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Microelectrode arrays (MEAs) are state-of-the-art devices for extracellular recording and stimulation on
biological tissue. Furthermore, they are a relevant tool for the development of biomedical applications like
retina, cochlear and motor prostheses, cardiac pacemakers and drug screening. Hence, research on func-
tional cell-sensor interfaces, as well as the development of new surface structures and modifications for
improved electrode characteristics, is a vivid and well established field. However, combining single-cell
resolution with sufficient signal coupling remains challenging due to poor cell-electrode sealing. Further-
more, electrodes with diameters below 20 pm often suffer from a high electrical impedance affecting the
noise during voltage recordings. In this study, we report on a nanocavity sensor array for voltage-con-
trolled stimulation and extracellular action potential recordings on cellular networks. Nanocavity devices
combine the advantages of low-impedance electrodes with small cell-chip interfaces, preserving a high
spatial resolution for recording and stimulation. A reservoir between opening aperture and electrode is
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provided, allowing the cell to access the structure for a tight cell-sensor sealing. We present the well-con-
trolled fabrication process and the effect of cavity formation and electrode patterning on the sensor’s
impedance. Further, we demonstrate reliable voltage-controlled stimulation using nanostructured cavity
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Introduction

Merging biological tissue and electronics provides versatile
opportunities for research in biomedical and life sciences. On-
chip technologies are used for pharmacological studies and
drug screening,"” retina and cochlear investigations,®*
amperometric neurotransmitter detection®® and voltammetric
applications like action potential recordings and stimulation
of single cells and networks.”*" Electrode impedance, sealing
resistance between cell and sensor, electrode size, and density
are the most important parameters for on-chip electrophysio-
logy since they correlate with the signal-to-noise ratio and
spatial resolution.'” A high electrode density is given by micro-
electrode arrays (MEAs), which are the tools of choice in
many extracellular in vitro and in vivo investigations."®
The use of MEAs facilitates non-invasive, highly parallelized
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devices by capturing the pacemaker of an HL-1 cell network.

electrophysiological recordings'®'® and neuroelectrochemical

measurements.'®'” Hence, they provide an interesting alterna-
tive to probe-based techniques that are currently the gold stan-
dard for this type of measurements. For instance, MEAs can be
used for the detection of neurotransmitter release on the
network level as opposed to carbon fiber electrodes.*'® In
general, cells can be cultured on chip-based sensors up to
several weeks or months enabling long-term experiments.
MEAs are fabricated with arbitrary electrode sizes on silicon-
or glass-based substrates with CMOS or CMOS-independent
processes.''?2° The optimal electrode size for a certain appli-
cation is usually selected by weighing spatial resolution and
the performance of stimulation and recording capabilities as
the determining factors. While small electrode sizes (typically
below 100 pm?) are beneficial for low-noise amperometric
recordings, dense electrode packaging, and full coverage by
the cell, bigger electrodes provide a larger cell-electrode inter-
face and better noise characteristics for voltage recordings.
Optimizing the physical interface properties remains a
major task in bioelectronics.'>*! Various attempts in material
research and design of sensor surfaces aim for a functional
cell-sensor interface and an efficient signal transmission.
Different layouts have been realized to support cell guidance,*?
adherence,”" and sealing® for electrical and chemical record-
ing. Approaches for improving the cell-sensor interface
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include: surface modifications by nanopores, -pillars,>***
-spines*®*” and -wires,*®*° as well as neurocages,*’ graphene®
and carbon nanotubes or interdigitated geometries.*® For
voltage recordings, low-impedance electrodes support a high
signal-to-noise ratio. At the same time, a low impedance
improves the charge transfer capabilities for cell stimulation.
Furthermore, a high sealing resistance is required for obtain-
ing low leakage currents and a strong signal transfer.’” The
electrode impedance is determined by the sensor’s interface
capacitance as well as possible faradaic contributions. There-
fore, a large electrode-electrolyte interface lowers the electrode
impedance and is hence favorable for signal transduction.
Nanocavity arrays have been presented as a method to efficien-
tly combine the need for a large electrode area with a high
spatial resolution.*®*™*° This sensor type consists of a well-
defined cavity between electrode and passivation layer and a
small opening aperture that connects the cavity to the cell.
Consequently, similar to the planar patch clamp method,*"**
a low sensor impedance is combined with a high spatial
resolution at the single-cell level. The advantage of the nano-
cavity approach lies in the possibility to integrate many devices
at a high density to record from or stimulate multiple cells
within a single network.

Previously, we have presented planar nanocavity sensors
based on sacrificial layer etching, which exhibited low electri-
cal impedance combined with good recording capabilities of
action potentials.*®*°

In this study, we introduce a new cavity device with a nano-
structured electrode interface. We investigate electrical impe-
dance and cell-sensor coupling for stimulation applications.
To this end, we demonstrate voltage-controlled stimulation of
HL-1 cells using nanocavity arrays and analyze the modulated
pacing of a cardiac network.

32-35

Methods

Device fabrication

The fabrication of nanocavity sensors was adapted from pre-
viously described methods.*®**° Microelectrode arrays were
produced by standard optical lithography in a cleanroom
environment (ISO 4). 64 Ti/Au/Cr feedlines were fabricated
using optical lithography and passivated by PECVD, with a
stack of alternating SiO, and Si;N, layers at 300 °C. The elec-
trodes were opened by reactive ion etching. Chromium etch
solution (Chrome Etch No. 1, MicroChemicals) containing
ceric ammonium nitrate and perchloric acid was used to gen-
erate nanocavites with adjustable length.

Cell culture

The cardiomyocyte-like cell line HL-1 was cultured in Clay-
comb medium with 10% FBS, 100 pg ml~" penicillin-strepto-
mycin, 0.1 mM norepinephrine and 2 mM r-glutamine in a
humidified atmosphere at 37 °C and 5% CO,. The cells were
split after reaching confluency two times per week by applying
0.05% Trypsin/EDTA.*”* After splitting, cells were plated on
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fibronectin/gelatin coated chips and grown until confluency
was reached.

Impedance spectroscopy

Impedance measurements were performed during the etching
process at four electrodes simultaneously, using a multi-
channel potentiostat (VSP300, Biologic), an Ag/AgCl quasi-
reference electrode, and a gold wire as counter electrode.
17 measurement loops were performed in a frequency range of
1 Hz-10 kHz with a voltage amplitude of 0.2 V versus Ag/AgCl.
The waiting time between every loop was set to 10 s. The
overall measurement time was around 800 s.

Calcium imaging and extracellular electrophysiology

For optical control of electrical activity, HL-1 samples were
stained with a calcium-sensitive dye (Fluo-4, AM). While per-
forming recording or stimulating experiments, calcium fluo-
rescence signals were observed via a high speed, low light
EMCCD camera (Hamamatsu C9100-13). Action potential
recordings were acquired with a custom-made combination of
a 64-channel amplifier and pre-amplifier headstage, which
provide an overall gain of 1000. Cells growing on the nano-
cavity arrays were stimulated with trains of biphasic square
pulses with a voltage amplitude of 0.9 V and a frequency of
250 Hz. For the experiments, an Ag/AgCl quasi-reference
electrode was used.

FIB sample preparation

Cells on chips were washed two times with pre-warmed PBS
and fixed with a solution of 3% glutaraldehyde in PBS for
20 min at room temperature. Afterwards, glutaraldehyde was
removed and samples were washed with PBS four times, before
dehydration by placing the samples for 5 min at a time in a
concentration cascade of ethanol (10%-100%). Samples were
prepared for imaging by critical point drying and sputtered
with iridium before being inserted in a Helios Nanolab Dual-
beam (FEI, Hillsboro, USA) FIB/SEM system.

Results and discussion

Nanocavity MEAs for on-chip electrophysiology were fabricated
using standard clean room technology (see Experimental
section). Gold microelectrode arrays with an electrode opening
of 12 or 24 pm were chosen for the fabrication of nanocavity
sensors for voltammetric applications. After cleanroom fabri-
cation of the MEAs, the chromium adhesion layer (thickness
in the range of 100 nm) was chemically removed along the
feedlines by chromium etch solution. The microscopic control
of this process revealed an etching of approx. 48 pm in 5 min to
produce cavities between the metal layer and the SiO,/SizN,
passivation (Fig. 1a). Images showing the progression of the
etching front at different time stamps are shown in the inset
of the figure. The formation of nanocavities is a well-controlled
process, which can be tuned to the desired length of the nano-
cavity by exchanging the etching solution with water at an

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Nanocavity length, measured from the aperture’s edge in feed-
line direction, over etching time (a). This well-controlled process allows
for an easy tuning of the nanocavity length. Inset: etching progress at
different time stamps. The etch front, progressing from right to left
along the feed line, is indicated by the sharp transition from white to
grey. Impedance data (mean + standard deviation, (N = 4)) as a function
of etching time for probing frequencies of 1 kHz and 10 kHz at different
points during the etching process (b). The impedance decreases with
increasing etching time until at 600 s (~80 pm cavity size) the ohmic
resistance of the narrow cavity starts to mask the effect of a larger elec-
trode-electrolyte interface.

appropriate time. For long time-scales, the etching progress of
the chromium sacrificial layer approaches a square-root depen-
dence of time (x ~ sqrt(¢)) as expected for a diffusion limited
process. The electrode impedance is inversely proportional to
the electrode area. Thus, a large electrode/electrolyte interface
is highly beneficial for on-chip electrophysiology and - com-
bined with a high junction resistance between cell and sensor
- of paramount importance for a good signal-to-noise ratio.
We evaluated the effect of cavity etching on the impedance of
the device by performing impedance spectroscopy during the
etching process. In Fig. 1b, the absolute impedance values are
shown in dependence of the etching time. At the end of an
800 s etching process, a decrease in impedance of about one
order of magnitude can be observed. At the beginning of the
etching process, when the cavity formation is initiated, the
impedance is in the order of 4.3 x 10° Q and 6 x 10°> Q for

This journal is © The Royal Society of Chemistry 2015

View Article Online

Paper

1 kHz and 10 kHz, respectively. The specific capacitance lies in
the range of 27 pF cm > From the microscopic time lapse
images in Fig. 1la, we can see the progression of the cavity
etching over time. During the etching process, a continuous
decrease in impedance is observed until the cavity length
reaches approx. 80 pm (corresponding to ~600 s etching time)
(Fig. 1b). At this point, effects of a larger electrode-electrolyte
interface are masked by the ohmic resistance of the narrow
cavity. Hence, the limiting factor for impedance improvement
for long cavities is the ohmic drop inside the nanochannel.
The back-etched electrodes show a relatively high specific
capacitance in the range of 300 pF cm™>. This is approximately
one order of magnitude higher than the usually observed value
for planar gold surfaces.”® An increased specific electrode
capacitance is generally caused by a high surface roughness of
the interface. In fact, several approaches aim at increasing the
capacitance of the electrodes by introducing nanopatterned
interfaces. Here, we ascribe this effect to interdiffusion
phenomena at the Au/Cr interface, caused by the high temp-
eratures used in our fabrication process (300 °C).

Paired with the subsequent removal of the chromium, this
process introduces a rough gold surface,*>*® which can be
observed by scanning electron microscopy (SEM) at the cavity-
electrode interface (Fig. 2a). Apart from affecting the electrical
properties of the interface, a rough electrode surface can be
advantageous with regard to cell coupling as it supports cell
and protein adhesion.””*® A crucial factor, which influences
the sensing and stimulation performance of a functional
device, is the cell-substrate interface. A low resistance of this
junction alters signal transmission between cell membrane
and sensor and reduces the signal transfer significantly. It has
been shown that the seal resistance for nanocavity devices can
lie in the range of several tens of MQs, an order of magnitude
higher compared to standard plain MEAs.*® Here, we evaluated
the cell-sensor-interface by SEM in combination with focused
ion beam (FIB) sectioning, as shown in Fig. 2a. The cell tightly
covers the sensor, while the cleft between cell and electrode is
small. Remarkably, parts of the cell seem to grow inside the
channel covering the nanostructured electrode. The ability of
cells to penetrate into microstructures*® is well known and uti-
lized in applications like spatial separation, cell trapping®° or
guided growth.”! Here, we demonstrate that HL-1 cells are also
capable of penetrating much smaller channel-like structures,
which exhibit a height of only around 180 nm, providing a
tight cell-device sealing.

The stability of the devices under cell culture conditions
was tested by culturing cardiomyocyte-like cells (HL-1) on the
chip for several days (see Fig. 2b). We evaluated the electrical
functionality of the arrays by recording action potentials from
HL-1 cells at multiple channels simultaneously. When conflu-
ent, HL-1 cells start contracting and firing action potentials
spontaneously. Therefore, they represent an optimal model
system for electrophysiological measurements. Fig. 3 displays
exemplary voltage traces of 3 channels showing action
potential recordings from HL-1 cells. To remove artifacts,
which originate from the camera trigger, AP recordings have
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Fig. 2 Focused ion beam (FIB) cross section of an HL-1 cell on a nanocavity sensor (a). In-between passivation and electrode, cellular protrusion
into the cavity can be observed. The cleft between cell and electrode is small, allowing for a tight sensor-cell sealing and therefore a good signal
transduction. Nanocavity chip with electrode openings of 24 pm (b). HL-1 cells have been cultured on chip for several days. Back-etched cavities

can be seen as rectangular structures along the feedlines.
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Fig. 3 Action potential recordings performed with nanocavity arrays.
Shown are three channels, the traces are smoothed by a Savitzky—
Golay-filter. The beating behavior over a time span of ~30 s is shown in
(a). (b) Shows single beating events of the same traces at a higher time
resolution. The temporal shift of the three spikes becomes evident indi-
cating the propagation of the action potential across the cell layer.
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been smoothed by a Savitzky-Golay filter (window size of 51,
3rd order polynomial, unfiltered data shown in Fig. S1, see
ESIt). The action potentials have a peak-to-peak amplitude in
the range of 1 mV and a signal-to-noise ratio of about 50 (peak-
to-peak signal versus peak-to-peak noise). The propagation of the
electrical signals through the cell layer and the spatial resolution
of the device are illustrated by the temporal difference of signals
recorded with channels, located at different positions on the
chip. Calculated from the three exemplary traces, the propa-
gation velocity of the action potential wave is approx. 11 mm s,

In this study, we focused on the evaluation of localized
voltage-controlled stimulation using nanocavity devices. To
evaluate the cell activity independent of electrical measure-
ments, we performed simultaneous optical recordings. By
using a calcium-sensitive fluorescent dye (Fluo-4, AM) it is
possible to visualize intracellular calcium concentrations corre-
lated with the occurrence of action potentials.®* The graph in
Fig. S2 (see ESI}) shows electrical signals captured from five
channels (blue) and the correlated optical fluorescence signal,
extracted from areas of interest above the corresponding elec-
trodes (red overlay). Although the calcium signal is signifi-
cantly slower than the electrical action potentials, the
correlation is clearly visible. The staining of the confluent cell
layer on the chip leads to the observation of a fluorescent pro-
pagating calcium wave through the confluent cell layer. This
can be utilized for the optical evaluation of stimulation experi-
ments®> without electrical recordings, which are often dis-
torted during the stimulation process via crosstalk.”?

For the stimulation experiments, we applied biphasic
square wave pulses with a duty cycle of 30, a frequency of
250 Hz and amplitudes between 600 mV and 900 mV. 30 pulses
were repeated within a 60 s time frame generating a stimulation
pattern of approximately 0.5 Hz. The calcium fluorescence
intensities at the 16 electrodes within the sample image were

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Calcium fluorescence signals from 16 regions of interests
without (a) and with (b) stimulation. The spontaneous beating activity
(no stimulation, a) is rather irregular. When applying voltage pulses, the
optical signal follows the regular stimulation pattern (b). The signal
applied via the nanocavities thus clearly forces the beating pattern of
the HL-1 network to fall in line with the stimulation frequency.

extracted and plotted over time (Fig. 4). The upper graph
shows a rather irregular behavior of the unstimulated HL-1
layer (Fig. 4a). The lower graph displays the cell network’s
response to the stimulation in terms of a higher beating fre-
quency and an increased regularity (Fig. 4b). The data unequi-
vocally shows that the signal, which is applied via the
nanocavities, forces the beating pattern of the HL-1 network to
fall in line with the stimulation frequency. This circumstance
gets even more explicit by calculating the mean spike frequen-
cies for the stimulated and unstimulated network as shown in
Fig. 5. We see that the beating pattern of the stimulated
network is increased to the stimulation frequency. At the same
time, the variations in the beating pattern (standard deviation)
is significantly reduced, highlighting the reliability of the
stimulation process.

To further analyze the network response to prolonged
stimulation, calcium imaging videos of spontaneous as well as
stimulated beating activity were recorded and subsequently
analyzed by a Matlab script to perform a cross-correlation ana-
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Fig. 5 Mean spike frequencies, calculated on basis of the cross-corre-
lation analysis of calcium imaging videos. In the stimulated case, the fre-
quency is increased to the stimulation frequency while the variation in
the beating pattern is significantly reduced as compared to the spon-
taneous activity.
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Fig. 6 Cross-correlation analysis of calcium imaging videos. The time
delay of the propagating action potential front is color coded, referring
to the color scale in (a) x- and y-axis give the dimensions of the
observed sample section. A voltage-controlled stimulation protocol has
been applied in every second measurement (b, d, f) to high-jack the
cell's pacemaker and change the network’s beating behavior. Spon-
taneous activity can be seen in (a), (c) and (e). Every image represents
the same position on the same sample.

lysis of the local fluorescence intensity. The propagation plots
can be seen in Fig. 6. In this experiment, one minute videos
with alternating applied and non-applied stimulation proto-
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cols were recorded and used for data analysis. While the spon-
taneous calcium wave starts at the bottom of the image and
propagates to the top, the onset of four electrode stimulation
in the center of the sample triggers the calcium wave to origi-
nate in the center before propagating to the outer periphery.
This “high-jacking” effect on the cells pacemaker can be
repeated several times. In Fig. 6 a cycle of three stimulation
onsets is shown. After each stimulation period, the cells return
to their intrinsic beating behavior. This influence on the
signal conduction could be used in future applications for
investigation of cardiac arrhythmia by creating activity
pattern connected to fibrillation. After the second stimulation
period (Fig. 6d) a shift of the wave front to a more horizontal
orientation was observed (Fig. 6e). Similar effects have been
observed during cardiac conduction blocking with high-fre-
quency signals as shown in the work of Dura et al.>* Also it
has been reported, that rapid stimulation can cause electrical
remodeling of cardiac cells, which might lead to increased
vulnerability to atrial fibrillation.”> We assume that the
change in action potential direction is a pre-stage to stimu-
lation induced occurrence of fibrillation phenomena on a
cellular level.>®

Conclusions

The presented approach for MEA modification by introducing
nanocavities is a simple, easily realizable and well controlled
way to improve electrode characteristics. The process signifi-
cantly lowers the electrode impedance and promotes cell-
sensor sealing by allowing cells to protrude into the cavity.
This represents a novel concept for directed growth into the
nanostructure, which could be utilized for cell guidance. Nano-
cavity arrays show great potential for on chip electrophysiology,
as was demonstrated by action potential recordings and
voltage-controlled stimulation experiments on cardiomyocyte-
like HL-1 cells at multiple channels simultaneously. The pres-
ented device further provides possibilities for investigation of
intercellular communication as well as cardiac phenomena
like stimulation-induced arrhythmia and pacing. We see future
applications in the combination of nanocavity devices and
guided cell growth. Guided neurites growing into a functiona-
lized cavity could improve cell-chip coupling for localized
neurotransmitter recording and investigations on cellular
communication.
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