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UV Laser-Induced Carbon Microelectrode Arrays for
Neuronal Recordings

Fulvia Del Duca, Koji Sakai,* Beatrice De Chiara, Toichiro Goto, Defne Tüzün,
Lukas Hiendlmeier, George Al Boustani, Hu Peng, Tetsuhiko F. Teshima, Simon N. Jacob,
and Bernhard Wolfrum*

Bioelectronic devices for in vitro and in vivo studies benefit from polymeric
materials as substrates and insulations due to their flexible nature.
Laser-induced carbon formation has emerged as a rapid and versatile
technique to fabricate conductive carbon-based structures from insulating
polymer films. Here, the development of electrodes fabricated via ultraviolet
(UV) laser-induced carbonization of chlorinated poly-p-xylylene (parylene-C)
insulation areas is reported. The parylene-derived carbon is directly fabricated
over the thin metallization layer, thus opening the desired electrode areas in a
one-step process. The optimal laser parameters for electrode performance are
investigated, and the stability of the electrodes is tested under 10 000
voltage-controlled stimulation pulses. In vitro tests of primary neuronal
cultures confirm the biocompatibility of the proposed interfaces and reveal
the good conformability of the neurons over the rough carbon structures. The
performance of the sensor arrays is shown in electrophysiological recordings
of neuronal cultures, together with a proof-of-principle stimulation,
confirming the stability of the recordings over at least 4 weeks in culture. The
proposed laser-induced carbon electrodes from polymer coating are suitable
as a rapid and precise fabrication protocol for carbon-based sensors,
applicable to bioelectronics and neuroelectronics devices.
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1. Introduction

Bioelectronics is an expanding research
field that focuses on the connection
between living organisms and elec-
tronics for many applications, such as
monitoring,[1–3] diagnostics,[4,5] therapy
and electroceuticals,[6–10] drug developme-
nt,[11–14] and wearables.[15–20] Bioelectronic
devices traditionally rely on silicon sub-
strates and on metallic components for
conductive tracks and for sensing or stim-
ulation sites.[21,22] Silicon technology has
pioneered the field of implantable neural
interfaces, and has enabled advances such
as high-density recordings or multimodal
integration with optogenetics and drug de-
livery systems.[22–24] Since the last decade,
polymeric materials have been exploited
as substrates and coatings of bioelectronic
devices for their reduced thickness and
for their increased flexibility, thus better
conforming to soft and dynamic biological
environments.[25–30] However, flexible and
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soft bioelectronics present several challenges. First, their fabri-
cation by conventional electronics manufacturing methods is of-
ten difficult or incompatible with standard clean-room process-
ing techniques.[31] Additionally, the insufficient long-term stabil-
ity of the polymer–metal interface at the open electrode areas is
frequently reported, and often identified as a leading cause for
device failure.[32–34] For example, in the first study of explanted
polyimide electrodes tested for intrafascicular nerve stimulation,
Čvančara et al. found that 62.5% of electrodes experienced de-
lamination of the metallization from the polyimide–platinum in-
terface after 30 days in vivo.[35]

Carbon-based conductive materials have been proposed as an
alternative or added coating to the metallization layer.[36,37] Car-
bon presents several advantages for bioelectronics as an elec-
trode material. First, carbon-based materials are considered su-
perior to many other electrode materials for their biocompatibil-
ity and their high chemical inertness.[38,39] Additionally, carbon-
based materials exhibit an adequate electrical conductivity – al-
beit generally lower than that of noble metals – and a high charge
injection capacity. In particular, carbon-based materials such as
carbon nanotubes (CNTs) or poly(3,4-ethylenedioxythiophene)–
polystyrene sulfonate acid (PEDOT: PSS) are valuable electrode
coatings to achieve a lower impedance.[40,41] Finally, thanks to
the wide potential window, carbon-based materials have demon-
strated good selectivity and sensitivity for electrochemical detec-
tion, and have been used in sensors for the detection of neuro-
transmitters and other electrically active biomolecules.[42–45]

Carbon has been synthetically prepared from precursors using
high-temperature furnaces.[46] For example, carbon electrodes
can be fabricated through oven pyrolysis of SU-8 photoresist,
which can be photolithographically patterned in 2D or 3D struc-
tures prior to thermal treatment.[47–49] In the last decade, thermo-
chemical processes induced by lasers have proven to be a great
alternative to traditional heat processes for carbon synthesis.[50]

In particular, laser-induced carbonization has been investigated
extensively since its rediscovery in 2014, as a rapid fabrication of
carbon-based electrodes, particularly on flexible or thin-film poly-
mer substrates.[51,52] Laser-induced carbon, also known as laser-
induced graphene (LIG) depending on its graphene content, is a
class of 3D porous carbon-based materials obtained by convert-
ing a carbon-rich insulating precursor into a conductive layer via
laser irradiation.[53] The resulting carbon differs from both glassy
and activated carbons owing to the fact that this process hap-
pens within a short time, and the breaking of chemical bonds
is rapid.[54]

The family of LIG materials has gained significant attention
in the last decade due to its many advantages and its applica-
bility in a variety of different fields. The highly porous struc-
ture due to the rapid release of volatile components during
laser irradiation is advantageous for gas sensing, electrochem-
ical biosensing, strain sensing, and energy storage applications,
for example.[55–60] LIG has also been shown to have adequate elec-
trical conductivity and biocompatibility, thus being a promising
material for bioelectronics.[61–64] The rapidity of the one-step laser
fabrication and the tunability of the parameters make this pro-
cess applicable to several carbon-rich precursors, ranging from
synthetic materials[65] to cellulose and wood,[53,66] textiles,[67] or
even bread.[68] Laser-induced carbon materials from plastic ma-
terials have shown the best resulting conductivities, due to the

reduced impurities and appropriate thermal properties. Specifi-
cally, polyimide (PI) is most often the material of choice due to
its high heat resistance.[51]

Another interesting base material as substrate and insulating
layer for bioelectronic devices is parylene-C, due to its flexibil-
ity, biostability, and biocompatibility. It offers a distinct advan-
tage over many other polymers through its deposition process,
which utilizes chemical vapor deposition. This method takes
place in a dry environment at room temperature, resulting in
a uniform, conformal insulation film that precisely coats all ex-
posed 3D structures. Thus, direct integration of electrode struc-
tures in parylene-C films provides a versatile method for fabricat-
ing flexible electrode arrays for bioelectronics. Carbon electrodes
from parylene-C have been obtained from infrared radiation (IR)
and characterized by Correia et al., achieving sheet resistances
as low as 9.4 Ω sq−1 and demonstrating the feasibility of creating
highly conductive graphene structures on parylene substrates.[69]

Early work byGross et al. already demonstrated the potential of
ultraviolet (UV) laser processing for polymer modification in mi-
croelectrode fabrication,[70,71] using a pulsed nitrogen laser to lo-
cally ablate polymer coatings with high focus precision. More re-
cently, UV lasers have been used in the direct formation of laser-
induced carbon from PI.[72,73] In principle, UV lasers can also be
used for carbon formation on parylene substrates, since UV radi-
ation over 250 nm interacts with parylene films impacting their
thermal stability and electrical properties.[74]

Besides being an interesting and versatile material on its own,
laser-induced carbon has the potential to be easily integrated
withmany existing processes and devices. The idea of combining
the advantages of laser-induced carbon with the high-density de-
sign achievable with metal circuitry was proposed by Lu et al.,[75]

where a CO2 laser induces porous graphene electrode sites, and
the metal layer is subsequently deposited and patterned. Vomero
et al. have demonstrated that the inverse order of fabrication is
also possible, namely that an infrared CO2 nanosecond laser can
rapidly and locally carbonize polymers over metal components,
in the case of a 25-μm-thick platinum/iridium foil, obtaining elec-
trodes with diameters of 200 μm or larger.[76,77]

Here, we show that a UV nanosecond laser can be used to ob-
tain a laser-induced carbon coating smaller than 100 × 100 μm2

on a microelectrode array (MEA) with 100-nm-thin gold conduc-
tor traces coated with 5 μm of parylene-C. Further, we show the
interaction between the rough carbon structure and primary neu-
ronal cultures, as well as the stable long-term recording and stim-
ulation capabilities. The proposed carbon electrodes fabricated
directly over thin metal layers in a one-step process can be eas-
ily integrated in various established designs and applications in
bioelectronics, from rigid MEA substrates to free-standing im-
plantable thin-film devices. Future work will focus on imple-
menting the electrodes in higher-density designs for thin im-
plantable neural sensors.

2. Results and Discussion

2.1. Device Fabrication

Figure 1a shows the steps for fabricating the laser-induced car-
bon electrodes studied here. First, a 5 μm layer of parylene-C
is deposited via chemical vapor deposition. To manufacture the
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Figure 1. Fabrication and resulting electrodes. a) Schematic illustration of the fabrication steps. b) Optical microscopy images of the fabricated MEA.
c,d) SEM images of the laser-induced carbon electrodes. e–g) Optical microscopy images of electrode arrays of various designs for thin-film neural
interfaces: e,f) ECoG electrode array, and g) intracortical electrode array.

conductor traces, thin layers of 15 nm Ti (acting as an adhesion
promoter) and 100 nm Au are sputtered, and patterned via laser
ablation. The contact pads are masked with Kapton tape, and a
second 5 μm parylene-C layer is deposited.
Last, the electrode openings are obtained via inducing car-

bonization of the carbon-rich precursor parylene-C over the thin
metal layer. Themaximum resolution of themetal tracks that can
be obtained by laser micromachining is a function of the laser’s
beam focus and the processed material. For the UV nanosecond
pulsed laser used here, it was demonstrated that feedline widths
down to at least 30 μm can be reached[78] thus making this pro-
cess in principle translatable to devices with narrower dimension
requirements such as bioelectronic or neural implants.
Similarly, the minimum size of the carbon electrode obtained

by laser pyrolysis is dependent on the laser spot size, in ad-
dition to the laser parameters directly affecting the thermo-
chemical mechanisms occurring in the irradiated area. At long-

wavelength excitations, the conversion is believed to be primar-
ily induced by photothermal effects.[51] At the shorter wave-
lengths of the UV range, direct photochemical processes are also
probable.[79,80] Secondary products are thus released, influenc-
ing structure and material properties. Photothermal effects are
typically also present in UV ablation processes, including ther-
mal decomposition. The energy not utilized for bond breaking
is transferred to the material matrix, resulting in a temperature
increase.[81] For an in-depth description of the laser carbonization
process of polymers, the reader is directed elsewhere.[50]

We can observe the 3D nature of the resulting carbon struc-
ture from the scanning electron microscopy (SEM) images in
Figure 1c,d. The parylene in the irradiated area is converted into
a carbon-based, ridge-like coating over the underlying Au layer.
Due to the abrupt transformation of the top parylene layer, me-
chanical and thermal stresses are generated at the polymer/metal
interface, leading to local deformation of the thin metal layer
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Figure 2. Laser pyrolyzed electrode areas. a) Optical microscopy images of the electrodes at 3 different conditions (non-pyrolyzed, pyrolyzed type 1,
pyrolyzed type 2). Two laser parameters (scan speed and line pitch) are varied as shown (common scanning parameters: 400 kHz frequency, 0.2% power,
4 mm defocus, 1 repetition). b) Laser microscopy images of 3 example areas corresponding to the laser scanning conditions in (a) (left: average profile
of n = 3 samples per condition, mean ± SD; right: 3D images).

(Figure S1, Supporting Information). The modalities of heat dis-
sipation during carbonization critically affect the damage caused
to the metal. In the present approach, the underlying metal layer
is not significantly damaged by UV irradiation, as the residual
heat is dissipated well by the glass carrier. We have observed
that the same laser-induced process applied to free-standing pary-
lene/Au/parylene stacks already detached from the glass carrier
(as opposed to the present approach) results in critical damage
to the gold layer in the irradiated area. Different carrier materials
can thus be investigated in a future study to further optimize the
properties and the dimensions of the induced carbon structures.
Additionally, irradiation setups with controlled substrate temper-
aturemight be a further point of investigation. Figure 1e–g shows
the suitability of the approach also for the manufacturing of thin-
film electrodes of various designs, for example, for the use as
electrocorticography (ECoG) or intracortical neural interfaces, by
releasing the electrodes from the glass substrates.
Figure 2a shows optical microscopy images of 50 × 50 μm2

electrode areas obtained with different laser parameters. At
higher scan speeds (9 mm s−1) and wider scan line pitches
(0.01mm), the laser irradiation on the parylene layer was not suf-
ficient to induce visible carbonization (non-pyrolyzed, Figure 2b).
By reducing the speed, the overlap between subsequent laser
pulses on the same parylene spot increased enabling the accu-
mulation of more energy and promoting the carbonization pro-
cess. Decreasing the line pitch had a similar result in promot-
ing parylene carbonization. For example, at 5 mm s−1 speed and
0.005 mm pitch, sufficient energy converted the parylene insu-
lation layer to the observable carbonized area (pyrolyzed type 1).
When combining slower scan speeds with finer line pitches (e.g.,
at 1mms−1 speed and 0.002mmpitch, pyrolyzed type 2), the con-
version of parylene into a carbon coating became more effective.
We verified the effect of laser parameters by measuring the

impedance at 1 kHz for different laser parameters, and the low-
est impedance was found forelectrodes fabricated at 1 mm s−1

speed and 0.002 mm pitch (Figure S2, Supporting Information).
We analyzed the resulting structures from the three exemplary

conditions (non-pyrolyzed, pyrolyzed type 1, pyrolyzed type 2)
via 3D laser microscopy, as shown in Figure 2b. With large line
pitch and fast scan speed, the parylene area remains largely un-
changed, with only the edges of the scanned area showing an
indentation of≈1 μmdepth (non-pyrolyzed). With increasing en-
ergy, the shrinkage of the parylene layer into a carbonized coat-
ing leads to an indentation of the scanned area ≈2–2.5 μm deep
(pyrolyzed type 1). This is likely due to the thermochemical de-
composition of the carbon precursor.[82,83] At the highest line den-
sity and the lowest scan speed, we do not only observe a simi-
larly deep indentation in the parylene layer, but also a protrud-
ing carbonaceous structure as high as 2–4 μm (pyrolyzed type 2).
The formed 3D ridges can be attributed to the release of gaseous
material occurring during the conversion process, which confers
the typical microporous quality of the laser-induced carbons.[52]

The effective conversion of parylene-C coating to carbon coat-
ing, due to its porous nature, also leads to an increased car-
bonized area compared to the nominal area. For a nominal reso-
lution of 50 × 50 μm2, we obtain an optically observable area of
≈90 × 70 μm2.

2.2. Electrode Characterization

Figure 3 shows the electrochemical properties for electrodes of
100 × 100 μm2 area. The impedance spectroscopy is shown
in Figure 3a, both for pristine electrodes and after 10 voltage-
controlled pre-conditioning biphasic pulses between +2 and
−2 V. By driving the voltage beyond the water window (Figure 3d),
Faradaic currents are generated at the electrodes. We can ob-
serve how the impedance magnitude decreases by several or-
ders of magnitude after the pre-conditioning pulses. This phe-
nomenon has been previously observed in carbon-based elec-
trodes embedded in silicone or epoxy.[84,85] A possible explana-
tion for this effect is that the Faradaic currents act toward re-
moving the possible fabrication-induced contaminations gener-
ated during laser pyrolysis, and that have adsorbed at the surface.

Adv. Healthcare Mater. 2025, e02136 e02136 (4 of 12) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 3. Electrochemical characterization of the electrodes (shown for 100 × 100 μm2 electrodes except when stated otherwise). a) Mean impedance
measurement before (grey) and after (green) cleaning. b) Stimulation stability of the electrodes for up to 104 pulses (mean and standard deviation).
c) Mean impedance of electrodes with varying areas. All mean and standard deviations are from n = 6 samples. d) Exemplary cyclic voltammetry
measurement indicating the water window. e) Voltage response to biphasic current pulses of amplitudes between 10–100 μA. All traces are the mean
of n = 3 samples. The inset shows an exemplary voltage response (black) to a current pulse (grey), and the resulting determination of Ema and Emc. f)
Charge injection capacity (CIC) calculated from the voltage responses (mean and standard deviation from n = 3 samples).

Other studies of induced carbon electrodes have reported a volt-
age stimulation as an initial cleaning or stabilization step.[73,76]

Comparing the conditioned impedance values at 1 kHz with
that of planar gold electrodes on polymer substrates, we ob-
tain a slightly lower areal impedance for the LIG electrodes of
1.49 kΩ mm2 compared to 1.71 kΩ mm2 of gold, possibly due
to the rougher surface morphology.[75] Carbon-based electrodes
such as chemically doped porous graphene show significantly
lower specific impedances (≈0.04 kΩ mm2).[75] One aspect that
directly affects the impedance is the thickness of the porous car-
bon film, which is limited in this work by the thickness of the
deposited parylene layer. Increasing the thickness of the parylene
coating would supply more precursor material to the carboniza-
tion process, potentially reducing the resulting carbon layer’s
impedance. However, this would also lead to an increased de-
vice footprint, bending stiffness, and manufacturing time. De-
pending on the application, device designs should consider this
tradeoff.
We further tested the electrochemical stability of the

electrodes– when subject to 104 voltage stimulation pulses
outside the water window, as shown in Figure 3b. After con-
ditioning, the mean impedance at 1 kHz was 149.6 kΩ and
remained relatively stable for up to 200 pulses (decreasing
by 6.4%). After 103 pulses, the mean impedance decreased
to 89.4 kΩ, but the decrease is found to be not significant
(p = 0.33) due to the large variation. The high standard deviation
of electrode impedance is attributed partly to the stochastic

formation of 3D surface morphologies, as well as variation in
debris following carbonization. After 104 pulses, the impedance
stabilizes, with no significant difference between 103 and 104

pulses (p = 0.997). Similar behavior to repeated stimulation
pulses is reported for other pyrolyzed carbon electrodes and is
often attributed to their gradual activation.[75,86] Figure 3c shows
the influence of the nominal electrode area to the impedance, in
order to assess the miniaturization limit of the chosen set of fab-
rication parameters. We find that the mean impedance at 1 kHz
is reduced to 61.9 kΩ for electrodes of 200 × 200 μm2, increased
to 149.6 kΩ for those of 100 × 100 μm2 nominal area, and to
234 kΩ for 50 × 50 μm2. Electrodes of 25 × 25 μm2 were not
deemed functional, as the mean impedance at 1 kHz is higher
than 1 MΩ, and the impedance spectrum is largely capacitive.
This may be partially attributed to an incomplete pyrolysis due to
a limited scanned area. We conclude that, currently, the smallest
programmable area achievable with the proposed fabrication
strategy is 50 × 50 μm2. One of the current limitations of laser
micromachining, when compared with established techniques
such as photolithography, is the feature resolution. Previously
reported laser-induced graphitic electrodes over metal struc-
tures, achieved via IR irradiation of parylene-C over thick Pt foil,
identified a downsizing limit of 200 μm diameter or larger.[76]

Further parameter optimization studies should be conducted
with a desired final size in mind, in order to achieve smaller
conductive electrode structures in the future. For all following
experiments, an electrode size of 100 × 100 μm2 was selected as
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Figure 4. Imaging of MEA (electrode size 100 × 100 μm2) cultured with primary neurons. a–e) SEM images. f–i) Fluorescence microscopy images of
immunochemical staining analysis: axons (f), cell bodies (g), nuclei (h, blue), underlying electrode (i).

the optimal trade-off between electrochemical impedance and
adequate size for in vitro neuronal recordings.
To understand the stimulation capabilities of the electrodes,

we measured the voltage response of the electrode to a balanced
biphasic current pulse at increasing current amplitudes and a
300 μs phase duration (Figure 3e). From the voltage transients,
it is possible to determine the electrode’s charge injection capac-
ity (CIC), which determines how much charge can be injected
into the electrolyte without polarizing the electrode beyond un-
desired limits.[87] The water window, as shown in Figure 3d, is
generally considered a safe stimulation limit, as maintaining the
electrode polarization within this rangeminimizes the formation
of unwanted and irreversible reaction products, such as gaseous
H2 and O2. The voltage transients can be analyzed to identify the
most cathodic (Emc) and anodic (Ema) electrode polarizations, al-
lowing comparison with the previously defined water window.
To estimate Emc and Ema, we stimulated the n = 3 electrodes with
cathodic-leading biphasic pulses of increasing amplitude rang-
ing from 10 to 100 μA. We converted the stimulation current
Iinj during the stimulation pulse to the injected charge per area:
Qinj = (Iinj × tp)/A, where A represents the area, and tp the phase
duration. We finally estimated the CIC as the injected charge cor-
responding to the intersection between the first polarization volt-
age Ema or Emc, and the established water window, obtaining a
CIC of 30 μC cm−2. This limit of safe charge density, albeit con-
siderably lower than other carbon-based electrodes like PEDOT:
PSS (up to 2 mC cm−2),[88] is in the order of magnitude of stim-

ulation thresholds in many in vivo or in vitro neural stimulation
applications with similarly-sized electrodes, such as that ofmotor
cortex,[89] visual cortex,[90,91] or subretinal stimulation.[92,93]

2.3. Imaging

In order to assess the suitability of the laser carbon electrodes
for in vitro studies, we performed SEM of MEAs after one week
of primary neuronal culture. The SEM images seen in Figure 4
align with other reports of the neurons’ preferential growth over
rough coatings compared to the comparably flat parylene surface.
Rough, 3D or nanostructured surfaces are known to positively in-
fluence cell growth and/or cell adhesion.[94,95] For primary neu-
rons, it has been shown that nanostructured surfaces can en-
hance neurite branching.[96,97] Figure 4a,b shows the preferred
neurite branching toward the rough carbon coating of the elec-
trode active sites. The array of carbon electrodes can be identified
on the sample surface by observing the increased aggregation of
neurons and neurite branches. Close-ups on the carbon surface
(Figure 4c–e) show the rough 3D structure of the carbonaceous
coating from the laser processing. We can also observe the neu-
rite branching proliferation on the carbonaceous structures.
Next, we performed immunochemical analysis to confirm

neuronal growth over the MEAs. To make a homogenous neu-
ronal network and avoid aggregation, the primary neurons were
densely seeded on the fabricated MEA. Figure 4f–h shows the

Adv. Healthcare Mater. 2025, e02136 e02136 (6 of 12) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH
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staining of a primary hippocampal neuron culture at 7 days in
vitro (DIV) over the MEA. MAP2-positive cell bodies (Figure 4g,
red) are present all over the surface of theMEA, irrespective of the
parylene or carbon coating, with corresponding nuclei observed
in blue (Figure 4h). The tau1-positive axons (Figure 4f, green) can
be observed to similarly extend over all the electrode surface, and
to form a tight network of connections.

2.4. Neuronal Recording and Stimulation

We next performed electrophysiological measurements of pri-
mary neuron culture over the course of 4 weeks from 9 MEAs.
The design used for the in vitro experiments is shown in
Figure 1b and consists of 64 electrodes and 4 reference electrodes.
Figure S5 (Supporting Information) shows phase contract im-
ages of an exemplary MEA cultured with primary hippocampal
neurons at 4 DIV. Examples of spontaneous activity are shown in
Figure 5a. At 9 DIV, the recorded spontaneous action potentials
(spikes) are sporadic, unorganized, and occurring at a low rate.
At 28 DIV, the cultured neurons have established a dense neu-
rite network, organizing the spontaneous firing into bursts. The
extracellular spikes recorded from a single electrode are shown
in Figure 5b. The spikes were clustered using a spike sorting
algorithm.[98] Deligkaris et al. suggested that the typical shape
of extracellular action potentials (EAPs) recorded from the soma
of a single neuron is often monophasic or biphasic, while EAPs
recorded from neurites are typically triphasic, consisting of a pos-
itive, a pronounced negative peak, and a second positive peak.[99]

Here, given the relatively large sensing area (100 × 100 μm2),
most of the electrodes recorded from multiple neuronal somas
and neurites alike.
In order to assess the stability of the recording performance of

the laser-induced carbon MEAs, we calculated the number of ac-
tive electrodes per MEA, the firing frequency of the network, and
the signal-to-noise ratio (SNR), shown in Figure 5c–e respectively.
The electrodes were considered active if they exhibited an aver-
age firing frequency higher than 0.1 Hz.[100] We observed con-
sistent performance from the MEAs over weeks, as the number
of active electrodes per sample remained stable (with an overall
mean of 48.4 ± 3.4 electrodes). The variation of active electrodes
over time can be partly attributed to the connection between the
contact pads and the pins of the recording system. Additionally,
an increase in neuron-electrode seal resistance is known to am-
plify extracellular spikes, thus possibly leading to variations in
the active condition of single electrodes.[101–103] In culture, the
proliferation of neural stem cells, glial cells, and neurite branch-
ing leads to variations in seal resistance due to the high resis-
tivity of the cell membrane.[104] Electrodes with non-planar sur-
faces promote such an increase in seal resistance compared to
planar electrodes.[105,106] An improved sealing also explains the
increase in SNR in Figure 5e, as a high resistance would reduce
the leakage current through the gap between the cell and the
substrate.[101,107] The average SNRmeasured increases from 7.58
to 10.13 for 9 DIV and 28 DIV, respectively. These values are in
accordance with other reported SNR values for in vitro and in vivo
recording.[103,108–110]

The evolution of the cultured neuronal networks can be as-
sessed by analyzing the firing frequency of the spontaneous

recordings. The average firing frequency increased from 0.5 Hz
to almost 2.5 Hz over the course of 4 weeks. Spontaneous burst-
ing activity is a crucial feature of neuronal networks both in
vivo and in vitro, and indicates the successful formation of
excitatory and inhibitory synaptic connections in the network.
Vernekar and LaPlaca (2020) monitored the bursting activity
in neuronal‑astrocytic co‑cultures (2500 cells mm−3 plating cell
density, compared to 5000 cells mm−3 in the present study), and
found that this activity develops rapidly during the first week
of culture and emerges in the second week.[111] Similarly, the
present study shows the development of a synchronized bursting
activity within the first two weeks is slower. TheMEA can steadily
detect spontaneous bursts during two more weeks in culture, re-
vealing a slight increase in firing frequency each week as found
in other reports.[112–114] Figure 5f shows raster plots and spiking
histograms from an exemplary MEA over 4 weeks. At 9 DIV, the
spontaneous EAPs are sporadic and isolated, with a maximum
spike count of 0.5 spikes over a 1s interval. At 14 DIV, the sponta-
neous EAPs are greatly increased, and start to show an organized
behavior into synchronized bursts, similar to reported.[115] At this
stage, the maximum spike count during a bursting event is 19.4
spikes. The increase in synchronization of spontaneous action
potentials reflects the gradual organization of the neuronal net-
work, in which neurons extend axons and dendrites and form
synapses.[116,117] The spontaneous activity further synchronizes
at 21 and 28 DIV, with a maximum spike count of 29.2 and 19.3
spikes, respectively.
We further tested a proof-of-principle of the stimulation ca-

pabilities of the laser-induced carbon electrodes after 4 weeks
in culture. The protocol of current-based stimulation is shown
in Figure 5g,h. A series of incremental biphasic current pulses
from 5 to 60 μA distanced by 1 s was delivered to one stimulat-
ing electrode at a time, in order to assess the minimum charge
threshold needed to evoke a response in the network. The inset
shows the data of the evoked response from one of the record-
ing electrodes of one MEA, with the stimulation artifact of one
electrode indicated in red. The same spike detection algorithm as
before was applied to identify action potentials within a window
of 300 ms after stimulus onset excluding the stimulus artifact.
The resulting activation curve of an exemplary MEA is shown in
Figure 5h. At the charge of 0.5 and 1 nC, almost no response
is evoked. At 2 nC delivered charge or higher, a non-negligible
number of active recording electrodes were classified as respon-
sive (more than 2 spikes detected). The high variance at 2 nC
suggests that the minimum stimulation charge threshold for the
network is≈2 nC, with some electrodes already recording evoked
activity while others receive no evoked response. This charge cor-
responds to 20 μC cm−2, within the safe charge injection limits
identified in Figure 3f. Above such threshold, the number of ac-
tive electrodes that recorded evoked activity increases visibly, as
seen also from the raster plots in Figure S4 (Supporting Infor-
mation). Results from the other 3 tested MEAs reveal variability
in the number of responsive electrodes recruited, but a similar
threshold behavior ≈2 nC (Figure S4, Supporting Information).

3. Conclusion

We have shown the successful fabrication of an array of carbon-
based electrodes fabricated by laser-induced carbonization of
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Figure 5. Electrophysiological MEA recording and stimulation. a) Exemplary data (bandpass-filtered between 100–2000 Hz) at different days in culture.
b) Identified clusters of spiking activity at 28 DIV. c–e) number of identified active electrodes, firing frequency, and SNR over 4 weeks, respectively (n= 9):
c) mean and standard deviation; d,e) boxplots with outliers represented by “+”. f) Raster plots of identified spiking activity and exemplary histograms
of spontaneous bursting activity. g) Stimulation protocol and exemplary data. h) Number of responsive electrodes per stimulation charge, for one MEA
(n = 5).
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parylene directly over thinmetal layers. The proposed fabrication
allows for one-step electrode opening of the desired area by con-
verting the insulating polymer into a conductive carbon-based
coating electrically connected to the metal circuitry. The MEA de-
vice is entirely patterned using aUV laser (355 nm), used both for
the metal ablation and for the laser carbonization steps. We have
investigated the optimal laser parameters to obtain the smallest
carbon electrode area, observing that a slow scan speed and a
dense line pitch are beneficial for the conversion process. Elec-
trochemical measurements confirmed the stability of the sensors
under 10 000 voltage-controlled stimulation pulses. Immunos-
taining and SEM imaging with primary neuronal cultures con-
firmed the suitability of the proposed sensors for in vitro studies
and showed good coverage of the neurons over the rough carbon.
Last, electrophysiological MEA recordings of primary neuronal
cultures showed the stability of the recording performance over
at least 4 weeks in culture, together with a proof-of-principle of
the stimulation capabilities. We propose the presented one-step
laser conversion of a parylene-C coating into a conductive carbon-
based coating as a rapid, precise, and cost-effective fabrication
protocol, suitable for neuroelectronics and bioelectronics devices.
These results suggest that the presented fabrication method can
be further tested in thin-film electrode designs for in vivo applica-
tions. Additionally, other polymer precursors, such as polyimide,
can be investigated in future studies for similar applications.

4. Experimental Section
Materials: 2-Propanol (≥99.5%) and ethanol (≥99.5%) were obtained

from Carl Roth (Germany). Deionized water was generated by a wa-
ter purification system (Berry Tech, Germany). Electrochemical measure-
ments were performed in phosphate-buffered saline (PBS) purchased
from Sigma-Aldrich (St. Louis, USA). Parylene-C dimer (dichlorodi-p-
xylylene) was obtained from Specialty Coating Systems (USA). For im-
munochemical analysis, Anti-Tau1 antibody was purchased from Novus
Biologicals (USA), Anti-MAP2 fromMerck Millipore (USA), the secondary
antibodies and Hoechst33342 from Thermo Fisher Scientific (USA), Tri-
tonX and BSA from Sigma-Aldrich (USA).

Device Fabrication: Glass substrates (49 × 49 mm) were cleaned with
acetone and isopropanol. Parylene-C (5 μm) was deposited via chemical
vapor deposition (PDS 2010, SCS LabcoaterTM 2 Parylene Deposition Sys-
tem, Specialty Coating Systems, USA) over the glass. 15 nm of Ti and
100 nm of Au were sputtered (nanoPDV, Moorefield, UK), and then pat-
terned via laser ablation using a UV nanosecond pulsed laser scanner
(MD-U1000, Keyence, Osaka, Japan) with the following parameters: 5%
power, 500 mm s−1 scan speed, 60 kHz shutter frequency, 0 mm defocus,
1 repetition, 10 μm line pitch (corresponding to 1.3 μJ per pulse). The con-
tact pads were masked with Kapton tape or polydimethylsiloxane (PDMS),
and a second layer of 5 μm parylene-C was deposited. The electrode areas
were then opened via laser pyrolysis of parylene-C, performed at 1 mm s−1

scan speed, 400 kHz shutter frequency, 0.2% power, 1 repetition, 2 μm line
pitch, and 4mmdefocus (corresponding to 0.22 μJ per pulse), and the con-
tactmasks were peeled off gently. For the free-standing electrodes, the out-
line of the electrodes was laser-cut with a 500 mm s−1 scan speed, 40 kHz
shutter frequency, 15% power, 40 repetition, and 0 mm defocus with the
same laser system (10 μJ per pulse). All samples were gently washed with
DI water and blow-dried afterward.

Electrochemical Characterization: All electrochemical measurements
were performed using a VSP-300 potentiostat (BioLogic Instruments,
France) in a 3-electrode setup, with an Ag/AgCl (3 м NaCl) reference elec-
trode, and a coiled platinum wire as the counter electrode. Open circuit
potential (OCP), electrochemical impedance spectroscopy (EIS), cyclic
voltammetry (CV), and chronoamperometry (CA) were used to determine

the electrochemical performance of the sensors. First, the OCP was mea-
sured versus Ag/AgCl for 60 s. EIS was thenmeasured from 1–105 Hz with
a signal of 10 mV amplitude. CV was run between ±1 V versus Ag/AgCl
at 200 mV s−1 for 3 cycles. The water window was measured with a wide
CV (±2 V vs Ag/AgCl, 1 V s−1) for 3 cycles. Then, a cleaning/wetting step
was performed by applying 10 biphasic stimulation pulses of ±2 V, 1 ms,
100 Hz through CA. The OCP was measured again for 60 s, as well as the
EIS (1–105 Hz) (10 mV or 20 mV amplitude) and CV (±1 V vs Ag/AgCl at
200mV s−1, 3 cycles). To test the electrochemical stability of the electrodes
during stimulation pulses, 104 biphasic pulses of ±2 V with 1 ms/phase
at 100 Hz were applied in a 3-electrode setup. All data was processed in
MATLAB (MATLAB R2023a, MathWorks, USA). The voltage response of
the electrodes to biphasic current pulses was recorded with an oscillo-
scope (InfiniiVision DSOX2024A, Keysight, USA). The current pulses were
applied with an electrophysiology stimulator/amplifier chip (RHS2116, In-
tan Technologies, USA) in the three-electrode setup described above. The
phase of each pulse had a duration of 300 μs (leading cathodic) with a 50
μs interphase delay. The amplitude of the pulses ranged between 10 and
100 μA in steps of 10 μA.

Device Imaging: The optical images and the 3D scans were obtained
with a 3D laser scanning microscope (20X, VK-X250, Keyence) and the
profiles analyzed in MATLAB.

Cell Culture: Primary hippocampal neurons were dissected from the
hippocampi of 18-day-oldWistar rat embryos (Charles River Laboratories).
The tissues were dissociated into single cells using trypsin. The dissoci-
ated cells were suspended at a cell density of 5 × 106 cells mL−1 in a cul-
ture medium. The culture medium for neurons was Neurobasal medium
(Thermo Fisher Scientific) supplemented with 0.5 × 10−3 м glutamine
(Sigma-Aldrich), 25 × 10−6 м glutamine (Sigma-Aldrich), 50 μg mL−1 gen-
tamicin (Thermo Fisher Scientific), and 2% B-27 supplement (Thermo
Fisher Scientific). The MEAs were sterilized in UV light for 2 min, and then
coated with polyethyleneimine (PEI) overnight. After removal and washing
of the PEI, the surface of the MEA was treated with a solution of laminin
for 30 min, excluding the reference electrodes. After removal of laminin,
the cells were seeded and the samples stored in an incubator for 30 min
before adding culture medium. All animal experiments were approved by
the Biological Safety and Ethics Committee of NTT Basic Research Labo-
ratories (approval ID 2023-02), which follow the Guidelines for the Proper
Conduct of Animal Experiments of the Science Council of Japan (Kohyo-
20-k16-2, 2006).

Immunostaining: To fixate the samples for immunostaining, the cul-
ture medium was replaced with 4% paraformaldehyde (PFA) diluted in
PBS, for 30 min at room temperature. The solution was gently removed,
exchanged with 1%Bovine serum albumin (BSA) blocking buffer and 0.1%
TritonX surfactant, and left at 4 °C for 3 h. The solution was then exchanged
with a 0.1% BSA solution containing 1:250 to 1:500 primary antibodies.
The samples were left to incubate overnight at 4 °C, then washed with
PBS. For secondary antibody incubation, a solution of 0.1% BSA and 0.7%
antibody was used and the samples were left at 4 °C for 6 h and then
washed in PBS. The images were obtained using a confocal fluorescence
microscope (SD-OSR, Olympus, Japan).

SEM/FIB Imaging: To fixate the samples for SEM imaging, the culture
medium was replaced with 2% paraformaldehyde (PFA) diluted in PBS
for 30 min. Then, the solution was gradually replaced with ethanol by re-
peatedly exchanging it with a mixture of ethanol and water. Afterward, the
solution was exchanged with tert-butyl alcohol and freeze-dried overnight.
After the freeze-drying, 10-nm thickness of platinum was sputtered on the
sample. The sample was then observed using the focused ion beam (FIB)-
SEM system (Auriga 60 Cross BeamWorkstation, Carl Zeiss, Germany). All
SEM observation was performed at an acceleration voltage of 5 kV.

Electrophysiological Experiments: Electrical recording and stimulation
were performed using an MEA control system (MED64-Basic System, Al-
pha Med Scientific, Japan), which consisted of a main amplifier, a head
amplifier, and a connector. TheMEAs were designed with an electrode area
of 100 × 100 μm2, and were fabricated with the selected laser parameters
of 400 kHz frequency, 0.2% power, 4 mm defocus, 1 repetition, 1 mm s−1,
and 0.002 mm line pitch. Each MEA was connected to the amplifiers via
the connector. The recorded signals were amplified with a gain of 2000
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and passed through a band-pass filter at 100–2000 Hz. The analog signals
were digitized at 20 kHz. The recording environment was maintained at
37 °C and 5% CO2 using a stage-top mini-incubator (TOKAI HIT, Japan).
The sample with the MEA was immediately moved from the culture in-
cubator to the recording mini-incubator. Additionally, it was incubated for
5min before recording experiments to stabilize the recording environment
and reduce the variance of neuronal activities. Spontaneous activities were
recorded for 10min every 7 days from 9DIV. Spontaneous activities of neu-
rons were analyzed using a customMATLAB code. A 10 min trace contain-
ing spontaneous activity was used to analyze characteristics, including the
number of active electrodes, firing frequency, and SNR. The characteristics
were calculated from the traces of 64 electrodes and then averaged for each
MEA. The representative value at each DIV was obtained by averaging the
value of multiple MEAs. The process of analyzing spontaneous activities
was as follows. Negative peaks beyond a threshold (5× standard devia-
tion) were detected as spike activities. For spike sorting, the spikes were
sorted into spike trains of individual neurons using a spike sortingmethod
as previously reported.[98,118] Active electrodes were considered as those
presenting a firing frequency (spikes per second) higher than 0.1 Hz. For
SNR calculation, the mean spike amplitude from each electrode was di-
vided by the standard deviation of the noise.[108]

Electrical stimulation experiments were performed on 4 MEAs at 35
DIV. Fromone stimulating electrode at a time, a series of biphasic pulses of
varying current amplitude (5–60 μA) were delivered with a phase duration
of 100 μs, an inter-pulse interval of 1 s, and repeated 5 times after a 5 s
interval. All recorded data was processed inMATLAB. The stimulus artifact
was excluded from the data using the known timestamps and an artifact
window of 30 ms. Active electrodes were considered as those presenting
a firing frequency (spikes per second) higher than 0.1 Hz, and responsive
electrodes were considered as those of the active ones presenting at least 2
spikes detected within a window of 300ms after the artifact. The histogram
data were obtained with bins of 10ms, and the spike counts were averaged
among the 5 trial repetitions among all active recording electrodes.

Statistical Analysis: All data were expressed asmean± standard devia-
tion (SD). All statistical analyses were performed using MATLAB Statistics
and Machine Learning Toolbox. The significance analysis was performed
with a two-sample t-test using the in-built MATLAB function “ttest2”. The
interquartile range and outliers were computed using the MATLAB func-
tion “boxplot”. Specifically, the outliers were calculated as any data point
being greater than q3 + 1.5 × (q3 − q1) or less than q1 − 1.5 × (q3 − q1),
with q1 and q3 being the 25th and 75th percentiles of the sample data,
respectively.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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