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Transparent, metal-free PEDOT:PSS neural
interfaces for simultaneous recording of low-
noise electrophysiology and artifact-free
two-photon imaging

Hyun Woo Kim 1,14, Jiwon Kim 2,3,14, Jong Youl Kim4,14, Kyubeen Kim1,
Ju Young Lee 1, Taemin Kim 1, Shinil Cho1, Jong Bin An5, Hyun Jae Kim 5,
Lulu Sun 6, Sunghoon Lee6,7, Kenjiro Fukuda 6,7, Takao Someya6,7,8,
Mingyu Sang9, Young Uk Cho10 , Jong Eun Lee 2,3,11 & Ki Jun Yu 1,12,13

Simultaneous two-photon imaging and electrophysiological recordings offer
considerable potential for advancing neurological research and therapies.
However, traditional metal-based neural interfaces suffer from photoelectric
artifacts, while existing transparent implants rely on opaque interconnect lines
to address conductivity limitations. Herein, we developed an optically trans-
parent poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)
neural electrode array with transparent electrodes and interconnect lines.
Through a formamide, phosphoric acid, and ethylene glycol treatment, the
metal-free PEDOT:PSS array achieved an impedance of 45.8 kΩ (at 1 kHz) even
with a 20 × 20 µm² size. This advanced performance surpasses previousmetal-
free transparent neural interfaces and facilitates precise electrophysiological
recordings, including extracellular action potentials and low-noise local field
potentials. In vivo experiments demonstrated artifact-free two-photon ima-
ging and reliable neural signal acquisition, while biocompatibility tests con-
firmednegligible cytotoxicity or immune responses. The developedmetal-free
PEDOT:PSS array provides a robust platform for neural recording and bioi-
maging, representing an advancement in transparent neural interface tech-
nology and integrated optical modalities.

Fromunraveling the complexities of neural circuits to decoding neural
activity, the modalities of brain diagnosis continue to drive ground-
breaking discoveries with far-reaching implications for both basic
science and clinical applications1. Among the myriad techniques
employed in neuroscience, electrophysiological recording stands out
as a pivotal tool, offering a window into the dynamic electrical activity
that underlies cognitive processes with sub-millisecond resolution2–4.
However, while electrophysiology provides valuable information
about the electrical activity of neurons, it does not offer detailed

insights into the morphology or connectivity of individual cells within
the neural network5,6. In contrast, two-photon imaging of the brain
allows researchers to visualize cellular structures, including dendrites,
axons, and synaptic connections, with submicron resolution7,8. This
focused scanning enables submicron spatial resolution and rapid
scanning speed, making two-photon microscopy highly suitable for
investigating dynamic cellular and subcellular phenomena9,10, such as
comparing the structure and function of epileptic and non-epileptic
brain tissues. Although this method can adequately resolve synaptic
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structures spanning from a micron to a millimeter, its temporal reso-
lution is constrained by the sluggish kinetics of calcium binding,
typically in the millisecond range11. Despite the emitted fluorescent
light, which enhances the optical signal-to-noise ratio, achieving pre-
cise temporal accuracy remains a persistent challenge. The integration
of electrophysiology and two-photon brain imaging offers a powerful
approach to studying neural function with high spatiotemporal reso-
lution and precision12,13. By combining these complementary techni-
ques, both functional and structural information about complex
neuronal circuits can be obtained simultaneously, providing a more
comprehensive understanding of brain connectivity14. However,
existing opaque neural electrode arrays make the integration of elec-
trophysiology and optical modalities difficult15. First, the recording
sites and interconnects of opaque electrodes reflect rather than
transmit wavelengths in the visible region, masking cell-specific
dynamics and neuronal structures16. Additionally, since photon ima-
ging involves the excitation of stained cells with a laser of a specific
wavelength and imaging of the emitted light energy, the implanted
electrode array is inevitably exposed to laser stimulation17,18. Artifacts
stemming from laser-induced Becquerel effect19, present as fleeting
signals or oscillations, potentially disturbing the accuracy of local field
potential (LFP) or neural spike recordings20–22. The degree of inter-
ference varies based on the frequency and duration of light exposure;
however, these disruptions are more conspicuous during extensive
two-photon imaging23.

Transparent neural implantable devices combine imaging and
electrophysiological recording functionalities into a single, compact
platform. This platform provides simultaneous access to optical and
electrical signals from the same population of neurons with high spa-
tial and temporal resolutions. Previous studies have demonstrated the
potential for combining optical imaging with electrophysiology using
transparent electrodes24–26. However, in existing studies exploiting
graphene12,14,16, carbon nanotube27, metal with hollow structure20,28–30,
etc. as electrodes, the interconnects—except at the recording sites—are
typically made of opaque, highly conductive materials. This is due to
the inherent trade-off between optical transparency and electro-
chemical impedance13,31. As a result, these ‘non-fully transparent’
electrodes obstruct the viewof surrounding neuronal networks during
two-photon imaging of the brain, compromising the clarity of the
imaging process. To address this challenge, previous research focused
on fully transparent electrodes utilized larger electrode sizes exceed-
ing 200 μm to lower the relatively high impedance32. Large electrodes
capture signals from multiple neurons simultaneously, making it dif-
ficult to isolate individual neuron’s action potentials and thereby
reducing spatiotemporal resolution33. Ultimately, the gold standard
for transparent implants integrating optical modalities with electro-
physiology is that both the recording site and all interconnect lines are
fully transparentwhile still ensuringhigh-quality neural recordings due
to their inherently excellent electrochemical impedance.

Herein, we introduce a fully transparent, ultra-low impedance
neural implantable electrode array for two-photon imaging and high-
fidelity electrophysiology. Our device, consisting of a 30 channel
electrode array, is optically transparent along with its interconnect
lines. This feature allows the entire excited dyed tissue to be visible
without being obscured by the densely designed conductive lines. In
this study, we developed a formamide, phosphoric acid, and ethylene
glycol (FPE) treatment method, which serves as a major advancement
by enhancing the electrochemical property of photolithographically
patterned poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS), which constitutes the entire device. Post-treatment
processes have been explored for PEDOT:PSS to enhance its
conductivity34,35. Our work prioritizes optimizing both transparency
and electrochemical performance, addressing the integration of
neural recording and imaging applications. FPE treatment process
enhances electrical performance by weakening the ionic bonds

between PEDOT and PSS, removing insulating PSS shells, and reducing
the π–π stacking distances between PEDOT chains. We achieved a
conductivity of 3.4 × 10³ S/cm on a polymeric flexible substrate and
directly implemented a lift-off technique, highlighting the simplicity of
our approach while enabling micro-scale patterning capability. Build-
ing on this achievement, we achieved an average impedanceof 45.8 kΩ
(at 1 kHz) even with a 20 × 20 µm² size and a thickness of about 30 nm,
which is the lowest among transparent metal-free electrodes. As a
result, our device overcomes the challenge of low electrical con-
ductivity typically associatedwith transparent neuralmicroelectrodes.
Due to the small size of 20 × 20 µm² for each channel and its low
impedance, our 30 channel electrode array enables high-resolution
spike recording. We demonstrated the recording feasibility of single-
spike activity on the cortical surface with our device, which was diffi-
cult in previous studies on transparent electrode arrays because of the
relatively high noise root mean square (RMS)36,37. Additionally, we
showed confocal photon imaging of brain neuronal cells cultured
directly onour device, observed in a see-through view.Our FPE-treated
PEDOT:PSS neural electrode array is an excellent synergetic tool that
overcomes the rules of transparent electrode trade-offs, electro-
chemical impedance, and transparency, allowing the integration of
electrophysiological and optical modalities without hindrance. This
integration paves the way for practical applications in real-time neural
activity mapping and simultaneous high-resolution imaging, offering
valuable insights for research in neural circuits and potential clinical
diagnostics.

Results
Electrical performances FPE-PEDOT
A fully transparent FPE-treated PEDOT:PSS (FPE-PEDOT) neural elec-
trode array that facilitates simultaneous two-photon imaging and
electrophysiological signal recording is shown in Fig. 1a. The following
three conditions are required to effectively integrate these dual func-
tionalities: 1) Exceptional Electrochemical Performance: The electro-
des must exhibit minimal electrical noise, enabling precise detection
of subtle biological signal variations such as extracellular action
potentials (EAPs)38,39. This characteristic is crucial for the accurate
measurement of neural activity, ensuring that the data are not com-
promised by electrical signal interference from the electrodematerial.
2) Prevention of Photoelectric Artifacts: It is crucial to minimize the
generation of photoelectric artifacts by the electrodes when exposed
to the excitation laser used in two-photon imaging. The typical oper-
ating wavelength range of these lasers is 358–900 nm40. Accurate
imaging results rely on preventing image distortion, which is achieved
by ensuring the electrodes are unaffected by the radiation. 3) High
Optical Transparency: Electrodes should exhibit both optical trans-
parency and unobstructed photon imaging capabilities to ensure clear
visualization during two-photon imaging, thereby ensuring seamless
imaging processes uninterrupted by the physical presence of the
electrodes, allowing for a clear and comprehensive visualization of the
biological specimens41. Figure 1a illustrates the FPE-PEDOT electrodes,
designed to satisfy the three conditions for effective simultaneous
two-photon imaging and electrophysiological signal recording.
The flexible PET substrate was laminated onto the glass- poly-
dimethylsiloxane (PDMS) for handling substrate, and wrinkle forma-
tion during temperature annealing in the FPE-PEDOT electrodes
fabrication was not observed42. In FPE-PEDOT electrodes fabrication
process, electrode patterning was carried out using a lift-off process
with acetone to prevent damage to the PEDOT:PSS layer caused by
photoresist developer21,41 (Supplementary Fig. S1 and see Methods). In
addition, PEDOT:PSS offers advantages in cost-effective fabrication
compared to conventional transparent electrodes such as graphene,
which requires complex production methods, and indium tin oxide
(ITO), which is brittle and costly20. However, electrodes composed of
pristine PEDOT:PSS alone cannot achieve the recording performance

Article https://doi.org/10.1038/s41467-025-59303-2

Nature Communications |         (2025) 16:4032 2

www.nature.com/naturecommunications


necessary for effective measurement of EAPs. Figure 1b briefly illus-
trates the FPE treatment method developed in our study, which
enhances the electrical conductivity of PEDOT:PSS electrodes to levels
sufficient for accurately detecting EAPs. This process is critical for
transforming the inherent electrochemical properties of pristine
PEDOT:PSS into a more functional state suitable for high-performance
electrophysiological recordings. Figure 1b shows the structure of
PEDOT:PSS, illustrating the PEDOT grains (depicted in teal colors) that
facilitate themovement of charge carriers, in contrast to the PSS grains
(depicted in blue colors) that impede their flow. To achieve electrical

conductivity increase, a post-treatment process involving formamide,
phosphoric acid, and ethylene glycol (EG) was sequentially imple-
mented. This post-treatment modified the chemical structure of PED-
OT:PSS to facilitate charge movement more readily. Each step of the
process was optimized to determine the temperature and duration of
treatment (Supplementary Fig. S2). Experimental conditions were
identified that maximized the effectiveness of the treatment while
minimizing damage or degradation to the electrodes.

Low impedance of the electrodes is essential for acquiring high-
quality electrocorticography (ECoG) data, and achieving close
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Fig. 1 | Analysis and Performance Evaluation of FPE-treated PEDOT Neural
Electrode Array. a Schematic representation of the FPE-treated PEDOT neural
electrode array, designed for simultaneous multiphoton imaging and electro-
physiological signal recording. b Structural illustration showing the role of for-
mamide, phosphoric acid, and ethylene glycol in enhancing the electrical
conductivity of PEDOT:PSS. c Image of the FPE-PEDOT on a plastic rod, displaying
transparency across 30 recording channels and interconnects. Scale bar, 2mm.
d Close-up image of the 30 channel electrode arrays with 20 × 20 µm2 recording

sites. Scale bar, 100 µm. e Comparison of transmittance for FPE-PEDOT on a PET
substrate against ITO, trilayer graphene, and platinum films, highlighting superior
transparency. f Frequency-dependent electrochemical impedance of all 30 chan-
nels of the pristine PEDOT:PSS, FPE-PEDOTelectrodes. Pristine PEDOT:PSS data are
presented asmean values with standard deviation. gGraph comparing the average
impedance of the FPE-PEDOT electrodes across various frequencies with different
control groups h Comparison of electrochemical impedance (at 1 kHz) of the FPE-
PEDOT with those from previous studies.
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conformity to the soft and convoluted surface of the brain is also
crucial. The Young’s modulus of PEDOT:PSS is comparable to that of
theflexible 25μmPET substrate,minimizingmechanicalmismatchand
preventing performance degradation43. This property ensures that the
electrodes maintain strong contact with the brain surface, thereby
enhancing the quality and reliability of ECoG recordings44. Figure 1c
shows an image of the FPE-PEDOT electrodes bent around a plastic rod
with a radius of 15mm. The electrode, composed solely of a PED-
OT:PSS single-layer, exhibited high transparency across both the
30 recording channels and interconnects. This transparency is more
pronounced than that of electrodes made using Pt in an identical
pattern (Supplementary Fig. S3). We also observed that FPE-PEDOT,
ITO, and graphene electrodes, fabricated in an identical pattern for
performance comparison, exhibited comparable levels of transpar-
ency (Supplementary Fig. S4). Figure 1d shows a magnified image of
the 30 channel electrode array. The recording channels are designed
with dimensions of 20 × 20 μm2 to facilitate the measurement of
minute EAPs at the level of individual neurons. Figure 1e shows the
optical transmittance of FPE-PEDOT on a PET substrate in comparison
with widely used transparent conductive oxides such as ITO (RF
Sputtering, ~ 180 nm), tri-layer graphene, and Pt films. In the visible-
light spectrum, the PET substrate exhibited a transmittance of 87%,
whereas the FPE-PEDOT film on PET substrate showed an average
transmittance of 73%. When compared to the ITO and graphene films,
the FPE-PEDOT film demonstrated a transmittance that, although
varying across different sections, was generally comparable to or
higher than that of these materials overall. Transmittance results
highlight the superior transparency of the FPE-PEDOT film in optical
and electronic applications.

Electrochemical Impedance Spectroscopy (EIS) was used to ana-
lyze the electrochemical properties of the FPE-PEDOT electrodes. The
electrochemical impedance of the electrode used in previous studies,
which measured biopotential signals without penetrating deep brain
regions, showed values in the range of tens of kΩ at 1 kHz36. Remark-
ably, even though the FPE-PEDOTelectrodes is fabricated solely froma
PEDOT:PSS single layer and deviates from traditional metal inter-
connect structures, it demonstrated an average impedance of
approximately 45 kΩ at 1 kHz. This indicates its ability to maintain low
electrochemical impedance levels, which are comparable to those of
conventional electrode designs while incorporating advanced materi-
als. We also investigated the frequency-dependent electrochemical
impedance of 30 channels of FPE-PEDOT electrodes in detail (Fig. 1f).
This result illustrates trends that are consistentwith theRandles circuit
model, which is used to analyze the interface between the electrode
and the electrolyte45. The equivalent circuit model consists of the
electrolyte resistance (Rs), thedouble-layer capacitance (Cdl) in parallel
with the charge transfer resistance (Rct) and Warburg resistance (W),
all connected in series with the trace resistance (Rtr) of the PEDOT:PSS
electrode (Supplementary Fig. S5). As the frequency decreases, the
impedance due to the electrochemical double-layer capacitance
increases, and the resulting impedance phase sweep can be inter-
preted using the Randles circuit model (Supplementary Figs. S6–S7).
We calculated theCdl andRct values of the FPE-PEDOTelectrodes using
the equivalent circuit model as 9.21 pF and 29.77 kΩ, respectively
(Supplementary Fig. S8). Compared to previous studies that employed
neural electrodes for two-photon imaging integration46 or neural spike
recording47, the FPE-PEDOT electrodes demonstrated the lowest Rct

(Supplementary Table 1). Figure 1g compares the average impedances
of 30 channels of FPE-PEDOT electrodes across various frequencies
with different control groups. This comparison highlights electrodes
with similar transmittance, such as ITO and graphene, exhibit higher
impedance values. Even when compared to Pt-black electrodes, which
are commonly used for measuring action potentials48, FPE-PEDOT
electrodes demonstrated low electrochemical impedance values. Fig-
ure 1h presents the electrochemical impedance (at 1 kHz) of the FPE-

PEDOT electrodes compared with those from previous studies,
depending on the electrode area. Despite the smaller size of the
recording site, FPE-PEDOT electrodes present the lowest impedance
compared to previously reported transparent electrodes.

FPE immersion treatment for highly conductive PEDOT:PSS
electrode
Figure 2 further illustrates how these structural changes improve the
material’s conductivity, enhancing its effectiveness for electro-
physiological applications. Since PEDOT establishes a high-carrier-
mobility pathway for charge carriers within conjugated polymers, it
demonstrates enhanced electrical conductivity, making it suitable for
neural electrodes that capture neural signals. However, PEDOT, a
polymer derived from 3,4-ethylenedioxythiophene, is insoluble in
water and exhibits limited stability, struggling to maintain its proper-
ties in many solvents49. To enhance its stability, the PEDOT:PSS poly-
mer was developed by incorporating PSS as a charge-balancing
polymer electrolyte, thereby stabilizing the PEDOT structure. In this
study, PEDOT:PSS was utilized in its water-dispersed form. In this
configuration, the hydroxyl (-OH) group of PSS dissociates, formingH+

ions that establish hydrogen bonds with the thiophene double bonds
in PEDOT. This interaction causes a positive charge to develop on the
carbon atom within the C-O bond of PEDOT owing to differences in
electronegativity. The PEDOTchains and thePSS chains are then linked
via ionic bonds between the negatively charged oxygen atom in PSS
(from which H+ is dissociated) and the positively charged carbon in
PEDOT50.

The PEDOT chains provided a highly conductive pathway,
whereas the PSS chains did not effectively conduct charge carriers.
Hence, the electrical conductivity of PEDOT:PSS is relatively low, ran-
ging between 0.1 and 1 S/cm51. Several approaches have been explored
to enhance the electrical conductivity of PEDOT:PSS, with the most
notablebeing immersion treatments using polar solvents like dimethyl
sulfoxide (DMSO), dimethyl sulfate, and methanol52. When a polar
solvent is used to treat a patterned PEDOT:PSS neural electrode,
hydrophilic groups readily interact with the PSS chain, weakening the
ionic bonds between PEDOT and PSS, thereby enhancing electrical
conductivity53. Figure 2a illustrates the changes of morphological
structural changes at each step of the FPE treatment, designed to
improve the conductivity of the PEDOT:PSS electrode. The first step in
improving the conductivity of PEDOT:PSS involves the use of for-
mamide, a strong amphiphilic compound with hydrophilic -OH and
-NH2 groups. With a higher dielectric constant (ε = 109) than other
polar solvents, formamide’s hydrophilic groups interact effectively
with the PSS chain54. Due to theseproperties, the Coulombic attraction
between PEDOT and PSS is weakened through the screening effect.

The second step involves acid treatment to facilitate the removal
of additional PSS chains following the formamide treatment55. During
this process, H+ ions from the acid solution readily combine with PSS-,
forming neutral PSSH, which separates from the PEDOT:PSS matrix
and is easily removed with deionized water. A higher concentration of
H+ ions enhanced PSS removal and consequently increased the con-
ductivity of PEDOT:PSS. However, immersion of the PEDOT:PSS film in
sulfuric acid (H2SO4), which is known to be strongly acidic, leads to the
depolymerization of the PET substrate56 (Supplementary Fig. S9–10).
In contrast, the PET substrate maintained its transparency even after
being subjected to high temperature H3PO4 treatment above 140 °C57.
H3PO4 Treatment of Fig. 2a illustrates the process through which H+

ions act on PEDOT:PSS at the onset of acid treatment. Protons dis-
sociated from H3PO4 interact with the partially cationized carbon
within the Carbon-Sulfonium (C-S) bonds of PSS, releasing sulfonium
ions and disrupting bonding with PEDOT58. During charge transport
within PEDOT:PSS, there are two primary interpretations of charge
movement through the conductive pathway: (i) inter-grain transport
occurring within the PEDOT grains and (ii) intra-grain transport
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between different PEDOT grains. Charge transport within the con-
jugated PEDOT lamellae is highly efficient due to strong electronic
coupling59. However, charge movement between PEDOT lamellae via
π–π stacked pathways is relatively slower, making it the rate-limiting
step51. Therefore, the π–π stacking distance impacts the conductivity
of PEDOT:PSS. In the study by Ehsan et al., acid post-treatment of
PEDOT resulted in an increased π–π stacking distance due to mor-
phological changes58. The third step after acid treatment involves
using EG to reduce the increased π–π stacking distance and enhance
intra-grain charge conduction. EG immersion treatment reverts the
structure to the quinoid form, maximizing charge transfer by mini-
mizing the π–π stacking distance60. The sequential formamide, phos-
phoric acid, and EG immersionpost-treatments applied in this study to
increase the electrical conductivity of PEDOT:PSS are collectively
referred to as the FPE treatment.

Figure 2b presents a schematic of PEDOT (blue) and PSS (teal)
molecular planes oriented in various directions, with the π–π stacking
distance between PEDOT grains occurring in the (010) direction61. To
analyze the trend in π–π stacking distance, one should examine the
peak values observed in the 010 direction from the X-ray diffraction
(XRD) results62. To experimentally verify the changes in π–π stacking
distance at each treatment step, PEDOT:PSS filmswere prepared in the
following states: pristine, EG-treated, H3PO4-treated, H3PO4-EG trea-
ted, and FPE-treated. These samples were analyzed using High-
Resolution X-ray Diffraction (HR-XRD, Rigaku SmartLab). According
to the HR-XRD patterns shown in Fig. 2c, the FPE-treated film (purple)
exhibited the highest intensity, indicating the presence of the greatest
number of PEDOT grains owing to the treatment (Supplementary
Fig. S11). Comparing the (010) peak representing the π–π stacking
distance in theXRDpattern, thepeakdegree increased from25.880° in
pristine PEDOT:PSS to 25.980° with H3PO4 treatment. After sub-
sequent EG treatment, the degree of the (010) peak decreased to
25.960°. According to Bragg’s Law, a decrease in the diffraction angle
corresponds to a reduction in grain spacing, suggesting that the EG
treatment reduced the π–π stacking distance. Specifically, the π–π
stacking distance increased from 3.4427 Å to 3.4497 Å after H3PO4

treatment but was subsequently reduced to 3.422 Å following EG
treatment. Figure 2d illustrates the X-ray photoelectron spectroscopy
(XPS, Thermo Scientific™ K-Alpha) of S2p binding energy analysis
results for each treatment. PEDOT:PSS films were fabricated under the
same conditions as those used for HR-XRD analysis. By analyzing the
difference in the binding energy between the thiophene unit of PEDOT
and the sulfur atom in the sulfonate group of PSS, the changes in
PEDOTand PSSwere identified through an intensity comparisonbased
on the 2porbital binding energy of sulfur. The data revealed that sulfur
atoms with binding energies in the 162–164 eV range, indicative of
sulfur in PEDOT, showed a gradual increase as the FPE treatment
progressed. Conversely, the intensity of the sulfur atoms with binding
energies between 166 and 168 eV, representing the sulfur in PSS,
decreased (Supplementary Figs. S12–S13). Figure 2e shows a side-view
image of the pristine PEDOT:PSS and FPE-PEDOT electrodes, as
observed by transmission electron microscopy (TEM). FPE-PEDOT
electrodes are stacked in the order of PET, PEDOT:PSS, and 509 nmSU-
8 layers (Supplementary Fig. S14), with the thickness of the PEDOT:PSS
layer decreasing from 72.2 nm to 31.9 nm after FPE treatment. The
thickness decrease was confirmed throughmeasurements onmultiple
samples (Supplementary Figs. S15–16). This observation suggests that
the removal of PSS contributes to the decrease in overall film thickness
(Supplementary Fig. S17). Additionally, we calculated the conductivity
of the FPE-treated PEDOT:PSS films using thickness information
obtained from TEM images, and the resulting value was 3.4 × 103 S/cm
(see Methods). This dramatic enhancement in conductivity leads to a
reduction of trace resistance.

The reduction in the thickness of the PEDOT:PSS layer could
potentially lead to a decrease in overall capacitance due to a reduction

in volume. However, our findings confirmed that FPE treatment
increased the volumetric capacitance of PEDOT:PSS from 0.436 F/cm³
for pristine PEDOT:PSS to 30.4 F/cm³ for FPE-treated PEDOT:PSS (see
Methods and Supplementary Fig. S18). The volumetric capacitance of
FPE-PEDOT is comparable to values reported for PEDOT:PSS filmsused
in supercapacitors63–67, organic electrochemical transistors68 studies
(Supplementary Table 2). The structural transformation of PEDOT
chains from a benzoid to a quinoid configuration, which promotes
planarization69 and ion accessibility70, plays a key role in this
enhancement, while the pseudocapacitive71,72 charge storage char-
acteristics of PEDOT:PSS further contribute to improved charge sto-
rage. The increased volumetric capacitance reflects an enhanced
ability of the PEDOT:PSS film to facilitate ion transport and storage,
thereby improving its electrochemical performance73. Additionally,
impedance of Cdl and Rct are inversely proportional to the geometric
surface area74,75. To understand the changes in surface morphology at
each step, atomic force microscopy (AFM, Bruker Dimension Edge)
wasperformedon pristine, EG-treated, H3PO4-treated, and FPE-treated
PEDOT:PSS films (Supplementary Fig. S19). Figure 2f shows 2 and
3-dimensional AFM images of pristine and FPE-treated PEDOT films.
The rootmean square roughness (Rq) valuesweremeasured as 1.53 nm
for pristine PEDOT:PSS, 1.89 nm for EG-treated films, 2.12 nm for
H3PO4-treated films, and 2.60 nm for FPE-treated films, showing a
gradual increase in surface roughness throughout the treatment pro-
cess (Supplementary Fig. S20). We confirmed through AFM analysis
that the surface roughness increased after FPE treatment. The increase
in roughness values is attributed to the enlargement of the electrode’s
effective surface area75. Following FPE treatment, Cdl increased from
6.356pF to 9.209 pF, indicating improved ion accessibility at the
electrode-electrolyte interface. Simultaneously, Rct decreased from
679 kΩ to 29.77 kΩ, reflecting enhanced charge transfer efficiency due
to the optimizedmicrostructure and increased ionmobility within the
PEDOT:PSS film76. These changes in the Randles Circuit elements
demonstrate the synergistic effect of FPE treatment in reducing elec-
trochemical impedance and enhancing charge storage capability, fur-
ther validating its efficacy in improving the performance of PEDOT:PSS
electrodes.

FPE-PEDOT: Non-Cytotoxic, Non-Inflammatory, and Minimally
Interfering with Confocal Microscopy Imaging
We conducted both in vitro and in vivo assessments to ascertain
whether the FPE-PEDOT induces direct cytotoxicity or inflammatory
responses upon contact with neuronal cells (Supplementary Fig. S21).
For in vitro analysis, neurons were cultured on the electrode surface,
followed by a comprehensive cell viability test (Fig. 3a and Supple-
mentary Fig. S22). In this test, we used double staining with Hoechst,
which permeates the nuclei of both live and dead cells, and propidium
iodide (PI), which selectively penetrates only the membranes of dead
cells77. The results indicated that neither the control group (cells cul-
tured without electrodes) nor the experimental group (cells cultured
on FPE-PEDOT) exhibited PI staining (red color), suggesting no cell
death in either group. In contrast, in the Pt-black control group used as
a positive control for PI staining (cells cultured on Pt-black), the dis-
tribution of dead cells was observed (Supplementary Fig. S23). Our
electrode material was confirmed to preserve cell viability, thereby
proving its biocompatibility. For a detailed investigation of the
immune response from our device in the brain, we also conducted
in vivo immunohistochemistry analysis of electrode arrayswithCluster
of Differentiation 86 (CD86)78,79. In addition, 4’,6-diamidino-2-pheny-
lindole (DAPI) staining was performed to visualize cell nuclei and
assess the overall cellular distributionwithin the tissue sections. Figure
3b demonstrates no expression of the pro-inflammatory phenotype
marker CD86 associated with brain-resident macrophages (microglia)
in tissue sections taken 1, 3, 5, and 14 days post-electrode implantation
(Supplementary Fig. S24). FPE-PEDOT implantation group exhibited
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noticeably lower CD86 expression compared to the Pt-black group.
This lackof CD86 expression indicates that the electrodematerial does
not act as an antigen that elicits an immune response, nor does it cause
additional inflammatory reactions owing to the physical pressure on
the tissue80 (Supplementary Figs. S25–S28). To further evaluate the
impact of electrode implantation on behavioral function, the
Enhanced Escape Response Test (EERT) was performed. EERT results
indicated that levels of aggression and escape responses were pro-
portional to the degree of inflammation (see Methods). The Pt-black
electrode implantation group exhibited a score approximately 3.25
times higher than the Non group, whereas the FPE-PEDOT group
demonstrated a score approximately two times lower than the Pt-black
group (Supplementary Fig. S29). These results collectively suggest that
FPE-PEDOT is both biocompatible and nonimmunogenic.

Following the confirmation that FPE-PEDOT does not induce cell
deathor inflammation at the cellular and tissue levels,we evaluated the
transparency of these electrodes using confocal photon imaging in
vitro (Supplementary Figs. S30–S31). In groups where conventional

platinum electrodes were used, the platinum material absorbed the
350nm wavelength energy used to stain cell nuclei, resulting in auto-
fluorescence at approximately 450 nm (Fig. 3c and Supplementary
Fig. S32). This autofluorescence caused interference in cell imaging,
making it difficult to obtain clear and accurate images81. In contrast,
the transparent FPE-PEDOT minimized autofluorescence, allowing for
a clear observationof cell size and target substance expressionwithout
interference from electrodes. This facilitated high-quality confocal
photon imaging without issues from traditional electrode materials.
Through experimental results, we confirmed that FPE-PEDOT
improves both biocompatibility and imaging performance, leading
to the conclusion that it is suitable for biomedical applications.

In Vivo Electrophysiological Recording of Extracellular Action
Potentials and Local Field Potentials
To assess the performance of the PEDOT:PSS electrodes with
enhanced conductivity after the FPE treatment, in vivo electro-
physiological signals were recorded. The electrode was implanted into
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the primary somatosensory cortex (S1) of a wild-type mouse, and data
acquisition was performed using an Intan instrument system (Sup-
plementary Fig. S33). To address the connection between the soft
neural electrode and the rigid recording system, we used an aniso-
tropic conductive film (ACF) cable to link the PEDOT:PSS contact pads
to the printed circuit board (Supplementary Fig. S34). ACF cables are
thin, flexible, and commonly used in electrophysiological studies to
ensure reliable signal measurement with minimal noise82. Figure 4a
shows a schematic illustration of the protocol used for in vivo
experiments. To elicit a seizure83 spiking activity in the S1 cortex, a
small dose of pilocarpine (1mg/kg) was injected (Supplementary
Fig. S35), and the resulting EAPs were monitored to confirm their
feasibility. Electrophysiological recordings were taken for 10min
before the first injection and for 30min afterward, followedby another
30min session after a second injection.

Figure 4b shows a photograph of the in vivo experiment,
revealing the FPE-PEDOT electrodes implanted in the right hemi-
sphere of S1. Both the 20 × 20 µm2 recording site and the inter-
connects are optically transparent, presenting a clear field of view
of the surface of the brain tissue (Supplementary Fig. S36). Before
analyzing the EAPs measured from the FPE-PEDOT electrodes, the
LFPs were first confirmed to be measured across 30 channels of the
FPE-PEDOT electrodes prior to pilocarpine injection (Supplemen-
tary Fig. S37). The magnified image of the implanted site in Fig. 4b
displays the spatial extent of the action potential waveforms
detected across the FPE-PEDOT electrodes (Supplementary
Fig. S38), measured under normal conditions. Under normal con-
ditions, EAPs maintain regular firing patterns and activity naturally
varying in response to environmental stimuli or network states. In
contrast, in animal models injected with high concentrations of
pilocarpine, high-amplitude and abnormal spike84 frequencies are
observed (Supplementary Fig. S39). The waveforms typically
exhibited a localized negative peak at the detection site, which
indicates the firing of EAPs from cortical neurons85. These results
demonstrate that the exceptional electrical performance of FPE-
PEDOT electrodes allows for single-neuron activity measurement
without penetrating deeply into the brain, potentially enabling
large-area cortical spike mapping. Fig. 4c shows the signals
recorded after pilocarpine injection over time with induced sei-
zures. For comparison, an ITO electrode, which is a commonly
used transparent electrode material, was used as the control
electrode. High-pass-filtered recordings from both electrodes
were compared to emphasize the differences in spike detection
performance. The FPE-PEDOT electrodes exhibited a very low RMS
noise value of 6.6-6.8 µV, revealing spike activity induced by
pilocarpine injection (Fig. 4d). Conversely, due to the high impe-
dance of the control ITO electrode, the RMS noise was higher
(50–60 µV), obscuring spike activity. Spikes recorded across the
channels were measured using FPE-PEDOT electrodes following
pilocarpine-induced persistent seizures (Fig. 4c and Supplemen-
tary Fig. S40). Figure 4e compares the sorted EAP spikes and inter-
spike intervals (ISI) from FPE-PEDOT to those from the control
electrodes (graphene and Pt-black). Despite their strong electrical
conductivities, the Pt-black and graphene electrodes, which were
used as transparent electrodes, demonstrated higher RMS noise
than FPE-PEDOT. The ITO electrodes failed to detect any EAP
spikes because of their high RMS noise. These results highlight the
capability of FPE-PEDOT electrodes to capture both normal and
abnormal neuronal firing patterns, emphasizing their utility in
diverse experimental conditions.

In neuroscience, the ISI is a crucialmetric for analyzing the activity
patterns of neurons, representing the time interval between two con-
secutive spikes86. ISI plots were generated using FPE-PEDOT to analyze
thefiring patterns and frequencies of specific neurons, allowing for the
distinction between normal and abnormal neural activity.

Furthermore, a comparison of the signal-to-noise ratio (SNR) values
obtained from the sorted spikes across the electrodes showed that
FPE-PEDOT achieved SNR values comparable to those of the Pt-black
electrode while outperforming the graphene electrode. We also
demonstrated the display spectrograms of the evoked local field
potential power spectral density recorded by our device over a fre-
quency range of 0–100Hz. Fig. 4f illustrates the spectrogramobtained
in the normal state, whereas Figure 4g shows the spectrogramafter the
second pilocarpine injection. Compared with the pre-injection state,
pilocarpine-induced seizures resulted in robust evoked LFPs below
20Hz, characterized by periodicity. This observation suggests that the
exceptionally low noise level of FPE-PEDOT electrodes makes it
advantageous for power-density spectrum analysis. This is the first
instance where spikes, which were previously impossible to measure
with transparent electrodes, have been successfully recorded using
FPE -PEDOT.

Integration of Electrophysiological Recordings with Two-
Photon Imaging Using FPE -PEDOT
We combined electrophysiological recordings using FPE-PEDOT with
two-photon imaging of neuronal cell activity. Before placing the FPE-
PEDOT microelectrode array on the cortical surface and sealing the
window, the mice were fitted with an angel ring and placed in a cus-
tomized head fixation stereotaxic apparatus for live imaging (Supple-
mentary Fig. S41). Figure 5a depicts the experimental setup for the
simultaneous two-photon imaging and electrophysiological signal
recording. A laser is directed at the electrode to obtain two-photon
images, and the image clarity depends on the degree of laser
penetration87. Figure 5b shows that the FPE-PEDOT electrodes present
minimal obstruction to deep two-photon imaging. The internal brain
vasculature and capillaries are visible both with and without the FPE-
PEDOT electrodes implanted. Thus, data can be collected without
obstruction, even with 100 µm z-stack images. In contrast, the control
Pt-black electrode causes distortion, even in XY-plane images, making
it challenging to obtain accurate information. The image obstructions
caused by the metal electrode persist in the 100 µm z-stack images,
resulting in the integration of two-photon imaging and electro-
physiology recording being challenging. This approach can be directly
applied to various research areas involving cortex-wide activation
monitoring and the investigation of deeper layers.

We further demonstrated that high-quality electrophysiological
signals could be obtained regardless of whether the equipment was on
or off during two-photon imaging. Figure 5c shows a 30 channel
electrophysiological heat map of the noise RMS values recorded using
FPE-PEDOT electrodes during concurrent two-photon imaging. By
comparing the noise RMS heatmap of the Pt-black electrode array, it is
apparent that FPE-PEDOT exhibits lower overall noise RMS values. FPE-
PEDOTexhibited stableRMSnoisevalueswithminimal variationowing
to laser-induced artifacts. In addition, the high-pass-filtered electro-
physiological signal data was captured in a two-photon imaging
environment (Supplementary Fig. S42). The low RMS noise values in
the FPE-PEDOT allowed clearer LFP and EAP signals (Supplementary
Fig. S43). Moreover, based on its superior electrical performance,
Fig. 5d shows the distinct electrophysiological recording results across
different channel lines (L1: Ch1–10, L2: Ch11–20, and L3: Ch21–30)
within the array. The ISI, autocorrelation results shown in Fig. 5d were
derived from the sorted spikes in L2 (left). These results indicated that
FPE-PEDOT provides advantages for both imaging and recording,
making it suitable for integrating electrophysiological signal mea-
surements with bioimaging techniques.

Discussion
This study focuses on enhancing the electrochemical performance of
transparent electrodes using FPE-PEDOT while addressing the bio-
compatibility challenges88 associated with metal-based neural
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interfaces. Conventional electrodes suffer from electrical noise, pho-
toelectric artifacts, andpoor optical transparency,making it difficult to
capture neural signals and perform two-photon imaging simulta-
neously. Additionally, polymer-based electrodes have struggled to
provide high-resolution electrophysiological data. To overcome these
challenges, we introduced the FPE treatment process involving for-
mamide, phosphoric acid, and ethylene glycol to enhance the elec-
trical conductivity of transparent metal-free PEDOT:PSS electrodes.
The enhanced electrical performance of FPE-PEDOTwas confirmed by
a series of detailed characterizations. HR-XRD and XPS analyses
demonstrated improvements in the structure of thematerial, resulting
in superior charge carrier mobility. These modifications enabled the
electrodes to achieve the lowest electrochemical impedance values
comparable to those of traditional electrodematerials such as ITO and
graphene, which are widely used in similar applications.

The biocompatibility and non-inflammatory properties were tes-
ted both in vitro and in vivo, based on the timeframes during which
acute inflammatory responses to external substances occur. The
absence of cytotoxic effects, as evidenced by cell viability tests, and
the lack of inflammatory responses, as confirmed by immunohisto-
chemical analyses, underscore the suitability of FPE-PEDOT for bio-
compatible neural interfaces. The electrodes did not induce CD86
expression, indicating that they did not trigger the immune responses
that are crucial for chronic implantation and continuous monitoring.
The reason for monitoring the inflammatory response at intervals of 1,

3, 5, and 14 days is that acute inflammation induced by microglia in
response to foreign substances begins within 1 hour, peaks at day 389,
and, if unresolved, can persist for 1–2weeks or longer, progressing to a
chronic inflammatory phase90. If the inflammation resolves within
1–2 weeks depending on the composition of the electrode, microglia
undergo morphological changes that can be visually observed.
Therefore, the point at which inflammation peaks and begins to sub-
side (1–2 weeks) was designated as the final testing date, and the
experiments were conducted accordingly. An outstanding feature of
FPE-PEDOT is its high optical transparency. Unlike conventional
materials, such as platinum, which suffer from autofluorescence and
imaging interference, FPE-PEDOT allows for clear and unobstructed
two-photon imaging. This transparency is vital for applications that
require simultaneous electrophysiological recording and high-quality
imaging, providing seamless integration of both functionalities.

In vivo electrophysiological recordings further validate the prac-
tical application of these electrodes. The electrodes effectively cap-
tured the EAPs and LFPs with minimal noise, even under laser
excitation. This stability, coupled with low RMS noise levels and the
absence of photoelectric artifacts, highlights the potential of electro-
des for integrated bioimaging and electrophysiological studies,
enabling precise and reliable neural activity monitoring. Overall, the
FPE-PEDOT developed in this study offers a robust solution for
advanced neural interfacing which its excellent electrical properties,
biocompatibility, and optical transparency. These features render
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them highly suitable for various biomedical applications, including
high-resolution neural recording, simultaneous two-photon imaging,
and other seamless electronics such as wearable sensors and implan-
table bioelectronics. Future research should focus on optimizing these
electrodes and exploring their potential use across various neural and
bioelectronic interfaces.

Methods
Electrode array material preparation
The PET substrate film (25 µm; ES301230) was sourced from GFM
Korea. PDMS was obtained from Dow Corning SYLGARD 184 Silicone
Elastomer Kit, USA. The 1.3 wt% PEDOT aqueous dispersion (Clevios
PH-1000) was acquired from Heraeus. Phosphoric acid (85%; EP),
ethylene glycol (99.5%; CAS 107-21-1), and formamide (97%; EP) were
supplied by Duksan Integrated Science. SU8-2000.5 photoresist and
its developer were procured from K1 Solution in South Korea. AZ5214
and AZ4620 photoresists, along with AZ 300 MIF developer, were
purchased from AZ Electronic Materials, USA.

FPE-PEDOT electrodes fabrication
PDMS was prepared by mixing the base and curing agent in a 10:1
weight ratio, followed by spin coating onto a glass substrate at 2000
rpm and baking for 2 hours at 110 °C91. Subsequently, a 25 μm PET film
was gently laminated onto the PDMS-coated glass. The positive pho-
toresist AZ4620was spin-coatedon thePET substrate at 3000 rpmand
soft-baked for 4minutes at 110 °C. Ultraviolet (UV) exposure (power:
14mW, exposure time: 70 s) was performed through a photomask.
Post-UV exposure, the substratewas immersed in adeveloper solution.
The patterned device underwent oxygen plasma treatment (40 sccm,
100W, 30 seconds) using a reactive ion etching process. PEDOT:PSS
(Clevios PH-1000) solution was spin-coated on the treated substrate
and baked to evaporate the water at 100 °C for 5minutes. The device
then underwent ultrasonication liftoff using acetone for 30 to
60 seconds, leaving the electrode interconnect lines and recording
sites with PEDOT:PSS. An additional hard baking of the PEDOT:PSS
electrode array was performed at 90 °C for 2 hours. To maximize the
electrical performance of the fabricated PEDOT:PSS electrode array, a
FPE immersing treatment was conducted. Formamide was dropped
onto the PEDOT:PSS electrode and removed after 15minutes.Next, the
device was immersed in 120 °C phosphoric acid for 30minutes. The
final step involved treatment with 100 °C ethylene glycol for 30min-
utes, followed by washing the residual ethylene glycol with isopropyl
alcohol for 2minutes. For encapsulation, SU8-0.5 photoresistwas spin-
coated on the patterned device at 3000 rpm, soft-baked for 60 sec-
onds at 95 °C, and then exposed to UV light (power: 14mW, exposure
time: 3.5 s). AfterUVexposure, a hardbakewas conducted (90 seconds
at 95 °C), and development was carried out using SU-8 developer.
Following the final hard curing process (110 °C, 1.5 hours), the FPE-
PEDOT fabrication was completed.

Fabrication of Pt-black electrode array
Patterning is performed on the prepared PET substrate using an image
reversal photoresist (AZ 5214-E, AZ Electronic Materials, USA). Next,
platinum is deposited via a sputtering process (EBA Assisted Sputter
Deposition System, Infovion, South Korea) using RF sputtering at
100W for 20minutes. The patterning is completed through a lift-off
process, followed by encapsulation using SU8-0.5 photoresist. To
enhance the performance of electrophysiological recordings, Pt-black
was electroplated onto the Pt layer. The Pt-black electroplating solu-
tion consistedof 0.025NHCl, 3% [w/v] hexachloroplatinic acid hydrate
(HPCA), and 0.025% [w/v] lead acetate in deionizedwater (all materials
from Sigma-Aldrich). The electroplating was conducted with the
device as the working electrode, an Ag/AgCl electrode as the refer-
ence, and a Pt wire as the counter electrode. Pt-black was selectively
deposited on the exposed area of the Pt recording electrode using a

potentiostat (Gamry Reference 600+) through chronoamperometry
(20 s at 0.2 V with a sample period of 0.01 s). The completed Pt-black
electrode was confirmed through SEM images to consist of electro-
plated Pt-black with a thickness of 921 nm deposited on a 25 nm Pt
layer (Supplementary Fig. S44).

EIS Measurement of electrode array
Electrochemical Impedance spectroscopy (EIS) measurements were
performed using a Gamry Reference 600+ potentiostat (Gamry
Instruments). To ensure accurate results, a three-electrode config-
uration was employed, comprising an Ag/AgCl reference electrode, a
Pt wire counter electrode, and the FPE-PEDOT working electrode
(Supplementary Fig. S45). FPE-PEDOT electrode pads were bonded to
the anisotropic conductive film (ACF) cable (HST-9805–210, Elform,
USA) by applying heat at 120 °C, ensuring stable adhesion and elec-
trical connectivity without additional adhesives. Initially, all three
electrodes were immersed in phosphate-buffered saline (PBS) solution
(pH 7.4, 36 °C). The charge transfer between the electrolyte and the
electrode interface was monitored across a range of frequencies to
confirm the impedance changes.

Conductivity Calculation of the FPE-PEDOT films
After fabricating the FPE-PEDOT films, the sheet resistance was mea-
sured using a 4-point probe (KLA-Tencor RS55/tc). The conductivity
was then calculated using themeasured sheet resistance (89Ω/sq) and
the film thickness, following Eq. (1).

σ =
1

Rs × t
ð1Þ

Where σ represents the conductivity (S/cm), Rs is the sheet resistance
(Ω/sq), and t is the film thickness (cm).

Volumetric CapacitanceCalculation of the PEDOT:PSS electodes
The volumetric capacitance (Cv) of the PEDOT:PSS electrodes was
calculated based on the results obtained from Cyclic Voltammetry
(CV) measurements. CV was performed in a three-electrode config-
uration using PBS solution as the electrolyte. The potential was swept
over a range of [-0.6, 0.8] at scan rates 0.2 V/sec (ν), including. The
current response (I)was recorded as a functionof the appliedpotential
(V). The total capacitance (C) was determined by integrating the cur-
rent over the voltage window for both the forward (oxidation) and
reverse (reduction) scans in a single CV cycle. To account for the
contributions from both directions, the integrated current was aver-
aged by dividing by 2:

C =
1

2× ν ×ΔV

Z V2

V1

Iforward Vð ÞdV+
Z V1

V2

Ireverse Vð ÞdV
 !

ð2Þ

Where V1 and V2 represent the lower and upper limits of the potential
range. The volume of the electrode was calculated by multiplying the
electrode’s thickness by its geometric area. Volumetric capacitance
was obtained by normalizing the total capacitance with the volume of
the electrode.

Cv =
C

A× t
ð3Þ

Where A represents the geometric area (cm2) and t is the film
thickness (cm).

Animal
8-week-old C57BL/6 mice, used for all in vivo experiments, were pur-
chased from Orient BioScience (South Korea) and embryonic day 14.5
(E14.5) pregnant ICR mice, used for ex vivo experiments, were
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purchased fromKoatech (South Korea). All micewere cared for during
a one-week acclimation period in the Specific Pathogen-Free (SPF)
zone of the Avison Biomedical Research Center, Yonsei University
College of Medicine. The mice were housed under controlled condi-
tions, maintained on a 12-hour light/12-hour dark cycle, at a constant
ambient temperature of 22 ± 2 °C, and a relative humidity of 50 ± 10%.
All experiments involving animals were performed following the
ethical guidelines required by the Institutional Animal Care and Use
Committeeof YonseiUniversityHealth System (IACUCNo: 2022-0057)
and the National Institutes of Health (NIH).

Transmittance
The light transmittance of all electrode arrays was measured using a
UV-visible spectrophotometer (V650-JASCO). The samples were scan-
ned at a speed of 200nmperminute across a wavelength range of 300
to 800nm. The reference mode utilized a glass/PET substrate for
calibration.

Immunocytochemistry (ICC)
Cortical neurons and striatal neuronswere isolated from a 14.5-day-old
ICR mouse embryo for a biocompatibility test. 2×106/mL cells were
cultured in a confocal dish layered with FPE-PEDOT and subsequently
coated with Poly-D-Lysine, in Neurobasal medium containing 2% B-27
supplement, 0.5mM glutamine, and 1% penicillin-streptomycin. After
24 hours, the medium containing non-neuronal cell debris was
removed, and fresh medium was directly added. Two days later, the
cells were stained with Hoechst (Thermo 62249, 2μg/mL) and Propi-
dium Iodide (Sigma P4170, 1μg/mL) for 5minutes at room tempera-
ture (RT). Each group was imaged using an LSM 710 confocal
microscope (ZEISS) equipped with a 20x lens. For the electrode
transparency comparison test, SH-SY5Y cells (Neuroblastoma cell
lines, 3×105/mL) were seeded into Poly-L-Lysine-coated 4-well cell
culture slide and fixedwith 3.7% paraformaldehyde (PFA) for 15mins at
RT. To penetrate cell membrane, cells were permeabilized with 0.1%
Triton X-100 for 7mins at RT. After blocking with 3% BSA solution for
30mins at RT, 1’Ab-MAP2 (Mouse monoclonal, Santacruz sc-32791,
1:50) was treated for overnight at 4°C, and 2’Ab- Goat Anti-Mouse IgG
H&L FITC (Abcam, ab6785, 1:1000) was treated for 1 hr at RT. Finally,
DAPI (Invitrogen D1306, 1μg/mL) was treated for 5mins at RT and the
electrode was carefully laid over the cells79. The cover glass was fixed
by mounting solutions (Thermo P36980). Between each step, there
were three washes with 1xPBS (Biosesang). Each group was imaged
using an LSM 710 confocal microscope (ZEISS) equipped with a 20x
lens, and the Z-stack 3D image was created by maximum intensity
projection (MIP), stacking images with a thickness of 1 micron along
the Z-axis. The total imaging thickness was 45μm for the control and
51μm for the FPE-PEDOT.

Immunohistochemistry (IHC)
For the in-vivo biocompatibility test, C57BL/6 mice (male, 8-week-
old) were anesthetized with Zoletil (30mg/kg) mixed with rompun
(10mg/kg). The scalp was incised approximately 1 cm, and a cranial
bone with a diameter of 5mm horizontally and vertically was
removed using a powered drill tap. The FPE-PEDOT, Pt-black films cut
to 4mm, was carefully laid over the brain. After observing for 1 day,
3 days, 5 days, and 14 days, respectively and the mice were perfused
with 0.9% saline solution through the left ventricle, and 3.7% PFA was
injected to allow the fixative to penetrate into the cells through the
blood vessels. The isolated whole brain was cut into 2mm sections
and after incubating in 3.7% PFA for one day, brain was then reacted
in 30% sucrose for three days. The brain penetrated by the 30%
sucrose was embedded into OCT compound (Sakura 4583) and
sectioned into 14μm using a cryostat (Thermo HM252). The sec-
tioned tissue was fixedwith 3.7% PFA for 15mins at RT, permeabilized

with 0.1% Triton X-100 for 7mins at RT, and blocked with 5% BSA
solution for 1 hr at RT. 1’Ab- CD86 (Rat monoclonal, Abcam ab119857,
1:1000) was reacted to the sectioned tissue overnight at 4 °C and
2’Ab- Goat Anti-Rat IgG H&L, Alexa Fluor® 488 (Abcam ab150157,
1:1000) was reacted for 1 hr at RT. DAPI (Invitrogen D1306, 1 μg/mL)
was treated for 5mins at RT and cover glass was fixed by mounting
solutions (Thermo P36980). Between each step, there were three
washes with 1xPBS (Biosesang). Each group was imaged using an LSM
710 confocal microscope (ZEISS) equipped with a 40x lens, zoomed
into 0.6x.

Enhanced escape response test (EERT)
The Enhanced Escape Response Test (EERT) was designed to evaluate
behavioral responses induced by electrode implantation. The test
includes five evaluation criteria: (i) reaction time, (ii) escape distance,
(iii) escape speed, (iv) response frequency, and (v) additional stress
behaviors. (i) Reaction time measures the duration it takes for the
escape response to begin when attempting to grab the tail, with faster
reactions receiving higher scores: 0 points for delays of more than
3 seconds, 1 point for 2–3 seconds, 2 points for 1–2 seconds, and 3
points for responses under 1 second. (ii) Escape distance assesses how
far the subject moves after initiating the response, with scores as fol-
lows: 0 points for less than 5 cm, 1 point for 5–10 cm, 2 points for
10–20 cm, and 3 points for more than 20 cm. (iii) Escape speed eval-
uates the velocity of the escapemovement, with faster speeds earning
higher scores: 0 points for less than 1 cm/s, 1 point for 1–3 cm/s,
2 points for 3–5 cm/s, and 3 points for more than 5 cm/s. (iv) Response
frequency records how often an escape response occurs during tail-
grabbing attempts, scored as 0 points for no response, 1 point for
responses in 25% or fewer attempts, 2 points for 25–75% of attempts,
and 3 points for more than 75% of attempts. (v) Additional stress
behaviors such as grooming, body tremors, or rigidity during the
escape response are evaluated, with 0 points for no stress behaviors,
1 point for 1–2 instances, 2 points for 3–4 instances, and 3 points for 5
or more instances. This comprehensive scoring system provides a
detailed assessment of behavioral responses and stress levels asso-
ciated with electrode implantation.

Basic surgery for electrode implantation
Mice were anesthetized with Zoletil (30mg/kg) mixed with Rompun
(10mg/kg) and their heads were secured with ear bars in a stereo-
taxic frame equipped with a heating pad set to 37 °C. The hair was
removed, and a 1 cm incision was made on the scalp. Approximately
0.2 cm² of the right parietal bone, centered 3mm to the right of the
midpoint between the bregma and lambda, was carefully removed
using a low RPM powered drill tap to expose the cerebral cortex. The
electrode was carefully placed over the exposed cerebral cortex (i.e.,
the cranial window). After the experiment, mice were treated to
meloxicam (5mg/kg) and gentamicin (5mg/kg) for the pain man-
agement and prevention of inflammation in the surgery area.

Electrophysiological Recording Analysis
Following the basic surgery on the animals, all electrodes were
implanted onto the somatosensory cortex without any penetration.
The reference electrode was placed on the opposite side, and they
were connected to the Intan Recording System (Intan RHS M4200,
Intan Technologies, Los Angeles, California) for data collection. The
digitized signals were stored using the Intan RHX data acquisition
software, with a sampling rate of 30 kS/s, a bandpass filter bandwidth
of 0.1–6000Hz, and a notch filter at 60Hz. The LFP signals were
processed using a bandpass filter of 0.1–300Hz. For high-frequency
analysis, a high-pass filter with a 300Hz cutoff was used. The collected
data were then extracted and plotted using the MATLAB source code
provided by Intan Technologies.
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Two-Photon Intravital Imaging
After the basic surgery, an additional step was performed for intravital
imaging on the cranial window. A 5 mm-sized round cover glass was
placed on top of the electrode laid on the cerebral cortex and fixed
with cyanoacrylate glue. Customized metal ring (Live cell instrument,
South Korea) was placed on the cranial window and the margin was
filled with dental resin (B.J.M laboratory, Or-Yehuda, Israel) to create
dam for using water-immersion lens. Mice equipped with an angel ring
were assembledwith a customized head fixation stereotaxic apparatus
for live imaging. Texas red-dextran (70 kDa, 2.5mg/kg, Invitrogen,
USA) was injected to retro-orbital sinus to visualized the blood vessel.
The brains of the mice were imaged using a FVMPE Multiphoton
Microscope (Olympus, Japan) with a 900nm wavelength and all ima-
ges were acquired using 512 ×512 pixels by a 25x water immersion lens.
A total imaging depth of 100 µm was captured below the electrode,
with 50 slices taken, each 2 µm thick. Acquired images were re-
analyzed by FV31-SW program.

Simultaneous electrophysiological recording and two-photon
imaging
During the preparation stage for Two-Photon Intravital Imaging, the
FPE-PEDOT is implanted, and the reference electrode is alsopositioned
before covering with a cover glass. The setup is then mounted on an
FVMPE Multiphoton Microscope (Olympus, Japan) and connected to
the Intan Recording System (Intan RHS M4200, Intan Technologies,
Los Angeles, California) for data acquisition. Electrophysiological sig-
nals are measured and analyzed while the laser for photon imaging is
active, ensuring simultaneous imaging and signal recording.

External action potentials data acquisition and processing
Data obtained from the Intan Recording System (Intan RHS M4200,
Intan Technologies, Los Angeles, California) were analyzed using the
Intan RHX data acquisition software to detect external action poten-
tials. Additionally, this software was used for analyzing inter-spike
intervals and noise RMSon each channel. Spikes were identifiedwithin
the RHX software using an RMS-based thresholding method, exceed-
ing four times the noise RMS. Spike sorting plots were created by
loading data from the Intan RHX data acquisition software into
MATLAB and using the MATLAB source code provided by Intan
Technologies for plotting.

Statistical analysis
Quantitative analysis was conducted using Prism software (GraphPad,
San Diego, CA, USA). For comparisons between two groups, a T-test
was employed, while one-way ANOVA followed by Bonferroni’s post
hoc test was used for analyses involving three or more groups. Sta-
tistical significance was defined as a P-value less than 0.05, with sig-
nificance levels denoted as **P <0.01, and ***P <0.001.

Ethics
All mouse experiments were conducted under the study protocol
ABMRC-IACUC-2022-0057, approved by the Institutional Animal Care
and Use Committee (IACUC) of the Advanced Biomedical Research
Center, Yonsei University.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data supporting the findings of this study are available within the
article and its supplementary files. Any additional requests for infor-
mation can be directed to, and will be fulfilled by, the corresponding
authors. Source data are provided with this paper.

Code availability
The electrophysiological signals measured using the Intan instrument
system were saved in rhs file format and converted into MATLAB files.
The code used to plot and analyze the data is available in the Zenodo
DOI-minting repository at https://doi.org/10.5281/zenodo.14613681,
licensed under CC BY 4.0.
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