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Abstract

In invasive neural interfaces, mechanical mismatch between traditional rigid electrodes and
brain tissue often leads to inflammation and signal attenuation. Conductive hydrogels have
emerged as ideal alternative materials due to their tissue-matching modulus, hybrid con-
ductive networks, and wet adhesion properties. In this paper, we provide a narrative review
of research progress on conductive hydrogels in invasive neural interfaces: we elucidate
electronic, ionic, and hybrid conduction mechanisms; critically compare strategies for modu-
lus matching and interfacial adhesion (such as catechol chemistry and covalent anchoring);
and summarize their applications in neural signal recording, electrical/optical modulation,
and rehabilitation for spinal cord injury and stroke. Finally, we discuss current challenges
regarding long-term stability, wireless integration, and intelligent closed-loop systems and
outline future directions involving Al-driven design combined with 3D biomanufacturing.

Keywords: conductive hydrogels; invasive neural interfaces; neural electrodes; materials
engineering; neural recording; neuromodulation; neurorehabilitation; bioelectronics; tissue
engineering

1. Introduction

Neurological diseases have become one of the leading causes of disability and death
worldwide. Neuropathological conditions such as stroke, spinal cord injury (SCI), Parkin-
son’s disease, and epilepsy often result in irreversible neuronal loss and a disruption of
neural circuits, leading to severe motor and cognitive impairments [1,2].

Although modern medicine has made significant progress in acute-phase treatment
and rehabilitation, we still lack effective methods of truly restoring neural pathways for
functional recovery following nervous system injury [3]. Neural interface technology—
which establishes a channel for information exchange between the nervous system and
external devices via implantable electrodes—is viewed as a key approach to overcoming
this challenge. However, the material paradigm of traditional neural electrodes constitutes
a fundamental bottleneck limiting their long-term effectiveness [4,5].
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The choice of materials for invasive neural electrodes directly determines their record-
ing quality, stimulation efficiency, and implant lifespan [6,7]. The metals (such as platinum,
tungsten, and iridium) and silicon-based electrodes most commonly used in clinical and
research settings today typically have a Young’s modulus of over 100 GPa, whereas the mod-
ulus of brain and spinal cord tissue is only 0.1-10 kPa [4,8-10]. This mechanical mismatch
spanning seven to nine orders of magnitude causes rigid electrodes to act like “foreign bod-
ies” in the micro-motion environment of soft tissue, continuously triggering micro-motion
damage, glial scarring, and chronic inflammatory responses [11,12]. Histological studies
have shown that, within a few weeks of implantation, an insulating layer composed of
reactive astrocytes and microglia forms around the electrodes, leading to a sharp increase in
impedance at the electrode-tissue interface and a sustained decline in the signal-to-noise ra-
tio [13]. Furthermore, the interface gap between the rigid electrodes and soft tissue severely
limits charge injection efficiency and recording sensitivity, forcing the system to operate
at higher stimulation thresholds, further increasing the risk of tissue damage [4,11,14-17].
These bottlenecks, which are determined by the intrinsic properties of the materials, are
difficult to fundamentally resolve through simple geometric optimization (such as reducing
dimensions or increasing flexibility) [4,18].

The emergence of conductive hydrogels offers a novel materials-based solution to the
aforementioned challenges. Hydrogels are three-dimensional network structures composed
of hydrophilic polymers [19], with water content reaching over 90 percent. Their mechanical
properties can be precisely tuned over a wide range through cross-linking density, composi-
tion control, and topological design [20-25]. In recent years, researchers have successfully
achieved excellent electronic or ionic conductivity while maintaining tissue-level softness
(modulus ranging from hundreds of Pa to tens of kPa) by integrating conductive polymers
(poly (3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PEDOT:PSS), PPy, PANI), car-
bon nanomaterials (carbon nanotubes (CNTs), graphene, two-dimensional transition metal
carbides, nitrides, or carbonitrides (MXene)), or metal nanofillers into hydrogel networks.
More importantly, the surface chemistry of conductive hydrogels can be engineered to form
covalent or noncovalent bonds with neural tissue, thereby enabling suture-free, minimally
invasive interface integration [17,26-29]. These unique physical and chemical properties
make conductive hydrogels a promising solution for fundamentally addressing the core is-
sues of traditional electrodes, such as mechanical mismatch, high interfacial impedance, and
poor long-term stability [30-32]. As illustrated in Figure 1, this review is organized around
a three-tier framework linking material design — interface performance — rehabilitation
outcomes. Specifically, we first discuss material design strategies (conduction mechanisms,
modulus matching, and interfacial adhesion), then analyze how these design choices de-
termine interface performance (low impedance, high charge storage/injection capacity,
reduced inflammation, and long-term stability), and finally summarize how improved
interface performance translates into rehabilitation outcomes (enhanced signal-to-noise
ratio, reduced stimulation thresholds, and functional recovery in spinal cord injury, stroke,
and peripheral nerve regeneration). Throughout this review, we highlight where the causal
evidence linking these three tiers remains incomplete. Following the framework of material
design — interface performance — rehabilitation outcomes, we identify that the causal link
between enhanced conductivity and improved signal quality and the long-term translation
to rehabilitation outcomes remain key gaps for future research [33,34].
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Figure 1. Conceptual framework linking material design, interface performance, and rehabilitation
outcomes in conductive hydrogel-based neural interfaces. The left panel uses three distinct back-
ground colors to denote the three hierarchical levels: Material Design (light blue, Panel (A)) illustrates
conduction mechanisms, adhesion chemistry, and network engineering; Interface Performance (light
green, Panels (B,C)) shows biocompatibility, conductivity, signal recording, neuromodulation, and
closed-loop regulation; and Rehabilitation Outcomes (light orange, Panel (D)) illustrates spinal cord
injury repair and functional regeneration. This layout emphasizes the causal flow from material
design to interface performance and, ultimately, to rehabilitation outcomes.

In this review, we present recent advances in conductive hydrogels as materials for
invasive neural interfaces [34]. We begin by systematically elucidating the conductive
mechanisms of conductive hydrogels, including electronic conduction, ionic conduction,
and mixed conduction. Subsequently, we analyze strategies for mechanical compliance and
interfacial adhesion [13,35] and discuss the current status of their applications in neural
signal recording and electrical/optical modulation. Finally, we summarize the translational
prospects of spinal cord injury repair and stroke rehabilitation (as illustrated in Figure 1)
and provide an overview of the challenges and future directions in this field. In this re-
view, “invasive neural interfaces” specifically refers to implantable systems that physically
interact with the nervous system [9,16], including (1) intracortical and cortical surface
recording/stimulation electrodes, (2) peripheral nerve interfaces (e.g., cuff electrodes and
nerve guidance conduits), and (3) neural tissue engineering scaffolds for spinal cord injury
or stroke. Non-invasive applications, such as skin-mounted EMG sensors, are discussed
only as related comparisons. Within this scope, conductive hydrogels are utilized in three
distinct configurations with different design priorities: (1) hydrogel coatings on conven-
tional electrodes [36], where the primary goal is to reduce interfacial impedance while the
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underlying rigid substrate provides structural support; (2) standalone hydrogel electrodes,
where the hydrogel itself serves as both the conductive and structural component, requiring
high mechanical robustness and stable electrical connectivity; and (3) regenerative hydro-
gel scaffolds [37], where the primary goal is to bridge lesions and provide a neurogenic
microenvironment, with electrical conduction as an auxiliary function rather than the sole
purpose. Despite their different objectives and requirements, these three configurations
share common material challenges—mechanical mismatch, interfacial impedance, and
long-term stability—which form the central focus of this review. A literature search was
conducted on Web of Science, PubMed, and Scopus, with search terms including combina-
tions of (“conductive hydrogel” OR “conducting polymer hydrogel” OR “neural electrode”)
AND (“neural interface” OR “neural recording” OR “neuromodulation” OR “spinal cord
injury”). The search covered publications from 2000 to 2026, with a primary focus on recent
advances published between 2021 and 2026. Classic and highly cited works on hydrogel
fundamentals and neural interfaces were also included regardless of publication year to
provide necessary background. The inclusion criteria were as follows: (1) peer-reviewed
articles in English; (2) studies reporting conductive hydrogels for invasive neural inter-
faces; and (3) studies providing quantitative data on conductivity, modulus, impedance, or
in vivo performance. The exclusion criteria were the following: (1) conference abstracts or
non-peer-reviewed literature; (2) studies focusing solely on non-neural applications (e.g.,
skin sensors, drug delivery without neural interfacing); and (3) studies lacking quantitative
performance metrics.

2. Materials Engineering of Conductive Hydrogels

In this section, we systematically elaborate on core materials engineering strategies
of using conductive hydrogels for invasive neural interfaces. Addressing the mechanical
mismatch and interfacial impedance issues between traditional rigid electrodes and soft
tissues, we first introduce the electronic, ionic, and mixed conduction mechanisms of con-
ductive hydrogels, analyzing their impact on signal recording sensitivity and stimulation
efficiency. Subsequently, we focus on modulus matching strategies, including topological
design, modulus switching, and nanofiber reinforcement, for achieving mechanical compat-
ibility with brain and spinal cord tissues, thereby suppressing chronic inflammation and
glial scarring. Finally, we discuss interfacial adhesion engineering in detail, covering wet
adhesion based on catechol chemistry, multiple hydrogen bonding, and covalent anchoring.
These synergistic mechanisms provide a material foundation for seamless, suture-free, and
long-term stable neural interface integration [38—40].

2.1. Conductive Mechanisms

The electrical conductivity of hydrogels is highly dependent on measurement condi-
tions, including swelling state (dry vs. swollen), temperature, medium (PBS, ACSF, or air),
and frequency. Therefore, direct numerical comparisons across different studies should
be made with caution. For consistency, we suggest the swollen state in PBS at 37 °C as a
standardized reference condition for future studies. Furthermore, the wide discrepancies
in reported conductivity values and the inconsistent use of units (S/cm, mS/cm, and S/m)
partly reflect the current lack of standardized testing protocols in this field [41,42]. Elec-
tronically conductive hydrogels can be broadly categorized by the type of conductive filler
used: PEDOT:PSS systems (shown in Figure 2A), carbon-based fillers, metal-based fillers,
and intrinsically conducting polymers. Each category offers distinct design principles and
faces specific limitations (shown in Figure 2B). Table 1 summarizes the different conduction
mechanisms of conductive hydrogels.
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Table 1. Conductive hydrogels with different conduction mechanisms.

Conduction Representative Impedance Measurement Advantages for
. Material Conductivity P Modulus e Stretchability Neural Limitations Ref.
Mechanism (@1 kHz) Conditions .
System Interfacing
PE- Conductivity: Ultra-high Relatively high
—; impedance: conductivity, modulus;
: +
d]zglif-ise/’f\i\clﬁk 4?;2;;'765 /;n ~32.5-35.1 Q) 136 kPa @1 kHz, PBS; >100% excellent signal swelling ratio [43]
hvdrosel ' modulus: fidelity, low needs
yaros YM (tensile) impedance strict control
Conductivity: Patternable to 6 PE];)SIT?PSS
Laser-induced 67,000 S/m DI water, pm resolution, xhib.i b
phase-separated (swi ,ll n state) — — swollen (24 h), — suitable for , latei ) biittl [44]
PEDOT:PSS swotlen state 4-point high-density clatively brittie
mechanical
probe (DC) arrays .
properties
Conductivity:
Electroni PE- 4-point probe Low swelling ratio Modulus still
ectronic DOT:PSS/PVA (DC); medium/ o exceeds that of
conduction double-network 21000 5/m o ~460 kPa swelling —; =100% lon(?;cigr)xl E’?a(;jli soft tissues [45]
hydrogel impedance: & ty (1-10 kPa)
1-10,000 Hz, PBS
Conductivity: Breakthrough
PE- DI water/PBS, combination of Complex
DOT:PSS/PAAmM 24700 S/m o 25 kPa swoll.en (24 h), 610% tissue-level fabrication [46]
(template- 4-point probe; modulus and rocess
directed T-ECH) modulus: ultra-high p
YM (tensile) conductivity
2-C(1)~2|C91;1/C£Vi(§?1:1t Ultra-low Long-term
PPy/ANF/PVA pr b (D%)' percolation electrochemical
nanofiber ~8000 S/m — — P 1?1 (eiium ! — threshold (~1 stability of PPy [47]
network free senc ! wt% PPy), water  requires further
quency, content ~65% validation
swelling —
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Table 1. Cont.

Conduction Representative Impedance Measurement Advantages for
. Material Conductivity P Modulus . Stretchability Neural Limitations Ref.
Mechanism (@1 kHz) Conditions .
System Interfacing
Conductivity: Anti-ROS
digital oxidation
MoS, /GO/PVA 0.220S/m . . multimeter . performance, Relatively low [48]
2 ’ (DC); medium, suppresses conductivity
frequency, inflammatory
Electronic swelling — response
conduction Impedance:
Long-term
@10 Hz ’
Ultra-low biosafety of
Silver (1 Hz-10 kHz); impedance, high metal
<3kQ (@10 Hz) <10kPa modulus: YM P - g . [49]
nanocube/PAAm . charge nanoparticles
(AFM nanoin- L . .
. injection capacity ~ requires further
dentation, evaluation
hydrated)
Conductivity: Conductivity
aGel PBS (1x), close to that of Dependence on
(PVA/PTPM, 1.99S/m . " equilibrated, o cerebrospinal external
ACSF (in PBS) 1094 £19.5kPa 4-point probe; 555.1% fluid (~1.68 S/m);  electrolyte; risk [18]
electrolyte) modulus: anti-fibrotic of ion leakage
YM (tensile) properties
Conductivity: Ultra-low
. ) Cu-PPH (phytic —; modulus: G’ modulus, Safety of
Ionic conduction acid—-Cu?* 19.4S/m — ~340 Pa (oscillatory conformal long-term metal [50]
coordination) rheology, adhesion to ion release
@1 rad/s) brain tissue
o Lower
Conductivity: , Excellent conductivity
—; modulus: G conformal compared to
Ga-PPH 3.6 S/m ~731 Pa (oscillatory . pare [51]
adhesion to electronically
rheology, . :
ultrasoft tissues conductive
@1 rad/s)
systems
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Table 1. Cont.

Conduction Representative Impedance Measurement Advantages for
. Material Conductivity P Modulus \ee Stretchability Neural Limitations Ref.
Mechanism (@1 kHz) Conditions .
System Interfacing
Electronic—ionic
PPGSA 3236 S/m Conductivity: du‘i]ﬂi};::lcys; Multi-step
: / electronic) + — a —; modulus: — . abrication
PEDOT:PSS 1 136 kP, dul capacitance effect fab 43
PVA-GSA) ionic synergy YM (tensile) reduces interfacial process
impedance
Af—;rcl)‘iir?tc}t)lrvcigg Transmittance
PR-PEGMA /PE- (DC); ~80% (@473 .nm),
DOT-PSS medium /fre- optogenetics- Complex
to 010' cal 27S/m 25.4 kO 45 kPa uency /swellin 4363% compatible; pulley topological [52]
hp drog ol q_. irri] o danceg effect enables structure design
yerog ! Rctp (EIS; ' ultra-high
Mixed ¢ ! stretchability
conduction requency —)
_Colr;guecgzriye Transmittance Batch-to-batch
A AP (amy- ! @1pkHz ’ 70.4% (@473 nm), consistency
lopectin/PE- 11.93S/m 25.84 kO 43 kPa PBS /brai,n 281-1157% optogenetics- affected by [53]
DOTPSS) tissue: modulus: compatible; high amylopectin
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Conductivity:
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BC-CPH (PE- SWOH;?C’)S;POIM 3D-printable; Printing
DOT.PSS/PU >1100 S/m ~5kQ) <1MPa impedance: @1 >400% all-hydrogel resolution [54]
bicontinuous) KHz. PBS: device; toughness  requires further
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(tensile, swollen
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Table 1. Cont.
. Representative Advantages for
Conductilon Material Conductivity Impedance Modulus Measu%‘e'ment Stretchability Neural Limitations Ref.
Mechanism (@1 kHz) Conditions .
System Interfacing
CSC degradation
~ 00
PEDOT:Poly (SS- Impedance: @1 011101}(7)009! Sg:.r
Mixed 4VP) covalently kHz, PBS g yees, Complex
. 100-250 kO L . excellent . [55]
conduction anchored (in vitro) /brain long-term coating process
coating cortex (in vivo) clectrochemical
stability

Abbreviations: PEDOT:PSS, poly (3,4-ethylenedioxythiophene):poly (styrene sulfonate); PVA, poly(vinyl alcohol); PAAm, polyacrylamide; PPy, polypyrrole; ANF,
aramid nanofiber; GO, graphene oxide; MoS2, molybdenum disulfide; PU, polyurethane; PEGMA, poly(ethylene glycol) methacrylate; PPH, phytic acid-based
hydrogel; ACSF, artificial cerebrospinal fluid; PBS, phosphate-buffered saline; GF, gauge factor; CSC, charge storage capacity; ROS, reactive oxygen species; T-ECH,
template-directed electrically conductive hydrogel; 3D, three-dimensional. “—” indicates that the data were not reported in the original reference. Young’s modulus
(YM), compressive modulus (Ec), and storage modulus (G’ or E"). DC, direct current; AFM, atomic force microscope.
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PEDOTPSS is the most extensively studied conducting polymer for neural inter-
faces due to its high conductivity, tunable mechanical properties, and biocompatibility
(Figure 2C). Key design strategies include the following: (i) secondary doping and phase
separation to enhance chain alignment and conductivity—tannic acid as a secondary
dopant promotes mt—7t stacking and a quinone-like conformation, yielding a conductivity
of 6.53 x 10° S/m in GeIMA@TA@P hydrogels [56]; (ii) laser-induced phase separation to
create water-stable, highly conductive PEDOT:PSS hydrogels, achieving 6.7 x 10* S/m in
the swollen state with 6 pm patterning resolution [44]; (iii) template-directed assembly
to form continuous conductive networks at low filler content, reaching 3236 S/m while
maintaining a low modulus of 136 kPa [45] (Figure 2D); and (iv) in situ polymerization
with biopolymer templates, such as lignosulfonate-templated PEDOT.LS in GeIMA/HAMA
hydrogels, which increased conductivity from 0.059 to 0.69 S/m [57]. The main limitations
of PEDOT:PSS systems include their relatively high modulus when used as pure films,
brittleness, and potential phase separation during long-term hydration.
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Figure 2. (A) Electrochemical impedance spectroscopy (EIS) of Au nanowires (AuNW) and PETE-S-
20 gel, and cyclic voltammograms of AuNW, gel, ETE-5-20 gel, PETE-S-10 gel, and PETE-S-20 gel in
PBS buffer (10 mM, pH 7.4). (Reproduced from [58]). (B) Conductivity and capacitance of dry gel,
dry PETE-S-10 gel, and dry PETE-S-20 gel as a function of initial ETE-S monomer concentration, and
current-voltage measurements of PETE-S-20 gel on two AuNW electrodes with spacing distances of
150, 400, or 650 ym in wet and dry states. (Reproduced from [58]). (C) Electrical conductivity of
PPG, PPGS, and PPGSA hydrogels (with PPGSA hydrogel exhibiting a conductivity of approximately
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3 x 10* S'm™!), and comparative analysis of PPGSA hydrogel with state-of-the-art PEDOT:PSS/PVA
hydrogels in terms of conductivity and Young’s modulus. (Reproduced from [45]). (D) Schematic of
the structural changes in polyvinyl alcohol (PVA) and poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) during PPGSA hydrogel fabrication: PPG hydrogel exhibited weak PVA
cross-linking and homogeneous PEDOT:PSS dispersion; PPGS hydrogel featured emergent PVA
crystalline domains and initial PEDOT:PSS phase separation; PPGSA hydrogel showed improved PVA
crystallization and enhanced PEDOT:PSS separation. (Reproduced from [45]). (E) Normalized iso-
potential map showing the effects of electrode thickness and conductivity on recording performance,
with the white star indicating the optimal design parameters for high electrical fidelity. (Reproduced
from [59]).

Carbon nanomaterials (e.g., carbon nanotubes (CNTs), graphene, and MXenes) are
widely used due to their high intrinsic conductivity and chemical stability. Design principles
focus on the following: (i) percolation threshold control by optimizing filler concentration
and dispersion—for instance, CNT/gelatin composite hydrogels showed conductivity in-
creasing from 0.22 to 0.36 S/m as CNT concentration increased to 80 pg/mL [60]; (ii) surface
functionalization to improve dispersion and interfacial compatibility—MXene (Ti;C,T,)
incorporation into PVP/PA hydrogels increased conductivity from 0.016 to 0.26 S/m (~16-
fold enhancement) [61]; and (iii) synergistic effects with other fillers to reduce percolation
threshold. Their main limitations are the potential cytotoxicity of some carbon nanoma-
terials, their tendency to aggregate, and the difficulty in achieving uniform dispersion
at high concentrations. In terms of metal-based fillers, metal nanoparticles (e.g., silver
nanocubes, gold nanoparticles) exhibit ultra-high conductivity and excellent charge injec-
tion capacity. Their key design strategy involves self-assembling metal nanoparticles into
ordered conductive channels within the hydrogel network. Rinoldi et al. incorporated silver
nanocubes (AgNCs) into polyacrylamide hydrogels, reducing impedance to below 3 k()
at 10 Hz (2.6-fold lower than pure PAAm) [49]. The PAAm network serves as a template
guiding the self-assembly of AgNCs into ordered conductive channels at 20% w/w, as
systematically discussed by Arif et al. [62]. The swelling behavior of the PAAm matrix
directly influences the interparticle distance between AgNCs: excessive swelling can disrupt
percolation pathways and reduce conductivity, whereas controlled cross-linking density
helps maintain stable conductive networks. However, metal-based fillers still face potential
long-term biosafety concerns, including metal ion leakage, nanoparticle aggregation, and
chronic inflammatory responses. In particular, the long-term neurotoxicity and chronic
safety of silver ion release in neural tissue remain to be established, representing a key
barrier for clinical translation. Their use in implantable neural interfaces therefore requires
rigorous safety validation.

Intrinsically conducting polymers (e.g., polyaniline (PANI), polypyrrole (PPy)) can
form conductive networks without metallic fillers, offering good biocompatibility and
tunable conductivity. Design strategies include the following: (i) In situ oxidative polymer-
ization within a hydrogel matrix: Hong et al. prepared Gel/PANI composite hydrogels with
a conductivity of 2.26 S/m and an elastic modulus of 19.68 kPa, matching neural tissue [59].
(ii) Template-assisted self-assembly to achieve ultra-low percolation thresholds: He et al.
used aramid nanofiber (ANF) templates to guide PPy self-assembly, achieving ~8 x 10> S/m
at only 1 wt% PPy and ~65% water content [47]. Their main limitations are their relatively
low conductivity compared to PEDOT:PSS or metal fillers, and the long-term electrochemical
stability of PPy and PANI, which requires further validation (Figure 2E).

Ionically conductive hydrogels rely on the directional migration of free ions within
aqueous microchannels, with conductivity governed by ion concentration, ion mobility, and
network connectivity. While these systems have traditionally depended on passive ion dif-
fusion, recent advances have moved toward active regulation of ion transport. For example,
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topology-tunable ion diffusion can be achieved by designing the channel size and shape
within the hydrogel network to control ion selectivity and diffusion rates [63]. Electrochem-
ical doping offers another strategy: selective ion intercalation and de-intercalation enable
ion sieving and separation [64]. These approaches provide new opportunities for neural
interfaces: if cation and anion transport can be selectively regulated, it may be possible
to create ion-selective interfaces that more closely mimic biological membranes, reducing
crosstalk in neural recording and stimulation.

In summary, electron-conductive hydrogels exhibit high electrical conductivity, with
the PEDOT:PSS system reaching 6.7 x 10* S/m after doping/phase separation [44] and the
PPGSA system reaching 3236 S/m [65]; however, their modulus remains relatively high.
Ionically conductive hydrogels show favorable biocompatibility, with aGel exhibiting an
ionic conductivity of 1.99 S/m, close to that of cerebrospinal fluid, making them promising
for long-term implantation [36], yet their conductivity is limited by ion mobility. Hybrid
conductive hydrogels integrate electronic and ionic conduction mechanisms [66], thereby ex-
ploiting volumetric capacitance to reduce interfacial impedance and improve charge-transfer
performance [67]; for example, the PR-PEGMA system exhibits a conductivity of 27 S/m
and a charge-transfer resistance of 25.4 k() [36]. These properties make hybrid conductive
hydrogels the best compromise for closed-loop neural interface systems. The key design
principles underlying their success can be summarized as follows: (a) percolation threshold
control (e.g., ANF templates achieving 8,000 S/m at only 1 wt% PPy) [47]; (b) breakthrough
pathways for the conductivity—-modulus trade-off (e.g., polypseudorotaxane topological
design [68] and double-network structures) [43]; (c) interfacial compatibility between the
conductive phase and the hydrogel matrix [44,69]; and (d) ion—electron synergy/volumetric
capacitance to reduce interfacial impedance [58,68,70]. These principles provide actionable
design guidance for next-generation conductive hydrogels in neural interfaces.

2.2. Modulus Match

The mismatch in Young’s modulus between implantable neural electrodes and target
tissues remains a major challenge in neural interfaces, spanning several orders of mag-
nitude [71]. Traditional neural probes use rigid materials such as silicon, tungsten, and
platinum, whose Young’s moduli exceed 100 GPa [72]. In contrast, brain tissue has a modu-
lus of 1-100 kPa, whereas spinal cord tissue has a much lower modulus of 0.1-3 kPa. This
mechanical mismatch causes micro-motion wear at the electrode-tissue interface, which
promotes persistent glial scarring and chronic inflammation [73]. These responses can atten-
uate neural signals and eventually lead to device failure, making mechanical compatibility
essential for long-term neural interfaces [74]. Conductive hydrogels provide a promising
strategy for addressing this mismatch because their hydrophilic polymer networks allow for
the broad adjustment of mechanical properties [75]. Researchers have therefore developed
conductive hydrogel systems that match various soft tissues through component regulation,
topological design, modulus switching, and nanofiber reinforcement [23,36]. It is important
to note that modulus values obtained from different mechanical test methods (tensile,
compression, and dynamic mechanical analysis for G") should not be directly compared, as
hydrogels exhibit distinct mechanical responses under different deformation modes.

In photothermal neural interface design, Teixeira do Nascimento et al. [76] developed a
GelMA /GO (graphene oxide)/AuNRs (gold nanorods) composite hydrogel. Here, GelMA
and GO were incorporated into the hydrogel, while their concentrations were precisely
controlled. This strategy produced a compressive modulus of 2.5-4.2 kPa, which closely
matched the modulus of neural tissue below 5 kPa. For spinal cord injury repair, Zhang
etal. [60] developed a CNT/gelatin hydrogel with a compressive modulus of 0.60-0.99 kPa.
This range closely matched the reported modulus of spinal cord tissue, while the incorpora-
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tion of CNTs improved structural stability. Hydrogen bonding and hydrophobic interactions
contributed to this reinforcement, which reduced mass degradation during three weeks
in vitro. Pure gelatin lost approximately 60% of its mass, whereas the CNT/gelatin hydrogel
reduced this degradation loss to approximately 35%. These properties combined ultra-low
stiffness with improved fatigue resistance, thereby enhancing the suitability of the hydrogel
for spinal cord injury repair. Brain tissue requires conductive hydrogels with extremely low
mechanical stiffness [38], as its modulus can reach only several hundred pascals. To achieve
this softness, Lu et al. [50] developed PVA-PA-honey (PPH) dual-network hydrogels and
used coordination interactions between phytic acid and metal ions as sacrificial bonds (as
shown in Figure 3). These interactions regulated the cross-linking structure of the PPH
network. The resulting 1% Cu-PPH hydrogel exhibited a Young’s modulus of approximately
339.9 Pa, while the 1% Ga-PPH hydrogel exhibited a Young’s modulus of approximately
730.6 Pa. This ultra-low modulus enables the hydrogel to conform closely to brain tissue,
therefore allowing it to reduce interfacial gaps and motion artifacts. Mechanical properties
also regulate cell behavior in tissue engineering because the mechanical microenvironment
can influence neural stem cell fate [77]. Yang et al. [37] adjusted the agarose concentration
in AGP3 hydrogel, producing a storage modulus (G’) of approximately 1,470 Pa. This
modulus falls within the reported range of normal spinal cord tissue, which is 100-3,000 Pa.
Yang et al. also investigated the mechanoresponsive behavior of neural stem cells and found
that soft hydrogels promoted neuronal differentiation. The corresponding modulus range
was approximately 0.1-1 kPa, whereas hard hydrogels promoted astrocytic differentiation at
approximately 7-10 kPa. The AGP3 hydrogel provided mechanical support for neural stem
cells while creating a microenvironment favorable for neuronal differentiation. Physical
cross-linking also provided injectability, allowing the minimally invasive filling of irregular
injury cavities through a 26G syringe. Li et al. [58] reported that PETE-S incorporation
increased the G’ of HA hydrogels from approximately 0.6 kPa to 1.5 kPa. The original
material designation, PETE-S, is retained according to the terminology reported in the study.
Correia et al. [78] developed an HA-C composite hydrogel with a G" of approximately
112.9 Pa. This modulus falls within the mechanical range of the extracellular matrix of the
spinal cord and central nervous system. These findings support the use of mechanically
compliant conductive hydrogels for neural tissue engineering, particularly where close
mechanical matching with soft neural tissues is required.

Traditional hydrogels often struggle to achieve both an “extremely low modulus”
and “ultra-high toughness.” To overcome this bottleneck, researchers have made signifi-
cant progress by leveraging the sliding cross-linking and interpenetrating double-network
structure of polycycloalkanes [79].

Shen et al. [68] creatively utilized the “pulley effect” of polyrohanes to solve this
problem: cyclodextrin (CD)cross-linking sites can slide freely along the polyethylene glycol
(PEG) chain, efficiently dissipating applied stress and generating large strains, much like a
pulley. Their optimized formulation, AP;P;H (6 wt% PR-PEGMA + 1 wt% PEDOT:PSS),
achieved an elastic modulus of 45 kPa while exhibiting an elongation at break as high as
4,363% and a tensile strength of 119 kPa. During 200 cycles of high-strain (200%, 500%)
loading, no strength degradation was observed; alternating shear strain testing showed that
its modulus recovered to its initial value within 25 s after undergoing a large deformation of
700%, demonstrating excellent self-recovery capability. Compared with other implantable
hydrogel electrodes reported in the literature, this topological hydrogel simultaneously
achieves both a higher fracture strain and a lower elastic modulus. In a similar vein, Qin
etal. [53] prepared an A;; AP hydrogel (11 wt% branched starch + 0.15 wt% PEDOT:PSS)
using a branched starch—polyacrylamide dual-network structure cross-linked via hydrogen
bonding. This material has an elastic modulus of 43 kPa, a fracture elongation of 281-1157%,
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and a tensile strength of 78-156 kPa; furthermore, neither its electrical resistance nor its
strength deteriorated after 100 cycles of tensile testing, and its modulus can self-recover
within 20 s. Most notably, while maintaining a low modulus, A;; AP also achieved a high
electrical conductivity of 11.93 S/m and a high light transmittance of 70.4%, successfully
overcoming the long-standing “mechanical-electrical-optical impossible triangle” in the
field of conductive hydrogels. Furthermore, Qu et al. [70] utilized a DMA /PEDOTS-IPN
interpenetrating network to precisely tune the elastic modulus to 13.73 £ 0.01 kPa, which
closely matches that of brain tissue (3.15-10 kPa), with an elongation at break of up to
430% (as shown in Figure 4A,B,D). After 4 weeks of in vivo implantation, the density of
microglia and astrocytes around the electrodes showed no significant difference compared
to the sham surgery group, directly demonstrating the pivotal role of precise modulus
matching in suppressing chronic inflammation. Regarding applications in neural probe
coatings, Zargarian et al. [80] prepared a PNIPAM-co-GMA /PT60Me nanofiber semi-
interpenetrating network via electrospinning (as shown in Figure 4C), with a storage
modulus G’ of 10.9 + 0.14 kPa, which falls perfectly within the low-to-medium-modulus
range of brain tissue. The nanofiber structure endows the material with ultra-fast water
absorption capacity (swelling to approximately 29 times its own weight within <1 min)
and instantaneous shape recovery properties; its adhesion significantly improves at body
temperature, enabling it to conform closely to the probe and significantly reduce interfacial
impedance. The inherent contradiction in flexible electrode implantation lies in the fact that
sufficient stiffness is required during implantation to penetrate the meninges and cortex,
whereas rapid softening is needed post-implantation to match the brain tissue. To address
this challenge, Chen et al. [81] developed a modulus-switching electrode based on a PVA-
CNC-CNT freeze-gel. In the dry state, the material has a modulus of approximately 32 MPa,
sufficient to penetrate brain tissue without buckling; after water absorption and swelling,
the modulus softens to approximately 550 kPa with a volume expansion of about 57.9%.
While this hydrated modulus is substantially lower than the dry state and approaches the
range of peripheral nerves, it still exceeds that of brain tissue (0.1-10 kPa). This “hard when
dry, soft when wet” smart property not only perfectly solves the challenge of minimally
invasive implantation of flexible electrodes but also effectively reduces postoperative glial
scarring and neuronal death. In long-term subdural recording applications, the aGel
hydrogel developed by Chen et al. (as shown in Figure 5E) [82], with a Young’s modulus of
109.4 £ 19.5 kPa, falls precisely between that of soft brain tissue and the rigid PI substrate
(>1 GPa), effectively bridging the interfacial mechanical mismatch. This material combines
an elongation at break of 555.1% with high toughness of 31.4 kJ/m? and maintains a stable
swelling rate in PBS, ensuring interfacial integrity during long-term implantation.
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Figure 3. (A) Photo and structural illustration of a Cu-chelated PPH hydrogel attached onto skin.
(Reproduced from [50]). (B) Tensile stress—strain curves of Cu-chelated PPH hydrogels with different
Cu nanoparticle contents, changes in storage modulus (G’) and loss modulus (G”) as a function of
angular frequency, and photos of Cu-PPH hydrogels with different moduli mechanically adapted onto
deformed wrist skin. The elastic modulus of 1% Cu-PPH hydrogel is 339.9 Pa at an angular frequency
of 1 rad/s, and the storage modulus (G’) consistently remains higher than the loss modulus (G")
across all formulations. (Reproduced from [50]). (C) Tensile stress—strain curves of Ga-chelated PPH
hydrogels with different Ga,O;-LM microsphere contents, changes in storage modulus (G") and loss
modulus (G”) as a function of angular frequency, and schematics of the ionic conductive mechanisms
of pristine PPH and Cu-PPH hydrogels. The elastic modulus of 1% Ga-PPH hydrogel is 730.6 Pa at an
angular frequency of 1 rad/s, and the storage modulus (G') consistently remains higher than the loss
modulus (G”) across all formulations. (Reproduced from [50]). (D) Schematics of the formation and
bioprinting of a conductive hyaluronan (HA)-based hydrogel. (Reproduced from [58]). (E) Storage
modulus and loss modulus of gel samples with varying PETE-S contents after treatment in H,O, at
room temperature for 2 h. **** p < 0.0001, ** p = 0.0013, n = 3. (Reproduced from [58]).
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Figure 4. (A) Schematic of the synthesis procedures of the DMA /PEDOTS-IPN hydrogel. (Repro-
duced from [70]). (B) Tensile test of the hydrogels, and comparison of Young’s modulus among
neural tissues, DMA /PEDOTS-IPN hydrogel-based electrodes, and commonly used electrodes for
neural signal recording. The conductive materials and the nerve tissues are shaded in blue or yellow,
respectively. (Reproduced from [70]). (C) Structural and physical properties of the nanostructured
hydrogels, demonstrating the graphical representation of the swelled NG95PT10 fibrous hydrogel
and its fast shape recovery. (Reproduced from [80]). (D) Dynamic mechanical analysis (DMA)
of NG95PT10 and NG95 bulk hydrogels. (Reproduced from [70]). (E) Schematics of the adhesion
mechanisms at the aGel-pyECoG (aGel-integrated micro-electrocorticography) interface and the aGel-
tissue interface, along with the lap shear adhesion strengths at the aGel-polyimide (PI) substrate
and aGel-tissue interfaces, with insets illustrating the test configurations for each interface. Data are
presented as mean + SD. (Reproduced from [82]). (F) Stress—strain curves of samples with various
polypyrrole (PPy) content, based on pure aramid nanofiber (ANF) template or ANF-polyvinyl alcohol
(ANF-PVA) template. (Reproduced from [47]). (G) Resistance changes as a function of tensile strain
for conductive nanofiber hydrogels (CNHs) with various polypyrrole (PPy) content. (Reproduced
from [47]).

For interfaces subjected to significant tensile deformation or applied to stiffer tissues
such as the splenic and peripheral nerves, hydrogels with a higher modulus and greater
toughness offer unique value [14]. Liu et al. [43] developed a PPGSA hydrogel with a
tensile modulus of 136.00 £ 23.06 kPa, a compressive modulus of 219.33 kPa, and a tough-
ness of 287.52 k] /m3, whose kPa-range properties and swelling rate <10% in PBS make it
suitable for long-term, non-compressive splenic nerve stimulation. Usala et al. [83] con-

https://doi.org/10.3390/ijms27219885


https://doi.org/10.3390/ijms27219885

Int. J. Mol. Sci. 2026, 27, 9885

16 of 55

structed a TOCNF/rGO scaffold in which the storage modulus increased from 173 Pa to
2,391 Pa through hydrogen bonding and physical cross-linking between rGO nanosheets
and TOCNF, thereby spanning a modulus range from brain tissue (0.1-1 kPa) to peripheral
nerves (10-1000 kPa) and demonstrating outstanding application flexibility. For ultra-
high-strength neural interfaces, filaggrin and nanofiber networks provide ideal solutions:
Cui et al. [84] induced a p-sheet-to-random-coil transition in filaggrin via PEGDE cross-
linking, raising the Young’s modulus from <10 kPa to 1.51-10.73 MPa while retaining
~400% elongation, with impedance remaining stable after 900 tensile cycles and degradation
exceeding 80% after 16 days in protease, thus achieving a balance between high strength and
biodegradability. He et al. [47] developed an ANF-PVA-PPy nanofiber network hydrogel
with a tensile strength of ~9.4 MPa (adjustable between 1.6 and 17.6 MPa), where the
nanofiber network dissipates energy through rearrangement rather than fracture during
stretching, causing no significant resistance change at 3-6% strain—a rare “strain-insensitive
conductivity”. Its mechanical properties far surpass those of conventional PEDOT:PSS
hydrogels (~0.2 MPa), providing a robust structural foundation for highly reliable flexible
implantable electrodes. It is important to note that reduced inflammation and gliosis after
implantation cannot be attributed solely to the softness (modulus) of the hydrogel [16,17].
Chronic inflammation is a multifactorial process involving (a) acute surgical trauma dur-
ing implantation [16], (b) device size and cross-sectional area (smaller devices generally
induce less inflammation) [18,19], (c) surface chemistry (e.g., zwitterionic coatings, poly-
dopamine, or anti-fouling layers) [55,85], (d) substrate material (e.g., polyimide vs. flexible
polymers) [36], and (e) modulus matching [43,86]. Most studies do not include an inde-
pendent modulus control group, making it difficult to isolate the contribution of modulus
alone [19,20]. For example, Zhang et al. [55] demonstrated that a covalently anchored
PEDOT:Poly (S5-4VP) coating significantly improved long-term interfacial stability and
reduced impedance over 4 weeks, an effect primarily driven by interfacial chemical anchor-
ing rather than the modulus alone. Therefore, future studies should carefully decouple
the effects of mechanical matching from surface chemistry and device geometry when
evaluating anti-inflammatory performance [41,42].

In summary, conductive hydrogels have established a systematic mechanical matching
strategy spanning from ultra-soft tissue adaptation at hundreds of pascals [53], through
topological toughening and modulus switching at tens of kilopascals, to high-strength
peripheral nerve matching at several megapascals, while simultaneously balancing ease of
implantation and long-term stability. These mechanical control methods not only resolve
macroscopic physical mismatches but also profoundly influence cell fate and immune re-
sponses at the microscopic level, laying a solid foundation for constructing a long-term
stable neural interface [43]. However, a critical comparison across these strategies reveals
distinct trade-offs rather than a universally superior solution. Ultra-soft hydrogels (hun-
dreds of Pa) best match brain tissue but often suffer from insufficient mechanical robustness,
excessive swelling, and limited long-term dimensional stability [47]. Topological toughen-
ing and modulus-switching designs (tens of kPa) improve implantability and reduce initial
mechanical mismatch, yet they may introduce volume changes, fatigue during repeated
deformation, and uncertain long-term stability after swelling [50,51,80]. High-strength
hydrogels (several MPa) are suitable for peripheral nerves but are intrinsically mismatched
to brain and spinal cord tissue, and their chronic biocompatibility remains insufficiently
validated [37,44]. Moreover, as summarized in Table 2, most studies report only one or
two dimensions of stability, and quantitative swelling data are largely missing. Notably,
no system simultaneously achieves low swelling (<10%), high conductivity (>10 S/m),
a tissue-matched modulus (<10 kPa), and long-term (>3 months) dimensional stabil-
ity [51,60,80,87]. This gap highlights the need for standardized, multi-parameter evaluation
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frameworks that integrate mechanical compliance, electrochemical stability, and long-term
in vivo reliability in future material design [41,42]. A detailed comparison of the swelling
behavior and dimensional stability of representative conductive hydrogels is provided in
Table 2.

Table 2. Swelling behavior and dimensional stability of representative conductive hydrogels for
invasive neural interfaces.

Hydrogel Material

Swelling Ratio

Measurement Measurement
Medium Time

Dimensional
Change Rate

Modulus Change
After Swelling

PEDOT:PSS/PVA
double-network
hydrogel
(PPGSA) [87]

<10% PBS

PEDOT:PSS/PVA
densified
double-network
hydrogel [88]

~0.20 Long-term

Laser-induced
phase-separated
PEDOT-PSS [86]

DI water 24 h

PPy/ANF/PVA
nanofiber
network [44]

Water
content ~65% - - - -

aGel (PVA/PTPM,
ACSF
electrolyte) [60]

stable in PBS PBS

Long-term

BC-CPH
(PEDOT:PSS/PU
bicontinuous) [89]

PBS 56 days

PVA-CNC-CNT
cryogel electrode
(modulus-
switching) [80]

- wet ~550 kPa

Volume
expansion ~57.9%

Dry ~32 MPa — Water After swelling

NG95PT10
semi-IPN
nanofiber

hydrogel [79]

~2800%
(by weight) -

Fast shape
recovery

Water <1 min

Abbreviations: ACSF, artificial cerebrospinal fluid; PBS, phosphate-buffered saline; DI, deionized.
“—" indicates that the corresponding data were not reported in the original reference.

2.3. Interfacial Adhesion

The shift from rigid metal- and silicon-based probes to conductive hydrogels marks a
major transition in neural interface materials [90]. Traditional probes have Young’s moduli
above 100 GPa, whereas conductive hydrogels typically range from hundreds of Pa to tens
of kPa [85]. This transition enables more biomimetic neural interfaces, but it also introduces
new challenges for long-term stability on slippery brain tissue [91]. Because the brain surface
is covered with cerebrospinal fluid, stable interfacial adhesion remains difficult to achieve
during implantation [92]. Conductive hydrogels must therefore provide high-fidelity
signal transmission while minimizing secondary trauma from surgical sutures or tissue
adhesives [93]. This challenge has driven rapid development in the adhesion of conductive
hydrogels for invasive neural interfaces. A key objective is to achieve strong, reversible,
and fatigue-resistant wet adhesion under aqueous conditions, including cerebrospinal
fluid and blood [94]. Current strategies draw inspiration from mussel foot proteins and
exploit catechol chemistry for underwater adhesion [95], while other approaches combine
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hydrogen bonding, electrostatic interactions, and covalent bonds to strengthen the hydrogel-
tissue interface [96]. Specialized strategies based on laser-induced or dry cross-linking
further expand the available adhesion mechanisms. Together, these designs have advanced
conductive hydrogels from merely “implantable” materials to fully “integrated” neural
interfaces [97,98].

Inspired by dopamine (DOPA, 3,4-dihydroxyphenylalanine) residues in mussel foot
proteins, catechol chemistry enables strong wet adhesion in conductive hydrogels [99].
Catechol groups form covalent bonds with tissue amino or thiol groups through Schiff-base
reactions or Michael addition [100]. They also coordinate with metal oxides, which facili-
tates the displacement of interfacial water molecules [101]. Wang et al. [102] constructed an
ultra-soft hydrogel by integrating a polydopamine (PDA) network with dPEDOT nanopar-
ticles (as shown in Figure 5). The hydrogel exhibited excellent conformal adhesion and
closely followed curved surfaces, including cylinders, grooves, and fresh porcine brain
tissue. This conformability minimized interfacial bubbles and gaps, which commonly occur
with traditional PAM hydrogels and PDMS elastomers. Quantitative tests showed that
wet adhesion to brain tissue reached approximately 10 kPa, while adhesion to wet glass
reached 23.5 + 1.9 kPa. The hydrogel also maintained a repeatable adhesion strength of
approximately 8 kPa on pig skin. Combined with a dynamic modulus below 1.0 kPa, these
properties enabled conformal contact during continuous micro-movements of brain tissue.
Xia et al. [103] introduced catechol groups into the side chains of poly (Cu-arylacetylene).
Overlap-shear tests showed that adhesion to pig skin increased from 14.2 to 22.7 kPa as the
catechol molar ratio increased from 0.25 to 0.40. This adhesion strength was approximately
nine times higher than that of the control hydrogel, pNIPAm, which exhibited 2.6 kPa. The
hydrogel also exhibited adhesion strengths of 43.01, 35.58, and 34.04 kPa on glass, plastic,
and copper, respectively. Notably, the adhesion strength remained stable after 20 repeated
adhesion—peeling cycles, indicating excellent adhesion durability. Its Young’s modulus
ranged from 70 to 160 kPa, which matched the reported range of soft tissues. This me-
chanical compatibility helped reduce motion artifacts during dynamic deformation of the
tissue—hydrogel interface.

Although catechol chemistry alone already exhibits excellent adhesion, a stronger
mechanical bond is required for long-term implantation in the brain [104]. Researchers
have therefore introduced a multi-component synergistic strategy that includes hydrogen
bonding, electrostatic interactions, cation-7t interactions, and dynamic covalent bonds [79].

Qin et al. [53] utilized hydroxyl groups naturally abundant in branched starch, which
formed extensive hydrogen bonds with brain tissue. As the amylopectin content increased
from 0 to 13 wt%, adhesion strength to glass increased linearly from 7 kPa to 35 kPa. Impor-
tantly, A;; AP maintained an adhesion strength of 26-38 kPa throughout eight adhesion—peel
cycles, confirming excellent fatigue resistance. Animal experiments showed that A;; AP
formed a tightly integrated tissue—electrode interface four weeks after implantation into rat
brains, without inflammatory responses. In contrast, the control group without branched-
chain starch exhibited significant electrode displacement. Sun et al. [69] designed a syner-
gistic network containing quadruple hydrogen bonds of Upy (ureidopyrimidinone) and
chemical cross-linking with Tyr (tyrosine). Here, UPy provides quadruple hydrogen bond-
ing, while Tyr participates in chemical cross-linking. The hydrogel achieved an adhesion
strength of approximately 16 kPa in air, which decreased to approximately 10 kPa in wa-
ter and blood. This decrease resulted from interfacial hydration layers that weakened
interactions between the hydrogel and wet substrates. However, the hydrogel exhibited
temperature-responsive adhesion, with adhesion strength increasing from 6.8 kPa at room
temperature to 10.1 kPa at 37 °C. Its interfacial toughness reached 30.9 ]-m~2, which further
supported stable adhesion under physiological conditions. Warming weakened the UPy
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quadruple hydrogen bonds, thereby increasing the free volume of the gelatin network.
This structural change exposed more adhesive groups, which enhanced hydrogen bonding,
electrostatic interactions, and cation—7t interactions. Chu et al. [105] achieved a “multi-stage
progressive” adhesion mechanism by integrating three complementary interactions: First,
physical cross-linking between PAA carboxyl groups and tissue surfaces reached 49.53 kPa
within 30 s. Second, covalent cross-linking through amide bonds between AAc-NHS esters
and tissue primary amines increased adhesion strength to 107.14 kPa after 5 min. Third,
Fe**-DA coordination bonds provided reversible energy dissipation during deformation.
The hydrogel exhibited adhesion strengths above 60 kPa on glass, stainless steel, PET, PI,
Cu, PU, and pig skin, while also withstanding a 500 g load after 24 h of water immersion,
demonstrating excellent underwater adhesion stability.

Dynamic adhesion strategies based on supramolecular noncovalent interactions also
provide distinctive advantages for conductive hydrogels [79]. Yu et al. [61] utilized
reversible hydrogen bonds and electrostatic interactions between phytic acid (PA) and
polyvinylpyrrolidone (PVP). The hydrogel achieved an adhesion strength of approximately
20 kPa on pig skin, steel, and wood at 14 wt% PA. The coarse-grained surface and multiple
hydrogen-bonding and electrostatic interactions improved adaptability to substrate rough-
ness. Conductive hydrogels require stable fixation to metal electrodes or polymer substrates
when forming flexible neural probes. Simple physical bonding can cause delamination
during long-term micro-motion or repeated charge—discharge cycles. Interfacial chemical
anchoring therefore provides robust mechanical stability for conductive hydrogel-based
neural interfaces.

Bansal et al. [106] constructed a cysteamine self-assembled monolayer (SAM) on a gold
microelectrode surface and used Au-S bonds to covalently anchor the GeIMA hydrogel
to the electrode surface. This covalent anchoring prevented delamination of the CPH
coating after 1,000 CV cycles and 14 days at 37 °C. In contrast, conventional PEDOT /PSS
coatings often cracked and peeled under the same conditions. Zhang et al. [55] proposed a
general framework that combined covalent anchoring with chemical cross-linking. They
grafted long-chain poly(SS-4VP) onto metal substrates, followed by PEDOT deposition and
chemical cross-linking with 1,4-diiodobutane. Finite element analysis (FEA) showed that
unanchored PEDOT:PSS coatings had an interfacial toughness of approximately 10 J-m~2.
Cracks appeared after only 100 charge—discharge cycles, whereas covalently anchored
coatings remained crack-free after 10,000 cycles. The anchored coatings also exhibited a
more uniform interfacial stress distribution under repeated electrical loading. This strategy
applied to Pt, NiCr, W, Au-PET, and ITO-PET substrates, demonstrating broad substrate
compatibility. The resulting coatings withstood repeated bending at a curvature radius of
approximately 100 ym without delamination. Similarly, Li et al. [45] surface-grafted an
AAc-NHS layer onto a PEDOT:PSS/PVA dual network. The modified hydrogel achieved an
interfacial toughness of 230 + 18 J-m~2 against muscle tissue, while its interfacial toughness
reached 120-181 J-m~2 against liver, kidney, and other tissues. Moreover, the adhesive-
layer/substrate interface exhibited a toughness of up to 600 J]-m~2, effectively eliminating
the risk of interfacial delamination.
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Figure 5. (A) Schematics of the adhesion mechanisms at the aGel-pyECoG (aGel-integrated micro-
electrocorticography) interface and the aGel-tissue interface, along with the lap shear adhesion
strengths at the aGel-polyimide (PI) substrate and aGel-tissue interfaces, with insets illustrat-
ing the test configurations for each interface. Data are presented as mean * SD. (Reproduced
from [82]). (B) Images demonstrating the conformal and robust bioadhesive performance of the
aGel-pECoG (aGel-integrated micro-electrocorticography) array on ex vivo cortical tissues. (Repro-
duced from [82]). (C) Adhesion mechanism of the bioadhesive ultrasoft brain—-machine interface
(BMI) to soft tissue and demonstration of its adhesive performance, including the conformal attach-
ment onto and non-destructive peeling from porcine brain tissue, visualization of underlying tissue
through the transparent hydrogel using a bleeding model (red ink), and repeated adhesion strength
of the hydrogel to porcine skin. (Reproduced from [102]). (D) Interfacial binding strength of liquid
phytic acid (PA)-passivated metal surfaces and semi-solid (PPH)-passivated metal surfaces induced
by surface chelation. (Reproduced from [50]). (E) High lap shear strength of the interlocked surface
of two Cu foils (thickness: 30 ym) achieved by surface chelation; adhesion strength and bridging
resistance of different metal foils under surface chelation; and changes in adhesion strength of Cu
foils chelated by PPH hydrogels with varied ratios of PVA and PA. Data are presented as mean * SD.
(Reproduced from [50]).
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The cranial cavity, which is filled with cerebrospinal fluid, represents the final implan-
tation environment for conductive hydrogels [79]. Therefore, specific strategies such as
dry cross-linking and phase separation/chelation address interface stability under high-
humidity conditions. Chen et al. [82] developed an “aGel” hydrogel with dry cross-linking
properties using a hydrophilic/hydrophobic heterogeneous network of PVA/PTPM. When
dried aGel contacts wet tissue, hydrophilic PVA rapidly absorbs interfacial water and forms
strong hydrogen bonds. This process achieved a tissue adhesion strength of 25.2 + 3.8 kPa,
while hydrophobic PTPM maintained structural support. The hydrogel exhibited an ex-
tremely low 90° peel energy of 27.79 + 2.24 Pa, ensuring strong adhesion without traumatic
tissue damage. This design also avoided potential toxicity from residual chemical cross-
linking agents during implantation and removal. Won et al. [107] developed a different
strategy using dorsally scanned laser technology to construct interfacial structures, gen-
erating nano- and micrometer-scale mechanical interlocking and spot-welding structures
between PEDOT:PSS and polymer substrates. The resulting structure exhibited a wet peel
strength of 64.4 N-m~! and a lap shear strength of 62.1 kPa. Although ultrasonic water
treatment lasted for 1 h, the structure maintained a peel strength of 55.8 N-m~! while also
maintaining a shear strength of 48.1 kPa after treatment.

Molecular dynamics simulations indicate that laser-induced phase separation forms
PEDOT-enriched hydrophobic regions, which effectively inhibit water penetration and im-
prove long-term wet adhesion stability. Lu et al. [50] proposed a metal-surface integration
strategy based on PPH hydrogels, avoiding conventional organic adhesives by utilizing
free phytic acid molecules that induce heterogeneous dissolution and passivation of metal
surfaces. The process generated CuO nanoislands with heights of approximately 600 nm
in situ. The resulting mechanically interlocked structure achieved a hydrogel-metal lap
shear strength of approximately 1.95 MPa and a bridge resistance of only 0.12 (3/sq. This
strategy applies to various metals, including Mo, Fe, Ni, Ag, and liquid metals, providing
a reliable physical interlocking approach for signal transmission between conductive hy-
drogels and rigid circuits. Table 3 summarizes the conductive hydrogels used for invasive
neural interfaces.
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Table 3. Representative studies on conductive hydrogels for invasive neural interfaces.

Hydrogel Measurement Interfacial
Year N}, & Conductivity Resistance Modulus (e Adhesion/ Key Results References
aterial Conditions
Toughness
® Polyrotaxane pulley
effect resolves
AP,P'H Conductivity: conductivity vs. modulus
topological 4-point probe matching/transparency
hydrogel meter; trade-off; ® 8-week LFP
2024 (PR-PEGMA 27S/m — 45 kPa medium/fre- _ recording; ® optogenetic [68]
cross-linker + quency/swelling modulation of M1 region
PEDOT:PSS —; modulus: controls limb behavior;
conductive filler) E (tensile) @ stroke model reduces
infarct area, promotes
motor recovery
@ Amylopectin induces
PEDOT chain
reorientation, forming
compliant interface; @
. simultaneously improves
A AP Conducthlty: 7 sensitivit}}lr ang
amylopectin-based impedance: Ret biocompatibility; ® 8-week
2025 yiop 11.93 S/m 117 Q 43 kPa (EIS modeling); 35 kPa I patibrty; [53]
eep brain signal

double-network
hydrogel

modulus:
E (tensile)

recording; @ M1 region
limb behavior control; ®
stroke rats: reduced
infarct area, promoted
synaptic reorganization,
restored motor function
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Table 3. Cont.
Hydrogel Measurement Interfacial
Year yerog Conductivity Resistance Modulus i Adhesion/ Key Results References
Material Conditions
Toughness
@ Upy/Tyr
dual-functionalized

gelatin provides dynamic
physical cross-linking +
covalent cross-linking; @

Conductivity:
4-electrode PEDOT:PSS conductive
(Cryoall CAT-3), filler establishes
dried film; ~10 kPa electropenetration
GUT + medium/fre- (water/blood network; @ high
PEDOT:PSS-Tyr quency/swelling environment) stretchability + rapid
2023 con. d;lC Hve 1.09 x 107'S/m 51 pC/cm? 10* Pa —; impedance: EIS ~16 kPa (air) self-healing + excellent [69]
hvdroeel 0.1 Hz-10 kHz, 6.8 kPa (RT) — tissue adhesion; @
yerog 0.1 M PBS; modu- 10.1 kPa (body multi-stimuli-responsive
lus:—(tensile/ temperature) conductivity (temperature,
compressive, urea); ® multimodal
DMA; no numeric wearable sensing (motion
in main text) + temperature + urea);
® bidirectional neural

interface: neural recording
+ therapeutic
electrical stimulation
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Table 3. Cont.
Hydrogel Measurement Interfacial
Year I\Z & Conductivity Resistance Modulus .\ Adhesion/ Key Results References
aterial Conditions
Toughness
@ Laser-induced phase
separation achieves
PEDOTPSS — water-stable
hydrogel conversion; @
conductivity 67,000 S/m
Conductivity: DI (top-tier); ® 6 pm resolution
PEDOT:PSS water, swollen patterning; @ no toxic
(prepared b 67,000 S/m~ (24 h), 4-point additives, no detoxification
2022 laizerznduce}(; 56,000 S/m T 57 MPa probe; moElulus: - treatment required; ® [44]
phase separation) YM (tensile, electrochemical performance
in water) stable for 6 months in
physiological environment;
® laser-fabricated hydrogel
electrodes achieve stable
neural signal recording
and stimulation
® AGP3 hydrogel
conductivity and modulus
match spinal cord; @
physical cross-linking makes
hydrogel injectable;
Conductivity: dif © Pr omot?s NSC
erentiation into neurons,
two-electrode inhibits astrocyte
mold, from EIS . . .
AGP3 intercept; medium over-proliferation; @ in vivo:
2021 (agarose/gelatin/PPy) 0.2S/m — ~1470 Pa - modulus: G’ _ completely covers defects, [89]

(oscillatory
rheology,
0.1-10 Hz)

reduces cavity area; ®
promotes endogenous
neurogenesis rather than
glial fibrosis; ® significant
functional recovery; @
RNA-seq: regulates
neurogenesis-related genes
via intracellular Ca®*
signaling cascade
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Table 3. Cont.

Hydrogel Measurement Interfacial
Year Yy g Conductivity Resistance Modulus e Adhesion/ Key Results References
Material Conditions
Toughness
@ Internal chelation achieves
ultra-low modulus 339.9 Pa
(tissue-like softness); @
Conductivity: —; surface chelation achieves
impedance: metal-hydrogel bonding
1% Cu-PPH brl.dgmg ~1.95 MPa (Cu-Cu, strength 1.95 MPa; ®.
hydrogel Bridein resistance 100 m foil) dual-mode chelation design
(PVA-PA-honey C8mS ~0.34 kPa (metal-hydrogel K (internal + surface); @
2025 19.4S/m resistance ) ~1.72MPa (72 h 1 . . [50]
double network + (~339.9 Pa) interface); . A hybrid interfacial bonding
24 ~0.12 Q) L optimal passivation) . .
Cu** internal modulus: G Au-Au ~566.3 kPa achieves stable electrical
chelation) (oscillatory ’ interconnection; ® high SNR
rheology, recording of skin/nerve
@1 rad/s) surface/brain signals; ®
maintains reliable
performance under
mechanical disturbance
® Modulus-switching
mechanism: stiff upon
implantation — facilitates
Conductivity: DC . penetrat_lon, soft after
. ) implantation — matches
(Keithley 2400); - .
brain tissue, reducing
dry: —; wet: DI mechanical mismatch; @
Dry: 727.8 + Dry: ~32 MPa water, swollen; . . !
PPy-PVA-CNC- 105.8 S/m (for eas impedance: Ret lowers interfacial impedance,
2023 CNT cryogel ’ 170 O Sy P o _ efficient stimulation at low [81]
Wet: 134.6 + penetration); (EIS, aCSF/brain
electrode . voltage; ®@ charge-balanced
27.8S/m wet: ~550 kPa slice); modulus:
compressive current controlled
(s }lierical stimulation; ® good in vivo
_\sphers biocompatibility; ® ex vivo:
indentation)
cryogel electrode
stimulation leads to
significant NPC

pool expansion
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Table 3. Cont.
Hydrogel Measurement Interfacial
Year yerog Conductivity Resistance Modulus i Adhesion/ Key Results References
Material Conditions Toughness
® 3D-bioprinted
HA-based bioink; @
Enzymatic polymerization
(HRP) mild in situ
o polymerization; ®
COH%H;:IVS g dry modulus 0.6 — 1.5 kPa
(vl o e ;0
2024 BCN/PEG/PETE- 5.7S5/m — 0.6 - 1.5 kPa AuNW); modulus: — . [58]
S hydrogel G’ (oscillator conductivity; ® good
yarog theolo y tolerance of human
0.1-10 Iio?zl’) primary dermal
’ fibroblasts + PC12 cells; ®
provides native-like
microenvironment for
using electricity to
influence cell behavior
® PVA/PMP
heteronetwork hydrogel
enables seamless
P(Vl:l/ltg:l\l/[ anti-fibrotic integration; ®
alC(ﬁ’lOi]/ oly (3- Conductivity: PBS adhesion strength
(trimethoxp sii, 1)propyl (1X), e uiliglzate d aGel-PI interface: 25.2 & 3.8 kPa (reversible
. b5+ 11. a; safe removal); @ ultra-thin
methacr;]latz:']) )p H 4—};01(3& probe; I 1235 £ 11.2kp f ! ltra-th
2025 hydrophilic/hy- 1.99 S/m aGel-yECOG: 10941 195kPa  impedance: @1 A0ektissue 10 pim coating; © acute [18]
drophobic 323 +1.1kQ KHz PBS: interface: 25.2 + 3.8 impedance increase
he ter(fne twork mo dlulusf kPa; Peel energy: reduced 20-fold (vs
hvdrogel + YM ( tensil;s) 27.79 £ 2.24 Pa conventional yECoG); ®
P]ZIID O’%‘ PSS significantly reduces
plated HECoG neuroinflammation and

fibrosis; ® 16-week SSVEP
SNR retention 94.8%
(control 69.5%)
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Table 3. Cont.
Hydrogel Measurement Interfacial
Year N},aterigal Conductivity Resistance Modulus Conditions Adhesion/ Key Results References
Toughness
O Stretchable
high-conductivity
hydrogel fiber electrodes
PPGSA hydrogel vascutor bandie geomery;
(PEDOT:PSS/PVA . PUE insulating layer . e 8€0 Yi
Conductivity: —; . . @ bioadhesive fixation, no
+ glutaraldehyde impedance: EIS interfacial fibrosis/immune
2025 cross-linking + 3236.62 * <100 136.00 £ 0 1P Hz1 MHZ toughness: 212.13 + activation: ® wireless [43]
[BMIM]BF,/DMSO 423.37S/m 23.06 kPa , ! 29.49 J-m~2; PUE e i
PBS; modulus: adhesion strenath: (capacitive coupling)
gth:

treatment +
glycerol wet
annealing)

YM (tensile) 18.43 + 1.10 kPa

stimulation, battery-free;
® IBD rat model: inhibits
TH1/TH17, enhances
TH2/Treg; ® significantly
reduces colitis, restores
intestinal immune balance

NG95PT10
semi-IPN

nanofibrous
hydrogel

2025 (PNIPAM-co-
GMA + PT60OMe

conductive
polymer)

2.80 x1072S/m

10.9 £ 0.14 kPa

Conductivity: air
(dry film), 4-point
probe (DC);
modulus: G’
(oscillatory
rheology, @1 Hz)

® Nanofibrous structure
(electrospinning): rapid
swelling response + faster
shape recovery; ®
temperature-responsive
intelligence: enhanced
conductivity at
physiological temperature
— improves signal [80]
transmission and chronic
stability; ® mouse model:
high-quality deep brain
signals + action potential
recording; @ long-term
configuration: no
significant
inflammatory response
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Table 3. Cont.
Hydrogel Measurement Interfacial
Year Ni’ 8 Conductivity Resistance Modulus i Adhesion/ Key Results References
aterial Conditions
Toughness
@ Aligned nanofiber
structure
(electrospinning); @ TA
antioxidant + hydrophilic
+ PEDOT:PSS conductive
dual functionalization; ®
Conductivity: mechanosensitive calcium
GelMA + 4-point probe influx + FAK/AKT
2026 TA/PEDOT:PSS 6.53 x 10° S/m T (RT)I;)med}i)um/ fre- - pathway activation; @ rat [56]
quency/swelling sciatic nerve injury: tight
conformal contact +
electrical bridge
connection; ® anatomical
and functional recovery +
no significant
muscle atrophy
@ GeP nanosheets endow
hydrogel with
o conductivity (0.365 S/m)
GeP@PDA /HA- fonflidwlkt)y: and biodegradability; @
DA (germanium “pomt Probe; HA-DA matrix provides
. medium/fre- . . .
phosphide i injectability and tissue
2021 nanosheets/ 0.365 S/m 2kQ) — queil}cy/s;ve 1n.g 6.3-7.9 kPa adhesion; ® promotes [108]
dopamine- 3_’ mpedance: immunomodulation,
o -electrode EIS . .
modified Nvquist: endogenous angiogenesis,
hyaluronic acid) (Nyquist; endogenous NSC

frequency —)

neurogenesis; @ SCI rat
model: significant motor
function recovery
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Table 3. Cont.

Hydrogel Measurement Interfacial
Year Yy g Conductivity Resistance Modulus e Adhesion/ Key Results References
Material Conditions
Toughness
Conductivity: @ PEDOTLS endows
two-probe conductivity (0.60 S/m); @
(Keithley 2400); 3D bioprinting mimics
PE- medium/fre- spinal cord structure; ®
3 3 0/ .
2023 DOTLS/GelMA/ 0.69S/m 820 ~1.0 kPa quency/swelling _ NSC survival >90%; ® [57]
HAMA —; impedance: significantly promotes
@300 Hz; modulus: NSC differentiation into
G’ (oscillatory neurons; ® SCI rats:
rheology, significant hindlimb motor
0.1-10 Hz) function recovery
® Aramid nanofiber
template-assisted PPy
self-assembly into 3D
conductive network; ®
o ultra-low percolation
Z—CCEES:/CAEVI(gﬁ ¢ threshold ~1 wt%; ®
ANF-PVA-PPy P P conductivity ~8 x 10° S/m;
conductive ~9-4 MPa probe (DC); @ mechanical strength
2023 ) ~8 x 10° S/m 20 Q-cm? (mechanical medium/fre- _ st [47]
nanofiber strength) tency /swellin ~9.4 MPa; ® stretchability
hydrogel & quency & ~36%; ® excellent
—; impedance: electrochemical
@50 Hz, PBS

impedance and charge
injection capacity; @
patterned hydrogel
electrodes for
electrophysiology
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Table 3. Cont.
Hydrogel Measurement Interfacial
Year Yy g Conductivity Resistance Modulus e Adhesion/ Key Results References
Material Conditions
Toughness
@ Brain tissue-level
modulus (reduces
dPEDOT mechamcal.rmsmat.ch) He
robust bioadhesion
NP-doped .
hvdrogel Conductivity: —: (seamless adhesion to
( dZ)I an%ine mo duluS'}E}’ ! Adhesion: ~10 kPa brain tissue); ® immune
2022 P 42 Sm™! — <1.0 kPa g (brain tissue); wet evasion ability (prevents [102]
methacrylate- (dynamic lass: " . g lati
hvbridized heol glass: 23.5 + 1.9 kPa; brous encapsulation and
ybridize rheology) . SN,
neuroinflammation); @
PEDOT
. long-term accurate EEG
nanoparticles) A e
signal acquisition; ®
minimal foreign
body response
. . ® Bicontinuous structure
Bicontinuous . .
conducting design; ® conductivity >
olvmer hvdrogel 1100 S/m; @ stretchability
poly (ch & Conductivity: PBS, > 400%; @ fracture
- 2.
cory_repors July ol gt > 00
2023 (conductive phase, >1100 S/m — <1MPa P P ! _ P! & compatibe; [54]
o modulus: YM multi-material 3D printed
Bw/wh) + ile, swoll lithic all-hydrogel
hydrophilic (tensile, swollen monolithic all-hydroge
4 in PBS) interface; @ rat model:
polyurethane lone-term
(mechanical electro l% siological
phase) phy: &

recording and stimulation
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Table 3. Cont.
Year Hydrogel Conductivity Resistance Modulus Measu}‘e'ment Key Results References
Material Conditions
@ Universal strategy for
coating conventional
electrodes with
conductive hydrogel; @
tissue-like modulus
(reduces mechanical
mismatch); ® covalent
o anchoring + chemical
. . Condu_ct1v1ty. cross-linking toughening
PEDOT:Poly (SS- 100-250 kO Tissue-like conductive AFM mechanism (numerical
4VP) (4-week modulus (60-100 pA; no simulation validation); @
2022 interpenetrating ~ Current 60-100 pA . ) (mechanical bulk value); . N [55]
network implantation, matching with impedance: freely moving r.mce.'stable
hydrogel coating 96% <250 k0) soft tissue) @1 kHz, PBS/ elediiﬁ?l}r’;ilrolgglcal

brain cortex

® coating—electrode
interface remains robust
after long-term
low-voltage electrical
stimulation; ® opens new
avenues for
next-generation
diagnostic BMI

https://doi.org/10.3390/ijms27219885


https://doi.org/10.3390/ijms27219885

Int. J. Mol. Sci. 2026, 27, 9885

32 0f 55

Table 3. Cont.

Hydrogel Measurement Interfacial
Year Material Conductivity Resistance Modulus Conditions Adhesion/ Key Results References
Toughness
@ PAAmM/AgNCs
nanostructured hydrogel
mimics brain tissue
mechanics + excellent
Conductivity: conductivity; @ silicon-based
4-point probe template support e.nab'les
PAAmM/AgNCs (film); stable recording; ® in vitro:
2022 laiﬁi"cgj‘;rlar (5'%}; g'/ﬁ) X BKO@IO0Hz 7.6+ 0.65kPa medium fre- _ “e“arﬁlhﬁreocgjmfor cell [49]
nanocubes) qugr}cy/swcflvelhn'g biocompatibility and
T l@ml%eHince" neuronal differentiation; ®
in vivo mouse model: no
adverse immune response in
chronic neuroinflammation
tests; ® long-term efficient
ECoG recording
® Laser-induced phase
separation fabrication; ®
wet conductivity 1.014 x
10* S/m; ®5 ym
resolution patterning; @
Conductivity: Wet peel strength: perffi)rrrgance n:}? mta}[med
PEDOT:PSS water, swollen 644 N-m~! stgr:;e'g)n;; foﬁairce
repared b Wet: 1.014 x >80% water); Wet lap shear o
2024 l(apser?induceﬁ 10* S/m ~104-2100 <15 MPa i(mpedance: @)1 strength:p62.1 kPa mamta?ned after 1 h [107]
. . ultrasonic treatment; ®
phase separation) kHz; modulus: Dry adhesion: )
YM (method —) 2227 kPa peel strength 64.4 N/m; @
lap shear strength 62.1

kPa; ® 3-week stable
electrophysiological
recording in rat brain and
heart;
® reusable electrodes
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Table 3. Cont.
Hydrogel Measurement Interfacial
Year Ni’ g Conductivity Resistance Modulus . Adhesion/ Key Results References
aterial Conditions
Toughness
® Hydrogel ionic
conductor + elastomer
dielectric layer structure;
@ glial response and
cerebrovascular
PVA-ACSF Impedance: losstham ey lochrodis
hydrogel/PDMS PVA-ACSF frequency—(0.02 ® cat model: sienal ’
2021 elastomer — ~20kQ) hydrogel: MQ overall); — lit ) %1 t [36]
composite neural ~1.3 kPa) modulus: E quatity compara .e ©
interface (HENT) (method —) metal electrodes; ®
transparent: supports
in vivo two-photon
microscopy (vascular +
calcium imaging); ® MRI
compatible: no
image artifacts
@ Template-directed
assembly achieves
Template-directed defect-free PEDOT
assembly ~120 kPa, T-ECH nanofiber conductive
conductive Conductivity: DI (physical network; @ tissue-like
( hydr)ogel 25 kPa Water/PBS,) Cross—zli?king): ) modulus (~25 kPa); ®
T-ECH)—PAA 4 ) . swollen (24 h), 400 J-m~* (pig skin); tough adhesion
2023 template network 247 x10°S/m 2780 (tlssclllel- like 4-point probe; T-ECA (EDC/NHS (800 J/m?); @ no [46]
+ PEDOT:PSS modulus) impedance: activated, covalent sutures/adhesives needed
@1 kHz, PBS cross-linking): for implantation; ®
800 J-m~2 (pig skin) ultra-low voltage
neuromodulation; ®

nanofiber network
double-network
structure

high-quality epicardial
ECG recording (in vivo)
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Table 3. Cont.

Hydrogel Measurement Interfacial
Year Ni’ 8 Conductivity Resistance Modulus i Adhesion/ Key Results References
aterial Conditions
Toughness
©®9.52 S/m high
PAM-PAA conductivity (0.33 wt%
double-network CNT); @ ~100 kPa low
matrix + modulus + ~1000%
CNT-PDA stretchability; ®
(polydopamine- 107.14 kPa tissue
modified carbon adhesion (sutureless
nanot'ubes.) 9.52$/m (CNT ~100 kPa (tensile Conductivity: —; ' implantation),‘.@ cuff
conductive filler modulus), 107.14 kPa (tissue electrode achieves
2025 o content only — modulus: YM . e . [105]
(0.33 wt%) + 0.33 Wt%) toughness (tensile) adhesion strength) bidirectional electrical
AAc-NHS ‘ 7.33 kJ/m? communication
(covalent (recording +
adhesion) + stimulation); ®
Fe3*-DA closed-loop system:
coordination real-time
(energy feedback-driven sciatic
dissipation) nerve repair, accelerates
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Table 3. Cont.

Y Hydrogel .. . Measurement Interfa'cml
ear Material Conductivity Resistance Modulus Conditions Adhesion/ Key Results References
Toughness
@ Microwave irradiation
simultaneously exfoliates
graphite and polymerizes
zwitterionic monomer to
o prepare conductive
o, mecanc
SG hydrogel (0.1 Hz-1 MHz, Lap sh LN, prop ('er(;les sulrlular tg}lllw.ng
(poly(SBVI)- s dul 50 mV); 1 apos3ga;\1;[ éalr).' ’ﬂssue;;j hexce C1en’c adhesion,
graphene)—poly 3 tor?ge moauius impedance: Re glass u. a Plg &h com .uchV}ty
2022 (sulfobetaine 49 x1073S/m 12 kO G’: 8.04 kPa (EIS fit, 0.1 Hz-1 skin 0.052 MPa non-swelling, high [109]
vinylimidazolium) (5G2) MHz) ',m.odulus: (52 kPa), Au conformability; ® C2C12
+ oraphene c (o,s cillator 0.13 MPa cytotoxicity testing + rat
grap heol y tissue biocompatibility
é 1er(;l ((i);gsy), validation; ® implanted in
rat sciatic nerve, successful
neuromodulation
demonstrated with
low-current
electrical stimulation

Abbreviations: ACSF, artificial cerebrospinal fluid; AFM, atomic force microscope; ANF, aramid nanofiber; A;; AP, amylopectin-based double-network hydro-
gel; AP¢P H, polyrotaxane-cross-linked hydrogel; BC-CPH, bicontinuous conducting polymer hydrogel; CNT, carbon nanotube; DC, direct current; DI, deion-
ized; DMA, dynamic mechanical analysis; EIS, electrochemical impedance spectroscopy; ECoG, electrocorticography; EEG, electroencephalography; EMG, elec-
tromyography; G, storage modulus; GeIMA, gelatin methacryloyl; GO, graphene oxide; HA, hyaluronic acid; HAMA, hyaluronic acid methacrylate; LFP, local
field potential; M1, primary motor cortex; MXene, two-dimensional transition metal carbides/nitrides/carbonitrides; NG95PT10, semi-IPN nanofibrous hy-
drogel; NSC, neural stem cell; PAA, poly(acrylic acid); PAAm, polyacrylamide; PAM, polyacrylamide; PBS, phosphate-buffered saline; PEDOT:PSS, poly(3,4-
ethylenedioxythiophene):poly (styrenesulfonate); PEDOT:Poly (55-4VP), PEDOT:poly (styrene sulfonate-4-vinylpyridine); PEGMA, poly (ethylene glycol) methacry-
late; PPH, phytic acid-based hydrogel; PPGSA, PEDOT:PSS/PVA hydrogel; PPy, polypyrrole; PR-PEGMA, polyrotaxane-polyethylene glycol methacrylate; PVA,
poly (vinyl alcohol); SCI, spinal cord injury; SNR, signal-to-noise ratio; SSVEP, steady-state visual evoked potential; TA, tannic acid; T-ECH, template-directed
electrically conductive hydrogel; YM, Young’s modulus; Ec, compressive modulus; “—” indicates that the data were not reported in the original reference.
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In summary, conductive hydrogels for invasive neural interfaces have driven interfacial
science from physical adhesion toward chemical integration [100]. Further advances have in-
troduced multiscale energy dissipation and dynamic adaptation under wet conditions [79],
while strategies based on catechol chemistry, multiple hydrogen bonds/electrostatic in-
teractions, covalent anchoring, and dry cross-linking/laser phase separation collectively
establish robust interfaces [99]. However, these strategies exhibit distinct trade-offs: cate-
chol chemistry provides strong wet adhesion but is susceptible to oxidation and may lose
efficacy over time; hydrogen-bonding and electrostatic interactions are reversible and cyto-
compatible but generally provide lower adhesion strength than covalent or laser-induced
interlocking; and covalent anchoring and dry cross-linking/laser phase separation yield
robust, fatigue-resistant interfaces but may complicate damage-free removal and require
specialized fabrication. Moreover, most studies report adhesion strength under ideal con-
ditions, while quantitative data on long-term fatigue, interfacial stability under chronic
micro-motion, and in vivo biocompatibility remain scarce. These interfaces enable confor-
mal contact between conductive hydrogels and brain tissue with high stability and low
interfacial impedance [110], withstanding brain micro-motions, resisting long-term fatigue,
and allowing for damage-free removal. This progress in interfacial adhesion extends beyond
mechanical matching and provides a foundation for chronic neural recording [111]. It also
supports closed-loop neuromodulation with long-term stability and reduced inflammation.
Nevertheless, standardized evaluation of wet adhesion, fatigue resistance, and long-term
stability is still needed to guide rational interface design.

Design trade-offs and priorities: The rational design of conductive hydrogels for neural
interfaces is constrained by several intrinsic trade-offs rather than a single optimal for-
mulation. First, high electrical conductivity often requires a high content of conductive
fillers (e.g., PEDOT:PSS, CNTs, or MXenes) [46,112], which inevitably increases the modu-
lus, reduces stretchability, and may compromise biocompatibility and long-term stability.
Conversely, ionically conductive hydrogels offer superior biocompatibility and tissue-like
softness but suffer from limited conductivity governed by ion mobility. Second, optical
transparency, which is essential for optogenetic stimulation and optical imaging [69], is
frequently compromised by the addition of conductive phases; achieving both high con-
ductivity and high transmittance remains challenging. Third, a high swelling ratio favors
ionic transport and tissue compliance but decreases mechanical strength and dimensional
stability [74,81], whereas increasing cross-linking density to suppress swelling can reduce
conductivity and flexibility. Consequently, design priorities should be application-specific:
for intracortical recording, modulus matching and low swelling are paramount; for pe-
ripheral nerve stimulation, high conductivity and mechanical robustness are prioritized;
for optogenetic interfaces, a balanced trade-off between transparency and conductivity is
required; and for closed-loop systems, simultaneous optimization of multiple parameters
is necessary. Standardized multi-parameter evaluation frameworks are therefore urgently
needed to guide future material design.

3. Neural Signal Interfacing and Neuromodulation

In this section, we focus on the functional applications of conductive hydrogels in neural
signal interfacing, emphasizing their performance in signal recording and neuromodulation.
In neural recording, conductive hydrogels significantly improve the signal-to-noise ratio
(SNR) and enable high-fidelity, long-term stable acquisition from microscopic single-neuron
action potentials to macroscopic electrocorticography (ECoG), owing to their low interfacial
impedance, high charge storage capacity, and tissue-matched mechanical properties [70,80].
We also systematically introduce the advantages of neuromodulation for electrical stimu-
lation and optogenetic modulation. Conductive hydrogels not only achieve low-voltage,
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low-injury, efficient electrical stimulation and wireless closed-loop regulation through high
charge injection capacity but also overcome the photoelectric artifacts of traditional metal
electrodes through high optical transparency [81,83]. This supports multimodal optoelec-
tronic bidirectional interaction, providing an ideal platform for closed-loop brain—computer
interface systems.

3.1. Neural Recording

The key to implantable neural recording is establishing a low-impedance and high-SNR
electrode-tissue interface for precise neural signal acquisition. This interface enables the
long-term recording of extracellular action potentials (spike) (as shown in Equation (1)),
local field potentials (LFPs), ECoG, and peripheral nerve signals. Conductive hydrogels
improve neural recording performance because they provide low interfacial impedance,
high charge capacity, and mechanical compatibility [113]. It is important to distinguish bulk
conductivity from electrode-tissue interface properties: bulk conductivity is an intrinsic
material property measured by methods such as the four-point probe, while electrode—
tissue impedance depends on electrode geometry, surface area, and tissue coupling, and is
typically measured at 1 kHz [114]. Charge storage capacity (CSC) reflects the integrated
charge during cyclic voltammetry, while charge injection capacity (CIC) represents the
maximum charge that can be safely injected per pulse, reflecting stimulation safety [115].
Ultimately, the actual neural signal quality (e.g., SNR, spike amplitude) is the final metric:
high bulk conductivity does not necessarily translate into low interface impedance (which
also depends on surface area and tissue integration) or high CIC. Therefore, conductivity
values should not be directly equated with recording or stimulation performance [20].

The following equation can be used to obtain the SNR:

(n—1)-Pf)
(i PO) =P

where f1f1 is the target stimulation frequency (8 Hz), f1f1 to f2f2 represent the sideband

SNR =

(1)

frequency ranges adjacent to the target frequency, and nn is the number of frequency bins
within this interval. Based on this SNR definition, the aGel-uyECoG achieved an SSVEP
SNR retention rate of 94.8% over 16 weeks of chronic implantation, compared to only 69.5%
for the uncoated pECoG control group. This quantitative evaluation directly demonstrates
the core advantage of the anti-fibrotic hydrogel interface in maintaining long-term chronic
signal fidelity. (Reproduced from [82]).

Low impedance is essential for high-fidelity capture of weak neural signals, partic-
ularly during chronic implantation. Zhang et al. [55] developed a covalently anchored
PEDQOT:Poly (SS-4VP) coating for NiCr electrodes, which maintained a 1 kHz impedance
of 100250 kQ) after ultrasonic treatment (110 W, 5 min). This performance simulated
long-term electrical stimulation damage and demonstrated excellent interfacial stability.
During four weeks of implantation, 96% of impedance values remained below 250 k(}, and
the recorded local field potential signals showed no obvious attenuation throughout the
implantation period. Qin et al. [53] developed an A;; AP hydrogel probe with an interfacial
impedance of 25.84 k(2 at 1 kHz. Although this value was slightly higher than that of plat-
inum (Pt) electrodes (6.09 kQ2), it outperformed conventional AjAP probes (28.87 k(2). The
compliant hydrogel interface reduced effective interfacial resistance and enabled local field
potential recording with an amplitude of approximately 700 uV. Qu et al. [70] developed
the hydroElex device, which exhibited an impedance of 0.01-0.1 MQ) at 1 kHz and a charge
storage capacity (CSC) that stabilized at 35.11 + 0.3 mC/cm? after 100 cycles (as shown in
Figure 6). The device also maintained an impedance of approximately 100 k(2 in simulated
in vivo conditions for seven days. Furthermore, Chen et al. [81] incorporated PPy+CNT
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into a frozen gel electrode. This design reduced the charge-transfer resistance (Rct) by three
orders of magnitude compared with platinum electrodes. The resistance decreased from
5.88x10° Q) to 170 Q), while the CIC reached 168 uC/ cm?. This value was 4.3 times higher
than that of platinum electrodes, supporting safe and efficient neural stimulation.
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Figure 6. (A) Representative local field potential (LFP) recordings from three adjacent electrodes
with increasing distance from the seizure induction site (Ch1l: 2 mm, Ch2: 3 mm, Ch3: 4 mm) before
(Ctrl) and after 4-aminopyridine (4-AP) injection (SLE). (Reproduced from [70]). (B) Impedance
of a hydrogel-based electronic (hydroElex) device at different frequencies, with an inset showing
the impedance measured at 1000 Hz after long-term incubation in PBS. (Reproduced from [70]).
(C) Analysis of the amplitude and duration of abnormal p oscillation (13 to 30 Hz) at different
stages. * p < 0.05 (Reproduced from [70]). (D) Schematic of the implantation of hydroElex device
and the 4-AP injection site on a mouse brain, alongside representative LFP recordings (gray) and
associated power spectrums before (top) and after (bottom) seizure induction by 4-AP injection.
(Reproduced from [70]). (E) Photos of the Cu-PPH hydrogel-based sleeves wrapped around a glass
rod and the sciatic nerve electrically connected by the Au-PPH-PET electrodes; photos of Cu-PPH
hydrogels patterned into circle shapes with a diameter of 3 mm connected by the E-F binding in-
terface of liquid metal (LM) electrodes, and the stretchable LM-PPH-PDMS electrode applied as
the elastic binding interface for Cu-PPH hydrogel wrapped around a glass rod, along with the pat-
terned Cu-PPH hydrogels for electrocorticography (ECoG) signal recording. (Reproduced from [50]).
(F) Electromyography (EMG) signals of a rat collected using soft Cu-PPH hydrogels as contact
electrode and flexible Au-PPH-PET as connection electrode at states of rest and stimulation; electrical
signals and spectrograms of the sciatic nerve under stimulation recorded by Cu-PPH hydrogel-based
sleeves by paw pressing; and ECoG signals recorded by the soft hydrogel electrode under normal
condition and optical stimulation of a blue laser. (Reproduced from [50]). (G) EMG, sciatic nerve
and ECoG signals recorded by Cu-PPH hydrogel electrodes, including traces at rest, under electrical
stimulation, paw pressing, and blue-laser optical stimulation, together with the corresponding neural
spectrogram (Reproduced from [50]).
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The advantages of low impedance and high charge capacity enable conductive hydro-
gels to capture various neural signals. The A;; AP microprobe developed by Qin et al. [53]
had a diameter of 5 ym and recorded single-neuron spike signals in the hippocampal CA1
region with an SNR of 4.02. The probe also distinguished exploration-related 6 oscillations
(3-8 Hz) from sleep-associated rhythms in local field potentials. Somatosensory stimulation,
including tail-pinch and whisker manipulation, generated corresponding local field poten-
tial responses. For large-scale cortical activity recording, Sun et al. [69] applied a GUT-PP
hydrogel to rat dura mater. The hydrogel recorded clear cortical electroencephalogram
signals in the , B, and < frequency bands, while the high-frequency y-band noise was
significantly lower than that of silver electrodes. Lu et al. [50] developed a Cu-PPH hydrogel
interface for electrophysiological recording. The interface achieved an SNR above 20 dB
during human EMG recording and detected spike amplitudes exceeding 10 mV during
sciatic nerve stimulation. Furthermore, the hydrogel successfully recorded cortical elec-
troencephalogram potentials induced by blue-light stimulation. Wang et al. [102] developed
a dPEDOT hydrogel BMI. Their recorded cortical electroencephalogram signals showed
a strong correlation with commercial stainless-steel screw electrodes (r ~ 0.9), while the
steady-state visual evoked potentials (SSVEPs) achieved an SNR of 10.19 dB. For peripheral
nerve recording, Chu et al. [105] designed a PAACP cuff electrode. The electrode exhibited
a low skin impedance of 60.80 k()-cm? at 10 Hz and successfully recorded compound nerve
action potentials (CNAPs) that commercial cuff electrodes failed to detect. The surface
electromyography (sEMG) signals showed an SNR of 32.51 dB with a noise level of only
4.31 pV. Furthermore, Zhou et al. [57] developed a multi-material 3D-printed all-hydrogel
interface for epicardial ECG recording. The SNR after 28 days of implantation was signifi-
cantly higher than that on day 0 (p = 0.019). These results highlight the long-term recording
advantages of fully hydrogel-based neural interfaces.

In this review, “long-term” refers specifically to chronic in vivo performance after
implantation, which must be distinguished from (a) in vitro storage stability, (b) electro-
chemical cycling stability, and (c) mechanical fatigue testing. A truly long-term stable
neural interface should simultaneously maintain electrical function, mechanical integrity,
and stable tissue coupling. Long-term stability remains a major challenge for the clinical
translation of implantable brain—computer interfaces. The A;; AP probe reported by Qin
et al. [53] consistently outperformed platinum electrodes in LFP recording from the second
to eighth week after implantation. The GUT-PP hydrogel developed by Sun et al. [71]
induced minimal inflammation after two weeks, whereas silver electrodes caused signifi-
cant inflammatory infiltration. Chen et al. [82] demonstrated that a 10 ym aGel-pyECoG
array maintained an SNR retention rate of 94.8% after 16 weeks of chronic implantation (as
shown in Figure 7C,D). This value was substantially higher than that of bare electrodes,
which showed only 69.5% SNR retention. Zargarian et al. [80] achieved stable deep brain
signal recording in the mouse thalamus using an NG95PT10 nanofiber-coated probe (as
shown in Figure 7E-G). The probe maintained clear spike waveforms for six weeks and
showed improved impedance and capacitance characteristics compared with bare probes.
Park et al. [116] implanted PAAm-Alg hydrogel hybrid probes into freely moving mice,
enabling single-neuron spike tracking for up to 168 days. The SNR remained stable during
six months of implantation, while GFAP, Ibal, and CD68 immunomarkers were significantly
reduced and were lower than those of polymer and steel needle controls (p < 0.05). Rinoldi
et al. [49] demonstrated that the PAAm/AgNCs hydrogel interface enabled the continuous
recording of somatosensory evoked potentials and visual evoked potentials, maintaining
stable signal acquisition for six weeks without increased 50 Hz power-line interference. As
noted by Arif et al. [62], the stability of AgNC-based conductive networks depends on the
balance between the hydrogel’s swelling capacity and the retention of nanoparticles within
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the polymer matrix. However, the absence of in vivo evidence beyond six weeks leaves
the chronic safety and recording durability of this system unresolved. Furthermore, Won
et al. [107] fabricated a 16-channel pure PEDOT:PSS microelectrode array using the LIPSA
method. The array continuously recorded extracellular action potentials for three weeks,
with the SNR gradually improving during tissue recovery. Wang et al. [36] developed
a PVA-ACSF hydrogel/PDMS elastomer interface for chronic ECoG recording in a feline
model, which maintained stable signals across ¢, 0, &, B, and -y frequency bands for 28 days.
Its ionic conduction mechanism and tissue-matched modulus of 1.3 kPa jointly supported
high-quality signal acquisition. The interface exhibited an impedance of approximately
0.02 MQ), contributing to long-term recording stability.
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Figure 7. (A) Schematic of the annular conductive hydrogel electrode (AECH)-mediated wireless
electrical stimulation for promoting the differentiation of neural stem cells (NSCs) into functional
neurons. (Reproduced from [59]). (B) Photo of the Gel/Pani hydrogel connected with a cable and a
light-emitting diode (LED) bulb, the conductivity of the GelMA hydrogel and Gel/Pani hydrogel,
and the induced electromotive force of the annular Gel/Pani hydrogel when an alternating current of
2 A and a frequency of 5 kHz was applied to the primary coil. *** indicates p < 0.001 (Reproduced
from [59]). (C) Schematic of a closed-loop bioelectronic system for adaptive antiepileptic treatment.
(Reproduced from [70]). (D) Real-time process of closed-loop adaptive anti-seizure management
and adaptive dose control based on p oscillation changes. (Reproduced from [70]). (E) Schematic
of the PA 10 hydrogel cuff electrode and its comparison with rigid gold (Au) electrodes in terms
of impedance and charge storage capacity (CSC). (Reproduced from [44]). (F) Leg movement
angle changes in PA 10 and rigid Au electrodes at different stimulation frequencies, and comparison
of threshold voltages for leg movement at 10 Hz. (Reproduced from [44]). (G) Comparison of
neural stimulation responses of PA 10 electrode and rigid Au electrode under 1V, 10 Hz stimulation.
(Reproduced from [44]).

Opverall, conductive hydrogels overcome the limitations of traditional rigid electrodes
through low interfacial impedance, high conductivity, and tissue-matched mechanical prop-
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erties [100]. Their interfacial impedance typically remains within tens to hundreds of k(),
while their conductivity can reach tens of S/m [101]. Their modulus at the kPa scale closely
matches brain tissue, reducing signal attenuation and inflammatory responses [99]. Conduc-
tive hydrogels enable high-fidelity recording across multiple neural signals, ranging from
microscopic spikes to macroscopic ECoG signals [79]. These materials also maintain stable
signal performance during chronic implantation lasting weeks to months [35]. However,
long-term reliability remains a critical bottleneck for clinical translation: as summarized
in Table 4, the longest reported in vivo evidence is approximately 168 days (~5.5 months),
and most studies evaluate only one or two dimensions of stability. Therefore, although con-
ductive hydrogels provide a critical material and interface foundation for next-generation
invasive neural interfaces, standardized, multi-parameter frameworks are urgently needed
to bridge the gap between current evidence and clinical durability.

Table 4. Long-term in vivo performance of representative conductive hydrogel neural interfaces.

. Implantation . Signal Metrics Histology
Material/System Duration Animal Model Control Electrode (SNR/Impedance) (GFAP/Ibal/CD68)
Anti-fibrotic;
aGel (PVA/PTPM) Uncoated SSVEI.) SNR reduced neuroin-
16 weeks Rat retention 94.8% .
HECoG [82] UECoG (bare) o flammation/
(vs. 69.5% control) . .
fibrosis
Single-neuron
PAAm-Alg hybrid 168 days Mouse Polymer and spike tracking; ggzg’:lbﬁ’ﬁiraﬁﬂ
probe [116] (~5.5 months) steel-needle SNR stable over & Y
6 months reduced (p < 0.05)
PEDOT-PSS Extracellular action
(LIPSA) 16-ch 3 weeks Rat B Pfatgr:z;ls; SNR B
array [107] & Y
improving
ECoG stable across
PVA-ACSF/PDMS . 5~y bands;
WECOG [36] 28 days Cat (feline) Metal electrodes impedance _
~0.02 MQ)
SSEPs/VEPs;
stable signal Immune response
II;AQ?S/ [49] 6 weeks Mouse _ acquisition, no stabilized within
& increased 6 weeks
50 Hz noise
Deep-brain spike
NG95PT10 waveforms stable;
nanofiber-coated 6 weeks Mouse Bare probes improved _
probe [80] impedance/
capacitance
LFP . ,
Platinum (outperformed Pt, E’;ge};tfti};;nfc;g roted
A;; AP probe [53] 8 weeks Rat weeks 2-8); . !
electrodes 25.84 kO @ 1 kHz; inflammatory
spike SNR 4.02 response

Abbreviations: ECoG, electrocorticography; LFP, local field potential; SSVEP, steady-state visual
evoked potential; SSEP, somatosensory evoked potential; VEP, visual evoked potential; SNR, signal-to-
noise ratio. “—” indicates that the corresponding data were not reported in the original reference.

3.2. Electrical Neuromodulation

Although implantable electrical stimulation is a core strategy for neuromodulation
and functional rehabilitation, long-term clinical translation remains challenging [104]. Tra-
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ditional rigid metal electrodes cause increased interfacial impedance because of mechanical
mismatch with target tissues. Moreover, transcutaneous leads increase infection risks and
restrict patient activities during chronic stimulation [99]. Conductive hydrogels provide a
promising solution through their high CIC, low interfacial impedance, and injectable proper-
ties, forming conformable interfaces that improve electrical coupling between electrodes and
biological tissues [79]. In this review, a “closed-loop” neuromodulation system is defined
as one that autonomously performs real-time sensing — signal processing/decision-making
— adaptive stimulation delivery in vivo. Systems that only deliver pre-programmed or
wirelessly triggered stimulation without feedback are classified as open-loop. In traditional
exogenous electrical stimulation, current attenuation occurs because damaged tissues con-
tain high-impedance necrotic regions [117]. Therefore, clinicians often increase stimulation
intensity, which may cause additional tissue damage. Conductive hydrogels can act as signal
relay platforms between stimulation electrodes and target tissues [79], reducing interfacial
impedance and broadening current diffusion pathways through highly conductive networks.
Zhang et al. [60] implanted a conductive carbon nanotube/gelatin (GI-C40) hydrogel into a
complete spinal cord injury (SCI) model and further combined it with electroacupuncture
(EA) at Jiaji acupoints. Importantly, the conductive hydrogel alone (GI-C40) promoted
endogenous neural stem cell migration and neuronal differentiation while inhibiting as-
trocyte differentiation, leading to reduced glial scar formation and moderate locomotor
recovery (BBB score 6.8 + 0.7 vs. 5.4 £ 0.5 in SCI controls). When combined with EA,
the conductive hydrogel served as a low-impedance bridge that amplified the exogenous
electrical stimulation: the GI-C40+EA group exhibited spinal cord evoked potentials of
10.15 £ 0.26 mV, nearly twice that of the non-conductive GI+EA group (5.60 + 0.35 mV,
p < 0.0001), and bladder evoked potentials increased from 1.18 + 0.03 mV to 8.42 = 0.11 mV.
This synergistic effect further enhanced axonal regeneration, myelination, and functional
recovery (BBB score 7.7 £ 0.6). These results demonstrate that the conductive hydrogel
provides both an intrinsic conductive microenvironment for neural regeneration and an
amplification effect for exogenous electrical stimulation, highlighting the importance of
distinguishing material-alone effects from combined therapeutic benefits. Hong et al. [59]
implanted a ring-shaped Gel/PANI hydrogel as a secondary coil beneath the skull of stroke-
affected rats. When an external alternating current of 20 V, 2 A, and 5 kHz was applied, the
hydrogel generated an induced electromotive force of approximately 700 mV (as shown in
Figure 7A,B) and produced an induced current of 180 pA through electromagnetic cou-
pling. The ring-shaped conductive hydrogel functions as both a biocompatible implant and
an inductive receiving antenna. This design enabled unconstrained electrical stimulation
for 1 h daily over 7 consecutive days and eliminated movement restrictions and infection
risks associated with wired connections. Closed-loop neuromodulation requires real-time
neural signal decoding and adaptive stimulation delivery; however, because stimulation is
pre-programmed and no real-time feedback is involved, this system is classified as wireless
but open-loop.

True in vivo closed-loop neuromodulation requires real-time neural signal decoding
and adaptive stimulation delivery. Chu et al. [105] developed a closed-loop system using a
PAACP hydrogel cuff electrode and a cortical microelectrode array. The PAACP hydrogel
exhibited a CIC of 437.85 pC-cm~2 and skin impedance of 60 kQ2-cm? at 10 Hz. The system
decoded real-time LFPs from cortical signals to control peripheral nerve stimulation. When
motor intention was detected, the system triggered a 1 s electrical pulse. After 21 days
of treatment, the closed-loop group showed higher evoked potential amplitudes than the
random stimulation group. The gastrocnemius muscle wet weight ratio reached 79.6 &+ 4.2%
in the closed-loop group, exceeding the random stimulation group value of 57.9 £ 3.4%.
Furthermore, fully reinnervated neuromuscular junctions reached 42.8%, compared with
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13.3% in controls. The proportion of mature pretzel-type neuromuscular junctions also
reached 40.0%. These results demonstrate activity-dependent and feedback-driven precise
neuromodulation. This system represents a true in vivo closed-loop implementation: con-
ductive hydrogels can integrate sensing and therapeutic functions for closed-loop treatment.
Qu et al. [70] developed the hydroElex device by combining neural recording and drug
delivery within one hydrogel platform (as shown in Figure 7C,D). The system analyzes
LFPs in real time and detects abnormal oscillation changes. When p-oscillation power
increases by more than 3.5% at 13-30 Hz, the system triggers a drug release of valproic
acid (VPA). The release dose can be adaptively adjusted from 8.6 to 15.9 ng, while the total
drug dosage remains approximately 50 ng, which is three orders of magnitude lower than
conventional administration. This strategy enables electrophysiology-driven closed-loop
antiepileptic therapy with precise dosage control. This is a true in vivo closed-loop system
based on real-time sensing and adaptive drug release.

The safety of electrical nerve stimulation depends mainly on electrode CIC and interfa-
cial impedance. The PA10 hydrogel cuff electrode [44] exhibits excellent electrochemical
performance, with a CIC of 16.17 mC/cm? (as shown in Figure 7E-G) and requiring only
approximately 0.4 V to induce leg movement at 10 Hz stimulation frequency. This thresh-
old voltage represents a fivefold reduction compared with rigid Au electrodes requiring
2.0 V. Li et al. [45] utilized a PEDOT:PSS/PVA dual-network hydrogel with an ultra-low
impedance of 32.5-35.1 () and a high CIC of 250 pC-cm~2. It induced leg movement using
a stimulation voltage of only 125 mV. When the voltage increased to 300 mV, the ankle
joint reached an angle of 22°. Zhou et al. [57] developed a fully hydrogel electrode us-
ing multi-material 3D printing. The electrode exhibited a CSC 20 times higher than Pt
electrodes, with a threefold higher CIC and an impedance of approximately 5 kQ) at 1
kHz. The electrode induced approximately 40° ankle movement at a stimulation current
of 0.5 mA. The stimulation response on day 56 was significantly stronger than that on day
0 (p = 0.026). Zhang et al. [55] introduced a PEDOT:Poly (S5-4VP) coating with covalent
anchoring to improve interface stability. The coating increased interfacial toughness to
approximately 10 J-m~2. After 10,000 charge—discharge cycles, the CSC decreased by only
approximately 9%, substantially lower than the 45% reduction observed for PEDOT:PSS
coatings. These results demonstrate excellent structural stability during long-term electrical
stimulation. Wireless modulation strategies provide new approaches for deep brain and
peripheral nerve stimulation. Liu et al. [43] developed a PPGSA hydrogel and further
constructed a wireless splenic nerve stimulation (SpNWS) system based on it. The system
achieved wireless energy transmission using biphasic pulses modulated by a £5V, 1 MHz
sinusoidal carrier. It generated an open-circuit voltage of 1.6 V and a short-circuit current
of 220 pA. During acute sciatic nerve stimulation, the SpNWS produced phase-locked
1 Hz CMAPs (compound muscle action potentials) synchronized with muscle tone. In a
7-week inflammatory bowel disease (IBD) model, daily 20 min stimulation alleviated colitis
symptoms and restored intestinal immune balance through CD4* T-cell homeostasis regula-
tion. Specifically, pro-inflammatory Th1/Th17 cells decreased, whereas anti-inflammatory
Th2/Treg cells increased. This system is also classified as wireless but open-loop, as it
delivers timed stimulation without real-time feedback. Wang et al. [36] demonstrated that
hydrogels provided reliable stimulation-recording performance in a feline model, with hy-
drogel electrodes achieving synchronous recording comparable to metal electrodes during
electrical stimulation. Evoked potential waveforms showed high consistency under 200 Hz
and 100 pA stimulation conditions.

Conductive hydrogels provide advantages over traditional rigid metal electrodes due
to their high CIC and low interfacial impedance [110], while their conformal adhesion
properties further improve electrical coupling with biological tissues. These features enable
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efficient wireless stimulation, closed-loop regulation, true closed-loop regulation (when
combined with real-time sensing and adaptive control), low-voltage activation, and chronic
neuromodulation [35]. Therefore, conductive hydrogels represent promising components
for next-generation intelligent implantable neuromodulation systems. Further optimization
of material composition and interface engineering will enhance their clinical translation
potential [99].

3.3. Optical Neuromodulation

Although the rapid development of optogenetics and optical imaging technologies
has enabled high spatio-temporal resolution modulation and observation in neuroscience,
traditional metal electrodes face severe material limitations when integrated with invasive
neural interfaces [79]. Under intense illumination, especially blue light, metal electrodes
generate photoelectric artifacts because of their narrow bandgap properties, compromis-
ing the authenticity of synchronized electrophysiological recordings. Moreover, opaque
metal layers block or scatter incident light, limiting optogenetic stimulation and optical
imaging [118]. Conductive hydrogels overcome these limitations through molecular tun-
ability and high optical transparency. Their dual optical-electrical permeability makes them
promising materials for multimodal neural interfaces.

For photoelectric dual-mode stimulation, Teixeira do Nascimento et al. [76] developed
a GeIMA /GO conductive hydrogel containing gold nanorods (AuNRs) and applied it for
the photothermal stimulation of isolated rat retinal ganglion cells (RGCs, retinal ganglion
cells). Under 793 nm near-infrared irradiation with 25 ms or 50 ms pulses, the hydrogel in-
duced action potentials in RGCs. The optimal stimulation thresholds reached 10.2 kW/cm?
for 25 ms pulses and 5.8 kW/ cm? for 50 ms pulses, which are lower than the values for
the GO-only control group (11.6 kW/cm? and 7.2 kW/cm?). The results demonstrated
that conductive hydrogels combine electrical conductivity and photothermal conversion
efficiency, providing a material platform for photoelectric dual-mode neural modulation.
To achieve simultaneous optogenetic stimulation and electrophysiological recording, Shen
etal. [68] and Qin et al. [53] developed topological hydrogels and branched starch hydro-
gels. Both systems achieved high conductivity and optical transparency simultaneously:
the topological hydrogel exhibited a conductivity of 27 S/m and light transmittance of
80% at 473 nm, while the branched starch hydrogel showed a conductivity of 11.93 S/m
and light transmittance of 70.4% at 473 nm. During 473/472 nm blue light stimulation
in the M1 or hippocampus regions, both electrodes recorded clear LFPs that precisely
matched laser frequencies of 1-20 Hz or 5-20 Hz. Unlike Pt electrodes, which generated
photoelectric artifacts of approximately 100 1V, hydrogel electrodes showed negligible
potential changes. This result confirmed that the recorded LFP signals originated from
neural activity rather than optical artifacts. In vivo behavioral experiments further demon-
strated that optical stimulation intensity correlated positively with LFP amplitude, while
20 Hz optogenetic stimulation synchronously induced forelimb lifting behaviors in rats.
These findings highlight the potential of conductive hydrogels for closed-loop decoding—
modulation-behavior brain—computer interfaces. For simultaneous optical imaging and
electrophysiological recording, Cui et al. [84] developed P-PSF electrodes through PEGDE
cross-linking of filament proteins. The electrodes exhibited light transmittance above 85%
across 300-900 nm wavelengths, allowing 532 nm laser penetration without optical ob-
struction. The system enabled photothrombotic stroke induction and simultaneous in situ
neural recording. Furthermore, optical coherence tomography angiography (OCTA, optical
coherence tomography angiography) revealed intact microvascular networks beneath the
electrode. During combined electrical stimulation and optical imaging experiments, P-PSF
electrodes induced deoxyhemoglobin changes with a time of arrival (ToA) below 0.1 s. The
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rise time was only 0.8 s and remained synchronized with stimulation cycles. In contrast,
conventional Au electrodes showed a noticeable ToA delay of 0.6 s. The P-PSF electrode
generated no photoelectric artifacts under laser irradiation, achieving seamless compatibility
between electrophysiological recording and optical imaging.

Through dual optical-electrical permeability engineering, conductive hydrogels
overcome the light-blocking and artifact-generation limitations of traditional metal elec-
trodes [79]. Their combination of high optical transparency and electrical conductivity
enables unrestricted optogenetics and optical imaging at implant interfaces [99]. Mean-
while, conductive hydrogels eliminate signal contamination caused by photoelectric artifacts.
These advantages provide essential material support for multimodal, interference-resistant,
and closed-loop intelligent brain—computer interfaces [14]. Conductive hydrogels therefore
represent a promising platform for next-generation neural interfaces requiring simultaneous
optical and electrical functions [53].

4. Neurorehabilitation Applications

In this section, we focus on the translational applications of conductive hydrogels
in neurorehabilitation, primarily covering SCI repair and motor rehabilitation following
stroke and peripheral nerve injury. In SCI repair, conductive hydrogels act not only as
smart bioscaffolds to fill injury cavities but also as electronic bridges connecting external
stimulation with damaged tissues, owing to their injectability, tissue-matched modulus,
and conductive networks [119]. They promote neural circuit reconstruction by activating
endogenous neurogenesis, angiogenesis, and regulating the immune microenvironment.
In motor rehabilitation for stroke and neuropathy, conductive hydrogels combined with
wireless electromagnetic induction and optogenetic interfaces achieve “wireless, minimally
invasive” neuromodulation. By reducing cerebral infarct volume and promoting axonal re-
generation and synaptic remodeling, they significantly accelerate the macroscopic recovery
of central and peripheral neural functions [120].

4.1. Spinal Cord Injury Repair

Following SCI, disrupted electrical signal transmission, cavity formation, and glial
scar barriers severely restrict neural regeneration [119]. These physical and chemical bar-
riers remain major obstacles to functional recovery after SCI. Traditional repair strategies
often fail to simultaneously provide mechanical support, electrical conduction, and anti-
inflammatory regulation [121]. Within the “materials — interaction — rehabilitation”
framework, conductive hydrogels have evolved beyond passive fillers. Their tunable con-
ductivity, tissue-matching modulus, and integrated electrical stimulation functions enable
them to act as smart bioscaffolds [120], providing a novel foundation for SCI rehabilitation
by actively regulating neural repair.

An ideal SCI scaffold should simultaneously reproduce the mechanical and electrical
properties of natural spinal cord tissue. Yang et al. [37] developed an AGP3 supramolecular
conductive hydrogel by regulating agarose and pyrrole concentrations. The hydrogel ex-
hibited a storage modulus of approximately 1470 Pa and a conductivity of 0.2 S/m, closely
matching the properties of natural spinal cord tissue, including a modulus of 100-3000 Pa
and conductivity of 1-10 S/m. Its physically cross-linked network also provided excellent in-
jectability, enabling minimally invasive cavity filling through a 26G syringe. Using advanced
manufacturing strategies, Gao et al. [57] incorporated PEDOTLS into GelMA/HAMA hy-
drogels through 3D bioprinting. The resulting biomimetic scaffold exhibited a conductivity
of 0.69 S/m, matching the electrical properties of spinal cord white matter (0.60 S/m).
Song et al. [122] further demonstrated that the conductive microenvironment itself could
regulate neural stem cell (NSC) fate. Their GPP-TA hydrogel showed a conductivity of
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1.61 x 1073 S/m and a storage modulus of approximately 127 Pa. Without external elec-
trical stimulation, the hydrogel inhibited NSC differentiation into astrocytes in vivo. The
GFAP* area decreased to 4.3%, compared with 16.3% in the non-conductive control group.
These advances demonstrate that conductive materials provide both structural support and
functional regulation. Beyond mechanical reconstruction, conductive hydrogels function
as electronic bridges connecting external stimulation with damaged neural tissues. Zhang
etal. [60] implanted a carbon nanotube/gelatin conductive hydrogel into a complete spinal
cord transection model, combining it with electroacupuncture (EA) stimulation at the Jiaji
acupoint. Its low-impedance electron—ion hybrid conductive network amplified diffuse
electrical stimulation, with the local spinal cord evoked potential reaching 10.15 mV after
hydrogel implantation. The signal propagated along damaged axons to the bladder wall,
increasing evoked potential from 1.18 mV to 8.42 mV. This strategy significantly improved
neurogenic bladder dysfunction. To regulate oxidative stress after SCI, Wu et al. [106] devel-
oped a bifunctional conductive hydrogel (CHPO.5) containing polypyrrole (PPy) nanopar-
ticles. The hydrogel scavenged reactive oxygen species (ROS) through PPy activity at the
injury site, while its conductive network activated L-type voltage-gated calcium channels (L-
VGCCs). This activation enhanced Ca?* influx and triggered PI3K/Akt/CREB and MAPK
(MEK/ERK) signaling pathways. Therefore, material conductivity was directly connected
with neuronal molecular differentiation cascades. Xu et al. [108] incorporated conductive
and biodegradable GeP@PDA nanosheets with a conductivity of 0.365 S/m into hydrogels.
The resulting conductive microenvironment exhibited immunomodulatory effects after SCI,
reducing the pro-inflammatory factor TNF-« and increasing the anti-inflammatory factor
IL-10. These findings confirmed the biochemical advantages of conductive materials in
immune microenvironment remodeling. Yang etal. [119] demonstrated that AGP3 hydrogel
activated the LVGCC/Ca** /p-CREB pathway, increasing newborn neurons marked by Tuj-
17/EdU* and NeuN™"/EdU" signals. The hydrogel also enhanced myelin regeneration, as
indicated by MBP* /LFB staining. Meanwhile, glial scar markers including CS-56 and GFAP
were substantially reduced. Yu et al. [61] developed an MXene-enhanced PPM conductive
hydrogel with a conductivity of 0.26 S/m and an adhesion strength of approximately 20 kPa.
Through MEK/ERK pathway activation, it reduced syringomyelia area by approximately
70% and upregulated BDNF and c-fos expression, promoting neural repair after SCI. In
terms of global motor and autonomic function recovery, Zhang et al. demonstrated that
the electroacupuncture—conductive hydrogel strategy achieved a BBB score of 7.7 £ 0.6 at
8 weeks, significantly exceeding the injury-only group (5.4 + 0.5, p < 0.05), while increasing
the inclined plane angle to 32.2 + 2.1° and suppressing fibrosis and inflammatory infiltration
in the neurogenic bladder wall. These findings indicate that integrating materials engi-
neering with electrical signal interaction can ultimately translate into substantial functional
rehabilitation outcomes.

The rehabilitative effects of conductive hydrogels in SCI repair follow a progressive
pathway of “materials breakthrough — electrical/biochemical signal interaction — physio-
logical structure and function remodeling.” Their injectability and tissue-matched modulus
enable effective cavity filling, while electrical conductivity and nanoparticle-mediated an-
tioxidant activity provide bridges for signal transmission and molecular regulation [120].
This remodeling of the physical and electrical microenvironment subsequently promotes
endogenous neurogenesis, angiogenesis, and synaptic regeneration, thereby restoring motor
and autonomic nervous system functions at the macroscopic level [94,123].

4.2. Motor Rehabilitation in Stroke and Neuropathy

The disruption of neural circuits in the infarct zone after ischemic stroke and axonal rup-
ture and muscle denervation following peripheral nerve injury represent two major causes
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of limb motor dysfunction [124]. Conductive hydrogels, featuring injectable formability,
a tissue-matched modulus, and high conductivity, provide unique “cable-free, minimally
invasive” repair strategies for central and peripheral nervous systems through wireless
electromagnetic induction and optogenetic interfaces [86].

In the central nervous system, conductive hydrogel-based untethered electrical stim-
ulation and optogenetic modulation effectively promote neural remodeling and motor
recovery after stroke. Hong et al. [59] implanted a ring-shaped Gel/Pani conductive hy-
drogel (AECH) as a secondary coil beneath the skull of stroke-affected rats. Under an
external alternating magnetic field of 20 V, 2 A, and 5 kHz, the hydrogel receiving coil
generated approximately 700 mV induced electromotive force and 180 pA current. This
design enabled untethered neural modulation for 1 h daily over 7-14 consecutive days,
reducing infarct volume from 18.03% to 8.01% in the MCAO model. Mechanistically, the
strategy activated endogenous neurogenesis, increasing Tujl1*/Brd4* newborn neurons in
the subventricular zone (SVZ) and ischemic cortex by approximately 3.5-fold and 5.8-fold.
Meanwhile, stroke-affected rats recovered crawling speed to 70% of normal levels and
improved forelimb placement rates from 30% to 70%. Beyond electromagnetic induction,
highly transparent conductive hydrogels also serve as carriers for deep optogenetic stimu-
lation. Shen et al. [68] and Qin et al. [53] developed hydrogel probes, including AP,P;H
and A;; AP, combining high conductivity (11.93-27 S/m) with high light transmittance
(70.4-80% at 473 nm). These probes enabled continuous optogenetic intervention in the
M1 region of stroke-induced rats for 12-18 days, significantly reducing neuronal apoptosis
and necrosis in infarct areas. Histological analysis showed increased NeuN fluorescence
intensity, decreased HIF-1x expression, enhanced IL-4 and BDNF levels, and reduced pro-
inflammatory IL-1p expression after treatment. Functionally, rats treated with the Shen
strategy recovered 70% of crawling speed and achieved balance beam performance com-
parable to sham-operated animals. Similarly, the Qin strategy restored 84% of crawling
speed and corrected forelimb asymmetry, with limb usage ratios returning to approximately
50%. These results highlight the potential of conductive hydrogel optogenetic platforms for
central motor rehabilitation. For peripheral nerve repair, conductive hydrogels promote
axonal regeneration and functional recovery by integrating electrical conduction with topo-
logical guidance. Yi et al. [56] developed a GelMA-aligned nanofiber patch containing TA
for antioxidant activity and PEDOT:PSS for electrical conductivity. The patch achieved a
conductivity of 65.3 6,530 S/m and promoted neuronal differentiation through integrin
pl-mediated FAK/AKT signaling and Piezo-1/2-mediated calcium channels. Four weeks
after surgery, the patch increased movement speed of rats with sciatic nerve injury by
411.9% and total movement distance by 383.5%. Histological evaluation confirmed reduced
TNF-« expression and enhanced axonal regeneration and myelin formation, as indicated by
strong NF-160 signals. Furthermore, a conductive hydrogel nerve conduit bridging a 1 cm
sciatic nerve defect restored compound muscle action potentials (CMAPs) to approximately
30 mV. The reconstructed nerve pathway also maintained stable ankle flexion responses
under electrical stimulation for 4 weeks. Overall, conductive hydrogels demonstrate a
progressive rehabilitation pathway in stroke recovery and peripheral nerve repair, involving
materials engineering, electro—optical-biological interaction, and functional restoration.

Through material design, hydrogels acquire wireless electromagnetic induction ca-
pability and optical transparency, while their electrical and optical interactions activate
neurogenesis, synaptic plasticity, and axonal regeneration [121]. Ultimately, conductive
hydrogels restore macroscopic motor function by reducing cerebral infarction and bridging
neural defects, offering advantages beyond traditional rigid electrodes and biomaterials for
future rehabilitation-oriented brain—computer interfaces [99].
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5. Conclusions and Future Perspectives

In this paper, we systematically discuss how conductive hydrogels, benefiting from
their tissue-matching modulus, hybrid conductive networks, and reversible wet adhesion,
exhibit unmatched potential for recording, modulation, and rehabilitation applications of
invasive neural interfaces compared with traditional rigid electrodes [111]. However, the
transition from laboratory “proof-of-concept” to clinical “reliable implantation” remains
challenging, as conductive hydrogels still face limitations in long-term stability, wireless
integration, and intelligent system design [100].

The long-term reliability of implantable neural interfaces is mainly restricted by the
continuous deterioration of hydrogel mechanical and electrical properties under physiolog-
ical conditions [120]. Although swelling has been suppressed by introducing hydropho-
bic segments, such as PVA/PTPM hybrid networks, or increasing cross-linking density,
maintaining dimensional stability with sufficient water content remains a critical chal-
lenge [124]. While Zhou et al. [54] demonstrated that a bicontinuous structure maintained
stable impedance after 56 days in PBS, achieving simultaneous mechanical compatibility,
electrical performance, and anti-swelling capability remains difficult. The mechanical fa-
tigue of conductive polymers during repeated electrochemical cycling represents another
major obstacle, because long-term electrical stimulation can gradually induce structural
damage. Zhang et al. [55] reported that traditional PEDOT:PSS coatings exhibited a 45%
CSC decline after 10,000 charge—discharge cycles, whereas covalent anchoring and chemical
cross-linking reduced this degradation to approximately 9%. At the biological level, foreign
body reactions (FBRs) induce glial scarring and neuroinflammation, which contribute to
increased impedance and signal attenuation during chronic implantation. Although Won
et al. [44] observed inflammatory responses comparable to controls after four weeks, Chen
et al. [82] achieved a 94.8% signal-to-noise ratio (SNR) retention after 16 weeks, demon-
strating improved antifibrotic performance. Similarly, Rinoldi et al. [49] showed that the
immune response of PAAm/AgNCs stabilized within six weeks, supporting its potential
for chronic neural recording. However, as discussed by Arif et al. [62], long-term in vivo
evidence (>6 months) for AgNC-based neural interfaces remains lacking, and the chronic
safety of silver ion release in neural tissue has not been established. This represents a major
barrier for the clinical translation of this system, as most existing studies remain limited
to several weeks or months, leaving insufficient evidence regarding lifelong biocompati-
bility and degradation-derived metabolites. Therefore, future development of long-term
stability should focus on constructing synergistic systems integrating swelling-resistant
networks, antioxidant/anti-inflammatory interfaces, and controllable degradation with
harmless byproducts.

Achieving untethered and high-precision closed-loop neuromodulation requires stable
wireless power supply and reliable signal transmission [99]. Current wireless approaches
based on electromagnetic induction, such as the ring-shaped AECH hydrogel developed
in [43] and capacitive coupling strategies, such as the Sp)NWS system, have eliminated
physical limitations caused by transcutaneous wires. However, biological shielding and
attenuation of alternating magnetic fields still restrict energy transfer efficiency and safe
stimulation thresholds, especially in deep brain regions or large animal models. Although
the reported system achieved high output power with a short-circuit current of approxi-
mately 8.2 mA, its complex packaging process introduces additional challenges for clinical
translation. Meanwhile, multifunctional integration has become an emerging direction for
next-generation neural interfaces. Qu et al. [70] developed the hydroElex platform, which
achieved single-device multifunctionality by integrating neural recording and voltage-
triggered drug release. However, unresolved issues remain regarding long-term sealing
of microfluidic channels, precise control of electrophoresis/electroosmosis-driven drug
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delivery, and stable anchoring of soft devices under continuous brain micro-motion. Future
system integration should therefore evolve beyond simple functional-module assembly
toward seamless multimodal and multiphysical integration based on the hydrogel material
itself. Despite significant progress, the clinical translation of conductive hydrogels for
invasive neural interfaces still faces several critical barriers: First, sterilization methods
such as ethylene oxide (EO), gamma irradiation, and autoclaving can alter the polymer
network structure, cross-linking density, and electrical conductivity of hydrogels, potentially
compromising their performance [45,82]. Second, the degradation products of conductive
polymers (e.g., PEDOT, PPy) and any residual monomers or dopants must be thoroughly
evaluated for long-term biocompatibility, as incomplete degradation or accumulation may
induce chronic inflammation [49,53]. Third, the encapsulation of wireless and closed-loop
devices requires robust waterproofing and stable interfacial sealing between the hydrogel
and electronic components to prevent fluid ingress and delamination [58]. Fourth, safe
chronic electrical stimulation depends on well-defined charge injection capacity (CIC)
limits, charge balance, and a safe tissue window to avoid electrochemical damage [81,86].
Fifth, reproducible manufacturing at scale remains challenging, including batch-to-batch
consistency of natural polymers (e.g., amylopectin source affecting A;; AP properties) and
the precision of multi-material 3D printing [53,54].

For wireless systems, demonstrated capabilities include electromagnetic induction-
based stimulation (e.g., AECH hydrogel) [49], capacitive coupling stimulation (e.g., SPNWS
system) [42], and wireless energy transfer. Systems that remain speculative include deep-
brain wireless power supply systems due to tissue attenuation, wireless bidirectional data
telemetry systems, and fully implantable closed-loop systems without transcutaneous
wires. For closed-loop systems, in vivo demonstrated examples include the hydroElex
device for epilepsy (real-time p-oscillation-triggered drug release) [58] and the PAACP cuff
for movement-intent-triggered stimulation. Examples that remain speculative include long-
term autonomous closed-loop operation (>weeks) systems, multichannel high-density
closed-loop systems, and closed-loop rehabilitation training systems. Addressing these
barriers and bridging the gap between demonstrated and speculative capabilities will
require interdisciplinary efforts integrating materials science, electrical engineering, and
regulatory science.

In summary, the development of conductive hydrogels for invasive neural interfaces
has progressed beyond the initial stage focused on basic physicochemical properties and
has entered an era emphasizing neural information interaction and rehabilitation appli-
cations [99]. Nevertheless, achieving long-term clinical reliability requires overcoming
critical challenges, including electrochemical and mechanical fatigue and the limitations
of wireless energy transfer [111]. Future breakthroughs will depend on integrating poly-
mer molecular design, nanomaterial interface engineering, and advanced multimaterial
3D biomanufacturing [100]. Only by establishing a comprehensive intelligent materials
engineering framework, spanning molecular regulation to macroscopic device fabrica-
tion, can conductive hydrogels drive a true paradigm shift in brain—computer interface
technology [99].
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