stable passivation of the plateau might allow for further functionalization of

the microwell. But the PLL-g-PEG-biotin may still adsorb non-specifically to the DDPO4

layer as shown in the QCM-D data.

We demonstrated with the second approach that the chemical contrast was success-

fully transferred into a biochemical contrast, with Fn restricted to the bottom of the well,

bilayer on the sides, and PLL-g-PEG on the plateau. The mobility of the SPB inside

microwells is an important prerequisite for a mobile system. As already mentioned, it

can be assumed that the SPB inside microwells presents a mobile platform (for char-

acterization and discussion about mobile bilayers inside microwells see section 4.3.1).

However, if there are some Ti impurities present on the SPB side walls, the mobility of

the SPB might be (slightly) reduced compared to an SPB inside a microwell made purely

of PDMS. This will need to be investigated in future studies.

Alternative methods to functionalize the side walls differently from the bottom of the

microwell might also be explored. To obtain a mobile coating on the side walls and on the

bottom, vesicles containing 20% – 50% DOPS might be used. In the absence of calcium,

they build a bilayer on SiO2 but are repelled on TiO2. After rinsing, more vesicles can be

added in the presence of calcium which facilitates bilayer formation on TiO2. To obtain

a biochemical contrast, biotinylated vesicles could be used to coat the SiO2, and vesicles

containing NTA subsequently added to coat TiO2 or vice versa as described by Rossetti

et al. [266]. The further functionalization of the coatings via biotin-SA or via proteins

exposing sequential histidines [269] would allow for functionalization of the microwell

with two different proteins. However, as for the other approaches, the crosstalk between

the two strategies would have to be investigated first as mobility of the bilayers might

result in a mixture of the two components.

Another way to heterogeneously coat the microwells would involve an alterna-

tive chemical contrast. Gold and TiO2, or gold and SiO2 contrasts, allow for specific

interactions with certain molecules, which have also been described in the literature

[47, 270, 271]. To produce the chemical contrast, the first metal (e.g. Au) is evapo-

rated on a tilted microwell sample. The plateau shadows the bottom of the microwell and

only the wall can be coated with the first metal. The second step involves a line-of-sight
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evaporation and covers the bottom of the microwell with the second metal (e.g. TiO2).

Thiolated proteins or amino sequences like arginine-glycine-aspartic acid (RGD), which

are known to interact with cells, adsorb specifically onto gold, while phosphorylated pro-

teins interact specifically with TiO2. This would result in, for example, thiolated RGD on

the bottom, and biotinylated SAMs on the side wall, thus allowing for further cadherin

functionalization.

Summing up, our results demonstrate that there are ways to coat the walls of the

microwell differently from the floor. The approach with the bilayers on the side wall

and the Fn on the bottom showed positive first results. This technique might offer the

potential to study how external stimuli influence cell polarization or stem cell division/

differentiation. Control over the niche and particularly the knowledge of how the niche

influences stem cells might help in the longer term to develop therapeutic approaches to

human degenerative diseases.





CHAPTER 6

Viability of cells in microwells and validation of

characterization procedures by microscopy

6.1 Introduction

The previous chapters demonstrated that the microwell structure can be replicated into

both hard and soft PDMS (fig 6.1 A). Furthermore, cell adhesion was confined to inside

the microwells, after surface passivation on the plateaus and modification of the wells with

adhesive ligands, and typically about 45% of the wells were filled in the case of HUVECs

(fig 6.1 B). Before addressing specific biological questions using the microwell platform,

certain biological parameters needed to be investigated. The following section describes

cell survival in microwells and determines the suitable microwell size/volume to control

cell shape in 3-D. Furthermore, it was investigated if there was diffusion limitation of

molecules, such as staining agents, at the bottom of the microwells. Additionally, actin

staining was performed to show the compatibility of the technique with high-resolution

microscopy.

6.1.1 Apoptosis and cell survival

Cells can grow and divide, or enter the programmed cell death (apoptosis). Apoptosis

involves a series of biochemical events leading from cell shrinking and blebbing, changes

in the cell membrane, and loss of attachment from the substrate, to nuclear fragmentation,

chromatin condensation, and finally DNA fragmentation [272]. It triggers phagocytosis

without causing inflammation. Apoptosis can be induced if the cell is beyond repair,
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Figure 6.1: Microwells replicated into PDMS and with cell culture. A) Scanning electron mi-
croscopy images of PDMS replicas of the microfabricated wells of various shapes in hard (1
MPa) PDMS are shown. B) Overlays of DIC and fluorescent confocal images acquired with 10x
air or 60x oil objectives are shown of HUVECs in microwells stained with Alexa 488-phalloidin
(actin, green) and ethidium homodimer (nuclei, blue) after 24 h in culture. About 45% of the
wells were filled with cells.

infected with a virus or exposed to external stress, such as starvation. Furthermore, apop-

tosis is crucial for regulating the stability and development of a tissue and maintaining

homeostasis, the balance between cell division and cell death. In contrast to apoptosis,

cells exposed to a major injury or low oxygen conditions die a necrotic cell death. During

necrosis, the cell swells, becomes leaky and finally ruptures leading to cellular and nuclear

lysis. The cellular contents are released in an uncontrolled manner into the surrounding

tissue and damage the surrounding cells causing a strong inflammatory response in the

corresponding tissue [272]. Therefore there are different pathways leading to cell death,

but in this thesis the main focus is on living cells versus dying cells in general.

Apoptosis is involved in many processes, like morphogenesis, as not only the prolif-

eration of cells, but also apoptosis is critical to define the shape of a tissue, such as mouse

paws [273] or branching capillary networks [274], like blood vessels. Inhibition of the

formation of new capillaries has been shown to block cell growth, e.g. solid tumor growth.

Extracellular stimuli, such as soluble secreted proteins, proteins bound to the surface of

cells, or components of the ECM, have shown to influence cell size and population size.

Different adhesion receptors appeared able to influence the rate of cell survival. Basement

membrane ECM, but not Fn or collagen, was shown to suppress apoptosis [136, 275]. The

density of the ECM ligands also influences cell survival, whereby increasing the density

of ECM adsorbed on the surface decreases apoptosis rates [276].
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Furthermore, the shape of a cell itself depends on the tissue structure and can have a

major impact on cell growth, cell division and cell survival. Cell density has an influence

on the shape of a cell and early studies have shown that high cell density may induce apop-

tosis [277]. Artificial cell confinement on patterned 2-D surfaces can also steer cell fate

and induce apoptosis, maintain cells in a quiescent state, or permit progression through

the cell cycle [136, 145, 278]. Chen et al. have presented how the local geometry might

represent a fundamental mechanism which is responsible for cell survival and death and

was discussed in chapter 1.2.3 (fig 1.13).

The goal of this section was to investigate if cells survive inside microwells and fur-

thermore, if there is a correlation between spreading area, dimensionality and cell survival

in comparison with cells cultured on 2-D patterned surfaces.

6.2 Experimental Section

6.2.1 Substrates

The microwells were replicated and chemically modified as described in section 3.4. In

this study 10 µm deep microwells (circles, squares, triangles, rectangles) coated with Fn

were used (section 3.5.1). The microwell size varied between a projected area of 100 µm2

(a 10 × 10 µm2 square as an example), to 1200 µm2 (e.g. a 34 × 34 µm2 square or a

circle with a diameter of 39 µm). Patterned 2-D Fn samples were prepared by the MAPL

technique (section 3.3.2).

6.2.2 Cell culture

Fn-coated microwells were seeded with 5×104 HUVECs/cm2. After seeding, HUVECs

were allowed to adhere within the microwells for 30 min, subsequently the unbound cells

on the non-adhesive background were removed by gentle rinsing by pipette. Cells were

then cultured for 24 h (except for the long term viability assay, see below) in either low

(2%) or high (10%) FCS prior to cell staining and imaging.

The 2-D patterns were produced by MAPL on a glass slide (see section 3.3.2) and

HUVECs were seeded with a density of 104 cells/cm2 and cultured for 24 h.
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6.2.3 Visualization of actin, nuclei and fibronectin

For actin stress fiber and cell nucleus imaging, cells were stained with the standard pro-

tocol described in 3.6.2. For testing the efficacy of immunohistochemistry (IHC) within

microwells, 2-D and 3-D samples were coated with Fn labeled with either Alexa 488 or

Alexa 633 prior to cell seeding. After 24 h cell culture, samples were fixed and blocked

as described in 3.6.2. Microwells were next incubated with a sheep anti-human Fn poly-

clonal antibody (1:200 in PBS; Serotec AHP08) for 1 h, rinsed thoroughly with PBS, and

finally incubated with rhodamine conjugated donkey anti-sheep IgG secondary antibody

for 1 h. Samples were rinsed thoroughly with PBS prior to imaging.

6.2.4 Cell viability

Microwell samples containing HUVECs were tested for cell survival according to the

standard protocol in chapter 3.6.2. The cells were cultured for 24 h, 2 days, 3 days, or

7 days in the microwells before staining and imaging. For the long term cell survival stud-

ies, the average cell survival rate and standard deviation of the mean of cells in different

shaped wells (circle, square, rectangle, triangle) and well sizes (spreading area between

100 and 1200 µm2) were calculated. To study the influence of the spreading area on 2-D,

the survival data determined on square-shaped patterns with 20 and 25 µm side length

were combined to one data set because both showed similarly increased apoptosis. The

square shaped islands with 30 µm side length were considered as one separate group.

In 3-D, 10 µm deep wells with different shapes were imaged and divided into three size

groups. The small wells corresponded to a spreading area between 100 and 200 µm2, the

medium sized ones between 220 and 330 µm2 and the large ones to a spreading area be-

tween 400 and 1200 µm2. For the negative control, HUVECs were rinsed with methanol

before the viability staining. Data for each cell viability value was acquired from at least

3 separate experiments from which average and standard deviation of the mean was cal-

culated.
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6.3 Results and discussion

6.3.1 Cell survival and apoptosis

First, the potential toxicity of PDMS for cells was investigated on flat, Fn-coated PDMS

surfaces. 93± 3% of HUVECs in 10% serum on glass at 75% confluence were viable, and

viability was not inhibited when cells were cultured in low serum on stiff PDMS (1 MPa),

where 94 ± 3% of the cells were viable, or on soft PDMS (12 kPa), where 96 ± 2% of

the cells survived. The negative control of methanol treated cells showed no cell survival

(fig 6.2). Thus, both the stiff and soft PDMS was not toxic for cells, in agreement with

previously published data [207].

Figure 6.2: Influence of PDMS on HUVEC survival. HUVECs on flat, soft (12 kPa) and hard
(1 MPa) Fn-coated PDMS showed a similar survival rate in comparison to cells cultured on Fn-
coated glass surfaces after 24 h culture. The negative control of methanol treated cells showed no
cell survival. Therefore, PDMS itself had no toxic influence on cells. The average and standard
deviation of the mean is plotted. The differences between cells cultured on Fn-coated glass, on
soft and hard PDMS were not significant.

Long term survival of cells inside microwells
Secondly, it was investigated whether long term culture (7 days) inside the microwells was

possible. Positive staining for calcein and exclusion of ethidium homodimer-1 from cell

nuclei was used to determine if cell confinement in 3-D microwells initiated cell death.

Fig 6.3 A shows cells cultured inside 10 µm deep, square-shaped microwells. The green

cells are stained with calcein which is indicative of cell survival, while the red cell (arrow)

is stained with ethidium homodimer-1, an indication of dead cells. Since cells on a flat

2-D substrate grew over the whole sample after 7 days, only the cell survival rates of
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Figure 6.3: Cell survival inside microwells over 7 days culture time. Cell viability was verified
for HUVECs, whose viability was judged by staining for calcein AM (viable cells, green) and
ethidium homodimer (apoptotic cells, red). HUVECS were cultured in 10 µm deep wells (circle,
square, triangular, rectangular, spindle) with a projected area between 100 and 1200 µm2. A)
HUVECs cultured for one day within the microwell platform were imaged. B) The survival rate
of HUVECs inside microwells was investigated up to 7 days. There was a drop in viability after 3
days, but remained constant until day 7 with most of the cells alive. Average, standard deviation
of the mean and t-test are plotted.

cells inside microwells were compared. Therefore, cells were cultured inside microwells

of different shapes (squares, circles, rectangles, triangle) and different spreading areas

(100 – 1200 µm2) for 24 h and 93 ± 2% of the cells survived. There was a slight, but

non-significant drop in cell survival at day 3 with only 77 ± 7% of the cells still viable

(p = 0.21). After day 7, the cell survival did not drop further and was observed to be

81 ± 4% (fig 6.3 B). It was visible that cell survival was slightly, but not significantly,

diminished inside microwells compared between day 1 and 7 (p = 0.06). But the survival

rate after a week of 81 ± 4% indicated that a high proportion of the cells were viable and

that the platform can be used for long term studies of cells in 3-D microwells. This is an

important feature which enables studies on long term cell behavior, such as differentiation

of stem cells, within the microwells.

Influence of well size on apoptosis in comparison to cells on 2-D pattern
The investigation of the dependence of cell survival on well size was a crucial part of

this study. It provided further insights into the effect of cell shape and dimensionality on

cell survival. Cell confinement on small 2-D patterns led to apoptosis as described in the

literature [136]. Chen et al. demonstrated that ∼50% of human and bovine capillary en-

dothelial cells showed apoptotic behavior when cultured on circles with 20 µm diameter
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(312 µm2 spreading area). On patterns with a spreading area of 500 µm2 ∼95% of the

cells survived.

Our findings confirmed this trend. 64 ± 15% of HUVECs on small 2-D Fn patterns

(square-shaped Fn islands with 20 or 25 µm side length, 400 or 625 µm spreading area)

showed ethidium homodimer-1 staining, indicating dying cells. Culturing cells on larger

Fn islands (square-shaped Fn islands with 30 µm side length, 900 µm2 spreading area)

resulted in a cell survival rate of 95± 3% which was in good agreement with cells cultured

on flat, homogeneously coated Fn substrates (93 ± 3% survival) (fig 6.4). The slight

difference in cell spreading area between Chen’s study and ours is probably caused by the

use of different cell types.

In 3-D, cell confinement in medium sized microwells with a projected 2-D surface

area between 240 and 330 µm2 resulted in a level of cell survival (95 ± 3%) which

was not significantly different from the viability observed after culture in larger micro-

wells (400 – 1200 µm2 spreading area) or control experiments on flat surfaces. However,

microwells with a well bottom surface area between 100 and 200 µm2 resulted in an

apparent decrease in cell survival to 90 ± 2%. Cell survival was slightly, but not signifi-

cantly diminished (p = 0.34), and therefore the majority of the cells survived inside small

microwells.

Considering that a cell can adhere in 3-D, e.g. a square shaped well presents five

adhesion areas inside a microwell, the total surface area has also been taken into ac-

count. The very small microwells with a spreading area of 100 µm2 correspond, e.g. to

squares with 10 µm2 side length and a total surface area of 500 µm2 (100 µm2 bottom

area + 4 × 100 µm2 side wall area). 90 ± 2% of cells cultured within these small wells

(100 – 200 µm2 spreading ares) were viable compared to cells on 2-D patterns where

only 36 ± 17% survived on patterns with a spreading area of 400 or 625 µm2. Therefore

limitations in spreading area did not significantly induce cell death in a 3-D environment,

which was in contrast to cells on a 2-D pattern. The increase in dimensionality enabled

the cell to overcome cell death induced by spreading limitations. Other mechanism might

be activated in 3-D which prevent programmed cell death. Therefore, the microwell plat-

form allowed for long term cell studies and cells survived for up to 7 days in both small

and large microwells.
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Figure 6.4: Cell survival inside small microwells. Cell viability was verified for HUVECs,
whose viability was judged by staining for calcein AM (viable cells) and ethidium homodimer
(apoptotic cells). The percentage of calcein positive/ethidium negative cells after 24 hours in
culture (10% FCS media) are shown for cells on A) flat Fn-coated glass, B) single cells on 2-D
Fn patterns, on both small (400 or 625 µm2) and larger (900 µm2) pattern size, and C) single
cells in hard microwells with a projected surface area of between 100 and 200µm2 and between
240 and 330 µm2 and a well depth of 10 µm. Average and standard deviation of the mean are
plotted.

6.3.2 Well size

The concept of the microwell technique relies on a cell-adhesive surface inside 3-D mi-

crostructures with fixed volume and shape which matches that of a single cell. Cell shape

is only completely controlled by the microwell when cell and microwell volumes are sim-

ilar. This fit was only rarely achieved using a surface with only one type of microwell

because cells vary in size. However, the use of a library of wells of different shapes and

sizes on the same culture platform allowed for the selection of cells which were fully con-

strained in 3-D, but not protruding from the top of the microwell and thereby losing the

control over cell shape. The range of microwell volumes adequate for 3-D shape control

of HUVECs was determined by analyzing confocal z-stacks images of calcein positive

cells to determine the right well size.

If the wells were too small for the cells, the cell fitted perfectly in the bottom area

of the microwell, but protruded from the top, losing its defined shape (fig 6.5 A). If the

microwells were too large, the cell filled the bottom of the microwell, but not the entire
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Figure 6.5: Control of cell shape depends on well size. A library of microwells which covered a
wide range of projected surface areas with 10 µm depth were used to demonstrate that the fidelity
of cell shape control within microwells depended upon the ratio of cell volume to well volume.
Images are shown of A) an endothelial cell in a smaller well, B) a cell in a well of approximately
equal volume, C) and a cell in a larger well. Confocal slices were taken at the upper and lower
planes of microwells which were 10 µm deep. Images shown are confocal overlays of calcein
AM-labeled living cells (red) on the DIC transmitted images (grayscale). D) The range of well
volumes were quantified and divided into three groups (well volume is smaller, equal or larger
than cells). Quantification was based on confocal z-stacks taken with 3 µm increments, and each
triangular (triangles), circular (circles), square (squares), or rectangular data point (dashed line)
represents at least 2 cell measurements in that size category. E) Cell inside a triangular microwell
is shown, after visualization of actin (green, phalloidin) and nucleus (red, ethidium homodimer),
on which a 3-D reconstruction was performed.
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microwell. The cell spread as in a 2-D environment and the additional dimensionality

aspect of cell patterning was lost (fig 6.5 C). If the microwell and cell volume were equal,

the cell filled the microwell perfectly and took the shape of the well (fig 6.5 B). An anal-

ysis of 115 cells in 10 µm deep wells revealed that for a primary HUVEC culture, well

volumes of 2×103 to 4.5×103 µm3 were sufficient to control 3-D cell shape. This cor-

responds to a 10 µm deep well with a circular shape with a diameter of 15 – 24 µm or a

square with a side length of 14 – 21 µm (fig 6.5 D). Cell shape did not appear to affect the

ability of HUVECs to completely fill the microwells. For instance, cells were as efficient

at filling spindle-shaped wells with sharp corners as they were at filling circles or squares.

It was difficult to determine whether one or two cells were filling a well with calcein

staining. Nuclear staining with ethidium homodimer-1, in combination with actin staining

using phalloidin confirmed that microwells within this volume range were generally filled

with only one cell (> 90%). Fig 6.5 E shows a 3-D reconstruction of a HUVEC in a

triangular microwell. It was clearly visible that the microwell shape was nicely transferred

to the cell. This study showed that the variation in cell size, and therefore microwell size,

is an important parameter which needs to be considered when performing cell patterning

in 3-D.

6.3.3 Visualizing cells inside microwells

High-resolution microscopy

To test whether the microwell approach is compatible with high-resolution mi-

croscopy, intracellular features were imaged. Phalloidin and ethidium homodimer stain-

ing of actin and nuclei, was performed and imaged with a 60x oil objective. In this sec-

tion, stress fiber and nucleus staining were used as a proof of principle study to show the

microwell structure was compatible with high-resolution microscopy. Actin organization

inside microwells is discussed in detail in chapter 7. In contrast to very large microwells

where cells formed a monolayer as in traditional 2-D cultures (Fig 6.6 A), the actin cyto-

skeleton of cells whose 3-D shapes were fully confined by microwells were remarkably

3-D. Prominent actin stress fibers were often aligned along the long axis of the microwell

(Fig 6.6 B-D). In addition, nuclear shape could easily be resolved inside microwells and

had a shape resembling the shape of the microwell (Fig 6.6 C). These images show that the

microwell technique was successfully combined with high-resolution microscopy. Due to
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Figure 6.6: Imaging of intracellular features of a cell inside a 10 µm deep microwell. DIC
and fluorescent confocal images are shown of cell nuclei (ethidium homodimer; blue) and actin
cytoskeletal networks (Alexa 488- phalloidin; green). A) HUVECs cultured for 24 h are shown
in a large microwell, B) a spindle-shaped microwell which was slightly bigger than the confined
cell, and C) 10 µm and D) 14 µm square microwells which adequately controlled the 3-D shape
of cells. Confocal slices are shown at different height positions in the microwells where z = 0
indicates the microwell bottom.

the incorporation of the microwell platform into a standard Petri dish, high-resolution live

imaging was possible. This demonstrates one of the advantages of the microwell struc-

ture over less controlled 3-D systems, like matrices, which have a certain thickness which

makes live high-resolution microscopy difficult [194].

Staining control
Although microwells were fabricated into thin films to permit high-resolution microscopy

of cellular features, we needed to rule out the possibility that the microwell culture plat-

form might limit the ability to visualize intracellular proteins with IHC due to diffusive

issues. Therefore, we tested the efficacy of IHC staining of Fn which was bound to the

bottom surface of microwells containing a HUVEC compared with Fn bound to a glass

surface underneath an adherent HUVEC. Fn was previously labeled with Alexa 488 or

Alexa 633 and adsorbed inside microwells or on a glass surface (fig 6.7 A). After 24 h in
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cell culture, Fn was additionally IHC stained and visualized with a rhodamine-conjugated

secondary antibody (fig 6.7 B). Fig 6.7 A-C are representative images of Fn labeled or

stained on glass or inside microwells. The correlation coefficients between images of ad-

sorbed Fn, which was previously labeled with Alexa 488 or Alexa 633, and IHC-stained

Fn were calculated (fig 6.7 D). Diffusion limited IHC staining in microwells would lead

to a lower correlation coefficient between images of microwell bottoms relative to corre-

lation coefficients of images on glass surfaces. However, fig 6.7 demonstrates that Fn on

the bottom surface of microwells (correlation coefficient 0.92 ± 0.1) containing cells was

stained and imaged using IHC as effectively as Fn underneath cells on 2-D glass (corre-

lation coefficient 0.88 ± 0.12). The correlation coefficients (fig 6.7 D) were comparable

both on the glass surface as well as inside the microwells. In addition, similar results

were found when Alexa 488- or Alexa 633-labeled Fn results were compared to the rho-

damine labeled secondary antibody results, thus excluding a contribution from fluorescent

bleed. In conclusion, the microwell platform permits IHC staining inside wells and is an

appropriate tool to image intracellular features with high-resolution microscopy in 3-D.

Figure 6.7: Staining control on bottom of microwell versus a flat surface. Confocal images fo-
cusing on the Fn-coated surface are shown of A) adsorbed fluorescent Fn and B) IHC-stained
Fn using a rhodamine labeled secondary antibody. C) Merged images are shown for a 20 µm
edge triangular microwell filled with a single HUVEC and Fn underneath a small portion of a
well spread HUVEC on flat glass. Correlation coefficients were calculated D) to quantify the
efficacy of IHC underneath cells in microwells relative to cells adherent to flat glass substrates to
determine whether increased diffusive barriers are present using microwell samples. All fields of
view were 28 by 28 µm, confocal settings, such as laser transmissivity and photomultiplier tube
voltage, were kept constant, and raw data images were used for correlation coefficient calcula-
tions.
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6.4 Conclusion

This chapter demonstrates that our microwell thin PDMS film substrates are compati-

ble with conventional culturing assays and high-resolution, inverted stage fluorescence

microscopy (CLSM) used in cell biology. Cells were shown to survive up to 7 days in-

side the microwells. The most striking fact was that cells survived culture inside small

microwells and dimensionality enabled the cell to overcome cell death caused by limited

spreading area, as it was observed on 2-D patterns [136]. Furthermore, flat hard and soft

PDMS showed no toxic effect on cells and was therefore a suitable material to produce

microwells of different stiffnesses (see chapter 7). The results presented in this chapter

demonstrated that the microwell structure is a suitable tool for investigating the influence

of, e.g. dimensionality and elasticity on cell behavior, while controlling the 3-D shape of

the cell.





CHAPTER 7

Rigidity- and shape-dependent cytoskeleton assembly and

metabolism difference in 2-D and 3-D

7.1 Background

In this chapter, we sought to determine whether cells are responsive to a 3-D arrange-

ment of adhesive contacts and whether cell sensitivity to shape and rigidity, as well as

metabolic activity, are altered relative to 2-D controls. Therefore, we compare the cyto-

skeletal characteristics of single cells adhered either on microfabricated adhesive islands

(2-D) or in microwells (3-D) of controlled size, shape and rigidity. Studies of cytoskeletal

organization were performed because it is extremely sensitive to environmental proper-

ties and has a profound influence on cell behavior (see section 1.1.1 and 1.2.3). The

cell’s ability to migrate, apply contractile force to their surrounding and divide requires

an intact actin cytoskeleton. The actin cytoskeleton is a force-bearing network that links

intracellular force generation to extracellular matrix attachments. Most cells probe their

microenvironment as they anchor through focal adhesions, pull on their environment, and

respond through cytoskeletal organization to the resistance that the cell senses. In return,

the cell responds to the environment by adjusting adhesion [185] and its cytoskeleton

[174]. Soft and rigid 2-D substrates lead to either the absence or presence of a filamen-

tous actin network [175], and cell shape confinement can also switch actin cytoskeleton

assembly off. Importantly, the ability to build an actin cytoskeleton and the ability to gen-

erate contractile forces are a requisite step in the response of cells to their environment.

For example, cell shape dictates the organized structure of the cytoskeleton, which then

controls the orientation of the axis of cell division [137]. Inhibition of actin cytoskeleton



120 7. CYTOSKELETON ASSEMBLY IN 3-D

assembly or intracellular proteins that mediate or control cell contractility, such as non-

muscle myosin II, blocks human mesenchymal stem cells from differentiating in response

to these physical cues [181]. To determine whether shape- and rigidity-dependent assem-

bly of an actin cytoskeleton is orthogonal or dependent upon the dimensionality of cell

contact with its surroundings, the actin cytoskeleton was visualized using high-resolution

confocal microscopy on 2-D patterned surfaces and 3-D microwell platforms. We show

that actin cytoskeleton assembly, metabolic activity and Fn rearrangement are dependent

upon 3-D matrix adhesions, substrate rigidity, and cell shape.

7.2 Experimental Section

7.2.1 Substrates

2-D micropatterned glass substrates for the study of actin organization and Fn rearrange-

ment where produced by the MAPL technique (section 3.3.2). For the production of the

microwell arrays and the flat PDMS substrates, soft and hard PDMS was used (section

3.4). Its stiffness can be controlled by varying the cross-linking density as discussed in

section 3.2.2.

7.2.2 Actin

HFF cells, myosin IIA knockout, and myosion IIB knockdown cells were seeded on the

sample and cultured for 24 h prior to fixation and actin staining. Details about cell lines

and actin staining are described in chapter 3.6.

7.2.3 Fibronectin rearrangement

To assess the rearrangement of Fn within microwells and on 2-D surfaces, samples were

coated with Fn labeled with Alexa 488 (Molecular Probes, Switzerland) prior to cell seed-

ing. After 90 minutes, samples were fixed and blocked as described in section 3.6.2. To

quantify the surface area where Fn rearrangement occurred, a Matlab analysis was per-

formed (fig 7.1). Briefly, the fluorescent signal of Fn labeled with Alexa 488, which was

adsorbed on the surface, was measured without cells. Hence the background intensity
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distribution of the homogeneous coated Fn was obtained. The highest and lowest inten-

sity values were further used as upper and lower intensity threshold values. The intensity

of the Fn area below a cell was measured with these threshold values, determining the

percentage of surface below (removal of Fn) and above (accumulation of Fn) the thresh-

old. The sum of this two values resulted in the total percentage of the area where Fn

rearrangement occurred.

Figure 7.1: Analysis of Fn rearrangement. The principle of Matlab analysis of the Fn rearrange-
ment. First, the intensity of a Fn-coated surface without cell is measured (A). The histogram
gives the upper and lower intensity values of the coated area. These values are set as higher
and lower threshold and the intensity of a Fn-coated surface with a cell is measured (B). The
area below the lower threshold is colored blue, indicating removed Fn, the area above the upper
threshold is red, indicating assembled Fn. The sum of these two values corresponds to the total
rearranged surface area
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7.2.4 Mitochondrial membrane potential

To determine the mitochondrial membrane potential and therefore the metabolic activity

of cells cultured on 2-D surfaces or in microwells, HFF cells were stained with tetram-

ethylrhodamine ethyl ester (TMRE, section 3.6.2). First, it was investigated whether dif-

ferences in fluorescent intensity could be related to different metabolic activities. There-

fore, the cells were kept for 30 min at either 30◦C or 37◦C in 10% serum media and 5%

CO2 and imaged. The imaging of cells cultured on 2-D patterns and inside microwells

was always performed at 37◦C. To analyze the images, Matlab was used and the average

fluorescent intensity of a cell determined. The background was subtracted and the pixels

with an intensity under 150 were filtered out to determine the average pixel intensity. This

ensured zero intensity pixels were filtered out, as their presence would lower the average

of fluorescent signal drastically.

7.3 Results and discussion

7.3.1 Actin

Going 3-D alters actin cytoskeleton assembly in response to cell shape

To address whether a 3-D arrangement of cell adhesion to extracellular matrix

molecules can influence cytoskeletal organization, we investigated the spatial arrange-

ment of actin in fibroblast cells cultured in microwells in comparison with cells on a 2-D

patterned surface of the same projected area. We chose to use fibroblast cells since they

normally reside in a 3-D matrix in vivo, but are often studied on 2-D platforms in vitro (for

example [170]). The microwells were coated with Fn and shaped in different forms with

well volumes close to the average volume of a single cell. First, the spatial arrangement of

the actin network was investigated. Therefore images were taken as high-resolution con-

focal z-stacks and the actin filament formation on every slice was observed. The different

confocal slices represent different positions within the cell and the intensity of the fluo-

rescent signal of the actin and the nucleus was quantified and plotted versus well depth.

On 2-D patterns, actin was most abundant at the interface between the cell and the sub-

strate (fig 7.2 A). The 3-D reconstruction showed a flat cell with no prominent 3-D actin
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Figure 7.2: 3-D organization of actin skeleton inside microwells versus 2-D surfaces. To visu-
alize the altered actin organization on 2-D versus 3-D microwells, the fluorescent signal of actin
(Phalloidin 488) and nucleus (ethidium homodimer) was quantified on a 2-D pattern and inside
a 3-D microwell. A) The actin on a 2-D pattern was most abundant on the interface between
the cell and the substrate. B) The reconstruction of a cell on a 2-D pattern shows a flat cell with
stress fibers along the long axis but little 3-D arrangement of actin. C) The quantification of actin
inside a 3-D microwells shows an actin accumulation at the interface between the cell and the
bottom of the well and furthermore, on top of the microwell, covering the nucleus. The middle
area of the microwell is mostly filled with the nucleus. D) The 3-D reconstruction shows the 3-D
rearrangement of the actin that is like a scaffold all around the nucleus.
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network surrounding the nucleus (fig 7.2 B). The prominent features were the stress fibers

along the long axis of the pattern, mainly on the contact area of the cell with the substrate.

Above the cell nucleus, there were clearly less stress fibers visible.

In 3-D, the actin skeleton was most clearly visible in the bottom image plane. Up-

per planes showed peripheral bands of strong actin intensity while the middle was filled

with the nucleus. Above the nucleus there was again actin filament assembly observable,

although it was less clear than below the nucleus. The plotting of the fluorescent signals

of actin and the nucleus confirmed that the actin filament assembly was prominently on

the bottom of the microwell and above the nucleus, where the actin spanned all over the

cell (fig 7.2 C). Reduced actin formation was observed in the middle of the cell where

the nucleus was located. Nuclear position varied from cell to cell but was often slightly

shifted towards the bottom of the cell. The 3-D rearrangement of the actin cytoskeleton

fibers was also clearly visible in the 3-D reconstruction (fig 7.2 D).

In 3-D microwells, fibroblasts were cultivated within wells with similar degree of

spreading and cell shape as on 2-D patterns to clarify whether this actin filament assembly

was altered in microwells relative to cells on 2-D patterns. Actin filament assembly was

most clear visible on the bottom plane of the microwell. Due to technical limitations

in quantifying actin filament assembly inside microwells, we show consistently images

of the bottom plane of the well. Furthermore, a library of different single cells inside

microwells is provided in fig 7.8 in order to show the variation of actin filament assembly

and to demonstrate the reproducible cell response to the 3-D environment.

On 2-D patterns, inhibition of cell spreading led to an inhibition of actin cytoskeleton

assembly, particularly the linear actin structures that resemble stress fibers (fig 7.3 A).

On bigger patterns (surface area > 1000 µm2), the cell could build an actin network with

stress fibers along the long axis of the pattern. Decreasing the pattern size resulted in

loss of actin fiber formation on 800 µm2 and smaller patterns. Furthermore, cell viability

on small 2-D patterns was decreased, with only 36% of the cells being viable, similar

to previous reports. On larger 2-D patterns and in 3-D microwells the cell survival was

similar to cells on a homogeneous coated surface (section 6.3.1) [136].

Fibroblast cells constrained within small microwells (100 µm2 projected area, 10 µm

deep / 500 µm2 total, i.e., wall and bottom, surface areas) that were cast in PDMS with

a stiffness of 1 MPa assembled an actin filament network, independent of well shape

(fig 7.3 C). As described above, the cytoskeleton exhibited a 3-D arrangement in micro-

wells and was not only limited to the cell-substrate interface in contrast to cells on 2-D
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Figure 7.3: Reduction of actin filament assembly due to small spreading area is overcome by go-
ing into 3-D. To test whether a 3-D arrangement of cell matrix contact altered actin cytoskeleton
assembly, actin filament assembly was visualized using phalloidin Alexa 488 staining and the
nucleus with ethidium homodimer on A) flat surfaces, B) in 5 µm deep microwells, and C) in
10 µm deep microwells. A) Cells on both a 2-D surface which was a) homogeneously coated
with fibronectin (no spreading limitation); b) and on a relatively large pattern (20 by 80 µm rect-
angle) formed stress fibers which were clearly visible in all imaged cells. However, c) cells on
small patterns (12 µm circle) showed little to no actin fiber formation. B) Cells inside 5 µm deep
microwells showed a, b) heterogeneous patterns of actin filament assembly where approximately
half looked similar to cells on small 2-D pattern, whereas c, d) half showed actin filament assem-
bly. C) In contrast, fibroblast cells inside 10 µm deep microwells of all shapes and 2-D projected
areas assembled an actin filament network. D) The schematic of spreading area versus dimen-
sionality shows that a cell can only build up an actin network if the cell has a certain spreading
area. This critical range of spreading area is shifted towards smaller areas if the cell is able to
interact with a 3-D matrix.
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surfaces. Furthermore, inside the microwells the cells did not show a decreased viability

due to limited spreading area, as was observed on 2-D (section 6.3.1) [136]. To investi-

gate if there is a critical well depth below which the cell cannot sense 3-D contacts, and

the cell is effectively experiencing a 2-D environment, actin staining with phalloidin was

additionally studied in 5 µm deep wells (fig 7.3 B, 7.9). At this intermediate depth, some

cells were still able to assemble actin filaments similar to the 10 µm deep wells, whereas

others showed no actin network, similar to a small 2-D pattern. These data suggest that

the decision to assemble an actin cytoskeleton is an all or none response, with some cells

not responding to dimensionality at this intermediate well height (fig 7.3 D).

Going 3-D alters actin cytoskeleton assembly in response to substrate stiffnes
Environmental properties on cell responses are intimately linked. Substrate stiffness itself

affects cell spreading and hence cell shape, therefore the relative impact of these factors

remains an outstanding question. Therefore, cells were cultured on flat substrates and

inside microwells that were cast in either hard (1 MPa) or soft PDMS (20 kPa). This in-

dependent coupling of dimensionality and stiffness sought to determine whether rigidity

sensation is dependent upon dimensionality. On flat 2-D substrates, cells showed no dif-

ference in actin formation regarding the two stiffnesses (fig 7.4 A, C) and showed strong

actin fiber formation. The substrate stiffness below which fibroblasts were incapable of

making an actin cytoskeleton was clearly lower than 20 kPa. In 3-D microwells, the cells

were able to build up an actin network in contact with a hard substrate as described in

the previous paragraph (fig 7.4 B). Remarkably, if a cell was exposed to a 3-D arrange-

ment of cell contacts and softer substrate stiffness, cytoskeleton assembly was diminished

(fig 7.4 D, 7.10). Although the same microscopy settings were used for both hard and soft

microwells, no actin filament assembly was detectable in soft microwells. The regime of

stiffness sensation seemed to be shifted toward harder substrates in a 3-D environment

compared to 2-D. This result showed that the 3-D environment within soft microwells

drastically alters actin cytoskeleton assembly. A cell experienced the same stiffness on

soft 2-D substrates and inside soft 3-D microwells, but 3-D stimulation of actin filament

assembly required a threshold substrate stiffness which was dramatically higher than that

required for actin filament assembly for cells on 2-D culture surfaces. Mechanosensing

properties and actin filament assembly were not only dependent on substrate stiffness, but

they were dependent upon both stiffness and dimensionality indicating a synergic rela-

tionship between the two parameters stiffness and dimensionality (fig 7.4 E).
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Figure 7.4: Dimensionality alters the rigidity below which assembly of the actin cytoskeleton is
diminished. In order to test whether substrate stiffness impacted the stimulation of actin filament
assembly in a 3-D environment, fibroblast cells were cultured on 2-D surfaces or in microwells
that were A, B) 1 MPa or B, D) 20 kPa and actin visualized with phalloidin Alexa 488. A)
On hard substrates, cells formed actin stress fibers on homogeneously coated 2-D surfaces as
well as B) inside 3-D microwells. C) On soft substrates, actin stress fibers were observed on
homogeneous coated 2-D substrates. D) In contrast actin filament assembly was inhibited inside
soft 3-D microwells. E) The schematic of stiffness versus dimensionality shows that a cell can
only build up an actin network if the substrate has a certain stiffness. This critical range of
stiffness is shifted towards higher stiffnesses if the cell is able to interact with a 3-D matrix.

Myosin
Cell-generated force is a necessary prerequisite for Fn matrix production and the hin-

drance of Fn matrix rearrangement indicated reduced cell contractility. This was in con-

trast with the ability of a cell to build up an actin skeleton. Myosin II is known to play an

important role in cell migration and the generation of traction forces (see 1.1.1). Blocking
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of myosin has been shown to prevent actin formation and therefore, the actin formation

of mouse embryonic fibroblast cells with silenced in myosin IIA by SiRNA or knockout

myosin IIB were cultured in microwells and assayed for actin bundling.

On 2-D, the Myosin IIA wild type showed clear stress fiber formation, similar to

the results obtained by Cai et al. with this cell type [279]. Myosin IIA knockdown cells

showed similar actin organization as the wild type; this was unexpected as previously less

actin staining was observed for the Myosin knockdown cells [279]. In 3-D, the actin of

the Myosin IIA wild type looked similar to the actin observed in wild type cells on 2-

D. Likewise, similar actin formation could be observed for the Myosin IIA knockdown

cells in 3-D and on 2-D. Furthermore, the Myosin IIAknockdown cells and the wild type

arranged similar actin structures inside 3-D microwells (fig 7.5 A, B, fig 7.11).

On 2-D, the Myosin IIB wild type showed distinct lamellipodia formation. Meshel

et al. showed some lamellipodia formation, but they were less pronounced than in this

instance [280]. In contrast, the Myosin IIB knockout cells showed a rounded morphology

with actin fibers predominately oriented towards the center of the cell. In 3-D, the actin

of the Myosin IIB wild type looked similar to the actin observed within cells cultured

on 2-D, but the morphology changed since lamellipodia was no longer detectable. The

actin organization for the Myosin IIB knockout cells looked similar in both 2-D and 3-D

cases. Furthermore, the Myosin IIB knockout cells and the wild type organized similar

actin structure inside 3-D microwells (fig 7.5 C, D, fig 7.12).

Previous studies suggested that myosin IIA is mainly involved in cell adhesion, cell

shape [281] and motility on 2-D surfaces [279]. Conversely myosin IIB is important for

the guidance of cell movement by coordinating protrusive activities and stabilizing cell

polarity [282] and for lamellipodia formation and motility in a 3-D environment [280].

By deletion of nonmuscle myosin heavy chain II, motile processes and cell migration are

not blocked, but the ability to generate large forces is greatly decreased [283]. When

considering the involvement of contractile forces to actin filament assembly, we have to

regard that it has been shown that myosin IIA contributes ∼60% of traction forces and

its IIB isoform ∼30% [279]. Furthermore, previous work has shown that myosin IIB

knockout cells can contract 3-D collagen gels three times less than the wild type [280],

indicating a diminished but not extinct ability to build up contractile forces inside a cell.

Therefore, the ability to generate traction forces is not completely blocked. Since not

all the myosins isoforms were blocked simultaneously, we can not make any conclusion

about the involvement of cell contractility in this type of actin fibril assembly.



7.3. RESULTS AND DISCUSSION 129

Figure 7.5: Actin bundling in silenced myosin IIA and myosin IIB knockout cells. Actin was
visualized using phalloidin Alexa 488 staining and the nucleus with ethidium homodimer. A)
The wild type and B) silenced myosin IIA cells on a 2-D (left) and inside 10 µm deep micro-
wells showed the same characteristics of actin bundling. C) Additionally, the wild type and
D) myosin IIB knockout cells showed no significant difference in actin formation both on 2-D
surfaces (left) and inside 3-D microwells.

Overall the cells were able to build up an actin network, but the actin cytoskeleton

was heterogeneous from cell to cell. Therefore it was difficult to draw any conclusions

from the actin formation in the cells. Furthermore, it is difficult to study other effects of

myosin, e.g. lamellipodia formation and migration, in this platform. If cells are trapped

inside 3-D microwells and restricted in their spreading area, we also eliminated their abil-

ity to migrate. Therefore it is not possible to draw any conclusion about the migratory

behavior in 3-D and the migratory behavior was not studied on 2-D surfaces. Further-

more, lamellipodia formation and ruffling of the membrane [284] was difficult to observe

because a cell with a restricted shape cannot form elongated lamellipodia as these would

have to penetrate the PDMS walls.
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7.3.2 Fibronectin rearrangement

Fn is a major ECM component for many cell types that is regularly remodeled by cells

such as fibroblasts that populate tissue stroma [285]. This process, like the production

of a Fn matrix (fibrillogenesis), is required for both development and wound healing and

is strongly influenced by the microenvironment of cells [286]. Cell shape, or spreading

area, and dimensionality enhance or decrease the amount of rearranged matrix. Since ex-

tracellular Fn matrix fiber formation requires cell contractility [287, 288], we next asked

whether fibroblast cells in microwells rearranged surface adsorbed Fn into fibers in situa-

tions where actin filament assembly was observed.

Homogenous versus patterned 2-D surfaces

2-D Fn patterns with protein islands and cell resistant background were produced by

the MAPL technique [124]. The size of the patterns varied between 100 and 1600 µm2.

Quantitative analysis of the rearranged surface area on 2-D pattern showed that cell

spreading inhibition progressively limited Fn rearrangement with decreasing pattern size

((fig 7.6 A-D, G). The percentage of Fn rearrangement increased with increasing pattern

size from 0.6 ± 0.5% rearranged surface area on < 500 µm2 patterns to 4.1 ± 1.8% on

larger, > 1500 µm2 patterns, but did not reach the level of rearrangement observed on a

homogenously coated surface of 19.2 ± 5.6%.

Furthermore, Fn rearrangement on 2-D patterns showed a dependence on the pattern

shape. On squares, Fn rearrangement occurred predominantly on the edges, in contrast

to circles, where the Fn was rearranged regularly on the periphery of the pattern. The

dependence of pattern size and shape dependence corresponds with findings about focal

adhesions on a cell adhesive pattern. The amount focal adhesions increased in direct

proportion to cell spreading and they localized along the periphery of the small islands

that experienced highest tensional stress [289]. The more focal adhesions, the more the

cell can interact with its environment and the higher is potential to rearrange the Fn.

2-D versus 3-D substrates
Fn rearrangement was also investigated in the 3-D microwells. Within very small 3-D

microwells (size range 100-200 µm2 projected surface area / 500-765 µm2 total surface

area), Fn rearrangement into fibrils was inhibited (fig 7.6 E), similar to the 2-D case with

the same spreading area. In bigger microwells (size range 1100-1600 µm2 projected sur-
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Figure 7.6: The dependence of Fn rearrangement on spreading area and dimensionality. The
influence of spreading area and dimensionality on Fn rearrangement (Fn, fluorescently labeled
with Alexa 488) was investigated on 2-D and 3-D platforms. A) Cells on homogeneously coated
surfaces rearranged the Fn matrix to a large extent. The bright green areas indicate an accumu-
lation of Fn, while the darker areas indicate removed Fn. B) Cells with limited spreading area
on small Fn pattern were not able to rearrange the Fn matrix. C) With increasing spreading area,
cells rearranged more and more the Fn matrix. Square shaped pattern (2500 µm2) and D) circular
pattern (1900 µm2) show how the cell rearranges the Fn starting from corners. Cells inside 3-D
microwells were rarely able to rearrange the Fn on the bottom of the well. E) Culture of cells in
small microwells (113 µm2 projected area) hindered the Fn rearrangement similar to small 2-D
pattern, F) but even cell culture in bigger microwells (1900 µm2 projected area) did not allow
for Fn rearrangement. G) Matlab calculations allowed for quantification of the percentage of
rearranged surface area by the cell. Details about the analysis are shown in fig 7.1.
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face area / 2426-3200 µm2 total surface area), no Fn rearrangement occurred (fig 7.6 F),

which was in contrast to the 2-D patterns of the same size, where the cell was able to re-

arrange Fn in its environment. Cells which adequately filled microwells rarely rearranged

Fn from the microwell surfaces, but in rare cases where Fn rearrangement occurred it

generally proceeded from one corner inwards.

7.3.3 Cell metabolism is dependent on spreading area

The metabolism of a cell is dependent on mitochondrial activity. To investigate the de-

pendence of the metabolism of cells on spreading area and dimensionality, the mitochon-

drial membrane potential was determined by staining the cells with TMRE (fig 7.7 A-E).

The quantification of the fluorescent signals allowed the fluorescent intensity, as deter-

mined by mitochondrial membrane potential, to be correlated to metabolic activity of a

cell (fig 7.7 F). As a control, mitochondrial membrane potential was imaged and quanti-

fied in cells at 37◦C and 30◦C. The more intense signal for cells at 37◦C, in comparison

to cells at 30◦C, indicated the greater metabolic activity of cells at 37◦C, as expected

(p < 0.001). This indicated that this method can be used to quantify the fluorescent signal

and thereby determine the metabolic activity within cells.

Next, we sought to determine whether environmental properties that were shown to

influence actin cytoskeleton assembly affected the metabolic activity of cells. Inhibition

of cell spreading decreased the metabolic activity of cells. On 2-D patterns and inside 3-

D microwells, the metabolic activity was elevated for cells with a spreading area greater

than 500 µm2, when compared to smaller patterns. The difference between the metabolic

activity on small and big 2-D patterns (p < 0.01) and 3-D microwells (p < 0.001) was

statistically significant. Dimensionality itself also influenced the metabolic activity. There

was a small, but statistically significant increase in activity from the small 2-D patterns to

the small 3-D microwells (p < 0.05). The difference in metabolic activity between cells on

big (> 500 µm2) 2-D patterns and within big 3-D microwells was even more pronounced

(p < 0.001). In general, we conclude that the metabolic activity of a cell was affected by

the dimensionality of a cell and was increased in a 3-D environment.
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Figure 7.7: The dependence of cell metabolism on dimensionality and spreading area. To inves-
tigate the influence of spreading area and dimensionality on cell metabolism, cells were cultured
A) inside small 3-D microwells (spreading area < 500 µm2), B) big microwells (> 500 µm2) and
C) on small and D) big 2-D patterns and stained for mitochondrial membrane potential (TMRE).
E) As a reference, cells were cultured on homogeneously coated surfaces at 30◦C and 37◦C. F)
The quantification of the fluorescent signals shows the difference in metabolic activity depending
on dimensionality and spreading area. Average fluorescent intensity and the standard error of the
mean are plotted (* < 0.05, ** < 0.01, *** < 0.001).
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7.4 Conclusion and outlook

Most cells in vivo have a 3-D arrangement of contacts with their surroundings. In this

study, we sought to determine whether a 3-D arrangement of cell contacts with extracel-

lular matrix can direct actin cytoskeleton assembly using a novel single cell culture sys-

tem that permits independent control of cell shape, substrate rigidity, and dimensionality

of contacts. Actin cytoskeleton assembly was studied due to its pervasive demonstration

as an important coupling mechanism between external stimuli, such as cell shape or sub-

strate rigidity, with downstream cellular responses, such as differentiation [170, 175]. The

actin skeleton was visualized using fluorescently labeled phalloidin. It has been reported

that phalloidin is unable to bind to monomeric G-actin, and hence fluorescence is only

seen where active filaments are present [214]. The visualization of actin filaments with

high-resolution microscopy and the same parameter settings for the different conditions

allow for a qualitative comparison between the different environmental stimuli and the

cell’s response in actin filament assembly. This study showed that matrix dimensionality,

matrix rigidity, and cell shape are not orthogonal stimuli which regulate actin cytoskeleton

assembly, but rather that fibroblast cells integrate all three stimuli. Thus, cell behavior ap-

pears to be intimately co-regulated by dimensionality, stiffness, and cell shape. These

data hint at the complexity of cell sensory machinery and support recent observations that

experiments using 2-D cell culture platforms may not accurately predict the behavior of

cells in their native, 3-D context [92]

3-D overcame shape-dependent inhibition of cytoskeleton assembly
The extracellular matrix plays an essential role in regulating cell behavior. For example,

the control of cell shape on 2-D patterned surfaces regulates cell cycle progression and

the commitment of stem cells to different lineages through control of endogenous RhoA

activity and cytoskeletal tension [139, 290]. It is also well established that cell shape

on 2-D patterns regulates cytoskeletal structure [290] and thereby cell contractility [187],

since the actin cytoskeleton is a force-bearing network that is necessary for application of

cell contractile forces to the extracellular matrix. Since studies that analyzed cell func-

tions in response to cell shapes or extents of cell spreading that were controlled with

engineered cell culture environments have, to the best of our knowledge, been performed

exclusively on 2-D patterns, we sought to determine whether 3-D adhesion regulates cell

shape-dependent control of actin cytoskeleton assembly.
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In this study, we demonstrated that dimensionality fundamentally regulates cell

shape-dependent control of actin filament assembly and organization. The actin cyto-

skeleton, visualized using phalloidin staining, varies tremendously between cells on 2-D

compared to a 3-D patterned surface, even though the images of 2-D and 3-D were taken

with identical microscopy settings. If a cell is limited in its spreading area on a 2-D

platform, it is hindered to assemble an actin filament network, as has been described else-

where [290]. However if the same projected area is presented in a 3-D environment, the

cell assembles an actin network that was also distinct from the actin cytoskeleton assem-

bled by well-spread cells in 2-D. Actin filaments appear as an entangled network with

little or no straight stress fibers visible. Even if the total adhesive surface of the floor and

walls was taken into account (500 µm2 total surface area for the small microwells), these

cells would still not assemble visible actin structures on a 2-D surface of the same pro-

jected area, which corresponds to a square pattern of 22 µm side length. The formation

of an actin network demonstrates that the cell may be capable of generating contractile

forces [187, 291]. However, the Fn rearrangement study suggested that cell contractile

forces were not applied, at least in a vector parallel to the walls or floor of the microwell,

since matrix rearrangement of Fn that was adsorbed to the PDMS walls of the microwell

was rarely seen. Even though the walls were not considered in this study due to the dif-

ficulty of quantifying fibronectin fluorescence in vertical planes via confocal microscopy,

it appears qualitatively that the Fn on the walls was also not rearranged. Thus, these

data may suggest that cell behavior on 2-D patterned surfaces with limited cell spreading

may not be recapitulated in 3-D environments which limit cell spreading. However, cell

contractility-dependent control of shape-dependent stem cell differentiation and cell pro-

liferation necessitates future studies to determine if cells in 3-D microenvironments with

limited cell spreading are contractile.

3-D alters rigidity dependent control of actin cytoskeleton assembly
The stiffness of the extracellular matrix also fundamentally impacts on cell behavior in

both 2-D and 3-D. Substrate stiffness has been shown to regulate actin cytoskeleton as-

sembly in both 3-D gels and on 2-D substrates [175, 292], but no study has studied cell

shape, dimensionality, and substrate stiffness independently. Therefore, the microwell

platform was used with different stiffnesses of PDMS in order to determine if stiffness

fundamentally altered the 3-D dependent assembly of actin structures in confined cells.

In order to inhibit actin cytoskeleton assembly in 2-D, cells must be cultured on very soft

substrates, such as polyacrylamide gels, that reach stiffness values (approx. 6 Pa) that
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are less than those that can be achieved with PDMS [175]. It has been shown that actin

stress fiber formation and cell spreading are absent for many cell types on soft substrates,

although this behavior is cell type specific [169, 293]. However, for the 3-D case, the stiff-

ness below which cells do not assemble actin structures that are stained with phalloidin

is much higher, and hence PDMS was a sufficient substrate material for this study. The

soft PDMS (20 kPa), which is still relatively stiff by fibroblast standards, did allow for

actin filament assembly on flat, 2-D surfaces but not in 3-D. Since the numerous studies

on the sensitivity of cells to substrate rigidity also demonstrated that this mechanism was

mediated via cell contractility, an altered actin organization, or inhibition of actin fila-

ment assembly, may also influence the cell behavior in response to extracellular matrix

stiffness. The metabolism of cells in 3-D microwells was also increased compared to cells

with the same substrate stiffness and extent of cell spreading on 2-D surfaces, suggesting

that altered cytoskeleton assembly may hint at a broader responsiveness of cells to 3-D

adhesion. Therefore, we conclude that 3-D adhesion fundamentally influences the cell’s

ability to probe other physical properties of the cell microenvironment such as stiffness.

In conclusion, the importance of understanding the intimate relationship between lo-

cal microenvironmental properties and cell function has recently been illustrated with a

number of key studies. For example, matrix stiffness has been proposed to regulate the

malignant phenotype of cancer cells [166], the geometric arrangement of cell contacts was

shown to alter the response of skin cells to cytotoxic agents [128], and the susceptibility

of cells to non-viral gene delivery depends upon the stiffness of 2-D culture substrates

[294]. A thorough understanding of the cell sensory toolbox might allow the develop-

ment of engineered tissues or the maintenance of cell phenotypes, such as hepatocytes,

that are important in drug toxicity screening. The data presented here confirm previous

studies that 3-D contact is part of this toolbox, but specifically this data indicates that

these stimuli are integrated by the cell and do not function independently. The different

microenvironmental properties, such as rigidity, cell shape, and geometric arrangement

of cell contact, are not orthogonal to one another. These parameters should be varied

independently if we are to fully map the cell sensory toolbox, and we speculate that cell

responsiveness to other stimuli, for example soluble signaling molecules or gradients in

physical properties such as concentration or stiffness, may also be altered in 3-D ver-

sus 2-D environments. Future studies should consider that 2-D in vitro models may not

accurately predict 3-D cell behavior.
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7.5 Appendix: Libraries of cells inside microwells

This section provides libraries of different single cells inside microwells because quan-

tification of actin filaments inside microwells was not possible. We show consistently

images of the bottom plane of the well.

Figure 7.8: Library of different microwell shapes and actin formation in 10 µm deep, hard
wells. Actin filament assembly was visualized using phalloidin Alexa 488, the nucleus with
ethidium-homodimer. It shows the reproducibility of the actin formation inside small, 10 µm
deep microwells. This figure provides a library of different cells inside microwells (circles,
squares, triangles, rectangles).
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Figure 7.9: Library of actin skeleton of cells inside shallow microwells (5 µm). Actin filament
assembly was visualized using phalloidin Alexa 488, the nucleus with ethidium-homodimer. It
shows the actin formation inside small, 5 µm deep microwells. This figure provides a library of
different cells inside microwells (rectangles, circles, squares).
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Figure 7.10: Library of actin skeleton of cells inside 10 µm deep, soft microwells (20 kPa).
Actin filament assembly was visualized using phalloidin Alexa 488. It shows the reproducibility
of the A) hindrance of actin filament assembly inside soft, 10 µm deep (20 kPa) microwells. This
figure provides a library of different cells inside microwells (circles, squares, triangles). B) Cells
on a flat 2-D substrate of the same stiffness show clear actin filament formation.
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Figure 7.11: Library of actin skeleton of myosin IIA knockdown cells and wild types on 2-D
control surfaces and inside 10 µm deep microwells. Actin bundling was visualized using phal-
loidin Alexa 488, the nucleus with ethidium-homodimer. Myosin IIA knockdown cells show the
reproducibility of the actin formation inside small, 10 µm deep microwells, this figure provides
a library of different cells inside microwells (circles, squares, triangles, rectangles).
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Figure 7.12: Library of actin skeleton of myosin IIB knockout cells and the wild type on 2-D
control surfaces and inside 10 µm deep microwells. Actin bundling was visualized using phal-
loidin Alexa 488, the nucleus with ethidium-homodimer. Myosin IIB knockout cells show the
reproducibility of the actin formation inside small, 10 µm deep microwells, this figure provides
a library of different cells on 2-D substrates and inside microwells (circles, squares, triangles,
rectangles).





CHAPTER 8

Conclusions and outlook

8.1 Conclusions

The overall goal of this thesis was to establish a novel culture substrate which allowed

the investigation of different parameters of a cell’s microenvironment, such as stiffness

and spreading area, independently, in 3-D and on the level of single isolated cells. The

platform has already been developed by M. Dusseiller, M. Smith, V. Vogel and M. Textor

and was further developed in this thesis towards a more complex biochemical micro-

environment. Furthermore, the interaction between different properties of the micro-

environment on cell behavior was investigated to reveal insights into the question as to

the effect of dimensionality on the cell’s response to external stimuli.

8.1.1 Microwell platform fabrication and development

The method for culturing single cells inside a well controlled 3-D microenvironment was

developed by Dusseiller et al. [200]. Briefly, the microwell structure was produced

by standard photolithography and transferred into PDMS. The chemical modification of

the surface provided a cell adhesive environment inside the microwell and a passivated

plateau, which was resistant against protein adsorption and cell adhesion. Hence, cells

only adhere inside the microwells.

In this thesis, the platform was further developed to provide different adhesive envi-

ronments within the wells, namely a mobile coating via functionalized SPB in one case

and a variation in the coating of the wall and bottom of the microwell in another.
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Mobile and immobile E-cadherin coating inside microwells
One of the aims was to engineer a single cell microenvironment that should more closely

mimic cell-cell contacts in vivo. Therefore microwells were coated with E-cad/Fc func-

tionalized supported phospholipid bilayers (SPBs). Characterization of biotinylated SPBs

with QCM-D demonstrated an SPB was successfully formed on oxidized PDMS, and it

was possible to further functionalize the SPB with E-cad/Fc via a biotin-streptavidin (SA)

linkage. Studies with FRAP demonstrated the retained mobility of both the lipids and SA

on PDMS. Furthermore, through the usage of a lipid with a TM of 35 ◦C the PDMS was

functionalized with an SPB that could be switched between laterally mobile and immo-

bile lipids within a physiologically relevant temperature range, as analyzed by QCM-D

and FRAP. Preliminary cell studies demonstrated that cells can adhere specifically to E-

cad/Fc functionalized SPBs and conversely unspecific binding is limited. The difference

in actin staining of a cell on a mobile versus immobile platform is a demonstrative exam-

ple of how ligand mobility influences cell behavior.

Furthermore, this mobile system was combined with the 3-D microwell structure. It

was shown that the lipids diffused from the wall to the bottom and vice versa, presenting

a mobile system in a 3-D environment. Furthermore, the coating of microwells with E-

cad/Fc functionalized SPBs and the combination with cell culture resulted in an array of

single cells within the microwells. Hence, they interacted with the E-cad/Fc and did not

adhere to the passivated plateau.

Heterogeneous wall-bottom coating
To present a heterogeneous arrangement of cell adhesive environments, feasibility studies

were performed to modify the microwell with contrasting wall versus bottom coatings.

The line-of-sight vapor deposition of Ti led to a chemical contrast of Ti on the plateau

and on the bottom of the well while the side walls still presented PDMS. After plasma

treatment, this chemical contrast was oxidized to form a SiO2 and TiO2 contrast. After

PLL-g-PEG passivation of the plateau, the substrate was exposed to a vesicle solution.

The vesicles ruptured selectively on the SiO2 surface to form an SPB. The additional

exposure to Fn in combination with the protein-resistant characteristics of the SPB led

to a selective Fn coating on the TiO2-coated well bottom. Therefore the microwell was

successfully functionalized with a contrasting SPB/Fn wall/bottom coating.
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8.1.2 Dimensionality altered cell viability, actin fibril assembly and
mechanosensation

It was demonstrated that the microwell platform consisting of thin PDMS film sub-

strates was compatible with conventional culturing assays, staining and high-resolution

microscopy-based characterization tools used in cell biology. Furthermore, cells were

shown to survive up to 7 days inside the microwells. A particularly striking observation

was that 90 ± 2% of cells survived culture inside small microwells (spreading area be-

tween 100 and 200 µm2) demonstrating that dimensionality enabled the cell to overcome

cell death caused by limited spreading area. This was in stark contrast to cells which were

limited in spreading area on 2-D patterns where only 36 ± 15% of the cells survived on

patterns with a spreading area of 400 or 625 µm2.

In this work, dimensionality was also shown to fundamentally regulate cell shape-

dependent control of actin filament assembly and organization. The actin cytoskeleton

varied tremendously between cells on 2-D compared to a 3-D patterned surface. If a

cell was limited in its spreading area on a 2-D platform, it’s ability to assemble an actin

filament network was hindered. However, if the same projected area was presented in a

3-D environment, the cells assembled an actin network that was distinct from the actin

cytoskeleton assembled by well-spread cells in 2-D. Actin filaments appeared to form an

entangled network with little or no straight stress fibers visible. Even if the total adhesive

surface of the floor and walls was taken into account (500 µm2 total surface area for the

small microwells), the area was still less than the minimum spreading required in 2-D for

the cell to form visible actin structures.

Furthermore, stiffness of the substrate altered the 3-D dependent assembly of actin

structures in cells confined within the microwells. Therefore, the microwell structure was

used with PDMS of two different stiffnesses (Young’s modulus of 20 kPa and 1 MPa). The

cells cultured on soft PDMS formed actin filaments on flat, 2-D surfaces but not in 3-D.

Numerous studies investigating the sensitivity of cells to substrate rigidity have demon-

strated that this mechanism is mediated by cell contractility. Therefore an altered actin

organization, or inhibition of actin filament assembly, may also influence the cell behavior

in response to extracellular matrix stiffness. The metabolism of cells in 3-D microwells

was also increased compared to cells with the same substrate stiffness and same extent

of cell spreading on 2-D surfaces, suggesting that altered cytoskeleton assembly may hint

at a broader responsiveness of cells to 3-D adhesion. Therefore, we conclude that 3-D
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adhesion fundamentally influences the cell’s ability to probe other physical properties of

the cell microenvironment, such as stiffness.

8.2 Outlook

Since every chapter ended with a short outlook for the individual projects discussed, this

outlook centers on possible future applications of the microwell platform. One example,

the aspect of cell division inside microwells, is discussed in the next section. For more

detailed information an internal report is available.

One possible application for the microwell substrate is the study of stem cell dif-

ferentiation, as differentiation has been shown to be influenced by external stimuli, such

as substrate stiffness and spreading area. Additionally, the microwell structure might be

used to investigate the influence of dimensionality on stem cell behavior (running project

at EMPA St.Gallen by Markus Rottmar and Katharina Maniura). Cell survival in micro-

wells for at least 7 days is essential to study stem cell differentiation, which has been

achieved; however, longer culture time may be needed requiring further optimization,

particular in regard to stable passivation of plateaus.

Based on the array of wells, and therefore cells, another possible direction for the

microwell substrate would be its development into a high-throughput technique. This

might be useful to test new drugs or possible toxic effects of chemicals on cells, as it has

been reported that 3-D systems trigger a more in vivo like cell response when compared

to 2-D model systems [92] (running project at ETHZ by Maria Håkanson and Marcus

Textor).

Cell division inside microwells
An interesting aspect to investigate is whether cells inside microwells enter a quiescent

state due to contact with the environment and small spreading area, as it is observed

with confluent cells, or if cells are still able to divide. Preliminary studies were therefore

performed to investigative the ability of the cells to divide in the microwell. Fig 8.1 shows

cells in a circular and triangular well. Interestingly, the cells were still able to divide inside

these microwells. It was clearly visible that the cell built up a mitotic spindle and divided

afterwards (fig 8.1 A). Once the cell had divided there were two possible arrangements of

the daughter cells, either both could remain within the confines of the microwell, or one
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Figure 8.1: Cell division inside a microwell. HeLa cells (cherry labeled tubulin) were able to
divide inside microwells. A) A cell inside a circular well with 22 µm diameter divided. B) Also
in triangular wells with a side length of 30 µm the cell was still able to divide. The orientation
of the spindle axis within the cells could be observed using real time fluorescent microscopy.
However, in these images the formation of the daughter cells is not shown as the time lapse
ended before cell division was complete.

could remain and the other migrate out of the microwell. In these initial experiments both

outcomes were observed.

Once the ability of the cells to divide in the microwell was determined, we were inter-

ested to explore whether the well shape influenced the orientation of the cell division axis.

Cells on 2-D patterns divided as previously described in the literature (fig 8.2 A) [137]

with the mitotic spindle orienting parallel to the long axis of the pattern. Experiments in

the 3-D microwells of the same shapes showed the same trend as cells on 2-D patterns
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Figure 8.2: Cell division axis is dependent on pattern shape. HeLa cells divided depending on
the shape of the pattern. A) The mitotic spindle orientation on 2-D pattern was similar to cells
inside B) microwells with the same shape. Circular patterns had no favorite division axis due to
symmetric reasons. In a square shaped well, the cell normally divided along the diagonal axis
of the well. Cells cultured within triangular shaped wells favored the division along the longest
axis from one corner to the side of the other side.

(fig 8.2 B). Inside circular wells, the mitotic spindle was observed and due to its symme-

try there was no favorite axis of spindle orientation. When cells were cultured in square

shaped wells we saw that the cell built up the mitotic spindle so that it was parallel to the

diagonal axis, the longest axis of the pattern. In a triangular well, the mitotic spindle was

often oriented along the axis from one corner to the middle of the other side.

These preliminary results indicate that the microwell culture substrate might be used

to study the influence of geometry and dimensionality on the division of cells. Processes,

such as wound healing and embryogenesis, are considered to be largely driven by the

local influences on cell proliferation, which are determined by cell shape. Therefore, this

platform might help to investigate how structuring processes within tissue are influenced

by external cues and how they determine the future shape of the tissue.

Potential and limitations
It has been shown that the microwell structure is useful to investigate the interplay be-

tween different environmental properties, such as stiffness, (bio)chemical cues and di-

mensionality. However, it needs to be taken into consideration that such an engineered

platform is never able to simulate closely the environment of a cell in vivo. For example,

stiffness limitations of the PDMS can be bypassed by changing the microwell material
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and working with, for example, a hydrogel platform. But to what extent the microwells

structure can be reliably transferred into very soft material is arguable.

The bigger challenge is the exact mimic of the biochemical environment of a cell

and it is likely that engineered systems are always constrained by the reduced and sim-

plified presentations of biochemical ligands. For example, the cell-cell contact mimic

via cadherin-functionalized SPB coupled only the extracellular part of the cadherin to the

SPB, and was therefore isolated from the intercellular machinery present in neighboring

cells of tissues. This might result in a triggering of different cell responses compared to a

cell in vivo or no response as the down stream signalling can not be activated. Therefore,

it is unlikely the platform will ever fully mimic the full complexity of a cell-cell contact.

Furthermore, the microwell platform cannot be modified by the cell itself and should

not be confused with approaches presenting tissue engineering scaffolds to the cells. The

cell inside the microwell is always isolated as a single cell and therefore direct stimuli

from neighboring cells are completely absent which might trigger different cell responses

when compared to cells in a tissue. Larger microwells with multiple cells inside the well

might be needed to achieve more significant comparisons to cells in vivo. Nevertheless,

the microwell substrate is a useful platform to study biophysical fundamentals because

the individual microenvironmental parameters can be independently controlled and their

impact on cell behavior studied, as well as their potential use as a microarray format for

high-thoughput cell-based assays.
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