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Abstract

High spatiotemporal resolution brain electrical signals are critical for basic neuroscience research and high-precision focus
diagnostic localization, as the spatial scale of some pathologic signals is at the submillimeter or micrometer level. This entails
connecting hundreds or thousands of electrode wires on a limited surface. This study reported a class of flexible, ultrathin, high-
density electrocorticogram (ECoG) electrode arrays. The challenge of a large number of wiring arrangements was overcome
by a laminated structure design and processing technology improvement. The flexible, ultrathin, high-density ECoG electrode
array was conformably attached to the cortex for reliable, high spatial resolution electrophysiologic recordings. The minimum
spacing between electrodes was 15 um, comparable to the diameter of a single neuron. Eight hundred electrodes were prepared
with an electrode density of 4444 mm™2. In focal epilepsy surgery, the flexible, high-density, laminated ECoG electrode array
with 36 electrodes was applied to collect epileptic spike waves in rabbits, improving the positioning accuracy of epilepsy lesions
from the centimeter to the submillimeter level. The flexible, high-density, laminated ECoG electrode array has potential clinical
applications in intractable epilepsy and other neurologic diseases requiring high-precision electroencephalogram acquisition.
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Introduction

Research on brain—computer interface (BCI) systems in
recent decades for clinical treatment or communication of
patients with major diseases, such as epilepsy and severe
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paralysis, has increased significantly [1, 2]. BCI systems
detect epileptic spike waves to identify epileptogenic zones
[3, 4]. Epileptic spike waves are generated by the high-
frequency repetitive discharge of the epileptic focus cell
group related to the abnormal discharge of spatially highly
localized neurons [5]. The electrocorticogram (ECoG) is a
good source signal to balance surgical injury and signal
accuracy, especially for the clinical BCI system of epilep-
tic patients [6—10]. However, 40% to 50% of patients have
poor surgical outcomes, which is caused by an inaccurate
localization of the epileptic focus due to the electrode size
of standard ECoG electrodes being too large [5, 11-13].
In addition, a mechanical mismatch between ECoG elec-
trodes and tissues is likely to elicit an inflammatory tis-
sue response, leading to the proliferation of a glial cell
sheath, which hinders the acquisition of action potentials
[14].

In the past decade, flexible electronic technology has
made great progress [15-22]. Compared to traditional
equipment, devices based on flexible electronic technol-
ogy establish a stable interface with tissues due to the
advantages of an ultrathin, soft, lightweight, and deformable
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structure that will not cause discomfort or allergic reac-
tions [23-26]. ECoG electrodes based on flexible elec-
tronic technology can eliminate the mechanical mismatch
between the electrode and brain tissue properties [27],
thereby minimizing the risks of infection and inflamma-
tion [28]. Its shape adaptability enables the device to
adapt to the complex shape and irregular structure of the
brain’s superficial sulcus and gyrus, enabling good con-
tact and nonslip between the electrode and the cortex to
record high-quality cortical electroencephalograms (EEGs)
[29-31].

High spatiotemporal resolution brain electrical signals are
critical for basic neuroscience research and high-precision
focus diagnostic localization, as the spatial scale of some
pathologic signals is at the submillimeter or micrometer
level. Higher-density electrodes will enable collected brain
signals with more details, which is significant for under-
standing brain function mechanisms and clinical applications
[8, 32]. However, the high-resolution ECoG interface is dif-
ficult to develop due to the inability to connect hundreds
or thousands of wires in a narrow area [33-36]. The chal-
lenges of a large number of wiring arrangements and the
related manufacturing technology of high-density electrodes
are crucial for high-density brain electrode arrays [34, 35,
37]. Meanwhile, high-density electrodes generally have a
smaller contact area with tissues, leading to higher interface
impedance and lower signal quality [38—41]. Therefore, it
is still a challenge to design an ECoG array that meets the
requirements of high density, low impedance, and flexibil-
ity.

This study reported a class of flexible, high-density, lam-
inated ECoG electrode arrays that can effectively record
high-resolution ECoG. First, this study reported the manu-
facture of an ultrathin, high-density ECoG electrode array
with laminated structure to achieve high spatiotemporal
resolution electrical recordings from cortical regions. The
laminated structure design enabled the electrode leads to be
located in different spatial positions, overcoming the chal-
lenges of a large number of wiring arrangements. In the
preparation process, a tempering process was introduced to
eliminate the residual thermal stress inside the laminated film
structure and overcome the cracking problem of flexible,
high-density, laminated ECoG electrodes. In the advanced
application of focal epilepsy surgery, the flexible, ultrathin,
high-density ECoG electrode introduced in this study can
realize the submillimeter-level high-resolution positioning
of epileptic lesions and has potential clinical applications in
intractable epilepsy and other neurologic diseases requiring
high-precision EEG acquisition.

Results and discussion

To achieve high-resolution neuroelectric signal acquisition,
a flexible, ultrathin, high-density, laminated ECoG electrode
array was developed using flexible electronic technology.
Flexible, high-density, laminated ECoG electrodes consisted
of four parts: a polyimide (PI) cover, laminated aligned
electrodes, a dielectric layer, and a PI base (Fig. 1a). Poly-
methyl methacrylate (PMMA) was prepared on a silicon
wafer by spin-coating. A PI film as the support layer was
spin-coated over PMMA and cured. Tempering was per-
formed at 250 °C for 1 h. The Cr/Au layers were deposited
and photolithographed into a pattern array. The dielectric
layer was fabricated by spin-coating PI over the designed
mesh patterns. The previous steps were repeated, ensuring
that the first- and second-layer electrode arrays were stag-
gered in space. The front and back sides of the multilayer
PI/Au film were etched to the electrode and connector pad,
respectively, by reactive ion etching (RIE) masked by Cu.
Flexible, high-density, laminated ECoG electrodes were
obtained after peeling them off. An ultra-large number of
space-staggered multilayer electrode arrays were fabricated
by repeating the above steps.

The electrode size is related to electrode capacitance and
impedance. A larger electrode size corresponds to larger elec-
trode capacitance and smaller electrode impedance, which
can prevent electrode polarization and ensure the stability
of EEG signal acquisition. Meanwhile, a smaller electrode
size is the key to achieving high-density electrodes. The
size of one neuron is usually >10 wm [42, 43]. A balance
needs to be made among electrode density, impedance, and
capacitance. Therefore, the electrode size is generally not
smaller than 10 pm. In Fig. 1b, the minimum interelectrode
spacing is only 15 pm, comparable to the size of a single neu-
ron (<50 pm). The challenges of a large number of wiring
arrangements and the related manufacturing technology of
the high-density flexible ECoG electrodes worldwide are
overcome by a laminated structure design and processing
technology improvement. The electrode arrays in different
layers are staggered and will not overlap. The number of
electrodes in the flexible ECoG electrode array with four
laminated layers was 800, much higher than that of the 256-
channel NeuroGrid [35]. Moreover, the flexible laminated
electrode array is scalable, and its channels can be increased
according to the number of laminated layers. The density
of the flexible ECoG electrode array was 4444 electrodes
per mm?, four times higher than the reported highest density
of the NeuroGrid (interelectrode spacing 30 pwm, electrode
density is approximately 1000 electrodes per mm?) in the
world. The density of the flexible, high-density ECoG elec-
trode array can be further increased by the laminated structure
if necessary.
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Fig. 1 a Schematic diagram of flexible, high-density, laminated ECoG electrode preparation; b high-density, laminated ECoG electrode array with
a minimum interelectrode spacing of 15 wm and a total number of electrodes of 800. ECoG: electrocorticogram; PI: polyimide

The optimization value of electrode spacing was analyzed
by Freeman et al. [39]. The optimized value of electrode spac-
ing was about 1 mm based on the spatial spectrum analysis
[39, 44]. To study the localization of the epileptic focus, a
flexible, high-density, laminated ECoG electrode with a two-
layer electrode structure was developed, and the electrode
spacing was 1 mm. The size of the flexible, high-density,
laminated ECoG electrode array was designed to be just
enough to cover the rabbit cortex. In Fig. 2a, the flexible,
high-density, laminated ECoG electrode array is a PI-based
round-dot electrode with 36 channels (6x6 patches) and an
overall width of 10 mm. The monolayer electrode array has
18 channels (3 x6 patches; Fig. S1 in Supplementary Infor-
mation). The top layer of the electrode array is covered with a
PI layer. Additional polymeric encapsulation layers prevent
electrical leakage currents when the flexible, high-density,
laminated ECoG electrode is immersed in the rabbit brain.

The electrode array in different layers is staggered and
does not overlap (Fig. 2b). The flexible, high-density, lami-
nated ECoG electrode array is very soft and can be easily and
conformably attached to uneven surfaces (Fig. 2c), enabling
steady contact between the electrode and tissues. The flex-
ible, high-density, laminated ECoG electrode array adheres
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to the human skin through van der Waals forces. The cere-
bral cortex is a wet environment. The flexible, high-density,
laminated ECoG electrode array can achieve conformal
attachment through tissue fluid with strong interface energy,
which can be validated similarly to the cortical tissue (Fig.
S2 in Supplementary Information). Meanwhile, ECoG elec-
trodes based on flexible electronic technology can eliminate
the mechanical mismatch between the electrode and brain
tissue properties, thereby minimizing the risks of infection
and inflammation. In Fig. 2d, the width of the gold wire is
100 pwm. The recording area of each channel is 0.785 mm?
(circle with a diameter of 1 mm). The larger contact area
ensures a lower interface impedance between the electrode
and the cortical surface, which helps improve the signal-
to-noise ratio (SNR). The morphology of the electrode is
complete, indicating that it has excellent mechanical and
electrical properties.

The tempering process in the curing process of PI is crit-
ical. During the curing process, residual stress is generated
inside the PI layer, which is generated by the freezing of
the directional conformation of macromolecular chains and
uneven shrinkage during cooling. Furthermore, the differ-
ence in curing times varies the thermal expansion coefficients
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Fig. 2 a Plain and side views of flexible, high-density, laminated ECoG
electrodes with an interelectrode spacing of 2 mm and a total channel
of 36; b enlarged view of the contact structure; ¢ flexible, high-density,

of laminated PI layers resulting in residual stress between
layers. The superposition of residual stresses within and
between layers would cause crack initiation and propagation
in the PI layers of the flexible, high-density, laminated ECoG
electrode array. The tempering process would accelerate the
relaxation of PI. The relaxation time of polymers would be
shortened at high temperatures, which could eliminate inter-
nal residual thermal stress, reduce the stress mismatch of
PI between different layers, and prevent cracks from being
generated inside the PI film (Fig. S3 in Supplementary Infor-
mation).

In Fig. 3a, the bending radii of the electrodes are 5, 2, and
1 cm. With a decrease in the bending radius, the strain of the
electrode increases. The maximum strain is approximately
0.07%, far less than the ductility limit of gold. The extreme
flexibility of the device, which was approximately 30 pm
thick, allowed it to be folded (Fig. 3b), allowing conformal
attachment to the uneven surface of the cerebral cortex. This
can improve the stability of the interface impedance between
the electrode and the cerebral cortex and reduce the drift of
the ECoG signal. The electrochemical properties of the flexi-
ble, high-density, laminated ECoG electrode array were also
characterized (Fig. 3c). The mean charge measured before
(0.15 nC) and after (0.14 nC) bending was not significantly
different. The charge storage of the flexible, high-density
ECoG electrode (0.785 mm?; capacity 0.19 wC/mm?) was

laminated ECoG electrodes conformably attached to the uneven skin
surface of humans; d enlarged view of flexible, high-density, laminated
ECoG electrodes. ECoG: electrocorticogram

comparable to previous values, and the charge storage val-
ues before and after bending (0.19 and 0.17 uC/mmZ) did not
change significantly [45-47]. Low electrode impedance of
the electrode array is the key to obtaining high-quality ECoG
signals. In Fig. 3d, electrochemical impedance spectroscopy
of the flexible, high-density, laminated ECoG electrode array
was performed. The impedance magnitude at 1 kHz was only
5.3 k€2, much smaller than the previous result (approximately
27 k€2) [30]. The impedance at 1 kHz was not significantly
different before (5.3 k€2) or after (6.5 k€2) bending, indicat-
ing that the flexible, high-density, laminated ECoG electrode
array has good SNR and impedance stability.

In addition, the fidelity of collected bioelectric signals is
an important indicator for evaluating electrode performance.
A square wave with a frequency of 30 Hz was generated
by a signal generator to propagate the signal in phosphate-
buffered saline (PBS) buffer (simulated tissue fluid). The
flexible, high-density, laminated ECoG electrode array was
putinto a PBS buffer to collect the signal. In Fig. 3e, the peak
amplitudes of the periodic signal in the simulated source were
measured using the flexible, high-density, laminated ECoG
electrode array. The signal amplitudes collected by electrodes
were all kept within the range of —0.2 to 0.2 wV. The square-
wave signal was completely restored with an accurate phase.
The characteristic frequency of the collected signal was 30 Hz
(Fig. 3f), consistent with the frequency of the transmitted
signal, indicating that the electrode can accurately record the
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Fig.3 a Strain of the flexible, high-density, laminated ECoG elec-
trode array under different bending radii simulated by finite-element
analysis. b Thickness (30 wm) of the flexible, high-density, lami-
nated ECoG electrode. ¢ Voltage—ampere curve. d Impedance spectrum.

frequency range of the signal, which is crucial for ECoG
signal acquisition.

In Fig. 3g and Table S1 (Supplementary Information), the
density of the flexible ECoG electrode array with four lam-
inated layers is 4444 per mm?, four times higher than the
reported highest density of the NeuroGrid (interelectrode
spacing of 30 wm, electrode density of approximately 1000
electrodes per mm?, with 256 electrodes) in the world [35].
The flexible, high-density, laminated ECoG electrode array
with two laminated layers also increased the electrode den-
sity by 100 times compared to the standard ECoG, which
ensured the main advantage of more intensive spatial sam-
pling. The overall thickness of the resultant device is highly
relevant to the flexibility and conformability of the flexible,
high-density, laminated ECoG electrode. The flexural rigid-
ity (/) of a flexible, high-density, laminated ECoG electrode
array should be less than cerebral cortex. The flexural rigidity
can be expressed as EI =Ebh3/12, where h is the thickness,

@ Springer

e Simulation of bioelectric signal acquisition. f Signal spectrum analy-
sis. g Comparison of electrode density [8, 10, 34, 35,37, 48, 49]. ECoG:
electrocorticogram

b is the width of the resultant device, and E is the elastic
modulus. Therefore, it can be expressed as

EPIh13JI = Econexhgor[ex«

Here, hcoriex<4.5 mm [50], Ecorex<10 kPa [51, 52],
and Ep;~300 MPa. The thickness of the flexible, high-
density, laminated ECoG electrode array is calculated as hpj
<67.2 pm. Therefore, the overall thickness of the resultant
device should be <67.2 wm. The thickness of the flexible
ECoG electrode array with four laminated layers is 50 pm.
In addition, laminated layers with different functions are
indispensable. The top and bottom PI layers are packaging
layers that aim to prevent environmental interference. The
intermediate compartment PI layer prevents signal crosstalk
between different layers. The thickness of each layer should
be >10 pm; otherwise, it is prone to crosstalk between dif-
ferent layers.
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Fig.4 a Schematic diagram of
rabbit ECoG acquisition. @
b Rabbit cerebral cortex.

¢ Flexible, high-density,
laminated ECoG electrode
implanted into the rabbit cerebral
cortex. d Spatial location of
electrodes in the rabbit brain.
ECoG: electrocorticogram

The conformal ECoG array was placed on the rabbit cortex
to collect the neural activity at the location of each electrode.
First, the clear rabbit brain cortex was exposed by opening
the rabbit skull. In Fig. 4a, the flexible, high-density, lami-
nated ECoG electrode array was attached to the rabbit parietal
cortex. Its diameter was about 1 to 1.5 cm (Fig. 4b), con-
sistent with the size of the electrode array. The electrodes
were placed on the rabbit brain cortex, and the epidermis
was sutured to ensure the stability of ECoG signal acqui-
sition (Fig. 4c and Fig. S4 in Supplementary Information).
There are 20 electrodes selected as working electrodes in
the flexible, high-density, laminated ECoG electrode array
and a reference and a ground electrode outside the active
area (Fig. 4d). One 32-channel recording system (customized
system; hardware bandpass filter 0.5-100 Hz; sampled at
1000 Hz) was used for recording. Data were analyzed offline
using MATLAB. First, each channel signal was bandpass fil-
tered (0.5-100 Hz) and notch filtered at 50 and 100 Hz. Then,
the common average reference was used to re-reference the
ECoG signal.

Both preinjection and postinjection penicillin ECoGs
were recorded in rabbits, which included 20 channels in
the analysis. In Fig. S5 (Supplementary Information), cor-
tical ECoG signals were recorded in the rabbit cortex before
penicillin injection. The rabbit was anesthetized. ECoG
waveforms to be processed were averaged to obtain the aver-
age result of the Fourier transform. The cortical ECoG signal
was stable, and obvious a-wave signal characteristics were
observed (Fig. S5c¢ in Supplementary Information). An a-
wave signal was observed in each electrode channel over
the whole ECoG acquisition time range. When the a-wave
appeared, the rabbit’s consciousness was clear, but the body

was relaxed, indicating that a waves (approximately 10 Hz)
are characteristic cross-species signals, including human and
rabbit signals, which provide a “bridge” between the con-
scious and subconscious.

After penicillin injection, an epileptic wave was induced
in rabbits. The flexible, high-density, laminated ECoG elec-
trode array recorded an ECoG signal with 400 s (Fig. 5a).
ECoG recordings from the rabbit cerebral cortex revealed
high-quality signals, including rapid depolarization of ECoG
and the associated spike-wave complex. Spike waves can be
seen from the local amplified signal (60-140 s). The ampli-
tude of the spike wave was much larger than that of the
common ECoG signal (about 1 to 2 mV; Fig. 5b). The aver-
aged results of the Fourier transform are shown in Fig. 5c.
The o wave (approximately 10 Hz) disappeared and the f
wave (20-30 Hz) appeared, indicating that the rabbit was in
a state of tension. Meanwhile, the signal intensities collected
by different electrodes were different, caused by different dis-
tances between the electrode and the epilepsy focus (Fig. 5d).
ECoG waveforms in the p range (i.e., 20-30 Hz) and >30 Hz
often increased after penicillin injection. In Fig. Se, the x-axis
represents time, and the y-axis represents frequency. Each
epileptic activity of rabbits will generate neuroelectric sig-
nals with a wide frequency range, corresponding to a red
vertical stripe (10-50 Hz) in the spectrum.

Physiologic electrical signals gradually decay with prop-
agation distance. Therefore, the obtained signal intensity
is highly correlated with the location of the signal source.
The amplitude of the epileptic wave is greater at the posi-
tion closer to the epilepsy focus. Therefore, the epileptic
focus can be located by the energy of the epileptic wave.
The spike-wave component captured during the experiment
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Magnified signal view in the range of 60 to 140 s. ¢ Fourier transform results of each channel. ECoG: electrocorticogram
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Fig.6 a Representative spike
wave in 80 s of rabbit ECoG.

b Magnified signal view of the
spike wave at contact 8. ¢ Energy
distribution map of rabbit ECoG

in 80 s. d Energy distribution
map of rabbit ECoG at different

time subperiods. ECoG:
electrocorticogram

of penicillin-induced epilepsy is shown in Fig. 6a. Signif-
icant large-scale cortical spikes induced by penicillin can
be observed. The duration of a single spike wave is approxi-
mately 50 ms (Fig. 6b), consistent with the usual spike signal.
By converting the voltage value of the epileptic wave into
pseudocolor, the energy distribution map (square of the max-
imum voltage value) of the epileptic wave is drawn (Fig. 6¢).
The whole period of 400 s is divided into 16 subperiods,
and the energy distribution of different subperiods is illus-
trated (Fig. 6d). The intensity and distribution of EEG energy
change with time. In Fig. 6d, the energy of the seventh
(150-175 s) and 10th (225-250 s) subperiods is higher than
that of the other subperiods. In the seventh subperiod, the

Spike wave

relative energy of channels 7 and 8 is relatively high. In the
10th subperiod, the relative energy of channels 7 and 8 is also
relatively high, indicating that electrodes 7 and 8 are closer
to the epileptic focus of penicillin-kindled convulsing rab-
bits. At the same time, the relative energy of electrodes 7 and
8 is relatively high in other subperiods with lower energy.
The area corresponding to electrodes 7 and 8 is the epileptic
activity area of penicillin-kindled convulsing rabbits.
Traditional ECoG electrodes typically have a diameter
of approximately 4 mm and an interelectrode distance of
approximately 10 mm. About 40% to 50% of patients have
poor surgical outcomes, which is caused by the inaccurate
localization of the epileptic focus due to the electrode size
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of standard ECoG electrodes being too large. This study
reported a class of flexible, ultrathin, high-density ECoG
electrode arrays. The challenge of a large number of wiring
arrangements was overcome by a laminated structure design
and processing technology improvement. Two types of flex-
ible high-density electrodes were prepared by the laminated
structure. In focal epilepsy surgery, the flexible, high-density,
laminated ECoG electrode array with 36 electrodes was
applied to collect epileptic spike waves in rabbits, which
verified the feasibility of the laminated structure design. The
active area of epilepsy was 2.5 mm long and 1.5 mm wide,
which improved the positioning accuracy of epilepsy lesions
from the centimeter to the submillimeter level.

Conclusions

This study reported a class of flexible, high-density, lam-
inated ECoG electrode arrays that reliably and robustly
enable large-area high-resolution electrophysiologic record-
ings. First, this study proposed a method of fabricating ultra-
thin, high-density ECoG electrode arrays with a laminated
structure by overlay lithography to achieve high-resolution
ECoG acquisition. The laminated structure design enabled
the electrode leads to be located in different spatial posi-
tions. Importantly, the challenges of a large number of
wiring arrangements and the related manufacturing tech-
nology of high-density flexible ECoG electrodes with 4444
electrodes per mm? were addressed. The minimum spac-
ing between electrodes was 15 pm, comparable to the
diameter of a single neuron. In the preparation process, a
tempering process was introduced to eliminate the resid-
ual thermal stress inside the laminated film structure and
overcome the cracking problem of flexible, high-density,
laminated ECoG electrodes. The density of the flexible,
high-density ECoG electrode was further increased by the
laminated structure if necessary. The impedance magnitude
at 1 kHz of the flexible laminated ECoG electrode with 36
electrodes was only 6.5 k2 after bending. In the clinical
application of focal epilepsy surgery, the flexible, ultrathin,
high-density ECoG electrode introduced in this study can
realize the submillimeter-level high-resolution positioning
of epileptic lesions and has potential clinical applications in
intractable epilepsy and other neurologic diseases requiring
high-precision EEG acquisition.

Experimental section

Fabrication of flexible, high-density, laminated
ECoG electrodes

Flexible, high-density, laminated ECoG electrodes consisted
of four parts: a PI cover, laminated aligned electrodes, a
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dielectric layer, and a PI base. In the first step, PMMA
(M130002, USA), used as a sacrificial layer, was spin-coated
on a silicon wafer (3500 r/min, 30 s; 180 °C, 20 min). In
the second step, PI (ZKPI-3051IB, POME, China) was spin-
coated on the wafer (5000 r/min, 60 s; 80 °C, 15 min; 120 °C,
25 min; 150 °C, 30 min; 180 °C, 30 min; 220 °C, 30 min;
250 °C, 1 h). The prefabricated sample was cooled naturally
to room temperature. The sample was heated slowly (1 h) to
250 °C and maintained for 1 h. In the third step, the layers of
Cr/Au (10 nm /100 nm) were deposited onto the PI film sur-
face by electron beam evaporation (approximately 0.1 nm/s)
and photolithographed into a pattern array. In the fourth step,
the dielectric layer was fabricated by spin-coating PI over the
designed mesh patterns. The curing temperature and steps of
PI were the same as before. Steps 2 to 4 were repeated, and
the electrodes were staggered in space. The front and back
sides of the multilayer PI/Au film were etched to the elec-
trode shape (circle dot) and connector pad shape (rectangle),
respectively, by reactive ion etching masked by Cu (power,
80 W; pressure, 33 Pa; O,, 30 mL/min).

In vivo animal experiments

The flexible, high-density, laminated ECoG electrode array
was placed over the rabbit cortex to record neural activity.
First, the clear rabbit cortex was exposed by opening the
rabbit skull. The flexible, high-density, laminated ECoG elec-
trode array was attached to the rabbit parietal cortex, and the
epidermis was sutured to ensure the stability of ECoG sig-
nal acquisition. There were 20 electrodes selected as working
electrodes in the flexible, high-density, laminated ECoG elec-
trode array. Both preinjection and postinjection penicillin
(cortical parietal lobe, (0.446140.2549) x 10* U/kg) ECoGs
in rabbits were recorded. The system was a 32-channel
recording system (customized system; hardware bandpass
filter 0.5-100 Hz; sampled at 1000 Hz). Craniotomy and
epileptic wave collection of rabbits were conducted by Bei-
jing Medical Services Biotechnology Co., Ltd. (Beijing,
China).

Characterization

Electrochemical experiments of the flexible, high-density,
laminated ECoG electrode array were performed on an elec-
trochemical workstation (CS350 type; Corr Test Instruments,
China). Electrochemical impedance spectroscopy experi-
ments were carried out by a conventional three-electrode
setup (frequency range 0.1-10 kHz, sine-wave amplitude
10 mV, PBS pH 7.2-7.4, temperature approximately 20 °C).
The charge injection ability of the electrode was tested by
cyclic voltammetry (—0.5 to +0.5 V, 50 mV/s). Flexible,
high-density, laminated ECoG electrodes were performed in



Bio-Design and Manufacturing (2024) 7:388-398

397

two states, i.e., the initial flat and bending states. The bending
radius was 5 mm.
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