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Inkjet-Printed 3D Electrode Arrays for Recording Signals
from Cortical Organoids

Inola Kopic, Panagiota Dedousi, Sebastian Schmidt, Hu Peng, Oleksandr Berezin,
Annika Weiße, Richard M. George, Christian Mayr, Gil G. Westmeyer,
and Bernhard Wolfrum*

Monitoring electrical activity across multiple planes in 3D cell cultures
and organoids is imperative to comprehensively understand their functional
connections and behavior. However, traditional planar microelectrode arrays
(MEAs) are intended for surface recordings and are inadequate in addressing
this aspect. The limitations, such as longer production times and limited
adaptability imposed by standard clean-room techniques, constrain the design
possibilities for 3D electrode arrays and potentially hinder effective cell-
electrode coupling. To tackle this challenge, a novel approach is presented that
leverages rapid prototyping processes and additive manufacturing in combi-
nation with wet etching and electrodeposition to enhance electrode fabrication
and performance. The laser-patterned MEAs on glass, polyimide (PI) foil, or
polyethylene terephthalate (PET) foil substrates incorporate high-aspect ratio
(up to 44:1) ink-jet printed 3D electrode structures with heights up to 1 mm at
a pitch of 200 μm, enabling precise recording within cell tissues. The specific
shapes of the electrode tips and customizable 3D structures provide great
flexibility in electrode placement. The versatility of the 3D MEAs is demon-
strated by recording the electrophysiological activity of cortical organoids
in situ, paving the way for investigating neural activity under regular or
various pathologically altered conditions in vitro in a high throughput manner.

1. Introduction

Various models have emerged to study the complexity of neu-
ral networks without using animal models or other living organ-
isms. These in-vitro models have evolved from initial planar 2D
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cultures to multilayer 3D cultures and
cell clusters, with the development of
organoids being a significant milestone.
Organoids consist of different types of
cells and self-organize themselves to
form structures resembling parts of
the brain, forming vast communica-
tion networks.[1,2] One way to investigate
such connectivity is by recording elec-
trical signals via microelectrode arrays
(MEAs). Typically incorporating 2D pla-
nar electrodes, MEAs have been exten-
sively used for in-vitro studies of cell
models.[3–5] Since the advent of spheroid-
and organoid cultures, MEA research ex-
panded into the 3D space to meet re-
quirements for recording in 3D cell as-
semblies and tissues. Such demands for
novel electrode systems have led to the
development of flexible and stretchable
MEAs.[6–8] Some of these structures can
wrap around the organoid or act as a
basket for 3D spheroids to measure sig-
nals from the outer cell layer.[9–12] Other
researchers have focused on recording

inside organoids using mesh-like electrodes by forming the
organoid around the MEA.[13–15] While these methods have en-
abled signal measurement from spheroids or organoids, they
have not facilitated simultaneous recording from different planes
within the cell cluster nor allowed on-site device removal after
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measurement. To meet these requirements, the use of needle-
like or pillar-like MEAs has been proposed as a minimally inva-
sive alternative.[16]

Examples of 3D MEA fabrication methods include state-of-
the-art clean room processes in combination with electroplat-
ing, two-photon lithography, and modified ball bonding.[17–19]

Still, there remains room for improvement, particularly con-
cerning the fabrication of high-aspect-ratio pillars. Thus,
other additive manufacturing methods have emerged as vi-
able alternatives.[20–22] Aerosol printing has been utilized to
create gold and PEDOT:PSS-based 3D microelectrode arrays,
which were tested on organoids, spheroids, or in vivo in
mice.[23–26] However, aerosol printing still faces limitations such
as reliable scaling for high-throughput applications and cost-
ineffectiveness. The additive manufacturing technique of inkjet
printing presents a promising alternative, addressing these chal-
lenges effectively. We used inkjet printing in prior studies to fab-
ricate pillar-like silver 3D microelectrodes, subsequently electro-
plated with platinum and gold.[27] Nevertheless, this approach
lacked a process for reliable passivation of the side walls of the
3D structures, limiting specific and localized signal acquisition.
Furthermore, challenges arose due to insufficient coverage of the
silver structures and potential leakage of silver ions into the cel-
lular environment.

To address these issues, we developed a streamlined process
integrating inkjet printing, laser micromachining, electroplating,
wet etching, and conventional cleanroom methods for fabricat-
ing highly versatile and customizable 3D MEAs. Our approach
is compatible with various surfaces, from rigid glass substrates
to flexible foils. It can produce high-aspect-ratio (44:1) 3D struc-
tures with customizable tip shapes and variable heights on a sin-
gle chip and offers a straightforward, scalable fabrication process
for experiments in multi-well plates. Here, the validation of our
fabrication process involved measuring electrophysiological sig-
nals from cortical organoids directly on the chip in a rapid in situ
manner, thus avoiding organoid damage and potentially enhanc-
ing throughput when combined with designs tailored for 96-well
plates.

2. Results and Discussion

2.1. Fabrication of Pillar Microelectrode Arrays

The proposed fabrication process is schematically illustrated in
Figure 1A. In general, the 3D MEAs are fabricated as follows.
First, the substrate is sputtered with a thin layer of gold. This layer
serves to fabricate the feedlines and electrode pads to address in-
dividual 3D pillars. The process was tested on flexible substrates
(like PI or PET foil) as well as on rigid substrates like glass. An es-
sential factor for the subsequent process steps is to ensure good
adhesion between the thin metal layer and the substrate. While
no adhesion layer was used for PI, the glass was pre-sputtered
with titanium. Due to its sufficient roughness, PI-surfaces allow
the layer to adhere mechanically, whereas, for glass, the addi-
tional layer of titanium is needed to create a sufficient bond be-
tween the thin gold layer and glass. We used a laser ablation tech-
nique for the patterning of the gold film, resulting in individually
addressable electrodes, as illustrated in Figure 1B. In contrast to
conventional clean-room techniques, this approach offers a rapid

and readily adaptable fabrication procedure for seamlessly inte-
grating conductor traces with 3D structures. This step is highly
customizable depending on the intended application of the MEA.
In terms of dimensions, the size of the MEA is primarily con-
strained by the resolution of the laser on the lower end and by
the dimensions of the chamber (125 mm x 125 mm) on the upper
end, making it possible to create large electrode arrays as shown
in Figure 1C. Regarding the substrate, the ablation process was
tuned to remove thin metal films on foils, expanding the range
of materials suitable for MEAs (see Figure 1D,E).

After the MEA base is formed, silver pillars are printed onto
the individual electrode areas via a drop-on-demand (DOD) inkjet
printing step (Figure 1A(i)). During this process, voltage pulses
are applied to a piezoelectric actuator, generating pressure pulses
that force droplets of silver nanoparticle ink out of the printhead
nozzle and onto the substrate. Droplet over droplet is ejected onto
the pad while keeping them aligned at defined locations, form-
ing a pillar-like structure as seen in Figure 1F-H. The diameter
and height of the pillar electrodes can be tuned depending on
the number of droplets, the properties of the ink, and the initial
droplet-to-surface interaction. Particularly, high aspect ratio pil-
lars with an average diameter of 23 μm reaching up to ≈1 mm
in height were printed in this study. This large aspect ratio of
44:1 provides high flexibility in the later connection, enabling
the measurement of smaller organoids/spheroids and larger tis-
sue slices. As a variant, the pillars can also be first printed on
the metal substrate, sputtered again with gold, and subsequently
processed with the laser. This variant has the advantage that po-
tential silver leakage from the pillar shafts is reduced in case the
insulation barrier should be degraded.

Another crucial aspect when measuring organoids is ensur-
ing the ability to address several regions from precise locations.
This can be achieved by insulating the pillar shaft and feed-
lines while exposing the pillar tip. For that, we coated the en-
tire MEA via chemical vapor deposition (CVD) with parylene-C
and opened the pillar tips using a nano-pulsed UV laser, illus-
trated in Figure 1A(ii),(iii). Parylene-C is mechanically robust,
biocompatible, and exhibits good dielectric properties, rendering
it a state-of-the-art material for biomedical applications. It acts
as a support for the pillar, giving it stability, which is also signif-
icant in later steps. As mentioned before, a common challenge
is to achieve sufficient adhesion between materials, specifically
between the substrate or the metal and the passivation layer, as
non-uniformity, underlying air bubbles, or other impurities can
alter the performance of a MEA.[28]

Unlike the coating of PI or PET with parylene-C, which ad-
heres well mechanically due to the roughness of the foil and
remains durable, it is known that parylene-C tends to peel off
from glass or gold surfaces, leading to an inadequate passiva-
tion layer. To prevent potential passivation failures in the fu-
ture, we included an additional silanization step before applying
the parylene-C coating for MEAs using glass as a substrate. Af-
ter the entire chip was passivated, the tips of the 3D electrodes
were opened using a perpendicular laser ablation technique (see
Figure 1A(iii)).[29] This process step enables the opening of the
pillar tips to achieve 3D structures with arbitrary heights. Addi-
tionally, it allows for the formation of needle-shaped openings
while adjusting the heights of the pillars, all on a single MEA.
Figure 2A,B demonstrate the diversity afforded by these steps,
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Figure 1. Fabrication of 3D MEAs. A) Schematic fabrication approach for creating pillar arrays with different heights and tip shapes on a planar MEA.
B) Illustration of the various layers of a 3D MEA. C) Large 3D MEA array (180 electrodes) on PI-foil integrated within a 96-well plate. D) Zoomed top-view
picture on 16 pillar electrodes on PI-foil of a single well from a 96-well plate. Scale bar represents 5 mm. E) Picture of a bent 3D MEA on PI-foil with 16
pillars of 300 μm height. F) Top view picture of a gold electroplated MEA with 3D structures of 250 μm to 500 μm height and flat tips on glass. Scale bar
representing 5 mm. G) Top view microscopic image of a 64-electrode array with 3D electrodes, 500 μm in height, centered on the electrode pads of a
MEA with a pitch of 600 μm on PET foil. Scale bar indicating 1 mm. H) Zoomed side view of a 3D MEA on the 64-pillar array with a uniform height of
650 μm. Scale bar corresponding to 5 mm.
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Figure 2. SEM images of 3D MEAs and individual pillars. SEM image of A) a pillar array with 256 needles and various heights, B) a zoomed-in view
of needle-shaped pillars, C) a tube-pillar array with a height of 150 ± 9 μm after silver etching, D) an individual etched pillar with 120 μm in height,
E) an individual pillar after gold electroplating at −1.15 V with a height of 240 μm, F) an individual pillar after gold electroplating at −1.5 V, with height of
145 μm. Gold metal structures are indicated by the colored areas (E,F). All SEM images were acquired using electron beam acceleration voltage of 3 kV.
The scale bars shown have a length of 500 μm, 200 μm, 500 μm, 50 μm, 100 μm and 50 μm (A-F), respectively. The galvanization potential was applied
versus a Ag/AgCl reference electrode.

showing the range of resulting possibilities in terms of pillar tip
shape (flat or needle-shaped) and height variation.

A major disadvantage of using silver as the conductive metal
for MEAs is its cytotoxic effect on cells.[30] To enhance cell viabil-
ity for long-term measurements, we employed a combination of
wet etching of portions of the silver pillar and electrodeposition
of gold. Therefore, we used a mixture of hydrogen peroxide and
ammonia to back-etch the silver core from the tip of the pillar
structure, following the chemical reaction:

2Ag + 4NH3 + H2O2 → 2Ag
(
NH3

)
2

+ + 2OH− (1)

Hydrogen peroxide, an oxidizing agent, ensured controlled
dissolution of Ag and uniform etching due to its stabilizing prop-
erties. The base (ammonia) can form soluble complexes with Ag
ions, enhancing their solubility and removal, thus promoting the
efficacy of Ag oxide dissolution. With this relatively fast process,
tubular structures, as illustrated in Figure 1A(iv) and shown in
Figure 2C,D, were generated. The passivated parylene-C shafts
act as a guide for the liquid and keep the 3D structure intact.
In the final step, the individual pillars were electroplated with
gold (see Figure 1A(v-vi)). This coating aimed to ensuring both
biocompatibility and low impedance. We employed pulsed elec-
trodeposition (PED) involving a duty cycle for metal deposition
and a reversed cycle for ion recovery. This ensures a smoother
gold deposition by removing impurities on the surface and en-
trapped hydrogen. We used different deposition protocols with
reduction potentials of −1.15 V versus Ag/AgCl or −1.5 V ver-
sus Ag/AgCl, as described in the experimental section. All pro-
posed electroplating variants resulted in gold deposition, where
the shape can be changed from a flat tip to a torus-shaped tip
depending on the applied voltage, as shown in Figure 2E,F. To
prepare and evaluate the performance of the 3D MEAs, the pil-
lars were optically and electrochemically characterized before and
after electroplating.

2.2. Characterization of Pillar Microelectrode Arrays

To evaluate the quality of passivation, stability testing was con-
ducted using chronoamperometry (CA), where a constant voltage
is applied to induce hydrogen reduction on the electrodes, form-
ing bubbles at the openings. The detailed protocol is provided
in the Experimental Section/Methods-Section. This method en-
ables the detection of possible pinholes along the feedlines, indi-
cating insufficient passivation. The parylene-C coating exhibited
stability, with no pinholes observed on the feedlines and electrol-
ysis only appearing at the laser-ablated pillar openings, indicating
sufficient adhesion of the passivation layer.

We assessed the etching rate within the pillar structure
(Figure 3A(ii)) by measuring the height of the silver cores at dif-
ferent time points after exposure to the etching solution. The re-
sulting etching depths were 31.0 ± 2.0, 42.5 ± 1.9, 51.7 ± 1.7, and
60.0 ± 1.9 μm after 2.5, 5, 7.5, and 10 min, respectively (mean and
standard deviation n 2.5 min = 31, n 5 min = 22, n 7.5 min = 24,
n 10 min = 22) as shown Figure 3B. The average diameter of the
needle openings was 23.1 ± 2.1 μm (n diameter = 54). As expected,
the etching depth increased over time due to the oxidation of sil-
ver metal to silver ions in the H2O2:NH3 solution, and the etching
rate decreased with increasing depth of the hollow needle struc-
ture.

To investigate the gold electroplating processes, the effect
of the reduction voltage (−1.15 V versus −1.5 V), the effective
electroplating time (25 ms versus 50 ms), and the number of
cycles (600 versus 1800 versus 2400) were investigated. Using a
reduction potential of −1.15 V and a duty cycle of 25 % and 50%
against a Ag/AgCl (3 м NaCl) reference electrode, the pillar tubes
were filled with gold after ≈600 cycles, as seen in Figure 2E and
Figure 3A(iii), resulting in a flat tip. Similar results with cycle
numbers of 1800 and 2400 indicated a self-limiting deposition
process. For deposition potentials of −1.5 V, we observed an
increase in gold deposition with increasing cycle numbers,
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Figure 3. Electrochemical and optical characterization of 3D pillar electrodes after etching and after Au-electrodeposition. A) (i) Magnitude and phase
of the impedance of 3D pillars before and after Au-electroplating with −1.15 V and −1.5 V versus a Ag/AgCl reference electrode, respectively. The mean
and standard deviation (solid line and shaded area, respectively) were calculated using 20 samples. A (ii-iv) SEM images of the tip 3D pillars after
etching (ii), after electroplating with −1.15 V (iii), and after electroplating with −1.5 V (iv). The colored area indicates gold (iii-iv). All SEM images used
an acceleration voltage of 3 kV. The scale bars shown have a length of 20 μm, 10 μm, and 20 μm (ii-iv), respectively. B) Bar plot of the tube depth of 3D
pillars after silver etching for 2.5, 5, 7.5, and 10 min with the standard deviation calculated across n 2.5 min = 31, n 5 min = 22, n 7.5 min = 24, n 10 min =
22 samples, respectively. C) Example cyclic voltammetry, i.e., current plotted against the potential at the working electrode, for a single pillar before
etching and after gold deposition, swept from −0.4 to 0.8 V, with a scan rate of 50 mVs−1. All potentials were measured against a Ag/AgCl reference
electrode. The red arrows indicate the reduction of the silver peaks in Au-electroplated samples.

resulting in torus-shaped electrodes (see Figure 2F and
Figure 3A(iv)). At this highly negative potential, other side
reactions, such as the reduction of water to hydrogen gas,
became predominant, leading to irregular nucleation and an
overgrowth of gold beyond the passivation, whereas, at −1.15 V,
the deposition resulted in a smooth and homogenous surface.
Increasing the effective deposition time or duty cycle decreased
the total process time by 30%, achieving similar results without
a prominent loss in quality.

To characterize the electroplated 3D electrodes, we performed
cyclic voltammetry (CV) in electrolyte solution (PBS). To evaluate
the quality of the electroplating process and specifically whether
the silver was completely covered, the cyclic response for sin-
gle silver and gold-plated 3D pillars in PBS from −0.4 to 0.8 V
with a scan rate of 50 mV s−1 was compared, as shown in the
Figure 3C. Silver oxidation and reduction peaks typical for silver

are observed in PBS at 126 ± 3 mV and −127 ± 3 mV versus
Ag/AgCl (3 м NaCl), respectively. Upon examining the cyclic re-
sponse of a gold electrode, it is evident from the CV that the sil-
ver oxidation peak was substantially reduced from an amplitude
of 9.7 μA to 0.02 μA for both flat gold tips and torus-shaped gold
pillars. This demonstrates the successful gold deposition within
the etched parylene tubes.

To further investigate the electrochemical properties of in-
dividual pillars before and after etching, as well as after elec-
troplating, electrical impedance spectroscopy (EIS) in PBS was
performed. To this end, a low-amplitude sinusoidal signal with
10 mV amplitude from 1 Hz to 10 kHz was applied.

The impedance magnitude and phase before and after silver
etching showed a similar impedance profile, indicating that the
electrode-electrolyte interface remained stable and the area re-
mained approximately constant. Figure 3A(i) displays the mean
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Figure 4. 3D MEA recording on hiPSC-derived cortical organoids. A) time traces of signals recorded with an organoid (i) and without an organoid (ii).
Each channel corresponds to a single Au-electroplated pillar with a flat tip with an average height of 250 ± 3 μm of a 3D MEA. (iii) Amplitude and
temporal occurrence of spikes with a minimum threshold of 50 pA detected from the time traces (i) and overlapping shapes of the average recorded
spikes in the traces (n = 631 (iv), n = 543 (v), n = 175 (vi)). B) Picture of a neuronal organoid (534 days in vitro) on top of a 3D MEA with Au-electroplated
flat pillar tips with an average height of 250 ± 2 μm in media. The scale bar shown has a length of 5 mm. C) Fluorescence microscopy images of the
immunofluorescence (PAX6, SOX2, BCL 118, CUX1 green; TBR1, NES, TUBB3, MAP2, red; and DAPI, blue) in a 40 μm thick section of a cortical organoid
after 15, 50, and 100 days of differentiation, respectively. The scale bar in all images corresponds to 100 μm.

impedance of individual silver pillars before and after etching (n
= 15), after electrodeposition of a flat gold tip pillar (n = 15), and
after electrodeposition of a torus-shaped pillar (n = 15). The de-
picted impedance magnitudes follow a characteristic trace typical
for Ag and Au 3D microelectrodes.[31] Specifically, the impedance
at 1 kHz was measured to be 731 ± 62 kΩ for recessed silver-
core pillars after etching, 87.3 ± 1.3 kΩ for flat gold-core pillars,
and 11.3 ± 1.5 kΩ for torus pillars. As expected, the electroplated
torus-shaped gold pillar electrodes exhibit the lowest impedance
of all electrodes. This can be attributed to the larger surface area
of gold for torus-shaped tips compared to flat tips.

2.3. Pillar MEA Recording and Stimulation of hiPSC-Derived
Cortical Organoids

We demonstrated the applicability of the 3D MEAs to mea-
sure the activity of cortical brain organoids using a custom-
built amperometric amplifier system.[32] To generate the corti-
cal organoids, we used a protocol that mimics the architecture of
the embryonic human cerebral cortex during its development.[33]

On Day 15, the majority of cells within the neural-tube-like struc-
tures were positive for the neuronal precursor cell (NPC) markers
SOX2 and NES, or the intermediate progenitor cell marker TBR1,
as well as the dorsal forebrain NPC marker PAX6 (Figure 4C).
These neural-tube-like structures developed independently into
cortical structures organized into distinct layers, as shown by the

distribution of intermediate progenitor cells (TBR1) and neurons
of the upper (CUX1) or lower cortical layers (BCL11B) at day 50
(Figure 4C). These developmental layers diminished during the
further differentiation process, resulting in an even distribution
of cortical neurons within the fully differentiated organoid, as
shown at day 100 (Figure 4C). Afterward, the organoids no longer
underwent any structural changes. Instead, the neurons matured
with no additional structural changes and formed neuronal net-
works with spontaneous activity patterns.

After reaching full maturation, organoids of various sizes
(ranging from 300 μm up to 9 mm in diameter) were placed
into the wells of the MEAs, which had pillar heights of 150 –
250 μm and were electroplated with gold at −1.15 V, as shown in
Figure 4B. Prior to testing, a glass ring was glued onto the MEAs
to keep the organoid in media during measurements. Ampero-
metric recordings were performed using a custom-built ampli-
fier system. The extracellular readout signals were filtered with
a 60 Hz high-pass and a 1200 Hz low-pass filter to better distin-
guish the spontaneous bursts of electrical activity. Spontaneous
burst activity was recorded from cortical organoids. Typical traces
are plotted in Figure 4A(i) (working electrodes n = 44, signals
from 45% of channels during one recording). To verify whether
signals were originating from neurons, negative control record-
ings were performed on the same chip without the organoids
(Figure 4A(ii)). These experiments revealed no characteristic sig-
nals and displayed an average noise level of 18.3 ± 3.6 pA per
channel (n = 62). For spike detection, a threshold of 50 pA was
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used, and the temporal occurrence and amplitude of the spikes
are displayed in Figure 4A(iii). The average peak-to-peak ampli-
tude across all channels was 219 ± 156 pA, with signal-to-noise
ratios (SNRs) up to 49.5 ± 6.1.

The organoids exhibit their characteristic bursting signals oc-
curring in clusters. This observation aligns with previous litera-
ture, which suggests that as organoids mature, they tend to dis-
play more bursting activity.[34] Additionally, our analysis revealed
different spike shapes, as depicted in Figure 4A(iv-vi). Short-
duration, high-amplitude spikes originate from single neurons,
while slower signals with lower amplitudes indicate compound
recordings involving multiple neurons.

The variability in spike amplitudes can be attributed to varia-
tions in the activity levels of different areas within the organoid.
Moreover, the electrode spacing of the MEAs plays a crucial role
in cellular recordings. While large electrode spacing can cover
a broad area within the organoid, it may not effectively cap-
ture signal propagation. Since we used an electrode spacing of
600 μm in our experiments to cover a large area of the organoid,
this setup may not effectively capture signal propagation, result-
ing in no distinct observation of synchronized activity between
different channels despite the advanced maturation age of the
organoids. Furthermore, differential nutrient levels exist within
an organoid, with nutrient availability decreasing toward the core.
Consequently, a necrotic core is common for these organoids
upon reaching a specific size, leading to lower or non-prominent
recorded signal amplitudes.[35]

To further study the synchrony of neural activities in cortical
organoids, the spacing of the electrodes of each MEA can be re-
duced, and the electrode number increased to ensure that a broad
area is addressed while measuring the cellular response across
individual pillars. Additionally, the nourishment of organoids can
be optimized by using microfluidics to maintain the core of the
organoid and improve the medium for electrophysiological mea-
surements.

3. Conclusion

We have developed a fabrication method for producing arrays of
high-aspect-ratio (44:1) 3D pillar electrodes using a combination
of ink-jet printing, laser micromachining, wet etching, and elec-
trodeposition techniques. This approach enables the fabrication
of arrays with varying electrode heights and tip shapes, including
sharp, needle-like, and toroidal geometries. Our 3D MEAs have
been successfully utilized for electrophysiological signal record-
ings on cortical organoids derived from hiPSCs, resulting in im-
proved signal quality and enhanced cell-electrode coupling. We
anticipate that this approach will advance the field of 3D cell cul-
tures and organoid electrophysiology, facilitating more profound
insights into complex biological systems and enabling the devel-
opment of targeted therapeutic interventions in a customized yet
high-throughput manner. From a future perspective, our device
could be used for long-term measurements to study the effects
of various drugs on tissues in vitro.

4. Experimental Section
Materials: penicillin/streptomycin, Dulbeccos’s phosphate saline

(PBS 1x), 3-(trimethoxysilyl)propyl methacrylate (silane1, > 98%), (3-

Mercaptopropyl)trimethoxysilane (silane2, 95%), cAMP, formalin (F5554,
10%), sucrose (S0389, 30%), PBS containing 1% BSA, Triton X-100
(0.3%), DAPI, CUX1 (SAB1405681) and TUBB3 (T5076) were acquired
from Sigma-Aldrich (USA). Ethidium homodimer-1, Geltrex Matrix, col-
lagenase IV, low attachment 6-well plates, NES (Ma1110), donkey-anti-
goat IgG Alexa 488 (A11055), donkey-anti-mouse IgG Alexa 488 (A21202),
donkey-anti-mouse IgG Alexa 594 (A21203), donkey-anti-rabbit IgG Alexa
594 (A21207) and donkey-anti-rat IgG Alexa 488 (A21208) were bought
from ThermoFisher Scientific (USA). Polydimethylsiloxane (PDMS Syl-
gard 184 (10:1 w/s base/curing agent)) and Matrigel Matrix were pur-
chased from Dow Corning (USA). 2-Propanol (99.5%) (IPA), ethanol
(99.5%) and L-ascorbic acid were purchased from Carl Roth (Germany).
The Silane-A174 adhesion promoter was purchased from Plasma Pary-
lene Systems GmbH (Germany). Deionized water was taken from Ul-
tra Clear purification system/Berry Tec (Germany). Ammonia solution
(28%) and hydrogen peroxide (31%) were purchased from VLSI Selec-
tipur, BASF SE (Germany). StemMACS iPS-Brew XF (human), dorso-
morphin, SHH, SB 431 542, BDNF, and GDNF were purchased from
Milteyni Biotec (Germany). 20% Knockout serum replacement, Gluta-
MAX, NEAA, 2-Mercaptoethanol, DMEM/F12 (11330-032), N2 supple-
ment, B27, and Neurobasal medium were bought from Life Technolo-
gies (USA). A-83 and CHIR 99 021 were acquired from Tocris Bioscience
(United Kingdom). Neg-50 (6502) was obtained from Epredia (Germany)
and Aqua-Poly/Mount from Polysciences Inc. (USA). PAX6 (ab78545),
TBR1 (ab31940), BCL11B (ab18465), MAP2 (ab5392) were purchased
from Abcam (United Kingdom)

SOX2 (sc17320) was acquired from Santa Cruz Biotechnology (USA)
and goat-anti-chicken IgG Alexa 594 (103-587-008) from Dianova (Ger-
many).

Electrode Fabrication: First, sample substrates (24 × 24 × 0.5 mm3

glass slides (Matsunami Glass, Japan), 100 × 100 × 0.125 mm3 PI-
foils (CMC Klebetechnik GmbH, Germany), 100 × 100 × 0.125 mm3

Ti-Wolfram/Au (20 nm/100 nm) sputtered PET-foils) were sonicated
(Bransonic ultrasonic cleaner 5510E-MTH, Branson ultrasonics, USA) for
15 min in acetone, IPA and deionized water, respectively. A layer stack of
25 nm Ti and 200 nm of Au (5 × 10-3 mbar argon, 12 W Au, 40 W Ti,
Moorfield nanoPVD, UK) was sputtered on the glass slides, while PI-foils
were sputtered with 150 nm of gold (30 mA, 8 × 10−3 mbar, Bal-tec MED
020, Lichtenstein).

3D pillars were printed on the samples using a silver nanoparticle ink
(Silverjet DGP 40LT-15C, Sigma-Aldrich, USA) with a state-of-the-art inkjet
printer (CeraPrinter F-Series, Ceradrop, France). Before printing, the Ag
nanoparticle ink was sonicated (Bransonic ultrasonic cleaner 5510E-MTH,
Branson ultrasonics, USA) for 30 min, filtered using a poly(vinylidene flu-
oride) filter (GD/X, Whatman, Maidstone, UK; pore size: 0.2 μm), and
loaded into a disposable 2.4 pL cartridge (Samba, Fujifilm Dimatix, USA).
To eject individual droplets, a voltage pulse of 40 V with a rise, dwell, and
falling time of 3, 12, and 1 μs was applied. The nozzle plate and the sample
stage were held at 45 and 50 °C, respectively. The 3D pillars were printed
using a moving print head with a speed of 72 mm s−1 with a drop-to-drop
interval of 120 Hz and a number of droplets of 500 to 1500. Depositing
500 droplets results in a pillar height of 216 ± 6 μm (n = 30). Here, across
6 samples, 5 pillars were measured, respectively. The printing process for
two complete MEAs takes approximately 3 hours of unsupervised printing
time. Once printed, the Ag-pillar arrays were thermally sintered in an oven
for 2 h at 150 °C.

Filled areas and boundaries of the layout on glass (fill: 45% power,
500 mm s−1 speed, 70 kHz frequency, 2 repetitions, 0.015 mm fill inter-
val, contour pattern; boundary: 2% power, 500 mm s−1 speed, 70 kHz
frequency, 1 repetition), PI-foil (1st fill: 15% power, 400 mm s−1 speed,
60 kHz frequency, 1 repetition, 0.015 mm fill interval, slant pattern; 2nd fill:
15% power, 400 mm s−1 speed, 60 kHz frequency, 1 repetition, 0.015 mm
fill interval, 90° angle, slant pattern; boundary: 4% power, 400 mm s−1

speed, 60 kHz frequency, 1 repetition) and PET-foil (fill: 15% power,
400 mm s−1 speed, 60 kHz frequency, 2 repetitions, 0.015 mm fill inter-
val, contour pattern; boundary: 2% power, 400 mm s−1 speed, 60 kHz
frequency, 1 repetition) were patterned and both foils additionally cut into
24.15 × 24.15 mm2 squares (100% power, 1000 mm s−1 speed, 40 kHz
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frequency, 80 repetitions) by a nanosecond pulsed laser scanner (MD-
U1000, Keyence, Japan). Afterwards, all samples were rinsed with IPA and
deionized water.

To improve the adhesion between the substrate and the passivation,
glass, PI, and PET surfaces were O2 plasma treated (0.8 mbar, 80% power,
5 min, Diener Femto Asher, Diener Electronic, Germany). Additionally,
glass substrates underwent a vapor-phase silanization procedure, where
the samples were placed together with a silane1-IPA-solution (20, 80 wt.%)
and a silane2-IPA-solution (20, 80 wt.%) at 100 °C for 2 h in an oven, rinsed
thoroughly with IPA and dried at 120 °C for 1 hour, respectively. A 5 μm-
thick parylene-C layer was deposited via chemical vapor deposition (SCS
Labcoter 2, PDS 2010, Specialty Coating Systems, USA) from 3.15 g of
dimer precursor (Daisan Kasei, Japan). For PI- and PET-samples 200 μL of
the adhesion promoter Silane A-174 was added in the deposition chamber.
The electrode pads of all samples were covered with PDMS strips before
parylene-C deposition.

The following step included cutting the electrode tips open with the
MD-U1000C marking laser using 100% power, 500 mm s−1 speed, 40 kHz
frequency, and 100 repetitions. Therefore, the samples were positioned on
a vacuum chuck, and the pillars were oriented perpendicular to the laser
beam. Next, the MEAs were placed in the etching mixture of hydrogen
peroxide and ammonia solution (50, 50 wt.%) for 2.5, 5, 7.5, and 10 min
to remove the silver from the exposed pillars down to the desired depth,
respectively.

Finally, gold was electroplated on the tubular pillars to inhibit silver leak-
age into the medium during organoid experiments. To contain the elec-
trolyte, glass rings (height, outer diameter, and inner diameter of 15, 17,
and 14.6 mm, respectively) were dipped into degassed PDMS, placed on
top of the MEA and then cured for 1 h at 100 °C in an oven.

An aqueous potassium gold cyanide bath (KAu[CN]2, Pur-A-Gold 401B,
Enthone-OMI, Netherlands) was used as the electrolyte. CA was then em-
ployed in a three-electrode setup to deposit gold using a potentiostat
(VSP-300, Bio-Logic Science Instruments, France). Specifically, the etched
3D pillars acted as the working electrode, a larger platinum mesh as the
counter electrode, and a Ag/AgCl electrode (3 м NaCl, BASI, United King-
dom) as the reference. The reduction potential for KAu[CN]2 was set to
−1.15 V and −1.5 V versus Ag/AgCl to generate a filled tube and a torus-
shaped tip, respectively. For a controlled deposition, 25 ms effective depo-
sition was favored over 50 ms effective deposition, followed by a resting
interval of 75 ms and 50 ms of 0.3 V, respectively.

Depending on the depth of the tubes and the amount of gold to be
electrodeposited, 600, 1800, or 2400 cycles were used. Lastly, all samples
were rinsed with deionized water and IPA, dried in an oven at 70 °C for 1
h, and stored until further usage at room temperature.

Imaging: A 3D laser scanning confocal microscope (VK-X250,
Keyence, Japan) with a 100X objective was used to image the electrodes
before and after etching. The images were analyzed with the software Mul-
tiFile Analyzer (Keyence, Japan) and the etched depth was calculated. For
the SEM images, the samples were first sputtered with 15 nm of gold
(30 mA, 8 × 10−3 mbar, Bal-tec MED 020, Lichtenstein). The samples were
fixed on SEM specimen stubs with a conductive double-sided carbon pad
and afterwards imaged with a scanning electron microscope (Gemini 2,
Zeiss Crossbeam 550, Germany) using a SE2 detector and a beam current
of 1 nA. The obtained images were processed in GIMP.

Electrochemical Characterization: Chronoamperometry, cyclic voltam-
metry, and impedance spectroscopy were performed in PBS using a po-
tentiostat (VSP-300, BioLogic Science Instruments, France) in a three-
electrode setup with a Ag/AgCl (3 м NaCl, BASI, United Kingdom) ref-
erence electrode, a platinum coil wire as counter electrode and individ-
ual pillars as working electrode. CA was conducted at −2 V for 30 s to
assess the stability of the passivation. The CV measurements were per-
formed between −0.4 V and 0.8 V with a scan rate of 50 mV s−1 for 6
cycles. Impedance spectroscopy recordings were conducted by applying a
sinusoidal signal with 10 mV amplitude at 0 V and frequencies from 1 Hz
to 10 kHz.

Cortical Organoids: Cortical organoids were differentiated according
to a protocol published by Qian et al. 2018.[33] In brief, human induced
pluripotent stem cells (hiPSCs) (ISFi001-A-RRID: CVCL_YT30) were main-

tained on Geltrex coating and in human iPS-Brew XF at 37 °C, 7% CO2 and
21% O2. If not indicated otherwise, the medium was changed daily. Upon
reaching a colony size of ≈1.5 mm, colonies were detached using a 2 mg
mL−1 collagenase IV solution for 45 – 60 min and incubated in iPS-Brew XF
medium for 24 h in low-attachment 6-well plates on a 3D-Rocker/shaker
at 37 °C, 5% CO2 and 21% O2. The next day, the medium was replaced
by the first forebrain specific medium [20% Knockout serum replace-
ment, 1 x GlutaMAX, 1 x NEAA, 0.02% 2-mercaptoethanol, 1 x penicillin-
streptomycin, 2 μм dorsomorphin, 2 μм A-83, 100 ng mL−1 SHH in
DMEM/F12]. At days 5, medium was replaced by the second forebrain spe-
cific medium [1 x N2 supplement, 1 x GlutaMAX, 1 x NEAA, 1 x penicillin-
streptomycin, 1 μм CHIR, 1 μм SB 431 542 in DMEM/F12]. At day 7, the
formed embryoid bodies (EBs) were embedded in Matrigel and cultivated
in the Matrigel “cookie” for 5 days in the second forebrain-specific medium
at 37 °C, 5% CO2, and 21% O2, but not on the 3D-Rocker/shaker. On day
14, organoids were released from the cookie using a 5 ml pipette tip. The
medium was replaced by the third forebrain-specific medium [1 x N2 sup-
plement, 1 x B27, 1 x GlutaMAX, 1 x NEAA, 1 x penicillin-streptomycin
in DMEM/F12]. Organoids were transferred into a low-attachment 6-well
plate and incubated on a 3D-Rocker/shaker at 37 °C, 5% CO2, and 21%
O2 with medium changes every third day. On day 35, Matrigel (1:100) was
added to the third forebrain-specific medium. At day 70, medium was
changed to the fourth forebrain-specific medium [1 x B27 supplement,
1 x GlutaMAX, 1 x NEAA, 1 x penicillin-streptomycin, 200 μм L-ascorbic
acid, 500 μм cAMP, 20 ng mL−1 BDNF, 20 ng mL−1 GDNF in Neurobasal
medium] with medium changes every fourth day.

Fluorescence Imaging: At the indicated differentiation stage, organoids
were collected, maintenance medium was removed, organoids were
washed once with PBS, and fixed in 10% formalin for 20 min at 4 °C. After
fixation, the organoids were washed thrice with PBS and incubated in a
30% (w/v) sucrose cryoprotectant solution until fully saturated. The next
day, organoids were transferred into a small “embedding form” (7 mm x
7 mm) and distributed (if multiple organoids were embedded per form).
The form was filled with Neg-50 freezing medium and stored at −80 °C
until they were sectioned at −20 °C into 40 μm thick horizontal sections
using a freezing cryostat and mounted on slides.

Immunostainings: Immunostainings were performed as described in a
prior study.[36] The sections were thawed at room temperature for 15 min.
Blocking and permeabilization were performed using a blocking solution
[PBS containing 1% BSA and 0.3% Triton X-100] for 1 h at room tem-
perature. Primary antibodies were diluted in blocking solution, and an-
tibody incubation was performed at 4 °C overnight. Sections were washed
twice with PBS and incubated with secondary antibodies diluted in block-
ing solution for 2 h at room temperature. Nuclei were stained using a
0.1 μg mL−1 DAPI-PBS solution for 10 min at room temperature. Sections
were washed thrice with PBS, and coverslips were mounted using Aqua-
Poly/Mount.

Primary antibodies were diluted as follows: CUX1 (1:1000), TUBB3
(1:500), PAX6 (1:500), TBR1 (1:500), SOX2 (1:500), NES (1:250), BCL11B
(1:1000), MAP2 (1:500). Secondary antibodies were diluted as follows:
donkey-anti-goat IgG Alexa 488 (1:500), donkey-anti-mouse IgG Alexa 488
(1:500), donkey-anti-mouse IgG Alexa 594 (1:500), donkey-anti-rabbit IgG
Alexa 594 (1:500), donkey-anti-rat IgG Alexa 488 (1:500), goat-anti-chicken
IgG Alexa 594 (1:500).

Extracellular Recordings and Electrical Stimulation: Prior to organoid
placement, the 3D-pillar MEAs were sterilized by immersing them in
ethanol for 2 hours and drying them overnight under the cell bench.
The organoids (age: 20 months) were gently placed in the wells on top
of the 3D-pillars of the MEAs using a cell strainer, and a fresh medium
(DMEM/F12) was added. Extracellular signals were recorded amperomet-
rically using an in-house built 64-channel amplifier shielded in a Faraday
cage. The amplifier features a 10 kHz sampling rate and a 1 GΩ feedback
resistor. The recordings were conducted using a Ag/AgCl reference elec-
trode. First, the spontaneous activity of cortical organoids was recorded for
5 to 10 min. After recordings, the organoids were transferred back to the
low-attachment 6-well plate. The pillar MEAs were rinsed with PBS, fresh
media was added to the well of the MEAs, and negative control measure-
ments were performed on the used MEAs. Altogether, the measurements
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lasted approximately 45 to 60 min. The data analysis was conducted in
MATLAB (MathWorks, USA).
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