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MRI-Compatible, Transparent PEDOT:PSS Neural Implants
for the Alleviation of Neuropathic Pain with Motor Cortex

Stimulation
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Myeounghoon Cha,* and Ki Jun Yu*

Simultaneous monitoring of electrophysiology and magnetic resonance
imaging (MRI) could guide the innovative diagnosis and treatment of various
neurodegenerative diseases that are previously impossible. However, this
technique is difficult because the existing metal-based implantable neural
interface for electrophysiology is not free from signal distortions from its
intrinsic magnetic susceptibility while performing an MRI of the implanted
area of the neural interface. Moreover, brain tissue heating from neural
implants generated by the radiofrequency field from MRI poses potential
hazards for patients. Previous studies with soft polymer-based electrode
arrays provide relatively suitable MRI compatibility but does not guarantee
high-resolution electrophysiological signal acquisition and stimulation
performance. Here, MRI compatible, optically transparent flexible implantable
device capable of electrophysiological multichannel mapping and electrical
stimulation is introduced. Using the device, neuropathic pain (NP) relief with
a 30-channel electrophysiological mapping of the somatosensory area before
and after motor cortex stimulation (MCS) in allodynia rats after noxious
stimulation is confirmed. Additionally, artifact-free manganese-enhanced MRI
of dramatic relief of pain-related region activity by MCS is demonstrated.
Furthermore, artifact-free optogenetics with transgenic mice is also
investigated by recording light-evoked potentials. These results suggest a
promising neuro-prosthetic for analyzing and modulating spatiotemporal
neurodynamic without MRI or optical modality resolution constraints.

1. Introduction

Electrophysiological diagnosis and treat-
ment approaches using neural implantable
devices have long been established
as cornerstones for regulating brain
functions.['3] These tools have received
great clinical attention in modulating neu-
ronal propagation by applying a specific
amount of current to a target brain region
while recording biological signals from
implanted sites.[*”’] In particular, the high
temporal resolution of the electrophysio-
logical readout is specialized for analyzing
pathological events of patients with rapidly
changing neurodynamic. However, the
local neural signal sensing method has a
clear limitation in that it does not guarantee
to observe the activity of the whole brain
because it relies entirely on the recording
area.®1%  Integrating electrophysiology
with medical imaging, such as magnetic
resonance imaging (MRI), for the simul-
taneous monitoring of neurophysiology
and neuroimaging provides the ultimate
solution to this issue.''™* Furthermore,
functional MRI and manganese-enhanced
MRI (MEMRI), which serve as extensive
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functional investigations of the brain, are promising applica-
tions that generate great synergism with electrophysiological
approaches.[">"17] However, patients implanted with conventional
bulk metal-based neural prostheses suffer from potential hazards
due to the following three major issues: 1) medical image distor-
tion from the inherent static magnetic field (BO) field for image
acquisition, 2) brain damage from device heating by the radiofre-
quency (RF) field (B1) from MRI, and 3) potential risks of eddy
current generated in conductive materials by gradient fields gen-
erated from equipped coils in MRL.[18-22]

These problems arise because the clinical recording or stim-
ulating electrodes are not free from intrinsic magnetic suscep-
tibility and electrical conductivity with bulky size.[*?*! For ex-
ample, stainless steel electrodes exploited in conventional neu-
ral implants cause geometric signal distortion by magnetic fields
from MRI due to their ferromagnetic properties. In addition, un-
wanted heating of the device by the induced RF field frustrate pa-
tients’ safe lesion diagnosis.[?s] In summary, there is a pressing
need for attractive neural interfaces capable of diagnosing and
stimulating electrical neural activity with excellent spatiotempo-
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ral resolution without electrode-induced imaging artifacts and
tissue heating.

Conductive polymer (CP)-based soft implantable electrodes
can easily mitigate the following clinical requirements with
their diamagnetic properties with excellent mechanical
characteristics.[*?6-28] Unlike biocompatible metals such as
gold (Au) and platinum (Pt) commonly used as recording
electrodes,?! soft electronics based on CP have extremely
low Young’s modulus, minimizing the mechanical mismatch
between brain tissue and the device.**) Among them, poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS)
has received great interest in most neuroscience research due to
its excellent electrical properties and biocompatibility.*1-** Typ-
ically, PEDOT:PSS is deposited on the surface of a stimulating
electrode and has been extensively used for the measurement
and modulation of neural signals.3>*”] However, because a
conventional electrode based on PEDOT:PSS has adopted a
thin electroplating process on an additional metal layer, it is
inevitable from the risk of potential MRI incompatibility of
the pre-deposited metal. To solve this problem, several studies
have been conducted to exploit micropatterning with a single
layer of PEDOT:PSS through the solution process instead of
the electroplating method.’33°1 However, it is difficult to expect
high-quality electrophysiological signals due to the low electrical
conductivity of the single PEDOT:PSS layer. Some studies have
attempted to enhance the electrical properties by modifying the
molecular arrangement or structure of PEDOT:PSS but pre-
sented relatively poor performances compared to conventional
implantable electrodes.l***!] Eventually, a neural interface by a
special PEDOT:PSS treatment method without being affected by
the magnetic field is needed.

Here, we present an MRI-compatible, optically transparent
PEDOT:PSS-based electrocorticography (ECoG) grid (MRI-com
PEDOT). The single-layer PEDOT:PSS microelectrode arrays
(MEAs) demonstrated in the previous study!®®! is completely free
of medical imaging artifacts by selecting a process that deviates
from additional metal deposition. In this study, MRI-com PE-
DOT was immersed into heated ethylene glycol (EG) solution,
significantly reducing electrochemical impedance and enhanc-
ing stimulation performance compared to those of electrodes
subjected to EG treatment at room temperature.[®®] This study
preliminarily investigated via waveguide simulation whether
MRI-com PEDOT is less affected by the applied virtual magnetic
field in each direction than the conventional Pt electrode. Imag-
ing of the artifact property of MRI-com PEDOT and the Pt elec-
trode is confirmed by 9.4T fast low-angle shot (FLASH) MRI of
the primary somatosensory cortex (S1) of rats with device im-
plantation. RF heating-induced temperature measurement and
simulation tests are also conducted to certify the stability in the
MRI of the device for future clinical applications. To confirm the
multichannel electrophysiological mapping and electrical stim-
ulation capabilities of the MEAs, decreased cortical activity of
the neuropathic rat model was identified by mapping the sig-
nals from S1 after motor cortex stimulation (MCS). Distortion-
free MEMRI results of neuropathic rats with MRI-com PEDOT
provided results of pain relief in the somatosensory cortex and in-
sular cortex (IC), with corresponding reduced neural activities on
the surface area. Additionally, photoelectric artifact interrogation
with channelrhodopsin-2 transgenic mice showed that the fully
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transparent electrode array works favorably to integrate electro-
physiology and optogenetics. This study provided a multimodal
system that realizes clinically practical tools by minimizing po-
tential hazards from patients with implants requiring medical
images for translational lesion analysis.

2. Results and Discussion

2.1. Device Characteristics of MRI-Com PEDOT Electrode Array

MRI-com PEDOT is shown in a schematic illustration of its func-
tionalities (Figure 1a). MRI-com PEDOT was designed to be ap-
plied primarily to two modalities: 1) robust electrophysiologi-
cal signal mapping and modulation, 2) imaging distortion-free
MEMRI acquisition. MRI-com PEDOT consisted of flexible and
transparent 30 recording channels (electrode size: 50 X 50 pm;
Figure S1, Supporting Information) and can measure evoked
signals from the S1 of a rat. These recording channels were
carefully designed, so the stimulating electrode (electrode size:
400 X 400 pm) was automatically positioned in the motor cortex
according to the implanted site.

Although MRI-com PEDOT is implanted in the right cere-
bral cortex of a neuropathic rat model, it is invisible without im-
age distortion on MRI when confirming the therapeutic effect
of MCS. Moreover, the device is optically transparent; in medi-
cal imaging, it has favorable conditions for integrating electro-
physiology and optical modality compared to the conventional
Pt electrode array (Figure 1b; Figures S2 and S3, Supporting In-
formation). For example, when controlling local neural activity
using optogenetics, the decrease in light transmission efficiency
due to opaque electrodes is significantly reduced. Also, it ex-
hibits negligible photoelectric artifacts compared to conventional
metal microelectrodes upon light stimulation. And the excellent
electrical properties of the MRI-com PEDOT electrode were im-
proved by post-treatment of the PEDOT:PSS layer on the heated
EG (Figure 1c). EG treatment at room temperature guarantees
the effect of enlarging the PEDOT:PSS grains and transforming
the molecular linear arrangement.[*1#2] Additionally, electrodes
heated at 100 °C present enhanced electrical conductivity due to
evaporation of water molecules present between the PEDOT:PSS
dispersion.[*}] With this integrated device, we diagnosed and al-
leviated hind-paw pain in the allodynia rat model with different
modalities. From the previous research that MCS is closely re-
lated to the relief of neuropathic pain,!*~*¢! abnormal sensing of
the neuropathic rat due to peripheral nerve damage was allevi-
ated through MCS (Figure 1d).

To validate whether MRI-com PEDOT is sufficiently applied
to multimodal applications, the electrical, optical, and mechani-
cal properties of the electrodes were investigated. The electrode
array was spin-coated with water-dispersed PEDOT:PSS solution
(Clevios PH-1000) and micropatterned through ultrasonication
lift-off followed by EG post-treatment (Figure S4, Supporting In-
formation). In particular, the EG treatment introduced in the pre-
vious study was dipping the device at room temperature without
heating EG.*8! In this study, a dramatic enhancement of the elec-
trical performance of the electrode array depending on the heat-
ing temperature of EG was observed (Figure S5, Supporting In-
formation). EG treatment converts the coiled structure of pristine
PEDOT:PSS into a linear arrangement, making the electron path-
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ways to PEDOT:PSS grains flexible and improving conductivity.
However, because water molecules in the dispersion continue to
exist between polymer grains, it is difficult to expect significant
electrical property improvement. When the film is immersed in
EG and heated at 100 °C for 30 min, the gap between polymer
grains is reduced due to the evaporation of water molecules, and
the charge hopping of electrons becomes smoother. This inte-
grated processing results in interconnection with denser grains
than simply dipping PEDOT:PSS in EG at room temperature, en-
suring improved conductivity. To specify this result, the electro-
chemical impedance of 30 recording channels of MRI-com PE-
DOT (electrode size: 50 x 50 um) was measured in phosphate-
buffered saline (PBS; pH 7.4 at 37 °C). Immersing the device
into the heated-EG solution presented relatively consistent val-
ues, impedance values of 55 + 15 kQ at 1 kHz among 30 chan-
nels, which were significantly lower than those (95 + 15 kQ) of
the electrodes that were treated with EG solution at room tem-
perature (Figure le; Figures S5,56, and S7, Supporting Informa-
tion). The average difference between the two independent post
treatment conditions was significant (p < 0.05), indicating the
enhanced electrochemical properties from boiled ethylene glycol
treatment has a 95% confidence level (Figure S8, Supporting In-
formation). These results present an electrochemical impedance
superior to carbon based electrodes such as carbon nanotube and
graphene microelectrodes for brain recording.*’*%1 An electro-
chemical impedance spectra (EIS) of the stimulation electrode,
an important factor for electrical stimulation, was also measured
(Figure S9, Supporting Information). A larger surface area of the
stimulating electrode showed a much lower impedance value (25
+ 5 kQ) even after EG treatment under the same conditions.
Additionally, both the recording electrode and the stimulating
electrode from MRI-com PEDOT showed stable electrochemical
impedance maintenance for about 20 days (Figure S10, Support-
ing Information). The cyclic voltammetry (CV) of MRI-com PE-
DOT and Pt electrode array were also conducted, exclusively ap-
plied to the stimulating electrode (Figure 1f, Figure S11, Support-
ing Information). The alternating current from the stimulating
electrode of MRI-com PEDOT exhibited an almost rectangular
shape through induced various voltage sweep (Figure S12, Sup-
porting Information). This indicated that EG treatment of PE-
DOT:PSS improved the electrochemical performance of the elec-
trodes by further changing the surface roughness of the stim-
ulating electrode and increasing the ion exchange area.®®! For
further stimulating performance comparison between the con-
ventional Pt electrode array and the MRI-com PEDOT electrode
array, the charge storage capacity (CSC) of each electrode was cal-
culated using a CV curve. Among them, cathodic CSC is calcu-
lated as an area value when cathodic current is measured by a
voltage sweep. As expected, it was confirmed that the MRI-com
PEDOT electrode array had a better cathodic CSC value than the
conventional Pt electrode array (Figure S13, Supporting Informa-
tion). Charge injection capacity (CIC) value from MRI-com PE-
DOT was also acquired through voltage transient measurement
(Figure S14, Supporting Information). CIC is a parameter that
shows the limit on how much charge can be injected from the
geometrical surface area of a given stimulating electrode. It is
obtained by the current density (area of current pulse from time
periods) until negative potential excursion (E,,.) and positive po-
tential excursion (E,,,) reach the water window. As a result, when
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Figure 1. Device characteristics of MRI-com PEDOT. a) Schematic illustration of MRI-com PEDOT neural interface for integration of electrophysiology
with magnetic resonance imaging (MRI). b) An image of MRI-com PEDOT wrapped around the cylindrical glassy rod (diameter, 5 mm). A red-dashed
line presents the magnified image of an electrode array. Scale bar, 200 um. c) Schematic illustration of PEDOT:PSS post treatment with heated ethylene
glycol. d) Schematic illustration of neuropathic pain alleviation. Depending on the motor cortex stimulation, pain relief of the hind-paw was diagnosed
with electrophysiological recording. e) 30-Channel electrochemical impedance spectra (EIS) and phase plot of MRI-com PEDOT. f) Cyclic voltammetry
of MRI-com PEDOT (sweep range: —0.6 to 0.8 V, scan rate: 50 mV s™', sweep cycle: three times). g) Transmittance plots of candidates of transparent
neural interfaces at a range of visible wavelengths (300-900 nm). PET (thickness: 25 pm) film on polydimethylsiloxane (PDMS)-coated glass substrate
was used as a reference plot. h) EIS result of MRI-com PEDOT depending on the bending of the device onto the cylindrical rod (diameter: 5 mm). The
average electrochemical impedance from each electrode channels at 1 kHz was measured. i) Mechanical stability test of MRI-com PEDOT. EIS values
from 30 channels were measured from the four different structures (original, kinked, folded, and sulcus). j) Adult mouse cortical neuron cell viability
analysis with device implantation. Bright sky blue-colored cells indicate cortical nuclei stained with Hoechst, and dark, red-colored cells indicate dead
cells stained with propidium iodide. Scale bar, 50 pm.
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a current pulse of 50 Hz and 2 mA intensity was applied, the
CIC of the MRI-com PEDOT came out as 0.7 mC cm~2. The
reason why the ideal voltage drop did not occur is due to the de-
layed recovery period from capacitive characteristics of the PE-
DOT:PSS electrodes. To confirm whether the MRI-com PEDOT
electrode array is damaged by continuous electrical stimulation,
the electrochemical impedance change by repetitive current puls-
ing for 10 days was measured (Figure S15, Supporting Informa-
tion). The parameters of the applied current (intensity: 50 pA,
frequency: 50 Hz, pulse width: 300 ps) proceeded the same as
the conditions for pain relief of the neuropathic model, and our
electrode array showed negligible change of stimulating perfor-
mance even for more than 10 days. On the other hand, in the
case of the Pt electrode, a drastic increase in impedance was
shown within about 30 to 40 min, which indicates damage to
the electrode due to the dominant faradaic reaction from con-
tinuous pulsing. To compare MRI-com PEDOT to the materi-
als used to fabricate transparent neural interfaces studied pre-
viously, the optical transparency of the device in the visible wave-
length was analyzed (Figure 1g). Considering that the intrin-
sic transparency of the 25 pm polyethylene terephthalate (PET)
film substrate was ~85%, the films coated with pristine PE-
DOT:PSS and PEDOT:PSS-EG showed a high light transmit-
tance of 71%. This transparency showed a constant light trans-
mittance with almost no change even when measured over a
long period of time (Figure S16, Supporting Information). In par-
ticular, the film deposited with indium tin oxide showed lower
transparency than MRI-com PEDOT (~67% in the visible wave-
length).

The device bending test was also conducted to verify the me-
chanical stability of MRI-com PEDOT (Figure 1h). An electro-
chemical impedance change was observed when the device was
repeatedly bent with a cylindrical rod of 5 mm diameter. No-
tably, no distinct variation in impedance was shown even at cyclic
bending of electrodes over 1000 times. In addition, we checked
whether there was an abrupt degradation in electrical character-
istics while the electrode array applied various types of strain to
the patterned substrate (Figure 1i). As expected, there was no sig-
nificant change in the electrochemical impedance when the de-
vice was converted to kinked, folded, and sulcus structures. Fi-
nally, an in vitro cell viability test was performed to investigate
whether MRI-com PEDOT could be applied in vivo without cyto-
toxicity (Figure 1j and Figure S17, Supporting Information). The
degree of apoptosis of cortical neuron cells directly grown on the
MRI-com PEDOT array was visualized by Hoechst and propid-
ium iodide (PI) staining and observed by optical imaging. Con-
spicuously, dead cells were not observed in the control sample
cultured without the device and in the sample cultured on the
device (Figure S18, Supporting Information). To secure more re-
liable in vivo stability, our MRI-com PEDOT electrode array was
implanted into somatosensory cortex of rats for an extended pe-
riod and then the inflammatory reaction was evaluated (Figures
S19 and S20, Supporting Information). Notably, lipid aggregation
and granuloma formation are not seen, although a small amount
of blood is observed that appears to be due to surgery. This re-
sult demonstrated that cell death at the site where the device is
implanted is not related to MRI-com PEDOT, indicating a good
agreement with the well-known biocompatibility of the soft PE-
DOT:PSS electrode.
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2.2. In Vitro and In Vivo MRI Compatibility Test of MRI-Com
PEDOT

The potential risks and key features of MRI-com PEDOT when
neural implant patients undergo MRI are presented in Figure
2a. There are three main issues: 1) image distortion from mag-
netic susceptibility, 2) brain tissue damage from RF-induced
heating, and 3) imaging artifact from eddy current. First, the
magnetic susceptibility of the conventional neural interface is af-
fected by the static magnetic field (B,) applied by the MR scan-
ner and causes imaging artifacts due to poor signal transmis-
sion to the receiver coil.?*3% The formula for how the mag-
netism of a material affects the surrounding magnetic field from
MRI is as

x=J/By 1)

where y is the magnetic susceptibility of materials, J is the inter-
nal polarization, and B, is the external field from the MRI. The
diamagnetic MRI-com PEDOT has a negative susceptibility from
the magnetic field (—0.0037), which indicates that PEDOT:PSS-
EG acts slightly in the opposite direction to the applied field.
In other words, the characteristics of MRI-com PEDOT, which
hardly reacts to external magnetic fields, do not pose any prob-
lems obtaining medical images.

RF-induced heating from neural implants with MRI is directly
affected by the specific absorption rate (SAR), which is expressed
as

/6<|Ex|2+|Ey|2+ |Ez|2)dv N

2p

where o is the electrical conductivity of the tissue, p is the mass
density of tissue, and Exyz is the electrical field induced by the
RF coil. SAR is the RF energy absorbed by the patient when the
device is implanted, which is closely related to the heat applied
to the brain.’'*2l MRI-com PEDOT has relatively low electrical
conductivity based on the same mass density compared to the
conventional metal electrode; thus, the potential heating issue
by RF can be minimized. Concerns about electrophysiological
recording due to the relatively low conductivity of PEDOT:PSS-
EG can be sufficiently overcome by the generation of double-layer
capacitance between the electrode/electrolyte interface and the
reduction in impedance due to the high surface area compared
to metal. Last, the magnetic field by the gradient coil attached
to the MR scanner generates an induced voltage around the in-
serted electrode. This induced voltage to the implanted electrode
generates an eddy current, mainly caused by the closed-loop re-
sistance of the electrode. The eddy current also indirectly causes
imaging artifacts of MRI and tissue joule heating.?**3] To vali-
date whether the device is suitable for integrating electrophysi-
ology and MRI, simulation tests for potential hazard from brain
tissue heating or imaging distortion from each electrode array (Pt
and MRI-com PEDOT) were performed.>*>¢l The detailed set-up
for bench test simulation is presented in Figure S21 (Support-
ing Information). First, SAR across the brain tissue from each
electrode was shown in simulation test, which guarantees the
safety of MRI-com PEDOT from the RF-induced heating (Figure
S22, Supporting Information). To validate the temperature
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Figure 2. In vitro and in vivo MRI compatibility interrogation. a) Schematic illustration of potential hazards arising from patients with neural interface
undergoing MRI. Parameters generated from the electrode array are displayed as red- and orange-colored bars, and parameters generated from the
MRI unit are displayed as green-, blue-, and magenta-colored bars. b) Heatmap simulation of temperature increasement of brain with each neural
electrode. Cross-sectional view (taken midsection) of rise in temperature across brain tissue from Pt electrode (Left) and MRI-com PEDOT electrode
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increasement of the device within MRI, heatmap simulations
were performed in both cross-sectional and contoured direc-
tion of the brain inducing the radiofrequency field (Figure 2b,c).
Notably, the simulation result showed significant difference be-
tween Pt electrode and our MRI-com PEDOT, which indicates the
much lower temperature increasement of the electrodes from the
magnetic field. And then, the total heat flux simulation within
MRI was followed to specifically demonstrate the heat dissipa-
tion from each electrode (Figure 2d). The heat flow simulation
was measured in watts per square meter (W m~2), showing the
transferred heat from each phantom electrode array in MRI. Our
MRI-com PEDOT showed negligible heat dissipation even in the
tissue closest to the electrode, while the conventional Pt electrode
presented a high heat flux of 30 W m~? around the phantom brain
tissue. In addition, a simulation of electromagnetic performance
using the Ansys HFSS tool was conducted to confirm which part
of the electrode array-specific distortion is expected (Figure 2e,f).
The simulation parameter was determined by magnetic suscep-
tibility test of the MRI-com PEDOT electrode array (Figure S23,
Supporting Information) and previous studies.[>’-! We checked
whether the field interfered with the electrode when the elec-
tric and magnetic fields were applied to a waveguide, placing
the electrodes in the center of the waveguide. As a result, MRI-
com PEDOT also did not interfere with the field applied to the
waveguide, consistent with the simulation results where nothing
was placed in the center of the waveguide (Figure S24, Support-
ing Information). However, the conventional Pt electrode did not
pass through the induced electromagnetic field and resulted in
blocking. This result showed that the applied magnetic field is
attracted toward the material due to the perpendicularly placed
paramagnetic Pt film and does not pass through the waveguide.
This indicated that implanted Pt-based electrodes with paramag-
netic properties could also cause image distortion by the static
magnetic field during the MRI acquisition process is in agree-
ment with the simulation result of electric field distribution and
its permeability (Figures S25 and S26, Supporting Information).
In vitro heating measurement with 0.7% agarose gel in MRI was
followed to consider the risk of joule heating by the RF field. First,
the device was slightly placed on the agarose phantom, and the
temperature sensing probe was contacted on the device to ob-
serve the temperature change in real-time during the MRI oper-
ation (Figure S27, Supporting Information). As a result, the Pt
electrode showed a temperature increase of ~1 °C after 60 min
from the MRI operation time, but the electrode array showed
only a negligible change (Figure 2g). Before conducting animal
experiments, to confirm that imaging distortion does not occur

www.afm-journal.de

when our MRI com-PEDOT is applied to the MRI, the device was
placed on the surface of 0.9% agarose gel and moved into a 9.4T
MR scanner (Figure S28, Supporting Information). This study
used FLASH MRI for the imaging distortion test, a way to clearly
show the artifact of metal electrodes and fluid from the gradient
echo. When scanning the identical agarose phantom model with
the same number of frames, a dark blurred region was formed
around the electrode in the conventional Pt electrode. In con-
trast, MRI-com PEDOT did not show any imaging artifacts, ex-
cept around the edge of the device in the same frame. These data
validated that MRI-com PEDOT is completely free from poten-
tial hazards caused by RF heat and image artifacts after device
insertion. To demonstrate whether this result is equally applica-
ble to the in vivo environment, both the conventional Pt elec-
trode array and MRI-com PEDOT were implanted in the right
cerebral cortex of rats, followed by MRI (Figure 2h). The refer-
ence wire and metal screw for electrophysiological signal readout
were removed during the MRI distortion test. To minimize the
imaging artifacts caused by the motion of the device, bone paste
with dental cement was evenly applied to the skull. In the hori-
zontal view images of the brain, the scanning angle of the MRI
was slightly adjusted in consideration of object geometry-induced
distortion (Figure 2i). When the scanning angle was tilted for-
ward, a black patch from the signal void was observed around the
motor cortex where the conventional Pt electrode was localized,
whereas MRI-com PEDOT presented clear images. As expected,
when the scanning angle returned to the normal direction per-
pendicular to the MRI field, image distortion was observed in
the somatosensory cortex only when the Pt electrode was local-
ized. The coronal view of the brain with the Pt electrode array also
showed a blurred black area from electromagnetic image artifacts
around the implanted site compared to that of MRI-com PEDOT
(Figure 2j). The size of the distortion region obtained from the
images with Ptand MRI-com PEDOT was scrutinized. As a result
of three trials of MRI acquisitions, the image artifact size of the
Pt electrode array was ~0.6 cm?, whereas the MRI-com PEDOT
exhibited almost negligible artifacts (Figure S29, Supporting
Information).

2.3. In Vivo Electrophysiology for Pain Alleviation of the
Neuropathic Rat

In recent years, there have been studies on treating neuro-
pathic pain caused by damage to the peripheral nerve. Several
studies have reported that current stimulation with a certain

(Right). ) Simulation result of temperature increasement of brain with each neural electrode. Rise in temperature as contours across the brain tissue
with Pt electrode (Left) and MRI-com PEDOT electrode (Right). d) Simulation result of total heat flux within MRI from each neural implant. Result of
heat flux magnitude and direction across the brain phantom from Pt electrode (Left) and MRI-com PEDOT (Right). e) Ansys HFSS simulation results
of a waveguide inducing the electrical field. The conventional Pt electrode array and MRI-com PEDOT array were placed in the center of the waveguide.
f) Ansys HFSS simulation results of a waveguide inducing the magnetic field. The conventional Pt electrode array and MRI-com PEDOT array were placed
in the center of the waveguide. g) In vitro time-dependent temperature measurements of the device during MRI operation. The total measurement time
was 65 min, and the temperature was checked every 5 min. Three individual samples were tested with both electrodes (Pt and MRI-com PEDOT).
Error bars indicate standard deviation of the temperature increasement of each 5 min interrogation of samples, and the lines indicate the average of
temperature from three samples. h) Images of the implanted conventional metal (Pt; top) and MRI-com PEDOT (bottom) on the cerebral cortex of a
rat model. i) In vivo MRI FLASH imaging results with implanted conventional metal (Pt; top) and MRI-com PEDOT (bottom). The MR scanning angle
was changed from the “Front” (left) angle to the “Mid” (right) angle of horizontal views to distinguish whether the blurred areas were from artifacts or
blood. Yellow-colored box indicates the device implantation site. j) Coronal slices of MRI acquisition with implanted conventional metal (Pt; top) and
MRI-com PEDOT (bottom). Yellow-colored box indicates the device implantation site.
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frequency and magnitude to the motor cortex suppresses neuro-
pathic pain.l®0-%2] However, diagnosing and treating neuropathic
pain with multichannel electrophysiological signals has not been
thoroughly studied. To confirm the effect of this electrical stimu-
lation from MRI-com PEDOT, the electrode array was implanted
onto the right cerebral cortex of neuropathic rats (Figure 3a). To
ensure more accurate implantation coordinates, the electrode ar-
ray was fixed with dental cement, and measurement was per-
formed. A reference wire for neural recording was wound and
connected to a metal screw on the left cerebral cortex (Figure 3b).
First, a 30-channel electrode array was placed in the somatosen-
sory cortex of the tibial-sural nerve transection model to record
the evoked response seen when allodynia is accompanied by
hind-paw stimulation (HPS) (Figure S30, Supporting Informa-
tion). One stimulating electrode in MRI-com PEDOT was directly
placed over the motor cortex, inducing a series of currents (bipha-
sic symmetric, 50 Hz, 50 A, pulse width: 300 ps) on the brain
surface. To investigate whether the activity of the somatosensory
cortex by the neuropathic pain model after MCS is reduced, 30
recording channels again measured the electrophysiological sig-
nal changes from the somatosensory cortex (Figure S31, Support-
ing Information). HPS and neural recording were performed si-
multaneously for 15 min, and the evoked potential that appeared
after the stimulation onset was recorded from a 30-channel elec-
trode array. MCS was followed for 30 min. As in the previous
process, the pain relief effect from HPS in the somatosensory
cortex was validated by real-time ECoG. The detailed experimen-
tal protocol is shown in Figure 3c. Specifically, among all chan-
nels, 18 on the right side of the electrode arrays were placed in
the hindlimb region of the somatosensory cortex, so the evoked
response (n = 4) by noxious stimulation was more prominent
(Figure 3d and Figure S32, Supporting Information). The mean
local field potentials (LFPs) in the somatosensory cortex hindlimb
after HPS (intensity: 3 mA, frequency: 0.2 Hz, biphasic symmet-
ric) is shown in Figure 3e. Notably, sham models showed an
evoked potential of 200 pV after HPS with and without MCS.
In contrast, the neuropathic pain model before MCS showed a
remarkably high evoked response (%450 uV) after stimulus deliv-
ery despite the same currentlevel applied to the hind-paw for four
additional models (Figure S33, Supporting Information). This in-
dicated that the model with neuropathic pain has a greater pain
activity in the central nervous system even after the same in-
tensity of noxious stimulation. Surprisingly, the somatosensory
response to HPS shown in the neuropathic pain model after
MCS was significantly reduced. The frequency spectra of HPS
evoked potentials before and after MCS also showed a clear in-
tensity difference (Figure S34, Supporting Information). The av-
erage LFPs at this time were almost not significantly different
from the baseline response, suggesting that the brain activity re-
lated to nociception in the hindlimb returns to a normal level.
Additionally, the evoked activity of the somatosensory cortex was
measured depending on the current intensity of HPS (1, 3, and
5 mA; Figure 3f and Figure S35, Supporting Information). All
evoked potentials were detected ~40 ms after HPS onset, excep-
tionally showing the negligible response from the stimulation of
1 mA. The evoked potentials for HPS exhibited before MCS in-
creased slightly as the intensity of noxious stimulation increased.
In contrast, the somatosensory response from the brain after
MCS showed dramatically lowered LFPs around 50 uV by the
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current stimulation compared to the reference response. These
results demonstrated that neuropathic pain could be alleviated
by MCS, and its therapeutic effect can be confirmed by the elec-
trophysiological recording of the brain. Figure 3g presents the
30-channel electrophysiological mapping of evoked LFPs by HPS
before and after MCS in a neuropathic pain model obtained from
MRI-com PEDOT. The 30-channel color map based on changes
in brain waveforms after 100 ms from HPS onset shows pain alle-
viation by MCS more visibly. High LEPs (>500 uV) that appeared
before MCS significantly decreased in amplitude after MCS. In
particular, the electrode array showed more prominent neurody-
namic activity in the brain region accompanying hindlimb sen-
sation among the somatosensory cortex, which agrees with the
existing anatomical interpretation.

2.4. MEMRI for Examining Neuropathic Pain Alleviation

MRI-com PEDOT has imaging invisibility optimized to show that
allodynia caused by HPS in the deep brain can be suppressed by
MCS with MEMRI. To authenticate this characteristic, the device
was implanted into the right cerebral motor cortex of a neuro-
pathic rat (Figure 4a). When HPS is conducted first, neural activ-
ity is markedly expressed in hindlimb region of the somatosen-
sory cortex (S1THL) and IC. Because the manganese solution is
injected from the external carotid artery (ECA) of the right ven-
tral aspect of the neck, neural activity in the right hemisphere
of the brain is observed (Figure S36, Supporting Information).
Figure 4b shows an image of the experimental setting for MCS
during the MEMRI process. The stimulating electrode was placed
on the motor cortex, and a ground wire was implanted in the
neighboring area to bypass the induced current. Dental cement
is applied to the entire skull, including electrodes and ground
wire, to firmly position the electrode array. In the neuropathic
pain model and the MCS model, MRI-com PEDOT is implanted,
but only the process of whether it undergoes the MCS process
is different (Figure 4c). The MCS protocol was conducted in the
same way as the parameters (biphasic symmetric, 50 Hz, 50 nA
for 30 min) used for pain alleviation through the previous elec-
trophysiological approach. The detailed experimental process for
MEMRI with MCS of neuropathic pain is illustrated in Figure 4d.
After implantation of the stimulating device and tube insertion
for manganese injection, neuropathic rats underwent MCS im-
mediately. Afterward, the process of entering the scanner for MRI
acquisition is followed. Mannitol injection is performed before
manganese injection for blood-brain barrier (BBB) opening dur-
ing HPS. Due to the rapid diffusion of manganese ions, MEMRI
proceeded simultaneously with mannitol injection. Evoked neu-
ral activity by external stimuli appears as a bright white color by
manganese ions, which show a strong contrast effect by shorten-
ing the T1 time of water protons in MRI. As expected, MRI-com
PEDOT did not produce any image distortion at the implanted
site and its immediate vicinity (Figure S37, Supporting Infor-
mation). Brain regions activated by HPS in neuropathic rats are
shown in sequential frames from 1 to 4 (Figure 4e). For Frame
1, SIHL activation was the most conspicuous image slice, and
high manganese diffusion in the IC region was shown in Frame
2. Surprisingly, regions showing high activity for each frame
presented a dramatic reduction after MCS from each repetitive
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Figure 3. In vivo electrophysiological recording/stimulation for alleviating neuropathic pain. a) Schematic illustration of the implantation site of an
experimental rat model. A stimulating electrode and recording channels were placed on a motor cortex and somatosensory cortex of a rat, respectively.
b) Experimental set-up for electrophysiological recording/stimulation of the rat brain. The anisotropic conductive film was connected to the device
to receive a neural signal from the sensing site. A reference wire was bent around the embedded metal screw. c) Experimental protocol for in vivo
recording/stimulation. HPS was conducted in accordance with somatosensory cortex neural recording. MCS was followed for 30 min, and neural activity
was remeasured to compare the therapeutic effect of MCS. d) Illustration of the implanted site of MRI-com PEDOT. A 30-channel electrode array was
implanted onto the right cerebral cortex of a rat brain. The purple-colored box indicates the area of electrodes distributed in the hindlimb region of the
somatosensory cortex (STHL). e) Graphs of changes in evoked potentials before and after MCS in the sham rat and the tibial-sural nerve transaction
rat (neuropathic pain) model. All four plots were calculated as the average of 30-channel recording electrodes of MRI-com PEDOT voltage values, and
the onset time of HPS for evoked potentials was measured based on 0 s. f) Graph of the somatosensory evoked potential of the neuropathic rat model
according to current stimulation intensity of HPS and presence or absence of MCS. The bright yellow plot is the neural signal value when HPS was
applied at 0 mA (sham/reference). g) (Left) Representative 18-channel electrophysiological signals from the hindlimb region before/after MCS with
HPS. (Right) 30-Channel color mapping result of electrophysiological signals from the somatosensory cortex before/after MCS with HPS.
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Figure 4. MEMRI for investigating the therapeutic effect of MCS on neuropathic pain. a) lllustration of regions of interest (STHL and IC) of the brain with
neuropathic pain. The blue-colored area depicts the implantation site of MRI-com PEDOT. The stimulating electrode was directly contacted on the right
side of the motor cortex (M1) of the brain. b) Experimental settings of in vivo MCS of a neuropathic pain rat. The ground electrode was implanted in the
vicinity of the M1 to bypass the induced current. c) Detailed procedure of in vivo experiments with the neuropathic pain model (control) and the MCS
model. d) Experimental protocols for MEMRI with HPS. To pass the manganese ion through the BBB, mannitol administration was first conducted.
e) Coronal images of MEMRI of the neuropathic pain model without (left) and with (right) MCS. To distinguish the activated regions, the expected
activation regions were presented in four frames. The yellow-colored box indicates the MRI-com PEDOT implantation site. f) Neuronal activation intensity
of the somatosensory cortex (left), IC (middle), and visual cortex (right) plot before/after MCS. The activation intensity from the visual cortex of rats was
used as a reference region, independent of MCS. All intensity from the brain was tested with three neuropathic models (n = 3).
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experiment with other neuropathic pain models (Figures S38 and
S39, Supporting Information). The decreased diffusion of man-
ganese ions into all regions involved in pain, except for the up-
permost layer of the STHL region, indicates that electrical stim-
ulation of the motor cortex in MRI-com PEDOT is substantially
correlated with pain relief. The manganese ion-enhanced region
(a bright white region in MRI) was compared to the neuropathic
pain model (control) and the MCS model (Figure S40, Support-
ing Information). Two brain regions (somatosensory cortex and
IC) were chosen to confirm the effectiveness of the device for
neuropathic pain alleviation. The visual cortex, an independent
region from this experiment, was exploited as a reference region
for manganese ion activation. As a result of confirming the pain-
relieving effect of MCS in three rats for each brain region, de-
creased neural activity in prominent regions of interest was ob-
served in all models (Figure 4f). In contrast, as expected, no sig-
nificant difference was observed between the neuropathic pain
model and the MCS model in intensity in the visual cortex, which
requires independent neural activity regardless of the presence
or absence of MCS. To visualize an analgesic effect more clearly,
the statistical significance of the data between the two groups
was verified using an unpaired t-test (Figure S41, Supporting In-
formation). As a result, the average difference between the two
independent groups was significant (p < 0.05), indicating that
the neuropathic pain treatment effect by stimulation of the MCS
models has a 95% confidence level.

2.5. In Vivo Simultaneous Electrophysiology with Optogenetics

Besides brain electrical stimulation, optogenetics-based neuron-
specific modulation for further neuroscience research has
greater synergy when accompanied by electrophysiological
approaches.[®>-%] However, when light energy of a certain fre-
quency is applied to the surface of the electrode, a photoelec-
tric potential is generated by the exerted charge.l®%! This voltage
is recorded together when measuring electrophysiology through
electrodes and is combined with actual neural activity signals to
cause signal contamination. For transparent electrodes, the total
amount absorbed photon energy is small, resulting remarkably
reduced photoelectric artifact. The optical transparency of MRI-
com PEDOT is compatible with medical images and integration
with optogenetic stimulation. Before in vivo experiment for si-
multaneous electrophysiology with optogenetics, we conducted
artifact interrogation in vitro (Figure S42, Supporting Informa-
tion). Notably, it was confirmed that our MRI-com PEDOT did
not significantly cause signal contamination by light even with
1 and 5 Hz laser stimulation compared to Pt electrode (Figure
S43 Supporting Information). To confirm the simultaneous neu-
ral recording with optogenetics feasibility of MRI-com PEDOT,
the device was implanted over the somatosensory cortex of Thy1-
ChR2-YFP mice (Figure 5a and Figure S44, Supporting Informa-
tion). LFPs evoked by the blue laser of 473 nm were compared to
the conventional Pt electrode and MRI-com PEDOT. A picture of
30 recording channels implanted in the somatosensory cortex of
a transgenic mouse is shown in Figure 5b. The conventional Pt
electrode array visually blocked the entire vicinity of the electrode
placement due to its opaque nature, whereas the electrode array
exhibited a see-through image. This result was closely related to
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the amount of light transmission directly through the electrode
during optogenetic stimulation, indicating that neurons in the
target region can be modulated more efficiently even with the
same light intensity. An optical fiber (diameter: 105 pm, dura-
tion: 50 ms, 2.5 Hz) was placed directly above the recording site
of each electrode to figure out whether the blue laser could effi-
ciently stimulate the neurons underneath the device (Figure 5c).
As expected, the conventional Pt electrode array showed negligi-
ble evoked LEPs in all areas of 30 channels regardless of the vicin-
ity of the electrode where stimulation was performed (Figure 5d;
Figures S45 and S46, Supporting Information). In contrast, MRI-
com PEDOT exhibited the most prominent light-evoked LFPs
in the stimulated region. At the same time, MRI-com PEDOT
showed high light transmission efficiency compared to the Pt
electrode. In electrophysiological signals recorded by the Pt elec-
trode array, especially, an additional peak was observed at the
laser stimulation onset, which are contaminated signals caused
by photoelectric artifacts. Photoelectric artifact refers to the volt-
age Dby electron emission when the light above the energy level
where electrons remaining on the metal surface can be excited
is applied. To investigate the electrophysiological signal contam-
ination caused by this artifact, LFPs were measured while apply-
ing a blue laser to the electrode surface in wild-type (WT) mice
whose neural activity was not affected by light (Figure 5e). In
the conventional Pt electrode and MRI-com PEDOT, a distinct
evoked response was not observed in the unilluminated electrode
of the blue laser, whereas striking photoelectric artifacts were ob-
served in each laser onset in the Pt recording electrode where
the laser was illuminated. This result suggested that LFPs from
WT mice by electron energy from the surface of the Pt electrode
act as a noise in the biological signal. In contrast, MRI-com PE-
DOT did not cause any significant signal contamination regard-
less of whether light was stimulated, verifying the performance
as a multimodal device.

3. Conclusion

This study dealt with the introduction of a transparent, im-
plantable electrode array that can diagnose and treat the
neuropathic pain model without any obstacles in the integration
of three modalities (electrophysiology, MRI, and optogenetics).
MRI-com PEDOT, which had better electrical properties through
the post-treatment of the heated-EG, showed remarkably smaller
artifact size and negligible RF-induced heat in MRI acquisition
compared to conventional Pt electrodes. Pain alleviation through
MCS in the neuropathic pain model with HPS was confirmed
by 30-channel electrophysiological recording and stimulation of
MRI-com PEDOT. Furthermore, through MEMRI after device
implantation, the treatment effect by confirming the decrease
in the activation of the pain-related region in the deep brain af-
ter MCS was verified. Finally, the optically transparent MRI-com
PEDOT was free from photoelectric artifacts and demonstrated
the feasibility of fusion of neuromodulation and electrophysiol-
ogy using optogenetics. To be applied as a future work for chronic
clinical application, further studies on encapsulation layer for the
electrode array must be preceded, resulting in the device mal-
function within 20 days. In addition, to apply this device to other
disease models that require high frequency electrical stimulation,
enhanced properties of stimulation performances are potentially
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Figure 5. In vivo electrophysiological recordings for photoelectric artifact interrogation of MRI-com PEDOT. a) Image of device implantation. MRI-
com PEDOT was implanted into the right cerebral cortex of a transgenic mouse. b) Optical images of implanted conventional Pt electrodes (left) and
transparent MRI-com PEDOT (right). Scale bar, 300 um. c) Image of a magnified image of optogenetic stimulation. Blue laser (470 nm, fiber diameter:
105 pm) was induced directly on the surface of a recording site of an electrode. Scale bar, 200 um. d) 30-Channel electrophysiological recordings with
optogenetic stimulation of a transgenic mouse with the conventional Pt electrode array (left) and MRI-com PEDOT (right). The white dashed line indicates
the laser stimulation onset. The yellow-colored box presents the blue laser-illuminated spot. €) Electrophysiological signals from wild type mouse with
blue laser stimulation. To authenticate that the fluctuating signals are from photoelectric artifacts, the results were presented in non-illuminating and
illuminating spots. The black dashed line indicates the laser stimulation onset in the conventional Pt electrode array (left) and MRI-com PEDOT (right).
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more required. However, MRI-com PEDOT presents a basic plat-
form that can serve as a complementary multimodal system for
unprecedented diagnosis and therapy in neuroscience research
and other clinical applications between electrophysiology com-
plementary multimodal systems.

4. Experimental Section

Material Preparation: PET substrate film (25 pm; ES301230) was pur-
chased from GFM Korea, PDMS was purchased from Dow Corning (USA),
1.3 wt% PEDOT:PSS aqueous dispersion in H,0O (Clevios PH-1000) was
purchased from Heraeus, EG (99.5%; 107-21-1) was purchased from Duk-
san Integrated Science, SU8-0.5 photoresist and photoresist developer
was purchased from K1 Solution (South Korea), and AZ5214 photoresist
and photoresist developer was purchased from AZ Electronic Materials
(USA).

Fabrication of MRI-Com PEDOT Electrode Array: A 23 um PET film was
first slightly laminated onto the glass coated with PDMS. The positive pho-
toresist AZ5214 was spin-coated on the PET substrate (rotation speed:
2000 rpm, soft curing time: 2 min at 110 °C), and ultraviolet (UV) ex-
posure (power: 14 mW, exposure time: 8 s) through the photomask was
followed. An additional 3 min of curing the substrate at 120 °C was pro-
ceeded to establish the reverse pattern. After 14 s of full exposure to UV,
the substrate was immersed in a developer solution. The patterned de-
vice was subjected to oxygen (O,) plasma treatment through reactive ion
etching. PEDOT:PSS (Clevios PH-1000) solution was spin-coated on the
treated substrate, and the solution curing process (110 °C, 10 min) came
before the liftoff. The device underwent ultrasonication liftoff, remaining
the electrode interconnect lines and recording sites with PEDOT:PSS. Af-
ter the electrode patterning, the device was immersed in the 90 °C EG
solution for 30 min. The remnant EG was washed with isopropyl alcohol
for 2 min. For encapsulation, the SU8-0.5 photoresist was spin-coated on
the patterned device (rotation speed: 3000 rpm, soft curing time: 2 min at
100 °C), and UV exposure (power: 14 mW, exposure time: 6 s) was fol-
lowed. By immersing the resist developer (1 min 30 s), the recording site
of the electrode array was exposed. After the hard curing process (120 °C,
2 h), MRI-com PEDOT fabrication was achieved.

Fabrication of the Conventional Pt Electrode Array: The Pt electrode
array was fabricated on a PET film substrate. The positive photoresist
AZ5214 was spin-coated on the PET substrate (rotation speed: 2000 rpm,
soft curing time: 2 min at 110 °C), and UV exposure (power: 14 mW, ex-
posure time: 8 s) through the photomask was followed. An additional
3 min of curing the substrate at 120 °C was proceeded to establish the
reverse pattern. A 30 nm Pt layer was deposited by the ion-beam sputter
(1ISB-1000, Infovion). Ultrasonication liftoff of the device for the remaining
recording electrodes was followed. The encapsulation layer was formed by
spin-coating SU8-0.5 (rotation speed: 3000 rpm, soft curing time: 2 min at
100 °C). Finally, the device was fully cured at 120 °C for 2 h.

EIS Measurement of MRI-Com PEDOT: EIS measurement was con-
ducted with Gamry Reference 600+ potentiostat (Gamry Instruments).
For more accurate measurements, a three-electrode method consisting
of Ag/AgCl reference electrode, Pt wire counter electrode, and MRI-com
PEDOT working electrode was adopted. First, after all, three electrodes
were immersed in PBS (pH 7.4, 36 °C), the charge change between the
electrolyte and the electrode interface according to the frequency sweep
was confirmed.

CV Characterization of MRI-Com PEDOT: The CV test was performed
with Gamry Reference 600+ potentiostat and proceeded in the same way
as the electrochemical impedance interrogation in three-electrode con-
figurations (Ag/AgCl reference electrode, Pt wire counter electrode, and
MRI-com PEDOT working electrode). The voltage sweep of the working
electrode was performed in the range of —0.6 to 0.8 V, and the electrode
scan rate was 50 mV s~'. The current direction and magnitude from the
electrode, which varies according to the potential sweep, were conducted
for three sweep cycles. The results stabilized during the potential sweep
among these data were graphed. In the case of charge storage capacity,
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it was obtained through cyclic voltammetry of MRI-com PEDOT. To char-
acterize the performance of the stimulating electrode, current density was
calculated through voltage sweeping (—0.6-0.8 V) within the water win-
dow. Among them, cathodal charge storage capacity (CSCc) can be ob-
tained as the time integral value of cyclic voltammetry according to the
time of cathodic current. The corresponding calculation is as follows.

1k
csC= 3 1) dt (3)

3|

S = geometrical surface area of the electrode
t; = Beginning of the voltage sweep
t, = End of the voltage sweep
I = current (A)

CscC 1E2IEdE 4
=5 {10 (*

v = scan rate (Vs™')

E,/E, = cut-off potentials

Here, S indicates the current-delivered area of the electrode used as the
cortex stimulation in the neural implant, and T, and T, indicate the start
and end values of the voltage sweep, respectively. Here, since the volume
that can store charge is a measure of the amount of charge per unit area,
it varies according to the sweep scan rate at which cyclic voltammetry is
formed. The CSCc was calculated with obtained absolute integral of the
CV plot through a graph analysis tool (Origin pro.2022b).

Voltage Transient Measurements: For voltage transient measurement,
cathodic leading, bi-phasic, symmetric current pulse (intensity: 2 mA, fre-
quency: 50 Hz, pulse width: 300us) was applied in the PBS (pH: 7.4),
across the working electrode (MRI-com PEDOT). The current pulse was
provided through the Intan recording system (Intan RHS M4200; Intan
Technologies, Los Angeles, CA, USA). The Ag/AgCl electrode was used for
the reference electrode, and both working and reference electrode were
connected to the data acquisition system (NI PXle, NATIONAL INSTRU-
MENTS CORP) to record the applied signals. From the voltage transient
plot, E;p,, indicates the initial bias level from the induced current, AV indi-
cates the total voltage drop of the electrode. V, presents the access voltage
for the ohmic drop and AE,, indicates the polarization of the electrode. £,
and E,, presents the maximum negative potential excursion and positive
potential excursion, respectively. For cathodic leading current induced re-
sult, the maximum negative potential excursion (E,,.) should be within
the water window range (—1.6-0.7 V) of MRI-com PEDOT. To obtain CIC
of MRI-com PEDOT, E,. of MRI-com PEDOT was calculated by the fol-
lowing formula.

Eme = Eipp + AEp = Epp + (AV = V,) )

From the plot, E,,, value was —1V, and this value was in the range of
water reduction limit potential (—1.6 V). The charge injection capacity was
calculated from acquiring the area of the current pulse (current density),
dividing the value with the geometric surface area of the stimulating elec-
trode (400 pm X 400 um).

Transmittance Measurements: The light transmittance of all electrode
arrays was measured with a UV-visible spectrophotometer (V650-JASCO).
The slew speed of the samples was 2000 nm min~', and the scanning
range of the wavelength was from 300 to 900 nm. The reference mode
was conducted by the slide glass sample.

Device Bending Test:  For the bending test, the device was repeatedly
wound on a cylindrical rod with a diameter of 5 mm and released. Elec-
trochemical impedance was remeasured as often as the number of wind-
ings on the rod, and the observed data at 1 kHz among the scanning fre-
quencies (1-100 kHz) were adopted. For the mechanical stability test, the
electrochemical impedance changes according to three folding methods
(kinked, folded, and sulcus), including the original state of the device, were
recorded. Impedance distribution and error bars were plotted based on 30
recording channels.
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Neuron Hoechst and Pl Staining Test:  For primary cell culture, 8 weeks
of adult mice were perfused with 0.9% normal saline and sacrificed whole
brain without olfactory bulb and cerebellum in Dulbecco’s PBS. The cere-
bral cortex was dissected in cold Hank’s balanced salt solution. Cultured
cells were placed in a neurobasal medium with a B-27 supplement. For
cell viability analysis, 2 x 106 mL~" cells were placed in a four-well poly-p-
lysine—coated slide. Hoechst 33 342 (1 ug mL™"; Thermo) and PI (10 g
mL~"; Sigma) were treated for 15 min at room temperature and washed
out with PBS thrice. A 24 X 50 mm microscope cover glass was placed on
a culture slide using a mounting solution. Stained cells were imaged by
LSM700 (Zeiss).

Long-Term Biocompatibility Test in Living Body of the Rat: To test the
biocompatibility of MRI-com PEDOT in a living body for a long period of
time, three rats were anesthetized with sodium pentobarbital [50 mg kg™,
intraperitoneal (i.p.) injection] and placed in a stereotaxic frame. After the
incision in the lambda region of the parietal region without opening the
skull, the MRI-com PEDOT was implanted into the brain with sliding the
film between the bone and the dura mater. The MRI-com PEDOT was
placed on the motor cortex and the gap in the bone created for insertion
was sealed with bone wax and the skin sutured. During 1, 2, and 4 weeks
after the insertion of PEDOT:PSS, rats were regularly monitored for signs
of discomfort, illness, or adverse events, and data related to body weight,
clinical signs, and other relevant observations were observed to be free of
abnormalities. Rats were sacrificed and perfused with normal saline (0.9%
NaCl). The biocompatibility of PEDOT:PSS was evaluated, focusing on the
following aspects:

1) Fluid drainage: An adverse event may cause an inflammatory exudate
to build up in the tissue. This can lead to fluid leakage from the inser-
tion site or the formation of an abscess.

2) Lipid aggregation

3) Granuloma formation: If an adverse event occurs, a granuloma, a mass
of immune cells that forms in response to a foreign body, may be ob-
served at the site.

4) Systemic symptoms: The development of a systemic inflammatory re-
sponse depends on the severity of the adverse event. If the adverse
event is more extensive, the systemic inflammatory response may in-
crease, resulting in systemic symptoms.

Electromagnetic Heating Simulation: The electromagnetic heating was
simulated in COMSOL Multiphysics by coupling the electromagnetic
waves (frequency domain) module with the Bioheat Transfer module for
the brain tissue phantom (or the Heat Transfer in Solids module for the Pt
and PEDOT:PSS electrodes). The electromagnetic waves were produced
by the lumped port kept nearby the brain phantom, enclosed by a per-
fectly matched layer. The electric field E could be solved from the following
electromagnetic waves propagation equation

le(vXE)—k§<e,-Jl>E:o ©)
WE(

r

where p, and ¢, are the relative permeability and permittivity of the
medium, respectively, k, is the wavenumber, @ is the frequency of the wave
propagation, and o is the electrical conductivity of the medium. The SAR
is directly related to the generated electric field E in the brain phantom

olE)?
2p

SAR = )

where p is the density of the medium or the brain phantom here. The Pt
electrode shows higher SAR across the brain tissue than PEDOT:PSS and a
peak of 53.4 from the Pt electrode is 117% higher than that of 24.6 from the
PEDOT:PSS (Figure 2). The generated heat Q in the brain phantom raises
the temperature T according to the following heat transport equation

pCpu. VT + V. (—kVT) = Q+ prpyba)b (Tb -T)+ Qmet (8)
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where C, is the specific heat capacity at constant stress, u is the veloc-
ity vector, k is the thermal conductivity, p;, is the density of blood, C,, is
the specific heat of blood, wy, is the blood perfusion rate, T, is the arterial
blood temperature, and Q,,; is the metabolic heat source. As the contri-
butions from Q,.;, T, and u remain the same for both electrodes, they
are neglected in the current simulation without loss of generality. Due to
a higher generated heat, Pt electrodes give higher temperature and heat
flux in brain phantom than PEDOT:PSS electrodes after solving the heat
transport equation. In particular, the peak temperature of 1.9 K from the
Pt electrodes is 72% higher than that of 1.1 K from the PEDOT:PSS elec-
trodes.

Electromagnetic Wave Compatibility Simulation Test:  Ansys HFSS sim-
ulation tool (version 2021, R2) was used to confirm that the MRI-com PE-
DOT electrode was not affected by the electromagnetic field signal of the
MRI scanner. All tests were conducted by selecting 300 MHz as a represen-
tative among the frequencies used with a thickness of 100 um was placed
in the center of a square waveguide with a frequency of >300 MHz as the
cutoff frequency of the TET0 mode. For more accurate results, the ma-
terial and electrical properties of MRI-com PEDOT were set as simulation
parameter values (relative permittivity: 1000, relative permeability: 0.9953,
bulk conductivity: 196.1S m~", dielectric loss tangent: 0.05, mass density:
1131.2 kg m~3). In the case of the Pt electrode, the reference parameters
in the tool were used.

In Vitro RF-Induced Heat Measurement: Device heating temperature
measurement by RF was measured with MRI-com temperature sensors
inside a 9.4T Biospec small bore scanner (Bruker Biospin, Germany). First,
a Pt electrode array and an MRI-com PEDOT were placed on 0.9% agarose
gel, and contact was made with the temperature sensor inside the MRI.
During the next 30 min of scanning time, imaging was stopped once every
5 min, and the changing temperature was observed.

In Vivo MRI Acquisition: In vivo MRI acquisition was conducted with
a 9.4T Biospec small bore scanner. For the in vivo MRI compatibility test,
the somatosensory cortex of male Sprague-Dawley rats (250-300 g) was
imaged by the FLASH MRI method. After shimming and tuning, gradi-
ent echo sequence images were obtained for positioning. The imaging pa-
rameters of FLASH MRI were scanning slice: 15, TR: 200 ms, TE: 6 ms, FA:
30.0°, TA: 1 min 42 s 400 ms, SI: 0.2/0.2 mm, field of view: 3.5 cm, and ma-
trix: 256 X 256. For MEMRI acquisition, the neuropathic pain model (con-
trol) and the MCS model were obtained with the same imaging. Anatomi-
cal images were obtained with the rapid acquisition with the relaxation en-
hancement method. During image acquisition, real-time changes in body
temperature and respiratory rate of the rat model were measured by sen-
sors in the scanner. During MEMRI acquisition, Mn-enhanced regions of
the brain were acquired and images were analyzed using Paravision soft-
ware (version 5.0, Bruker Biospin).

Animal Preparation: Male Sprague—Dawley rats weighing 250 to 300 g
(Harlan, Koatec, Pyeongtaek, Korea) were used in all experiments. Three
rats were housed per cage and allowed free water and food access. All
rats were housed under 12 h light/dark cycle-controlled conditions in the
Association for Assessment and Accreditation of Laboratory Animal Care-
approved animal facilities. All protocols followed the ARRIVE guidelines,
and the experiments were approved by the Institutional Animal Care and
Use Committee of Yonsei University Health System (permit no. 2020-
0316).

Neuropathic Surgery: Nerve injury was induced as described previ-
ously (Lee, Won, Baik, Lee, and Moon, 2000) after the acclimation period.
Rats were anesthetized with a mixture of O, (2 L min~') and isoflurane
using a 5% vaporizer. For stable anesthesia, isoflurane concentration was
reduced by 2%. The incision in the skin and muscles was performed, and
the left sciatic nerve was exposed. Tibial and sural nerves derived from
the sciatic nerve were tightly ligated using a 5-0 black silk and transected,
whereas the common peroneal nerve was uninjured. Sham surgery was
identically performed without nerve transection.

Device Implantation and MCS: On postoperative day 14, rats were
anaesthetized with sodium pentobarbital (50 mg kg™', intraperitoneal
[i.p-] injection) and placed into the stereotaxic frame. MRIl-com PEDOT
was directly put on the brain cortex of the brain after the skull and dura
mater were carefully removed into rectangles (from the contralateral side
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of the operated hind paw, from anterior 2 mm to posterior 3 mm based
on bregma, with a width of 5 mm). Recording channels were placed on
STHL following a previous study (Cha, Chae, Bai, and Lee, 2017) and fully
covered the target region. Saline-soaked cotton balls were placed on the
cortex to prevent drying. For electrode fixation, dental cement covered the
electrode.

Electrophysiological Recording and MCS: To measure evoked electro-
physiological potentials by HPS, a 30-channel MRI-com PEDOT was
placed over the somatosensory region of the right cerebral cortex of a neu-
ropathic rat model. At the same time, the cortex stimulating electrode was
placed above the primary motor cortex (M1). All electrophysiological sig-
nal recording and electrical stimulation from the brain were performed
using the Intan recording system (Intan RHS M4200; Intan Technologies,
Los Angeles, CA, USA). Digitized signals (sampling rate: 30 kS s, ampli-
fied bandwidth: 0.1-6000 Hz, notch filter: 60 Hz) obtained from the Intan
recording system were extracted and graphed by the customized MATLAB
code. For M1 stimulation, the previously studied stimulating parameter
was used for all experiments (current intensity: 50 pA, biphasic symmetric
and cathodic leading current, stimulating frequency: 50 Hz, phase dura-
tion: 300 ps). The neuropathic pain group underwent the same procedure
without any electrical stimulation. For 2D color mapping of electrophysio-
logical signals, the customized MATLAB code was used to change the raw
voltage data to the corresponding colors (voltage range: —100 to 500 pV).

Agent Administration: Immediately after electrode placement, surgery
for the preparation of agent administration was conducted as described
previously (Cha, Choi, Kim, and Lee, 2020). The right ventral aspect of
the neck was exposed by skin incision, and the common carotid artery
(CCA), ECA, and internal carotid artery (ICA) were gently revealed. ICA
and CCA were temporarily ligated, whereas a small incision was made
in ECA to insert a polyethylene tubing 10 (PE-10). To open the BBB for
agent absorption, 20% b-mannitol solution (35 + 2 °C, 5 mL kg~'; Dai
Han Pharm, Seoul, Korea) was infused after PE-10 insertion. For MRI,
20 mm manganese chloride (MnCl,-4H,0O; Sigma, St. Louis, MO, USA)
was injected via ECA. All infusions were injected at 150 uL min~" using a
syringe pump (22 Infusion Syringe Pump; Harvard Apparatus, Holliston,
MA, USA). Electric stimulations (1.5 mA, 2 Hz, 1 ms width; A385; WPI,
Sarasota, FL, USA) were subjected to the left hind paw for noxious stimu-
lation during MnCl,.

Animal Surgery for Simultaneous Electrophysiology and Optogenetics:
For animal experiments, the Korea Institute of Science and Technology
approved all animal procedures conducted in accordance with the ethical
standards specified in the Animal Care and Use Guidelines (KIST-2021-
046). MRI-com PEDOT was tested in adult male transgenic mice (C57BL6
Thy1-ChR2-YFP; 8-10 weeks, 25-30 g) and adult male WT mice (C57BLS6;
8-10 weeks, 25-30 g). For electrophysiological measurements and opto-
genetics, transgenic mice were anesthetized with urethane (1.5 g kg™,
i.p. injection) and placed in a stereotaxic device (David Kopf Instruments,
USA). For device implantation, the dura mater of the somatosensory cor-
tex of the right cerebral cortex was slightly eliminated.

Electrophysiological Recording with Optogenetic Stimulation: Neural
signals evoked by optogenetic stimulation were obtained using an Intan
recording system (Intan RHD 2132; Intan Technologies). First, an optical
fiber with a diameter of 105 um was placed directly above the target elec-
trode of one of the Pt electrodes arrays and MRI-com PEDOT attached to
the somatosensory cortex of a transgenic/WT mouse. A 473 nm blue laser
with a light pulse density of 115.55 mW mm~2 was directly illuminated
onto the surface of the target electrode by an optical fiber, and electro-
physiological signals activated by the laser were simultaneously recorded.
The square wave frequency of the blue laser was 12.5% duty cycle, pulse
duration of 50 ms, and stimulating frequency of 5 Hz. Digitized signals
(sampling rate: 20 kS s~!, amplified bandwidth: 0.1-6000 Hz, notch fil-
ter: 60 Hz) obtained from the Intan recording system were extracted and
graphed by the customized MATLAB code.

Statistical Analysis: All electrochemical properties (impedance and
phase plot) were presented as the mean + standard deviation (n = 30
electrodes). To confirm the significance of the reduction effect of MCS
on neuropathic pain, the statistical tool SPSS was used. For statistical
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analysis, an unpaired t-test was used to analyze the differences between
the two groups.
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