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Abstract

Abstract

Modern cell biology is interested in the use of reproducible, quantitative and
high-throughput analytical techniques. The aim of this thesis is the development and
characterization of microarray technologies for anti-cancer therapy and neurotoxicity
testing applications. The techniques and tools are based on cell micropatterning
technologies and are accessible to biologists worldwide.

PDMS (Polydimethylsiloxane) microcontact printing (LCP) was used for the
reliable parallel mass production of highly uniform 3D tumour spheroids. The different
metabolic gradients make this bio-analytical model a reliable tool for the in situ or ex
situ analysis of potential anti-cancer treatments as well as the physical and biological
aspects that affect chemosensitivity.

The micropatterned research is extended to a spatially-ordered analytical
display for high-throughput neurotoxicity screening with standardized neurite
outgrowth length. This involved the development of a novel bilayer membrane plasma
stencilling method. Bilayer plasma stencilling is a simple, rapid, inexpensive,
reproducible and effective method to pattern neurons. The network formation assay
(NFA) uses interconnectivity as a precise and sensitive analytical end-point to read-out
and distinguish between cytotoxicity and neurotoxicity. In addition, the NFA was
adapted to the needs of the gold standard primary cortical neurons and neuronal
precursor cells using LCP on a cell repellent PLL-g-PEG background.

Taken together, this thesis demonstrates the development of microarray
technologies for the realization of spatially standardized, highly reproducible and high-
throughput cell assays to address modern challenges in cell biology. The assays were
developed with the aim to be reliable, inexpensive, easy and adoptable for scientists

with a minimum of equipment and expert knowledge.






Zusammenfassung

Zusammenfassung

Die moderne Zellbiologie hat groRes Interesse an Hochdurchsatz-Techniken, die
reproduzierbare und quantitative Ergebnisse liefern. Ziel dieser Arbeit war die
Entwicklung und Charakterisierung von Mikroarray-Technologien fiir Anwendungen in
der Krebs-Therapie und der Neurotoxikologie. Die hier verwendeten Techniken und
Werkzeuge basieren auf Mikrodruckverfahren (,,micropatterning”) fur Zellen und sind
Biologen weltweit zuganglich.

PDMS (Polydimethylsiloxan) , microcontact printing“ (WCP) wurde fir die
parallele Massenproduktion von hochgradig homogenen 3D Tumor Sphéroiden
verwendet. Die verschiedenen metabolischen Gradienten ebenso wie die auftretende
Chemosensitivitdit machen dieses bio-analytische Modell zu einem verlasslichen
Instrument flr die in situ oder ex situ Analyse von potentiellen Krebsmitteln.

Das Mikrodruckverfahren wurde weiterentwickelt, um ein rdumlich
angeordnetes analytisches System fiir neurotoxische Hochdurchsatz-Screenings mit
standardisierten neuronalen Auswuchslangen zu entwickeln. Dies beinhaltete die
Entwicklung einer neuen Methode, die Doppelmembranschicht Technik, welche
mittels Plasma Strukturen in Oberflachen brennt. Die Doppelmembranschicht Technik
ist einfach in der Anwendung, schnell, giinstig, reproduzierbar und eine sehr effektive
Methode um Neuronen strukturiert anzuordnen. Das ,Network Formation Assay”
(NFA) benutzt Verbindungen zwischen Neuronen als prazisen und sensitiven
analytischen Endpunkt, um zwischen Zytotoxizitdt und Neurotoxizitdt zu
unterscheiden. Zudem wurde das NFA an die Bediirfnisse und Wachstumsbedingungen
von kortikalen Primérzellen (Goldstandard) und neuronalen Stammzellen angepasst.
Das NFA wurden mittels uCP auf einer zellabweisenden Polyethylenglykol Oberflache
hergestellt.

Diese Doktorarbeit demonstriert die Entwicklung von Mikroarray Technologien
fir die Umsetzung von raumlich angeordneten und standardisierten, hervorragend
reproduzierbaren und fir Hochdurchsatzverfahren geeigneten Zellassays, welche
Probleme und Fragestellungen in der Zellbiologie angehen. Diese Assays wurden unter

den Gesichtspunkten entwickelt, zuverlassig, giinstig, einfach in der Handhabung und
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mit minimalem Wissen und Equipment durchfiihrbar zu sein, damit moglichst viele

Wissenschaftler die Systeme Glbernehmen und anwenden kdnnen.



Contents

Contents

1 Introduction
1. Background
1.1 New 2D and 3D in vitro test models
1.2 Photolithography and soft lithography
1.2.1 Microcontact printing (LCP)
1.3 Cell patterning
1.4 Replacement, Refinement and Reduction (The 3Rs)
1.5 Content of this Thesis
2 Microarrays for Culturing Tumour Spheroids
2.1 Introduction
2.2 Material & Methods
2.2.1 PDMS microcontact printing
2.2.2 Cell culture
2.2.3 Physical spheroid characterization
2.3 Results & Discussion
2.3.1 The Spheroid Microarray
2.3.2 Mass production of uniform tumour spheroids
2.3.3 Growth kinetics can be manipulated by pitch tuning
2.4 Outlook and Conclusion
3 Chemosensitive Tumour Spheroids
3.1 Introduction
3.2 Material & Methods
3.2.1 Spheroid Gene Expression
3.2.2 Spheroid sectioning
3.2.3 Drug dose response to Irinotecan
3.3 Results & Discussion
3.3.1 Determination of plateau phase spheroids in terms of
proliferation and hypoxia
3.3.2 Spheroid chemosensitvity

3.4 Outlook and Conclusion

N NP

10
13
15
17
19
20
25
25
26
27
30
30
36
38
42
44
45
47
47
48
49
50
necrosis,
50
56
58



Contents

4 Microtrack patterning improving the Network Formation Assay 61
4.1 Introduction 63
4.2 Material & Methods 72

4.2.1 PDMS microcontact printing 72
4.2.2 Cell culture 72
4.2.3 CellTiter-Blue® Assay 73
4.2.4 Surface PEGylation 73
4.2.5 Membrane fabrication and plasma masking 74
4.2.6 Surface analysis 75
4.2.7 Network analysis 75
4.2.8 Acrylamide degeneration assay 76
4.3 Results & Discussion 77
4.3.1 Network formation assay with tracks 78
4.3.2 Surface chemistry of PLL-g-PEG 80
4.3.3 Bilayer membrane for neuronal network patterning 81
4.3.4 Optimum track width for neurite outgrowth 87
4.3.5 Network patterning reproducible 88
4.3.6 Connection definition 90
4.3.7 Network degeneration and protection effects 91
4.3.8 Protein patterning 93
4.4 Outlook and Conclusion 95

5 The Network Formation Assay for Primary and Stem Cells 97
5.1 Introduction 97
5.2 Material & Methods 99

5.2.1 Primary cortical neuron cell culture 99
5.2.2 Culture of CGR8 neuronal precursor cells (NPCs) 99
5.2.3 Zeta-Potential Measurements 100
5.2.4 Silanization of glass chips 100
5.2.5 Amine glass chip modification 100
5.2.6 Microcontact printing of proteins and poly-amines 101
5.3 Results & Discussion 101

5.3.1 Silanes: Alternative to PLL-g-PEG? 101



Contents

5.3.2 Aminosilanes: Alternative to Lysine?
5.3.3 NFA for Primaries
5.3.4 Long term stability NFA
5.4 Outlook and Conclusion
6. Conclusion
Appendix

References

106
109
113
115
117
120
122






Chapter 1: Introduction

Chapter 1: Introduction

1. Background

The vast majority of cell biology research is done by the ex vivo culture of cells
or cell lines within flat, hydrophilic plastic containers. Typically, these in vitro systems
are fabricated from polystyrene materials with a brief plasma treatment used to
render the surfaces hydrophilic. Coatings of biomaterials like ECM proteins (laminin,
fibronectin or collagen) or peptides (RGDs) can be used for the attachment and
adhesion of cell types. Cell seeding is random producing highly heterogeneous tissue-
like structures from the cellular distribution. In vitro cellular interactions were mainly
studied on adhesive cells growing on homogeneous substrates. These systems are a
non-optimal analog of the in vivo situation. In contrast, mammalian cells within tissues
are highly organized over length scales from a few microns to centimeters. The lack of
organization does not provide an authentic model for studying cell biology. In addition,
the highly disorganized nature of the cell distributions, from isolated single cells, to

agglomerates provides different growth conditions. Cells respond to the surface of
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adjacent cells (e.g. membrane receptors), the underlying surface (e.g. ECM proteins)
and media composition (Folch and Toner, 2000). In traditional cell culture the
analytical end-points are typically concerned with the average response of all cells. As
such the signal may neither be indicative of either single or multi-cellular states.
Uniform in vitro cell systems would thus be advantageous. The adaption and
incorporation of microfabrication technologies into biology enables the design of
surfaces that replicated the spatial organization of cells within tissues. It offers the
potential to control cell-surface, cell-cell and cell-medium interaction on a micrometer
scale. In addition, spatially ordered in vitro assays provide coordinates for high-
throughput image analysis to streamline screenings and the evaluation.

In this work techniques were developed and used to spatially pattern cells for
defined biological applications. The developed microtechnology methods are easy to
adopt by other cell biology labs, without the need of special and expensive equipment
or laboratories. All reagents are commercially available, stable, cheap and non-toxic to
cells. The assays were developed with the aim of transferring them into standard

industrial microtiter plates to make them available for high-throughput analysis.

1.1 New 2D and 3D in vitro test models

In research as well as in the pharmaceutical industry in vitro models are widely
used and aid the discovery and development of new and more effective drugs. The
commonly used in vitro assay consists of a two-dimensional (2D) cell culture in a dish
that offers the possibility to measure or study special biological mechanisms such as
drug uptake in a simple, rapid and well controlled way. Compared to in vivo models in
vitro platforms are more cost effective, more rapid, have an easier read-out and with
the use of cell lines are not of ethical concern.

Organisms, organs and tissues are three dimensional (3D) arrangements of cells
(Yamada and Cukierman, 2007). The ability to understand the formation, function and
pathology of tissues have in the past mostly relied on experiments involving 2D cell

culture models. Cells growing in a 2D environment often have changed morphologies,
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cell-cell and cell-matrix interactions and differ from cells which grow in a more
physiological 3D environment (Birgersdotter et al., 2005; Cukierman et al., 2001;
Griffith and Swartz, 2006; Nelson and Bissell, 2006). 2D systems are far removed from
the in vivo state so that the predictive value of the model is questionable. The
environment of the 2D cell culture is changing over time. Nutrients in the media get
depleted whereas metabolites accumulate, which can cause toxic effects. In an in vivo
state cells are maintained in a homeostatic environment. They are supplied with fresh
nutrients and waste products are removed via the blood circulation system over time.
Animal models are much more complex systems with cells growing in a 3D
environment. Unfortunately animal systems do not reflect human beings, so that
results gained out of these models must be treated with caution (Seok et al., 2013;
Shanks et al., 2009). Animal models do not reproduce adequate features of some drug
therapy responses, human tumours, stem cell differentiation or autoimmune disease.
A drug compound which is highly effective in rat tests can be completely ineffective or
even toxic in humans. The closest in vitro models of the in vivo state involve the use of
ex vivo tissue slices (Fig. 1.1.1a) (Pampaloni et al., 2007; Yamada and Cukierman,
2007). These models preserve the cytoarchitecture and cellular differentiation of the
original tissue so that important cell-matrix and cell-cell interactions are maintained.
The disadvantages of these systems are the high cost, the viability of the organ/tissue
parts ex vivo and the availability of human organs. All this make these models
unsuitable for standard testing purposes. A good alternative are three-dimensional in
vitro test systems, which are intermediate models between two-dimensional cell
culture and whole animal models (Griffith and Swartz, 2006; Rangarajan et al., 2004).
They reflect cell morphology and signaling much better than 2D in vitro models. Many
3D in vitro assays for different applications have been developed (Figure 1.1.1). The
most commonly known one is the multicellular tumour spheroids (MCTS) model for
cancer research. It is based on the advantage of many cell types to spontaneously
aggregate and cluster together without the external help of scaffolds. Spheroids can be
created from a culture of one cell type or co-cultures. Spheroids are conventionally
produced by the hanging-drop method (Kelm et al., 2003; Timmins et al.,, 2005;

Timmins and Nielsen, 2007), spinner flasks or rotating — wall vessels (Fig. 1.1.1 b)
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(Friedrich et al., 2007a). Spheroids are also broadly applied to biomedical studies
(Mueller-Klieser, 1997; Sutherland, 1988; Sutherland et al., 1971) especially in high-
throughput screens (lvascu and Kubbies, 2006; Zhang et al.,, 2005) and in
biotechnology approaches (Kale et al., 2000). The spherical geometry allows the easy
study and modeling of dynamic processes like drug up-take, growth and invasiveness

of solid tumours (Jiang et al., 2005; Stein et al., 2007).

a Organotypic explant culture
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Figure 1.1.1: a) Three-dimensional culture models (Pampaloni et al., 2007). Organ slices (1, 2)
cultured on porous substrates at the air-liquid growth medium interface (3). b) Spheroids. Cells
aggregate into spheroids to a size of several hundreds of micrometers, their microenvironment

express a tissue-like phenotype. Endothelial cells can form a differentiated hollow monolayer
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spheroid (1). Spheroids can be created by different methods like the gold standard 'hanging
drop' (2) or in rotating-wall vessels (3). Both methods use gravity for cell clustering. c) Polarized
epithelial cell cultures. Cells grown at the air-medium interface on porous membranes form
polarized monolayers (1). Three-dimensional (3D) clonal growth of Madin—Darby canine kidney
(MDCK) cells in hydrated collagen gel yields spherical monolayer cysts (2), which are fully
polarized. The baso-lateral surface is in contact with the gel, and the apical side with the fluid-
filled internal cavity. d) Artificial skin. Biodegradable fiber mesh was used to culture primary
fibroblasts. After several weeks in culture, keratinocytes are placed onto the new dermal tissue
and form an epidermal layer. e) Microscaled materials (microcarriers). Beads consist of
dextran, gelatin, glycosaminoglycans and other porous polymers can be used as a 3D support

for the culture of anchorage-dependent animal cell lines.

A different model describes the growth of epithelial cells as polarized
monolayers on microporous membranes (Butor and Davoust, 1992) (Figure 1.1.1 c), or
as hollow spherical monolayers within an ECM gel (Zegers et al., 2003). These sub-
organ structures can be used to develop much more complex epithelial structures like
human skin supported by fibre mesh (Fig.1.1.1 d) (Horch et al., 2005).

These 3D models have the potential to become a fundamental research tool in
cell biology especially because of their physiological relevance. They provide the
advantage of pathophysiological gradients as a disease model for cancer, rapid
experimental manipulations and a better real-time and/or fixed imaging system than
animal models. 3D models enable the collection of data from different fields like
genomics, proteomics and molecular cell biology. Those powerful tools are of value in
drug discovery and clinical research by generating physiologically relevant screening
assays.

The recently started “registration, evaluation and authorization of chemicals”
program of the EU (REACH) is a large-scale toxicity screening endeavor and will require
millions of laboratory animals. Recent estimations published in Nature says that
approximately 54 million test animals will be needed for REACH (Hartung and Rovida,
2009). As an alternative, organotypic 3D models can be established to minimize the

amount of test animals. This is more ethical and less costly. A big challenge for the
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future of the life sciences will be to further explore 3D culture models and to establish
them as standard models.

Compared to 3D in vitro systems 2D in vitro assays can also be adequate
systems to replace animal models for REACH. Simplified in vitro cell culture
experiments for high-throughput screenings can be a valuable alternative in the
current chemical safety assessment procedure. An important field of the substance
evaluation is neurotoxicity. Unfortunately, the data from in vitro experiments and the
ones from the gold standard, acute oral in vivo toxicity tests did not correlate, making
the development and validation of new cell based in vitro assays necessary to provide
better predictive data and to avoid animal tests. New platforms should produce
equivalent results to existing methods to act as a reference standard and to get
accepted by neurotoxicologists. Neurite outgrowth assays are valuable 2D models to
determine development, inhibition and degeneration of neurite outgrowth.
Interconnection and networking between neurons are also critical cellular events
which should be mimicked in new in vitro assays as they are hallmark
neurodevelopment endpoint indicators. The commonly used neurite outgrowth assay
determine sparsely seeded neurons and their outgrowth which is extremely time
consuming and manually intense. Automated image capture systems can help
analyzing the chaotic neurite outgrowth, but for this the neurons need to be fixed and
antibody stained (Radio et al., 2008; Ramm et al., 2003) which terminates the
experiment and the dynamic networking progress. Simple methods to quantify the
neurotoxic effects of the test substances are still needed; this thesis will demonstrate
the value of microtechnologies to develop relevant biological models and effective
analytical tools.

With the aid of microtechnology microfluidic systems have been developed to
determine axon guidance (Dinh et al., 2013; Francisco et al., 2007) and neuronal
regenerative processes (Taylor et al., 2005; Taylor et al., 2003). Simple cell patterning
methods (Folch et al., 2000; Kane et al., 1999; Mrksich et al., 1997; Whitesides et al.,
2001) have been used to spatially control neuron cells and to couple them with
electrodes for potential propagation measurements (Mourzina et al., 2006; Romanova

et al., 2004). A huge step forward was the development of the microcontact printing
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method for patterning adhesion molecules and thus pattern cells (Ruiz et al., 2008;
Singhvi et al., 1994). These established microtechnologies aid to advance spatial
organized 2D cell platforms to answer certain neurobiology questions and challenges

in the life sciences.

1.2 Photolithography and soft lithography

Photolithography is a process that uses light to transfer a geometric structure
to a photosensitive chemical; it is commonly used in the semiconductor industry to
microfabricate integrated circuits (Qin et al.; Xia and Whitesides, 1998b). Today
photolithography has been adopted by a wide variety of other fields, and is
increasingly being used to impact biological research and medicine. Photolithography
can be described as a process where a pattern will be transferred from a mask onto a
thin film of photoresist (photosensitive polymer) that is supported on the surface of a
substrate. The first step when using photolithography is the creation of a pattern via
industry standard computer-aided design programs like AutoCAD or Coventor, or
freeware such as L-edit or DraftSite. The patterns are typically transferred with an
electron-beam writer to a thin layer of chrome onto an optically transparent (250-2400
nm) quartz substrate. Alternatively, high resolution ink-jet printing (32-128,000 dpi)
onto acetate films can be used for lower-resolution applications where good UV
transmission is not critical for the photoresist chemistry (Palmer and Decker, 1973). A
silicon or glass wafer spin coated with a thin film (typically, sub-micron) of photoresist
is placed behind the mask and a source of ultraviolet light. The mask and wafer are in
close contact while the UV exposure transfers the pattern to the photoresist supported
on the wafer. UV exposure goes through regions of the mask which are without a
chrome layer and activate the photoresist, whereas chrome shield areas stay
inactivated. Two different kinds of photoresist types can be used: With positive
photoresist (e.g. AR-U4040) the UV treated regions are soluble and can subsequently
be removed with an organic solvent (e.g. acetone), whereas the untreated areas are
insoluble creating an inverted pattern of the mask. With a negative photoresist (e.g.

SU-8) the pattern of the chrome mask gets replicated. The UV treated regions are
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insoluble whereas untreated areas are dissolved by a solvent to create a pattern
consisting of areas with and areas without photoresist. The features of the produced
pattern can be as small as 100 nm, with a vertical dimension between 100 nm and
hundreds of microns. For example, different grades of SU-8, a negative photoresist,
can be used for the realization of structures in the range from a micron to 100 microns.
Multi-layer processing can be used to achieve millimeter scale patterns (Michel et al.,
2001).

The first demonstrations of the use of photolithography for cell patterning were
in the 1990’s. Healy et al coated a glass slide with photoresist and patterned it with UV
treatment (Healy et al., 1994; Healy et al., 1996). An alkylsilane was covalently bound
to the substrate areas that were exposed (i.e. where the photoresist had been
photolithographically removed), after removing the remaining photoresist the newly
exposed substrate was modified by an aminosilane creating a chemically-defined
surface pattern. Cells attached in a regioselective manner to only the positively charge
aminosilane areas, whereas the uncharged alkylsilane areas prevented cell
attachment.

Photolithography is one of the most powerful patterning tools in
microfabrication. Nevertheless, it has drawbacks and it is not suitable for all
applications: Photolithography is an expensive technology with the need of a
cleanroom for the production of the masters, which restricts the technologies to
laboratories which have access to microfabrication labs. A major disadvantage is that it
is not suitable for patterning non-planar surfaces. The chemistry of the surface is not
very variable in generating patterns of specific chemical functionalities. Especially cells
need adhesion proteins or specific binding motifs, but it is problematic or impossible to
modify a photoresist surface with these substances as the solvents and conditions
required for processing denature and damage biological molecules (Douvas et al.,
2002; Sorribas et al., 2002).

To overcome these problems an additional step has been developed by George
Whitesides and collaborators (Weibel et al., 2007; Xia and Whitesides, 1998b). The
photolithographic wafers were used as masters themself to cast an elastomeric

polymer of the pattern. The fabrication of the master can be commercially outsourced
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or be produced by a microfabrication collaborator, so that the biologists only have to
do the replication bit in their labs. These stamps or moulds replicated from the
masters were made of ‘soft material’ like gels, polymers and organic monolayers
instead of glass or silicon, with the name ‘soft lithography’ coined for this new
technology. A central compound in soft lithography is poly(dimethylsiloxane) (PDMS)
which is used as a soft material to create stamps. Before casting PDMS on the wafer
pattern, the wafer has to be treated with a surface coating such as
hexamethyldisiloxane (HMDS) to prevent the PDMS strongly adhering to the
microstructured wafer surface. Without this step, delamination of the PDMS mould
can, by mechanical action, remove the microstructures, such as SU-8 structures. The
degassed liquid polymer is poured on the master restricted and then thermally cured
(at ~ 70°C) for 30 min (Figure 1.2.1). The peeled off PDMS mould can be removed by
hand and contains an inverted pattern of the features on the surface of the master and

can easily be done by biologists in their own lab.

Uv light

chrome mask

photoresist

silicon wafer

develop

> 4
>

polymerize PDMS
PDMS *

& peel stamp

Figure 1.2.1: Soft lithography (Goubko and Cao, 2009). Photoresist is spin coated on a silicon
wafer. The mask is placed between the photoresist and the UV light. d) UV light exposure

through the mask hard bakes the photoresist. An organic solvent removes the not cross-linked
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photoresist. A master with the critical dimension in bas-relief is shown. e) A PDMS mould is

produced on the master. f) The PDMS stamp has structures embossed in its surface.

A major advantage of soft lithography is that the same master can be
repeatedly used for replication: Moulding a structure from a master can be repeated
more than ten times without damaging the structures of the wafer. And a stamp itself
can be easily reused 30-40 times without any influence of the structure quality. The
second major advantage is that moulding and stamping processes can be achieved
with good results in normal laboratory conditions (i.e. outside the cleanroom), such as
within a laminar flow hood. Therefore, photolithography can be outsourced to
microfabrication facilities such as MST, TU Dortmund and GeSIM. Today this is
inexpensive and within the reach of typical biological research budgets. The
photolithographically-patterned 3D microstructured substrates can then be used for
PDMS replication within the users own laboratory.

These topographically patterned layers of PDMS can themself be used as
masters to transfer the structure into other materials or it can be plasma activated and
sealed against flat surfaces to form microchannels to enable microfluidics (Siegel et al.,
2006; Whitesides, 2006). The PDMS can form microchambers to isolate or culture cells
and more important for this work, the PDMS mould can be used as a stamp for
microcontact printing (LCP); the transfer of (bio) material patterns to a substrate of

choice.

1.2.1 Microcontact printing (LCP)

Microcontact printing (LCP) was invented in the 1990s and was first used to
pattern electronically conductive structures onto gold substrates (Kumar and
Whitesides, 1993). The transfer of this method to cell biology applications happened a
year later. Singhvi et al. (1994) patterned a self-assembled monolayer of alkanethiols
for the spatially defined adsorption of proteins to guide patterned cell attachment
(Kumar and Whitesides, 1993; Singhvi et al., 1994). The direct printing of adhesion

proteins on cell culture substrates was first done by Bernard et al. in 1998 (Bernard et

10
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al., 1998; Bernard et al., 2000). Since then a lot of different materials and surfaces have
been tested for different kind of applications. Several excellent reviews have been
published summarizing these achievements and techniques (Falconnet et al., 2006;
Ruiz and Chen, 2007; Xia and Whitesides, 1998a; Xia and Whitesides, 1998b).

The basis of UCP is the use of an elastomeric PDMS stamp with 3D structures
produced by moulding from a thick photoresist (e.g. SU-8) on a master. The process
can be described as follows: The material to be transferred as a pattern is termed the
“ink”. Oxygen or air plasma is used to activate the stamp surface by increasing the
surface free energy for higher and more reproducible molecule absorption (Figure
1.2.2). The molecular ink such as proteins are solved in buffers and are distributed on
the microstructures of the stamp surface or the stamp is inverted in the buffer
solution. Once the molecules have adhered on the stamp surface (typically in minutes),
excess solution and unbound molecules are removed by rinsing in water or PBS. The
stamps are then dried and placed into direct contact with a substrate. The PDMS
stamp is elastomeric, such that by only gently pressing the stamp it conformally
contacts the surface for molecular transfer and adsorption to the substrate to produce
homogeneous and high quality patterns. The molecular pattern is transferred within a
matter of seconds. Using the uCP method several kinds of proteins, peptides or
adhesion molecules can be printed on different substrates. Commonly used proteins
are from the extracellular matrix (ECM), which promote cell attachment on surfaces
such as laminin (Lauer et al., 2001), collagen (Chen et al., 1997) or fibronectin (Klein et
al., 1999; Lehnert et al., 2004). The peptide poly-L-lysine (James et al., 1998) acts as an
electrostatic ‘glue’ to attach negatively charged cell surfaces to the negatively charged
hydrophilic substrate surfaces (e.g. polystyrene and glass). More specific methods
involve the use of synthetic peptides containing the amino acid sequence Arg-Gly-Asp
(RGD) (Schaffner and Dard, 2003), which can directly bind to ECM-binding integrin
molecules present on cell surfaces. After printing the adhesive pattern the intervening
areas are passivated by molecules which resist cell adhesion like serum albumin. It is
also possible to microcontact print cell resistant molecules like poly(ethylene glycol)
(PEG) (Chen et al., 1998; Mrksich et al., 1997; Singhvi et al., 1994) and backfill with

proteins or peptides to adhere cells. Another example is to stamp

11
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octadecyltrichlorosilane (OTS) as a cell repellent material onto silicon wafers and
backfill with N1[3-(trimethoxysilyl)propyl]diethylenetriamine (DETA) to adhere the
cells (Kam et al., 1999; St John et al., 1997). The most commonly used approach is to

print adhesion molecules onto inert surfaces.

Casting method

Cast a silicone replica from the silicon master.

!

Cover the stamp with protein solution.

l

Dry the stamp.

Place the stamp onto the coverslip.

I

Complete pattern.

Figure 1.2.2: Microcontact printing. The PDMS stamp with recessed features gets incubated
with a solution containing adhesion molecules. After drying the stamp gets inverted to contact
print on a cell culture substrate and creates a negative pattern of the stamp (von Philipsborn et

al., 2006).

12
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Printed proteins have to remain functional to enable cell binding. Graber et al.
showed that the most printed antibodies and molecules retain their functionality after
UCP (Graber et al.,, 2003). A second important issue is the way of how printed
molecules bind onto the surface. In the simplest case the molecules are only
physisorbed on the surface (Falconnet et al., 2006); this is problematic in longer-term
cell-culture studies, because cell media (especially when it contains serum) can
interfere with molecule adsorption (Nelson et al., 2003). The strongest binding of
molecular pattern to the underlying substrate is mediated by a covalent linkage. The
formation of covalently linked patterns can be done by silanization of glass or silicon
oxide surfaces (Cornish et al., 2002; Scholl et al., 2000; Wheeler et al., 1999) or the
chemical activation of polymeric surfaces (Hyun et al., 2001; Lahann et al., 2002).

Like every technique uCP has also its drawbacks. The printing quality is very
much dependent on the mechanical properties of the stamp. The stamp must be soft
to guarantee good conformal contact, but it must be also rigid enough for the precise
geometric definition of the pattern. This also limits the dimension of the possible
pattern; normal PDMS stamps can have structures as small as 1 um, for the production
of smaller structures down to ~ 100 nm special stamp material is needed (Csucs et al.,
2003a; Lehnert et al., 2004). It is difficult to produce homogeneous prints especially
over large areas (> 2 x 2 cm?), that limits the reproducibility across chip, from chip to
chip and between batch to batch (Fink et al., 2007). In addition, small features spaced
by large distances are difficult to fabricate as a result of ‘sagging’. Those features can
deform under pressure by printing and cause pattern deformation. However, uCP is a
rapid, simple and cheap technique for patterning cells. It can be used outside the clean

room and can easily be adopted by scientists without any training.

1.3 Cell patterning

Microfabrication techniques can help to understand cellular behavior by
controlling the adhesion and the growth area of cells. Patterned cells align themselves
to the shape of the underlying substrate, which induces changes in the cytoskeletal

features. Théry et al. developed arrays to spatially control cell adhesion. They showed
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that the adhesion (micro-) environment controls the cell division axis, (Théry et al.,
2005) the cytoskeletal architecture (Théry et al., 2006a), as well as the internal
organization and orientation of polarity (Théry et al.,, 2006b). The geometrically
defined shape of an adhesive footprint and its size has influence on the cell shape and
various cell fate decisions. The size of the pattern can change the phenotypes of cells.
Cells grown on a restricted area can induce apoptotic cascades (Chen et al., 1997) or
hepatocyte cells decrease their albumin secretion as the adhesive area is limited
(Singhvi et al., 1994).

Another interesting observation has been made with stem cell differentiation.
Mesenchymal stem cells (MSC) were patterned on fibronectin islands of various sizes.
Cells on large pattern areas adhered and flattened, whereas cells on small pattern
stayed in a spherical morphology. The spread cells differentiate into an osteoblastic
phenotype, the spherical cells differentiated into an adipocytic type (Gregoire et al.,
1998; McBeath et al., 2004; Sikavitsas et al., 2001). A crucial parameter in cell
patterning is the shape of the footprint. It could change the cells shape itself, which
has a direct influence on the nucleus. Nuclear distortion by a shape change of the cell
is systematically connected with reduced cell growth (Khatau et al., 2009; Roca-
Cusachs et al., 2008; Thakar et al., 2009). The organelles and the DNA distribution in
cells will be disturbed leading to changes in cell function (Alvarez et al., 1997; Maniotis
et al., 1997). Effects like this could not be observed in typical cell culture dishes, where
cells can grow and spread without spatial restriction.

Micropatterning approaches can mimic the structure, the composition and
mechanical properties of tissues and organs and places individual cells or multi-cellular
arrangements in physiological relevant conditions. The cell morphology depends on
the pattern geometry, affects gene expression, proliferation, differentiation, apoptosis
and with thus cell fate (Chen et al., 1997; Chen et al., 1998). The manipulation and
fine-tuning possibilities of the cell culture microenvironment made by micropatterning

gives fundamental insights into cell biology.
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1.4 Replacement, Refinement and Reduction (The 3Rs)

Animal testing is a central part in many areas of research like genetics,
behavioral studies, developmental biology, toxicology and drug tests as well as
biomedical research. Many achievements especially in pharmaceutical and biomedical
areas have been made because of the use of animals. The results of using animals for
human purposes has tremendous benefits for mankind, and most would argue that it
is preferable to testing humans. Animal tests aid the development of many valuable
materials and methods: e.g. new drugs, cosmetics, new surgery and organ
transplantation methods and many more. In science animal tests are well established
and have been accepted as a reliable tool for gaining new biological information. With
such a methodological tradition it is difficult to faithfully evaluate these and
alternatives. In many cases animal tests are not mandatory or necessary. And most
importantly the animal model does not recapitulate the human biological system (Seok
et al., 2013; Shanks et al., 2009). Animal tests could be replaced by different methods
or if that is not possible at least the amount of animals could be reduced by a better
planning of the experiments. For over 50 years there has been an on-going discussion
on how to deal with animal testing and the associated ethics. In 1959 Professor
William Russell and Rex Burch first introduced in their book “The principles of humane
experimental technique” the principles of the 3Rs: Replacement, Refinement and

Reduction of animal testing. Specifically it states (Russell, 1995):

1. Replacement: Methods should be used, which avoid or replace the use of
animals in an area where they otherwise would have been used to achieve the

same scientific aim.

2. Refinement: Improvements to the scientific methods that minimize potential
pain, suffering, distress and enhance the animal welfare where the use of

animals is unavoidable.

3. Reduction: Methods that minimize the amount of used animals and enable

researchers to obtain comparable levels of information from fewer animals or
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to get more information from the same amount of animals, thereby reducing

future use of animals.

Computer modeling, in vitro methods like tissue engineering or human
volunteers are absolute replacement technologies, which do not need animals at any
point of the experiment (http://www.nc3rs.org.uk). Alternatively there are relative
replacements that avoid or reduce the use of “protected” (living vertebrates) animals.
Animal cell lines could be established; material can be obtained from an abattoir, or
the protected animals could be replaced by other non-protected animals like
invertebrates, such as worms or larvae.

This thesis was also done with the focus to develop new in vitro test assays to
avoid or minimize animal testing. In the following chapter a microchip will be
introduced for the massive production of uniform tumour spheroids. These tumours
can be used to screen databases for potential drug compounds or eliminating the
molecules which does not show any effects. The number of animals tested can
therefore be decreased. The second microarray method is based on the idea of
developing a neuronal network on a chip. This chip will be applicable for testing
chemicals for their neurotoxic and neurodevelopmental effects. Unfortunately the
gold standard dictates the use of primary mouse cells, so that this assay has, in the
short term, to be based on the use of animal cells too as a necessary step towards
validation. Nevertheless, the design of the network formation assay allows obtaining
much more information from a single mouse so that the amount of test animals can be
massively reduced (each NFA chip saves one mouse). Normally 21 mice are needed for
a concentration range experiment of one chemical in triplicate. Compared to this,
taking the cells of one mouse is enough to cover 100 NFA chips to test 3-4 chemicals in
triplicate. Additional, every negative tested chemical saves around 80 mice in the field
of neurotoxicity and even more animals for neurodevelopmental toxicity (~ 140 dams
and ~ 1000 pups). The developed microarray systems should not only fulfill the criteria
of reduced animal waste, but they should also be reliable, simple and easy to handle,

so that scientists can directly adopt this technique in their different laboratories.
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1.5 Content of this Thesis

The research in this study was undertaken with the goal of developing methods
for cell patterning to answer biological questions. The methods are characteristically
inexpensive, rapid, and easy to adopt techniques suitable for cell biology labs. Another
important issue was the development of test systems with the potential to reduce the
use of test animals.

In chapter two the development of a microarray for the culturing of tumour
spheroids using thin film PDMS uCP is presented. Spheroids of human cells can be used
as intermediate models between simple cell cultures and complex animal models. The
use of tumour spheroids for the selective screening of drug compounds reduces the
amount of substances, which ultimately have to be tested in animals. A deeper
characterization of the tumour spheroids growing on microarrays follows in chapter
three. Spheroids grown on chip develop pathophysiological gradients, equivalent to
those occurring in the in vivo state. These influence the uptake of potential drug
compounds. The spheroids are chemosensitive depending of their size and viability. In
an early state the spheroids are healthy and reflect normal human tumours connected
to the blood circulation system. Older and larger spheroids develop a necrotic core and
mimic avascularised tumours, which have different kind of drug targets than
proliferating spheroids. The assay can be used to screen for drug compounds affecting
tumours in different developmental states.

In chapter four the establishment of the network formation assay as a read-out
system for neurotoxicity is described (Frimat et al., 2009). The array has fixed assay
coordinates, defined neurite outgrowth length to easily measure neurite connectivity.
The assay allows the rapid analysis of test substances for their neurotoxic effects on
standard cell lines. To meet the demands of primary and stem cells the patterning
technique requires tracks to enable neurite outgrowths to be extended unhindered by
the local adhesive environment. To achieve this | have developed a novel bilayer
plasma stencilling method. Chapter 5 describes the development of NFA microchip

methods and chemistries suitable for primary and neuronal precursor cells. In addition,
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the research was extended to investigate methods to improve the long-term stability
of the micropatterns for distributed testing.

Taken together, this thesis demonstrates the development and characterization
of techniques and assays for spatially defined biological applications. The techniques
are simple, reproducible, inexpensive, and can straightforwardly be adopted by other
scientists. The presented thesis is truly multidisciplinary, combining surface
modification, material patterning, cell culture and characterization for the
development of in vitro microarray techniques for neurotoxicity testing and anti-

tumour therapy screening applications.
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Chapter 2: Microarrays for Culturing Tumour
Spheroids

The work in this chapter was published in part as:

“Multicellular tumour spheroids: an underestimated tool is catching up again.”
Hirschhaeuser F, Menne H, Dittfeld C, West J, Mueller-Klieser W, Kunz-Schughart LA.
Journal of Biotechnology. 2010, 148(1):3-15. *

* This review was one of the TOP-5 referenced articles of J. Biotechnology in the years

2009-2011.

Part of this work in this chapter won Best Poster Award at Nano-Bio-Tech 2009:

“Micropatterning Approach for the Massively Parallel Production of uniform Tumour
Spheroids.”

Menne H, Frimat JP, Cadenas C, Franzke J and West J. The 13th Annual European
Conference on Micro and Nanoscale Technologies for the Biosciences, Montreux;

Schwitzerland, November 2009.
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2.1 Introduction

The development of new drugs swallows up billions of dollars till bringing it
onto the market. New systems have been integrated into the drug development
process to make this procedure more effective. One very promising approach is the
use of multicellular tumour spheroids (MCTS) in e.g. the field of anti-cancer therapy
platform. Normally, effects of potential drug compounds get tested on a monolayer
cell culture. The drug compounds are in direct contact with the cells; this does not
reflect the tissue architecture, cell-cell and cell-matrix interaction and mass transfer
barriers of in vivo tumour tissues. Unlike classical monolayer culture, tumour spheroids
strikingly mirror the 3-dimensional (3D) cellular context, metabolic and
pathophysiological gradients of in vivo tumours. The main potential of spheroids is the
elimination of poor drug candidates, which shows less efficiency or is slightly toxic, at
the pre- animal and pre- clinical state. Drugs lose efficacy caused by the penetration
barrier and the metabolism in 3D pathophysiological environment, which can be used
as a negative selection process to reduce animal testing. But some potential targets
and signalling pathways especially or even exclusively play a role in 3D environment
(Dardousis et al., 2007; Frankel et al., 2000; Howes et al., 2007; Poland et al., 2002).
MCTS can be used to identify promising drugs candidates which failed in the classical
2D cell assays. The major goal is the replacement of the very simple monolayer culture
system against tumour spheroids. It is a good way to improve the pre-animal and pre-
clinical selection of the most promising drug candidates and develop novel, future-
orientated treatment modalities (Abbott, 2003; Friedrich et al., 2007a; Friedrich et al.,
2009; Kunz-Schughart et al., 2004; Mueller-Klieser, 1997; Mueller-Klieser, 2000).

Drugs tested in a complex system like the MCTS have to deal with or get
influenced by different factors like penetration barriers, altered expression profiles,
signalling pathways of particular targets, modulation of DNA damage and repair
mechanism, and in vivo like distribution of biological response modifiers and survival
signals as well as cell cycle distribution (Hirschhaeuser et al.). Pathophysiological
gradients (oxygen, nutrients, catabolists) are developed in MCTS at diameters between

200-1000 pm. Cells located in the outer rim of the spheroids reflect the in vivo
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situation of tumour cells adjacent to capillaries while inner cells stop proliferating and
eventually die via apoptosis or necrosis. This reflects very well the in vivo situation of
avascularised tumours, micrometastases and tumour nodules (Friedrich et al., 20073;
Kunz-Schughart et al., 2004; Mueller-Klieser, 1987; Mueller-Klieser, 1997; Mueller-
Klieser, 2000; Sutherland, 1988) and it is a classical approach which maintain the
functional phenotype of human tumour cells.

MCTS systems containing not only the culture of one cell type, there is also the
possibility to co-culture spheroids with a second or even more cell types like immune
cells or endothelial cells. Which kind of system is fitting is very much dependent on the
application. Great care is required to take the right model for each therapeutic
investigation: For example monocultures of spheroids from human tumour cell lines
have been proven to be a good tool to study the microenvironmental regulation of
tumour cell physiology and therapeutic problems associated with metabolic and
proliferative gradients in a 3D cell context (Rodriguez-Enriquez et al., 2008).

To fulfil the requirements of getting integrated into a standard drug test
routine the used system has to be well characterized containing spheroid uniformity,
3D cytoarchitecture, pathophysiological gradients, tumour cell response of the in vivo
tumour state and the production of thousand spheroids in parallel to fit the high-
throughput manner. Various technologies have been developed to fit these demands.
Many technologies work with resisting cell-surface interaction to promote cell-cell
coupling and aggregation of dense cellular clusters, like the continuous agitation of cell
suspensions in spinner flasks, roller tubes, rotating wall vessels or gyratory shakers
(Friedrich et al., 2007a; Ingram et al., 1997). The drawback of these technologies is the
inhomogeneous form of the spheroids and the long culture time, nevertheless it is
possible to produce large numbers of spheroids in parallel. Methods for the formation
of homogeneously-sized spheroids are basing on the gravity forced aggregation of
individual cells. Aggregation into a spheroid can be achieved by letting tumour cell
suspensions sediment onto concave and cell repellent surfaces, such as microtitre
plates coated with poly-hydroxyethyl methacrylate (poly-HEMA) (lvascu and Kubbies,
2006) or a droplet air-liquid interface like the hanging drop method (Kelm and
Fussenegger, 2004; Sutherland, 1988; Timmins and Nielsen, 2007). These methods are
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more suitable for small scale production because of being manual intense, tedious and
with limited scope for mass production. The gold standard method is microtitre plates
coated with agarose (Friedrich et al., 2009). It is combining the advantage of producing
relatively homogenous tumour spheroids in high numbers without being too manual
intense. In combination with an automated pipetting system it can be used for high-
throughput screenings. Nevertheless, to drive widespread acceptation of the spheroid
model in cancer therapy process new automated and simple methods for the scalable
production of uniform tumour spheroids are needed (Hardelauf et al.).
Microtechnologies can help aiding these problems, especially tissue
engineering approaches like encapsulating the aggregation process within scaffold
pockets formed by monodisperse microparticles (Lee et al., 2009; Zhang et al., 2005) or
a two-phase microfluidic reactor for droplet preparation (Sakai et al., 2009) tackle it.
Microfluidic systems also have the advantage to provide continuous perfusion to
spheroids in the assembly process. Fluidic devices are produced with the cell repellent
material poly(dimethylsiloxane) (PDMS) (Frimat et al., 2009; Frimat et al., 2009). The
aggregation process of spheroids is a quiet sensitive procedure. A bilayer system with a
semi-porous membrane can be used without interrupting the aggregation too
interface the culture chamber with neighbouring perfusion channels (Hsiao et al.,
2009; Kamei et al., 2009; Powers et al., 2002; Torisawa et al., 2007; Torisawa et al.,
2009) or a central chamber can be separated by micropillars from neighbouring
perfusion channel (Ong et al., 2008; Toh et al., 2007). Another method with similar
effects is hydrodynamic trapping to culture cellular aggregates during continuous
perfusion (Wu et al., 2008). Non fluidic process, like microwell arrays, can be used to
cage cells and let them aggregate during sustained culture. The cells get seeded in
suspension on the wells in equivalent distribution for the automated mass production
of uniform tumour spheroids. Microwell arrays have been fabricated in poly(methyl
methacrylate) (PMMA) by UV-LIGA (Akinari lwasaki, 2009), or in PDMS using
anisotropically etched silicon(Ungrin et al., 2008) or microstructured SU-8 moulds
(Gallego-Perez et al.; Nakazawa et al., 2006; Park et al., 2007). Another method to
avoid cell adhesion is the passivation of surfaces with poly(ethylene glycol). There are

several techniques how to make microwell arrays, like embossing a PEG layer (Karp et
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al., 2007) or by the self-assembly of thiolated PEG onto platinum-coated PMMA
microwells (Sakai and Nakazawa, 2007). Alternatively, adhesion proteins like collagen
(Fukuda et al., 2006; Mori et al., 2008) or Arg-Gly-Asp peptides (Inaba et al., 2009) can
be microcontact printed (LCP) as adhesion islands for spheroids into the microwells to
centre spheroid growth. Fundamentally, uCP of adhesion islands is enough to enable
direct cell assembly and spheroid growth in parallel. Here, the 3D physical
environment gets replaced by a cell repellent background like PEG brushes or
hydrogels (Kojima et al., 2009; Otsuka et al., 2004; Tamura et al., 2008; Wang et al.,
2009; Yoshimoto et al., 2009). This 2D aggregation form enables unstrained growth
basing on a better supply with nutrients and waste removal.

In this study we used thin film PDMS micropatterning for the scalable mass
production of uniform and metabolically-relevant tumour spheroids and demonstrate
the value of this approach for drug discovery applications and cancer research.

Unlike pCP of proteins, where adhesion proteins are printed, PDMS prints
regret cell attachment, but providing areas next to the PDMS prints which are suitable
for cell adhesion. PDMS uCP can be undertaken of tissue culture substrates like glass
or polystyrene. The method works similar like protein puCP, but instead of proteins
liquid PDMS is transferred from a stamp onto a surface and get cured out on a hotplate
to create a stable print. Compared to protein uCP, where reproducibility of pattern
with uniform quality remains challenging, PDMS prints are reproducible and can easily
be proven under a conventional microscope. PDMS has been used before to generate
hydrophobic-hydrophilic contrasting surfaces for patterning cells (De Silva et al., 2004;
De Silva et al., 2006; Patrito et al., 2007; Rhee et al., 2005). Here, PDMS gets
microcontact printed onto standard cellular surfaces to produce micropattern for cell
adhesion. The hydrophobic areas containing PDMS are cell repellent, whereas areas
which stay PDMS free are hydrophilic and thus cell adhesive. In theory, adhesion
proteins in the cell media denaturize on the hydrophobic PDMS surface and lose their
function, whereas proteins on hydrophilic surfaces keep their functionality and

mediate cell adhesion.
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Thin film PDMS pCP can be used to generate single cell arrays, offering
geometrically control of cells as well as precise pattern over large areas with absolute

freedom of design (Figure 2.1.1).

Figure 2.1.1: Thin film PDMS microcontact printing (A), single cell array (B), geometric control
(C) and the Vetruvian man of Leonardo DaVinci showing the precision control over large areas.

This work was done and kindly provided by Dr. Jean-Philippe Frimat (Frimat et al., 2009).

PDMS uCP is a very simple and highly effective method to produce reproducible
pattern from chip to chip and batch to batch for cell adhesion. The lack of complex
instrumentations and missing further surface modification makes PDMS uCP suitable
for the easy adoption in the biology community. It can be used as a highly reproducible
tool providing lots of uniform tissue for statistically relevant data output and help to
develop new test platforms for cell biology. Here, we show the capabilities of such a
tool in form of the scalable production of uniform tumour spheroids for anti-cancer
research. Another platform basing on PDMS uCP, called the network formation assay,

will be described in another chapter.
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2.2 Material & Methods

2.2.1 PDMS microcontact printing

In this study a hexagonal design of cell adhesion islands with a diameter of 150
pum were used to pattern liquid PDMS on a glass surface across an area of 20 x 20 mm

(Figure 2.2.1).

Figure 2.2.1: AutoCAD file showing the arrays with 1675 x 150 um adhesion islands for the

production of large numbers of spheroids.

Spatially differentiated designs consisting of arrays with different pitch
diameters and different numbers of adhesion islands were used in this study: 400 um
(x 2411), 450 pm (25 sub-arrays totalling 1675), 700 um (x 739), 1000 um (x 409), 1250
pum (x 263), 1500 pum (x 149), 2000 um (x 104). PDMS stencils were prepared by
moulding SU-8 masters fabricated by standard photolithography methods. A PDMS
prepolymer (Sylgard® 184, Dow Corning) was mixed with curing agent at a ratio of 10:1
(w/w). The mixture was degassed for 30 min by using a vacuum chamber. The stencils
were created by pouring PDMS onto the SU-8 master bordered by a frame and cured
at 70°C for 20 min. The SU-8 mould incorporated protruding circular structures causing
in PDMS stamps with recessed features. The PDMS stamps were inked by conformal
contact for ~ 10 s with a liquid PDMS and curing agent mixture (5:1, w/w) prepared by

spin coating a 500 puL volume of PDMS in chloroform (1:10, w/w) on a glass slide for
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30s at 6000 rpm. The inked stamp was used to make a preprint (to be discarded) on a
polystyrene surface to remove excessive PDMS. The second print has higher feature
resolution than the first print and was done on a glass culture slide. The microcontact

printing process is illustrated in Figure 2.2.2.

contact
inking

spin-coated
liquid PDMS

contact
printing

tissue culture
substrate

stamp removal
and curing

thin film PDMS
micropattern

Figure 2.2.2: Schematic of the uCP process. A PDMS stamp with recessed features gets inverted
and covered with liquid PDMS ink by contact (A), the liquid PDMS ink is transferred to a cell
culture substrate by contact printing (B); and by removing the stamp and thermal curing the

print remains on the substrate (C)(Frimat et al., 2009).

Thermal curing on a hot plate at 70°C for 10 min is enough to produce a stable thin
film PDMS pattern on glass. The glass surface bordering the print was passivated with

PDMS to restrict seeded cells to the adhesion spots alone.

2.2.2 Cell culture

Human colon carcinoma cells HT29, NCI-H1792 lung carcinoma cells and BT474

breast carcinoma cell lines were purchased from DSMZ (Germany) and ATCC (USA).

26



Chapter 2: Microarrays for Culturing Tumour Spheroids

Cell culture media and consumables were ordered from Sarstedt AG& Co. (Germany).
The Dulbecco’s modified eagle media (DMEM) was modified with 10% (v/v) foetal
bovine serum (or 10% (v/v) foetal bovine serum gold (PAA, Germany) for the HT29 cell
line), 1% (v/v) Glutamax and 1% (v/v) penicillin and streptomycin. The cells were
cultured at 37 °C in a humidified 6% CO, atmosphere. Cells were harvested using 1 mL
trypsin/EDTA for a 25 cm” culture flask once ~ 80% confluence was attained.

The PDMS surface was not further modified. Cells were seeded on the array
within 1 mL media suspension containing 2 x 10° cells. Media exchange of 6 mL volume
took place periodic every 2-3 days. For analysing the spheroids off-chip they were

harvested by pipetting.

2.2.3 Physical spheroid characterization

The spheroids were documented using an inverted microscope (IX71, Olympus).
Images were recorded using a colour digital camera (XC30, Olympus) and were
analyzed by Cell A (Olympus). Higher resolution images of prints and spheroid arrays
were made by scanning electron microscopy (SEM; Quantam200F, FEl) operating at 90
Pa. SEM imaging with cell compounds required fixation. The arrays of spheroids were
incubated twice in 1x PBS for 5 minutes and then fixed for 24 hours in SAV neutral
buffered 4% formaldehyde (Liquid Production, Germany). Finally the array was washed
in 1x PBS for 5 minutes and air dried for a further 24 hours. For electron imaging the
samples were coated with gold.

Spheroid morphology was determined by embedding them in agarose to
provide a hydrated environment to prevent collapse by dehydration. The spheroids
were inserting into molten 2% (w/v) agarose, following a cooling phase for gelation.
Small cubes (1Imm?3) of agarose containing one spheroid were cut from the agarose
block using a razor blade and analyzed by inverted microscopy from all three axis. The
circularity measurements were done using ImagelJ (NIH).

The spherical shape of the spheroids enables the tissue density to be estimated
from the sedimentation velocity (assuming steady-state sedimentation). Spheroid

sedimentation velocity within a 25 mL serological pipette filled with 1x PBS was
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recorded (1 mL of the volume scale corresponds to 7.75 mm). The Stokes equation was

used for calculating the spheroid density:

_ 2rzg(ps - pf)

s Stokes equation

9
Converting to density gives:
17108
pS _ pf = 2
2r2g

vs = sedimentation velocity (m/s)

r =radius (m)

ps = density spheroid (kg/m?3)

ps = fluid density (kg/m?)

n = fluid viscosity (1.002 x 10 kg m™s?)

g =gravity (9.81 m/s?)

The number of cells per spheroid was determined by pooling 30 spheroids together in
triplicate. The supernatant was removed and the spheroids were washed twice with 1x
PBS, following a trypsin treatment for 30 minutes at 37°C with vortexing every 5
minutes. An aliquot of 100 pL of this single cell suspension was diluted in 10 mL
Casyton for cell counting with a Casy® instrument (Innovatis AG, Germany).

An accurately model of the volumetric growth of avascularised spherical tissues
is the Gompertz equation (Brunton and Wheldon, 1980; Chignola et al., 2000; Kunz-

Schughart et al., 1996). The spheroid volume at a given time, V), is given by:

% exp“’ B-exph)

Vi, =V

(t) (0)

Where Vg is the initial spheroid volume, a is the growth regression rate and B is a

growth retardation constant. The growth behaviour of spheroids on microarrays with
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pitches ranging from 400 to 2000 um was evaluated with the Gompertz equation. The

spheroid volume V; was calculated from the diameter using a capped spherical model:

V. = (4/37r%) - (h(3a2 + h?)/6)

Figure 2.2.3: Geometric spheroid model

r = radius of the spheroid
a = radius of the cap (adhesion spot)

h = height of the cap

29



Chapter 2: Microarrays for Culturing Tumour Spheroids

2.3 Results & Discussion

2.3.1 The Spheroid Microarray

The principle of thin film PDMS microcontact printing (LCP) on cell culture
substrates is to provide areas where cells can bind, next to areas which resist cell
adhesion. A stamp with recessed features and the following print on glass are shown
Figure 2.3.1. The PDMS covers the glass with the exception of areas where the
recessed features had been. Proteins and with this cells can adhere on the glass spots,

whereas on the surrounding PDMS cell binding is not possible.

Figure 2.3.1: SEM images of a PDMS stamp with recessed features (left) and the complimentary

thin film PDMS print with spots exposing the glass substrate where cells can adhere (right).

In our experiments the PDMS is characteristically hydrophobic with a contact
angle of 107.4 + 1.5°. Adhesion proteins which are needed by cells to adhere on cell
culture substrates, denaturise on the hydrophobic surface causing in a loss of their
functionality. The conformation change of the proteins also changes the position of the
binding motifs for the surface receptors of the cells, so that cells cannot bind on the
denaturised proteins. White light interferometry (WLI) has been used to characterize
the second prints normally used as the adhesion platform for cells. The thickness of
the printed structure had a height of ~ 40 nm (Figure 2.3.2). Topographical analysis

showed “sand bag” features on the border between PDMS and substrate with a
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maximum of about 120 nm. The source of this extra PDMS is likely from PDMS
adsorption and capillary flow onto the vertical surface of the stamp features during
printing process (Suh et al., 2001). Nevertheless, the overall thickness of the thin film
PDMS remains much lower than the size of an adherent cell (~2 um), so that the prints

can be consider being essentially 2D in nature.

mm

Figure 2.3.2: White light interferometry analysis of a thin film PDMS print. The square provides
“sand bags” on the border of a maximum height of 120 nm (yellow peaks) surrounded by the

thin film print of an average height of 40 nm.

A hexagonal design was used throughout this study to provide equally spacing
between spheroids and with thus uniform diffusion gradients surrounding them.
Different sizes of adhesion island diameter were tested to find optimal growth
conditions for spheroids (70 um, 150 um and 250 um spot diameters). Spheroid
growth on 70 um was too long to produce large spheroids, whereas on 250 um spot
arrays the cells formed a carpet instead of tumour spheroids. A spot diameter of 150
pum provided good growth kinetics and was chosen for the culture of large and
homogeneous sized tumour spheroids.

Traditionally used production methods for spheroids involves the clustering of
cells within a droplet or wells with a concave surface over a period of 3-4 days (Figure
2.3.3). The spheroids aggregate by gravity force, whereas the droplet curvature forms

the spheroids.
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Figure 2.3.3: The gold standard hanging drop method. A droplet of single cell suspension gets
manually pipetted on a petri dish lid and turned around (A). The cells sediment by gravity force

(B). The concave surface of the droplet forces the cells in a spherical form (C).

The array method provides the cells only a 2D flat surface for adhering.
Nevertheless, the cells grow on this flat surface to a nearly perfect spheroid. A small
subpopulation of proliferating cells within each adhesion island lead to the growth into
a compact cellular structure. This expansion from a small subpopulation into a
spheroid may more accurately reflect the lineage expansion during in vivo tumour
development (Clarke et al., 2006).

For the production of tumour spheroids 2 x 10°> HT29 human colon carcinoma
cells were seeded per array. After a sedimentation and assembly period of 3 days, not
adhering cells were removed and fresh media was exchanged every other day.
Spheroid development on array can be divided in three different growth phases.
Within 24 h the cells adhere to the adhesion islands supporting 40-50 cells (Figure
2.3.4 A). In the following 24 h the cells assemble together into a smooth monolayer
(B). In the first 48 h the cells cover the complete available surface area; proliferating
cells have now only the possibility to grow into top direction leading to the formation
of a 3D tissue, producing a hemisphere by day 4 (C). The spheroids are fully developed
after a period of 10 days with a spheroid diameter of 235 um (SD + 12 um) (D).
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®
© D

Figure 2.3.4: Spheroid development. Cells assembly after 24 h (a) and grow into a monolayer

200 um

(b), hemisphere forming after 96 h (c) and a fully developed spheroid after 10 days (d).

The formation of spheroids on a 2D platform is possible, because the cells show
strong cell-cell and cell-matrix interactions. During array-based culture the gene
expression of E-cadherin is significantly up-regulated (p < 0.001), whereas the
expression of a5B1 integrin remains unaltered (Figure 2.3.5). These results promote

the formation of tightly packed 3D cellular bodies.
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Figure 2.3.5: Gene expression analysis. The expression of integrin stayed the same for
monolayer culture and spheroids, whereas the production of E-cadherin was significant up-

regulated (*p < 0.001).
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The aim of array-based spheroid growth was the mass production of uniformly
sized- tumours with a spherical morphology larger than 200 um. Spheroids developed
on the original used 450 um pitch system started with a diameter of 140 um (SD + 7)
on day one and ended with a diameter of 254 um (SD + 21) on day 12 (figure 2.3.6).
Spheroid growth follows a sigmoid trend (Marusic et al., 1994) with standard deviation
less than 10% throughout growth. For research purposes it is necessary to standardize

the size of spheroids to guarantee similar experimental conditions.
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Figure 2.3.6: Spheroid growth monitored over a period of 13 days on a 450 um pitch array with

150 um adhesion islands.

The microarray technology allowed the development of spheroids larger than
200 um; another very important issue is the spherical morphology of the tumours.
Only the spherical shape of tumours guarantees the symmetrical diffusion of oxygen,
nutrients, metabolites and finally drugs. For the determination of the sphericity of the
produced tumours, the spheroids were harvested of the array and embedded into an
agarose hydrogel for 3-axis imaging (Figure 2.3.7 C). The spheroids were individually
injected into warm molten agarose, which was rapidly cooled down to position the
spheroids within the polysaccharide. The agarose was cut into cubes containing a
single spheroid and analyzed from all three sides of the cube by bright field microscopy

giving a 3D impression of the spheroid.
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Figure 2.3.7: Spheroids grown on the array showed high uniformity and spherical morphology.
SEM imaging of a formaldehyde-fixed array showing homogeneous sized spheroids (A) and a
single adhering spheroid on an island (B). Agarose embedding was used for 3-axis imaging (C),
the circularity measurement of the shown spheroid (x = 91%; y = 93%, z = 94%) was done with

ImagelJ.

The circularity of all three axis of the spheroids were analyzed with Image)
determined to be x = 91%; y = 92%, z = 93% (n = 6). As shown on Figure 2.3.7 the
spheroid has a truly spherical geometry making them a good mimic of an avascularised
in vivo tumour. The sphericity enables the determination of the tissue density by
sedimentation rate analysis.

The density is an important indicator of life-like tumour spheroids, which are
compact and characteristically organotypic dense packed. Spheroids which are loose
packed and have a low density can disaggregate during testing periods. Spheroids
grown on a microarray had typically a density of 1040 kg/m?3, which is equivalent to the
density of in vivo tissues. Because of this high compact quality the spheroids can easily
be harvested by pipetting without damage for off-chip investigations.

To determine the density of the spheroids, sedimentation rate analysis was
done. Individual spheroids were pipetted into a capillary with graduated length. As the
spheroids reached their terminal velocity the time was measured, which the spheroids
needed to sediment for a defined length (1.55 cm). The Stoke's equation was used to

calculate the density of the spheroids (Chapter 2.2.3).
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2.3.2 Mass production of uniform tumour spheroids

The microarray technology fulfilled many important requirements of spheroid
production, like uniformity and spherical morphology of cultured spheroids as well as
dense spheroids. Also spheroids on our microarrays grow into a spherical form,
starting from just a couple of cells, reflecting an in vivo avascularised tumour much
better than a spheroid formed by aggregation. It would also be possible to create
microarrays to grow spheroids starting from single cells, which aids identifying
progenitor tumour cells. Another very important issue is the mass production of
tumour spheroids to match the demands of high-throughput screenings.

Our arrays can be used as mother dishes for the highly parallel production of
uniform tumour spheroids. Only a single pipetting step with a cell suspension is
needed for the automated mass production, whereas the formation of spheroids by
the hanging drop or agarose overlayer method requires individual pipetting steps per
spheroid. The array method is not only a much faster technique it also eliminates
pipetting errors and makes media exchange tremendously easier without the risk to
lose spheroids. Media exchange e.g. cannot be done by spheroids growing in a hanging

drop.

Figure 2.3.8: Mass production of tumour spheroids on an array with a pitch of 450 um. Image
compilation of a 0.55 cm? region of an array containing 137 uniformly sized spheroids following

culture for 5 days.
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The microarray provides an area of 20 x 20 mm with 1675 adhesion islands for
the parallel production of tumour spheroids. The occupancy level across chip, chip to
chip and batch to batch was > 95%, showing the high efficiency of the microarray
technology (Figure 2.3.8).

To demonstrate the mass production capabilities, six arrays were placed into a
standard 6-well plate (altogether 10,050 adhesion islands) for spheroid culture shown

in Figure 2.3.9.

Figure 2.3.9: Standard 6-well plate containing the microarrays. The inset picture shows a
detailed view on a chip, showing hundreds of homogenous sized tumour spheroids growing in

parallel.

The occupancy level was 97.3% (9779 spheroids in total) and the harvesting
efficiency was 99.0%. Altogether 9678 (96.3 %) uniformly sized spheroids were
produced, showing the high efficiency of the preferential cell resistant PDMS pattern.
These levels of production fit easily the requirements of high-throughput screenings.
Microarrays can like the hanging drop method be used as a mother dish for spheroid
mass production, but with the advantage of being manually simple and fast. Instead of
pipetting 10.000 single droplets the microarrays reduce the pipetting steps to 1 mL cell

suspension per well in a 6 well plate.
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2.3.3 Growth kinetics can be manipulated by pitch tuning

Spheroids cultured on our original microarray design (450 um pitch, 1675
adhesion islands) had a maximum size of 254 um (SD * 21, Day 13). Is there a
possibility to generate larger spheroids on microarrays and what requirements are
needed for that? To answer these questions, a different approach was designed: The
pitch which is separating the adhesion islands was changed. Experiments using arrays

with pitches from 400 to 2000 um were undertaken.
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Figure 2.3.10: Spheroids growth curve for 400 to 2000 um pitches (A). A Boltzmann function
was used to fit the sigmoid curves. The spheroid diameters were highly uniform (SD < 10%, data
not shown). Array pitch variation impacts the final spheroid diameter (104 adhesion islands per
array) (B). Adhesion island number variation by fixed pitch distance of 400 um had minimal
effect on the final spheroid diameter (C). Measurements were done in triplicate, with each

involving 15-30x spheroid diameter measurements.
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Spheroids grown on the smallest pitch distance of 400 um produced spheroids
with maximal diameters of 200 um (SD + 11) (smaller spheroids than the one grown on
a 450 um pitch system) by day 16. Even larger HT29 spheroids were produced on 700
um pitch arrays with maximal diameters of 276 um (SD % 25) by day 17. This is
equivalent to HepG2 spheroids cultured on 600 um pitch arrays (Tamura et al., 2008)
the largest previously reported array-cultured spheroids. Compared to spheroids
grown on our 2000 um pitch arrays (548 um (SD + 45 by day 27) the HepG2 spheroids
are small. The different growth curves are documented in figure 2.3.10. The sigmoid
growth characteristics indicate that over time nutrient availability and waste removal
becomes limited during sustained culture.

On the microarrays it is now possible to culture very large spheroids, but to
distinguish if spheroid density (different diffusion gradients) or available volume per
spheroid or a combination of both is the important factor another experiment has to
be done.

There are two different parameters, which can be varying: The pitch and the
total amount of adhesion islands on the chip. In the following designs, one parameter
was always fixed, whereas the other one was changed. The first array set had a fixed
number of adhesion islands (104 per chip) with varying pitches (400, 700, 1000, 1250
and 2000 um, Fig. 2.3.10 (B)) to prove the effect of available volume per spheroid. The
second set had a fixed pitch of 400 um with different numbers of adhesion islands
(104, 351, 739, 1306 and 2411, Fig. 2.3.10 (C)) for proving spheroid density. The arrays
with variation number of adhesion islands had minimal effect on spheroid growth, so
that spheroid density is not the critical factor. The approach with the different pitches
providing more volume per spheroid in a sustained culture, which dramatically affect
spheroid growth (cell division rate), growth duration and consequently the final
spheroid size. The less array density the more diffusive exchange of media and waste
removal gets limiting. This effect can be observed from pitches of 400 um to 1250 um
leading to enhanced growth. Arrays with pitches larger than 1250 um (1.35 mm? per
spheroid) does not show enhanced growing, no diffusive competition of media
anymore of neighboring spheroids. At this dimension the total volume of media gets

limiting. A spheroid on 2000 um pitch array has a volume available of 60 pL, compared
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to 200 uL per spheroid in the liquid overlay method. The final size of spheroids in the
liquid overlay method is larger, but in return not as large as spheroids made by spinner
flask. The final size of a spheroid is very much dependent on the total available volume
of media and the production method. The original working condition of the microarray
system was 6 mL media in a small petri dish with media exchange every other day. To
enhance spheroid growth the total volume of media can be raised and use more
frequently media exchange (e.g. daily or every 12h) or media perfusion. Without these
modification large pitch arrays (< 1250 um) still produce spheroids with large
dimensions (= 500 um) which mimic the pathophysiological state of avascularised
tumours and in vivo like mass transfer gradients.

The Gompertz equation (chapter 2.2.3) is an established method to describe
volumetric spheroid growth (Kunz-Schughart et al., 1996) and was used to evaluate the
growth kinetics by curve fitting (Figure 2.3.11). The spheroid volume was calculated

using a capped spherical model, subtracting the part lost by the adhesion island.
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Fig. 2.3.11: Volumetric growth plotted with Gompertz function for spheroids cultured on
pitches ranging from 400 to 2000 um. Curve fitting correlated well with the data (r? < 97%). The
correlation is greatly increased (r? < 99%) for spheroids cultured on arrays with pitches < 1000

um.
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The excellent correlation values (r? < 99% for pitches < 1000 pm and r? < 97% for
pitches of 400-700 um (capped spheroids)) indicates that the microarray technology
impart the same growth kinetics as other traditional spheroid culture methods.

The spheroids cultured on the different pitch arrays were harvested at the
plateau phase and characterized in terms of diameter, cell number, density and
sphericity (Table 2.3.1). The cell number was proportional to the spheroid diameter

indicating homogeneous densities.

Table 2.3.1: Physical characterization of tumour spheroids on arrays with different pitches.
Spheroid diameter measurements were average of 30 values, the cell number obtained by
triplicate pooling 30 spheroids and the density value has been calculated from 5 sedimentation
rate measurements. Tumour sphericity was measured by 3-axis imaging 5 spheroids following
by a circularity analysis using Imagel. The lowest measured value was set as x-axis and the

highest as z-axis value. A value of 100% on all three axes would indicate perfect sphericity.

Array | Harvest | Diameter Cell Density = Sphericity

pitch day um number kg/m?3 X-axis y-axis | z-axis
pm %) %) (%)
400 16 200+11 2009 +153 | 10447 87+5 91+3 942
700 17 276+25 5984 +297 1047 t6 89+3 91+3 94+3
1000 17 324+30 9438+955 1048 +5 902 91+2 942
1250 17 379+38 15676+709 1037+5 893 92+2 94+%3
1500 27 531+54 - 1033 +5 89+2 91+2 92%+2
2000 27 548 + 45 35000 1035+3 89+2 90+1 92+3

The typically density was 1040 kg/m? in average which is comparable with the
density of organs. Fat tissue has a density of 970 kg/m3, brain 1020 kg/m? and skeletal
muscles 1040 kg/m?® (Dietrich). A dense and robust spheroid enables an easy
harvesting process without damaging the spheroids for off-chip investigations. The
spheroids grown on the different pitch approaches were also characterized in terms of
cell number. The input number per microarray was 2 x 10> HT29 cells, in average 25

cells / adhesion island adhered in the spots after 24 h. Unspecific binding cells were
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washed away. The final cell number of a spheroid was measured using the Casy®
instrument. The increase of cell number is proportional to the size of the spheroid. The
circularity of all three axes was ~ 90% showing highly spherical tissue assembly.
Sphericity is an important fact for equivalent distribution gradients in tumours and
mandatory for an effective spheroid model, alike densely organized cellular structure.
In addition the microarrays produce uniform spheroids in large numbers with sizes
ranging from 200-550 um in a highly reproducible way with minimal effort required for
preparation. All these qualities make the microarray method a good competitor to

other available spheroid production methods.

2.4 Outlook and Conclusion

PDMS microcontact printing is a reliable tool for the production of microarrays
for tumour spheroid culture. These microarrays can be used for the automated and
scalable production of tumour spheroids with diameters of 200 um to 550 um. The
spheroids grow in sustained culture with optimal growth kinetics on arrays with pitch
of £ 1250 um. The microarray technology allows the mass production of highly uniform
tumour spheroids with different scales and different magnitude gradients for the
analysis of potential drug candidates.

In the present study we worked with human colon carcinoma cells (HT29) for
the massive production of tumour spheroids. To demonstrate the wider application of
the microarray, BT474 breast carcinoma and NIC-H1792 lung carcinoma cell lines were

used for culturing tumour spheroids (figure 2.4.1).
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Figure 2.4.1: Spheroid production on a thin film PDMS microarray. Spheroids cultured of BT474

cells at day 3 (A) and NCI-H1792 cells at day 7 (B).
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Other spheroid forming cell lines including members of the NIH-DTP 60 cell line are
likely suitable for array-based culture (Friedrich et al., 2007a; Friedrich et al., 2009).

A more direct application of our microarray system is the potential to monitor
specific growth inhibition experiments in situ with coming back to the same spheroid
every day. For the better detection of inhibitory effects, large pitch arrays will be
required to support optimal growth and the spheroids do not inhibit the growth of
their neighbor spheroids. Because of the fixed coordinates of each spheroid this
method can be combined with automated imaging for a high content screening
approach to therapy testing. The in situ anti-cancer therapy screening method can be
further improved by packaging the microarray platform within the industry standard
microtitre plate format for lower volume drug testing. The PDMS material used for the
spheroid arrays could also be used for plasma bonding (Chaudhury and Whitesides,
1992). In each well of a 96-well plate (@ = 6.5 mm) 14 spheroids separated by a pitch of
1500 um are fitting to provide more replicates for enhanced statistical confidence, for
higher throughput screening 3 spheroids can be placed in each well of a 384-well plate
(@ = 3.0 mm), but with lower confidence. Arrays with 400 um pitch can be used to
produce large numbers of small spheroids. 480 fit within each well of a 96-well plate
and 100 in a 384-well plate. With these simple modifications the potential of the
spheroid array format can be greatly enhanced for spheroid research in both academic
and industrial trails.

In this chapter is shown that spheroids can be cultured on microarrays growing
from a 2 dimensional starting point of a few cells to a fully developed spherical tumour
within 2-3 weeks. The spheroid end-size can be manipulated by pitch tuning with a
maximum spheroid size of 550 um. The mass production on the microarrays allows
high-throughput analysis of potential drug candidates.

To fully validate the microarray spheroids and to determine their suitability as
models for testing anti-cancer treatments, the next chapter involves biological
characterization, gene expression and protein distribution analysis. Finally the
spheroids were evaluated as tissue models for a dose response experiment with the

anti-cancer agent irinotecan.
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Chapter 3: Chemosensitive Tumour Spheroids

The work in this chapter was published in part as:

“Microarrays for the scalable production of metabolically-relevant tumour spheroids: A
tool for modulating chemosensitivity traits”.
Hardelauf H, Frimat JP, Stewart JD, Schormann W, Chiang YY, Lampen P, Franzke J,

Hengstler JG, Cadenas C, Kunz-Schughart LA and West J; Lab on a chip. 2011,
11(3):419-28.
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3.1 Introduction

On-chip spheroid research has almost exclusively focused on the physical
characterization of spheroids like size, shape and total cell number (Otsuka et al., 2004;
Sakai et al.,, 2009; Sakai and Nakazawa, 2007; Tamura et al., 2008). The biological
aspects of spheroid production are a very important part of providing a useful tool for
anti-cancer research. The pathophysiological gradients (Fig. 3.1.1) of a spheroid play a

crucial role in the intake and the metabolism process of potential drug candidates.
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Figure 3.1.1: Shematic median section through a tumour spheroid (Hirschhaeuser et al.).

Tumour spheroids develop chemical gradients (catabolites, nutrient and
oxygen) whereas the outer rim of cells reflects the in vivo situation of actively cycling
tumour cells connected to blood vessels. Cells at the rim are in direct contact to the
cell media and get fully supplied with oxygen. These cells keep on proliferating and are
the first one, which get into contact with a potential drug candidate. Instead of this,
the inner once get quiescent because of the lack of access to oxygen and nutritions.

The metabolism stops working and the cells might die via necrosis or apoptosis. These
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pathophysiological gradients mainly established within raising spheroid size are
comparable with the situation of avascular tumours.

Depending of the size and age of the spheroids they have different
pathophysiological gradients, which affect the mode of functioning of drug targets. A
new technology for evaluate drug candidates on spheroids has to be sufficiently well
characterized to resemble the tumour like 3D cytoarchitecture, the pathophysiological
micromilieu and simulate the tumour cell responses on the in vivo tumour state
(Hirschhaeuser et al.). Many technology produce so called spheroids or spheres which
are not more than lose aggregates that easily detach and disaggregate. These
spheroids lack cell-cell and cell-matrix interactions and often the true spherical
geometry. But without these compact cell scaffold the pathophysiological gradients
developed in genuine tumour spheroids is not established. The uniform geometry and
the clear defined 3D structure are mandatory requirements prior to the possibility to
produce thousands of identical tumour spheroids for implementation of the assay into
primary drug testing routines.

The pathophysiological gradients cause intracellular homeostasis of central cells
created by the stress of the diffusion gradients (Hirschhaeuser et al.). This affects in
combination with the complex 3D network of cell-cell and cell-matrix interactions the
expression of RNA and proteins and the penetration, binding and effect of drug
candidates. Dependent on the size of the spheroids the microenvironment and with
this the chemosensitivity to a drug can vary. This provides the possibility to test drugs
in a different state of spheroid growth and viability.

In this study we go beyond the physical characteristics and provide a fully
comprehensive characterization of the biological nature in terms of gene and protein
expressions to complete the physical data from the previous chapter. The resulting
physical-biochemical framework was used to design a dose response assay to compare

chemosensitivity of spheroids in different regimes.
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3.2 Material & Methods

3.2.1 Spheroid Gene Expression

Gene expression analysis: RNA isolation from spheroid and monolayer cultures
was undertaken using the QIAzol Lysis Reagent Kit (Qiagen) following the
manufacture’s protocol. The RNA concentration was determined with ND1000
software (Nanodrop). Reverse transcription polymerase chain reaction (RT-PCR) was
used to reverse transcribed 2 pg gotten RNA with random primers and the high
capacity cDNA Reverse Transcription Kit (Applied Biosystems).

The master mix of a total volume of 10 ul per sample was prepared on ice containing:

10x RT Buffer 2.0 uL
25x dNTPs 0.8 uL
10x RT Random Primers 2.0 uL
Reverse transcriptase 1.0 uL

H,0 4.2 L

For the reverse transcription process following thermocycle profile was used:

Temperature °C Time (min)
25 10
37 120
85 5
4 oo

After completion cDNA was diluted to a final concentration of 10 ng/uL.
Real-time PCR (qPCR) was undertaken with an ABI Prism 7700 (Applied Biosystems)
and the Quanti-Tect SYBR Green PCR Kit (Qiagen).

The mix of a total volume of 25 pl per sample was prepared out of:
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2x QuantiFast SYBR Green RT-PCR master mix 12.5 uL

10x QuantiTect Primer Assay 2.5uL
cDNA 5puL
Hzo 5 U.L

QuantiTect primer assays (Qiagen) were used for the amplification of all gene
expression targets: actin (QT01680476); aSbl-integrin (QT00068124); E-cadherin
(QT00080143); PCNA (QT00024633); cyclin D (QT004925285); p21 (QT00062090); and
VEGF-A (QT01682072).

The following RT-qPCR program was used for the transcription:

Temperature °C Time
Hot start 95 15 min
Denaturation 94 15s
Annealing 60 30s
Extension 72 35s

Denaturation, annealing and extension were run for 40 cycles before finishing with
generating a melting curve from 55 °C to 95 °C. Data were analyzed using the 272
method (Livak and Schmittgen, 2001), where actin was used as the housekeeping gene
and the untreated monolayer cultures used as the calibrator. Each condition was

undertaken in triplicate, with each sample measured in triplicate.

3.2.2 Spheroid sectioning

Spheroids sections were made using a microtome (Microm HMA450). The
spheroids were embedded in 1% agarose, fixed in 4% buffered formaldehyde
overnight at 4 °C and then embedded in paraffin for cutting the spheroid in 4 um thick
sections. The paraffin was removed immediately before staining by rinsing in Rotihistol

(4 x 5 minutes), followed by a dehydration series using ethanol (100%, 90%, 70%, 50%
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and 30% for 5 minutes each) with finally rinsing in water. The spheroid staining was
made with Mayer’s haematoxylin (Merck) for 5 minutes and 1% eosin for 3 minutes
both steps followed by a water rinse. Sections were dehydrated in isopropanol and
fixed with Enstellen® (Merck) for microscope imaging.

For the identification of proliferating cells, spheroids were incubated in 10 uM
5-bromo-deoxy-uridine BrdU for 6 hours, followed by a formaldehyde fixation. For
BrdU and HIF-1a immunostaining, antigens were made accessible by placing the slides
in a citrate buffer (0.01M, pH 6.0) and heated in a microwave for 2 x 7 minutes. After
the section of the spheroids cooled down they were treated for 10 minutes with 2 N
HCI. The slides were rinsed twice in 1x PBS and put into a humidity chamber. Non-
specific binding was blocked with 3% BSA/PBS/0.1% Tween 20 for 1 hour followed by
the addition of the primary antibodies which were directed against BrdU (rat anti-
BrdU, Serotec, 1 : 25 in 0.3% BSA/1x PBS/0.1% Tween 20) or HIF-1a (mouse anti-HIF-
1a, Novus Biologicals, 1 : 25 in 0.3% BSA/1x PBS/0.1% Tween 20) and incubation for 1
hour, followed by 1x PBS washing (3 x 5 minutes). Cy2-conjugated rat or mouse
secondary antibodies (Dianova, Hamburg, 1:100 in 0.3% BSA/1x PBS/0.1% Tween 20)
were used for slide incubation for 1 hour and washed with 1x PBS (3 x 5 minutes). The
nuclei were stained for 5 minutes with 4,6 -diamidino-2-phenylindole (DAPI,
Invitrogen) at room temperature. Slides were stored in Mowiol solution and a laser
confocal scanning microscope (Fluoview 1000, Olympus) was used for fluorescent

imaging.

3.2.3 Drug dose response to Irinotecan

To identify the altered chemosensitivity stated of tumour spheroids, a dose
response experiment using the anti-cancer drug irinotecan was undertaken. Spheroids
were cultured on arrays with pitches of 400 and 1500 um with irinotecan exposure for
3 days at concentration ranging from 3.16 uM to 1000 uM. Two approaches were run
in parallel: Irinotecan was added at different time points, during pre-hypoxic and in the
other approach in the hypoxic phase of spheroid culture. Monolayer cultures were

used as experimental controls. Microtitre plate well (96 well plate) were each seeded
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with 6 x 102 cells and cultured for 4 days at 37 °C in a 6% CO, atmosphere. Irinotecan
was exposed at concentrations ranging from 1 uM to 3.16 mM for a further three days.
To measure the inhibitory effects of irinotecan on cell viability (Friedrich et al., 2007b;
Yang et al.,, 1996) the acid phosphatase assay was used. After the exposure with
irinotecan the spheroids were washed twice with 1 x PBS, and then harvested by
pipetting for transfer into a 96-well plate. Both the monolayer cultures and the
spheroids in the microtiter plate were immersed in a 200 plL volume of a 1:1 mixture of
1 x PBS and 0.1 M sodium acetate buffer containing 0.1% Triton X-100 and 400 ug p-
nitrophenyl phosphate (Pierce Biotech Inc.) and incubated for 90 minutes at 37 °Cin a
6% CO, atmosphere. The phosphatase activity was quenched by the addition of 10 pL
of 1 N NaOH to each well and within 10 minutes the absorbance at 405 nm was
measured using a plate reader (Multiskan® FC, Thermo Fisher). The experiment was

undertaken in triplicate with each replicate involving the measurement of 8 spheroids.

3.3 Results & Discussion

3.3.1 Determination of plateau phase spheroids in terms of necrosis,

proliferation and hypoxia

The spheroids cultured on the microarrays have already been physical
characterized, the inner part of the spheroids and their biological profile are analyzed
in the following chapter. Spheroids were harvested in the plateau phase and
determined in terms of proliferation, expression of hypoxia markers and necrosis. The
spheroids were median sectioned and stained with hematoxylin and eosin (HE
staining). For all three chosen plateau phase spheroids central secondary necrosis has
been found (Figure 3.3.1, spheroid diameter 220 um (400 um pitch, harvest day 16)
(A), spheroid diameter 390 um (1250 um pitch, harvest day 17) (B) and spheroid
diameter 550 um (2000 um pitch, harvest day 27) (C)).

The largest spheroids of the 2000 um pitch array (500-600 um spheroids in necrotic
phase) were further characterized: Bromodeoxyuridine (BrdU) was used to incorporate

into proliferating cells. A narrow rim of 25 um at the spheroid periphery was identified
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as the only area with proliferating cells (Figure 3.3.1 (D) green rim). The hypoxia
inducible factor 1a (HIF-1a) was used for immunostaining. Widespread expression of

HIF-1a was identified surrounding the necrotic core of the spheroid (Figure 3.3.1 (E)).

Fig. 3.3.1: HE staining of a 200 um diameter spheroid (400 um pitch, harvested day 16 (A)), a
390 um diameter spheroid (1250 um pitch, harvested day 17 (B)) and a 550 um diameter
spheroid (2000 um pitch, harvested day 27 (C)). BrdU incorporation (green) (D) showing a small
proliferating rim and HIF-1a (green) (E) distribution mapping by immunostaining of median

sections from a largest spheroid. Cell nuclei were stained with DAPI (blue).

Combined, the spheroid is subdivided into three sections: a necrotic core, surrounded
by hypoxic cells and an outer rim of proliferating cells. Sustained culture on arrays is
producing spheroids with different layers caused by the surrounding diffusion
gradients, which indicates threshold levels resulting from the gradients. These
spheroids can be used as models reflecting the pathophysiological state of
avascularised tumours and microtumours in vivo.

Further investigations were done by determining the expression of markers for
proliferation, cell cycle arrest and hypoxia by plateau phase HT29 spheroids. The gene
expression level of four different markers was analyzed: proliferating cell nuclear
antigen (PCNA), cyclin D, p21 and vascularising endothelial growth factor (VEGF). The
expression levels of small (~ 200 um diameter) and large (~ 500 um diameter)

spheroids were compared to a monolayer culture grown under hypoxic condition (1%

51



Chapter 3: Chemosensitive Tumour Spheroids

oxygen) used as a control for depleted oxygen state. The positive control was a
monolayer culture grown under normoxia conditions (20% oxygen). Results are shown

in Figure 3.3.2.
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Figure 3.3.2: PCNA (A), cyclin D (B), p21 (C) and VEGF (D) gene expression level of small (S) and
large (L) spheroids, as well as monolayer samples cultured under oxygen depletion (1% oxygen,
(H)) and normal condition (20% oxygen, (N)). Values are normalized to normoxia monolayer

culture. The experiment was done in triplicate, data points are mean values.

PCNA and cyclin D (Fig. 3.3.2 (A, B)) expression are down-regulated in small,
large spheroids and in the hypoxia sample compared to the normoxia monolayer
culture. The expression for p21 (Fig.3.3.2 (C)) is significant up-regulated compared to
the normoxia sample. Together with the decreased expression of PCNA and cyclin D
this indicates a cell cycle arrest in small, large spheroids and in the hypoxia monolayer
sample. VEGF gene expression, a classic marker for hypoxic stress (promote blood
vessel formation) was equally up-regulated in small (4.23-fold, SD + 1.40) and large
(4.28-fold, SD + 0.33) spheroids. It was completely over expressed in the hypoxic
monolayer (17.14-fold, SD + 2.67).

The expression levels are indicating that both small and large spheroids are

developing hypoxia over time. Different metabolic gradients and pathophysiological
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states will also result during sustained culture causing in the temporary lack of oxygen.
Smaller spheroids will have steeper gradients than larger tumour spheroids.

The question now is, when the spheroids are starting getting hypoxic and from
which time-point on are they developing a necrotic core. Do only spheroids in the
plateau phase have a necrotic core? To determine this; spheroids from a 400 um pitch
and a 1500 um pitch array were harvested at several time points. The median sections
of the spheroids were stained with HE to identify secondary necrosis (Figure 3.3.3).
Spheroids from a 400 um pitch array (202 um diameter SD * 13) developing secondary
necrosis on day 14 when they are already in the plateau phase. The necrosis has a
portion of <5% of the total volume of the spheroid. On the 1500 um pitch arrays
secondary necrosis also became evident (<5% by volume) by day 14 in spheroids with
diameter of 389 um (SD + 26). This conflicts with observations that onset of necrosis is
size depending occurring within 100 to 200 um diameter spheroids (Glicklis et al.,
2004; Tamura et al., 2008; Yoshimoto et al., 2009). But these kinds of spheroids were
grown in microporous or microarray systems with pitch far beneath 1250 um, which is

the required distance for optimal oxygen supply and spheroid growth (Fig. 3.3.3 (B)).

d10 d14

S di

Figure 3.3.3: Hematoxylin and eosin staining of median sections of spheroids grown on a 400-
um (A) and 1500-um pitch array (B). The spheroids were harvested on different days (d7 (day 7)
-> d14 (day 14)). Secondary necrosis occurs in the spheroids both on day 14 marked with

arrows.
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These results show that not only scale is an important factor for spheroid
development, but also the culture history for the development of metabolic and
secondary necrosis. To grow large and viable spheroids in a sustained culture system it
is necessary to have low microwell and microarray densities.

Secondary necrosis is a cause of oxygen and nutrient deprivation; cells do not
have access anymore to essential compounds and so they first get into a hypoxic state
before they die. To determine the first onset of hypoxic stress within spheroids VEGF
gene expression was used a diagnostic marker. Spheroids which have not any access to
blood vessels, try in situation of oxygen absence to promote other cells (endothelial) to
form vessels (up-regulation of VEGF) to get access to blood and with this oxygen. Again
from both systems 400-um and 1500-um pitch arrays a growth curve combined with
the determination of the VEGF gene expression was analyzed and plotted in figure
3.3.4. The VEGF expression level is connected with spheroid size depending on the
different pitches of the arrays. The expression level from spheroids cultured on the
densely packed 400-um pitch arrays were significantly (p < 0.001) up-regulated by day
7 with diameters of 179 (SD + 14). On the larger and less dense packed 1500-um pitch
array VEGF expression was up-regulated (p < 0.001) from day 10 on with diameters of
320 pm (SD * 29).

This later response in a larger spheroid shows, that oxygen supply can be modulated
and controlled over the spheroid density per array. Importantly, these results
demonstrate that the modulation of the array density can be used to produce well-
defined spatio-temporal models of developing pathophysiology. This can be used to
define operation windows of pre-hypoxic, hypoxic (but pre-necrotic) and necrosis
culture phases, in which the effect of metabolic status can be elucidated or the

responsiveness of spheroids to anti-cancer treatments.
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Figure 3.3.4: VEGF gene expression (bars) of spheroids grown on a 400-um pitch (A) array and
1500-um pitch (B) array was determined under the aspect of spheroid diameter (circles) and
time (up to 20 days). Mean diameter values + standard deviations are from 30 measurements.
Expression levels are normalized relative to levels from monolayer cultures. Data points are
mean expression values * standard deviation from triplicate conditions, with triplicate

measurements from each sample (*p < 0.001).

For applications fully viable spheroids are required, the 400-um microarray
system can be used as a mother dish, like the hanging drop method. It is then possible
to create thousands of healthy spheroids, harvest them early before they develop
hypoxia and transfer them for another 24 h into a petri dish with media. Because of
the strongly aggregation of spheroids grown on the microarray, it is no problem to
harvest them in an early stage of development (day 7). The 24 h in a non-adhering
culture flask helps correcting the capped spheroid morphology for natural shape
remodeling (N.C. Rivron et al., 2012) into a highly spherical tissue (x = 91%; y =95%; z =
96%).
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3.3.2 Spheroid chemosensitvity

We have seen in the chapters before that the spheroids on chip develop
pathophysiological gradients, which now should be analyzed in terms of
chemosensitivity. The arrays are used as a mother dish for drug testing of potential
new compounds. The anti-cancer agent irinotecan was used in an in situ dose response
experiment. Irinotecan stops the DNA-replication process in the S1-phase of cells by
inhibiting the DNA-Topoisomerase | (Hsiang et al., 1989; Jaxel et al., 1989). Again arrays
with pitches of 400 um and 1500 um were chosen to compare the response of rapid
and slow growing spheroids. Irinotecan was added at two different pathophysiological
states: pre-hypoxic and hypoxic state (but pre-necrotic) to compare the different
phases of culture. The spheroids were exposure for 3 days with irinotecan on chip,
following a measurement of the acid phosphatase activity in a 96 well plate, a reliable
indicator of viable cell count of HT29 spheroids with diameters up to 650 um (Friedrich
et al., 2007a; Friedrich et al., 2007b). Originally spheroid diameter should have been
used as indicator for drug efficiency, but the spheroids did not response to drugs in a
measureable way. Dead cells do not disappear and spheroid growth was not
compatible with the drug concentration, so that size measurements were unaffected.
The results of the irinotecan treatment on spheroids were compared to the
gold standard method, testing new drug compound on monolayer cultures. The
irinotecan dose-response experiment on monolayer cultures gave a 50% inhibition
concentration (ICso) value of 32 uM (95% Cl 22-49), significantly (p < 0.001) lower than
the ICso values of spheroid cultures: Pre-hypoxic phase spheroids cultured on the 400-
um pitch arrays (Exposure days: 4-7) had an ICsg of 102 uM (95% Cl 49-239) which was
significantly (p < 0.001) increased to 307 um (95% Cl 144-634) during the hypoxic
culture phase (Exposure days: 11-14) (see fig. 3.3.5 (A)) regarding to the changed
metabolism. The pre-hypoxic spheroids cultured on the 1500-um pitch array (Exposure
days: 4-7) had an ICso of 62 uM (95% Cl 23-96) which was also significant (p < 0.001)
increased to 224 uM (95% Cl 123-408) in the hypoxic culture phase (Exposure days: 10-
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13) (Fig. 3.3.5 (B)) depending on the hypoxic metabolism and the increase in spheroid

size.
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Figure 3.3.5: Irinotecan dose response curve with 400-um pitch array (A) and 1500-um array (B)
spheroids in pre-hypoxic (filled circle) and hypoxic (white circle) phase. The irinotecan
concentration is plotted against the acid phosphatase activity (relative to untreated controls)
for monolayer cultures (triangle). Curves were fitted using a Hill function with variable slope.
Mean values + standard deviation is from triplicate experiments, with each replicate involving

the measurement of 8 individual spheroids.

A table with the treatment periods, culture conditions, spheroid diameter, volumetric
growth and the ICsg values can be found in the appendix 1, Table 1. In summary the
spheroids show a very much reduced sensitivity towards irinotecan than simple

monolayer culture.
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In simple monolayer cultures irinotecan has direct contact to the cells. The drug
does not need to penetrate through layers of cells to affect them; the only barrier is
the cell membrane. In spheroids the 3D character, scale, cell proliferation rate and
hypoxia state plays an important role which can lead to reduced drug efficacy.
Irinotecan inhibits DNA synthesis; this explains the reduced drug efficacy in slowly
proliferating spheroids cultured on 400-um pitch arrays. As described in Table 1,
Appendix the cell proliferation rate tends to zero in the hypoxic phase of culture
(spheroid diameter and volumetric growth data) producing spheroids which are only
17 um larger than the one cultured in the pre-hypoxic phase. This still standing of
proliferation (cell cycle arrest) results in a reduced irinotecan efficacy (ICso = 307 uM).
The spheroids cultured on the 1500-um pitch array have a higher proliferating rate
throughout the experimental time-scale (240 um diameter spheroid pre-hypoxic
phase, 363 um diameter hypoxic phases). Here the reduced chemosensitivity can be
caused by the penetration barrier irinotecan has to cross to get into this large tissue.
However, in the hypoxic phase of culture it is unclear, if the increased scale and/or the
metabolic gradients causally relate to the reduced drug efficacy (ICso = 224 uM). To
determine this, more experiments using microarray format are required to figure out

which factors are responsible for the reduced chemosensitivity.

3.4 Outlook and Conclusion

In this study we used our microarray technology for the production of fully
developed HT29 spheroids with diameters up to 550 um. On the microarrays tumour
cells do not just aggregate together, but grow starting from a monolayer causing in
mass transfer gradients surrounding and within the spheroids mimic very well
avascularised tumours in vivo. The array dimensions dictate the spheroid model type
to determine the development of metabolic and pathophysiological gradients. The
microarray technique allows the production of tumour spheroids with different scales
and different magnitude gradients for the in situ or ex situ analysis of potential anti-

cancer treatments. The influence of cell proliferation rate, impact of scale and

58



Chapter 3: Chemosensitive Tumour Spheroids

metabolic status on drugs can be determined. All together these benefits show the
large potential of the array format supporting the widespread adoption of the tumour
spheroid model in anti-cancer treatment investigation, especially under the aspect of
delivering high content information in response to pathophysiological gradients. The
import of our PDMS microcontact printing technology into standard microtitre plates
offers the potential to use the spheroid platform for high-throughput screenings. The
compound databases could be screened under different aspects of drug
chemosensitivity depending on the development and growth stage of the tumour

spheroids.
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Figure 3.3.6: A moulded 1-mm-thick PDMS gasket array (A) can be used to seal printed glass

slides via magnetic coupling to the frame of an industry standard 96-well plate (B).

The present study has been focused on the physical and biological aspects of
the cultured HT29 spheroids that affect chemosensitivity. Other applications are
imaginable like radiotherapy of the spheroids on chip followed by hyperthermia and
chemotherapy, gene therapy or cell-and antibody-based immunotherapy (Desoize et
al., 1998; Desoize and Jardillier, 2000; Dubessy et al., 2000; Mueller-Klieser, 1997;
Olive and Durand, 1994; Santini et al., 1999). Too mimic the heterogeneity of tumour
tissues, the chip can be used for the production of co-culture spheroids like a mixture
of different breast cancer cell types (Karacali et al., 2007) or the mix of cancer cells
with fibroblasts (Friedrich et al., 2007a; Krueger et al., 2005). The investigation field for
spheroid research is huge especially under the aspect to find so called tumour- or
cancer-initiating cells (TIC/CIC) (Ricci-Vitiani et al., 2007; Singh et al., 2004). In theory

one single cell could be responsible for tumour growth. Internal of a cell line
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population cells could show heterogeneity. Microarray technology could help
addressing this question.

Still spheroid culture methods provide tumours with necrotic cores simulating
avascularised tumours or metastasis. Already there are investigations to mix tumour
spheroids with endothelial cells to grow vessels within the spheroid to mimic the
cancer microenvironment in vivo (Hsiao et al., 2009). The challenge is not to produce
vessels, but to initiate a micro-flow through them to supply the spheroids continuously
with nutrients. These models are also used for the identification of pro- and anti-
angiogenic potential of drugs (Ghosh et al., 2007; Kern et al., 2009; Kunz-Schughart et
al., 2006; Wenger et al., 2005).
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Chapter 4: Microtrack patterning improving the

Network Formation Assay

The work in this chapter was published in part as:

“The network formation assay: a spatially standardized neurite outgrowth analytical
display for neurotoxicity screening”.

Frimat JP, Sisnaiske J, Subbiah S, Menne H, Godoy P, Lampen P, Leist M, Franzke J,
Hengstler JG, van Thriel C and West J; Lab on a chip. 2010, Volume 10:701-706*

“High fidelity neuronal networks formed by plasma masking with a bilayer membrane:
analysis of neurodegenerative and neuroprotective processes.”

Hardelauf H, Sisnaiske J, Taghipour-Anvari AA, Jacob P, Drabiniok E, Marggraf U, Frimat
JP, Hengstler JG, Neyer A, van Thriel C and West J; Lab on a chip. 2011, Volume
11:2763-2771*
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“Plasma stencilling methods for cell patterning”
Frimat JP, Menne H, Michels A, Kittel S, Kettler R, Borgmann S, Franzke J and West J:
Analytical and Bioanalytical Chemistry, 2009, 395, 3, 601-609 **

“Cell patterning for spatially standardized cell biology”

Thesis: Frimat JP

* The work presented was highlighted in the media, including the RSC’s Chemical
Technology, the New York Times, the MIT Technology Review, Sat.1, WDR and
Deutschlandfunk.

** Winner of the “ABC Best Paper 2009” award.

A German and an international patent were successfully filed as:

“Verfahren zur Messung des Neuritenwachstums” (,,A Standardized Neurite Outgrowth
Assay“); West J, Frimat JP, Sisnaiske J, Hengstler JG and van Thriel C.

DE 10 2009 021 876.9, EP 09 012 960.2 and PCT/EP2010/002811. May, 2010

Part of this work in this chapter won Best Poster Award at “Marktplatz bio.Dortmund

2011”:
“High fidelity neuronal networks formed using bilayer plasma stencilling.”
Hardelauf H and West J. The 1st Annual NRW Conference on Biotechnologies,

Dortmund; Germany, September 2011.
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4.1 Introduction

In the last chapter the successful establishment of the PDMS uCP method has
been demonstrated for the mass production of uniformly-sized tumour spheroids. In
this chapter a second application, the “network formation assay”, will be described.
Instead of tumour spheroids, neuron cells will be patterned for the screening of
neurotoxic substances. Further improvements of the system lead away from PDMS
MCP to another surface modification to deal with the demands of primary cells.

The nervous system is a very sensitive organ. Chemicals can affect the nervous
system at different end points, like the cytoarchitecture structure of the neurons or
interfere with the neuro-chemical processes, which are responsible for the information
exchange. A lot of daily used substances have never been tested on their neurotoxic
potential. The Europe’s Reach legislation (Registration, Evaluation and Authorization of
Chemicals) and the United States Environmental Protection Agency directives have
now defined that 30.000 chemicals out of 100.000 substances available on the market
must be tested for their toxicity including neurotoxicology. These chemicals have not
been adequately tested nor appropriately evaluated over the last decades.

The basis of valuation is the use of in vivo rodent models, making the screening
of large numbers of chemicals impractical, expensive, time consuming and unethical.
To avoid many animal experiments there is a tendency to use simplified in vitro cell
culture experiments for high-throughput screenings of chemicals (Coecke et al., 2007;
Lein et al., 2005; Leist et al., 2008; Radio and Mundy, 2008). These systems can be used
to identify substances without neurotoxic effects, so that these substances do not
have to be tested in a rodent model. This saves around 80 test animals per negative
tested substance in the field of neurotoxicity and even more animals for
developmental neurotoxicity (~ 140 dams and ~1000 pups).

One promising in vitro approach is the “neurite outgrowth assay” for the
measurement of axonal and dentritic outgrowth (collectively termed neurites in
neurotoxicology). Neurite outgrowth is a sensitive end point for the determination of
neuronal interconnectivity and neuronal network formation and can be used as a

marker for neuronal development. In combination with physiological-basing
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pharmacokinetic models the results of the neurite outgrowth assays correlate well
with in vivo observations and can be used to determine the neurotoxic potential of
substances (Forsby and Blaauboer, 2007). In these assays neurons get seeded in a low
concentration to get isolated neurons and easy detectable neurites. In the easiest form
the assay measures neurites per neuron or the percentage of neurons with neurite
outgrowth (Radio and Mundy, 2008). Importantly, neurite only counts as an outgrowth
when it is longer than the neuron itself (Adlerz et al., 2003; Morooka and Nishida,
1998), that makes the measurement procedure time-consuming and to a very
complicated process. Each individual cell must be manually identified, imaged and the
length of the non-linear outgrowth has to be measured. To avoid this, automated
systems for high-throughput screenings have been developed to analyze the neurite
outgrowth (Liu et al., 2007). Unfortunately, these systems require fixation and
antibody staining of the cells (Radio et al., 2008; Ramm et al., 2003), so that dynamic
processes cannot be used as a potential readout marker. The development of neurite
outgrowth over time with or without drug treatment cannot be monitored. Also these
automated systems are very expensive (up to 200.000 €) and so limiting the availability
for many labs. This hampers the inter-lab validation of the tested substances, which is
an important aspect of the REACH guidelines. There is a need for a standardized in
vitro platform using neurite outgrowth as marker which is rapid, simple, reproducible
and records neurite development to test and identify neurotoxic substances.
Microtechnologies can be used to meet many demands for fundamental
research. Especially micropatterning techniques can be applied to different fields like
industrial applications in tissue engineering (Nelson and Tien, 2006), drug discovery
(Castel et al., 2006; Hardelauf et al.; Hirschhaeuser et al.; Khetani and Bhatia, 2008)
and toxicology screenings (Frimat et al., 2009¢c; J. West, DE 10 2009 021 876.9 and
PCT/EP2010/002811; Khetani and Bhatia, 2008). The cell structure and thus the
behavior get preserved on these arrays by ordering the cultures within tissue
dimensions, geometries and diffusion gradients. Ordered array systems have also the
advantage to provide a display for rapid and high content analysis (Frimat et al., 2009;
Schauer et al.; Wissner-Gross et al.). This ordered form-function relation of the

nervous system has resulted in the replication of engineered analogs in the form of
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spatially defined neuronal networks. The first work on patterning neurons on chip
involved photolithographic silane patterning (Corey et al., 1996; Healy et al., 1994;
Kleinfeld et al., 1988), later the focus changed to microcontact printing of cell adhesion
materials (Nam et al., 2006; Ruiz et al., 2008; Shi et al., 2007). The first generation of
our novel neuronal microarray, termed network formation assay (NFA) (Frimat et al.,
2009) was produced by thin film PDMS microcontact printing. It is a simple neurite
interconnection display and was used for the rapid and sensitive analysis of the dose-

dependent inhibition measurement of acrylamide neurotoxicity (Fig. 4.1.1).

s ’-“r_\ /o:teg:g\tn?th

neuron
cell body

adhesion
node

neurons

avavava'

VaVaVa V-

@ @ @ connection

Figure 4.1.1: Differentiated SH-SY5Y neurons cultured in a standard tissue flask are irregular
distributed and have irregular neurite outgrowths (A). The network formation assay (NFA)
provides an ordered hexagonal system with equidistant spots that ensure the same length of all
neurite interconnections and, importantly, these exceeded the length of a neuron (Frimat et al.,

2009).

Thin film PDMS microcontact printing provides simply hydrophilic-hydrophobic
surface contrasts. Other routes like UV photochemical patterning (Corey et al., 1996;

Ravenscroft et al., 1998; Welle et al., 2005), photoresist masking (Corey et al., 1996;
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Detrait et al., 1998) or with stencils (Frimat et al., 2009; Rhee et al., 2005) during
plasma-based oxidative patterning of hydrophobic background have been used to
contrast surfaces, too. These surface patterns can be used for patterning standard cell
lines. Our previous work was based on thin film PDMS printing to pattern cell
adhesion. This approach was suitable to array neuron-like cell lines for undertaking the
NFA.(Frimat et al., 2009) The human neuroblastoma cell line SH-SY5Y was used as a
model system to recapitulate aspects of the human in vivo state with
neurodevelopmental end points. The cells are differentiated with retinoic acid which
induces neurite outgrowth and the formation of functional synapses.(Adem et al.,
1987; Pahlman et al., 1990) Differentiated SH-SY5Y cells have low levels of proliferation
and the affinity for cell adhesion,(Pahlman et al.,, 1984) which helps patterning the
cells.

It has been reported before that neuron cells do not adhere on hydrophobic
PDMS (De Silva et al., 2004; De Silva et al., 2006; Frimat et al., 2009; Millet et al., 2007;
Reyes et al., 2004) underlining the ability to pattern the cells with PDMS uCP. No
further surface modification steps were needed to pattern SH-SY5Y cells. The cell
media contain adhesion proteins, which can only assemble correctly in a bio-active
state on the hydrophilic regions promoting cell adhesion and cell patterning. The
hydrophobic PDMS pattern was stable for at least 2 weeks.

The NFA consists of glass slides (25 x 25 mm) which contain 25 arrays each with
367 adhesion nodes separated by 100 um, which fulfills the neurite classification
criteria that an outgrowth has to be equal to or longer than the cell body diameter (cell
diameters are typically 10 to 25 um (Adlerz et al., 2003; Morooka and Nishida, 1998)).
The assay provides a total of 9175 adhesion nodes with 70 um diameters, each
accommodating 7 cells on average. Differentiated SH-SY5Y cells occupied the pattern
across the array with >70% of the nodes occupied. The occupancy levels were
reproducible on all arrays from the same batch as well as from different batches (Fig.
4.1.2), making the NFA to a reliable tool with excellent reproducibility. Higher pattern
occupancies were not observed in this assay format. This could be explained by the

natural behavior of these neuron cells which tend to cluster together in already
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occupied nodes, instead of migrating to nearby empty nodes, necessitating transport

across the PDMS material that prohibits cell adhesion.
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Figure 4.1.2: Box and whiskers plot showing the reproducibility of pattern occupancy across the
25 arrays for pairs of chips (C1 and C2) and two different batches (B1 und B2) (Frimat et al.,
2009).
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Figure 4.1.3: Development of neuronal networks at 24 h (A), 48 h (B) and 72 h (C). Black arrows
highlight the interconnections. During the 3 days of culture, the mean number of connections

per node increased from 0.32 to 0.88 (D) (Frimat et al., 2009).

The development of an on-chip neuronal network in the hexagonal orientated

arrays is shown in figure 4.1.3 (A - C). 24 h after seeding the SH-SY5Y cells start forming
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interconnections which are indicated by the arrows in figure 4.1.3 (A). Cell division and
proliferation still occurs on chip. A time lapse video showing that neurons are able to
move to vacant nodes by inch along neurite outgrowths is available online:
(http://www.ifado.de/en/research_applications/research_groups/neurotox/network-
plasticity/index.html). Array-based neuronal migration events have been reported
before by Ruiz (Ruiz et al., 2008). Nevertheless, PDMS acts as a strong cell repellent
material, the neurite outgrowth are able to cross the PDMS barrier and interconnect
with neighboring nodes. It is suggested that chemical gradients direct the growth
cones of neurites to find other neurons guide network formation. Another observation
on live networks suggests that once connections are formed, they are not fixed to the
PDMS surface, but are instead suspended. This is evidenced by the fact that agitation
of the culture medium causes the interconnections to vibrate.

The NFA is a simple and rapid analytical read-out. The dose response analysis of
7707 nodes (367 nodes, with 7 different concentrations in triplicate) takes around 3 h.
In contrast, the manual assessment of neurite length using the traditional neurite
outgrowth assay is labor intensive and takes about 10 h for the analysis of only 200
cells (Radio and Mundy, 2008). The defined coordinates of the nodes and the
interconnections also enable this system to be highly desirable for automated image
capture and processing. For the read-out the system does not need to be fixed or
stained, so that the analytical endpoints are not terminal. This allows the collection of
information of the network in its dynamic state by capturing periodically or
continuously the connection formation.

A dose-response experiment using the neurotoxin acrylamide was undertaken
with differentiated SH-SY5Y cells (Frimat et al., 2009). After an acrylamide uptake of 24
h the dose dependency was compared with data from the CellTiter-Blue® Cell Viability
Assay (Figure 4.1.4 left). The sigmoidal dose-response curve produced over two orders
of magnitude was almost 10-fold more sensitive than the cytotoxicity test, revealing
specific neurotoxicity effects whereas the viability assay only captures gross cytotoxic
effects. The CellTiterBlue® assay gave a 50% inhibition concentration (ICso) of 5.1 mM
(95% Cl 4.2—6.1) whereas the concentration that caused a 20% reduction in network

formation (Nly) relative to controls was 0.26 mM (95% Cl 0.12—0.46). These values are
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equivalent to the 20% SH-SY5Y neurite degeneration (ND,g) acrylamide concentrations
(0.25 and 0.21 mM ) reported by Nordin-Andersson and colleagues (Nordin-Andersson
et al., 1998; Nordin-Andersson et al., 2003). A following NFA experiment gave an Nlyo
value of 0.28 mM (95% Cl 0.17-0.38, Fig. 4.1.4 right) showing the excellent
reproducibility of the assay with a narrow 95% confidence demonstrate the robust

character.
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Figure 4.1.4: Sigmoidal acrylamide dose-response curves from the NFA (open circles) and the
CellTiter-Blue® Cell Viability Assay (black circles). Data were measured 24 h after the exposure
to acrylamide. Data points with standard deviation are plotted along with non-linear regression
curves for the mean (continuous line) and the 95% confidence intervals (dashed lines) (Frimat

et al., 2009). The excellent reproducibility of the experiment is shown in the right figure.

The network was kept on monitored daily over a period of 3 days following the
exposure of acrylamide. Networks with acrylamide concentration < 0.5 mM recovered
to control levels on day 3, demonstrating that sensitive neurotoxicity testing requires
early stage analysis. Higher acrylamide concentrations of 1.58 mM and 5 mM were
cytotoxic observed by occupancy depletion from day 2 on. Pattern occupancy can
therefore be used as a surrogate cytotoxicity measure. In this way the NFA showed
very clear distinction between neurotoxic from cytotoxic effects using the same cells. A
dose-dependent reduction in network formation at non-cytotoxic concentrations was
also shown by the inhibition of the mitogen-activated protein kinase (MAPK) ERK1/2

and phosphoinositide-3-kinase (PI-3K) signaling pathways done by Frimat et al.
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The first generation of the network formation assay was designed for the
human SH-SY5Y cell line. In future the NFA should be used to test substances on their
potential neurotoxicity on gold standard primary mouse neurons. However, primary
and stem cell cultures need special adhesion proteins mainly constituents of the
extracellular matrix like collagen, laminin or ornithin. These proteins mimic the in vivo
adhesion microenvironment of cells. Problematic, photoresist processing is not
sufficiently biocompatible for most proteins (Douvas et al., 2002; Sorribas et al., 2002),
so that instead soft lithography in form of microcontact printing is used to pattern
directly biologically active adhesion proteins on a surface (André Bernard, 1998; Kane
et al., 1999). The proteins get transferred by a PDMS stamp, in which the elastomeric
character allows conformal contact to surfaces for micron-scale patterning outside the
cleanroom. Protein uCP is a simple, rapid and inexpensive replication technology for
biologists, (Whitesides et al., 2001; Xia and Whitesides, 1998a) which has been widely
used to pattern neurons (Vogt et al., 2005).

Patterns for the development of neuronal networks of primary and progenitor
neurons need micron-scale protein tracks which allows neurite outgrowth, but are
narrow enough to prevent cell adhesion. The printing technique needs to be
reproducible across chip, chip to chip and batch to batch to undertake experiments
with confidence. Protein pCP has its limitations under the aspect of producing
homogeneous prints especially at the prints edges (Falconnet et al., 2004; Fink et al.,
2007). PDMS microcontact printing with interconnected pattern has been done on PLL-
coated substrates to establish a primary neuronal network (Fig 4.3.2). However the
reproducibility and stability of the micron-scale tracks were not sufficient enough for
the formation of neuronal networks. On the other hand thin film PDMS printing is also
not suitable with the recommendation of printing micron-scale tracks over large areas.
Because of its liquid state in the printing process excessive PDMS spreads into the
micron tracks before it can be thermally cured. This prevents the reproducible
fabrication of thin film PDMS prints for neuronal networks with micro-scale tracks. The
partial or complete loss of the track prevents guided neurite outgrowth from primary

and progenitor neurons. Neither uCP of proteins nor thin film PDMS uCP seems to be
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suitable for this application so that a different kind of surface modification has to be
found to pattern neuronal networks.

Poly(ethylene glycol) (PEG) is a well-known material that resists protein
adsorption and thus cell adhesion (Malmsten et al.,, 1998; Zhang et al., 1998). The
grafted copolymer of poly-L-lysine coupled with PEG (PLL-g-PEG) can be contact
printed on culture surfaces, whereas proteins can assemble on uncoated areas and
support cell adhesion (Csucs et al., 2003b). Again the across pattern reproducibility is
not efficient enough and instead photoresist-based processing of the PEG layers can be
used (Falconnet et al., 2004; Shah et al., 2009; Thomas et al., 1999). As an alternative
deep UV (185 nm) photolithography can be used to pattern by photodegradation
(Alang Ahmad et al.; Azioune et al., 2009). Importantly, for micron-scale patterning
contact masking is required which reduces the lifetime of the expansive quartz masks
necessary for UV transmission. Whereas WCP technologies can be used in every lab
photolithography methods demand clean room conditions, which limits the access to
most end-users, the biologists (Azioune et al., 2009; Fink et al., 2007; Whitesides et al.,
2001).

In this chapter we show the establishment of the NFA for neuron-like cells by
interconnected pattern arrays to meet the demands of primary neuron cells. For this
we developed a bilayer membrane comprising multiple through-holes interfaced with

microchannels and used it to pattern a PEG layer by plasma stencilling.
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4.2 Material & Methods

4.2.1 PDMS microcontact printing

The PDMS microcontact printing process has been described before in chapter
2.2.1. For the network formation assay minor changes in design and printing process
have been made: The entire 20 x 20 mm pattern consists of a 5 x 5 matrix of individual
arrays with each containing 367 (altogether 9175) adhesion nodes. Each node had a
diameter of 70 um and was separated from neighbouring nodes by 100 um. For the
network formation assay for primary cells narrow tracks are needed. To create these
tracks, excessive PDMS has to be removed in the printing process. For this the second
print was not used to pattern cells, but the third and fourth ones. These prints have a
higher resolution than the first and second print and were done on glass microscopy

slides.

4.2.2 Cell culture

The human neuroblastoma cell line SH-SY5Y (DSMZ, Germany) was used in this
study as a standard neuron cell line. The cells were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% (v/v) foetal bovine serum (FBS), and
1% (v/v) penicillin and streptomycin. SH-SY5Y cells were differentiated by adding 10
UM trans retinoic acid (Sigma-Aldrich) for 4 days. Clustering behaviour gets reduced,
which increases the level of array occupancy than a 3 day treatment. Cells were
harvested using 0.25% (w/v) trypsin and seeded on the array in a 1 mL suspension
containing 2.0 x 10> cells and were incubated overnight at 37°C in a 5% CO,
atmosphere. The arrays were washed with 1x PBS to remove non-adherent cells.
Culture medium was replaced with fresh media also containing retinoic acid. A phase
contrast inverted microscope (IX71, Olympus) was used to image the cell patterns and
FITC-labelled protein patterns.

Lund human mesencephalic (LUHMES) cells were kindly provided from the Leist

Lab (University of Konstanz, Germany) and cultured in advanced DMEM/F12 media.
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Culture flasks were coated with 1 pg/mL Fibronectin and 50 pg/ml poly-L-Ornithine
(PLO). The proliferation media was modified with 2 mM L-Glutamin (Sigma-Aldrich),
1% (v/v) N2 (Invitrogen) and 40 ng/mL FGF (fibroblast growth factor; R&D systems).
The additives for the differentiation media were 2 mM L-Glutamin, 1% (v/v) N2, 1 mM
cyclic AMP, 100 ng/mL Tetracyclin (both Sigma-Aldrich) and 20 pg/mL GDNF (glial cell
lined-derived neurotrophic factor; R&D systems). The cells were cultured at 37 °Cin a
humidified 5% CO, atmosphere and harvested using 1.25 mg/mL trypsin/EDTA for a 25
cm’ culture flask once ~ 80% confluence was attained.

Cells were seeded on the array within 1 mL media suspension containing 3.5 x
10° cells. The adhesion areas were modified with several substances, like PDL,
Fibronection, Laminin or PLO. Media exchange of 6 mL volume took place periodic

every 2-3 days.

4.2.3 CellTiter-Blue® Assay

Cytotoxicity was measured using the CellTiter-Blue® Viability Assay (Promega) using
the following instructions: 100 puL medium containing 5 x 10* pre-differentiated SH-
SY5Y cells were added per well of a 96 well plate. The cells were cultured with
acrylamide at concentrations ranging from 0-500 mM for 24 h. After the exposure time
20 uL of CellTiter-Blue resazurin reagent was added to the culture media and
incubated for 4h at 37°C: Viable cells convert the reagent into the fluorescent
compound resorufin. Fluorimetry involved excitation at 540 nm and emission

detection at 595 nm using a plate reader (Make, country).

4.2.4 Surface PEGylation

Glass substrates were ethanol and plasma cleaned and incubated for 1h at room
temperature with the cationic copolymer of poly-L-lysine grafted with poly(ethylene
glycol) by submersion in a 10mM HEPES (4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid, pH 7.4; AppliChem, Germany) buffer containing 100 pg/mL of

PLL(20)-g-[3.5]-PEG(2) (Surface Solutions, Switzerland). Substrates were rinsed with a
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sequence of 1 x phosphate buffered saline (PBS), MilliQ water and dried with in a N,

stream.

4.2.5 Membrane fabrication and plasma masking

A SU-8 master was fabricated to prepare the PDMS membranes. The first layer
of SU-8 2 (Shipley) was spin coated to a depth of ~1.0 um and patterned using
standard lithography for the interconnecting tracks. The second layer of SU-8 50
(Shipley) was spin coated to a depth of ~ 60 um for the nodes, which were aligned to
the nodes of the first layer. The arrays contain hexagonal patterns with 70-um-
diameter pillars connected via microchannels with a length of 100 um and a width
ranging between 1.0 to 4.0 um. The arrays containing either 367 or 202 nodes divided
in 16 or 36 square across a 24 x 24 mm area. For moulding, PDMS prepolymer and
curing agent was mixed (10:1 (wt/wt), Elastosil” RT 601, Wacker) and first degassed
before it was diluted in silicone fluid (1:4 (wt/wt), AK35, Wacker). 2 ml volume of the
mixture was spin coated at 1600 rpm for 50 s followed by thermal curing at room
temperature over night to produce ~ 55 um thick membranes. The membranes were
peeled from the wafer and oxygen plasma bonded (Femto, Diener Electronic) to a
PDMS frame for easier handling. The bilayer membrane was imaged using a SEM

(Quanta 200 F, FEl) shown in Fig. 4.3.4.

Figure 4.2.1: Bilayer membrane divided in four squares with 9 arrays each containing
202 adhesion nodes. The membrane is stabilized with a 2 mm thick PDMS frame. The

picture was kindly provided by Sarah Waide.
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For plasma masking, the PDMS bilayer membranes were conformally contacted
to the PEGylated substrate surfaces, a virtue of the elastomeric nature of PDMS. The
substrates with PDMS mask in place were plasma treated (70W, 40 kHz (Femto, Diener

Electronic)) in a 0.2 mbar oxygen atmosphere for 60s.

4.2.6 Surface analysis

The physicochemical properties of the PEGylated surface were analyzed by
contact angle measurements using 1 uL sessile water droplet. The zeta potential
response of bovine serum albumin (Sigma Aldrich, Germany) in a 1 x PBS (pH 7.0)
buffer at a concentration range of 6 nM to 18 uM were measured using SurPASS
instrument (Anton Paar, Austria). PLL-g-PEG adlayers with and without plasma
treatment were compared to plasma treated glass surface for their ability to resist
protein adsorption using a sequential dosing experiment. X-ray photoelectron
spectroscopy (XPS, AXIS-HS-spectrometer Kratos, Manchester, UK) was used to
determine the chemical stoichiometry of PLL-g-PEG before and after plasma
treatment. Glass was replaced with silicon substrates with the native oxide providing a
glass-like substitute. For excitation a non-monochromatic Mg-Ka radiation source was
used, with detection using a hemispherical analyzer with fixed analyzer transmission.
Scan surveys were first undertaken using a 80 eV pass energy with 1 eV steps, followed
by scans of the O1ls, Cls, N1s and Si2p regions using a 20 eV pass energy with 0.1 eV
steps. Relative quantification factors were obtained by calibration using poly(ethylene

glycol) and poly(sodium 4-styrenesulfonate) standards.

4.2.7 Network analysis

The first generation of the NFA and preliminary experiments used a 24 x 24 mm
substrates patterned with 16 arrays, each containing 367 nodes. This has been further
developed to a design of 36 arrays each containing 202 nodes. The readout of the
assay was defined as node occupancy, connection per node and track occupancy. Node

occupancy is defined as the percentage of adhesion nodes occupied by one or more
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cells. Connection per node is defined as the number of neurite interconnections
relative to the number of occupied nodes across the entire 202-node array. Track
occupancy is the percentage of tracks which are occupied by one or more neurons and
is therefore blocked to form neurite interconnections. Reproducibility analysis involved
measuring the patterning efficiency Epqi. (Frimat et al., 2009). It is defined as the
number of cells adhering to plasma treated area N, relative to the number of cells
adhering to an equivalent sized non-activated area N, and was calculated as a

percentage according to:

N
E. .= 2x(—p—%)><100

patt
N, +N,

4.2.8 Acrylamide degeneration assay

The degenerative effects of acrylamide along with the protective effects of co-
treatment with calpeptin or brain derived neurotrophic factor (BDNF) were
investigated. SH-SY5Y cells were differentiated for 4 days as explained in Chapter 4.2.3.
The cells were then cultured for two further days on chip to establish a highly
connected neuronal network. The media was replaced after the network
establishment with serum-free media containing B27" (Invitrogen, Germany), retinoic
acid. The networks were treated with 0.5 mM and 1 mM concentrations of the
neurotoxin acrylamide (ACR, Sigma-Aldrich, Germany). A quarter of the arrays were
daily co-treated with 1 uM calpeptin (CP, Merck, Germany), or once with 100 ng/mL
BDNF (PAN-Biotech, Germany). The other quarters were samples only treated with
acylamide and the untreated controls. The development of the neuronal networks was
measured by counting the neurite connections daily for 3 days. Treatments were done
in triplicate. Results were analyzed using a 2-factorial 4 x 7 ANOVA using the repeated
measurements factor time (4-ary: 0, 24, 48 and 72 h after treatment) and the between
subject factor treatment (7-ary: control, 0.5 mM ACR, 1 mM ACR, 0.5 mM ACR + 1 uM
CP, 1 mM ACR + 1 uM CP, 0.5 mM ACR + 100 ng/mL BDNF, 1 mM ACR + 100 ng/mL

BDNF). The network quality was measured in terms of ‘connections per node" (cpn)
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and used as the dependent variable. Dunnett t-tests were used to compare the mean
values at the 4 experimental intervals. For simplification the results of cpn values were
normalized to the respective control conditions. All statistical analyzes used the raw

data.

4.3 Results & Discussion

In the introduction the NFA has been introduced as an alternative read out system for
neurotoxicity. The spatially standardized display allows high throughput screenings of
potential neurotoxic substances. Traditional neurotoxicity tools rely on neurite
outgrowth measurements as end-point indicators whereas the NFA measures the
number of connection between neurons (the basis of memory and learning) which is a
streamlined and therefore faster method than undertaking multiple (neurite and cell)
length measurements. In addition, connectivity is a better functional indicator than
outgrowth alone. The assay has been used to monitor inhibitory effects of acrylamide.
The results were nearly identical with the data from the gold standard neurite
outgrowth assay. All this indicates that the network formation assay has the potential
to be a reliable tool to help testing 60.000 chemicals in a quicker and simpler way. The
essential step is the transfer of this technology to the adhesion requirements of
primary cells which are the gold standard cell material. The SH-SY5Y cells used for prior
investigations required only a glass surface for adherence and growth. Compared to
this primary cells need molecules, typically polyamines, such as poly-L-lysine (PLL) or
poly-D-lysine (PDL). In a preliminary experiment it was possible to uCP a thin-film,
patterned PDMS coating onto a PLL surface. The primary cells were not able to connect
over the PDMS surface like the SH-SY5Y cells did. From this we concluded that the cells
need connection tracks from one node to the neighboring nodes to allow guided
outgrowth of neurites for the formation of a network. The development of the
network formation assay for the demands of primary cells will be outlined in the

following chapters.
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4.3.1 Network formation assay with tracks

Microcontact printing of PDMS worked well as platform for the network formation
assay (Frimat et al., 2009). To fulfill the demands of primary cells a stamp was
designed, which had nodes, connected by tide tracks. Each stamp could be used for
several prints in a row. The first print was discarded because of the excessive PDMS.
Further prints showed that even a bit of excessive PDMS can block the tracks (Figure
4.3.1 left). Only the fourth print of the same stamp worked well with all tracks open.
An example of a print is shown in figure 4.3.1 (right) with a channel width of 3.73 um +
0.35 um. Unfortunately the PDMS height of ~ 4 nm measured by WLI was too thin for

cell patterning. Cell media can puncture the thin PDMS film which causes the neuronal

pattern to be lost.

Figure 4.3.1: A third print with partly blocked tracks (left). A fourth print with open tracks
showing a PDMS channel width of 3.73 + 0.35 um from a 5 um template.

Network formation with primary cells was possible (Figure 4.3.2), but with low
reproducibility. Based on this PDMS UCP on PLL is not the method which can be used
to pattern primary cells. Either the required tracks are blocked with extra PDMS or the
print is too thin to resist cell adhesion over ordinary experimental time-scales (days).
An alternative patterning method was therefore required to undertake the NFA using
primary mouse neurons. The method must provide (i) adhesive coatings of polyamines

with or without ECM proteins, (ii) material contrasts that resist neuron and neurite
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adhesion and (iii) micron-scale tracks permissive for neurite outgrowth but not

sufficiently wide to enable neuron adherence.

Figure 4.3.2: Primary network on a PDMS print with interconnecting tracks after a week of

culture (cpn 1.92; occupancy 91%)

In this chapter we show the development of a patterning technique with
micron-scale tracks that combines the protein rejecting qualities of PEG layers with the
elastomeric features of soft lithography for rapid pattern replication outside the clean
room. Oxygen plasma treatment of a PEG adlayer through a bilayer membrane with
multiple through-hole interfaced with interconnecting tracks for protein adhesion
were used to pattern neuron cells. The patterning technique was precise and
reproducible to determine the optimal dimensions for the formation of high fidelity

neuronal networks. We measured the degenerative effect of acrylamide on neurite
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outgrowth on the networks as well as the buffering effects of calpeptin and brain-

derived neurotrophic factor (BDNF) during co-treatment with acrylamide.

4.3.2 Surface chemistry of PLL-g-PEG

PLL-g-PEG assembles electrostatically onto the glass substrate (Kenausis et al.,
2000) and creates an adlayer, which is protein repellent and thus cell repellent. The
highly solvated state of the ether (C-O-C) repeats within the brush-like polymer (Roach
et al., 2010) of PLL(20)—g[3.5]-PEG(2) causes minimal protein adsorption (< 2 ng/cm?)
(Pasche et al.,, 2003). The PLL-g-PEG adlayer was determined with zeta-potential
measurements. Surface coating on activated glass was rapid, with the zeta potential
rising from approximately -120 mV to -40 mV within minutes. XPS analysis also showed
that the presence of the PEG adlayer screens the silicon, causing a >10% reduction in
the Si2p signal (see Table 2, Appendix). Protein rejection was confirmed by the
stepwise addition of albumin concentration. The zeta potential stayed stable (~ -40
mV) up to a concentration of 18 uM (1.20 mg/mL, Figure 4.3.3), which shows the
protein-resistant nature of the PLL-g-PEG adlayer. Higher, physiologically irrelevant

concentrations were not measured.
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Figure 4.3.3: Zeta potential measurements of glass (black points), PLL-g-PEG (black triangles)
and plasma treated PLL-g-PEG (white triangles) recorded during the stepwise addition of 6 nm

to 18 uM concentrations of albumin.
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XPS was used to identify the effect of plasma treatment on the atomic
stoichiometry of the PEGylated surface. The results are documented in Table 2 in the
Appendix. The main Cls (e.g. C-O-C) and N1s signals from the PLL-g-PEG adlayer were
markedly diminished while the COOH signal at ~289 eV increased 7-fold. Together with
the restoration of the Si2p signals, the data indicate that the adlayer has been
oxidized. Similar effects have been observed by the oxidation of PEG surfaces by UV
irradiation (Ahmad et al., 2010; Azioune et al., 2009). Furthermore, the contact angle
was reduced from 29.1° (SD + 2.1°) to <5°, a value consistent with oxygen plasma
treated glass substrates. The response of the plasma treated PLL-g-PEG layer and the
plasma treated glass substrate to albumin were nearly identical (Figure 4.3.3). The zeta
potential increased from -125 mV to -73 mV during the addition of albumin to a final
concentration of 18 uM. These results indicate that plasma treatment disintegrate the
PLL-g-PEG adlayer and produces a glassy-like surface which is suitable for protein

adsorption.

4.3.3 Bilayer membrane for neuronal network patterning

PDMS membranes with through holes have previously been used for surface
(Jackman et al., 1999) and cell patterning (Folch et al., 2000; Ostuni et al., 2000;
Tourovskaia et al., 2003). A drawback of membranes is the limitation in the pattern
design like the inclusion of continuous and interconnected pattern. Furthermore, the
membrane stability is limited by the aspect ratio (typically 1) of the mould and the
fragility of thin (<10 um) PDMS membranes, which prevents the inclusion of micron-
sized features. To overcome this problem we have developed a bilayer membrane
masking approach. The complete membrane has through-hole features which are

connected by microchannels (Figure 4.3.4).
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Figure 4.3.4: SEM images of a 50-um-thick PDMS stencil. The thin stencils are elastomeric,
which is necessary for conformal contact. The through-holes have a diameter of 70 um and are

interconnected by 100-um-long microchannels with a height of 1.0 um and a width of 3.0 um.

The microchannels are recessed in the membrane with a depth of ~ 1.0 um for the
production of micron-scale interconnecting patterns by oxygen plasma treatment.

To produce the pattern the bilayer PDMS membrane was simply contacted and
gently pressed onto the PLL-g-PEG surface. Plasma masking was done for 12 s to
produce oxidation patterns in the PEG adlayer with even the smallest channel features
of 1 um width over the entire masked area. The oxygen plasma was able to penetrate

through 100-um-long channels with a cross sectional area of 1 um? within seconds.

Figure 4.3.5: High fidelity pattern imaged using a FITC-conjugated avidin protein treatment

shows the precision plasma-oxidation patterning of PLL-g-PEG.
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The oxidized patterns were stained with FITC-conjugated proteins (Fig. 4.3.5).
The high resolution (SD + 220 nm) micron-scale oxidation pattern was perfectly

transferred to the PEGylated surface as shown in figure 4.3.6.

Figure 4.3.6: High magnification image of a FITC-conjugated protein pattern. A membrane with
2-um-wide tracks was used for plasma stencilling. The FITC-protein-stained tracks had a width

of2+0.22 um.

The bilayer membranes can be reused around forty times, after this the
membranes dry out and get fragile. The conformal contact to the underlying substrate
is not guaranteed anymore. The plasma chamber has the capacity for multiple
substrates at one time, making plasma masking a rapid and high throughput pattern
replication method. These characteristics make this technique highly convenient for
meeting the replication demands of typical neurobiology experiments. The oxidized
areas were first tested for their suitability to pattern human SH-SY5Y neurons and to
guide neurite outgrowth to neighboring nodes. There was no need to pattern adhesion
proteins as the culture media include intact proteins which selectively assemble on the
oxidized regions to direct the formation of a network. The masked PEGylated surface
was not activated by plasma and retained the ability to resist cell adhesion, resulting in
high pattern compliance. The occupancy of an array with 367 nodes filled with cells
was 97% and a patterning efficiency of >99% was achieved (see Figure 4.3.7).
Compared to the former developed NFA based on PDMS pCP the occupancy of this
system was dramatically increased by 10-20%. The hydrophobicity of PDMS (Contact

angle 107.4 + 1.5°) makes it more difficult for cells to attach and adhere on surfaces.
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PLL-g-PEG instead is much less hydrophobic (29.1° + 2.1°) and facilitates the access to

the glass surface.

Figure 4.3.7: A complete neuron array of differentiated SH-SY5Y cells 24 h after seeding. 97% of

all adhesion nodes are occupied by neurons.

The track features are essential for the formation of the network. Without the
tracks the connections per node (cpn) value was limited to 0.012 on day 4,
demonstrating that unlike thin film PDMS pattern (0.88 cpn) (Frimat et al., 2009), the
PEGylated surface strongly resist the locomotion of the growth cones and the
extension of neurite outgrowths. In a preliminary screen the optimal dimensions of the
array was determined. Arrays containing 70-um-diameter nodes and a track length of
100 um were optimal for good occupancy levels (<90%), high patterning efficiency
(<99%) and for the development of high neurite interconnection levels. A neuronal
network developed during a 3 day culture period is shown in Fig. 4.3.8, with a larger

area (~2 mm?) of the network documented in Fig. 4.3.9.
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Figure 4.3.8: Differentiated SH-SY5Y neurons perfectly adhere to the array nodes forming a

consisting neuronal network after 4 days on chip.

Figure 4.3.9: Image compilation of a neuronal network containing 82 nodes with 111

connections (1.35 cpn) on Day 4.

The neuronal network figures 4.3.8 and 4.3.9 could implicate the thought that
the developed network is fixed. The visualization of a neuronal network within an array
format by time lapse video microscopy showed the highly dynamic state of the
network development. This observation was possible because of no need to fix and
stain the arrays which enables network dynamics to be periodically or continuously

recorded. The development of a neuronal network on a 0.55 mm? region of an array
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with 4-um-wide tracks was recorded with time lapse video microscopy and can be
seen here:

http://www.ifado.de/en/research applications/research groups/nbtox/network-

dynamics/index.html

Within the 5 day development period the network was highly dynamic. Cells
sediment in an equally distributed fashion onto the pattern area subsequently
migrated to adherent sites and remained motile, transporting along the 4-um-wide
tracks between nodes. Connections were formed, retracted and re-established, before
finally leading to a connection per node value of 1.0. The occurring plasticity within the

dynamics of the network formation process is shown in Fig.4.3.10.
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Figure 4.3.10: Network formation and migration dynamics. Track occupancy labeled in red and

dynamics of neuronal network formation known as connection per node value in black.

The video documents a high level of cells migration between neighboring nodes
using the 4-um-wide tracks. Empty nodes get occupied by this even after the seeding
process. However, such levels of migration limit the ability to score neurite
interconnections with a defined length of 100 um because these cells block the
connection tracks resulting in distances either side that do not satisfy the neurite

length classification criteria (i.e. equal to or greater than a cell length).
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4.3.4 Optimum track width for neurite outgrowth

The bilayer membrane plasma masking technique allows the production of precise
network patterns. This technique was used for a systematic study of the optimum
track width required for the development of highly connected neuronal networks,
which has not been reported before. Figure 4.3.10 and 4.3.11 and the above
mentioned video clearly illustrate that a track width of 4 um is excessive, permitting

high levels of neuron migration and therefore occupancy.

Figure 4.3.11: Array with 4-um-wide tracks. The wide 4-um tracks lead to increased migration

of the neuron cells with many occupied tracks.

The standardized outgrowth length is a pre-requisite for neurite counting
(Frimat et al., 2009; Radio and Mundy, 2008). The adhesion of neurons in tracks is
especially unwanted for the network formation assay as this eliminates the advantage
of the standardized connection length. To determine the best fitting track width a
ranging from 1.0 um to 3.0 um were evaluated. Developing network formation levels
relative to track width are documented in Figure 4.3.12 (A). Network formation and
the neurite outgrowth were sensitive to a track width differences as small as 500 nm.
The wider the tracks were the higher was the rate of networking. Track widths of 1-um
produced a 0.58 cpn (SD + 0.16) during a 4 day development period. A 2.0-um-wide

track array produced a 1.52 cpn (SD + 0.07) level during the same period. Nevertheless,
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the largest tested track width of 3.0-um developed a neuronal network plateau level
by the second day, with a maximum value of only 1.38 cpn (SD *+ 0.22) on the third day.
These tracks were significantly occupied (~25%) by neurons throughout the assay,
prohibiting the scoring of complete neurite outgrowth connections. The track width
also correlated with neuron occupancy. The occupy levels was relatively stable

throughout the duration of culture for a track width <1 um (Fig. 3.3.16 (B)).
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Figure 4.3.12: The amount of connection formation was sensitive to the track width (A). Neuron

cells occupying the track features increase with the tracks width (B).

Taking together, the 2-um-wide tracks were optimal for the formation of high
network levels and low track occupancy (~15%). In the following discussion of further
experiments arrays containing 70-um-diameter nodes separated by 100-um-long

tracks with a 2.0 um width were used.

4.3.5 Network patterning reproducible

Spatially standardized cell assays have to be reproducible in cell patterning
purposes to be a valuable tool for biological experiments. The reproducibility of
neuron pattern and network formation prepared by plasma masking with a bilayer
membrane was measured on the second day of culture. The experiment involved 3
batches, each containing 3 microchips involving 9 arrays with each having 202 nodes.
The across chip, chip-to-chip and batch-to-batch reproducibility was excellent. The

occupancy levels of the arrays were consistent at 95.0% (SD * 0.6%). In combination
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with the cell repellent quality of the PEG adlayer this led to a patterning efficiencies
>99.5%. Network formation levels were 0.91 cpn (SD £ 0.10) on second day in culture
presented as a box and whiskers plot in Fig. 4.3.13. Within each batch the chip-to-chip
variation (CV) was 7.25%, with batch-to-batch CV of 5.95%. The reason for this
variance could be caused in the different passage numbers (9-12), the cell dynamics of
the neurons within the network formation process (see Fig 4.3.12) and the natural

difference of the behaviour of each cell population.
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Figure 4.3.13: Network formation reproducibility presented in a box and whiskers plot. The
mean, the lower 25" and upper 75t percentiles are shown along with the data extremes. Each

batch (A-C) contained three chips, with an across chip network formation level measurement

involving 9 arrays.

These data reflect that the bilayer membrane for plasma masking is a reliable
and highly reproducibility technique to pattern human SH-SY5Y neuron cells. It directs
network formations at consistent levels which makes this technology a valuable tool
for neurotoxicity screening. In addition, the assay could also be used for screening for
neuroregenerative substances (e.g. Alzheimer-, and Parkinson’s disease), neuronal
injury, neuropathological disorders and determine aspects of developmental

neurobiology.
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4.3.6 Connection definition

The bilayer membrane plasma masking technique produces precise and
reproducible network formation assays (Frimat et al., 2009; J. West, DE 10 2009 021
876.9 and PCT/EP2010/002811). The NFA measures neurite outgrowth, a hallmark
neurodevelopmental indicator, by quantifying intermodal connection levels. The
special hexagonal design of the array with its standardized neurite outgrowth length
eliminates the length measurements which are otherwise required to satisfy the
morphological neurite classification criteria (Frimat et al.,, 2009; Radio and Mundy,
2008). The 202 nodes per array were separated by 100 um, a distance which is also
sufficient for the differentiation of neurites into axons with functional synapses (Dotti
et al., 1988; Stenger et al., 1998). Often more than one connection is formed between
the nodes; the first formed neurite connection often became suspended (Fig. 4.3.14

(A)), thereby vacating the track for outgrowth by another neurite (Fig. 4.3.14 (B)).

Figure 4.3.14: Neighboring nodes forming multiple connections (A). After the formation of a

‘pioneer’ connection, a secondary connection can be formed (B).

90



Chapter 4: Microtrack patterning improving the Network Formation Assay

Outgrowths can also form one thick string between nodes consisting of
multiple connections. To avoid difficulties involved in visualizing and counting the
number of connections shared between a pair of nodes we chose to score multiple

connections as a single connection.

4.3.7 Network degeneration and protection effects

The NFA has previously been used to quantify the dose-dependent inhibition of
neurite outgrowth by the neurotoxin acrylamide (Frimat et al., 2009). The
characteristics of acrylamide neurotoxicity in humans are central-peripheral distal
axonopathy with clinical manifestations like numbness of the hands and feet or altered
nerve conduction velocity (Calleman et al., 1994). Acrylamide can also cause
degeneration of pre-existing neurite outgrowth in vitro (Nordin-Andersson et al.,
2003). The modes of action of acrylamide neurotoxicity are various. An elevation of
intercellular Ca®* levels mechanistic response, (Nordin-Andersson et al., 2003) driving
the Ca*-dependent up-regulation of calpains. Calpains are a class of cysteine
proteases which degrade neurofilament proteins, spectrin, tubulin and microtubule-
associated proteins (Axelsson et al., 2006; Goll et al., 2003; Song et al., 1994). At
physiological levels calpains control, among other processes, the mobilization of
vesicles to depleted release sites and therefore play a critical in synaptic facilitation
and post-tetanic potentiation (Khoutorsky and Spira, 2009). However, with a high ca®
influx calpain is excessively up-regulated, and causes progressive structural damage to
the neuronal cytoskeleton and neuronal networks (Axelsson et al., 2006; Song et al.,
1994). In contrast, diminished calpain activity is associated with higher neurite
outgrowth rates, (Axelsson et al.,, 2006; Oshima et al., 1989) such that the general
calpain inhibitor calpeptin can be used to buffer the degenerative effects of acrylamide
(Nordin-Andersson et al., 2003) or evaluated Ca®' levels in general (Das et al., 2006).

The interconnected pattern produced by plasma masking with the bilayer
membrane enables the development of high network formation levels which aid the
investigation of neurodegenerative processes. In this study we used the NFA with

tracks to measure the neurogenerative effects of 0.5 mM and 1.0 mM concentrations
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of acrylamide and, by co-treatment, the protective effects of calpeptin (1 uM daily)
and brain-derived neurotrophic factor (BDNF, 100 ng/mL). BDNF is a protein with wide
ranging functions including promoting the differentiation and survival of central
nervous system neurons (Cunha et al., 2009). SH-SY5Y cells were cultured on the arrays
for 2 days to establish mature highly connected (~1.3 cpn) networks. Networks were
treated with acrylamide for 3 days to effect degeneration. The time course of the
degeneration and the buffering effects of co-treatment with calpeptin and BDNF are
highlighted in Fig.4.3.15 as cpn values normalized to the controls. The raw data are

plotted in the Appendix 3.
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Figure 4.3.15: Network degeneration assay by the exposure to 0.5 mM (A) and 1 mM (B)
acrylamide. The buffering effects of 1 um calpeptin (C,D) and 100 ng/mlL BDNF (E,F) in
combination with the exposure to 0.5 mM and 1 mM acrylamide. Network levels were

normalized to the control samples. All samples were done in triplicate.

ANOVA analysis revealed a significant time-treatment interaction (F (1542) =
2.19; p = 0.024) indicating dose-dependent network degeneration. With 1 mM

acrylamide treatments, degeneration was not evident during the first 48 h, but by 72 h
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network levels were significantly reduced. Co-treatment with calpeptin or BDNF was
insufficient to prevent the network degeneration.

The neurotoxicity test showed that 72 h of treatment with 0.5 mM acrylamide
was also required to see a reduction in the connections per node number (mean
difference: -0.46 cpn), but with lower significance (p = 0.095). Calpeptin co-treatment
was able to buffer the action of acrylamide, with only an 18% mean reduction in
network levels compared to 44% without calpeptin. The NFA is a spatial refinement of
the neurite outgrowth assay. It has been used previously to measure a 52% reduction
in outgrowth levels for neurons treated with 0.5 mM acrylamide for 3 days, with
calpeptin co-treatment buffering the reduction to 17% (Nordin-Andersson et al., 2003).
The close similarity between the results generated by the different methods
underscores the reliability of the NFA, with the benefit of its analytical throughput
(Frimat et al., 2009). The data similarity also indicates that patterned culture does not
perturb neurite outgrowth.

BDNF protects the network providing a strong buffering capacity, completing
maintaining network integrity. It binds to the tyrosine kinase B (TrkB) receptor and
impacts various signaling pathways, including activation of the transcription factor
CREB. This factor mediates the expression of genes involved in the molecular processes
underlying aspects of memory function (Kandal, 2009). SH-SY5Y cells were
differentiated with retinoic acid which leads to the expression of TrkB receptors for
further differentiation with BDNF of produce cells which exhibit many of the features
of mature neurons (Agholme et al., 2010). Beside the general neuroprotective effect,
co-treatment with BDNF will therefore stimulate pathways required for fuller
maturation of the neuronal networks (Chen et al.,, 2011). The NFA could be used in
combination with other analytical tools to draw associations between toxic molecular

and possible neurobehavioural outcomes.

4.3.8 Protein patterning

The successfully establishment of the bilayer PDMS membrane technology for

the production of highly developed neuronal networks offered the opportunity to
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pattern different sort of cell lines. Next to the standard cell lines like the SH-SY5Y cells,
human mesencephalic cells (LUHMES, Lund human mesencephalic) as neuronal model
system and dorsal root ganglion cells isolated from mouse were tested on the NFA.
Dorsal root ganglion cells were patterned like the SH-SY5Y cells without adhesion

molecules (Figure 4.3.16). The pattern was stable for 5 days.

Fig. 4.3.16: Dorsal root ganglion on plasma-stencillined PLL-g-PEG without adhesion molecules.

The picture was produced in cooperation with Nicole Schébel, IfaDo.

LUHMES instead need adhesion proteins to bind properly on surfaces. Two days
predifferentiated LUHMES were cultured on plasma stencilling pattern incubated with
laminin. The PEGylated regions rejected the adhesion of laminin so that the LUHMES
were able to form a spatially defined network. The number of occupied nodes 24 h
after seeding was 94.05% (SD + 8.4%) and the cpn 0.62 * 0.11. Unfortunately the
occupancy decreased in the following 48 hours to just 71.95 + 5.12%, whereas the cpn
increased to 0.84 + 0.06% on day 3 (Waide, 2011). The reduction in occupancy
indicates that lamination as adhesion promoter for neurons alone is not stable enough
to attach cells to the underlying glass surface. As the number of cells on chip increase
the tension of the cell clusters are too strong and the cells detach. The poor adhesion
of laminin is caused by the missing coating of PLL or PLO. To anchor cells for long term

culture sufficiently strong on a surface protein pattern are not adhesive enough. A

94



Chapter 4: Microtrack patterning improving the Network Formation Assay

combination of a poly-amine acting as a kind of glue with laminin (or fibronectin) is

needed.

Fig. 4.3.17: LUHMES cells on a laminin pattern passivated by (poly)ethylenglycol. Images were
taken 24 h after seeding. The left picture shows a 10x magnification of the LUHMES pattern,
while the right picture shows a complete array with 202 adhesion nodes. The pictures were

kindly provided by Sarah Waide.

4.4 Outlook and Conclusion

The network formation assay offers several advantages towards the commonly

used neurite outgrowth assay:

e NFA measures interconnectivity which is the basis of memory and learning and
a higher functional indicator instead of neurite outgrowth.

e Dynamic processes like degeneration and regeneration experiments can be
monitored; no fixation or staining is needed.

e Time consuming length measurements of neurite outgrowth is avoided by
standardized length of node interconnection tracks, which makes the analysis
more rapid and easier.

e Spatial coordinates of the nodes simplify the rediscover of individual neurons
and their connections.

e The standardized dimension of the NFA produces more statistically relevant

data for cellular response.
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In this chapter the successful modification of the NFA by the development of
the bilayer membrane technique including track features has been discussed. The track
features facilitates the development of a neuronal network. Compared to the standard
NFA without tracks the new assay has an increased connectivity up to 65% more
neuron connections per day. Its reproducibility and the low number of cells blocking
tracks make the new technique to an even stronger spatially standardized analytical
display for high throughput neurotoxicity screenings. The toxicity of acrylamide and
the protective effects of BDNF and calpeptin have successfully been tested on
neuronal networks developed with the bilayer plasma membrane technique. The
characterization of the new method has been done with SH-SY5Y cells to compared it
with the original PDMS uCP NFA.

The bilayer plasma membrane technique has been developed for the demands
of primary neuron cells. The first criteria for the successful pattern of these cells have
been fulfilled by including track features. Primary neuron cells are the in vitro gold
standard for neurotoxicology screening technologies. Their biochemical,
electrophysiological characteristics and their in vivo like morphology is similar to the
SH-SY5Y ones. The widespread adoption of the NFA will be validated by the standards
defined by the neurotoxicologists and their guidelines. The field of application is widely
spread. Its dynamic networking is useful in developmental neurobiology to investigate
network plasticity which is involved in memory formation and learning. The NFA can
be used to determine test substances for inhibition, regeneration and degeneration
effects of neurite outgrowth. Conclusion of these experiments can help finding
therapies for damaged brain tissues, injuries and the prevention of brain triggering
conditions like Parkinson and Alzheimer disease. The NFA is also helpful in the clinical
trial period developing new drug compounds. Possible drug candidates can be
assessed and proven on any effects concerning the nervous system.

In all these disciplinary primary neuron cells or stem cells are used. The
consequence out of this is the development of a NFA suiting the demands of these cell

types. It is described in the following chapter.
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Chapter 5: The Network Formation Assay for

Neurons and Neuronal Precursor Cells

5.1 Introduction

The second generation of the NFA already included the necessary track features
to enable network formation by primary and stem cells. We already have shown
before that the NFA with tracks had better connections per nodes values culturing the
same cell line SH-SY5Y (cpn on day 3: 0.88 for NFA without tracks and cpn of 1.46 *
0.08 with track features). The transfer of the bilayer membrane plasma masking
technique to the demands of primary and stem cells requires adhesion molecules like
poly-D-Lysine (PDL), poly-L-ornithine (PLO) and laminin. The extracellular matrix
molecule laminin is not able to pattern cells for a long term culture on a substrate.
Over time delamination occurs and so cell detachment, which was caused by the
forces of the developing network. It is more effective to pattern laminin in

combination with a poly-amine. Poly-L-lysine for example binds 10x stronger neuronal
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cells on polystyrene than laminin (laminin adhesion force 105 nN, 37°C) (Calof and
Lander, 1991; Sagvolden et al., 1999).

The cell repellent PEG adlayer was disintegrated by plasma treatment through
the exposed regions in the bilayer membrane. For the patterning of primary cells poly-
lysine, which binds well to the activated glass areas, was incubated on the activated
chips. Unfortunately unlike proteins and polypeptides, PL has also a high affinity for

the PLL-g-PEG resulting in a reduced pattern quality (Figure 5.1.1).

Figure 5.1.1: PLL-FITC staining of a plasma pattern on PLL-g-PEG. PLL-FITC adheres on the

activated glass surface and the PLL-g-PEG layer.

The variation of several parameters; PL concentration, incubation time,
washing steps and pH change did not lead to pattern improvement. This drawback
with the PLL-g-PEG chips in combination with PL as adhesion molecules provoked us to
explore alternative micropatterning routes. The investigation of alternative methods is
documented in this chapter along with a method suitable for the patterning of mouse
primary neurons and neuronal precursor cells. In the last part of this thesis the long
term stability of NFA chips and the best storage conditions are discussed. In addition to
micropattern optimisation and characterization, the degenerative effects of

acyrlamide on a primary neuronal network were also measured.

98



Chapter 5: The Network Formation Assay for Neurons and Neuronal Precursor Cells

5.2 Material & Methods

5.2.1 Primary cortical neuron cell culture

C57BL/6N mice were purchased from Charles Rivers Laboratories, Germany.
Pregnant mouse were put to death 16 days after conception by cervical dislocation.
The cortices of the isolated embryos were extracted and transferred into Hanks
balanced salt solution (HBSS'/') containing 0.0125% trypsin (PANBiotech). The
dissociation process was stopped after 10 min by adding 0.05 mg/mL soy bean trysin
inhibitor; free DNA was destroyed using 0.01% (w/v) DNAse. The cells were further
dissociated using fire-polished glass pipettes, centrifuged at 200 g for 5 min followed
by the suspension in fresh neurobasal media containing 1% (v/v) (PANBiotech), B27
growth supplement (Gibco), 10 pg/mL gentamicine and 0.5 mM stable L-glutamine
(PANBiotech). The cells were cultured at 37 °C in a humidified 5% CO, atmosphere.
Cells were seeded in a concentration of 2.5 x 10° cells/mL media exchange took place

every 3-4 days by replacing 50% of the old media.

5.2.2 Culture of CGR8 neuronal precursor cells (NPCs)

Neuronal precursor cells (NPCs) were kindly provided by Marcel Leist,
University of Konstanz. The cell line was established from the inner cell mass of a 3.5
day male pre-implanation mouse embryo (129/0la). The differentiation media
contained 98.2 mL DMEM/F12, 98.2 mL neurobasal media (PANBiotech), 1 mL N2
(Gibco), 2 mL B27 (Gibco), 0.75 mL stable glutamin (2 mM) (PANBiotech), 150 pL
insulin (Sigma-Aldrich), 10 mg BSA fraction V (Roth) and 400 pL B-mercaptoethanol
(Gibco). Media was filtered through a 0.22 um filter. Cells were grown on surfaces
covered with 10 pg/mL PLO and 10 pg/mL laminin (Sigma-Aldrich). Media exchange
took place every other day with pre-warmed N2/B27. Differentiation is finished after
13 days. The cells were stained by fixing with 4% paraformaldehyde for 10 min and 15
min with 0.5% Triton-X 100. After this the cells were blocked with 5% normal donkey
serum (Millipore) for at least 1 h. The first antibody was incubated for 2 h in darkness

(NeuN from mouse (1:200), B-3-Tubulin from rabbit in 1% normal donkey serum;
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1:2000). The secondary antibody anti rabbit dylight 488 (1:500) or antibody donkey
anti mouse dylight 649 (1:500) (Millipore) was incubated for 30 min at room
temperature in darkness. DAPI was incubated 1:10000 for 30 min and mount with
fluorosave reagent (Invitrogen). A Leica DMI6000 B microscope was used to analyze

the cells with a CCD camera DFC 360 FX and the LAS AF Software.

5.2.3 Zeta-Potential Measurements

The zeta potential response of the modified glass surfaces with polyamines and
silanes were made in a 1 x PBS (pH 7.0) buffer solution using a SurPASS instrument
(Anton Paar, Austria). Measured parameters were stability over time and reaction to

poly-L-lysine.

5.2.4 Silanization of glass chips

Glass slides were cleaned with 96% (v/v) ethanol and water washing; afterwards the
slides were dried in a nitrogen stream. The slides were activated in 0.2 mbar oxygen
plasma (70W, 40 kHz (Femto, Diener Electronic)) for 60 s. The slides were placed in a
toluene bath containing 0.1 mM dichlorodimethylsilane (DCDMS; Sigma-Aldrich,
Germany), poly(ethylene glycol) methyl ether methacrylate (mPEG; ABCR, Germany) or
2-[methoxy(polyethyleneoxy)-propyl]trichlorosilane (TCS-PEG; ABCR, Germany) for 2-3
h. The slides were exposed for 5 min to nitrogen and rinsed with water free hexane to
remove unbound silane groups. Alternatively the activated glass slides can be placed in
a sealed slide bath containing 100 pL of the silane. To cover the slide with silanes in gas
phase the container has to be heated to at least 100°C. No washing and nitrogen

streaming is necessary after this procedure.

5.2.5 Amine glass chip modification

The modification of clean and activated glass slides was similar to the

modification with silane groups. The amine transfer took place either in the liquid
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phase in toluene or in the gas phase. The concentration of the amine was 0.1 mM in
solution and to cover the glass slides in the gas phase 100 pl of the amine solution was
taken. Used amine solutions were: diethylentriamine (DETA)
bis(trimethoxysilylpropyl)amine  (BTMSPA), 3-aminopropyldiisopropylethoxysilane
(APDIPES), (3-aminopropyl)triethoxysilane (APTES) ordered from ABCR, Germany.

5.2.6 Microcontact printing of proteins and poly-amines

PDMS stamps with protruding features were plasma activated for 1 min in an
oxygen stream and afterwards incubated for 10 min of a 50 pug/mL poly-L-ornithine
(PLO) or 0.1 mg/mL PDL solution (Sigma-Aldrich, Germany). The stamps were washed
twice with ddH,O and dried in a nitrogen stream. The stamps were dried and
protected from dust for another 15 min at room temperature. In order to uCP the
arrays the stamps were placed in conformal contact with the slide surface. By gently
pushing the stamp onto the slide, the amines get transferred to the PEGylated surface.

After a transfer time of at least 30 min the stamps can be peeled off and reused.

5.3 Results & Discussion

5.3.1 Silanes as an alternative to PLL-g-PEG?

The bilayer plasma stencilling method worked perfectly with cells that do not
need polyamines to mediate cell adhesion on a PLL-g-PEG background. The main
reason for the development of the NFA was the design of an easier read-out system
for chemical tests on neurite outgrowth. The neuron cells commonly used in test
assays by the community are primary cells. To evaluate the NFA as a better test assay
than the gold standard neurite outgrowth assay it must first be validated with primary
cells, in a commonly accepted culture format; i.e. using poly-D-lysine as cell adhesion
mediator. With this condition an assay using PLL-g-PEG as cell repellent material in

combination with the bilayer plasma stencilling method was unsuccessful (Fig 5.1.1.).
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Zeta-potential measurements confirm what has already been shown in figure
5.1.1. The electrical potential of the PEG adlayer incubated with a 0.1 mg/mL PLL

solution was measured (Figure 5.3.1).
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Figure 5.3.1: Zeta potential: a PEGylated and an activated glass slide were incubated for 1, 5
and 15 min with a 0.1 mg/mL PLL solution. Incubation time of 1 min is sufficient to increase the

zeta-potential to a neutral/positively-charged state.

The ions in the liquid phase bind tightly to the surface groups and form the
fixed layer. The loosely bound liquid phase ions of opposite charge form the mobile
layer. The zeta-potential measures the change in potential across the double layer. By
adding PLL to a PEGylated surface the zeta-potential rapidly increased from -40 mV up
to 7 mV. An incubation time of only 1 min is enough to neutralize the negatively
charged PEG surface. PLL reacts equally well with PEG as with activated glass. An
additional incubation with PLL for 5 and 15 min did not show a significant change on
surface charge compared to the first minute. Instead of using PLL-g-PEG as the cell
repellent material there is an alternative route, replacing PEG by another cell rejecting
material such as hydrophobic silanes. Alkyltrichlorosilane has been used before as a
cell non-adhesive material in combination with another silane coupled with an amine
for cell attachment (Kleinfeld et al., 1988). The hydrophobic silane
dichlorodimethylsilane (DCDMS) resists cell adhesion and has been used next to
protein adhesive glass surfaces (Frimat et al., 2009) to pattern cells. Another important
aspect is the long term stability of silanized glass slides at RT and in air. Once produced

the chips could be stored under normal conditions for around a year. This is an
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important issue for the wider use of the microchips in different laboratories around

the World.
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Figure 5.3.2: DCDMS, mPEG and TCS-PEG slides were stored for 1 week at RT in lab air. Zeta-

potential measurements showed the constant stability of the silanized slides.

The following silanes were tested as alternatives to the cell repellent PEG:

dichlorodimethylsilane (DCDMS), poly(ethylene glycol) methyl ether methacrylate

(mPEG) and 2-[methoxy(polyethyleneoxy)propylltrichlorosilane (TCS-PEG). All three

silanes have good long term stability in air as is shown in figure 5.3.2. The affinity of

the PLL for the silanes is shown in the following figure 5.3.3.
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Figure 5.3.3: Zeta-potential measurements of TCS-PEG, mPEG and DCDMS before and after the

incubation of 0.1 mg/mL PLL for 1 min.
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TCS-PEG and mPEG have a negatively charged surface which interacts with PLL.
After the addition of lysine the zeta-potential increased; the surface charge of mPEG
was neutralized from - 67 mV to 0 mV. The zeta-potential of TCS-PEG first increased
after PLL incubation from - 46 mV to - 3 mV. The most promising candidate is DCDMS
providing a neutral surface and does not show a change in surface charge after PLL
incubation.

The bilayer membrane was used to plasma the pattern into the silanized glass
slides. Lysine coupled with the fluorescent molecule FITC was incubated for 1 min on
the pattern. The high affinity of poly-lysine already shown in the zeta-potential
measurements was confirmed by the staining procedure. PLL-FITC did not only bind to

the activated glass pattern but also to the protected methylated PEG (Figure 5.3.4 left).

Figure 5.3.4: PLL-FITC staining of pattern produced by the bilayer membrane technique. Pattern

produced on mPEG (left), TCS-PEG (mid) and DCDMS (right).

Several different types of washing steps were evaluated to remove the
excessive lysine. These included water, PBS, acetone, hexane and ethanol. The specific
binding potential of lysine to glass was modified by pH-, temperature- and
concentration change. In spite of these numerous efforts, PLL still bound to mPEG.
With the lysine binding across the entire chip cells could adhere in all locations. As
such, the use of mPEG as cell-repellent material for primary chips was deemed
unsuitable.

PLL-FITC did not bind on DCDMS (Fig. 5.3.4 right) and in contrary to the zeta-
potential data it did not bind to TCS-PEG (Fig. 5.3.4 mid). Primary mouse cells were
isolated and used on plasma patterned and lysine coated DCDMS and TCS-PEG NFA

microchips.
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Figure 5.3.5: Primary cortical neurons patterned on lysine on a TCS-PEG background. Cells

initially were selectively registered on the pattern, but following 48 hours of culture the cellular

pattern became highly disorganised (right).

Pattern of primary cortical neurons (pCNs) were visible for 48 h before
the cells grew ‘chaotically’ with the loss of the structure. Figure 5.3.5 shows in the left
part the clear division between two arrays. The cells respect the adhesive pattern, but
on closer inspection (right figure) the neurite outgrowth was unstructured. The quality
of the patterns produced on TCS-PEG was therefore unsuitable for the NFA with
primary neurons.

DCDMS had no affinity for lysine as judged by the zeta-potential measurements
and after the staining procedure. The silane has already been used before as backfill
material to pattern SH-SY5Y cells with the bilayer plasma membrane (figure 5.3.6).

Finally PLL-g-PEG has been used as a standard cell resistant material due to the easier

handling and the higher reproducibility.

Figure 5.3.6: Network formation after 48 h with SH-SY5Y cells on plasma stenciled silanized
(DCDMS) glass slides.
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The patterning of pCNs on DCDMS slides was unsuccessful (Fig. 5.3.7). The cells
died within 48 hours. DCDMS is a highly hydrophobic material with a contact angle of ~
106° causing media to be rejected by the surface (i.e. the media forms droplets which
roll off. Alternatively the microchip floats). Cells in media were not distributed evenly
over the slide and instead formed a round droplet caused by the high surface tension.
The tension influenced the cell binding and network formation of the sensitive primary

cells and might cause their death after 48 h on chip.

Figure 5.3.7: The bilayer plasma membrane was used to pattern pCNs onto the DCDMS surface.
Cells did not effectively organize on the pattern. 48 h after seeding the primary cells died.

The evaluation of several silane-based surface modifications did not identify an
adequate replacement for PLL-g-PEG. Next to the mentioned examples of TCS-PEG,
mPEG and DCDMS, Octadecyltrichlorosilane (OTS), 3-Glycidopropyltrimethoxysilan
(GOPTS) and 3-aminopropyldiisopropylethoxysilane (APDIPES) were also unsuccessful.
The NFA microchips consist of two compounds; the cell repellent material PLL-g-PEG
and an amine in this case PLL/PDL. The replacement of PLL-g-PEG by silanes was not
effective. The alternative that was subsequently tested was to replace the poly-lysine

(polyamine) with an amino silane.

5.3.2 Aminosilanes as an alternative to Lysine?

The polymeric amino acids poly-L/D-lysine and poly-L-ornithine bind with PLL-g-
PEG modified glass surfaces. It was hypothesized that polylysine and its polycationic

analogous ornithine intercalate with the PEG moiety (Fig. 5.3.8).
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Figure 5.3.8: Chemical structure of poly(ethylene glycol)

In culture media or dissolved in buffer the amine groups of poly-L-lysine (Fig.
5.3.9 left) and poly-L-ornithine (Fig. 5.3.9 right) are protonated and may interact with
the free electron groups of the oxygen in PEG. The polycationic property of these
molecules allows the interaction with anionic sites on cells to mediate adhesion.
Lysine/ornithine bound to a culture plate possesses a uniform positive charge which is
preferred by several cell types especially primary neurons (PLL/PDL) or neuronal

precursor cells (PLO).
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Figure 5.3.9: Structure of the amine analogous poly-I-lysine (left) and poly-I-ornithine (right).

Lysine amino acid chain consists of one more methyl-group than ornithine.

The question is whether the amino acids can be replaced by a different sort of
molecules such as aminosilanes? The silanes could be bound covalently to the plasma
cleaned and activated glass surface next to PLL-g-PEG. The following aminosilanes
were tested: Diethylenetriamine (DETA), bis(trimethoxysilylpropyl)amine (BTMSPA), 3-
aminopropyldiisopropylethoxysilane  (APDIPES), (3-aminopropyl) triethoxysilane
(APTES). DETA has been used before with OTS (Octadecyltrichlorosilane) to pattern

glial cells (St John et al., 1997) and APTES with neuroblastoma cells (Ranieri et al.,
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1993). Primary cells were cultured in culture dishes coated with the aminosilanes.
pCNs grew and developed neurite outgrowth on all aminosilane surfaces. Silanized
glass slides coupled with BTMSPA and APDIPES are stable at room temperature and in
lab air for at least a period of one week (fig 5.3.10). This stability is a desirable quality

for the NFA microchip.
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Figure 5.3.10: Zeta-potential measurement of aminosilanes. Slides were stored at room

temperature in lab air for one week. BTMSPA is the most stable candidate.

DETA and APTES provide the highest amount of amine groups on the surface,
but hydrolyze under media conditions, are lost from the surface and cause cell death
(data not shown). APDIPES did not have sufficient stability which might be caused by
steric hindrance (Zhang et al., 2010). BTMSPA is stable in culture conditions, but has a
lower coverage of amine groups. The amines were tested in combination with PLL-g-
PEG and DCDMS as cell repellent materials. Glass slides were PEGylated for 1 h or
methylated for 2-3 h at 100°C in gas phase. In conclusion, no combination has worked
effectively. In most cases no pattern was visible. The combination of the aminosilanes
with PEG was also ineffective, with cell growth equally distributed across the entire
chip surface. This could be a result of the aminosilanes either displacing the PEG or
intercalating within the gaps between molecules. The only pattern observed was with
a combination of DETA and DCDMS (Fig.5.3.11). However, patterns were lost following
4 days in culture and results were not sufficiently reproducible. Together these

features indicate a loss of stability.
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Figure 5.3.11: Pattern produced with DETA/DCDMS using pCNs. The quality of the
pattern was poor and not reproducible. The cells were able to bind to the tracks as well as the

adhesion nodes.

Finding and replacing lysine and ornithine with a suitable aminosilane was not
successful. Indeed, all tested amines were suitable for cell adhesion and neurite
outgrowth, but not as a cellular pattern. In summary, the only silane of value was
DCDMS which introduced problems of media and cell addition whereas the
combination of PLL-g-PEG with aminosilanes did not produce a pattern. PLL-g-PEG is
still the best choice cell repellent material as it is hydrophilic (CA 29.12 + 2.8°) and
facilitates the contact of cells to the adhesion spots. To successfully develop the NFA
for primary and stem cells the polyamine-PEG binding effect was choosen to exploit.
PDL and PLO bind perfectly on PLL-g-PEG, excess PDL and PLO distributes over the chip
and prevents the patterning of cells. To overcome this problem | chose to print a

monolayer of lysine or ornithine on a PEGylated glass slide to prepare a pattern.

5.3.3 NFA for Primaries

Microcontact printing is an established method to print molecules or proteins
on surfaces. Commonly after molecular printing the free areas are passivated with a
cell repellent backfill material such as PEG or the printing is undertaken on non-
adhesive polystyrene. In our study PDL or PLO was printed on glass slides covered with

PLL-g-PEG.
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Figure 5.3.12: Microcontact print of the NFA structure with PLL-FITC on PLL-g-PEG. The print

quality was of high quality and the process was highly reproducible.

Printing PL on PLL-g-PEG produced high quality patterns and was highly
reproducible. The print was stable in media during a period of one week: The
fluorescent intensity did not decay and did not spread. The remaining question was, if
the monolayer of PDL/PLO is sufficient to mediate cell adhesion and for how long?
Primary cells were seeded on a chip with a PDL print. Network development is shown

in Fig. 5.3.13.

Figure 5.3.13: Network development of pCNs on the PL printed on PLL-g-PEG. Within the first
24 h the cells began to become registered on the NFA pattern (A). Three days after seeding the
beginning of a network has been formed (B) and is nearly completed after 6 days (C). The cpn
value and the diameter of the neurite connections increased until it reached the maximum ((D);

19 days in culture). The experiment has been done in co-operation with Julia Sisnaiske, IfaDo.
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Within the first 24 h the cells began to form a network with 0.12 + 0.03
connections per node cpn and an occupancy of 95.3 + 1.08% (Fig. 5.3.14). In the first
24-48 h time was required for the cells to organize themselves on the array. The widely
distributed character is reflected in the cells in track (cit) number of 23 + 2.25% on day
1 which is reduced to 8.9 + 1.43% on day 8. Within a week the network was fully

developed with a cpn value of 2.52 £ 0.09, that is close to the maximum possible value

of 2.73 cpn.
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Figure 5.3.14: The development of pCNs on the NFA as measured using connection per nodes,
cells in track (%) and node occupancy (%) during 9 days of culture. The experiment was done in

triplicate and in cooperation with Julia Sisnaiske, IfaDo.

It was possible to culture the pCNs longer than one month on chip. In the end
the network attained the maximum amount of cpn, although the occupancy decreased
to 82.7%. pCNs prefer the state of cell clusters, which could explain the low occupancy

number.

Figure 5.3.15: Primary neuronal network on a PLL-g-PEG coated surface following one month in
culture. A fully complete network showing one array on chip with all spots occupied (left) and

the maximum amount of connections per node (right).
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Single cells patterned in a spot used the developed connections as “railways” to
cluster together with other patterned cells in neighbouring nodes. An impression of a
perfect developed primary network one month on chip is shown in figure 5.3.15.

After the successful establishement of the NFA for pCNs an inhibition and
degeneration assay with the neurotoxin acyrlamide was undertaken. In the inhibition
assay the primary cells were treated 24 h after seeding with acrylamide in the
concentration range of 6 UM to 2 mM. In the degeneration assay the network was
established over a period of four days (cpn: ~1.5) before treated with acyrlamide in the

range of 16 uM up to 5 mM (Figure 5.3.16).
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Figure 5.3.16: Degeneration assay; Dose response experiment with acrylamide. Shown here is
the concentration range of 0.5 mM up to 1.6 mM on primary cells (left). Inhibition assay:
concentration range of 0.006 mM up to 2 mM. Only the highest concentration of 2 mM inhibits
the neurite outgrowth (right). All experiments were done in triplicate and in cooperation with

Julia Sisnaiske, IfaDo.

As shown before with the SH-SY5Y cell line the NFA could be used to distinguish
between cytotxity and neurotoxicity in inhibition assays. The calculated ECso- and ECyp-
values for pCNs in concern of cytotxocity were in the same concentration range than
the one measured by CellTiter-Blue® assay (Inhibition assay NFA: ECsq / ECy: 1.51
(0.79-2.47) mM / 1.47 (0.84-2.43) mM after 72 h incubation; CellTiter-Blue® ECsq/ ECyo:
1.51 (1.21-1.81) mM / 0.39 (0.29-0.53) mM after 24 h of incubation). The measured
ECso- (0.70 (1.79-2.30) mM) and ECy-values (0.67 (0.20-1.18) mM for neurite
degeneration 72 h after incubation with acyrlamide was much lower than the ones for

cytotoxicity. The degeneration assay was not as sensitive as the inhibition assay. It was
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not possible to distinguish between cyto- and neurotoxicity (Effective Concentration
for neurotoxicity ECso / ECyo: 0.93 (0.65-1.36) mM / 0.77 (0.56-1.29) mM; Effective
concentration for cytotoxicity: 0.62 (0.56-0.70) mM / 0.59 (0.54-0.69) mM).
Problematic were the multi-interconnections formed by the pCNs as strong bundles
which did not get disintegrated by acrylamide and thus lower the sensitivity of the
network formation assay.

In future the design layout will be modified with a spot diameter of 40-50 pum
and a track width of 1.5 um (instead of 70 um spot diameter and 2 um tracks) to avoid
bundle formations and cell clustering. For further information on the topic of
neurotoxicity on primary and stem cells please view the doctor thesis of Julia Sisnaiske

(Sisnaiske, 2013).

5.3.4 Long term stability NFA

An important criterion for the widespread use of the NFA method is the
possibility to ship and store the chips for long periods of time. The surface chemistry
combines cell repellent material PLL-g-PEG in combination with a uCP of PDL. PLL-g-
PEG has been shown to be sensitive to air (in the laboratory) at room temperature

(Figure 5.3.17).
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Figure 5.3.17: Zeta-potential measurements on PEGylated glass chips stored in lab air and at

RT, as well as O, protected in a N,-atmosphere at +8°C over a period of 400 days.

The zeta-potential of chips stored under lab conditions decrease from -14 mV

to -60 mV within the first 60 days. Tests with cells have shown that chips stored for

113



Chapter 5: The Network Formation Assay for Neurons and Neuronal Precursor Cells

only one day in the lab have a dramatically increased number (10 + 5 unspecific
binding cells on an area of 1.45 mm? on the control (-80°C in Ar) compared to 73 + 51
unspecific binding cells on chips stored in the lab) of non-specifically bound cells,
rendering them unsuitable for NFA experiments.

Chips stored under N,-atmosphere at +8°C were much more stable, with the
zeta-potential reduced by only -18 mV to -32 mV during an entire year. The stability
can be increased by storing the chips in N, at -80°C. PEGylated chips stored under
these conditions remained cell repellent for at least a month. Experiments are on-
going to further increase the stability of PLL-g-PEG slides for long term storage. Chips
with a uCP of PDL could be stored for two weeks, nevertheless freshly prepared prints
produce the highest quality patterns. This is made possible by the soft lithography
approach which is straightforward for the biologists to prepare themselves. The
establishment of a business selling the reagents and stamps for the biologist to do
everything themselves is one future opportunity to find the NFA. An increase in the
long term stability was also possible by storing the chips in an argon atmosphere at -
80°C. After 4 month the material retained it’s ability to prevent cell adhesion (Figure
5.3.18). In comparison, samples stored in argon at room temperature lost their ability
to effectively prevent cell adhesion within 5 days.

PLL-g-PEG can adsorb spontaneously from aqueous solution onto negatively
charged surfaces such as plasma activated glass (SiO,) by electrostatic interaction. The
positively charged PLL backbone interacts with the negative charged oxide surface. A
monolayer is formed with the PEG chains orientated to the aqueous solution. The
degradation of the PLL-g-PEG chains can take place by the auto-oxidation of the
ethylene glycol groups, a process which is faster at RT than at -80°C (Luk et al., 2000;
Ostuni et al., 2001). Most probably, however, the PLL-g-PEG was hydrolyzed. PEG was
coupled by ester-chemistry to the PLL. Esters are prone to be hydrolyzed in acid as well
as in basic conditions. The PLL-g-PEG stability under physiological pH in media was

consistently good, with no degradation observed in long term cell culture experiments.
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Figure 5.3.18: The number of cells binding on a PEGylated glass chip stored in argon at room
temperature and in argon at -80°C. 2.0 x 10° cells were seeded in 2 mL media. After 24 h of
adhesion the slides were washed thoroughly with PBS and stored in 1.5 mL PBS. An area of 1.45

mm? was screened for cells. The experiment was done in triplicate by Melanie Kriiger.

In conclusion, prepared PEGylated glass slides can easily be stored in argon or
nitrogen atmosphere by -80°C for months with intact cell repellent qualities. The chips

could be shipped in argon/nitrogen and on carbon dioxide ice.

5.4 Outlook and Conclusion

In this chapter we describe the adaption of the NFA for primary cells. Primary
and neuronal precursors are self-renewing and fully differentiated cells are the gold
standard for data validation. Our bilayer plasma membrane patterning technique on
PEGylated glass was unsuitable for backfilling with PL and PO, adhesion molecules
needed by the cells to adhere to a surface. Replacing PL and PO by aminated silanes
was also unsuitable. It was possible to replace PLL-g-PEG by DCDMS or TCS-PEG cell
repellent materials. The pattern stability, cell viability on chip and reproducibility were
not sufficient to provide an acceptable alternative to PLL-g-PEG. Instead the high
affinity of PL and PO was used to uCP the poly-amine on the PLL-g-PEG surface. The
resulting patterns were of high homogeneity, reproducibility and the primary network
was stable in culture for over a month. PEGylated glass slides can be stored in argon
atmosphere for at least four months without losing its cell repellent characteristic,

stabilizing the PEG for long term experiments. In the future another hydrophilic
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polymer poly-L-lysine-g-poly(2-methyl-2-oxazoline) (PLL-g-PMOXA) will be investigate,
which is more stable in oxidative environments than PLL-g-PEG. The zeta-potential
stayed constant for a glass slide covered with PMOXA stored under lab conditions for
one week (Appendix 4). PMOXA is also equally effective in preventing protein adhesion
and also prevents cell adhesion (Konradi et al., 2012). NFA produced with PMOXA as
cell repellent material could be more easily stored and shipped without anti-oxidation
measures.

The network formation assay has been successfully established for primary
cells. The read-out of connectivity is a more precise and sensitive analytical end-point
than cell viability. In the future, neuronal precursor (stem) cells will be patterned on
the NFA microchips. Already it is possible to pattern these mouse cells with a uCP of

PLO followed by an overnight coating of laminin (Figure 5.4.1).

Figure 5.4.1: Neuronal precursor cells (NPCs) on a uCP of PLO and Laminin following 5 days in

culture (left). Immunostaining: Nucleus of the differentiated NPCs was stained with DAPI (Blue)
and mature neurons were identified with 8-3-tubulin (green) and NeuN (neuron-specific nuclear

protein; red) (right). Pictures were kindly provided by Vanessa Hausherr, IfaDo.

Using the neuronal precursor cell line (CGR 8 cell line) instead of the primary
cell is of great promise to the 3Rs intiative. The pluripotent stem cells, once they are
differentiated, are identical in morphology and functionality to primary neurons
(Sisnaiske, 2013). Stem cells are self-renewing, so that primary cells obtained from
animals are no longer required. This could further reduce the amount of animals

needed to test chemicals for their neurotoxicity and neurodevelopmental effects.
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Chapter 6: Conclusion

The research documented in this thesis describes the development of two
novel in vitro microarray technologies, one suitable for the culture of tumour
spheroids and the other for neurotoxicity testing.

The spatially standardized tumour spheroid culture platform was developed
using PDMS microcontact printing. These microarrays automatically produce scalable
tumour spheroids with diameters of 200 um to 550 um. Cells growing on the platform
do not just aggregate together, but grow from a monolayer, producing mass transfer
gradients within the spheroids which appropriately mimic avascularised tumours in
vivo. The array dimensions dictate the spheroid model type and the development of
metabolic and pathophysiological gradients. The microarray technology allows the
mass production of highly uniform tumour spheroids with different scales and
different gradient magnitudes for the in situ or ex situ analysis of potential anticancer
treatments. Also the influence of cell proliferation rate, impact of scale and metabolic
status on drugs can be determined. All together these benefits show the large
potential of the array format for the widespread adoption of the tumour spheroid
model in anti-cancer treatment investigation, especially with the focus in on obtaining
high throughput data from metabolically-relevant tumour models. The arrayed HT29
tumour spheroids were physically and biologically characterized before final
chemosensitivity testing. Transferring this microarray technique into industrial

standard microtiter plates will allow high-throughput-screenings that greatly enhance
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the potential of the spheroid array format for spheroid research in both fundamental
research and commercial applications.

Bilayer plasma membrane technique is a cell patterning approach that was
successfully developed to pattern neuron cells in another spatially standardized
microarray format, the network formation assay (NFA). The NFA is a rapid, sensitive
and reproducible analytical platform based on the neurite outgrowth assay with
further microarray modifications (Frimat et al., 2009). It is a new in vitro method with
predictive value for high throughput hazard classification of 100.000 untested or
inadequately tested chemicals. The hexagonal geometry with equal distance to
neighbouring nodes standardizes the neurite outgrowth length and eliminates the time
intensive task of length measurements. The standardized coordinates of nodes and
outgrowth tracks makes the NFA a reliable format for high-throughput screenings. In
addition, the NFA measures interconnectivity which is the basis of memory and
learning and a higher functional indicator than neurite outgrowth alone. The bilayer
plasma membrane technique was successfully used to advance the NFA with the
inclusion of features. Compared to the standard NFA without tracks the new assay has
an increased connectivity; up to 65% more neuron connections per day. Dynamic
processes like degeneration and regeneration experiments have been and can be
monitored without fixation or staining. Its reproducibility and the low number of
unspecific bound cells make the new technique a greatly improved spatial
standardized analytical display for high throughput neurotoxicity screenings.

Furthermore, the network formation assay has been modified to meet the
demands of gold standard ex vivo murine neurons and neuronal precursor cells. An
established cell patterning technique, the microcontact printing, was used to pattern
poly-amines on a PLL-g-PEG non-cell adhering background. Primary cells accepted the
arrays containing track features. The reproducibility and pattern quality as well as the
long term stability of cell pattern were excellent, making the NFA for primary cells a
reliable tool for neuroscientists. The PEGylated glass slides can be stored in argon
atmosphere at -80°C at least four month without losing its cell repellent characteristic,
stabilizing the PEG for long term experiments. Currently, another hydrophilic polymer

poly-L-lysine-g-poly(2-methyl-2-oxazoline) (PLL-g-PMOXA) is being tested, which is
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more stable in oxidative environments than PLL-g-PEG. PMOXA is equally effective in
preventing protein adhesion and should so likewise deny cell binding (Konradi et al.,
2012). NFA produced with PMOXA as the cell repellent material can be stored and
shipped without any oxidation preventative measures. The network formation assay
has been successfully established for primary cells. In future neuronal precursor cells
will be arrayed on the NFA chips. Already these mouse cells have been patterned with
a UCP of PLO and a laminin coating overnight, but it needs further investigation with
regard to cell number and assay design. In summary, these demonstrations and
developments will promote the widespread adoption of the NFA by scientists to aid

the neurotoxicity testing effort.

The simple cell patterning techniques and microarray tools for biological
applications enable the biologists to readily adopt and handle spatial organized cell
cultures. The in vitro microarray systems enhance and complement the gold standard
techniques, which allow scientists to gain additional analytical information from cell
biology experiments. In the future, microtechnologies will be increasingly available and
more frequently used by biologists to spatially control cells for more reproducible,
accurate and quantitative data analysis. These microarray techniques can be
transferred into microtiter plates allowing high-throughput screenings coupled with
automated image analysis capabilities. The spatial control of cellular cultures allows
the spatial organization of in vivo tissues to be better mimicked and enables the
development of assays that address unmet challenges in cell biology. Next to the
spatial benefits microarray technologies equally reduce the amount of resources,
making these systems an inexpensive alternative. Especially the use of test animals can
be dramatically reduced using new microarray approaches. In summary, this thesis
demonstrates that it is possible to design powerful tools based on microtechnology

innovations to aid cell biology research in both academic and industrial settings.
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Table 1 Summary of the conditions and results from the irinotecan dose response experiment.
Diameter and volumetric growth values are from the control spheroids. The experiment was
undertaken in triplicate with each replicate involving the measurement of 8 individual

spheroids. Standard deviation values are prefixed with +.

culture exposure spheroid spheroid mean ICsp (UM)
condition (day) start (um) | end (um) volumetric
growth um?3
monolayer 4-7 - - - 32 (95% Cl 22-49)
400-pm-pitch 4-7 165+ 4 175+ 7 4.4x10° 102 (95% CI 49-239)
400-um-pitch 11-14 191+8 192+9 5.6x10* 307 (95% Cl 144-634)
(hypoxic)
1500-pum pitch 4-7 168 + 8 240+ 12 4.6 x 10° 62 (95% Cl 23-96)
1500-pm pitch 10-13 307 +32 36320 9.8 x10° 224 (95% Cl 123-408)
(hypoxic)

Table 2 XPS atomic percentage data from the PLL-g-PEG adlayer with and without 60s oxygen

plasma treatment

O1ls
(at. Cls1l Cis2 Cls3 Cls4 Nis Si2p1 Si2p2
electron level: %) (at. %) (at. %) (at. %) (at.%) (at.%) (at. %) (at. %)
C-0-C,
C-OH, C- C=0, O- N-C, N==C,
probable N, C- C-0, N- COOH, N-C=0, N—(C
species:(Beamson, C-C, NH;',C= C-0,N- N—(C= =0)0, NH;",
1992) all C-H N,C=N C=0 0)O N(CHs)s" Si° Sio,
sample
native Si 35.56 2.04 0.45 0.89 0.82 0.53 47.65 12.06
PEGylated Si 33.52 2.77 12.72 1.64 0.26 1.45 39.23 8.88
Plasma treated 34.80 0.92 0.18 0.21 1.78 0.53 48.25 13.33

PEGylated Si
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Appendix 3: Degeneration and protection effects on SH-SY5Y cells. Dynamics of acrylamide
(ACR) included network degeneration and protective effects of 1 uM calpeptin (CP) and 100
ng/mL BDNF. The network was treated with 0.5 mM ACR (A) and 1.0 mM (B). Confidence
intervals beneath the appropriately colored dotted lines indicate a significant (p<0.05)

reduction compared to the initial value (self-control comparison).

Appendix 4: Zeta-potential measurements of PMOXA
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Appendix 4: Zeta-potential measurements: PMOXA stayed stable under lab condition for five

days, no oxidation processes detectable.
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