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Abstract
Complementary metal-oxide-semiconductor (CMOS) technology and advances
in microelectronics have enabled to develop high-density microelectrode arrays
(HD-MEA), incorporating thousands of densely-arrayed microelectrodes for bidirectional interfacing with large neuronal populations or tissue preparations.
The high spatiotemporal resolution of the HD-MEA technology offers possibilities to conduct novel experiments, which have not been possible by using traditional techniques. This thesis presents the design and development of a CMOS
based multi-functional MEA system, proof-of-concept experiments while simultaneously using several of the implemented functions and measurement modalities,
and a detailed study on how the microelectrode size affects the quality and characteristics of extracellular recordings. Electrode size or minimal size may be
limiting recording quality and signal to noise.
Since neuronal signal transmission is (electro-)chemical, and since local fluctuations of ion concentrations, as well as anisotropic and inhomogeneous electrical impedance of tissue and culture medium are critically influencing electric interaction with neurons, we developed a multifunctional HD-MEA system, capable of measuring several parameters simultaneously. The system includes six measurement functionalities: 2,048 action-potential-recording units,
32 local-field-potential-recording units, 32 current-recording units, 32 impedancemeasurement units, and 28 neurotransmitter-detection units, in addition to the
16 dual-mode current and voltage stimulation units that feature either voltageonly or current/voltage-control during stimulation events. The system hosts the
largest active electrode array area to date (4.48 × 2.43 mm2 that accommodates
59,760 electrodes, while its power consumption, noise characteristics, and spatial
resolution (13.5 µm electrode pitch) are comparable to the best state-of-the-art
devices. The electrode array architecture is based on a switch matrix, which
allows for connecting any measurement/stimulation unit to any electrode in the
array and for performing different measurement/stimulation functions in parallel.
The chips were fabricated in a 0.18 μm standard CMOS process, and measurement results are presented to show the performance of the developed circuit
structures and recording/actuation techniques.
To gain detailed insights into the behavior of neurons and neuronal networks,
devices need to enable tracking and manipulation of the electrical activity of
multiple cells in parallel. Hence, we integrated 2048 low-noise, low-offset, and
low-power action-potential-recording channels to obtain high signal quality and
high spatiotemporal resolution. A resistively loaded open-loop topology has been
adapted for the first-stage amplifiers to achieve 2.4 µVrms noise level at low power
consumption (16 µW per channel). Two novel pseudo-resistor structures have
been used to realize very low HPF corner frequencies with an inter-channel offset variation of only 0.01 mV without using complex dynamic offset cancellation
methods. As electrical stimulation entails the use of current or voltage pulses
of comparably large amplitude, artifacts in the highly sensitive readout circuitry
v
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pose a massive challenge in realizing bi-directional chip systems. Here, the adjustability of pseudo resistors has been exploited to realize a “soft-reset” technique
that suppresses stimulation artifacts so that the amplifiers can recover from saturation within 200 µs.
The fully integrated impedance measurement units in the MEA system enable
label-free electrical impedance spectroscopy measurements of the respective cells
on the microelectrode array. The impedance measurement units, based on 32 onchip lock-in amplifiers, can be used to measure the impedance of any arbitrarily
chosen electrode or subset of electrodes of the array. Impedance measurements
rely on applying a sinusoidal voltage, generated by an on-chip waveform generator
in a frequency range between 1 Hz and 1 MHz, to the electrode and measuring
the obtained current. The impedance measurement block consumes only 412 µW
per channel at 3.3 V supply voltage and occupies only 0.1 mm2 are per channel.
Proof of-concept measurements of combined electrical impedance imaging and
electrophysiology recording of cardiac cells and brain slices are shown in this
thesis.
Finally, the thesis presents an experimental and computational approach to elucidate, how electrode size influences the recorded neuronal signals and how inherent
properties, such as electrode impedance, noise, and transmission characteristics
shape the obtained signal. By realizing multiple electrode sizes in arrays with
thousands of tightly spaced electrodes sites, we characterized electrode performances for both, local-field-potential (LFP) and extracellular-action-potential
(EAP) recordings. We demonstrate that electrode sizes down to 10 μm2 can be
arbitrarily selected for EAP recording, if the electrode impedance is low enough
and set of requirements for the signal amplification is met.
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Zusammenfassung
CMOS Mikrotechnologie und Fortschritte in der Mikroelektronik ermöglichten
die Entwicklung von CMOS-basierten hochauflösenden Mikroelektrodenarrays
(MEA) mit tausenden von Mikroelektroden zur extrazellulären Messung und
Stimulation von Hirnzellen in Zellkulturen und Gewebeschnitten. Die hohe
räumliche Auflösung solcher Mikroelektrodenarrays ermöglicht neuartige Experimente, die mit bisheriger Technologie nicht möglich gewesen wären. Die vorliegende Arbeit beschreibt Entwurf und die Entwicklung solch eines CMOSbasierten multifunktionellen Mikroelektrodenarraysystems, grundlegende Experimente, in denen verschiedene der implementierten Funktionen und Messmodalitäten gleichzeitig verwendet werden, sowie eine detaillierte Studie über den Einfluss der Grösse der Mikroelektroden auf die Qualität und Charakteristika der
extrazellulären elektrischen Messungen. Die Grösse der Elektroden beeinflusst
und limitiert die Qualität und das Signal-zu-Rausch-Verhältnis der Messungen.
Da die Informationsübertragung zwischen Hirnzellen elektrochemisch erfolgt und
lokale Fluktuationen in der Ionenkonzentration, sowie die anisotrope und inhomogene elektrische Impedanz des Gewebes sowie der Nährlösung die elektrische Interaktion mit den Hirnzellen beeinflusst, haben wir ein multifunktionelles hochauflösendes MEA-System entwickelt, das mehrere dieser Parameter gleichzeitig
messen kann. Das System umfasst sechs verschiedene Typen von Mess- oder
Stimulationseinheiten: 2048 Einheiten um Aktionspotentiale zu messen, 32 Einheiten, die optimiert wurden um lokale Feldpotentiale zu messen, 32 StromMesseinheiten, 32 Impedanz-Messeinheiten, 28 Neurotransmitter-Messeinheiten,
sowie 16 Stimulationstreiber, die entweder spannungskontrolliert betrieben werden können, oder in einem Modus, der gleichzeitige Kontrolle über Strom und
Spannung ermöglicht. Das entwickelte System besitzt die bisher grösste aktive
Sensorfläche (4.48 × 2.43 mm2 ) mit 59,769 Elektroden. Der Energieverbrauch,
das Rauschen und die räumliche Auflösung sind vergleichbar mit den besten
derzeitig verfügbaren Systemen. Die Architektur des Elektrodenarrays basiert
auf einer Schaltermatrix. Diese erlaubt es eine beliebige Mess- oder Stimulationseinheit mit einer beliebigen Elektrode zu verbinden und ermöglicht es ausserdem,
verschiedene Mess- und Stimulationsmodalitäten gleichzeitig zu benutzen. Die
Chips wurden in einem 0.18 µm Standard CMOS-Prozess fabriziert. Messresultate, die die Möglichkeiten und Leistung der entwickelten Schaltungsblöcke und
der Mess- und Stimulationstechniken aufzeigen, werden präsentiert.
Für ein tieferes Verständnis des Verhaltens einzelner Hirnzellen oder Netzwerke
von Hirnzellen braucht es Messgeräte, die die elektrische Aktivitätmehrerer Zellen
parallel und in hoher Auflösung verfolgen können. Darum wurden 2048 Aktionspotentialmesseinheiten mit geringem Rauschen und geringem Offset integriert, die es erlaubten, hohe Signalqualität bei hoher räumlicher Auflösung zu erreichen. Für die erste Verstärkerstufe wurde eine Open-Loop-Topologie mit einem
virtuellen Lastwiderstand am Ausgang adaptiert, um das geringe Rauschen von
2.4 µVrms bei geringer Leistungsaufnahme (16 µW pro Kanal) zu erreichen. Zwei
vii
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neuartige Pseudo-Widerstandsstrukturen wurden verwendet, um die sehr niedrigen Hoch-Pass-Frequenzen zu realisieren, und eine Kanal-zu-Kanal-Variation des
Offset von nur 0.01 mV zu erreichen, ohne dass komplexe dynamische OffsetKompensationsmechanismen benötigt wurden. Da die elektrische Stimulation
durch die Stimulationstreiber einen Spannungspuls mit verhältnismässig grosser
Amplitude erzeugt, wird die sensible Ausleseelektronik während der Stimulation
durch Artefakte gestört, welche eine grosse Herausforderung bei der Realisierung
solch bidirektionaler Systeme darstellen. In dem hier vorgestellten System wurden die Pseudo-Widerstandsstrukturen benutzt, um eine Art “soft-reset”-Technik
zu realisieren, die Stimulationsartefakte erfolgreich unterdrücken kann und Messungen mit den Verstärkern nur 200 µs nach dem Stimulationspuls ermöglicht.
Die vollintegrierten Impedanz-Messeinheiten ermöglichen ein label-freies Messen
der elektrischen Impedanz der Zellen auf dem Elektrodenarray. Die 32 ImpedanzMesseinheiten, basierend auf on-chip lock-in Verstärkern, können dazu benutzt
werden, die Impedanz frei wählbarer Elektroden oder Elektrodenanordnungen
messen. Die Impedanzmessung erfolgt durch Anlegen eines auf dem Chip generierten Spannungs-Sinussignals im Frequenzbereich zwischen 1 Hz und 1 MHz an
die Elektroden und durch Messen des resultierenden Stroms. Eine ImpedanzMesseinheit benötigt nur 412 µW pro Kanal bei einer Versorgungsspannung von
3.3 V und belegt nur 0.1 mm2 Chipfläche pro Kanal. Grundlegende Messungen,
in denen Impedanzbildgebung mit elektrophysiologischen Messungen kombiniert
wurden, werden für Hirnschnitte und Kulturen von Herzzellen gezeigt.
Schliesslich präsentiert die vorliegende Arbeit einen experimentellen und rechnergestützten Ansatz, den Einfluss der Elektrodengrösse auf die Messung neuronaler Signale zu bestimmen., Andere wichtge Parameter waren die Elektrodenimpedanz, thermisches Rauschen und die Übertragungseigenschaften der Elektroden. Chips mit verschiedenen Elektrodengrössen wurden benutzt, um den
Einfluss der Elektrodengrösse auf lokale Feldpotentiale, sowie extrazelluläre Aktionspotentiale zu messen. Wir konnten zeigen, dass Elektroden mit nur 10
μm2 Fläche für Aufnahmen von elektrischer Hirnzellenaktivität verwendet werden können, vorausgesetzt die Impedanz der Elektrode war gering, und die Aufnahmeeinheit erfüllte die entsprechenden Spezifikationen.
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Chapter 1
Introduction
Electrogenic cells, such as neuronal cells or cardiac cells are capable of generating
and transmitting electrical signals. The flow of ions through the cell membrane
generates changes in electrical potentials that can be measured using a metal electrode placed near the cell through extracellular action-potential (EAP) recordings. In contrast to intracellular methods like patch clamp [Neher & Sakmann
(1976)] , extracellular recordings are noninvasive in nature and can be carried
out over extended time periods. Extracellular measurements of multiple cells using planar arrays of µm-size electrodes can be performed in parallel [Spira & Hai
(2013)]. Microelectrode arrays (MEAs) have been realized as metal electrodes on
glass substrates with the electrodes connected to external low-noise amplifiers for
electrophysiological recordings [Kim et al. (2014)]. However, these passive microelectrode array systems are limited in the number of recording electrodes and
in their spatial resolution. CMOS technology and advances in microfabrication
has enabled the integration of thousands of electrodes and low-noise circuitry on
the same substrate, which led to the development of high-density MEAs (HDMEAs). These HD-MEAs usually feature integrated electrophysiology recording,
filtering, and stimulation circuitry on the same substrate [Obien et al. (2015);
Berdondini et al. (2009); Ballini et al. (2014)].
A high degree of connectivity and the coordinated electrical activity of a multitude of neural cells or networks are believed to be the reason that the brain
is capable of performing highly sophisticated information processing. To advance our understanding of this complex biological system, high spatiotemporalresolution techniques to monitor cell and whole-network electrical activity and
an ideally seamless interaction between cells and recording devices are desired.
Apart from electrical signals, neuronal cells also use chemical compounds for
signaling in interneuronal connections, so-called synapses. The chemicals that
transmit signals across the synaptic cleft, so-called neurotransmitters, play a
significant role in brain diseases, such as schizophrenia, Alzheimer’s, and Parkinson’s disease [Uhlhaas & Singer (2006)]; their presence is detectable by means of
electrochemical methods [Nazari et al. (2013)]. To study cell network dynamics,
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a bidirectional interaction, including electrical stimulation of cells [Jimbo et al.
(1998)], is desired. Impedance spectroscopy methods can be used for investigation of the anisotropic and inhomogeneous electrical impedance of tissues and
the culture medium, label-free detection of cell growth, and studies of some neurodegenerative diseases [Elshafey et al. (2013)]. By integrating multiple sensing
units, such as impedance measurements, neurotransmitter detection, etc. along
with electrophysiological readout on the MEA chip, comprehensive information
can be gained from the cell culture or tissue on top of the electrodes. Therefore,
developing a multifunctional CMOS MEA system has been in the focus of this
PhD project.
Recently, the demand for large-scale multichannel arrays has been increasing
as the recording through multiple electrodes in parallel allows for monitoring
the activity of large ensembles of neurons [Buzsáki (2004)]. The more densely
the electrodes are placed, the higher becomes the spatial resolution, but the
electrodes also need to become as small as possible in diameter. Consequently, the
development of specifications for the readout circuitry of high-density arrays also
requires careful consideration of the electrode characteristics in order to ensure
high signal quality in recording from thousands of small electrodes simultaneously
[Harris et al. (2016)]. The obvious question is, how small can electrodes become
and how densely can they be arranged to achieve optimum signal quality and
information content, given the constraints imposed by the applied technology.
This thesis includes theoretical and experimental work towards elucidating the
effects of electrode size on the quality and characteristics of extracellular electrical
recordings.

1.1

HD-MEA system design considerations

Microelectrodes are of prime importance in high-density microelectrode arrays
(HD-MEAs) for in-vitro and in-vivo interaction with electrogenic cells. The quality of an electrode as a sensor element is determined by the signal-to-noise ratio
(SNR), which is determined by (1) efficiency in signal transduction and (2) inherent noise of the electrode-electrolyte interface. These two factors depend on
many parameters like – electrode material, size, surface roughness or type of
coating used. From the literature [Hassibi et al. (2004); Franks et al. (2005);
Heer (2005)], it can be seen that the impedance of the electrode-electrolyte interface is the key parameter determining the quality of the electrode recordings.
The quality of the electrodes as transducers were estimated in terms of how the
electrode size and impedance affect the bio-signal acquisition. Since the main
purpose of the HD-MEA is to record extracellular electrophysiological signals,
the primary aim was to understand the various signal sources. We initially
studied the properties of extracellular action potential (EAP) and local field potential (LFP) signals in cell cultures or in brain slice recordings. Before any
CMOS implementation, we conducted a feasibility studies to check on electrode
2
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types and requirements and on the respective electrode processing limitations.
Electrodes were routinely post-processed in-house on standard CMOS wafers.
Different electrode structures on a dummy silicon wafer were used to carry out,
detailed visual and electrical inspections were carried out and it was found that
13.5 µm electrode pitch would be the lower limit for good process yield. Thus,
the implemented electrode size/pitch in the HD-MEA system [Chapter 2] was
mainly determined by the in-house post-processing capabilities (vacuum contact
mask aligner, no projection capabilities). The aim to record LFP signals (low
spatial resolution) motivated us to also design and integrate pseudo-large electrodes in the array. Large-size electrodes are generally deemed better for LFP
signal recording [Chapter 5]. To obtain pseudo-large electrodes, several small
electrodes are connected locally by using in-pixel switches and then routed to a
single voltage-recording channel, which effectively increases the overall electrode
area and reduces the noise.
To investigate the noise of the electrode-electrolyte interface, electrodes with
different sizes were fabricated and the noise of each electrodes was measured.
Noise of a sensor with lower impedance (< MΩ) can be easily measured with an
amplifier (or instrument) with a low input-referred noise. But for metal electrodes
of less than 10 µm diameter, the impedance will be in the GΩ range, and the
input current noise from the amplifier will start to dominate. It was difficult to
implement amplifiers with such a low input current noise. Instead of measuring
the noise, the impedance of these small electrodes was measured, and the thermal
noise was estimated from the real-part of impedance values [Figure 5.12]. Noises
other than thermal noise, e.g., 1/f 2 behavior noise, was ignored at frequencies
above 10 Hz. The estimated noise results showed that electrode-size scaling
directly affects the thermal noise of the electrodes, and hence the SNR. After
Pt-black deposition, the LFP noise and EAP noise (inferred from the electrode
impedance) were below 6 μVrms and 8 μVrms , respectively for all electrode sizes
(1 μm2 - 104 μm2 ). Impedance reduction (e.g., through Pt-black deposition) was
of pivotal importance especially for recording high spatial resolution EAP axonal
signals (SNR > 5).
Signal attenuation caused by the ratio of electrode impedance (Zel ) to amplifier
input impedance (Za): Zel/Za is another adverse effect of the electrode size scaling. Closed-loop topologies used in classical neural amplifiers [Harrison et al.
(2003)] and in state-of-the-art HD-MEA’s [Ballini et al. (2014); Shahrokhi et al.
(2010)] feature a large input capacitance for AC-coupling and to attain high feedback gain. The input impedance of the respective amplifier topology is basically
the parallel combination of the AC-coupling-capacitor and the input transistor
gate capacitance, which entails a low input impedance. If there is no special
impedance-reduction technique for the electrode used, the low input impedance
causes a significant attenuation of the recorded signals [see also Chapter 5]. This
consideration motivated us to think about other topologies, so that we implemented an open-loop feedback amplifier in our HD-MEA [details in Chapter 3].
The input impedance of our voltage recording channels (both EAP and LFP)
3
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included the serial arrangement of the AC-coupling-capacitance and the gate capacitance (an order of magnitude lower than the AC-coupling-capacitance) of the
input transistors. The use of an open-loop topology substantially increased the
input-impedance of the channels and enabled us to use much smaller electrode
sizes. In the previous generations of the HD-MEAs, same amplifiers were tuned
to acquire both, LFP and EAP signals. Since the LFP band is from 1 Hz to 300
Hz, the noise of the amplifier is mainly dominated by the 1/f noise of the input
amplifiers, which requires large differential pairs to reduce the 1/f noise. On the
other hand, the AP signals are usually high-frequency signals (300 Hz to 1 kHz)
where the effect of flicker noise is low, so that we can design low-noise amplifiers
requiring smaller chip area. For the new system we decided to use dedicated and
optimized amplifiers for LFP and EAP signal acquisitions, and we integrated
2048 EAP channels for high spatial resolution signal acquisition (somatic and
axonal) and 32 dedicated channels for low spatial resolution LFP signal [details
in Chapter 2].
The main innovations in the HD-MEA project included the high-density electrode
array and the multi-functional measurement platform. The possibility to perform
different measurement/stimulation functions in parallel, and the fact that any of
the functional circuitry units can be connected to any arbitrary electrode on the
array via the switch matrix opens a path to complex experiments that target
multiple cellular parameters simultaneously. To integrate 59,760 electrodes into
the HD-MEA required 239,040 switches and a large number of routing wires.
Also, the parallel operation of many recording channels and other functional units
entailed considerable power consumption. Biological samples are very sensitive
to temperature, and even a rise of 2°C can be detrimental to neuronal cells.
Therefore, we have used a more modern technology (0.18 µm) compared to the
previous-generation HD-MEA (0.35 µm) [Ballini et al. (2014)]. As a result, the
new HD-MEA consumed almost the same power (approx. 80 mW) but featured
twice the electrode density (5487 el/mm2 as compared to 3265 el/mm2 ) and twice
the number of channels (2048 as compared to 1024) plus additional functional
circuit blocks (impedance measurement, neurotransmitter detection, etc.).
Electrochemical impedance spectroscopy (EIS) of suspended cells in a microfluidic setup is a well established technology [Zhu et al. (2015); Bürgel et al.
(2016); Haandbaek et al. (2016)], however, the integration of the respective circuits into a HD-MEA system and their implementation in CMOS was totally
new. A simultaneous monitoring of the impedance of multiple cells at high spatial resolution and high signal quality was desirable, which required a low-noise
impedance measurement system, that can perform multiple measurements in
parallel. One major challenge in realizing such a system was to integrate many
impedance measurement channels within a limited silicon area and with limited
power consumption while achieving low noise and a high dynamic range. State-ofthe-art impedance measurement systems either feature a very low noise level but
at the expenses of large silicon area per channel [Gozzini et al. (2009)], or multiple impedance readout channels realized on a comparably large chip [Manickam
4
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et al. (2010); Yang et al. (2009)]. Only a few papers reported on integrating
electrophysiology and impedance measurements on the same chip. In [Guo et al.
(2013a)], only electrode impedance measurements were shown, and [Chi et al.
(2015)] demonstrated 2D-impedance measurements of cardiac cells, but at relatively poor spatial resolution. We here used an analog lock-in
amplifier-based
P
topology with a delta-sigma analog-to-digital converter (∆ ADC) for achieving
a large dynamic range. Lock-in based instrumentation is a classical method for
high-precision impedance measurements, but it was the first time that such units
have been integrated into a multi-functional HD-MEA. The developed unit covered a large range of impedances and frequencies and provided sufficient spatial
resolution for impedance imaging of single cells [details in Chapter 4].

1.2

Scope and structure of the Thesis

The core of the dissertation builds upon four publications, which have been
included as four chapters:
1. In Vitro Multi-Functional Microelectrode Array Featuring 59760
Electrodes, 2048 Electrophysiology Channels, Stimulation, Impedance
Measurement and Neurotransmitter Detection Channels
Vijay Viswam§ , Jelena Dragas§ , Amir Shadmani§ , Yihui Chen§ , Raziyeh
Bounik, Alexander Stettler, Milos Radivojevic, Sydney Geissler, Marie
Obien, Jan Müller, Andreas Hierlemann.
§
Authors contributed equally.
IEEE International Solid-State Circuits Conference (ISSCC), 2016, San
Francisco, USA.
IEEE Journal of Solid-State Circuits, 2017.
2. 2048 Action Potential Recording Channels with 2.4 μVrms Noise
and Stimulation Artifact Suppression
Vijay Viswam, Yihui Chen, Amir Shadmani, Jelena Dragas, Raziyeh Bounik,
Radivojevic Milos, Jan Müller and Andreas Hierlemann
IEEE BioCAS, 2016, Shanghai, China.
3. CMOS Microelectrode Array System for High-density Impedance
Spectroscopy and Imaging of Biological Cells
VijayViswam , Raziyeh Bounik, Amir Shadmani, Jelena Dragas, Boos Julia
Alicia, Marie Obien, Jan Müller, Yihui Chen and Andreas Hierlemann
IEEE Sensors, 2016, Orlando, Florida, USA.
4. Effects of Electrode Sizes on Extracellular Recording of Neuronal
Cells
Vijay Viswam§ , Marie Obien§ , David Jäckel, Marco Ballini, Jan Muller,
Alexander Stettler, Urs Frey, Felix Franke and Andreas Hierlemann
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§

Authors contributed equally.
MicroTAS, San Antonio, 2014 TX, USA.
Chapter 2 of this thesis describes the design and implementation of multi-functional
CMOS high-density (HD) MEA system. The electrical characterization and
biological measurements of each functional block were reported and show the
performance of these units. The 3rd Chapter describes the circuit architecture
and design implementations of electrophysiological recording channels and the
“soft-reset” technique, which has been implemented to suppress the stimulation
artifacts by making use of pseudo-resistor structures. Chapter 4 describes the
impedance measurement units in detail and includes combined impedance spectroscopy and electrophysiology bio-measurements on the same platform. The
microelectrode and its properties (size, material, etc.) greatly influence the quality of the recorded signals in case of recording extracellular action potentials.
The 5th Chapter provides fundamental data to estimate the quality of recorded
signals with respect to the characteristics of the electrodes that are intended to
be used. Finally, a conclusion and outlook will be given in Chapter 6.

1.3

Author contributions

The presented work is the result of the collaborative effort of several people and
team work. People involved in the projects included:
Yihui Chen Voltage recording units (AP&LFP readout) design and implementation in the HD-MEA system, system integration. Support in circuit
design. Editing of scientific manuscripts.
Amir Shadmani Neurotransmitter detection unit design and implementation
of the stimulation unit in the HD-MEA system, HD-MEA test setup and
measurements.
Jelena Dragas Switch-matrix array design and implementation, functional and
physical integration of the HD-MEA at the system level.
Jan Müller Support in the characterization and data analysis of the HD-MEA
system.
Bounik Raziyeh Help with HD-MEA test setup, data acquisition, LabVIEW
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1.4

Major Results

CMOS
multi-functional
HDMEA. A multifunctional HD-MEA
was successfully designed and fabricated in a 0.18-µm CMOS process.
The system includes 59,760 electrodes
and six different types of functional
units: 2048 action-potential recording
units, 32 local-field-potential recording
units, 32 current-recording units, 32
impedance-measurement units, 28
neurotransmitter-detection units and
16 voltage/current stimulation units.
[Chapter 2].
High-speed HD-MEA measurement setup. To acquire the large data
volume (at 48 MHz) coming from the
multi-channel MEA chip, a new measurement setup was developed using an
NI PXIe-6544 high-speed DAQ card. A
LabVIEW program was developed to
process the data and to enable to conduct bio-measurements while combining various functional blocks. [Chapter
2, 4].
Electrophysiology recording channels using novel pseudo-resistors
and a “soft-reset” technique to
suppress stimulation artifacts.
2048 low-noise, low-offset, and lowpower
electrophysiology
channels
were integrated in the HD-MEA,
and in-vitro measurements have been
performed to verify their functionality.
The adjustability of pseudo
resistors has been exploited to realize
a “soft-reset” technique that suppresses
stimulation artifacts so that the amplifiers can recover from saturation
within 200 µs. [Chapter 3].
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Impedance spectroscopy units
based on lock-in amplifiers. 32
Lock-in amplifiers were designed and
integrated on the HD-MEA chip to
measure the impedance of any
arbitrarily chosen subset of electrodes
of the array. The circuitry consumes
only 412 µW per channel at 3.3 V
supply voltage and occupies only 0.1
mm2 per channel. [Chapter 4].
Impedance imaging and
electrophysiology of cardiac
tissues and brain slices on the
same platform. Simultaneous
electrical recordings and impedance
spectroscopic measurements by means
of the high-density microelectrode
array were used to study presence,
morphology, and electrophysiological
activity of cells in biological
preparations. [Chapter 4].
Effects of electrode size on
extracellular recordings. Electrode
performances for both,
local-field-potential and
extracellular-action-potential
recordings were characterized by
realizing multiple electrode sizes in
arrays with thousands of tightly
spaced electrodes. The findings can be
used to extract a guideline for
selecting electrode sizes for neural
probes or electrode arrays to serve a
specific bio-application. [Chapter 5].
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Abstract — Biological cells are characterized by highly complex phenomena
and processes that are, to a great extent, interdependent. To gain detailed insights, devices designed to study cellular phenomena need to enable tracking and
manipulation of multiple cell parameters in parallel; they have to provide high signal quality and high spatiotemporal resolution. To this end, we have developed a
CMOS-based microelectrode array system for in-vitro applications that integrates
six measurement and stimulation functions, the largest number to date. Moreover, the system features the largest active electrode array area to date (4.48×2.43
mm2 ) to accommodate 59,760 electrodes, while its power consumption, noise
characteristics, and spatial resolution (13.5 µm electrode pitch) are comparable
to the best state-of-the-art devices. The system includes: 2,048 action-potential
(AP, bandwidth: 300 Hz to 10 kHz) recording units, 32 local-field-potential (LFP,
bandwidth: 1 Hz to 300 Hz) recording units, 32 current recording units, 32
impedance measurement units, and 28 neurotransmitter detection units, in addition to the 16 dual-mode voltage-only or current/voltage-controlled stimulation
units. The electrode array architecture is based on a switch matrix, which allows
for connecting any measurement/stimulation unit to any electrode in the array
and for performing different measurement/stimulation functions in parallel.
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2.1

Introduction

Electrogenic cells, such as neuronal, cardiac, and pancreatic cells are capable
of generating and transmitting electrical signals. The flow of ions through the
cell membrane generates changes in electrical potentials that can be measured
using standard electronic circuitry. Apart from electrical signals, cells also use
chemical compounds for signaling, as it is the case in neuronal synapses (contacts
between neuronal cells). The chemicals that transmit signals across the synaptic cleft, so-called neurotransmitters, play a significant role in brain diseases,
such as schizophrenia, Alzheimer’s, and Parkinson’s disease [Uhlhaas & Singer
(2006)]; electrochemical methods, such as cyclic voltammetry are commonly used
to detect their presence [Roham et al. (2009); Nazari et al. (2013); Guo et al.
(2016a)]. To study cell network dynamics, a bidirectional interaction, which also
includes electrical stimulation of cells, is desired. To ensure precise and selective stimulation of individual neurons, characterization of the electrodes [Ross
et al. (2004)], the cell-electrode attachment, and the cell morphology [Chi et al.
(2015)] is first performed, typically by means of impedance spectroscopy [Buitenweg et al. (1998)]. This method can also be used for investigation of anisotropic
and inhomogeneous electrical conductivity of tissue and culture medium, labelfree detection of cancer [Chen et al. (2012)], [Elshafey et al. (2013)] and studies
of neurodegenerative diseases [Manickam et al. (2010)]. Simultaneous examination of electrical and chemical cell signaling noninvasively over extended periods
of time, performing targeted electrical stimulation, and tracking cellular movements or changes in the electrical interface via changes of impedance, will provide
valuable insights in the behavior of individual cells and cell ensembles and help
diagnose and treat different disorders.
Microelectrode arrays (MEAs) are well-established platforms for in vitro, extracellular investigation of electrogenic cells that feature multiple electrodes for parallel electrical recording and stimulation [Thomas et al. (1972); Fromherz (2002);
Morefield et al. (2000); Gross et al. (1995); Uhlhaas & Singer (2006); Stett et al.
(2003); a.M. Litke et al. (2004); Frey et al. (2010); Eversmann et al. (2011);
Berdondini et al. (2009); Bertotti et al. (2014); Ballini et al. (2014)]. They are
widely used for investigations of cell cultures and cell tissues, such as organotypic
brain slices and retinae [Gross et al. (1995); Uhlhaas & Singer (2006); Stett et al.
(2003)]. Various MEA systems have been developed to date, featuring different
substrates, numbers of electrodes, and electrode pitches [Obien et al. (2015)].
Owing to the small feature size of CMOS technology, recent CMOS-based MEA
systems comprise thousands of electrodes at pitches of tens of µm, down to a
few µm [Frey et al. (2010); Eversmann et al. (2011); Berdondini et al. (2009);
Bertotti et al. (2014); Ballini et al. (2014)], which is crucial to obtain detailed
insights into cellular and sub-cellular phenomena [Gray et al. (1995)]. The two
most common CMOS-MEA architectures base either on the in-pixel front-end
amplifiers [Eversmann et al. (2011); Berdondini et al. (2009); Bertotti et al.
(2014)], or on the switch matrix [Frey et al. (2010)], [Ballini et al. (2014)],
13
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Figure 2.1: Illustration of the multi-functional, switch-matrix-based HD-MEA system
featuring action potential (AP) readout, local field potential (LFP) readout, current
readout (CR), impedance measurement (IM), neurotransmitter detection (NTD) and
stimulation (ST) channels.

where the amplifiers reside outside of the electrode array and are connected to
the electrodes via a programmable matrix of switches. Both approaches have
been detailed and compared in [Obien et al. (2015)].
Contemporary MEAs feature up to three different types of measurement/stimulation
functions. The HD-MEAs in [Frey et al. (2010); Eversmann et al. (2011);
Berdondini et al. (2009); Bertotti et al. (2014); Ballini et al. (2014)] feature
only voltage recording and/or voltage/current stimulation; they are limited either in the noise performance [Eversmann et al. (2011); Berdondini et al. (2009);
Bertotti et al. (2014)], spatial resolution [Berdondini et al. (2009)], or number of
readout channels [Frey et al. (2010); Eversmann et al. (2011); Berdondini et al.
(2009); Bertotti et al. (2014); Ballini et al. (2014)]. The systems in [Roham
et al. (2009); Nazari et al. (2013); Guo et al. (2016a)], [Chi et al. (2015)]
feature a combination of neurotransmitter, impedance and/or electrophysiology
measurement functions, however, they have a very low number of channels, low
spatial resolution and no stimulation capabilities.
In this paper, we present a high-density MEA system that allows performing multiple measurement/stimulation functions in parallel (Fig. 4.1). The implemented
switch-matrix approach [Frey et al. (2010)], [Ballini et al. (2014)] allows connecting any electrode to any of the measurement/stimulation channels. Moreover,
the system significantly advances some of the characteristic MEA features.
The paper is organized as follows. The system architecture, its functional units,
and their integration into a single system are described in Section 2.2, 2.3,
and 2.4, the electrical and biological measurements are described in Sections 2.5
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and 2.6, while Section 2.7 gives a detailed comparison to the state-of-the-art and
concludes the paper.

2.2

System Architecture

A list of the different functional units integrated in the system as well as of
the respective design requirements is given in Table 2.1. The number of measurement/stimulation channels is limited by the chip area and overall power
consumption. The processes of neuronal cells can extend over a few hundred µm
(Purkinje neurons) and more, hence, to explore functional connections in fairly
distant regions of tissue slices (mm distance), we have opted for at least 4×2
mm2 of active electrode array area. The data sampling frequency of 20 kS/s has
been chosen based on the frequency range of extracellular signals of different
cells, including neuronal action potentials (APs), 300 Hz-10 kHz, neuronal local
field potentials (LFPs), 1 Hz-300 Hz, and cardiac APs, 1 Hz-1 kHz. To prevent
cells heating by more than 2°C, the targeted power consumption was below 100
mW.
The block diagram of the overall system is depicted in Fig. 2.2. The details on
each of the functional units are given in the next section, with the exception of the
current recording unit, which will not be covered here due to space limitations.

2.3
2.3.1

Functional Units
Electrode Array

The electrode array features 59,760 microelectrodes (3.0×7.5 µm2 ), distributed
over 332×180 pixels, at a 13.5 µm pitch (5,487 electrodes/mm2 ), covering an area
of 4.48×2.43 mm2 . The electrode array was organized in pixels (Fig. 4.4), and
the underlying electrode routing was switch-matrix-based [Frey et al. (2010)],
[Ballini et al. (2014)]. Each pixel contained four transmission gates with approximately 600 Ω on-resistance, and three SRAM cells. The SRAM cells were
used to set the state of three switches (SW0-SW2) that connected either the
electrode to a signal wire or pairs of wires. The fourth switch (SW3) was used to
connect the electrode to a stimulation unit using a low-impedance routing path,
which contained only two switches. The largest electrode block providing maximum spatial resolution consisted of 45×45 electrodes or pixels (607.5×607.5 µm2 ,
2025 pixels), containing four times more pixels and covering twice the area of the
largest HD block in [Ballini et al. (2014)]. The more advanced features of this
15
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Function Application
Spatial
Signal Level
Signal
Noise &
No. of
Resolution
Frequency
Linearity
Channels
AP
Electrical: AP
SubNeuronal AP: <1 mV Neuronal AP:
<5 µVRMS c Thousands
Readout
recording
cellulara, b
300 Hz-6 kHz
LFP
Electrical: LFP
Few hundred Neuronal LFP: <5
Neuronal LFP: <10 µVRMS Few tens
Readout
recording
µmd
mV.
˜1 Hz - 300 Hz,
Cardiac/ pancreatic
Cardiac AP:
AP/LFP: tens of mV ˜1Hz-1 kHz
NeuroElectrochem:
Sub-cellular/
nA - µA
˜10 kHz for
<0.5 nARMS Few tens
transmitter Neurotransmitter
cellulara
FSCV
Detection detection
Impedance Electrical/
Sub-cellulara
10 kΩ-10 GΩ
1 Hz-1 MHz
<1.0 pARMS Few tens
Meas.
Electrochem:
Cell-electr. interface
characterization
Stimulation Electrical: Evoking
Sub-cellulara
Voltage: ±1.3 V
10 kHz – 100
>9 bit
Few tens
activity by applying
Current: ±30 µA
kHz for single
linearity
voltage/ current pulse
/±300 µAe
electrode
Current
Electrical: AP
Sub-cellulara
˜pA
<100 fARMS Few tens
Readout
recording
a
diameters: few µm to few tens of µm.
Cell
b
To closely approach axons (weak signals, ˜20 µV, [Müller et al. (2015)]) and track cellular morphological changes (e.g.,
axonal initial segment [Grubb & Burrone (2010)]).
c
Level comparable to neuronal background activity and electrode noise (e.g., ˜80 at 1 kHz, for Pt electrodes of 25 µm
diameter [Guo et al. (2012)]). To reveal weak axonal signals [Müller et al. (2015)].
d
LFPs spread up to 2-3 mm, measured in vivo in [Juergens et al. (1999)], [Mitzdorf (1987)]
[Wagenaar et al. (2004)], [Zimmermann & Jackson (2014)]
e

Table 2.1: Overview of design requirements for different measurement/stimulation units

16

Address Decoder

System BUS

Ref. El.

Shift Registers

Control

V-Stim

Voltage
Limiter

Waveform
Generator

VREF

DAC 0-2

DAC 3,4

х2

16

Analog Switch Matrix
II-CC

32

28

VREF

2048
2 stage
nd

х8
SC

3rd stage

SAR
A/D

Control

I

I/Q Buffers

TIA

Q

4 х Lock-In Amplifiers

Control

ƩΔ
ADC

ΔƩ
A/D

x2

Impedance Measurement х8

Cyclic
Voltammetry

Gm Vmid

х7

Neurotransmitter Detection х4

1 stage
st

AP Readout

MUX

64

х8

Figure 2.2: Block diagram of the multi-functional MEA system.

I/Q Signals

х8

Stimulation Buffers

Ref. El.

System BUS

Regs
Regs

SAR
A/D

Control

48MHz
Data
Data
Receiver
Sync
Addr.
SPI
Bus Master
Control
Addr
Array Config
Rst
Transmitter

Digital Controller CLK

Power, Vref., IBias

Probe Buffers
Temp. Sensor

х32

х32
LFP & Current
Readout

SC

4th stage

MUX
System BUS

System BUS
System BUS

System BUS
System BUS

59,760-Electrode Array

Chapter 2. CMOS Multi-Functional Microelectrode Array

17

BL[2..0]

BL[2..0]

2.3. Functional Units

sigH [15..0]
WL

SW3

sigH/V[m]

direct stim.
sigV[11..0]

0/1

stim.sram

BL[2..0]

BL[2..0]

sigH[q]

sigH/V[n]
SW2

sigV[r]

0/1

SW1

0/1

SW0

sigH/V[p] Electrode

Figure 2.3: Block diagram of an array pixel. Switch SW0 connects the electrode
to either a horizontal (sigH) or a vertical (sigV) wire. SW1 connects two intersecting
wires, SW2 connects a pair of parallel wires. m, n, p, q ∈ [0,15], r ∈ [0,11].

switch matrix came from the more advanced CMOS technology used (0.18 µm,
instead of 0.35 µm), and from the particular switch arrangement implemented.
The arrangement of the switches in the electrode array achieved a maximal
routing flexibility, so that any electrode could be connected to any measurement/stimulation channel. Additionally, different electrodes can be simultaneously routed to different measurement/stimulation units, which enables conducting complex experiments, targeting different cell features in parallel. The array
switch pattern also allows for locally connecting multiple electrodes (e.g., 4, 9,
or 16 electrodes) to obtain a sensing area of rectangular shape and arbitrary
size. These pseudo-large electrodes enable charge integration over a large area,
which can be used in recording LFPs and may prove beneficial in neurotransmitter detection. The physical layout of the array was generated using a custom
C++ application that described the switch matrix as a mathematical graph. An
electrode routing configuration is generated by means of Integer Linear Programming, where the routing is mapped into a max-flow, min-cost problem, similar
to [Frey et al. (2010)], [Ballini et al. (2014)]. The reconfiguration of the entire
array takes up to 4.5 ms.

2.3.2

Voltage Recording Channels

2048 AP recording channels were organized in 32 recording blocks (Fig. 4.6(a)).
Each block consisted of 64 AP channels, including 64 continuous-time (CT) first18
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stage and second-stage amplifiers, 8 switched-capacitor (SC) third-stage amplifiers, one SC fourth-stage amplifier, and one successive-approximation-register
(SAR) ADC. Inside each block, bias circuitry and digital control logic were
shared among 16/64 channels. Weak extracellular signals were amplified by the
four amplification stages, with a programmable gain from 29 to 77 dB (steps of
6 dB), after which they were sampled at 20 kS/s and digitized by the 10-bit 1.28
MS/s SAR ADC. To suppress interferences from power supplies and substrate,
the whole signal chain of the AP recording channel featured fully differential
structure.
As the noise performance of the signal chain was mostly determined by the
first stage, about half of the total recording channel power (˜8.6 µW) was allocated to this stage to achieve a low noise level. To further reduce the noise,
a resistively loaded open-loop amplifier topology has been adopted [Guo et al.
(2012)], [Viswam et al. (2016b)], [Viswam et al. (2016a)] (Fig. 4.6(b)). Traditional CMOS neural amplifiers employ closed-loop topologies with high-gain
OTAs [Gosselin & Benoit (2011)], which use PMOS input differential pairs and
NMOS active loads. NMOS transistors normally have a much higher flicker noise
level than PMOS transistors, and, thus, add substantial noise in the AP band.
In contrast, the resistive loads do not generate flicker noise and contribute less
thermal noise, if the voltage drop across the two types of loads is equal. Therefore, the proposed open-loop topology achieved a lower noise level (<3 µVRMS )
than traditional topologies with similar power consumption. However, one drawback of this topology is that its gain can vary significantly due to process and
temperature (PT) variations. To keep such variations low, a constant-gm biasing
circuit was used to generate the tail current of the amplifier A1 (Fig. 4.6(b)). By
matching the PMOS transistors (M1 , M2 and M4 ) and the resistors (RL1 , RL2
and RB1 ) in both A1 and the biasing circuit, a uniform gain was achieved.
The second stage (Fig. 4.6(a)) employed a closed-loop structure, which provided
an accurate gain of AV 2 = C2 ⁄C3 (programmed by tuning C2 ) and could handle
a large swing. Owing to the relaxed noise requirements, the gm of its input transistors was reduced to cut power consumption, and thus less load capacitance
was required to realize the anti-aliasing filtering. The load capacitor, C4 , can
be tuned to set the low-pass corner frequency to around 6 kHz. In addition to
achieving low noise, the two CT stages had to remove low-frequency (<1 Hz)
electrode potential drifts and control their offsets to avoid saturating succeeding
amplifiers in large-gain configurations. Therefore, a high-pass filter (HPF, C1
and RPR1 ) has been implemented in front of the first stage to remove the electrode potential drifts, and the HPF (C3 and RPR2 ) in the second stage to null
the first-stage offset. Due to the DC feedback through RPR2 , the offset of the
amplifier A2 was divided by AV2 when referred to the input of the second stage,
and further divided by the first-stage gain when referred to the electrode. Both
HPFs had to have very low corner frequencies (fHPF < 10 Hz) to avoid filtering
out AP signals and adding excessive noise into the AP band. Nonetheless, C1
and C2 had to be around a few pF due to area constraints, and, thus, RPR1 and
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Figure 2.4: AP recording channels. (a) Block diagram of the 2048 AP recording
channels. (b) Open-loop amplifier (A1) used in the first stage and its constant-gm bias
circuit. (c) Two types of pseudo-resistors and their bias circuits. (d) MOSFET-only
R-2R current DAC for tuning high-pass corner frequencies.
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RPR2 had to be in the TΩ range. Such large resistances are usually realized with
so-called “pseudo-resistors”, i.e., MOS transistors biased in the weak inversion
region. However, in conventional structures, the transistor gates are biased with
fixed voltages, so that the threshold voltage (VT ) may significantly vary due to
PT variations, which yields a large spread in resistances. To guarantee a good
uniformity of fHPF , two pseudo-resistor structures have been devised, [Viswam
et al. (2016b,a), Gosselin & Benoit (2011)] (Fig. 4.6(c)). RPR1 consisted of a
PMOS (M1 ) and an NMOS (M2 ) transistor connected like a transmission gate.
Their gates were biased by a PMOS and an NMOS current mirror, respectively.
Hence, the first-order dependence of their overdrive voltages (VOV ) on VT has
been cancelled. For RPR2 a similar structure as in [Tajalli & Leblebici (2010)]
was adopted, which consists of two NMOS transistors (M3 and M4 ) connected
in series. Here, an NMOS-only level shifter (M5 , M6 , and M7 ) was used to bias
the gates of M3 and M4 , instead of a PMOS level shifter in [Tajalli & Leblebici
(2010)], to obtain a better process tracking. VOV3 was approximately equal to
(VOV6 +VOV7 -VOV5 )+(VT6 +VT7 -VT5 -VT3 ), and had a weak dependence on VT .
Thus, resistance variations of both RPR1 and RPR2 were substantially smaller
than those of the conventional structures. In addition, both RPR1 and RPR2 were
designed symmetrically around their common-mode voltages, which entailed a
good linearity. Furthermore, the two resistances were inversely proportional to
the bias currents (IB1 ˜IB4 ), which can be tuned to adjust fHPF for compensating
PT variations and to accommodate different experimental scenarios. This adjustability was realized by using two 7-bit current DACs (shared by 16 channels,
Fig. 4.6(d)) for two stages. The DACs relied on the current-division principle of
MOS transistors and were realized using a compact MOSFET-only R-2R ladder
structure [Hammerschmied & Qiuting Huang (1998)].
To reduce area and power consumed by the last two stages and the ADCs, 8-to-1
multiplexing has been realized in front of both stages. To ease the implementation
of multiplexing and handle large signal swings, the SC topology has been chosen.
With a large gain (˜47 dB) provided by the two CT stages, the sampling noise
of the two SC amplifiers is negligible when referred to the electrode. However,
when the CT output of the second-stage amplifier, VO2 i , was connected to an
input capacitor of the SC third stage (e.g., C1 i in Fig. 4.7(a)), got disturbed
and could not settle to a 10-bit accuracy within the tracking phase (˜47 μs), as
the second-stage bandwidth was limited to around 6 kHz. To solve this issue
a CT buffer could have been added after each second-stage amplifier, but this
would have entailed additional power consumption. In this work, a pre-charging
amplifier, APre , was connected to at the beginning of the tracking phase and
drove C1 i (Fig. 4.7(a)). Thus, was disturbed only by a small capacitor (input
capacitance of APre << C1 i ). At the end of pre-charging, the voltage of C1 i was
already quite close to (Fig. 4.7(b)), so that could settle to the required accuracy
in the remaining tracking phase. As APre was shared among 8 channels, the
power overhead was negligible.
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Figure 2.5: The pre-charging technique. (a) Schematic of a portion of the SC
third-stage amplifier, drawn as single-ended circuit for brevity. (b) A sketch of Vo2 i
with/without using the pre-charging technique.

The LFP and AP channels shared a similar topology. The 32 LFP channels
have been divided into 4 blocks, each containing 8 CT first- and second-stage
amplifiers, one SC third-stage amplifier, and one SAR ADC. The two CT stages
featured the same topologies as the AP channels, with high-pass corner frequencies lower than 1 Hz. The third stage and the ADC were the same as those in
the AP channels with a reduced clock rate.

2.3.3

Neurotransmitter Detection Channels

The neurotransmitter detection (NTD) circuit is based on the fast-scan cyclic
voltammetry (FSCV) technique, [Bucher & Wightman (2015); Kang et al.
(2012); Borland & Michael (2007); Bard & Faulkner (2001); Robinson et al.
(2008)]. This technique relies on applying a triangular-shape voltage signal with
gradients of more than 100 V/s between a working and a reference electrode,
and measuring the resulting current flowing through the working electrode. The
trace of the measured current versus the applied voltage, i.e., cyclic voltammogram (CV), provides information about the electrochemical properties of the
analytes in the cell medium. In this realization, the reference electrode potential
was kept constant while the working electrode potential was swept to minimize
disturbances to the other measurement units on the chip.
The NTD channels were grouped into 4 blocks, each block consisting of 7 transimpedance amplifiers (TIAs), which were designed to copy the CV scan voltage
to the electrode and measure the electrode current. To maintain the timing
information, the scan voltage and the 7 current signals were multiplexed and
then sampled at 20 kS/s by a 10-bit SAR ADC.
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Two novel TIA circuit topologies were developed: TIAA was designed to record
from large electrodes, and TIAB , which featured low noise levels, was tailored to
record from small electrodes. Both topologies could scan the working electrode
potential within a 2 V window and record currents on the order of µA, at a 10-bit
resolution (Fig. 2.6). TIAA included a local common-mode feedback (LCMFB)
OTA, configured in a unity-gain feedback to buffer the input scan voltage, and
a resistive TIA. The cascode transistors in the current mirror ensured that the
mirrored current closely followed the electrode current (Iel ), irrespective of the
voltage difference between the electrode and VMID . The TIAA output voltage
(Vout ) was equal to ,where could be configured as 1 MΩ or 3 MΩ. The OTA
inside the TIAA had its dominant pole at the output stage and remained stable
even for very large capacitances of the aforementioned pseudo-large electrodes,
and rendered slow-rate CV applications possible.
TIAB was composed of a two-stage Miller-compensated opamp (A1 ) and a Gm
cell. This topology resembled a resistive TIA, but the feedback resistor was
replaced with a linear Gm cell. The Gm cell eliminated the feedforward path
passing through the feedback resistor and thus prevented the scan voltage appearing at the output. The linearity of the Gm cells (Fig. 2.6) was significantly
improved by avoiding the body effect of M1 and M2 , and keeping VGS1 and VGS2
constant by a local feedback around M1 , M3 and M2 , M4 , [Maloberti (2007)].
Therefore, the input differential voltage was almost entirely applied across R1
and converted to a current. This current flowed through M3 and M4 and then
got mirrored to the output branch. The cascode transistors at the output branch
reduced the output current variation due to the scan voltage. The output current
of the Gm cell can be calculated as:
iout = 2

R2
2
R2
(W/L)5 1


vout =

vout ,
W
( /L)3 RG R1 + R2
RG R1 + R2

where (W/L)5 was equal to (W/L)3 for this design. Since the input impedance of
A1 was very high, had to exactly match the electrode current. Consequently, the
2
transimpedance of TIAB , RTIA , can be calculated as RT IA = viout
= R2G  R1R+R
,
2
in
which can be tuned according to the experimental conditions.

2.3.4

Impedance Measurement Channels

The main challenge in integrating many impedance measurement (IM) channels
with limited silicon area is to achieve simultaneously low noise level, high dynamic
range, and low power consumption. The state-of-the-art IM systems typically
trade off large area per channel and power for low noise [Gozzini et al. (2009)].
Most systems feature exclusively IM channels [Manickam et al. (2010)], and only
few systems combine both electrophysiology and IM [Guo et al. (2013a)], [Chi
et al. (2015)]. While [Guo et al. (2013a)] reports electrode IM only, [Chi et al.
(2015)] reports IM of cardiac cells, however, with a poor spatial resolution.
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Figure 2.6: Block diagram of the neurotransmitter detection channel and schematics
of TIAA , TIAB , and the Gm-cell
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To run IM in real time, a waveform generator with a programmable frequency
(1 Hz-1 MHz) and amplitude (set by a 10-bit DAC) was integrated on chip
(Fig. 2.7). The generated sinusoidal voltage (VStim ) was applied between the
reference electrode and the selected working electrodes. The resulting current
signal from each working electrode (Iel = VStim/Zel ) was converted into a voltage, and the impedance magnitude and phase were reconstructed with a lock-in
amplifier, realized by a low-noise TIA and two quadrature phase mixers, followed by a low-pass filter (LPF). The implemented TIA can be programmed
with either resistive feedback for measuring large electrodes (impedance < 100
MΩ) or capacitive feedback for measuring electrodes smaller than 10 µm diameter (impedance > 100 MΩ). For the capacitive feedback TIA, a periodic reset
[Crescentini et al. (2014b)] was used to avoid the amplifier going to saturation
and keep the electrode potential at the reference voltage, VREF . To mitigate the
drift of the electrode-electrolyte interface capacitor Ce , and the amplifier offset,
the TIA circuitry included an auto zeroing (AZ) function. The amplifier offset
was first stored in CAZ (200 fF) during the reset phase, so that during the measurement phase the voltage stored in CAZ canceled the offset and low-frequency
drift from the electrode (Fig. 2.7). The TIA’s output signal was mixed with the
in- and quadrature-phase (I/Q) signals, which were generated by the waveform
generator and phase-locked with to produce I/Q demodulated impedance signals.
A double-balanced passive mixer architecture was selected, since passive mixers
normally show higher linearity and negligible 1/f noise compared to their active
counterparts [Zhou & Chang (2005)]. An active differential LPF was used to
filter out higher order harmonics and intermodulation products before the A/D
conversion. The LPF can be bypassed or its gain set to 1 or 5 by tuning the
feedback resistor. The cut-off frequency of the LPF was set to16 kHz, which was
about 1/46 of the sampling frequency of the ΔΣ ADC. The I/Q output of the lockin amplifier was digitized by the incremental single-bit SC ΔΣ ADC, consisting
of an on-chip ΔΣ modulator and an off-chip decimation filter. To handle large
input signal swing, while relaxing the slewing requirements of the integrators, an
input feed-forward (CIFF) topology was employed [Quiquempoix et al. (2006)].
Setting the sampling frequency to 750 kHz relaxed the anti-aliasing requirement,
and the oversampling ratio was high enough to guarantee a resolution of 14 bits
and a temporal resolution of 10 ms upon using proper filtering [Gozzini et al.
(2009)]. To reduce KT/C noise, a large sampling capacitor (1.6 pF) was used.
The flicker noise and the offset contributed by the first-stage integrator opamp
were suppressed by the AZ technique [Wu et al. (2012)].

2.3.5

Stimulation Channels

16 stimulation buffers were integrated on the chip, grouped into two blocks of
eight. Additionally, each block contained three DACs for producing the stimulation waveforms and two DACs for setting the limiting voltages, all five DACs
shared by the eight stimulation buffers. Each buffer can be configured as voltage25
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Figure 2.7: Schematic of the lock-in-amplifier-based impedance measurement channel.

only or current/voltage-controlled buffer. Most reported stimulation buffers provide either voltage- or current-controlled stimulation pulses [Joucla & Yvert
(n.d.)]. Here, the current/voltage-controlled buffers can simultaneously control
both the output current and the output voltage. Current-controlled stimulation
is desirable for precise charge delivery, independent of the electrode impedance,
whereas controlling the stimulation voltage is needed to avoid tissue damage upon
exceeding safe stimulation range. Fig. 2.8 shows the schematic of the stimulation
buffer configured in the current/voltage-controlled mode. The core of this circuit
is a positive current conveyor of type II (CCII+), an improved version of [Livi
et al. (2010)], which converts DAC voltages into electrode currents. The default
current range can be increased by closing S1 and S2 , which increases the gain
of the current mirror in the output stage from 1.0 A/A to about 11.0 A/A. RIN
had a value of 50 kΩ, therefore ±1.5 V DAC signal produced ±30 µA in the
low-current mode and ±330 µA in the high-current mode. The voltage controllability was realized by OTAUP and OTADN , which turned off either the positive
or the negative output current, when the output voltage reached the predefined
values of VUP or VDN , respectively. For the voltage-only controlled stimulation,
OTAVolBuf was configured in the unity-gain feedback and directly connected to
the output. OTAVolBuf used the LCMFB technique as well, and had the dominant
pole located at the output node, suited to drive the mainly capacitive electrodes.

2.4
2.4.1

System Integration
Digital Control

A 48 MHz-SPI interface was used to stream the configuration data to the chip, followed by an on-chip cyclic redundancy check (CRC). The measurement/stimulation
units and the electrode array were grouped into 26 independently addressable
blocks that were interfaced by the on-chip controller using an addressing scheme.
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Figure 2.8: Schematic of the current/voltage-controlled stimulation buffer.

As the chip extended over 12.0×8.9 mm2 , to guaranty the settling times of the 10bit-word data generated by the different measurement blocks, the system Read
Data Bus was divided into two busses, both running at 24 MHz. The data from
the busses were fetched by the controller in an alternating manner at 48 MHz and
sent off chip. The order in which the data generated by the measurement units
were allocated on the two data busses was defined by the Bus Master module of
the digital controller. To avoid data collision, an OR-tree was inserted between
the busses and the measurement units. The chip output data was organized in
packages, aligned with the sampling cycles, each featuring 2400 10-bit words,
ending with a 20-bit CRC checksum.

2.4.2

Chip Layout and Fabrication

The chip was fabricated in a 0.18 µm CMOS technology (1P6M) and has a
size of 12.0×8.9 mm2 . The platinum electrodes were post-processed at wafer
level by means of ion beam deposition and etching. In the same step, two Ptresistors used as on-chip temperature sensors were fabricated and implemented
in 4-terminal sensing configurations. A multilayer SiO2/Si3N4 passivation stack
was deposited by plasma-enhanced chemical vapor deposition (PECVD), on the
one hand, to protect the CMOS circuits against the saline solution that was used
as cell culture medium, and, on the other hand, to prevent the release of toxic
aluminum and copper from the CMOS metal layers into the cell culture. Openings in the passivation, defining the electrode areas and wire bonding contacts,
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Figure 2.9: (a) Chip micrograph; the die size is 12.0×8.9 mm2 . (b) Bio-compatible
chip packaging and PCB. (c) SEM image of the chip surface, showing in-house postprocessed Pt-electrodes and dissociated primary rat cortical neurons, cultured on top.

were fabricated in a reactive-ion etching (RIE) step. A shifted-electrode layout
[Heer (2005)] was employed to ensure a tight seal between the electrodes in the
liquid phase and the CMOS metal layers and circuitry in the chip. Fig. 4.8 shows
the micrograph of the chip, bio-compatible chip packaging, and a SEM image of
the post-processed array surface with rat cortical neurons.

2.5
2.5.1

Electrical Characterization
Voltage Recording Channels

The integrated input-referred noise of an AP recoding channel, including the
ADC, was 2.4 µVRMS in the AP band (300 Hz−10 kHz), and 5.4 µVRMS over the
full band (1 Hz−10 kHz) (Fig. 4.9(a)). The noise of an LFP recording channel was
3.6 µVRMS in the LFP band (1 Hz−300 Hz), and 4.3 µVRMS over the full band (1
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Figure 2.10: (a) Noise power spectral density of the AP recording channel including
the ADC. (b) Input-referred offset distribution of the 2048 AP channels. (c) Gain
distribution of the 2048 AP channels. (d) The first- and second-stage HPF corner
frequency (fHPF ) tuned by the current DAC. (e) Transfer function of 2048 AP channels
and fHPF distribution.

Hz−10 kHz). The measured maximum input-referred offset ranged from -110 μV
to 70 μV, which was achieved without dedicated offset compensation/calibration
circuitry [Viswam et al. (2016b)], [Viswam et al. (2016a)] (Fig. 4.9(b)). The
measured maximum gain of the recording channel was 76.4 dB. An excellent
gain uniformity of = 0.14 dB (Fig. 4.9(c)) was measured by applying a common
sinusoidal signal to all inputs. The two tuning curves of the first and second stage
HPF corner frequency (fHPF ) are illustrated in Fig. 4.9(d). Fig. 4.9(e) shows the
overall transfer function of all 2048 AP recording channels. The histogram inset
demonstrates a good uniformity of fHPF (σv = 0.97 Hz), which indicates a good
matching of the pseudo resistors across all channels. Moreover, the SAR ADC
achieved an SNDR of 56.2 dB at a sampling rate of 1.28 MS/s and with an input
signal frequency of 1.1 kHz. Finally, the measured power consumption of each
AP channel was around 16 µW.

2.5.2

Neurotransmitter Detection Channels

The area per neurotransmitter channel was 0.04 mm2 (TIAA ) and 0.047 mm2
(TIAB ), whereas the power consumption amounted to 222 µW (TIAA ) and 178
µW (TIAB ). The integrated input-referred noise of TIAA and TIAB , including the multiplexer and the ADC, was 200 pArms and 120 pArms , respectively
(Fig. 4.11(a)). The gain distribution is depicted in Fig. 4.11(b). In Fig. 4.11(c),
FSCV at 300 V/s using the TIAB was conducted to measure 4 different concen29
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Figure 2.11: (a) Noise power spectral density of TIAA and TIAB including multiplexer and ADC. (b) Gain distribution across three chips. (c) Recorded FSCV results
for concentrations of 200 µM, 300 µM, 400 µM and 500 µM dopamine in 0.1 M PBS.
TIAB connected to a single electrode has been used. Each of the curves is an average
over 98 scans applied within 1 s.

trations of dopamine (DA) in phosphate-buffered saline (PBS, a saline which has
similar electrical properties as physiological solution).

2.5.3

Impedance Measurement Channels

The integrated input-referred noise (1 Hz-100 kHz) of the TIA with a 10 MΩ
feedback resistor was 6.4 pARMS (Fig. 4.12(a)). The area and power consumption of the impedance measurement channel amounted to 0.1 mm2 and 412 μW,
respectively, whereas the waveform generator occupies an area of 0.012 mm2
and consumes 1.1 mW at 3.3 V supply voltage for driving a load of 10 nF at
1 MHz frequency. Pt-electrode-electrolyte interface was characterized in PBS,
in a frequency range between 1 Hz and 1 MHz (Fig. 4.12(b)). The same measurement was repeated after Pt-black electroplating, which was done by driving
the current from an external Pt electrode (immersed into the Pt working solution) to the array electrodes, which were shorted to the chip’s probe pad (current
sink). As expected, in the frequency range from 10 Hz to 10 kHz the impedance
showed a 1/f roll-off behavior, which evidenced the dominance of the doublelayer capacitance. The predominantly capacitive behavior was also indicated by
the phase angle, which ranged between 60-80 degrees. At frequencies over 10
kHz, spreading resistance started dominating the impedance, as the phase angle
moved towards zero [Heer (2005)]. The effect of Pt-black deposition was 30-40
fold reduction of impedance magnitude.
30

Chapter 2. CMOS Multi-Functional Microelectrode Array

Noise PSD of TIA

Electrode-electolyte interface impedance
Bright Pt electr.
Pt-black electr.

Magnitude [Ω]

10 10
10 8

10

0

10 6
10 4

10-1

10

100

Phase [°]

Input-referred Noise [ pA/ Hz ]

101

-2

0

10

2

4

10

10

6

10

Bright Pt electr.
Pt-black electr.

0

-100
-200

10

-3

10 0

10 1

10 2

10 3

Frequency [Hz]

10 4

105

-300

(a)

0

10

2

4

10

10

Frequency [Hz]

6

10

(b)

Figure 2.12: (a) Noise power spectral density of the TIA with Rf =10 MΩ. (b)
Magnitude and phase of the bright Pt and Pt-black electrode impedance in a frequency
range between 1 Hz and 1 MHz, averaged over six and eight electrodes for bright Pt
and Pt-black, respectively.

2.5.4

Stimulation Channels

The area of a stimulation channel was 0.046 mm2 . The power consumption was
measured to be 251 µW and 306 µW per current/voltage-controlled stimulation
buffer in the low- and high-current mode, respectively. Fig. 2.13 shows generated
current/voltage-controlled pulses using the on-chip stimulation buffers with a
load of 610 pF. The output current was switched off when the output voltage
reached the predefined limits, in this case 2.65 V for VUP and 1.65 V for VDN . A
±1 V DAC signal resulted in ±20 µA output current for the low-current mode
and a ±0.55 V DAC signal resulted in ±100 µA output current for the highcurrent mode (Fig. 2.13(a) and (b)). The linearity of the circuit was measured
by running a DC sweep, which evidenced a 10-bit linearity for the low-current
mode in the range of ±30 µA and a 9-bit linearity for the high-current mode in
the range of ±300 µA. The linearity of the voltage-only controlled stimulation,
was measured to be 10-bit in the range of ±1.45 V.

2.6

Biological Measurement Results

The presented HD-MEA system was verified in in-vitro measurements. Fig. 4.13(a)
depicts average spike amplitudes of dissociated rat cortical neurons (Wistar)
recorded by an HD 45×45 pixel electrode block connected to 2025 AP channels.
A close-up of the spatial distribution of average AP waveforms, which most likely
belong to a single neuron, is plotted in Fig. 4.13(b). Fig. 4.13(c) depicts the aver31
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Figure 2.13: Voltage (black-green dotted line) and current (red bold line) waveforms,
generated by the stimulation buffer operated in current/voltage-controlled mode and
connected to a 610 pF external load. The blue dashed line indicates the input waveform. (a) Low-current mode configuration, (b) High-current mode configuration.

age activity in a mouse cerebellar slice (C57Bl6J), recorded over the entire array
by using a sparse electrode configuration (2000 AP channels, in a honey-comb
configuration with an average of ∼5.5 pixel spacing between the recording electrodes). Fig. 4.13(d) shows a superposition of the recorded electrical activity
map with a microscopy image of the cerebellar slice. The large number of AP
channels featured on the chip enabled a quick overview of the tissue activity
by using a single, sparse electrode configuration, which revealed the locations of
the electrically active Purkinje neurons [Gray (1918)]. Stimulus–evoked average
activity of dissociated rat cortical neurons, triggered by a biphasic voltage pulse
of 300 mV amplitude, was recorded over the entire electrode array area at full
spatial resolution and depicted in Fig. 4.14.

2.7

Conclusion

The presented HD-MEA system includes the largest number of measurement/stimulation
functions to date, comprising electrophysiology readout, impedance measurement, and neurotransmitter detection, as well as stimulation capabilities (Table 2.2). At the same time, it features the largest active electrode array area
(10.9 mm2 ) to date, whereas the number of voltage recording channels (2048 AP
+ 32 LFP), the spatial resolution (13.5 µm electrode pitch), the noise characteristics, and the power consumption are comparable to those of the best state-ofthe-art MEA systems. Any measurement/stimulation unit can be connected to
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Figure 2.14: (a) Average negative peak amplitudes, recorded by an HD electrode
configuration (45×45 pixels, 607.5×607.5 µm2 ) from dissociated primary rat cortical
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Figure 2.15: Six frames showing 2.5 ms of evoked neuronal activity from a culture
of dissociated rat cortical neurons. A biphasic voltage-controlled pulse (300 mV phase
amplitude and 200 µs phase duration) was applied to a single electrode (white cross),
while the other electrodes were scanned for recording from the entire array (4.48×2.43
mm2 ) at full spatial resolution (13.5 µm electrode pitch). 100 averages were computed
for each electrode and temporally aligned with respect to the stimulation pulses.

any electrode on the array owing to the flexible electrode routing via the switch
matrix. The possibility to perform different measurement/stimulation functions
in parallel will pave the way to complex experiments that target multiple cellular
parameters at once.
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[Eversmann
et al.
Reference
(2011)]
In-pixel
Type
Amp
Technology
0.5 µm
Active
Area
No.
Transducers
No. Measurement
Modes
Pixel
Pitch
Transducers/mm2
No.
Voltage
Readout
Channels
A/D Conversion
ADC
resolution
Sampling
Rate
Inputreferred
Noise
Total
Power

2.28×1.14
mm2

[Chi
et al.
(2015)]
In-pixel
Amp
0.13 µm
9 pixel
groups of
0.128 mm2

[Bertotti
et al.
(2014)]
In-pixel
Amp
0.18 µm

[Ballini
et al.
(2014)]
Switch
Matrix
0.35 µm

Switch
Matrix
0.18 µm

1×1 mm2 /
2×2 mm2

3.85×2.10
mm2

4.48×2.43
mm2

This
work

32768

144

4225 /
1024

26400

59760

1

4

1

1

5

8.775 µm

89.4 /
357.8 µmd

16 / 32 µm

17.5 µm

13.5 µm

12987

125 / 7.8

977, 3906

3265

5487

4225

1024

2048 AP
+ 32
LFP
32 + 4
SAR

32768

144

128 pipeline

off-chip

off-chip

1024
singleslope

9 bit

-

-

10 bit

10 bit

2.4 kS/sa

-

77 (25)
kS/sa

20 kS/s

20 kS/s

-

12.7
µVrms e

44 µVrms b

2.4
µVrms b,c

4W

-

-

75 mW

2.4 µVrms b,c
3.6 µVrms c,f
86 mW

9.5×9.5
2.2×2
10.1×7.6
12×8.9
mm2
mm2
mm2
mm2
a
When reading out all channels.
b
Noise integration over 300 Hz-10 kHz, for AP recording channels.
c
Including ADC.
d
Equivalent square-shaped pixel dimension, for the same spatial density.
e
Noise integration over 0.5 Hz-10 kHz.
f
Noise integration over 1 Hz-300 Hz, for LFP recording channels.
Die Size

Table 2.2: Comparison to state-of-the-art in-vitro MEA systems
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Abstract — Here, we present 2048 low-noise, low-offset, and low-power actionpotential recording channels, integrated in a multi-functional high-density microelectrode array. A resistively loaded open-loop topology has been adapted for the
first-stage amplifier to achieve 2.4 µV noise level at low power consumption. Two
novel pseudo-resistor structures have been used to realize very low HPF corner
frequencies with small variations across all channels. The adjustability of pseudo
resistors has been exploited to realize a “soft” reset technique that suppresses
stimulation artifacts so that the amplifiers can recover from saturation within
200 µs. The chips were fabricated in a 0.18 μm 6M1P CMOS process, and measurement results are presented to show the performance of the proposed circuit
structures and techniques.
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3.1

Introduction

The possibility to simultaneously record from many individual neurons or a network, and to electrically stimulate specific neurons are desirable features of microsystems targeted at studying neuronal networks, interconnections and electrophysiology [Obien et al. (2015)][Guo et al. (2016a)]. However, extracellular
electrodes have to pick up weak analog signals, so that neural amplifiers with
sufficient gain, appropriate bandwidth, high signal-to-noise ratio (SNR), high
common-mode and power supply rejection ratios (CMRR and PSRR) are needed.
Furthermore, to enable the realization of multiple units on the same chip, an individual neural amplifier should feature low power consumption and small chip
real estate. Another highly desirable feature includes stimulation artifact suppression in order to reveal spikes right after stimulation or to improve the efficacy
of closed-loop stimulation.
This paper presents work on recording channels, which have been integrated in a
multi-functional microelectrode array (MEA) system featuring 59,760 microelectrodes, as shown in Fig. 3.1 [Viswam et al. (2016b)]. Different recording channel
architectures have been integrated for capturing two types of neural signals, i.e.,
action potentials (APs, with typical amplitudes < 1mV, bandwidth: 300 Hz˜6
kHz) and local field potentials (LFPs, amplitudes < 5 mV, bandwidth: 1 Hz˜300
Hz), respectively. Here we focus on the action-potential recording channels and
circuits. Each channel consists of four stages. The first-stage amplifier features
a resistively loaded open-loop topology to achieve low noise levels. Two novel
pseudo-resistor structures with low resistance variations across channels have
been devised. These pseudo resistors have been used to realize the high-pass
filtering in the first two stages, which removes low-frequency drifts of electrode
potentials and keeps the offset of the recording channels within an acceptable
range without the need of dedicated offset calibration circuitry. Furthermore,
the corner frequencies of the high-pass filters (HPFs) can be tuned through their
bias currents to compensate for process variations. During stimulation, these bias
currents can be set to much larger values, which yields kHz-range HPF corner
frequencies and enables a fast recovery of the recording channels from saturation
due to stimulation artifacts.

3.2
3.2.1

Design of AP Recording Channels
Gain Stages

As shown in Fig. 3.2, all four stages of the AP recording channel adopt fully differential structures to suppress interferences from power supplies and substrate.
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Figure 3.1: Microelectrode array system.

The total gain of each channel can be programmed in steps of 6 dB from 29
dB to 77 dB to accommodate a broad variety of experimental scenarios. The
first-stage amplifier (A1), as shown in Fig. 3.2, features a resistively loaded openloop topology. Traditional neural amplifiers employ closed-loop topologies with
high-gain OTAs, which normally use NMOS transistors as active loads. However, NMOS transistors typically have a much higher 1/f -noise level than PMOS
transistors. In contrast, resistors do not contribute 1/f noise, and generate less
thermal noise. Therefore, the open-loop topology can achieve a similar noise level
with less power consumption. To tune the gain of A1, its differential pair and tail
current source have been divided into four equal parts. In the normal configuration, all four parts are turned on, and a maximum gain is achieved. The gain can
be reduced to 1/2 or 1/4 of its maximum value by turning off 2 or 3 parts of the
differential pair and tail current source, and adjusting the load resistance (RL )
accordingly. To alleviate possible large gain variation of the open-loop topology,
a constant-gm biasing circuit has been used to generate the tail current of A1.
By matching the resistors and PMOS transistors in both the biasing circuit and
A1, a uniform gain can be achieved across all channels.
The second-stage amplifier features a closed-loop structure, as shown in Fig. 3.2.
This structure provides an accurate gain of Av = C1 /C2 and can handle larger
signal swings than the first stage. In comparison to the first stage, the gm of
the input transistors can be reduced, as the noise requirement is largely relaxed.
Therefore, less capacitance is needed to realize anti-aliasing filtering in this stage.
The load capacitance C3 can be tuned to set the LPF corner frequency to be
around 6 kHz.
Both, the third and fourth stages have been implemented with switched-capacitor
amplifiers, which are able to achieve low distortion levels for large signal swings.
Using the switched-capacitor structure, it is also easier to implement multiplexing
(8-to-1 in front of both, the third and fourth stage) in comparison to continuoustime amplifiers. Thus 64 neural signals can be sampled at 20 kS/s and digitized
by a 10-bit 1.28 M S/s successive-approximation-register (SAR) ADC. As 8 or 64
channels share the third or fourth stages and ADCs, the corresponding circuitry
area and power consumption are relatively small, as compared to the first two
amplification stages.
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3.2.2

Pseudo-Resistors and High-Pass Filtering

As shown in Fig. 3.2, a first-order high-pass filter (HPF) has been implemented
for the first two stages. In the first stage, the HPF removes low-frequency drifts
of the electrode potentials. In the second stage, the HPF removes the offset of
A1. Due to the DC feedback through the pseudo-resistors, RPR2 , the offset of
A2 is reduced by its closed-loop gain. This offset is further reduced by the gain
of the first stage when referred to the electrode. Measurement results showed
that the maximum input-referred offset of all AP channels was less than 11 µV
without additional offset compensation/calibration circuitry (Fig. 3.4(b)).
However, huge resistance (TΩ) is required to build the two HPFs with very low
corner frequencies (fHPF < 10 Hz). In conventional neural amplifiers, so called
“pseudo-resistors” (MOS transistors biased in the weak-inversion region) have
been widely used, but they usually feature large process- and temperature variations, and poor linearity. In this work, two new pseudo-resistor structures have
been devised (Fig. 3.2). For the pseudo-resistor used in the first stage (RPR1 ),
the gate voltages of both PMOS and NMOS transistors are generated by the
PMOS and NMOS current mirrors. For the pseudo-resistor in the second stage
(RPR2 ), a structure as proposed in [Tajalli & Leblebici (2010)] has been adopted.
However, an NMOS-only level shifter has been used to generate the gate voltages of the transistors M1 and M2 instead of a PMOS level shifter in [Tajalli
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& Leblebici (2010)]. In both pseudo-resistor structures, the first-order dependence of the overdrive voltages of the transistors inside RPR1 and RPR2 on their
threshold voltage has been cancelled out. Thus, their resistance variations were
substantially smaller than those of conventional structures. In addition, both
RPR1 and RPR2 were designed to be symmetrical around their common-mode
voltage, which entails a good linearity.
The resistance of the two pseudo resistor structures was found to be almost inversely proportional to their bias currents. This feature provides an additional
benefit that fHPF can be easily tuned by varying the bias currents, which can
be used to accommodate different experiment scenarios or reduce process and
temperature variations. Here, the bias current was digitally tuned with a 7-bit
current DAC, which adopts a MOSFET-only R-2R ladder structure [Hammerschmied & Qiuting Huang (1998)]. The DAC relies on the current-division principle of MOS transistors, which results in a very compact design. As the DAC
is shared among 16 channels, the area overhead is negligible.

3.2.3

Stimulation Artifact Suppression

As stimulation signals are on the order of hundreds of mV, the amplifier chain
can easily saturate during stimulation. Moreover, the very large time constant
associated with the HPF prolongs the recovery process. Some designs include
reset switches in parallel to the pseudo resistors in order to speed up recovery,
but the charge injection and leakage current caused by the reset switches set a
lower limit for the recovery [Heer et al. (2007)]. Other designs disconnect the
recording circuits from the electrode and reconnect them after the stimulation
artifact vanishes [Brown et al. (2008)]. However, this procedure assumes that
the electrode voltage returns to its original value prior to stimulation, which is
not always true.
In this work, the adjustability of the pseudo-resistors was exploited to realize a
so-called “soft” reset technique. Within a small time-window before and after
the stimulation pulse has been applied, the bias currents of the pseudo-resistors
were set to much larger values than those during normal operation so that the
HPF corner frequencies were increased to the kHz range. As the associated time
constants then became much smaller, and the amplifier gain got reduced, the
first two stages did not saturate during stimulation. This enabled fast amplifier
recovery and the detection of APs within less than 200 µs after stimulation.

3.3

Layout and Fabrication

The 2048 recording channels have been divided into two groups and placed at
the top and bottom sides of the electrode array in the multi-functional MEA,
whose micrograph is shown in Fig. 3.3. Then, every 64 channels were grouped
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Figure 3.3: Chip micrograph and 64 recording channels.

in one block with shared logic and bias circuits. Both the first and second
amplification stages were laid out as a slice of 10 μm width to ease routing.
Shielded lines were placed between two neighboring channels to reduce crosstalk. The multi-functional MEA was fabricated in a 0.18 μm CMOS process
(6M1P). Platinum electrodes were post-processed at wafer level by using ion
beam deposition and etching. The die measures 12×8.9 mm2 , while the 2048
recording channels including ADCs occupied 44.8 mm2 . The silicon area of one
individual channel was about 0.022 mm2 .

3.3.1

Measurements

For characterization and measurement purposes, dies have been wire-bonded to
FR-4 PCBs, and epoxy was used to cover the bond wires and affix a glass-ring
for containing cell culturing media. A custom software was developed to generate different settings and download them to the chip through an SPI interface.
The output data frames from the chip were acquired using an NI PXIe-6544
high-speed DAQ card. A LabVIEW program was implemented to visualize/save
the acquired bit stream of every channel, and the data were post-processed in
MATLAB.
The input-referred noise PSD of the whole recording channel including the ADC
is shown in Fig. 3.4(a). The integrated noise in the AP band (300 Hz−10 kHz)
was 2.4 µVRMS . The SAR ADC achieved an SNDR of 56.2 dB at a sampling rate
of 1.28 M S/s at an input signal frequency of 1.1 kHz. The measured maximum gain
of the recording channel was 76.4 dB. The spread of the gain across all channels
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was characterized by applying a common sinusoidal signal to all inputs. The
presented open-loop topology with constant-gm biasing achieved a very good gain
uniformity with a standard deviation of 0.14 dB. The measured maximum inputreferred offset ranged from -110 μV to 70 μV (Fig. 3.4(b)). Fig. 3.4(c) shows the
HPF corner frequency tuning of all (2048) first-stage amplifiers: 54.94 mHz ˜ 0.53
Hz (5 steps) and second-stage amplifiers: 0.28 Hz ˜ 48.20 Hz (8 steps). Fig. 3.4(de) shows the transfer function of the first-stage and second-stage amplifiers. The
histogram plots show the uniformity of fHPF , which indicates a good matching
of the pseudo resistors across all 2048 channels in the high- and low-frequency
range.
For bio-measurements, dissociated cortical cells of embryonic-day-18 Wistar rats
were cultured during 3-4 weeks on the chip. Recorded neuronal APs are shown
in Fig. 3.5(a). Extracellular APs of an identified neuron shows an,

SN R =

max(Vrec ) − min(Vrec )
> 100.
2×σnoise

All experiments were conducted inside an incubator at a constant temperature
of 37°C and at 5% CO2. Biphasic voltage pulses (positive first) with 40 µs
per phase and a peak-to-peak amplitude of ∓ 500 mV were generated by an
on-chip digital-to-analog converter (DAC) and then applied to the stimulation
electrode using a voltage buffer. The effect of this large stimulation amplitude is
clearly visible on the neighboring electrodes. In Fig. 3.5(b), the signals recorded
from four adjacent electrodes (distance of 13.5 μm) are shown with and without
applying the “soft” reset technique. The reset signal was applied 100 μs before
and 100 µs after the stimulation pulse. Without “soft” reset, the amplifier was
saturated for about 13 ms, and no action potential could be recorded during this
period. With “soft” reset, the amplifier signals came back immediately, and APs
could be recorded as soon as 200 µs after the stimulation pulse. This recovery
time is shorter than that reported in [Jimbo et al. (2003)], which amounted to
500 μs on 400 μm-distant electrodes.

3.4

Conclusion

The AP readout channels featured competitive noise characteristics of 2.4 µVrms
in the AP band (300 Hz – 10 kHz) with a low power consumption of 16 μW per
channel. The channels achieved a mean offset around 11 µV without any additional offset compensation/calibration circuitry. To the best of our knowledge,
the stimulation artifact recovery time of 200 μs is faster than anywhere reported
to date [Heer et al. (2007); Brown et al. (2008); Jimbo et al. (2003)].
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Abstract — A monolithic multi-functional CMOS microelectrode array system
was developed that enables label-free electrical impedance spectroscopy measurements of cells in-vitro at high spatiotemporal resolution. The array includes
59,760 platinum microelectrodes, densely packed within a 4.5 mm×2.5 mm sensing region at a pitch of 13.5 µm. The 32 on-chip lock-in amplifiers can be used
to measure the impedance of any arbitrarily chosen subset of electrodes of the
array. A sinusoidal voltage, generated by an on-chip waveform generator with a
frequency range between 1 Hz and 1 MHz, is applied to the selected electrodes
and the respective current is measured. The circuitry consumes only 412 µW
per channel at 3.3 V supply voltage and occupies only 0.1 mm2 per channel.
The system also includes 2048 electrophysiology recording channels integrated on
the same chip. Proof of-concept measurements of electrical impedance imaging
and electrophysiology recording of cardiac cells and brain slices are shown in this
paper. Optical and impedance images showed a strong correlation.
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4.1

Introduction

Electrochemical impedance spectroscopy (EIS) is a popular method for quantitative and qualitative monitoring of processes that occur in cells and other biological entities. The main advantages of EIS include that it is label-free, noninvasive,
and offers real-time detection capabilities [Daniels & Pourmand (2007)]. Several
CMOS integrated circuits for impedance sensing have been developed in recent
years [Hassibi & Lee (2006); Manickam et al. (2010); Chen et al. (2012); Elshafey
et al. (2013); Guo et al. (2013a); Gozzini et al. (2009); Chi et al. (2015);
Yang et al. (2009)]. Impedance sensor applications include electroanalysis and
biosensing: small impedance changes that occur at an electrode-electrolyte interface have been detected in real time and correlated with the presence of certain
target analytes [Hassibi & Lee (2006)][Manickam et al. (2010)]. Other applications include label-free impedimetric immunosensing for diagnosis and prognosis
of cancers, such as brain cancer [Chen et al. (2012)][Elshafey et al. (2013)],
to study neurodegenerative diseases [Guo et al. (2013a)], and capture complex
cellular responses during administration of drugs or chemicals [Gozzini et al.
(2009)]. The possibility to perform a 2-dimensional (2D) impedance mapping
is very useful for characterization of cell locations, tissue structures, and the
attachment of cells to surfaces [Chi et al. (2015)].
Ideally, simultaneous monitoring the impedance of multiple cells at high spatial resolution and signal quality should be achieved. Such endeavor requires a
low-noise impedance measurement system, which can perform the measurements
in parallel to acquire the data. One of the main challenge in realizing such a
system is to integrate many impedance channels within a limited silicon area
while maintaining low noise, a high dynamic range and low power consumption.
State-of-the-art impedance measurement systems either feature very low noise
at the expense of large silicon area consumption per channel [Gozzini et al.
(2009)], or multiple impedance readout channels are realized on a comparably
large chip [Yang et al. (2009)][Manickam et al. (2010)]. There are only a few papers that report on integrating electrophysiology and impedance measurements
on the same chip. In [Guo et al. (2013a)] only measured electrode impedances
are reported, and [Chi et al. (2015)] reports on 2D-impedance measurements
of cardiac cells, but at comparably poor spatial resolution. For this design, we
developed a chip with a wide range of impedances and frequencies, and achieved
state-of-the-art spatial resolution in impedance imaging of cells.
We developed impedance measurement units which have been integrated in a
multi-functional microelectrode array (MEA) system featuring 59,760 microelectrodes [Viswam et al. (2016b)]. Simultaneous electrical recordings and
impedance spectroscopic measurements by means of a high-density microelectrode array enable us to study presence, morphology, and electrophysiological
activity of cells in biological preparations.
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Figure 4.1: (a) Cell impedance model and (b) EIS setup (c) EIS response graph.

In Section 5.2 of this paper, we introduce an impedance model of cells and
provide a system-level description of EIS by means of microelectrode arrays. The
impedance detection methodology for bio-imaging is described. In Section 5.3,
we discuss the circuit implementation using a standard 0.18-µm CMOS process,
followed by electrical characterization in Section 4.5 and biological measurement
results in Section 4.6.

4.2

System Design

Our main objective in the designing of the overall system was to integrate a fully
developed EIS modality into the high-density MEA platform, which could be used
to perform simultaneous impedance and electrophysiological measurements.

4.2.1

Cell-impedance and EIS Methodology

Fig. 5.1(a). shows a simple impedance model for the cell-electrode interface,
where Zel , Zrefel , and Rsoln represent the impedance of the electrode-electrolyte
interface [Franks et al. (2005)], the impedance of the reference electrode and
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the resistivity of the electrolyte solution, respectively. The impedance can be
defined as the ratio of the applied voltage, Vstim , to the sensing current that is
flowing through the microelectrode, Isense . As depicted in Fig. 5.1(a), the sensing
current consists of three main components: (1) Icell that passes through the cell
and flows into the electrode. The impedance of this current path can be modeled
as a parallel combination of a capacitor and a charge transfer resistor for the
cell membrane segment adjacent to the electrode (Cm1 and Rch1 ) in series with
the parallel combination of the capacitor and charge transfer resistor for the
rest of the cell membrane that is in contact with the liquid medium (Cm2 and
Rch2 ). (2) Iseal that passes through the gap between the electrode and the cell in
the contact area where the cell seals the electrode from the liquid phase medium.
When the cell attachment to the electrode surface improves, the distance between
the cell and the electrode in in the sealing area decreases, and the sealing current
will decrease as a result of larger sealing resistor, Rseal . In such scenario, most
of the sensing current passes through the cell. (3) Ispread that spreads through
the electrolyte from the reference electrode to the area of the electrode that is
not covered by the cell. If the cell completely covers the electrode, this current
component tends toward zero [Guo et al. (2013a)][Joye et al. (2009)][Buitenweg
et al. (1998)].
Impedance measurements can be performed either by applying an AC voltage
between the working electrode and a reference electrode in the solution and by
measuring the resulting current, or by establishing an AC current and measuring
the required voltage. For measurements in an array format with thousands of
electrodes, the former method was preferred, as it facilitates measuring many
electrodes in parallel and independently, as shown in Fig. 5.1(b). Cell parameters
(Cm , Rch ) can be detected by measuring impedance changes of the electrodeelectrolyte-cell interface over different frequency ranges (Fig. 5.1(c)).

4.2.2

Microelectrode Array

A simplified block diagram of the CMOS MEA system [Viswam et al. (2016b)] is
shown in Fig. 5.2. The system architecture critically relies on the switch matrix
(SM) approach [Frey et al. (2010)], which makes it possible to perform impedance
measurement and/or electrophysiology recording at any arbitrarily selected electrodes or electrode sets. The 59,760 working electrodes were arranged as pixels
in 180 rows and 332 columns, with a pitch of 13.5 µm. Each pixel consists of a
platinum (Pt) electrode with a size of 7.5 µm×3.0 µm2 , four switches and three
static random-access memory (SRAM) cells for configuring the switches. Electrode signal lines are all shielded with analog supply/ground tracks to minimize
crosstalk. The reference electrode was placed at the periphery of the array. As
the number of measurement channels is limited, the electrode array can be configured either with sparsely distributed electrodes for overview measurements of
a large preparation, or with the highest density for high-resolution measurements
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of single cells or cell assemblies. The whole array can be reconfigured in 4.5 ms
by programming the SRAM cells.

4.2.3

Impedance Measurement Channels

All circuitry needed to conduct the impedance experiments has been integrated
on chip. To perform magnitude and phase measurements of the impedance,
the lock-in principle was adopted. 32 lock-in amplifiers were integrated on each
chip to sense the impedance over a frequency range from 1 Hz to 1 MHz, as
shown in Fig. 5.2. Any electrode in the array can be routed to the lock-in
amplifiers thanking to the switch matrix technique. To measure the impedance,
on-chip generated sinusoidal voltages (with amplitudes between 10 and 40 mV)
were applied to the reference electrode. The sinusoidal current signal arriving
at the selected working electrode, i.e., the sensing current, was then converted
into a voltage, by a transimpedance amplifier (TIA), and mixed with the inphase and quadrature (I and Q) mixing signals, which were also generated by
the waveform generator. The two output signals of the lock-in amplifiers were
then first low-pass filtered to remove the higher order mixing signals. The output
signals of every four lock-in amplifiers are multiplexed and digitized by two ∆Σ
modulators. The bit streams from the two ∆Σ modulators were sent off-chip
and decimated in real-time by using cascaded integrator-comb (CIC) filters that
have been implemented in a LabVIEW program. The impedance magnitude and
phase were then extracted from the in-phase (VI ) and quadrature (VQ ) data as
follows:
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M agnitude = √(VI 2 + VQ 2 ) ;
P hase = tan−1 (VQ/VI ) .

4.2.4

Electrophysiological Recordings

To simultaneously record electrophysiological activity of large cell preparations/networks
together with impedance measurements, 2048 action-potential (AP) readout channels were integrated in the MEA system. The APs usually have amplitudes of
less than 1 mV and feature a bandwidth between 300 Hz and 6 kHz. Each
AP-recording channel consists of four fully differential amplification and filtering stages and a 10-bit successive-approximation register (SAR) analog/digital
converter (ADC) to sample the channels at 20 ksamples/s. The total gain can
be programmed in steps of 6 dB from 29 dB to 77 dB. For a detailed description on the AP recording channel, interested readers can refer to [Viswam et al.
(2016b)][Okada et al. (1994)].

4.3

Circuit Implementation

A circuit schematic of the impedance measurement channel is shown in Fig. 5.4.
To measure impedance over a wide range of frequencies with high dynamic range,
the lock-in amplifier stage was designed with a maximum trans-impedance of
107 V /A , followed by ΔΣ analog to digital conversion.

4.3.1

Lock-in stage

The impedance magnitude and phase were reconstructed with a lock-in amplifier,
realized by a low-noise TIA and two quadrature phase mixers, followed by two
low-pass filters (LPF) for the I & Q channels, as shown in Fig. 5.4.
4.3.1.1

TIA

To accommodate a wide range of impedance measurements (10 kΩ - 10 GΩ) for
different biological preparations (cultured cells, tissue slices etc.), a TIA with
programmable capacitive and/or resistive feedback was designed. The resistive
feedback underlies a tight noise-bandwidth trade-off, because the feedback resistance (Rf ) simultaneously determines the equivalent input current noise (4kT/Rf )
and the bandwidth of the amplifier due to the parallel parasitic capacitance. A
capacitive feedback TIA has been implemented to address this problem. For the
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Figure 4.3: Lock-in amplifier including TIA, Passive Mixer, and Low pass filter.

capacitive feedback, a periodic reset [Crescentini et al. (2014b)][Manickam et al.
(2012)] was used to prevent the amplifier from attaining saturation and to stabilize the electrode potential at the reference voltage, VREF . To mitigate the drift
of the electrode-electrolyte interface capacitor Ce (which is known to be problematic and a source of error in all electrochemical sensors) and the amplifier offset,
the TIA circuitry included an auto zeroing (AZ) function. The main capacitors
in this topology are the programmable feedback capacitor (Cf = 0.1, 1, 10 pF),
the offset storing capacitor (CAZ = 200 fF), and the electrode-electrolyte interface capacitor (Ce ) with an electrolyte-dependent value (typically ∼1pF/μm2 for
Pt electrodes). The amplifier offset was first stored in CAZ (200 fF) during the
calibration phase (ø = 13.4 µs), so the voltage stored in CAZ canceled the offset
and low-frequency drift of the electrode during the measurement phase (-ø >
ms) (Fig. 5.4). The implemented TIA can be programmed with either a resistive feedback to measure large electrodes (impedance < 100 MΩ) or a capacitive
feedback to measure electrodes with less than 10 µm diameter (impedance > 100
MΩ). A two-stage Miller-compensated amplifier was introduced to achieve an
open-loop gain of 120 dB and a gain-bandwidth (GBW) of 10 MHz.
4.3.1.2

Mixer

A double-balanced passive mixer architecture has been implemented to realize onchip in-phase and quadrature demodulation of the impedance signals (Fig. 5.4).
Passive multipliers feature high linearity and negligible 1/f noise as compared
to an active analog multiplier [Zhou & Chang (2005)]. To reduce the charge
injection from the switching, a transmission gate with charge-balanced NMOS
and PMOS transistor sizes was used. The mixer converted the output of the
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TIA into differential outputs, which is beneficial for the subsequent filter stages
and ADCs, as differential signals are less prone to power supply and substrate
interference. Because the passive mixer has an inherent conversion loss of 2/π
[Behzad Razavi (2012)], a sufficient voltage swing was established by the TIA
gain before the mixing operations.

4.3.1.3

LPF

An active differential low pass filter (LPF) was used to remove the higher-order
harmonics and mixing signals before analog-to-digital conversion. Oversampled
delta sigma (ΔΣ) ADCs were used as a subsequent stage for sampling and digitization, therefore, the anti-aliasing requirements were largely relaxed. The LPF
pole was realized at 16 kHz with a feedback capacitance of 10 pF and a resistance
of 10 MΩ. By tuning the feedback resistance, the LPF gain could be adjusted
in three modes: 1, 5, or bypass (Fig. 5.4). The differential amplifier was implemented with a folded-cascode topology and with transistors biased in the triode
region for the common-mode feedback.

4.3.2

ΔΣ ADC

The output of the lock-in stage was digitized by an incremental single-bit ΔΣ
ADC consisting of an on-chip ΔΣ modulator and an off-chip decimation filter.
Compared to a continuous-time counterpart, the switched-capacitor ΔΣ ADC
was chosen to take advantage of its high accuracy. To increase the input signal
swing while relaxing the slewing requirements of the integrators, a cascade of
integrators with feed-forward (CIFF) topology [Quiquempoix et al. (2006)] was
employed (Fig. 5.12(a)). By setting the sampling frequency to 750 kHz and the
bandwidth to 5.8 kHz, an oversampling ratio (OSR) of 64 was achieved, which
sufficiently high to guarantee a resolution more than 14-bit with a time resolution
of 0.17 ms if proper filtering is used [Gozzini et al. (2009)]. To meet the kT/C
noise requirements, a large capacitance (1.68 pF) was used as input sampling
capacitance [Richard Schreier (2004)]. The flicker noise and offset of the first
opamp of the ∆Σ modulator, which sums to the output of the multiplier containing the DC value that is being converted, has been reduced by implementing
an auto-zeroed first-stage integrator [Wu et al. (2012)]. The circuit schematic of
the ΔΣ implementation is shown in Fig. 5.12(b). All the switches were realized
as transmission gates to reduce switching noise. Since the first-stage amplifier requires high DC gain and bandwidth, a differential folded-cascode amplifier with
switched-capacitor-common-mode-feedback (SCCMFB) was implemented with
92 dB gain and 3 MHz GBW.
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Figure 4.4: Delta-Sigma ADC (a) Block Diagram and (b) Schematic implementation
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4.3.3

Pipelined multiplexing scheme

Incremental ΔΣ operation was employed to multiplex signals from 4 lock-in
stages. In total, 8 ΔΣ ADCs (8 for each I & Q channel) were integrated on
chip for the sampling of the 32 lock-in stages. The operation of the ΔΣ sampling
was designed in a pipelined fashion to increase the throughput. As shown in
Fig. 5.14, all memory elements, i.e., the switched-capacitor (SC) integrators in
the loop are reset before a new conversion cycle starts (e.g., mux cycle 1). Then,
the TIA1 is reset (for the auto-zeroing operation in the case of a capacitive-loadfeedback). In the next three sampling cycles, the TIA and mixer converts the
signal into the corresponding DC signals and other higher-order mixing signals.
Unwanted high frequency mixing signals are removed by the LPF, with a τ of
0.1 ms. In the 4th sample period, the ΔΣ ADC begins converting the signal from
the 1st lock-in amplifier. Each ΔΣ sampling period is followed by three sampling
periods of lock-in operation (TIA, mixing and LPF). The ΔΣ bandwidth was
designed to be 5.8 kHz, which entails a minimum sampling period of 0.17 ms.
The LPF in the lock-in amplifier is assigned three sampling periods to settle (0.17
ms × 3 = 0.51 ms, which yields 5 τ and 99% settling of the DC signal). The
sampling period, however, depends on the impedance measurement frequency
(fstim ) and the number of cycles needed for averaging. For example, for an fstim
of 1 kHz, the lock-in amplifier needs a few cycles (at least 8 cycles) for operation,
and the conversion time becomes larger than 2 ms and, similarly, larger than
2 s for a 1 Hz impedance measurement. If there is a specific bio-measurement
requiring continuous impedance measurements at low frequencies (for example,
impedance measurements of cardiac cells; fstim < 1 kHz), the TIA output can be
directly digitized without mixing and multiplexing. The impedance amplitude
can then be extracted off-chip by an FFT operation.

4.3.4

Wave Generator

A programmable analog waveform generator was utilized to generate the stepwise
approximation of the stimulation signal. The block diagram of the programmable
waveform generator is shown in Fig. 4.6. The waveform generator is composed
of a multi-frequency clock generator, on-chip registers to store the sine wave
sampling values, a 10-bit R-2R DAC, and a buffer. The clock divider works
at the 48 MHz system clock frequency. The coefficients, stored in an on-chip
register, can be programmed through the serial peripheral interface (SPI) to set
the amplitude of the sinusoidal signal. The sine-wave-generation technique was
adapted from [Mazhab-jafari et al. (2012)], where each quadrant of the sine wave
was generated from 16 samples stored in on-chip registers. A full period was then
generated by reversing the order of the stored values and changing their polarity
according to the sine wave symmetry by using a control logic. A full sine wave
period was composed of 64 data samples. The control logic also generated I & Q
values in each quadrant, phase-locked with the sinusoidal signal. The waveform
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generator for the sinusoids covered a frequency range from 1 Hz to 1 MHz. The
frequency was limited by the integrated 10-bit R-2R DAC, which has a bandwidth
of up to 10 Msps. Frequencies above 128 kHz were, therefore, represented by less
than 64 samples (32 samples for 256 kHz, 16 samples for 512 kHz and 8 samples
for 1024 kHz). Since the number of samples/periods affects the signal quality,
optional PADs for an external signal source and the corresponding I & Q signals
were included in the chip. The wave generator occupied an area of 0.012 mm2
and dissipated 1.1 mW power from a 3.3 V supply when driving a load of 10 nF
at 1 MHz. Our measurements demonstrated that the achieved phase error was
less than 2 degrees over the frequency range from 1 Hz to 1 MHz.

4.3.5

Digital Output

Bit streams of the 8×2 ΔΣ ADCs at 750 kHz were stored temporarily in memory
banks. The data were re-arranged for an 8-bit, 1.5 MHz output and then sent
along with electrophysiology data frames through the 10-bit system bus [Viswam
et al. (2016b)].

4.4

Fabrication

The chip was fabricated in a 6M1P 0.18 μm CMOS process. The die size was
12×8.9 mm2 . Pt electrodes were post-processed at wafer level using ion-beam
deposition and etching. A platinum resistor was fabricated adjacent to the sensor
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Figure 4.7: Chip micrograph and package PCB.

array to monitor temperature during the experiments. The silicon area of one
individual impedance measurement unit was about 0.1 mm2 . The chip was packaged on a custom PCB inside a plastic epoxy well (Fig. 4.7), in which dissociated
primary neurons or brain slices were accommodated.

4.5

Electrical Characterization

The measurement setup is shown in Fig. 4.8. A serial peripheral interface (SPI)
was implemented to communicate with and configure the chip. In the SPI interface, a UM245R chip was used to create a USB-to-parallel interface, and an
field-programmable gate array (FPGA) was used to store and send the commands at 48 MHz. A custom program was developed in C# that generated
different commands for setting gain/bias registers and for the wavegenerator coefficients. The commands were sent through the SPI protocol to the chip. The
10-bit output digital data from the chip were acquired using an NI PXIe-6544
high-speed data acquisition (DAQ) card. The bit streams of the ∆Σ converters
were extracted from the data and decimated using CIC filters, implemented in a
LabVIEW program.
Since there are 32 parallel impedance measurement units on chip, a full array
scanning of the 59,760 electrodes at full spatial resolution will require ∼1868
configurations. As mentioned in Section 5.3, the time required for impedance
measurement depends on the frequency and number of frequency cycles used
for averaging. Therefore, low-frequency (< 1 kHz) impedance measurements will
take a longer time. At higher frequencies, the measurements can be performed in
less time, but at least 8 ms are required in our current implementation, as time is
needed for channel multiplexing and the ∆Σ conversion. A full scan of the array
at full spatial resolution takes approximately 3-4 minutes. As there are 2048
AP-recording channels that can be simultaneously used, a full electrophysiology
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Figure 4.8: Measurement setup

scan of the array can be done with 30 configurations, which takes only a few
seconds.

4.5.1

Noise and dynamic range

The input-referred current noise power spectral density (PSD) of the TIA with
a 10 MΩ feedback resistor is shown in Fig. 4.9(a). The noise integrated over
a bandwidth between 1 Hz and 100 kHz is 6.4 pArms , which reveals the good
current sensitivity of this system. At low frequencies, 1/f noise of the amplifier dominates the noise PSD. The obtained sensitivity is sufficient for most EIS
applications, and further improvements are limited by the thermal noise contribution of the electrode-electrolyte spreading resistance [Hassibi et al. (2007)]. The
inter-channel gain variations are a main problem in multi-channel systems, which
was primarily caused by the mismatch between the load resistors of the TIA and
electrode-electrode impedance variations. The gain variation was measured to
be around 0.01% across different channels with a 1 MΩ load (Fig. 4.9(b)).
Fig. 4.10shows the noise transfer function (NTF) of the ΔΣ ADC. The dynamic
range of the ADC controls the upper limit of impedance detection. Fig. 4.10
shows the measured PSD for shorted-input and a maximum-signal-input of 1 V
DC, which yielded a dynamic range of ∼102 dB, which is equivalent to 16 bit.
Offset was also a main concern for lock-in amplifiers and it was primarily removed by the auto-zeroing operation of the ΔΣ ADC first-stage. Offset and gain
variations were measured and compensated before each biological measurement.
The total power consumption of each channel, including the ∆Σ ADC, was 412
µW. The overall chip performance and its key metrics are listed in Table 4.1.

4.5.2

Impedance measurement of RC network

To verify the operation of the impedance measurement circuit, the input of each
lock-in amplifier was disconnected from the electrodes and connected to an ex63
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Characteristics
Technology
Process
Supply voltage
Power
Size
Impedance Analyzer
Number of electrodes
Number of channels
Vstim
Impedance Range
Bandwidth
Noise
Dynamic range

Measurement
0.18 µm CMOS
3.3/1.8 V
412 µW / channel
12 × 8.9 mm2
59,760
32
10-100 mVpp (10-bit DAC)
10 kΩ – 10 GΩ
1 Hz – 1 MHz
6.9 pArms (1Hz – 100kHz)
102 dB

Table 4.1: Performance matrix

ternal discrete RC network, which was arranged as an equivalent circuit for the
electrode-electrolyte interface (Fig. 4.11(a)). Values of Rs , Re , and Ce were chosen
as 110 kΩ, 10 MΩ, and 100 pF, respectively. The impedance of the RC network
was measured over a frequency range from 10 Hz to 100 kHz and was compared
to the values obtained by theoretical calculations. The results illustrate that the
measured values using the impedance measurement unit of the chip match the
theoretical values for the impedance of the discrete RC network (Fig. 4.11(b)).
At high frequencies above 10 kHz, deviations from theoretical values were found,
likely caused by parasitic capacitances due to the long probe-input routing.

4.5.3

Electrode-electrolyte impedance measurements

For electro-chemical characterization, bright Pt electrodes of four different sizes
(8×8 µm2 , 4×4 µm2 , 2×2 µm2 , 1×1 µm2 ) were fabricated on the CMOS chip
(Fig. 4.12(a)). Impedance measurements of the electrodes were performed in a
phosphate-buffered saline solution (PBS), which had similar electrical properties
as a physiological solution. The electrode-electrolyte interface impedance magnitude showed 1/f roll-off behavior, which indicates the dominance of the doublelayer capacitance (Ce ) as expected in this (∼kHz) frequency range (Fig. 4.12(b)).
The phase at low frequencies ranged from 60 - 80 degrees and reflects the capacitive behavior of the electrodes. At higher frequencies, the spreading resistance
(Rs ) started to dominate, and the impedance phase tended toward zero. At lower
frequencies (< 10 Hz), the impedance was dominated by the charge-transfer resistance Re . The corresponding values were in the GΩ range as obtained from the
fits and are displayed in Table 4.2. The high resistance generates large thermal
noise, which is not favorable for bio-measurements. To reduce the impedance,
Pt-black was electrodeposited on the surface of the electrodes [Bakkum et al.
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Figure 4.11: EIS System validation using electrode-electrolyte equivalent circuit.
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El. type
1 × 1 µm2
2 × 2 µm2
4 × 4 µm2
8 × 8 µm2

Re
3 GΩ
2.8 GΩ
2.5 GΩ
2.2 GΩ

Rs
0.6
0.5
0.4
0.3

kΩ
kΩ
kΩ
kΩ

Ce
0.8 pF
2 pF
4.5 pF
15 pF

Table 4.2: Electrode values from equivalent model fitting.

(2013)], which effectively increased the surface area without increasing the geometrical electrode area. The impedance and noise values were reduced 30 - 40
times for each electrode size as compared to bright Pt electrodes [Vijay et al.
(2016)].

4.6
4.6.1

Biological Measurement Results
Cardiac cells

To perform an impedance imaging experiment, mouse embryonic stem cells (mESC)
were first cultured in hanging drops [Frey et al. (2014)] to form three-dimensional
multicellular aggregates, called embryoid bodies (EBs). The differentiation of
EBs into cardiac tissues was monitored using impedance and electrophysiological sensing. In the first 5 days, mouse embryonic stem cells were seeded into
hanging drops to form embryoid bodies. After five days, the EBs were plated on
the electrode-array surface, where they could adhere and spread. The pictures in
Fig. 4.13(a) were taken ten days after EB formation and on the fifth day of EB
adhesion. The position of the cells, their adhesion and growth can be clearly identified with the impedance change, both in amplitude and phase (Fig. 4.13(b,c)).
After five days of adhesion, electrophysiological activity of the differentiated EB
could be recorded using the integrated electrophysiology channels (Fig. 4.13(d)).

4.6.2

Impedance imaging of brain-slices

All animal work was approved and licensed by the Basel-City Cantonal Veterinary Authority following Swiss federal laws on animal welfare. To perform
impedance imaging of different tissues and cell layers, a cerebellar acute slice of
wild-type C57b/6 mouse (Charles River Laboratories, Wilmington, Massachusetts,
United States) was placed on the array (Fig. 4.14(a)). The slice was perfused
using carbogen-loaded Artificial Cerebrospinal Fluid (ACSF) to keep it viable
for the duration of the measurements. As depicted in Fig. 4.14(a), four main
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Figure 4.13: Embryoid bodies (EBs) were placed onto the chip surface, and EIS measurements were performed before and after cell placement. (a) Picture taken ten days
after the beginning of EBs formation and on the fifth day of EBs placement on the chip.
(b) Electrophysiological recordings (cardiac beating) of the differentiated EBs after 5
days of adhesion and culturing on the chip. (c) The impedance magnitude changes
of the electrodes (3200 microelectrodes out of all 59,760 electrodes in 100 electrode
configurations) upon cell attachment were measured. The impedance difference after
EBs adhesion is plotted. (d) Corresponding phase response of the electrodes upon cell
adhesion.
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cell layers could be differentiated: 1) white matter (WM) that consists of lowdensity fibers and axons without any electrogenic cells, 2) granular cell layer
(GCL) featuring a high density of granular cells, 3) Purkinje cell layer (PCL),
which contains Purkinje neurons with high electrophysiological activity, and 4)
Molecular layer (ML) which contains the flattened dendritic trees of Purkinje
cells. The impedance measurements were performed over 120 electrode configurations to acquire the impedance values from 3200 uniformly distributed
electrodes. Impedance magnitude and changes in the impedance phase before
and after placing the slice onto the electrodes are shown in Fig. 4.14(b) and
Fig. 4.14(c), respectively.
Different cell layers could be distinguished in these impedance images. For instance, the granular cell layer with high cell density exhibited higher impedance
magnitudes [Yedlin et al. (1974)][Okada et al. (1994)] than less dense layers.
We then measured the electrophysiological activity of the slice. One sparse electrode configuration was used in which 2000 uniformly distributed electrodes were
connected to the on-chip voltage recording channels. Fig. 4.14(d) shows electrophysiological activity recorded for 20 s. This figure clearly illustrates the high
spontaneous electrical activity of Purkinje neurons.

4.7

Conclusion

In this paper, we presented a CMOS chip that can perform impedance spectroscopy (EIS) along with electrophysiology recordings on 59’760 electrodes at
a 13.5 µm spatial resolution. Comparison with state-of-the art EIS systems is
shown in Table 4.3.. The circuitry was fabricated in a standard 0.18 µm CMOS
process. The impedance measurement circuits consumed only 412 µW per channel at 3.3 V supply and occupied only 0.1 mm2 per channel. All circuits needed
to perform impedance and electrophysiology experiments were integrated on the
chip. Impedances ranging between 10 kΩ and 10 GΩ could be measured by 32
on-chip lock-in amplifiers, which renders the system suitable for characterizing a
variety of biological preparations and materials. We demonstrated the system’s
capability to investigate and monitor position, adhesion, size, and electrical activity of embryoid bodies and showed topographic measurements of brain slices.
The possibility to perform high-resolution impedance sensing in combination
with electrophysiology recording makes our system a versatile tool for in-depth
studies of cellular behavior and dynamics.
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0.5 µm
0.06
mm2

0.35 µm
0.01
mm2

0.13 µm
0.06
mm2

1×1
mm2

3×3
0.16×0.12
2
mm
(esmm2
timation)

50 ms

100 (estimation)
>600
µma

0.7

√
mV / Hz

Noise

(output)
DR
Supply

Power
2.7 mW
(/Channel)
–

–

–

–

Table 4.3: Performance comparison to state-of-the art EIS systems
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Lock-in
+ ΣΔ

1 Hz – 1
MHz
6.9 pA
(1 Hz –
100
kHz)
102 dB
3.3/1.8
V
412 µWb

Impedance, Impedance,
Voltage,
Voltage,
Optical
El.Chem.
b
Eq. square-shaped pixel dimension, for the same spatial density. Including ADC.

Multifunctions
a

This
work

0.18 µm

No.
5×10
Electrodes
Pixel
150 µm
Pitch
No.
50
Channels
Impedance
–
Range
Transduced
0.1 nA –
Current
250 µΑ
Range
BW

[Chi
et al.
(2015)]
V/I
sensing+
Direct
I/Q conversion
0.13 µm

Technology 0.18 µm
EIS Area
0.02
(/Channel)
mm2
Sensing
Area

[Manick[H.
am et
Mazhab
al.
et al.
(2010)] (2012)]
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Abstract — Extracellular recording, in-vivo and in-vitro, is widely used to study
brain (dys)functions and responses of neurons to stimulation or perturbation. Recently, simultaneous recordings from very large numbers of neurons, as well as
signals of subcellular compartments have been acquired through the use of arrays
of micrometer-size electrodes in high-density arrangements, arranged over a comparably large area. Although the mechanism of recording extracellular signals
from neurons through planar metal electrodes has been thoroughly studied, the
effects of the electrode characteristics on the recorded signal, especially for small
electrode sizes, is yet to be fully established. Here, we present a combined experimental and computational approach to elucidate, how electrode size influences
the recorded neuronal signals, and how inherent properties of the electrode, such
as impedance, noise, and transmission characteristics shape the signal. By realizing multiple electrode sizes in arrays with thousands of tightly spaced electrodes,
we characterized electrode performances for both, local-field-potential (LFP) and
extracellular-action-potential (EAP) recording. We demonstrate that, provided a
set of requirements for the signal amplification is met, good signal-to-noise ratio
can be achieved with electrode diameter between 1 to 8 µm for detecting propagating action potentials along axonal branches; between 8 to 30 µm for EAP
recording from individual neurons; and electrodes larger than 16 µm diameter for
LFP recording from local groups of neurons or networks. Our findings can be
used as a guide for selecting electrode configurations of neural probes or electrode
arrays to serve a specific application.
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5.1

Introduction

The quality of data obtained from any neuronal recording depends largely on the
characteristics and limitations of the used recording method and device. In-vivo
and in-vitro recordings by means of extracellular electrodes constitute a popular
technique for simultaneously measuring the electrical activity of multiple neurons.
However, the selected electrode and its properties (size, material, etc.) greatly
influence the quality of the recorded signals. A common assumption is that large
electrodes (diameter > 50 μm) are well suited for recording population-wide local
field potentials or LFPs, while small electrodes (diameter < 20 μm) should be
used to detect extracellular action potentials or EAPs from a few nearby neurons
[Harris et al. (2016)]. However, boundary conditions and limitations arising from
electrode size have not yet been fully characterized experimentally. Is there an
optimum electrode size for extracellular electrophysiology applications or does
the electrode size have to be adapted for detecting desired features, such as
axonal signal propagation? Is there a minimum size, below which efficient signal
detection becomes very difficult?
Recently, the demand for large-scale multichannel arrays has been increasing
[Alivisatos et al. (2013)Buzsáki (2004)Harris et al. (2016)Marblestone et al.
(2013)]. Microfabrication technology allows for integration of several thousands
of recording sites in a highly dense arrangement on a single substrate [Ballini
et al. (2014); Berdondini et al. (2009); Bertotti et al. (2014); Eversmann et al.
(2003); Frey et al. (2010); Hierlemann et al. (2011); Huys et al. (2012); Johnson
et al. (2013); Obien et al. (2015); Rossant et al. (2016)]. Indeed, recording
through multiple electrodes in parallel allows for monitoring large ensembles of
neurons—the more densely the electrodes are placed, the higher becomes the
spatial resolution, but the electrodes also need to be fabricated to be as small
as possible. Consequently, the development of specifications for the readout circuitry of high-density arrays also requires careful consideration in order to ensure
high signal quality in recording from thousands of small electrodes simultaneously. The obvious question is, how small can electrodes be designed and how
densely can they be arranged to achieve optimum signal quality and information
content, given the constraints imposed by the applied technology.
We approach this question by first identifying, how a signal transforms during
recording. Fig. 5.1 shows the extracellular recording chain, signal, and noise
sources. Three main components influence the recording performance of extracellular electrodes: (1) the conductive extracellular volume within the extension
of the electric field generated by neuronal activity; (2) the characteristics of the
recording electrode; and (3) the characteristics of the readout hardware, including amplification-, filtering- and analog-to-digital-conversion units. The neuronal
signals of interest are attenuated along the overall recording chain and may be
compromised by noise until they get digitized and stored for analysis. Through
experimental and computational approaches, we characterized the effects of electrode size and the readout channel characteristics on the quality of the recorded
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Figure 5.1: Microelectrodes for extracellular action potential (AP) and
local field potential (LFP) signal recording. The neuronal signals of interest are
attenuated along the overall recording chain and may be compromised through noise
until they get digitized and stored for analysis. The electrode size affects the spatial
averaging which determines electrode selectivity and capability to resolve local features
of specific neuronal cells. The impedance of the electrode (Za ) depends mainly on its
size and material and determines the electrode noise (nel ); the ratio of electrode to
amplifier input impedance (Zel : Za ) directly affects signal attenuation.

signals. We will also discuss how the performance of electrodes can be optimized
for different measurement scenarios.
While a suitable electrode design is pivotal to ensure the quality of recorded
signals and to derive sound conclusions from the obtained data, it is of equal importance to utilize amplification and filtering electronics that can reduce artifacts
in the recorded data. Signal attenuation and noise are major factors affecting the
data quality of extracellular recordings; these factors determine the quality of the
results of subsequent data processing and analysis and the capability to extract
meaningful information from the respective experiments. The results presented
here may be used as a guide for selecting a suitable combination of electrodes
and acquisition devices for specific extracellular electrophysiology experiments.

5.2

Methods

Ethics Statement
All use of animals and all experimental protocols were approved by the Basel
Stadt veterinary office according to Swiss federal laws on animal welfare.
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Figure 5.2: CMOS high-density microelectrode array (HD-MEA) and electrodes of varying size. (A) Die micrograph of the CMOS-based microelectrode
system [Frey et al. (2009, 2010)], fabricated in a 0.6-μm CMOS 3M2P process, that
was used for extracellular neuronal recording and stimulation. The electrode array was
integrated into a microsystem chip and featured a total of 11,011 electrodes in an area
of 1.99×1.75 mm2 . (B) Bright Pt electrodes of four different sizes (el1: 10×8.6 µm,
el2: 6.6×6.6 µm, el3: 4.7×4.7 µm, el4: 3.3×3.3 µm) (C) The electrodes after Pt-black
deposition.

5.2.1

Measurement platform

We used a CMOS-based high density MEA (HD-MEA) system [Frey et al. (2009,
2010)] fabricated in a 0.6-μm CMOS 3M2P process for electrode characterization
and extracellular neuronal recordings (Fig. 5.2(A)). The electrode array was integrated into a microsystem chip and featured a total of 11,011 electrodes in
an area of 1.99×1.75 mm2 (17.8 μm center-to-center pitch, 3’161 electrodes/mm2
density). Up to 126 electrodes could be simultaneously recorded from by connecting the electrodes to read-out channels through a flexible switch matrix underneath the electrode array. The switch-matrix approach provided low-noise
voltage recordings and large routing flexibility to select almost arbitrary electrode configurations to connect to the readout circuits. On-chip circuitry was
used to amplify (0–80 dB programmable gain), filter (high pass: 0.3-100 Hz, low
pass: 3.5-14 kHz), and digitalize (8 bit, 20 kSPS) the recorded signals, which
were then sent to a field-programmable gate array (FPGA) board. Finally, the
data were streamed to a host PC for data storage and real-time visualization.
Data analysis and programming of the extracellular stimulation protocols were
performed by using MATLAB R2014b (The Mathworks).
79

5.2. Methods

5.2.2

Multi-size electrode fabrication and Pt-black deposition

Active Array:
As shown in Fig. 5.2(A), Pt-electrodes of four different sizes (el1: 10×8.6 µm2 ,
el2: 6.6×6.6 µm2 , el3: 4.7×4.7 µm2 , el4: 3.3×3.3 µm2 ) were fabricated on the
aforementioned CMOS-based HD-MEA to characterize the electrode noise and
to perform electrophysiology recordings.
Passive Array:
For detailed electrode-electrolyte impedance spectroscopy measurement and estimation of the electrode thermal noise, a wide variety of Pt-electrodes were
fabricated on a silicon substrate with sizes ranging from 100×100 µm2 down to
1×1 µm2 . The fabricated die was wire bonded to a 64-pad PCB to access each
electrode.
For reducing electrode impedance, for both passive and active electrode arrays,
Pt-black was electrochemically deposited on the electrodes (Fig. 5.2(B)). A current of 1 nA/µm2 was simultaneously applied to all electrodes for 45 – 75 s while
using a platinum wire immersed in the deposition solution (0.7mM hexachloroplatinic acid and 0.3mM lead (II) acetate anhydrous) as a ground electrode [Bakkum
et al. (2013)].

5.2.3

Impedance Measurements

Impedance Measurements were performed in phosphate-buffered saline solution
(PBS, same electrical properties as the medium used for neural culturing and
plating). For impedance spectroscopy, a commercial potentiostat (Ivium CompactStat, Eindhoven, Netherlands), equipped with a frequency response analyzer
(FRA module) was used. Measurements were performed between 1 Hz and 100
kHz with an alternating voltage amplitude of 10 mV peak-to-peak. Four points
per frequency decade were recorded. The applied working potential during the
measurements was maintained at 0.3 V Vs Ag/AgCl. Two-point impedance
measurements were performed by using a lock-in amplifier (Zurich Instruments,
Zurich, Switzerland) to verify the recordings with the Ivium potentiostat.

5.2.4

Noise Measurements

To measure the intrinsic noise level of the electrodes, on-chip circuitry in the
HD-MEA [Frey et al. (2009, 2010)] was used. As shown in Fig. 5.3(A), all
microelectrodes were placed in the same physiological liquid at 37o C. A thick
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Pt-wire was used as reference electrode. The electrical potential across the microelectrodes was recorded during 100 seconds to obtain the integrated noise
down to sub-Hertz frequency range. Signals were amplified (960×), and low-pass
filtered around 10 kHz by using on-chip active filters. Data were sampled at 20
kHz and digitized using on chip analog-to-digital converter (ADC) and analyzed
by using Matlab 2014b offline. For the integrated noise values, the standard
deviation of the signal (σvs ) was calculated for the AP and LFP band during
the 100-second recording period for each electrode of the array. As this noise
included the intrinsic noise of the electrodes (σvel ) and the electronic noise of the
amplifiers (σva ), we estimated the intrinsic noise level of each electrode under the
assumption of statistical independence of these two noise contributions as:
2
σel
= σs2 –σa2

The input-referred noise (σva ) of the amplifier was measured separately without
connecting the electrodes. The sampling frequency of the recorded channels was
20 kHz, so the upper frequency range of the noise measurement was limited to 10
kHz, above that noise aliasing would have occurred. The lower end was around
1 Hz, limited by the high pass cut off and the flicker noise (1/f ) of the 1st -stage
amplifier.

5.2.5

Signal attenuation measurements

To determine the signal attenuation of the electrode, the amplifier interface was
measured by using the HD-MEA. As shown in Fig. 5.3(A), an alternating voltage with an amplitude of 1 mV (Vstim ) peak-to-peak at 1 kHz was applied to
the reference electrode (RE) of the HD-MEA in the PBS solution by means
of an external function generator (DS360 ultra-low distortion function generator, Stanford Research Systems, Sunnyvale, USA). The signal recorded at the
working electrode was attenuated through the electrode impedance (Zel ), the
amplifier input impedance (Za ), and the parasitic shunt capacitance (Cp ) in the
path between the electrode and the amplifier. The signals were amplified (960×
), band-pass filtered (1 Hz – 10 kHz) and then digitized using on-chip analogto-digital converters and then sent to a PC. The acquired signals were extracted
offline in Matlab to obtain the input-referred signal amplitude (Vmeas ) at 1 kHz.
The signal attenuation was then calculated from Vmeas .

5.2.6

Model for using a point source on the HD-MEA

The mathematical model used here was adapted from [Obien et al. (2013)].
The model assumed a point current source located above an HD-MEA in a homogeneous and isotropic extracellular medium. As a boundary condition, the
electrode surface was considered to be an infinite insulating plate [Ness et al.
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Figure 5.3: Noise and signal measurements of electrodes by using the
CMOS HD-MEA. (A) For signal attenuation measurements a sinusoidal signal at 1
kHz from a DS360 signal generator was applied to the phosphate buffer solution (PBS)
through an internal reference electrode (RE), while the signal was acquired from different electrode types within the 11,011-electrode array as shown at the top. For noise
measurements, the reference electrode was disconnected from the signal source and a
fixed potential was applied. The electrode-electrode interface noise was then amplified
and acquired by using the internal voltage recording channels. (B) A Patch amplifier
and pipet was used to generate point source signals to evaluate the averaging effect of
the electrodes of different sizes.
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(2015)]. To solve for the scalar potential above the insulating plate contributed
from a current source I, the method of images(MoI) was applied, which includes
considering another identical current source I on the opposite side relative to the
x-y plane. This method enables the scalar potential to be solved by using the
contributions from both current sources with no insulator present. The model is
described by:
V = I/(2πσ√(X 2 +Y 2 +Z 2 ))...(eq.1)
where I is the current; σv is the medium conductivity; X = (x – x’), Y = (y – y’)
and Z = (z – z’). V is the signal amplitude at location (x’, y’, z’), where z’ = 0,
as the array surface is flat; (x, y, z) are the coordinates of the point source. The
model was implemented in Matlab, and signal amplitudes at locations (x’, y’) =
([0 to 20 μm], 0 μm) were obtained for source positions at (x, y) = 0, z = [1, 7,
10, 20, 100 μm]. We modeled the averaging effect due to the electrode size by
modeling V at 100 random points within an electrode area (centered at specific
x’, y’ locations) and then obtained the average of all V-values for each simulated
electrode.

5.2.7

Point-source recordings through micropipette stimulations

Borosilicate glass micropipettes with filaments were pulled using a P-97 pipette
puller (Sutter Instruments, Novato, USA) to have sharp tips with tip resistances
of 7-13 MΩ. The tip resistance and output current were monitored with the
Clampex software (Molecular Devices, Sunnyvale, USA). A glass micropipette
was filled with Ca-free artificial cerebrospinal fluid (ACSF, contents in mM: NaCl
125, KCl 2.5, NaH2 PO4 1.25, MgSO4 1.9, Glucose 20, NaHCO3 25), connected to
a patch amplifier (MultiClamp 700B, Molecular Devices, Sunnyvale, USA), and
mounted on a micromanipulator (Patch-star, Scientifica, East Sussex, UK). The
stimulation signal was digitally generated and then imported to Clampex. The
patch amplifier controlled the stimulation amplitude. The pipette was positioned
atop the HD-MEA (Fig. 5.3(B)) by using the micromanipulator, and its distance
from the array surface was determined using a microscope (Olympus BX61 with
a 40× water immersion objective). The chamber atop the HD-MEA was also
filled with ACSF. The micropipette was set to have a square-wave peak-to-peak
output current of 50 nA at 1 kHz. An external Ag/AgCl pellet was used as a
reference electrode and was placed in the HD-MEA chamber with ACSF. This
reference electrode was connected to the external reference node of the HD-MEA
together with the reference of the micropipette. The square-wave signal from the
micropipette mimicked a point current source. HD-MEA recordings were done
for different micropipette distances from the array surface. The signal amplitude
detected by each electrode was extracted using a demodulation script in Matlab.
83

5.2. Methods

5.2.8

Cortical Cell Culture

Primary cell cultures were prepared as described in [Bakkum et al. (2013)], in accordance to Swiss Federal Laws on animal welfare. Briefly, cells from embryonic
day 18 Wistar rat cortices were dissociated in 2 ml of trypsin with 0.25% EDTA
(Invitrogen, California, USA) with trituration. The electrode array surface was
pre-coated with a thin layer of polyethyleneimine (Sigma, Missouri, USA), 0.05%
by weight in borate buffer (Chemie Brunschwig, Basel, Switzerland) at 8.5 pH,
followed by a 10 ml drop of 0.02 mg/ml laminin (Sigma, Missouri, USA) in Neurobasal medium (Invitrogen, California, USA) for cell adhesion. 20000-30000 cells
in a 6-μl drop were seeded over the array, and 1 ml of plating medium was added
after 30 minutes. After 24 hours, the plating medium was changed to growth
medium. Plating medium consisted of 850 ml of Neurobasal, supplemented with
10% horse serum (HyClone, Utah, USA), 0.5 mM GlutaMAX (Invitrogen, California, USA) and 2% B27 (Invitrogen, California, USA). Growth media consisted
of 850 ml of DMEM (Invitrogen, California, USA), supplemented with 10% horse
serum, 0.5 mM GlutaMAX and 1 mM sodium pyruvate (Invitrogen, California,
USA). The cultures were maintained inside an incubator to control environmental conditions (37 °C, 65% humidity, 9% O2 , 5% CO2 ) in 1 ml of growth medium
(partially replaced twice per week).

5.2.9

Organotypic Slice Culture

Newborn Thy1-YFP mice, aged between postnatal days 5 – 7, were used to
obtain brain slice cultures. The details of the applied organotypic culturing
procedure have been described in previous papers [Gong et al. (2016)Gähwiler
(1981)Van Bergen et al. (2003)]. Briefly, brains were removed and placed in icecold, oxygenated (95% O2 + 5% CO2 ) HBSS (HANK’S balanced salt solution,
GIBCO 14175), mixed with D-glucose (45%, Sigma G87691), kynurenic acid (1
mM, Tocris), and penicillin-streptomycin (5 U/ml, GIBCO 15140) under sterile
conditions. Bi-lateral hippocampi were dissected and embedded in low-meltingtemperature agarose solution (1%, Sigma-Aldrich, A9414). Sagittal hippocampal
slices (300 μm thickness) were obtained by using a vibratome (Leica VT1200 S).
The HD-MEA chip was sterilized in 70% ethanol for 40 min and coated with
0.05% PEI (polyethyleneimine, pH= 8.5, Sigma-Aldrich; Bakkum et al. (2013))
before slice culture attachment. Slices were attached on the HD-MEA surface by
using a mixture of chicken plasma (500 U/ml Sigma-Aldrich P3266) and thrombin
from bovine plasma (200 U/ml, Sigma-Aldrich T4648). Photos of the slices on
the HD-MEAs were taken at this time (DIV 0). Slice culture medium (3 ml, contained basal medium eagle without L-glutamine, Hanks’ balanced salt solution,
inactivated horse serum, 45% D-glucose, GlutaMAX, with/without penicillinstreptomycin, and with/without B27 supplement) was supplied to each slice
culture after the slice culture had been placed on the HD-MEA surface. The
hippocampal slices were cultivated in culture chambers, which were kept rotat84
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ing on a rotation rack, placed inside an incubator with controlled temperature
(36 °C), humidity (90 %) and CO2 (5 %). Culture medium was replaced after 3
days with culture medium containing penicillin streptomycin without B27.

5.2.10

Acute brain slices

Adolescent wild-type CD-1 mice (P18 to P23) were deeply anaesthetized by
isoflurane inhalation and then decapitated. Brains were dissected out and immediately immersed in ice-cold dissection ACSF. Cerebellar and cortical tissues
were obtained. The cerebellum was glued onto the vibratome tray along its
sagittal plane, and the cortex along its coronal plane. The tissues were kept in
ice-cold dissection ACSF bubbled with carbogen (95% CO2 and 5% O2 ) during
slicing. Parasagittal cerebellar slices and coronal cortical slices (200 μm thick)
were cut using Leica VT-1200S. The slices were transferred to carbogen-bubbled
warm ACSF (35 °C) and were allowed to recover in incubation for at least 40
minutes before placement on the HD-MEA. The other slices were maintained at
room temperature until measurement. Slices were carefully positioned flat on
the HD-MEA surface for recording. Slices were kept in place by using a weight
that has been custom-made by attaching a transparent membrane onto a small
platinum ring. A hole was cut on the membrane so that a micropipette could
penetrate deep into the slice. Slices were superfused with carbogen-bubbled
recording ACSF at 36 °C. Spontaneous activity detected by the HD-MEA in
this setup persisted up to 8 hours after incubation. Cerebellar slices in standard ACSF showed large amplitude spikes, assumed to predominantly originate
from spontaneously active Purkinje cells. Cortical slices in adjusted ACSF (1
mM Mg2+ and 1 mM Ca2+ add citation) exhibited both LFPs and EAPs across
different cortical layers in HD-MEA recordings.

5.2.11

HD-MEA extracellular recordings

For dissociated cell and organotypic slice cultures, the HD-MEA recording setup
was placed in a dry incubator for a control of environmental conditions (36 °C
and 5% CO2 ). During experiments, the HD-MEA devices were transferred to
the dry incubator and covered with sterilized PDMS caps to minimize media
evaporation. Spontaneous spiking activity was observed for cultures at DIV 7
and older. Cultures were allowed to mature for 3-4 weeks before experimentation.
For acute slices, the HD-MEA recording setup was at room temperature, and the
acute tissue was continuously superfused with carbogen-bubbled recording ACSF
at 36°C to maintain cell viability.
All LFP+EAP recordings were done at 20 kHz sampling rate, 1-3700 Hz bandpass filter, and 960× amplification. Different sets of electrode configurations
were used to record spontaneous activity. For “bio-noise” or background activity
experiments, 10 configurations with randomly selected electrodes were recorded
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for 60 s each. A sparse configuration (11×11 electrodes with 180 μm spacing,
area coverage 2.0×1.75 mm2 ) was used for array-wide LFP recording; 6 configurations (11×11 electrodes with 60 μm spacing, area coverage 0.6×0.5 mm2 ) for
local area LFP recording, all recorded for 5 min each. Full array high-density
scan to extract EAPs only (6×17 electrodes with 18 μm spacing, area coverage
100×300 μm2 ; 300-3700 Hz bandpass filter) was performed using 146 configurations, recorded for 60 s consecutively.

5.2.12

Data Analysis and Statistics

For single cell analysis, extracellular action potentials (EAPs) were extracted
from the recorded signals after filtering within a band between 300 to 3000 Hz.
Spike detection commonly relies on thresholding; spikes crossing a defined threshold, usually five times the standard deviation of the baseline noise, were further
processed according to the scientific question at hand. Spike sorting was then
performed to assign the spikes to individual neurons. The challenge in clustering and assignment of spikes critically depends on the quality of the recorded
signals [Quian Quiroga et al. (2004); Quiroga (2012)]. To investigate population activity, local field potentials (LFPs) were obtained by filtering the signal
within specific low-frequency bands below 300 Hz (delta: 1-4 Hz, theta: 4-11 Hz,
beta: 11-30 Hz, gamma: 30-55 Hz). Several signal sources contribute to LFP signals, including synchronous synaptic events and action potentials [Buzsáki et al.
(2012)]. LFP analysis usually involved calculating the power spectrum density of
the signal, while the difficulty to identify the exact source of the signals rendered
the interpretation of LFPs challenging. One approach based on computational
neuron models to decode recorded LFPs [Einevoll et al. (2013)], included to also
consider electrode effects on the signal.

5.3
5.3.1

Results
Signal sources

In this study, we investigated the factors affecting the quality of neuronal signals
recorded by microelectrodes in different in-vitro preparations. To cope with
the uncertainty of not knowing the exact signal sources in neurons, we first
established a methodology to characterize electrode sizes using a known and
well-defined signal source. We used a stimulating micropipette, placed close to
the electrode as a point current source (Fig. 5.4(A)). Using this approach, we
could also examine other controllable parameters, such as the distance between
electrode and source, in order to come up with a simplified model, the parameters
of which could then be compared with experimental results from cell culture and
tissue recordings.
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Point Source
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Figure 5.4: Signal sources. (A) Stimulation through a pipette as point current
source. (B-D) Spatio-temporal features of extracellular action potentials (band-pass
filter: 100-3000 Hz) obtained from different types of neurons and experimental preparations. Waveforms were averaged over 500 trials. Insets show the largest detected
negative spikes; the gray triangles mark the time point that has been used for mapping the signal amplitudes recorded from all electrodes (color scale: blue to red). (B)
Cerebellar Purkinje neuron from an acute-slice recording. (C) Cortical neuron from
a dissociated-cell-culture recording. (D) Hippocampal neuron in an organotypic slice
culture. (E-F) Spatio-temporal features of local field potentials recorded from different
preparations. Insets show all the waveforms; gray triangles mark the time point used
for obtaining the color map. (E) One LFP event from an acute prefrontal cortical
slice recording (bandpass filter: 0.1-50 Hz). (F) One LFP event from an organotypic
hippocampal slice culture of the CA3 area (bandpass filter: 0.1-10 Hz).
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5.3.2.1 Averaging
We then explored the spatiotemporal features of EAPs originating from different neuronal types. Using high-density microelectrode arrays, we recorded from
Purkinje cells in acute cerebellar slices (Fig. 5.4(B)), cortical neurons in dissociated cell cultures (Fig. 5.4(C)), and hippocampal neurons in organotypic
slice cultures (Fig. 5.4(D)). Using previous findings [Bakkum et al. (2013); Frey
et al. (2009)Radivojevic et al. (2016)], we could estimate and differentiate
the subcellular compartments producing the signals: the perisomatic area, the
dendritic/neuritic area, and axonal branches. The most negative spike was usually found in the perisomatic area. The positive spikes occurring simultaneously
with the most negative spike were indicative of return currents that could arise
from any subcellular compartment of the spiking neuron. Here, we measured
return currents occurring at the dendritic/neuritic area near the location of the
most negative spike. Triphasic spikes were observed to propagate along axonal
branches. To analyze LFPs, we recorded from acute cortical slices and organotypic hippocampal slices. The 3D neuronal structure is preserved in acute slices
and is similar to in-vivo, as the local network of cells is maintained, In organotypic
slices, however, some cell connections may have been restructured during the culturing period. We extracted spatiotemporal features of single LFP events, which
occurred more frequently in acute slices (Fig. 5.4(E)) as compared to organotypic
slices (Fig. 5.4(F)).

5.3.2

Signal attenuation

5.3.2.1

Averaging

The spatiotemporal features of the signals extracted from single neurons and
local networks by using microelectrodes exhibit multiple scales—ranging from
micrometers to hundreds of micrometers spatially, and milliseconds to seconds
temporally. These signals offer rich datasets for analyzing neuronal and brain
tissue function; the significance of the details in the dataset depends on the
respective scientific question.
Signal averaging due to the electrode size influences the level of detail of neuronal
signals that can be extracted. We quantified the averaging effect in dependence of
the electrode size by using a known point current source, shown in Fig. 5.5. Signal
averaging was found to be highly dependent on the spreading of the signal; the
more local the signal was, the more pronounced was the averaging effect on the
amplitude of the recorded signal. To measure the signal spreading at micrometer
scale, we recorded the signal from a micropipette (square-wave stimulation, 1000
Hz, 50 nA), which was moved parallel to the planar electrode surface from the
center of the electrode to up to 20 μm distance (Fig. 5.5(A,B)). The recordings
were done for electrode types 1 (86 μm2 ) and 4 (11 μm2 ). We also simulated
the signal spread by using MoI, which was used to fit the measurements as
shown in Fig. 5.5(C). To further analyze the averaging effect of smaller and larger
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Figure 5.5: Signal averaging for a known point source. (A) Schematic side view
of the experiment, where the stimulating pipette constituted the known point source
at a z-distance = 7 μm from the electrode array. The pipette was kept at the same
z-distance during movements parallel to the x-y plane. (B) Differential interference
contrast (DIC) microscopy image of the electrode array showing type-4 electrodes
and the stimulating pipette. (C) Simulation (electrode types 1-4) and experimental
(electrode types 1 & 2) recordings of the signal amplitudes, as detected by the recording
electrode, while the pipette was moved in the x-y plane. (D) Simulation of detectable
signal amplitudes upon increasing the z-distance (z = 1, 10, 20, 100 μm) and the
electrode size (1×1, 2×2, 4×4, 8×8, 16×16, 32×32, 64×64, 100×100 μm2 ).
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Figure 5.6: Signal averaging of extracellular action potentials recorded by
using small electrodes. (A) An example extracellular action potential footprint of
a neuron in a dissociated cell culture. The displayed waveforms represent an average
of 500 spontaneous spikes. The color bar (dark red to white) indicates the amplitude
of the negative peak signal detected per electrode. (B) Close-up of the marked area in
A (dashed white lines) to show the individual waveforms recorded by small electrodes
of different size (shown to scale as rectangles, colors correspond to the dots in C). The
signal analysis for all extracted neuronal footprints (101 in total) included to use the
signals of seven electrodes closest to the largest signal per neuronal footprint. (C) An
example slope plot for the waveforms shown in B. The steepness of the slope represents
the averaging effect; the steeper the slope, the less averaging. (D) Signal averaging
results obtained from 101 neurons and shown in a quartile box plot (red line indicates
the median, green cross shows the mean, the box edges represent the quartiles, and
the whiskers represent the maximum and minimum slopes obtained) The numbers on
top of each box/bar indicates the number of units or neurons.
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Figure 5.7: Signal averaging of extracellular action potentials. (A) Extracellular action potential (EAP) footprint of a hippocampal neuron (organotypic slice,
WT mouse, DIV 17) for spontaneous activity. The color map (blue to red) indicates
the amplitude of the negative peak of the largest spike. The waveforms (|amplitude|
> 0.5 μV, averaged over 500 trials) show different spike shapes in different areas of the
neuron. Three areas were chosen for signal averaging assessment: (i) the perisomatic
area, (ii) the dendritic area, and (iii) an axonal branch. Waveform changes due to averaging are shown at the bottom (scale bars: 10 μV, 1 ms). B) Peak-to-peak amplitude
differences due to averaging effects in different areas of the neuron.
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Figure 5.8: Signal averaging of local field potentials. A) Local field potential
(LFP, bandpass-filtered between 0.1 to 10 Hz) map, obtained from a single spontaneous
event in a hippocampal slice (organotypic culture, WT mouse, DIV 17). The color
map (blue to red) indicates the amplitude of the LFP at t = 0.3 s, when negative
and positive peaks were observed. The waveforms (|amplitude| > 5 μV) show different
LFP amplitudes and shapes in multiple areas of the slice. Three areas were chosen for
signal averaging assessment (i) the CA3a area, (ii) the CA3b area, and (iii) the dentate
gyrus (DG) area. Waveform changes due to averaging are shown at the bottom. B)
Peak-to-peak amplitude differences due to averaging effects in different areas of the
slice.
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electrodes, we used the MoI method to simulate the signal spread at different
z-distances between the electrode and the point source (Fig. 5.5(D)). The closer
the source was to the electrode, the larger was the effect of signal averaging.
For example, the averaging effect of a signal source at z = 1 μm led to a 95%
reduction of the detected amplitude for using a 100×100 μm2 electrode instead
of a 1×1 μm2 electrode. However, if the signal source was at z = 100 μm, the
averaging effect was negligible, so that both electrode sizes, 1×1 and 100×100
μm2 , provided almost the same amplitude.
We then estimated the effect of signal averaging for EAP and LFP recordings.
For EAPs, it was crucial to analyze the averaging effect of very small up to
large electrode sizes. We employed two approaches: (i) recording with very
small electrodes and (ii) simulating large electrodes by averaging signals detected
by multiple small electrodes. For the first approach, we recorded EAPs from
dissociated cortical cell cultures (DIV 18), for 101 units or neurons. Fig. 5.6(A)
shows a sample unit, represented as a neuron footprint, where six electrodes
closest to the electrode featuring the largest negative spike were chosen (total
of 7 electrodes, Fig. 5.6(B)) for computation of the relation between decrease in
relative amplitude with distance from the peak signal location (Fig. 5.6(C)).
As shown in Fig. 5.6(C), the signal amplitudes detected by electrode types 1 to
4, were found to be identical at 20 μm distance from the signal peak of a point
source. We thus considered variations in the decrease of the relative amplitude
with distance from the peak signal location (slopes of the lines in Fig. 5.6(C),
fitted to the relative signal amplitudes observed on the six electrodes surrounding the central electrode with the largest signal) mostly being a consequence
of different averaging effects of the respective electrodes due to their different
electrode sizes. Fig. 5.6(D) presents the summary of slopes computed according
to Fig. 5.6(C) for each electrode size and obtained from 101 units or neurons.
The median (red bar) trends to increase from larger to smaller electrode size,
which indicates a decreasing effect of signal averaging with decreasing electrode
size. The results evidenced that very small electrodes, in this case 3.3×3.3 μm2
in size (el4), provided local neuronal signal recording at the same if not better
performance compared to 10×8.6 μm2 size electrodes (el1).
For the second approach, i.e, the simulation of large electrodes by averaging
signals detected by multiple small electrodes, we used a hippocampal-neuron
footprint obtained by averaging over 500 spikes (Fig. 5.7(A)). We chose regions
in the perisomatic area (i), the dendritic area (ii), and regions of the axonal
branch (iii) based on spike shapes. To simulate large electrodes, we averaged
the signals that have been simultaneously detected by multiple electrodes (4
electrodes: 35×35 μm2 , 9 electrodes: 52.5×52.5 μm2 , 16 electrodes: 70×70 μm2 ,
and 25 electrodes: 87.5×87.5 μm2 ; where each electrode was 9×5 μm2 in size at
17.5 μm pitch). We summed up the waveforms detected by multiple electrodes
and then divided by the total number of summed electrodes. This approach gives
only an approximate of the averaging effect given the limits of the resolution of
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the electrode array—therefore, not equivalent to amplitudes acquired with solid
electrodes. In perspective, this approach is comparable to computing the average
potential across an electrode area, as in Fig. 5.5, but only integrating a limited
number of points within the area. Fig. 5.7(B) summarizes the trend of amplitude
reduction by increasing the number of averaged electrodes. Small local signals,
such as propagating axonal action potentials, will suffer more from averaging
effects, compared to large perisomatic signals and signals that cover larger areas,
such as dendritic-return-current signals.
Similarly, we applied the same method to an LFP event in an organotypic hippocampal slice (Fig. 5.8). The areas of hippocampus subfields, Cornu Ammonis
3 (CA3) and the dentate gyrus (DG) were determined by matching the electrical
activity map of the slice, obtained by scanning with the full electrode array, with
a microscopy image of the slice taken at DIV 0 (not shown). Unlike in the case
of EAPs, signal averaging had relatively little effect on LFP signals. As shown in
Fig. 5.8(B), averaging of 25 electrodes reduced the amplitude by approximately
20%, which is negligible for large LFP signals ranging from 0.6 to 1.5 mV. However, as shown in Fig. 5.8(A) (ii. CA3b), the spatial details of the LFP signal
may get lost upon using larger electrodes.
5.3.2.2

Impedance ratio

The electrode impedance affects signal attenuation. The ratio of electrode impedance
(Zel ) to amplifier input impedance (Za ) and the routing (or shunt) capacitance
influence the recorded signal magnitude [Nelson et al. (2008)]. Fig. 5.9 shows
the equivalent circuit of an electrophysiology channel, from the neurons to the
amplifier input, adapted from [Robinson (1968)]. The electrode impedance (Zel )
is frequency-dependent and comprises of the resistance of the electrolyte solution
(Rs ), the double layer capacitance (Cel ) in parallel to the charge transfer resistance (Rel ), and the Ohmic resistance of the electrode and metal connections
(Rm ).
The parasitic capacitance (Cp ) largely contributes to signal attenuation, especially for passive MEAs or for probes including electrodes on long shafts, used
for in-vivo recordings, due to the long connections between electrodes and amplifiers. The effective input impedance of the amplifier is mainly dependent on the
amplifier configuration. Here we have investigated two types of amplifier configurations. The closed-loop amplifier [Frey et al. (2010); Harrison et al. (2003)] uses
a large input capacitance (Ci ) and a small feedback capacitance (Cf ) to achieve
a high gain, which results in a low effective input impedance (Za = 1/ω.(Ci +
Ca ). In contrast, the input impedance of an open-loop amplifier Viswam et al.
(2016b) is mainly depending on the input transistor gate capacitance (Ca ), which
is usually an order of magnitude lower than Ci .
We measured the electrode impedance with different electrode sizes (from 100×100
µm2 down to 1×1 µm2 ) as a function of frequency between 1 Hz and 100 kHz
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Figure 5.9: Equivalent circuit of the microelectrode and recording circuitry
channels [ Robinson, 1968; Marie, 2015]. (A) Equivalent-circuit model of a metal
microelectrode for electrophysiology recordings as adapted from Robinson (1968). The
entire circuit is comprised of the electrode in contact with the neurons and the amplifier
with a filter. The effective impedance of the electrode (Ze ) is comprised of the resistance
of the electrolyte solution (Rs ), the resistance and capacitance at the double layer
interface of the electrolyte and the metal electrode surface (Re and Ce ), and the Ohmic
resistance of the metal electrode (Rm ). Lengthy metal routing from the electrode to
the input of the amplifier creates parasitic capacitances (Cp ) and shunt resistances
(negligible) to ground. The effective input impedance of the amplifier (Za ) depends on
the amplifier configuration. The triangle represents an ideal amplifier that does not
draw any current. The non-ideal aspects of the amplifier have been accounted for in
Za . The effective input impedance of the amplifier (Za ) in a closed-loop configuration
(B) and an open-loop configuration (C).
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Figure 5.10: Electrode impedance of electrodes of various sizes as a function
of frequency. Impedance spectra of bright Pt (A) and Pt-black (B) electrodes are
shown. Electrode size varied from 100 µm down to 1 µm diameter. The electrodes
were fabricated, and their impedance measured in a frequency range from 1 Hz to 100
kHz. The input impedance of an amplifier with a capacitance of 1 pF is also plotted
here for comparison.

(Fig. 5.10). We used bright Pt electrodes and Pt electrodes that had been covered
with Pt-black. Bright Pt electrodes showed 1/f behavior in both, the LFP band
and the AP band (Fig. 5.10(A)), which evidenced the dominance of the doublelayer capacitance (Cel ). Pt-black has been electroplated to reduce the impedance
as it effectively increases the surface area while the geometric electrode area is
preserved. An impedance reduction of >50 times was observed at lower frequencies (LFP). At higher frequency (AP band), especially for large Pt-black
electrodes (> 16×16 µm) the electrodes showed resistive behavior (impedance
magnitude reaches a plateau with respect to the frequency, and the phase goes
towards zero) dominated by the solution resistance (Rs ) (Fig. 5.10(B)).
The signal attenuation in dependence of the impedance ratio (Zel /Za ) was simulated for bright Pt and Pt-black electrodes for electrode sizes from 100×100
µm2 down to 1×1 µm2 and confirmed through measurements (Fig. 5.11). Blue
lines represent the bright Pt electrodes and black lines the Pt-black electrodes.
Four electrode sizes (el1: 86 µm2 ; el2: 44 µm2 ; el3: 22 µm2 ; el4: 11 µm2 ) implemented in the HD-MEA were used for measurements. An artificial signal, an
alternating voltage of 1mV peak-to-peak at 1 kHz was applied to the solution,
and the resulting signals were acquired from each type of electrode (more than
30 electrodes per type or size). The recording channel amplifier of the HD-MEA
was used in closed-loop configuration with an input capacitance of 3.8 pF (41
MΩ at 1 kHz) [Frey et al. (2010)]. For simulation, an estimated unit capacitance
of 0.2 pF/µm2 was used for bright Pt electrodes and 30 pF/µm2 was used for Pt96
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Figure 5.11: Effect of electrode size and impedance on signal attenuation.
Figures (A, B) show the attenuation of the recording signal through bright Pt and Ptblack electrodes for different electrode sizes. Various parameters, like ratio of electrode
impedance (Zel ) to amplifier input impedance (Za ), or the parasitic capacitance (Cp )
were simulated at 1 kHz. The amplifier input capacitance was taken as 3.8 pF [Frey
et al. (2010)] based on measurements, and the shunt capacitance was swept between 0.1
pF to 10 pF as shown in the figures. The measured signal attenuation due to electrode
size/ impedance is shown for 4 electrode sizes (el1: 86 µm2 ; el2: 44 µm2 ; el3: 22 µm2 ;
el4: 11 µm2 ). Blue lines represent bright Pt electrodes, and black lines represent the
Pt-black electrodes. In the bright-Pt case, the smallest electrode (El4: 11 µm2 ) showed
an attenuation of over 70%, and the largest electrode (el1: 86 µm2 ) around 30%. By
reducing the absolute electrode impedance through Pt-black deposition, the effects of
signal attenuation decreased below 2% for all different electrode sizes.
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black electrodes [Franks et al. (2005); Robinson (1968)]. As expected, the ratio
between Zel to Za played an important role for the recording of signals. We saw
significant attenuation (70%) in the measured signals for the smallest electrode
el4, which is due to the fact that the electrode impedance is comparable to the
input impedance of the voltage-recording amplifier (Fig. 5.11(A)). By reducing
the absolute electrode impedance through Pt-black deposition, the signal attenuation effect was reduced to < 2% for all four different electrode sizes. For the case
of the simulated 1×1 µm2 electrode, the signal attenuation was reduced from >
95% to < 5% after Pt-black deposition. It was found that the signal attenuation
was below 5 %, if the electrode impedance was 10 times lower than the amplifier
input impedance. In the measurement setup, the parasitic capacitance (Cp ) was
estimated to be 0.5 pF [Obien et al. (2015)]. To see the effects of the parasitic capacitance on signal attenuation, Cp was swept (from 0.1 to 10 pF) while
keeping the same amplifier input impedance (3.8 pF). A lower impedance ratio
(realized through Pt-black deposition or use of larger electrodes) was needed to
cope with the higher parasitic capacitances.
Small electrodes (with diameters of less than 5-10 µm) have high impedance
and require amplifiers with very high input impedance, which is usually hard
to realize in experimental setups. Instrumentation-dependent signal attenuation
is an important parameter for electrophysiologists; a suitable impedance ratio
(Zel /Za ) needs to be established (by impedance reduction techniques like Ptblack deposition) for optimizing the electrode-amplifier interface matching.

5.3.3

Noise

Noise in extracellular recording refers to all signal contributions mixed with the
neuronal signal of interest. Three main types of noise convolve with the signals recorded by extracellular electrodes: (1) the inherent thermal noise of the
electrodes; (2) the biological “noise” or background activity, which includes the
signals of more distant neurons that cannot be assigned; and (3) the noise of
the recording amplifiers. Other sources of noise include power-supply noise (5060 Hz), which can be minimized with proper grounding and shielding of the
recording setup, and flicker noise (below 10 Hz). The quality of extracellular
recordings and its signal-to-noise ratio (SNR) depend on how well the signal of
interest can be acquired in the presence of noise from the various sources in the
recording chain.
Thermal noise adds to the recorded signal at each electrode. Decreasing the size
of microelectrodes results in an increase in their impedance—the major contributor being intrinsic thermal noise [Robinson (1968)]. The equivalent thermal noise
can be calculated as follows:
vn =
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Figure 5.12: Electrode noise. (A, B) Noise power spectral density (PSD) of Ptelectrodes and Pt-black electrodes computed from the real part of the measured electrode impedance. The electrodes show 1/f noise characteristics at low frequencies and
reach a plateau of thermal noise at higher frequencies. After Pt-black deposition, the
noise spectral density was significantly reduced but reached a plateau defined by the
spreading resistance (which depends on the electrode geometric area and solution resistance). (C, D, E) Integrated noise (µVrms ) of the electrodes in the AP region, LFP
region, and over the full band versus electrode size and comparison to measurement
results obtained with four electrode sizes (el1: 86 µm2 ; el2: 44 µm2 ; el3: 22 µm2 ; el4:
11 µm2 ) on an HD-MEA. For bright Pt electrodes in the LFP band, the noise increased
from 5 µVrms to 22 µVrms for going from a 100 × 100 µm2 size electrode from to a
1 × 1 µm2 size electrode. In the AP band, the noise increase was less, only from 4
µVrms to 14 µVrms . After Pt-black deposition, the LFP noise and AP noise was below
6 µVrms and 8 µVrms respectively for all electrode sizes.
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Figure 5.13: “Bio noise” or electrical background activity. (A) RMS noise
of a recorded signal with AP spikes (2400 data points per electrode type). (B) RMS
noise of the recorded signal without detectable spikes, 1570 data points per electrode
type. The trend is that smaller electrodes record less noise due to background activity
[Camuñas-Mesa & Quiroga (2013)], which is in contrast to their increase in thermal
noise. The values here may change depending on culture preparation, cell type, number
of active neurons and physical parameters, like temperature etc.

where k is the Boltzmann constant, T is the absolute temperature, Ze’ is the
real part of the effective electrode impedance, and Δf is the noise bandwidth
[Obien et al. (2015)]. The real part of the impedance was calculated from the
measured impedance magnitude and phase for the all electrode sizes (Fig. 5.10),
and the equivalent noise power spectral density (PSD) was estimated (using the
eq.2) as shown in Fig. 5.12. For both, bright Pt and Pt-black electrodes, the
PSD shows 1/f noise characteristics at low frequencies and reaches a plateau of
thermal noise (dominated by Rs noise as expected) at higher frequencies. The
integrated noise was calculated from the noise PSD for the LFP (from 1 Hz
to 216 kHz) and AP (from 216 Hz to 4.6 kHz) band and also total integrated
noise (from 1 Hz to 4.6 kHz). The inferred values show a good match with
the noise values measured for 4 electrode sizes (el1: 86 µm2 ; el2: 44 µm2 ; el3:
22 µm2 ; el4: 11 µm2 ). The noise of bright Pt electrodes was generally high
in all frequency bands, especially in the LFP band. After Pt-black deposition,
the LFP noise and AP noise were below 6 µVrms and 8 µVrms for all electrode
sizes. There was some electrode-size dependence of the noise, and low electrode
impedance turned out to be extremely important for LFP recordings. Low electrode impedance can be achieved through applying coatings, which increase the
surface area while preserving a small geometric electrode area, such as Pt-black,
or poly-3,4-ethylendioxythiophen (PEDOT) [Kim et al. (2014)].
The biological “noise” or background activity is different for AP spike detection and LFP extraction. For spike analysis, background “noise” comprises of
the low-frequency population-activity signals (LFP), and the spikes from distant
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neuronal sources (> 50 μm away from the electrode). The size of the electrodes
codetermines how much of the background noise gets picked up. Small electrodes
record from only a few nearby neurons, so that background activity contributions
are low. When located very close to the neurons of interest, small electrodes offer
excellent single-unit isolation capabilities. In contrast, large electrodes pick up
the activity of more and more distant neurons in a larger area. A smaller ratio
of the amplitudes of the nearby neuronal signals of interest to those of the more
distant cells that contribute to the background activity leads to a lower SNR for
individual electrodes [Harris et al. (2016)]. For LFP analysis, all neuronal activities at high frequencies (AP spikes) are considered “background noise”. Although
the signal can be specifically filtered for the band of interest, the effect of AP
bleed-through on the signal remains [Ray (2015)]. Additional techniques need to
be employed to remove the spike-related transients in LFP-filtered signals, e.g.,
the subtraction of the mean spike waveform from the wide-band signal before
low-pass filtering [Pesaran et al. (2002)] or the interpolation of the LFP in a
pre-determined interval before and after the spike [Okun et al. (2010)]. Fig. 5.13
shows the characteristics of background “noise” for different electrodes sizes in a
cell culture measurement. The noise rms of the recorded signal including spikes
(2400 data points per electrode type) and with no detected spikes (1570 data
points per electrode type) is shown. The measurement shows that the smallest electrodes feature less noise [Camuñas-Mesa & Quiroga (2013)], which is in
contrast to their higher intrinsic thermal noise. The intrinsic thermal noise component for each electrodes size has been removed in the displayed results. The
values here might change depends on culture preparation, cell type, number of
active neurons and even physical parameters, like temperature etc.
Amplifier noise further deteriorates the SNR of extracellular recordings and does
not scale with electrode size. By careful design of the recording amplifiers, the
amplifier noise can be kept well below the noise generated by the microelectrodes.
This aspect becomes very important for designing amplifiers for MEAs, where
power-consumption and circuit-area limitations need to be considered [Obien
et al. (2015)]. In general, it is difficult to design small amplifiers with very low
noise.

5.3.4

SNR of the recorded signal

To estimate the SNR, the dependence of three main parameters on electrode size
were taken into consideration: 1) signal averaging effect; 2) signal attenuation due
to the impedance ratio (Zel : Za ); and 3) electrode noise – both thermal noise and
background “bio noise”. As discussed in section 5.2, small electrodes prevailingly
detect large-amplitude activity of nearby neurons; in contrast, large electrodes
detect signals from a larger number of neurons, but the spike amplitudes get
attenuated, as the larger electrode surface area causes signal averaging. This
effect of signal averaging or attenuation depends on the spatial frequency of the
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Figure 5.14: SNR estimated from hippocampal neuronal signals at different levels of
background activity. A maximum SNR for the various signal types was observed at
different electrode sizes. The background activity or “bio noise” level (low: 1 μVrms ,
medium: 3 μVrms and high: 8 μVrms ) plays a pivotal role in determining the optimal
electrode size. (A) For an axonal branch, small electrodes (diameter < 16 um) show
peak SNR. But for somatic or dendritic signals, a medium-size electrode (diameter 8
µm - 30 µm) was observed to be favorable. (B) LFP signals have generally high SNR,
and electrodes down to 16 µm diameter provide good SNR for all LFP signals (CA3a,
CA3b, DG).
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signal (EAP signals are more attenuated upon using larger electrodes than LFP
signals) and can be approximated by using a point current source at different zdistances from the electrode (Fig. 5.5). The attenuation was found to be different
in each preparation and for each signal type, so we used the slopes of the best fits
for the attenuation in dependence of the electrode size (for axonal branches, z = 5
µm; somatic areas, z = 20 µm; dendritic areas, z = 30 µm and for LFP, z > 35 µm)
to estimate the SNRs. Signal attenuation as a consequence of the impedance ratio
can be lowered by Pt-black deposition (Fig. 5.11), which reduced the influence
of the electrode size (down to 10 µm) on the SNR. Hence, the thermal noise
of electrodes primarily determines the SNR. Smaller electrodes feature higher
thermal noise, especially at low frequencies (Fig. 5.12). The thermal noise level
of an electrode depends on its effective surface area, which can be significantly
increased through Pt-black deposition. Moreover, small electrodes record less
“bio noise”(Fig. 5.13). The combination of the three parameters mentioned above
affects the SNR, so that a range of optimal electrode sizes for EAP and LFP
recordings can be determined. The SNR values were calculated from the mean
signal amplitudes (EAP & LFP) obtained from the individual neurons that have
been identified in the recordings, divided by the total noise (both thermal and
“bio noise”).
The curves in Fig. 5.14 show the estimated signal-to-noise ratios (SNR) for both
EAP and LFP signals (from organotypic hippocampal slices) for different electrode sizes. The electrode size to achieve maximum SNR depended on the different signal types (Fig. 5.14). The background activity or “bio noise” level (low:
1 μVrms , medium: 3 μVrms and high: 8 μVrms ) has a pivotal role determining
optimal electrode size. We estimated that for axonal-branch signals, the optimal electrode diameter was below 16 µm, but for somatic or dendritic signals,
a medium electrode diameter (8 - 30 µm) deemed favorable. A large electrode
diameter (> 16 µm) was found to be favorable for all LFP signals (CA3a, CA3b,
DG), but it has to be noted that SNR of LFPs is comparably high over the whole
size range.

5.4

Discussion and Conclusion

We have shown, through experimental and computational analysis, how electrode
size influences the quality of extracellular recordings. We investigated the effects
of signal attenuation, caused by signal averaging effects over the electrode area,
impedance ratio of electrode and amplifier input, and noise, which included both,
thermal and background electrical activity or so-called “bio noise”. We quantified
these effects separately in order to analyze which effect dominates under which
circumstances.
A first approach to analyze signal averaging consisted of using a known current
source. We used a micropipette as a point current source and recorded the signals
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by using a HD-MEA with electrodes ranging from 3×3 to 10×8.6 μm2 in area. In
order to be able to extrapolate to electrode sizes over a large range, we established
a point-source model and used the method of images [Ness et al. (2015); Obien
et al. (2013)]. We verified that the model results fitted to the experimental data,
also for small electrodes. We found that the averaging effect was correlated to
the distance of the electrode to the signal source. For example, for a z-distance of
20 μm, electrode sizes below 20×20 μm2 did not show any significant differences
in the detected signal amplitudes, whereas the signals recorded from electrodes
larger than 20×20 μm2 were affected by averaging effects and showed lower signal
amplitudes. Similarly, if the signal source was at a z-distance of 100 μm, the
detected signal amplitudes were comparable for all electrodes of 100×100 μm2
size and smaller. For point-sources, signal averaging mainly occurred in case that
the signal source was very close to the electrode, such that the signal amplitude
decreased with increasing electrode area.
Neurons have been considered to comprise of multiple point sources, and have
been modeled as line sources and multi-compartmental structures [Buzsáki et al.
(2012); Einevoll et al. (2013); Ness et al. (2015)]. Previous work reported
on computational modeling to study how electrode size, ranging from 20 to
200 μm in diameter, affected spike sorting quality [Camuñas-Mesa & Quiroga
(2013)]. Using HD-MEAs, we implemented an experimental approach to obtain
averaging-effect trends for EAP and LFP recording. Propagating axonal action
potentials produce small, local signals, which were clearly detectable by using
small HD-MEA electrodes, but became hard to record for using larger electrodes
(up to 50% reduction in signal amplitude by averaging the signals of 9 to 25
electrodes in a square configuration). EAPs with larger amplitudes, originating
from the perisomatic area, and return currents (usually found in the dendritic
area) were also affected by averaging. As long as noise levels were low, the effect of electrode averaging was found to be insignificant for large perisomatic
spikes. This holds particularly true for applications that require to only record
the spike timing of multi-unit recordings. For spike sorting, however, spike shape
and amplitude have to be accounted for in the respective sorting algorithms.
Spikes can be easily assigned to different sources or single units when they have
been recorded with small electrodes. On small electrodes, spikes from the closest
neurons will be easily distinguishable from other spikes of other more distant
neurons. This finding is in agreement with previous work reporting that small
electrodes (diameter < 20 μm) should be used to detect and distinguish EAPs
of a few nearby neurons [Harris et al. (2016)].
LFP signals, in contrast, feature a large spatial extension and are less affected
by electrode averaging. Large electrodes can be advantageous for LFP recording
due to the fact that noise is averaged out, as has been stated previously [Harris
et al. (2016)]. However, as can be seen in Fig. 5.8, spatial details may get lost,
which are important for determining current source densities (CSD) [Einevoll
et al. (2013)Lȩski et al. (2013); Pettersen et al. (2010)] and for understanding
the source of LFP signals [Buzsáki et al. (2012); Einevoll et al. (2013)]. Due
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to the large amplitudes of LFPs, electrodes of any size within the range of the
signal spread can detect the signal, and the quality of the recording will be
predominantly affected by noise.
The next effect we analyzed was signal attenuation due to variations in impedance
ratio of electrode and amplifier input. We observed that increasing the electrode
impedance by reducing the electrode size causes signal attenuation mainly due to
the frequency-dependent voltage drops caused by the electrode impedance, the
amplifier input impedance, and the routing capacitances [Nelson et al. (2008)].
For a bright Pt electrode, the signal attenuation was measured to be large, when
the electrode size was less than 100 μm2 . However, upon reducing the electrode
impedance by surface modification techniques, such as Pt-black deposition, signal
attenuation could be limited to 1 to 2%, even for small electrodes (10 μm2 ), so
that the amplifier input impedance then became the determining parameter.
To keep attenuation low, an impedance ratio Zel /Za < 0.01 is sufficient for all
electrodes of smaller sizes.
Our results also show the importance of selecting a suitable amplifier topology
and input impedance. To reduce substrate noise and power supply interference,
fully differential topologies are preferable. Inverting-type differential amplifiers
[Harrison et al. (2003); Frey et al. (2010)] with capacitive feedback are a frequent
choice, although this topology suffers from low input impedance as a consequence
of the large input capacitances. This holds particularly true, when a high gain
needs to be achieved. In our measurements, the input impedance was defined
by capacitance of 3.8 pF setting the gain (41 MΩ at 1 kHz). It is preferable
to use non-inverting-type amplifiers (instrumentation amplifier), or open-looptype amplifiers [Viswam et al. (2016a)] to achieve a high input impedance for
measurements with small electrodes. For many commercially available electrodes,
only impedance values measured at 1 kHz are specified (e.g., NeuroNexus, MI,
USA). In order to quantify the electrode performance for all recording scenarios,
it is important to provide full impedance spectra in the LFP and AP band.
This information is needed to be able to estimate the impedance ratio (Zel /Za ),
according to the applied amplification device, to be able to obtain high quality
signals.
Parasitic capacitances can be detrimental even at the highest possible amplifier
input impedance. In the case of HD-MEAs, monolithic integration and having
the amplifiers very close to the electrodes keeps the capacitances of the routing and the connections small. For example, the parasitic capacitance for the
HD-MEA system used for our measurements was determined to be less than 1
pF [Frey et al. (2010)]. Passive MEAs, however can have significantly larger
parasitic capacitances, depending on the thickness of the insulation layers and
the metal track widths: James et al. measured values of 60–100 pF [James
et al. (2004)], while Nisch et al. estimated parasitic capacitances to be below
15 pF [Nisch et al. (1994)]. In any case, efforts need to be made to minimize
the parasitic capacitances, for example by implementing minimal-length routings
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between the electrodes and the amplifiers, shielding arrangements or application
of other techniques [Purves (1981)].
In a next step, we quantified noise effects, and our results showed that electrodeimpedance reduction (e.g., through Pt-black deposition) was of pivotal importance to achieve low noise values, in the EAP and LFP bands. After Pt-black
deposition, the LFP noise and EAP noise (inferred from the electrode impedance)
were below 6 µVrms and 8 µVrms , respectively for all the electrode sizes (1 µm2 104 µm2 ). In LFP band, the inferred thermal noise of the electrodes was lower
than the measured noise. Pt electrodes are highly polarized with very small
amount of Faradaic current, so noise from other sources, e.g., 1/f 2 behavior noise
at frequencies below < 10 Hz [Hassibi et al. (2004)] may add to the thermal
noise.
We also considered background electrical activity of more distant neurons or
“bio noise”. It was assumed that small electrodes advantageous since a small
surface area limits the number of detectable signals from neurons surrounding the
electrode. Also sealing effects may be more pronounced for small electrodes, as
they may get entirely covered by neuronal structures. In preliminary simulations
of thousands of point sources, randomly placed in a 1×1×0.3 mm3 volume (not
shown here), “bio noise” was found to be lower for small electrodes (diameter <
10 μm), to then slightly increase by less than 10% and saturate for medium-size
electrodes (diameter > 20 μm). Simulations of “bio noise” using compartmental
models were performed, where 1 mm3 volume of neurons was found to be a
good estimate for hippocampal recordings [Camuñas-Mesa & Quiroga (2013)].
The effect of “bio noise” was found to increase, as the number of active neurons
increased, for example, from 1.5 μV for 2% active neurons to 3.5 μV for 14%
active neurons within the 1 mm3 volume. In our recordings, the “bio noise”
was approximately 8 μVrms . We thus utilized 1, 3, and 8 μVrms “bio noise” in
estimating the signal-to-noise ratio (SNR) for different electrode sizes.
Finally, we combined all data (signal averaging, signal attenuation, electrode
noise, and “bio noise”) to obtain SNR approximations for different signal types
and electrode sizes (Fig. 5.14). Based on computational work, [Camuñas-Mesa
& Quiroga (2013)] found that SNR was best for electrode diameters between 30
and 50 μm, and they chose 40 μm as the optimum size for spike-sorting of EAPs
recorded from the hippocampus in-vivo. Electrode sizes smaller than 20 μm were
not analyzed and LFPs were also not considered. According to our results, the
optimum electrode size highly depends on the nature of the signal and its source
and the level of “bio noise”. Generally, the SNR values were found to be high
(SNR > 10), when the “bio noise” was around 1 and 3 μVrms . Therefore, we
focused on finding an optimum electrode size for high “bio noise” levels, where
electrode size becomes important. For small and local axonal signals, the best
SNR was observed for electrodes between 1 and 16 μm in diameter, where the
range between 1 and 8 μm diameter turned out to be optimal, when the “bio
noise” was high. For large perisomatic spikes and return currents in the dendritic
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Table 5.1: Effects of electrode size on the quality of recorded signals (Hippocampal
neurons)
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area, the optimum electrode size depends on the “bio noise” levels, with the 8
to 30 μm diameter range being optimal for high “bio noise”. Overall, optimum
electrode sizes for EAP recordings were determined to 8 μm diameter for axonal
signal detection, and 16 μm diameter for large somatic spike detection. For LFP
recordings, SNR values were found to be largest for electrode sizes > 16 μm
in diameter, while smaller electrodes also featured relatively high SNRs for the
large-amplitude LFP signals. A diameter of 30 μm was found to be the optimal
size for LFP recording.
Another factor that has not been quantified in our experiments and in the modeling is the probability of an electrode being located at the right spot, especially
for low-amplitude EAP recordings. According to [Camuñas-Mesa & Quiroga
(2013)], large electrodes have a higher probability of being physically near neuronal sources and of picking up higher-amplitude spikes. Previous studies, such
as [Andersen et al. (2010); Moxon (1999); Paik et al. (2003); Ward et al. (2009)],
claim that large recording electrodes can record from more neurons simultaneously. However, large electrodes may miss local spatial details of extracellular
signals, which can be useful for the localization and classification of neurons [Ruz
et al. (2014)]. HD-MEAs include thousands of small electrodes at high spatial
resolution and feature multiple electrodes that simultaneously detect signals from
single neurons. The spatial information provided by HD-MEAs facilitates and
improves spike sorting [Franke et al. (2012); Harris et al. (2016); Jäckel et al.
(2012); Rossant et al. (2016)]. Moreover, HD-MEA with small electrodes can
capture sub-cellular features of neurons and have been used to electrically image the propagation of axonal action potentials, the signals of which would been
averaged out if large electrodes had been used. Furthermore, the effective input capacitance can be made significantly smaller in HD-MEAs, as compared to
passive devices, due to a small parasitic capacitance, which, in turn, allows for a
smaller electrode area. As a result, thermal electrode noise would be the decisive
limiting factor (considering low background activity) for HD-MEA recording,
which can be alleviated by Pt-black deposition or other means of electrode surface improvements [Kim et al. (2014)]. In the case of LFP recordings, spatial
information at high resolution may help to elucidate the source and propagation of LFP signals, especially when recorded simultaneously with EAPs. A rich
dataset for current-source density (CSD) estimation may lead to better localization of synaptic events and interpretation of correlated network activity [Einevoll
et al. (2013)]. Table 5.I summarizes the discussed effects of electrode size on
EAP and LFP recording.
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Chapter 6
Conclusion
The thesis covers the design and implementation of a multi-functional HD-MEA,
first proof of-concept bio-measurements while combining integrated functional
blocks, and it includes a detailed study of the effects of electrode sizes on the
quality of extracellular signal recording. The presented HD-MEA system includes
the largest number of measurement/stimulation modalities to date, comprising
electrophysiology readout, impedance measurement and neurotransmitter detection units, as well as stimulation capabilities. At the same time, the HD-MEA
features the largest active electrode array area (10.9 mm2 ) to date, a large number
of voltage-recording channels (2048 AP + 32 LFP), and a high spatial resolution (13.5 µm electrode pitch). The possibility to perform different measurement/stimulation functions in parallel and the fact that any of these units can
be connected to any arbitrary electrode on the array via the switch matrix will
pave the way to complex experiments that target multiple cellular parameters
simultaneously.
Two novel pseudo-resistor structures have been devised to realize very low HPF
corner frequencies with small variations across all channels. By using the the
HPF, the electrophysiology recording channels achieved an offset range of less
than 0.11 mV without any additional offset compensation/calibration circuitry.
The artifacts, caused by the comparably large stimulation signals, pose serious
challenges for operating the recording channel circuitry of electrodes neighboring
the stimulation site. Here, the adjustability of pseudo resistors has been exploited
in what has been called a “soft-reset” technique, to suppress stimulation artifacts,
so that all of the 2048 recording channels could recover from saturation within
200 µs.
The design and implementation of the system impedance measurement units was
described in detail. All circuits needed to perform impedance and electrophysiology experiments were integrated on the same chip. Impedances ranging between
10 kΩ and 10 GΩ could be measured by 32 on-chip lock-in amplifiers, which
rendered the system suitable for characterizing a variety of biological preparations and materials. We demonstrated the system’s capability to investigate and
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monitor position, adhesion, size, and electrical activity of embryoid bodies and
showed topographic measurements of brain slices.
The effects of electrode sizes on the quality of electrophysiology recordings have
been measured and investigated. We estimated the signal averaging effect of the
electrodes, by measuring signals of different kinds of sources and characterized
the influence of electrode size and impedance on signal quality and noise. Our
findings can be used to extract a guideline for selecting features and configurations of electrodes for neural probes or in-vitro electrode arrays to serve a specific
application.
Furthermore, features of the existing system could be integrated into a microfluidic hanging-droplet platform [Frey et al. (2014)], in which organotypic
three-dimensional (3D) spherical microtissues (spheroids) and cerebral organoid
and mini brains network can be grown and cultured. Through the microfluidic
setup different microtissue types can be interconnected to realize a “body-on-achip”-like scenario and the metabolic activity of all components can be precisely
controlled. The HD-MEA functional units could then be used according to application needs: impedance data can be used to monitor microtissue growth,
electrochemical data can be used for tracking metabolic parameters, such as
lactate production by a growing tumor spheroid, and electrophysiological measurements can be used to follow the beating activity of cardiac spheroids upon
applying a drug. Due to the advent of human induced pluripotent stem cells
“patient-specific” drug testing and drug administration becomes feasible.
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Lȩski, Szymon, Lindén, Henrik, Tetzlaff, Tom, Pettersen, Klas H, & Einevoll,
Gaute T. 2013. Frequency dependence of signal power and spatial reach of the
local field potential. PLoS computational biology, 9(7), e1003137.
Livi, P, Heer, F, Frey, U, Bakkum, D J, & Hierlemann, A. 2010. Compact voltage
and current stimulation buffer for high-density microelectrode arrays. IEEE
transactions on biomedical circuits and systems, 4(6), 372–8.
Maloberti, Franco. 2007. Data Converters. Springer US.
Manickam, Arun, Chevalier, Aaron, McDermott, Mark, Ellington, Andrew D., &
Hassibi, Arjang. 2010. A CMOS electrochemical impedance spectroscopy (EIS)
biosensor array. IEEE Transactions on Biomedical Circuits and Systems, 4(6
PART 1), 379–390.
Manickam, Arun, Singh, Rituraj, Wood, Nicholas, Li, Bingling, Ellington, Andrew, & Hassibi, Arjang. 2012. A fully-electronic charge-based DNA sequencing
CMOS biochip. Pages 126–127 of: 2012 Symposium on VLSI Circuits (VLSIC). IEEE.
Marblestone, Adam H, Zamft, Bradley M, Maguire, Yael G, Shapiro, Mikhail G,
Cybulski, Thaddeus R, Glaser, Joshua I, Amodei, Dario, Stranges, P Benjamin, Kalhor, Reza, Dalrymple, David a, Seo, Dongjin, Alon, Elad, Maharbiz, Michel M, Carmena, Jose M, Rabaey, Jan M, Boyden, Edward S, Church,
George M, & Kording, Konrad P. 2013. Physical principles for scalable neural
recording. Frontiers in computational neuroscience, 7(October), 137.
Mazhab-jafari, Hamed, Member, Student, Soleymani, Leyla, Genov, Roman, &
Member, Senior. 2012. 16-Channel CMOS Impedance Spectroscopy DNA Analyzer With Dual-Slope Multiplying ADCs. IEEE Transactions on Biomedical
Circuits and Systems, 6(5), 468–478.
Mitzdorf, U. 1987. Properties of the evoked potential generators: current sourcedensity analysis of visually evoked potentials in the cat cortex. The International journal of neuroscience, 33(1-2), 33–59.
Morefield, S. I., Keefer, E. W., Chapman, K. D., & Gross, G. W. 2000. Drug evaluations using neuronal networks cultured on microelectrode arrays. Biosensors
and Bioelectronics, 15(7-8), 383–396.
119

Moxon, Karen a. 1999. Multichannel Electrode Design: Considerations for Different Applications. Methods for Neural Ensemble Recordings, 25–45.
Müller, Jan, Ballini, Marco, Livi, Paolo, Chen, Yihui, Radivojevic, Milos, Shadmani, Amir, Viswam, Vijay, Jones, Ian L., Fiscella, Michele, Diggelmann,
Roland, Stettler, Alexander, Frey, Urs, Bakkum, Douglas J., & Hierlemann,
Andreas. 2015. High-resolution CMOS MEA platform to study neurons at
subcellular, cellular, and network levels. Lab Chip, 15(13), 2767–2780.
Nazari, Meisam Honarvar, Mazhab-Jafari, Hamed, Leng, Lian, Guenther, Axel,
& Genov, Roman. 2013. CMOS neurotransmitter microarray: 96-channel integrated potentiostat with on-die microsensors. IEEE Transactions on Biomedical Circuits and Systems, 7(3), 338–348.
Neher, E, & Sakmann, B. 1976. Single-channel currents recorded from membrane
of denervated frog muscle fibres. Nature, 260(5554), 799–802.
Nelson, Matthew J, Pouget, Pierre, Nilsen, Erik A, Patten, Craig D, & Schall,
Jeffrey D. 2008. Review of signal distortion through metal microelectrode
recording circuits and filters. Journal of Neuroscience Methods, 169(1), 141–
157.
Ness, Torbjørn V., Chintaluri, Chaitanya, Potworowski, Jan, Lȩski, Szymon,
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Nomenclature
2D

2-dimensional

ΔΣ

delta sigma

ACSF artificial cerebrospinal fluid
ACSF artificial cerebrospinal fluid
ADC analog-to-digital converter
ADC analog/digital converter
AP

action potentials

AP

action-potential

AZ

auto zeroing

CA3 Cornu Ammonis (an earlier name of the hippocampus)
CCII current conveyor of type II
CIC

cascaded integrator-comb

CIFF cascade of integrators with feed-forward
CMRR common-mode rejection ratios
CR

current readout

CRC cyclic redundancy check
CSD current-source density
CT

continuous-time

CV

cyclic voltammogram

DAC digital-to-analog converter
DAQ data acquisition
127

DG

dentate gyrus

DIC

Differential interference contrast

EAP extracellular-action-potential
EBs

embryoid bodies

EIS

electrochemical impedance spectroscopy

FPGA field-programmable gate array
FPGA field-programmable gate array
FSCV fast-scan cyclic voltammetry
GBW gain-bandwidth
GCL granular cell layers
HPF high-pass filters
IQ

in-phase and quadrature

IM

impedance measurement

LCMFB local common-mode feedback
LFP local field potential
LFP local-field-potential
LPF low pass filter
LPF low-pass filter
MEA microelectrode array
mESC mouse embryonic stem cells
ML

molecular layers

MoI

method of images

NTD neurotransmitter detection
NTF noise transfer function
OSR oversampling ratio
PBS phosphate-buffered saline solution
PBS phosphate-buffered saline solution
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PCL purkinje neuron layer
PECVD plasma-enhanced chemical vapor deposition
PEDOT polyethylendioxythiophen
PSD power spectral density
PSRR power supply rejection ratios
Pt

platinum

RE

reference electrode

RIE

reactive-ion etching

SAR successive-approximation register
SAR successive-approximation-register
SAR successive-approximation-register
SC

switched-capacitor

SC

switched-capacitor

SCCMFB switched-capacitor-common-mode-feedback
SM

switch matrix

SNR signal-to-noise ratio
SPI

serial peripheral interface

SRAM static random-access memory
ST

stimulation

TIA

trans-impedance amplifier

TIA

transimpedance amplifier

WM white matter
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7. V. Viswam, D. Jäckel, M. Ballini, J. Müller, M. Radivojevic, U. Frey,
F. Franke, and A. Hierlemann, ”An Automated Method for Characterizing
Electrode Properties of High-Density Microelectrode Arrays” in Proceedings of the 9th International Meeting on Substrate-Integrated Microelectrode
Arrays, 2014, Reutlingen, Germany, pp. 302–303
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Livi, Dr. Zhu Zhen, Dr. David Jäckel, Dr. Sergey Sitnikov and Wei Gong, I
enjoyed every moment with these guys.
Gregor Schmidt – I am deeply thankful to him for being my wonderful friend. He
reminded me there is life besides work, motivating me to learn skiing, paragliding,
volleyball, squash and what else! I am sure these sports have helped me to
overcome the difficult period of my research.
I am thankful to Alex Stettler and Albert Martel for the post-processing and
packaging helps. I thank Boos Julia Alicia and Birchler Kristian Axel for the
heart cell experiment. I would like to thank the students with whom I had
the pleasure to work with - Jagannadh Veerendra Kalyan, who charactrised the
electrodes; Andrea Bonetti and Surbhi Mundra, they designed the SAR ADC for
the MEA.
I want to thank all other colleagues were at BEL and D-BSSE – Patrick Misun,
Xinyue Yuan, Ketki Chawla, Silvia Ronchi, Roland Diggelmann, Alexandra Dudina, Mahshid Gazorpak, Dr. Thomas Lee Russell, Dr. Mario Matteo Modena, Alicia Kästli, Christian Lohasz, Dr. Kasper Renggli, Nassim Rousset, Dr.
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