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Abstract

Custom-made complementary metal oxide semiconductor (CMOS)
based integrated circuits allow the production of high-density mul-
tielectrode arrays (HD-MEA) that interface neuronal networks with
several thousand electrodes per square millimeter for continuous mon-
itoring and stimulation. To alleviate one of the drawbacks of these
high-density arrays that is their high electrode impedance and result-
ing small measurable voltage change for a given intracellular volt-
age change (low coupling coefficient), novel electrodes have been de-
veloped to improve the electrical coupling and thereby increase the
signal-to-noise ratio. In this work, micron-sized mushroom-shaped
gold electrodes are produced by means of electrodeposition on a cus-
tom-made micromachined test chip. Chip packaging, deposition set-
up and protocol have been developed and optimized. Dissociated
primary vertebrate neuron cultures were grown on these electrodes
and scanning electron microscopy characterization showed that cells
engage actively with the electrodes. The chips were fit into a stan-
dard multielectrode array recording system and promising data was
recorded: (i) large amplitude rapid potential changes from neuronal
action potentials that demonstrate a major improvement in coupling
coefficient compared to a flat electrode of similar size, (ii) large ampli-
tude slow wave-like recordings indicative of close interaction of the
electrode with electroactive cells, and (iii) highly correlated activity on
different electrodes spanning over several millimeters. The passive
chips produced in this work were deliberately similar in dimension
and material properties to an active HD-MEA designed and currently
in use at the bio engineering laboratory at ETH Zürich. This work con-
stitutes the foundation for the adaptation of future post-processing
steps to extend the functionalities of current systems with this novel
electrode geometry.
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1 Introduction

1.1 Neural Interfacing

The central nervous system is undoubtedly the most complex information
processing system known to mankind. Naturally, scientists and laymen
alike are fascinated by the challenges and mysteries involved in the quest
of understanding the inner workings of the human brain. The develop-
ments in the semiconductor industry during the last fifty years have led
to an exponential increase in complexity of the information processing sys-
tem made by humans. These systems are already capable of treating much
information in a similar way as their biological counterparts and there is
no end in sight in the rapid pace of this development. Interestingly, bio-
logical as well as silicon based systems both work electrically and it should
therefore be possible to create an interface that allows bi-directional com-
munication.

The design of this interface poses major technical challenges that in-
volve many different scientific domains and condition a truly multidis-
ciplinary approach to successfully overcome the obstacles. For one, the
underlying electrical phenomena are fundamentally different: ionic cur-
rents across cell membranes in neurons and electrons confined to energy
bands in semiconductors. Also, the two systems are based on physical
substrates that lie at the opposite ends of a spectrum: neurons are made
of complex organochemical compounds such as proteins and lipid bilay-
ers, while semiconductor chips are essentially composed of crystals and
toxic metal alloys. Another important difference is the spatial arrange-
ment. While semiconductors are still essentially flat devices, neural net-
works extensively use the third dimension to increase their mutual con-
nectivity. Finally, high-performance semiconductors represent information
digitally, while this is certainly not the case for neurons, although there is
still a vivid debate on the nature of the basic information unit [1].

The deepened understanding of the modus operandus of the nervous
system has led to a steady increase in applications based on neural inter-
faces. More than two centuries ago, Luigi Galvani discovered that electric-
ity could be used to elicit vivid reactions in animal corpses (see figure 1.1).
The ensuing discoveries in neurophysiology, coupled with the progress in
electronics, have led to successful clinical applications based on the inter-
facing of the nervous system with some kind of computer (see figure 1.2).
As early as in 1968, a transplanted device was used to induce the experience
of seeing light in a blind patient [2]. Nowadays, thousands of deaf patients
regained the ability to hear by means of electrical stimulation of their au-
ditory nerve (cochlear implants). Neural implants are also commonly used
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Figure 1.1: Luigi Galvani discovered in 1791 that muscles could be acti-
vated by electrical stimulation. He wrongly ascribed this phenomenon
to “animal electricity”. The real cause of the contraction is an electrical
stimulation of nerve fibres due to a potential difference generated at the
electrolyte-electrode interface of the two metals (see subsection 2.5). Origi-
nal drawing.

to alleviate the symptoms of neurodegenerative diseases (Parkinson’s dis-
ease) and will soon enter clinical practice in the treatment of degenerative
diseases of the retina.

Besides the use of neural implants to directly communicate with a pa-
tient’s nervous system, neural interfaces are also an important tool in in
neuroscience. To study the network characteristics, it is advantageous to
reduce the system’s complexity. It is hard to analyze the nervous system
in vivo, where it is impossible to study a part of the system for itself, be-
cause everything is highly interconnected. The brains inherent three di-
mensional structure and the constant interaction with the environment add
further to the complexity of this task. A promising approach is to sepa-
rate the nervous tissue from the body and transfer it into a place where its
input and output can directly be controlled. This is the case with two di-
mensional neuronal networks cultured atop a multielectrode array, where
a bi-directional electrical link is established between the nerve cells and the
electrodes.

1.2 Multielectrode Arrays

The traditional approach to study these neural networks in vitro has been
the use of passive multielectrode arrays (MEAs). These systems have be-
come available with the advent of micro-machining and consist of a chip
with an array of electrodes that are connected to an external low-noise volt-
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Figure 1.2: Three neural implants. The first picture is taken from Brindley’s
paper published in 1968 [2] and shows an array of radio receivers that are
connected to stimulation electrodes in the occipital cortex. The other two X-
ray images show neural implants in current clinical use (both images taken
from http://www.radiopaedia.org, published by Dr Hani Alsalam and Dr
Frank Gaillard under a creative commons BY-NC-SA license). They depict
a bilateral cochlear implant in a child and a bilateral deep brain stimulation
implant in an aged patient suffering from Parkinson disease.

age amplifier and stimulation circuits (commercial systems can for example
be bought from MCS, Reutlingen, Germany, or from Qwane biosciences,
Lausanne, Switzerland). Due to the limited availability of connection pads
on the chip, these passive arrays feature a relatively modest number of
eletrodes (normally around 60 with a resulting electrode density in the or-
der of 100 electrodes/mm2). The main advantage of theses systems is the
low production costs and the possibility of simultaneous visual inspection
of the tissues (the chips are produced on a transparent glass substrate and
transparent indium tin oxide is used as electrode material).

Integrating active electronic circuits directly on the chip greatly im-
proves the system’s capabilities [3]. The main advantage is the possibil-
ity of a much larger number of electrodes because the electrical signal is
multiplexed on the chip and a few bonding wires can transmit the digi-
tized signal from many electrodes at the same time – recent systems fea-
ture tens of thousands of electrodes. The resulting high electrode den-
sity (>15000/mm2) increases the odds that randomly placed cells will be
recorded by a subset of these electrodes and won’t be lost if they move
during the experiment. Furthermore, the very short wires that connect
an electrode to the amplifier ensure an optimal quality of the small sig-
nal prior to amplification and offers therefore a better signal-to-noise ra-
tio (SNR), because it minimizes pickup from the ambient electromagnet-
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ical field and reduces parasitic capacitances. The on-chip active circuitry
can further improve the SNR with the use of carefully designed bandpass
filters that attenuate noise prior to sampling, avoiding that these undesir-
able parts of the signal fold back into the sampled data. The applications
for active MEAs are steadily increasing [4] and include areas as diverse as
pharmacological drug screening and chemical biosensors.

Different groups have designed active MEAs and chosen different trade-
offs in the conflicting performance targets. Berdondini et al [5] have created
a high-density MEA that achieves low noise (11 µVRMS input referred) by
integrating the first stage amplifier in the array right below the electrode
(“in-pixel” approach known from CMOS camera chips). The high digital
bandwidth allows a full-frame (4096 electrodes) readout at 7.8 kHz, but the
in-pixel circuitry conditions a relatively large electrode pitch (42 µm). Huys
et al [6, 7] have built a chip with 16000 electrodes with a smaller in-pixel
circuit and achieve a pitch of 30 µm. But their fully differential design is
optimized for impedance spectroscopy of one electrode at a time and can-
not simultaneously observe the activity on the whole array. Hutzler et al [8]
further reduced the in-pixel circuit and achieved a electrode pitch of 7.8 µm
at the cost of a reduced full frame sampling rate (2 kHz for sampling the 16
thousand electrodes – too low to reliably detect action potentials) and a rel-
atively high input referred noise (50-250 µVRMS). The active MEA designed
by Eversman et al [9] features a higher sampling rate (4.8 kHz when all
32 thousand electrodes are recorded) and a minimal in-pixel resulting in a
electrode pitch of 8.7 µm. Besides the 128 amplifiers, this chip also includes
128 stimulation circuits, which results in a maximal power dissipation of
4 Watt. Frey et al [10] finally have opted for a minimized input referred
noise (2.4 µVRMS), by using 126 band-pass limited analog amplifiers that
are sampled at 20 kHz. The relatively dense electrode array (18 µm pitch)
could be realized with a minimal in-array circuit that consists merely of a
digital memory and switches to route the signal out from the array to the
input of the amplifiers.

1.3 The Hi-Dens

One of these active HD-MEAs, the Hi-Dens, has been developed at the bio
engineering laboratory at ETH Zürich – see figure 1.3 for an architectural
overview. Its unique approach is the idea to integrate a sophisticated sys-
tem of switches and memory optimized for a minimal chip area directly
into the electrode array. An (almost) arbitrary subset of electrodes can then
be selected and connected via a minimal number of switches to the input
of the 126 amplifiers. This strategy allows to scan the whole array in order
to find regions of interest and then to sample these interesting regions at
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Figure 1.3: Schematical overview of the Hi-Dens active MEA. A subset of
the eleven thousand electrodes in the array are routed to the 126 readout
channels which are in turn multiplexed on the 16 analog-digital converters.
The configuration – describing how to connect the electrodes to the ampli-
fiers – is constructed on the computer and sent to the chip via its digital
interface. Taken from [10], reprinted with permission.

high speed and spatial resolution – a new configuration can be applied in
as little as 2 ms. The optimized routing from the electrodes to the high per-
formance analog amplifiers reduces noise to as little as 2.4 µVRMS (input
referred). The amplified signal of the 126 channels is sampled at 20 kHz
and sent to the computer in real time, where it is further processed. The
same electrodes can be connected to voltage or current stimulation circuits
(the “write” channel of the bidirectional link). Additionally, the set-up fea-
tures a field programmable gate array (FPGA) that can run optimized code
to process the recorded data in real time, providing the means for closed
loop experiments.

The high electrode density allows recordings at a subcellular resolution.
A neuron’s electrical activity is normally recorded by several electrodes.
For analyzing the network activity, it is particularly interesting to detect
the occurrence of action potential in individual neurons (“spike sorting”
[11]). Most electrodes in the array record activity of several different neu-
rons at the same time. The redundancy in this information can be used
to deduce neuronal activity [12]. Although this method provides some ad-
vantages (for example, it has been shown that a flat array can record signals
from neurons as far as 90 µm away from the array surface [13]), the map-
ping from recordings to neuronal activity is computationally intensive and
often error prone. It would be desirable to have a 1:1 connection between
electrodes and neurons to reliably detect and assign every recorded spike.
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1.4 "IN-CELL" recordings

The main disadvantage of extracellular recordings is their low signal-to-
noise ratio (SNR). Even with very low noise acquisition devices such as
the Hi-Dens, the low signal amplitude measured in extracellular space pre-
cludes the recording of any electrical activity other than action potentials.
Many of these signals, such as excitatory and inhibitory post synaptic po-
tentials, or slow calcium waves, would be of great interest for the investi-
gation of neuronal network behavior. Intracellular techniques, in particu-
lar the celebrated patch clamp method [14], uncover much more details of
the electrical behavior of neurons, down to the level of the opening of sin-
gle ionic channel. Unfortunately, the patch clamp technique is not suitable
for the investigation of network properties, because it is technically very
demanding to record from more than one cell at the same time. Further-
more, intracellular recording techniques necessitate an interruption of the
cell membrane to access the intracellular space and are not suited for long
term experiments.

Hai et al have described a novel technology termed “IN-CELL” record-
ings that preserves cellular integrity, does not need a manual interven-
tion by the investigator and is sensitive enough to record multisite sub-
threshold events in invertebrate neurons [15, 16, 17]. This recording tech-
nique shares properties with intracellular as well as extracellular methods.
Although the electrode remains strictly outside of the cell, the recorded sig-
nals can resolve details previously only known from intracellular record-
ings (see figure 1.4). This increased signal amplitude is achieved by im-
proving the cell-electrode contact: the three-dimensional “mushroom” shape
of the electrode induces a quasi-phagocytic reaction from the cell. Because
the electrode is firmly attached to the substrate, the cell cannot completely
ingest the electrode, but the entanglement of the cellular membrane around
the electrode leads to measurable potential changes even for extremely
small currents adjacent to the electrode (refer to subsection 2.8 for an anal-
ysis using an equivalent circuit model).

In one article, this new electrode configuration was also used with cul-
tured mammalian cells [18]. This work shows that the electrodes were en-
gulfed despite the small cell size and markedly increased electrical poten-
tials could be recorded, although the exact origin of these potentials (neu-
rons versus glial cells) could not be determined with certitude. Recently,
the possibility of this increased recording capabilities with extracellular
electrodes has attracted considerable interest and motivated a number of
groups to develop different approaches with the same goal. Apart from the
development of micro-nails [7], the use of solid [19, 20] and hollow [21, 22]
nanostructures looks especially promising.
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Figure 1.4: Signals recorded from an Aplysia neuron. Intracellular ac-
tion potential on the left, and the corresponding field potentials measured
with a conventional flat electrode with 80 µm surface area (middle) and
four gold-spine electrodes with an “IN-CELL” configuration (right), respec-
tively. Note the difference in amplitude of the different recordings. Taken
from [15].

The “IN-CELL” recording technique would be ideally suited for high
density multielectrode arrays. The high density of electrodes conditions
an accordingly small electrode size. Because the electrode impedance in-
creases with decreasing electrode surface area (see subsections 2.6 and 2.8),
this results in decreased signal strength and increased noise. The increased
SNR achieved by the “IN-CELL” recording technique alleviates these prob-
lems and establishes at the same time a simple 1:1 neuron to electrode cor-
respondence, making the complex spike sorting algorithms redundant. For
these reasons, it would be highly desirable to transfer this novel method to
high density recording devices, such as the Hi-Dens.

1.5 Objectives / Challenges

The goal of this work is to improve the Hi-Dens system by enhancing it
with new electrodes that are capable of “IN-CELL” recordings:

1. In a first step, the micron-sized gold mushroom electrodes [15, 16, 17,
18] will be replicated on a silicon chip with a custom design. This
includes the chip production in the cleanroom as well as the gold
electrodeposition. The chips will be comparable to the Hi-Dens as far
as bulk material, surface and gross dimensions are concerned. It will
however not feature any active recording capabilities. This will al-
low to establish new protocols on relatively cheap prototypes before
transferring them to the more expensive Hi-Dens. The main chal-
lenge in the production is the extremely small size of the structures.

12



2. These mushroom-shaped microelectrodes will then be analyzed opti-
cally as well as with scanning electron microscopy to confirm overall
plating success and the shape of the electrodes.

3. In a third step, primary neuronal cells will be cultured atop of this
microelectrodes. To achieve this, a new packaging will be designed
that has to be compatible with the electrodeposition necessary for the
production of the mushroom-shaped electrodes as well as with long-
term culturing of primary neuron cultures that are very sensitive to
remaining impurities from the production process. Also, cell plat-
ing protocols might have to be adapted and additional preparatory
cleaning steps might become necessary.

4. The neuron cultures and the neuron-electrode interface will be ana-
lyzed structurally as well as electrically. The main interest of these in-
vestigations are: whether the cells actually engulf the electrodes, how
the neurons and glial cells distribute themselves in vicinity of the elec-
trode array, and how the signal-to-noise ratio compares to recordings
with ordinary microelectrodes.

5. In case of success of the above steps, the electrode production and
neuron cultivation techniques will finally be transferred on the Hi-
Dens. This transfer poses many technical challenges, mainly because
the surface of the CMOS chip is relatively rough due to the underly-
ing structures of the electrical circuits, which reduces the resolution
of the photolithographic pattern transfer. Therefore, additional steps
might be necessary to adapt the production methods that proved suc-
cessful on the flat passive test chip.

13



SomaDendritic tree Axon

Figure 2.1: Morphology of a typical neuron. Excitatory and inhibitory input
is summed in an analog fashion in the neuron’s dendritic tree. Depending
on the input, the neuron generates fast local perturbations in membrane
potential (action potentials – see figure 2.2) that spread along its axon to
adjacent neurons (not shown), where they serve as input. Image after an
original drawing from Santiago Ramón y Cajal.

2 Theory

2.1 Neurons and Glial Cells

The central nervous system represents and processes information electri-
cally. Neurons (figure 2.1) are the cells specialized in integrating electrical
signals in their dendritic tree, where local computation is performed, and
then transmitting outgoing signals via their axon to other neurons [23]. The
neurons are mutually connected with complex structures called synapses.
In these structures, electrical excitations are transduced chemically from
one cell to the next by the exchange of minute quantities of chemical sub-
stances (neurotransmitters). By forming complex three dimensional net-
works – the human brain contains 1011 neurons that have in average 104

synapses –, the nervous system is capable of processing vast amounts of
information in an efficient way. Although much is known about the cellu-
lar mechanisms of signal generation, many open questions remain about
how a network of neurons treats information.

In vivo, the connection matrix of individual neurons is set up during
development, partly determined by an orchestrated gene expression, partly
by electrical activity [24]. In the developed brain, the number and strength
of these connections are further modified in response to neuronal activity
(this is called plasticity and ranges from memorizing new information [25]
to rehabilitation of lost brain functions after major brain injuries [26]).
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Additionally to the aforementioned neurons, an equal number of glial
cells [27] that are in direct contact with the neurons can be found in the
central nervous system. Their precise functions are not yet fully elucidated,
but they are known to support neurons and to provide them with some
metabolites (astrocytes), to electrically isolate the neurons’ axons in order
to increase transmission speed of action potentials (oligodendrocytes) and
to protect the central nervous system from pathogens (microglia). In the
context of this work, it is particularly noteworthy that glial cells are known
to be electrically active themselves [28].

2.2 Neuron Cell Culturing

When neurons are isolated from animals and put into culture, their prop-
erties can be studied in vitro. If the right growth conditions are met, dis-
sociated neurons and glial cells can grow on a planar surface, where the
neurons will form connections to each other. After some days, spontaneous
electrical activity can be observed [29]. When the culture is performed on
a planar MEA, this offers a interesting way to elucidate the intricate mech-
anisms of signal processing by neuronal networks, because the activity of
the neurons can be observed at the network level, while specific neurons
can be activated with electrical stimulation from the same microelectrodes.
It is important to note that these dissociated cultures are an extremely sim-
plified model of the neuronal tissue in vivo and it is disputable how much of
the insight gained in experiments with dissociated cultures can be applied
to neurons in their natural environment.

For this end, it is crucial that the neurons attach well to the surface. An
attachment will only occur if the inert surface of the MEA is functional-
ized with a biological substrate to which cells can adhere [30]. Work by
Greve [31, 32] has shown that best results are achieved when the surface is
first treated with polyethylimine (PEI) and then laminin is adsorbed on this
coating. PEI is a synthetic polycathion that readily attaches to the slightly
negatively charged glass substrate of the chip. Laminin is a protein that can
be found abundantly in the extracellular matrix and binds to specific recep-
tors on the surface of the cells, thereby providing focal points of adhesion.
Neurons from different species require different surface functionalization
for optimal growth. For example, it has been shown that Aplysia neurons
attach best to a surface coated with a RGD1 based engulfment promoting
peptide [16], while this coating should be avoided when working with ver-
tebrate neurons, because it induces clumping and poor attachment [18].

1three letter abbreviation for the amino acid sequence Arginine-Glycine-Aspartic acid
that is found in many extracellular proteins
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Ion species intracellular extracellular

K+ 140 mM 4 mM
Na+ 12 mM 150 mM
Cl- 4 mM 120 mM
Other Anions 148 mM 34 mM

Table 2.1: Typical intra- and extra-cellular ion concentrations in vertebrate
cells; the different ion concentrations are maintained by active transmem-
brane ion transport [38].

The culture medium is another important factor determining the out-
come of neuronal cultures. It has to provide physiological ion concentra-
tions, pH and nutriments for the cells to survive. Moreover, neurons need
specific trophic factors in order to thrive in culture. Brewer [33] has system-
atically optimized the concentration of twenty different compounds to im-
prove the culture results of dissociated neuronal cells. Addition of serum
is another way to provide the cells with a natural mix of trophic factors,
but this has the disadvantage of being poorly defined (even with a varia-
tion between different batches of the same product) and ultimately leading
to glial overgrowth unless some antimitotic agent (such as cytosine arabi-
noside) is added [34]. The pH is also critical for the survival of neurons in
culture [35]. Because most culture media uses a bicarbonate buffer to sta-
bilize its pH, already short exposures of neuronal cultures to ambient air
will markedly increase the pH due to the decreased partial pressure of car-
bon dioxide in ambient air. The cultures have therefore to be supplied with
an alternative buffer, such as HEPES, for any experiments outside the CO2

controlled incubator, although this switch in buffer can have consequences
on cell viability and physiology on its own [36, 37]. Finally, for every long
term culture it is critical to maintain an absolutely sterile culturing envi-
ronment, because contamination with a single pathogen cell is sufficient to
destroy the whole culture within days.

2.3 Neuron Physiology

Neurons use transmembrane potential differences to propagate signals and
produce ionic currents that can be detected extracellularly. As in any ver-
tebrate cell, the ion concentrations within neurons are markedly different
from the extracellular environment (see table 2.1). Whenever the concen-
tration of an ion is different in one compartment compared to an adjacent
compartment, this results in a difference in chemical potential that in turn
will generate an electric potential difference that counteracts ion movement
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from the compartment with higher concentration to the compartment with
lower concentration, thereby effectively balancing the electrochemical po-
tential in both compartments – see subsection 2.5, equation 2.13. Often,
more than one ion exist in these compartments. Each of these ions has
different concentrations on either side and a ion-specific permeability (the
permeability quantifies how easily an ion can pass from one compartment
to the other). In these cases, the difference in electrical potential from the
extracellular space to the intracellular compartment is described by the
Goldmann-Hodgkin-Katz equation

Em =
RT
F

log
(

PNa+ [Na+]out + PK+ [K+]out + PCl− [Cl−]in
PNa+ [Na+]in + PK+ [K+]in + PCl− [Cl−]out

)
(2.1)

R is the gas constant (approximately 8.3144 J/mol/K), T the temperature,
F the Faraday constant (approximately 98485 C/mol), PX+/− is the perme-
ability for ion X+/−, [. . .]in the intracellular, and [. . .]out the extracellular
concentration. The potential Em is called the membrane potential. At rest
– that is, with a high permeability for K+ and a low permeability for Na+

and Cl- –, the membrane potential is mainly due to the concentration dif-
ference of K+, resulting in a potential that is typically around minus 70 mV.
This means, the inside of the cell is at a lower electrical potential and the
electrical field is such that it would accelerate free positive charges into the
cell, thereby balancing the tendency of K+ ions to follow their chemical po-
tential gradient and diffusing out of the cell.

Local perturbations of the transmembrane potential can be amplified by
voltage sensitive ion channels and spread over large areas of the cell mem-
brane. From equation 2.1 it becomes clear that a (local) change in perme-
ability will result in a (local) change in transmembrane potential. Because
the permeability of the different ions is controlled by protein ion channels
that are voltage sensitive themselves, a disturbance in membrane poten-
tial at one site of the neuron can open adjacent channels and propagate
the disturbance throughout the surface of the whole cell. If the membrane
potential is sufficiently altered towards more positive values, voltage sen-
sitive sodium channels increase their conductance, and the increase in per-
meability for Na+ increases the membrane potential to even more positive
values (the equilibrium potential of Na+ alone is around 60 mV at phys-
iological concentrations). After some time, the sodium channels enter a
blocked state in which they cannot conduct any ions. During this short
period, the membrane potential falls back to the resting potential. This
transient perturbation in membrane potential, which is binary in ampli-
tude, but continuous in time, is called action potential (see figure 2.2) and
neurons use it to transmit signals over long distances along their axon.
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-70 mV

0 mV

+40 mV

V m

initial disturbance
Na  channels open
Na  channels blocked

treshold
resting potential

Figure 2.2: Membrane potential during an action potential. The membrane
potential is initially disturbed from its resting potential towards more posi-
tive values. After reaching a threshold value, voltage dependent Na+ chan-
nels open and a flux of positively charged sodium ions rapidly increases
the membrane potential. Shortly after their activation, these channels enter
a blocked state and the membrane potential decreases to its original value.
This large deviation from the resting potential at one point will cause suf-
ficient increase of membrane potential in its vicinity to cross the threshold,
thereby spreading the action potential over all the cell surface where volt-
age dependent sodium channels are expressed.
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The dynamics of this process are precisely described by the Hodgkin-
Huxley’s model [39]

− C
dV
dt

= ḡKn4(V − EK) + ḡNam3h(V − ENa) + gL(V − EL) (2.2)

C is the membrane capacitance, V is the potential difference across the
membrane; ḡK, ḡNa, and gL are model parameters that describe the perme-
ability to sodium, potassium and the leakage current; n, m, and h are gating
variables that model the dynamics of the different ion channels. They can
all be described with the same differential equation

dx
dt

= αx(V)(1− x)− βx(V)x (2.3)

with the exponential functions αx and βx that need to be fitted to exper-
imental data. This system of non-linear differential equations cannot be
solved analytically, but a neuron can be accurately modeled by calculat-
ing the dynamics for every piece of its membrane numerically. Given the
complex three dimensional structure of neurons and the fact that the model
parameters have different values for different parts of the membrane, the
simulation of neurons and whole neural network using this model becomes
very difficult. Many different models and simulators with a varying level
of detail are available and should be selected depending on what aspect of
neuronal (network) behavior is to be investigated [40].

2.4 Charge Carriers in Electrolytes

From the wide field of electrochemistry [41], only a few concepts are de-
veloped in the following subsections. The corresponding formulas will be
used to derive the linearized equivalent circuit parameters in the next sub-
section. Most of these equations are approximations that only yield valid
results in a certain range of parameters. An initial remark on the terminol-
ogy: the cathodic reaction is happening at the electrode where a species
gets reduced (i.e. accepts electrons) – if the electrochemical reaction is tak-
ing place spontaneously (in a galvanic cell), this corresponds to the “plus
pole”, while it is the electrode to which the “minus pole” of a voltage source
is connected for an electrodeposition.

In ionic solutions, charges are transferred by moving ions. These ions
can be modeled as spherical particles with a precisely determined charge
moving in a viscous environment. When a electrical field is applied in-
side the solution, the ions quickly reach a terminal velocity where frictional
force (Stokes formula) equals the Coulomb force due to the electrical field
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ze0

∣∣∣~E∣∣∣ = 6πηrvmax (2.4)

z is the valence (number of elementary charges per ion), e0 the elementary
charge, η the viscosity of the medium, r the radius of the ion, and vmax the
velocity attained in the steady state. The mobility of each ion is defined as
the ratio of its final velocity over the electric field strength u = vmax/

∣∣∣~E∣∣∣.
Assuming one species of positive and one species of negative ions in the
liquid, the current i is a direct function of the valence of the ions and their
velocity

i = i++ i− = Ae0n+z+v+max + Ae0n−z−v−max = Ae0

∣∣∣~E∣∣∣ (n+z+u+ + n−z−u−
)

(2.5)
n is the number of the respective ion per volume, and A is the cross section
of the conducting volume of ionic solution. Equation 2.5 shows that current
is linearly dependent on the electric field and a conductivity can therefore
be accorded to the ionic solution

κI = L
l
A

=
i

∆V
l
A

=
i∣∣∣~E∣∣∣ A

= e0
(
n+z+u+ + n−z−u−

)
(2.6)

∆V is the difference in electrical potential between two points in the solu-
tion placed l apart, L is the conductance (defined as i/∆V). The simple lin-
ear relationship described by equation 2.6 is only approximately true and
only for relatively diluted solutions. Non-linear ion-ion interactions result
in a markedly decreased mobility in concentrated ionic solutions – in these
cases, empirical laws, such as Kohlrausch’s [41], can be applied.

2.5 Electrochemical Potential at Phase Boundaries

At phase boundaries, differences in chemical potential generate electric
fields. Species pass from one phase to the other in order to decrease their
electrochemical potential. Because the electric and chemical potential are
intertwined in this way, they cannot be studied isolated from each other.

The chemical potential of a species in a mixture (its partial molar free
energy) can be defined as the slope of the free energy of the system with
respect to a change in the concentration of just that species [42]. This is the
differential quality (given constant temperature, pressure and concentra-
tion of all other species in the mixture)

µi =
∂G
∂ni

(2.7)
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G is the free energy, ni the concentration of the species, and µi its chemical
potential. The chemical potential is related to a species’s concentration by

µreal
i = µ0+ + RT log

mi

m0︸ ︷︷ ︸
µideal

i

+RT log γi (2.8)

R is the gas constant (approximately 8.3144 J/mol/K), T the temperature,
µ0+ the chemical potential at standard molality (mi = m0 = 1 mol/kg)
and mi is the actual molality of the species; the activity ai = γi · mi/m0

takes into account changes of potential energy of the ion that are due to its
complexation with other ions/dipoles – i.e. the deviation of the chemical
potential from what would be expected considering only the concentration.
Now the electrochemical potential can be defined as the sum of a species
electric potential φ and its chemical potential µ

µ̃i = µ̃0
i + zFφ (2.9)

z is again the valence of the species, F the Faraday constant (approximately
98485 C/mol). In absence of magnetic phenomena, the electric potential
is defined in any point in space solely by the charge distribution (Gauss’s
law)

ρ

ε
= div ~E = div grad φ (2.10)

ε is the relative permittivity, and ρ the charge density. If the exact charge
distribution is known, this is sufficient to calculate the electric potential at
every point in space.

However, in equilibrium conditions, it is a lot easier to determine the
electric potential by setting the change in free energy to zero (∆G = 0).
Given a chemical reaction in the form

n · e− + v1S1 + · · ·+ vjSj 
 vj+1Sj+1 + · · ·+ vkSk (2.11)

n is the number of electrons consumed in the cathodic reaction, vi are the
stoichiometric coefficients of the chemical equation, and Si are the different
species taking part in the reaction. At thermodynamical equilibrium, the
reaction speed is equal in both directions, resulting in a zero net reaction.
The overall system’s energy has reached its final value. This is only possible
if

∑
1≤i≤j

viµ̃i = ∑
j<i≤k

viµ̃i (2.12)
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At this electrochemical equilibrium, a species may decrease its chem-
ical potential only if it gains the same amount of electric potential at the
same time. By combining equations 2.8, 2.9 and 2.12, the Nernst equation
can be derived, which describes the difference in electric potential based
on the concentration of different species taking part in the electrochemical
reaction. This equation is valid at phase boundaries (such as electrodes im-
mersed into an ionic solution) as well as for liquid compartments that are
separated by membranes (such as the cell membrane). Assuming the reac-
tants S1, . . . , Sj in equation 2.11 gain a negative charge during the reaction
(are being reduced) while the reactants Sj+1, . . . , Sk loose negative charges,
the Nernst equation takes the form

φ = φ0 +
RT
nF

log
Π1≤i≤ja

vi
i

Πj<i≤kavi
i

(2.13)

φ is the electric potential measured from the compartment/phase where
the reactants S1, . . . , Sj are located to the compartment/phase where the
reactants Sj+1, . . . , Sk are located.

While the Nernst equation is important to understand the interaction
between the chemical potential and the electric potential, it tells nothing
about the charge distribution. But this charge distribution has important
effects on the electrical properties of the electrode-liquid interface. The
Helmholtz model is a simple approach, where the potential drop is gen-
erated over a double layer of charges at the electrode-liquid interface (see
left part figure 2.3). The charges are directly adjacent to the phase bound-
ary and the whole structure has the properties of a simple parallel capacitor
with

C =
ε

aion/2
(2.14)

ε is the relative permittivity, aion is the diameter of the ions in the liquid
phase. In this model, the electric field is zero everywhere, except between
the two Helmholtz planes and the charge is directly proportional to the
potential drop between the two phases (the voltage over the capacitor).
In concentrated solutions, the ions in the outer Helmholtz layer can easily
be recruited from the liquid, and the model describes the properties quite
accurately.

In the case of more diluted solutions, such as physiological liquids, the
ions from the outer Helmholtz plane tend to diffuse into the bulk (due to
the high local gradient in chemical potential), and the excess charge on
the electrode is matched by a second layer, the Gouy-Chapman layer, that
extends further into the liquid and is found to have an exponential charge
distribution. The combination of the two layers is called the Stern layer (see
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right part figure 2.3) and can be represented as a capacitor formed by the
Helmholtz layer in series with a capacitor formed by the Gouy-Chapman
layer.

2.6 Faradaic Current

Up to now, only the thermodynamic equilibrium was considered. To un-
derstand the process of electrodeposition as well as some parts of the elec-
trode model that from the next subsection, it is necessary to introduce a cur-
rent flowing from the electrode into the solution. The material deposited on
an electrode due to a constant current is directly proportional to the charge
exchanged at the phase boundary and can readily be calculated using Fara-
day’s law

m =
itM
Fz

(2.15)

F is the Faraday constant (approximately 98485 C/mol) i the current that
was applied during the timespan t, and M is the molar mass of the species
deposited. The current is driven by an externally applied potential dif-
ference between the electrode and the solution. The deviation of this po-
tential difference from the equilibrium potential difference (given by equa-
tion 2.13) is called the overpotential. The following example is illustrated
in figure 2.4: the overpotential has a sign such that the electron transfer
happens from the solution to the electrode, where a negatively charged ion
is oxidized (predominating anodic reaction). During the electron transfer,
the reactants pass through an activated energy level as shown in figure 2.5.
Because the reaction rate has an exponential dependency on the difference
in free energy (v ∝ exp K · ∆G), the graph in figure 2.5 leads to the cele-
brated Butler-Volmer equation:

j = j− + j+ = j0 (exp ((1− β)nFη/RT)− exp (−βnFη/RT)) (2.16)

β is the asymmetry parameter (see figure 2.5), j0 is the exchange current
density that describes how fast the respective reactions occur at the equi-
librium point (where the overpotential is zero and the anodic and cathodic
reactions happen at equal rate) – among other things, this quantity is de-
pendent on the concentration of the species at the boundary. If the elec-
tron transfer is the bottleneck of the overall electrochemical process (this is
called a electron transfer limited reaction), then equation 2.16 describes the
relation between current density and overpotential quite well.

The overpotential not only causes the charge transfer reaction at the
electrode surface, but also drives other current-limiting processes. Again
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Figure 2.3: From top to bottom : charge distribution, resulting potential
landscape and equivalent circuit model of the double layer at the electrode-
electrolyte interface. The left part of the figure represents the Helmholtz
model while the right part depicts the more elaborate Stern model. The free
movement of charges in the electrode material conditions a constant elec-
trical potential. The constant electrical field between the inner and outer
Helmholtz plane results in a constant drop of potential, while the exponen-
tial (net) charge distribution in the Gouy-Chapman layer causes an expo-
nential drop in electrical potential. In the bulk electrolyte, the net charge is
zero.
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Figure 2.4: Sketch for figure 2.5 : the positive overpotential applied to the
electrode in respect to the bulk potential increases the anodic reaction (neg-
ative species getting oxidized at the electrode).

assuming a predominating anodic reaction in the previous example (fig-
ure 2.4), it is obvious that the reaction comes to a halt when the overpo-
tential is sufficiently increased that all ions at the electrode interface are
oxidized (the surface concentration cs approaches zero) and the reaction is
said to be diffusion limited. In the theoretical case of an infinitely fast elec-
tron transfer, in which the Nernstian equilibrium (equation 2.13) is always
maintained, the surface concentration will be arbitrarily close to zero while
the current density approaches its diffusion limited maximum jlim and the
diffusion overpotential can then be defined as

ηd =
RT
zF

log
(

1− j
jlim

)
(2.17)

In practice, at low overpotentials the reaction will be electron transfer
limited (equation 2.16) and at high overpotentials the reaction will be dif-
fusion limited. It is interesting to note that in a diffusion limited reaction,
the same overpotential leads to a substantially larger current density on a
microelectrode because the concentration isosurfaces have a hemispherical
form, while a larger electrode recruits ions primarily from a cylindrical vol-
ume (for a rigorous derivation of the current in a diffusion limited process
in the vicinity of a microelectrode see [43]).

2.7 The Local Field Potential

The neuron’s electrical activity results in changes in extracellular potential
that can be measured with microelectrodes. As explained in subsection 2.3,
all electrical phenomena in neurons are caused by the transmembrane flow
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Figure 2.5: Energy landscape of a reversible redox reaction that passes by
an activated state with elevated energy (electron potential on the ordinate,
arbitrary reaction coordinate on the abscissa). The reaction is plotted for
two different electrode potentials, while the bulk solution potential is kept
constant. Passing from Ee1 (red) to Ee2 (blue) by applying a more positive
overpotential to the electrode (i.e. reducing the electrode electron poten-
tial) results in an increase of the activation energy needed to pass from the
oxidized to the reduced form (left to right, cathodic reaction), while the ac-
tivation energy to pass from the reduced to the oxidized form (right to left,
anodic reaction) is decreased. This translates to an increased anodic reac-
tion rate and a decreased cathodic reaction rate, resulting in an increased
net electron flow from the solution to the electrode.
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Figure 2.6: The Butler-Volmer equation plotting current versus overpoten-
tial for three different values of the asymmetry parameter β. Note that the
linearized approximation (dashed line) is only valid for a small range of
overpotentials.

of ions. Synaptic currents, action potentials, calcium spikes, and glial elec-
trical activity all cause ion flows that sum up to generate a pattern of extra-
cellular potential distribution [44], called the local field potential (LFP). To
preserve electroneutrality of the different compartments, every inward cur-
rent at one point of the membrane has to be equaled by an outward current
of equal size at another point. In the case of neurons, the counterbalancing
current to an active ionic movement at one point of the cell (e.g. an action
potential) is called return current and can be distributed over the whole
cell surface – see figure 2.7.

If magnetic phenomena are neglected, the local current density directly
defines the potential distribution

∇ (~σVe(~x)) = −∇~J(~x) (2.18)

Ve(~x) is the extracellular potential in a given location, ~J(~x) is the current
flow vector in that same location, and ~σ the conductivity tensor (often,
extracellular medium is assumed to be anisotropic and homogeneous, in
which case this tensor collapses to the simple ohmic conductivity σ). Know-
ing the extracellular potential in every point in space, it is therefore possible
to derive the current source density along the neuron’s surface, which is di-
rectly connected to the underlying ion currents through the ionic channels
across the membrane.

In the best case, such a local field potential would be measured with
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Figure 2.7: Ion flows and resulting changes in extracellular potential. In
this figure, an active current outflow (e.g. entry of chloride ions) is repre-
sented with the red arrow. To satisfy electroneutrality, a passive return cur-
rent must flow simultaneously (blue arrows). These ion flows result in an
electrical potential that is schematically depicted with the colored equipo-
tential lines. In regions of high current density, the potential drop is larger,
which results in more densely packed equipotential lines. The inset shows
the potential evolution plotted against time, as it could be measured with
the six shown electrodes. Note that at the same time, an extracellular poten-
tial with opposite sign is measured, depending on whether it is dominated
by the outward current or the inward return current.
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an ideal voltage sensor. The infinite input impedance of such a sensor
would allow to record the real LFP. The large number of sensors present
in a MEA could be used to reconstruct the local current density, and there-
fore the neuronal activity. Unfortunately, it is impossible to construct such
an ideal voltage sensor. CMOS technology allows the construction of am-
plifiers with very high input impedance, but the input is connected to the
electrolyte with a high impedance itself, as will be explained in the follow-
ing paragraphs.

2.8 Equivalent Model of the Electrode-Neuron Interface

The electrode-electrolyte interface is often approximated with a linearized
electrode model. Depending on the design of the voltage sensor that is
connected to the electrode, there are two different models in use. In one
model, the amplifier circuit is electrically isolated from the solution (such
as in the open gate field effect configuration [45]) and the electrical coupling
is purely capacitive. In the other model, where the amplifier interfaces the
solution via a metal electrode, additionally to the capacitive coupling, a
DC current can flow – this faradaic process should be avoided, because it
changes the electrolyte composition irreversibly.

A commonly used approximation of this second type of electrode is
shown in figure 2.8. The charge transfer resistance RCT models the faradaic
processes and represents the linearized part around the origin of the Butler-
Volmer equation 2.16. The constant phase angle impedance ZCPA repre-
sents the interface capacitance. In the model introduced in subsection 2.5,
this impedance was purely capacitive. This is true for liquid metal elec-
trodes, such as mercury [41], but empirical data has shown that for all solid
electrodes, this impedance is more accurately described as

ZCPA = K · (jω)−β =
∣∣∣Kω−β

∣∣∣ · exp
(
−βπ

2

)
(2.19)

the parameter β depends on the surface roughness of the electrode; the
magnitude of the impedance has an exponential relationship with the fre-
quency of the electrical signal and the phase angle is constant for a given
electrode. The Warburg impedance ZW is due to diffusion phenomena in
the Stern layer (figure 2.3) and will mainly affect signals at frequencies be-
low one Hertz. Finally, the solution can be modeled purely resistive and
the resistance RS depends on the geometry of the electrolyte.

For a better understanding of the various parameters that define the
interface properties, it is helpful to represent the whole electrode-neuron
configuration with a simplified electrical equivalent circuit – see figure 2.9.
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Figure 2.8: Equivalent circuit model of a two metal electrodes in a solution.
See text for a description of the different impedances.

For deducing the neuronal activity, only the transient signals are impor-
tant, and the static voltages (due to the Nernst potentials at the electrode
interface and across the cell membrane) can be discarded. Therefore, only
the small signal equivalent circuit model is considered. In this model,
the electrode interface is further simplified and represented with the ca-
pacitance CE and the resistance RE, omitting the aforementioned Warburg
impedance. This simplification is justified, because most signals of inter-
est are in a frequency band where the Warburg impedance can safely be
neglected.

The neuronal cell surface has capacitive properties due to the accumu-
lation of charges on both sides of the membrane that acts as dielectric of a
capacitor. It also has resistive properties due to direct ion flow across the
membrane (the different ion and leakage conductances in equation 2.2). To
examine the consequence of local phenomena to the measured voltage, it
is convenient to split these neuronal impedances into two parts: the junc-
tional impedances RJ , CJ that face the electrode and the remainder of the
cell surface impedance RC, CC. The current flowing through the membrane
located on top of the electrode will be split into two parts. One part will
actually flow over the electrode’s interface and result in a measurable volt-
age difference at the input of the amplifier circuit. How large this voltage
difference will be depends equally on the amplifiers input resistance RI , CI

and on the electrode’s electrical properties. The larger the input impedance
and the smaller the electrode’s impedance, the larger the measured signal.
The other part of the current caused by ion flow across the membrane will
simply dissipate between the neuron and the chip surface. This current
path can be modeled with the sealing resistance Rseal (see figure 2.9) that
depends on the exact geometry of the space between the neuron and its
surroundings.

The equivalent circuit model can be used to optimize the signal-to-
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Figure 2.9: Grossly simplified small signal equivalent circuit representation
of a neuron on top of a electrode. Different parts are represented by an
equivalent impedance (consisting of a resistor in parallel with a capacitor):
RJ , CJ represent the cell membrane at the electrode, RC, CC represent the
remainder of the cell membrane, RE, CE is the impedance of the electrode
and RI , CI stands for the input impedance of the amplifier circuit. Rseal (the
“sealing resistance”) finally represents the resistance of all current leakage
paths taken together. An ion current ij at the membrane adjacent to the
electrode will be split up into a part id, dissipating in the cleft between the
cell and the chip surface and a part ii amplified by the measuring circuit. vic

is the small signal part of the intracellular voltage and vi is the small signal
input voltage of the amplifier.

31



noise ratio (SNR) of the measured signal by designing a better electrode.
In an integrated amplifier based on CMOS technology, the noise at low fre-
quencies is mainly due to the 1/f noise inherent to field effect transistors
[46]. The noise at higher frequencies is often dominated by the thermal
noise that is produced by any ohmic resistance in the system. The elec-
trode impedance (RE, CE) scales inversely with the size of the electrode and
the SNR could easily be increased by using larger electrodes, but this is
not possible in a high density MEA, where small electrode-to-electrode dis-
tance dictates small electrode dimensions – one technique commonly used
to achieve these contradictory design targets is the deposition of platinum
black [47], which increases the effective electrode surface while keeping the
geometric electrode dimensions constant.

Given an optimized amplifier circuit with a high amplification and low
noise, the SNR can further be improved by reducing the junctional resistance
RJ and increasing the sealing resistance Rseal (see figure 2.9). When the intra-
cellular voltage vic changes, this results in a current across the cell-electrode
junction that is split up in a current flowing into the amplifier’s input ii
and a current dissipating between the chip surface and the cell id. Because
only the former current will result in a change of vi, the sealing resistance
must be kept as high as possible to minimize the current dissipating from
the gap to the extracellular space. If the increase in sealing resistance is
accompanied by a decrease of the junctional resistance RJ , the low am-
plitude biphasic extracellular measurements that are proportional to the
first derivative of the intracellular voltage transform to larger amplitude
monophasic measurements that resemble the shape of the intracellular ac-
tion potential [48, 49].

The use of mushroom-shaped microelectrodes is hypothesized to in-
duce exactly these two changes [15]: the increase in Rseal is achieved by a
very close contact of the cell membrane to the mushroom stalk, reducing
the cross section of conducting electrolyte; the increase in junctional con-
ductance could be attributed to a recruitment of ion channels in the part of
the cell membrane adjacent to the mushroom head.
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3 Materials and Methods

This section first describes how the custom passive chips were manufac-
tured. The actual production of the mushroom electrodes (by electrodepo-
sition) is explained after the packaging (describing the way the chips were
attached to boards allowing for electrical interfacing and cell culturing).
This reflects the order in the production process, because the gold elec-
trodes could only be deposited with the chips attached to the board and
the bonding wires protected from the electrolyte. The last parts describe
the details of the cell culturing, microscopy techniques and recording set-
up. Appendix C describes some of the protocols in more detail.

Some subsections conclude with a short “process development” ap-
pendix – this part should illustrate some of the unsuccessful intermediate
steps, with the idea that the same mistakes are avoided if the methods are
subsequently to be modified.

3.1 Microfabrication

Two versions of a passive chip were microfabricated for this work (see fig-
ure 3.1). Both versions were designed with openings for standard micro-
electrodes (measuring 8 µm × 6 µm) and small pinhole openings with a
diameter of 0.5 µm, 0.7 µm and 1.0 µm. These pinhole openings were con-
nected in the electrodeposition process to grow the mushroom electrodes
(see figure 3.2 and subsection 3.3).

The 11k chip features a large array with 5500 electrodes of each kind.
This variant has therefore the same number of electrodes as the Hi-Dens
and served as a model for testing parameters that could finally be used after
the transfer (see subsection 5.2). The 124 chip features only 60 electrodes
of each kind. However, with this design, every electrode can be connected
individually. The number of individual lines was limited by the availability
of bond pads. The electrode array measures 2.2 mm × 2.0 mm in both
variants. Additionally to these micro- and pinhole-openings, both chips are
also equipped with four large reference electrodes (measuring 0.2 mm ×
1.0 mm) that were originally designed for facilitating the electrodeposition,
but were not used in the final process.

The passive MEA chip was created on a p-doped silicon wafer. First, a
500 nm thick layer of silicon nitride (Si3N4) was grown by means of plasma
enhanced chemical vapour deposition (PECVD). Then, a metal stack con-
sisting of 50 nm tungsten-titanium (WTi10) and 270 nm platinum was de-
posited by ion beam deposition (IBD). The first photolithography step de-
fined the position of the electrodes as well as their interconnectivity. Posi-
tive photoresist (AZ6615, MicroChemicals, Ulm, Germany) was spin-coated,
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Figure 3.1: Mask design of the two passive chips; the 124 chip (60 mush-
room electrodes and 60 microelectrodes) on the left, the 11k chip (5500
mushroom electrodes and 5500 microelectrodes) on the right. The electrode
array is framed with a red square. The blue squares are magnified insets
from within the array that show the electrode configuration. The 124 chip
connects every electrode to a pad, while on the 11k chip all mushroom elec-
trodes are shorted together as are all microelectrodes. The array is framed
with four large reference electrodes. The “pitch” denotes the distance be-
tween two adjacent electrodes and “dx,dy” is the spacing from a pair of
electrodes to the next.
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Figure 3.2: Overview of the mushroom fabrication process; the first image
shows the cross-section of the chip after the first etching that defines the
electrical connectivity (pads and wires), the second image represents the
chip after the second etching that defines the electrode opening, the third
image shows the chip after the electrodeposition and the last image shows
the mushrooms after the final photoresist stripping.
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Figure 3.3: Sketch of the final mushroom electrode after photoresist strip-
ping (not to scale). “Head diameter” and “stalk diameter” are drawn with
dashed lines. Note that the mushroom stalk extends into the passivation
stack – see figure 3.2.

exposed to UV light through a photo mask and developed (during develop-
ment, the exposed photoresist was removed with a weak base). Then, the
uncovered metal layers were etched with an ion beam. The remaining resist
was stripped with a reactive oxygen plasma. As top passivation, an alter-
nating stack of silicon nitride (Si3N4) and silicon oxide (SiO2) was added
by PECVD and reopened with a second photolithography step, defining
the openings of the electrodes. Because this second photolithography step
used masks with details at the limit of the process technology, the accu-
racy was increased by transferring the mask pattern to the photoresist with
contact alignment under vacuum. The openings to the metal layers were
then etched with a reactive ion etch (RIE) with activated trifluoromethane
(CHF3) and oxygen. See figure 3.2 for an overview of the different layers
produced by the described procedure. In a last step, the electrode array
was covered with small quadratic glass disks sized approximately 2 mm
× 2 mm and the photoresist was stripped at the wafer level by means of
oxygen RIE. By doing so, the photoresist was removed everywhere apart
from the electrode arrays. After the electrodeposition (subsection 3.3), the
photoresist on the electrode array will be stripped, freeing the stalk of the
mushroom (see figure 3.3).

Process development:
The initial choice of photoresist for the two photolithogra-
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phy steps was S1813. It turned out that this photoresist was
degraded considerably in the following heating steps neces-
sary for packaging the chip on the PCB (see subsection 3.5). In
particular, the small pinhole openings necessary for electrode-
positing the mushroom electrodes were often occluded due to
the alteration of the photoresist. This led to a very low yield of
functional chips and the adapted packaging process led to an
inferior packaging. Therefore, the photoresist was changed to
AZ6615 that supports higher temperatures without structural
changes. The change in photoresist did not result in any bio-
compatibility issues, but the new photoresist was much harder
to remove after the electrodeposition (see subsection 3.3) and
the duration of the ultrasonic acetone bath was increased from
three seconds to roughly a minute.

The final step of photoresist removal on the wafer level was
only introduced in the last three wafers. Earlier chips were en-
tirely covered with photoresist when packaged. This resulted
in various packaging problems (see process development in
subsection 3.2).

3.2 Board Assembly

To connect the chip electrodes for electrodeposition and measuring pur-
poses, different custom-made printed circuit boards (PCBs) were created
(see figure 3.4). A first version, the T-Board, connected all of the electrodes
individually to a standard SO DIMM144 socket. For the electrodeposition,
another PCB was created that allowed the connection of different subsets of
electrodes to the potentiostat during electrodeposition. The second version,
the MCS60-Board, was designed as a fit-in replacement of the boards sold
by Multi Channel Systems (Reutlingen, Germany), so it could be used for
the electrical recordings (see subsection 3.6). Another PCB holder (see fig-
ure 3.6) was constructed to connect the potentiostat to the board. Because
the MCS60-Board has merely 60 electrodes, only a subset of the electrodes
of the 124 chip could be connected. Initially, mushroom electrodes as well
as microelectrodes were connected for comparison reasons, but in the end
all 60 mushroom electrodes were connected to the PCB pads to maximize
the yield of cell-mushroom adhesion points.

All boards were designed in Altium Designer (release winter 09; from
Altium Limited, Sydney, Australia). The boards were fabricated by PCB
Pool, using a FR4 substrate and 35 µm thick copper wires. To facilitate the
wire bonding with gold wire, the contacts of the chip footprint were coated
with an additional gold layer. The MCS60-Board was manufactured using
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Figure 3.4: Different PCBs used for electrodeposition and culturing. T-
Board on the left, MCS60-Board on the right. Electrical connections are
in red (front side) and blue (back side).

a 1.0 mm thick substrate to fit into the multi channel system.
An automatic wire bonding machine (3088iP, by Esec, Cham, Switzer-

land) connected the 124 chip to the different PCBs. Gold wire with 23 µm
diameter was used in a ball-wedge-bonding process. The 11k chip was
bonded using a manual wire bonding machine (KS model 4526 with a Le-
ica MS 5 binocular). The manual bonding offered some advantages (lower
bonding temperature, better control of the height of the bonding wires), but
was not practicable for the 124 chip with its elevated pin count. The chips
were bonded after the first of the packaging steps outlined below.

The chips used in electrical experiments were packaged in a way op-
timized for prolonged usage. After cleaning the surface with isopropanol
(C3H8O), the chips were glued on the PCB surface with H70E (Epoxy Tech-
nology, Billerica, USA) that was cured on the hotplate for 15 minutes at
120 ◦C. Then, a glass ring (8 mm height) was attached to the board using
EPO-TEK 301 (Epoxy Technology), cured on the hotplate for 20 minutes at
100 ◦C. In a next step, the chip surface was activated in a plasma oxygen
(7.0 SCC/min for 3 minutes) and polydimethylsiloxane (PDMS) stamps
with a rectangular pyramidal frustum shape (a pyramid with a cut tip)
were cured and placed on the chip surface, with their smaller surface fac-
ing downwards. The PDMS stamp was then dehydrated in the vacuum
oven at 100 ◦C for 30 minutes. The space between the glass ring and the
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Figure 3.5: Three different packagings were developed: for long term elec-
trical recordings (left, viewed from above), for confocal imaging (middle,
viewed from side, ring removed) and for SEM imaging (right, viewed
obliquely, ring removed).

PDMS stamp was carefully filled with EPO-TEK 301 that was previously
degased in a vacuum. After placing the boards on a cold hotplate and cur-
ing the epoxy for four hours at 50 ◦C, the device was let cool down and the
PDMS stamp was then removed. At this point, the electrodeposition was
performed (see subsection 3.3).

A different packaging was developed for the confocal microscopy. Due
to the small working distance of the objectives used for the high resolu-
tion images, the packaging needed to be optimized for small height. A
PDMS ring with a height of 2.0 mm (inner diameter 16 mm / outer diame-
ter 20 mm) was placed around the bonded chip and another PDMS cylinder
with a height of 1.3 mm (6 mm diameter) was used to cover the electrode
array. These PDMS stamps were simply punched out from a PDMS layer
(poured into a petri plate). The volume between the PDMS stamps was
filled with EPO-TEK 301 following the same protocol outlined above. In
an additional final step, the glass ring (8 mm height) was attached with
PDMS (to ease the process of manual attachment, the PDMS was left at
room temperature for three hours to increase its viscosity prior to the ring
attachment).

A third packaging was used for the samples that were later analyzed
in the scanning electron microscope (SEM). Because the sample chamber is
designed for small specimen, the packaging had to be designed in a way
that allows to remove the bare silicon die after the biological experiments
and before the sample was prepared for microscopy. To these ends, PDMS
was used in all steps to ensure a relatively simple removal of the die: one
drop of PDMS was used to glue the chips on the PCB (cured for four hours
at 80 ◦C). The chip was bonded with the manual bonder to avoid any pos-
sible contamination of the autobonder setup. The array was surrounded
with a PDMS ring measuring 2 mm in height (inner diameter 4 mm / outer
diameter 8 mm) that was then dehydrated on the hotplate for 15 minutes at
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80 ◦C. In a next step, a 10 mm glass ring was attached with PDMS and the
space between the two rings (glass/PDMS stamp) was filled with PDMS
that was left at room temperature for two hours after mixing. The PDMS
was then cured on the hotplate for three hours at 80 ◦C. After the electro-
deposition (see next subsection), the whole packaging was removed: after
detachment of the glass ring, the PDMS was radially cut in three pieces that
were lift off using tweezers. Then, the bare silicon die was detached from
the PCB surface by gently applying a shear force on one side of the chip
using a soft object with a straight edge. The die was then transfered on a
cover slip and attached using UV hardening epoxy (OG116-31, Polysciene
AG, Cham, Switzerland) exposed to a broad spectrum UV lamp for 30 min-
utes at 30 cm distance. Alternatively, the packaging could be removed after
culturing – in this case, care should be taken that tissue is always covered
with a thin water film to avoid evaporation damage to the cell surface.

Process development:
Several packaging iterations were necessary before the out-

lined packaging types were developed. The main problem was
leakage due to an insufficient seal between the culture chamber
and the PCB surface, leading to the diffusion of toxic substances
into the culture chamber. Initially, the chips were simply glued
to the PCB, bonded and manually covered with a UV harden-
ing epoxy. This packaging was clearly not sufficient to ensure
biocompatibility in the incubator.

In a second design, the first packaging outlined above (for
long term culturing) was used, but with the epoxy attaching to
the photoresist that was subsequently partially removed (see
process development in subsection 3.1). Since the photoresist
was then covered by epoxy, it could not be removed completely
prior to culturing. But because a part of the photoresist under
the epoxy was dissolved nevertheless, small cracks extended
between the epoxy and the chip surface, resulting in leakage
and inferior packaging durability. To address this problem, a
two step packaging process was developed. First, a large frus-
tum was used, leaving a large part of the chip accessible during
the electrodeposition and for the photoresist stripping. With
the photoresist removed from the chip surface, a second pack-
aging iteration was performed with a smaller frustum, leaving
only the electrode array accessible and filling the empty space
with a second layer of epoxy that directly attaches to the chip
surface, covering any residues of photoresist completely. This
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packaging worked relatively well, but the protocol was cum-
bersome and the two layers of epoxy are expected to perform
badly in long-term cultures (due to internal stress).

3.3 Electrodeposition

Figure 3.6: The set-up for the voltammetry. The Ivium potentiostat is
connected to the reference electrode (blue cable), to a platinum wire that
serves as counter electrode (black cable) and to a custom PCB holder that
connects together all the mushroom electrodes from a 124 chip on a MCS60-
Board (red/white cable). For the electrodeposition, the reference electrode
is removed and the blue cable is connected to the black cable.

All recordings and depositions were performed using the Compact-
Stat device from Ivium Technologies (Endhoven, NL) and the most re-
cent IviumSoft software package (version 1.997). For the cyclic voltam-
metry, the potentials were measured with a silver/silver-chloride liquid
reference electrode with a reference potential of 210.5 mV at 20 ◦C com-
pared to the standard hydrogen electrode (from Metrohm, Herisau, CH).
To ensure charge movement in the liquid phase, one molar sulphuric acid
was used as an electrolyte. The electrode to be examined was connected
to the “working electrode” and the “sensing electrode” while the “counter
electrode” was connected to a platinum wire – see figure 3.6 for the set-up
used during voltammetry.

The electrodeposition was performed using the same device as for the
cyclic voltammetry. A two electrode setup was used because the absolute
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value of the potential is not of interest in this application. The “reference
electrode” and the “counter electrode” were connected together and at-
tached to a platinum wire, while the “sensing electrode” and the “work-
ing electrode” were attached to the surface that was to be plated. Both
electrodes were then immersed into a plating solution (Neutronex 309; a
cyanide free gold plating solution with 10 g/l of gold, by Enthone, UK)
and a negative potential was applied to the working electrode. The device
was put into potentiometric mode, in which a reference current is specified
and the necessary voltage is generated automatically by the device. It is
therefore important that the current density is not chosen too high, because
the diffusion will limit the availability of gold ions and unwanted reactions,
such as hydrogen reduction, would be forced to take place in order to gen-
erate the specified current. The current density was initially set to 15 A/m2

and maintained for 20 minutes. Subsequently, the time for the electrodep-
osition was reduced to 15 minutes and the current density was adapted
empirically to the following values : 180 nA for the 1.0 µm 11k, 180 nA for
the 0.7 µm 11k, 4.5 nA for the 1.0 µm 124, and 4.5 nA for the 0.7 µm 124. The
success of the electrodeposition was monitored by optical microscopy with
a reflective upright microscope with a long working distance (MacroFluo,
by Leica GmbH, Wetzlar, Germany).

After the plating, the photoresist was stripped to free the mushroom’s
stalk (see right image in figure 3.2). This was done by placing the PCB
into a small recipient filled with acetone that was then immersed into an
ultrasonic bath for one minute. Then, the chip surface was cleaned with
the following protocol: first, the acetone was washed off with more fresh
acetone, directly followed by isopropanol, followed by DI water – care was
taken that no one of the solvents dried up to avoid any residues on the chip
surface (due to substances that were only soluble in one solvent). After
blowing the chip surface dry, complete photoresist removal was warranted
by optical inspection. If this was not the case, the above procedure was
repeated. The cleaning was continued for ten minutes under running tap
water, a wet transfer to the cleanroom and a final cleaning with DI water
until the resistivity was increased above 12 MΩcm.

Process development:
The first chips were simply washed with distilled water af-

ter the electrodeposition. This simple cleaning was not suffi-
cient to ensure biocompatibility. In subsequent steps, the clean-
ing was revised and extended with the goal to reach acceptable
cell survival rates. Different washing steps were added and
even a short piranha etch was tried – because piranha solu-
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tion dissolves the epoxy, a second packaging after the etch was
necessary. In the end, the washing process was simplified to
reduce the overall packaging complexity, resulting in the mini-
mal necessary steps described above

3.4 Neuronal Culture

Prior to transfer into a sterile working environment, the boards were ster-
ilized in a plasma oxygen (7.0 SCC/min) for five minutes. This plasma
treatment also activates the surface of the chips by conferring a negative
charge to it. To facilitate the attachment of the cells to the chip surface, the
array was coated with adhesion promoting molecules. Polyethylenimine
(PEI), a synthetic positively charged polycathionic organic molecule, was
applied at a concentration of 0.05% (bei weight, in borate buffer pH 8.5) for
one hour at room temperature and then washed four times with distilled
water. Laminin, a neurite promoting protein that specifically binds to inte-
grin cell receptors, was then adsorbed by applying it at a concentration of
0.02 mg/ml for 20 minutes in the incubator.

The brain tissue was harvested from 18-day-old rat embryos (ordered
from BrainBits LLC, Springfield IL, USA). The tissue was dissociated by in-
cubating it with 0.25% trypsin for 20 minutes. The enzymatic digestion was
stopped by adding serum containing media. The tissue was then further
dissociated by mechanical trituration with a 1000 µl pipet tip. The result-
ing cell suspension was cleared from large debris by passing it through a
40 µm filter. The target cell concentration of 2500 cells/µl was achieved by
dilution/concentration after cell counting. Plating of 20 µl/chip resulted
in a cellular density of 8000 cells/mm2 – this high cell density was used for
all experiments apart from the preparations for electron microscopy, where
a cell density of 3000 cells/mm2 was targeted. The cells were incubated for
20 minutes to let them settle down and attach to the functionalized chip
surface, before more media was added.

For the plating and the first day in culture, a neurobasal-based medium
with added horse serum was used (see table 3.1). This medium was origi-
nally designed to optimize the survival of embryonic rat neurons in culture
[33]. The addition of serum to the medium allows some glial growth that
is crucial for long term neuron survival. After one week, the medium was
changed to a D-MEM based growth medium (see table 3.2).

3.5 Microscopy

For the immunohistochemistry, the chips were first washed with phosphate
buffer saline (PBS) and then fixed in 3% paraformaldehyde in PBS at a pH
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Volume Name Supplier

450 ml Neurobasal Invitrogen 21103-049
50 ml Horse serum HyClone SH30074
10 ml B27 Invitrogen 35050-038
0.5 ml GlutaMAX (0.5 mM) Invitrogen 17504-044

Table 3.1: Composition of serum containing neurobasal medium

Volume Name Supplier
450 ml D-MEM (high Glc, no pyruvate, Glu) Invitrogen 11960-044
50 ml Horse serum HyClone SH30074
0.5 ml GlutaMAX (0.5 mM) Invitrogen 17504-044

5 ml Sodium Pyruvate (1 mg/ml) Invitrogen 11360-039
0.25 ml Insulin (30 UI) Sigma I550

Table 3.2: Composition of D-MEM based growth medium

of 7.4 for 15 minutes. After two more washings, the cells were permeabi-
lized by incubating them for 10 minutes in 0.25% Triton X-100 in PBS. After
three more washings in PBS, the cells were incubated in 1% bovine serum
albumine (BSA) in PBS containing 0.1% Tween-20 (PBST) to block unspe-
cific binding of the antibodies. The primary antibodies (see table 3.3) were
then added in their respective dilution (1:200 anti-alpha-tubulin, 1:500 anti-
MAP2, 1:100 anti-GFAP; all in 1% BSA in PBST) and incubated for two
hours at room temperature. After three more washes with PBS, five min-
utes on the shaker each time, the secondary antibodies (all diluted 1:200 in
1% BSA in PBST) were incubated in the dark for one hour. Finally, the cells
were incubated with DAPI 1 µg/ml for 10 minutes and rinsed twice with
PBS. A drop of mounting medium and a cover slip were added to increase
visibility and shelf life and the samples were stored at four degrees Celsius
between the microscopy examinations.

Target Specificity Primary Antibody Secondary Antibody
MAP-2 Neurons (soma) Chicken (abcam 5392) Alexa Fluor 647
α-tubulin Cells (soma) Mouse (Sigma-Aldrich T9026) Alexa Fluor 488
GFAP Astrocytes (soma) Rabbit (Invitrogen 180063) Alexa Fluor 555

Table 3.3: Antibodies used for immunohistochemistry. MAP-2 is micro-
tubule associated protein, GFAP is glial fibrillary acidic protein. Primary
antibodies are specified by their ordering number as well as the animal
they were produced in.
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The following optical microscopy systems were used: a extra long dis-
tance upright reflective microscope (MacroFluo; with objectives Z16APO
and PLANAPO 2x, Leica GmbH, Wetzlar, Germany) was used for optical
control during the electrodeposition process as well as for the follow up
of the cell cultures during the culturing period. Once the tissues were fix-
ated and labeled with fluorophores, the same microscope was used with a
UV light excitation lamp (Leica EL6000) and Leica filter cubes (Y5 for Alexa
647, GFP for Alexa 488, Y3/N2.1 for Alexa 555). Images were acquired with
Leica DFC300FX (color) and DFC340FX (grayscale) cameras and the Leica
Application Suite and processed using Photoshop CS5 (Adobe, Mountain
View, California, USA). Alternatively, a Leica DM6000 FS microscope sys-
tem was used with the same filter cubes and images were acquired with
a Leica DFC345FX camera and analyzed using Leica Application Suite AF.
The third optical microscope used was a Leica SP5 confocal microscope,
with laser excitation at 488 nm, 555 nm and 633 nm wavelength. Emis-
sion light was filtered using acousto-optical tunable filters (acousto-optical
beam splitters, AOBS) set to bands at 500-550 nm, 570-590 nm and 640-
710 nm. A 10× objective was used to obtain the low resolution images and
a 40× objective for the higher resolution. Image acquisition and subsequent
processing was performed using the Leica Application Suite AF.

For the scanning electron microscopy (SEM), samples were prepared
as follows: after washing the cultures with PBS, the liquid was replaced
with alcohol in an increasing concentration series (30%, 50%, 70%, 90%,
100%) waiting for 15 minutes between every step. Then, the samples were
transfered to the Basel Microscopy Center (ZMB, University Basel, Basel,
Switzerland), where the sample was prepared with critical point drying
(CPD). The alcohol was replaced, under pressure with liquid CO2 that was
then transformed into its gaseous state by passing by the supercritical phase,
therefore avoiding any damage to the cell membrane due to the heat of va-
porization. As a final preparation step, a 20 nm gold layer was sputtered
to avoid sample charging by the electron beam. The Nova NanoSEM scan-
ning electron microscope (from FEI, Hilsboro, Oregon, USA) operated with
a 5 kV electron beam at 10-5 mbar. Images were acquired and processed
using ICW (from Börder Elektronik, Melsbach, Germany).

3.6 Electrical Recordings

All electrical recordings were performed using a MEA1060-Inv-BC setup
(from Multi Channel Systems, Reutlingen, Germany). Because the MCS60-
Board was designed as a drop-in replacement of the original MCS MEA,
this system could be used for data acquisition without any additional mod-
ifications. The setup was placed in a Faraday cage to shield it from electrical
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Figure 3.7: The recording set-up can be see on the left side (image taken
from the MEA1060-Inv-BC manual) and the transfer function of its ampli-
fier is plotted on the right side (based on data from the same manual).

interference caused by the power supplies.
The cultures were removed from the incubator immediately prior to

the recording sessions. An autoclaved platinum wire was immersed into
the culture media and served as a reference electrode. Prior to the trans-
port to the non-sterile recording setup, the culture chamber was covered
with a membrane to avoid contamination. The short five minutes record-
ing sessions were performed without perfusion or temperature control, in
the same medium used for the culturing. After the recording, the PCBs
were sterilized using ethanol, the membrane was removed, and the culture
medium was replaced with fresh pre-warmed culture medium. The PCBs
were then put into a new sterile petri dish and transferred into the incuba-
tor

The data was acquired for all 60 electrodes without any filtering ad-
ditional to the amplifier’s inherent bandpass (figure 3.7). The raw data
was streamed to a file on the computer using MC_Rack (Multi Channel
Systems) and converted to “raw data format” using MC_DataTool (Multi
Channel Systems). Refer to appendix B for data processing and analysis.
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Date ID Fabrication Packaging Deposition Culturing Recording
Feb 2012 W6 52 24 13 0 0
Jul 2012 W7 52 45 0 3 0
Jul 2012 W8 52 44 6 1 1

Aug 2012 W9 52 37 21 10 8

Table 4.1: Overview of all the chips produced. The columns of the table
refer to a specific production process, the rows to one of the four wafers
(identified by their ID) and the numbers in the cells represent the count of
chips that successfully passed the respective production step. Each wafer
produced a total of 52 chips (12 × 11k chips 0.7 µm, 14 × 124 chips 0.7 µm,
12× 11k chips 1.0 µm, 14× 124 chips 1.0 µm). A good production yield was
achieved with the first wafer (W6), but the cell culturing failed primarily
due to suboptimal packaging. The process adaptations during the two next
wafers (W7, W8) led to a low yield of mushroom electrodes. For the last run
(W9), all protocols were set in place and the yield was accordingly high.

4 Results and Discussion

The first four subsections will present and discuss the results regarding the
production of the mushroom devices, including the establishing of success-
ful neuron cultures. On one hand, these were necessary intermediate steps
for the final subsection, in which the electrophysiological data from neuron
culture recordings on the mushroom chips will be presented. But on the
other hand, these findings can also be seen as results on their own, seeing
the development of the platform as an important product of this work.

4.1 Mushroom Chips

Different process parameters had to be adapted and optimized before the
first satisfying results were achieved. Table 4.1 shows the number of chips
that were produced in the cleanroom and how many of these chips could be
used in the subsequent stages. Although the original mask was designed
for 0.5 µm, 0.7 µm and 1.0 µm (nominal) mushroom stalk diameters, only
the two larger variants were successfully produced. Refer to subsection 3.1
for some of the process modifications that led to the final results.

Some of the challenges encountered in the microfabrication are illus-
trated in figure 4.1. To solve the problem of heat-deformation, the photore-
sist was replaced by another product that is considerably more heat resis-
tant. This resulted in a flat surface and maintained the pinholes open for
the electrodeposition down to the platinum electrode. The metal whiskers
were caused by incomplete etching of the metal lines and resulted in some
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Figure 4.1: Production problems: The left image shows the old photoresist
(S1813) after the packaging. The photoresist is considerably altered due
to the repeated heating in the packaging process. The right image shows
metal whiskers due to photoresist residues caused by small dust particles
during the fabrication process.

Figure 4.2: A micrograph of a chip from W9 where the problems illustrated
in figure 4.1 could be resolved.
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Chip-ID (type) Voltammetry Potential evolution Plating success
132 (124) tiny non specific -360 mV, then -300 mV 92%
135 (124) circle like nonspecific -370 mV, then -300 mV 77%
136 (124) Pt like after plasma -350 mV, then -290 mV 75%
143 (124) tiny non specific -470 mV, then -300 mV 65%, inhomogeneous
144 (124) tiny non specific -360 mV, then -300 mV 53%
145 (124) tiny non specific towards -310 mV 15%, supersized
146 (124) trapeze like shifts -470 mV, then -300 mV 70%
147 (124) no signal towards -300 mV 60%, inhomogeneous
148 (124) tiny non specific -360 mV then -300 mV 72%
152 (11k) nonspecific -440 mV, then -370 mV 20% (thin rim periphery)
153 (11k) nonspecific -420 mV, then -360 mV 80%
154 (11k) nonspecific directly towards -285 mV plated microelectrodes
155 (11k) nonspecific -400 mV, then -360 mV 70% (periphery good)
156 (11k) nonspecific -420 mV, then -360 mV 60% (partly covered by epoxy)
162 (11k) nonspecific -460 mV, then -350 mV periphery 100%, empty center
163 (11k) nonspecific -440 mV, then -340 mV periphery 100%, center 40%
164 (11k) nonspecific -480 mV, then -340 mV 20%
165 (11k) nonspecific -470 mV, then -340 mV 75%
166 (11k) nonspecific -440 mV, then -340 mV 75%
174 (11k) nonspecific -440 mV, then -360 mV 95%, small
181 (11k) nonspecific -415 mV, then -380 mV 70% (defect center)

Table 4.2: Chips from wafer W9 showing the relation between (a)typical
voltammetries, potential evolution and actual plating success. Note that
the voltammetry is not a reliable indicator of subsequent plating success,
while the change in overpotential correlates much better.

micro- and mushroom- electrodes being connected together (the respective
lines run in immediate proximity as can be see in figure 3.1). Because all
microelectrodes were connected mutually and all mushrooms were plated
in parallel, these short-circuits caused most of the current to flow over the
much larger microelectrodes during the electrodeposition. In the last chip,
these problems could successfully be resolved (see figure 4.2 from the last
wafer).

4.2 Mushroom Electrodes

Because of the problems encountered in the microfabrication, most chips
from W7/W8 (see table 4.1) could not be used for experiments. The last
wafer (W9) had a much higher yield of working chips and most of the re-
sults in this and the next section were made with chips from this last wafer.
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Figure 4.3: Voltammetries from two different chips (both are 124 chips
from W9). Although the voltammetry on the left side (chip 135) is com-
pletely unspecific and the voltammetry on the right side (chip 136) shows
peaks typical for platinum, both chips were successfully plated (see ta-
ble 4.2).
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Figure 4.4: Potential evolution of two chips from W9 during the electro-
deposition. On the left side (chip 174) the potential clearly approaches one
level, before approaching another potential after 400 seconds. On the right
side (chip 181) this change occurred only later (after 700 seconds). Because
the optical control showed no visible mushroom heads at that time, the
electrodeposition was continued for another five minutes (blue trace).
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Figure 4.5: The micrograph on the right shows chip 153 after 15 minutes
of electrodeposition. The image on the right shows the same chip after an
additional 7 minutes. The potential evolution was similar to the one of chip
181 shown in figure 4.4.

Table 4.2 shows the results from the electrodeposition of the chips of W9.
Even for these “good” chips, the plating success is below 100%. For the 124
variant this is most probably due to individual electrode openings that do
not connect all the way down to the underlying electrode, either because
the RIE etch never opened the photoresist down to the platinum layer, or
because the photoresist deformed during the packaging. In the case of the
11k variant, the periphery often shows a success rate of 100% with the de-
fects being all located in the chip’s center. This can be explained by the fact
that the electroplating process is diffusion limited (see subsection 2.6). The
ion concentration would quickly approach very low values in the center of
the 11k array because of the many deposition sites and because the solu-
tion was not stirred during the deposition. At the periphery meanwhile,
the ions can be replenished from the surrounding liquid. This could be
remedied by agitating the solution or by using lower currents.

Optical monitoring of the electrodeposition process is cumbersome be-
cause the chips have to be removed from the set-up (figure 3.6) for every
control. Also, results from optical inspection are difficult to quantify in
standardized protocols. Cyclic voltammetry is a very sensitive method to
assess the electrochemical surface properties of an electrode. This method
proved useful in the assessment of electrode connectivity: If all the pinhole
openings are incomplete, zero current is measured. A short circuit between
the micro- and the mushroom-electrodes leads to a clearly increased cur-
rent. Unfortunately, the quality of the cyclic voltammetry is no reliable in-
dicator of a subsequent plating success. Figure 4.3 shows the voltammetry
of two chip prior to the electrodeposition; this example demonstrates that
the plating success cannot be predicted by the form of the voltammogram.
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Nevertheless, the cyclic voltammetry was performed on every chip prior
to the electrodeposition because the repeated voltage sweep has a cleaning
effect on the platinum surface and leaves the electrode in a well defined
electrochemical state.

A second parameter that can easily be observed electrically is the evolu-
tion of the overpotential (see subsection 2.6) during the electrodeposition.
The parameter measured is simply the voltage between the electrode and
the counter-electrode. The evolution of this potential follows the evolution
of the overpotential, although the absolute value differs due to variable
overpotential occurring at the counter-electrode. Table 4.2 shows that dur-
ing all successful platings, the overpotential evolved in two steps: After
an initial drop the overpotential approaches a first steady-state. Then, af-
ter a variable amount of time (400-800 seconds), the overpotential drops
again and approaches a second steady state (see figure 4.4). The occurrence
of this second drop in potential is correlated with the appearance of the
mushroom-heads (see figure 4.5). The drop in potential can be explained
by a decrease of the diffusion overpotential: once the growing gold stalk
approaches the opening in the photoresist, the ions necessary to generate
the specified current can be recruited from a hemispherical volume around
the opening (while inside the opening, ions flow through a cylindrical vol-
ume). Because, in the hemispherical volume, the cross section increases
with increasing distance from the opening, the diffusion gradient is bigger
compared to the cylindrical volume – refer to [41, 43] for more detailed ex-
planations and an analytical derivation. From this follows a larger current
for the same diffusion overpotential. Moreover, the actual electrode surface
area increases continuously as the mushroom head grows.

The duration of the electrodeposition is an important process parameter
because it controls the size of the mushroom heads, which has an impact on
the mechanical stability as well as on the cell attachment to the electrodes.
For most of the chips from the same wafer, the same deposition duration
can be used (see subsection 3.3 for the times used with W9). Meanwhile,
some chips might need an adapted deposition time and this can be mon-
itored with the potential evolution during the process as outlined in the
precedent paragraph.

After the electrodeposition, the chips with defects can easily be identi-
fied and sorted out by visual inspection (figure 4.6). Some of the success-
fully plated chips have been analyzed using scanning electron microscopy
(SEM; see figure 4.7 for a representative example). The analyzed samples
showed that the stalk was firmly attached to the electrode and that the
mushrooms were axially symmetric. No systematic SEM analysis was per-
formed because the tested specimen did not show any defects apart from
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Figure 4.6: Although all mushroom electrodes are connected together
and the same opening was used on the mask for each of them, small lo-
cal variations in the microfabrication can lead to inhomogeneous results,
as is shown int this example (chip 171, W9).
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Figure 4.7: Shows a high resolution SEM image (stalk diameter 1.0 µm) of
a single mushroom. Because this picture was taken after functionalization
and culturing, there is some debris on the chip surface as well as on the
mushroom head.
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Figure 4.8: The left image shows BHK cells labeled with anti-alpha-tubulin
on a 11k chip. This image is constructed from a z stack of confocal im-
ages. The grayscale overlay was acquired in reflective mode and outlines
the electrode array (small black disks correspond to the mushrooms). The
image on the right shows a healthy neuron culture (DIV11) on a 0.7 µm
124 chip with neurons stained red, astrocytes green, and cell nuclei blue
(scalebar is 10 µm).

cases where the inhomogeneous size was already visible with the optical
microscope (as in figure 4.6).

4.3 On Chip Cell Culturing

Establishing cell cultures on these new devices was one of the major chal-
lenges in this work. Although the actual cell culturing protocol was not
altered significantly, the use of new materials and the new packagings (see
subsection 3.2) resulted in various biocompatibility issues due to leakage
from the packaging and a non-identified neurotoxic substance used in the
electrodeposition process (compare with “culturing” column in table 4.1).

The methods described in the end of subsection 3.3 were found to be
the minimal necessary steps to remove all toxic substances from the culture
chamber and assure an environment compatible with primary neuron cul-
tures. Successful cultures were achieved with the following cell types: baby
hamster kidney cells (BHK; used for preliminary biocompatibility test, left
image figure 4.8), E18 primary rat neuron cultures (used for most exper-
iments), and embryonic primary mouse neuron cultures (probably E16,
used for the last experiments because no rats were available, right image
figure 4.8).
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Figure 4.9: Primary rat neuron culture (DIV4) on a 1.0 µm 11k chip. The
cells are homogeneously distributed over the chip surface and cell bodies
as well as small cell projections (probably neurites) attach well to the mush-
room electrodes (white arrowheads).
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Figure 4.10: Primary rat neuron culture (DIV4) on a 1.0 µm 11k chip.
Mushroom electrodes are engulfed by cell bodies (white arrowhead) as
well as by cell projections that are considerably smaller in diameter than
the mushroom head (black arrowheads).
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Figure 4.11: Primary rat neuron culture (DIV4) on a 0.7 µm 11k chip. This
image shows a very large and flat structure that is presumably a glial cell
that engulfs one mushroom at its extremity.
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4.4 Cell Attachment

Scanning electron microscopy of cultured cells on mushroom chips showed
that cells interact tightly with the mushroom electrodes – see figures 4.9,
4.10 and 4.11. Although it is not possible to identify the cell types from the
SEM images, primary dissociated neuron cultures at DIV4 are expected to
consist mostly of neurons. This is also compatible with the cell morphology
of the cells in these images – with some notable exceptions, such as the cell
in figure 4.11.

These images show that the mushroom electrodes are well tolerated by
the cells, and that even small branches seem to engulf the electrodes en-
tirely. This should result in a significantly increased electrical coupling.
They show further that other cells than neurons seem to interact tightly
with the electrodes and might span over relatively large areas. It is impor-
tant to bear in mind that the cultures used for the electron microscopy in
figures 4.9-4.11 differed from the cultures used for electrical recordings (see
subsection 4.5) in the following aspects: they were lower density (approx-
imately 3000 cells/mm2), they were fixated at DIV4, and they were grown
on 11k chips. These modification in the culture protocol were necessary
because older cultures at higher density completely cover the electrode ar-
ray with several cell layers such that the electron beam cannot reach the
cells in direct contact with the electrodes anymore. Nevertheless, the basic
findings are expected to be common to all cultures of the same cell type,
regardless of age and density.

Another interesting finding that is unrelated with the recordings and
was discovered by accident on a chip with a failed surface functionaliza-
tion. If the dissociated cells cannot attach to the surface, they usually form
small spheres that float in the medium. These small clusters seem to attach
well enough to the mushroom electrodes to survive the fixation process –
see figure 4.12. This finding is interesting, because it provides an easy way
to cultivate small spheres on a flat surface. Spherical microtissues show
interesting properties because of their high surface ratio and three dimen-
sional structure. Attaching these microtissues by means of micron-sized
mushroom-shaped structures on a 2D chip would allow easy cultivation
and access.

4.5 Recordings

All electrophysiological data was recorded in the last two weeks before the
project presentation. Due to the timing constraints, it was not possible to
develop the recording protocols to maturity and perform more experiments
that would have shed light on the source and significance of the recorded
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Figure 4.12: Primary rat neuron culture (DIV4) on a 1.0 µm 124 chip. Dur-
ing the preparation of this chip, something went wrong with the surface
functionalization. Because cells cannot attach on non-functionalized sili-
con nitride (the topmost layer of the passivation stack), this would nor-
mally result in a surface with no cells attached to it. In this case however,
cells readily form small spherical clusters that attach to the mushroom elec-
trodes.
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Figure 4.13: The left two plots show unfiltered data from dissociated rat
neuron culture (DIV17), recorded on a 1.0 µm 124 chip (from W8). The
plots on the right side show typical recordings from neuronal cultures with
the Hi-Dens (data by courtesy of David Jäckel from BEL). The upper row
shows the raw data and the lower row shows the spike triggered average
over one minute (individual traces in gray, average in color).

signals. The following paragraphs will present the preliminary findings,
while the subsection 5.1 suggests some follow-up experiments that could
help to interpret the data gathered so far.

The mushroom electrodes record neuronal action potentials. Because
electrodeposition and culture methods were not fully established before
W9, successful neuron cultures on mushroom electrodes were only per-
formed with one single chip from W8 (see table 4.1). Embryonic neuron
cultures are not yet fully differentiated at the moment of the dissociation,
and therefore spikes cannot normally be recorded before DIV14-21. For this
reason (cultures on W9 chips were all younger than two weeks), the spike
data was all recorded from the same device. Figure 4.13 shows results that
are typical for spiking neurons: fast (< 10 ms) potential deviations with a
large dV/dt. It is interesting to compare these recordings to some typical
data acquired with the Hi-Dens (also shown in figure 4.13). The recording
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Figure 4.14: Large amplitude “slow wave” recordings. Both plots show
raw data (in gray) as well as spike-triggered averages (colored). The data
from the plot on the left was recorded from mouse neurons (DIV9) on a
1.0 µm 124 chip (148 from W9). It shows the typical “slow wave” morphol-
ogy. The data on the right side was recorded from a rat neuron culture
(DIV5) on a 0.7 µm 124 chip (W8). Because of the large amplitudes (>
1.7 mV), the amplifier goes repeatedly into saturation and the actual mor-
phology of the recordings can therefore not be judged from this data.

from the mushroom electrodes stands out with their relatively high ampli-
tudes (> 700 µV, which was the upper voltage limit of the amplifier using
the configuration that was applied for those first recordings). Although
it is also possible to have recordings with a relatively high amplitude us-
ing the standard microelectrodes from the Hi-Dens, it is very unlikely that
these high amplitudes would be recorded with the very first recording per-
formed. In both cases the individual spikes have always the same morphol-
ogy. Action potentials recorded with microelectrodes are normally biphasic
and dominantly negative deflections while the recordings from the mush-
room device are monophasic and purely positive.

Additional to these expected action potentials, large amplitude “slow
waves” of unknown origin were recorded. Figure 4.14 shows typical plots
for these recordings. They are notably different from the action potentials
regarding their morphology as well as their timescale. Also, these slow
waves exhibit a larger variability regarding their precise shape. The large
amplitude is not compatible with local field potentials recorded with micro-
electrodes. The timescale as well as the form of the recordings preclude that
they have the same source as the action potentials. Because abundant data
has been published on the electrical characteristics of neurons and none of
it resembles the recordings presented in figure 4.14, it is more likely that
they originate in another cell type. Primary neuron cultures from embry-
onic rodents are expected to consist primarily of neurons and different glial
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Figure 4.15: Fluorescent microscopy image of chip 148, taken with the Le-
ica DM16000 microscope. Fluorophores are : green for glial fibrillary acidic
protein (GFAP, specific for astrocytes), red for microtubule associated pro-
tein (MAP-2, specific for neuron body and dendrites) and blue for DAPI
(stains all cell nuclei). The mushroom electrode (arrowhead) in the mid-
dle of the screen is the one from which the signals from the left plot in
figure 4.14 were recorded. See text for discussion of this image.
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Figure 4.16: Long lasting potentials (LLP) on the left and fast monopha-
sic positive action potentials (FMPP) on the right. Recorded with gold
mushroom-shaped microelectrodes from vertebrate neuronal cell culture.
Reprinted from [18].

cells. To elucidate the origin of these signals, the cultures for the recordings
were fixated and labeled with different cell specific antibodies. Figure 4.15
shows a typical result. These images show that astrocytes are highly un-
likely to be the source of the signals because there is no GFAP labeled cell
close the electrode that is the source of the recording. In this image, as
well as in several other samples, MAP-2 positive dendrites extend into the
vicinity of the mushroom electrode, although it is not clear whether they
are in physical contact. The SEM images (e.g. figure 4.10) showed that thin
branches can completely engulf the mushroom electrodes and it is conceiv-
able that the fluorescent microscopy images do only visualize the thicker
parts of these branches. Figure 4.15 also shows that there are many more
cells in culture whose cell body is not labeled by the used antibodies. These
non-neural-non-astrocytic cells are probably different glial cells.

The data shown so far is best put into perspective by comparing it with
the recordings published by Fendyur et al [18]. The neuronal actional po-
tentials are very similar to what the authors call fast monophasic positive
action potentials (FMPP; right part of figure 4.16). The “slow waves” on the
other hand are somewhat different from the results published by Fendyur.
The paper shows recordings of similar amplitude and duration that are
called long lasting potentials (LLP; left part of figure 4.16). But these record-
ings are markedly different regarding their morphology. The authors hy-
pothesize that these recordings could be attributed to astrocytes.

The activity that will be described in the following paragraphs could
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Figure 4.17: Typical noise artifact on a standard MEA (from Multi Channel
Systems), recorded under the same conditions as the other recordings, but
without cell culture (the culture chamber was filled with PBS). The elec-
trode from which the artifact was recorded in color, all other 59 electrodes
plotted in gray.

not be compared to published data and it is therefore important to exclude
any artifacts and ensure biological origin of the recorded signals. Although
the source of the signals could not yet be identified and artifacts cannot be
excluded before a coherent explanation about the origin and mechanism
of transduction of the signals is found, comparison to recordings that are
known artifacts (figure 4.17) show some distinguishing differences. The
artifact occurs on a single electrode and no signal above the normal noise
floor is measured on the other electrodes. Furthermore, the morphology of
the artifact has no easily identifiable shape. Also, these artifacts were ob-
served continuously over a period of time and no signal was recorded be-
fore or after that period. In contrast, the recordings that will be presented in
the following paragraphs always occurred at more than one electrode, ex-
hibit distinct shapes and occur at different points spread over the recording
session.

The global analysis of the data revealed that many of the large ampli-
tude excitations occurred at different locations on the chip at the same time,
spanned over several hundreds of micrometers and were highly correlated.
With high density MEAs, it is common to record one single event with sev-
eral electrodes at the same time. Every electrode records a similar potential
evolution every time the same event (i.e. action potential of a nearby neu-
ron) occurs – for this reason, the set of recordings is called the “footprint”
and can be used in spike sorting (see subsection 1.3). Figure 4.18 shows a
different phenomenon. Although three electrodes seem to record the same
event simultaneously, it’s highly unlikely that they directly record some
ion flux across a cell membrane atop of the electrodes because the distance
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Figure 4.18: Synchronized activity recorded by neighboring mushroom
electrodes. These recordings are taken from the same chip as in figures 4.14
and 4.15, but from different electrodes. The three electrodes 51, 52 and 53
are spaced by 180 µm each. Interestingly, the polarity of one of the elec-
trodes changes polarity at two different points in the same recording ses-
sion.
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Figure 4.19: Still images from a video that displays the same data as in
figure 4.18 (right side). The lower row plots potential against time of three
electrodes. The upper row displays the potential of all the 60 electrodes at
the points specified with the vertical bar on the corresponding lower plot.
The electrodes from which the traces in the lower plot were recorded are
drawn with the same edge color. Note that the mushroom electrode size
is only 2 µm while the spacing on the array is 380 µm horizontally and
180 µm vertically. The whole video can be found online (see appendix A,
MCS147_71_pos_neg_correlated.mp4 in videos.zip).
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Figure 4.20: Another extract from a movie (refer to figure 4.19 for expla-
nation of the illustration). This data was recorded from another 1.0 µm
124 chip with mouse neurons (DIV9). The excitation that starts in the up-
per right corner (negative potential deviation) stretches as far as 720 µm
in the vertical direction and reaches its maximum in about 10 ms while a
synchronous positive potential deflection is visible in the neighboring col-
umn to the left. The whole video can be found online (see appendix A,
MCS147_54,61,63_spread.mp4 in videos.zip).
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Figure 4.21: Another large amplitude excitation that spreads over a large
part of the array (> 2 mm). Note the close resemblance in morphology
of the two events. The whole video can be found online (see appendix A,
MCS132_waves_slow.mp4 in videos.zip).
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(360 µm) is too big to “pick up” such large amplitude signals. The idea of a
footprint is also incompatible with one trace changing polarity within the
same recording as can be seen on the right plot in this figure.

The same three electrodes are related to the whole array activity in fig-
ure 4.19. The still images are extracted from movies that visualize the ac-
tivity over the whole array – see appendix A. In many instances, several
electrodes are activated at the same time, with large potentials progress-
ing through more than 500 µm (see figure 4.20). The cell type that is the
source of the recordings could not yet be determined, but the activity over
the whole array suggests that it is either cell with very long branches that
engulf several mushroom electrodes at the same time, or that the individ-
ual electrodes are in contact with different cells that are tightly coupled
between each other (perhaps by means of GAP junctions or intercellular
chemical signaling). The speed of signal progression (up to more than
50 mm/s) as well as the recorded waveforms (largest in amplitude at a
specific point and then decreasing with increasing distance) hint to a single
cell as signal source. The extent of the correlated signals (up to 7 electrodes
spaced 2 mm in total in figure 4.21) on the other hand speaks for a network
of cells that have their electrical activity coupled in some way.

Glial cells are known to communicate in networks that span over wide
areas. Many previous works focussed on the propagation of intracellular
calcium waves in glial cells. This could be due to the fact that changes in
calcium can conveniently be monitored with calcium sensitive intracellular
dyes. These calcium waves are an unlikely explanation for the observed
recordings, because they happen at a larger timescale (several seconds) and
spread with slower velocities (10-20 µm/s) [50].

The transmembrane potential in the dendritic tree of neurons can devi-
ate to more negative and more positive potentials. These respective changes
are called excitatory and inhibitory post synaptic potentials (EPSP, IPSP) if
they are caused by neurotransmitter release of an adjacent neuron. If there
are neurons on the chip that engulf several mushroom electrodes with the
same branch, this could explain the propagation velocity of the signal peak
as well as the fact that the same electrode can record positive as well as
negative traces.
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5 Conclusion and Outlook

5.1 Slow Waves Signal Source

The preliminary electrophysiological recordings outlined in subsection 4.5
look promising and should be pursued further because important ques-
tions remain open: What cell type is the source of these recordings? Can
the network activity be explained with only a few cells spanning over long
distances and engulfing many electrodes at the same time, or do the corre-
lated signals originate from networks of cells that rely the electrical signals
from one cell to another? To answer these questions, the following tech-
niques look promising:

• Pharmacological experiments: simply by adding drugs during the
recordings, information about the source of the signals could be gained
because neurons react differently to chemical messengers than glial
cells. Glutamate and NMDA would primarily excite neurons (al-
though receptors are also present on glial cells [51, 52]), while ATP is
thought to mediate inter-glial signal transduction in astrocytes [53].
Although it is difficult to predict the exact effects of these drugs on
the different cells (especially given the fact that the neurons and glial
cells are known to interact mutually [28]), any change in recorded ac-
tivity in response to the presence of added substances would allow to
construct a “drug fingerprint” of the electrically active cells.

• Immunohistochemistry: using more antibodies could allow to visual-
ize the cells that are in direct contact with the mushroom electrodes.
As explained in the caption of figure 4.15, the cells interacting with
the electrodes could not be identified, probably because they were not
stained by the combination of primary antibodies with these samples
(MAP-2/GFAP). Two promising candidates would be anti-tau, which
reacts with the axonal parts of neurons that are not readily stained by
MAP-2, and anti-alpha-tubulin, a compound that binds to the cytosol
of any cell in the culture.

• Calcium imaging: this technique visualizes the intracellular increase
of calcium that happens during action potentials in neurons as well
as during slow calcium waves in neurons and glial cells alike. Not
only would the morphology of electrically active cells become visible
(and could be compared to the immunostaining after fixation), but the
calcium imaging could be performed at the same time as the electro-
physiological recordings, allowing to correlate electrical activity with
morphology.
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Figure 5.1: Hi-Dens after the post-processing for the standard microelec-
trodes – electron microscopy image on the left and schematic cross section
of the right. This post-processing ensures that the culture chamber is iso-
lated from the toxic metal layers. Note the relatively large surface rough-
ness. Image on the left from [10], reprinted with permission.

• Combination with scanning electron microscopy: in the results men-
tioned in subsections 4.4 and 4.5, the SEM images could not be cor-
related with the recordings, because the recordings were done with
high density cultures and the SEM imaging was performed with low
density cultures. If the culturing/recording protocols can success-
fully be adapted to low density cultures, the chips could be analyzed
after the recordings, providing valuable ultrastructural information
about the cells that engulfed the mushroom electrodes – if the cells
are preserved well enough after fixation.

• Transfer to Hi-Dens: the most promising approach, transferring the
mushroom electrodes to the Hi-Dens, will be explained in the fol-
lowing subsection. Once the mushroom electrodes are successfully
grown on the Hi-Dens, the techniques outlined above could be ap-
plied in combination with the active chip, allowing for more sophis-
ticated experiments.

5.2 Transfer on HiDens

The transfer of the mushroom electrodes to the Hi-Dens offers all the ad-
vantages of high density recordings mentioned in section 1, but is techni-
cally challenging. The main problem is the elevated surface roughness of
the Hi-Dens chip after the in-house post-processing steps (see figure 5.1).
The uneven surface interferes with the mask alignment and makes it im-
possible to resolve the small pinhole openings necessary to grow the mush-
room electrodes with the process outlined in subsection 3.1. For a success-
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ful transfer, either the process needs to be adjusted or the post-processed
chip’s surface roughness has to be decreased. The different possibilities, as
well as their respective advantages and disadvantages are summarized as
follows:

• Transfer all process steps to the semiconductor fab: Theoretically, the
masks used for the patterning of the mushroom electrodes (figure 3.1)
could be sent to the CMOS fab where they would be applied in the
last processing step. Despite the appeal of accelerated fabrication and
work relief for the in-house cleanroom, the disadvantages are numer-
ous. None of the Hi-Dens wafers already produced could be used
for experiments with mushroom electrodes. It is not clear whether
the CMOS fab could resolve the small details critical for this appli-
cation, and whether they could leave unprocessed photoresist in the
last processing step. Furthermore, their photoresist would have to be
tested for biocompatibility. And, perhaps most importantly, the in-
house post-processing would not be compatible with these chips and
this would make it impossible to have chips that combine both micro
and mushroom electrodes.

• Reflow photoresist: after applying the photoresist for the lithogra-
phy step that defines the mushroom electrode openings, the pho-
toresist surface could be flattened without modifying the structures
underneath. Normally, photoresist follows the underlying structures
closely, replicating the surface roughness. Some photoresists mini-
mize their surface area (thereby effectively flatting it), when their sur-
face tension is increased compared to the viscosity – at the price of an
inhomogeneous photoresist thickness, making it difficult to maintain
the same resolution in the photolithography. Also, this technique is
not compatible with the photoresist used in this work.

• Projection lithography allows to resolve finer details and deeper struc-
tures than contact lithography. But in addition to a deep UV light
source, a stepper, and a new mask set would be used – together with
compatible photoresist. In other words, practically the whole process
would need to be re-developed and there could be any number of
problems with the biocompatibility of the new material.

• Chemical mechanical polishing (CMP): After the post-processing for
the microelectrodes (see figure 5.1), the surface of the chip can be flat-
tened by removing all the parts that are more elevated than their en-
vironment by CMP. The advantage of this option is its relative sim-
plicity and that it would not cause any change in the existing micro-
fabrication protocol.
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Figure 5.2: Circuit schematic of current/voltage stimulation circuit of the
Hi-Dens. The stimulation circuit is built around a class-AB operational am-
plifier. The output can be switched between voltage control and current
control by the digital switches (labeled I/V). Image from [54], reprinted
with permission.

From these possibilities, decrease of surface roughness by CMP seems
most promising, because it only necessitates one additional, and relatively
simple step without modifying the established process otherwise.

Once the mask pattern has been transferred to the Hi-Dens, the elec-
trodeposition could be performed using the on-chip current generator (see
figure 5.2). The current range of the stimulation buffer is largely enough
(30 µA with the switch HR open), but the deviation from linearity is up
to 300 nA [54]. The accuracy of the current output can be increased by
using a small reference voltage for the digital analog converter that pro-
vides the input voltage of the stimulation buffer (the 300 nA residual refer
to the maximal current range). Experimental verification is needed to see
whether this circuit can be used for electrodeposition, or whether the un-
buffered probe access to the electrode array [10] in conjunction with the
Ivium potentiostat (see subsection 3.3) is preferable. The potential evolu-
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tion (see subsection 4.2) could be monitored via the on-chip circuitry – cir-
cumventing the frontend amplifier, putting the second stage in buffer mode
and setting the gain of the third stage to 0, 6 or 14 dB [10]. Alternatively,
this potential could also be measured via the probe access to the electrode
array. In any case, the electrode configuration can be adapted such that the
current source is connected to the subset of mushroom electrodes that have
been defined by the photolithography mask.

In case of a successful transfer to the Hi-Dens, it would be desirable to
create a design that allows to perform the electrodeposition at the wafer
level. This parallelization would not only decrease the work load consider-
ably, but could also help to decrease the inter-chip variability.

5.3 Conclusion

Micron-sized mushroom-shaped gold electrodes have successfully been fab-
ricated on a passive microelectrode array that is similar in size and surface
material to the active Hi-Dens chip. The three dimensional shape of the mi-
croelectrodes has been confirmed with scanning electron microscopy. On
these chips, primary dissociated mammalian neuron cultures were grown
and maintained for several weeks. The ensuing recordings showed that
action potentials could be recorded with a much larger amplitude than
would be expected with flat electrodes of a comparable size – even without
platinum black coating. Additionally, interesting new electropysiological
recordings were discovered and characterized. The source of these record-
ings could not yet be identified, but is likely non-neuronal.

Given the emerging evidence that glial cells are not merely support-
ive in nature to ensure neuronal function, but that they are also actively
implicated in signal processing, it is an exciting time to work on the eluci-
dation of glial function in the information processing of the nervous system
– especially given the fact that glial cell function is largely unknown when
compared to neurons, on which the lion share of past research has focused.
If glial cells are really playing an important role in the treatment of infor-
mation, they are likely to do this in a highly interconnected way.

To analyze these networks, it will be necessary to have tools at hand that
can not only observe many neighboring cells at the same time, but are also
capable of detecting subthreshold events. A high density microelectrode
array, equipped with electrodes for “IN-CELL” recordings would therefore
be ideally suited to explore these questions further. This work has prepared
the necessary steps to create such a device by transferring the mushroom
electrodes to the Hi-Dens chip.
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A Additional Data

Only a small part of all the data gathered has been included into this re-
port. The videos that are very informative on their own regarding network
activity are difficult to be represented in a printed form (the snapshots in
subsection 4.5 can only convey a fraction of the information contained in
the video). Many more SEM and confocal images that are potentially inter-
esting were also not included into the printed report. A small selection of
this data, together with the presentation slides, different electronic versions
of this report and scripts for data analysis can be found on the wiki of the
bio engineering labaratory (BEL) under the following URL

http://wiki-bsse.ethz.ch/display/DBSSEHIMA/FS2012+Andreas+Steiner

The remainder of the data might be of interest for specific needs (e.g.
extracting patterns from raw recording data). All data has been stored per-
manently on BEL’s network storage. Refer to README.txt in the root di-
rectory for an explanation on how the data is structured.

cifs://bs-filesvr01/export/group/hierlemann/projects/HiDens/Mushroom+Electrodes

B Data Analysis

All data analysis and plotting was done with open source software libraries
built on top of the python programming language. These packages are
called numpy (for numerical processing) scipy [55] (for scientific comput-
ing) and matplotlib [56] (for plotting). Precompiled packages for all plat-
forms as well as their source code can be downloaded from the internet.

A python package called “mcs” was written to extract data from MCS
“raw data files” (converted with MCS_DataTool, see subsection 3.6). This
same package can be used to do some basic processing (such as threshold
based event detection and data alignment) and plotting (including genera-
tion of videos showing network activity). This package can be downloaded
from the places specified in appendix A. The following python script illus-
trates basic usage

1 # import s t u f f from numpy/scipy/m a t p l o t l i b
from pylab import ∗

# mcs . data conta ins c l a s s e s to open raw f i l e s and e x t r a c t data
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# and do b a s i c process ing such as threshold based event d e t e c t i o n
6 import mcs . data

# mcs . display conta ins f u n c t i o n s to generate images/movies from
# e x t r a c t e d data
import mcs . display
# mcs . f i l t e r s can be used f o r lowpass f i l t e r i n g and the l i k e

11 import mcs . f i l t e r s
# mcs . layouts .∗ conta in information about the phys ica l l o c a t i o n
# of the e l e c t r o d e s
import mcs . layouts . mushrooms

16 # where the raw data i s s tored
d a t a f i l e = ’ recording6/MCS148 . raw ’
# where the e x t r a c t e d event l i s t w i l l be saved
e v e n t f i l e = ’ recording6/MCS148_200uV . events ’

21 # c r e a t e c l a s s to handle raw data f i l e
raw= mcs . r a w f i l e ( d a t a f i l e )

import os . path
i f os . path . i s f i l e ( e v e n t f i l e ) :

26 # load events i f a lready parsed in previous invocat ion
events200= mcs . e v e n t l i s t . load ( e v e n t f i l e )

e l s e :
# upon f i r s t invocat ion , parse data & generate event l i s t
# ( t h i s may take a while )

31 events200= raw . d e t e c t _ a l l ( mcs . t h r e s h o l d _ d e t e c t o r ( threshold =200
e−6) )

events200 . save ( e v e n t f i l e )

# make a r a s t e r p l o t of events on e l e c t r o d e s 51 ,52 ,53 & wrap every
# 10 s to enhance v i s i b i l i t y of the s i n g l e events on the p l o t

36 f i g u r e ( )
events200 . f i l t e r ( channel = [ 5 1 , 5 2 , 5 3 ] ) . r a s t e r p l o t ( wrap=10)

# p l o t data t r a c e s from e l e c t r o d e s 51 ,52 ,53 s t a r t i n g a t 71 .65 sec
# u n t i l ( 7 1 . 6 5 + 0 . 0 7 ) seconds using a b e s s e l low pass with a cut

41 # o f f frequency of 2 kHz
f i g u r e ( )
raw . f i l t e r s =[ mcs . f i l t e r s . bessel_LP ( f r e q =2.0 e3 ) ]
raw . p l o t ( [ 5 1 , 5 2 , 5 3 ] , s t a r t =71 .65 , durat ion = 0 . 0 7 )
s a v e f i g ( ’ MCS148_52 , 5 3 , 5 1 _lowpass . pdf ’ )

46

# p l o t same t r a c e s as before but without f i l t e r i n g
f i g u r e ( )
raw . f i l t e r s = [ ]
raw . p l o t ( [ 5 1 , 5 2 , 5 3 ] , s t a r t =71 .65 , durat ion = 0 . 0 7 )

51 s a v e f i g ( ’ MCS148_52 , 5 3 , 5 1 . pdf ’ )

# d e t e c t spikes >900 uV on e l e c t r o d e 68 and p l o t a l l ind iv idua l
# t r a c e s as well as average

75



f i g u r e ( )
56 events200 . f i l t e r ( channel =68 , minbest =900e−6) . p lot_averages ( raw )

# load layout data of pass ive mushroom chip ( the 124 v a r i a n t )
layout= mcs . layouts . mushrooms . small ( )
# e x t r a c t t r a c e s f o r a l l channels s t a r t i n g a t 9 0 . 1 sec f o r 70 ms

61 t r a c e s = raw . t r a c e s ( raw . channels , s t a r t =90 .1 , durat ion = . 0 7 )
# generate sequence of 200 images in the s p e c i f i e d time window
# s e t t i n g the vol tage window to +/− 600 uV
mcs . display . animate (

layout , t r a c e s ,
66 s teps =200 ,

p l o t _ t r a c e s = [ 5 1 , 5 2 , 5 3 ] ,
minmax=(−600e−6 ,600e−6) ,
colormap=cm . j e t ,
f i g t i t l e =raw . fname )
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# convert images to movie and clean up
# ( only works on unix machine with ImageMagick i n s t a l l e d . . . )
import os
os . system ( ’ convert frame_ ∗ . png MCS148_51 , 5 2 , 5 3 .mp4 ’ )

76 os . system ( ’rm frame_ ∗ . png ’ )

C Protocols

The protocols in section 3 are explained with a level of detail that allows on
one hand to understand what materials and technologies were used, but is
on the other hand still readable in a continuous text. The precise step-by-
step instructions that, as well as some additional data (including explaining
images) can be found in the bio engineering laboratory’s wiki:

https://wiki-bsse.ethz.ch/display/DBSSEHIMA/SEM+Chip+Packaging
explains in detail how chips were packaged for SEM characterization (see
subsection 3.2)

https://wiki-bsse.ethz.ch/display/DBSSEHIMA/Confocal+Chip+Packaging
explains in detail how chips were packaged for confocal microscopy (see
subsection 3.2)

https://wiki-bsse.ethz.ch/display/DBSSEHIMA/Electrodeposition+Passive+Mushroom+Chips
more details on the electrodeposition process (see subsection 3.3)

https://wiki-bsse.ethz.ch/display/DBSSECMOSMEA/Culturing+Protocol
the protocol used for the cell culturing, including dissociation and prepa-
ration of the different cell culturing media (see subsection 3.4)
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