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Hybrid graphene electrode for the diagnosis and
treatment of epilepsy in free-moving animal
models
Jeongsik Lim1, Sangwon Lee2,3, Jejung Kim1, Jeonghoon Hong4, Sooho Lim2,3, Kyungtae Kim2, Jeongwoo Kim4,
Sungchil Yang 5, Sunggu Yang2,3 and Jong-Hyun Ahn 1

Abstract
Various electrophysiological and imaging techniques have been studied for the diagnosis and treatment of epilepsy. In
particular, electrocorticography (ECoG) provides valuable information that can guide clinical treatment of patients with
epilepsy. Currently, it is necessary to define the clinical benefits of ECoG in free-moving animals for the treatment of
epilepsy. Here, we present the results of simultaneous recordings of multiple cortical sites and responsive
neurostimulations for epilepsy treatment carried out in free-moving rats. In this study, we developed a high-density,
flexible electrode array comprising graphene/Au/graphene that stably wraps onto the cortex surface of a living rat
brain, exhibiting a superior signal-to-noise ratio. The hybrid graphene multichannel electrode successfully detected
brain signals with high-throughput spatiotemporal resolution and substantially suppressed pilocarpine-induced
epileptic discharges and behavior. Simultaneous recording and neurostimulation in awake animals can lead to a
fundamental change in the treatment of medically intractable epilepsy.

Introduction
Epilepsy is a neurological disorder caused by aberrant

dynamism of neural networks, which often leads to
spontaneous and recurrent seizure activity1,2. Suppressive
therapies such as those involving medicines are available;
however, a comprehensive cure for the disease has not yet
been reported. In particular, the monitoring of epilepsy is
important for early remediation and prevention. As such,
timely monitoring and treatment of epilepsy can prevent
uncontrolled movements, memory loss, and casualties,
thereby decreasing morbidity. Therefore, novel neurologic
monitoring and diagnostic technologies need to be
developed.

Among the various methods for monitoring brain func-
tion in patients with epilepsy, electrocorticography (ECoG)
measurement is considered the most efficient. Needle-
shaped penetrating electrodes implanted deep into the
cerebral cortex have generally been used for the detection of
ECoG signals and electrotherapy3–5. However, these elec-
trodes can induce tissue damage and have limitations in the
mapping of functional areas and long-term implantation. As
an alternative, surface electrodes that are placed directly on
the surface of the cortex have been recently developed.
Flexible surface electrodes with significant spatiotemporal
resolution permit gap-free integration with the curvilinear
surface of the brain, offering a less invasive option for
diagnosis and treatment. As a representative demonstration,
Malliaras et al. developed a flexible PEDOT:PSS micro-
electrode array, which can perform very high-resolution
recordings of action potentials from the surface of the brain
cortex even without penetrating the brain tissue, as was
demonstrated in both rats and humans6,7. This high-density
configuration enabled unprecedented recordings of
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Fig. 1 Multichannel hybrid graphene electrode array to monitor brain activity and electrochemical characterization. a Photograph of the
32-channel hybrid graphene (Gr/Au/Gr) electrode array on an artificial model of the cortex. b Schematic illustration of device fabrication.
c Photograph of a device on the rat brain (left) and TEM image of the hybrid graphene-like thin film used in the electrode array (right).
d Electrochemical impedance spectroscopy (EIS) of the hybrid graphene electrode and Au (40 nm) electrode for a 1 × 1 cm2 area in PBS and the
equivalent circuit model fitted with the EIS measurement results. The hybrid graphene electrode shows lower impedance. e Cyclic voltammetry
results of both electrodes with a scan rate of 200 mV/s. f Long-term stability and g relative impedance with the cyclic electrical stimulation test of the
hybrid graphene electrode.
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electrical activity in rat brains, along with good bio-
compatibility and flexibility. The developed ECoG electro-
des were also able to record signals resembling epileptic
spikes in a high-fidelity manner. Rogers et al. successfully
fabricated even denser and more flexible surface electrode
arrays that could record action potentials in various cortical
areas8–11. However, these advances have thus far been
limited to demonstrating simultaneous monitoring and
treatment via electric stimulation through a free-moving
animal model.
Here, we aimed to demonstrate a highly conformal array

of hybrid graphene–Au electrodes to monitor brain
activity and relieve epilepsy via electrical stimulation
during in-place switching. These electrodes consist of
three layers of graphene/Au film/graphene, a material
termed “hybrid graphene,” which shows low impedance in
the frequency bands of brain activities and provides a
superior signal-to-noise ratio (SNR) compared with other
previous products reported in the literature. Such prop-
erties of the electrode array enable both clearer detection
of high-spatial resolution local field potentials (LFPs) from
the cortical surface and electrical stimulation for alle-
viating epileptic seizures. In addition, we developed an
awake, free-moving mouse model mimicking humans
experiencing epilepsy. Here, we showed that graphene-
based electrical stimulation using our newly fabricated
hybrid graphene multichannel electrodes efficiently con-
trols the behavioral signs of epileptic seizures.

Results
Design and characteristics of the hybrid graphene
electrode array
A 32-channel electrode array of graphene (~0.33 nm)/

Au (~6 nm)/graphene (~0.33 nm) hybrid structure with
ultrathin Au was designed on a flexible polyimide (PI)
substrate (~4.2 µm) using a sequence of processes,
including transferring the chemical vapor deposition
(CVD)-grown graphene to the PI substrate, sputtering Au,
and patterning the electrodes (Fig. 1a, b). Atomically thin
graphene, which has outstanding mechanical and elec-
trical properties and biocompatibility, forms a good
interface with desirable conformal contact with the cortex
surface12–15. Moreover, the ultrathin Au layer between
the two graphene layers effectively reduced the impedance
due to its high electrical conductivity. Au film with a
minimum thickness of 6 nm was used to facilitate the use
of a graphene electrode that forms a good interface and
conformal contact with the brain cortex. The hybrid
graphene electrode array, which is composed of
250 × 250 µm2 electrodes placed with a pitch of 1000 µm
and a total device thickness of ~6.2 µm, presented good
mechanical flexibility, low noise level, and high optical
transmittance. The electrode array was designed for real-
time brain signal measurements and electrical stimulation

for epilepsy treatment. In addition, the unique flexibility
and thru-holes of the hybrid graphene electrode enabled a
desirable uniform surface topography on the brain cortex
under severe deformations (Fig. 1c). The high transpar-
ency of the substrate and electrode also allows the visual
identification of blood vessels on the brain surface. The
transmission electron microscopy (TEM) image of the
hybrid graphene electrode shows a decently stacked
structure of the graphene/Au/graphene layers.
Low impedance can reduce electrical noise and enhance

electrical signals in the brain16,17. To compare the char-
acteristics of the hybrid graphene and Au electrodes
(thickness: ~40 nm), we measured the impedance of both
electrodes at different frequencies. The impedance of both
electrodes decreased as the frequency increased at low
frequencies and saturated at high frequencies. The hybrid
graphene electrode exhibited a lower impedance
(91.90Ω) than the Au electrode (839.57Ω at 100 Hz) (Fig.
1d). Because LFPs have frequencies in the range of
1–100 Hz, the low-impedance hybrid electrode in the
low-frequency range measures signals more accurately
than Au electrodes. In the optical transmission mea-
surements in the visible region, the hybrid graphene
electrode showed 70.4% transmittance, whereas the Au
electrode showed only 5% transmittance (Supplementary
Fig. 1). This high transmittance of the hybrid electrode
allows precise placement of the device at the desired
location of the brain surface as well as direct observation
of the blood vessels on the brain surface for neural
recording. Cyclic voltammetry (CV) measurements were
performed to investigate the charge-transfer capacity of
both electrodes. The hybrid graphene electrode had a
charge storage capacity of 1.65 mC∙cm−2, while the Au
electrode exhibited a low value of 0.906 mC∙cm−2 (Fig. 1e
and Supplementary Table 1). The high charge storage
capacity of the hybrid electrode indicates that it can
improve the efficiency of charge transfer in neural sti-
mulation18 compared with the Au electrode.
To confirm the long-term stability of the hybrid elec-

trodes, we measured the impedance in phosphate-
buffered saline (PBS) at physiological pH (7.4) after
31 days and observed a delicate change in the specific
frequency range of 15–25 Hz in which epileptic discharges
are generally detected (Supplementary Fig. 2). Further-
more, the hybrid electrodes exhibited a negligible degra-
dation of 6.69% after 31 days (Fig. 1f). The relative
impedance during repeated electrical stimulation
(>9 × 105) showed a small change of 4%, indicating that
the hybrid graphene can be stably operated even over
long-term use (Fig. 1g).

Interface properties of the hybrid graphene electrode
To understand the superior electrical conduction effi-

ciency of Au/graphene electrodes compared to Au
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electrodes, we investigated the effect of graphene on the
absorption energy of various absorbates using density
function theory calculations. To mimic the conditions of
the brain cerebrospinal fluid (CSF), we tested three
representative adsorbates, sodium (Na) and potassium (K)
atoms and water molecules (H2O), abundantly found in
the brain. The absorption energy is defined as the energy
alteration caused by the solubility of an adsorbate onto
the absorbent, indicating the degree of impure con-
tamination of the electrode surface. The absolute value of
the absorption energies of the Au surface was relatively
larger than that of the Au/graphene surface irrespective of
the type of adsorbate (Fig. 2). In other words, the pristine
Au surface is likely to be readily affected by various ions
or molecules present in the brain, leading to the sup-
pression of electrical conduction between the electrode
and the cortical surface. In contrast, the graphene sheet of
the Au/graphene electrodes seems to act as a protecting
layer to mitigate the deleterious effects.

In vivo experiments of the hybrid graphene electrode
array
We performed brain signal recording by placing both

the 32-channel hybrid graphene–Au array and Au elec-
trode array on the exposed area (6 × 6.2 mm2) of each
hemisphere to test the superiority of ECoG measurement
with the hybrid graphene electrode over the Au electrode
(Fig. 3a). Bicuculline (15 × 10−3 M), which induces ictal-
and interictal-like neural activities, was applied to the
cortical surface. The hybrid graphene–Au electrode
detected brain waves more accurately because of the low
noise effect (i.e., high SNR) compared with the Au elec-
trode (Fig. 3b). To clearly compare the noise level and
SNR of both electrodes, the interictal-like activities of
both electrodes were recorded (Fig. 3c). The measured
average root mean square values of the hybrid electrode
and the Au electrode were 10.19 ± 1.12 and
93.25 ± 18.56 μV, respectively, indicating that the hybrid

electrode exhibits a noise value 8–9 times lower than that
of the Au electrode. The average SNRs for the hybrid
electrode and Au electrode were 51.68 ± 4.45 and
5.66 ± 2.54, respectively. In addition, our hybrid electrode
showed an SNR superior to those of reported electrodes
such as Au19,20, Pt21, PEDOT:PSS6, and nanostructured
carbon22, except in a few types, including transistors and
capacitors (Fig. 3d and Supplementary Fig. 3). Upon the
application of bicuculline, ictal-like activity was observed
in most of the recorded cortical areas. Notably, the hybrid
graphene electrodes with high SNR allow high-resolution
ictal-like busting activities (Fig. 3e), yielding a reliable
recording of the beta wave, as highlighted in the power
spectrum analysis.
To monitor the neural activity at the cortical surface in

rats with status epilepticus (SE), we used hybrid
graphene–Au electrodes to record the multiscale brain
activity (Fig. 4a). After successive administration of pilo-
carpine, SE states were observed across the following
stages: normal state (stage 0), motionless staring and
orofacial automatism (stage 1), nodding (stage 2), forelimb
clonus (stage 3), rearing and falling (stage 4), and gen-
eralized seizures (stage 5) (Fig. 4b). The hybrid graphene
electrodes detected different neural response patterns of
high-resolution LFPs according to each stage of beha-
vioral change using Racine’s scale (Fig. 4c). This result
demonstrates the in situ measurement of neural activities
at the cortical surface using our hybrid graphene electrode
array, which allows concurrent observation of neural
activities and behavioral changes.
We investigated whether cortical surface stimulation

could reduce hyperexcitable firing and behavioral symp-
toms of chronic seizures in awake, free-moving animals.
Successive intraperitoneal administration of pilocarpine
induced hyperexcitable neural activities accompanied by
behavioral abnormalities. After recording, the recording
graphene electrodes were switched to a stimulating mode.
We delivered sinusoidal high-frequency stimulation

Fig. 2 The effect of graphene on the absorption energy of adsorbates. a–c Calculated absorption energies as a function of the distance from
the Au or Au/graphene surface to a Na, b K, and c H2O.
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(sHFS; 200 μA, 100 Hz, 1 h) through the same hybrid
electrodes. sHFS significantly suppressed the bursting
discharges as the wavelength and amplitude of the
0–60 Hz signals were reduced (Fig. 5a, Supplementary Fig.

4, and Supplementary Movie 1). The effects of sHFS on
generalized seizures were further analyzed using the
behavioral parameters of the Racine scale and electro-
physiological parameters of the number and amplitude of

Fig. 3 In vivo multichannel recording of neuronal activities in rats. a Photograph of the 32-ch Au electrode array and hybrid graphene electrode
array placed on the somatosensory system. b Neural activity under anesthesia. c Interictal-like activities recorded by both electrode types placed on
the same hemisphere. d Comparison of the signal-to-noise ratio (SNR) of the hybrid graphene electrodes with SNRs from electrodes in previous
studies. The hybrid electrode shows a higher SNR. e Ictal-like busting activity recorded by the hybrid graphene electrode after topical application of
bicuculline.
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spikes (Fig. 5b). Following sHFS, stages 4 and 5 were
effectively reduced to stages 2 and 3 (Fig. 5b, left). The
number of spikes was significantly reduced from
35.40 ± 4.13 to 1.40 ± 0.51 (t test, t= 8.170, p < 0.005).
The amplitude of spikes was reduced from 860.45 ± 3.52

(upward deflection) and −601.03 ± 3.93 (downward
deflection) to 202.59 ± 1.61 and −262.86 ± 1.92, respec-
tively (tup= 170.11, pup < 0.005; tdown= 77.378, pdown <
0.005). Theta (4–8 Hz) and alpha (8–13 Hz) rhythms have
been widely reported as brain oscillations associated with

Fig. 4 Recording of SE states in a free-moving rat using a hybrid graphene multichannel electrode. a Photograph (top) and topographical
design (bottom) of a hybrid graphene electrode. b Behavioral monitoring of SE stages according to Racine’s scale after successive injection of 10 mg/
kg of pilocarpine every 30 min (top), and a timeline of sequential experiments from hybrid graphene electrode implantation to induction of SE state
(bottom). c Representative electrocorticograms at each behavior state: normal state (stage 0), motionless staring and orofacial automatism (stage 1),
nodding (stage 2), forelimb clonus (stage 3), rearing and falling (stage 4), and generalized seizure (stage 5). The hybrid graphene electrode array
allows concurrent observation of neural activities and behavioral changes in awake, free-moving animals.
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the generation and propagation of epileptiform dis-
charges23. The increased alpha and theta oscillations
under epileptic seizures were significantly reduced after
sHFS from 40.44 ± 0.87 (alpha) and 30.59 ± 0.22 (theta) to
16.89 ± 0.12 and 19.27 ± 0.23, respectively (Fig. 5c;
talpha= 26.691, palpha < 0.005; ttheta= 35.138, ptheta <
0.005). These results showed that the hybrid
graphene–Au electrode successfully differentiates epilep-
tic discharges from normal brain signals, and delivery of
sHFS via the hybrid electrodes corrects the pilocarpine-
induced epileptiform discharges and abnormal behaviors
in awake, free-moving animals.
We examined whether 40 days of long-term implanta-

tion of hybrid graphene electronics in the cortex guar-
antees safety. To test biocompatibility, we performed

immunohistochemistry using two major cell types of the
brain: neurons and glia. No difference was observed in the
number of neurons between the implanted and control
hemispheres of the awake animals when NeuN, a neuro-
nal molecular marker, was used (Fig. 6a, t= 0.108,
p= 0.915, n= 12). Similarly, glial protein and GFAP
expression did not change after implantation (Fig. 6b,
t= 0.913, p= 0.370, n= 14). These results demonstrate
that our hybrid electrodes are biocompatible over the long
term.

Discussion
Conventional materials for the diagnosis and treatment

of central nervous system (CNS) disorders face a number
of limitations, which motivate the establishment of new

Fig. 5 Therapeutic effects of the hybrid graphene multichannel electrode on epileptic seizures. a Representative traces and spectrograms of
generalized seizures (red, before sHFS) and suppression of epileptiform activities (blue, after sHFS). b Histograms show that cortical sHFS (200 μA,
100 Hz, 1 h) reduced the behavioral severity and the number and amplitude of spikes in SE rats. c Fourier transformation prestimulation (red line) and
poststimulation (blue line). Theta and alpha wavelengths are significantly reduced after cortical sHFS. Data are expressed as the mean ± standard
error (SEM). ***p < 0.001.
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tools to surpass currently limited technologies in neuro-
diagnostics and neurotherapeutics24. To overcome the
existing drawbacks, such as spatiotemporal resolution,
clinical inadaptability, nonselective effects, and material
toxicity, neuroscientists have started exploring the diag-
nostic and therapeutic usage of nanomaterials in various
brain disorders, such as Parkinson’s disease (PD)25,26,
Alzheimer’s disease (AD)27–30, epilepsy31, gliom32,
stroke33, and hearing loss-induced tinnitus34. Nanoma-
terials with high conductivity and chemical compatibility
also need to possess high conductivity, biocompatibility,
and superior tunability of their properties by varying
crystallite size and shape. Silicon, gold, and graphene are
nanomaterials that fulfill these requirements and are
widely used in brain research 35–38. Silicon is electrically
conductive and easily modifiable into the nontoxic silicic
membrane. In addition, porous formation allows high
accessibility of drug loadings, being one of the materials
widely used in nanotechnology39. However, silicon is
impeded by low thermal stability and inferior irreversible
capacity40. Gold, another alternative nanomaterial, shows
high thermal stability and superior irreversible capacity,
demonstrating a promising outcome in nanotechnology
specific to neurodegenerative disease treatment37. Addi-
tionally, gold nanoparticles are easily conjugated with
designed drugs through a chemisorption process, enabling
gold nanoparticles to be used to recognize an AD toxic
protein, the β-amyloid aggregate, and release drugs at a
target site41. However, there are a few caveats for clinical
use. Gold remains toxic and unstable in the body when

applied for drug delivery 42,43. In these regards, graphene,
which is comparable to silicon and gold and can replace
them, has shown great promise for application in diag-
nostic and therapeutic methods44.
Neurostimulation has become an integral part of the

clinical diagnosis and treatment of neurological condi-
tions. Traditional neurostimulation methods, such as deep
brain stimulation, vagus nerve stimulation, responsive
neurostimulation (RNS), and repetitive transcranial mag-
netic stimulation, are clinically beneficial for repetitive
measurements. However, their therapeutic outcomes are
not conclusive because of poor spatiotemporal resolution
of recordings and nonspecific stimulation. Recent studies
with hybrid graphene materials are highly compatible with
several advanced biomedical systems, such as neuroima-
ging, neuroregeneration, optogenetics, and functional
neurosurgery33,45,46. There are encouraging results show-
ing that graphene electrodes can be successfully applied to
various brain disorders for diagnostic and therapeutic
purposes. In particular, hybrid graphene-based electrodes
exhibit long-term biocompatibility and mechanical flex-
ibility, thereby providing stable recordings from the con-
voluted surface of the mammalian brain. More
importantly, they allow large-scale real-time recording47,48.
Epilepsy is an intractable chronic disorder with char-

acteristic repeated convulsions that stem from abnormally
excessive activities of damaged brain areas, in particular
the temporal lobe of the cerebral cortex31,49,50. Epilepsy is
often accompanied by psychological symptoms such as
anxiety, depression, memory impairment, and suicidal

Fig. 6 Immunohistochemistry data for the biocompatibility of the hybrid graphene multichannel electrode. a No difference was observed in
the number of neurons (labeled with NeuN, a neuronal molecular marker) between implanted (gray) and control (white) hemispheres of awake
animals (scale bar= 100 μm). b No difference was observed in the number of glia (labeled with GFAP, a glia molecular marker) between implanted
(gray) and control (white) hemispheres of the awake animals (scale bar= 20 μm). The arrows indicate glia limitans, the index for brain inflammation.
Data are expressed as the mean ± SEM. n.s. not significant.
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thoughts51–54. Excessive excitation (E) surpassing inhibi-
tion (I) (i.e., imbalanced E/I ratio) in neural networks
leads to the loss of cognition and frequent involuntary
movement55–57. Recently, a graphene electrode array was
used to suppress epileptic seizures in a rodent model31.
The graphene multichannel electrode was placed into a
cortical area to detect epileptiform discharges and
sequentially apply electrical stimulations embedded in a
subset of the graphene multichannel array to eliminate
abnormal brain discharges31,58,59. The graphene electrode
array shows more promising therapeutic outcomes, such
as minimal physical damage, negligible immunoreactivity,
superior biocompatibility, high spatiotemporal resolution,
and superior electrical conductivity60,61.
Although previous studies have shown the therapeutic

effects of high-frequency stimulation on epileptiform
activity31, the neural mechanism underlying the suppres-
sion of epileptic discharge and behavior by cortical sti-
mulation remains unclear. The cortical surface has cross-
columnar interactions along the horizontal and columnar
axonal projections. In addition, the dendrites in the apical
tuft of the cortical pyramidal neurons have long horizontal
projections and integrate heterogeneous inputs over other
cortical areas62,63. Such axonal and dendritic network
complexity is likely involved in the generation and/or
propagation of epileptic discharges. The rhythmic pattern
of seizures can interfere with high-frequency stimulation,
presumably due to the depolarization block of action
potentials and desynchronization of brain waves, thereby
leading to synaptic inhibition across vertical and hor-
izontal connections in the cortex. In addition, neuromo-
dulatory afferents on the cortical surface can be part of the
neural mechanisms underlying the suppression of seizure
activity. Some neuromodulators mediate dramatic changes
in the amplitude and selectivity of cortical responses64. For
example, cortical activation of cholinergic and dopami-
nergic synapses alters the firing rates and patterns of cells
and can modulate cortical responses65–68. This neuromo-
dulatory innervation can induce synaptic plasticity in the
cortex68–72. Because neuromodulatory afferents may be
concentrated in the apical dendrites of the cortical surface,
our studies support the central role of neuromodulators in
the suppression of epileptic discharges and behaviors.

Experimental methods
Fabrication of the hybrid graphene multichannel electrode
array
A PI film with 2–4 μm thickness was formed on a glass

substrate using a liquid PI precursor (Sigma‒Aldrich). Cr/
Au (3 nm/40 nm) was deposited on the PI substrate pat-
terned using photolithography to create contact pads after
the etching process to form the thru-holes of the PI
substrate. After transferring monolayer graphene synthe-
sized via the CVD method into the electrode pattern, a 6-

nm-thick Au layer was deposited on the graphene layer.
Then, another monolayer of graphene was stacked on it
using a polymethyl methacrylate supporting layer. Sub-
sequently, oxygen plasma etching (40 sccm, 100W, 10 s)
was performed, and the electrode was immersed in the
electrode pattern for 1–2 s in the gold etching solution.
The oxygen plasma etching process was repeated. Finally,
a thin SU-8 (2 μm) layer was spin-coated and patterned
for encapsulation, covering almost all parts except the
electrode and FPC connection areas.

Electrochemical characterization
The electrode impedance and CV values were measured

using an electrochemical workstation (ZIVE SP1). Impe-
dance measurement involved a frequency sweep from
1Hz to 100 kHz with an Ag/AgCl reference electrode and
platinum wire counter electrode in 0.01M PBS solution,
and CV was performed three times between −1 V and 1 V
versus the Ag/AgCl reference electrode in PBS solution at
a scan rate of 200 mV s−1 A. The total charge transfer
capacity was calculated by integrating the time over the
entire CV curve.

In vivo animal surgery
All animal handling procedures were approved by the

Institutional Animal Care and Use Committee of Gbrain
Inc. (GB-IACUC-20R08001) and Incheon National Uni-
versity (INU-ANIM-2017-08). Sprague‒Dawley (SD) rats
acquired from Charles River Laboratories were housed
under standard laboratory conditions [22 °C, 55%, 12-h
light/dark cycle (light on: 6:00 h; light off: 18:00 h, ad
libitum)]. Eight-week-old rats were anesthetized with
ketamine (80 mg/kg) and xylazine (7 mg/kg) by intraper-
itoneal injection, or anesthesia was induced by placing the
rats in an anesthesia induction chamber (22 × 15 × 15 cm)
containing 3% isoflurane (Hana Pharm. Co., Ltd., Seoul,
Korea) with N2O and O2 for 10min. Subsequently,
anesthesia was maintained using 2% isoflurane inhalation,
and the animals’ body temperature (36.5 °C) and anes-
thesia state (respiratory rate, heart rate, corneal reflex, and
hind paw reflex) were continuously monitored through-
out the experiment. CSF was drained to reduce the
probability of cerebral edema. During this procedure, the
muscles were bluntly dissected over the occipital skull to
expose the cisterna magna above the axis at the top of the
spinal cord. The dura was slit, and CSF was drained using
soft cotton; then, the skull was opened (4 × 4mm) using a
surgical blade. Subsequently, the hybrid graphene elec-
trodes were implanted subdurally.

Induction of status epilepticus
To induce SE in rats, lithium chloride (127 mg/kg;

Sigma‒Aldrich, Saint-Louis, MO) was administered via
intraperitoneal injection. After 18–24 h, scopolamine
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methyl bromide was administered (1 mg/kg; Sigma‒
Aldrich). Pilocarpine, a muscarinic agonist (10 mg/kg;
Sigma‒Aldrich), was dissolved in saline and repeatedly
administered intraperitoneally every 30min to induce
continuous seizures, based on the Racine scale. Diazepam
(10mg/kg; Samjin Pharm. Co., Ltd., Hwasung, Korea) and
pentobarbital sodium (25 mg/kg; Hanlim Pharm. Co.,
Ltd., Seoul, Korea) were administered to the rats with SE
for 90min to reduce the level of hippocampal damage.

Brain recording and stimulation of awake animals
The brain activity of animals under normal and SE states

was monitored using the Intan RHS Stim/Recording System
(Intan Technologies, Los Angeles, CA, USA). The hybrid
graphene electrodes were connected to a flexible printed
circuit board, a hard printed circuit board (to produce a
headstage) customized for long-term implantation, and an
RHS interface board. Behavior and brain rhythms were
simultaneously monitored in real time. Neural activity was
analyzed using MATLAB (R2020b, MathWorks, Natick,
MA, USA). Cortical stimulation (200 μA, 100Hz, 1 h) was
delivered through a hybrid graphene electrode array con-
nected to the RHS interface board.

Tissue preparation and histology
Forty days after the implantation of a hybrid

graphene–Au array, the rats were perfused transcardially
with PBS, followed by 4% paraformaldehyde in PBS (T&I
Biotechnology, Seoul, Korea). Their brains were isolated
from the skull, postfixed in 4% paraformaldehyde for 24 h,
and then placed in a graded sucrose solution (15% and
30% in sequence; prepared in PBS) at 4 °C. The brain
samples were frozen at 80 °C before sectioning. Frozen
sections of 20-μm thickness were obtained using a cryo-
stat microtome (Leica CM1520, Leica Biosystems, Wet-
zlar, Germany). The tissue sections were dried at 60 °C for
2 h, washed with 0.3% Triton X-100 prepared in PBS
(PBST; Sigma‒Aldrich), and placed in a blocking solution
consisting of 3% normal goat serum (Jackson ImmunoR-
esearch Inc., West Grove, PA, USA) in PBST for 1 h. The
slices were incubated with the following primary antibody
solutions overnight at 4 °C: anti-glial fibrillary acidic
protein (anti-GFAP; 1:500, monoclonal mouse IgG1
conjugated to Cy3; Sigma‒Aldrich) for astrocyte staining
and anti-NeuN (1:500, polyclonal rabbit IgG; Invitrogen,
Carlsbad, CA) for neuron staining. Secondary antibodies
were diluted at a 1:500 ratio and included FITC-
conjugated goat anti-rabbit IgG (Abcam, Cambridge,
UK) for NeuN. The tissue sections were mounted with an
aqueous mounting medium containing 4‐6‐diaminido‐2‐
phenylindole (Vector Laboratories, Inc., Burlingame, CA,
USA). The final samples were visualized under an Axio-
plan2 imaging microscope (Zeiss, Oberkochen, Germany).
The fluorescence intensity measurement of GFAP and

counting of NeuN-positive cells were performed using
ImageJ software (http://rsb.info.nih.gov/ij/).

Statistical analysis
To determine the therapeutic effect of cortical stimula-

tion, all electrophysiological data obtained before and after
stimulation were compared using a paired Student’s t test.
Data analysis of the spectrogram and fast Fourier transform
was performed using MATLAB (R2020b, MathWorks). An
unpaired t test was used to compare the differences
between the implanted and control hemispheres and assess
the safety of hybrid graphene electrodes. All statistical
analyses and graph preparations were performed using
RStudio (version 1.3.1073; RStudio, Inc., Boston, MA, USA).
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