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E N G I N E E R I N G

Structurally engineered ultrasoft PEDOT:PSS fiber 
microelectrodes with enhanced electrochemical 
performance for neural interfaces
Chihyeong Won1,2†, Young Uk Cho3,4†, Siyeon Kweon5†, Sungjoon Cho1, Chaebeen Kwon1,  
Hyun Woo Kim1, Ju Young Lee1, Sang Hoon Park1, Sorim Han5, Yang Tae Kim6, Jumyoung Jang6, 
Janghwan Jekal8, Jae Geun Kim6,7, Kyung-In Jang8, Sheng Xu9, Wei Gao2, Il-Joo Cho5*,  
Ki Jun Yu1,10*, Taeyoon Lee1*

Stable and reliable neural interfacing is essential for the diagnosis and treatment of chronic neurological disor-
ders. Flexible neural probes are particularly important for this purpose, as they minimize tissue damage and in-
flammatory responses while maintaining stable electrode-tissue coupling; however, achieving both high electrical 
performance and tissue-like mechanics remains challenging. Here, we present a poly(3,4-ethylenedioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) fiber microelectrode (PFME), an all-organic neural probe capable of recording 
single-neuron activities with potential for long-term interfacing. The PFME is entirely composed of organic com-
ponents and fabricated without thermal processing. In addition, the posttreatment process enables to selectively 
remove PSS binder networks while promoting PEDOT chain alignment to optimize mechanical compliance and 
electrochemical performance. In vivo, the PFME enables stable single-unit recordings from the mouse hippocam-
pus. Histological analysis after 1 week of implantation reveals minimal glial activation comparable to that elicited 
by a conventional probe. This structurally engineered PFME establishes a pathway to achieve minimally invasive 
neural interfacing platforms for chronic applications.

INTRODUCTION
To understand debilitating neurological disorders such as Parkinson’s 
disease and epilepsy, decoding the complex circuits of the brain is a cen-
tral goal in neuroscience and medicine (1, 2). Implantable neural inter-
faces provide a direct communication link between neural tissue and 
electronic devices and are indispensable in this endeavor. The design 
of these interfaces enables the recording of intricate neural signals and 
high-precision delivery of therapeutic electrical stimulation (3, 4). Con-
ventional neural probes, typically fabricated from rigid materials such 
as silicon, are extensively used for recording neural signals (5, 6) but 
elicit chronic inflammatory responses and the formation of glial scars, 
owing to the mechanical mismatch between these rigid devices and soft 
brain tissue. The stability and quality of neural recordings are degraded 
by the foreign body response (FBR), as a major obstacle for long-term 
applications. However, developing neural interfaces that resolve these 
limitations while preserving the electrical performance essential for 
chronic applications remains a persistent challenge (7–12).

As a promising alternative for next-generation implantable neural 
interfaces, fiber-type electrode probes offer the inherent advantages 
of high structural flexibility, tailorable dimensions for scalability, and 
alleviated scarring of brain tissue (13–15). These flexible fibers can 
conform to the brain’s micromotions, substantially mitigating im-
mune responses (16–18). However, previous approaches remain 
constrained by intrinsic material properties and thermal-based fabri-
cation limitations, thereby hindering electrochemical stability and 
structural reliability. The use of nanomaterials and polymers for re-
placing conventional rigid materials has also been attempted (19–21). 
In this regard, poly(3,4-ethylenedioxythiophene) polystyrene sulfo-
nate (PEDOT:PSS), a conducting polymer, has earned distinction as 
a highly attractive material, owing to its mixed ionic-electronic con-
ductivity, facile solution processibility, and biocompatibility (22–24). 
For instance, multifunctional probes capable of recording chemical 
and electrical signals or in vivo stimulation have been developed us-
ing support-free PEDOT:PSS fibers modified via posttreatment (25). 
As approaches for improving the electrical and electrochemical per-
formance, PEDOT:PSS fibers have been incorporated with highly 
conductive materials such as MXene (26), carbon (27), or metal-
based nanomaterials to form composites (28). Despite enhancing the 
electrical conductivity, these approaches often increase the mechani-
cal rigidity of the fiber probe (in the range of hundreds of megapas-
cals to several gigapascals), thereby exacerbating the mechanical 
mismatch with soft brain tissue (1 to 100 kPa) (29–31). Furthermore, 
although polymer-based fiber electrodes inherently have low Young’s 
modulus suitable for soft neural interfacing, previous studies of fiber 
neural probes have been limited to single-channel recording due to 
fabrication limitations (21, 30). The development of high-density, 
multichannel architectures of fiber neural probes without thermal 
process remains challenges.
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In this study, the trade-off between desired properties was ad-
dressed by structurally engineering a novel PEDOT:PSS fiber micro-
electrode (PFME). The PFME was fabricated via wet-spinning a 
PEDOT:PSS colloidal gel containing sodium ions (Na+) into an ascor-
bic acid (AA)–assisted coagulation bath, followed by posttreatment 
with phosphoric acid (H3PO4) and ethylene glycol (EG). The integrat-
ed process removed the structural PSS binder networks, reducing fi-
ber rigidity while promoting realignment of PEDOT crystallites into 
highly conductive pathways. In contrast to thermally drawn fibers that 
often suffer from mechanical rigidity and limited material compatibil-
ity, the wet-spun PFMEs exhibited intrinsic softness and biocompati-
bility suitable for chronic neural interfacing. This fabricating approach 
offered reduced mechanical stiffness (0.94 N m−1) and enhanced elec-
trochemical performance, including an impedance of 0.73 kiloohm at 
1 kHz and a charge storage capacity (CSC) of 59.01 mC cm−2. To con-
struct a multichannel PFME neural probe, three individual PFME fi-
bers were assembled into a single unit via a sequential polyurethane 
(PU) drop-casting and encapsulation process. Integrated into a neural 
interface, the PFME probe enabled stable, high-fidelity neural re-
cordings in freely moving animals over extended periods while 
minimizing immune responses. These findings establish PFME as a 
promising platform for next-generation chronic brain-machine inter-
faces (BMIs) for chronic disease monitoring

RESULTS
Preparation of PFME
The proposed implantable fiber neural probe is designed for a flex-
ible BMI that combines high electrical performance with brain 
tissue–like mechanical properties for in vivo monitoring of chronic 
diseases (Fig. 1A). The probe, constructed using PFME, integrates 
four key attributes: (i) a simple multielectrode array configuration, 
(ii) a highly conductive network for efficient signal transduction, 
(iii) inherent elasticity to minimize mechanical mismatch with brain 
tissue, and (iv) biocompatibility to mitigate FBRs.

The PFME was fabricated through wet-spinning using air pressure, 
followed by posttreatment (Fig. 1B). The wet-spinning of PEDOT:PSS 
generally requires strongly dehydrating solvents [e.g., sulfuric acid 
(H2SO4) or isopropyl alcohol (IPA)] for the coagulation baths, which 
can cause structural deformation and compromise the mechanical in-
tegrity of the resulting fiber (32, 33). To address these issues, the first 
step in the present strategy is the formation of a spinnable PEDOT:PSS 
colloidal gel via the incorporation of sodium borohydride (NaBH4). 
During wet-spinning of PEDOT:PSS, the strong electrostatic repul-
sion between the negatively charged sulfonate groups of PSS chains 
generally causes the polymer to adopt an extended coil conforma-
tion in aqueous dispersion. This pronounced chain expansion not only 
lowers solution viscosity but also hampers efficient coagulation, often 

Fig. 1. Fabrication and characterization of PFMEs. (A) Schematic illustration of PFME as an implantable neural probe, highlighting its key properties. (B) Schematic il-
lustration of modified wet-spinning process for PFME fabrication. (C) Optical image of a continuously collected, uniform wet-spun PFME. Scale bar, 10 mm. (D) Scanning 
electron microscope (SEM) and corresponding energy-dispersive spectroscopy (EDS) mapping images of flexible PFME. Scale bars, 30 μm. (E) Comparison of impedance 
and bending stiffness with those of other fiber-based neural probes. CPE, carbon black-doped polyethylene; AuNPs, Au nanoparticles; AgNWs, Ag nanowires; CNT, carbon 
nanotubes; Multi. Polymer, multifunctional polymer.
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leading to discontinuous or mechanically fragile fibers. The intro-
duction of NaBH4 provides Na+ ions that electrostatically screen 
these sulfonate charges, thereby mitigating the repulsive interac-
tions among PSS backbones (34, 35). This reduction in electrostatic 
repulsion promotes more efficient aggregation of PEDOT:PSS do-
mains, enabling the formation of continuous, uniform fibers with 
improved structural integrity. In parallel, BH−

4
 acts as a mild reducing 

agent, which can alter residual oxidative species within the PEDOT:PSS 
matrix and further stabilize the conductive domains (fig. S1). Col-
lectively, these effects promote efficient aggregation of PEDOT:PSS, 
enabling the formation of continuous, uniform fibers with enhanced 
structural and electrical properties (fig. S2). However, the addition 
of NaBH4 disrupted continuous fiber formation in conventional co-
agulation baths such as IPA and H2SO4 due to rapid dehydration 
and phase separation, showing nonuniform aggregation rather than 
continuous fibers (fig. S3). For stable fiber formation during wet-
spinning, an AA-assisted acetone coagulation bath was used. The 
acidic AA environment kinetically retards rapid coagulation by pro-
tonating PSS chains to form polystyrene sulfonic acid (PSSH) at the 
fiber surface, forming a barrier that slows solvent exchange (note S1). 
This ensures uniform solidification throughout the fiber, minimiz-
ing internal stress. Consequently, uniform fibers were obtained, in 
contrast to the deformed structures produced in a pure acetone bath 
(fig. S4). In addition, the low-temperature process minimizes exces-
sive PEDOT and PSS chain alignment, maintaining the intrinsic soft-
ness of the fiber. The wet-spun fibers were then posttreated with H3PO4 
and EG to simultaneously optimize electrical and mechanical prop-
erties. Multichannel packaging of PFMEs was easily achieved by PU 
coating and its interfacial adhesion. The PFME was coated with a 
uniform, thin layer of PU using a drop-casting method for insulating 
except to a cross-sectional recording site (fig. S5). A self-assembly 
behavior between the PU coatings allowed the fibers to aggregate 
into a compact configuration that minimizes surface area, effectively 
forming a tightly integrated bundle without complex packaging tech-
niques. The diameter of each PFME can be readily tuned by varying 
the nozzle size during the wet-spinning process (fig. S6).

This optimized process enables the high-throughput production 
of long and uniform PFMEs (Fig. 1C). The morphology and compo-
sition of the fibers were characterized by scanning electron micros-
copy (SEM) and energy-dispersive spectroscopy (EDS) (Fig. 1D). 
SEM image revealed a twisted, seamless surface morphology indica-
tive of high flexibility, while corresponding EDS mapping of O and 
S confirmed the homogeneous distribution of PEDOT:PSS throughout 
the fiber. Molecular-level changes induced by posttreatment were ana-
lyzed using Raman spectroscopy to validate the effect of the post-
treatment processes (fig. S7). First, protonation of the PSS sulfonate 
groups through H3PO4 treatment weakens the coulombic associa-
tion between PEDOT+ and PSS−, driving phase redistribution in 
which excess, electrically insulating PSS is expelled during the sub-
sequent rinse. The resulting PEDOT-rich network exhibits increased 
domain connectivity and reduced electronic path tortuosity. Concomi-
tantly, the acidic environment induces electrostatic screening and dehy-
dration promoting conformational planarization of the PEDOT chains 
and tighter π-π stacking, which together enhance carrier mobility. 
These bulk reorganizations decrease the fiber’s series resistance. This 
mechanism is demonstrated in x-ray photoelectron spectroscopy 
(XPS) analysis, with decreased PSS chains (fig. S8). Second, EG treat-
ment induces a conformational change in PEDOT chains from a coiled 
benzoid to a more linear quinoid structure, favorable for charge 

transport (36). Shifts in the characteristic vibrational peaks of the 
Fourier transform infrared spectra confirm these structural changes 
in the PEDOT:PSS network following EG treatment (fig. S9). Nota-
bly, combined H3PO4 and EG treatment promotes a transformation 
to the quinoid form, suggesting a synergistic effect in which PSS 
removal facilitates subsequent PEDOT core rearrangement. These 
complementary mechanisms directly demonstrate that the posttreat-
ment strategy effectively modifies the conductive network of PFME, 
yielding superior electrical performance. Compared with state-of-
the-art fiber-based neural probes, the PFME simultaneously offers 
optimized electrical and mechanical properties (Fig. 1E and table S1) 
(16, 17, 19, 25, 37–45). The structurally engineered PFME combines 
ultralow impedance with tissue-like bending stiffness, outperform-
ing existing probes. Its impedance is markedly lower than that of 
conducting polymer or carbon-based fiber electrodes of similar di-
ameter. Furthermore, its bending stiffness is orders of magnitude 
lower than that of multifunctional polymers and carbon nanotube 
fibers and comparable to soft hydrogels, which are typically constrained 
by poor electrical properties. In addition, the PFME exhibits elec-
trochemical charge storage and charge injection capacities that are 
sufficient for stable neural recording and stimulation as a fiber neural 
probe. This synergistic optimization positions PFME as a promising 
neural probe for minimally invasive brain interfaces and long-term 
neural modulation.

Mechanism underlying concurrently optimized properties 
and characterization of PFME
The electrical and mechanical properties of PFME were improved 
through the distinct roles of each processing step (Fig. 2A and note 
S2). First, the AA-assisted acetone coagulation bath controlled the for-
mation of the initial PEDOT:PSS fiber. Unlike pure acetone, which 
induces rapid coagulation and deformed structures, AA-assisted ace-
tone modulates coagulation kinetics. Protonation and partial removal 
of PSS chains as PSSH at the fiber surface generated a temporary bar-
rier that slowed solvent exchange, ensuring uniform solidification and 
minimizing internal stress (46, 47). Second, sequential posttreatment 
with H3PO4 and EG synergistically enhanced both electrical and 
mechanical properties. The first step, H3PO4 treatment, selectively 
removes the structural PSS network that acts as a rigid binder in 
the gelled fiber. Its removal establishes direct connections between 
PEDOT molecules, eliminates insulating barriers, and induces struc-
tural relaxation, thereby improving mechanical properties (48, 49). In 
the subsequent step, EG penetrates the newly formed porous structure 
and optimizes fiber properties. Acting as a plasticizer, EG enhances 
flexibility and stretchability while also inducing a conformational 
change in PEDOT chains from the coiled, low-conductivity benzoid 
state to the linear, high-conductivity quinoid structure, thus creating 
efficient charge transport pathways (50).

The enhanced electrochemical properties were evaluated in vitro 
by measuring the electrochemical impedance of PFMEs with vari-
ous diameters, tailored by changing the nozzle diameter during the 
wet-spinning process. The PFME surface was coated with a conformal 
PU encapsulation layer. The recording site was exposed by partially 
cross-sectioning the PFME while the surrounding regions remained 
insulation. The impedance of each fiber was measured using electro-
chemical impedance spectroscopy (EIS) in the frequency range of 
10−3 to 102 kHz (Fig. 2B). As shown in the electrochemical imped-
ance spectra, the impedance decreased as the diameter of the fiber 
increased, attributed to the large electrode-electrolyte interfacial 
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area. For the fibers treated with H3PO4, increasing the diameter from 
10 to 100 μm caused the impedance at 1 kHz to decrease from 19.49 
to 2.08 kiloohm, and a similar trend (19.87 to 1.36 kiloohm) was ob-
served for the EG-treated fibers. Despite single treatments, the imped-
ance of small-diameter fibers remained relatively high. In contrast, 
combined H3PO4 and EG treatment produced a clear synergistic ef-
fect, yielding substantially lower impedance across all diameters 
(3.42, 0.80, 0.73, and 0.62 kiloohm for 10-, 30-, 50-, and 100-μm fibers, 
respectively) (Fig. 2C). This corresponds to an area-normalized im-
pedance of 0.0027 ohm cm2, approximately 67 times lower than that 
of previously reported PEDOT:PSS electrodes (35). Cyclic voltam-
metry (CV) analysis of the pristine (untreated), H3PO4-treated, EG-
treated, and combined H3PO4 and EG-treated fibers provided further 
evidence of the enhanced electrochemical performance (Fig. 2D). 
The CSC, an indicator of the amount of charge available for transfer 
at the electrode-electrolyte interface, was calculated from the en-
closed area of the CV curve and normalized to the geometric cross-
sectional area of the PFME recording site (fig. S10). The CSC was 
substantially larger for PFME subjected to the combined treatment 

than for the pristine fibers and those subjected to the single treat-
ments. Specifically, the calculated CSC of the fiber modified by com-
bined treatment was 59.02 mC cm−2, representing an approximately 
8.4 times increase relative to that of the pristine fiber (7.01 mC cm−2). 
This enhanced CSC is crucial for neural recording, as it contributes 
to lowering the noise level and improving the signal-to-noise ra-
tio (SNR).

The mechanical properties of the posttreated PFME were evalu-
ated under tensile strain (Fig. 2E). The stress-strain curves of the pris-
tine PFME are characterized by a rapid increase in stress with strain, 
corresponding to a relatively high Young’s modulus of 746.3 kPa and 
a low fracture strain of 2.31%. In contrast, the Young’s modulus of 
the PFMEs treated with either H3PO4 or EG treatment was reduced, 
and the fracture strain increased. Notably, the greatest improvement 
was achieved with combined H3PO4 and EG treatment, yielding the 
lowest Young’s modulus (50.4 kPa) and highest fracture strain (8.7%). 
Enhanced flexibility was further confirmed by bending stiffness 
measurements (Fig. 2F and fig. S11). Bending stiffness decreased 
from 2.07 N m−1 for the pristine fiber to 1.22 N m−1 after combined 

Fig. 2. Electrical, electrochemical, and mechanical properties of PFMEs. (A) Schematic diagram of the PFME coagulation and posttreatment steps. (B and C) Imped-
ance spectra of PFMEs with various diameters, modified with different posttreatment solutions; H3PO4 and EG individually (B) and a combination of both (C). (D and E) Cyclic 
voltammetry (CV) (D) and strain-stress (E) curves of the PFMEs modified with different posttreatment solutions. (F) Bending stiffness of PFMEs measured over frequency 
range of 0.01 to 10 Hz (n = 5). (G) Von Mises stress distribution in stainless steel, pristine PFME, and posttreated PFME probe under bending deformation. (H) Impedance 
spectra of PFME probe measured at different bending angles and over repetitive bending cycles. (I) Impedance stability of PFME probe over 28 days in a brain phantom 
of 1% agarose. One-way analysis of variance (ANOVA) and Dunnett’s multiple-comparison test: P = 0.9830, P = 0.7330, P = 0.7421, and P = 0.7191. Values in (H) and (I) 
represent the mean and the SD (n = 5). n.s., not significant. (J) Voltage transient response of PFME to a 1.2-mA biphasic current pulse. (K) Impedance of three-channel 
PFME probe across separate channels.
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treatment and remained stable across the frequency range relevant 
to physiological brain micromotions, respiration, and heartbeat. Finite 
element analysis (FEA) simulations compared stress distributions in 
a tungsten wire, pristine PFME, and posttreated PFME under bend-
ing deformation (Fig. 2G). For samples with identical dimensions 
(100-μm diameter and 1000-μm length), the posttreated PFME ex-
hibited substantially lower and more uniform stress distribution than 
both the tungsten wire and pristine PFME, consistent with bending 
stiffness results.

The electrical stability of the PFME probe under mechanical stress 
and simulated long-term implantation was evaluated to assess its suit-
ability for chronic applications. Impedance remained stable within 
5% across bending angles from 0° to 180° and after 1200 bending 
cycles (Fig. 2H and fig. S12). Continuous in vitro impedance moni-
toring in a brain phantom (1% agarose) showed less than 3% varia-
tion from the initial value after 28 days, underscoring the probe’s 
stability for long-term recording (Fig.  2I). In addition, the PFME 
maintained its stability under hydrated conditions (fig. S13). In ad-
dition, the low impedance and high CSC of the PFME demonstrated 
that a PFME probe has potential to be suitable for safe and effective 
electrical stimulation for neural modulation (Fig. 2J). The minimal 
negative potential excursion (Vexc), which is the difference between 
the total voltage (Vtot) and the access voltage (Vacc), confirms the 
PFME’s high charge injection capacity and ability to deliver stimula-
tion currents up to 1.2 mA safely, corresponding to a charge injec-
tion capacity of 11.88 mC cm−2. Impedance measurements from three 
distinct channels (Ch 1, Ch 2, and Ch 3) in a PFME bundle probe 
demonstrated clear separation without electrical cross-talk (Fig. 2K 
and fig. S14). The consistent and independent impedance profiles 
across all channels confirm the reliability of the multichannel configu-
ration and the integrity of each electrode within the bundled probe.

Analysis of PFME formation and 
microstructural compositions
The formation of stable, uniform fibers is an essential step for fabri-
cating high-performance PFMEs for neural probes. The coagulation 
behavior of the Na+-induced PEDOT:PSS colloidal gel was there-
fore evaluated. When extruded into deionized (DI) water, the gel rap-
idly dispersed and failed to form continuous filaments. In contrast, 
extrusion into the optimized AA-assisted acetone coagulation bath 
produced stable, self-supporting fibers (Fig. 3A). The stability of these 
filaments is attributed to the cohesive Na+-induced gel network, which 
is critical for effective solidification during wet-spinning.

Although Na+-induced gelation imparts the structural integrity 
required for spinning, the coagulation bath composition dictates PFME 
morphology and uniformity (51). Fiber morphology is critically in-
fluenced by dehydration dynamics in each type of coagulation bath 
(Fig. 3B). Dehydration of PEDOT:PSS gels generates substantial in-
ternal stress from capillary forces, which can induce structural de-
formation (52). In DI water (a), fibers readily disperse because of the 
absence of a coagulant. In the case of an acetone (b), rapid surface 
dehydration produces a steep stress gradient between the solidified 
skin and wet core. Once dynamic networks form within the gel, this 
nonuniform stress drives disordered polymer chain reorganization, 
resulting in macroscopic deformation. In the optimized AA-assisted 
acetone bath (c), coagulation kinetics are modulated to enable grad-
ual uniform solidification from surface to core, promoting ordered 
polymer network alignment (fig. S15). Consequently, fiber deforma-
tion can be precisely controlled by adjusting the AA concentration.

On the basis of mechanisms of gelation and coagulation kinetics, 
fabrication parameters were systematically optimized to establish 
ideal conditions for producing uniform, high-quality fibers. Spin-
ning outcomes were mapped as a function of NaBH4 concentration 
in the PEDOT:PSS structures and AA concentration in the coagula-
tion bath, yielding a spinnability phase diagram (Fig. 3C). The map 
defines three regimes: a nonspinnable region, typically at low NaBH4 
concentrations where the gel lacks cohesion; a deformable region, 
where fibers with structural defects form; and an optimal spinnable 
region (53). The nonspinnable boundaries arise from two distinct 
failure mechanisms: insufficient ionic cross-linking at low NaBH4 
concentrations prevents filament formation, while excessive cross-
linking at high concentrations produces a brittle gel prone to frac-
ture during extrusion. Likewise, high AA concentrations increase 
the water requirement for dissolution, reducing the dehydrating 
capacity of the acetone bath and hindering effective coagulation. 
Overall, the phase diagram identifies a processing window within 
which continuously spinnable, uniform fibers can be reliably pro-
duced. The electrical and mechanical reliability of the fibers fabri-
cated within the deformable and optimized spinnable regions was 
confirmed through repetitive bending tests (Fig. 3D). After 10,000 
bending cycles, the relative change in electrical resistance [ΔR/R0 
(%), ΔR = R − R0] of the deformed increased by ~9.33%, whereas 
the bending stiffness decreased by 61.7%. This substantial degrada-
tion is attributed to the nonuniform internal structure of the fibers, 
which renders the conductive network susceptible to failure and 
compromises the mechanical resilience. In contrast, the uniform fi-
ber demonstrated superior stability, with a negligible change in the 
electrical resistance (ΔR/R0 of 0.27%) decrease in the bending stiff-
ness by only 16.5%, demonstrating the superior resilience of these 
fibers to mechanical deformation.

To define the microstructural origins of these enhanced proper-
ties, we performed FEA to investigate the internal stress distribution 
within the fiber during formation (Fig. 3E). As the concentration of 
AA increased, the von Mises stress distribution within the fiber un-
der deformation became substantially more uniform. These results 
align with the dehydration model of the developed fiber, in which 
modified coagulation kinetics generate a more homogeneous stress 
profile. Overall, the AA-assisted coagulation bath minimizes inter-
nal stress concentrations, producing a mechanically robust and ho-
mogeneous fiber structure. In addition, the molecular alignment 
within the internal structures of the uniform and deformed fibers 
was comparatively analyzed using two-dimensional (2D) small-angle 
x-ray scattering (SAXS) (32). The SAXS profile of the deformed fiber 
was characterized by a relatively isotropic scattering pattern with 
broad, ringlike features, indicating randomly oriented polymer chains 
(Fig. 3F). In contrast, the uniform fiber exhibited highly anisotropic, 
arc-like scattering patterns concentrated along the meridional di-
rection, indicative of strong preferential alignment of polymer chains 
along the fiber axis (Fig. 3G). Quantitative analysis of 1D scattering 
profiles integrated along the equatorial (qy) direction (Fig. 3H) re-
vealed sharper, more intense diffraction peaks corresponding to la-
mellar stacking of PEDOT and PSS domains and π-π stacking of 
PEDOT chains. The increased intensity and reduced peak width 
indicate higher crystallinity and larger crystalline domains in the 
uniform fiber. This highly ordered, aligned microstructure, enabled 
by the optimized fabrication process, underpins both the soft me-
chanical properties and the efficient charge transport pathways. It is 
the fundamental origin of the concurrently optimized properties of 
PFME, enabling its function as an effective neural probe.
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In vivo performance and biocompatibility of PFME as a 
neural probe
A custom-printed circuit board brain chip was integrated with a 
three-channel neural probe by twisting and packaging three indi-
vidual PFMEs. The assembly was implanted into a mouse brain to 
validate in vivo functionality (Fig. 4A and fig. S16). The implanted 
probe features uncoated PEDOT:PSS electrodes for connection to 
the brain chip, fiber tips as recording sites, and a PU–polyethylene 
glycol (PEG) encapsulation layer. The dual-layer encapsulation fol-
lows a previously reported method (16): PU serves as the electrical 
insulator, while PEG acts as a dissolvable shuttle, temporarily increas-
ing stiffness to facilitate implantation. The PEG layer began dissolv-
ing within seconds of exposure to physiological brain fluids and was 
completely degraded within ~3 min (fig. S17). Cross-sectional SEM 
image of the tightly bundled three-channel structure shows well-
separated recording sites conformally coated with a thin (~3 μm) 

PU layer, and corresponding EDS mapping confirmed the elemental 
composition of the recording sites (Fig. 4B).

The enhanced electrical and mechanical properties of the PFME 
probe enabled highly reliable in vivo neural recordings. Spontaneous 
activity from the hippocampus region (anteroposterior (AP) = −1.8, 
mediolateral (ML) = 1.6, dorsoventral (DV) = 1.5 mm) was con-
tinuously recorded, and spike signals were sorted across all three 
channels (Fig. 4C). High-amplitude spikes were distinguishable from 
noise and background activity, enabling the identification of multi-
ple, distinct single-neuron units per channel. For example, spike sort-
ing from channel 2 identified two distinct units with SNRs of 16.46 
(peak amplitude: −68.09 μV) and 19.45 (peak amplitude: −83.53 μV), 
respectively. Four distinct single-neuron units were identified across 
all channels, each with characteristic waveforms and firing rates of 
1.26 to 4.33 Hz (Fig. 4D). To further validate spike-sorting quality, 
we analyzed the extracted waveforms by principal components 

Fig. 3. Mechanism of structural engineering and microstructural compositions of PFMEs. (A) Optical images of a PEDOT:PSS gel extruded into (top) DI water and 
(bottom) coagulation solution. Scale bars, 10 mm. (B) Schematic illustration of morphological changes in wet-spun PFMEs depending on coagulation solutions. (C) Suit-
able concentration profiles of AA in coagulation solution and NaBH4 in PEDOT:PSS gel for wet-spinning. (D) Electrical and mechanical durability of probes using deformed 
and uniform PFME under repetitive bending test over 10,000 cycles. The insets show top-view SEM images of deformed and uniform fibers. Scale bars, 10 μm. (E) FEA 
simulation of stress distribution in PFMEs fabricated in acetone coagulation solutions with varying AA concentrations. (F and G) Small-angle x-ray scattering (SAXS) pat-
terns of the deformed (F) and uniform (G) PFMEs. (H) Corresponding SAXS profile of the deformed and uniform PFMEs along the qy direction, as indicated by the dashed 
line in (F). a.u., arbitrary units.
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analysis (PCA). The 3D PCA plot revealed four segregated clusters 
in feature space, confirming that signals from each neuron were suf-
ficiently distinct for reliable separation (Fig. 4E). This high neuronal 
yield from a minimally invasive probe underscores its efficiency in 
monitoring local microcircuit activity without larger, more damag-
ing implants. The ability to resolve multiple neurons per channel fur-
ther demonstrates the probe’s high spatial resolution and sensitivity. 
To access the long-term stability of the PFME, we performed an ac-
celerated soaking test in phosphate-buffered saline (PBS) at 67°C (fig. 
S18). The impedance of the PFME showed negligible variation for 
7 days, demonstrating electrochemical stability and indicating po-
tential for chronic neural recording applications.

To evaluate the biocompatibility of the developed PFME probe, 
we assessed neuroglial activation that serves as a pathological mark-
er for inflammation and neuronal injury. Histological analyses were 
performed at 1-week postimplantation of both a tungsten wire and 
the PFME by detecting immunosignals of glial fibrillary acidic pro-
tein (GFAP) and ionized calcium-binding adapter molecule 1 (Iba-1), 

molecular markers of astrocytes and microglia, respectively (Fig. 4F 
and fig. S19). Immunofluorescence imaging revealed a dense accu-
mulation of GFAP-positive astrocytes and Iba-1–positive microglia 
surrounding the implantation site in both groups, with comparable 
spatial distribution and overlap in the merged images. Quantitative 
fluorescence intensity profiles along the implantation tract further 
confirmed that the peak signals of GFAP and Iba-1 were comparable 
between tungsten wire– and PFME-implanted brains, indicating no 
substantial difference in the extent of astrocytic and microglial acti-
vation (fig. S20). The comparable level of glial activation suggests the 
translational potential of the PFME as a soft neural interface with 
biocompatibility comparable to that of conventional neural probes.

DISCUSSION
In summary, an implantable PFME probe was reported to overcome 
the trade-off between mechanical softness and electrical perfor-
mance for neural interfaces. Using a fully organic, low-temperature 

Fig. 4. Mechanism of structural engineering and microstructural compositions of PFMEs. (A) Optical image of three-channel PFME probe with a brain chip im-
planted in a mouse. The black inlet shows the overall device layout, and the red inset exhibits the three-channel PFME probe implanted in the brain. (B) The SEM and EDS 
mapping images of recording sites of the probe, and the blue inlet in (A). Scale bars, 30 μm. (C) Recorded raw neural spike signals and corresponding sorted spike units 
from the hippocampus region through each channel of PFME probe. (D) Firing rate of five individual units. (E) 3D principal components analysis (PCA) results with distinct 
clusters of neuron units. (F) Immunofluorescence analysis of glial activation around two types of implanted fiber probes (tungsten wire and PFME) at 1 week postimplan-
tation. Scale bars, 50 μm.
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fabrication route combining PEDOT:PSS colloidal gelation, coagulation-
modulated bath, and posttreatment, the PFME was developed to have 
ultrasoft mechanical characteristics and high conductivity. This pro-
cess selectively removes the structural PSS binder, substantially re-
ducing mechanical stiffness while realigning PEDOT crystallites, 
thereby enhancing the electrical and electrochemical properties of the 
fiber. Integrated with a brain chip, the PFME enabled in vivo recording 
of hippocampal neural signals in brain of mice. As a three-channel 
neural probe, it reliably isolated high-resolution single-neuron spikes 
from multiple channels. The tissue-like mechanical stiffness of the 
PFME led to comparable glial scarring and immune responses to 
those observed with conventional probes. Overall, PFME fabrication 
via structural engineering provides a versatile platform for next-
generation minimally invasive, biocompatible, and chronically sta-
ble brain interfaces for both fundamental neuroscience and potential 
clinical applications.

MATERIALS AND METHODS
Materials
A 1.3 wt % aqueous PEDOT:PSS solution (Clevios PH-1000) was 
purchased from Heraeus. PU granule (Estane 58887; nominal size: 3 
to 5 mm) was obtained from Goodfellow, UK. Acetone (99.5%), H3PO4 
(85 wt % in H2O), EG (99.5%), and IPA (99.5%) were purchased from 
Duksan Integrated Science, Korea. Sodium borohydride (powder) was 
obtained from Daejung Chemicals & Metals, Korea. l-AA (99%), PEG 
(Mw average: 4000), tetrahydrofuran (99%), N,N-dimethylformamide 
(99%), 2,2,2-tribromoethanol (97%), Triton X-100, and anti-GFAP 
antibody (1:1000; G6171) were purchased from Sigma-Aldrich, 
Germany. Rabbit anti–Iba-1 antibody (1:1000; 019-19741) was pur-
chased from FUJIFILM Wako, Japan. Goat anti-rabbit Alexa Fluor 
594 (1:1000; A11037, Invitrogen) and goat anti-mouse Alexa Fluor 
488 secondary antibody (1:1000; A11001, Invitrogen) were obtained 
from Thermo Fisher Scientific, USA. Fluoroshield Mounting Medium 
containing 4′,6-diamidino-2-phenylindole (DAPI; ab104139) was pur-
chased from Abcam, UK. Nozzles (tip size: 18 to 32 gauge) for wet-
spinning were obtained from Nordson EFD, USA.

Fabrication of the PFME
The PEDOT:PSS colloidal gel was prepared by mixing a 0.01 M 
NaBH4 into PEDOT:PSS solution (Clevios PH-1000), followed by bak-
ing for 48 hours at 50°C to remove moisture and stirring for 12 hours 
to homogenize the mixture. The gel was poured into a 10-ml syringe 
(Optimum syringe barrels, Nordson EFD), which was then connected 
to a custom-made air pump system equipped with an air regulator 
(KPR201-02BT-4, KCC, Korea) that can adjust the air pressure in the 
range of 0.35 to 1.5 psi. The optimized coagulation bath consisted of 
acetone and 2 wt % l-AA in DI water in a 7:3 volume ratio. The fibers 
were formed by wet-spinning PEDOT:PSS in the developed coagula-
tion bath, followed by immersion in H3PO4 and EG for 30 min, re-
spectively, to enhance the electrical and mechanical performance of the 
PFME. After cleaning the PFME using IPA, the fibers were encapsulated 
with 5 wt % PU in tetrahydrofuran and N,N-dimethylformamide 
[75/25 (v/v) %] solvent. The diameter of the PFME was controlled by 
changing the nozzle tip (32-, 27-, 25-, 20-, and 18-gauge needle for 5, 
10, 30, 50, and 100 μm of PFME, respectively).

Packaging of the PFME probe
A three-channel PFME probe was packaged in PU using the same 
method used for coating the single fibers. The probe was then coated 

with PEG as a biodegradable shuttle to confer temporary rigidity, 
enabling implantation in the brain. After coating, one end of the probe 
was cut with a surgical blade (Ailee Co. Ltd., Korea) to reveal the 
recording site. The other side was connected to the brain chip using 
silver paste. A reference wire was used with the probe, and all ex-
posed parts were coated with thermal paste (EPO-TEK 320, Epoxy 
Technology Inc., USA). The device was connected to an Omnetics 
connector (Minneapolis, USA) through a customized flexible print-
ed circuit board (FPCB), which allowed integration with the Intan 
board for recording neural signals.

Structural and chemical characterization of the PFME
Raman spectra (LabRAM Aramis, Horiba Jobin Yvon, Japan) were 
acquired using a 514-nm excitation laser by scanning the Raman 
shift in the range of 900 to 1730 cm−1. All fiber samples were placed 
on a glass substrate and fixed at both ends with polyimide tape. XPS 
measurement was carried out with Kα XPS [XPS(mono)] (K-Alpha, 
Thermo Fisher Scientific. UK). All samples were prepared with the 
solid-type fibers and evaluated using depth profiling analysis. In situ 
high-resolution x-ray diffraction (SmartLab, Rigaku, Japan) analy-
sis with 2D time-resolved SAXS/wide-angle x-ray scattering (2D 
TR-SAXS/WAXS) was conducted using a 9-kW x-ray power genera-
tor. The data were integrated within a ±5° range along the meridio-
nal and equatorial directions using X-ray Microdiffraction Analysis 
Software to characterize the anisotropic scattering. The surface mor-
phology of the PFME was characterized using a field-emission SEM 
(FE-SEM; 7610FPlus, JEOL). Cross-sectional SEM imaging and corre-
sponding EDS mapping of the PFME were further performed using 
the same FE-SEM integrated with an EDS system. The particle size 
distribution and zeta potential were analyzed using a Particle Size and 
Zeta Potential Analyzer (ELS-Z1000, Otsuka Electronics). Ultraviolet-
visible (UV-Vis)–near infrared absorption spectra were recorded 
using a UV/VIS spectrophotometer (V-650, JASCO).

Electrical/electrochemical and mechanical characterization 
of the PFME
Electrical measurements were performed using a digital source meter 
(B2901A, Keysight Technologies) and an EIS system (VersaSTAT 3, 
AMETEK, Princeton Applied Research). CV of PFME was conducted 
at a scan rate of 50 mV s−1. Impedance spectra were recorded from 
10−3 to 102 kHz, with the PFME recording region serving as the work-
ing electrode and a reference electrode immersed in PBS. Mechanical 
properties were assessed using a custom 1D stretching system and a 
bending setup with one end of the fiber fixed, coupled to a force trans-
ducer (S2M, HBM); 4-mm-long fiber samples were mounted on the test-
ing stage. To evaluate the long-term electrochemical stability of the 
PFME, an accelerated soaking test was conducted on the basis of the 
Arrhenius time-temperature relationship. The equivalence between 
accelerated and physiological conditions was estimated using a Q10 
model, expressed as Q10 =

(

R2∕R1

)10∕(T2−T1) , where R1 and R2 are the 
reaction rates at temperature T1 and T2, respectively. Q10 represents 
the temperature coefficient (typically 2 to 3), so 7 days at 67°C corre-
sponds to ~2 to 6 months at 37°C.

FEA simulation of PFME
FEA simulations were performed using Abaqus/CAE. 3D fiber models 
(30-μm diameter and 1000-μm length) were constructed to evaluate 
bending stiffness, parameterized by elastic modulus, Poisson’s ratio, 
and density. Fiber deformation induced by the coagulation bath was 
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simulated using thermal shrinkage as the driving mechanism. A 
vertical force (F) was applied at the midpoint between the two fixed 
ends, and the resulting displacement (u) and bending stiffness (K) 
were calculated as K = Fu−1. Theoretical stiffness was estimated us-
ing Ktheory = (3πEd4) (64L3)−1, where E is the elastic modulus, d is 
the diameter, and L is the fiber length. An electrostatic behavior was 
modeled using a heat transfer analogy for simulating the spatial dis-
tribution of electrical potential and access interchannel electrical 
isolation. Simulation results showed good agreement with the ana-
lytical solution.

In vivo recording of neural signals using PFME probe
All animal procedures were approved by the Institutional Animal 
Care and Use Committee (IACUC) of Korea University College of 
Medicine (approval no. KOREA-2023-0088) and were conducted in 
accordance with institutional guidelines. The PFME probe was im-
planted in an adult male wild-type mouse (C57BL/6; 8 weeks, 30 g). 
Anesthesia was induced with 3.0% isoflurane in O2/N2O and main-
tained at 1.0% isoflurane. The mouse was fixed in a stereotaxic ap-
paratus (David Kopf Instruments, USA), the scalp was incised, and 
the skull and dura over the recording site were carefully removed 
according to Paxinos and Franklin’s atlas. Spontaneous neural activ-
ity was recorded from the hippocampus (AP = −1.8, ML = −1.6, 
DV = +1.5 mm relative to Bregma), with a reference wire placed on 
the contralateral cortex. Neural signals were acquired using an Intan 
recording system (RHD2000 Evaluation System, Intan Technolo-
gies, USA) and processed with the Intan software (sampling rate: 
20 kS s−1 per channel; 60-Hz notch filter; band-pass filtering: 0.1 
to 6 kHz for local field potentials and 300 to 6000 Hz for single-
unit spikes).

Surgical procedure and tissue preparation
Electrodes were stereotaxically implanted at an anteroposterior co-
ordinate relative to Bregma (ML = −1.0 mm) and lowered to a depth 
of 2.0 mm from the cortical surface. The implants were secured with 
dental cement. One week after implantation of tungsten wires or 
PFMEs, mice were deeply anesthetized with tribromoethanol. They 
were then perfused with 0.9% saline, followed by 4% paraformalde-
hyde (PFA) in PBS. Brains were carefully extracted and postfixed in 
4% PFA for 24 hours at 4°C before further processing.

Immunohistochemistry
Horizontal brain sections (50 μm of thickness) were prepared using 
a vibratome (5100 mz, Campden Instruments Ltd., Leicestershire, 
UK). Sections were preincubated with 0.3% Triton X-100 in phos-
phate buffer (PB) for 30 min at room temperature (RT). After several 
washes with PB, sections were incubated overnight at 4°C with anti–
Iba-1 antibody and anti-GFAP antibody. The following day, sections 
were washed with PB for 30 min and incubated at RT with Alexa 
Fluor 594 and Alexa Fluor 488 secondary antibody. Last, sections 
were mounted on glass slides with DAPI mounting medium, covered 
with coverslips, and sealed with nail polish to prevent drying. Fluo-
rescence microscopy (Axioplan 2 Imaging, Carl Zeiss Microimaging 
Inc., Oberkochen, Germany) was used to capture images of Iba-1– 
and GFAP-positive cells. The Iba-1– and GFAP-positive signals were 
quantified using ImageJ by an independent observer to ensure unbi-
ased counts. In addition to cell quantification, line profile analysis 
was performed in ImageJ by drawing a straight region of interest 
across the probe-tissue interface, and the fluorescence intensity was 

plotted as a function of distance from the interface. Background-
subtracted values were expressed in arbitrary units and compared 
between groups.

Supplementary Materials
This PDF file includes:
Notes S1 and S2
Figs. S1 to S20
Table S1
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