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Electrocorticogram (ECoG) electrode arrays based on soft materials, such as polydimethylsiloxane (PDMS), are
preferable because they can be implanted with better conformal contact and have physical properties close to
biological tissues; thus, the adverse effects on tissues are minimal. However, the realization of electrodes in the
micrometer scale on PDMS is challenging. Previously, parylene-treated PDMS was suggested as a solution and
proven to be successful in acute in vivo applications. In this study, PDMS-based ECoG electrode arrays fabricated
using parylene-treated PDMS (parylene-deposited PDMS and parylene-filled PDMS) are evaluated for the first
time in terms of stability and reliability for long-term use. The mechanical and electrochemical properties are
investigated over time for up to 8 months through accelerated aging. The ECoG electrode array, implanted in the
primary somatosensory area of the brain, can successfully record somatosensory evoked potentials (SEPs) upon
mechanical stimulus of the paws with sufficient spatial resolution to distinguish between forepaw and hindpaw
stimulations. Finally, the PDMS-based electrodes demonstrate the feasibility of chronic recording for up to 3
months in non-human primates. Based on theses results, it is concluded that they can be used as promising
materials and methods to develop various bio-integrated electronic devices that require softness, flexibility,
conformability, and robustness over long-term.

1. Introduction the cortical surface [8-10]. Over the past few decades, ECoG has been

considered a promising method for monitoring brain activity with

Brain-machine interface (BMI) is a comprehensive term for either a
bidirectional or unidirectional passage that allows direct communica-
tion between the brain and external equipment [1-4]. At the forefront of
BMI, electrodes are used to detect electrophysiological signals by
placing them close to the neurons that generate changes in the sur-
rounding electrical potential. Brain activities detected and used for a
BMI vary depending on the location of the electrodes [5]. Generally, the
more invasive the electrodes, the richer the information in the signal.
However, its high invasiveness results in increased foreign body re-
sponses, including inflammation and scar tissue formation [6,7]. Elec-
trocorticogram (ECoG) is an electrophysiological signal detected from

higher spatial and temporal resolutions compared with electroenceph-
alography (EEG); additionally, it is less invasive than intracortical
electrodes [11,12].

The stable use of an ECoG electrode array requires mechanical
properties similar to those of biological tissues in in vivo environments
[13-15]. The substrate material of electrodes with high stiffness can
cause the formation of scar tissue surrounding the electrodes, thereby
deteriorating the recording performance [16,17]. Polydimethylsiloxane
(PDMS) is preferred for implantable devices owing to its flexibility,
stretchability, optical transparency and biocompatibility [18-23]. In
particular, it has Young’s modulus ranging from 360 to 870 kPa [24],
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significantly lower than those of polyimide or parylene (~ 3.2 GPa [25])
that have been more frequently used in ECoG electrodes. Considering
the Young’s modulus of the brain, which ranges from 1 to 30 kPa, PDMS
is certainly a good candidate for substrate materials. Though micro-
cracks in the deposited metal layers on native PDMS substrate are
inevitable, two types of parylene-treated PDMS have been introduced to
overcome this challenge by employing parylene-C (hereinafter, also
referred to as ‘parylene’): parylene-deposited PDMS and parylene-filled
PDMS [26-29]. Parylene-deposited PDMS is generated through chemi-
cal vapor deposition of parylene with a thickness of submicrometers on
the PDMS, whereas parylene-filled PDMS is generated by further pro-
cessing the parylene-deposited PDMS such that the deposited parylene
layer is fully etched from the surface of the PDMS, leaving parylene
residues only filled inside the nanopores of the PDMS surface (Fig. 1a).
Using these two parylene-treated PDMS substrates, soft and flexible
electrodes have been fabricated with crack-free and reliable metal pat-
terns on PDMS-based substrates while maintaining the flexible and
stretchable characteristics of PDMS preserved [27,30,31].
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As more attention is attracted to utilizing soft, flexible and stretch-
able PDMS for implantable devices, the long-term usability of PDMS-
based bioelectronic devices in in-vivo environments becomes of great
interest. A few research groups have paid attention to using PDMS as the
substrate material of ECoG electrodes [20-22,30]. Unlike other
PDMS-based ECoG electrodes, the fabrication of electrodes based on
parylene-treated PDMS can employ almost all micro-electromechanical
systems (MEMS) processes such as sputter deposition and lithographical
patterning on the soft and flexible substrate, as can be done on a single
silicon wafer [30]. ECoG recordings using previously developed
PDMS-based electrodes were reported from acute recordings to for pe-
riods of 6 weeks up to 3 months. However, none of them reported the
quantitative analysis of temporal changes in device characteristics
associated with signal quality over time. Consequently, the long-term
stability and reliability of PDMS-based bioelectronic devices, in partic-
ular, devices based on parylene-treated PDMS, in wet and ionic envi-
ronments has not yet been demonstrated to date.

In this study, we systematically investigated the long-term stability
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Fig. 1. ECoG electrode array based on PDMS-based substrates treated in two different ways. (a) Fabrication of ECoG electrodes based on surface-treated PDMS
substrates: 1. PDMS spin coating, 2. parylene-C deposition resulting in parylene-deposited PDMS, 3. O, plasma etching resulting in parylene-filled PDMS, 4. metal
patterning, and 5. insulation and separation. The completed ECoG electrode device (b) before and (c) after implantation. Scale bars are 2.5 mm.



H. Moon et al.

and reliability of PDMS-based ECoG electrodes for the first time. Using
accelerated aging conditions, the changes in the mechanical and elec-
trochemical properties were monitored over time for up to 8 months.
Additionally, the in vivo impedance of the electrodes, which is related to
the in vivo recording performance, was investigated over 12 weeks.
Somatosensory evoked potentials (SEPs) were successfully recorded in
response to mechanical stimuli with various forces for up to 12 weeks
using the developed ECoG electrode arrays.

2. Materials and methods
2.1. Fabrication of PDMS-based ECoG electrode arrays

The fabrication steps for the ECoG electrode arrays based on
parylene-treated PDMS are illustrated in Fig. 1a. First, poly(acrylic acid)
(PAA) was used as a sacrificial layer to avoid mechanical elongation
during detachment of the final device. A 5 w/v% PAA solution was spun
at 2000 rpm on a 4-in silicon wafer and heated on a hot plate at 95 °C for
2 min to vaporize the moisture contained in the solution. The PDMS
monomer and curing agent were mixed in a ratio of 1:10 and degassed in
a desiccator until bubbles in the mixture completely disappeared. The
mixture was spun at 600 and 1250 rpm to obtain PDMS thicknesses of 80
and 150 pm, respectively. Then, it was cured in an oven at 85 °C for 1 h.
A 1 pm-thick parylene layer was deposited for parylene-deposited
PDMS, whereas 400 nm-thick parylene was deposited for parylene-
filled PDMS through chemical vapor deposition (NRPC-500, Nuri-Tech
Corp., Incheon, Korea). To generate parylene-filled PDMS, reactive ion
etching (RIE) was performed at a power of 50 W for 10 min to remove
the 400 nm-thick parylene layer from the top surface of the PDMS. The
details of fabrication are in Fig. S1.

Titanium (Ti) and gold (Au) with thicknesses of 25 and 200 nm,
respectively, were deposited via sputtering (SRN-110, SORONA Inc.,
Anseong, Korea). Electrode patterns were created by photolithography
using a positive photoresist (AZ5214, Merck KGaA, Darmstadt, Ger-
many) and the wet etching of Ti and Au. For insulation, the second
parylene layer with 3 ym thickness was deposited and then, RIE at a
power of 50 W for 75 min was performed to expose the active electrode
sites and contact pads, and to etch the parylene on top of the region
outside the metal patterns including electrodes, pads and electrical lines
(Fig. S1). Photolithography was performed using a Ti masking layer to
expose the desired area. Finally, the edge of the device was manually cut
using a scalpel, and the wafer was soaked in deionized water overnight
to lift-off the device from the wafer. The fabricated array was connected
to a customized flexible printed circuit board (FPCB) using an aniso-
tropic conductive film (ACF) bonder, which could later be joined to a pin
socket (Fig. 1b). Consequently, the PDMS-based ECoG electrode array
was applied on the brain surface to record SEPs (Fig. 1c).

2.2. Accelerated aging test

Accelerated aging tests were performed following the ASTM F1980
standard to investigate the long-term stability of the developed ECoG
electrode array in a mimicked biological environment with an elevated
temperature of 57 °C [19,32]. The accelerated aging constants (AAC) for
PDMS and parylene were calculated based on the Arrhenius equation
(Eq. (1)) and Eq. (2), as follows.

k= Ae 1

where k is the rate constant of chemical reaction and A is the pre-
exponential factor, which is slightly affected by temperature; E, repre-
sents the activation energy; R is the universal gas constant; and T is the
absolute temperature in Kelvins.
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where k; and kj are the rate constants at temperatures T; and Ty,
respectively; kg is the Boltzmann’s constant; T; is the reference tem-
perature of 37 °C; and T is the elevated temperature of 57 °C. The
calculated AACs of parylene and PDMS were 2.06 and 1.52, respectively
[33-35]. We assumed that a larger AAC may result in faster aging. The
experiments were conducted for up to 15 w at 57 °C, which was pro-
jected to 31 w at 37 °C, the body temperature.

2.3. Tensile test

Tensile tests were performed using a z-axis stage machine (ESM-303,
Mark-10 Corp., Copiague, NY, USA) to measure the mechanical prop-
erties. Both sides of the device were fixed to a customized clamp and one
side was pulled at a speed of 20 mm/min until the sample fractured
(Fig. S2). The tensile strength was measured weekly, using five speci-
mens per sample. To apply the accelerated aging conditions, the samples
were immersed in vials containing phosphate-buffered saline (PBS) so-
lution and maintained at 57 °C in an incubator (VS-1203P3V, Vision-
bionex, Bucheon, Korea). The samples were dried overnight before each
tensile test. From the results of the tensile tests, the Young’s modulus, E,
was extracted from the slope of the strain-stress curve in the elastic
region. Moreover, the flexural rigidity was calculated as the product of
the Young’s modulus and the moment of inertia, which can be obtained
from the sample dimensions, as shown in Fig. S3.

2.4. Electrochemical impedance spectroscopy (EIS)

The EIS of the ECoG electrodes was measured using a potentiostat/
galvanostat (Reference 600 +, Gamry Instruments, Warminster, PA,
USA), employing a three-electrodes setup comprising the working
electrode (ECoG electrodes), counter electrode (platinum wire), and
reference electrode (Ag/AgCl)) immersed in a PBS solution (Fig. S4). A
sinusoidal input with a voltage of 20 mV,s was applied in the frequency
range from 10 Hz to 1 MHz. The equivalent circuit model, shown in
Fig. 3g, is composed of a resistor due to charge transfer (R¢), coating
capacitor (C.), constant phase element (CPEq4;), and Warburg impedance
(W), which express the electric and ion transfer at the electro-
lyte—electrode interface. Here, R is the solution resistance, whereas
CPEq represents the constant phase element of electric double-layer at
the electrode—electrolyte interface, represented by the reciprocal of
conductance Yo multiplied by (iw)“. If « is close to 1, CPEq acts as a
capacitor, whereas if a is close to 0, it acts as a resistor.

2.5. Surgery and device implantation

All surgical procedures for experiments using rats were approved by
the Institutional Animal Care and Use Committee (IACUC) of DGIST
(Approval No. DGIST-IACUC-21032411-0000). Seven Sprague Dawley
rats were used. Before the experiment, two animals were housed in a
cage under a standard 12-h light/dark cycle. The rats were anesthetized
with isoflurane, and their hair was shaved from the neck to the eyes on
the back. To open the skull, the animals were firmly fixed using a ste-
reotaxic instrument. Both eyes were protected from intense light and dry
environments during surgery using Vaseline. The scalp was prepared
with povidone-iodine solution and 70% ethanol before an incision. The
shaved skin was incised along the midline and the exposed skull was
wiped with a periosteal elevator to remove the pericranium. The skull
and dura mater were opened along the marked line using a hand drill
and the opened area was cleaned using saline and cotton swabs. Two
steel screws with dimensions of M1.4 x 3 mm were used as the refer-
ence and ground electrodes. The screws were soldered using insulated
copper wires, and a male-pin connector was mounted on a female header
embedded in the printed circuit board (PCB). Holes for the screws were
drilled using a hand drill, and the screws were carefully inserted into the
hole to avoid penetrating the brain. The ECoG electrode array was
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positioned on the brain surface, in the primary somatosensory region
(S1). Proper and conformal contacts between the electrodes and brain
surface were confirmed through impedance measurements using a
signal acquisition equipment (CerePlex Direct, BlackRock Microsystems,
Salt Lake City, UT, USA). The implanted area was protected using a
shielding cap with dimensions of 14 mm x 12 mm at the bottom and 30
mm x 28 mm at the top with a height of 10 mm, which was made of
polycarbonate using a 3D printer (Projet MJP 5500X, 3d Systems, Rock
Hill, SC, USA). A piece of the removed skull was placed on the implanted
electrode array, and dental resin was applied to fix the shielding cap to
the skull.

For surgery on non-human primates, all surgical procedures were
approved by the IACUC of KBIOHealth (Approval No. KBIO-IACUC-
2022-052-1). Cynomolgus macaque monkeys (Macaca fascicularis)
weighing 4.5 kg were used in this chronic study. Animals were main-
tained in an Association for Assessment and Accreditation of Laboratory
Animal Care (AAALAC)-approved laboratory animal facility with a
standard 12-h light/dark cycle, and had food and water ad libitum. The
surgery was performed using standard sterile procedures. After pre-
treatment with atropine (0.05 mg/kg), anesthesia was induced by an
intramuscular injection of ketamine (10 mg/kg) and Xylazine (0.5 mg/
kg). After induction, the monkey was intubated and anesthetized with
1-2% isoflurane, and the hair from the neck to eyes on the backside was
shaved. Before opening the skull, local lidocaine was applied around the
incision line to control bleeding and pain, and the animal was firmly
fixed to a stereotaxic instrument. The operative field was disinfected
with povidone—-iodine solution and 70% ethanol before incision. After
skin incision, the muscles and pericranium were scraped to expose the
skull. Before opening the skull, the craniotomy site where the device was
to be placed was premarked over the motor cortex with approximate
coordinates according to the map, and a screw hole was created to
reposition and fix the skull. The skull was opened and cleaned with
saline solution. The dura mater was gently incised using scissors and
then reflected. The ECoG electrode array was placed roughly on the
precentral gyrus, at the genus level of the arcuate sulcus, and the cable
was fixed to the skull using screws. A customized shielding structure
made of stainless steel, to protect the cable, was fixed on the skull using
titanium screws. Then, the array was accurately positioned on the tar-
geted S1 region, and the exposed cortical surface and the array were
covered with the dura. The bone flap was repositioned over the cranial
defect and fixed in place with titanium screws and flexible bio-
absorbable bone plates (Inion CPS™ System, INION INC, Weston, FL,
USA) on the skull. The muscle and skin were repositioned and the
shielding structure and connector were exposed through a separate skin
incision. The exposed connector was protected using a lid that was
printed with polycarbonate using a 3D printer (Projet 3500 3D Printer,
3d Systems, Rock Hill, SC, USA) and tightened together with the
shielding structure using screws when not in use for recording.

2.6. In vivo ECoG recording

SEPs were recorded from the S1 area of rats upon mechanical stim-
ulation of the forelimb and hindlimb using Von Frey hair with at least
100 trials per session (Fig. S8). Signals were recorded at a sampling rate
of 30 kHz using a signal acquisition equipment (CerePlex Direct,
BlackRock Microsystems, Salt Lake City, UT, USA). The recorded raw
signals were processed using a 60 Hz-notch-filter to remove powerline
noise and low-pass filtered with a cutoff frequency of 1 kHz.

Chronic in vivo ECoG recordings were performed on cynomolgus
monkeys. The ECoG electrode array was integrated with the intercon-
nection part consisting of FPCB cable, PCB board (not visible), Omnetics
connector, and shielding structure (Fig. 5b). The reference electrode was
positioned beside the recording electrodes and connected through the
interconnection part. The ground was connected to the shielding
structure that was electrically connected to the fixation screw. Signal
recordings and in vivo impedance measurements were performed using
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an Intan stimulation/recording system (RHS Stim/Recording System,
Intan Technologies, Los Angeles, CA, USA). SEPs were recorded from the
S1 distal area upon mechanical stimulus of the little finger using Von
Frey hairs of 1 g and 10 g. Each stimulation session comprised at least 30
trials. Signals were recorded at a sampling rate of 30 kHz with powerline
noise removal using a 60 Hz-notch filter. The recorded data were pre-
processed using a bandpass filter from 1 Hz to 1 kHz.

2.7. SEP analysis

The root-mean-square (RMS) noise and signal-to-noise ratio (SNR)
were calculated using Egs. (3) and (4), respectively.

2

3

Noise_rms = \/(x1 —%’+ (0 —%’ + - +x %)
- n

SNR = % ()]
O

where x; represents the recorded value at every data point; X represents
the mean of the recorded data; n represents the number of recorded data
points; Vp,, represents the peak-to-peak amplitude; and ¢ represents the
RMS value of the noise. A time—frequency analysis was performed, in
which the measured SEP signals were decomposed by a complex Morlet
wavelet, as defined in Eq. (5).

Iz g
W(t,ﬁ]) = (0',7'[)71/4 o ¢ 27 o ¥l )

where t represents each time point of the recorded data; f; represents the
center frequency; and o, represents the width of the wavelet. Referring
to previous studies, the constraint ratio was set to 2nfyo, = 7 [36,37] and
the center frequency used was from 1 to 200 Hz.

3. Results and discussion
3.1. ECoG electrode arrays based on parylene-treated PDMS

We developed soft, conformal ECoG electrode arrays based on two
parylene-treated PDMS substrates. Both substrates of parylene-
deposited PDMS and parylene-filled PDMS were utilized with different
PDMS thicknesses of 80 and 150 um (Table S1), referred to as samples
A-D: parylene-deposited 80 um-thick PDMS, parylene-deposited
150 pum-thick PDMS, parylene-filled 80 pm-thick PDMS, and parylene-
filled 150 um-thick PDMS, respectively. The completed ECoG device
ready for implantation and after implantation are shown in Fig. 1band c,
respectively. The 16-channel ECoG electrodes were arranged in an area
of 2.5 x 3 mm?, with a diameter of 150 um per electrode and a distance
of 600 pm between electrode centers.

3.2. Long-term mechanical properties in accelerated aging condition

Tensile tests were performed to investigate the mechanical proper-
ties of the developed ECoG electrode arrays (Fig. 2a). Fig. 2b—e show the
strain-stress curves of samples A-D before and after accelerated aging.
Before aging (at week 0), the thin substrate with 80 um PDMS thickness
(samples A and C) had higher yield stresses compared with the thick
substrate with 150 pm PDMS thickness (samples B and D). Accordingly,
the thick PDMS samples exhibited lower Young’s moduli (Fig. 2f). In the
elastic region, a slightly higher stress was observed for the parylene-
deposited PDMS (samples A and B) than for the parylene-filled PDMS
(samples C and D); this was due to the existence of a parylene layer on
top of the PDMS in the parylene-deposited PDMS samples. In addition,
the parylene-filled PDMS had slightly higher stretchability, represented
by higher fracture strains, than that of the parylene-deposited PDMS.
These results indicate that the initial mechanical properties of the
parylene-filled PDMS are closer to those of biological tissues than the



H. Moon et al.

Sensors and Actuators: B. Chemical 401 (2024) 135099

(@) (b) o

0% strain (e=0)

Sample A

AT T T
it TR

Stress (MPa)
w

—O— 0 week
—O— 31 week

(d) 6

Sample C

Stress (MPa)
w

gl 0 0.2 0.4 0.6 0.8 1.2
t’i; Strain (€)
W
| C) 3 e) 3
' | ( ) Sample B ( )
= P 01 =
a 2 = a 2
-3 =3
3 1 —O— 0 week 3 1
) o
3 —— 31 week 3 ; —— 31 week
0 T T T T 0 + T T T T T
0.2 0.4 0.6 0.8 1.2 0 0.2 0.4 0.6 0.8 1.0 1.2
Strain (g) Strain (g)
h
) 100 (9)13 (h) 45 r— -
= | & —o—Sample B
% 80 A1 Q 110 £ —o—Sample C ‘ ‘
s < 90 - < 30 —A—Sample D A
S 601 g z 1 /‘1‘) |
'8 g 70 % (‘——J‘f—’<ﬁkf,&——/‘
= 40 9 ’5 I =
» S 50 1 | ® 15
£ 20 {3 : £ I
3 . —=—SampleA ——Sample C | = 30 {—m—Sample A —¢—Sample C T % W
> 0 —o—Sample B —#&—Sample D —o—Sample B —A—Sample D l 0
T 10 T T

0 4 8 12 16 20 24 28 32
Time (weeks)

0 4 8 12 16 20 24 28 32
Time (weeks)

8 12 16 20 24 28 32
Time (weeks)

0 4

Fig. 2. Long-term mechanical properties of the ECoG electrode arrays based on two differently treated PDMS substrates. (a) Photographs of samples under tensile
test, stretched with 0% and 100% strain. (b)-(e) Stress—strain curves of samples A-D, respectively. Gray circles represent measurements before aging, whereas
colored squares indicate measurements after aging. Changes in (f) Young’s modulus, (g) fracture strain, and (h) flexural rigidity of samples A-D over time up to 31

weeks of accelerated aging (n > 3).

parylene-deposited PDMS. As summarized in Table S2, our electrodes
based on 80 pm-thick parylene-treated PDMS show Young’s modulus of
18.1-28.7 MPa, which is much lower than electrodes based on poly-
imide or parylene (with Young’s modulus of a few GPa). Therefore, our
device enables conformal contact with the brain surface. Although
commercial ECoG devices based on medical-grade silicone have lower
Young’s modulus (~ 8.28 MPa [38]) than our device, they cannot
achieve a conformal contact with the brain surface because of their large
thickness (~ 1 mm [39]), thereby causing inflexibility.

Next, the samples were immersed in PBS at 57 °C for accelerated
aging (Fig. S2). Compared with the initial stress—strain curves, the
Young’s moduli increased while the fracture strains decreased for all
samples (Fig. 2b-e). The changes in Young’s modulus, fracture strain,
and bending rigidity over time are summarized in Fig. 2f-h (details in
Table S2). The Young’s moduli of all samples A-D increased over time,
by 55.4%, 57.8%, 72.0%, and 119.3% after 31 weeks, respectively. The
parylene-filled PDMS (samples C and D) exhibited larger increases in
Young’s modulus during aging, which is speculated to be related to more
water absorption into PDMS compared with the parylene-deposited

PDMS (samples A and B). The Young’s modulus of the thick sample D
increased more over time than that of the thin sample C, whereas the
change in Young’s modulus of the parylene-deposited PDMS (samples A
and B) was similar regardless of the PDMS thickness. On the other hand,
the fracture strains for all samples decreased over time, by 46.0%,
56.3%, 65.6%, and 62.6% for samples A-D, respectively. After aging,
stretchability reduced because of water absorption into PDMS. When
PDMS swells owing to water, it is easily broken by an external tensile
force. In addition, the parylene-deposited PDMS exhibited a smaller
decrease in fracture strain than the parylene-filled PDMS. This suggests
that the parylene-deposited PDMS is more stable in wet environments
thanks to the deposited parylene layer on top of PMDS, which acts as a
good barrier against water absorption into PDMS. In terms of flexural
rigidity, 150 um-thick PDMS (samples B and D) had higher flexural ri-
gidity than 80 um-thick PDMS (samples A and C). In addition, the
flexural rigidity increased over time for all samples. In summary, the
parylene-filled PDMS had a lower Young’s modulus, closer to that of
brain tissues, over the entire experimental period, whereas the parylene-
deposited PDMS exhibited a slower change in fracture strain over time,
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indicating better long-term mechanical stability.

3.3. Long-term electrochemical properties in accelerated aging condition

Fig. 3a and b show the initial EIS results (before aging) for the
electrodes based on parylene-deposited PDMS (sample A) and parylene-
filled PDMS (sample C), respectively. The impedance at 1 kHz was
222.4 + 72.3 kQ for sample A and 27.8 + 11.2 kQ for sample C. The
significantly lower impedance of sample C was caused by the increased
surface area during the etching of parylene from the PMDS surface in the

Sensors and Actuators: B. Chemical 401 (2024) 135099

process of creating parylene-filled PDMS. The surface of parylene-filled
PDMS was rougher than that of parylene-deposited PDMS as shown in
Fig. 3h and i. This enlargement of the surface area where ions can
interact with the electrode induces an increase in capacitance, thereby
reducing the impedance [40].

To investigate the long-term electrochemical properties of the elec-
trodes, EIS was performed under accelerated aging conditions for 150
days (Fig. S5 and S6). After aging up to 150 days, the impedance at
1 kHz was measured to be 212.37 + 13.9 kQ and 55.7 + 8.5 kQ for
samples A and C, respectively (Fig. 3c and d). Sample A exhibited almost
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no change in impedance magnitude before and after aging, whereas
sample C exhibited doubled impedance magnitude after aging (Fig. 3e,
details in Table S3), with the phase for both samples A and C consistently
maintained at around -80° (Fig. 3f). Water absorption into the PDMS
substrate induced a significant increase in the impedance of sample C.
We speculate that the parylene layer deposited on PDMS in sample A
acted as an effective barrier against water absorption. Despite the in-
crease in impedance for parylene-filled PDMS, the impedance of the
electrodes based on parylene-filled PDMS was four times lower than that
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of the electrodes based on parylene-deposited PDMS even after aging.
An equivalent circuit model as shown in Fig. 3g was used to analyze
the EIS results. As shown in Fig. 3a—d, both the magnitude and phase of
the measured impedance were well fitted using the proposed equivalent
circuit model before and after aging. As the representative parameters of
the equivalent circuit model, the impedance of CPEq and «, which in-
dicates whether the electrode acts as a capacitor or a resistor, were
extracted over time, as shown in Fig. S7a and b, respectively (also
Table S3). The result indicates that the capacitive property maintained
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Fig. 4. Recording of SEPs using the ECoG electrode array upon mechanical stimulation on the rat paw. (a) Both forepaw and hindpaw are mechanically stimulated
using von Frey hairs with different stiffness, and SEPs are measured from the somatosensory area (S1) related to forelimb (FL) and hindlimb (HL). (b) An example of
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C. (e) The amplitude, (f) SNR, and (g) response probability of the SEPs induced by HL stimulation are presented as a function of force applied to the skin, up to 300 g.
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consistently for both samples, with alpha being close to one, over the
entire experimental period.

3.4. Long-term in vivo impedance

The ECoG electrode arrays based on 80 pm-thick PDMS (samples A
and C) were implanted onto the brains of rats, and the in vivo impedance
at 1 kHz was monitored over time (Fig. 3j and S8a). The in vivo
impedance was measured for 6 weeks in rats and compared with the
initial impedance at week 0 (Table S4). The in vivo impedance of sam-
ples A and C increased over time (Fig. 3j). A relatively higher increase
with larger variance was observed for sample C (parylene-filled PDMS),
implying that sample C was likely more affected by the biological
environment. In addition, sample A (parylene-deposited PDMS) was also
used to measure the in vivo impedance from the brain of non-human
primates for up to 12 weeks (Fig. 3k). The impedance increased
slightly until week 5, similar to the results obtained in the rat brain;
however, a dramatic increase in impedance was observed afterward
(Table S5). Although the in vivo impedance was increased to more than
500 k€, it enabled the recording of SEP signals.

3.5. Recording of somatosensory evoked potentials

The ECoG electrodes based on samples A and C were used to record
SEPs in response to mechanical stimuli in rat paws (Fig. S8). The SEPs
acquired from the left somatosensory cortex by poking the right paw
using a von Frey hair (Fig. 4a), which provided information on the
quantitative force applied, clearly detected the signal peaks of P1, N2,
and P2 (Fig. 4b). The ECoG arrays based on samples A and C recorded
similar SEPs induced by mechanical stimulation (Fig. S9). Moreover, we
demonstrated that a specific cortical area could be identified upon
stimulation of the forelimb (FL) or hindlimb (HL) through brain map-
ping based on evoked SEPs (Fig. 4c). The brain maps, which overlapped
with the averaged SEPs, exhibited high-amplitude signals in different
regions depending on either FL or HL stimulation. These responsive
regions were consistent with the cortical areas known to be associated
with FL or HL. To evaluate the recording performance of the electrodes
based on parylene-treated PDMS, the evoked SEPs were further analyzed
in terms of time-frequency analysis, amplitude, noise level, and SNR.
The time-frequency plots show the frequency components of brain ac-
tivity, such as delta (1-3 Hz), theta (4-7 Hz), alpha (8-12 Hz), beta
(14-30 Hz), low gamma (35-50 Hz), and high gamma (>60 Hz) com-
ponents in the time domain (Fig. 4d). High gamma signals associated
with cognition were detected around the N1 peak.

SEPs were detected in response to forces applied to the hindpaw at
various levels ranging from 0.048 to 300 g. The amplitude of the evoked
SEPs increased gradually up to a force of 180 g, after which a dramatic
increase was observed at a force of 300 g (Fig. 4e). Accordingly, the SNR
also increased with the signal amplitude (Fig. 4f). The response proba-
bility, which indicates the probability of whether a SEP response is
induced by a mechanical stimulus, was almost 100% with a force over
8 g (Fig. 4g). The amplitude, SNR, and response probability are sum-
marized in Table S6. In summary, no significant difference was observed
in the recording performance of samples A and C. However, when
stimulated using a large force of 300 g, sample C exhibited a relatively
higher signal amplitude and SNR, thus indicating slightly better per-
formance in in vivo recording (Fig. 4e and f). SEPs evoked by mechanical
stimulation of paws with a force of 300 g showed that the amplitudes of
PIN1 and P2N1 measured using sample C were observed to be larger by
48.5% and 37.3% than using sample A, respectively, resulting in a
higher SNR (Fig. S10).

To evaluate the long-term applicability of the developed ECoG array,
we recorded SEPs from a cynomolgus macaque monkey for 12 weeks.
While von Frey hairs with forces of 1, 10, and 180 g were applied to the
fingertip of digit five (D5) and the center region of the palm, SEPs were
recorded from the hand region of the S1 (Fig. 5a and b). To target the
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hand region of the S1 in monkeys, the ECoG array was optimized so that
the number of recording electrodes was increased to 32 to cover the
target area. The 80 um-thick parylene-deposited PDMS (Sample A) was
used as the substrate for electrodes. The active site of the electrodes was
200 ym in diameter, and the center-to-center distance between the
electrodes was 1.25 mm.

Fig. 5¢c shows that different amplitudes of SEPs were observed upon
stimulus with different forces of 1 g and 180 g to the palm. In addition,
we clearly identified two distinct locations responding to the stimulus
applied to the D5 fingertip and palm by recording SEPs from different
electrode channels (Fig. 5d). Based on the brain atlas [41,42], our re-
cordings of SEPs from different locations corresponded to the known S1
areas of the digits and palm (Fig. 5e). However, the finger region
identified from our recordings was wider than that reported in previous
studies, which may indicate that the method used to provide mechanical
stimulation cannot specifically stimulate the fingertip but also stimulate
adjacent regions around the target point. In addition, individual differ-
ences between subjects may have contributed to differences in the size of
the responsive cortical areas.

SEPs were successfully recorded for 12 weeks. Fig. S11a shows ex-
amples of the signals recorded from all 32 channels at week 0, 5, and 12.
The background noise level varied depending on the anesthetic status
and the recording circumstance, even the recording condition was
strictly controlled. We analyzed the SEPs upon mechanical stimulus of
10 g applied to the D5 fingertip. As shown in Fig. 5f, SEPs were
consistently obtained from the left central region of the electrode array
over 12 weeks. The amplitude of SEPs gradually increased until week 5,
presumably due to the environmental modification of the tissue around
the ECoG electrodes caused by the recovery after implantation.
Fig. S11b shows the SEPs obtained at week 1, 5, 7, and 12. At week 5, the
SEP amplitude detected was maximum, with an averaged and maximum
amplitudes of 201 pV and 335 pV, respectively, and then gradually
decreased up to week 7. Afterward, the SEP amplitude remained
consistently until week 12 (Fig. 5g). Even though the amplitude of SEPs
changed over time, we were able to record brain activity for a long
period.

We detected SEPs as the stimulus strength increased using von Frey
hairs of 1, 10, and 180 g (Fig. S12a—c, respectively). The SEP waveforms
were similar in that a positive peak appeared first, followed by a nega-
tive peak, regardless of stimulus strength (Fig. S12a-c). The averaged
amplitude of SEPs in response to 1, 10, and 180 g stimulus was 210, 264,
and 327 pV, respectively, at week 5 (Fig. 5h). Even at week 12, the SEP
amplitude with 10 g stimulation was higher than that with 1 g stimu-
lation (Fig. S12e). The SEPs with high-strength stimuli exhibited oscil-
lations after the main spike (Fig. S12d). We analyzed the SEPs using the
normalized power spectral density (PSD) (Fig. 5i and S12f). In all fre-
quency bands of the brainwaves, the stimulus using 180 g exhibited the
highest power among the three stimulation strengths. The normalized
power gradually increased with the stimulus strength in the alpha, beta,
and gamma bands. A previous study reported that tactile sensations can
be produced by electrical stimulation of low-frequency bands from the
alpha to gamma bands [43]. The recorded brain activities showed the
same frequency bands as in the previous study, thereby proving that our
electrodes can discriminate the sensational changes and stimulation
strength. Exceptionally, the SEP signals induced by only 180 g of stim-
ulus, a high-strength stimulation, exhibited high energy in the theta
band, which was not observed in SEPs induced by lower-strength
stimulations.

Since the differences in stimulation methods, active site properties
(e.g., coating materials and active area), and recording regions, the
major frequency band from evoked PSDs is hard to compare. Never-
theless, the maximum value of PSD is one of the factors to compare the
quality of recording performance. Fig. S13 shows the PSDs from our
developed ECoG array in (a) and previously reported electrodes in (b)
[44-47]. The maximum power in PSD recorded by our electrodes was
from 20 to 30 dB, which is comparable to that of previously reported
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ECoG electrodes, from 20 dB to 40 dB [44-48]. In our experiment, the
value of PSDs under 20 Hz was increased by tactile stimulus using von
Frey hairs as shown in Fig. S13a, clearly showing that the power of SEPs
was increased by tactile stimulus. Although the nature of recorded brain
responses was different, the recording performance of the developed
electrodes in the low-frequency band was similar to the previously
published results showing the increase in PSD during seizure events [44,
46]. At high frequencies above 100 Hz, the signals detected by our
electrodes exhibited higher power than previously reported ECoG sig-
nals. As the result, our developed ECoG devices exhibited the recording
quality in frequency domain comparable to previously reported
custom-developed [44,46-48] and commercial ECoG arrays [45].

In previous studies [45,47,49], long-term ECoG recordings were
mostly conducted using commercial ECoG electrodes, which are based
on medical-grade silicone and have electrode dimensions in millimeter
scale (Table S7). In comparison with commercial and previously
developed silicone-based electrodes, our PDMS-based device showed
higher SNR, as summarized in Table S7. Normally, the frequency range
of ECoG analysis was up to 200 Hz. The PSD of our recorded ECoG
signals in the given bandwidth was similar with those reported in pre-
vious ECoG results [45,47,49]. Furthermore, the maximum signal power
from the PSD of our device was comparable to those of previously re-
ported electrodes. On the other hand, only a few studies using
micro-ECoG electrodes have reported long-term recording results, such
as in [20,22,50]. In comparison with those micro-ECoG electrodes, our
electrodes based on parylene-treated PDMS show higher SNR as shown
in Table S7. As summarized in Table S7, our PDMS-based electrodes
have electrode dimensions in micrometer scale, but at the same time,
show long-term ECoG recording performance comparable with previ-
ously reported silicone-based electrodes including commercial devices.
It is attributed to the soft and flexible nature of our developed device,
with a much smaller thickness (80 pm) than that of silicone-based
electrodes (ca. 10 times thicker and thus, almost inflexible).

4. Conclusion

We investigated the long-term mechanical and electrochemical
properties of PDMS-based ECoG electrode arrays, and validated their
recording performance in in vivo. Initially, electrodes on parylene-filled
PDMS exhibited better mechanical and electrical performance compared
with electrodes on parylene-deposited PDMS, as they possessed a lower
Young’s modulus, lower bending rigidity, higher stretchability, and
lower impedance. However, electrodes on parylene-deposited PDMS
exhibited better mechanical and electrical stability over time compared
with those on parylene-filled PDMS. In parylene-deposited PDMS, the
thin parylene layer effectively suppressed water uptake into PDMS and
minimized the effects of the wet environment. However, electrodes
based on parylene-filled PDMS were also suitable for long-term use as
the impedance remained consistently low over the entire experimental
period of up to 5 months. In vivo experiments demonstrated that the
developed PDMS-based ECoG arrays could record SEPs chronically over
months. In summary, both parylene-deposited and parylene-filled
PDMS, which are compatible with MEMS fabrication processes, can be
used as soft and flexible substrates for long-term implantable devices.
Our results suggest the potential of PDMS-based bioelectronic devices
for various applications requiring softness, flexibility, conformability,
and device robustness over long-term.
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