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As traditional two-dimensional (2D) cell cultures offer limited predictive capabilities for drug development,
three-dimensional (3D) tissue models, such as spherical microtissues, have been introduced to better
reproduce physiological conditions. The hanging-drop method, used to cultivate microtissues at an air-
liquid interface, proves to be effective for microtissue formation and maintenance. Using that technology,
it is possible to fluidically interconnect several hanging drops hosting different models of human organs to
recapitulate relevant tissue interactions. Here, we combine microfluidics with microelectronics (i.e.,
complementary metal-oxide-semiconductor (CMOS) technology) and present a novel multifunctional
CMOS microelectrode array (MEA) integrated into an open microfluidic system. The device can be used in
hanging-drop mode for in situ microtissue readouts and in standing-drop mode like a conventional MEA.
The CMOS-MEA chip features two reconfigurable electrode arrays with 1024 electrodes each, and enables
electrophysiology, impedance spectroscopy, and electrochemical sensing to acquire a broad spectrum of
biologically relevant information. We fabricated the chip using a 0.18 um CMOS process and developed a
strategy to integrate the CMOS-MEA chip into the open microfluidic system within a larger overall effort to
incorporate discrete CMOS sensors into microfluidic devices. Proof-of-concept experiments demonstrate
the capability to perform electrophysiology and impedance spectroscopy of human induced pluripotent
stem cell (hiPSC)-derived cardiac microtissues, as well as electrochemical sensing of different analytes

rsc.li/loc

1. Introduction

Efficient in vitro assays are crucial for investigating fundamental
biological questions, developing biotechnological products, and
advancing the lengthy and expensive drug discovery process.'”
This process features a high failure rate, so that significant
improvements are necessary, including the development and
utilization of reliable cellular and tissue models as well as of
efficient screening methods.” Conventional two-dimensional
(2D) systems involve culturing cells as monolayers in pretreated
or coated dishes or flasks using molecules that promote cell
adhesion and growth. Although these systems have been
valuable for studying biological phenomena and screening
drugs, one major limitation includes their inability to faithfully
replicate in vivo niches or pockets due to their planar monolayer
structure.* To better replicate physiological conditions, three-
dimensional (3D) culture systems have been introduced that
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including hydrogen peroxide and epinephrine.

enable the recapitulation of important features like cell-cell
interactions and density gradients.”® Among the most popular
3D culture systems are 3D microtissues, such as spheroids,
which can be formed by using, e.g., low-attachment plates,’ or
the hanging-drop method, where cells in suspension settle at
the bottom, followed by spontaneous aggregation of the cells
into microtissues.'’™"?

Microfluidic hanging-drop network platforms, consisting of
interconnected hanging drops, have been developed to form
and culture 3D microtissues."*'* These microfluidic systems
provide precise control over the 3D culturing conditions and
enable a better replication of the dynamic in vivo environment,
e.g., with respect to perfusion rates and metabolite turnover."
The open microfluidic system design ensures optimal gas
exchange and facilitates easy loading and retrieval of
microtissues for downstream assays. Additionally, this method
helps to avoid common issues, such as bubbles that often lead
to failure of microfluidics networks. Moreover, it offers the
potential of combining different tissue models, supporting the
concept of a “body-on-a-chip”.***”

Microscopy and imaging play a crucial role in the analysis
of 2D and 3D cell cultures. However, only limited
information about the cellular state can be extracted in a
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culture environment. To gather more comprehensive
information, the use of microsensor technology may be
beneficial. Numerous microsensors have been introduced
into 2D and 3D culture systems, operating under both static
and dynamic conditions."”® In particular, label-free and
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(a) Side view of the device in hanging-drop mode (top) and standing-drop mode (bottom). (b) Main components of the device, including

the microfluidic system, the CMOS-MEA chip, and the glass substrate. (c) Block diagram of the CMOS-MEA chip, featuring two electrode arrays,
each comprising 1024 electrodes that can - via a row-column selection scheme - be connected to 64 electrophysiology channels, eight
impedance spectroscopy channels, eight electrochemical sensing channels, two current/voltage stimulation channels, and an on-chip waveform
generator. A digital control unit receives user commands and transmits data from the functional units for off-chip post-processing. (d) Micrograph
of the fabricated CMOS-MEA chip and a 3D image of a portion of the electrode array. (e) Three electrode array configuration options, where the
gray squares represent the selected electrodes and the white squares represent the non-selected electrodes across different configurations: i. 64
pseudo-large electrodes formed by interconnecting groups of 16 neighboring electrodes, which were particularly useful for experiments in the
hanging-drop mode; ii. 64 electrodes uniformly distributed across the array; and iii. a block of 64 electrodes for high-density recordings, the use

of which was beneficial primarily in the standing-drop mode.
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In addition to single microsensors or a few electrodes,
microelectrode-array (MEA) systems have been used in
in vitro assays. MEA systems are primarily used for spatially
resolved voltage recordings from electrogenic cells in vitro.>*

Moreover, the use of MEAs enables two-dimensional
“impedance  imaging” of biological samples.'®**?¢
Additionally, MEAs facilitate localized electrochemical

measurements, including amperometry and voltammetry,
which enables real-time two-dimensional electrochemical
imaging.””° Finally, MEAs with multiple sensing modalities
have been fabricated in CMOS technology.**~?

Several techniques have been developed to directly
integrate microsensors into a hanging-drop platform. In one
approach, glass inlays containing the electrodes were
positioned in the ceilings of the hanging drops. This
method has been used for EIS-based and electrochemical
sensing systems with various electrode configurations; the
electrodes were then connected to an off-chip external
readout unit."®** In another work, to facilitate parallel
measurements, multiple sets of electrodes were fabricated
on a glass substrate, forming the ceiling of a microfluidic
network containing eight hanging drops. Each hanging drop
featured a set of electrodes, connected to an external
readout, allowing for measuring the glucose concentration
of all eight droplets in parallel.**

To augment the sensor system for a hanging-drop
platform, several aspects are important: (i) the possibility to
perform different types of measurements with a single
system, (ii) an increase in measurement accuracy by
improving the signal-to-noise ratio, and (iii) a reduction of
the size of readout units to enable parallelization and
seamless integration in dedicated microsystems. A promising
approach to realize these features on a single device is to
utilize CMOS technology and devise a microsystem, which
then can be integrated into, e.g., a hanging-drop system.

This paper presents a novel device for in situ sensing in
3D microtissue cultures, featuring a multi-functional CMOS
MEA system integrated into a microfluidic hanging-drop
network platform (Fig. 1a top). In terms of functionality, the
designed CMOS-MEA system includes electrophysiology, EIS,
and electrochemical sensing modules, along with
reconfigurable microelectrode arrays including a total of
1024 electrodes. The inclusion of a MEA as sensing unit for
each hanging drop renders the device versatile and flexible
and enables to flip the device upside down and operate it in
a “standing-drop” configuration.*®*® In this configuration,
the device works like a conventional high-density CMOS-MEA
(Fig. 1a bottom).

2. Materials and methods
2.1. System design of the CMOS-MEA chip

Each electrode array comprises 1024 Pt microelectrodes, each
with an area of 38 x 42 um?, arranged at a center-to-center
pitch of 50 um. The electrodes cover a total area of 1.6 x 1.6
mm”. The reference electrode occupies an area of 0.52 mm”

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

and is positioned at the periphery of the array. The array
dimensions were selected according to the droplet size in the
microfluidic system (3 mm diameter). Additionally,
considerations were made to ensure adequate space for
stable bonding of the fluidics and to account for tolerances
for slight misalignment during the assembly of the CMOS-
MEA chip and the microfluidic system.

The electrophysiology channels were designed to amplify
low-amplitude extracellular signals from electrogenic cells.
The circuitry of these channels was adapted from that
published in ref. 30. The complete amplification chain
comprises four stages with programmable gain and
bandwidth. Following filtering and amplification, the signals
were digitized using a 10-bit successive-approximation-
register (SAR) analog-to-digital converter (ADC) with serial
output. The ADC operated at 1.28 MS s ', sampling each of
the 64 channels at 20 kS s™* (Fig. S1af).

Impedance spectroscopy channels were designed to
measure impedance magnitude and phase using a lock-in
detection method"™ within a frequency range of 1 Hz to 1
MHz. We used the circuitry published in ref. 30. A sinusoidal
stimulus voltage, generated by the on-chip waveform
generator, was applied between the reference electrode and
the target working electrodes. Subsequently, the resulting
currents were detected through eight low-noise
transimpedance amplifiers (TIAs) and were mixed with the
on-chip-generated synchronous in-phase (I) and quadrature
(Q) square signals. Output signals from the mixers were then
lowpass-filtered, multiplexed, and digitized by delta-sigma
ADCs working at a sampling frequency of 1.28 MHz (Fig.
S1bt). The output bitstreams of the ADCs were decimated by
off-chip cascaded integrator-comb (CIC) filters to acquire the
in-phase (Z;) and quadrature (Zg) values with respect to the
TIA feedback load. The extraction of impedance magnitude
and phase values was then carried out as follows:

‘Z‘ = N/ZIZ +ZQ2; HZ = tan_l(ZQ/ZI)

where |Z| and 0, represented the impedance magnitude and

phase.

A waveform generator was implemented to produce the
stepwise approximation of the required stimulus and I/Q
mixing signals in the impedance spectroscopy module. The
technique and circuitry of the analog components were
adapted from ref. 30. To achieve different measurement
frequencies, the 25.6 MHz system frequency was modified by
using a digital frequency divider. The programmable sampled
values of a full period of the desired waveform were stored as
10-bit data in the look-up table. The values in the look-up
table were determined by the address indicated by a counter,
operating at a frequency defined by the frequency divider.
Subsequently, these values were converted to analog signals
by a digital-to-analog converter (DAC) and buffered using an
on-chip voltage buffer. Furthermore, a digital logic circuit was
integrated to generate the I and Q signals of the impedance
spectroscopy module, ensuring they were phase-locked to the

Lab Chip, 2025, 25, 2205-2221 | 2207
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stimulus sine-wave signal. The overall frequency range of the
waveform generator was between 1 Hz and 1 MHz (Fig. Sict).

The electrochemical sensing channels were designed to
measure Faradaic currents resulting from oxidation and
reduction reactions at the electrodes. The circuitry was adapted
from the design reported in ref. 30 and specifically designed for
fast-scan cyclic voltammetry (FSCV). A triangular scan voltage
was applied between the sensing electrodes and the reference
electrode by changing the potential of the sensing electrodes,
while maintaining the reference electrode potential at the
common-mode direct current (DC) voltage. In each channel, the
scan voltage was buffered by an operational transconductance
amplifier (OTA), configured in a unity-gain feedback loop, and
the resulting current was detected by a resistively loaded
transimpedance amplifier (TIA). The outputs of the eight
channels, along with the applied scan voltage, were sampled
and multiplexed at a rate of 20 kS s™*. Subsequently, they were
digitized by a 10-bit successive-approximation-register (SAR)
ADC with serial output (Fig. S1dt). Digitizing the scan voltage
along with the current readout was essential to maintain timing
information to obtain a precise cyclic voltammogram (CV).
Additionally, amperometry can be performed by applying
constant voltage and measuring the resulting current.

The digital controller consisted of one receiver and two
transmitter blocks. The receiver block captured user
commands via a serial peripheral interface (SPI) protocol.
These commands were fetched by the receiver block, designed
as a state machine, and subsequently transmitted to the system
bus. The transmitter blocks continuously received the output
data from the recording modules of each array, combined them
into data frames, and generated serial output data associated
with each array. Sending out the recorded data from each array
in a serial format was crucial due to the constraints imposed
by the integration of the CMOS-MEA chip and the microfluidic
system, which limited the number of contact pads on the chip.
The serial output data of each array was streamed out at a clock
frequency of 25.6 MHz.

2.2. Fabrication and post processing of the CMOS-MEA chip

The CMOS-MEA chip was fabricated using 0.18 um CMOS
technology (1P6M) by X-FAB (Erfurt, Germany). The die size
was 4.0 x 9.0 mm? The chip included a shifted-electrode
layout to ensure stable isolation of the CMOS circuitry from
the liquid in contact with the electrodes.’” Various post-
processing steps were applied, including the deposition of a
multi-passivation layer of SiO,/SizN,, reactive-ion etching to
define the opening of electrodes and bond-wire pads, and
platinum (Pt) deposition on the electrodes for
biocompatibility and stability. The micrograph of the chip
was taken with a scanning-laser 3D surface profiler (VK-
X3000, Keyence, Itasca, US).

2.3. Electrical characterization of the CMOS-MEA chip

To acquire the transfer function of the electrophysiology
channels, a common sinusoidal signal with an amplitude of
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2 mV,, was applied to all inputs, and the frequency was
swept from 0.1 Hz to 10 kHz. The external load used to verify
the operation of the impedance spectroscopy module, was
implemented by off-chip resistors and a capacitor. The noise
power spectral density of this module was measured by
opening the input of the TIA and recording the output signal.
To measure the gain of the electrochemical sensing module,
a sinusoidal of 100 Hz and 100 nA;, current was applied to
the input of each channel, and the resulting voltage through
the ADC was measured.

2.4. Fabrication of the microfluidic system

The microfluidic system was fabricated in polydimethylsiloxane
(PDMS) by standard soft lithography using a double-sided
molding process. We used a bottom 3D-printed mold (ceramic-
like Perform, Protolabs, Feldkirchen, Germany) and a top
PDMS mold. The top mold was first plasma-treated (50 W, 25 s,
0.5 mbar O,, Diener Electronic, Ebhausen, Germany) and then
silanized by 3.5 uL trichloro (1H,1H,2H,2H-perfluorooctyl)silane
(Sigma-Aldrich, Buchs, Switzerland) for 1 h under vacuum to
prevent the bonding of PDMS during the molding process. To
fabricate the microfluidic system, we poured the liquid PDMS
between the aligned top and bottom molds and degassed it
under constant vacuum for ~6 h to remove any bubbles.
During this time, the molds were placed at an ~20-30° angle
to facilitate the flow of liquid PDMS between the molds. The
PDMS was then cured in an oven at 80 °C for 3 h in a flat
position. During the degassing and curing periods, a 1 kg metal
weight was placed and fixed on the top mold to uniformly press
the molds together and to guarantee uniform thickness of the
chip. The microfluidic system was then obtained after
detaching from top and bottom molds, respectively.

2.5. Fabrication of the glass substrate

An 8-inch borosilicate glass wafer of 0.5 mm thickness was
used to fabricate the glass substrate by using standard
photolithography processes for Pt deposition and patterning.
First, the lift-off resist (LOR3B, Microchem Corp., Newton,
USA) was spin-coated for 5 s at 500 rpm and 45 s at 3700 rpm
and soft-baked for 3 min at 200 °C to form a layer of 0.3-0.4
pm thickness. Then, the positive photoresist (S1813, Rohm-
Haas, Schwalbach, Germany) was spin-coated for 5 s at 500
rpm and 45 s at 3700 rpm and soft-baked for 1 min at 116 °C
to form a layer of 1.5 um thickness. The Pt patterns were
transferred into the resist by ultraviolet exposure through a
transparency mask. The exposure was done by using a Hg
vapor lamp I-line (365:4 nm wavelength) for 4 s (135 mJ
em™?) with hard contact (Mask Aligner Gen3, Karl Suess,
Miinchen, Germany). The wafer was then developed in
MF319 Developer (Rohm-Haas, Schwalbach, Germany) for 60
s. 0.2 pm-thick Pt was deposited with an adhesion layer of 20
nm WTi (10%) at 60 °C (Ionfab 300, Oxford Instruments,
Abingdon, UK) through a sputtering process. The lift-off
process was performed by using an ultrasonic bath for 4 min
in Remover 1165 (Rohm-Haas, Schwalbach, Germany)

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lc01000k

Open Access Article. Published on 27 March 2025. Downloaded on 9/5/2025 4:07:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

solution, and the wafer was rinsed with isopropyl alcohol
(IPA). In the next step, a 0.5 um-thick Si;N, passivation layer
was deposited by using a plasma-enhanced chemical vapor
deposition process (Plasmalab 80, Oxford Instruments). The
passivation layer was re-opened at the sites of the pads for
connection to CMOS-MEA chip and the pads for connection
to the measurement setup. To reopen these sites, similar to
the steps above, the S1813 positive resist was spin-coated for
5 s at 500 rpm and 45 s at 3700 rpm, followed by soft baking
for 1 min at 116 °C. Exposure of the mask with opening
patterns was then performed using a Hg vapor lamp I-line for
4 s with hard contact, followed by development for 60 s in
MF319. The wafer was plasma-cleaned by O, plasma for 20
min at 360 W. Reactive-ion etching (RIE; Plasmalab 100,
Oxford Instruments) was then performed for 12 min. The
resist was removed by using an ultrasonic bath for 4 min in
Remover 1165, and the wafer was rinsed with IPA. Finally, the
glass wafer was diced using a saw with a 200 pm-thick blade.
For gold electroplating, a non-soluble Pt anode was employed
and NB-Semiplate Au 100 (NB Technologies GmbH, Bremen,
Germany) was used as the gold electrolyte. A 200 mA current
was applied for 8 min to deposit a 1 um-thick gold layer.

2.6. Materials for device assembly

To attach the CMOS-MEA chip to the glass substrate, a ~25
um layer of a two-component epoxy mixture (EPO-TEK H70E,
Epoxy Technology Inc, MA, USA) was applied to the substrate.
The CMOS-MEA chip was then aligned and placed, and the
epoxy was cured for 1 hour at 150 °C. The glass substrate and
the PDMS layers were plasma-activated for 25 s at 50 W in 0.5
mbar O,, before bonding. Wire-bonding was performed by
using an automated bonding machine (ESEC WB 3100 plus,
Zug, Switzerland), with 25 um-diameter gold wires. A two-
component epoxy (EPO-TEK 353ND, Epoxy Technology Inc)
was employed to cover the bond wires. The two epoxy
components were first mixed, and the mixture was degassed
for 45 minutes under vacuum before being applied to cover
the bond wires. Subsequently, the epoxy was cured in an oven
at 80 °C for 12 hours. A bio-compatible glue (U307 UV-
Curable Acrylate, H. B. Fuller Adhesives, Mannheim,
Germany) was applied to fix the needles.

2.7. Experimental setup

To perform the experiments, the device was plugged in a
custom-made holder printed circuit board (PCB), which was
designed to accommodate the device and to connect signals
and supply lines from the device to a measurement PCB
through a 75 mm flat flexible cable (FFC). In the hanging-
drop mode, the holder PCB was clamped in a custom-made
holder frame, which was placed in an OmniTray single-well
plate (Thermo Fisher Scientific, Reinach, Switzerland) on the
stage of an inverted microscope (Leica DMI6000B, Wetzlar,
Germany). Precision syringe pumps (neMESYS, Cetoni
GmbH, Korbussen, Germany) were connected to inlets and
outlets of the device to initiate and control the fluidic flow.

This journal is © The Royal Society of Chemistry 2025
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The pumps can be operated in pulse-free mode from 0.2 pL
min~', with a reported minimum flow rate of ~1 nL min ",
which ensured a stable and continuous flow during
operation. The open-source software YouScope®® was used to
control the size of the droplets by means of a fluid-control
feedback loop, which relied on continuously focusing on an
SU-8 epoxy ring at the bottom of the control droplet and
adjusting the flow rates to set and maintain the focus
position. In the standing-drop mode, the syringes were
controlled manually by the neMESYS User Interface software.
To operate the CMOS-MEA chip, the control commands were
generated by a custom-designed C# program and sent to the
chip through the SPI interface to configure the chip. On the
other end, the serial output data, produced by the chip, was
acquired by using a data acquisition (DAQ) card (PXIe-6537,
National Instruments, Austin, United States) and a custom-
designed LabVIEW program. Data analysis was performed in
MATLAB (MathWorks, Massachusetts, United States) (Fig.
S2t1). Hanging-drop experiments were conducted within a
CO,-controlled microscope box, set to a temperature of 37 °C
and a humidity level of 95%. Standing-drop experiments were
carried out in an incubator, maintained at 37 °C with
humidity regulated using a water bath.

2.8. Preparation of cardiac microtissues

The human induced pluripotent stem cells (hiPSC) line,
CW30318CC1 (Fuyjifilm Cellular Dynamics, Inc., Madison, WI,
USA), derived from a healthy donor, was obtained from the
California Institute of Regenerative Medicine (CIRM) hPSC
Repository. This cell line was differentiated into
cardiomyocytes, following the protocol in ref. 39. The
spontaneously and synchronously beating cardiomyocytes
were dissociated from the culture dish and were seeded into
U-shaped-bottom, low-adhesion 96-well plates. The seeded
cells were cultured in RPMI 1640 medium supplemented with
B27, fetal bovine serum, and Y-27632 for 24 hours.
Afterwards, the culture medium was replaced with RPMI
1640 medium, supplemented with B27, and refreshed every
2-3 days. After recovery in a humidified CO,-incubator, the
cardiomyocytes started beating as early as two days after
seeding. A beating microtissue was then transferred to a
human fibronectin-coated array of the CMOS-MEA chip and
put in the incubator for a minimum of two days of recovery
before conducting the experiments.

2.9. Device loading for electrophysiology recordings and
impedance spectroscopy

At the start of each experiment, the tubes, inlet, and outlet
syringes were pre-filled with 2.5 mL and 0.5 mL of the liquid
of interest. Subsequently, the tubes were connected to the
device's inlet and outlet, and the lateral droplets were filled
with a volume of 10 pL. Pre-filling of the tubing and syringes
was necessary to ensure bubble-free operation. The center
droplets were then loaded with a volume of 8 uL through
regular pipetting, and the microfluidic channels were

Lab Chip, 2025, 25, 2205-2221 | 2209


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lc01000k

Open Access Article. Published on 27 March 2025. Downloaded on 9/5/2025 4:07:24 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

connected by pulling the liquid between the droplets using a
needle. Following the loading of the droplets, hiPSC-derived
cardiac microtissues were directly transferred from a 96-well
plate to the MEA surface using a 1 mL pipet tip, and the
beating of the microtissue was confirmed using a digital
microscope (AM5018MZTL, Dino-Lite, Almere, Netherlands).
In hanging-drop experiments, a control 200 pm-thick SU-8
ring was placed inside the control drop, and the device was
then flipped upside down to obtain the hanging drops.

2.10. Fast-scan cyclic voltammetry (FSCV) of epinephrine

An off-chip-generated triangular waveform was scanned
between —0.3 and 0.7 V at a rate of 400 V s~ with a frequency
of 10 Hz. Epinephrine solutions were freshly prepared from
(t)-epinephrine hydrochloride (99% purity, Sigma-Aldrich,
USA) in phosphate-buffered saline (PBS) (pH 7.4, Gibco,
Thermo Fisher Scientific, USA). For measurements under
static conditions, background measurements using PBS were
first performed. Subsequently, epinephrine was diluted in the
device's reservoir. After each dilution had been prepared, the
solution in the device reservoir was mixed by using a pipet to
ensure uniform distribution in the reservoir. Data was
recorded after a stabilization time of 2 minutes. Up to sixteen
electrodes were connected to form one pseudo-large
electrode, varying the electrode surface area from 1596 um”
to 25536 um® Data from 64 electrodes could be
simultaneously recorded per condition.

Wash-out experiments of epinephrine were performed using
the hanging-drop configuration. Two syringes were connected to
the device inlet via a Y-splitter; one syringe was filled with PBS,
while the other syringe was filled with 200 uM (t)-epinephrine
hydrochloride in PBS. A third precision syringe pump was
connected to the device outlet. The individual parts were
connected using poly(ether-ether-ketone) (PEEK) tubing with an
internal diameter of 0.5 mm. The experiment was carried out
over a period of 3 hours, consisting of three stages: (i) during the
first 30 minutes, a PBS baseline flow of 10 uL per minute was
established by applying a positive/negative flow in the first/third
syringe. (i) Subsequently, the flow in the first syringe was
stopped, and the flow in the second syringe was activated to
flush the device with epinephrine solution for 90 minutes. (iii)
The device was then flushed again with PBS for 80 minutes.
Every 20 seconds, data from eight electrodes were recorded.
Background subtraction was performed by averaging the data
from the initial 15 minutes of the PBS recording and then
subtracting this average value from all subsequent recordings.

2.11. Amperometry of hydrogen peroxide

Experiments to correlate the oxidation current with hydrogen
peroxide concentration were conducted similarly to cyclic
voltammetry experiments, except that a DC voltage of 0.65 V
was applied instead of a triangular waveform. Before testing,
the devices were plasma treated. Recordings were taken using
up to 16 individual electrodes connected to form one pseudo-
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large electrode. Data were recorded from 64 pseudo-large
electrodes per experimental condition.

Fresh hydrogen peroxide solutions were prepared by
diluting a 30% H,O, solution for trace analysis (Art. 95321,
Sigma Aldrich) in PBS (pH 7.4, Gibco, Thermo Fisher
Scientific). Background measurements were taken using only
PBS, followed by the preparation of dilutions directly in the
device's reservoir. After each dilution was prepared, the
solution was mixed by up-and-down pipetting.

Data were recorded for 1 second, and the obtained

currents were averaged over the recording time. The
background current, obtained from the initial PBS
measurements, was subtracted from the value of each

electrode for normalization. Linear models were fitted to the
data in the range between 25 and 100 uM H,O, for a single-
electrode configuration (1596 um?), between 1 and 100 uM
for a pseudo-large electrode configuration with 2 x 2 (6384
um?) or 3 x 3 (14364 um?) connected electrodes, and between
1 and 250 uM H,0, for a pseudo-large electrode
configuration of 4 x 4 electrodes (25536 um?®). The detection
limit was calculated by taking into account the standard
deviation of the normalized values of all 64 electrodes at an
H,0, concentration of 0.01 uM.

3. Results

The overall system comprises three main components: (i) a
CMOS-MEA chip housing two reconfigurable MEAs, (ii) the
microfluidic system including two microfluidic networks,
and (iii) a glass substrate to host the CMOS-MEA chip and
the microfluidic system (Fig. 1b). We now describe the
features and characterization results of the different
components.

3.1. Characterization of the CMOS-MEA chip

As described, the CMOS-MEA chip features two electrode
arrays, each comprising 1024 electrodes that can be
connected through a switch matrix to 64 electrophysiology,
eight impedance spectroscopy, eight electrochemical sensing,
and two current/voltage stimulation channels. Additionally,
the chip incorporates two on-chip waveform generators and a
digital controller unit for communication with the sensing
units. The digital control unit receives user commands and
transmits data for off-chip post-processing (Fig. 1c and d).
The inclusion of two electrode arrays on a single chip
enhances throughput and allows for concurrent testing of
two experimental conditions using a single device. Compared
to integrating two separate MEAs into the microfluidic
system to achieve the same throughput, a co-integration of
two MEAs on the same CMOS chip reduces the number of
bond wires, as supply and reference voltages of the two
electrode arrays can be shared, which effectively reduces the
number of connections and setup complexity. Moreover, such
co-integration serves as proof of concept for the realization of
microfluidic networks with several CMOS-MEA chips.
Additionally, measurement variations, originating from offset

This journal is © The Royal Society of Chemistry 2025
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and process variations in CMOS components, are
significantly lower for two MEAs on the same die as
compared to two separate chips and dies. To ensure system
flexibility, the system was designed to facilitate dynamic
programming and adaptation of the sensing area and
electrode configuration to the nature of the preparation and/
or to record from regions of potential interest (Fig. 1e).

The overall power consumption of the CMOS-MEA chip with
all modules in operation was measured to be 41 mW (Fig. 2a).
The inputreferred noise of an electrophysiology channel,
integrated over the full band from 0.4 Hz to 10 kHz, was
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determined to be 4.9 + 0.2 PV, which is in the range of
similar state-of-the-art active MEAs.>***° This value includes the
noise contribution from amplifiers, filters, and ADC and
excludes the noise generated by the electrodes. The integrated
noise distribution indicated low levels across all channels
(Fig. 2b). The transfer function of the electrophysiology
channels is depicted in Fig. 2c, with a measured low-pass
corner frequency of 3.19 + 0.18 kHz and a high-pass corner
frequency of 0.28 + 0.04 Hz. The high-pass corner frequency
can be adjusted to up to 84 Hz, which enables measurements
of both action potentials (APs) and local field potentials
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(a) Pie chart depicting the power consumption contributions of the various units of the CMOS-MEA chip, totaling 41 mW. (b) Noise

measurement of the electrophysiology channels. The input-referred noise, integrated over the full band from 0.4 Hz to 10 kHz, was determined to
be 4.9 + 0.2 uV,ns Measured across 64 channels. The subfigure shows the distribution of integrated noise across these 64 channels. (c) Gain
transfer function of the 64 electrophysiology channels with the gain set to 59.3 dB, along with the respective average values. Subfigures illustrate
the distribution of high-pass and low-pass corner frequencies across these channels. (d) Impedance spectroscopy of the external load measured
by using the impedance spectroscopy module of both arrays. The subfigure displays the external load configured as a simple equivalent-circuit of
the electrode-electrolyte interface impedance. (e) Noise power spectral density of the impedance spectroscopy channels measured without mixing
and excluding the electrode, multiplexer, and CIC filter. (f) Noise power spectral density for the electrochemical channels.
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(LFPs)."® The minimum and maximum measured gains were
29.2 dB and 75.4 dB, respectively, and all tested gain settings
were within the expected range. A programmable gain is crucial
to cope with the diverse signal levels generated by various
electrogenic cells, ranging from small neural action potentials
(tens of uVy,;,) to large cardiac action potentials (up to several
tens of mv,,;,).**

Impedance spectroscopy of an external load, configured to
resemble the equivalent circuit of the electrode-electrolyte
interface,*> was conducted across the entire frequency range
to validate the impedance module's operation (Fig. 2d). At
frequencies below 100 kHz, the recorded impedance aligned
with the ideal calculated value. However, at higher
frequencies, deviations from ideal values were observed,
likely due to the parasitic capacitance and switch-on
resistance of the lengthy probe-input leads, as well as the
non-ideality of the components, which tends to be more
noticeable at high frequencies. The noise power spectrum
density of an impedance spectroscopy channel without
mixing, excluding the electrode, multiplexer, and off-chip
CIC filter, is illustrated in Fig. 2e, where the noise shaping
characteristics of the delta sigma converter are clearly visible.

The integrated current noise for an electrochemical
sensing channel was measured as 450 pA;y,s and 554 PAys
for the two arrays (Fig. 2f), falling within the range reported
for state-of-the-art electrochemical sensors.***>**

3.2. Microfluidic system

The structure of the microfluidic system comprises patterns
on two sides (Fig. S3f). On the top side, it features two
parallel microfluidic networks, grooves designed to
accommodate a potential lid for minimizing evaporation,
and rectangular openings for the bond wires. At the bottom
side, the microfluidic system was patterned to accommodate
the CMOS-MEA chip. The design of the microfluidic networks
was optimized to support the formation of stable hanging-
drop networks, with drops of 3 mm diameter. We opted for a
3 mm-diameter aperture to ensure drop stability, simple
integration with the CMOS-MEA, and ease of fabrication.
Although prior reported studies on hanging-drop networks
with integrated microsensors initially made use of 3.5 mm
apertures,'®?* later designs shifted toward 3 mm droplets, as
reducing the drop diameter provided increased system
stability.®*>*> Beyond stability, the 3 mm diameter offered a
practical balance between experimental requirements and
fabrication constraints. Compared to smaller diameters, it
ensured sufficient area for accommodating the electrode
array while reducing fabrication challenges associated with
very small microfluidic structures entailing an increased risk
of structural failure. Additionally, as the CMOS-MEA chip
takes up a fraction of the droplet volume, further reducing
the droplet size would have decreased the overall liquid
volume, increasing the risk of medium evaporation.

Each network comprised four circular compartments that
were interconnected by channels with a cross-section of 0.3 x
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0.3 mm?®. One of the center droplets was designated to host
the sample of interest and the CMOS-MEA, while the other
was used to control the drop height in the hanging-drop
mode, as explained in section 3.6. The two peripheral
droplets could either provide extra medium volume for the
samples, when the platform was placed in an incubator, or
serve as connections to the fluidic inlet and outlet. Rim
structures, 0.3 mm wide, surrounded the droplets and
ensured their stability. The open microfluidic system
facilitated gas exchange and oxygenation, continuous
perfusion, and drug dosage. Continuous perfusion also
supported tissue viability by providing continuous flow of
fresh medium to the cells, prevented electrolyte and chemical
up-concentration due to evaporation, and facilitated the
removal of waste and secretory products. Additionally, the
open microfluidic system allowed for a direct transfer to and
harvesting of samples from the droplets. The droplet
containing the CMOS-MEA chip featured a maximum volume
of ~8.5 uL, while the others had a maximum volume of
~13.5 pL. The volume of the microfluidic system, including
channels and the four droplets but excluding the inlet and
outlet needles, amounted to ~50 pL. The small volume
required precise flow control in dynamic drug-testing
applications. The overall system performance, determined by
total volume, liquid exchange interface, system stability, and
flow rate tolerance, also depended on the used external liquid
handling system.

3.3. Glass substrate

The planar glass substrate served as a stable support for the
CMOS-MEA chip and the microfluidic system, and featured
Pt leads to establish connections between the CMOS-MEA
chip and the setup measurement board. We chose glass as
the substrate material due to its compatibility with plasma
activation and its suitability for plasma bonding with the
PDMS microfluidic system. Moreover, its transparency
enabled optical access to the sample in the control droplet, a
crucial factor for controlling and maintaining droplet size
when using the device in the hanging-drop mode, as detailed
in sections 3.5 and 3.6.

Efficient wire bonding from the CMOS-MEA chip to the
substrate necessitates a minimum thickness of 0.5 um for
the metal layer. Therefore, a 1 um thick gold (Au) layer was
deposited on the substrate pads through electroplating. Gold
was chosen over Pt because electroplating of Au can be
carried out at room temperature.

3.4. Device assembly

We devised an efficient method for assembling the various
components of the system, which is suitable for system
integration of CMOS sensor units and microfluidic systems.
The primary challenge was to effectively protect the circuitry
and contacts on the CMOS-MEA chips, preventing any
contact with liquid, while keeping the CMOS electrode array
surface open and accessible.

This journal is © The Royal Society of Chemistry 2025
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To assemble the device, we initially affixed the CMOS-
MEA chip on the glass substrate. Subsequently, both the
microfluidic layer and the glass substrate with the CMOS-
MEA chip underwent plasma activation. After -careful
alignment under an upright microscope, we bonded the
microfluidic system to the substrate and the CMOS-MEA
chip. In the following step, 1 mm-diameter holes were
drilled into the substrate at the centers of the side droplets
to establish connections for the fluidic inlet and outlets.
Wire bonding was then performed to connect the pads on
the CMOS-MEA chip with those on the substrate. To shield
the bond wires from physical damage, a two-component
biocompatible epoxy was applied. It was crucial to perform
wire bonding at the latest possible stage to avoid any
physical damage before applying epoxy protection.
Subsequently, a PDMS layer with a thickness of 2 mm was
aligned and plasma-bonded to the backside of the glass
substrate, featuring 1 mm-diameter holes. This PDMS layer
was utilized to accommodate inlet and outlet connections.
90 degree-bent metal needles with inner diameters of 0.6
mm and outer diameters of 0.9 mm were then inserted as
inlets and outlets, and the needles were fixed by applying a
biocompatible glue. The assembly steps of the device are
summarized in Fig. 3.

The successful operation of the assembled system under
liquid flow in the hanging-drop configuration (section 2.7)
evidenced that the assembly process had properly worked. A
tight sealing was particularly crucial, since liquid leakage
would have disrupted device operation. Leakage would
change the drop height or significantly disturb the
operation of the CMOS-MEA chip. Out of 19 assembled
devices, 13 were successfully fabricated and operated as
intended, resulting in a success rate of approximately 68%.
The main causes of failure included issues in the wire
bonding process (Fig. 3av) and incomplete plasma bonding
of the microfluidic system, particularly around the droplet
structures, which led to epoxy partially covering the
electrode array (Fig. 3aiii).

3.5. Electrophysiology recordings

We assessed the performance of the electrophysiology
module through in vitro measurements. We recorded the
electrical activity of hiPSC-derived cardiac microtissues in
both hanging- and standing-drop modes (Fig. 4 and S4t).
The average peak-to-peak amplitude map of a cardiac
microtissue in the hanging-drop mode, featuring droplet
height of approximately 700 pm, is depicted in Fig. 4a,
which was acquired through electrophysiology recordings
using 64 uniformly distributed pseudo-large electrodes
consisting of 4 (configured as 2 x 2) electrodes. From this
activity map, it is evident that the microtissue was
somewhat displaced from the center of the droplet, as the
droplet was rather shallow. In comparison to having only a
single electrode at the center of the device, the presence of
an electrode array ensured the detection of beating activity

This journal is © The Royal Society of Chemistry 2025
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of the displaced microtissue. One of the high-amplitude
signals is illustrated in Fig. 4b, where the different phases
of cardiac beating activity, including the depolarization
phase corresponding to Na+ influx and the repolarization
phase corresponding to K+ efflux,*®*” can be clearly
distinguished after band-pass filtering. The measured
average beating rate was 44 beats per min.

In Fig. 4c, the average peak-to-peak amplitude map of
a cardiac microtissue in the standing-drop mode under
flow conditions is presented. This map was obtained
through high-resolution electrophysiology recordings. The
device's high gain and its low-noise characteristics allowed
for the recording of the electrical activity of cardiac
microtissues even when the microtissues did not adhere
to the MEA surface and no adhesive coating was used. To
showcase the drug delivery characteristics of the integrated
fluidics, we administered 10 uM epinephrine and
conducted electrophysiology recordings from a 64-electrode
block underneath the microtissue. Recordings were
conducted at various time points to observe the stability
of the beating both before and after the introduction of
epinephrine (Fig. 4d). The beating rate was approximately
21 beats per min before the arrival of epinephrine and
increased to 54 beats per min around 4 minutes after
dosage, confirming the expected effect of epinephrine in
accelerating the beating rate.’*™° The outcome of this
proof-of-concept experiment demonstrates the successful
application of drugs through the integrated microfluidic
system. In comparison to a manual application of the
drug using traditional pipetting methods, drug
administration through the integrated microfluidics allows
for more precise and controllable dosage, and reduced
operator-induced variations.

It is important to note that, although the recorded
values for both hanging- and standing-drop mode reported
in Fig. 4a and c are within the same range, the values
cannot be directly compared. The two modes entail
different conditions, in addition to
variations in the microtissue batch and morphology of
sensing electrodes. Under identical conditions - in the
standing mode - there is a direct contact between
electrodes and the cell preparation, which also provides a
sealing of the volume between cells and electrodes
towards the droplet liquid phase. These effects would lead
to higher signal amplitudes and a more pronounced
“footprint” of the preparation, so that subcellular feature
resolution can potentially be achieved, e.g., when the tissue is
pressed onto or affixed to the electrode array. In contrast — in
the hanging-drop configuration - there is no direct contact
between tissue and microelectrodes, and a liquid medium
film of considerable thickness is always present between the
electrodes and the electrogenic-cell preparation. This liquid
film and volume is directly connected to the rest of the
droplet liquid and, therefore, entails diffusion of ions after
being released by the cells, which attenuates and blurs the
signals.

measurement
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Fig. 3 (a) Device assembly: i. glass substrate, ii. CMOS-MEA chip glued onto the glass substrate; iii. PDMS microfluidic system plasma-bonded onto
the glass substrate and CMOS-MEA chip; iv. inlet and outlet holes drilled into the glass substrate; v. wire-bonding performed; vi. bond-wires
covered with biocompatible epoxy; vii. back-side PDMS layer plasma-bonded to the bottom of the glass substrate; viii. inlet and outlet needles
inserted; ix. needles affixed with biocompatible UV-curable glue. (b) Image of the final assembled device.
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Fig. 4 (a) Average peak-to-peak amplitude map of a hiPSC-derived cardiac microtissue in hanging-drop mode. This map was acquired through

electrophysiology recordings using 64 uniformly distributed pseudo-large electrodes formed by interconnecting groups of 2 x 2 electrodes. Each
pixel represents one pseudo-electrode. For clarity, only the exact position and configuration of the electrodes, not the entire CMOS-MEA chip, are
shown in the schematic of the droplet. (b) One of the high-amplitude electrophysiology signals from part (a), showing depolarization and
repolarization phases of cardiac beating activity after proper band-pass filtering. (c) Image of a hiPSC-derived cardiac microtissue on an electrode
array in standing-drop mode under flow conditions (left), and the average peak-to-peak amplitude map obtained through high-resolution
electrophysiology recordings from all 1024 electrodes (right). (d) Beating frequency of the microtissue in part (c) recorded from a 64-electrode
block underneath the microtissue at different time points before and after the introduction of epinephrine through the integrated microfluidics.
Signals A and B show the electrophysiological signal after band-pass filtering, immediately before the administration of epinephrine and after

stabilization of the beating frequency, demonstrating the effect of epinephrine in increasing the beating frequency.

3.6. Impedance spectroscopy

The characterization of individual electrodes and pseudo-
large electrodes was performed prior to any impedance
measurement of the samples of interest (Fig. 5a). To explore
the correlation between impedance and microtissue-to-
electrode distance in hanging drops, an hiPSC-derived
cardiac microtissue (330 pum diameter) was utilized in a
hanging drop setup, featuring variations in droplet height
(1200 um, 1000 pm, and 800 um), corresponding to volumes
of ~5 uL, ~4.6 pL, and ~4.3 pL, respectively. Data were
recorded using three pseudo-large electrodes (2 x 2
electrodes) at different positions, each featuring an electrode
surface area of 6384 pm?® An excitation wave of 200 mV
amplitude at 100 kHz was applied. The data were normalized
with respect to the average impedance value recorded with
the largest droplet height (1200 um). The resulting data
revealed distinct impedance variations among the selected
electrodes and an increase in impedance magnitude with
decreasing droplet height. The presence of the microtissue
within the hanging drop network could be successfully
identified. The measured impedance values increased with
decreasing drop height and microtissue-to-electrode distance,

This journal is © The Royal Society of Chemistry 2025

which is consistent with the fact that the microtissue is less
conductive than the surrounding culture solution and blocks
the respective current paths. Impedance values measured by
the electrode closer to the reference electrode (El1) were less
sensitive to variations in drop height, likely due to the
existence of more low-impedance current paths between this
electrode and the reference electrode (Fig. 5b).

Impedance imaging of the cardiac microtissue depicted in
Fig. 4c was conducted at four distinct frequencies in the
standing-drop mode. The acquired impedance images are
presented in Fig. 5c. At 1 kHz, identification of the
microtissue was not possible in the impedance image, as the
electrode impedance obscured the impedance caused by the
microtissue. With increasing frequency and the subsequent
decrease in electrode impedance, microtissue-induced
changes in impedance became more discernible. At 10 kHz,
the presence and position of the microtissue were clearly
visible in both magnitude and phase images. A greater
portion of the microtissue became visible at 50 kHz,
particularly in the impedance phase image, revealing areas
with less tight contact to the electrodes in addition to the
center of the microtissue, which always was in close contact.
At 100 kHz, the impedance magnitude values yielded an

Lab Chip, 2025, 25, 2205-2221 | 2215
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Fig. 5 (a) Impedance spectroscopy of individual electrodes and pseudo-large electrodes formed by interconnecting 2 x 2 and 4 x 4

neighboring electrodes, averaged over 64 electrodes with error bars representing the standard deviation. (b) Correlation between impedance
and microtissue-to-electrode distance in hanging drops containing a hiPSC-derived cardiac microtissue, recorded by using three pseudo-large
electrodes (Ell, El2, and El3) formed by interconnecting 4 x 4 neighboring electrodes. For better clarity, only the exact position and
configuration of the electrodes, not the entire CMOS-MEA chip, are shown in the schematic of the droplet. (c) Impedance imaging of the same
cardiac microtissue depicted in Fig. 4c, conducted at four distinct frequencies in standing-drop mode, acquired through high-density

impedance measurements from all 1024 electrodes.

image superior to those at 10 kHz and 50 kHz. The proof-of-
concept experiments demonstrate the device's capability to
monitor the presence and adhesion of tissues through
impedance imaging. The technique is label-free,
invasive, and holds potential for automated long-term
measurements in an incubator.

Analyzing the impedance images obtained at 10 kHz, 50
kHz, and 100 kHz, it is evident that the center of the tissue
yielded larger values, indicating a close contact between the
microtissue and the electrodes, as can be anticipated due to
the nearly spherical shape of the microtissue. Furthermore,
in comparison to the optical image, the top-right part of the
microtissue was not detected in any of the impedance
images, indicating a relatively large tissue-to-electrode
distance in that specific region. The large distance could also
be the reason for the absence of any discernible electrical
activity in the electrophysiology recordings of the same
region (Fig. 4c): no beating activity was observed, presumably
due to the tissue not being close enough to the electrodes.
The proof-of-concept impedance measurements demonstrate
the potential use of impedance imaging as a complementary
technique to electrophysiology recordings. Impedance
measurements can be employed to assess the location and
adhesion of «cells and tissues before conducting
electrophysiology recordings.

non-
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3.7. Electrochemical sensing

We confirmed the feasibility of cyclic voltammetry using sulfuric
acid (Fig. S5t). Thereafter, fast-scan cyclic voltammetry (FSCV)
was utilized for qualitative catecholamine detection; increased
non-Faradaic background currents at higher scan rates were
handled through digital background subtraction. Background
signals were recorded in PBS, and epinephrine solutions (1 uM to
200 uM) were measured with background subtraction under
static conditions (Fig. 6a). The excitation potential varied from
-0.4 V to 0.7 V at a scan rate of 400 V s ', similar to that
published by Yakushenko et al.’" The signals of 64 independent
electrodes were sequentially analyzed and combining multiple
electrodes to pseudo-large electrodes allowed for dynamic
adjustments of the working electrode size from 1596 um” to 4788
um?. The results showed a positive correlation between electrode
surface area and measured current. Qualitative analyte detection
down to 10 puM was achieved, with distinct voltammogram
shapes observed at different concentrations. Furthermore, by
using a larger electrode surface area, the voltammograms for
different conce