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Maccio and our always helpful secretary Esther Singer.

Thanks to all the members of the LBB for creating such a nice environment to
work and giving support whenever needed.

Special thanks to Dr. Tomaso Zambelli the co-inventor of the FluidFM tech-
nology in les Diablerets, Switzerland 2006. He was then the driving force for the
FluidFM research and it has been always a pleasure to work with him and being
around his cheering personality. Thanks to Pascal Behr for his contributions to our
research, the time spent on the template of this thesis and taking the risk to found
Cytosurge with me. I really enjoyed to work with my old friend Dr.med. Lukas
Hefermehl and his assistant medical doctor Dr.med. Daniel Eberli on the electrical
catheter project.

5



Herzlichen Dank an meine Eltern Maja und Andreas, sowie meinen Grosseltern
Marta und Peter für ihre Unterstützung während meines Studiums.
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Abstract

In the late 18th century, Luigi Galvani presented his experiments with frog legs and
the newly observed form of electricity in animals. It took almost one and a half
centuries until researchers began to understand how cells generate and transmit
electric potentials, starting the phase of modern electrophysiological research. This
discovery, and further technical developments, led to the use of electric currents in
everyday clinical therapeutics; for example pacemakers, which drastically improved
quality of life and life expectation of patients with cardiac problems. Scientists
and engineers dream of compensating disabilities with prostheses that are directly
linked to the brain, allowing feedback signals to be sent back to the brain (e.g.
position of an arm prosthesis, temperature or weight of a grabbed object). The same
technology could be used to reconnect broken nerve connections with an electric
circuit and regain normal functionality of paralyzed limbs or organs. Moreover,
brain functions could be realized on a chip, or another sense could be added to
our five existing physiological perception possibilities (sight, sound, taste, smell
and touch). All the science-fiction approaches we can imagine are in principle the
same - they connect an electric circuit with living cells through an interface of
dead and living matter. Thereby the implanted, non-degradable material provokes
a foreign body reaction, leading to encapsulation by connective tissue and loss of
implant functionality. If the interface also acts as an electrode for electrical cell
stimulation, the applied currents induce electrochemical reactions, which create
locally unfavorable conditions for the resident living cells. In this thesis, we focus
on the effects of applying currents through electrodes to cells in vitro and in vivo,
and we present ways to use such electric currents to control the adhesion, growth
and migration of cells on electrodes.

In chapter 4, we present a high-resolution optical method to measure the pH
change due to electrochemical reactions close to an ITO electrode using confocal
laser scanning microscopy. This technique further allowed us to study and model
pH changes in physiological solutions, where the extent of the effect is within the
hundred micrometer range. Based on the predictions of our model, we were able
to connect the electrochemically-induced pH changes with the observed behavior of
cultured myoblasts directly grown on the electrode surface. Current densities above
a certain threshold led to the uptake of a membrane impermeable dye, indicating
membrane pore formation. Cells showed exactly the same effect upon exposure
to low pH solutions. Based on our model, we could attribute this to the change
in local pH, although we could not exclude the effects of other electrochemically
created reactive molecules.

We developed a neurochip to control the adhesion and outgrowth of individual
neurons by electrochemically removing protein-repellant molecules from transpar-
ent electrodes in chapter 5. The neurochip architecture is based on three parallel



indium-tin-oxide (ITO) electrodes on a SiO2 substrate. A photoresist structure
forms a landing spot for the neuron soma and two lateral outgrowth pathways for
the neurites. The whole surface was turned protein and cell repellant with PLL-g-
PEG before enabling neuron soma adhesion by selective PLL-g-PEG removal. After
the neuron adhered, a potential was applied to the pathway electrodes, permitting
neurite outgrowth along the pathways formed by the SU8 structure. We also show
the possibility to control cell migration with small pulsed currents. Myoblasts were
seeded on a chemical pattern of cell-adhesive PLL and cell-resistant PLL-g-PEG.
The PLL-g-PEG was then electrochemically removed from the electrodes to permit
migration onto the cell-free electrodes. While electrodes without applied current
were confluently overgrown within 24 hrs, a small pulsed current was able to inhibit
cell growth on the bare ITO electrode for more than 72 hrs. With both techniques,
cell adhesion, growth, and migration can be controlled dynamically after cells start
to grow on the substrate. This opens new possibilities: we believe the key to control
the development of neuron networks with well-defined topology, or more complex
co-cultures, is the combination of passive surface modifications and active control
over the surface properties at any time during the experiment.

Based on the findings of the previous chapters, we present in chapter 6 an im-
plantable pulse generator, which we used to study the effects of small pulsed cur-
rents on the viability of rat aortic derived cells (ROAC) in vitro. The chosen pulsed
currents were large enough to inhibit normal cell adhesion on the active platinum
surface. The cells only formed a small adhesion patch on the active surface, while
keeping their globular shape, and underwent apoptosis within 24 hrs, as indicated
by the positive staining for cleaved caspase-3. Inspired by these findings, we stud-
ied the effect of these currents in vivo, by implanting the pulse generator subcuta-
neously in a rat model. Although the electrode|tissue interface histology revealed no
difference between the active platinum surface and the neighboring control surface,
we have found a large impedance difference at high frequencies between electrodes
that remained functional during the entire experiment and the ones that stopped
working due to a broken connection with the function generator. 21 days after im-
plantation, the non-working electrodes showed an increase in impedance at higher
frequencies, whereas the working electrodes maintained the same impedance the
entire time. This indicates that applied currents can indeed reduce the impedance
of implanted electrodes and suggests an altered encapsulation process.

In the form of a feasibility study in chapter 7, we present a novel approach to
prevent bacterial adhesion, colonization and encrustation of Foley catheters and
urethral stent surfaces. Proteus mirabilis was chosen as a model for the most
common bacteria to colonize such surfaces. Minutes after inserting a catheter, de-
position of host urinary components starts on the catheter surface and leads to the
formation of a conditioning film. Such films play an active role in the bacterial
adhesion process. In artificial urine, we tried to avoid such naturally-formed con-
ditioning films by applying different current densities to platinum electrodes. The



results were quantified using highly mass-sensitive techniques. The bacterial adhe-
sion could be reduced significantly compared to platinum surfaces without applied
currents.

Overall, in this thesis the influence of applied currents to viable cells was inves-
tigated and used to control cell adhesion, growth and migration.



Zusammenfassung

Im späten 18. Jahrhundert publizierte Luigi Galvani seine Experimente mit Frosch-
schenkeln und die dabei neu beobachtete Form tierischer Elektrizität. Es dauerte
danach fast eineinhalb Jahrhunderte bis Wissenschaftler zu verstehen begannen,
wie Zellen elektrische Potenziale generieren und übertragen können. Die Phase
der modernen elektrophysiologischen Forschung wurde damit eingeläutet. Diese
Entdeckungen, sowie weitere technische Entwicklungen haben dazu geführt, dass
elektrische Ströme heute im klinischen Alltag nicht wegzudenken sind und die Le-
bensdauer / Lebensqualität vieler Patienten massiv erhöhen (z.B. appliziert durch
Herzschrittmacher). Der Wunschtraum vieler Wissenschaftler und Ingenieure je-
doch wäre, sämtliche körperlichen Beeinträchtigungen mittels Prothesen beheben
zu können. Die Steuerung könnte direkt vom Gehirn aus erfolgen, wobei auch
sensorische Rückmeldungen ans Gehirn möglich wären (z.B. Position der Pro-
these, Temperatur oder Gewicht eines angefassten Gegenstandes). Mit derselben
Technologie könnten durchtrennte Nervenfasern mit einem elektrischen Schaltkreis
überbrückt und gelähmte Gliedmassen / Organe neu innerviert werden, um so ih-
re ursprüngliche Funktionalität wieder zu gewährleisten. Darüber hinaus könnte
man Aufgaben des Gehirns auf einen Chip auslagern oder unseren fünf Sinnen (Se-
hen, Hören, Schmecken, Riechen und Fühlen) weitere Wahrnehmungsmöglichkeiten
hinzufügen. Egal welche phantasievollen, zukünftigen Anwendungen wir uns noch
vorstellen können, im Prinzip wird immer eine elektronische Schaltung mit lebenden
Zellen verbunden und zwar über eine Grenzfläche aus toter und lebender Materie.

Durch die Implantierung eines körperfremden Materials wird eine Fremdkörper-
reaktion des Immunsystems provoziert. Rund um das nicht abbaubare Material
bildet der Körper eine Bindegewebskapsel und schlussendlich führt dies zu einer
reduzierten Funktionalität des Implantates. Wird diese Grenzfläche gleichzeitig für
die elektrische Stimulation von Zellen verwendet, induzieren die applizierten Ströme
elektrochemische Reaktionen. Für die dort angesiedelten lebenden Zellen werden
durch diese Reaktionen lokal lebensfeindliche Bedingungen geschaffen.

In dieser Doktorarbeit untersuchen wir die Auswirkungen solcher Ströme in vi-
tro und in vivo und präsentieren Möglichkeiten diese Effekte zur Kontrolle von
Zelladhäsion, -wachstum und -migration zu nutzen.

In Kapitel 4 entwickelten wir eine hochauflösende Methode, um elektrochemisch
induzierte pH-Änderungen in der Nähe einer ITO-Elektrode mittels konfokaler
Laser-Scanning-Mikroskopie sichtbar zu machen. Dies erlaubte uns pH-Änderungen
in physiologischen Lösungen innerhalb eines Bereiches von 100 µm zu studieren und
modellieren. Basierend auf diesem Modell konnten wir die elektrochemisch induzier-
ten pH-Änderungen mit dem beobachteten Verhalten von Myoblasten, die direkt
auf der Elektrodenoberfläche gewachsen sind, in Verbindung bringen. Stromdich-
ten ab einem bestimmten Schwellenwert führten bei diesen Zellen zur Aufnahme



eines membranimpermeablen Farbstoffes, welcher dabei als Hinweis zur Bildung
von Poren in der Zellmembran diente. Auch beim Eintauchen in Lösungen mit tie-
fem pH-Wert zeigten die Zellen dieselben Reaktionen. Unser Modell ermöglichte es
uns, diese Beobachtungen dem tiefen pH-Wert zuzuschreiben, wobei die Wirkung
anderer elektrochemisch generierter Moleküle nicht ausgeschlossen werden konnte.

In Kapitel 5 entwickelten wir einen Neurochip, um die Adhesion und das Aus-
wachsen einzelnener Neuronen mittels elektrochemischer Entfernung proteinresi-
stenter Moleküle von einer transparenten Oberfläche kontrollieren zu können. Die
Chiparchitektur basiert auf drei parallel angeordneten Indium-Zinn-Oxid Elektro-
den. Diese befinden sich auf einem Glassubstrat mit einer Fotolackstruktur als Lan-
deplatz für den Neuronenkörper mit seitlichen Kanälen für das Neuritenwachstum.
Die Oberfläche wurde vollständig mit protein- und zellresistentem PLL-g-PEG be-
schichtet, bevor der Platz für den Neuronenkörper mit Hilfe eines Potentials an
der darunterliegenden Elektrode freigeschaltet wurde. Nach erfolgter Adhesion der
Zelle konnten auch die Kanäle für das Neuritenwachstum freigelegt werden. Des
Weiteren zeigen wir auch eine Möglichkeit die Zellmigration unter Nutzung klei-
ner gepulster Ströme zu verhindern. Myoblasten wurden daher auf einer chemisch
strukturierten Oberfläche gezüchtet. Dabei konnten die Zellen nur auf dem Glas-
substrat aber nicht auf den ITO-Elektroden adhärieren. Nach elektrochemischer
Freischaltung der Elektrodenflächen konnten die Zellen die Oberflächen innerhalb
von 24 Stunden konfluent überwachsen. Im Gegensatz dazu, mittels einem kleinen
gepulsterten Strom, konnte die Migration der Zellen für > 72 Stunden erfolgreich
verhindert werden. Mit diesen beiden Techniken können Zelladhäsion sowie Wachs-
tum und Migration dynamisch kontrolliert werden, auch wenn die Zellen bereits
auf das Substrat aufgebracht wurden.

Basierend auf den Ergebnissen der vorangegangenen Kapiteln entwickelten wir in
Kapitel 6 einen implantierbaren elektrischen Pulsgenerator. In vitro Tests mit Aor-
tazellen zeigten, dass die gewählten Stromdichten gross genug waren, um eine nor-
male Zelladhäsion zu verhindern. Die Zellen bildeten nur eine kleine Kontaktfläche
mit der Platinelektrode und behielten ihre Kugelgestalt. Innerhalb von 24 Stunden
wurden sämtliche Zellen apoptotisch, was mit Anti-Caspase-3-Antikörpern gezeigt
werden konnte. Inspiriert durch diese Beobachtungen, untersuchten wir die Auswir-
kungen dieser Ströme in vivo. Dabei wurde der Impulsgenerator subkutan in Ratten
implantiert. Zwar ergab die histologische Untersuchung der Elektroden|Gewebe-
Grenzfläche keinen Unterschied zwischen einer aktiven Platinoberfläche und der be-
nachbarten Kontrolloberfläche ohne angelegtem Strom. Die Impedanz bei höheren
Frequenzen war jedoch für Elektroden tiefer, die während des ganzen Experimentes
Strompulse abgaben, als für Elektroden, die während des Experimentes ihre Funk-
tion einbüssten. Dies wies darauf hin, dass die Einkapselung in einer abgeänderten
Form erfolgte.

In Form einer Machbarkeitsstudie in Kapitel 7 präsentieren wir einen neuartigen
Ansatz zur Bekämpfung bakterieller Adhäsion, Kolonisation und deren darauffol-



genden Verkrustungen von Foley-Kathetern und Harnleiter-Stents Flächen. Proteus
mirabilis wurde als Modell-Bakterium für urologisch wichtige Bakterien gewählt.
Normalerweise bilden sich nach dem Einführen eines Katheters sofort Ablagerung
von Urinkomponenten auf der Katheter Oberfläche, die zur Bildung eines sogenann-
ten Conditioning-Film führen. Diese Ablagerungen spielen eine aktive Rolle beim
Adhäsionsprozess von Bakterien. In künstlichem Urin haben wir versucht, die Bil-
dung solcher Filme durch Anlegen verschiedener Stromdichten auf Platinelektroden
zu verhindern und mit hochsensitiven Methoden zu quantifizieren. Die bakteriel-
le Adhäsion konnte im Vergleich zu einer Platinoberfläche ohne Strom signifikant
reduziert werden.

In der vorliegenden Dissertation wurde der Einfluss elektrischer Ströme auf le-
bende Zellen untersucht und deren Auswirkungen zur Kontrolle von Zelladhäsion,
-wachstum und -migration verwendet.
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1. Introduction

Everyone has at least once felt the electric shock by accidentally touching a voltage
source, such as; while plugging in a electric cord with a finger between the two poles
(my first childhood memory), touching the electric fence used to deter cattle, or
sensing the prickle on your tongue while licking simultaneously the copper plates of
a 4.5 V battery. Even though the intensity may differ, these sensations are all caused
by electric currents. It is not yet completely understood in detail, what is really
happening to living tissue when external electric field is applied or why the tissue
itself is creating electric fields [1]. The most convenient and controlled way to study
these effects are cell cultures as used in many fields including biology, pharmacology,
medicine and biomedical engineering. It is crucial to maintain the cells in healthy
condition and keep the environmental factors as controlled as possible, especially
important is to provide a surface for cell adhesion necessary for the cells to realize
many natural functions such as growth, proliferation and differentiation. The cells
interactions with its environment are in focus to study cellular biology. Upon
exposing surfaces to culture medium or body fluids, various proteins adsorb on
the surface and providing adhesion sites for cells as described in the sections 1.1,
1.2. Synthetic molecules and biocompatible materials were designed to achieve
precise control over the surface having predefined cell adhesive or protein repulsive
properties.

The combination of both cell adhesive/repulsive properties on the same surface,
so called ”patterned surfaces”, have been applied to cell arrays or co-culture sys-
tems to study interactions between cells and between cell and extracellular matrix.
So far passive pattering was often used for producing such surfaces prior to an ex-
periment with the disadvantage, that the surface properties can not be altered after
initiating the experiment. The different methods and examples are described in sec-
tion 1.3.1. But researches asking for more control over the surface properties during
the experiment nowadays, leading to the development of active surface patterning
methods, so called ”stimuli responsive” surfaces (Section 1.3.2), where the proper-
ties can be switched dynamically at any stage of the experiment e.g. by photons,
enzymes or electric potentials. Such developments help to realize new experiments
such as controlling the wiring of neurons in culture, studying the dynamics of basic
neuron networks and providing an essential step towards understanding how the
brain performs functions such as memorizing and learning. The focus in the sec-
tions 1.3.1,1.3.2 lies therefore more in how to control actively the growth of neurons
in culture. If the surface is switched electrically also electrochemical reactions oc-
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1. Introduction

curring at the electrode interface and have to be taken in account above a certain
electrode potential as introduced for NaCl solution in section 1.5.

Electric currents and potentials are already applied in medicine in e.g. cardiac
pacemakers, cochlear implants and brain implants. A short historical and applica-
tion overview is given in section 1.4. Long-term complications occur upon implan-
tation of any material implanted in the human body resulting in loss of recording or
stimulating capabilities due to the host tissue reaction leading to encapsulation of
the electrode material. Also high currents or potentials applied, can harm the sur-
rounding tissue or lead to corrosion of the electrode surface due to electrochemical
reactions at the interface. An introduction to this topic is given in section 1.4.2.

1.1. Protein adhesion to surfaces

Proteins or polypeptides are linear chains of amino acids as building blocks. De-
pending on the amino acid sequence and its length, the proteins are fold into 3D
structures (conformation) and participate, alone or in protein complex, in almost
every process within cells and between cells. Proteins are amphiphatic (hydrophilic
and hydrophobic properties) molecules making them intrinsically surface active.
The accumulation of proteins at interfaces can be both advantageous or problem-
atic. On the one hand it is necessary for the development of biosensors, immuno-
logical tests, biomedical implants etc., whereas on the other hand in many cases
the formation of protein- or biofilms can be a disadvantage and elicit host reactions
such as severe immunological response, blood coagulation or bacterial adhesion. On
the other hand, cells only bind to surfaces with specific protein binding sites. Pro-
teins interact through different intermolecular forces (Coulombic, van der Waals,
Lewis acid-base) with surfaces. Because of their long linear design, they also inter-
act through entropically based effects such as hydrophilic/hydrophobic interactions
and conformational entropy. Upon adsorption on the surface, the protein might also
alter its conformation and loose its biological functionality due to intramolecular
forces. This is also reason for the different kinetics behavior of proteins in ad-
sorption and desorption or even showing apparent irreversibility of the adsorption
process [2].

In order to study protein adsorption and protein cell interactions, well defined
surfaces are needed and brought up the concept of using self assembling monolay-
ers (SAMs). SAMs are spontaneously organized assemblies of molecules formed
by adsorption from a solution or from a gas phase. The engineered amphiphilic
molecules have a head group that binds to the substrate and alkyl chain connect-
ing to a functional end group at its tail. The molecules start to assemble in a
crystalline structure in order to cover the whole surface in a single monolayer pre-
senting their end group. The end group could be small goups such as -OH, -NH3,
-COOH to turn the surface hydrophilic or peptides to study protein interactions [3].
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1.2. Cell-matrix interactions

The most benefit using SAMs, compared to methods using adsorbed protein films
is the control over the exact composition. In other cases it is preferred to turn
surfaces protein repulsive ”non-fouling”, so the SAM end group can be a ethylene
glycol (EG) or poly(ethylen glycol) (PEG) [4], which present a water like interface
and due to steric repulsion proteins are excluded from approaching the surface. So
the surface resists non-specific (physical) protein binding.

Another type of molecules often used for surface modifications are polyelec-
trolytes. The molecules electrostatically interact with an oppositely charged surface
due to an ionizable group along the backbone chain. Kenausis et al. presented a
protein resistant polycationic polyelectrolyte, poly(L-lysine)-grafted-poly(ethylene
glycol) presented in methods and materials section 3.7.2 and used in this thesis.

1.2. Cell-matrix interactions

In vivo, mammalian cells express multiple adhesion molecules on their surface to ad-
here and spread on a biological matrix called the extracellular matrix (ECM). The
major cell adhesion molecule classes enabling cell to adhere are: (i)Immunoglobulin
superfamily members playing the major role in the immune system in animals,
including immunoglobulines, cell surface antigen receptors and antigen presenta-
tion in lymphocytes. (ii) Cadherins are calcium dependent adhesion molecules
ensuring cell to cell adhesion in tissue. (iii) Selectins are a family of cell adhesion
molecules (CAMs) able to bind to sugar moieties or sugar polymers. (iv) Integrins
are receptors to bind and mediate between cell and its surrounding translating
the information from the extracellular matrix (ECM) as well translate information
about the status of the cell to the outside. The ligands regulate cellular processes
including adhesion, migration, growth, secretion, gene expression and apoptosis,
wich are controlled or triggered by the ECM. Many important adhesive proteins
(e.g. fibronectin, laminin, vitronectin, fibrinogen, collagen) contain an Arg-Gly-Asp
(RGD) sequence, which is the key to many integrins and allows the cell to adhere to
such proteins. Without adhering to a surface via integrins, the cell typically com-
mits suicide (apoptosis) [5]. In vitro, synthetic molecules with the peptid sequence
RGD are used to adress specific cell binding and elicit specific cell responses [6–8].
Another sequence Ile-Lys-Val-Ala-Val (IKVAV) was indentified from laminin and
is also synthetically produced to promote cell adhesion, spreading, migration and
neuron outgrowth [9, 10].

Prokaryotes (bacteria and archea) produce multiple adherence molecules called
adhesins. The adhesins are expressed on the bacteria pili, flagellae or on the bacte-
ria surface. The bacteria Proteus mirabilis used in this thesis, is a common cause
of catheter-associated urinary tract infections and attaches to catheter surfaces
with a greater affinity than other gram-negative bacteria. The swarming behav-
ior is a distinct characteristic of this bacteria and it has been shown that Proteus
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mirabilis can attach to every catheter material, such as ethylene, propylene, sul-
fonated polystyrene, silicone [11]. Many adhesins are thought to bind to these
surfaces and the conditioning film formed by host urinary components minutes af-
ter insertion. Wherefrom, the pili and hemagglutinins are thought play the most
important role in the colonization of the catheter surfaces and urinary tract [11].

1.3. Surface patterning to control cell adhesion,
growth and migration

1.3.1. Passive surface patterning

Experimental techniques in biomedical engineering often involve the use of pat-
terned substrates to study fundamental cellular processes. The patterned surfaces
are engineered to specifically influence cell adhesion, outgrowth, migration, orga-
nization and tissue development by providing alternating surface properties, cell
adhesive and repulsive, in the micrometer range. In principle the cells are seeded
on prefabricated substrates patterned either with different materials e.g. metals,
metal oxides or organic molecules which preferably do not change their properties
during the experiment. Such passive substrates are patterned by normal pho-
tolithography techniques for spatial arrangements of different solid materials [12],
protein-aqueous materials [12–16], polyelectrolytes [17,18] or self-assembled mono-
layers (SAMs)(Fig.1.1, A), [19, 20]. Photolithography in combination with laser
ablation [21] was also reported. Another method, µ-contact printing developed
by Whitesides et al., uses a microstructured elastomeric stamp made of poly-
(dimethylsiloxane) (PDMS) (Fig.1.1, B, C), [22]. This printing technique is mostly
used to transfer patterns of poly(L-lysine) (PLL) [23–28] or extracellular matrix
proteins such as laminin, fibronectin to a flat substrate. Instead of proteins, syn-
thetic molecules (e.g. SAMs or polyelectrolytes) consisting of substrate binding
sites and specific cell-adhesive peptide sequences (e.g. RGD, IKVAV, etc.) can be
printed onto solid materials [29–31]. Another approach for patterning cells is to
provide a 3D structure on a surface were cells can attach and grow inside or along
the structure. Merz and Fromherz used lithographically patterned SU8 polyester
structures to guide individual snail neurons (Fig.1.2, A), [32, 33].

Topographical effects of smaller structures such as silicon pillars and micron sized
holes on neuron growth were also investigated [35,36]. There were also attempts to
culture neurons in microfluidic platforms allowing directed growth of neurites from
their cell bodies [37] or pattern them at low densities for further differentiation [38].
It has also been tried to trap the neurons mechanically in parylene cages positioned
on electrode sites of a multielectrode array (MEA) chip. The cell body is hold in
place by the cage, while the neurites are free to grow into the surrounding area
(Fig.1.2, B), [34].
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1.3. Surface patterning to control cell adhesion, growth and migration

Figure 1.1.: (A) Molecular-assembly patterning by lift-off (MAPL). A photoresist
pattern (Stage I) is dipped into solution of surface adhesive and func-
tionalized molecules (Stage II). The photo resist is removed (Stage III)
with an organic solvent and the remaining free surface is backfilled
with another surface adhesive molecule (Stage IV), [12]. (B) µ-contact
printing involving an elastomeric stamp (1) is soaked in ink solution
containing biomolecules and then is dried in a stream of N2 (2) leaving
back a thin layer on the stamp surface. The stamp is pressed against
to surface (3), leaving back the biomolecules (4) at the position of the
raised structures of the stamp shown in figure (C) [23].

1.3.2. Active surface patterning

All these methods provide a prefabricated passive patterned surface for cell cultures.
Nowadays, the challenge shifts towards more complex structures built of different
cell types [3] or to build topographically controlled neuron networks towards further
understanding how the brain works or to study the effects of neuron active drugs [39]
in vitro. It is therefore crucial to develop more versatile patterned surfaces with
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Figure 1.2.: (A) Silicon chip with a polyester structure to control snail neuron net-
work growth. Top inset shows a scanning electron image of the guid-
ance structure. Bottom inset shows a neuron soma and neurite ex-
tensions inside a topographic structure [33]. (B) SEM of a parylene
neurocage design, where a neuron is placed in the center and dendrites
are free to grow through the channels and connect with other neurons
sitting in other cages (scale bar 10 µm) [34].

active control over the surface properties at any point in time of the experiment.
These so called stimuli responsive surfaces [40] switch their surface properties trig-
gered by photons, enzymes, temperature or electric potentials. Sarig-Nadir et al.
used a laser to change the local properties of a PEGylated fibrinogen hydrogel to
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allow the outgrowth of a neuron in the desired direction [41]. Another way to realize
a dynamic control over the surface during cell culturing was introduced by Yeo and
Mrksich. They used alkane-thiol SAMs on a gold surface exposing cell adhesive
RGD ligands attached to an electroactive group [42]. Upon applying an electric
potential the electroactive group with the ligand is released resulting in the de-
tachment of adherent fibroblasts from the surface. Kaji et al. described a method
using a conductive probe to generate an HBrO (oxidizing agent) from the Br−

containing solution in the vicinity of an albumin coated surface [43, 44]. Locally,
the albumin was turned cell-adhesive and permitted the cells to grow along the
trace of the conductive probe. Zhao et al. showed that protein- and cell- repulsive
(EG)-terminated SAMs become cell-adhesive upon exposure to electro-generated
Br2 [45]. Fan et al. used pluronic polymer coated electrodes and was able to con-
trol the protein adsorption by tuning the voltage bias on the microelectrodes [46].
Li et al. described a method to pattern cells by prior electrochemical desorption of
SAMs in localized areas defined by a microfluidic system [47]. Cells could also be
patterned by simple electrochemical desorption of PEG silane SAMs from gold [48]
or ITO electrodes [49].

1.4. Electrodes in biology

1.4.1. ”Animal electricity” then and electrophysiology today

Officially, Luigi Galvani presented 1791 in ”De viribus electricitatis in motu mus-
colari commentarius” his experiments with frog legs and the finding of new form
of electricity ”animal electricity”. His discovery provoked criticism of Alessandro
Volta, the future inventor of the battery. Galvani believed that the animal electric-
ity comes from the muscle, while Volta believed that the animal electricity was a
physical phenomenon. After the death of Galvani and due to the success of the bat-
tery, ”animal electricity” disappeared from the science community. Reymond Du
Bois, clarified some of Galvani’s experiments and wrote into the introduction that
”animal electricity” has not been taken in consideration other than Voltaic elec-
tricity. The modern phase of electrophysiological research started in Cambridge
around 1943 [50]. Researchers began to understand how potentials are produced
in animal cells and how action potentials are transmitted between cells, how mus-
cles contract and how photon signals are translated into electric signals and sent
to the brain, but so far without understanding the whole complexity of a brain
or even smaller neuron networks. However, currents and potentials are already
applied to many human organs including the brain. Special electrodes are typi-
cally used for stimulating or recording of electrically excitable tissues e.g. cardiac
pacemakers [51], cochlear implants [52], deep brain stimulation as a treatment for
patients with severe movements disorders (Parkinsons disease), essential tremor,
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dystonia or even obsessive-compulsive disorders [53], retinal implants [54], brain
machine interfaces [55], neural interface for selective recording and stimulation of
nerve fibers [52,56,57].

1.4.2. Bioelectrodes and tissue reactions

In the above mentioned applications, the electrical stimulation parameters are set
not to harm the surrounding tissue or the electrode itself. To avoid tissue harm, the
electric pulses are of short duration (micro- or milliseconds) and the pulses are ap-
plied in so called charge balanced waveforms to reduce/avoid Faradaic reactions (see
section 1.5) occurring at high total charge delivery with longer monophasic pulses.
Shannon et al proposed an expression for the maximum level for safe stimulation
by relating the charge density per phase versus the charge per phase for surface
electrodes on the cortex [58] based on empirical data [59, 60]. Besides the tissue
damage, electrical stimulation in the unsafe region can lead to electrode corrosion.
The mechanisms for stimulation induced tissue damage are not well understood,
but two mechanisms are proposed: (i) either overstimulation of the central nervous
system (CNS) leads to biological misbalance of the involved neurotransmitters, glu-
cose; or (ii) ions or the creation of intolerable high amount of toxic products by
Faradaic reactions at the electrode tissue interface [61]. Even if currents are ap-
plied in the safe region, all intracorporally implanted materials e.g. electrodes or
biosensors provoke a foreign body reaction [62,63]. The foreign material is encap-
sulated by e.g. microglia, astrocytes, endothelia, fibroblasts depending on the place
of implantation, a problem that has not been solved to date. These encapsulating
cells and extracellular matrix shield the electrode from the tissue of interest [64]
and limit the functionality of implanted biosensor devices e.g. glucose sensors [65].
Due to encapsulation, the resistivity of the tissue increases with time [66], resulting
in loss of neuronal recording or, lower stimulation capability and subsequent higher
power consumption of the stimulation device. A lot of research has focused on
material coating strategies to avoid this encapsulation [67–69]. In addition, a fully
electrical solution was also proposed to prolong the signal-to-noise-ratio during the
lifetime of chronically implanted electrodes. During this so called rejuvenation, a
1.5 V DC bias is applied to an iridium electrode for 4 s. This was able to reduce
the impedance at 1 kHz for a few days enhancing the signal-to-noise ratio of the
recording [70]. The reasons for this phenomenon are not yet clear, but conductivity
pathways might be formed through the shielding tissue. Other long pulsed current
densities ( 0.57 A/m2) have shown to kill cells on ITO microelectrodes within 2
min of exposure (see chapter 4). With higher frequency (2.5 V, 40 kHz, up to 30
s), cells are killed deliberately, as shown in the wound healing assay described by
Keese et al. [71]. Cell death in biology may occur in different ways: Necrotic cells
die by irreversible membrane rupturing and release their content inducing an in-
flammatory response in the surrounding tissue. In contrast, apoptotic cells undergo
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1.5. Basic electrochemistry

a more physiological (programmed) cell death involving the activation of caspases,
the central executioners of the apoptotic pathway [72]. These cells are then cleanly
removed by macrophages and subsequent intracellular digestion without provoking
an inflammatory response [73]. This also makes the apoptotic pathways favorable
for anti cancer therapy [74, 75]. Higher voltage short pulsed currents (from 10 s
to several ms) are used in electroporation for DNA transfection and drug deliv-
ery [76, 77]. Studies have shown such pulses used for electroporation induce both
necrosis and apoptosis [78, 79], whereas lower voltage (7.5 V/mm) and long du-
ration pulses (100 ms) can reduce necrotic cell damage [80]. Lower voltages have
been used to electrically improve wound healing with direct currents to reduce bac-
terial colonization [81]. Electrically induced apoptosis has been observed in direct
current treatment against a leukemic cell line [82]. It has been shown that even
small galvanic currents (4 V/m, 5 A) arising from different metal alloys used in
tooth restoration can induce apoptosis in the oral mucosa [83]. Mild unfavorable
conditions produced with long pulsed (s), small current (0.38 A/m2) inhibit the
migration of cells onto microelectrodes (Chapter 5). These effects were limited in
time (only while current was applied) and in space, since neighboring cells were
not affected. The origin of the observed phenomena is based on the interface be-
tween electrode and adsorbed protein aqueous layer on which cells can adhere.
The next section is introducing therefore the electrostatic interactions of ions with
the charged surface (Section 1.5.1) and the electrochemical reactions induced upon
applied electric currents (Section 1.5.2).

1.5. Basic electrochemistry

1.5.1. Electrical double layer

A freshly plasma treated or cleaved surface presents presents severed chemical bonds
of the solid material. In case of strongly polar compounds (e.g. SiO2, indium
tin oxide) the surface is chemisorbing water vapour immediately after exposing to
ambient air. The H2O molecules are chemisorbed (forming hydrogen bonds) or
hydroxyl group forming a covalent bond after H2O dissociation. If the surface now
is brought in contact with a liquid, the surface can acquire a charge at the interface
depending on the specific adsorption/desorption of ionic species from the solution
or via an external electric field applied. The adsorption of anions will lead to a
negative and cations to a positive surface charge. The surface charge density and
zeta potentials of oxides are dependent on the solutions pH and ionic strength.
Surfaces in pH lower than the point of zero charge become positively charged.

If such a charged surface comes in contact with other charged species in solution,
the oppositely charged species are attracted and form a layer to compensate the
electric charge of the surface. This layer has a different composition from the
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bulk solution and is known as electric double layer. A first theory to describe
this electric double layer was proposed by Helmholtz treating the double layer as
a simple capacitor. The Guoy and Chapman improved the model by introducing
a diffuse model of the electric double layer with exponentially decreasing electric
potential away from the surface to the bulk solution. The most commonly used
model is the combined Guoy-Chapman-Stern model, assuming a ”plane of closest
approach” and a portion of excess ions remain and attach to a ”diffuse layer” [84].

In this thesis the spontaneous adsorption of the polyelectrolytes PLL, PLL-g-
PEG (Section 3.7.2) was used to modify surfaces. At physiological pH (pH 7.4) these
polyelectrolytes are positively charged and the used substrates (SiO2, indium tin
oxide) are negatively charged. It should be noted that the electrostatic interaction
is dependent on pH and ionic strength of the solution.

1.5.2. Electrolysis in aqueous NaCl solution

All body fluids, culture medium and physiological buffers contain a certain amount
of NaCl to adapt to the inner osmotic pressure of mammalian cells. If potentials
or currrents are applied by electrodes to such solutions, electrochemical reactions
might occur above certain potentials. The main reactions are: (i) at the cathode
H2O (Reaction 1.1) is more easily reduced than sodium ions (Reaction 1.2), which
is reflected in their different standard reduction potentials E◦ vs. normal hydrogen
electrode (NHE). (ii) at the anode oxidation of Cl− ions and H2O molecules may
occur. Even though the oxidation of H2O (Reaction 1.3) is thermodynamically
favored due to its lower standard reduction potential at equilibrium situation com-
pared to chloride (Reaction 1.4), chloride formation is kinetically favored [85]. The
net current generated by the reduction or oxidation of substances at the working
electrode are called Faradaic currents. In this thesis anodic potentials and currents
were applied to the working electrode and therefore the reaction 1.3 to low pH and
toxic amounts of hypochloric acid (Reaction 1.4, 4.1) were taken into account in
the discussion sections of the relative chapter.

(i)Reactions at the cathode in aqueous NaCl solution

2H2O + 2e− ←→ H2 + 2OH− E◦ = −0.83 V vs. NHE (1.1)

Na+ + 1e− ←→ Na E◦ = −2.71 V vs. NHE (1.2)

(ii) Reactions at the anode in aqueous NaCl solution

2H2O ←→ O2 + 4H+ + 4e− E◦ = 1.23 V vs. NHE (1.3)

2Cl− ←→ Cl2 + 2e− E◦ = 1.36 V vs. NHE (1.4)
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Figure 1.3.: (A) Endothelial cells attached on protein adsorbing SAM pattern sur-
rounded by protein resistant (EG)-terminated SAM molecules. Upon
applying -1.2 V for 30 s the EG-terminated were desorbed from the
surface and cells started to spread from microislands to the now cell
adhesive surface. The numbers indicate the elapsed time (in minutes)
after the voltage pulse [48]. (B) Fibroblasts adhered only to regions
presenting RGD ligands. The ligands were chemically bound in two
different ways to the surface binding molecule, allowing the release of
the RGD ligand by applying a positive (b) or a negative (c) potential of
650 mV [42]. (C) (STEP 1) Insulated surface electrodes are coated with
pluronics polymer that is presenting the protein repulsive hydrophilic
PEG chains at low density, at which proteins can adsorb to the surface
but not cells (STEP 2) due to the steric repulsion of the side chains. By
applying a 60 V bias (STEP 3), the pluronics polymers properties were
changed to cell adhesive allowing adhesion and outgrowth of cells [46].
(D) A cell repulsive polymer is patterned by µ-contact printing and the
free surfaces are coated with PEI/Heparin complexes. A micropipette,
containing Br2 ions was brought in close contact with the heparin sur-
face and a potential is applied between the inside of the pipette and
solution. The electrochemically produced HBrO and its oxidative ac-
tion caused the PEI/heparin complex to desorb allowing other protein
adsorb and permit the outgrowth of HeLa cells.
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2. Scope of the thesis

The introduction provided an overview about cell adhesion to surfaces and the
importance of patterned surfaces. Especially interesting are patterned surfaces,
which allow to alter the surface properties actively at any time of the experiment, so
called stimuli responsive surfaces. Such active surface patterning techniques enable
unprecedent biological experiments, such as the built of topologically controlled
neurons networks. The most convenient way to realize an active control over a
surface is realized by electronic control, since modern microfabrication technology
allows the integration of circuits in the nanometer range in mass production. We
also highlighted the applications of bioelectrodes in modern medicine and their
intrinsic long-term drawbacks were discussed. In this thesis, the focus is on finding
new ways of changing surface properties by applying electric potentials or currents
to enable cell growth or inhibit cell adhesion in vitro and in vivo, and we tried to
find a method to avoid long-term effects on implanted electrodes.

In chapter 4, we focus on the development of a fast high-resolution method tho
measure the pH change due to electrochemical reactions close to a electrode us-
ing confocal laser scanning microscopy. Such a method would allow to study and
model pH changes in physiological solutions within a hundred micrometer range,
where no other pH measurement can bring the necessary velocity and resolution.
Visualizing such local pH changes is highly interesting for thin film applications
and electrochemistry. Using a simple diffusion model, we connected the electro-
chemically induced pH changes with the observed behavior of cultured myoblasts
directly grown on the electrode surface after applying different current densities.

In chapter 5, we explored a novel way to electrically control the adhesion of
neurons and electrically enable the outgrowth of neurites inside a polymeric 3D
structure. A neurochip was developed with the requirements of having a transpar-
ent electrode substrate for light microscopic observation and having a 3D structure
mechanically supporting neuron cells. The whole neurochip surface was turned
protein and cell resistant before enabling neuron adhesion and neurite outgrowth
by selective electric switching of the surface properties. We also investigated a pos-
sibility to control cell migration without the use of any surface modifying molecules
and use only small pulsed currents.

Previous experiments have shown, that small pulsed electric currents inhibit cell
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adhesion and migration in vitro, in chapter 6 we investigated this effects in vivo.
Therefore, we built an implantable pulse generator and studied the effects of small
pulsed currents on the viability on rat aortic derived cells in vitro, first. Then, we
implanted the electric pulse generator into rats to study the effects on living tissue
within a time period of 21 days and tried to relate the observed impedance changes
over time of the implanted electrodes with the histological data.

In chapter 7, the idea of preventing mammalian cell adhesion and migration on
surfaces by electric means was extended on bacteria in an attempt to solve a clinical
issue on ureteral stents. Despite the material developments and surface coatings,
such urogenital catheters encounter bacterial colonization in long-term use, which
lead to infections and require the administration of antibiotics to the patient. We
tried to avoid bacterial adhesion by applying different current densities to platinum
electrodes as a possible catheter coating material in artificial urine.

This thesis ends with a summary of the most important findings and an outlook
to the remaining challenges and possibilities.
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3. Methods and materials

This chapter describes the different imaging and quantification techniques, buffers,
solutions, synthetic molecules, surface preparation, cell culture and implantation
protocols. Furthermore the fabrication process steps and assembly of the electrode
containing substrates and implantable pulse generator are explained and illustrated.
At the end of the chapter, a diffusion model is presented and used to fit different
parameters allowing the prediction of pH values between an electrode and an adher-
ent cell after electrically inducing a pH change. More detailed information about
the particular experimental techniques is given in the experimental section of each
chapter 4, 5, 6, 7.

3.1. Imaging techniques

3.1.1. Fluoresence microscopy

Fluorescence is a quantum effect and occurs when a molecule, atom or nanostruc-
ture relaxes to its ground state after being electrically excited. In fluorescence
microscopy, the specimen is mostly labeled with fluorescent molecules (e.g. flu-
orescein, rhodamine etc.) and some specimen might even show autofluorescent
behavior. Illuminating the specimen with light of a specific wavelength(s)causes
fluorophores to emit light of longer wavelengths. In the microscopy light path,
emitted fluorescence is separated from the excitation light using emission filters.
The fluorescence can then be seen by eye or detected with a CCD camera for imag-
ing. Due to long exposure times fluorophores can loose their fluorescence properties
(photobleaching). Some fluorophores are pH sensitive and can therefore be used as
pH probes e.g. to measure intracellular pH.

3.1.2. Confocal laser scanning microscopy

The confocal laser scanning microscope (CLSM) is a more advanced fluorescence
microscope. Instead of illuminating the entire specimen with light, a focused laser
of a specific wavelength(s) is scanning the area of interest and can achieve higher
excitation power than a normal fluorescence microscope. The image is made pixel-
by-pixel by collecting any fluorescent light from the illuminated volume. As in
normal fluorescence microscopy, the fluorescence light is separated from the laser
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light by emission filters and using a pinhole in the light path. Fluorescence from
out-of-focus volume can be suppressed, which results in much sharper images along
with the defined depth of the specimen. This allows obtaining images in various
horizontal focal planes within the sample and the reconstruction of 3 dimensional
images (z-stacks).

In this thesis, a Zeiss LSM 510 equipped with a oil 63x/1.4 NA M27 plan-
apochromat objective was used for high resolution confocal laser scanning mi-
croscopy.

3.2. Material adsorption quantification techniques

3.2.1. Electrochemical optical waveguide lightmode
spectroscopy (EC-OWLS)

Optical waveguide lightmode spectroscopy (OWLS) is a surface sensitive technique
to quantify the adsorption of biomolecules on surfaces. The quantification princi-
ple is based on measuring the incoupling angle of laser light into a planar waveg-
uide with a diffraction grating. By varying the angle of the incident laser beam,
transverse electric (TE) and transverse magnetic modes can be excited (TM). The
produced evanescent field along the waveguide surface extends up to 200 nm above
the waveguide and is then sensing in the optical properties (refractive index) of
the adsorbed media at the waveguide/media interface and the incoupling angle
is changing accordingly [86–88]. The adsorbed mass per unit area M (Eq.3.1) is
calculated using de Feijter’s formula:

M = dA(nA − nC)/
dn

dc
(3.1)

- M : mass per unit area

- dA: thickness of the adsorbed layer

- nA: refractive index of the adlayer (dn/dc=0.18 for proteins [89])

- nC : the refractive index of the medium

- dn/dc: refractive index increment

Electrochemical-OWLS (EC-OWLS) is an extension of this technique, which
makes it possible to study the adsorption of charged analytes onto an ITO coated
waveguide under applied potentials. This allows for the study of electrochemi-
cal surface reactions as well as the measurement of the effect of applied potential
on polyelectrolyte adsorption. The instrument includes an electrochemical flow cell
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3.2. Material adsorption quantification techniques

with a ITO coated working electrode which is the sensor (OW 2400c, 50 nm ITO) at
the same time, and a silver reference electrode and platinum counter electrode [90].
All parts were purchased from MicroVacuum, Hungary. The waveguides were ultra-
sonically cleaned in isopropanol for 10 min and in H2O for 10 min, then extensively
rinsed with H2O and blow dried with N2, followed by oxygen-plasma cleaning for
2 min.

3.2.2. Electrochemical quartz crystal microbalance with
dissipation monitoring (EC-QCM-D)

Quartz crystal microbalance (QCM) was developed to quantify thin film deposition
using a QCM sensor made of a thin quartz disc sandwiched between two electrodes.
By applying an alternating voltage across the quartz crystal, a mechanical oscilla-
tion is induced. If the film is strongly coupled to the resonator, the adsorbed mass
can be calculated according to Sauerbreys equation [91].

∆m = −C∆f/n (3.2)

- m: adsorbed mass per unit area

- C: mass sensitivity constant

- ∆f : frequency shift

- n: overtone number n ε [1,2,..]

An improvement of the QCM technique is the simultaneous measurement of the
energy dissipation (QCM-D) together with the resonance frequency. In many cases
an adsorbed film can not be simply described by this rigid model. In case of
our films, some deviation from the Sauerbrey relationship was measured, due to
the visco-elastic nature of the adsorbed film and its water content. By assuming a
Voight model, using the 3th, 5th, 7th, 9th overtones according to Voinova et. al [92]
and the software package Q-Tools (Q-Sense, Sweden), it was possible to estimate
the mass density during the current applications. We studied the film formation
under an applied current in an electrochemical cell (EC-QCM-D) using a QE 401
instrument with a QEM 401 electrochemical cell with platinum coated crystal QSX
314, all purchased from Q-Sense, Sweden.

3.2.3. Atomic force microscopy (AFM)

The atomic force microscope (AFM) is collecting surface information by scanning
a small probe over a surface. The probe is mechanically attached at the end of a
cantilever with defined stiffness. If the probe senses attractive or repulsive forces
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from the surface, the cantilever is bent and this can be registered by e.g. measuring
the deflection of a laser beam reflected on the backside of the cantilever. The probe
can be moved by piezoelectric actuators over the surface in different modes. In con-
tact mode (static) the cantilever deflection is kept constant wheres in non-contact
tapping mode (dynamic) the cantilever is oscillated at or close to its fundamental
resonance frequencies. Interacting forces between probe and surface change the
oscillation behavior and provide information about the surface forces. The AFM
is even ”gentle” enough to visualize soft material such as living cells, lipid bilayers
or polyelectrolytes. Under optimal conditions (vacuum, low temperature) resolu-
tions in the fractions of nanometer can be achieved with AFM technology. We
investigated our films with a NanoWizard 1 BioAFM (JPK, Germany) and using
Mikromasch CSC38/noAl cantilevers.

3.3. Potential and current control devices

3.3.1. Potentiostat and galvanostat

Potentiostats are electronic power supplies delivering precisely constant voltage
used for electrochemical experiments. The potential is controlled at the work-
ing electrode (WE) relative to a reference electrode (RE). The current needed to
maintain the preset potential is passed through the counter electrode (CE) and is
measured to get information about changes of the electrochemical system. Short
circuiting RE and CE allows to use the potentiostat as two electrode voltage source
(galvanostat). The galvanostat controls the applied current precisely between WE
and the two short-circuited RE-CE. In this thesis two different potentiostat models
were used: AMEL 2053 (AMEL electrochemistry, Italy) and Autolab PGSTAT302N
(Metrohm Ag, Switzerland). Depending on the experiment the working electrode
was an indium tin oxide or platinum electrode. In three electrode configuration,
a chlorinated silver wire was used as RE and a platinum wire or surface as CE.
In two electrode configuration, the short-circuited RE-CE was a platinum wire or
surface.

Cyclic voltammetry is an electrochemical experiment, where the potential is lin-
early cycled (ramped) between two preset potentials. The measured current is then
plotted vs. potential to get the cyclic voltammogram. The inset in figure 4.5 was
made using a Autolab PGSTAT302N potentiostat and the potential was cycled
between 0 - 2.2 V.

Impedance Spectroscopy is a tool to characterize the electrical properties of elec-
trode materials and its interface. In principle, the impedance is measured by apply-
ing an alternating potential and gives the resistance as a function of the frequency.
The analysis provides static information about the system such as dielectric coef-
ficients, properties of the interface system and dynamic information due to charge
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transfer or adsorption phenomena. In section 6.2 the impedance spectra of the im-
planted electrodes were measured with an Autolab PGSTAT302N potentiostat and
the Frequency Response Analyzer Software v.4.9.007 from Eco Chemie (Utrecht,
Netherlands). The spectra were measured with an amplitude of 50 mV between
0.2 Hz and 1 MHz.

3.3.2. Implantable electric current pulse generator

An electric current pulse generator was built with prospect for implantation using a
low power astable multivibrator HEF4047BT from Philips (Distrelec, Switzerland)
powered by a 3 V, 25 mAh coin cell lithium ion battery (Energizer CR1216, France).
Ohmic resistor (10 MΩ) and capacitor (220 nF) were used to set the period of
the current pulses. This way the pulse generator delivers two differently pulsed
direct current (DC) square wave signals at different ports (2.5 s current, 2.5 s
pause referred to hereafter as electrode 1); (5 s current, 5 s pause electrode 2)
and the third port served to close the circuit. Another ohmic resistor (2 MΩ)
was connected in series to each output as a voltage/current convertor according to
Ohms law, producing a current I = 1.5 µA per electrode of 0.37 A/m2, whereby
the ohmic resistance of the culture media is negligible. The electronic circuit and
battery were mounted on a printed circuit board (11 x 11 x 0.8 mm). Inside custom
built Teflon molds, the whole circuit was embedded in EPOTEK-320M and cured
at 60◦C for 6 h. The dimensions of the pulse generator implant without electrodes
were 19 x 19 x 7 mm (Fig. 3.1).

Figure 3.1.: Photograph of the whole implant consisting of the pulse generator (elec-
tric circuit and battery) embedded in epoxy resin and the three elec-
trodes in comparison with a 5 cent Swiss coin.
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3.4. Chip and substrate fabrication

3.4.1. Indium tin oxide substrates

Microscopy cover slides (24 x 24 x 0.17mm) were sputter coated with 50 nm indium
tin oxide (ITO) layer at the Institute of Microtechnology, University of Neuchâtel,
Switzerland. A wet etching mask was produced by common photolithography,
with Shipley S1805 photoresist (Rohm & Haas, Germany) in a Karl Süss X380
mask aligner, on the ITO cover slide before etching in 3M HCl. After etching, the
photoresist was removed by immersion in pure acetone for 5 min, followed by rinsing
in isopropanol, ethanol and H2O. The production process remained the same for all
ITO substrates except using different masks (Appendix A.1, A.4). Polymer masks
were fabricated at our institute and chromium masks were custom made at Delta
Mask, NL.

Neurochip fabrication and assembly

The cover slide with the etched ITO electrodes was put on a heating plate at 150◦C
for 20 min to remove adsorbed water and improve the SU8 adhesion. Then, an
SU8 layer (GM1040, Gersteltec, Switzerland) was spin coated in two steps onto the
substrate to achieve a more homogenous thickness. The first layer was 4 µm thick
(1000 rpm, 40 s) and the second layer 10 µm thick (400 rpm, 40 s), whereby each
layer was consequently soft baked (10 min, 65◦C; ramped to 95◦C (∆C=2◦C / min);
30 min, 95◦C). The combined SU8 layers were exposed for 32 s through a chromium
mask (Appendix A.4) and post baked with the same temperature profile as used
for the soft baking. The SU8 structure was developed in 2-methoxy-1-methylethyl
acetate (PGMA) for 2 min, rinsed with isopropanol and dried at ambient air, before
hard baking the SU8 at 135◦C for 2 h on a hot plate (Fig. 5.1). The neurochip
used for the experiment was assembled from different parts to form a whole unit
providing a liquid chamber for cell culturing and macroscopic electrical contacts
(Fig. 3.2). The ITO electrodes were therefore connected with silver epoxy resin
to corresponding copper paths on a printed circuit board (PCB) (Appendix A.3).
To form the liquid chamber, a poly(methyl methacrylate) (PMMA) ring was glued
with polydimethylsiloxane (PDMS) to the PCB top side. After curing the silver
epoxy and PDMS at 90◦C for 3 h, remaining gaps between neurochip and PCB
were sealed with PDMS and cured again.

3.4.2. Platinum electrodes

Electrodes for implantable electric pulse generator

The electrodes were fabricated on common microscopy glass slides that were coated
with platinum and an insulating SiO2 films as follows: the glass slides were consecu-
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Figure 3.2.: Schematic drawing of the assembled neurochip unit. PMMA ring (1) is
glued with PDMS (2) to the printed circuit board (3) to form a liquid
chamber for the cell culturing. PCB copper paths (4) are electrically
connected with silver epoxy resin (5) to the ITO structure (6) on the
SiO2 substrate (7). PDMS (2) seals the remaining gaps between epoxy
silver glue (5) and SU8 structure (8). Platinum and chlorinated silver
wires immersed in the culture media serve as counter and reference
electrodes, respectively.

tively cleaned in pure acetone, isopropanol, ethanol, water, blow dried with N2 and
then coated with a 10 nm Ti layer as an adhesion promoter followed by a 40 nm Pt
layer in an electron beam evaporator (Pfeiffer Classic 500, Wetzler, Germany). One
coated slide was then cut into 7 x 2 mm pieces to be used as counter electrodes.
The other coated slide was partly protected with Kapton tape (Distrelec, Switzer-
land), so that the following physical vapor deposition (PVD) SiO2 coating formed
an electrically insulating, 3 mm wide and 100 nm thick SiO2 strip after removal of
the tape. The slide was cut with a diamond saw into individual electrodes. Biocom-
patible Teflon-coated stainless steel wires (AS632; Cooner Wire, Chatsworth, CA)
were connected to the platinum region with silver epoxy glue and cured at 80◦C
for 1 h. The connection was then coated with EPOTEK-320M (Epoxy Technology,
Billerica MA, USA) and cured at 60◦C for 6 h to ensure full biocompatibility and
electrical insulation of the connection (Fig. 3.3).

Electrodes to test bacterial adhesion under applied currents

The substrate was designed to contain six equal electrodes inside the flow chamber
(Appendix A.1). The substrate was fabricated using a microscopy cover slide, that
was cleaned for 5 min with Piranha solution (mixture of H2SO4 and H2O2, used to
clean organic residues off substrates), then rinsed with H2O and blow dried with N2.
The slide was heated on a hot plate at 200◦C for 20 min, immediately cooled down
to room temperature and then spin coated with ma-N400 photo resist (micro resist,
Germany) at 3000 rpm for 30 sec. The slide pre-baked on a hot plate at 100◦C
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Figure 3.3.: A) Schematics of the electrode and its cross section through the active
Pt* electrode. The Pt film on the lower side is not connected to the
pulse generator and serves as control Pt surface. B) Photograph of the
working electrode connected to the Teflon coated wire leading to the
pulse generator.

for 2 min before exposing for 2 min in a Karl Süss X380 mask aligner through a
polymer mask. The photoresist was developed in ma-D533/S solution (micro resist,
Germany) for 30 sec and rinsed in H2O. The slide was etched in oxygen plasma
for 3 min to remove any polymer residues after the rinsing step and increase the
adhesion of the following metal deposition. A thin film of Ti (30 nm) and Pt
(40 nm) were deposited subsequently on the slide by physical vapor deposition
(PVD) (Pfeiffer Classic 500, Wetzler, Germany). After deposition, the photoresist
lift-off was performed in n-methyl-2-pyrrolidone (NMP) and then the slide was
cleaned with acetone, isopropanol and blow dried with N2. A layer of Shipley S1818
photoresist was spin coated over the electrodes to insulate the electrode leads to
present a defined 0.2 x 1 mm Pt surface to the artificial urine.

3.5. Cell culturing and staining

3.5.1. C2C12 myoblasts

Cell culture

The myoblasts were cultured in culture media containing D-MEM with 10% FBS
and 1% penicillin-streptomycin solution all purchased from Invitrogen (Switzer-
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land). The experiments and the cell culturing were performed in the incubator at
37◦C and 7% CO2.

Staining

Dead cells or cells with membrane rupture were stained for 20 min with 2.5 µg pro-
pidium iodide (PBS-PI) (Promega, Switzerland) in phosphate buffered saline (PBS,
pH 7.4) (Invitrogen, Switzerland), hereafter called PBS-PI. Then cells were fixated
in 4% formaldehyde in PBS and counterstained with DAPI (Promega, Switzerland)
in order to calculate the percentage of PI positive cells.

Cell exposure to different pH solutions

The following experiment was performed in order to compare the effects on cells of
an applied currents and the exposure to different pH solutions. Therefore, different
isotonic solutions were made by mixing H2O and 1 M HCl, both with a physiological
amount of NaCl (150 mM), to achieve solutions with pH between 1.2 and 7. M2C12
myoblasts were cultured for 24 h in 24-well polystyrene dishes (NUNCTM) prior to
the cell experiment. Then the cells were exposed for 2 min to either the pure pH
solutions or the pH solution containing 2.5 µg/ml propidium iodide. Then the
cells were treated the same way as explained in the current experiment. The pH
solutions with PI were directly incubated in PBS-PI for 20 min before fixation while
the cells in pure pH solution had the chance to recover in growth media for 30 min
before the PBS-PI incubation and fixation. After the formaldehyde fixation the
cells were also stained with DAPI.

3.5.2. NG108 neurons

Cell culture

NG108 neuroblastoma cells (LGC, France) were cultured in a growth medium
(DMEM without pyruvate, 10% fetal bovine serum, HAT supplement) at nor-
mal cell growth conditions (37◦C, 5% CO2). Once the neurons adhered to the
neurochip the culture medium was exchanged to serum free differentiation media
(DMEM without pyruvate, HAT supplement, 500 µM dibutyryl cAMP). In all cell
culture medium 1% penicillin-streptomycin was used to avoid bacterial growth. All
cell culture medium and supplements were bought from Invitrogen, Switzerland.

Staining

At the desired time point of an experiment the cells were fixed with 4% formalde-
hyde in PBS for 30 min and permeated in PBS (1% BSA, 0.1% Triton X-100) for
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30 min. The cells were then stained in 0.13 µg /ml phalloidin for 1 h followed by
extensive PBS rinsing.

3.5.3. Rat aortic derived cells

Cell culture

Rat aortic derived cells (RAOC) (kindly provided by Jens Kelm USZ) were prolif-
erated under standard incubator conditions (37◦C, 5% CO2) in endothelial basal
medium (EBMTM-2; Cambrex, Walkersville, MD) containing growth factors and
supplements, namely vascular endothelial growth factor (VEGF), human fibrob-
lasts growth factor (hFGF), human recombinant long-insulin-like growth factor-1
(R-3-IGF-1), human epidermal growth factor (hEGF), gentamycin and ampho-
tericin (GA-1000), hydrocortisone, heparin, ascorbic acid, and 2% fetal bovine
serum (FBS).

Cell viability assay staining

The number of dead cells on the electrodes was visualized by propidium iodide
staining (Molecular Probes Inc., Eugene, OR) which is permeant only to dead cells.
Hoechst 33342 (Molecular Probes) was used to count the total number of cells as
it stains the condensed chromatin of all cells irrespective of membrane integrity.

Caspase-3 and vinculin staining

The type of cell death and the cell adhesion contact size was investigated with im-
munochemical staining: after exposing the RAOCs to electric current for 24 h, the
electrodes were washed in physiological phosphate buffered saline (PBS) solution,
then blocked with 0.1 M glycine in PBS for 5 min and permeated for 10 min. in
PBS containing 0.2% Triton X-100. After blocking with 5% normal (pre-immune)
goat serum and 1% bovine serum albumin in PBS for 30 min, primary antibod-
ies polyclonal cleaved caspase-3 (Asp175), (Cell Signalling Technology, MA) or
anti-human vinculin-1 (Sigma, Switzerland) - were added and incubated for 1 h at
room temperature then washed in PBS. Fluorescence-labeled secondary antibodies
Cy3 anti-mouse or Cy2 anti-rabbit IgG (both from Jackson Immunochemicals, PA)
- were diluted in 1% bovine serum albumin (BSA) containing Tris-buffered saline
(TBS; 20 mM Tris base, 155 mM NaCl, 2mM ethylene glycol tetra acetic acid, 2 mM
magnesium chloride) and sequentially incubated for 1 h at room temperature. All
samples were counter stained with DAPI (Molecular Probes Inc., OR) for nuclear
localization. Finally, the cells were washed in PBS and mounted in 0.1 M Tris-HCl,
pH 9.5, a 3:7 mixture of 0.1 M Tris-HCl (pH 9.5) and glycerol supplemented with
50 mg/ml n-propyl gallate as an anti-fading reagent.
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3.5.4. Bacteria

Proteus mirabilis

A concentraded (5x) stock solution was prepared according to Griffith et. al [93]
and accordingly diluted in H2O before starting the QCM-D experiment. Before the
flow cell experiment, an aliquot of Proteus mirabilis was diluted in 500 ml sterile
artificial urine 3.7.3. The aliquot was made by scratching the bacteria from the
culture media and suspending in 10 ml phosphate buffered saline (PBS) pH 7.4.
The aliquots of 0.5 ml were stored at -20◦C.

Life / Dead staining

The life/dead staining solution was a mixture of 16 µg/ml fluorescein diacetate
(FDA) and 2 µg/ml propidium iodide solved in PBS. After the experimental time,
the flow cell was rinsed with the staining solution for about 5 min before rinsing
with PBS and 10 min sample fixation with 1% formaldehyde in PBS. The substrate
was blow dried with N2 and the electrode side was embedded in O.C.TTMTissue
Tek between a cover slide.

3.6. In vivo Experiments

3.6.1. Implantation

A single implant consisting of the pulse generator and three electrodes (Fig. 3.4,
A) was implanted in each of the 20 Sprague-Dawley rats obtained from Harlan
Laboratories (Horst, Netherlands). All procedures were performed in a laminar
flow cabinet under sterile conditions using sterile equipment and standard surgical
techniques. Anesthesia was induced by 2.5-5% isofluorane inhalation with 1 l/min
oxygen in an enclosed induction box. Once the rat was sufficiently anaesthetized,
it was laid in a prone position. Sterile ophthalmic ointment was applied to the
eyes of all animals. A custom-made mask was applied to supply continuous oxygen
(1 l/min) and isofluorane (2.5-5%) as necessary to maintain adequate anesthesia
throughout the procedure. The level of anesthesia was monitored by observing
breathing rate, heart rate and color of mucous membranes. The dorsal implantation
area was prepared for surgery by shaving off all fur from the nape of the neck to the
mid back, and the skin disinfected with Kodan. A dorsal, midline, transcutaneous
incision was then made to allow implantation of the electrodes (Fig. 3.4, B-D)
show the three electrodes placed approximately 5 mm apart in distended pockets
in the fascial plane created by blunt dissection and individually secured with a
single stay suture (6.0 gauge polyamide, Ethicon). The counter electrode in each
system was implanted between the two working anodes, and the pulse generator
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was placed a minimum of 5 cm away from the electrodes. The incision was then
closed (Fig.3.4, D) with non-absorbable sutures (4.0 gauge polyamide, Braun). 0.05
mg/kg Buprenorphine (Temgesic) for post-operative analgesia was routinely given
subcutaneously at the end of each procedure. A second dose was administered 12
h later as clinically needed. The rats were then placed individually in clean cages
with a heat pad for post-operative monitoring and allowed to recover. All rats
tolerated the surgery well and were monitored daily until the study endpoint.

Figure 3.4.: (A) Operative procedure to subcutaneously implant electrodes and cur-
rent pulse generator in a rat. The relative size and position of the
implant is shown. (B) A dorsal transcutaneous incision and distended
pockets were made to allow implantation. The electrodes were secured
in position by a stay suture around 5 mm apart. (C) The pulse genera-
tor was placed subcutaneously at least 5 cm away from the electrodes.
(D) The wound was closed by non-absorbable sutures.
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3.6.2. Histology and staining

The rat heads with the implanted electrodes were put in 4% formaldehyde for
fixation at 4◦C. The solution was exchanged daily during one week. After x-ray
imaging to assure the position of the electrodes, the skull was separated from the
neck with the electrodes to minimize the tissue amount for embedding. The neck
was then rinsed with H2O 3 x for 30 min. The tissue was dehydrated in a watery
solution with increasing ethanol content 50% 90 min, 70% 24 h, 80% 24 h, 90% 12
h, 96% 12 h, 100% 96 h, then the sample was stored in Xylene for 4 days. Then
the tissue was embedded in PMMA by placing the sample into a small Tupperware
container and filled with the PMMA precursor mixture 89.5% methyl methacry-
late MMA (Fluka Chemie, Switzerland), 10% dibutyl phthalate DBP (Merck, Ger-
many), 0.5% di(4-tert-butylcyclohexyl) peroxydicarbonate Perkadox 16 (Dr. Grogg
Chemie, Switzerland). The polymerization in a vacuum at 4◦C to avoid any bubble
formation was finished after 7 days. The block was then cut into 0.6 mm slices with
a saw microtome Leica SP1600 and glued on acrylic glass carrier for polishing on a
Planopol V (Struers, Denmark) with decreasing grain size. The polished slice was
then 4 min etched in 0.7% formic acid and blow dried before staining for 20 min in
1% toluidine blue solution.

3.7. Buffers and solutions

3.7.1. Fluorescent measurement and standard solutions for pH
measurement

The pH sensitivity of fluorescent dyes is known and can be used to visualize local
pH changes [94]. The following protocol has been optimized for measurements in
the range between pH 2-7. An indicator stock solution was made from 20 µmol
5(6)-carboxyeosin (CE) and 20 µmol fluorescein sodium salt (FITC) in a mixture
of 500 µl H2O and 500 µl dimethyl sulfoxide, all purchased from Sigma-Aldrich
(Switzerland). The stock solution was diluted 1:2000 to a final concentration of
10 µM CE and 10 µM FITC for all measurements. The electrochemically induced
pH change was measured only in H2O, whereby the ohmic resistance was lowered
by adding NaCl to a final concentration of 150 mM. 0.2 M Na2HPO4•2H2O and
0.1 M citric acid solutions were made according to the mixing table proposed by
McIlvaine [95] in order to get a buffered standard solutions.

3.7.2. PLL-g-PEG, PLL coating solutions

The protein and cell resistant coating solution was made by dissolving 0.1 mg/ml
poly(L-lysine)-grafted-poly(ethylene glycol), PLL(20)-g[3.5]-PEG(2), (Surface So-
lutions, Switzerland) in 10 mM HEPES buffer, pH 7.4 with 150 mM NaCl [96].
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The annotation PLL(20)-g[3.5]-PEG(2)) refers to poly(L-lysine) backbone of molec-
ular weight 20 kDa, a grafting ratio of lysine-mer/PEG side-chain of 3.5 and
poly(ethylene glycol) side chains of molecular weight of 2 kDa. PLL-g-PEG, a
polycationic copolymer adsorbs spontaneously from aqueous solutions onto neg-
atively charged surfaces [96]. It forms a monolayer on the surface with densely
packed PEG chains, which is repulsive for any proteins that normally adsorb onto
surfaces. Besides providing a stable protein resistant coating it can be removed
electrically by applying a potential [90,97,98].

The cell adhesive coating was made by dissolving 0.1 mg/ml poly(L-lysine) (PLL)
Mw > 70kDa (Sigma Aldrich, Switzerland) in 10 mM HEPES buffer, pH 7.4, 150
mM NaCl.

Figure 3.5.: Chemical structure of the poly(L-lysine)-grafted-poly(ethylene
glycol)(PLL-g-PEG). The molecule consists of PEG side-chains which
are grafted onto the positively charged PLL backbone chain.

3.7.3. Artificial urine

A concentraded (5x) stock solution was prepared mixing the ingredients listed be-
low, except tryptone soya broth, according to Griffith et. al [93]. The stock solution
was autoclaved and stored at room temperature. Before using the urine, the stock
solution was diluted in sterile H2O and the soya broth was added. The pH was
corrected to 6.1 by adding 3 M HCl or 3 M NaOH solution, respectively.
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The different ingredients and concentrations for the artificial urine (final concen-
tration) are listed below:

- calcium chloride (0,49 g/l)

- magnesium chloride hexahydrate (0,65 g/l )

- sodium chloride (4,6 g/l )

- disodium sulphate (x10 H2O) (5,2 g/l )

- trisodium citrate dihydrate (0,65 g/l )

- disodium oxalate (0,02 g/l )

- sodium dihydrogen phosphate (2,8 g/l )

- potassium chloride (1,6 g/l )

- ammonium chloride (1,0 g/l )

- urea (25 g/l)

- gelatin (5,0 g/l)

- Tryptone soya broth (Oxoid) (1,0 g/l) (added after sterilization)

3.7.4. pH modelling

Diffusion model

The ITO electrodes used to electrically induce pH change had a length of 8 mm and
width of only 30 µm and as such can be considered as a line source in an infinite
volume. Hence, the perpendicular cross section of this symmetric system is equiv-
alent to a point source in an infinite plane. Equation 3.3 gives the concentration
at a distance r from a point source [99]. In our experiments a constant current was
applied producing diffusing substances continuously in a semi-infinite plane due to
the perpetual electrochemical reactions on the electrode surface. Such an experi-
mental system can be described by equation 3.4, which is deduced by integrating
equation 3.3 with respect to time and replacing the amount of diffusing substance
M by a flux F.

C(r, t) =
M

4πDt
e(−r

2/4Dt) + C0 (3.3)

C(r, t) =
∫ t

0

φ

4πDt′
e(−r

2/4Dt′) dt′ =
2I

4πDFl
E1(

r2

(4Dt)
) + C1 (3.4)
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- C(r, t): [molm−3] is the concentration of substance

- M : [molm−1] amount of diffusing substance deposited initially at the point
source

- D: [m2s−1] diffusion coefficient of the substance in the solution

- r: [m] distance from the point source

- t: [s] time

- C0, C1: [molm−3] is the initial concentration of substance

- φ: [mols−1 m−1] flux of substance per unit length

φ =
2I

F l

for a semi-infinite plane

- I: [A] current

- F : [Cmol−1] Faraday constant

- l: [m] length of the electrode

- E1: exponential integral

E1(x) =
∫ ∞
1

e−kx

k
, dk

The measured pH values (Fig. 4.3) correspond to the concentration C(r, t) in
equation 3.4. We fitted all curves with the same parameters I and D at different
time points (t) and distances from the electrode (r) by a least squares method to
obtain the parameters Ifit and Dfit. Ireal is the amount of protons generated if the
electrolysis has a yield of 100%. Dproton=Dreal=9.310310·1010−9 m2/s is the value
taken from literature [100].

Modelling the pH in the gap between a adhered cell and electrode surface

The pH around an electrode in bulk solution and between cell and electrode was
calculated by a 2D finite element method (COMSOL, Multiphysics R©) in the gap
between a hypothetical surface attached cell and a flat electrode of the same size
(Fig. 3.6). The gap between the cell and the electrode was assumed to be 100
nm [101]. The finite element mesh size was refined and the end boundary of the
free space was set far enough (1 mm) with diffusive boundary condition so the
results did not depend on calculation condition.
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Figure 3.6.: Schematic representation of the hypothetical cell attached on an infinite
surface to calculate the range of electrochemically generated pH in the
geometric center between cell and surface.
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4. Influence of applied constant
currents on the viability of cells
close to microelectrodes

Electrodes have become more and more popular in biomedical and bioengineering
applications, where they are mostly used to apply/measure potentials or currents
to/from biological systems. Under such conditions, electrochemical reactions com-
monly occur at the electrode surface as explained in section 1.5.2. We were in-
terested to measure the turnover of the electrochemical reaction at the electrode
interface [61, 102] and applying a model to estimate current densities and their ef-
fects on biological samples. In this chapter, we the aim to better describe these
processes. We applied constant currents using transparent indium tin oxide mi-
croelectrodes to induce a local change in pH, associated with electrolysis. The pH
change was monitored optically within the first lateral 170 µm vicinity using mi-
croscopy and a pH sensitive fluorescent dye combination as indicator. The data was
then fitted with a simple diffusion model [99]. The effect of such an induced pH
change was also assessed by measuring the desorption of a cationic polyelectrolyte
(poly(L-lysine)-grafted -poly(ethylene glycol) as a function of the local pH [96,103].
Since this polymer interacts electrostatically with surfaces in a pH dependent man-
ner, we could show a strong effect in unbuffered solutions while buffered solutions
restricted the electrochemically induced pH change below the optical resolution of
the microscope. The effect of applied current on the behavior of cells was also
studied on myoblast directly cultured on the microelectrodes. We have found that
current densities larger than 0.57 A/m2 induced cell death within 2 min of ex-
posure. Based on our model we could attribute this to the change in local pH
although the effect of other electrochemically created reactive molecules could not
be excluded [104–106].
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4.1. Direct measurement of electrochemically
induced pH change with fluorescent dyes

4.1.1. Experiments on visualizing pH change

NaCl is the most prevalent electrolyte besides other inorganic salts, amino acids
and vitamins in cell culture media as well as in animal body fluids. The following
experiments were all performed in physiological aqueous solution either with 150
mM NaCl added to lower the ohmic resistance or 107 mM NaCl already contained
in the commercially available culture media for cell experiments. The experiment
was carried out using the ITO substrates (Fig. 3.4.1, Appendix A.1) in the flow
cell under constant current controlled by an Autolab potentiostat PGSTAT302N
(Potentiostat) in a 3-electrode set-up.

Figure 4.1.: Schematics of the flow cells used for pH and desorption measurements.
The transparent substrate contains the indium tin oxide working elec-
trode (WE) while the reference (RE) and counter electrodes (CE) are
integrated in the top part. (A) Direct pH measurement: The flow cell is
filled with a pH indicator solution and the focus of the CLSM is set to 10
µm above the substrate surface. Changes in fluorescence intensity pro-
vide information about the local pH. (B) Indirect pH measurement: the
substrate is fully coated with fluorescently labeled PLL-g-PEG (red).
The CLSM focus is in-plane with the PLL-g-PEG monolayer. The
measured fluorescent PLL-g-PEG desorption is indicating the local pH
changes.

A standard curve was made to relate the fluorescence intensity of the indicator
dye to the electrochemically induced pH. Therefore phosphate citrate buffered pH
standard solutions were made according to the mixing table proposed by McIlvaine
(Section 3.7.1) and the indicator dye mixture was added. The flow cell was then
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4.1. Direct measurement of electrochemically induced pH change with fluorescent dyes

filled with these standard pH solutions and xy-plane images were taken 10 µm above
the surface of the substrate (Fig. 4.1). The dyes were excited simultaneously at 488
and 514 nm and their fluorescence emission was detected using a band-pass filter
530-600 nm and confocal microscopy as described (Section 3.1.2). The fluorescent
intensity was averaged over the entire image and the resulting fluorescence versus
pH plot was fitted by a fifth order polynomial equation to obtain a standard curve
(Fig. 4.2). The flow cell was then filled with water containing the indicator mixture
and 150 mM NaCl at pH 6.6. Then a current of 4 A/m2 was applied to the electrode
while imaging the xy-plane with the CLSM (Fig. 4.1). The measured fluorescence
intensity of the indicator could then be related with a standard curve (Fig. 4.2) to
the local pH with a temporal resolution of 250 ms per scanned line.

Figure 4.2.: The plot shows the standard curve for the measured fluorescence in-
tensity of the fluorescent dye mixture of 10 µM CE and 10 µM FITC
vs. pH. The indicator dye stock solution was therefore pipetted into
standard buffered solutions and then all were measured with the same
settings on a confocal laser scanning microscope.
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Figure 4.3.: (A) Confocal laser scanning microscopy image of the solution adjacent
to the ITO electrode is shown. The focus was set to 10 µm above the
surface. About 8 s after the scanning of the xy plane was initiated, a
current of 4 A/m2 was applied and the progression of the electrically
induced pH change was monitored by the darkening of the indicator
dyes. (B) The corresponding pH progression (symbols) in H2O vs.
electrode distance in steps of 1.5 s along with the fitted data (lines).
The scaling along the x-axis is equivalent for (A) and (B).

4.1.2. Results on visualizing pH change

The measured results and the corresponding fits are presented and compared to
the theoretically expected pH. Acquiring a typical CLSM image using our settings
takes about 20 s by scanning the laser line by line from the top towards the bottom
of the image. Thus figure 4.3, A represents the time evolution since our sample is
homogenous in the Y direction (note secondary axis of figure 4.3, A). The induced
pH progression is then visualized by bright pixels indicating high pH and darker
pixels indicating low pH regions. About 8 s after the scanning started (indicated
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4.1. Direct measurement of electrochemically induced pH change with fluorescent dyes

by the arrow in figure 4.3, A) a current of 4 A/m2 was applied. The brightness
values were converted to the corresponding pH values (Fig. 4.3, B, symbols) using
the standard curve (Fig. 4.2). Already 1.5 s after the current is applied the regions
close to the electrode became darker immediately indicating a local drop in the
pH to 4.5 within 50 µm distance from the electrode due to electrochemical proton
generation. The local pH at the electrode becomes stable afterwards and its value
depends only on the applied current. Due to the diffusion of the H+ ions the
pH change gradually extends into the solution. The slopes of the pH curves are
decreasing with time, reaching after 6 s a quasi stable pH value, at least within a
distance of 170 µm from the electrode (Fig. 4.3, B). After 6 s the curves do not
change significantly (data not shown). A least squares method was used to fit the
presented five pH progression curves using equation 3.4 with two uniform fitting
parameters: current Ifit and diffusion coefficient Dfit. Although a good qualitative
agreement was found, the obtained Ifit value was about 44 times smaller than the
applied current I = 4 A/m2 and Dfit about 27 times smaller than the theoretical
value Dproton = 9.310·10−9 m2/s [100] for protons in water at infinite dilution.

We overcame the difficulties of a fast pH measurement in small scale by using an
indicator solution and the detection of its pH dependent fluorescence with confo-
cal laser scanning microscopy. The indicator solution contained carboxyeosin and
fluorescein. The two dyes have similar excitation and emission maxima but differ-
ent pKa values, so that their change in fluorescent intensity occurs at different pH
values. Using both dyes together in the same solution, a broader pH range pH 2-7
could be measured compared to using only a single dye. The experimental setup is
visualized in figure 4.1, B and shows the flow cell filled with the indicator solution.
The protons diffuse immediately into the solution after the current is applied. The
pH curves shown in figure 4.3, B were all fitted with the same parameters at dif-
ferent times and distances with equation 3.4, which delivered a single value for the
current Ifit that is 44 times smaller than the current applied in the experiment. We
attribute this unexpectedly low efficiency of the electrochemical reaction to other
reactions occurring at the electrode: Since NaCl is present in the solution, also Cl2
is produced at the anode (see reaction 1.4 in the section 1.5). The Cl2 dissociates
into protons, chloride ions and hypochloric acid according to reaction 4.1 but is
only moderately soluble in H2O.

Cl2 +H2O ←→ H+ + Cl− +HClO (4.1)

The equilibrium of reaction 4.1 is pH dependant. At low pH the reaction towards
the left side is more pronounced. Gas bubble formation has not been observed in
our experiments with current densities I = 4 A/m2, which is consistent with the
reported gas bubble formation at current densities I = 10-50 A/m2 [102]. Hence,
the majority of the Cl2 might be physically solved in the buffers and only a small
amount dissociated to produce detectable protons. Another reason for the low
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current efficiency could be the relatively large amount of indicator dyes (40 µM)
present in the solution acting itself as a buffer or the buffering effect of the inevitable
dissolution of CO2 from the environment. A 27 times smaller proton diffusion
coefficient than expected was found by fitting the pH values in dilute unbuffered
solution. The proton current must be therefore restricted by chemical reactions e.g.
with the indicator dye. The fitted parameters (Dfit, Ifit) as well as the theoretical
parameters (Dproton , I) were used to calculate the prevalent pH value close to the
electrode. The calculated pH values only showed a marginal difference and as such
we believe our model describes the real pH value at the electrode with reasonably
good (i.e. ∼0.4 pH unit) accuracy. The slope of the pH curve is slowly decreasing
also after the 6 s time interval investigated, a stable pH value is reached due to the
effect of OH− ions diffusing from the counter electrode (Section 1.5, reaction 1.1).
The neutralization reaction between H+ and OH− ions then leads to a quasi stable
pH gradient between the two electrodes.

4.2. Indirect measurement of electrochemically
induced pH change with an indicator molecule

4.2.1. Experiments on visualizing indirectly pH change

In this experiment an electrostatically adsorbed polyelectrolyte is used as an in-
dicator for the pH change in the vicinity of the electrode. 0.1 mg/ml rhodamine
labeled (PLL-g-PEG) was dissolved in different concentrations of McIlvaine buffer
solutions pH 6.6 1:1 (145.5 mM Na2HPO4, 27.3 mM citric acid, 150 mM NaCl) and
1:10 (14.55 mM Na2HPO4, 2.73 mM citric acid, 150 mM NaCl), respectively. The
substrate with ITO electrodes was cleaned with pure ethanol, rinsed with H2O and
blow dried with N2. The flow cell described above was assembled and O2 plasma
treated for 2 min (Harrick Plasma, USA). The labeled polyelectrolyte solution was
then injected immediately into the chamber and incubated for 30 min followed by
rinsing with the buffer solution selected for the measurement. The rhodamine la-
beled PLL-g-PEG was excited with 561 nm laser and detected using a 575 nm long
pass filter. A rectangular reference region was photo-bleached in the rhodamine la-
beled PLL-g-PEG monolayer (Fig. 4.4, A) and an image was taken before applying
the current. A second image was taken after the current I = 4 A/m2 was applied
for 30 s. The relative intensity of the PLL-g-PEG monolayer was compared be-
tween these two images (by subtracting the average intensity value of the bleached
area from the average intensity of 100 lines in the y-direction) (Fig. 4.4, B). The
experiment was performed with different media: H2O, McIlvaine buffer 1:10 and
McIlvaine buffer 1:1 for testing the influence of the buffer concentration.
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4.2.2. Results on visualizing indirectly pH change

The substrate with the ITO electrode was coated with rhodamine labeled PLL-g-
PEG (Fig. 4.1, B, top) then a background reference area was bleached into the
adsorbed monolayer. The same current density I = 4 A/m2 as in the previous
experiment was applied to the electrode. After 30 s a dark region close to the
electrode was observed indicating desorption of the electrostatically adsorbed PLL-
g-PEG (Fig. 4.1, A, bottom) in the darkened region close to the electrode. The
amount of PLL-g-PEG desorbed within 30 s was gradually decreasing from the
electrode: from about 50% observed close to the electrode to no desorption at
about 20 µm distance from the electrode in H2O. 1:10 McIlvaine buffer reduced the
extent of pH change to 5-10 µm whereas no change in the image was observed in
the undiluted McIlvaine buffer indicating that the extent of detectable pH change
is below the resolution of confocal laser scanning microscopy (Fig. 4.4, B). The pH
in vicinity to the electrode was calculated with equation 3.4 and also with a finite
element method (see section 3.7.4,3.7.4) using the same parameters. Both methods
showed a similar pH range in H2O vs. distance to the electrode, however, only the
results of the FEM method are shown in figure 4.4, C. In the previous section, we
found a large difference between the expected Dproton and the fitted values for I and
D. Therefore, we decided to use both parameter pairs to estimate the pH changes
in this arrangement. The pH range reached in the time between 10-30 s is shown
in figure 4.4 C for the fitted parameters (grey) Dfit = 3.3·10−10 m2/s Ifit = 0.09
A/m2 and the theoretical parameters (turquoise) D = 9.3·10−9 m2/s, I = 4 A/m2.
Despite the difference between the two parameter sets, the calculated pH values
and slopes were very similar (∆pH ∼ 0.4) close to the electrode.

The used polyelectrolyte, PLL-g-PEG, is highly cationic at physiological pH and
adsorbs electrostatically onto negatively charged surfaces. The strength of its in-
teraction with the surface depends on the pH or the ionic strength of the solution
which makes the molecule an indirect indicator for pH changes. The PLL-g-PEG
adsorption occurs between the isoelectric point of the SiO2 surface and the pKa of
the poly(L-lysine) showing the strongest binding at pH 8 [96]. However, as soon as
the local pH is unfavorable, i.e. lower than pH 5 or the local ionic strength is higher
than physiological, we expect desorption of PLL-g-PEG from the SiO2 [103]. Thus,
the observed loss of PLL-g-PEG at the calculated range pH 3.8-4.2 is in accordance
to the literature. However, this change in pH and local ionic strength might not
be the only explanation for the observed desorption. If we consider the finding
from the previous experiment that a large amount of Cl2 might be produced at
the electrode, some hypochloric acid is produced according to reaction 4.1. The
produced HClO can react with the amines of the lysine side chains to form mono-
chloramines (-RNHCl derivatives) as described by Grisham et al. (Reaction 4.2
and 4.3) [104,105].
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Figure 4.4.: (A) Rhodamine labeled PLL-g-PEG monolayer with a bleached region
as reference before (top) and after (bottom) a current of 4 A/m2 was
applied to the ITO working electrode (WE) for 30 s. (B) Amount of
labeled PLL-g-PEG measured by the normalized fluorescent intensity
as a function of distance from the electrode in H2O, McIlvaines buffer
1:10 and McIlvaines buffer 1:1, respectively. (C) Modeled pH in H2O
vs. distance to the electrode with the fitted parameters Dfit = 3.3·10−10

m2/s, Ifit = 0.18 A/m2 and theoretical parameters D = 9·10−9 m2/s, I
= 4 A/m2 for the time-range between 10 and 30 s.

RNH+
3 ←→ RNH2 +H+ (4.2)

HClO +RNH2 ←→ H2O +RNHCl (4.3)

Chloramines decompose to nitrogen-centered radicals or carbonyl groups. The
formation of carbonyl groups accounts for�10% of the added HClO. Such a process
may be biologically significant, since carbonyl can crosslink with free amine groups
via Schiff-base formation [106] a process that might also account for the recent
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finding of Ngankam et al. on the continuous adsorption of poly(L-lysine) under an
applied potential [107]. The relevance of this reaction to our system is the following:
PLL-g-PEG side groups could intra- or inter-molecular crosslink and, therefore, lose
their charge. Consequently their ability to electrostatically adsorb on a surface is
lost. Therefore, we consider the electrochemically induced pH change and the
formation of HClO to be the main reasons for the PLL-g-PEG desorption. The
effect is not limited to the PLL-g-PEG molecule. Other electrostatically adsorbed
poly-electrolytes, poly-electrolyte multilayers, or proteins show similar behavior
[108,109].

4.3. Effects of electrochemically induced pH change
to viable cells

4.3.1. Experiments on viable cells with induced pH change

The following experiments were conducted to evaluate the effect of an applied
current on the behavior of cells grown directly on the electrode: C2C12 myoblasts
were therefore cultured on MEA60 200 biochips (Appendix A.6). After cleaning
the surface, the chip was coated with 0.1 mg/ml poly-L-lysine (Mw ≥ 300 kDa,
Sigma-Aldrich, Switzerland) in PBS buffer for 30 min and rinsed with PBS. After
trypsinizing myoblasts, the suspended cells were transferred to the chip and formed
a confluent layer within 24 hours. The culture media was then exchanged to either
a phosphate buffered saline (PBS, pH 7.4) (Invitrogen, Switzerland) or PBS with
2.5 µg propidium iodide (PBS-PI) (Promega, Switzerland). The MEA chip was
mounted to a MEA1060 interface (Appendix A.5). A simple platinum wire dipped
into the solution served as a counter electrode and a chlorinated silver wire as
a reference electrode. The whole setup was put in a cell culture incubator and
connected to the potentiostat. Different currents up to 2 A/m2 were then applied for
2 min on 5 individual electrodes to cells in PBS or PBS-PI, respectively. (Currents
higher than 8 A/m2 resulted in electrode break-down in our setup). Cells treated in
PBS-PI remained in PBS-PI for totally 20 min before fixation in 4% formaldehyde in
PBS. The cells in PBS had the chance to recover from the treatment by incubating
in growth media for 30 min, before the growth media was changed to PBS-PI for
totally 20 min followed by the fixation. In order to calculate the percentage of PI
positive cells, all cells were counterstained with DAPI (Promega, Switzerland). A
similar experiment was performed in order to compare the effects on cells of an
applied currents and the exposure to different pH solutions. Therefore, different
isotonic solutions were made by mixing H2O and 1 M HCl, both with a physiological
amount of NaCl (150 mM), to achieve solutions with pH between 1.2 and 7. M2C12
myoblasts were cultured for 24 h in 24-well polystyrene dishes (NUNCTM) prior to
the cell experiment. Then the cells were exposed for 2 min to either the pure pH
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solutions or the pH solution containing 2.5 µg/ml propidium iodide. Then the
cells were treated the same way as explained in the current experiment. The pH
solutions with PI were directly incubated in PBS-PI for 20 min before fixation while
the cells in pure pH solution had the chance to recover in growth media for 30 min
before the PBS-PI incubation and fixation. After the formaldehyde fixation the
cells were also stained with DAPI.

4.3.2. Results on viable cells with induced pH change

The previous sections have shown the possibility to measure and model the pH
change close to electrodes. The physiological effects of such a pH change close to
viable cells were studied on myoblasts cultured directly on transparent electrodes.
Different current densities were therefore applied to the electrodes for 2 min and
the amount of dead cells was visualized by propidium iodide (Fig. 3.5.1).

Figures 4.5, A1-B2 show differential interference contrast (DIC) microscopy im-
ages of a confluent myoblasts layer on the MEA60 ITO 200 chip superimposed on
with the corresponding PI fluorescence signal (red). The ITO electrodes appear
a bit darker than the underlying glass substrate and are labeled with the applied
current density. During the current exposure the cells in figure 4.5, A1, B1 were im-
mersed in PBS whereas the cells in figure 4.5, B1, B2 were immersed in PBS-PI. The
cells immersed in PBS showed no substantial cell death up to the current density of
0.57 A/m2, while the cells in PBS-PI already showed an increased amount (40 %)
of PI positive cells at this current. (See middle electrode in figure 4.5, B2.) Higher
current density increased the amount of PI positive cells in both cases. The per-
centage of PI positive cells was calculated with respect to the DAPI stained nuclei
and is plotted versus the applied current density in figure 4.5, C. A voltammogram
of the electrode versus an Ag|AgCl reference electrode is presented in figure 4.5,
D. The magnified plot shows the onset of the curve and the red zone indicates
the current range where the cells were killed in larger amounts. The whole cyclic
voltammogram is provided as an inset.

The PI staining experiment presented at the end of the results section revealed
PI positive cells at current densities higher than 0.57 A/m2 (see figure 4.5, B1,2).
This either indicates that PI becomes cytotoxic or cell membrane permeant by
electrochemical modification or, which is more likely, cell membrane pore formation
or membrane rupture occurs due to the change in local pH and the production
of reactive molecules in the gap between the electrode and the cells. In order to
investigate whether the local pH could be responsible for the observed effect we have
modeled the situation by a 2D finite element method described in the methods and
materials section. We assumed a hypothetical surface attached cell (rectangular
box 30x10 µm) and a flat electrode of the same size (30 µm). The gap between
the cell and the electrode was assumed to be the same as the distance (100 nm)
(Section 3.7.4). The calculation gave similar pH values for both parameter sets:
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pH 2.9 (Ifit = 0.032 A/m2, Dfit = 3.3·10−10 m2/s and pH 3.2 (Ireal = 0.64 A/m2,
DProton = 9.3·10−9 m2/s). These pH values were reached already after 0.5 s and
did not change during the simulated time of 2 min. These calculated values were
compared to a control experiment where we checked the pH resistance of myoblasts
towards different pH solutions. There, an increasing amount of PI positive cells at
pH 4 was observed. All cells were PI positive at pH 2 (see figure 4.6). This means
that the electrochemically induced pH change in the gap alone could explain the
observed cell killing on the electrode. Besides the local pH the cytotoxic effect of
the electrically induced species, such as 50 µM HClO could also account for the
observed cell killing [105]. Therefore, although we found a current threshold that
induces cell death or the opening of membrane pores which leads to PI uptake within
2 min, the reason (i.e. either pH change or the formation of reactive molecules)
remains unclear.

4.4. Summary

In this chapter we have presented two methods that can be used to visualize the
electrochemically induced pH changes close to a microelectrode. The first method
is based on pH dependant fluorescent dyes in solution, while the second uses the
induced desorption of an electrostatically adsorbed polyelectrolyte for the quantifi-
cation of the process. These methods allowed us to monitor the pH progression
close to the electrode and a simple model could be fitted to the data. The effect of
a locally applied current on the behavior of myoblasts has also been studied. We
have found that currents larger than 0.57 A/m2 induced cell death or propidium
iodide uptake due to membrane pore formation within 2 min of exposure. We could
attribute this to the change in local pH although the effect of other electrochem-
ically created reactive molecules could not be excluded. This presented approach
could be used in different areas of applications where locally restricted pH change is
important. For example, the system can be used for the local synthesis of short pep-
tides [110] or sol-gel thin film deposition [111]. Another advantage of this system is
that the extent of the local pH change can be restricted also to the submicrometer
range using buffered solutions. This is highly important in applications where cells
are cultured close to the electrodes and should not be affected by electrochemically
induced pH changes. The same effect could also be used to release drugs from pH
sensitive polyelectrolyte multilayers or gels and facilitate the uptake of drugs into
cells at the same time [108, 112]. In addition, we could also imagine using this
effect for influencing cell growth and motility by providing unfavorable local envi-
ronments in selected directions around the cells using microelectrode arrays. In the
next chapter 5 we present two possibilities to control the cell adhesion, outgrowth
and migration using local pH changes.
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Figure 4.5.: The effect of an applied current on the viability of C2C12 myoblasts.
DIC microscopy images superimposed on the corresponding propidium
iodide fluorescence signals: 0.57 A/m2 did not result in substantial cell
death in PBS (A1) while about 40% of the cells stained positive in
PBS-PI (B1). Higher currents resulted in an increase of the PI positive
cells in both cases (A2 and B2). The quantitative assessment is summa-
rized in plot C. (D) Magnified region of a typical cyclic voltammogram
indicating the current range (red zone) where cell death occurs (the
inset shows the full CV scan).
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Figure 4.6.: C2C12 myoblast were exposed for 2 min to either the pure pH solutions
or the pH solution containing propidium iodide. Afterwards the pH
solutions with PI were exchanged to PBS-PI for 20 min before fixation.
The cells in pure pH solution had the chance to recover in growth media
for 30 min. The growth media was then changed to PBS-PI for 20
min before fixation. All images were taken with the same camera and
microscope settings.
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5. Electrically controlling cell
adhesion, growth and migration

While the previous chapter was focusing on measuring the electrochemically in-
duced pH change and showing the effects on cells directly grown on an electrode,
we present in this chapter how to control the cell adhesion, outgrowth and mi-
gration using this effect. We present a combined approach by providing a 3D
structure [33, 34] and electrical control over the neuron adhesion sites. We were
able to control the neurite outgrowth by desorption of the protein resistant coating
electrically [97]. To our knowledge it is the only attempt so far to electrically con-
trol the outgrowth of single neurons. Furthermore, we show a new technique using
only small pulsed currents to actively inhibit the migration of myoblasts onto ITO
electrodes. We believe the combination of the two presented patterning techniques
described in this chapter is an attractive possibility to engineer topographically
controlled neuron networks [101, 113] or to control the built-up of more complex
tissues consisting of multiple cell types [27,114,115].

5.1. Neurochip for controlled neurite outgrowth

5.1.1. Experiments on controlling neuron adhesion and
outgrowth

A neurochip was assembled as described in the materials and methods section 3.4.1
and was disinfected with 70% ethanol for 10 min, rinsed with H20 and blow dried
with N2. The chip surface was turned hydrophilic in a plasma cleaner (Harrick
Plasma, PDC-G32, USA) for 1 min at high power. Then the chip surface was coated
with the PLL-g-PEG coating solution (Section 3.7.2) for 30 min before rinsing
with physiological PBS buffer, pH 7.4 (Invitrogen) to remove unbound PLL-g-PEG
molecules (Fig. 5.1, A, B). A platinum wire was immersed into the PBS solution
as a counter electrode while applying +1.9 V for 5 min to the landing spot ITO
electrodes to remove the PLL-g-PEG locally (Fig. 5.1, C). This removal process is
due to the broken electrostatic interaction between the ITO and the PLL-g-PEG
at the electrochemically altered local environment (lower pH, higher ionic strength,
active radicals) of the selected ITO electrode (see more details elsewhere [90, 98]).
After rinsing with PBS, the NG108 neuroblastoma cell suspension was poured onto
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the chip and the cells were given 30 min to adhere to the landing spots in the
incubator (37◦C, 5% CO2). Then the surface was gently rinsed with growth medium
to remove excess cells using a 1 ml pipette (Fig. 5.1, D). The chip was filled
with differentiation medium and put in the incubator and given 1 h to equilibrate.
Neurite outgrowth was then enabled by applying +1.9 V for 5 min to the outgrowth
pathway electrodes (Fig. 5.1, E-F). The narrow pathways (10 µm wide, 14 µm
high) did not allow real time phase or interference contrast imaging of the neurite
outgrowth, therefore the cells were visualized by actin staining (Section 3.5.2) and
confocal microscopy.

5.1.2. Results on controlling neuron adhesion and outgrowth

The neurochip was designed to be completely transparent and built of non-toxic
materials (SiO2, ITO, SU8, PDMS) for cell culturing. The neurochip electrodes
were arranged in a way that allows adhesion control over the landing spot and
the outgrowth pathways, separately. Besides providing a 3D structure for neuron
growth, the SU8 also serves as insulation material for the leads connecting the
electrodes to the contacts at the edge of the chip outside the cell culture ring. At
the same time, the structure mechanically stabilizes the weakly attached neurons
against shear forces occurring while rinsing the chip with culture medium. The
diameter of the landing spots (20 µm) and outgrowth pathway dimensions (10 µm
wide, 240 µm long) were found empirically to be optimal for the NG108 cells. Larger
landing spots led to multiple cell occupancy and smaller landing spots were not
occupied by the neurons. The pathway length was adjusted to the neurite extension
reached within 24 h in free culture. This cell line grows indefinitely in culture and
exhibit stable electrical excitability for a few weeks which is necessary for future
investigations of the neuron networks functionality. The experiment started by
making the entire surface cell resistant by coating with PLL-g-PEG. Then the
landing spots were switched cell adhesive by removing the protein resistant PLL-
g-PEG coating electrically. The NG108 cell suspension was poured onto the chip
and individual cells were able to find the adhesive spots by chance. Unfortunately,
the occupancy rate of the landing spot was only about 10% using this method.
To achieve a higher rate we suggest individual placement of the neurons into the
landing spots by cell spotting [116, 117], microfluidic traps [118], optical tweezers
[119] or dielectric forces [120]. Excessive cells were rinsed away gently from the
cell resistant areas and neurite outgrowth of the adhered cells was initiated by
adding differentiation medium. We have observed that the neurite outgrowth in
figure 5.2, A stops at the ITO pathway electrode indicating that the PLL-g-PEG
has not only been removed from the landing spot but also from the SiO2 area
between the landing spot and the pathway electrode. This is in agreement with
previous observations, where the pH change close to microelectrodes was measured
(Chapter 4). It was shown that protons diffuse away from the electrode depending
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on the buffer capacity of the surrounding solution removing also PLL-g-PEG in the
close vicinity of the electrode. In addition, Kenausis et al. observed differences
in the adsorbed amount and pH stability of PLL-g-PEG coating depending on the
metal oxide substrate [96]: (Nb205 > Si0.4Ti0.6O2 > TiO2). Therefore, it might
be possible that PLL-g-PEG interacts stronger with ITO than with SiO2 and as
such the induced local pH change is only sufficient to remove PLL-g-PEG from the
connecting SiO2 region while it is unaffected on the pathway electrode. Further
tailoring the extent of PLL-g-PEG removal from the SiO2 is possible by adjusting
the applied voltage, buffer capacity of the culture medium and the dimensions of
the neurochip.

5.2. Electrically inhibited cell migration

The cell adhesion and outgrowth control by electrical PLL-g-PEG removal can
be used to switch an area once from cell repulsive to cell adhesive. Switching
back to cell repulsive is not possible. Previously, in chapter 4 we and others have
shown that locally applied currents can generate unfavorable conditions for cell
growth resulting in electroporation or even apoptosis of cells [71, 74–80, 121]. In
this section we demonstrate how locally applied small currents can be used to
prevent cell migration onto selected regions on a chip.

5.2.1. Experiments on electrically controlling cell migration

A chemical pattern was created therefore first with electronic control for patterning
C2C12 myoblasts on the SiO2 background of a commercially available multielec-
trode array chip (Appendix A). After cleaning the chip accordingly, 1 ml of 0.1
mg/ml PLL coating solution (Section 3.7.2) was added to the surface and given 30
min to adsorb spontaneously onto the chip surface (Fig. 5.3, A). Then the chip was
rinsed with PBS to remove any free PLL molecules. The electrical connection to the
individual ITO electrodes was made through the MEA 1060 interface (Appendix
A.5). A potential of +1.9 V was applied for 5 min to remove the PLL from selected
ITO electrodes of the MEA chip (Fig. 5.3, B). The chip was then coated with
PLL-g-PEG coating solution for 30 min before rinsing with pure DMEM to remove
any free PLL-g-PEG molecules (Fig. 5.3, C). The myoblast cell suspension was
added to the chip and given 15 min for adhesion of the cells. The chip was rinsed
gently with culture media using a normal 1 ml pipette to remove excessive cells. In
this way a pattern of cells attached to the SiO2 background could be achieved while
having cell free ITO electrodes at the same time (Fig. 5.3, D). The PLL-g-PEG
was removed from the electrodes by applying again +1.9 V to permit the myoblast
migration onto the selected electrodes (Fig. 5.3, E). The chip mounted into the in-
terface was placed in the cell incubator and connected to the outside via SCSI cable
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to a custom built pulse generator with 10 individual channels. Differently pulsed
current cycles were then applied to selected ITO electrodes to test the minimal
current dose necessary to inhibit the myoblast migration onto the ITO electrodes.
The applied pulsed current dose was calculated using the average current over time
and the exposed ITO surface (A ∼ 0.27 mm2) of the individual electrodes.

The expected deposition of material due to the applied pulsed current was quan-
tified with EC-OWLS (Section 3.2.1) using ITO coated waveguides. After cleaning
and mounting the substrate to the probe holder, the chamber was rinsed with cul-
ture medium at a continuous flow rate of 10 ml/h. The baseline was set after 30
min equilibration time. Then a pulsed current of 0.48 Am−2 (I = 2 s, pause = 5 s)
was applied to the waveguide and the deposition of material was quantified using
the refractive index increment for proteins dn/dc = 0.18 [89].

5.2.2. Results on electrically controlling cell migration

An MEA chip was coated with cell adhesive PLL solution (Section 3.7.2) on SiO2

background and cell repulsive PLL-g-PEG on the ITO electrodes. The myoblasts
adhered well on the PLL while most cells could be rinsed away from the PLL-g-
PEG coated regions (Fig. 5.4, A). Afterwards, the PLL-g-PEG was removed from
the individual ITO electrodes by applying +1.9 V now enabling the migration of
cells onto these electrodes. Differently pulsed current densities were then applied to
electrodes in order to investigate the minimal current dose necessary to prevent the
cell migration. In figure 5.4, B, two different current doses 23 and 44 mAs−1m−2

were applied for 72 h. The current dose 44 mAs−1m−2 inhibited the cell migration
onto the ITO electrode, while the control electrodes and the lower current dose of
23 mAs−1m−2 had no inhibiting effect.

Several similar experiments were conducted at different pulse lengths and doses.
Figure 5.5 lists the applied doses in ascending order and the qualitative effect on
cell migration. The cell migration was not affected by current dose = 34 mAs−1m−2

(green), whereas dose = 44 mAs−1m−2 with current densities = 0.48 mAm−2 (red)
inhibited effectively the migration of cells onto the ITO surface within the obser-
vation time of 72 h. The only exception was at a current density of 0.19 mAm−2

(yellow), where the migration of cells was not inhibited completely even though the
total dose was as high as 94 mAs−1m−2. The applied potentials were moderate and
stable over 72 h to achieve the preset current pulses (+0.5 V for I = 0.38 mAs−1

m−2). Cells around, or in close proximity to the electrodes were not affected by the
current doses. Upon switching off the current pulses, the cells started to migrate
onto the electrode. The effect of the electric current can be therefore characterized
as locally and temporally restricted. This is also indicated by the pause length
between the currents, which is preferably not longer than 10 s in order to achieve
an inhibiting effect (Table 5.5).

At higher currents doses ≥ 100 mAs−1m−2, a slight darkening of the ITO elec-
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trode was observed in transmission light microscopy suggesting deposition of some
material from the culture medium. In order to quantify the amount of this un-
known material, the culture medium was injected into an OWLS setup (Section
3.2.1) and current pulse dose of 137 mAs−1m−2 (I=0.48 Am−2, +1.3 V, 2 s current,
5 s pause) was applied to an ITO waveguide (Fig. 5.6). The measurement showed
a steady mass deposition from the culture medium with a slope of dm/dt= 30 ng
cm−2min−1 over the measurement time of 2 h.

This result is similar to the observation of Ngankam and Van Tassel [107]. They
reported continuous adsorption of polyelectrolytes of 0.6 − 5.41 ng cm−2min−1

upon application of modest anodic potentials (< +1.5 V). The inhibiting effect on
the cell migration at our current/potential levels could be therefore caused by a
steady protein and/or mineral film formation out of the serum containing culture
medium. However, it is also possible that electrochemical reactions associated with
the Faradaic current directly influenced the cell adhesion. This could also explain,
why currents < 38 mAs−1m−2 did not have an inhibiting effect on cell migration.
The electrodeposited layer was stable in culture medium but could be dissolved
in 1 M NaOH within one minute and the MEA chip could be reused for the next
experiments.

5.3. Summary

We showed a new approach to control the adhesion of neurons and trigger the
outgrowth of their neurites by electrically removing a protein resistant, cell repulsive
PLL-g-PEG coating from a neurochip architecture. Furthermore the migration and
growth of myoblasts on ITO electrodes could be inhibited by simply applying small
pulsed currents without the use of any additional surface modifying molecules. We
believe the combination of both techniques could be used for active cell guidance e.g.
topologically controlled neuron networks, cell co-cultures and cell motility assays.
Based on our results, a chip connecting neurons and myoblast could be realized
enabling in vitro studies related to muscle neuron interactions. Thinkable are also
implants using small pulsed currents to avoid any cell growth or even inhibit fibrous
encapsulation e.g. towards an active cage for implanted glucose sensors for long
term diabetes monitoring. The effects of small pulsed currents were studied in vivo
in a rat model and are presented in the next chapter 6.
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Figure 5.1.: (A) Schematic drawing of the neurochip with ITO electrodes and SU8
photo resist on a SiO2 substrate. The SU8 structure surrounds the
landing spot for the neuron body and lateral outgrowth pathways. (B)
The whole chip surface (SU8, ITO, SiO2) is made protein resistant by
coating with PLL-g-PEG. (C) PLL-g-PEG is removed electrically from
the landing spot by applying +1.9 V permitting neuron adhesion. (D)
After the neuron adhered to the landing spot, (E) the PLL-g-PEG is
also removed from the outgrowth pathways and (F) neurites grow along
the pathways.
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Figure 5.2.: CLSM images showing neurons inside the neurochip architecture af-
ter 24 h differentiation with differently controlled neurite outgrowth.
The images of actin stained neurons (red) are merged with the sig-
nal of the autofluorescent SU8 structure (blue), while the transparent
ITO electrodes are illustrated schematically. (A) Neurites grow within
the landing spots but the outgrowth is inhibited by the protein re-
sistant PLL-g-PEG coating in the connecting pathways. (B) Neurite
outgrowth along the pathways is enabled by electrically removing the
protein resistant coating also from the connecting regions. (C) Two
morphologically interconnected neurons. (Note that the images were
made with high resolution and stitched together afterwards.)
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Figure 5.3.: Schematic drawing shows the experimental setup for finding the min-
imal current dose necessary to inhibit cell migration. (A) The whole
chip surface is coated with cell adhesive PLL. (B) The PLL is removed
from the selected ITO electrodes by applying +1.9 V and (C) pro-
tein repellant PLL-g-PEG adsorbs spontaneously onto the bare elec-
trodes. (D) Myoblasts adhere on the PLL coated SiO2 background,
while the PLL-g-PEG coated electrodes remain cell free. (E) After
rinsing away excessive cells, PLL-g-PEG is removed by applying +1.9
V. (F, left) Cells start to migrate immediately onto the control elec-
trodes, (F, right) while the cells avoid electrodes with applied pulsed
currents.
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5.3. Summary

Figure 5.4.: (A) Transmission light microscopy images of C2C12 myoblasts pat-
terned on the MEA chip with PLL coated SiO2 background and PLL-
g-PEG coated ITO electrodes. The cells adhered only to the PLL
coated background. (B) After electrically removing PLL-g-PEG cells
started to migrate onto the bare ITO electrodes with no current or low
pulsed current dose. Applied pulsed current doses = 44 mAs−1m−2

inhibited cell migration onto the electrode within the observation time
of 72 h.
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Dose  Current I I Pulse  Pause Migration
[ mA s‐1 m‐2 ] [ A m‐2 ] [ s ] [ s ] [ ]

9 0.19 1 20 yes
16 0.48 1 30 yes
17 0.19 1 10 yes
18 0.38 1 20 yes
23 0.48 1 20 yes
31 0.19 1 5 yes
31 0.19 1 5 yes
34 0.38 1 10 yes
44 0.48 1 10 no
63 0.38 1 5 no
80 0.48 2 10 no
94 0.19 1 1 some
96 0.48 5 20 no
111 0.48 3 10 no
160 0.48 5 10 no
160 0.48 5 10 no
241 0.48 5 5 no
241 0.48 10 10 no

Figure 5.5.: Ascending list of the current doses that were used to inhibit cell mi-
gration onto ITO electrodes. Cells were not affected by pulsed cur-
rent doses = 34 mAs−1m−2 (green), whereas doses = 44 mAs−1m−2

with current densities = 0.48 Am−2 (red) inhibited the migration of
cells onto the ITO surface. The current density 0.19 Am−2 (yellow)
did not inhibit the migration completely even at a dose as high as 94
mAs−1m−2.
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Figure 5.6.: The EC-OWLS measurement shows the steady deposition of material
from culture medium onto the ITO surface during an applied current
dose of 137 mAs−1m−2.
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6. Effects of small pulsed currents
on the viability of cells, in vitro
and in vivo

Previous chapters dealt with in vitro cell cultures, and this chapter we built an
implantable current pulse generator with platinum electrodes to study the effect
of long pulsed, small currents in vitro and in vivo [70]. Encouraged by the experi-
mental in vitro results done by Mr. Michael E. Bullen1, we believed to have found
a new approach for preventing encapsulation around the electrode by producing
a constant cell turnover at the electrode interface. Apoptotic cells would be con-
stantly removed by phagocytes without provoking an inflammatory response [122].
At the same time the resistivity of the tissue would not increase. This would open
new prospective on future of long-term implants with active electrodes such as glu-
cose sensors or stimulation, recording electrodes. Therefore the pulse generator was
implanted into rats to study the effects in vivo for up to 21 days.

6.1. In vitro

6.1.1. In vitro experiments with the electric pulse generator

An implantable electric pulse generator and electrodes were built as described in the
methods and material sections 3.3.2, 3.4.2 and rat aortic derived cells (RAOC) were
prepared as described in section 3.5.3. The electrodes were again sterilized with 70%
ethanol and irradiated for 30 minutes with UV light. The cells were detached using
0.25% trypsin/EDTA solution (PAN Biotech GmbH, Aidenbach, Germany) and
seeded directly onto the implant lying in a Petri dish (Fig. 6.1). The systems were
then incubated for 1, 6, 12 and 24 h at 37◦C and 5% CO2. A cell viability staining
was performed according to section 3.5.3 to visualize dead cells with propidium
iodide and the total cell number by a Hoechst 33342 dye to measure the effects of
the pulsed electric current. To ensure that the different coatings (SiO2, Pt) had no
influence on cell behavior and viability, a control experiment was performed over
24 h with the same method as above, however without the application of current

1Regenerative Medicine Program and Cardiovascular Surgery Research, University Hospital
Zürich, Raemistrasse 100, 8091 Zürich, Switzerland
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(results not shown). The type of cell death and the cell adhesion contact size
was investigated with immunochemical staining of cleaved caspase-3 or vinculin,
respectively (Section 3.5.3).

Figure 6.1.: Schematics of the in vitro experimental setup using the two working
electrodes (anode), the counter electrode and pulse generator in a cell
culture dish.

The electrochemically generated pH between cell and electrode was calculated by
a 2D finite element method (Section 3.7.4) in the gap between a hypothetical surface
attached round shaped cell (radius 2.5 - 3.1 µm, determined by above methods)
on an infinite flat electrode where two differently pulsed currents from the pulse
generator (I = 2.5 s; pause = 2.5 s) and (I = 5 s; pause 5 s) were applied (Section
3.7.4). The gap between the cell and the electrode was assumed to be 100 nm. Two
different parameter sets were used to calculate the range of pH generated in the
geometric center between cell and surface: The first parameter was set with the
diffusion coefficient for protons from literature Dreal = Dproton = 9.3·10−9 m2s−1

and the real current applied Ireal = 0.37 A/m2, the second fitted parameter set Dfit

= 3.3·10−10 m2s−1 and Ifit = 0.017 A/m2 was adjusted according to previous work
(Chapter 4).

6.1.2. In vitro results with the electric pulse generator

The implant and the electrodes were placed in a Petri dish before adding the RAOC
cell suspension. Exposed to the pulsed current densities of 0.37 A/m2, the RAOCs
displayed an increase in cell death with time (Fig. 6.2, A). The cell mortality was
higher on electrode 2 (5 s current, 5 s pause) for the first hour. After 24 h, the
mortality was 96 ± 3% on electrode 1 (2.5 s current, 2.5 s pause) and 96 ± 5.0% on
electrode 2. In contrast, cells grown on the SiO2 control on the same electrode had
mortality of 3 - 8% throughout the experimental time. The cell death was highly
localized to the active Pt* surface (Fig. 6.2, B), with a well defined boundary
limited to the active Pt* electrode surface.

To investigate the type of cell death after 24 h, the presence of apoptotic cell death
was determined by staining with anti-cleaved caspase 3 antibody which detects
endogenous levels of the large fragment (17/19 kDa) of activated caspase-3. The
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6.1. In vitro

Figure 6.2.: (A) Percentage of dead cells versus time on the active Pt* electrode
compared to the passive SiO2 control surface. Control experiments
with no current applied showed no difference in cell death between
Pt* and SiO2 surface. Fluorescence image of the SiO2/Pt* boarder
(dashed line) on the electrode after applying a pulsed current for 24
h and staining for dead cells with propidium iodide (red). (B) The
boundary between living cells (blue, Hoechst 33342) and dead cells is
well defined to the active Pt* electrode surface.

cells on the SiO2 control surface showed minimal caspase-3 activity (Fig. 6.3, A),
while 95 ± 4 % of RAOCs cell on the active Pt* surface, were stained positive
for this apoptotic marker (Fig. 6.3, B). Cells that did not express caspase-3 could
not conclusively be identified as either apoptotic or necrotic. Indicative signs of
apoptotic bodies such as fragmentation of nuclear chromatin could be detected in
many of these cells.

After being seeded on the electrodes for 24 h, a distinct difference in cell mor-
phology could be observed between the RAOCs adhered on the SiO2 control (Fig.
6.4, A) and the active Pt* electrode surface (Fig. 6.4, B). The cells on the control
side attached and spread over the SiO2 control surface as observed in normal cell
culture, while the cells adhered to the active Pt* electrode surface kept their round
shape and were not able to spread on the surface. The adhesion size (area of focal
contacts) of the cells was visualized by staining with monoclonal mouse anti-human
vinculin-1. The adhesion size was of 154 ± 24 µm2 on the SiO2 control and 26 ±
6 µm2 on the active Pt* electrode surface.

The pH change between the cell and the active Pt* electrode due to Faradaic
reactions was calculated using the adhesion area size of the apoptotic cells, assuming
a circular shaped cells with the measured mean area for apoptotic RAOC cells A
= 26 µm2 and the standard deviation SD = 6 µm2. The minimal and maximal
radius of the model cell are rmin = 2.5 or rmax = 3 .1 µm (r2min,max = (A±SD)/π),
respectively. The asymptotic mean pH values reached after 1000 s are given in
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Figure 6.3.: Immunofluorescent images of RAOCs showing cleaved caspase-3
(green), actin stress fibres (red) and nuclei (blue) after 24 h. (A)
The RAOCS on the SiO2 control site of the electrode show normal
cell morphology and minimal caspase-3 activity indicative of normal
cell turnover. (B) Almost all RAOCs on the active Pt* electrode sur-
face show cleaved caspase-3 activity indicating an apoptotic cell death
induced by the applied pulsed current.

figure 6.5. There is a pH difference of 0.1 between the two differently pulsed currents
(Electrode 1, 2) for given cell size and parameter set (Dreal, Ireal) ; (Dfit, Ifit). The
pH differs for different cell radii (2.5; 3.1 µm) only on electrode 1 for the parameter
set (Dfit, Ifit). A larger difference pH of 0.5 is observed for different parameter sets
(Dreal, Ireal) ; (Dfit, Ifit) at given radius and electrode.

The pH change within the cycles is shown in figure 6.6, A for the initial 150 s,
assuming the cell attaches to the active Pt* electrode surface having immediately
an average adhesion area with r = 2.8 µm. During an electric pulse cycle, the
current decreases the pH almost instantly in the gap between cell and electrode.
During the pause, the pH increases due to proton diffusion out of the gap. The low
peak pH values reached at the end of the current pulse are similar for the short (2.5
s) and long (5 s) pulsed currents, but the average pH is lower for the short pulsed
currents at a given electrode. The asymptotic mean pH range dependant on the cell
adhesion area is shown in figure 6.6, B, calculated using the parameters reaching
the lowest (2.5 s pulse, Dreal, Ireal ) and the highest pH (5 s pulse, Dfit, Ifit ) for an
average cell adhesion area with r = 2.8 µm. The pH variation between the cycles is
indicated with the error bars. The larger the cell radius the more variation of the
pH within the cycles is observed, while the mean pH value decreases in a steady
slope with increasing radius.

Currents applied during cell attachment clearly induced apoptosis of cells that
landed on the active electrodes as indicated by their globular shape [122, 123]. In
addition, staining the cells after 24 h of current application revealed that most cells
died by activation of apoptotic pathways. The activation of caspase-3 is a central
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Figure 6.4.: Immunofluorescent images of RAOCs showing vinculin adhesion sites
(green), actin stress fibres (red) and nuclei (blue) after 24 h. (A) Cells
grown on the SiO2 control side of the electrode show normal adhesion
and spreading behavior, (B) while cells on the active Pt* electrode
surface show complete disorganization of the cytoskeleton and lack of
actin stress fibers accompanied by cellular rounding with diffuse, glob-
ular appearance of vinculin.

Electrode 1 1 2 2
Current [s] 2.5 2.5 5 5
Pause [s] 2.5 2.5 5 5
Radius [μm] 2.5 3.1 2.5 3.1
pH (Dreal; Ireal) 3.6 3.6 3.7 3.7
pH (Dfit; Ifit) 4 4.1 4.2 4.2

Figure 6.5.: The calculated, asymptotic mean pH values (bold) reached after 1000
seconds for two differently pulsed currents (Electrode 1,2), the two
parameter sets (Dreal, Ireal) ; (Dfit, Ifit), and different radii of the
measured cell adhesion area.

event in apoptosis, and is an early marker of apoptosis. It has previously been re-
ported to display either weak or no cytoplasmic staining in later stages of apoptosis,
or staining to be localized to the nucleus [124]. Therefore the few cells which stained
negative over the active electrodes may have been in the later stages of apoptosis
no longer expressing caspase. In addition, as anti caspase-3 does not recognize full
length caspase-3 or other cleaved caspases, its detection indicates apoptosis only
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Figure 6.6.: (A) Calculated pH in the gap between a cell with an average adhesion
area (r = 2.8 µm) and the active Pt* surface with two different pa-
rameter sets and two differently pulsed currents for the initial 150 s.
(B) The asymptotic mean pH value dependant on the radius of the cell
adhesion area. The pH variation between the pulse cycles is indicated
by the error bars.

via the caspase-3 pathway. As a result, although caspase-3 is considered one of
the key executioners of apoptosis, the presence of other apoptotic pathways can-
not be excluded. While it is possible these cells may have undergone apoptosis
via an alternative pathway not utilizing caspase-3, this was not conclusive and as
such these cells were not counted as apoptotic. In this study cells were exposed to
pulsed currents throughout the experiment, i.e. including some time preceding cell
attachment, in order to simulate the conditions during in vivo implantation of the
electrodes. Although the generated electrochemical species diffuses into the culture
medium, this space between cell and electrode becomes a small gap of around 100
nm [125], when a cell attaches to the electrode surface. The products are accu-
mulated within this gap and might reach toxic concentration levels depending on
the current applied, adhesion size and the diffusion coefficient of the toxic species.
Cells must therefore attach to the electrode before a significantly large area of their
membrane gets exposed to the dangerous zone causing cell death. This is a possi-
ble explanation of why we observed cell death after increased time in comparison
to other studies that exposed cells to electric currents only after they had formed
a confluent layer on the electrode (Chapter 4). The adhesion size was optically
determined after vinculin (focal contacts) staining [126]. Vinculin represents a key
element in the transmembrane linkage of the extracellular matrix to the cytoplas-
mic microfilament system and is associated with a large number of cytoskeletal and
focal adhesion proteins. These multi-protein complexes are further associated with
cell adhesion signaling molecules important to rendering cells susceptible or resis-
tant to apoptosis [127]. The apoptotic RAOC cell adhesion size was 26 µm2, radius
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r = 2.8 µm if we assume a circular cell adhesion spot (see section 3.7.4) after 24 h
of applying currents. The observed adhesion area was independent of the applied
current pulses (1, 2) further supporting our hypothesis that a critical adhesion area
over the electrode is required for inducing apoptosis. Modeling the expected pH in
the gap, we found that the short pulsed electrode 1 reaches lower mean pH values
during the initial phase of cellular attachment (see figure 6.6) but almost the same
asymptotic pH. This might explain the observed higher ratio of dead cells on elec-
trode 1 after 1 h. On the other hand, the simulated asymptotic pH vs. cell radius
curve shows no special reason for the observed critical adhesion radius of r = 2.8
µm. Another electrochemically generated product is chlorine, which reacts with
water to HOCl [26]. HOCl (hypochloric acid) has been reported to cause apoptic
cell death due to the formation of chloramines in the culture medium [128]. In ad-
dition, a minute amount of chlorine induced de-spreading of adherent cells [87]. As
such, if the electrochemical products suppress cell adhesion this itself might induce
apoptosis according to Chen et al. [5]. The disruption of focal adhesion complexes
weakens the interaction between the cells and the extracellular matrix, rendering
them more susceptible to apoptosis [123], even in the presence of sufficient growth
factors. Another possible mechanism is related to the corrosion of electrode itself:
e.g. platinum chloride compounds from electrode corrosion dissolve at higher po-
tentials and can inhibit cell growth [129], however at lower potentials and in the
presence of serum albumin no platinum dissolution was observed [130]. On the
other hand, the platinum corrosion can probably be ruled out in this case, since
a similar growth inhibiting effect at low currents was also observed on indium tin
oxide electrodes (Section 5.2).

6.2. In vivo

6.2.1. In vivo experiments with the electric pulse generator

A single implant, consisting of the pulse generator and three electrodes (Fig. 3.4,
A), was implanted into each of the 20 Sprague-Dawley rats according to the proce-
dure described in the methods and materials section 3.6.1. After the experimental
time, the impedance spectra of the implanted electrodes were measured right be-
fore explantation with an Autolab PGSTAT302N potentiostat with the Frequency
Response Analyzer Software v.4.9.007 from Eco Chemie (Utrecht, Netherlands).
The spectra were measured with an amplitude of 50 mV between 0.2 Hz and 1
MHz. The pulse generator was therefore taken out of the anaesthetized rat, the
wires were cut and dismantled, while the electrodes remained in their position un-
der the skin. The free ends of the cables were then connected to the potentiostat
with Kleps clamps. The impedance was measured between the active Pt* electrode
and counter electrode. After a lethal dose of carbon dioxide inhalation the rats
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were decapitated to keep the electrodes in their position in the tissue. The rat
heads with the electrodes still in position were fixated and stained as described in
3.6.2. The implant operational capability was then tested ex situ with a voltmeter
and implants with no signal where categorized as non working. Impedance mea-
surement control experiments were performed in culture medium and in a freshly
sacrificed mouse. After removing the coat, two incisions were made in the hind
limb muscles muscle and the electrodes were placed in the pockets to measure the
resistance of muscle tissue. Filling the incisions with culture medium simulated the
liquid gap between electrode and tissue. The impedance was also measured across
fascia|muscle|fascia or fascia|fatty tissue|fascia by adding a small amount of culture
medium between electrode the fascia and mechanically attaching the electrode on
the surface.

6.2.2. In vivo results with the electric pulse generator

The electrode impedance was measured in vivo from 7 electrodes that remained
functional for the entire experimental time and from 17 electrodes of implants
that stopped working sometime during the experiment. The impedance spectra
of all electrodes were measured with an amplitude of 50 mV between 0.2 Hz and
1 MHz. The impedance Z was plotted at selected frequencies 0.2 Hz, 1 kHz, 0.5
MHz in figure 6.7, 6.8, 6.9. For working implants the impedance value remains
on a more or less constant the level during the entire experiment, whereas the
non working implants showed an increase in impedance at the selected frequencies.
Since some of the electrodes showed non-physical impedance values at 0.2 Hz (i.e.
much higher than any of the control experiment values), these were considered to
be compromised even if their X-ray image showed no obvious signs of cable rupture.
As such, 5 electrodes (1 working, 4 non working) were therefore highlighted (*) in
figure 6.7 and were not taken into account for the discussions.

The electrodes used for histology worked for up to 21 days in the animal and
were fully functional at the time of explanting. The toluidine blue stained cross
section of a representative selected electrode (21 days) allows direct comparison
between working and control areas on the same electrode (Fig. 6.10, A-D). We
did not find any significant difference in the morphology of the surrounding con-
nective tissue between the working platinum electrode Pt* (Fig.6.10, A), control
platinum electrode Pt without the current (Fig. 6.10, B) and SiO2 bulk material
(Fig. 6.10, C). No signs of cell necrosis or apoptosis were noted in the cells sheets
bordering the electrode surface. Additionally, the images show the absence of the
monocyte/macrophage recruitment to the site of implant site, indicating the ab-
sence of a stronger immune response either to the control or the active sides of the
electrodes.

In vitro, the implantable custom built pulse generators were working in liquid
at cell culture condition full workability during repeated, short term experiments.
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6.2. In vivo

Figure 6.7.: Impedance values at 0.2 Hz of the implants that remained func-
tional for the entire experimental time (x) and the non working im-
plants (+) are plotted versus the implantation time. The black
dashed lines are impedance values from control experiments through
culture medium, muscle tissue with liquid contact to the electrode,
fascia|muscle|fascia, muscle tissue without liquid contact to the elec-
trode, fascia|fat tissue|fascia. Outliers are marked with (*) and were
identified by showing non-physical impedance values (i.e. much higher
than any of the control experiment values).

There was no leakage or malfunction observed. In vivo in contrast, the electronic
circuit and battery, embedded in EPOTEK-320M, was compromised by the inflam-
matory foreign body reactions and some implants stopped producing electric pulses
in vivo. In these failed implants, a weak point was found in the epoxy casing due
to non-uniform embedding, where body fluids could enter and caused failure of the
electric circuit while implanted. At the end, 7 electrodes remained functional for
the entire time while 17 electrodes stopped working during the experiment. The
impedance of all functional electrodes but one remained low at all three measured
frequencies compared to the impedance of electrodes that were connected to a pulse
generator that stopped working at a certain time point. At low frequencies (0.2 Hz),
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Figure 6.8.: Impedance values at 1 kHz of the implants that remained functional
for the entire experimental time (x) and the non working implants
(+) are plotted versus the implantation time. The black dashed
lines are impedance values from control experiments through cul-
ture medium, muscle tissue with liquid contact to the electrode,
fascia|muscle|fascia, muscle tissue without liquid contact to the elec-
trode, fascia|fat tissue|fascia. Outliers are marked with (*) and were
identified by showing non-physical impedance values (i.e. much higher
than any of the control experiment values).

changes in the electric double layer at the interface boundary are measured. The
formation of a biological film here could lead to increased impedance as observed
on the electrodes that stopped working or their electrical contact was broken (see
figure 6.7). The tissue conductivity was measured at higher frequencies. Current is
transported by the motion of free ions according to the applied electric field. The
initial inflammatory tissue response increased the amount of exudate around the
implants and kept impedance low for all electrodes for the first 15 days. After 21
days, the histology samples no longer show a liquid gap between electrode surface
and the tissue. The impedance of the non working electrodes showed the expected
increase due to the diminished fluid gap and the presence of densely packed cells
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6.2. In vivo

Figure 6.9.: Impedance values of the implants that remained functional for the
entire experimental time (x) and the non working implants (+) are
plotted at 0.5 MHz versus the implantation time. The black dashed
lines are impedance values from control experiments through (1) cul-
ture medium, (2) muscle tissue with liquid contact to the electrode,
(3) fascia|muscle|fascia, (4) muscle tissue without liquid contact to the
electrode, (5) fascia|fat tissue|fascia. Possible outliers are marked with
(*). Two pairs of overlaying data points were shifted by 5% for visibil-
ity.

on the platinum electrode surface. In the control experiments, the impedance was
decreased by ∼ 40 % adding culture media to the electrode interface. In contrast,
the electrodes with applied pulsed current showed no increase in impedance at 1
kHz and 0.5 MHz even though our histological data has not revealed any changes
comparing the tissue surrounding the active electrode surface Pt* with the plat-
inum control surface Pt and the SiO2 control surface. A similar phenomenon has
already been observed by applying 1.5 V for 4 s to iridium electrodes in vivo [70].
The authors propose that conductivity pathways are formed through the surround-
ing tissue (within 100 µm from the electrode surface) during this rejuvenation
increasing recording quality and lowering electrode impedance. We applied smaller
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Figure 6.10.: Bright field microphotographs of toluidine blue stained tissue sections
across the implanted electrode|connective tissue interface. This repre-
sentative electrode was explanted after 21 days in vivo and remained
functional for the entire experimental time. The comparison of the
tissue morphology and cell appearance in the vicinity of the inter-
face revealed no significant difference between the platinum working
electrode Pt (A), control platinum electrode without the current Pt
(B) and SiO2 bulk material (C). No signs of cell necrosis or apopto-
sis as well as no signs of inflammation are observed in the cell layers
adjacent to electrode surface, suggesting that neither the implanted
electrodes nor the applied pulses of current produced any adverse ef-
fect in the surrounding tissue. Note that the extensive tissue raptures
arranged in parallel to the electrode surface have been provoked by
the unfavorable procedure. Scale bar: 0.2 mm

currents/voltages repeatedly and observed a similar effect, but our current density
or applied voltage might be too small to produce instant effects on the impedance,
but enough to keep the adjacent cells in a constant reorganization either through
apoptosis or via disintegration of the adherence junctions. We believe that such
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low currents affect only the nearest cell layer. Unfortunately, a live dead staining
or the staining for apoptotic cells was not possible, because the tissue sample had
to be embedded in epoxy resin for cutting and polishing.

6.3. Summary

In vitro, we have shown that small pulsed currents induce apoptosis within 24 h
in almost all the RAOC cells attached to the electrode surface. Apoptosis is in-
duced either directly by toxic concentrations of electrochemically generated species
in the gap between the cell and the surface or indirectly by inhibiting cell adhe-
sion, which induces then apoptosis. In vivo, application of pulsed currents to the
electrodes kept the impedance lower compared to electrodes that stopped work-
ing during implantation, but histologically no difference was observed. We believe
that integrating all electrodes on a single chip would allow for a better comparison
of the impedance and histological data. This would, in addition, enable a more
thorough investigation of the nearest cell layer by immunohistochemical staining.
Although low level applied currents have been shown to be potent in influencing
cell death and behavior in vitro and short-term in vivo responses, they appear to
have little influence on long-term in vivo fibrotic reactions, possibly as a result
of insufficient interactions between recruited host cells and functional groups on
the implants. This interesting difference between in vivo and in vitro represents a
pervasive problem in biomaterials science. The complexities of the wound healing
dynamics in vivo are difficult to reproduce in vitro. We speculate that the relative
ineffectiveness of surface functionality on long-term in vivo cellular responses may
simply reflect insufficient cell surface interactions. Specifically, in an in vitro setting,
cells are seeded directly on the working electrodes, and thus surface functionality
has maximal effect on cellular responses. On the other hand, in an in vivo environ-
ment, the functional groups on nonporous implants can only interact with the first
layer of cells which represent only a small portion of the surrounding cells/tissue.
These relatively poor cell functional group interactions thus minimize the effect
of surface functionality on cellular responses. In the next chapter we investigate
the effects of currents on prokaryotes and how we can inhibit bacterial adhesion to
urethral catheters.
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7. Electrical current to prevent
conditioning film and bacterial
adhesion to urological stents

While in previous chapters the effects of electric currents to mammalian cells were
presented, we investigate in this chapter the effects to bacteria. In form of a
feasibility study we present a novel approach to prevent bacterial adhesion, col-
onization and encrustation with the Proteus mirabilis as a model bacteria for the
most common bacteria to colonize urogenital catheters. If used only short term
the newer generation catheters offer good comfort with minimal complications.
In long-term, such catheters remain a significant clinical problem in urology, due
to the high rate of bacterial colonization, infection and encrustation. They are
commonly used in patients with obstructive disease to secure urine flow. Upon
insertion of a prosthetic device in the urine tract, a conditioning film is formed
on the device surface. The film is composed of proteins [131, 132], electrolytes,
and other organic molecules [133] changing the devices surface properties and may
provide receptor sites for bacterial adhesion [134]. Once the bacteria can adhere
to the biofilm, cell division and colonization starts and may lead to large coherent
bacterial biofilms [135]. This can then lead to super infection by opportunistic
bacteria and to a rapid expanding infection often resistant to common antibiotics,
especially if preceding antibiotic treatment has failed [136]. Biofilms offer an opti-
mal environment for bacterial growth since there is no immunologic response and
the penetration of antibiotics is poor. Many approaches to prevent biofilm for-
mation and consecutive encrustation of urogenital catheters have been proposed
with various outcomes [137–139]. Hydrophilic outer layers or coating with an-
tibacterial agents such as rifampicin/minocycline or silver-ions, have been used to
make urethral catheters less attractive to bacterial colonization [140]. While drug
eluting catheters were able to reduce bacterial growth the formation of calcium-
phosphate encrustation could not be inhibited [138, 139]. Further, the use of long
term antibiotic agents is associated with the development of resistant microorgan-
isms. Besides material research, other approaches tested were electric current to
increase the efficacy of antibiotics against bacterial biofilms using high-frequency
electric fields [141]. In 1969 Pareilleux and coworkers have first demonstrated the
bactericidal effect of electric current [142]. An electrified drain to sterilize the field
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of postoperative wound drainage were reported in 1993 [143,144]. A newer catheter
device that would resist encrustation by Proteus mirabilis biofilms required rela-
tively high current that could only be provided at the tip of the catheter where the
fast corroding silver electrodes were located. This catheter increased the amount
of silver ions in the urine and was able to decrease the rate of encrustation sig-
nificantly [145]. In this research, another electricity based strategy was applied
to overcome the problem of bacterial adherence and biofilm formation. We have
shown in chapter 5 that eukaryotic cell migration and attachment can be prevented
by applying small electric currents on metal and conductive metal oxide electrodes.
Either local electrochemical reactions increasing H+, HClO concentration and/or
continuous altered layer deposition from culture medium have inhibited the ad-
hesion and migration of eukaryotic cells. By applying alternating small current
density on platinum electrodes, we could produce a self regenerative surface which
actively removed the conditioning film significantly reducing bacterial adherence.

7.1. Quantification of film formation on platinum
surfaces with applied currents

7.1.1. Experiments in artificial urine without bacteria

The film formation was studied and quantified under an applied current using EC-
QCM-D technique (Section 3.2.2). The crystals were cleaned in 2% sodium dodecyl
sulfate (SDS) for 30 min, rinsed with H2O and blow dried with N2. The surface was
cleaned in a final step with UV/O3 treatment (UVO Cleaner, Jelight Inc., USA)
for 30 min. After mounting the crystal in the electrochemical cell (EC) of the
QCM-D, artificial urine was pumped through the heated EC cell (37◦C) and the
selected current was applied by an Autolab potentiostat (Section 3.3.1). The formed
layers from the QCM experiment were investigated in dry state with atomic force
microscopy contact mode with the set point = 0.2 V (Section 3.2.3). The surface
roughness was measured on 5 different areas with the dimension 2x2 µm, the RRMS

value was calculated and given with standard deviation in the corresponding AFM
scan images. After the AFM measurement the crystals were immersed subsequently
in 1 M HCl and 1 M NaOH to test the dissolution behavior of the formed films.

7.1.2. Results in artificial urine without bacteria

Different current densities were applied on the platinum coated QCM crystals and
the amount of deposited material from artificial urine was monitored by the shift
in the resonance frequency. Using the approximate values for the density (1000
kg/m3) and the viscosity (0.001 kgm−1s−1) of artificial urine a fitting procedure
based on the Voigt model was applied (Section 3.2.2) and the wet mass increment

74



7.1. Quantification of film formation on platinum surfaces with applied currents

of the adsorption process (0.1368 µgHz−1cm−2) was determined. Using this value
the adsorbed wet mass of the formed layer was calculated from the observed changes
in the resonance frequencies (Fig. 7.1, A). The same fitting procedure was used to
estimate the layer formation for both, anodic and cathodic currents in figure 7.1,
B, C. We applied an alternating current (period 4 s) density of I = 75 nA/mm2 for
1 hour and observed a slightly decreasing baseline (to ∆maxwet mass = -6 µg/cm2).
Applying a current density of I = 320 nA/mm2 (∆maxwet mass ≤ 0.1 µg/cm2),
we did not see any significant adsorption. However, if a current density of I =
750 nA/mm2 was applied the formation of a transient film with a peak wet mass
∆maxwet mass= 74 µg/cm2 was observed after 18 min. Then, the film desorbed
with the same rate constant as observed during formation. Applying a constant
anodic current of I = 75 nA/mm2 showed a continuous film formation reaching a
plateau at a wet mass ∆maxwet mass= 27 µg/cm2. Switching off the current (I =
0) did not change the layer thickness. Increasing the current density to I = 750
nA/mm2 resulted in a continuous film formation with no plateau within the course
of the experiment. Applying a cathodic current density of I = -75 nA/mm2 showed
no film formation, whereas a ten times higher current density displayed a slight
film formation in the range of 6 µg/cm2.

The platinum coated QCM crystals were gently rinsed with H2O and blow dried
with N2 after the measurements. Macroscopically, the surfaces from the alternating
and cathodic current experiment were clean, whereas the surface from the anodic
current was covered with a bluish, oil-like film. Atomic force microscopy revealed
the lack of deposited residues on the surface with applied alternating current den-
sities I = 320 nA/mm2 and I = 750 nA/mm2, respectively (Fig. 7.2 B, C). The
surface roughness after current became even lower than that of the new untreated,
platinum coated crystals (Fig.7.2, A). In contrast, the platinum surface after anodic
current treatment clearly showed the presence of a film that started to delaminate
from the surface (Fig. 7.2, E) and wile scanning, a small fragment of the film was
removed (Fig. 7.2, E, square insert) indicating weak film adhesion. The surface
exposed after the film removal had a surface roughness of RRMS = 1.9 nm. Due to
the small delaminated area, only one 2x2 µm2 region could be measured inside the
hole. Therefore, no standard deviation is given. The roughness of the surrounding
was also RRMS = 1.9 nm ± 0.5. The film thickness was around (Fig. 7.2, F) 50
nm in dry state (cross-section, Fig. 7.2, G). After cathodic treatment, the surface
showed an increase in surface roughness to RRMS= 2.8 nm ± 1.4 nm (Fig. 7.2, D).
After the AFM measurement, the QCM crystals were immersed in an acidic and
a basic solution to test their dissolution behavior. Surprisingly, a very thin film
seemed to tear off from the surface of the QCM crystal treated with alternating
current I = 750 nA/mm2 when immersed in acidic solution, while I = 320 nA/mm2

did not show any delamination of a layer. The anodic bluish, oil-like film remained
present in acidic solutions, while it was immediately dissolved in basic solutions.
The cathodic QCM crystal showed no change in either of the solutions.
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Among the different noble or non-corrosive materials that could be used as elec-
trode, stainless steel, gold, silver and platinum are most common [146, 147]. For
this feasibility study we decided to employ platinum electrodes because of their
inert chemical characteristics [129]. The current density, rather than the potential,
was kept constant to achieve a constant electrochemical product turnover and at
different low current densities, where no cytotoxic effects are expected through the
mucosa of the urinary tract. Applying an alternating current to Pt surfaces showed
three different reactions on the adsorption of material leading to desorption of mate-
rial at low current densities and no significant change at moderate current densities.
Most surprising was to see that in artificial urine after an initial film formation, the
film started to disappear without changing any parameters. It is difficult to find
an explanation for the desorption behavior but weak interaction of the film with
the surface might lead to partial delamination which is then averaged by the QCM
and could be not observed in the AFM analysis due to the limited scanning area
(100x100 µm2). Tests with anodic currents showed a continuous layer formation on
the platinum electrodes. Similar findings were made on indium tin oxide electrodes
showing increased adsorption of a polymer under an applied positive potential as
reported by Bearinger et al. [90]. Even continuous adsorption of poly-(L-Lysine)
under positive potential was reported previously [107]. These results were coun-
terintuitive since the molecule and the surface were both positively charged and
the reason for this observation is not yet clear. They suggested that the molecules
interact less strong with the surface when a potential is applied and therefore are
more loosely structured, resulting in a higher mass per area adsorption. In addi-
tion, the production of HClO, due to Faradaic reactions might crosslink lysine side
chains of proteins leading to film formation on the electrode surface and explain
the observed continuous adsorption [148]. The AFM analysis of the platinum QCM
crystals showed a slight increase of the surface roughness on the formed film and
inside the delaminated area. But the highest surface roughness was measured after
applying cathodic currents, which electrochemically induced high pH and might
have caused precipitation of a smooth layer of calcium- and magnesium phosphate
as indicated by the mass uptake in the QCM data at the higher current density The
dissolution behavior was tested by dipping the formed layer on the QCM crystal
in acidic or base solution, respectively. Surprisingly, a macroscopic barely visible
film was delaminating from the alternating high current density QCM crystal when
soaked in acidic solution but no delamination was observed in basic solution. The
interaction force is weaker in the presence of protons, indicating that films must
have been formed at basic conditions. This can be explained by the different stan-
dard reduction potentials necessary for the electrolysis of water at the anode (1.23
V vs. NHE) and cathode (-0.83 V vs. NHE) [100] and the symmetric current pulse
applied. More hydroxide was formed at lower potentials than protons. As expected,
the layer formed at anodic current was removed in basic solution.
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7.2. Bacterial adhesion to platinum surfaces with
applied currents

7.2.1. Experiments in artificial urine with bacteria

The substrate was designed to contain six equal electrodes inside the flow chamber
(Fig. A.1) and produced as described in the methods and materials section 3.4.2.
The flow chamber was custom-built, made of PMMA and designed for hosting the
chip substrate (Fig. A.2) with the dimensions width = 10 mm, length = 15 mm
and height = 0.1 mm. A peristaltic pump (IPC, ISMATEC, Switzerland) was used
to maintain a constant flow rate of 200 µl / min. The flow chamber was placed
in an incubator at 37◦C during the experiment, while the artificial urine reservoir
was placed outside of the incubator at room temperature. Selected currents were
applied by the Autolab potentiostat (Section 3.3.1). Before the flow cell experiment,
an aliquot of Proteus mirabilis was diluted in 500 ml sterile artificial urine (Section
3.7.3). The aliquot was made by scratching the bacteria from the culture media and
suspending in 10 ml phosphate buffered saline (PBS) pH 7.4 and store in portions
of 0.5 ml at -20◦C. The cell viability and substrates were simultaneously stained
and imaged as described in methods and materials section 3.5.4.

7.2.2. Results in artificial urine with bacteria

The experiment with Proteus mirabilis containing artificial urine was performed
in a custom built flow cell (Fig. A.2) sealed onto a glass substrate with 6 equal
platinum electrodes (Fig. A.1). Different currents (alternating current of I = 320
nA/mm2, anodic currents of I = 75 nA/mm2 and I = 750 nA/mm2) were applied
under continuous urine flow. After 6 days the substrate surface was stained for
viable and dead cells (Fig. 7.3). Proteus mirabilis adhered to the control electrode
with no current applied (Fig. 7.3, A). Most of the cells were found alive (green, FDA
positive) and only a small fraction was dead (red, PI positive). On the electrode
with alternating current of I = 320 nA/mm2 only few dead bacteria and some
impurities were observed. (Fig. 7.3, B) On the electrode with a small anodic current
of I = 75 nA/mm2 also only a few bacteria but a stronger green background signal
was observed (Fig. 7.3, C). At higher current density (i.e. I = 750 nA/mm2) a thick
film started to delaminate from the electrode (Fig. 7.3, D). The presence of spots
in the image indicates that some bacteria might be incorporated in the film but it
was not possible to evaluate their vital status due to the strong fluorescence of the
film. The platinum electrodes were not compromised by the applied currents after
6 days, since no corrosion artifacts were observed in transmission light microscopy
(images not shown).

These findings led to the idea of using electric currents to prevent bacterial ad-
hesion to urinary catheters either by the electrochemical products due to Faradaic
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reactions and/or presenting a different surface to the bacteria than a condition-
ing film formed under normal conditions e.g. electrically formed film. We used
Proteus mirabilis as a model because it is the most common bacteria to colonize
catheter surfaces, to form extensive biofilms leading to encrustation [145,149]. Fur-
thermore, Proteus mirabilis produces urease, which significantly increases the local
pH levels by metabolizing urea to ammonia, inducing a precipitation of calcium-
and magnesium-phosphate. The idea was tested in our custom built flow cell with
constant artificial urine flow containing Proteus mirabilis. The results showed signif-
icantly decreased bacterial adhesion after 6 days in the case of applying alternating
current (I = 320 nA/mm2) and the expected layer formation at anodic currents,
which started to delaminate at the highest current density. The film formation
under applied electric currents is different compared to conditioning films formed
under normal conditions. The likelihood of bacterial adhesion to such an altered
surface might be much lower than under normal conditions and the electrochemical
products H+, OH− generated on the electrode surface create unfavorable chemical
gradient for bacterial colonization.Moreover, HClO is a strong oxidizer with bacte-
ricide properties in the vicinity of the electrode, where antibiotics usually cannot
be applied in high enough concentrations [134] and H+ is changing the urines pH
to low values preventing calcium- and magnesium phosphate precipitation. We did
not observe any microscopic crystals on the electrodes throughout the experimental
time.

7.3. Summary

In conclusion, we were able to show that micro current applied to a conducting
surface is effective in reducing bacterial growth in two ways. First, it can reduce
the formation of the conditioning layer making bacterial adherence more difficult
and secondly, by changing the microenvironment preventing bacterial adherence
and growth. This research can lead a next generation of catheters with lower rates
of biofim formation, infection and encrustation.
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A

B

C

Figure 7.1.: Layer formation measured with QCM-D at different current densities
applied to a platinum electrode in artificial urine. (A) An alternating
current with a period of 4 s at I = 75 nA/mm2 led to desorption of
material. No significant adsorption/desorption was observed at I =
320 nA/mm2 whereas I = 750 nA/mm2 showed a film formation of
a transient film with a peak at 18 min before the film desorbed with
almost the same rate as it has been formed. (B) A constant anodic
current of I = 75 nA/mm2 showed a film formation reaching a plateau,
while I = 750 nA/mm2 showed a steeper and continuous film formation.
(C) A constant cathodic current resulted in a slight film formation only
at the higher current density of I = -750 nA/mm2.
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Figure 7.2.: Atomic force microscopy images of the platinum coated QCM crystal
surface after applying different currents in artificial urine with the cor-
responding RRMS value and dimension bar of 5 µm. (A) Surface of
an untreated bare platinum crystal. (B) Surface after applying an al-
ternating anodic current of I = 320 nA/mm2, (C) of I = 75 and 750
nA/mm2, (D) cathodic current I = 75 and 750 nA/mm2. (E) The an-
odic current I = 75 and 750 nA/mm2 induced film formation, which
already started to delaminate, clearly visible in the image of the mag-
nified square area. (F) The crack surface has the same RRMS value as
measured on the formed film. (G) The cross-section height profile of
the crack inside the 50 nm thick film.
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Figure 7.3.: Fluorescence microscopy images of 4 different platinum electrodes are
shown after staining with FDA and PI to distinguish between viable
(green) and dead (red) bacteria. Different current densities were ap-
plied to the platinum electrodes exposed for 6 days to artificial urine
containing Proteus mirabilis. (A) No current I = 0 applied, (B) alter-
nating current I = 320 nA/mm2, (C) anodic current I = 75 nA/mm2

(C) anodic current I = 750 nA/mm2.
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Almost everyone felt accidentally, the more or less painful effects of an electric shock
and knows that electric currents are used in modern medicine to stimulate e.g heart
muscles or brain, little is known about the effects on living cells at the electrode
interface. In this thesis, we tried to understand and model the electrochemically
induced reactions at an electrode and the found current density threshold value,
which is needed to open pores in cells (Chapter 4) and could attribute this to local
pH changes in the immediate vicinity of the electrodes. Such pH changes could
be used to release drugs from pH sensitive polymers in sub micrometer drug de-
livery systems to address single cells or to control the adsorption / desorption of
electrolytically adsorbed molecules. For example, in chapter 5, we controlled the
adhesion and outgrowth of single neurons by the selective removal of a protein
resistant polymer that inhibits cell adhesion when adsorbed to a surface. In the
other experiment, the applied electric currents created locally an unfavorable con-
ditions and inhibited cell migration onto electrodes, whereas the cells even in closed
distance to the electrode were not harmed. We believe, that both approaches are
key techniques for active cell guidance and the bottom-up engineering of of small
neuron networks with well-defined topology providing an essential step towards
understanding how the brain performs functions such as memory and learning.
Moreover the techniques would allow the construction of cell co-cultures to study
cell-cell interactions in a controlled environment or cell motility.

Experimental results in cell cultures can give only an idea how the tested currents
will influence cells in vivo, so it was most interesting to see if the currents applied
in our experiments will could also inhibit the cell adhesion in a rat model or not.
We assumed that long pulsed currents might prevent the electrode from the host
reaction of building a fibrous capsule around the electrode, since in vitro the cells
formed only small adhesion patch and underwent apoptosis within 24 h (Chapter
6). In vivo, such apoptotic cells are removed by macrophages and subsequent
intracellular digestion without provoking an inflammatory response. We observed
no histological changes compared to control surfaces after 21 days of implantation.
On the other hand, the impedance at high frequencies remained lower upon applying
pulsed currents compared to electrodes that stopped working during implantation.
Suggesting that our current density or applied voltage might be too small to produce
instant effects, but enough to keep the adjacent cells in a constant reorganization
either through apoptosis or via disintegration of the adherence junctions. Still, the
question remains if the impedance could be kept low for far longer times, as needed
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for permanent implants.
We have also studied the effects of currents on bacteria with the aim to develop a

new type of urethral catheter that withstands conditioning film formation and bac-
terial colonization. Our feasibility study showed that by electrochemically changing
the micro environment, the adhesion of the model bacteria Proteus mirabilis showed
significantly decreased after 6 days in the case of applying alternating current. The
findings were promising and could lead to the next generation of catheters with
lower rates of biofilm formation, infection and encrustation in long-term use.

What sounds like science-fiction today and was the topic of literature and main-
stream movies might become reality one day, when researcher can realize a per-
manent connection between an electric circuit and excitable living tissue without
provoking a host reactions and prevent the electric interface from fibrous encap-
sulation. Only when long-term compatibility and functionality of the implant are
guaranteed, brain and nerve implants to control robotic prosthesis or paralyzed
limbs become reality. A first temporary, self-experiment was risked by Kevin War-
wick [56] by implanting a microelectrode array into the median nerve of his left
arm, allowing him the perception and the operation of an instrumented prosthetic
hand remotely via internet or controlling the movement of a wheelchair. During
his study, most of the electrodes became high impedance and therefore were not
longer functional. Based on our results, the application of small pulsed currents
could increase the lifetime of such electrode implants.

Another unsolved mystery is how the brain performs its basic tasks. Some re-
searchers try to understand the brain from top-down approach and study the entire
brain with functional Magnetic Resonance Imaging (fMRI). The brain is confronted
with different tasks e.g. memorizing numbers, while the blood-oxygen level is mea-
sured as an indirect indicator for locally increased brain activity. Others, try the
bottom-up approach by studying small neuron networks with random topology and
try to deduce to the working principle of large neuron networks. The best approach
might lie somewhere in between, the study of neuron networks with dozens of cells,
but with controlled topology. Therefore it is crucial to have an active control over
the cell adhesion, outgrowth and migration to create such networks, which leads us
back to the topic of this thesis.
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A. Constructions and designs

In this section the different poylmer mask layout are schematically shown for the
substrate used for pH measurement and bacterial adhesion experiments after ap-
plying different currents (A.1) as well as the schematics of the used flow cell (A.2).
The neurochip was assembled of different parts, all produced using photolithograpic
methods. Illustrated are the polymer mask design for the printed circuit board
(A.3), the chromium mask designs for the ITO electrode etching and 3D SU8 struc-
ture (A.4). The indium tin oxide microelectrode arrays (MEA) MEA60 ITO 200
without SU8 were purchased from Ayanda Biosystem (Switzerland) (A.6). The
ITO MEA consisted of a glass substrate with a 8 x 8 matrix array of 60 indium
tin oxide electrodes (minus four corner electrodes) (A.7). The chip was rinsed with
pure ethanol and MilliQ water, blow dried with N2 and plasma treated for 2 min
prior to the experiment. The chip was mounted into a MEA interface 1060 without
amplifiers purchased from Multi Channel Systems (Germany). The interface was
modified in a way that a platinum wire is always in contact with the solution in
the chip and a PMMA disc covers the top part of the MEA chip interface to avoid
contamination and drying out of the cell culture media

Figure A.1.: The glass substrate with 6 equal electrodes on a microscopy cover
slide(A) Indium tin oxide electrodes width=30µm. (B) Platinum elec-
trodes for bacterial adhesion experiment width=1 mm with an insu-
lating photo resist structure to present a defined 0.2 x 1 mm Pt surface
to the artificial urine.
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A. Constructions and designs

Figure A.2.: Schematics of the custom made flow cell used for pH measurement and
bacterial adhesion tests. Electrical spring contacts allow a simple and
reliable connection to the substrate electrodes. Silicone o-ring prevents
any leakage and short-circuit between the electrodes. The flow of the
pH indicator solution or the artificial urine, respectively is indicated
by the red arrow.
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Figure A.3.: Schematics of the printed circuit board used as a stable base for the
neurochip, including copper leads connecting the ITO electrodes on
the neurochip

Figure A.4.: Schematics of the chromium mask to microfabricate the ITO electrodes
(left) and the supporting SU8 photo resist structure with landing spot
and lateral neurite outgrowth channels (right).
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A. Constructions and designs

Figure A.5.: MEA chip interface 1060 without amplifiers. A SCSI interface enables
the connection of single electrodes on a MEA60 chip.
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Figure A.6.: The Ayanda biochip was attached onto the printed circuit board by
means of screen-printing. The gold contacts surrounding the petri-dish
enabled electronic addressing of the individual ITO microelectrodes.

Figure A.7.: The indium tin oxide microarray consists of 60 ITO microelectrodes
(8 x 8 matrix without corner electrodes) with 40 µm x 40 µm square
electrodes with an interspacing of 200 µm (centre to centre).
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