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Single-Step Patterning of Biocompatible Neural Electrodes
Using Black-Pt Functionalized Laser-Induced Graphene for

in Vivo Electrophysiology

Giheon Kim, Yeonghwa Hong, Haeyun Lee, Minseok Kim, Jonghee Eun, Jimin Lee,

Seungjun Lee, Namsun Chou, and Hyogeun Shin*

Neural electrodes are essential tools for monitoring electrophysiological
activity in the brain, driving advances in neuroscience and neurotechnology.
However, conventional semiconductor-based fabrication techniques suffer
from high costs, complex procedures, and limited adaptability for customized
designs. Here, a single-step patterning, scalable method is presented for
fabricating biocompatible neural electrodes using laser-induced graphene
(LIG) patterned directly onto polyimide substrates. This process requires only
a standard CO, laser system, a spray-coated biocompatible lubricant, and
black-Platinum (Pt) functionalization to form conductive traces, electrode
sites, and connector pads—eliminating the need for cleanroom infrastructure
or photolithography. Selective laser ablation enables precise electrode
exposure, allowing rapid prototyping across various formats, including
electroencephalography (EEG), electrocorticography (ECoG), and penetrating
neural probes. The entire fabrication process is completed within 5 h,
reducing production time and cost by over two orders of magnitude compared
to conventional approaches. Demonstrating mechanical robustness, reliable
signal acquisition, and biocompatibility, the fabricated electrodes exhibit high
fidelity in recording EEG, ECoG, and spike signals in anesthetized mice. These
findings underscore the method’s strong potential for rapid prototyping of
personalized brain-computer interfaces, neurological monitoring systems, and
scalable preclinical research tools.

1. Introduction

The brain is a highly complex neural net-
work composed of hundreds of billions
of neurons that communicate via bio-
electrical signals to form intricate neural
circuits.['?] These circuits rely on electro-
chemical transmission across synapses
and serve as fundamental mechanisms
for regulating essential brain functions
such as cognition, emotion, and motor
control. In neuroscience, understanding
the dynamics of these neural circuits is
crucial for uncovering the mechanisms
underlying human behavior and neu-
rological disorders.’! Neural electrodes
are indispensable tools for detecting and
recording subtle electrical signals gen-
erated in the brain, enabling real-time
monitoring and precise analysis of neural
activity.[*] In particular, neural signal ac-
quisition through these electrodes plays
a central role in a wide range of medical
and engineering applications, including
the diagnosis and treatment of neuro-
logical diseases and the development
of brain-computer interfaces (BClIs).
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Current neural electrode technologies have evolved into sev-
eral formats, including: 1) Silicon (Si)-based neural probes and
micro-electrocorticography (micro-ECoG) arrays fabricated us-
ing semiconductor processes;>%! 2) flexible printed circuit board
(FPCB)-based interfaces utilizing soft substrates;"= and 3) elec-
trode interfaces incorporating biocompatible conductive poly-
mers such as poly(3,4-ethyleneoxythiophene):polysthyrene sul-
fonate (PEDOT:PSS) and polypyrrole (PPy).'%!!l Among these,
semiconductor-fabricated electrodes offer high-density integra-
tion enabled by fine patterning, along with excellent mechanical
stability and biocompatibility. These features have made them
widely adopted in both clinical and preclinical research.[®1213]
However, their fabrication requires cleanroom facilities and
costly equipment, such as aligners, evaporators, sputtering sys-
tems, and reactive ion etchers (RIE), resulting in high capital in-
vestment (e.g., ~$3 million for facility setup) and high unit costs
($500-1500 per electrode). Moreover, designing electrodes with
specific functionalities or geometries demands additional pho-
tomasks and process modifications, making customization for
patient-specific or research-driven applications time-consuming
and resource-intensive.['*15] For instance, implantable neural
probes often require different electrode sizes, lengths, and chan-
nel counts depending on the experimental model or application,
such as drug efficacy monitoring.['® The need for multiple fabri-
cation steps also leads to extended production cycles of 2-3 weeks
or more, limiting research throughput and flexibility. These con-
straints create an urgent demand for a fabrication method that
allows for the rapid, low-cost, and user-friendly development of
custom neural electrodes.

Laser-induced graphene (LIG) is an emerging carbon-based
material created by the direct photothermal conversion of a
polymer precursor (e.g., polyimide (PI), polymethyl methacry-
late (PMMA), polyethylene terephthalate (PET)), typically us-
ing a CO, laser (wavelength ~10.6 um) or other laser sources
with wavelengths from the UV to visible light.'’-22] By tun-
ing laser parameters, multiple layers of conductive graphene
can be generated, resulting in a biocompatible material with
a high specific surface area (%340 m? g™!) and excellent elec-
trical conductivity (5-25 S ¢cm™1).[2324] Unlike traditional semi-
conductor microfabrication, LIG enables direct patterning on a
single material using a laser alone, eliminating the need for
metal deposition, lithography, and etching. Owing to these ad-
vantages, LIG has seen growing use in biosensors, such as glu-
cose and dopamine sensors, for point-of-care diagnostics and
wearable sensors for electrophysiological signals such as Elec-
troencephalography (EEG).[2?’l However, LIG-based electrodes
reported to date often suffer from mechanical vulnerability; the
graphene structures and signal lines are prone to damage un-
der bending, friction, or mechanical stress, leading to signal
degradation and reduced conductivity.**3!] This limitation is es-
pecially problematic for implantable neural probes that operate
in dynamic, mechanically active environments. To improve ro-
bustness, recent studies have explored encapsulating LIG elec-
trodes with soft biocompatible materials like Polydimethylsilox-
ane (PDMS)? or liquid crystal polymers (LCPs).3!l However,
these approaches typically involve complex procedures, such as
polymer synthesis, coating, and curing, limiting their practical
use to specific applications like Electrocardiogram (ECG) or Elec-
tromyogram (EMG) monitoring. Furthermore, for implantable
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neural electrodes, forming a stable insulating layer is essential
to minimize electrical noise from surrounding tissues and sup-
press foreign body reactions (FBR).

In this study, we present a single-step patterning method
for biocompatible neural electrodes based on laser-induced
graphene (LIG), enabling the rapid production of Electroen-
cephalography (EEG), Electrocorticography (ECoG), and im-
plantable probes suitable for in vivo electrophysiology. This
streamlined approach utilizes only a CO, laser and a spray-coated
biocompatible lubricant, eliminating the need for cleanroom pro-
cesses or complex lithography (Table S1, Supporting Informa-
tion). Through direct laser irradiation, we pattern the entire elec-
trode circuit—including recording sites, signal lines, and con-
nector pads—into a graphene architecture on the polyimide sub-
strate. We then apply a spray-coated lubricant to serve as a bio-
compatible insulating layer without the need for additional equip-
ment or processing steps. A second, selective laser irradiation
step removes the lubricant over the electrode regions, enabling
controlled exposure of the recording sites. This fully laser-based,
mask-free approach eliminates the need for conventional pro-
cesses such as metal deposition, lift-off, and etching. The entire
fabrication can be completed in just a few hours, allowing for
the rapid development of custom electrode designs with varying
geometries and channel configurations, tailored to specific ex-
perimental needs. The fabricated electrodes are validated in vivo
through EEG, ECoG, and neural spike signal recordings in anes-
thetized mice. The electrodes also demonstrated cytocompatibil-
ity suitable for biological applications. The results confirm robust
and stable signal acquisition across all electrode types, highlight-
ing the potential of this approach for practical deployment in neu-
roscience research, clinical diagnostics, and future BCI systems.

2. Results

2.1. Fabrication of LIG-Based Neural Electrodes

Figure 1a,b illustrates the complete fabrication workflow for LIG-
based neural electrodes using a single CO, laser system. As
shown in Figure 1a, this approach enables the simultaneous pro-
duction of three distinct types of neural electrodes—EEG, ECoG,
and implantable neural probes—on a single polyimide (PI) sub-
strate. This is achieved using only laser patterning and a biocom-
patible spray-coated lubricant, offering a streamlined and cost-
effective alternative to conventional fabrication techniques. Espe-
cially, the method of spray-coating is suitable for high-resolution
neural electrodes compared to other coating methods—stencil or
screen printing—because of its precise alignment and conformal
coating on 3D structure. By using a single-step patterning sys-
tem for both electrode fabrication and insulation removal, sub-
micron alignment was achieved without complex alignment pro-
cedures required for physical stencils. Also, a spray-coated layer
provides a highly uniform and conformal encapsulation over the
3D topography of the LIG electrode.

Figure 1b details the six-step process: 1) A 50 um-thick PI film
is mounted onto a microscope glass slide (52 mm X 76 mm) us-
ing water-soluble double-sided tape. 2) Signal lines and connector
pads are patterned via CO, laser irradiation. 3) A biocompatible
lubricant is spray-coated to form the insulating layer, followed by
thermal curing at 190 °C for 2 h. 4) Electrode sites are selectively
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Figure 1. Schematic and fabrication process of LIG-based neural electrodes. a) Overview of the single-step laser fabrication process for producing LIG-
based EEG, ECoG, and neural probe electrodes on a Pl substrate. b) Step-by-step schematic of the fabrication process: 1) attachment of Pl film using
water-soluble tape, 2) laser patterning of signal lines and electrode pads, 3) spray coating of a biocompatible lubricant for insulation, 4) electrode re-
opening via laser re-irradiation, 5) outline cutting, and 6) lift-off of the completed electrode. c) Photograph of the fabricated LIG-based neural electrodes,
showing integration of all three electrode types on a single substrate. d) Magnified image of the electrode area, highlighting the fine laser-patterned
signal lines and connector regions.
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exposed by re-irradiating the laser with a multi-pass ablation pro-
cess (two horizontal and two vertical sweeps) to completely re-
move the insulating layer from designated regions and reveal the
underlying LIG surface. 5) The electrode outline is laser-cut to
release the structure from the substrate. 6) The entire assembly
is immersed in water for 1 h, dissolving the tape and yielding
a freestanding, ready-to-use electrode. The use of water-soluble
tape prevents thermal distortion of the PI film during laser expo-
sure and enables clean, solvent-free lift-off (Movie S1 and Figure
S1, Supporting Information).

This laser-based process offers a dramatic improvement over
Micro-electromechanical system (MEMS)-based semiconductor
fabrication, reducing total processing time to under 5 h and cut-
ting production costs to as low as $0.04-$0.30 per device (Table
S2 and Figure S2, Supporting Information). With fixed laser
power and focus, only the scan speed needs to be adjusted, en-
suring high reproducibility and scalability for various electrode
configurations in a single fabrication run.

Fine patterning of signal lines is essential for high-density,
multi-channel electrodes. To assess patterning resolution, scan
speeds of 1, 5, 10, 20, 25, and 40 mm s~! were tested. As
scan speed increased, effective laser energy delivered to the sub-
strate decreased, resulting in narrower line widths below 100 um
(Figure S3, Supporting Information). This exponential reduction
in line width with scan speed provides precise control over elec-
trode geometry and channel density (Figure S4, Supporting In-
formation).

Using this versatile approach, we successfully fabricated func-
tional EEG, ECoG, and neural probe devices (Figure 1c), each
comprising signal lines, connector pads, and exposed electrode
sites (Figure 1d).

2.2. Structural and Electrical Characteristics of the LIG Pattern

Figure 2a illustrates the structural configuration of the LIG-based
neural electrode. The device consists of graphene-patterned sig-
nal lines and electrode sites formed on a PI substrate via laser
irradiation. A biocompatible lubricant is applied to serve as an
insulating layer. Electrode diameters were defined based on ap-
plication: 1000 um for EEG, 500 um for ECoG, and 100 um for
neural probes.

As shown in the scanning electron microscopy (SEM) images
in Figure 2b, both the signal lines and electrode sites were pat-
terned precisely using a single laser process. High-magnification
SEM images revealed a porous graphene network at the elec-
trode sites. This porous morphology increases the effective sur-
face area and enhances electrical conductivity, facilitating low-
impedance neural signal acquisition. Figure 2c shows the sur-
face appearance of the electrodes at different fabrication stages.
The as-fabricated LIG appears dark due to carbonization. After
coating with the biocompatible lubricant, the electrodes are cov-
ered by a white insulating film, clearly observable in both vi-
sual and SEM inspections. The primary role of the lubricant is
to insulate the signal lines. As demonstrated in Figure S5 (Sup-
porting Information), the coating is uniformly applied across the
patterned structures. Elemental dispersive spectroscopy (EDS)
analysis confirmed the presence of a Fluorine (F) signal from
fluoropolymer-based lubricant coating graphene, verifying the
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formation of the insulating layer (Figures S6-S8, Supporting
Information).

Upon laser re-irradiation to expose the electrodes, the insulat-
ing layer is completely removed, revealing the underlying LIG
surface. Exposed electrode by lubricant removal led to applying
post-black Pt deposition to further enhance the conductivity and
sensitivity of the exposed LIG electrodes (Figure 2d; Figure S9,
Supporting Information).

Raman spectroscopy was used to characterize the structural
properties of the LIG patterns (Figure 2e). While the bare PI
substrate showed minimal Raman signal, the LIG electrodes
displayed prominent D (1350 cm™!), G (1580 cm™!), and 2D
(2690 cm™!) bands. The intensity ratio of the D to G bands
(Ip/Ig) is a key indicator of structural defects and conductivity in
graphene.*}] The pristine LIG exhibited an I,/1 ratio of 0.397,
indicating low defect density and high crystallinity. After the elec-
trode opening process, this ratio increased to 0.984, along with a
more prominent 2D peak, suggesting increased porosity and im-
proved charge storage capacity. These findings support the use
of pristine LIG for signal lines and connector pads, while open
LIG is better suited for high-sensitivity neural signal recording
(Figure S10, Supporting Information).

Electrochemical performance was evaluated using electro-
chemical impedance spectroscopy (EIS) and cyclic voltammetry
(CV), as shown in Figure 2f,g. For a 4 mm-diameter electrode,
the pristine LIG exhibited an impedance of 3.14 + 0.07 MQ at
1 kHz. Upon applying the insulating layer, impedance increased
more than tenfold to 35.1 + 0.45 MQ, confirming effective electri-
cal isolation. After selective re-exposure of the electrode via laser,
impedance dropped to 4.95 + 0.01 MQ, demonstrating restora-
tion of electrical access (Figure 2f). Also, the sheet resistance was
measured to characterize the electrical properties of the LIG elec-
trode and the black Pt-coated electrode. The sheet resistance of
the as-fabricated LIG electrode was measured to be 1.65 + 0.15
kQ sq7'. After the black Pt electroplating, the sheet resistance
significantly decreased to 0.93 + 0.08 kQ sq~'. This reduction in-
dicates that the highly conductive network was created onto the
surface of the LIG electrode, contributing to the low electrical
impedance of the electrode for various types of neural electrodes
(Figure S11, Supporting Information). CV measurements under
different scan rates further verified that the current density was
significantly reduced after insulation and restored following elec-
trode opening, confirming the preservation of electrochemical
functionality (Figure 2g; Figure S12, Supporting Information).

Additionally, LIG-based electrodes are mechanically fragile un-
der external stress, which can compromise signal stability.3%3!]
To address this, we utilized the lubricant-based insulating layer
to reinforce mechanical stability (Figure 2h,i). This was validated
using both finite element analysis (FEA) and bending resistance
tests.

FEA simulations indicated that stress in pristine LIG struc-
tures tends to concentrate at junctions between signal lines and
electrodes. The presence of the lubricant significantly reduced
strain in these critical regions (Figure 2h). To experimentally
verify this, serpentine LIG patterns were fabricated and sub-
jected to repeated bending under varying radii of curvature (0.01—
0.1 mm™!). Resistance measurements showed that pristine LIG
structures exhibited up to an 843% increase in resistance due to
mechanical failure, whereas lubricant-coated structures showed
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Figure 2. Structural and electrical characterization of the LIG pattern. a) Schematic of the LIG-based neural electrode structure, consisting of laser-
patterned graphene signal lines and electrodes insulated with a spray-coated biocompatible lubricant. b) SEM images showing (top) the overall electrode
and signal line structure, and (bottom) the porous graphene network at the electrode site. c) Optical and SEM images of the electrode surface at various
fabrication stages: pristine LIG (left), lubricant-coated (middle), and laser-reopened electrode (right). d) SEM image of the electrode surface after black
Pt electroplating. €) Raman spectra confirming the formation of graphene in the LIG electrode. Compared to the Pl substrate, the laser-reopened LIG
shows characteristic D (1350 cm™"), G (~1580 cm™'), and 2D (~2690 cm~') bands. f) Electrochemical impedance spectroscopy (EIS) of pristine,
insulated, and laser-reopened LIG electrodes from 10° to 1 Hz. g) Cyclic voltammetry (CV) curves demonstrating changes in electrochemical activity
before and after insulation and electrode reopening. h) Finite element analysis (FEA) simulation of mechanical stress in neural probes under bending,
comparing uncoated and lubricant-coated structures. i) Relative resistance change of serpentine LIG electrodes under various bending curvatures,
comparing pristine and lubricant-coated patterns. The data of EIS and relative resistance were presented as the mean + standard deviation (SD); n =3,
where n is the number of samples.
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Figure 3. Electrical performance and mechanical durability of LIG-based neural electrodes. a) Schematic of the LIG-based neural probe. b) Impedance
measurements (at 1kHz) at key fabrication stages: pristine LIG, post-insulation, post-laser reopening, and after black Pt coating. The data were compared
using a two-tailed unpaired student t-test: t(14) = 16.86, p < 0.0001 (pristine LIG vs post-insulation); n = 8, t(14) = 10.85, p < 0.0001 (post-insulation
vs post-laser reopening); n = 8, t(14) = 25.66, p < 0.0001 (post-laser reopening vs black Pt coating); n = 8, where n is the number of neural probes. The
data were presented as the mean + standard deviation (SD). “*p < 0.0001. c) Impedance values recorded after 1, 10, and 100 repeated insertions of the
neural probe into a 0.9% agarose brain phantom, confirming mechanical durability. d) Quantitative comparison of impedance increases across insertion
cycles, showing minimal variation even after 100 insertions. The data were presented as the mean + standard deviation (SD) with n =5, where n is the
number of neural probes after black Pt coating. e) Optical microscope images of the electrode before and after 100 insertions, confirming structural
integrity with no delamination or breakage.

only ~82% variation, confirming enhanced mechanical robust- ~ S16, Supporting Information). Considering the frequency range
ness (Figure 2i; Figures S13 and S14, Supporting Information). of the signals being observed, impedance measurements were
In summary, we demonstrated that: conducted at 1 kHz for neural probes and 10 Hz for EEG and
ECoG electrodes.**]
1) Laser-patterned LIG exhibits a porous, conductive structure Figure 3D illustrates the impedance changes across each fab-
suitable for use in signal lines and electrode sites. rication step for neural probe electrode sites. The pristine LIG
2) The spray-coated biocompatible lubricant forms an effective,  electrode exhibited an impedance of 4.21 + 0.11 MQ at 1 kHz.
selectively removable insulating layer. Upon application of the insulating layer, impedance increased
3) This insulating layer enhances both electrical isolation and  substantially to 179.58 + 27.52 MQ—approximately a 42-fold rise.
mechanical durability. Subsequent laser-assisted opening of the electrode site led to a
reduction in impedance to 5.34 + 0.49 MQ, representing a high
recovery of #79% of the pristine LIG impedance. Finally, electro-
chemical deposition of black Pt onto the opened electrode further
reduced impedance to 1.00 + 0.11 MQ—an »~179-fold reduction
relative to the coated state—achieving levels well-suited for neu-
ral signal acquisition (Figure 3b).l*]

These findings validate the proposed laser-based LIG fabrica-
tion platform as a simple, scalable, and robust strategy for neu-
ral interface development using a single material and fabrication
tool.

2.3. Characteristics of the LIG-Based Neural Electrode

To assess the performance of the fabricated LIG-based neu-
ral electrodes, we evaluated their electrical properties, including
electrode and signal line impedance, and the influence of the in-
sulating layer under in vitro conditions (Figure 3; Figures S15 and

Small Methods 2025, 9, e01384

A comparable trend was observed for the EEG and ECoG
electrodes. The initial impedance values for pristine LIG elec-
trodes were 6.32 + 0.95 MQ for EEG and 7.58 + 2.15 MQ for
ECoG at 10 Hz. After completing all processing steps, the final
impedance values decreased to 563 + 60 kQ (EEG) and 750 +
74 kQ (ECoG), as shown in Figures S15 and S16 (Supporting
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Information). These results confirm that the fabricated electrode
sites exhibit sufficiently low impedance for effective neural signal
detection. Additionally, the low standard deviations among sam-
ples indicate excellent process uniformity, supporting the scala-
bility of this fabrication approach for large-scale production with
high yield.

For neural probes, structural and electrical reliability under
repeated insertion is critical. To evaluate mechanical durability,
we conducted cyclic insertion and retraction tests using a 0.9%
agarose gel brain phantom over 1, 10, and 100 cycles. After the
first insertion, the electrode impedance was 962 + 41 kQ. Fol-
lowing 100 insertion cycles, impedance increased only slightly
to 1.169 + 0.04 MQ, indicating negligible performance degrada-
tion and confirming robust durability (Figure 3c,d). Optical mi-
croscopy further revealed no visible structural damage, such as
delamination of the electrode site or breakage of the signal lines,
even after repeated mechanical loading (Figure 3e).

In summary, the fabricated LIG-based neural electrodes
demonstrated both electrical stability and mechanical resilience
during repeated use, establishing their reliability and reusability
as a neural interface platform.

2.4. Cytocompatibility Assessment of LIG-Based Neural
Electrodes

To evaluate the biocompatibility of the fabricated neural elec-
trodes prior to in vivo application, cytotoxicity was assessed using
the MTT assay with HepG2 cells. Two experimental conditions
were tested: electrodes patterned with laser-induced graphene
(LIG) alone, and electrodes coated with a biocompatible spray-
type lubricant while maintaining the electrode sites exposed for
signal transmission.

The results showed that cell viability remained above the com-
monly accepted 70% cytotoxicity threshold in both groups, in-
dicating acceptable cytocompatibility, in accordance with ISO
10993-5 guidelines!***”! (Figure S17, Supporting Information).
Specifically, LIG-only samples exhibited a viability of 73.3 +
10.6%, while samples with additional lubricant coating demon-
strated improved viability of 90.7 + 14.1%. This enhancement
suggests that the insulating lubricant layer may help reduce the
release of potentially reactive species into the culture medium,
thereby improving the cytocompatibility of the device.

These findings confirm that the laser-based fabrication process
and the materials used do not exert significant cytotoxic effects,
supporting the suitability of the electrodes for neural interfacing.
Moreover, the simplicity of the process—requiring no wet chem-
istry or harsh reagents—offers an inherently benign fabrication
approach compatible with biological applications.

2.5. In Vivo Validation of LIG-Based Neural Electrodes

To assess the preclinical performance of the LIG-based neural
electrodes, in vivo experiments were conducted using each elec-
trode type (Figure S18, Supporting Information). Figure 4 shows
EEG signals recorded from a mouse using an 8-channel LIG-
based EEG array before and after anesthesia, demonstrating both
the device’s in vivo functionality and its ability to capture physio-
logical brain signals (Figure S19, Supporting Information). The
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EEG electrodes were positioned on the surface of the skull, with
each channel targeting a distinct brain region for real-time mon-
itoring (Figure 4a).

As illustrated in Figure 4b, low-frequency rhythms and inter-
mittent spikes were observed during anesthesia, indicating sus-
tained brain activity. Immediately after euthanasia, these phys-
iological signals rapidly diminished, leaving only background
noise. Frequency-domain analysis confirmed that low-frequency
spectral power was present during anesthesia but was absent
post-euthanasia (Figure 4c,d). Quantitative comparisons of EEG
signals before and after euthanasia revealed substantial reduc-
tions in peak-to-peak amplitude and power across all major fre-
quency bands: delta (§; 1-4 Hz), theta (6; 4-8 Hz), alpha («; 8-13
Hz), beta (f; 13-30 Hz), and gamma (y; 30-50 Hz) (Figure 4e—j).

For ECoG recordings, the electrodes were configured in an
8-channel array and placed directly on the cortical surface to
assess neural activity before and after euthanasia (Figure 5a;
Figure S20, Supporting Information). Similar to EEG results, ro-
bust signals were detected during anesthesia, while signal am-
plitudes decreased markedly across all channels after euthanasia
(Figure 5b). Frequency-domain analysis revealed statistically sig-
nificant power reductions across most frequency bands, verifying
the LIG-based ECoG electrodes’ capacity to detect in vivo neural
signals (Figure 5c—j). Although both EEG and ECoG signals ex-
hibited similar attenuation trends, EEG signals had consistently
weaker peak-to-peak amplitude (161 + 1.11 mV) and signal-to-
noise ratio (SNR) (23.03 + 0.11 dB), compared to 600 + 5.76 mV
and 23.03 + 0.11 dB, respectively, in ECoG due to signal atten-
uation by the skull. These observations validate that LIG elec-
trodes can function effectively in both EEG and ECoG configu-
rations, depending on anatomical placement and application re-
quirements (Figure S21, Supporting Information).

To further demonstrate the system’s ability to capture neu-
ral spikes at the cell level, in vivo spike recordings were per-
formed using an LIG-based neural probe. The probe, equipped
with an LIG electrode site, was carefully inserted into the CAl
region of the hippocampus with minimal tissue disruption to
ensure accurate targeting (Figure 6a; Figure S22, Supporting In-
formation). Upon stable placement, various spike signals with
distinct waveforms and amplitudes were reliably recorded, indi-
cating a high signal-to-noise ratio (Figure 6b). Clear spike wave-
forms were observed in the time domain, and spike clustering
analysis enabled the classification of signals from multiple indi-
vidual neurons (Figure 6¢). Additionally, we conducted a perfor-
mance comparison with a silicon (Si)-based neural probe. The
Si-based neural probe was fabricated as described in a previ-
ous study!®®! and coated with black Pt under the same condi-
tions as the LIG probe, then inserted into the identical CA1 brain
region (Figure S23, Supporting Information). The comparative
recordings demonstrated that the black Pt-coated LIG-based neu-
ral probe exhibited performance comparable to that of the Si-
based probe (Figure 6d,e; Figure S24, Supporting Information).

Collectively, these results confirm that LIG-based neural elec-
trodes provide a versatile, high-resolution platform for record-
ing neural activity across different anatomical levels—from skull-
surface EEG and cortical-surface ECoG to deep-brain spiking ac-
tivity. The system supports customizable geometries and elec-
trode configurations, enabling adaptation to specific experimen-
tal or clinical requirements. This flexible technology holds strong
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Figure 4. In vivo EEG recording using LIG-based neural electrodes. a) Schematic of the EEG recording setup with the LIG-based electrode array attached
to the skull of an anesthetized mouse. b) Representative EEG signals recorded before (under anesthesia) and after euthanasia, showing the pres-
ence of low-frequency activity that disappears postmortem. ¢, d) Spectrogram analyses of EEG signals during anesthesia (c) and after euthanasia (d).
e—j) Comparisons of peak-to-peak amplitude and power spectral density across frequency bands (8, 6, a, f, and y), illustrating significant reductions
following euthanasia. The data were analyzed using a two-tailed unpaired student t-test: £(6) = 155.9, p < 0.0001 (peak-to-peak amplitude) t(6) = 143.1,
p < 0.0001 (6 frequency), t(6) = 110.7, p < 0.0001 (6 frequency), t(6) = 265.6, p < 0.0001 (a frequency), t(6) = 85.59, p < 0.0001 ( frequency), t(6)

=26.72, p < 0.0001 (y frequency); n = 4, where n is the number of electrodes that recorded signals. The data were presented as the mean + standard

potential for a wide range of applications, including diagnostics
and therapeutic monitoring in neurological disorders.

3. Discussion

This study demonstrates that customizable LIG-based neural
electrodes can be rapidly and efficiently fabricated using a single-
step laser patterning process that relies on a single substrate and
a single piece of patterning equipment. Leveraging the high elec-
trical conductivity of LIG, implantable LIG electrodes were pro-
duced within 5 h without the need for photolithography or clean-
room facilities. Additionally, the use of a spray-coated biocom-
patible lubricant as an insulating layer not only provided effec-
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tive electrical isolation between electrode sites and signal lines
but also enhanced the mechanical robustness of the device. This
insulating layer also improved the biocompatibility of the elec-
trodes, as confirmed by MTT assays. As a result, the electrodes
maintained stable impedance, reliable signal acquisition, and
favorable biological compatibility, even under dynamic in vivo
conditions.

The in vivo experiments confirmed that both EEG and ECoG
electrodes were capable of capturing physiological brain sig-
nals across the full frequency spectrum. Moreover, the neu-
ral probe successfully detected spike signals, validating the
LIG-based neural interface’s capability to perform high-fidelity
electrophysiological recordings at multiple anatomical levels,
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Figure 5. In vivo ECoG recording using LIG-based neural electrodes. a) Schematic of the ECoG recording setup, showing the LIG-based electrode
array placed directly on the cortical surface following craniotomy. b) Representative ECoG signals from anesthetized and euthanized mice, indicating
clear cortical activity during anesthesia and signal attenuation post-euthanasia. ¢, d) Spectrograms of ECoG signals during anesthesia (c) and after
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(SD). **p < 0.0001.

including the skull surface, cortical surface, and deep brain
regions.

One notable limitation of the current approach is the use of a
CO, laser, which has a spot size of %100 um. This restricts the fab-
rication of highly dense electrode arrays and narrow signal lines
at sub-100 pm resolutions. However, recent advancements in UV
laser technologies have enabled the creation of higher-resolution
LIG patterns, offering a promising route to fabricate high-density
neural electrode arrays in future iterations.[*"]

The estimated cost per electrode using this fabrication strat-
egy is #$0.04-0.30, underscoring its potential for low-cost, large-
area BClIs, neural disorder monitoring platforms, and affordable
neural probes for animal studies. Looking forward, integration
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with multi-channel wireless systems and electrical stimulation
components could enable the development of next-generation,
personalized closed-loop neuromodulation devices with strong
translational potential.

4. Experimental Section

Preparation of LIG Patterns: LIG-based neural electrodes were fabri-
cated by irradiating 50 um-thick PI films using a CO, laser system (wave-
length: 10.6 um; beam diameter: 100 um; maximum power: 40 W; model:
ML-3040, Korea). The laser power was optimized to ~4.7 W, with differ-
ent scan rates applied to individual functional regions for precise pat-
terning. Specifically, scan rates were set to 50 mm s~ for electrode
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Figure 6. In vivo spike recording using a LIG-based neural probe. a) Schematic illustrating insertion of the LIG-based neural probe into the mouse brain
for single-unit recordings. b) Representative raw spike traces acquired from the LIG-based neural probe. ¢, d) Time-domain plots of spike waveforms
extracted from individual neurons using the LIG-based and Si-based neural probes. e) Comparison of the number of electrodes that recorded neural
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regions, 80 mm s~ for signal traces, 75 mm s~ for connector pads, and
45 mm s~ for the device outline.

Fabrication of LIG-Based Neural Electrodes: Three types of neural
electrodes—EEG, ECoG, and penetrating neural probes—were designed
using AutoCAD and patterned via CorelLASER software. The 50 um-thick
Pl film was fixed onto a 52 mm x 76 mm glass slide using water-soluble
double-sided tape. Sequential CO, laser processing was then used to de-
fine 1) signal lines, 2) connector pads, 3) electrode sites, and 4) the outer
device boundary.

Small Methods 2025, 9, e01384
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To electrically insulate the conductive regions and improve mechani-
cal stability, a biocompatible lubricant (LYNK Solution, LYNK SOLUTEC,
Korea) was spray-coated over the entire patterned surface. The substrate
was thermally cured in an oven at 190 °C to solidify the insulating layer.
After curing, selective laser re-irradiation was performed to remove the in-
sulating layer from the electrode sites, thereby re-exposing them for signal
transduction.

To enhance the sensitivity of neural signal acquisition, black Pt
was electroplated onto the exposed LIG electrode sites. The plating
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solution was prepared by dissolving 8% (w/v) hexachloroplatinic acid hy-
drate (H,PtClg), 0.025% (w/v) lead(ll) acetate, and 35% hydrochloric acid
in deionized water.38] The LIG electrodes acted as the working electrode
(WE) and were immersed in the plating bath. A constant potential of
200 mV was applied for 120 s versus a Pt wire counter electrode (CE) and
an Ag/AgCl reference electrode (RE), using a NanoZ system (White Matter
LLC, USA).

Fabricated neural electrodes were connected to a printed circuit board
(PCB) to acquire a neural signal. A 0.3 mm-thick tape was adhered to the
backside of the Pl substrate, specifically at the contact pad area, to enhance
local stiffness, to distribute contact pressure, and to improve handling.

Characterization of the LIG Pattern—Morphological Characterization:
The surface morphology of the LIG patterns and electrode structures was
analyzed using an optical microscope (Nikon, Japan) and a field-emission
scanning electron microscope (FE-SEM, SU-8230, Hitachi), operated at an
accelerating voltage of 10 kV with a working distance of 8 mm.

Characterization of the LIG Pattern—Structural Characterization: Ele-
mental composition and spatial distribution were assessed via EDS using
an X-max80 EDS detector (Oxford Instruments) integrated with the FE-
SEM. Both pristine and insulating layer-coated LIG electrodes were eval-
uated. Raman spectroscopy (inVia Reflex, Renishaw) was used to confirm
graphene formation, employing a 532 nm excitation laser and scanning
the spectral range of 1000-4000 cm~".

Characterization of the LIG Pattern—Electrical Characterization: The
electrical properties of the LIG electrodes were assessed at three fabri-
cation stages: i) pristine, ii) after insulation coating, and iii) after laser
re-opening. EIS and CV were conducted using a PalmSens4 potentiostat
(PalmSens). For EIS, 4 mm-diameter LIG samples were used as the work-
ing electrode, with a Pt wire as the counter electrode and an Ag/AgCl refer-
ence electrode. Measurements were performed in 1x phosphate-buffered
saline (PBS) across a frequency range of 10°~1 Hz with an excitation volt-
age of 100 mV. CV tests were performed in the same electrolyte from
—1.0 to +1.0 V versus Ag/AgCl, at scan rates of 1000, 500, 100, 50, and
10mv s

Characterization of the LIG Pattern—Mechanical Durability (Bending Re-
sistance):  The mechanical durability of the LIG electrodes under bending
stress was evaluated by measuring resistance changes at varying radii of
curvature (1/r). Controlled bending was applied using custom 3D-printed
fixtures with defined radii of 100, 75, 50, 25, and 10 mm.

Characterization of the LIG-Based Neural Electrodes—Bending Stress Sim-
ulation:  Finite element analysis (FEA) was conducted using COMSOL
Multiphysics to simulate the bending deformation of the neural probe. A
uniform pressure of 30 kPa was applied to both lubricant-coated and un-
coated versions of the 4-channel LIG-based neural probe to assess the me-
chanical protection offered by the insulating layer. The simulation focused
on evaluating the layer’s effectiveness in mitigating stress-induced defor-
mation and preventing delamination of the underlying graphene structure.

Characterization of the LIG-Based Neural Electrodes—Electrochemical
Impedance Analysis:  The electrochemical behavior of the LIG-based neu-
ral electrodes—EEG, ECoG, and neural probes—was characterized using
the NanoZ impedance analysis system (White Matter LLC, USA). EIS was
conducted for four distinct electrode conditions: pristine LIG, insulating
layer-coated LIG, laser-reopened LIG, and black Pt-coated LIG. In each
case, the LIG electrode functioned as the working electrode (WE), with an
Ag/AgCl electrode as the reference, in a 1x PBS electrolyte. For EEG and
ECoG electrodes, impedance was measured at 10 Hz to reflect their typical
operational frequency range. For neural probes, measurements were per-
formed at 1 kHz to match the frequency range relevant to high-resolution
spike recordings.

Characterization of the LIG-Based Neural Electrodes—Insertion Testing:
To evaluate the mechanical and electrical durability of the LIG-based neu-
ral probe, repeated insertion tests were performed using a brain tissue-
mimicking hydrogel composed of 0.9% agarose. The probe was inserted
and retracted through the gel across four cycle counts (n = 0, 1, 10,
and 100). After each set of insertions, impedance measurements were
recorded using the NanoZ system. Additionally, the electrode surface mor-
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phology was monitored before and after the tests via optical microscopy
to assess any physical damage or degradation due to repeated mechanical
stress.

MTT Assay for Cytotoxicity Evaluation: To evaluate the cytocompatibil-
ity of the fabricated electrodes, an MTT assay was conducted by KMED-
Hub Tech (Daegu, South Korea) using HepG2 cells. Two experimental con-
ditions were tested: 1) samples with only laser-induced graphene (LIG)
patterning, and 2) samples coated with a biocompatible lubricant for elec-
trical insulation, with the electrode sites selectively left open to reflect the
intended in vivo application. For each condition, the samples were im-
mersed in DMEM supplemented with 10% fetal bovine serum and incu-
bated at 37 °C for 3 days to allow material conditioning. The conditioned
media were then collected and applied to HepG2 cells cultured in 96-well
plates. After incubation for up to 2 days, cell viability was assessed us-
ing the MTT assay, and absorbance was measured at 450 nm using a mi-
croplate reader. All values were normalized to the control group treated
with unconditioned medium.

In Vivo Electrophysiological Experiments: ~All animal procedures were
approved by the Korea Brain Research Institute (KBRI; Daegu, Korea) and
conducted in accordance with institutional ethical guidelines set by the
KBRI Animal Care and Use Committee. Male C57BL/6 mice (10 weeks old,
~25 g) were used for all procedures. Mice were anesthetized with an in-
traperitoneal injection of 0.5% urethane (400 mg kg™' body weight) and
secured in an automated stereotaxic frame (71 000 Automated Stereo In-
strument, RWD Life Science, USA).

Following a midline scalp incision, the skull was exposed to facili-
tate electrode placement. Electrode positioning (EEG, ECoG, and neural
probe) was guided by stereotaxic coordinates derived from the Paxinos
and Franklin mouse brain atlas.[*] For EEG recordings, the LIG-based
electrode array was affixed directly to the intact skull using a biocompat-
ible adhesive. For ECoG and spike recordings, burr holes were carefully
drilled using a microdrill. The ECoG electrode was positioned beneath the
skull, in direct contact with the dura mater, while the neural probe was
stereotaxically inserted into a specific brain region. In all configurations, a
reference screw was implanted in the cerebellum to serve as the reference
electrode.

EEG and ECoG Signal Acquisition and Analysis: Neural signals were
recorded from anesthetized mice implanted with LIG-based EEG and
ECoG electrodes. For EEG, the electrode array was fixed onto the skull sur-
face using biocompatible adhesive, without any surgical removal of the
bone. For ECoG, a portion of the skull was removed using a microdrill to
expose the cortical surface, and the electrode was placed directly onto the
brain, without penetrating the dura.

All neural signals were acquired using the RHD2000 data acquisition
system (Intan Technologies, USA) via the RHX software interface. Record-
ings were sampled at 20 kS s™' per channel, digitized with a 16-bit analog-
to-digital converter (ADC), and band-pass filtered (0.1 Hz high-pass, 6 kHz
low-pass). Continuous recordings were maintained for at least 5 min while
animals remained under anesthesia.

Post-processing and signal analysis were performed in MATLAB (Math-
Works, USA). Frequency components were extracted using FFT-based
spectrogram analysis. Special attention was given to delta (1-4 Hz) and
theta (4-8 Hz) bands, which are dominant under anesthetic conditions.
Power spectral density (PSD) plots and spatial heatmaps were generated
to visualize neural signal power and regional activity distributions. SNR
was calculated as described previously:[2%41]

A
SNR (dB) = 20l0g107* )

n

where A, is the highest signal peak of the neural signal and A,, is the stan-
dard deviation (SD) of the background noise.

Preparation and Characterization of Si-based Neural Probe: To evaluate
the performance of the LIG-based neural probe, a comparison with a Si-
based neural probe was conducted. The Si-based probe was fabricated as
described previously!3] and consisted of eight electrode sites (19 X 19 um
each) with a probe thickness of 40 um and a width of 85 um. The fabricated
Si probe was mounted on a custom PCB, followed by wire bonding and

© 2025 The Author(s). Small Methods published by Wiley-VCH GmbH

85UB01 7 SUOWILLIOD AIIERID B|dedl dde 8y} Aq peueAob 812 Sao1Le YO 8SN JO SaINJ 10j AIqTaUIIUQ AB] 1M UO (SUOTPUDD-PUR-SWLBIAL0D" A3 1M ARe.d jBu [UO//SdIY) SUORIPUOD pue SWLB | 8y} 985 *[9202/90/T0] uo Akeiqiauliuo A8|im ‘O ainiisul singbuceAs nbeeq Ad v8ET0SZ0Z PILS/Z00T OT/I0pAL0D" A3 1M Afe.d jpul Juo//sdiy Wouy papeojumod ‘TT ‘GZ0Z ‘80969952


http://www.advancedsciencenews.com
http://www.small-methods.com

ADVANCED
SCIENCE NEWS

small

methods

www.advancedsciencenews.com

connector attachment to enable stable electrical interfacing. To enhance
signal recording performance, the electrode sites were electroplated with
black Pt. The impedance of the Si electrodes was measured as 1.54 + 0.3
MQ before coating, which was reduced to 38.3 + 22.5 kQ after black Pt de-
position. Both the plating and impedance measurements were performed
using the same protocols as applied for the LIG-based neural electrodes.

Spike Signal Recording and Analysis:  To record single-unit spike activity
from the hippocampus, the LIG-based neural probe and the Si-based neu-
ral probe were stereotaxically inserted into the CA1 region of anesthetized
mice. The insertion coordinates were based on the Paxinos and Franklin
mouse brain atlas: mediolateral (ML) = —1.5 mm, anteroposterior (AP) =
—1.5 mm, and dorsoventral (DV) = —2.0 mm. After exposing the skull and
dura, a burr hole was carefully drilled at the target site. The probe was then
slowly lowered into the brain using an automated stereotaxic instrument
to minimize tissue damage.

Neural activity was recorded using the RHD2000 data acquisition sys-
tem (Intan Technologies, USA) via the RHX software interface. Signals
were sampled at 20 kS s~! per channel, band-pass filtered using a 300 Hz
high-pass and 6 kHz low-pass filter, and digitized with a 16-bit ADC.
Continuous recordings were maintained for a minimum of 5 min under
anesthesia.

Spike analysis was conducted using a MATLAB-based spike sorting al-
gorithm, as previously described.[®8] Spike events were detected when
their amplitudes exceeded a threshold of twice the baseline noise level
(~30 pV). Extracted spike waveforms were visualized using raster plots,
and subsequent spike sorting and clustering confirmed the presence of
distinct, neuron-specific firing patterns. These results demonstrated that
the LIG-based neural probe was capable of reliably detecting single-unit
activity from deep brain structures with a high signal-to-noise ratio (SNR).

Statistical Analysis: All statistical analyses were performed using
GraphPad Prism 8 (GraphPad Software). No specific pre-processing steps,
such as transformation or normalization, were applied to the data. All
quantitative data are presented as the mean + standard deviation (SD).
The sample size (n) for each experiment, representing the number of in-
dependent samples, is indicated in the respective figure legends.

Student’s t-test was used to determine statistical significance between
two groups. A P value of less than 0.05 was considered statistically signifi-
cant. Significance levels are denoted in the figures as follows: ns, p > 0.05;

p < 0.001; " p < 0.0001.
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