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ABSTRACT 
 
This thesis includes mixed-signal circuit design, system integration, and experimental 
results of a multi-functional complementary-metal-oxide-semiconductor (CMOS) high-
density (HD) microelectrode array (MEA) chip for in-vitro studies of electrogenic cells. 
Additionally, concepts and designs of experimental setups for nanowire-based 
sensor arrays and microfluidic hanging-drop networks will be presented. 

To study the functional characteristics and the coordinated activity of electrogenic 
cells (e.g., neurons, heart cells, retinal cells), systems are required that can interact 
with these cells while the cells form part of cellular networks. MEA systems that 
feature arrays of densely packed microelectrodes constitute an ideal platform for 
bidirectional interaction with cultured cells or tissue-slices and are extensely used in 
neuroscience research and pharmaceutical applications. By integrating electronic 
circuits with the microelectrodes on the same CMOS substrate, larger number of 
electrodes and readout channels can be realized. This dissertation reports on a novel 
multifunctional CMOS platform featuring 2048 action-potential (AP, bandwidth: 300 
Hz to 6 kHz) recording units, 32 local-field-potential (LFP, bandwidth: 1 Hz to 300 Hz) 
recording units, 32 current recording units, 32 impedance measurement units, 28 
neurotransmitter detection units and 16 current/voltage stimulation units. 

While the generation of electrical stimuli is commonly done by voltage-controlled or 
current-controlled stimulation circuits, a new circuit was designed for this 
multifunctional HD-MEA chip, which can simultaneously control the current and 
voltage levels of stimulation pulses. This circuit was implemented around a positive 
current conveyor of type II (CCII+) with added feedback path for controlling the output 
voltage levels. By employing these on-chip stimulation units, the evoked responses 
of neurons to stimulation pulses with different current and voltage values were 
examined. Since the amplitudes of stimulation pulses were orders of magnitude 
higher than the amplitude of neural signals, the stimulation pulses caused artifacts in 
the recording channel circuits that were connected to electrodes neighboring the 
stimulation site. To suppress stimulation artifacts, a novel technique was 
implemented, which decreases the blank-out time of the recording channels by 
increasing their high-pass cut-off frequency during the stimulation period. This 
technique allows the recording channels to return to the operating state within 200 µs 
after the stimulation pulse. 

To detect neurotransmitter compounds, released by the neuronal cells, a fast-scan 
cyclic voltammetry technique was employed. To minimize disturbances to other 
measurement modalities on the chip, the scan voltage for voltammetry was directly 
applied to the working electrodes. Two structures of transimpedance amplifiers (TIA) 
were designed, which were suitable for different measurement scenarios. The TIAs 
enabled the scanning of the electrode voltage within a 2 V window and enabled to 
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record currents in the nA to µA range. The recorded data were digitized on the chip 
by using 10-bit SAR ADCs. Different concentrations of dopamine in phosphate-
buffered saline (PBS) were detected using these on-chip neurotransmitter detection 
circuits. 

To operate the multifunctional HD-MEA chip, a setup was developed including a 
custom-designed printed-circuit board (PCB) to provide reference voltages and a 
data-acquisition (DAQ) card for transmitting and saving the output data on a PC. An 
FPGA was incorporated on the PCB to buffer configuration commands and for 
providing the proper timing between transmitted and received data streams. In a 
collaborative project, a complete setup was developed for operating a CMOS 
nanowire sensor array chip. The nanowire sensor chip comprised 8 current-to-
frequency converters and 8 sigma-delta modulators to detect the small current 
changes (100 pA range) in nanowires. Data communication and power delivery to the 
setup was implemented by using a universal serial bus (USB) interface. To decrease 
the data load, signal processing and filtering was performed in the hardware by 
means of an FPGA. In a separate project, a feedback-controlled setup was 
developed for hanging-drop networks (HDN). Microfluidic HDNs enable culturing and 
analysis of 3D microtissue spheroids, derived from different cell types, in an 
environment providing inter-tissue communication. In this project, a real-time 
feedback control loop was developed to detect the beating motion of cardiac 
microtissue cultured in a hanging-drop loop and to drive and synchronize pulsatile 
pump actuation with the beating of the cardiac microtissue. The developed 
experimental setups provided robust and user-friendly solutions to perform 
characterization and experimental measurements with the CMOS or microfludic 
chips. 
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CHAPTER 1 
 

Introduction 

 

The thesis consists of two parts. The first and main part of the thesis reports on the 
design of a novel multifunctional MEA chip for interfacing to electrogenic cells. The 
second part of the thesis reports on the design of experimental setups for interfacing 
to CMOS and microfluidic chips. 

 

1.1 Multifunctional MEA 

The human brain is the most sophisticated information-processing system. This 
processing capability is due to the large number of neuronal cells in the brain and 
their complex interconnections. In order to better understand neuronal 
communication and functions, systems to extract information from neurons in a 
network are required.  

MEA systems provide the means for extracellular interfacing with the neurons. These 
systems, in contrast to patch-clamp systems, are non-invasive and allow for long-
term monitoring and measurements of the cells within an intact neuronal network [1]. 
Moreover, MEA systems provide a unique platform for pharmacological research on 
brain diseases and for drug discovery [2-5]. 

Passive microelectrodes have been realized as metal electrodes on glass substrates 
with the electrodes connected to external low-noise amplifiers for electrophysiological 
recordings [6, 7]. However, these systems are limited in the number of recording 
electrodes and in their spatial resolution. Moreover, the amplitude of extracellular 
signals is on the order of tens of microvolts, and the use of rather long leads and 
wires between MEA electrodes and the recording electronics exposes the signals to 
electromagnetic interference (EMI) and degrades signal-to-noise ratio (SNR). By 
utilizing CMOS technology, sensitive readout and measurement electronics can be 
integrated on the same substrate as MEA electrodes, minimizing the EMI noise and 
increasing the number of parallel measurement channels by multiplexing and 
digitizing the readout data on the chip [8-12].  

Achieving high spatial resolution requires low pitches between the MEA electrodes, 
however achieving low-noise CMOS readout requires larger chip area for the circuits 
to decrease flicker noise, which is the dominant noise in the low-frequency range of 
electrophysiological signals. The introduction of the switch-matrix concept enabled 
the connection of the MEA electrodes to arbitrary CMOS recording units located 
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outside of the array through configuring switches implemented underneath each 
electrode. This technique provides more flexibility and helps to overcome the area 
constraints for the readout circuits [13, 14]. 

The use of a switch-matrix not only relaxes the area requirements for the 
electrophysiological recording units, but also enables the connection of electrodes to 
various types of integrated sensing or stimulating units. By integrating other sensing 
units, such as impedance measurement, neurotransmitter detection, current readout, 
etc. on the MEA chip, multiple information can be gained from the very same 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. 

 

1.2 Experimental setup design considerations 

Increased data rates of mixed-signal CMOS circuits have posed new challenges for 
experimental setup design in terms of signal integrity and power delivery to the chip. 
A careless design of the experimental setup can degrade the performance of the 
chips used for measurements. 

The setup design was divided into hardware and software parts. The hardware part 
provided supply of power and reference voltages to the chips and provided the 
communication platform for interfacing the chips to a host PC for online visualization 
and data storage. For designing setups for mixed-signal ICs, special care has to be 
taken to limit the induced noise (EMI, cross talk, ground bounce) on the sensitive 
analog signals. The hardware was planned according to specifications, such as data-
rate, noise-budget, supply voltages, portability etc. For designing the software, 
robustness, flexibility and user-friendliness needed to be considered. If the timing 
constraint was not very tight, the processing tasks could be shifted to the software. 
However for precise timing tasks (e.g. accurate stimulation pulse periods), the use of 
an FPGA and hardware processing was required. 

 

1.3 Scope and structure of the thesis 

The main focus of this thesis is on the development and application of a 
multifunctional switch-matrix-based HD-MEA chip presented in the first chapters. This 
HD-MEA chip has been designed and fabricated in industrial 0.18 µm CMOS-
technology. To facilitate neuron stimulation and neurotransmitter detection, high 
voltage (3.3 V) MOS transistors were employed. The CMOS system was suitable for 
extracting electrical and electrochemical information from a variety of biological 
preparations, such as cell-cultures, brain-slices and retinae. While each functional 
unit on the chip was designed to work as a stand-alone unit, the interaction and 
integration of these units into an overall system also needed to be considered.  
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1.5 Major results 

CMOS-based multifunctional HD-MEA 

A fully integrated CMOS-based 
multifunctional HD-MEA was successfully 
designed and fabricated. The system 
included: 2048 action-potential 
(bandwidth: 300 Hz to 6 kHz) recording 
units, 32 local-field-potential (bandwidth: 1 
Hz to 300 Hz) recording units, 32 current-
recording units, 32 impedance-
measurement units, 28 neurotransmitter-
detection units and 16 stimulation units.  

 

Current/voltage controlled stimulation 

The stimulation units of NeuroCMOS chip 
were designed to operate in two operation 
regimes including voltage-only or 
current/voltage-control. For 
current/voltage-controlled mode, a positive 
current conveyor of type II (CCII+) was 
deployed and a feedback path was added 
for limiting the output voltage. Initial 
experiments were performed to investigate 
the excitability of neurons by using 
biphasic pulses with different current and 
voltage values.  

 

Artifact suppression 

The artifact suppression circuit was 
integrated in the electrophysiological 
recording units. This circuit increases the 
high-pass frequency of the first- and 
second-stage amplifiers during the 
stimulation phase. The duration of 
stimulation artifacts upon useage of the 
artifact removal technique was decreased 
to 200 µs in comparison to 13 ms without 
applying artifact suppression. 
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Neurotransmitter detection 

Circuitry units to realize voltammetry 
measurements were implemented with the 
aim to electrochemically detect 
neurotransmitter compounds. 
Transimpedance amplifiers (TIA) were 
designed to directly apply the scanning 
voltage to the working electrodes and to 
then convert the resulting currents to 
digital output data. Different 
concentrations of dopamine in phosphate-
buffered saline were measured using on-
chip circuits. 

  

Low-noise setup for the NeuroCMOS 
project 

In order to achieve the best performance 
and capitalize on the low-noise features of 
the NeuroCMOS chip, a new setup was 
developed with due consideration of signal 
integrity and EMC issues. An FPGA was 
included in the setup to (i) buffer the 
commands for precise timing of the 
commands (e.g., during stimulation pulse 
generation and artifact suppression) and 
to (ii) introduce a phase shift between 
transmitter and receiver clocks in order to 
decrease fluctuations on digital supply rail.  

 

Portable setup for nanowire sensor 
array 

A nanowire sensor array had been 
developed to detect pA levels of current 
changes upon absorption of target 
molecules on the surface of the 
nanowires. A setup including FPGA and 
USB controller was developed to perform 
the initial signal processing and to transmit 
the recorded data to a PC. Software was 
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2.1 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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In this paper, we present a high-density MEA system that allows performing multiple 
measurement/stimulation functions in parallel (Fig.1). The implemented switch-matrix 
approach [17], [21] 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 II, III, and IV, the 
electrical and biological measurements are described in Sections V and VI, while 
Section VII gives a detailed comparison to the state-of-the-art and concludes the 
paper.  

 

 

 

 

Fig. 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. 
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2.3 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 I. 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. 
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The block diagram of the overall system is depicted in Fig. 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. 

 

 
 

Fig. 2. Block diagram of the multi-functional MEA system. 
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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 enable 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 [17], [21]. The 
reconfiguration of the entire array takes up to 4.5 ms. 
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2.4.2 Voltage recording channels 

2048 AP recording channels were organized in 32 recording blocks (Fig. 4(a)). Each 
block consisted of 64 AP channels, including 64 continuous-time (CT) first-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.  

 

 

Fig. 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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Fig. 7. Schematic of the lock-in-amplifier-based impedance measurement channel. 
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2.5 System integration 

2.5.1 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. As the chip extended over 12.0×8.9 mm2, to guaranty the 
settling times of the 10-bit-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. 
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2.5.2 Chip layout and fabrication 

The chip was fabricated in a 0.18 µm CMOS technology (2P6M) 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 Pt-resistors 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, were fabricated in a reactive-ion etching 
(RIE) step. A shifted-electrode layout [48] 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. 9 shows the micrograph of the chip, bio-compatible chip packaging, 
and an SEM image of the post-processed array surface with rat cortical neurons. 

 

 
Fig. 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 post-processed Pt-electrodes and dissociated 
primary rat cortical neurons, cultured on top. 
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2.6.2 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. 11(a)). The gain distribution 
is depicted in Fig. 11(b). In Fig. 11(c), FSCV at 300 V/s using the TIAB was 
conducted to measure 4 different concentrations of dopamine (DA) in phosphate-
buffered saline (PBS, a saline which has similar electrical properties as physiological 
solution). 

 

 
Fig. 11. (a) Noise power spectral density of TIAA and TIAB including multiplexer and ADC. b) Gain 
distribution across 3 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. 
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2.6.4 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. 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 high-current mode (Fig. 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. 

 

 

Fig. 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.  
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2.7 Biological measurement results 

The presented HD-MEA system was verified in in-vitro measurements. Fig. 14(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. 14(b). Fig. 14(c) depicts the average 
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. 14(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 
[49].  

 

 

Fig. 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 neurons. Each pixel in the image 
corresponds to an electrode. (b) AP waveforms, recorded in a sub-region of (a), averaged 20 times. 
(c) Mouse cerebellar slice electrical activity, recorded with a single sparse configuration of 2000 
electrodes. The recording electrodes are displayed 9 times larger than their original size for visual 
clarity. (d) Overlap of (c) and a microscopy image of the slice (inset). 
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2.8 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 II). 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-of-the-art MEA systems. Any measurement/stimulation unit can be connected 
to 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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TABLE II 
Comparison to the state-of-the-art in-vitro MEA systems 

Reference [18] [6] [20] [21] This work 

Type In-pixel Amp In-pixel Amp In-pixel Amp Switch Matrix Switch Matrix 

Technology 0.5 µm 0.13 µm 0.18 µm 0.35 µm 0.18 µm 

Active Area 
2.28×1.14 

mm2 

9 pixel 
groups of 

0.128 mm2 

1×1 mm2/ 
2×2 mm2 

3.85×2.10  
mm2 

4.48×2.43 
mm2 

No. 
Transducers 

32768 144 4225 / 1024 26400 59760 

No. Different 
Measurement 

Modes 
1 4 1 1 5 

Pixel Pitch 8.775 µm 
89.4 / 357.8 

µmd 16 / 32 µm 17.5 µm 13.5 µm 

Transducers/ 
mm2 

12987 125 / 7.8 977, 3906 3265 5487 

No. Voltage 
Readout 
Channels 

32768 144 4225 1024 
2048 AP + 

32 LFP 

A/D 
Conversion 

128 pipeline Off chip Off chip 
1024 single-

slope 
32 + 4 SAR 

ADC 
Resolution 

9 bit - - 10 bit 10 bit 

Sampling Rate 2.4 kS/sa - 77 (25) kS/sa 20 kS/s 20 kS/s 

Input-referred 
Noise 

- 12.7 µVrmse 44 µVrmsb 2.4 µVrmsb,c 
2.4 µVrmsb,c 

3.6 µVrmsc,f 

Total Power 4 W - - 75 mW 86 mW 

Die Size 9.5×9.5 mm2 2.2×2 mm2 - 10.1×7.6 mm2 12×8.9 mm2 

    a When reading out all channels.  
    b Noise integration over 300Hz-10kHz,for AP recording channels. 
    c Including ADC. 
    d Equivalent square-shaped pixel dimension, for the same spatial density. 
    e Noise integration over 0.5Hz-10kHz. 
    f Noise integration over 1 Hz-300 Hz, for LFP recording channels. 
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3.2 Introduction 

Microelectrode arrays (MEAs) have been widely used in recent years for in-vitro 
examination of neuronal cells and neural networks. These MEAs enable long-term bi-
directional interfacing with networks of living cells by providing extracellular electrical 
stimulation and electrophysiological recording features [1, 2]. Recent CMOS-based 
active MEA devices, especially high-density (HD) MEAs, provide the capability to 
simultaneously perform electrophysiological recordings from thousands of electrodes 
at cellular/subcellular spatial resolution [3-6]. The high spatio-temporal resolution of 
these devices enables better separation and assignment of neural activities for 
closely spaced neurons as well as very localized stimulation of single individual 
neurons [7].  

Extracellular electrical stimulation of neurons using MEAs is achieved by, for 
example, applying potentials through electrodes in the vicinity of targeted neurons, 
thus altering their membrane potentials. Stimulus with proper amplitude and duration 
will cause depolarization of the neuron membrane and will evoke an action potential 
(AP) response [8]. Faradaic and non-Faradaic processes may occur during 
stimulation. In the case of a non-Faradaic process, a charge redistribution in the 
double-layer capacitor formed at the electrode/electrolyte interface occurs. In the 
case of a Faradaic process, a charge transfer and redox reactions may occur due to 
electron transfer at the electrode surface [9]. In contrast to non-Faradaic processes, 
Faradaic processes may entail unwanted electrochemical reactions and formation of 
reactive species. These reactions may be irreversible, lead to electrode degradation, 
and may produce compounds that are toxic to the cells [10]. Upon exceeding a safe 
potential window, determined also by the electrode material, electrolysis may occur, 
and the Faradaic current may then increase exponentially [9]. Therefore, to avoid the 
occurrence of Faradaic processes, the electrode voltage should always be limited to 
the safe potential window. 

 The electrical stimulus is, in most cases, generated by either voltage-controlled or 
current-controlled circuits. The choice of the stimulation technique depends on the 
preferences for controlling either electrode voltage or injected current [11]. The 
voltage-controlled technique exploits the electrode/electrolyte double layer capacitor 
and issues a voltage pulse across this capacitor. This technique has the advantage 
of being able to obviate Faradaic processes by precisely controlling the electrode 
voltage and maintaining it within a safe range.  

The voltage-controlled stimulation circuit has been widely used in MEAs, as it is 
efficient and safe [12]. The current generated while using such a circuit, however, 
depends on the electrode impedance, which may vary considerably due to fabrication 
variation or aging. This may cause variations in the volume of the tissue that is 
stimulated [13, 14]. Therefore, current-controlled stimulation circuits have been 
developed that provide direct control over the electrode current [15]. 
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in the design of the recording channels; this technique will be explained and 
characterized in detail in later sections. 

This paper is organized as follows. Section II shows the proposed stimulation buffers 
embedded in a novel multifunctional MEA system with an emphasis on the 
stimulation buffers, the recording channels, and their interconnection with the 
electrode array. Section III elaborates on the stimulation buffers in the voltage-only 
controlled and the current/voltage controlled mode, as well as the circuit 
implementation of the artifact suppression technique. In Section IV, the electrical 
characterization results are summarized. Section V shows biological measurement 
results acquired by exploiting the implemented stimulation circuit and artifact 
suppression technique, and Section VI concludes the paper. 
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3.4 Circuit implementation 

3.4.1 Near rail-to-rail OTA for the voltage-only controlled stimulation mode 

The implementation of the stimulation buffer included the design of a near rail-to-rail 
OTA for the voltage-only controlled mode. For this stimulation mode, the buffer has to 
drive a large capacitive load of one or several electrodes (up to nF range) while 
consuming low quiescent power.   

Given the large electrode capacitance, the two-stage Miller-compensated opamp 
would not be a suitable choice for this application due to the necessity of using a 
large Miller capacitor to keep the opamp stable. Therefore, an OTA topology with a 
dominant pole at the output was chosen, as such topology is more stable for large 
electrode capacitances. For OTAs, a large gain is achieved by having a high output 
resistance, so that resistive loads can degrade the gain substantially. For the voltage-
only controlled stimulation mode, the OTA is configured as unity-gain feedback, 
eliminating the necessity to use feedback resistors. To have the ability to generate 
high-amplitude stimulation pulses (the supply voltage is limited to 3.3 V), the OTA 
needs to have a near rail-to-rail output swing, which, in turn, requires the same 
common-mode input range due to the unity-gain feedback.  
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Fig. 2 shows the schematic of the proposed OTA. Its near rail-to-rail input/output 
range is achieved as follows; the common-mode input voltage is sensed by M7 and 
M8. M7 and M8 then set the gate voltages of M12 and M13, which, in turn, control the 
drain voltages of the input transistors M1-M4. When the input common-mode voltage 
is close to VDD, M3 and M4 are turned off, but the drain voltages of M1 and M2 remain 
high to keep them in saturation. In contrast, upon applying an input common-mode 
voltage close to ground, the drain voltages of M3 and M4 are sufficiently low to keep 
them in saturation while M1 and M2 are turned off. The local common-mode feedback 
technique [30] has been adopted by adding the resistors R1 and R2 in the OTA to 
provide a large output current with a low quiescent current. The use of this technique 
also increases the gain-bandwidth product (GBW) significantly. 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic of the proposed near rail-to-rail OTA for the voltage-only controlled stimulation 
mode. 
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3.4.3 Pseudo resistors and stimulation artifact suppression  

A simplified schematic of the AP recording channel is shown in Fig. 4. A more 
elaborated description of its overall design can be found in [6, 32], and here we will 
focus mainly on the design of the pseudo resistors and the stimulation artifact 
suppression features. As already mentioned, each AP recording channel includes 
four fully-differential gain stages. The first stage employs an open-loop topology with 
resistive loads to achieve low noise. The second stage includes a closed-loop 
structure to have an accurate gain and to provide anti-aliasing filtering. Both the third 
and fourth stages have been realized with switched-capacitor amplifiers to handle a 
large signal swing and implement 8-to-1 multiplexing. Finally, every 64 neural signals 
are sampled at 20 kS/s and digitized by a 10-bit successive-approximation register 
(SAR) analog/digital converter (ADC) capable of converting at 1.28 MS/s. The digital 
data is sent off chip and processed by a field-programmable gate array (FPGA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Schematic of the pseudo-resistors for implementing the soft reset feature in the first and 
second stage amplifiers of the AP recording channels. 
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3.5 Electrical characterization 

The multifunctional MEA chip, including the stimulation buffers and AP recording 
channels, has been fabricated in an industrial 0.18-µm 1P6M CMOS technology 
followed by in house post-processing to deposit the platinum electrodes. A shifted-
electrode design and the application of a silicon nitride/silicon oxide passivation stack 
is used to protect the circuitry in the chip against liquids and metabolic products of 
the cell cultures and to prevent toxic materials from being released by the chip into 
the cell medium [2]. 

Fig. 5 shows a chip micrograph with the floorplan of the different measurement 
blocks. The electrode array is in the center of the chip. The 2048 AP recording 
channels are placed on the top and bottom side of the chip, while the rest of the 
measurement units are placed on the left and right side in a symmetrical 
arrangement. The chip was wire-bonded to a four-layer packaging printed circuit 
board (PCB), which is partitioned into analog and digital sections to prevent noisy 
digital signals from contaminating sensitive analog signals. A glass ring was glued on 
the packaging PCB to contain the cell culture medium. Finally, epoxy was used to 
cover the bonding wires while leaving the electrode array area open to interact with 
the cells and liquid phase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. Multifunctional HD-MEA chip micrograph.  
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To evaluate the performance of the chip, a measurement setup has been developed, 
including: (1) A custom-designed supporting PCB to generate bias voltages and clock 
signals, and to provide the test input/output connections. On the supporting PCB, a 
USB controller (FT245RL) and an FPGA (Spartan-3E, Xilinx Inc., San Jose, USA) 
were mounted to fetch and buffer the configuration commands and to transmit them 
to the chip with precise timing; (2) A data acquisition (DAQ) Card (NI PXIe-6544, 
National Instruments, Austin, USA) to acquire the digital data from the chip and send 
them to a PC for online visualization and data storage.  
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For characterization of the stimulation buffer in the voltage-only controlled mode, a 
500 pF external capacitor was used as load, which emulated several electrodes 
connected in parallel. A biphasic ±1 V voltage pulse, centered around 1.65V, was 
generated using the on-chip DACs and applied to the buffer. The output voltage and 
output current of the buffer are shown in Fig. 6.a and 6.b, respectively. The maximum 
output currents obtained with the 4 µA, 6 µA, and 8 µA bias currents are 
approximately 85 µA, 190 µA, and 315 µA. Fig. 6.c shows the linearity analysis 
results. The buffer features a 10-bit linearity for a voltage range of ±1.45 V relative to 
the common-mode voltage of 1.65 V, which is 200 mV away from the power supply 
and ground rails. The open-loop characteristics of the buffer included a DC gain of 74 
dB, a unity gain bandwidth of 75 kHz and a phase margin of 89º for a bias current of 
4 µA; and a DC gain of 77 dB, a unity gain bandwidth of 200 kHz and a phase margin 
of 82º for a bias current of 8 µA, simulated with a capacitive load of 500 pF. The 
measured quiescent power consumption of the OTA and the biasing circuitry was 
105 µW for a bias current of 4 µA and 225 µW for a bias current of 8 µA. The buffer 
occupies an area of 0.011 mm2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Characterization of the stimulation buffer working in the voltage-only controlled mode. 
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Fig. 7. Characterization of the stimulation buffer in the current/voltage controlled mode. Output 
response for the low-current mode (a) and the high-current mode (b) with the voltage limiters set to 
2.65 V for VUP and 1.65 V for VDN. Linearity analysis for the low-current mode (c) and the high-current 
mode (d). 
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3.6 Result of biological experiment 

To elicit electrical activity of a single cell, the stimulation site should be close to the 
axon of the targeted cell [7]. For our experiments, a stimulation electrode at a 
distance of 192 µm (approx. 14 electrodes) from the cell soma of interest was 
selected. The application of stimulation pulses, with sufficiently large voltage and 
current amplitudes, to this electrode evoked APs in the targeted neuron. The 
recorded data are shown in Fig. 9.a and a consistently low jitter between the 
stimulation pulses and the recorded APs indicates that these APs were indeed 
evoked by the stimulation pulses. The recording electrode near the cell soma was far 
away from the stimulation electrode, the recording channel was not driven into 
saturation, therefore, artifact suppression was not required for this experiment. By 
decreasing the current or voltage amplitude of the stimulation pulse the probability of 
evoking an AP decreased as well (Fig. 9.b). 

To study the stimulation probability for different current and voltage levels, a set of 
biphasic stimulation pulses was generated and applied to the stimulation electrode, 
and the response of the targeted neuron to these pulses was recorded. The 
current/voltage controlled stimulation buffer, configured in the low-current mode, was 
used to generate biphasic stimulation pulses at 4 different current settings of 0.7 µA, 
1 µA, 3 µA, and 6 µA. The voltage amplitude of the biphasic pulses was configured to 
fall within a range of ±250 mV to ±500 mV and was increased in steps of 5 mV. For 
each current/voltage value 10 stimuli were applied and a stimulation probability was 
calculated as the percentage of successfully evoked action potentials. This 
stimulation protocol was repeated 5 times to obtain an average stimulation probability 
for each current/voltage value and a sigmoid curve was fitted to the data (Fig. 9.c). 
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Fig. 9. Probability of evoked spikes for different current and voltage values: successfully evoked 
activity by applying stimulation pulses with sufficiently large voltage and current amplitudes (a), by 
decreasing the current or voltage amplitude of the stimulation pulse, the probability of evoked activity 
drops (b), comparison of stimulation efficiency for the applied biphasic pulses at 4 different current 
levels and voltage amplitudes from ±250 mV to ±500 mV in 5mV steps (c). 

 

The data indicate that a larger voltage amplitude of the stimulation pulse was 
required to evoke action potentials at low output current settings. This was likely due 
to the increase of the rise/fall time of the pulse caused by lower current levels. When 
the current was large enough to cause a steep slope in the pulse, a further increase 
of the current did not significantly improve the stimulation efficiency any more. The 
stimulation efficiency, under these conditions, was solely dependent on the voltage 
amplitude of the biphasic pulse. 
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To test the effectiveness of the soft reset technique in suppressing stimulation 
artifacts, a ±400 mV biphasic stimulation pulse with 200 µs for each phase was 
applied to an electrode. The stimulation pulse was generated using the on-chip 
DACs, and the stimulation buffers were configured in the voltage-only controlled 
mode. The responses were recorded with and without application of the soft reset 
feature. Fig. 10.a shows that the soft reset technique could substantially reduce the 
dead time of the recording channels, which were connected to the electrodes 
surrounding the stimulation site. The close-ups (Fig. 10.b) show the response of one 
of these recording channels immediately before and after stimulation, with and 
without application of the soft reset. The soft reset was activated 200 µs before 
issuing the stimulation pulse and released 200 µs after the pulse. The recording 
channels were available for recording immediately after the release of soft reset. The 
exact activation and release period of soft reset depends on several parameters such 
as electrode impedance, stimulation pulse amplitude and gain/cut-off frequency of 
recording channels. Fig. 10.c shows two time series of recorded electrical images of 
the electrodes surrounding the stimulation site and affected by the stimulation 
artifacts. Responses are shown for a 13×11 electrode configuration with the 
stimulation electrode in the center. The location of the electrodes is marked with dots 
in the last image of each row. The top-row images were obtained from the 
measurements without applying the soft reset, whereas the bottom row shows 
measurements with the application of the soft reset. The top-row images show that 
the stimulation pulse affects electrodes within a radius of 67.5 µm (5 electrodes) and 
lasts for more than 10 ms. The bottom row shows the effectiveness of the soft reset 
technique in suppressing the stimulation artifacts. Although some offset was 
superimposed on the recorded response, the channels recovered quickly from 
saturation upon application of the soft reset. The remaining offset can be further 
reduced by digital filtering of the recorded data.  

To evaluate the performance of the artifact suppression on neuronal recordings, two 
electrodes near an active neuron were selected for stimulation and recording (Fig. 
10.d). Biphasic stimulation pulses (±450 mV) were generated using the stimulation 
buffers in the voltage-only mode. The responses of the selected recording electrode 
with and without application of the soft reset are illustrated in Fig. 10.e. The resulting 
large neuronal spikes are likely to be the post-synaptic action potentials, according to 
their delay with respect to the stimulation event. The consistency in the occurrence of 
the small activities (shown in the inset of Fig. 10.e) that could be recorded 
immediately after the stimulation evidenced the efficiency of the artifact suppression 
technique. Such small signals immediately after the stimulation would otherwise 
remain undetectable due to the saturation of recording channels.  

 

 

 

 



67 

Stimulation el. R
ec

o
rd

in
g

 e
l.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Artifact suppression using the proposed soft-reset technique: recorded traces around a 
stimulation site with and without applying the soft reset (a). Zoom-in around the stimulation time (b). 
The soft reset starts 200 µs before the stimulation pulse and ends 200 µs after the pulse. Two time 
series of electrical images in response to a ±400 mV stimulation pulse (c). Top row: no artifact 
suppression was applied. The saturation of recording channels due to stimulation artifact is observed 
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within a radius of up to 5 electrodes (67.5 µm) away from the stimulation site. Bottom row: The soft 
reset technique was applied for artifact suppression. The last frame in each row depicts the locations 
of the recording electrodes (black dots). Location of neurons on top of the electrode array and 
positions of the selected electrodes for stimulation and recording around an active cell (d). Recorded 
spikes upon stimulation with and without application of the soft reset (e). 

 

 

For all bio-measurements, dissociated cortical neurons (E18 Wistar rats) were 
cultured for 3-4 weeks on top of the MEA chips prior to the recordings. All 
experimental protocols were approved by the Basel-Stadt veterinary office according 
to Swiss federal laws on animal welfare and were carried out in accordance with the 
approved guidelines. The experiments were conducted under controlled 
environmental conditions inside an incubator at 37 ºC and 5% CO2. 
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In principle, the experiment described above could be performed together with the 
preceding pH experiments provided that two separate microchannels and the 
respective SiNWs sub-arrays would have been used (see Fig. 3a). It recently has 
been shown that SiNWs can be functionalized to achieve specificity to selected ions 
[25]. Another possibility includes using a subset of SiNWs as control or reference, so 
that differential measurements can be performed. A combination of sensor arrays 
with CMOS readout chips offers the potential to perform simultaneous detection of 
different analytes and real-time differential measurements, which are important 
features for, e.g., small and reliable diagnostic devices.   

Fig. 7 shows results of an experiment in which solutions of different pH were dosed to 
the sensors while the threshold voltages were monitored with the same procedure 
explained for Fig. 5. After acquiring the Id(Vlg) curve of each SiNW FET, the threshold 
voltage was computed by extracting the maximum value of the second derivative of 
the Id(Vlg) curve [26]. The extracted values were then plotted for each SiNW (twenty 
in this case) and each pH value. The corresponding 3D representation constitutes a 
sensing map, which allows for facile identification of defective sensors as well as for 
statistical analysis of the sensor array properties: (1) the spread of the SiNW FET 
threshold voltages over different NWs can be computed (10% in the experiment 
shown in Fig. 7) to evaluate, e.g., variations in the fabrication process; (2) the 
responses of different sensors can be compared and averaged (~50mV/pH for the 
experiment shown in Fig. 7). To attain meaningful statistical analysis results, it is 
important that all sensors are evaluated at the same time and under the same 
conditions. It is desirable to perform rapid characterization of the sensor array before 
each set of measurements at sufficient resolution. The use of the CMOS readout 
helps to accomplish rapid characterization, a resolution of 7 bits can be ensured even 
by using only 1ms as integration time (Table 1), so that several Id(Vlg) curves could 
be acquired in a few hundred ms with good resolution. 
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To further validate our findings on the trapped charges, a study with twenty SiNWs 
was conducted: all Id(Vlg) curves of the different SiNWs were simultaneously acquired 
with the CMOS chip; the time for sweeping the gate voltage, Vlg, was set to 10s and 
then to 125ms; the threshold voltages were then computed for each SiNW for both 
sweep directions and speed modes as explained before. The difference between 
Vth,up and Vth,dn  has been used to quantify the hysteresis of the SiNW FET. The graph 
in Fig. 9 shows the average values and standard deviations (error bars) of this 
threshold voltage difference for twenty SiNWs in the fast and the slow mode. 
Moreover, this experiment was repeated at different pH values (from 3 to 10) in order 
to assess the validity of the method also for different chemical conditions at the SiNW 
surface. As it can be seen in Fig. 9, the hysteresis is consistently and significantly 
reduced (up to 80%) in the fast-mode sweep of Vlg for all SiNWs and for all pH 
values.  

 

 

Fig. 9. Average values and standard deviations (error bars) over 20 SiNWs of the difference between 
threshold voltages for upward sweeping of Vlg (Vth,up) and threshold voltages for downward sweeping 
of Vlg (Vth,dn), for fast and slow Vlg sweeps at different pH values. The difference between Vth,up and 
Vth,dn can be used to characterize the hysteresis of the SiNW sensor. The plot shows, how a fast Vlg 
sweep can consistently and significantly reduce hysteresis effects.  
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Fig. 3 shows measured flow rates over time for 3 different pump actuation protocols 
with fixed tON = 200 ms and varying tOFF (50, 200 and 500 ms). Depending on the 
applied protocol, different amplitudes and pulsation frequencies can be achieved. For 
all three actuation protocols the overall net flow rate is positive, although there is a 
flow reversal during the pulse. The figure demonstrates that we are able to generate 
pulsatile flow of varying characteristic by adjusting the pump actuation protocols. 

 

Fig. 3. Pulsatile flow. Tuning the shape of the pulsatile flow by regulating the pump actuation protocol 
tON = 200 ms and tOFF = 50, 200 and 500 ms. Applied pressure was 40 kPa. Resulting net flow rates 
were (a) 4.11 µl/min, (b) 7.07 µl/min, and (c) 4.3 µl/min. 

 

5.3.8 Parallelization 

The proposed pump concept requires only a single pneumatic actuation line for flow 
actuation in a closed hanging-drop loop. In a next step, we designed a platform 
consisting of 8 independent hanging-drop loops (Fig. 4a). Their architecture is the 
same as that in Fig. 1a. The 8 loops have been placed side-by-side so that all drops 
and inlet ports are located on a 384-well plate grid (i.e., 4.5 mm pitch). This 
arrangement makes the device compatible with multichannel pipets (9 mm pitch 
between inlet ports of neighboring loops) to facilitate convenient medium and cell 
suspension loading and automated readout. 

The four left loops are mirrored with respect to the ones on the right. Each loop 
consists of 3 sub-networks, shown in 3 different colors in loop number 5: a pump unit 
(3 drops), a 2-drop unit and a 5-drop unit. The pump unit includes the pump drop 
(red) and the 2 adjacent buffer drops (green). The other seven drops have been 
arranged in groups of 2 and 5 drops in series (pink and blue color), and can be 
loaded with microtissues derived from different cell types so that multitissue 
experiments can be carried out. The 3 sub-networks are initially separated from each 
other through capillary stop valves.9 After cell suspensions have been loaded into 
the microfluidic network via loading ports, the sub-networks have been fluidically 
interconnected through opening of the capillary stop valves by supplying a small 
amount of liquid through the respective connecting ports. A fully loaded chip with 
differently colored liquids for better illustration is shown in Fig. 4b. 
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detection units were devised and implemented in the overall system chip. The 
neurotransmitter detection scheme was based on the Fast Scan Cyclic Voltammetry 
(FSCV) technique. To minimize disturbances to other sensing units on the chip, the 
FSCV scan signals were applied directly to the working electrodes, while the 
reference electrode potential was kept constant. Each neurotransmitter detection unit 
included a voltage copier to buffer the scanning voltage on the working electrode and 
to mirror the electrode current to the TIA block and, afterwards, to ADC. The 
designed neurotransmitter detection units were capable of detecting currents at nA to 
µA levels and were used to detect different concentrations of dopamine in PBS 
during an experiment. 

The overall system chip has been used for measurements of cultures of dissociated 
rat cortical neurons and slices of the  mouse cerebellum. All experimental procedures 
can also be applied to a variety of other electroactive preparations such cardiac 
tissues or retinae. 

 

6.2 Conclusion: Experimental setup design 

Having a reliable setup is essential to achieving optimal performance of the designed 
microsystem chips. During the course of this PhD work, setups for multifunctional 
MEA chips, nanowire sensor chips and hanging drop networks have been designed.  

The setup for the multifunctional MEA chips included a custom-designed PCB for 
generating bias voltages and clock signals and a DAQ Card to acquire the digital 
data and to then transfer them to PC for visualization and data storage. One of the 
challenges with multifunctional MEA chip included the power drop on the digital 
supply rails, while the chip received configuration commands. This power drop 
caused random rotations in the sequence of transmitted electrophysiological data. To 
overcome this issue, the clock signals for data receiving and data transmission were 
defined to be out-of-phase by using an FPGA on the custom-designed PCB.  

A setup for nanowire sensor chips was designed utilizing an FPGA and a USB 
controller chip. For online visualization and data storage, an interface application was 
developed using the C# programming language. The main requirements for this 
setup were robustness and portability. 

In collaboration with the microfludics team, a setup for closed-loop pump actuation in 
hanging-drop networks was developed. The relaxed timing constraints in this project 
allowed for implementing all computational tasks, such as motion-detection and 
pump command generation, in software. 

For these setups, signal and power integrity issues were carefully considered so that 
stable, robust and low-noise setups were obtained.   
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6.3 Outlook 

The developed multifunctional MEA chip features the largest active area (10.9 mm2) 
to date, with the largest number of sensing/stimulation modules on the same 
platform. These features together with high spatial resolution (13.5 µm electrode 
pitch) and large number (2048) of parallel electrophysiological recording channels, 
render the system chip a unique tool for studying electroactive cells at network and/or 
subcellular levels. 

The current/voltage control option in the stimulation units can be used for in-depth 
investigations of the responses of neurons to different current and voltage levels of 
stimulation pulses of arbitrary shapes and pulse widths. Moreover, a new feature for 
stimulation buffers was included, which enables to simultaneously generate two 
inverted pulse waveforms around mid-supply (1.65 V). Using this feature, 
simultaneous stimulation pulses of opposite polarity can be applied to neighboring 
electrodes in order to achieve spatially more confined stimulation. The new artifact 
suppression feature provides the possibility to study neuronal responses in close 
proximity to the stimulation site, which was previously impossible due to the signal 
saturation of the recording channels. By exploiting this feature, the initiation of 
neuronal excitation can be better investigated. 

The available platinum electrodes were utilized in pilot experiments of detecting 
neurotransmitters by using the on-chip neurotransmitter detection units. On the one 
hand, the designed neurotransmitter detection units provided low-noise and high-
resolution current readouts, on the other hand, it became evident that metal or Pt 
electrodes are not the optimum choice for electrochemical detection due to the low 
cathodic potential range and the bio-fouling of the metal electrodes.. Carbon-based 
microelectrode materials are commonly used as working electrodes for 
electrochemical detections. In order to get optimal performance of on-chip 
neurotransmitter detection units, more research is required to use carbon-based or 
other alternative electrode materials on the MEA for electrochemical detection. 

The designed setup for the multifunctional MEA needs to be further developed to 
achieve a stand-alone setup without the need for a DAQ Card. The new setup should 
be equipped with an FPGA to perform signal processing tasks such as spike sorting 
and to enable fast feedback experiments. Due to the increased data rate of this new 
MEA chip, issues of data transmission and data storage will require careful 
consideration. 

The developed setup for the nanowire sensor chip was used in applications with 
collaborating research groups for silicon nanowires developed at the Danish 
Technical University and for nanowire-based gas sensors at ETH Zurich, where the 
portability of the setup allowed for usage in an underground garage to measure NO2 
levels. 
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For the hanging-drop pump platform, one of the major issues was the evaporation of 
medium, which rendered the setup only suitable for short-term measurements. Work 
is in progress in the group to provide automated control of the medium volume, the 
results of which then will be integrated to the pump platform. Moreover, feasibility 
studies to integrate magnetic beads and cell flow into the hanging-drop platform are 
under research. The possibility of having flowing beads or cells in the medium would 
allow for modeling immune responses of blood cells and organs.  
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APPENDIX A 
 
Hanging-drop pump setup design 

 

A. Hardware design 

To drive the pneumatic pumps, the close and open commands should be sent to 
valves in a controlled timed manner. In this project 3/2-way miniature solenoid valves 
(Festo, Germany) were used with 24 VDC operating voltage. Low speed 
requirements of the pump operation, allowed us to push all the computation to the 
PC and to only send the switching bits to the valve. Initially, a DAQCard with LabView 
interface was developed, however, in order to have more control over the valves and 
to also integrate the closed-loop operation, a cheaper solution of using FT245R chip 
was chosen. This chip from Future Technology Devices International Ltd. is a USB-
to-Parallel converter FIFO which works similar as old-days parallel ports of the PCs. 
This chip simplifies the USB-to-parallel designs by integrating the EEPROM, clock 
circuits and USB resistors onto the chip with the entire USB protocol handled on the 
chip. For interfacing to this chip there are two options: 1.Using specific device drivers 
providing 1Megabyte/second data transfer rate and 2. Using Virtual COM Port (VCP) 
drivers providing 300 kilobyte/second data transfer rate. In the VCP mode, the chip 
can be treated as a COM port device from the interfacing program. The chip can be 
powered from the USB bus, and the output voltage level of the chip can be adjusted 
to 5V / 3.3V / 2.8V / 1.8V for driving CMOS circuits with maximum output current of 
24 mA on each output pin [1]. However for driving the valves, a 24 VDC signal is 
needed, and the valve consumes 1W power in the closed state. Therefore, current 
boosting and voltage level shifting is required. Fig. 1 shows the designed discrete 
circuit, which translates the 5 V of the FT245R output pins to 24 V with no more than 
2mA loading on the output pins of the chip. The custom circuit is powered with a 24 
VDC external power source. Schottky diode (D1) avoids the high-voltage formation 
due to switching off of the valve solenoid. 

 

 

 

 

 

 



124 

 

 

 

 

 

 

 

 

 

Fig. 1. a) Circuit schematic of the custom designed PCB for driving the valves (one channel shown), b) 
the final fabricated PCB with 6 simultaneous channels. 

 

B. Software design 

A C# interface program was developed for sending the operation commands to USB-
to-Parallel chip. The on/off times of the valves are first calculated and then sent to the 
USB-to-Parallel using timer events. Fig. 2 shows the screenshot of the developed C# 
interface program for simultaneously controlling three valves. 

 

 

Fig. 2. Screenshot of the developed C# interface program for controlling the valves 

 

 

a) b) 
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APPENDIX C 
 
Personal conclusions 

 

The main focus of my PhD project was to design and characterize new circuits for a 
novel multifunctional high-density CMOS MEA (NeuroCMOS) to be used for in-vitro 
studies of electrogenic cells. While having solid knowledge of CMOS circuits was 
essential to this project, creativity, innovation and a clear understanding about the 
field of application was also necessary for developing new tools for neuroscience 
research. 

One of the functional blocks that I designed for NeuroCMOS chip was the stimulation 
buffer. After a detailed study of previous work in neural electrical stimulators, I 
realized that the respective circuits were based on either voltage-controlled or 
current-controlled circuits and that there was a great debate in comparing the pros 
and cons of these techniques with respect to stimulation efficiency, safety and 
complexity. Therefore, I decided to design a new circuit, which can combine the 
advantages of both techniques by simultaneously controlling both current and voltage 
of the output pulse. At a first glance, this goal seemed infeasible, as current and 
voltage are interrelated through the output load. However, since pulse waveforms are 
commonly used for stimulation purposes, it is possible to make a circuit that is 
controlled for one parameter (current or voltage) of the output pulse and is limited for 
the other parameter, leading to a controlled output current and voltage pulse. I 
started the design by implementing a positive current conveyor of type II (CCII+) for 
generating controlled current pulses and added a feedback path to control the output 
voltage levels. 

Since the amplitude of stimulation pulses is orders of magnitude higher than the 
amplitude of neural signals, they cause artifacts in the recording channels connected 
to the electrodes neighboring the stimulation site. To suppress the stimulation 
artifacts, a novel technique was implemented, which decreased the dead time of the 
recording channels by increasing their high-pass cut-off frequency during the 
stimulation period. While similar resetting ideas have been pursued before, our circuit 
achieved far better results compared to previous implementations. This achievement 
was due to thorough analysis of the recording channels at the MOS level. In the 
recording channels, MOS transistors are used to generate high value resistances, 
i.e., pseudo-resistors, to establish low-frequency high-pass filters. These pseudo-
resistors are connected to the input node of the amplifiers, which is a high-impedance 
node. Therefore, any charge accumulated on this node would result in offset or 
increased settling time. In our implemented technique, we tried to minimize the 
charge injection, caused by switching of the MOS transistors in pseudo-resistors, by 
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soft-resetting these transistors, which drastically improved the performance of the 
technique. Unlike previous implementations, we even considered the small leakage 
charge from the reverse-biased diode, formed at the bulk-source or bulk-drain 
junction, which would be accumulated at the high-impedance node and would result 
in a large offset. By using MOS transistors with isolated wells and connecting the bulk 
to the mid-supply voltage, the offset of the recording channels was decreased to a 
level that no additional offset cancellation technique was required.  

During my work I tried to extensively learn about different circuit techniques and 
ideas and considered the possible benefits that we may gain by applying those 
techniques to our application. One example was the design of neurotransmitter 
detection circuit. For the electrochemical detection of neurotransmitters, fast-scan 
cyclic voltammetry technique was employed. To minimize disturbances to other 
measurement modalities on the chip, the scan voltage for voltammetry was planned 
to be directly applied to the working electrodes. Therefore, the circuits required a 
voltage copier to buffer the scan voltage to the electrodes, and the output current of 
the buffer needed to be sensed and converted to the respective voltage values. Two 
structures of trans-impedance amplifiers (TIA) were devised, which are suitable for 
different measurement scenarios. In one structure, I reused the local common mode 
feedback structure, similar to the OTA design used in stimulation circuits. Since the 
dominant pole of this OTA structure is placed at the output node, it could provide 
proper stability even with large electrode capacitance values, which made it suitable 
for driving pseudo-large electrodes consisting of many connected electrodes. Current 
mirrors with cascode transistors were used to sense the output current of the OTA, 
which was further converted to a voltage using a resistive TIA. In the second 
neurotransmitter detection circuit structure, a different approach was devised using a 
transconductance cell. In a linear transconductance cell, the output current is directly 
proportional to the input voltage values. Therefore, by integrating a linear 
transconductance cell in a unit-gain feedback opamp, there would be no need for a 
current-to-voltage convertor stage, and the whole feedback structure could be used 
as the voltage copier element. For attaining stability of this structure, a similar idea of 
using three-stage Miller-compensated opamps was exploited and applied to this 
application. 

Interdisciplinary research is based upon combining a broad range of skills and 
expertise. Through discussions within our team, I realized that there is a great need 
for skills in designing experimental setups. After the design of CMOS or microfluidic 
chips, these devices require a robust communication with a PC to configure the 
device or acquire and record the data for further analysis. Since I had previous 
experience and skills in discrete electronics such as PCB design, signal/power 
integrity and EMC issues, as well as software design, I got involved in several 
projects to design experimental setups. One of the requirements of the users was to 
provide the quickest possible solutions in developing a robust experimental setup. 
Moreover, the software application needed to be easy-to-use to avoid consuming 
extra time of a potential user for learning or debugging the software. 
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In conclusion, performing an electronics research project requires solid knowledge of 
the field, clear understanding of the application and ability to devise the most suitable 
solution based on the requirements. By combining the techniques problem-solving 
capabilities that I acquired during my PhD studies, I feel confident to conduct other 
projects in scientific or industrial research areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




