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ABSTRACT: The quality of the recording and stimulation
capabilities of multielectrode arrays (MEAs) substantially
depends on the interface properties and the coupling of the
cell with the underlying electrode area. The purpose of this
work was the investigation of a three-dimensional nanointer-
face, enabling simultaneous guidance and recording of
electrogenic cells (HL-1) by utilizing nanostructures with a
mushroom shape on MEAs.
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Multielectrode arrays (MEAs) have been largely used for
characterizing cellular networks, especially for the

investigation of electrical active cells.1−3 In the recent years,
we continuously improved these devices regarding their
interface properties and consequently allowing the extracellular
recording of action potentials and electrical and optical
stimulation.4−8 A crucial point for the recording of extracellular
signals is the contact between the cell membrane and the active
part of the device: a tight cell−electrode interface can provide
transmission of the electrical signal without significant
dissipation.9,10 Furthermore, it is of great interest to guide
cells on MEAs to allocate cells on the electrodes and create
defined cell patterns for understanding the signal propagation
between cells. State of the art MEA and field-effect-transistor
(FET) biosensors are adapted more toward three-dimensional
(3D) microstructures,11 and it was shown that the interaction
between the cell and an active device could be greatly improved
by means of nanostructures such as metal nanopillars,12 carbon-
coated electrodes13,14 or microspines,11,15,16 and silicon nano-
wires,17 making these devices only suitable for physiological
investigations by the reduction of the cleft between sensor and
cell. It was shown that gold microspines can be engulfed by a
cell membrane and not only increasing the effective contact
area but also providing a high degree of coupling for the
extracellular measurement with such electrodes.18

Yet the interface is not the only challenge for the cells being
coupled with an electronic device. The topography and
electrochemistry of the surface are just two examples of the
properties of the materials involved at the interface; it still
remains a challenge to improve the adhesion of very soft cells
with a Young’s modulus in the kilopascal regime19 onto a rigid,
inorganic material with a stiffness of MPa to GPa. The
topographical shape and its chemical properties have a key role

in influencing cell properties such as morphological and
physiological changes due to the interaction of the cell with
modified surfaces.20,21 It is biologically not completely
understood how cells interact with different kinds of 3D
structures, although there is a good indication that the actin is
the major cellular component for the cell−chip interaction by
forming a ring-shape morphology around the micro- and
nanostructures.22 Furthermore, shaping the 3D microstructures
using a biomimetic design has turned out to be a successful
approach for applications with neuronal cells as shown in ref
23. Moreover, Hai et al. recently showed24 how the interspine
space between 3D microspines in an array configuration
influences the outgrowth of Aplysia californica neurons:
matrices with interspine spaces of 4 and 8 μm exhibited a
major influence on the neurites outgrowth in contrast to ones
with a higher interspace. A similar approach was investigated,
where primary cortical neurons showed preferential outgrowth
when plated on gold mushroom-shaped spines functionalized
with amino-terminated self-assembled monolayers (SAM).23

To create well-defined patterns of cells on MEAs, many
methods have been proposed in the last years. Protein
patterning was one of the first techniques used for guidance
with defined geometries and patterns on a substrate using
microcontact printing25,26 or with lithography methods.27 In
these cases, the patterned protein is recognized by the receptors
of the cells that are responsible for the cell−extracellular matrix
boundary.28,29 The major limitation of these techniques is that
the protein pattern is restricted to two dimensions, since the
thickness of the protein layer is negligible compared with the
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length and the width of the pattern. As mentioned before, 2D
guidance is driven by a receptor-mediated mechanism based on
extracellular matrix recognition; it was proposed in the recent
years to additionally create micro-nano patterning on substrates
to induce cell proliferation, alignment, and stretching.30−32

In this Letter we report about the possibility to use 3D
nanostructures for coupling cardiomyocyte-like cells with our
recording device. In particular, we investigated how one can
combine cell guidance and extracellular recordings of cardiac
cells on a chip at the same time. Therefore, we studied the
effect of cell guidance on mushroom-shaped 3D gold
nanostructures which were fabricated onto a MEA chip for
extracellular recordings.
In this work, we used a MEA processed as shown in ref 33.

The electrode layout was adapted from ref 34, while we
increased the overall chip size to 24 × 24 mm2 to simplify the
flip-chip encapsulation to a top contact chip. For the fabrication
of the gold nanostructures we refer to ref 23. Briefly, a thin gold
film was deposited on the substrate, which was then covered by
a poly(methyl methacrylate) (PMMA) e-beam resist (Allresist
GmbH, Berlin, Germany) with a thickness of about 1 μm. The
apertures around 500 nm have been exposed by means of e-
beam lithography. Consequently, the openings were filled by
electroplated gold using the sputtered gold film as a
background electrode. The gold nanostructures were electro-
plated on top of the planar MEA gold electrode with a diameter
of 8 μm as shown in Figure 1A−B. Additionally, gold lines with
a length of 180 μm have been fabricated between adjacent
electrodes on the top of the passivation layer without short-
circuiting the electrodes (Figure 1B). The width of the lines
was about 15 μm in the case of two parallel lines of pillar
featuring a 10 μm pitch and was scaled up to six parallel lines
when the smallest pitch was fabricated. In the next processing
step all of the gold strip-lines were electrically short-circuited by
a 50 nm aluminum layer. This circuit was electrically connected
to the MEA electrodes to galvanize simultaneously the cell
guiding mushroom lines and the electrode gold nanostructures

of the MEA itself. Finally, the resist was removed, and the
aluminum shorts were etched with an aluminum wet etchant
(ANPE80/5/5/10, Microresist Technology, Berlin, Germany).
Adopting these parameters, we were able to fabricate

mushrooms with a diameter of about 500 nm, a stalk height
of about 1 μm, and a cap height of 200 nm. The overall
effective surface area of an individual pillar was about 4.5−10
μm2, depending on the surface roughness of the cap, resulting
in a total electrode surface of about 77−115 μm2 in case of the
8 μm (diameter) electrodes for electrophysiological measure-
ments. We determined the equivalent capacitance values of
about 30 pF per electrode with the help of impedance
spectroscopy. In addition to the MEAs with cell-guiding
nanostructures, we fabricated 64 gold pillar node containing
samples on silicon oxide for the optimization of spine
interspacing in cell guide lines (Figure 1C−D). The pitch
between nanopillars was varied in the range from 2 to 10 μm.
To cultivate cardiomyocyte-like cell line HL-1,35 the Si test

samples and the MEAs were cleaned in flowing ultrapure water
for 2 h and then sterilized for 30 min with UV light. After the
sterilization, the surface of the substrates was coated with
fibronectin at a concentration of 1 mL in 200 μL of 0.02%
Bacto TM Gelatin (Fisher Scientific) for an incubation time of
1 h. Confluent HL-1 cells in a T-25 flask were treated with
0.025% trypsin/EDTA, suspended in 5 mL of Claycomb
medium, and centrifuged for 5 min at 1700 rpm. The pellet was
then resuspended in 3 mL of medium, and 30 μL was plated on
the substrates. After 15 min 1 mL of medium was added, and
the substrates were incubated for 3 days until the cells formed a
confluent monolayer on the lines and started to contract. The
living cells on the silicon substrates were stained with 1 mM
calcein AM (Invitrogen) and 1 mM ethidium homodimer in
phosphate-buffered saline (PBS) solution (137 mM NaCl, 2.7
mM KCl, 8 mM Na2HPO4, 1.8 mM KH2PO4), and the image
acquisition was performed using an Axio Imager Z.1 (Carl Zeiss
AG, Oberkochen, Germany).

Figure 1. (A) Scanning electron microscopy (SEM) image of a 3D 64-electrode array (scale bar 500 μm); (B) nanopillar electrodes with guide lines
on the passivation layer (scale bar 20 μm); (C) silicon substrate with pattern of gold nanopillars for guidance tests (scale bar 200 μm); (D) single
square design with nodes connected by 200 μm lines (scale bar 50 μm).
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For the analysis we first determined the absolute number of
cells on the samples and differentiated between cells on the
gold nanostructures and the silicon oxide areas (cells not being
fully on the pillars were counted as on the silicon oxide) and
accounted the underlying total area of both counts for the
normalization. The analyzed samples (n = 10) showed a high
cell vitality with nearly 100% living cells (calcein staining
marked in green in Figure 2A). To investigate the highest
guidance effect, the normalized number of cells was plotted as a
function of the pitch between adjacent pillars (Figure 2C). As
shown in the plot (Figure 2C), the normalized number of not-
guided cells was on average 10%, in contrast with the 90% of
the cells guided by the 3D gold nanostructures. We assume that
this is due to the fact that the effective adhesion area of the 3D
nanostructures is higher than the flat Si area and in principle
cardiomyocytes would rather anchor via focal adhesion proteins
and spread on the rough nanopillar surface than on the flat
surface. The nanopillars with a pitch from 3 to 7 μm were
shown to have the best guidance effect on the HL-1 cells: on
average 93−96% of cells were guided in this range of pitches in
contrast to only about 87% guided cells by a 2 μm pitch (Figure
2B,i) and an even lower degree of guided cells for pitches
between 8 and 10 μm (84−86%). Thus, we were able to guide

up to 96% of the cardiomyocytes in the presence of mushroom-
shaped structures with a 4 μm pitch (Figure 2B,ii). Similar
results were shown for LRM55 cells on silicon pillars36 where
70% of the cells have grown preferably on the 3D structures
than on smooth surface.
To investigate the performance of the nanopillars that

showed the lowest guidance effect, we performed on the pillars
with 2 and 10 μm additional scanning electron microscopy
(SEM). After the calcein stain, the cells were washed with
prewarmed PBS and fixed with 4% paraformaldehyde in PBS
for 10 min at room temperature. Dehydration was carried out
with ethanol in different concentrations ranging from 10% up
to 100% (v/v). Afterward, a critical point drying was performed
with CO2 as an intermediate medium for drying the cells. For
the SEM images, a thin layer of platinum was sputtered on the
sample, and a LEO 1550 (Carl Zeiss AG, Oberkochen,
Germany) scanning electron microscope was used for the
acquisition. For the acquisition a voltage of 20 kV was applied
using an “in lens” detector for the secondary electrons. The
images were then acquired in scanning electron mode. From
the SEM investigation, we noticed that the cardiomyocytes
tended to spread more and flattened in the presence of the
bigger pitch as shown in Figure 3B, still engulfing the 3D

Figure 2. (A) HL-1 cell on Si test sample stained with 1 mM calcein AM and 1 mM ethidium homodimer (scale bar 200 μm); (B) 87% guided cells
on Si test sample (i) and 96% guided cells (ii); (C) normalized number of cells plotted as a function of pillar pitch.

Figure 3. (A) SEM images of a guided HL-1 cell on nanopillars with an interspace of 2 μm (scale bar 5 μm); (B) SEM images of a guided HL-1 cell
on nanopillars with an interspace of 10 μm (scale bar 8 μm).
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nanostructures without being confined by them. On the other
hand, the cells have a more stretched configuration in the
presence of nanostructures with a 2 um pitch (Figure 3A): the
stretching is due to the cell phenotype where the cytoskeleton
rearrangement is driven mostly by myosin and actin filaments.
These phenomena were similarly discussed for groove
structures37−39 and for human fibroblasts.40

As an additional proof we accomplished a focused ion beam
(FIB) cross-section obtained with a Helios Nanolab Dual-beam
(FEI, Hillsboro, USA): the polishing and the milling of the
cross section have been performed using an ion voltage of 30
kV and current of 80 pA. We performed FIB cross sections for
the 2 and 10 μm pitches: in the case of the 2 μm pitch the cells
tended to grow completely on the top of the 3D nanostructures
(Figure 4A) without approaching the bottom part of the
substrate (Figure 4B). On the other hand, the 10 μm pitch HL-

1 cells grew on the 3D nanostructures (Figure 4C), while the
bottom membrane in addition spread when attaching the planar
gold surface below the pillars (Figure 4D).
For the voltage recording of extracellular signals, we

developed a 64 channel MEA amplifier system which consists
of a headstage and a main amplifier connected to a high-
resolution A/D converter (USB-6255, National Instruments,
Austin, Texas, USA) and to a controlling PC. A self-developed
LabView software (National Instruments, Austin, USA)
controls the recording of the data stream and allows to set
amplifier parameters such as gain and filter settings. The
headstage connects the MEA chip and amplifies the signal with
a gain of 10. The signal was further amplified with a gain of 100
in the main amplifier, resulting in a total nominal gain of 1000.
The amplifier system features a parallel readout of 64 channels
at a sampling rate of 10 kHz and can record voltages of less

Figure 4. (A) FIB cross section of HL-1 on 2 μm pitch nanopillars (scale bar 4 μm, tilt 52°); (B) details of membrane not attached on the substrate
(scale bar 0.5 μm, tilt 52°); (C) FIB cross section of HL-1 on 10 μm pitch nanopillar (scale bar 5 μm, tilt 52°); (D) details of cell attaching the
nanopillar (scale bar 0.5 μm, tilt 52°).

Figure 5. (A) Spontaneous action potentials recorded by 3D electrodes in a time frame of 12 s; (B) single action potentials recording in a time frame
of 1.5 s.
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than 1 μV rms with a dynamic range of ±10 V (after
amplification). For cellular measurements we limited the
effective bandwidth with a high pass filter (AC coupling) and
a low pass filter (high frequency cutoff) from 1 Hz to 3 kHz.
The analysis of the data was performed with a script written in
MATLAB (Mathworks, Natick, USA) and ORIGIN (Origin-
Lab, Northampton, USA).
The spontaneous activity of the HL-1 was recorded by the

3D nanostructured MEAs with a nominal electrode footprint of
8 μm diameter with mushroom nanopillars, and on the guiding
lines we fabricated nanopillars of a 4 μm pitch according to the
guidance results. The traces of spontaneous action potentials
are shown in Figure 5A, showing the voltage recordings of four
electrodes as a function of time. The frequency of the action
potentials amounted 0.62 ± 0.15 Hz for every trace of the
example. Due to the peculiar signal propagation of the
cardiomyocytes, it is possible to determine a signal propagation
speed of 28.6 mm/s. Considering an interval of 1−2 s (Figure
5B), one can calculate the delay between an action potential on
one electrode and another electrode serving as a reference in
time.
To chemically stimulate the cells, norepinephrine was added

to cell media with a concentration of 1:1000. Norepinephrine
effects an increase of the contraction rate of the cardiomyocytes
(Figure 6), resulting in a frequency of about 0.89 ± 0.17 Hz in

our experiment. Earlier works demonstrated the application of
nanostructured MEAs to be suitable for extracellular recordings
from HL-1 cells in the millivolt regime.6,12 On the other hand,
nanostructured MEA electrodes were successfully employed for
the recording of action potentials in the 10 mV range from
neuronal cell cultures.15 We show here the coupling of
cardiomyocytes on nanostructured electrodes. The recorded
signals from our gold nanopillars reached about 180 μV (peak-
to-peak) on some electrodes and were clearly distinguishable
from the background electrode noise. Xie et al.41 also measured
with their array of nanopillars (height 1.5 μm, diameter 150
nm) spontaneous activity from HL-1 cells in the range of about
100 μV (peak-to-peak) which is comparable with our results.
In conclusion, our 3D gold mushroom-shaped nanostruc-

tures were shown to be an appropriate tool for chip-based
simultaneous guidance and recording experiments. We were
able to determine that nanopillars with a pitch from 3 to 7 μm

have more than a 90% effective guidance effect on HL-1 cells.
Moreover, we were able to investigate the cell response to the
pillar interspace with focused ion beam cross sectioning and
scanning electron microscopy. These guidance results represent
an improvement compared to results obtained with other
techniques previously mentioned and in addition the 3D
nanostructure-based guidance represents a novel technique for
cell patterning. The mushroom-like structures are furthermore
suitable for extracellular recordings of action potentials and
combine effective cell guidance with electrophysiological
investigations for cardiomyocyte-like cells. To the knowledge
of the authors, this is one of the very few examples, potentially
the first, shown in the literature where a defined nanostructure
was used effectively and simultaneously for cell patterning and
extracellular measurements.
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