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Abstract

Organ function relies on dynamic electrical and electrochemical signaling that governs
processes ranging from cardiac conduction and neural activity to gastrointestinal (GI)
regulation and endocrine communication. Bioelectronic devices have demonstrated clinical
impact in applications such as cardiac pacing, cochlear implants, retinal prostheses, and
continuous glucose monitoring. However, when deployed on soft, wet, and continuously
moving organs, the long-term stability of the device—tissue interface becomes a key
challenge due to mechanical mismatch, biofouling, and degradation in physiological
environments. Increasing evidence suggests that universal device architectures are
insufficient for reliable long-term operation across organs with distinct mechanical,
biochemical, and immunological microenvironments. Organ-specific bioelectronics has
therefore emerged as a design paradigm in which materials, device structures, and system
architectures are co-optimized according to the deformation modes, chemical conditions,
and biological responses of individual tissues. Recent advances include ultracompliant
neural interfaces that minimize inflammatory responses, Gl resident devices capable of
operating under strong peristalsis and chemical exposure, stretchable epidermal

'Department of Biomedical Engineering, National University of Singapore, Singapore 117583, Singapore.

2School of Biomedical Engineering, Beihang University, Beijing 100191, China.

3School of Mechanical and Aerospace Engineering, Nanyang Technological University, Singapore 639798, Singapore.
“College of Life Science, Shanxi Agricultural University, Taiyuan 030000, Shanxi, China.

SInstitute for Health Innovation and Technology, National University of Singapore, Singapore 117599, Singapore.
¢Mechanobiology Institute, National University of Singapore, Singapore 117411, Singapore.

#These authors contributed equally.

*Correspondence to: Prof. Chwee Teck Lim, Department of Biomedical Engineering, National University of Singapore, Singapore 117583,
Singapore. E-mail: ctlim@nus.edu.sg

www.oaepublish.com

Submit a Manuscript: https://ucenter.oaepublish.com


https://www.oaepublish.com
https://ucenter.oaepublish.com
https://orcid.org/0000-0003-4019-9782
https://dx.doi.org/10.20517/ss.2026.79
https://dx.doi.org/10.20517/ss.2026.79
https://crossmark.crossref.org/dialog/?doi=10.20517/ss.2026.79&domain=pdf

Page 2 of 44 Liu et al. Soft Sci. 2026, 6, 52

electronics that seamlessly integrate with skin mechanics, and epicardial or renal surface patches for monitoring
visceral organs. This review summarizes recent developments in organ-specific bioelectronics from integrated
perspectives of materials, device structures, and biological systems. Key material platforms, fabrication strategies,
and representative applications are highlighted, followed by discussion of challenges in long-term biostability,
scalable manufacturing, wireless power and data communication, and clinical translation, as well as future
opportunities for organ-mimetic electronic interfaces enabling continuous monitoring and therapeutic modulation.

INTRODUCTION

Organ function maintenance and regulation rely on the dynamic variations of electrical signals and
electrochemical processes! . From cardiac conduction to central and peripheral neural activity, and to the
gut-brain axis and related endocrine regulation, long-term recording and quantitative analysis of these
signals are of major importance for continuous monitoring and intervention'**’. Over the past decades,
bioelectronic devices have demonstrated clinical value in multiple settings, such as cardiac pacing, cochlear
and retinal prostheses, and continuous glucose monitoring'”*\. These practices indicate that long-term
coupling between electronic systems and physiological signals is achievable from an engineering standpoint
and have further propelled the development of next-generation implantable and attachable platforms that
interface more intimately with organ surfaces.

When devices are deployed onto soft, wet, and continuously moving organ surfaces, the key factor limiting
performance and operational lifetime often shifts from the circuitry itself to the long-term stability of the
device-tissue interface!”. Rigid or semi-rigid structures, together with relatively thick encapsulation and
interconnects, can mismatch soft tissues in modulus, curvature, and dynamic deformation, thereby leading
to electrode delamination, interconnect fatigue failure, and concomitant fluctuations of interfacial
impedance with degraded signal quality. Meanwhile, water and ion penetration from body fluids may cause
degradation of insulating performance and electrochemical corrosion"). Interfacial processes such as protein
adsorption and cell adhesion further accelerate biofouling and drive a progressive increase in impedance
over time, ultimately manifesting as reduced signal-to-noise ratio (SNR), baseline drift, and time-dependent
changes in stimulation threshold">*.

Furthermore, the microenvironment varies substantially across organs, implying that interfacial constraints
are not uniform. Brain tissue is extremely soft and highly sensitive to immune responses, where even subtle
micromotion can trigger tissue injury and glial activation""*). The gastrointestinal (GI) tract experiences
vigorous peristalsis and is continuously exposed to acidic and enzymatic fluids, imposing stringent
requirements on encapsulation durability and adhesive stability. Skin interfaces undergo persistent
stretching, shear, sweating, and repeated attach-detach cycles. Visceral organs such as the heart, liver, and
kidney reside in fluid-rich environments and experience cyclic strain or perfusion-related mechanical
fluctuations"). Under these conditions, a universal material and structural design is often unable to
simultaneously satisfy conformal stability, reliable encapsulation, and low-impedance coupling, which has
driven increasing interest in organ-specific bioelectronics strategies.

Organ-specific bioelectronics emphasizes defining design boundary conditions based on the deformation
modes, chemical environment, and immune/biofouling behaviors of the target organ, and then
co-optimizing the material system, structural form factor, and interfacial chemistry to achieve predictable
long-term coupling stability!"). Representative advances in recent years include ultra compliant neural
interfaces that mitigate chronic inflammation and micromotion-induced damage, GI resident platforms
capable of operating under weeks of peristalsis and chemical challenge, and stretchable epidermal patches
that laminate onto skin with minimal mechanical loading">"” [Figure 1]. Despite differences in target
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Figure 1. Representative organ-specific bioelectronic interfaces. Some schematic elements Created in BioRender. Liu, X. (2026) https://Bi
oRender.com/w5rveah. ECoG: Electrocorticography.

applications, these systems exhibit a degree of commonality in materials and manufacturing, including
ultrathin polymer films with multilayer encapsulation, elastomers combined with strain-relief geometric
interconnects, hydrogel or mixed ionic—electronic conductor interfaces, as well as biodegradable supports
and antifouling surface modifications"*.

In this review, we adopt a material-structure-biosystem co-design perspective to summarize
structural/encapsulation substrates and conductive/interfacial materials for diverse organ interfaces and the
associated key performance trade-offs, further survey relevant fabrication and integration routes and
representative organ-targeted applications, and discuss open challenges in long-term stability evaluation,
manufacturability, power and data links, and clinical translation"*.

MATERIALS FOR ORGAN-SPECIFIC BIOELECTRONICS

Structural and encapsulation substrates

Bioelectronic devices designed for soft-tissue organ interfaces must provide sufficient mechanical support
and stress buffering to maintain stable electrical connections under bending and stretching, while also
forming reliable chemical and moisture barriers that prevent water and ion penetration and protect internal
circuits. In addition, minimizing inflammation and biofouling is essential for maintaining long-term
biocompatibility during implantation or wearable use. A key design consideration is the mechanical
matching between device substrates and target organs, since biological tissues span a wide range of Young’s
moduli, ranging from a few kilopascals in the brain to megapascal levels in the epidermis and tendons,
whereas commonly used bioelectronic materials include soft hydrogels and elastomers as well as
high-modulus polymer films [Figure 2]*°**!. In this section, we classify the relevant material systems into
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Figure 2. Mechanical matching between bioelectronic substrates and biological organs. Some elements were reproduced with permission,
including hydrogelst¥, Copyright © 2024, the American Association for the Advancement of Science; elastomerst??, Copyright © 2025,
the American Association for the Advancement of Science; biodegradable substates??, Copyright © 2025, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; high-modulus, no-degradable filmst?*, Copyright © 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Some schematic elements Created in BioRender. Liu, X. (2026) https://BioRender.com/tcvk8fu. Pl: Polyimide; LCP: liquid crystal polymer;
PEN: polyethylene naphthalate; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); PDMS: polydimethylsiloxane; PU:
polyurethane; PLA: polylactic acid; PLGA: poly(lactic-co-glycolic acid).

four categories: non-degradable substrate-encapsulation systems, elastomeric and stretchable platforms,
biodegradable and bioresorbable structural layers, and antifouling interfacial coatings, and summarize their
key characteristics and representative organ-specific applications.

Non-degradable substrate-encapsulation systems

At organ interfaces that require high-density electrode arrays and long-term stable recording and
stimulation, the structural layer must both support precise micro- and nanopatterns and maintain its
geometry and mechanical properties over years'*. To meet these demands, a class of high-modulus,
non-degradable polymer films has become the standard structural material set, including Parylene-C,
polyimide (PI), polyethylene naphthalate (PEN), and liquid crystal polymers (LCPs) [Figure 3A]®"*". These
materials typically exhibit Young’s moduli in the gigapascal range, far above those of soft tissues, but when
the film thickness is reduced from tens of micrometres to a few micrometres or even sub-micrometre levels,
their bending stiffness decreases substantially®”. This thickness scaling allows them to conform to curved
organ surfaces such as the cerebral cortex, retina, or peripheral nerves without pronounced wrinkling or
structural instability, while still preserving in-plane dimensional stability and pattern fidelity.

These polymers are highly compatible with established microelectronic fabrication processes and can
accommodate standard steps such as photolithography, metal interconnect patterning, and multilayer via
formation. As a result, they are widely used as structural substrates for microelectrocorticography (WLECoG)
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Figure 3. Representative material platforms for structural and encapsulation layers in organ-specific bioelectronics. (A) Representative
non-degradable substrate and encapsulation materials; (B) Parylene-C-based planarization and device integration for flexible
electronicst. Copyright © 2025, published by Springer Nature; (C) Parylene-C-based magnetic implant for wireless sensing®¢. Copyright
© 2024, the American Association for the Advancement of Science; (D) Representative elastomeric and stretchable structural materials;
(E) Stretchable bioelectronics with conductive hydrogels for low-impedance tissue interfacest**!. Copyright © 2024, the American
Association for the Advancement of Science; (F) Photo-patternable elastomeric substrates based on Ecoflex for stretchable
bioelectronics®. Copyright © 2023, published by Springer Nature; (G) Representative biodegradable and bioresorbable structural
materials. Created by the authors; (H) GelMA/CaA hollow microfiber assemblies as gelatin-derived biodegradable hydrogel
microsystemt4. Copyright © 2024, WILEY-VCH Verlag GmbH & Co. KGaA; (1) Silk fibroin-based ionic hydrogel fibers as biodegradable
structural and conductive materialst®®l. Copyright © 2024, published by Springer Nature. Pl: Polyimide; PEN: polyethylene naphthalate;
LCPs: liquid crystal polymers; OLED: organic light-emitting diode; PDMS: polydimethylsiloxane; PU: polyurethane; TPU: thermoplastic
polyurethane; UV: ultraviolet; PLA: polylactic acid; PLGA: poly(lactic-co-glycolic acid).

arrays, retinal prostheses, and cuff electrodes targeting the auditory and peripheral nerves. Ultrathin
parylene-C films can further serve as transferable and biocompatible carrier substrates because of their
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excellent conformability, low-temperature processability, and water resistance”®**. For example, Cho ef al.
developed a textile-integrated OLED platform in which a thin parylene-C film was first formed on a guide
glass and then transferred onto textile after thermal annealing, serving as a self-supporting planarization
layer that replicated the smooth glass surface while preserving textile flexibility. This strategy enabled stable
device fabrication and operation on rough, deformable textile substrates [Figure 3B]"*”). At the same time,
these materials provide good electrical insulation and moisture barrier performance, and can therefore serve
as the primary encapsulation layer of the device. For example, parylene-C deposited by chemical vapor
deposition can form dense, conformal, and nearly pinhole-free coatings with stable dielectric properties,
making it one of the most widely used insulating and encapsulation materials for implantable neural
electrodes and cardiac pacing leads [Figure 3C]"'. LCPs combine low water vapor transmission with the
ability to be thermoformed and laminated, making them suitable for constructing hybrid rigid-flex
encapsulation shells in intracranial or cochlear implants where higher mechanical robustness is required””.

Overall, non-degradable high-modulus films represented by Parylene-C, PI, PEN and LCPs remain the
predominant choice for organ interfaces that experience relatively small surface strain but demand high
spatial resolution and long-term electrical stability, such as the cerebral cortex, retina and peripheral
nerves”**). Looking ahead, future efforts are likely to focus on retaining the mature processability and
encapsulation reliability of these materials while introducing softer interlayers or biohybrid architectures to
improve tissue integration. For example, Shi et al. developed a biohybrid multilayer interface combining P1I,
Au, SU-8, and living hydrogel layers to improve tissue-level compliance and interfacial integration with soft
biological tissues'*'..

Elastomeric and stretchable platforms

For highly deformable organs and tissues such as the skin, heart, and diaphragm, which experience
substantial, multidirectional deformation during routine motion, an overly rigid structural layer can readily
lead to electrode delamination, interconnect failure, or localized tissue compression. To address this,
low-modulus elastomeric substrates based on polydimethylsiloxane (PDMS), Ecoflex, polyurethane
elastomers (PU) and thermoplastic polyurethane (TPU) have become widely used at high-deformation organ
interfaces [Figure 3D]'*?/. These materials combine flexible polymer backbones with relatively low
crosslinking density, allowing their Young’s modulus to be tuned into the 10°-10” Pa range, while sustaining
50%-200% tensile strain without plastic damage. Shin et al. reported a stretchable multichannel sensor array,
illustrating how mechanically compliant elastomeric substrates can be incorporated into bioelectronic
systems to enable stable impedance and pH mapping under both static and dynamic conditions [Figure
3E]™. This tissue-like mechanical compliance allows the device to conform and move with skin, cardiac, and
diaphragmatic tissues during vigorous motion, respiration, and heartbeat, thereby reducing stiffness
mismatch and improving interfacial stability.

With these substrates, geometric layout further determines the effective operating range and failure mode of
stretchable platforms under high strain. A widely adopted strategy is to confine rigid or semi-rigid functional
units to local low-strain zones and connect them to the surrounding elastomer via deformable interconnects.
Representative strategies also exploit interfacial engineering between conductive layers and elastomeric or
fibrous substrates. For example, conductive coatings can be stabilized through molecular locking,
pre-strain-induced wrinkling, and confined interpenetrating nanofiber networks, thereby maintaining
electrical continuity and mechanical compliance under repeated deformation**. Such strain-engineered
architectures enable graded dissipation of mechanical deformation around rigid functional components,
thereby maintaining electrical continuity and signal stability during repeated stretching and release. At the
material level, such interconnects are typically realized using metal thin films, metal meshes or embedded
liquid-metal channels, all encapsulated within PDMS, Ecoflex or PU matrices'**. By tailoring interconnect
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geometry, including interconnect length, linewidth, and radius of curvature, externally applied strain can be
redistributed into bending, twisting, and local rotation of the interconnects, thereby reducing strain
concentration in functional electrode and chip regions. This strain-isolation strategy helps preserve
interfacial contact, contact impedance, and signal amplitude during prolonged body motion or repeated
organ contraction***,

From the standpoint of encapsulation and interfacial stability, elastomeric platforms are usually realized as a
multilayer system, in which an elastic substrate is combined with an elastic encapsulation layer and tailored
surface modification. Kim et al. developed a photo-patternable Ecoflex encapsulation strategy that enables
process-compatible formation of patterned elastic encapsulation layers with multi-windows, thereby
improving strain dissipation, electrical stability, and selective multi-analyte sensing in intrinsically
stretchable wearable bioelectronics [Figure 3F]"*°\. The internal conductors and electrodes are first fully
embedded in PDMS, PU or TPU to provide electrical insulation and to reduce stress concentrations at
geometric discontinuities"**. For devices that are worn on the skin or exposed to sweat and body fluids, an
additional thin fluoropolymer overlayer, such as polytetrafluoroethylene (PTFE), can be applied to the outer
surface to reduce water and ion permeation while maintaining sufficient water vapor transmission®. For
devices adhering to the epicardium or diaphragm, the thickness and modulus of the encapsulation layer must
also be balanced against the frictional interaction with pericardium or pleura, so as to avoid excessive shear
during cardiac or respiratory cycles.

Biodegradable and bioresorbable structural layers

In many short-term or single-use implant applications, the ideal interface material should gradually degrade
and be resorbed in vivo once monitoring or therapy is complete, thereby avoiding secondary removal surgery
and reducing long-term foreign body reactions. With this goal in mind, protein-based materials such as silk
fibroin and gelatin, together with synthetic polyesters such as polylactic acid (PLA) and
poly(lactic-co-glycolic acid) (PLGA), have become representative systems for biodegradable structural layers
[Figure 3G]"**. Protein materials are degraded enzymatically through cleavage of amide bonds, whereas
polyesters undergo hydrolysis of ester bonds to generate lactic acid, glycolic acid and other small molecules
that subsequently enter normal metabolic pathways and are cleared™”. By pre-embedding such cleavable
chemical bonds in the polymer backbone, these materials can be programmed to gradually lose mechanical
integrity and disappear within a defined time window under the combined action of water and enzymes,
providing the chemical foundation for fully resorbable support and encapsulation layers'™®..

Accordingly, the central design challenge for biodegradable structural layers is to coordinate mechanical
support lifetime, electrical stability and degradation behaviour within an appropriate range". For PLA and
PLGA, effective support time can be extended from several weeks to several months by tuning crystallinity,
molecular weight and the copolymer ratio of lactic to glycolic acid"*’’. Higher crystallinity and molecular
weight slow water ingress and backbone scission, making them suitable for medium-term cardiac or neural
stimulators, whereas a higher glycolic acid content usually accelerates hydrolysis and is better suited to
postoperative short-term monitoring patches or temporary electrodes® ). Silk fibroin and gelatin can be
adjusted in an analogous way by varying p-sheet content, crosslinking density or integration with inorganic
fillers, allowing stiffness and degradation rate to be tuned while maintaining good cell compatibility'*’’.
Beyond conventional films and bulk scaffolds, biodegradable protein matrices can also be engineered into
hollow microfiber assemblies and organ-mimetic microsystems. For example, Tian et al. developed a
microfiber-assembled endocrine pancreas-on-a-chip based on microfluidically spun GelMA/CaA hollow
fibers, in which the biodegradable hollow microfibers were used to mimic vascular lumens and support
material transport, and were integrated with a 3D pancreatic islet culture layer for islet culture and functional
evaluation [Figure 3H]"**. Silk fibroin-based polymers can also be engineered into mechanically robust and
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ionically conductive fibers by incorporating ionic liquid components. Lu et al. reported a silk fibroin-based
ionic hydrogel fiber composed of silk fibroin, ionic liquid, and glycerol, which exhibited high strength, large
extensibility, and stable ionic conductivity, thereby enabling deformable conductive fibers for wearable
bioelectronic and human-machine interface applications [Figure 31]"*. In addition to structural substrates,
biodegradable matrices can also be integrated with transient sensing interfaces and soft conductive layers.
For example, agar- and hydrogel-based ionic interfaces combined with thin metal electrodes can provide
temporary skin-compatible sensing platforms with minimized long-term foreign-body burden after use!*.
Another approach integrates ultrathin bioresorbable inorganic oxides as transient insulating or
encapsulation layers and hydrolyzable conductive polymers as temporary charge-transport components,
enabling the required electrical functions to be maintained over a prescribed time frame before gradual
resorption!*®*”),

At the level of organ interfaces, biodegradable and bioresorbable structural layers are particularly attractive in
three types of scenarios. The first includes the heart and peripheral nerves in the postoperative or acute
phase, where temporary electrophysiological interventions such as transient pacing, vagus nerve modulation
or post-surgical rhythm monitoring are required. The second concerns wound beds, graft sites or
remodelling soft tissues, where staged mechanical and electrophysiological monitoring or local electrical
stimulation is needed during healing, but complete device disappearance is desired once tissue repair is
complete*®. The third involves patient groups for whom device retrieval is difficult or undesirable, such as
neonates or very elderly individuals with multiple comorbidities. Recent work has begun to introduce
dynamic crosslinks, inorganic fillers and multilayer gradient architectures into biodegradable frameworks,
more tightly coupling mechanical support, electrical stability and controlled resorption'®!. These strategies
aim to align the functional lifetime of the structural layer more precisely with organ healing timelines, while
reducing issues such as swelling during degradation, fragment migration and local irritation, thereby opening
broader materials and structural design space for single-use implants and resorbable physiological
monitoring systems.

Interfacial coatings for antifouling control

In real physiological environments, once a device surface is exposed to plasma, cerebrospinal fluid or
intestinal fluid, plasma proteins, inflammatory cells and microbes begin to adsorb and accumulate within a
very short time”. This rapidly triggers inflammatory reactions, thrombosis and fibrotic encapsulation,
which ultimately manifest as increased electrode impedance, reduced signal amplitude and, in severe cases,
complete device failure””?.. Consequently, beyond the structural and encapsulation layers, a thin outermost
interfacial coating that directly contacts body fluids and is engineered to resist protein adsorption, cell
adhesion and even bacterial colonization has become a critical element for achieving long-term stable
organ-device interfaces”.

One of the earliest systematically explored strategies is the construction of a hydrated, hydrophilic layer. A
representative approach is to graft or coat polyethylene glycol (PEG) or related hydrophilic polymers onto
the device surface so that, in aqueous environments, a dense, nanometre-scale hydration layer is formed” .
This hydrated shell introduces steric hindrance and a high energetic penalty for dehydration, thereby
suppressing the residence of proteins and cells at the interface”. Because PEG is susceptible to oxidation and
hydrolysis under long-term implantation conditions, recent work has increasingly shifted toward
zwitterionic polymer systems, such as coatings bearing sulfobetaine or carboxybetaine side chains"””. These
materials carry both positive and negative charges on the same side chain, enabling the formation of more
stable and tightly bound hydration shells. As a result, they exhibit more durable resistance to protein
adsorption and cell adhesion in complex media such as plasma and cerebrospinal fluid, and have been
applied to the surface modification of neural electrodes, vascular stents and catheters, where animal studies
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Table 1. Conductive materials for bioelectronic interfaces

Material Main conduction Representative values Biointerface relevance Ref.

Pristine PEDOT:PSS < 1S-cm™;

OMIECs Electronic + ionic hydrogels/composites up to 284,000 S-cm” Low-Z recording; OECTs [83-85]
Conductive hydrogels lonic/mixed lon-dependent; tunable by salts, polymers, fillers Wet coupling; soft electrodes [49,86]
Liquid metals Electronic ~10¢ S:‘m™ level Stretchable interconnects [87,88]
2D materials Electronic Material-dependent; high in-plane transport Thin electrodes; high surface area  [89,90]

OMIECs: Organic mixed ionic-electronic conductors; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); OECTs: organic
electrochemical transistors.

have shown reduced inflammation and attenuated glial scarring.

A second line of development draws inspiration from naturally “slippery” interfaces such as those of pitcher
plants, through the creation of slippery liquid-infused porous surfaces (SLIPS)"®. In these systems, a porous
fluoropolymer or micro/nano-rough substrate serves as a scaffold in which a thin layer of medical lubricant
is retained within pores or topographical features, forming a continuous, stable and self-healing liquid
interface that offers virtually no effective anchoring sites for bacteria, proteins or cells. Multiple animal
models have demonstrated that SLIPS coatings can markedly suppress bacterial biofilm formation and
fibrotic encapsulation, making them attractive for high-contamination-risk devices such as urinary catheters,
vascular implants and GI systems. Unlike hydrophilic coatings that rely primarily on chemical repulsion,
SLIPS function mainly through physical dewetting and re-spreading of the infused lubricant, allowing
damaged or abraded regions to recover their antifouling properties from the lubricant reservoir.

For brain, retinal and peripheral nerve electrodes, interfacial coatings must not only mitigate inflammation
and glial scar formation but also preserve low impedance and ionic transport”™. In intravascular or intestinal
settings, additional requirements include antithrombotic and antibacterial performance and compatibility
with fast-flowing fluids. Rationally matching these interfacial coatings with the non-degradable, elastic or
biodegradable structural-encapsulation systems discussed above offers a route to constructing integrated
interfaces that combine mechanical matching, chemical stability and biological tolerance across diverse
organ environments, thereby providing a robust foundation for the long-term reliable operation of
conductive layers and active electronic components'®'.

Conductive layers

Conductive layers form the functional core of bioelectronic devices, enabling the conversion and
transmission of electrical and ionic signals. Unlike the substrate layer, where a small number of materials can
fulfill mechanical support roles, the conductive layer encompasses a diverse family of materials with
fundamentally different conduction mechanisms and microstructures'®*?.. To capture this diversity and its
relevance to device design, this section is organized by material families: organic mixed ionic-electronic
conductors (OMIECs), conductive hydrogels, liquid metals, and two-dimensional nanomaterials.

In addition to differences in softness and processability, conductive biointerface materials differ substantially
in their quantitative transport properties. OMIECs and conductive polymer hydrogels rely on coupled ionic
and electronic transport, whereas liquid metals provide primarily electronic, metal-level conductivity and
ionic hydrogels mainly conduct through mobile ions"®. These differences determine interfacial impedance,
charge-injection capability, sensing bandwidth, and long-term stability at wet tissue interfaces. Therefore,
representative conductivity values and mixed-conduction characteristics of major conductive-layer materials
are summarized in Table 1.
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OMIECs

OMIEC:s are soft polymeric materials that transport both electronic and ionic charges while remaining
mechanically compatible with biological tissues'”"*?l. They are typically built from polymers with
n-conjugated backbones combined with hydrophilic side chains or polyelectrolyte components, giving
moduli in the MPa range, good bendability, and compatibility with solution processing®>**l. Unlike purely
electronic organic semiconductors, OMIECs undergo bulk doping in aqueous electrolytes so that charge is
stored throughout the material volume®. This volumetric electrochemical coupling is particularly relevant at
soft organ interfaces, where tissue impedance is dynamic and signal amplitudes are often small, requiring
stable, low-impedance charge exchange rather than purely interfacial capacitive coupling!.

Their mixed conduction can be viewed as the cooperation of electronic and ionic pathways within a single
network®!, Electrons or holes move along the n-conjugated backbone through locally ordered domains, with
conductivity governed by backbone structure and doping level®®°°). For representative
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)-based OMIECs, electronic
conductivity can range from below 1 S-cm™ in pristine or structurally disordered films to 10°-10* S-cm™ after
secondary doping, acid treatment, or structural optimization. Ions migrate within hydrophilic side chains or
polyelectrolyte phases and compensate the charges created on the backbone during oxidation or reduction.
Because this electron-ion compensation occurs throughout the bulk rather than at a confined interface,
OMIECs exhibit high volumetric capacitance, typically on the order of tens to hundreds of F/cm’ for
PEDOT-based systems, enabling high organic electrochemical transistor (OECT) transconductance at low
operating voltages as well as low-impedance, high-charge-injection electrode interfaces. Such characteristics
are advantageous in organ-specific bioelectronic chips that must operate under strict electrochemical safety
limits while maintaining efficient coupling to excitable tissues such as brain and myocardium. Recent work
has shown that the electrochemical doping rate in OMIECs strongly depends on film microstructure, film
morphology, and electrolyte environment, which in turn determine device response speed and operational
stability'”**. These kinetic factors are particularly important in neural and cardiac electrophysiology, where
millisecond-scale temporal resolution is required!®*.

Recent studies further underscore the importance of electrochemical kinetics in OMIEC-based organ
interfaces. Keene et al. showed that electrochemical doping in conjugated polymers can be hole-limited,
highlighting that OMIEC response speed depends not only on ion transport but also on electronic charge

100

propagation within the polymer phase*!. For organ-specific bioelectronic chips, such behavior directly links
material-level transport dynamics to system-level bandwidth and energy constraints. Beyond transport
kinetics, recent material-design strategies have further expanded the utility of OMIEC:s in soft biointerfaces.
Montazerian et al. showed that replacing conventional hydrophobic PSS dopants with hydrophilic
biomacromolecular AlgS dopants in PEDOT:AlgS improves aqueous dispersibility, molecular degradability,
and ionic integration with hydrogel matrices, thereby enabling injectable and 3D-printable OMIEC-based
bioelectronics [Figure 4A]"*'. Together, these findings shift the focus from purely material characterization
toward mechanism-informed optimization of kinetics, stability, and energy efficiency in physiological

environments.

Overall, OMIECs represent a commonly adopted conductive-layer strategy in organ-specific bioelectronic
chips, enabling low-impedance electrochemical coupling at wet, soft, and dynamically active tissue interfaces
under low operating voltages"*>'**. Their mixed ionic-electronic transport characteristics make them
particularly suitable for high-density neural interfaces in the brain and retina, as well as conformal sensing
and stimulation devices deployed on mechanically deformable tissues such as myocardium and intestinal
mucosa*.
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Figure 4. Representative material platforms for conductive and interfacial layers in organ-specific bioelectronics. (A)
Hydrophilic-dopant-engineered PEDOT systems for degradable hydrogel bioelectronicst®l. Copyright © 2025, published by Springer
Nature; (B) Supramolecular poly(ionic) networks enabling stretchable conductive hydrogelst?4. Copyright © 2024, the American
Association for the Advancement of Science; (C) Topology-optimized stretchable piezoelectric sensors enabled by direct-ink-written
liquid-metal circuits?8, Copyright © 2026, WILEY-VCH Verlag GmbH & Co. KGaA; (D) Biomimetic microstructure-enabled piezoionic
mechanoreceptors for ultrasensitive multimodal sensing and object recognitiont™°), Copyright © 2025, published by Springer Nature.
PEDOT: Poly(3,4-ethylenedioxythiophene); PSS: poly(styrenesulfonate); AMPS: 2-acrylamido-2-methyl-1-propanesulfonic acid; SPAPS:
3-sulfopropylacrylate potassium salt; DMAEA: [2-(methacryloyloxy) ethyl] trimethylammonium chloride; MAS:
[2-(methacryloyloxy)ethylldimethyl-(3-sulfopropyl)ammonium hydroxide; DIW: direct-ink-written; EGaln: eutectic gallium—indium; PZT:
porous lead zirconate titanate; PVA: polyvinyl alcohol; PDMS: polydimethylsiloxane; HM: hydrogel microneedles; ITO: indium tin oxide;
PET: polyethylene terephthalate.
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Conductive hydrogels

Conductive hydrogels are soft, water-rich polymer networks that are engineered to carry electrical signals
while remaining mechanically similar to biological tissues. They are typically formed by three-dimensional
crosslinking of natural or synthetic polymers such as polyacrylamide, alginate, or gelatin, which creates a
stable, highly hydrated network""**. By further introducing ionic or electronic conductive components into
this matrix, conductive hydrogels can preserve softness and tissue affinity and at the same time support
reliable electrical signal transmission**”),

Their electrical behavior is supported by two complementary mechanisms. First, the abundant water phase
inside the hydrogel provides pathways for mobile ions, giving rise to ionic conduction"**'*”), Second, adding
conductive elements such as metal nanowires, carbon nanotubes, graphene, or conducting polymers like
PEDOT:PSS allows the formation of continuous electronic or mixed ion-electron pathways within the
network!"'*""*). Depending on the conductive filler, polymer composition, and percolation structure,
conductive hydrogels can span several orders of magnitude in conductivity, from predominantly
ion-conducting networks with conductivities typically in the 107-10" S-cm™ range to electronically
conductive composite or conductive-polymer hydrogels with conductivities reaching 1-10* S:cm™ or
higher!"*. Dynamic crosslinks based on hydrogen bonding, metal-ligand coordination, or catechol chemistry
can break and reform during stretching, bending, or repeated loading. These reversible bonds help maintain
the integrity of the conductive pathways and endow the material with self-healing and network
reconfiguration"""”. Recent work has shown that supramolecular poly(ionic) networks can simultaneously
achieve ionic conductivities up to 0.1 S-cm™ and stretchabilities exceeding 1,500%, illustrating how dynamic
crosslinking can reconcile efficient ionic transport with tissue-like deformability in multilayer conductive
hydrogels [Figure 4B]®*. For example, metal-catechol coordination conductive hydrogels have been shown
to recover both mechanical strength and electrical continuity after physical fracture, highlighting the role of
dynamic bonding in sustaining cyclic stability!""®. Such dynamic bonding is particularly beneficial for organ
interfaces subjected to cyclic deformation, such as myocardium and diaphragm.

Recent advances continue to expand the functional scope of conductive hydrogels toward environments and
use-cases previously inaccessible to soft materials. One major direction focuses on improving environmental
robustness, as exemplified by Zhang et al., who introduced a “hydro-locking” strategy that stabilizes water
within double-network hydrogels, maintaining softness and conductivity from -115 to 143 °C for
extreme-condition sensing!**!. Although originally demonstrated for extreme-condition sensing, such
hydration-stabilization strategies may also improve long-term stability of implanted organ interfaces. A
complementary direction integrates energy-harvesting and therapeutic functions, demonstrated by Xin et al,
who developed a Fe*"/Fe’*-alginate thermogalvanic dressing capable of converting wound-site temperature
gradients into therapeutic electrical stimulation while enabling real-time monitoring"*. This multifunctional
integration hints at future organ-resident patches capable of simultaneous sensing and localized therapy.

Overall, conductive hydrogels integrate softness, high water content, adhesion and mixed ionic-electronic
transport, making them especially well-suited for electrochemical interfaces with the brain, heart and skeletal
muscle, where intimate, low-modulus contact to wet, excitable tissue is essential™*. As these materials evolve
toward printable, adaptive and biodegradable architectures, they are expected to form a core platform for the
next generation of implantable bioelectronics and soft robotic systems and to enable broader clinical and
engineering applications"*”.,

Liquid metals and soft metal composites

Liquid metals and their soft composites form a class of conductors that combine metal-level electrical
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conductivity with fluid- or rubber-like mechanics"*”. In a narrow sense, liquid metals refer to metals or

alloys that remain liquid near room temperature, most prominently gallium-based eutectic alloys such as
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eutectic gallium-indium (EGaln) and Galinstan!">*'**!, These alloys exhibit conductivities on the order of
10° S-m™ together with low vapour pressure, relatively low toxicity and good chemical stability, making them
attractive as soft yet highly conductive layers in deformable bioelectronic systems.

Their functional behavior is governed by the interplay between metallic bonding and interfacial mechanics.
Intrinsically, liquid metals are highly conductive fluids whose conductivity remains nearly unchanged under
large mechanical deformation, allowing stable signal transmission under strain"**. A nanometre-scale oxide
skin and high surface tension stabilise discrete droplets and filaments and allow damaged traces to self-heal
as the liquid flows and closes cracks. In soft metal composites, micron- or nanoscale droplets dispersed in
PDMS, PU or hydrogels remain electrically insulated at rest; under stretching, compression or shear, the
oxide shells rupture and neighbouring droplets fuse into percolating networks, producing stress-activated
conductivity and inherent strain sensitivity. These features are particularly beneficial at organ interfaces
subjected to continuous motion, such as skin, skeletal muscle and cardiovascular tissues, where conductive
layers must tolerate repeated deformation without loss of conductivity*”. For example, Zeng et al. showed
that direct-ink-written EGaln circuits can serve as highly stretchable electrodes in topology-optimized
piezoelectric sensors for anisotropic motion monitoring, illustrating how liquid-metal interconnects enable
precise patterning, stable conductivity under large deformation, and wearable bioelectronic integration
[Figure 4C]""**). Beyond serving as passive fillers, gallium-based droplets can also initiate free-radical
polymerisation and participate in crosslinking, as shown by Jaseem et al., who obtained tough, injectable and
self-healing conductive hydrogels suitable for injectable electrodes and soft encapsulation layers on skin or
muscle!”.

Building on these platforms, recent work has shifted from simply achieving conductivity and stretchability to
ensuring stable operation at complex biological interfaces. A notable example is a magnetically reshapable
three-dimensional liquid-metal multi-electrode array, in which EGaln-filled deformable microtubes are
folded into three-dimensional shapes under magnetic guidance and gently inserted into brain organoids for
multichannel, deep electrophysiological recording and stimulation, highlighting the plasticity and
compliance of liquid metals at three-dimensional brain and organoid interfaces"*. Such demonstrations
highlight the capacity of liquid metals to conform to soft, three-dimensional brain and heart while
maintaining metallic-level conductivity, a property difficult to achieve with conventional rigid
electrodes'*"*?,

However, liquid-metal conductors also present important fabrication and stability challenges. Their high
surface tension and fluidity make high-resolution and reproducible patterning difficult, while the
spontaneously formed gallium oxide skin can both stabilize traces and alter wettability, adhesion, and contact
resistance!"*!. Poor wetting on polymer substrates may cause line retraction or discontinuous patterns, and
leakage from microchannels or composite matrices under repeated deformation can compromise device
134

reliability"**. These issues become more pronounced in large-area or high-throughput fabrication, where ink

135

rheology, substrate adhesion, encapsulation, and droplet stabilization must be precisely controlled™*. Recent
patterning and stabilization strategies, including surface modification, microfluidic confinement, transfer
printing, direct ink writing, laser-assisted processing, and elastomer/hydrogel encapsulation, are therefore

important for translating liquid-metal conductors into reliable organ-specific bioelectronic interfaces!*.

Overall, liquid metals and their soft composites combine metal-like conductivity, rubber-like softness and
reconfigurable interfaces, providing a conductive-layer strategy centered on strain-invariant conductivity
and mechanical robustness in highly deformable biological systems"*”. Within organ-specific bioelectronic
chips, they are particularly suitable for interfaces that experience large or repetitive deformation, including
epidermal and muscular electromyography (EMG) systems, cardiovascular monitoring devices, and
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emerging three-dimensional neural or organoid interfaces!**'**!. As encapsulation strategies, droplet
stabilization methods, and biocompatible formulations continue to improve, liquid-metal-based conductors

140,141

are expected to expand from wearable platforms toward more demanding implantable organ interfaces'*'*!).

Two-dimensional nanomaterials

Two-dimensional conductors are atomically thin or few-layer materials in which charge carriers are largely
confined to in-plane transport"**'**. Representative systems include graphene and its derivatives, transition
metal dichalcogenides (TMDs) and MXenes"*. Compared with bulk conductors, these sheets offer very high
specific surface area, tunable band structures and excellent flexibility: monolayer graphene combines high
carrier mobility with nanometre-scale thickness, while MXenes provide hydrophilicity and easy dispersion
through surface -O/~-OH/-F terminations"*). These characteristics enable 2D materials to act as ultrathin
conductive layers that enhance interfacial conductivity and device density without significantly increasing
the bending stiffness of soft, organ-facing substrates.

Their interfacial behaviour is governed by sp*-conjugated carbon networks or transition-metal d orbitals
together with engineerable defects and surface groups!"****”.. Extended = or d bands support fast in-plane
electronic transport, whereas edge sites, vacancies and terminations can be chemically tuned to adjust carrier
density, Fermi level and charge-transfer kinetics. Reported conductivities vary widely depending on material
type, flake quality, oxidation state, and film assembly; graphene-based and MXene films can reach
conductivities from 10° to 10° S-m™ or higher in optimized films, whereas oxidized or defect-rich derivatives
show substantially lower values!*'**!. Unlike OMIECs, these materials do not usually exhibit bulk
ionic-electronic mixed conduction, but their surface groups and electrolyte-accessible interfaces facilitate
charge transfer and reduce electrode-tissue impedance!"*). For example, Ding et al. integrated MXene
nanosheets into a flexible multilayer sensing architecture composed of hydrogel microneedles, PET/ITO
films, and PDMS encapsulation, where the layered MXene morphology, stress-induced interlayer transport,
and non-faradaic interfacial coupling enabled deformable multimodal bioelectronic sensing [Figure 4D]"*..
When coated onto elastomers or hydrogels, 2D flakes form composite films that markedly reduce
electrode-tissue impedance and maintain stable conduction under repeated bending and stretching,
supporting long-term mechanical compatibility at dynamic tissue interfaces"**'*".

Beyond conductive 2D sheets, emerging two-dimensional polymers provide a distinct materials strategy for
ultrathin encapsulation. For example, Ritt et al. showed that the molecularly impermeable 2D polyaramid
2DPA-1 can be processed into nanometre-thin, electrically insulating barrier films with exceptionally low gas
permeability. A 60-nm 2DPA-1 coating markedly retarded MAPbI3 degradation by suppressing O, and
water-vapour permeation, highlighting the promise of such ultrathin 2D polymer membranes for conformal
encapsulation"*?. This combination of conductive 2D layers with atomically thin barrier films offers a
strategy for simultaneously improving electrical performance and protecting organ-resident devices from
biofluid infiltration and molecular diffusion"*".

Overall, two-dimensional conductors combine atomic-scale thickness, high conductivity and tunable
interfacial chemistry, providing a conductive-layer strategy centred on high spatial resolution, minimal
mechanical footprint and chemically programmable interfaces""**'**\. In the brain and retina they can
function as transparent, low-impedance electrodes and protective layers for high-fidelity recording and
stimulation, whereas on the heart, skeletal muscle and intestinal mucosa, 2D conductor-elastomer or
-hydrogel coatings can enhance electrical coupling and stability while minimally perturbing tissue
mechanics"*. Within organ-specific bioelectronic chips, 2D materials are particularly advantageous when
high-density electrode integration and minimal structural intrusion are required, such as in retinal
prostheses, cortical microarrays and conformal visceral patches"””.
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Table 2. Application-specific material requirements for bioelectronic modalities

Modality  Mechanical Interfacial Material Benchmark Devices Ref.

Low impedance; stable wet

Recording Conformal Low-Z OMIECs; hydrogels .
coupling

ECG/EEG/ECoG [86,161]

High charge injection;

Stimulation ~ Durable High-CIC PEDOT,; Pt/Ir . Stimulator [162-164]
electrochemical safety
Biosensing Wet-operable Selective Enzymes; aptamers  Analyte permeability; antifouling  Sweat/ISF [20,49,165,166]
Pressure Stretchable Low hysteresis Elastomers; LMs SHt;gk:lE:lt(;formaany; cycling E-skin [134,167,168]
Temperature Conformal Thermally stable Thin films Stable thermal response Patch [169]
. . Controlled Hydrogels; Reservoir stability; biofluid
Delivery Compliant transport jontronics compatibility Pump/patch (170,713

OMIECs: Organic mixed ionic-electronic conductors; ECG: electrocardiography; EEG: electroencephalography; ECoG: electrocorticography; CIC:
charge injection capacity; PEDOT: poly(3,4-ethylenedioxythiophene); ISF: interstitial fluid; LMs: liquid metals.

Beyond mechanical and electrical matching, biocompatibility is a central design consideration in
organ-specific bioelectronics"**"*\. This issue extends beyond acute cytotoxicity to include skin compatibility,
foreign-body and immune responses, inflammatory remodeling, and long-term safety during chronic use!*..
These concerns depend strongly on the target organ, implantation mode, exposure duration, and local
biochemical environment. Therefore, material selection should be evaluated not only by conductivity and
mechanics, but also by the biological responses expected in each tissue context.

In addition to organ-specific constraints, bioelectronic materials must also be selected according to the
intended modality. Recording, stimulation, biosensing, pressure sensing, temperature sensing, and delivery
each impose distinct requirements for contact, impedance, charge injection, selectivity, stability, and
transport. These modality-specific considerations are summarized in Table 2.

FABRICATION STRATEGIES FOR ORGAN-SPECIFIC BIOELECTRONICS

Developing appropriate fabrication strategies for organ-specific electrode interfaces is critical, as the
fabrication process directly determines interfacial properties such as biocompatibility, stability, and
functional performance'’?). Because living systems are highly sensitive to their microenvironment,
bioelectronic interfaces should be designed and constructed to closely mimic the native physiological milieu
of the target tissue. To ensure long-term stable operation, electrodes must achieve robust integration and
conformal contact with the organ surface"”. To enable efficient communication between bioelectronic
devices and biological tissues, the fabrication method should allow precise control over interfacial structural
features, including size, geometry, and spatial distribution. The manufacturing strategies should support
high-resolution patterning, large-area fabrication, and 3D curved-surface structuring, while maintaining
conformal contact with soft tissues”*"7\. In this part, we discuss key design considerations for constructing
tissue-electrode interfaces by using stretchable conductive materials and summarize recent advances in
several representative fabrication techniques.

High-resolution patterning

Organ-targeted bioelectronic interfaces commonly require micrometer-scale resolution and high-density
electrode arrays to match fine anatomical structures and to support localized stimulation and recording at
high spatial resolution"””. In particular, closely spaced microelectrode grids can serve as epidermal EMG
arrays capable of resolving subtle body movements with an interelectrode spacing below 500 um, enabling
discrimination of fine motor units and complex activation patterns'’. At the organ surface, similar spatial

precision is essential for mapping heterogeneous electrophysiological activity, targeting small functional
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units, and implementing multiplex sensing and stimulation. In this setting, high-resolution patterning is not
only a question of achieving dense layouts, but also of defining sharp, well-controlled micro- and
nanostructures on mechanically soft, curved, and often transient substrates that must operate stably in

179

aqueous biological environments"”!. Meeting these requirements requires re-engineering conventional
microelectronics processes, originally developed for rigid wafers, into hybrid fabrication workflows in which

high-resolution patterning is decoupled from the final organ-matched mechanical support.

A common approach is to first pattern microscale structures on rigid donor wafers and then transfer them

[179

onto soft substrates such as elastomers, hydrogels, or bioresorbable polymers'"””. Standard complementary
metal-oxide-semiconductor (CMOS)-compatible photolithography, e-beam lithography, and dry/wet
etching are used to define metal interconnects, semiconductor membranes, and sensing elements at
micrometer to sub-micrometer scales'****". These ultrathin “islands” are then arranged into stretchable
layouts and transferred onto compliant substrates by deterministic transfer printing or stamping!*?l.
Researchers have clarified the key materials and mechanics design principles needed to realize such devices,
enabling stretchable circuits that retain the electrical performance of conventional silicon while matching the
deformations of organs"®!. High-resolution transfer printing also allows light-emitting diodes (LEDs),
OECTs, and micro-integrated circuits (micro-ICs), and various sensors to be integrated into conformal

epicardial membranes, neural meshes, or epidermal patches without loss of lithographic precision.

Photolithographic microfabrication

Photolithography is a widely used microfabrication technique that provides excellent spatial resolution by
using patterned light to transfer features onto thin-film substrates""*. It is commonly applied to define metal
electrodes and interconnects on polymeric substrates such as PI or SU-8, yielding flexible microelectrode
arrays"*>"*). This strategy has been used to fabricate high-density arrays for neural probes, retinal implants,
and other interfaces, with feature sizes on the order of single cells and finely controlled electrode spacing,
allowing highly localized interaction with biological tissues*”). A key limitation, however, is that
conventional photolithography is largely restricted to planar, wafer-based processes; additional steps such as
transfer printing or lamination are often required to integrate these micro-patterned structures onto
organ-mimicking 3D surfaces.

Direct photopatterning offers a complementary route in which functional materials are structured in situ on
a substrate without separate photoresist processing and etching [Figure 5A]"*!. In this approach,
light-sensitive formulations, such as photopolymerizable hydrogels containing conductive fillers or
photo-crosslinkable conductive polymers, which are exposed through a mask or projected pattern to define
the desired microstructures"*. This method allows conductive pathways, electrode sites, or microelectrode
arrays to be “written” directly into soft, biocompatible matrices with high precision. For organ-specific
bioelectronics, direct photopatterning is particularly attractive because it can produce very soft, tissue-like
electrode architectures that conform to brain, cardiac, or other organ surfaces while minimizing mechanical
mismatch, thereby improving the stability and fidelity of the tissue-electrode interface.

Laser writing

Laser writing (or laser engraving) employs focused laser beams to locally ablate, modify, or convert materials,
thereby defining conductive tracks or electrode patterns without the need for masks. It is an inherently
maskless and programmable technique that lends itself well to rapid prototyping of complex layouts. A
widely studied example is laser-induced graphene (LIG), in which irradiation of polymeric or
biomass-derived films converts the surface into a porous, conductive graphene network that can serve as a
flexible electrode!"**!. This direct-write process can achieve microscale features and can be readily
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reconfigured at the design stage, which is advantageous for organ-specific devices that require iterative
optimization or patient-specific tailoring [Figure 5B]"'\. Moreover, laser writing can be performed on thin
films that are later laminated onto curved tissues, or directly on preformed substrates intended to conform to
skin or organ surfaces!"?. In this way, it helps bridge the gap between high-resolution patterning and
practical fabrication of conformal bioelectronic interfaces.

Inkjet-based printing

Inkjet printing is a digital, additive method where conductive or functional inks are deposited in tiny
droplets to form patterns. Modern inkjet systems can produce microscale features, offering fairly high
printing resolution for flexible circuits. This technique allows custom electrode layouts to be printed on
demand, accommodating organ-specific geometries by simply adjusting the digital design. Because it is a
non-contact process, inkjet printing can pattern delicate substrates without damage, making it suitable for
creating fine electrode arrays on soft, tissue-like materials [Figure 5C]""*°\. Its capability to deposit multiple
ink materials also enables integration of sensors or stimulators tailored to organ needs. For example, printing
biocompatible conductive inks for cardiac or neural patches.

Large-area fabrication

Electrospinning

Electrospinning produces nonwoven mats of micro- or nanofibers by ejecting a polymer solution (often
containing conductive nanomaterials) under a high-voltage field. The collected fiber mesh can cover large
areas and serves as an inherently porous, flexible substrate or conductor network. Electrospinning is a
low-cost, high-throughput technique that can be scaled up for mass production"**. The resulting fibrous
networks have high surface area and can be made from biocompatible polymers, making them well-suited
for interfaces with tissues and organs [Figure 5D]"**. In organ-specific bioelectronics, electrospun scaffolds
can function as soft electrodes or supporting matrices that conform over an organ’s surface. For example, a
cardiac patch with electrospun conductive fibers that wrap around the heart [Figure sE]"**. Because the fiber
diameter and mesh architecture can be tuned, this method allows optimization of mechanical properties
(matching the compliance of an organ) while covering the target area uniformly with conductive pathways.
Moreover, electrospun electronics often remain breathable and permeable, an advantage for long-term tissue
integration.

Cut-and-pattern assembly

“Cut-and-paste” fabrication is a paper-crafting-inspired approach where electronic patterns are first cut out
of thin conductive films or foils and then transferred onto target substrates®*". In practice, this often uses a
desktop vinyl cutter or laser cutter to outline circuits from metal-coated polymer sheets (such as gold on
polymer). The patterned pieces (or the negative stencil) are then pasted onto surfaces like medical tape, skin
patches, or organ models. This method bypasses the complexities of photolithography, achieving circuit
feature sizes on the order of ~100 um with simple equipment. It is highly suitable for large-area flexible
electronics because it is not constrained by wafer size, allowing meter-long flexible circuits to be fabricated
using roll-to-roll feedstocks'"*>'”). In organ-specific device fabrication, cut-and-paste approaches have been
used to rapidly prototype epidermal sensors and electronic tattoos that conform to the skin, as demonstrated
in epidermal electronic systems (EES) and related wearable devices!"*®. The same concept can also be
extended to creating custom-shaped electronics for organs, such as cutting sensor meshes that match the
geometry of heart or brain surfaces"*". The main advantages of this approach are speed and low cost,
although the achievable resolution is lower than that of photolithographic methods. In addition, this
technique can be integrated with other large-area fabrication strategies, for instance by using a cut stencil to
spray-coat or print conductive inks in subsequent steps, thereby combining pattern definition with large-area
surface coverage.
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Solution-based thin film coating

Chemical solution deposition involves coating a substrate with functional material from a liquid phase over a
large area”. Techniques in this class include spin coating, dip coating, blade coating (also known as doctor
blading), and similar solution-based film deposition methods. They enable uniform, thin films of conductive
or active materials (polymers, nanoparticle inks, etc.) to be laid down over device areas far larger than typical
wafers. For instance, one can spin-coat a conductive polymer across an entire flexible sheet, or dip-coat a 3D
object to blanket it with a conformal conductive layer. These processes are simple, rapid, and cost-effective,
often requiring only basic lab equipment. In organ-bioelectronics, solution deposition can be used to create
continuous electrodes or sensing skins that cover whole organ surfaces (like a “electronic membrane” for an
organ). While the coatings themselves are unpatterned, they can be combined with shadow masks or
post-deposition patterning (laser ablation, selective etching) to define electrode regions. An example
application is coating a balloon catheter or a neural probe with an even layer of conductive polymer to
improve electrical interface over its entire surface area.

3D conformal fabrication

Fabricating bioelectronics for three-dimensional curved surfaces such as the epicardium of the heart or
spherical organoids presents unique challenges™. The strategies discussed in this subsection aim to create
devices that not only cover large areas but also conform closely to non-flat geometries””. Methods including
direct three-dimensional printing, embedded printing, spray coating, and conformal molding enable the
integration of electronic components with complex three-dimensional structures. These approaches ensure
that sensors and electrodes maintain intimate contact with target tissues across curved surfaces and during
dynamic movements, which is essential for achieving stable and reliable bioelectronic performance in
vivo?. Accordingly, emphasis is placed on achieving mechanical conformability and three-dimensional
architecture during the device fabrication process.

3D printing

3D printing (additive manufacturing) provides a direct route to build 3D device architectures that follow
organ geometry. For organ-specific bioelectronics, this enables anatomically contoured implants, or
electrode lattices whose overall shape and local electrode placement are defined in a single fabrication
sequence. High-resolution methods such as two-photon polymerization (2PP) are particularly relevant
because they produce sub-micrometer features and truly 3D structures on top of planar microelectronics. In
a recent example, 2PP was used to print polymer microelectrode templates directly onto a CMOS array,
followed by conformal metal coating, patterning, and passivation to yield 6,600 tissue-penetrating
microelectrodes at 35 um pitch, with independently tunable height and tip geometry”***.. These pillar
electrodes penetrate the retina and place the recording sites within the retinal ganglion cell layer while
avoiding the axon bundle layer, enabling high-density, large-area recordings with reduced axonal
interference. This type of “direct-print” 3D electrode strategy shows that additive manufacturing can separate
the design of tissue-interfacing microstructures from the underlying electronics [Figure 6 A]"**". It enables
organ-matched curvature, depth targeting, and heterogeneous electrode shapes within a single array. These
capabilities are difficult to achieve with planar lithography alone. For instance, researchers have printed
flexible electronics in a dome shape to fit a cardiac ventricle™). In this work, a scaled anatomical heart model
is used as a 3D template for device construction. The electronic components are fabricated as serpentine
metal meshes by conventional planar processing, but the overall 3D geometry and mechanical properties are
set by a soft elastomeric membrane cast onto the 3D-printed heart model. After demolding, the
electronics-integrated membrane can conformally wrap the entire epicardial surface, forming a stable
bioelectronic interface with the heart. Beyond ex situ fabrication, recent advances have begun to extend
additive manufacturing directly into living tissues. For example, Wei Gao and colleagues recently
demonstrated in vivo ultrasound printing, where acoustic fields are used to localize and polymerize bioinks
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within deep tissues, enabling the formation of functional structures directly inside the body"™*\. This
approach represents a paradigm shift from pre-fabricated implants toward minimally invasive, in situ
fabrication of bioelectronic components, potentially allowing device formation in anatomically constrained
or otherwise inaccessible regions [Figure 6B]. By choosing biocompatible, soft materials (e.g., stretchable inks
or polymer composites), printed electronics can combine precise micro-patterning with bulk 3D shapes””.
In this way, 3D printing directly contributes to organ-interfacing devices by co-defining both device
geometry and microstructure, reducing the need to bend or mechanically deform flat electronics to fit
complex organ topographies™®.

Spray coating
Spray coating (or spray printing) atomizes a solution or dispersion of functional materials into fine droplets
and deposits them onto a target surface. Because the spray can wrap around edges and recessed regions, this
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method is well suited for coating substrates with irregular or curved geometries. In soft bioelectronics, spray
processes are commonly used to form thin, percolating films of conductive nanomaterials [e.g., silver
nanowires (AgNWs), graphene, carbon nanotubes] or polymer blends over large areas in a single step, while
allowing control over thickness and sheet resistance through the number of passes and ink concentration.
The technique is fast and can produce ultra-thin, uniform layers across the entire target, from convex domes
to concave wells"”'?. Xu et al. exemplified this strategy by spray printing AgNWs onto multiscale porous
styrene-ethylene-butylene-styrene (SEBS) elastomer substrates to construct on-skin electronic devices with
integrated passive-cooling capability”"". The porous SEBS provided strong mechanical interlocking and n-n
interactions with the AgN'Ws, allowing the sprayed networks to adhere firmly to the sponge-like surface
while preserving high breathability and low thermal resistance. In this way, a single spray-coating step
defined conductive traces and electrodes across complex, gas-permeable elastomer sheets, enabling
multifunctional e-skin devices for electrophysiological sensing, temperature monitoring, and Joule heating
without resorting to multi-step lithography. For organ-specific bioelectronics, spray coating can be applied to
preformed 3D supports such as balloon catheters or molded elastomer shells®'?. A conformal conductive or
sensing layer can be deposited on the entire surface or in selected regions through patterned masks, while the
underlying porous or compliant substrate sets the mechanical properties and curvature!*>***. Because spray
processes are compatible with many polymers, hydrogels, and elastomers and are already mature in
industrial settings®'*). They provide a practical route to scalable, conformal coatings for implantable or
on-organ devices that must match complex anatomy yet remain thin, breathable, and mechanically
compliant®®?,

Conformal molding

Conformal molding refers to fabrication schemes in which electronic structures are formed or transferred
while already constrained by a 3D target geometry. Instead of fabricating devices only on flat wafers and later
forcing them to bend, the substrate or stamp is shaped to match the desired curvature, and micropatterns are
created or printed in this state. For example, Choi et al. fabricated electrodes, interconnects, and LEDs on
thin elastomeric films and then thermoformed the patterned circuits onto curved 3D molds, enabling
conformal electronic systems on complex curvilinear surfaces [Figure 6C]*'*). Alternative approaches use
compliant stamps bearing micro- and nanopatterns (for example, PDMS or other elastomers); under heat
and pressure, these stamps conform to spherical or highly curved surfaces and imprint conductive features
directly onto them"*. In all cases, the goal is to obtain intimate, continuous contact over the full 3D surface,
which is essential for stable electrical coupling and reduction of local stress concentrations at the
tissue-device interface.

Conformal additive stamp (CAS) printing provides a representative example of this concept applied with
wafer-level precision. In CAS printing, ultrathin devices or “inks” are first fabricated on planar donor wafers
using standard microfabrication, then retrieved by a pneumatically inflated elastomeric balloon and printed
onto non-developable 3D substrates such as hemispherical shells and contact-lens molds. The balloon stamp
deforms to match complex curvilinear surfaces while keeping the strain in brittle silicon elements below
fracture limits, enabling high-yield transfer of photodetector arrays, antennas, hemispherical solar cells, and
multifunctional smart contact lenses"”’**"”). For organ-specific bioelectronics, similar conformal molding
strategies allow sensor grids and electrode meshes to be fabricated in pre-curved forms that match the
epicardium, ocular globe, or visceral organs®®*?'**'*/. Once released from the mold, these meshes “hug” the
organ with minimal additional fixation and can be combined with stretchable designs to accommodate
physiological motion while maintaining the imposed 3D shape.
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Table 3. Organ- and application-specific requirements for bioelectronics

Organ Modulus Strain Readout Devices Ref.
Brain/surface 0.1-10 kPa Micromotion EEG/LFP ECoG/patch [85,219]
Brain/penetrating 0.1-10 kPa Micromotion Spikes/LFP Probe [162,220]
Heart 8-15kPa 20%-60% ECG/EGM Patch/mesh [202,221-223]
Gut 0.1-3 MPa 50%-100% EGG/pH Patch/capsule [170,224-226]
Skin/epidermis 0.4-20 MPa 20%-30% ECG/EMG Patch/tattoo [86,167,227]

EEG: Electroencephalography; LFP: local field potential; ECoG: electrocorticography; ECG: electrocardiography; EGM: electrogram; EGG:
electrogastrogram; EMG: epidermal and muscular electromyography.

APPLICATIONS OF ORGAN-SPECIFIC BIOELECTRONICS

The emerging landscape of bioelectronics is shifting from generic implantable or wearable devices toward
organ-specific architectures engineered to match tissue stiffness, curvature, biochemical milieu, motility, and
signal characteristics. Such precision interfacing is expected to improve long-term stability, reduce
foreign-body responses, and enhance the fidelity of sensing or stimulation. Here, we highlight representative
strategies for the brain, GI tract, skin, and visceral organs, including the heart, liver, kidney, and lung, with
emphasis on how organ-level constraints guide material selection, device mechanics, and system-level
design.

To clarify these design constraints, Table 3 summarizes representative mechanical environments,
deformation modes, readouts, and device formats across major soft-tissue interfaces. Because interface
requirements vary with application mode, device configuration, and tissue-contact depth, organ-specific
bioelectronics should be viewed as a coupled design problem rather than a fixed organ-by-organ material
selection.

Bioelectronics for the brain

The brain is among the most demanding application areas for organ-specific bioelectronics. Neural
interfaces must accommodate extremely soft tissue that is mechanically fragile and highly immunoreactive,
while detecting low-amplitude electrical signals with long-term stability. Traditional silicon or metaxl
electrodes have a modulus order of magnitude higher than brain tissue, so even micromotion of the brain
leads to micro-injury, glial scar formation, and progressive signal loss. Thus, organ-specific neural
bioelectronics focus on minimizing mechanical and biochemical perturbation, essentially designing the
interface as a tissue-like, long-lived “electronic scaffold” rather than a rigid probe. This means building
electrodes and wires that more closely match the brain’s softness, curvature, and microstructure to achieve in
vivo “stealth”. For example, the device becomes mechanically and structurally invisible to the host tissue over
time.

To achieve this, mesh and injectable electronics employ sub-micrometer-thick, microporous architectures
that can be delivered through fine needles and then unfold within neural tissue, reaching bending stiffness
comparable to brain and allowing cellular infiltration with greatly reduced chronic inflammation and gliosis.
Zhou et al. showed that syringe-injectable mesh electronics can integrate seamlessly with brain tissue while
eliciting minimal chronic immune response, thereby enabling stable long-term neural interfacing®*. In
follow-up studies, researchers showed that such ultra-flexible mesh probes produce virtually no gliosis even
months after implantation. Neurons and neurofilaments grow through the mesh structure by 12 weeks
post-implantation, and the distribution of astrocytes and microglia becomes nearly uniform at the
probe-tissue interface. This seamless tissue integration allowed stable neural recordings over three months
with negligible signal loss. These findings highlight that making implants as soft and open as the brain is a
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viable route to chronic biocompatibility and signal stability. Researchers are complementing this approach
with ultrathin inorganic conductors and soft packaging: for example, thin gold nanomembranes in
serpentine (fractal) layouts, liquid-metal interconnects, and conductive polymer hydrogels have been used to
create electrodes and wires that deform readily with brain movement. Such designs drastically lower the
effective stiffness of the device and reduce interfacial stress, further mitigating foreign-body response.

Another organ-specific innovation for brain interfaces is the use of organic electronic materials that can
directly amplify neural signals on-site in the aqueous, ion-rich environment of the brain. Traditional metal
electrodes pick up microvolt-level local field potentials that then must be amplified by distant circuitry,
which limits SNR. OECTSs, made from mixed ionic—electronic conductors like PEDOT:PSS, have been
developed as flexible, biocompatible amplifying electrodes. OECT's operate at low voltages and use ions from
the tissue to modulate their conductivity, effectively acting as local amplifiers at the tissue interface. Polymer
OECT-based electrode arrays on ultrathin plastic films can record brain activity with much higher SNR than
conventional electrodes, due to the transistors’ built-in amplification®®”). In vivo tests of these transistor
arrays on the cortical surface showed they could detect low-amplitude neural oscillations and even
epileptiform spikes that were previously indiscernible with passive electrodes. Such OECT-based brain
interfaces have been used for electrocorticography with excellent signal quality, and they represent a
promising route to multiplexed neural sensors that record both electrical and neurochemical signals from the
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cortex!

The convergence of these organ-matched innovations is yielding a new generation of neural interfaces that
can potentially operate stably for years. In the coming years, such networks of organ-specific bioelectronic
devices could enable closed-loop neuromodulation therapies and high-bandwidth brain-computer interfaces
that remain reliable over the patient’s lifetime. However, translating these experimental systems into clinical
practice will require overcoming several key challenges. Scalable manufacturing and deployment of
micro-scale, polymeric devices must be achieved to cover large brain areas or thousands of channels. Soft
packaging is an unsolved problem, which can protect electronics from corrosion by body fluids, typically
requires rigid, glass-like encapsulants, so new strategies (e.g., thin-film coatings) are needed to robustly seal
circuits while preserving elasticity®*'. Fully wireless operation is another challenge: integrating onboard
power sources or developing safe wireless power and data links is crucial for untethered implants'*”. Despite
these challenges, the progress in brain-specific bioelectronics demonstrates a clear path forward: by
engineering devices to physically and functionally blend into the brain’s own environment, we can improve
the longevity and fidelity of neural interfaces, unlocking new capabilities in neuroscience research and
clinical neuromodulation.

Beyond the mechanically matched mesh electrodes and OECT arrays discussed above, recent work has also
introduced biologically assisted routes for delivering soft electronic devices into the brain. Sheng et al.
reported an implantation approach during early brain development: ultra-soft mesh electronics were
laminated onto the embryonic neural plate and subsequently carried inward as the plate folded and
expanded into the three-dimensional brain'***). Liang et al. developed a silk-enabled conformal
intraventricular interface that can self-unfold and conformally adhere to periventricular brain structures,
enabling minimally invasive and chronically stable neural recordings [Figure 7A]"***. These “developmentally
integrated” implants enabled long-term recording of neural activity from single cells to populations, while
markedly reducing gliosis and scar formation, indicating a relatively gentle and durable structural and
functional integration with the host tissue during brain formation. Building on this concept, Yadav et al.
used immune cells as carriers: subcellular wireless stimulators were covalently attached to circulating
monocytes, which then trafficked to inflamed brain regions via endogenous immune surveillance
pathways®*. Following intravenous injection, the resulting cell-electronics hybrids provided targeted,
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neuromodulationt!, Copyright © 2025, published by Springer Nature; (C) Magnetically guided neural-interfacing probe for steerable
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stable long-term recording under dynamic in vivo conditionst?7. Copyright © 2024, WILEY-VCH Verlag GmbH & Co. KGaA; (E)
Multifunctional microelectronic fibers for multimodal brain interfacing and wireless neural modulation'?®., Copyright © 2023, published by
Springer Nature. dMEA: Deformable microelectrode array; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); OSC:
organic semiconductor; FND: fiber neural device; dLGN: dorsal lateral geniculate nucleus.

wirelessly addressable focal neuromodulation without craniotomy or conventional leads [Figure 7B]. Taken
together, these “development-driven” and “cell-driven” implantation modes illustrate an important direction
in which soft neural interfaces are deployed by leveraging intrinsic biological processes, with the goal of
reducing surgical trauma and improving long-term stability of the brain-device interface.

In parallel with these advances in implantation, the physical form of neural interfaces is evolving from locally
fixed probes toward fiber-like systems whose position can be adjusted in vivo. Kim and colleagues embedded
magnetic nanoparticles into ultra-flexible conductors to create magnetically responsive probes that can be
steered by external fields, enabling centimetre-scale navigation in tissue and near single-cell positioning for
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high-resolution electrophysiology [Figure 7C]**. Tang et al. reported an axon-like soft-fiber bioelectronic
device that enables reliable in vivo neural recording even under vigorous activities; the representative
visual-stimulation experiment further demonstrated stable recording of light-evoked neural activity from the
dLGN [Figure 7D]®*"l. Further extending this concept, Sahasrabudhe et al. developed multifunctional
microelectronic fibers that enable wireless modulation of both gut and brain neural circuits, highlighting the
potential of soft fiber-based bioelectronics for multimodal interfacing across distributed organ systems
[Figure 7E]**®. Collectively, these guided and reconfigurable high-density soft fibres indicate that future soft
brain interfaces are trending toward devices that not only match organ mechanics and materials, but also
offer dynamic spatial adjustability to track and modulate neural circuits as they evolve over time.

Bioelectronics for the Gl tract

The GI tract’s continuous peristaltic motion and harsh chemistry (stomach acid, enzymes) presents a unique
challenge for bioelectronic devices. Any implant or ingestible in the GI system must combine robust
mechanical compliance with corrosion-resistant encapsulation to survive acidic gastric fluids. At the same
time, these devices should not interfere with normal GI motility or cause obstruction. Researchers are
therefore developing organ-specific GI bioelectronics that can function reliably in this extreme milieu while
remaining biocompatible with the digestive system’s motions and secretions.

One representative approach uses ingestible hydrogel systems that swell into soft, stomach-conforming
spheres, enabling weeks-long gastric residence for continuous sensing (e.g., core temperature) while avoiding
premature expulsion or mucosal irritation seen with rigid capsules; these devices can be actively deswelled on
demand for safe retrieval®). More broadly, recent ingestible platforms combine miniaturized electronics,
wireless links, and advanced materials to realize gastric- or intestinal-resident devices: star- or cage-like
geometries, tough hydrogels, and elastomeric arms unfold post-swallow to resist pyloric passage yet
disassemble on cue for clearance!*°?#), In parallel, micro-bio-electronic capsules integrate engineered
bacteria with low-power electronics for in situ detection of GI bleeding and inflammatory biomarkers**!. To
protect such complex devices through the GI tract, researchers are exploring specialized encapsulation
materials. These include biodegradable polymers like silk fibroin and PLGA, as well as pH-responsive enteric
coatings and hydrogel coatings that remain intact in stomach acid but dissolve or become permeable in the
intestines, thereby releasing drugs or exposing sensor surfaces only at the desired GI location***. A growing
body of work from Traverso, Langer and colleagues has outlined design principles for these ingestible
systems, emphasizing that devices must balance mechanical durability (to withstand gastric contractions),
triggerable disassembly or transit, and careful biocompatibility with GI physiology to avoid irritation!. In
essence, the materials and designs are tuned to match the GI environment. In parallel, researchers are
innovating ways to power GI devices without batteries, harnessing the body’s own chemical energy.
Battery-free and biochemically powered capsules have been demonstrated that harvest energy from intestinal
fluids using onboard biofuel cells. A recent ingestible sensor capsule used a glucose-fueled biofuel cell to
generate power from sugars in the small intestine, allowing it to continuously monitor gut glucose levels and
transmit data via a wireless (magnetic) telemetry link®**. All in a pill-sized form factor with no internal
battery. By exploiting biofuel or even mechanical energy from gut peristalsis, these designs eliminate the
need for bulky batteries and toxic battery materials, making the capsules smaller and safer for long-term use.
Such self-powered capsules have successfully performed real-time chemical sensing in animal models,
proving the feasibility of sustained metabolite monitoring using only the energy available inside the GI tract.

These innovations accelerate gut-specific bioelectronics that are now capable of comprehensive, real-time
monitoring and intervention. Swallowable devices have been built to map a wide range of GI parameters:
they can measure local pH, temperature, pressure, gas composition, and even sense biomarkers of infection
or inflammation in different sections of the gut. Despite the rapid progress, significant challenges remain
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before GI bioelectronics can be broadly deployed. A key challenge is ensuring that devices can maintain
secure adhesion or positioning at a target site under the constantly moving, contracting conditions of the gut.
Even for devices designed to stick to the mucosal wall, the GI tract’s continual peristalsis and mucus turnover
can make long-term attachment difficult. Recent work on bioadhesive hydrogel interfaces is tackling this by
improving electrode-tissue contact in the stomach, but robust retention over weeks is still an open
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problem®. Another challenge is engineering encapsulation and coatings that can withstand months of
corrosive attack by gastric acid and enzymes. By surmounting these challenges, GI bioelectronics will be
poised to revolutionize how we monitor and treat diseases of the digestive tract, offering a future of smart

pills that can diagnose, report, and respond from within our own bodies.

The first is chronically resident platforms for large-area physiological mapping. Kong et al. used 3D-printed
gastric-resident frameworks with deployable arms to keep electronics in the stomach for weeks, addressing
the long-standing problem that conventional capsules are cleared within hours and cannot follow slow
disease dynamics [Figure 8A]”*?. Building on this concept, Boys et al. developed implantable bioelectronic
platforms for in vivo gut electrophysiology, demonstrating stable recording of GI electrical activity in mice,
rats, and pigs, thereby highlighting the translational potential of chronic bioelectronic interfaces for the
digestive tract [Figure 8B]"*. Gopalakrishnan et al. reported a wireless smart capsule that integrates pH and
oxidation-reduction potential sensing to profile inflammatory status throughout the GI tract, providing a
promising strategy for in situ monitoring of reactive oxygen species (ROS)-related gut inflammation and
inflammatory bowel disease [Figure 8C]"**". Taken together, these studies show that resident geometries, soft
ribbons and tissue-matched implants can convert the GI tract from a transient passage into a site for stable,
organ-scale physiological monitoring.

The second emerging direction is self-powered, multimodal biochemical profiling. De la Paz et al.
demonstrated an ingestible capsule in which a glucose-fuelled biofuel cell harvests energy from luminal
sugars in the small intestine to power onboard electronics, allowing continuous wireless monitoring of
intestinal glucose without a conventional battery [Figure 8D]"***/. Building on earlier bacteria-electronics
capsules for detecting GI bleeding, Inda-Webb et al. recently reported a sub-1.4 cm® device that integrates
genetically engineered probiotic biosensors with a custom photodetector and readout chip, allowing in situ
detection of highly labile inflammatory mediators such as nitric oxide and hydrogen sulfide directly inside
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the gut”*. By combining biochemical energy harvesting with high-density sensing, these devices directly
tackle two bottlenecks of earlier capsules - short energy budget and single-analyte readout - and point toward
GI systems that can profile metabolites, inflammatory mediators and therapeutic drugs over long time scales.
Together with advances in adhesive interfaces and corrosion-resistant encapsulation, these two classes of
technologies outline a realistic path toward future GI bioelectronics that not only survive the harsh digestive
environment, but also provide continuous, organ-specific information to guide the management of motility

disorders, inflammatory bowel disease and metabolic syndromes.

Bioelectronics for the epidermis

As alarge, accessible and regenerating organ, skin offers a convenient interface for non-invasive
bioelectronics but imposes requirements distinct from internal tissues. The epidermis is continuously
renewed and subjected to multiaxial stretching, shear, perspiration and environmental exposure; contact is
often intermittent and user controlled. Effective skin-mounted devices must therefore be ultrathin,
compliant, breathable and hypoallergenic, forming intimate yet reversible contact without occlusion or
irritation, while maintaining stable impedance during daily activities'®. As highlighted in Bao’s recent review
on skin-inspired bioelectronic materials and systems, effective epidermal devices must therefore combine
ultralow bending stiffness, conformal yet gentle adhesion, gas and moisture permeability, and stable electrical
performance under daily wear, while using materials that are safe for long-term contact with human skin.
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Springer Nature. PEDOT:PSS: Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); BOD: bilirubin oxidase; ABTS:
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In epidermal bioelectronics, skin bioimpedance can serve as a physiological readout, while skin-electrode
interfacial impedance provides a practical indicator of device-skin coupling quality. Elevated interfacial
impedance can reduce signal fidelity and increase susceptibility to motion artifacts during long-term
wearable monitoring”®*). Therefore, soft, conformal, and hydrated contact layers are widely used to enhance
skin coupling and lower contact impedance®). Beyond electrophysiological recording, impedance-based
measurements can also provide information on skin hydration, tissue condition, and barrier-state changes,
making them useful for monitoring both epidermal physiology and device-skin interface stability"**").

Pioneering EES by Kim et al. matched thickness, modulus, and bending stiffness of ultrathin serpentine
metal circuits laminated on elastomer substrates to that of human skin, creating “mechanically invisible”
devices that adhere via van der Waals forces alone'*'l. Subsequent developments include tattoo-like
electronics that can be transferred as temporary decals, large-area “electronic skin” matrices using organic
semiconductors and nanomaterials for distributed pressure and temperature sensing, and conductive
hydrogel or ionic patches that provide low-impedance, soft contacts for biopotential recording and
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neuromodulation™?. Porous elastomers, microperforated films, nanofiber meshes, and Janus structures have
been introduced to enhance breathability and moisture management, while new supramolecular and
bioadhesive chemistries enable strong yet painless removal, tailored for sensitive skin and long-term wear.

Rogers and Kim’s group first demonstrated EES in which ultrathin serpentine metal interconnects on
elastomer substrates were engineered to match the thickness, modulus and bending stiffness of the stratum
corneum, creating “mechanically invisible” patches that adhere via van der Waals forces alone and deliver
high-quality electrocardiography (ECG), EMG and electroencephalography (EEG) recordings. Building on
this mechanical-matching concept, Du et al. recently developed a self-compliant ionic nanomesh: a highly
porous network of elastic polymer nanofibres infiltrated with ionic conductors that laminates on skin with
almost no normal stress [Figure 9A]"***). The nanomesh architecture is intrinsically gas-permeable and
mechanically unconstraining, enabling stable electrophysiological recordings during sweating and motion
while greatly reducing occlusion-induced irritation over multi-day wear. Together, these studies show how
matching not only modulus but also normal stress and breathability is key to organ-specific epidermal
interfaces.

To improve robustness under everyday mechanical damage, Son and colleagues realized reconfigurable
assemblies of self-healing stretchable transistors and circuits”**. Their platform uses self-healing polymer
dielectrics and elastomeric conductors to form transistor “islands” connected by self-healable interconnects;
after cutting and rejoining, both mechanical integrity and circuit functions such as inverters and ring
oscillators recover with minimal performance loss. In parallel, Lee et al. reported a rapidly self-healing
electronic skin in which a disulfide-bonded TPU matrix and printed conductive networks allow the device to
restore over 80% of its mechanical strength and conductivity within seconds at room temperature after being
fully severed [Figure 9B]®!. Integrated with low-power wireless electronics and on-patch machine-learning
algorithms, this e-skin can continuously monitor motion and classify levels of muscular fatigue in real time.
These examples illustrate how molecularly engineered self-healing polymers can extend device lifetime and
support intelligent, long-term epidermal monitoring.

Bao’s group has advanced skin-like active biosensors based on stretchable organic electronics to address
signal drift and long-term stability. In their recent work on drift-free biosensors with stretchable
diode-connected organic field-effect transistors (OFETs), they constructed diode-connected OTFT pixels on
pre-strained elastomer substrates and integrated them with microfluidic sweat collectors and a soft
wireless'”*. The diode configuration suppresses threshold-voltage drift and baseline fluctuations, enabling
accurate, drift-free monitoring of sweat analytes such as glucose and cortisol during motion and temperature
changes. Complementary efforts from the same group and others have shown that such stretchable OFET
arrays can be reconfigured and combined with self-healing conductors, pointing toward adaptive epidermal
circuits that maintain calibrated biochemical sensing over extended periods.

Skin-specific bioelectronics now underpin continuous ECG/EMG/EEG monitoring, motion and posture
tracking, sweat-based biochemical sensing (electrolytes, metabolites and hormones) and transcutaneous
stimulation for pain management, rehabilitation and cosmetic therapies. Beyond conventional biopotential
sensing, impedance-based bioelectronic approaches have been explored for neuromuscular perception and
human-machine interaction, including soft contact sensing via impedance imaging and muscle-driven joint
torque estimation through voltage-torque mapping®”?**. Recent work further demonstrates integrated
impedance-based sensing platforms for enhanced neuromuscular perception in human-machine
interfaces'?*?’. The field is converging toward multimodal patches that combine mechanical,
electrophysiological and biochemical sensing with on-board processing and low-power wireless links,
enabling “zero-burden” long-term monitoring in daily life. Looking ahead, integrating these mechanically
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invisible, gas-permeable, self-healing and drift-free device concepts with sustainable substrates, secure data
architectures and haptic or AR/VR interfaces will further position epidermal bioelectronics as organ-specific
platforms at the intersection of healthcare, human-machine interaction and soft robotics.

Bioelectronics for other visceral organs

Among visceral organs, the heart represents one of the most prominent examples where organ-specific
bioelectronics have achieved substantial progress. The heart’s constant rhythmic beating (~1 Hz) and
complex three-dimensional curvature create a challenging environment for conventional rigid implants such
as metallic leads and canister pacemakers, which often introduce severe mechanical mismatch and require
invasive fixation. To address these limitations, Xu et al. developed three-dimensional multifunctional
integumentary membranes, thin silicone epicardial membranes conformally wrapped around the entire heart
and integrated with stretchable arrays of electrodes, temperature and strain sensors, and stimulators™..
These devices provide high-density mapping of electrical activity and mechanical deformation across the
entire epicardial surface while accommodating large stroke-volume changes without delamination. Earlier
electronic web architectures further demonstrated that serpentine metal interconnects embedded in
elastomers can conform to highly curved cardiac geometries and tolerate large biaxial strains during
beating*?. Such systems enable simultaneous electrical mapping and pacing over large ventricular areas
while maintaining stable contact with the epicardium.

Building on these epicardial platforms, soft electronics have also been integrated with interventional
catheters. Recent catheter-mounted electronic arrays unfold at the catheter tip to form soft, conformal sensor
patches that provide real-time multimodal feedback during procedures such as radiofrequency ablation and
irreversible electroporation®!. These systems enable co-registered measurements of temperature, contact
pressure, and intracardiac electrograms at the tissue-catheter interface, illustrating how cardiac
bioelectronics are evolving from point-like rigid electrodes toward organ-matched, high-coverage sensing
and stimulation systems.

Beyond the heart, similar organ-specific strategies are being extended to other visceral organs. The kidney,
for example, does not experience large rhythmic contractions but resides deep within the body and is subject
to slow perfusion variations and motion associated with respiration. Recent studies have demonstrated that
soft implantable bioelectronic interfaces can be laminated onto transplanted kidneys to continuously
monitor local biophysical signatures associated with early graft rejection"**. Such systems can potentially
provide early warning signals of transplant rejection before conventional serum biomarkers rise. For
instance, Madhvapathy et al. developed an ultrathin stretchable bioelectronic patch that is inserted beneath
the renal capsule and wirelessly monitors local temperature and thermal conductivity as indicators of
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inflammatory activity in rat kidney transplants®*'’. Continuous measurements revealed characteristic
temperature variations associated with early rejection, enabling detection weeks before traditional
biomarkers such as serum creatinine and BUN changed, while producing minimal foreign-body response at

the organ surface [Figure 9C].

In addition to device architecture, interfacial surface properties play a critical role in determining the host
response to visceral implants. Studies on soft-tissue implants have shown that surface topography can
strongly influence immune cell recruitment and fibrotic encapsulation. Micro- and macro-textured surfaces,
for example, can elicit distinct immune responses compared with smooth interfaces, suggesting that
micron-scale topographical design may provide an additional strategy for mitigating fibrosis around
long-term visceral bioelectronics™.
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Overall, bioelectronics for visceral organs highlight the importance of secure yet minimally invasive
interfaces with wet, highly deformable tissues. Strategies under active development include bioadhesive
hydrogel coatings that anchor devices to organ surfaces without sutures, wirelessly powered architectures
that eliminate transcutaneous leads, and biodegradable electronics that function temporarily before safely
dissolving. The convergence of cardiac epicardial electronics, kidney-specific monitoring systems, and
therapeutic nanofluidic patches suggests that organ-tailored electronic platforms capable of sensing and
intervention across internal organs are becoming increasingly feasible, opening new possibilities for
proactive management of conditions such as arrhythmias, organ failure, and transplant rejection.

CONCLUSION AND OUTLOOK

Organ-specific bioelectronics is redefining soft bioelectronic interfacing from a largely generic flexible-device
strategy toward a tissue-adapted design paradigm”*. As highlighted throughout this review, recent advances
in conductive and interfacial materials, structural and encapsulation platforms, and organ-matched
fabrication strategies have greatly expanded the capability of bioelectronic systems to establish stable,
conformal, and functionally integrated interfaces with soft tissues*”’. Across neural, GI, epidermal, and
visceral-organ applications, these studies collectively show that high-performance biointerfacing depends not
simply on making electronics softer, but on co-optimizing materials, structures, and device functions
according to the distinct mechanical, biochemical, and immunological environments of individual organs™®.

Despite this rapid progress, the field still faces a fundamental knowledge gap in understanding what truly
governs long-term device-tissue integration in different organs'*". Soft and stretchable mechanics alone do
not guarantee stable chronic performance. Instead, electrical reliability and biological acceptance are jointly
shaped by interfacial hydration, ion transport, encapsulation integrity, local immune activity, fibrotic
remodeling, and organ-specific modes of deformation***". These factors vary substantially across tissues
such as the brain, skin, gut, heart, and kidney, making it difficult to define universal material-selection or
interface-design rules'™’. As a result, the long-term interpretation of device performance, failure, and
biological response remains incomplete, and more predictive frameworks that connect material properties
with organ-specific in vivo behavior are still needed.

Beyond this biological complexity, major engineering challenges remain in translating promising material
systems into robust organ-resident devices. In addition to passive monitoring, organ-specific bioelectronics
are expected to evolve toward closed-loop systems that integrate real-time sensing, signal processing, and
adaptive therapeutic modulation. Electrophysiological, chemical, mechanical, or thermal signals from the
target organ could be used to guide feedback-controlled interventions, including electrical stimulation, drug
or ion delivery, thermal regulation, and neuromodulation. Such closed-loop systems are particularly
important for dynamic organs such as the brain, heart, gut, and skin, where pathological states evolve over
time and require organ-adapted therapeutic responses.

Biocompatibility is another critical consideration for organ-specific bioelectronics, because material safety is
strongly dependent on both the intrinsic chemistry of the material and the target tissue environment!******/,
For epidermal systems, skin compatibility involves not only low cytotoxicity, but also breathability,
irritation-free adhesion, sweat tolerance, and avoidance of allergic or inflammatory reactions during
long-term wear”). For implantable interfaces, the major concerns shift toward chronic immune activation,
fibrotic encapsulation, degradation products, ion or nanoparticle release, and long-term stability in wet and
enzymatically active environments”**. Different material systems therefore require different safety
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considerations: conductive polymers and OMIECs require evaluation of dopants, additives, and
electrochemical by-products; hydrogels require control over residual monomers, crosslinkers, swelling, and
degradation behavior; liquid metals and metal composites require stable encapsulation to prevent leakage or
metal ion exposure; and 2D materials require careful assessment of flake size, oxidation state, persistence,
and inflammatory potential***”°.. Soft conductors, conductive hydrogels, OMIECs, liquid-metal composites,
and ultrathin encapsulation layers offer attractive combinations of compliance and electrical performance,
but their long-term behavior under wet, ion-rich, enzymatic, and mechanically dynamic conditions is still
not fully understood””"*?). Repeated bending, stretching, swelling, delamination, biofluid infiltration, and
material fatigue can progressively degrade adhesion, impedance stability, and signal fidelity"®*. At the same
time, many high-performance organ-conformal devices still depend on low-throughput or highly
customized fabrication workflows, which complicates reproducibility, scaling, and integration with clinically
relevant device formats”””. Thus, improving long-term stability while preserving manufacturability remains a
central engineering challenge for the field.

At the system level, organ-specific bioelectronics is expected to evolve from passive sensing interfaces toward
multifunctional and closed-loop platforms. Future systems will likely integrate multimodal sensing, localized
stimulation or delivery, low-power signal conditioning, wireless communication, and adaptive data analysis
within unified soft architectures. In this context, materials innovation will continue to play a central role,
including self-healing conductors and encapsulants, biodegradable and transient structural materials,
adhesive and repair-supportive interfaces, and biohybrid or living components that improve chronic tissue
integration'*>?”7?”*), In parallel, advances in wireless power transfer, miniaturized electronics, and Al-assisted
interpretation of organ-level signals may enable more autonomous bioelectronic systems capable of not only

49]

monitoring disease progression, but also actively modulating tissue function in real time'

Ultimately, the transition of organ-specific bioelectronics from compelling laboratory demonstrations to
widespread biomedical use will depend on scalable manufacturing, rigorous long-term validation, and clear
demonstration of clinical utility [Figure 10]"". This includes reproducible large-area and high-resolution
fabrication, sterilization-compatible packaging, reliable implantation or resorption strategies, and systematic
evaluation in chronic animal models and human-relevant settings”>**!. Just as importantly, future progress
will require closer integration among materials scientists, device engineers, biologists, and clinicians so that
organ-specific platforms are designed not only for mechanical conformity and electrical performance, but
also for compatibility with real surgical workflows and therapeutic needs. With such advances, organ-specific
bioelectronics is well positioned to become a foundational technology for precision monitoring, localized
intervention, and next-generation bioelectronic medicine.
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