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Soft bioelectronic interfaces can be utilized in brain-computer interfaces, neuromodulation, and cardiac pacing,
emerging as a rising technology. However, the development of adapted bioelectronic interface materials remains
challenging, due to ongoing issues with the adaptation of moduli and the balance of signal transmission between
bioelectronic interfaces and biological interfaces. Inspired by the design of a multi-network structure, a hydrogel
with ion electron double conductive network was developed, which further simplifies the preparation process
while ensuring the conductivity, strength, and toughness, and forms a network structure of MXene and PEDOT:
PSS in a PVA matrix. The obtained hydrogel shows the comprehensive properties supporting this synergy: good
conductivity (0.913 mS cm’l), wide strain response range (0-500%), high Young's modulus (74 kPa), high signal
fidelity, and excellent stability (10 days). The core progress lies in simplifying the preparation process and
components, ensuring that the material adapts to the skin modulus while utilizing an ion-electron dual
conductive network as the epidermal electrode, which can accurately collect electrocardiogram and electro-
myography signals. This study provides a scalable and low-cost material paradigm for soft bioelectronic
interfaces.

1. Introduction

Bioelectronics by establishing bidirectional channels of charge and
information, facilitates the real-time reading, decoding, and precise
feedback of electrophysiological activities in cells, tissues, and organs
outside the body, laying the groundwork for precision medicine and
personalized treatment [1-4]. However, the elastic modulus of soft tis-
sues such as human skin, brain, or heart muscle differs by 3 to 6 orders of
magnitude from that of traditional silicon-based metal electrodes [5-8].
This leads to micro-motion shear of the implanted device during
breathing, heartbeat, or joint flexion and extension, inducing inflam-
matory cascade reactions, fiber capsule embedding, and interface
impedance drift, thereby resulting in signal attenuation, elevated

stimulation threshold, and tissue damage [9-11]. Meanwhile, a signifi-
cant charge transfer potential barrier exists at the solid-liquid interface
between ionic biological signals and electronic devices, further limiting
high-fidelity recording and efficient excitation [12]. To overcome the
above challenges, researchers systematically explored soft conductive
materials, such as two-dimensional materials (graphene), conductive
polymers (polypyrrole), and bioabsorbable metals (Mg, Zn, Mo) [13].
Although two-dimensional materials have excellent in-plane electrical
conductivity, their out-of-plane brittleness and tear toughness are rela-
tively low [14]. Conductive polymers can achieve dual conduction of
ions and electrons. However, their tensile strength is usually less than
10 MPa, and when exposed to salt-containing fluids for a long time, they
are prone to debonding and reduced electrical conductivity [15].
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Bioabsorbable metals have the ability to provide temporary scaffolds
and high charge injection, but there is an inherent contradiction be-
tween the corrosion rate and mechanical strength [16]. In contrast,
hydrogel composites have a modulus similar to that of skin and can also
be modified to achieve ultimate capability [17,18]. It has evolved from a
conductive filler carrier to a mainstream platform for bioelectronic in-
terfaces, and continues to develop towards enhanced degradability,
stretchability, and closed-loop intelligence [19-21].

Although traditional hydrogels possess bionic modulus and control-
lable networks, they are intrinsically insulating, have poor toughness,
and are prone to swelling and fatigue [22,23]. Therefore, researchers
often modify traditional hydrogels [24-26]. In recent years, researchers
have oxidized and polymerized aniline monomers within the hydrogel
network to form interpenetrating hydrogel methacrylate-polyaniline
hydrogels [27]. The conductive polyaniline segments provide
ion-electron dual channels. The hydrogel skeleton maintains a
high-water content and cell affinity. Meanwhile, the dual network
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energy dissipation mechanism increases the breaking energy by an order
of magnitude. After soaking in PBS for 30 days, it still maintains an
electrical conductivity of over 90%, providing a new model for
stretchable and degradable bioelectronic interfaces [27]. To address the
aforementioned difficulties in bioelectronic interfaces, the hydrogel
composite system is required to have an appropriate mechanical
modulus, high signal transmission capacity, and long-term stability.
Hydrogel composites can significantly reduce interfacial shear stress by
introducing conductive nanophases or conjugated polymers into a
three-dimensional hydrophilic network, thereby achieving an elastic
modulus of the same order of magnitude as that of soft tissues [28]. More
importantly, the high water content and porous structure of hydrogels
provide continuous channels for ion migration [29]. By adjusting the
interlayer spacing of the nanosheets [30], the doping degree of the
electrolyte [31], or the interface capacitance [32], the interface
impedance can be reduced, the charge injection capacity can be
enhanced, and the dual requirements of microvolt-level neural signal
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Fig. 1. Structure, performance and physical display of PMP hydrogel. a. Schematic diagram of PMP hydrogel network structure and its application. b. PMP hydrogel

electrode. c. PMP hydrogel ECG test results.
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recording and milliampere-level safe stimulation can be met. Common
modification methods include designing multi-network structures [33],
in-situ composite of conductive components [34], and physical struc-
tural design [35], etc. However, in the actual modification process,
conductivity and mechanical properties often have a trade-off, and
precise control of network structure and long-term stability are difficult
to achieve simultaneously, becoming the core bottleneck restricting
performance breakthroughs [36]. The preparation of hydrogel com-
posite systems suitable for bioelectronic interfaces remains a challenge
[371.

This study reports a solid PVA MXene PEDOT: PSS (PMP) hydrogel,
which forms an ion electron double conductivity enhancement network
to achieve a balanced combination of conductivity, ductility and
biocompatibility (Fig. 1a and b). MXene electrically reinforces the
PEDOT:PSS network through electrostatic interactions while forming
continuous conductive pathways, and PVA serves as the structural
framework via surface hydrogen bonding. After freeze-thaw cycles, the
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hydrogel achieves flexibility, adhesion, long-term stability, and high-
fidelity signal transmission, enabling human ECG/EMG monitoring
(Fig. 1c) and simultaneous neural stimulation and recording in rats.

2. Results and discussion
2.1. Microstructure and mechanical properties of PMP hydrogel

The synthesis process of the ion-electron dual-conductive reinforced
network toughening hydrogel developed in this study (for details, see
the experimental section). It can be observed from Fig. 2e that the
prepared MXene has a clear and uniform sheet-like structure, while Ti is
evenly distributed, confirming its good electrical conductivity. To
simplify the preparation process of PMP hydrogel, we will prepare the
pre-prepared PVA solution, MXene solution, and PEDOT: PSS solution in
different proportions to form the precursor. After stirring evenly at room
temperature, the PMP hydrogel precursor was placed under high-
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Fig. 2. Micro morphology and mechanical test of PMP hydrogel. a. (i) PM hydrogel SEM image. (ii) PP hydrogel SEM image. (iii) PMP hydrogel SEM image. b. PMP
hydrogel EDS image. c¢. PMP hydrogel XRD curve. d. PMP hydrogel FTIR curve. e. (i) MXene SEM image. (ii) MXene TEM image. (iii) MXene EDS image. f. Stress-
strain curves of hydrogels with different components. g. Stress-strain curve of PMP hydrogel with different tensile strengths. h. Stress-strain curves of the first and
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intensity ultrasonic oscillation to uniformly disperse the polymer chains
and conductive nanofillers at the molecular level. This ultrasonic solu-
tion generates a tightly cross-linked network with enhanced mechanical
integrity and permeable conductive paths, reducing its resistivity and
thereby providing a robust and efficient hydrogel matrix. Finally, it was
repeatedly frozen and thawed three times to obtain the prepared
hydrogel. In order to systematically analyze the relative contribution of
each component to the overall performance, we used the same process to
prepare four kinds of hydrogel, namely PVA, PVA MXene (PM), PVA
PEDOT: PSS (PP), and PMP.

To explore the microscopic morphology, bonding, and hydrogelation
of hydrogels, a series of physical image characterizations was carried
out. In Fig. 2a, the scanning electron microscope (SEM) image shows
that the PM hydrogel has a loose multilayer structure, while the cross-
section of the PP hydrogel is a multi-microporous structure. After mul-
tiple freeze-thaw cycles, the PMP hydrogel still retains the typical
layered wrinkled structure of MXene, with the PEDOT: PSS fiber net-
works interwoven to form a continuous porous skeleton. The synergy of
layers and pores has constructed a loosely stratified three-dimensional
structure, which is conducive to ion migration. Through Energy
Dispersive Spectroscopy (EDS), we can observe that the Ti element in
MXene and the S element in PEDOT: PSS are uniformly distributed in
PMP hydrogel (Fig. 2b). And X-ray diffraction analysis (XRD) does not
show obvious characteristic peaks, confirming the uniformity of the
prepared hydrogel (Fig. 2c). In addition, to further illustrate the inter-
molecular interactions in PMP hydrogels, Fourier Transform infrared
spectroscopy (FTIR) is used for analysis (Fig. 2d). The broad and strong
absorption band at PMP hydrogel around 3311.5 cm™! mainly results
from the stretching vibration of PVA hydroxyl groups. Its peak shifts
significantly toward higher wave numbers compared to pure PVA,
indicating a notable change in the hydrogen bonding environment of
PVA chains. This phenomenon is attributed to the dense and restricted
hydrogen bonding network formed by the joint participation of the
—OH/-F group on the MXene surface and the ~-SO* group of PEDOT: PSS.
The new peak at 1628.2 cm ™! is probably due to the bending vibration of
physically adsorbed water or structure —OH on the surface of MXene,
which confirms that Ti3CyTx nanoflakes have been successfully intro-
duced into the hydrogel network, and there is a strong interface inter-
action between them and the polymer matrix. However, the weak
signals near 2360 cm ™! in different component water hydrogel can be
attributed to the interference absorption of atmospheric CO3 in the test
environment, which is independent of the material structure. Overall,
FTIR spectroscopy analysis confirmed the formation of a tight composite
network between PVA, MXene, and PEDOT: PSS through multiple
hydrogen bonding interactions. These molecular-level bonds not only
promote the uniform dispersion of conductive components but also
improve mechanical strength and conductivity by restricting the
movement of chain segments and optimizing the overlap of electron
clouds. The microstructure characterization shows that PMP hydrogel
has a layer pore double continuous structure, and tens to hundreds of
nanometers of through-hole channels are orderly separated by MXene-
rich nano sheet walls, forming a three-dimensional conductive
network. This provides direct morphological evidence that PVA chains,
MXene nanosheets, and PEDOT: PSS domains are assembled synergis-
tically: PVA provides an elastic skeleton, MXene provides planar rein-
forcement and additional physical crosslinking points through hydrogen
bonding and ion interactions, while PEDOT: PSS penetrates into inter-
layer channels to establish electronic pathways. The synergistic assem-
bly of these three components improves the effective crosslinking
density and limits chain slip, so that the hydrogel has higher mechanical
integrity without sacrificing ductility. All phase analyses have verified
the success and uniformity of PMP hydrogel preparation, and provided
support for its subsequent good electrical conductivity and mechanical
properties.

The good microstructure has laid the foundation for the excellent
mechanical properties of the hydrogel [38,39]. High ductility and
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fatigue resistance jointly ensure that the electrode will not experience
conductive path breakage or interface delamination during joint flexion
and extension, cardiac pulsation, or respiratory fluctuations, avoiding
signal drift and impedance increase, and ensuring continuous
high-fidelity recording of microvolt-level neural potentials [40]. In
addition, through the energy dissipation mechanism of dynamic cova-
lent bond or physical interaction, the hydrogel can quickly restore its
original shape and conductivity after repeated stretching.

To assess the mechanical properties of PMP hydrogel, the uniaxial
tensile test (Fig. 2f) demonstrates that the hydrogel can be stretched to
500% of the engineering strain at a constant rate without fracturing.
This provides direct mechanical evidence for the elongation of the PVA
segment, the sliding of the MXene sheets, and the energy dissipation
associated with the rigid microregions of PEDOT: PSS. The stress-strain
curves of different tensile strengths show a monotonic upward trend
without sudden stress drop or necking, indicating that the load is
dispersed and dissipated through multi-scale mechanisms such as
hydrogen bonding reconstruction and lamination (Fig. 2g). The Young's
modulus of the linear region is 74 kPa (Figure S4 ), which overlaps with
the skin microenvironment (20-200 kPa) and myocardial microenvi-
ronment (~100 kPa), significantly reducing interfacial shear forces and
causing damage. Cyclic loading (0-100%, 10 cycles, Fig. 2h) shows that
the curves of the first and tenth cycles almost overlap, indicating that the
network has rapid elastic recovery and good fatigue resistance, meeting
the dynamic requirements for long-term implantation. At the same time,
as the next generation of bioelectronic interface materials, it also needs
to have a certain degree of adhesion ability. As shown in Fig. 1d,
hydrogels can immediately adhere to substrates such as plastics, mag-
nets, wood, and silica hydrogel without additional glue, providing a
universal interface solution for skin, implantable, and flexible pack-
aging. In summary, the existence of the PMP network structure has
improved its mechanical properties and adhesion ability, laying the
foundation for its application as a biological interface electrode.

2.2. The electrical properties of PMP hydrogel

Mainstream conductive hydrogels often use physical intercalation by
incorporating rigid conductive fillers like carbon nanotubes, graphene,
or MXene into hydrophilic polymer matrices to enhance ion migration
and electron transport [41]. This study reverts to the classic matrix-filled
model, selects resilient PVA as the three-dimensional flexible scaffold,
and utilizes its freeze-thaw crystal domain as the reversible physical
crosslinking point to provide an energy dissipation mechanism. Mean-
while, MXene nanosheets are introduced as conductive additives. To
resolve the contradiction between agglomeration and toughening,
PEDOT: PSS is introduced to collaboratively construct a dual continuous
conductive network. The abundant negatively charged terminals on the
surface of MXene generate electrostatic attraction with the sulfonic acid
groups on the PEDOT:PSS chain, thereby uniformly anchoring the
MXene sheet within the conductive polymer framework and effectively
reducing the defect density caused by agglomeration (Fig. 3a). At the
same time, it can be clearly observed from Fig. 3a that the conductive
mechanism of the conductive hydrogel is different from that of the metal
electrode, that is, the conductive hydrogel is an ion electron cooperative
transport, while the metal electrode only relies on free electrons.
Moreover, the high specific surface area and metallic conductivity of
MXene provide a fast electron pathway for PEDOT: PSS, while the ion
conduction domain of PEDOT: PSS acts as an ion buffer pool. The two
work together to achieve ion-electron dual-carrier transport, thereby
obtaining high electrical conductivity while maintaining tensile tough-
ness at a filler content lower than the traditional threshold.

To systematically analyze the relative contributions of each compo-
nent to the overall conductive behavior, we successively prepared four
hydrogels, namely PVA, PM, PP, and PMP, using the same process, and
conducted parallel electrochemical tests under the same geometric area
and moisture content conditions. The optimal formula was determined
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Fig. 3. PMP hydrogel conduction mechanism and electrical test. a. Schematic diagram of the PMP hydrogel mechanism. b. PMP hydrogel CV curve. ¢. PMP hydrogel
EIS curve. d. PMP hydrogel GCD curve. e. PMP hydrogel Bode curve. f. PMP hydrogel Bode-Phase curve. g. PMP hydrogel I-T curve.

by fixing the total doping volume and systematically adjusting the vol-
ume ratio of MXene to PEDOT: PSS. The cyclic voltammetry (CV) results
(Fig. 3b) show that the REDOX capacitance peak and integrated charge
of the PMP hydrogel are significantly higher than those of any single-
component hydrogel, indicating that the MXene-PEDOT: PSS dual
network forms a continuous and reversible Faraday charge transfer path
at the interface. Constant current charge-discharge (GCD, Fig. 3d)
further confirms this feature. The discharge time of PMP is longer,
indicating that the decrease in bulk resistance and the increase in the
capacitance of the interface double layer work in synergy. In electro-
chemical impedance spectroscopy (EIS), the Nyquist plot (Fig. 3c)
demonstrates that the volume conductivity of PMP is 0.913 mS cm™?,
surpassing that of the other three components. This observation con-
firms that the MXene-PEDOT: PSS dual network effectively contributes
to the establishment of an efficient dual continuous pathway for elec-
trons and ions through significant synergistic effects. The Bode phase
diagram (Fig. 3e and f) shows that the impedance mode Z of PMP is
lower than the other three, which is conducive to the distortion-free
transmission of broadband physiological signals. In Fig. 3g, the poten-
tiostatic ampere test further demonstrated that the charge injection
capacity of PMP is stronger than that of any single-component combi-
nation. Meanwhile, the conductivity of the PMP hydrogel was confirmed
through lighting experiments (Fig. S3). Besides, the video shows that
there is a significant hysteresis effect after instantaneous lighting and
extinguishing, confirming the existence of the ion-electron dual
conductive network of the PMP hydrogel. By integrating CV, GCD, EIS,

and amperometric data, when PMP hydrogels are combined, the system
achieves the optimal electrical performance: high surface capacitance,
low bulk resistance, and wideband independent conductivity occur
simultaneously, providing a solid electrochemical foundation for the
subsequent high-fidelity recording and efficient charge injection of
bioelectronic interfaces. Meanwhile, Figure S4 a-c indicate that the
electrical performance is better when the total volume of doped MXene
and PEDOT: PSS is 1 mL and the volume ratio is 1:2. Overall, these
electrochemical tests confirmed the superior interfacial conductivity of
the PMP hydrogel, providing a solid electrical foundation for its dual-
mode operation as a high-fidelity recording and efficient charge injec-
tion layer in the next-generation bioelectronic interface.

2.3. The application of PMP hydrogel in bioelectronic interfaces

To drive breakthroughs in neuroscience, precision medicine, and
human-machine collaboration, the precise recording and stimulation of
bioelectronic interfaces have become indispensable core technologies
[42]. It is crucial to establish low resistance, bidirectional, and high fi-
delity energy and information channels between ion electron carriers to
capture neural field potentials in real-time and achieve directional
electrical stimulation, while preventing irreversible electrochemical
reactions that may damage tissues. Table S1 shows that the PMP
hydrogel in this study basically meets the above requirements in
consideration of conductivity, mechanical strength, biosafety and
hydrogel composition. To further validate the system, we conducted
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bidirectional electrophysiological tests on SD rat neuromuscular model.
On the other hand, non-invasive ECG and EMG monitoring was carried
out in the forearms of volunteers to investigate their electrical and
mechanical performance in the actual biological interface. This
cross-species and cross-scale verification strategy provides direct
experimental evidence for the transformation of PMP hydrogels into the
fields of chronic implantation and wearable bioelectronics.

To evaluate the performance of PMP hydrogel as a bidirectional
bioelectronic interface, we conducted a series of acute in vitro stimu-
lation and recording experiments on the dissected sciatic nerve and
gastrocnemius muscle of adult male rats. During the stimulation test
phase (Fig. 4a—c), the same stimulation signal is provided through the
PMP hydrogel membrane and commercial cuff electrodes, which are
placed at the same position on the sciatic nerve. Although the peak
amplitude of the PMP electrode was reduced compared with the cuff
electrode, the latency and half-width were statistically the same, con-
firming the retention of time fidelity. During the recording and testing
phase, the nerves are laterally cut to eliminate the outgoing feedback.
Position the bipolar PMP electrode and the cuff electrode side by side
around the sciatic nerve. Using the same stimulation signal, the PMP
electrode was utilized as the stimulation electrode, while the cuff elec-
trode served as the recording electrode. The recorded signals were then
compared. Meanwhile, the signals collected by the sheet-like PMP
electrode and the traditional needle-like electrode on the gastrocnemius
muscle were compared. As can be observed from Fig. 4d-f, although the
signal recorded by the PMP hydrogel still has the problem of a smaller
amplitude compared with commercial cuff electrodes, the frequency and
signal characteristics are basically retained, and effective stimulation
signals can be recorded, which confirms the ability of the PMP hydrogel
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to collect signals as a biological click interface. Meanwhile, we placed
the PMP hydrogel electrode on the gastrocnemius muscle and compared
it with commercially available needle-shaped electrodes to collect sig-
nals from the muscle, further demonstrating the high efficiency and high
fidelity of the PMP hydrogel as a recording electrode (Fig. 4g-i). In
addition, the results of hematoxylin-eosin (HE) staining and blood
biochemistry tests (Fig. S6) demonstrate that no abnormalities were
observed after the PMP gel was implanted into the body for 4 weeks,
indicating its good biocompatibility. Meanwhile, to demonstrate its
safety in vivo, we conducted validation on 1929 cells. In Fig. S5, cell
viability staining and cck8 demonstrated that the PMP hydrogel has
good biological safety. These results indicate that PMP hydrogels can
simultaneously provide effective stimulation and high-fidelity neural
recording in acute peripheral nerve models.

To assess the translational potential of PMP hydrogels as skin-
compatible bioelectronic interfaces, we conducted non-invasive elec-
trocardiogram (ECG) and electromyography (EMG) records on healthy
human volunteers (Fig. 5a). During the ECG assessment, the subjects sat
steadily. Replace the hydrogel material used in commercial Ag/AgCl
electrodes with PMP and compare the recorded signals. The signals of
the two groups of records are shown in Fig. 5b. It can be observed that
the noise of the PMP hydrogel is relatively low. In terms of EMG, PMP,
and commercial hydrogels were tested in a random order, with a 10-min
break to avoid fatigue. Contract the right upper arm evenly and record
its electromyographic signal. The characteristics of the two groups of
signals (Fig. 5c) are roughly the same. In addition, we conducted long-
term ECG monitoring on the same subject at different times, as shown
in Fig. 5d. The difference in amplitude between the later test results and
the first test is that the PMP hydrogel just prepared contains some groups
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PMP electrode skin sensitivity test lasting for three days.

that are not oxidized. After sustained stability, it showed good signal
stability and long-term persistence. And by monitoring the skin worn by
the subjects for three days in Fig. Se, it can be seen that the PMP
hydrogel electrode has a low skin sensitivity. These results indicate that
in conventional surface electrocardiogram and electromyogram re-
cordings, PMP hydrogels have lower baseline noise and higher signal
fidelity than standard conductive hydrogels, and have good biosafety.

Overall, our research results indicate that PMP hydrogels possess
high mechanical modulus, adhesion, and electrical conductivity, which
support their application in epidermal and neuromuscular biological
interfaces. Excellent mechanical elasticity and adhesion ensure stable
contact with biological tissues, while its high electrical conductivity
guarantees accurate and reliable signal transmission. These observed
characteristics highlight the potential of PMP hydrogels as candidates
for the next generation of bioelectronic interfaces, which feature me-
chanical robustness, self-adhesion, and electrical reliability.

3. Conclusion

In conclusion, this study proposed a strategy to build a robust
hydrogel with ion electron double conductivity enhancement network,
which achieved a balanced combination of conductivity, ductility and
biocompatibility. Additionally, the electrostatic interaction between the
surface functional groups of MXene and PEDOT chains facilitates the
uniform dispersion of rigid nanofillers, while MXene contributes to the
ion-electron dual conductive network of PEDOT: PSS. Therefore, a
conductivity of 0.913 mS cm ™! was obtained. This network is supported
by PVA as the supporting framework, and PEDOT: PSS and MXene form

hydrogen bonds with PVA through surface groups. Endow the hydrogel
with high tensile strength (>500%) and high toughness (74 kPa). These
synergistic properties make it possible to achieve stable and high-fidelity
electrophysiological signals in both animals and humans, as reliable
electrocardiogram and electromyogram records have shown. Overall,
this study not only addresses the ongoing challenges in the development
of conductive polymer hydrogels but also offers a promising approach to
promoting the application of the next generation of hydrogel-based
bioelectronic interfaces.

4. Experimental methods
4.1. Materials

Ti3AlCy powder was purchased from 11 Technology. PVA (1799) and
lithium fluoride (LiF, AR) were purchased from Aladdin. Concentrated
hydrochloric acid (HCl, 36.5%) was purchased from Macklin. PEDOT:
PSS solution was bought from Aladdin. Cuff electrode solution was
bought from Kedou BC.

4.2. Materials synthesis and preparation

The MXene solution was prepared using the following method. First,
etching: 5 mL of deionized (DI) water was added to 15 mL of 36%-38%
HCI to prepare solution A. Then, 1 g of LiF and 1 g of MAX phase
(Ti3AICy) were dissolved in solution A to obtain the MXene solution,
which was stirred at 40 °C for 24 h. The PVA solution was prepared as
follows. 1.3 g of PVA powder was mixed with 8.7 g of DI water at 98 °C
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for 2 h to get the PVA solution.

The prepared MXene solution and the purchased PEDOT: PSS solu-
tion was mixed into the prepared PVA solution and stirred at room
temperature for 2 h to obtain the PMP hydrogel precursor. Then, it was
placed under high-intensity ultrasonic oscillation for 5 min to obtain a
uniformly dispersed PMP hydrogel precursor. Finally, pour the well-
dispersed PMP hydrogel precursor into a 2.5 cm*2.5 cm mold pre-
pared in advance, and then place it in the freezer compartment of the
refrigerator for 12 h, repeatedly freezing and thawing three times to
obtain the formed PMP hydrogel.

4.3. Characterization measurements

The cross-section and related elemental information of the PMP
hydrogel were characterized using scanning electron microscopy (SEM)
and energy-dispersive spectroscopy (EDS) with the NOVA450 instru-
ment. The chemical composition and state of the PMP hydrogel sample
were analyzed via X-ray photoelectron spectroscopy (XPS). Addition-
ally, the crystal structure and fundamental composition were examined
through X-ray diffractometry (XRD) with a PANalytical X'Pert3 system,
utilizing Cu Ka radiation (A = 1.5406 10\) at settings of 40 kV and 40 mA
over a 20 range of 5° to 10°. The tensile properties of the hydrogel were
assessed at room temperature using the ESM301/Mark-10 testing
system.

4.4. Electrochemical measurements

Cut the PMP hydrogel into rectangles of 1 *1.5 c¢m to ensure that its
size in the PBS solution is 1*1 cm after being clamped by the fixture. A
three-electrode system was established using PMP hydrogel electrodes,
platinum sheet electrodes, and calomel electrodes for testing. CV, GCD,
EIS, and CA tests were conducted using an electrochemical workstation
(CHI660E).

The conductivity is calculated based on the Nyquist curve obtained
from the EIS test.

k=L (ZxA)

Here, k denotes electrical conductivity, L refers to the material's thick-
ness, A represents the material's surface area, and Z indicates the
intersection point value of the Nyquist curve with the horizontal axis.

4.5. Animal nerve stimulation and recording

We took adult male SD rats and felt the position of the femur on the
thigh with our fingers. Using this as a bony marker, we cut the skin in the
superficial layer of the femur, and the incision was made at the pro-
jection position of the femur on the body surface. After opening the skin,
a distinct white line can be seen, which is the fascia between the mus-
cles. A small cut is made along this white line, and a vascular forceps is
inserted to separate it bluntly along the direction of the white line. After
separating the white line, the sciatic nerve trunk between the two
muscles can be seen. A slight downward separation reveals the separated
tibial nerve and the common peroneal nerve. Cut the PMP hydrogel into
long strips of 1 mm*25 mm and encapsulate them in parallel in a film. At
the same time, cut out a 5 mm*25 mm electrode patch for subsequent
muscle signal recording. Then, the encapsulated electrode was placed
parallel to the commercial cuff electrode on the dissected sciatic nerve.
When the cuff electrode is used as the stimulation electrode, the PMP
electrode is used as the recording electrode to record the signal. When
using the PMP electrode as the stimulation electrode, the cuff electrode
is used as the recording electrode to record the signal. At the same time,
the leg muscles are separated, and the PMP electrode patch is used to
record the signal and compare it with the signal recorded by the needle
electrode, thereby directly evaluating the signal fidelity and interface
impedance characteristics. The stimulation signal uses square wave
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pulses with a frequency of 1 Hz, an amplitude of 100 pA, and a pulse
width of 100 ms. The stimulation device uses an electrophysiological
signal recording system, and the recording device uses an MP150 elec-
tromyography recording module. All rat experiments were performed
according to protocols approved by the Committee on Ethicsof the
Beijing Institute of Nanoenergy and Nanosystems (2025041LZ).

4.6. Human electrocardiogram and electromyogram records

The PMP hydrogel was cut into circles with a diameter of 1 cm to
replace the hydrogel material on commercial Ag/AgCl electrodes. When
the subjects were in a stable sitting position, commercial hydrogel
electrodes were used to record electrocardiogram signals, respectively,
with the PMP hydrogel electrodes we prepared for comparison. Then,
when the subject was sitting steadily, fixed electrodes at intervals of
4 cm on the subject's right upper arm, and then let the subject's right arm
exert force steadily to record the electromyographic signals. In addition,
it should be pasted at a fixed position for long-term stability tests, and
records should be made on the 1st, 3rd, and 10th days, respectively. At
the same time, it should be pasted on a stable part of the forearm for skin
sensitivity tests, and photos should be taken at the above-mentioned
times for the record. The physiological signals of the human body are
recorded by using the recording equipment mentioned above.

4.7. Cell biocompatibility and proliferation evaluations

1929 cell was cultured in Dulbecco's Modified Eagle Medium
(DMEM, Gibco), enriched with 10% fetal bovine serum and 1%
penicillin-streptomycin. Cells were grown at 37 °C, in humidified air
containing 5% CO». To assess cytocompatibility, 10 mg of each material
was immersed in 20 mL of DMEM and incubated at 4 °C for 72 h to
prepare the sample leachate.

L1929 cells were cultured in these extracts for 48 h, and absorbance at
450 nm was measured using a microplate reader (Thermo Fisher Sci-
entific) after incubation with CCK-8. Cytotoxicity was further assessed
by live/dead cell imaging. L929 cells were co-stained with Calcein-AM
and PI and imaged using an inverted fluorescence microscope.

4.8. Biological safety verification

To verify the biocompatibility of the implanted electrodes, we sub-
cutaneously implanted the electrodes and established a control group,
which only had a wound made at the same location without implanta-
tion. Four weeks after implantation, hematoxylin and eosin (HE) stain-
ing was performed on the heart, liver, spleen, lungs, and kidney of both
groups. Whole blood samples were placed at room temperature for 2 h,
and then centrifuged at 3000 rpm for 15 min at 2-8 °C. The supernatant
was collected for blood biochemical tests, including alkaline phospha-
tase (ALP), blood urea nitrogen (BUN), and creatinine (CR).
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