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Abstract

Biodegradable bioelectronic systems require materials that can mechanically integrate with
soft tissues while minimizing long-term invasiveness. Conventional electronic materials,
owing to their high stiffness, often cause mechanical mismatch with biological tissues,
leading to chronic inflammation and tissue damage. To address these challenges,
biodegradable conductive materials based on organic and polymeric systems have
emerged as promising candidates for transient, biofriendly electronics. This review
provides a comprehensive overview of recent advances in biodegradable conductive
systems, including conductive polymers, conductive composite pastes, and organic mixed
ionic—electronic conductors (OMIECs). The discussion covers material design strategies
that simultaneously address electrical performance, mechanical compliance, and
degradability in both partially and fully degradable systems. Particular attention is given to
the relationships among degradation behavior, microstructure, and device stability, which
play critical roles in determining functional lifetime. The scope further extends to key
bioelectronic applications, including bioelectrical stimulation, drug delivery, sensing, and
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neuromorphic systems, demonstrating the versatility of these materials across diverse platforms. Emphasis is placed
on providing an integrated perspective for the design of next-generation transient bioelectronic systems based on
biodegradable organic conductors.

INTRODUCTION

Bioelectronic systems increasingly require materials that minimize mechanical mismatch and long-term
invasiveness in biological environments?. Conventional electronic materials often exhibit elastic moduli in
the range of tens to hundreds of GPa, which are substantially higher than those of biological tissues (kPa to
MPa)"*. Such a mechanical mismatch can induce chronic inflammation, mechanical instability, and tissue
damage during long-term implantation**). Organic and polymer-based conductors offer a promising
alternative due to their intrinsic mechanical softness and tissue-like mechanical properties. Their flexibility
enables conformal contact with biological tissues, thereby reducing mechanical mismatch and minimizing
inflammatory responses'”). These characteristics align with the broader concept of biofriendly electronic
systems that aim to improve long-term biocompatibility and reduce device-induced tissue damage. Beyond
mechanical compatibility, concerns regarding the long-term retention of materials in the body have further
motivated the development of transient electronic systems'®’\. Biodegradable materials that degrade and
resorb after functional operation eliminate the need for secondary surgical removal and reduce long-term
burden of implanted devices. In this context, transient organic-based conductors provide a compelling
material platform that combines mechanical softness, biocompatibility, and controlled biodegradability,
thereby enabling minimally invasive, biofriendly electronic systems [Figure 1].

Organic electronic materials, typically based on polymeric conductors, inherently offer mechanical
compliance, low-temperature processability, and high compatibility with diverse form factors, enabling
conformal interfaces with soft biological tissues™. These properties facilitate minimally invasive integration
and stable operation under mechanical deformation""'?. At the same time, transient functionality enables
controlled degradation after use, thereby reducing long-term material retention and eliminating the need for
surgical removal. This capability is particularly advantageous for temporary therapeutic, diagnostic, and
monitoring applications, where device operation is required only for a limited period. In this regard, organic
transient electronic materials provide a unified strategy for the development of biofriendly electronic
systems, supporting both short-term functionality and safe end-of-life behavior.

Early studies on polymer-based biodegradable conductors focused primarily on conductive polymers, in
which charge transport occurs via delocalized n-electrons along conjugated backbones'***). From the
perspective of degradation behavior, these materials can be broadly classified into partially degradable and
fully degradable systems, as illustrated in Figure 2. For partially degradable conjugated polymer systems,
representative strategies include blending with biodegradable polymers**’), copolymerization with
degradable segments”**!), and grafting conjugated chains onto biodegradable backbones . In these cases,
degradation mainly occurs in the biodegradable components, while the conjugated backbone remains
relatively persistent, making complete degradation difficult. In contrast, fully degradable conjugated polymer
systems aim to eliminate residual structures by cleaving the conjugated backbone through mechanisms such
as ingestion-triggered degradation, enzymatic reactions, and acid-catalyzed hydrolysis. For example,

9] macrophage-mediated phagocytosis induced by conjugated

metabolic degradation by superworms
oligomers®, and the introduction of acid-cleavable linkages”' have been reported. However, these
approaches have limitations, including insufficient degradation under physiological conditions and reduced

electrical conductivity due to shorter conjugated chain lengths introduced to enhance degradability"*.
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Figure 1. Overview of solution-processed organic soft conductors. Created in BioRender [Bio-Interfaced Electronics, L. (2026) https://BioR
ender.com/blrd9op].
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Figure 2. Classification and biodegradation mechanisms of polymer-based conductors, including conductive composite pastes,
biodegradable conductive polymers, and OMIECs. Created in BioRender [Bio-Interfaced Electronics, L. (2026) https://BioRender.com/128
cgys]. OMIECs: Organic mixed ionic—electronic conductors.


https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/b1rd9op
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys
https://BioRender.com/l28cgys

Page 4 of 31 Choi et al. Soft Sci. 2026, 6, 51

These limitations highlight that introducing biodegradability into conductive polymers inevitably disrupts
charge-transport pathways and n-conjugation, leading to a trade-off between electrical performance and
degradability. Therefore, rational material design should focus on preserving continuous conduction
networks and maintaining conductive segment length. In addition, degradable moieties should be selectively
engineered to ensure compatibility with physiological degradation conditions. To address these limitations,
conductive composite pastes have been proposed as an alternative material platform. As illustrated in Figure
2, these systems consist of biodegradable conductive inorganic fillers dispersed within a biodegradable
polymer matrix, where percolation networks formed by interparticle contacts establish continuous
conductive pathways***. The degradation mechanism involves corrosion or dissolution of conductive fillers
together with hydrolysis of the polymer matrix, leading to the breakdown of the percolation network and
eventual loss of conductivity. Nevertheless, this strategy enables high electrical conductivity while
simultaneously achieving overall biodegradability"*”. However, introducing biodegradability into conductive
composite pastes often leads to premature degradation of percolation networks in aqueous environments.
This results in a rapid loss of electrical conductivity that is decoupled from bulk material degradation.
Therefore, rational design should focus on stabilizing interparticle contacts and preserving network integrity
through interface engineering, controlled filler dispersion, and protective encapsulation to ensure reliable
device operation within the intended functional lifetime.

Recent advances have increasingly focused on expanding functionalities, including logic operations, active
device integration, and compatibility with biological ionic signals, driving the rapid development of organic
mixed ionic-electronic conductors (OMIECs)"". OMIECs combine electronic conduction in conjugated
polymers with ionic conduction, enabling the simultaneous transport of ions and electrons”. This coupled
ion-electron transport allows dynamic modulation of conductivity in electrolyte environments, high signal
amplification at low operating voltages, and direct interaction with biological ionic signals, thereby making
OMIECs particularly suitable for neural interfacing and biosensing applications”. From the perspective of
biodegradability, OMIECs can be classified into partially and fully degradable systems. Partially degradable
OMIEC:s are typically designed by incorporating biodegradable ionic conductors, resulting in the selective
hydrolysis of the ionic conducting components while the conjugated backbone remains intact®”*.
Furthermore, strategies to achieve fully biodegradable systems are being explored, including the introduction
of hydrolytically cleavable segments into the conjugated backbone and the utilization of enzymatic or
metabolic degradation pathways®*>*l. Although complete biodegradation to monomeric species is often
pursued, such degradation typically requires accelerated acidic conditions"*>*’, and the potential toxicity of
n-conjugated monomers must also be considered. Moreover, because biodegradability and material reliability
are often in a trade-oftf relationship, the development of biodegradable OMIECs requires not only degradable
backbone chemistry but also careful structural design to balance stability, degradation behavior, and
biocompatibility.

Despite these advances, existing review articles have largely focused on individual material systems or
specific application domains, lacking a unified perspective across different classes of organic conductors. In
particular, the fundamental relationships among electrical performance, mechanical compliance, and
biodegradability have not been systematically addressed, and emerging materials such as OMIECs remain
underexplored in this context. Therefore, a comprehensive framework that integrates intrinsically
conducting polymers, conductive composites, and OMIECs is still needed to guide the rational design of
biodegradable organic conductors. Here, we first discuss conductive polymers, focusing on molecular design
strategies that introduce hydrolyzable functional groups into conjugated backbones or side chains, and
examine how these modifications govern degradation pathways and correlate with charge transport
properties. We then examine conductive polymer composites, in which the interactions between
biodegradable matrices and conductive fillers, along with structural disintegration behavior, determine
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Table 1. Characteristic properties of conductive polymers

Materials Conductivity (S/cm) Modulus (MPa)
PPy 2-1001 ~55(50]

PANI 0.01-1¢4

Polythiophene 1-1,0001

PDA ~0.001t1 12,0005
Melanin ~0.00153

PPy: Polypyrrole; PANI: polyaniline; PDA: polydopamine.

Table 2. Advantages, limitations, and applications of biodegradable conductive polymers according to synthesis strategies

Advantage Limitation Applicability
. .. N Tunable conductivity Phase separation . .
Blending (in-situ polymerization) Simple synthesis Percolation threshold Physical and chemical sensor

Limited charge transport efficiency
Synthetic complexity Biomedical application
Limited design flexibility

Main-chain copolymer Varllou's degradation strategies
Intrinsic system
Partial degradation Physical sensor

Grafting copolymer Balanced properties tunability Complex synthesis Biomedical application

mechanical stability and the retention of conductive pathways during degradation. Finally, we discuss
OMIEC systems, highlighting how ionic—electronic coupled transport and the degradation behavior of both
ionic conductors and conjugated polymers influence electrochemical performance and operational stability.
We further discuss how the intrinsic material characteristics of these conductors are translated into a wide
range of device components, from passive elements such as interconnects and electrodes to active devices
including transistors and neuromorphic systems, as well as how they are ultimately utilized in biointerface
systems.

BIODEGRADABLE CONDUCTIVE POLYMERS FOR SOFT ELECTRONICS

Biodegradable conductive polymers balance electrical conductivity with mechanical compliance and
controlled degradation, presenting a central materials challenge in transient soft electronics. Conductive
polymers are inherently attractive due to their electronic functionality, biocompatibility, and chemical
tunability'”. High conductivity arises from extended n-conjugation, strong intermolecular interactions, and
structural ordering. However, these features often lead to increased stiffness and brittleness'** [Table 1]. In
contrast, improving mechanical flexibility and biodegradability typically requires the introduction of flexible
segments or labile linkages, which can disrupt conjugation pathways and reduce electrical performance”.
This trade-off constrains their implementation in biointegrated and transient systems that require soft
mechanical properties and predictable degradation profiles®.

To overcome these limitations, various material design strategies have been developed to introduce
degradability without compromising the integrity of the charge-transport network [Table 2]. These strategies
can be broadly categorized into two types based on their degradation behavior'*”". The first is a partially
degradable system, in which the conductive polymer backbone remains intact even after the surrounding
biodegradable matrix has decomposed. The second is a fully degradable strategy designed to break down the
entire conductive system into environmentally or biologically benign substances. This classification reflects
the fundamental trade-off between electrical performance and degradability and provides a useful framework
for understanding current material design approaches.
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Table 3. Degradation kinetics of individual biodegradable polymer matrices

Dissolution conditions

Materials Degradation rate [wt.% day']
Type pH Temperature [°C]

Starch Natural seawater - - 20551

CS Soil - - 15-25061

Chitin Lysozyme (in PBS) 7.4 37 40-7017
Natural polymer

Collagen PBS 7.4 20 0.16-1.4458

PHB Lipase (in PBS) 7.4 37 0.0615%

CNF Soil 57,81 - 2.0-2.3160

PGS PBS 7.4 37 0.3614
Synthetic PGA DI water - 40-50 0.3-1.611
polymer PEA Proteinase K in Tris-HCI buffer 7.4 37 7.224

Polyphosphazene PBS, borate buffer 74,7 37 0.08-1.841%

CS: Chitosan; PBS: phosphate-buffered saline; PHB: poly(3-hydroxybutyrate); CNF: cellulose nanofiber; PGS: poly(glycerol sebacate); PGA:
poly(glycolic acid); DI: deionized; PEA: poly(ester amide).

Partially degradable conductive polymer systems

In this section, we first examine the partially degradable systems predominantly used in current
implementations, followed by a review of emerging strategies toward fully degradable conducting polymers.
Furthermore, we discuss the applications of each system in electronics and the remaining challenges in the
field. Initial strategies for partially degradable systems focused on blending conductive polymers with
biodegradable matrices to impart mechanical softness and biological compatibility""?) [Table 3]. Natural
polymers such as chitosan (CS) and its derivatives have been widely used for this purpose due to their
intrinsic biocompatibility and flexibility®***?. However, the inherent incompatibility between hydrophobic
conductive polymers and hydrophilic biodegradable matrices often leads to phase separation, weak
interfacial adhesion, and disrupted charge-transport pathways'*”. As a result, high loading fractions of
conductive components are typically required to establish continuous conductive pathways, which
suppresses degradation and compromises mechanical integrity*>*). For example, polypyrrole (PPy) blended
with biodegradable matrices such as poly(glycerol sebacate) (PGS)/collagen requires high conductive content
to achieve measurable conductivity, highlighting the trade-off between electrical performance and
degradability in physically blended systems'**.

In situ polymerization within biodegradable templates provides a more effective route to improve interfacial
compatibility and maintain conductive pathways!"®'*” [Figure 3A]. In this approach, conductive monomers
such as aniline", pyrrole", and 3,4-ethylenedioxythiophene (EDOT)"* are polymerized directly within a
polymer matrix, forming interpenetrating networks with improved dispersion and structural integrity!”.
This strategy enables the simultaneous enhancement of mechanical and electrical properties.

Figure 3B demonstrates the synthesis of nanocellulose-templated polyaniline (PANTI), which produces
elastomeric composites with a mechanical strength of ~10 MPa, stretchability exceeding 500%, and
conductivity in the range of ~10 S-cm™. These results demonstrate that bio-templated architectures can
mitigate phase separation while preserving conductive pathways, although precise control over the
microstructure remains essential for reproducible performance!”.

Block copolymerization offers a more controlled strategy by integrating conductive and biodegradable
segments within a single macromolecular architecture” [Figure 3C]. Synthetic biodegradable polymers such
as polycaprolactone (PCL)"”" and polylactic acid (PLA)"” are commonly employed to ensure structural
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Figure 3. Various synthesis strategies for tailoring the properties of partially biodegradable conductive polymers. (A) Blending strategy
involving the in situ polymerization of conductive polymers within biodegradable polymer matrices, featuring biodegradable backbones and
in situ—formed conductive segments through intermolecular interactions; (B) Schematic illustration of the formation of CNF-PANI polymer
blends via in situ polymerization. Reprinted with permission from Ref.’". Copyright 2019, Elsevier; (C) Main-chain copolymer strategy, in
which degradable and conductive segments are incorporated into a single backbone in a repeating manner; (D) Chemical structures of the
biodegradable PCL segment, the conductive PPy polymer, and the resulting conductive PPy-b-PCL block copolymer. Reproduced with
permission from Ref..’2 under the CC BY license; (E) Grafting copolymer strategy for attaching conductive segments to a biodegradable
backbone; (F) Schematic illustration of the synthesis of Gel-g-P3HT and grafting of P3HT-COOH onto gelatin via an EDC/NHS coupling
reaction. Reprinted with permission from Ref.[31, Copyright 2024, American Chemical Society. CNF: Cellulose nanofiber; PANI: polyaniline;
PCL: polycaprolactone; PPy: polypyrrole; Gel-g-P3HT: gelatin-grafted poly(3-hexylthiophene-2,5-diyl); EDC: N-(3
-dimethylaminopropyl)-N'-ethylcarbodiimide; NHS: N-hydroxysuccinimide; ANI: aniline.

uniformity and reduce side reactions. Figure 3D illustrates that block copolymers such as PPy-b-PCL
significantly improve mechanical compliance while maintaining electrical conductivity on the order of
10 S-cm™, with mechanical properties approaching those of soft biological tissues in the MPa range. These
systems exhibit partial degradation, with mass loss reaching ~50% over several weeks under accelerated
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conditions'””. Nonetheless, phase segregation within polymer domains can still limit charge-transport
efficiency and long-term stability, indicating that the balance between electronic connectivity and
degradability remains unresolved'”.

Graft copolymer approaches provide an alternative approach in which conductive side chains are attached to
a biodegradable backbone, enabling greater molecular design versatility!”” [Figure 3E]. For example,
poly(3,4-ethylenedioxythiophene) (PEDOT) grafted with poly-D,L-lactic acid (PDLLA) retains electrical
conductivity for several weeks during degradation, demonstrating improved stability relative to physically
blended systems!*!. However, increasing the fraction of biodegradable chains disrupts interchain n—=
stacking, leading to a substantial reduction in conductivity, often by several orders of magnitude. Figure 3F
shows the properties of gelatin-grafted poly(3-hexylthiophene-2,5-diyl) (Gel-g-P3HT), where P3HT
segments are integrated onto a biodegradable gelatin backbone. In this architecture, structural ordering
enables partial recovery of conductivity (~107 S-cm™), although the overall electrical performance remains
limited compared to pristine conductive polymers”.

Despite these advances, most current strategies yield only partially biodegradable systems, as the conductive
polymer backbone often persists after degradation of the surrounding matrix. This limitation restricts their
applicability in fully transient electronic systems and underscores the need for intrinsically degradable
conjugated polymers that retain electrical functionality while undergoing complete breakdown'’. Future
progress will require improved control over molecular design, microstructure, and phase behavior, together
with strategies that balance conductivity, mechanical compliance, and degradation kinetics. Achieving this
balance remains a central challenge in the development of biodegradable conductive polymers for transient
soft electronics.

Fully degradable strategies of conductive polymers

In contrast to partially degradable systems, fully degradable conductive polymers are designed to enable
complete decomposition of the conductive network into environmentally or biologically benign products.
Achieving this capability requires molecular design strategies that preserve charge transport while allowing
controlled degradation under physiological or environmental conditions”.

Biologically mediated degradation represents one approach in which organisms facilitate the breakdown of
conductive materials. Insects such as Zophobas morio (Z. morio) and mealworms have demonstrated the
ability to metabolize hydrocarbon-based substrates, including materials containing stable C-C bonds'*?).
Moreover, because mealworms cannot ingest rigid polymers but readily consume soft materials, they may
enable complete biodegradation of soft conductive polymers®*. Figure 4A illustrates that a composite based
on poly(vinyl alcohol) (PVA) blended with melanin nanoparticles (MNPs) extracted from squid ink exhibits
an electrical conductivity of 10" S-cm™ and undergoes ingestion-driven degradation. Optimization of the
MNP/PVA ratio enhances the feeding activity of Z. morio larvae by up to 5.2-fold™!. Furthermore, Fourier
transform infrared (FT-IR) analysis of excreta confirms that degradation proceeds beyond physical
fragmentation, reaching molecular-level transformation through biological digestion”’. Despite these
advantages, reliance on biological pathways limits scalability and process control, while the underlying
degradation mechanisms remain incompletely understood.

Enzymatic degradation within biological systems provides an alternative route toward complete
bioresorption!**?»*#2¢5°I This strategy employs short conjugated oligomers, typically consisting of 2 to 8
thiophene or aniline units, connected via degradable linkers to facilitate macrophage-mediated phagocytosis
[Figure 4B]">*****I. For example, in vivo studies” have shown that pyrrole-thiophene-pyrrole-based polymers
implanted subcutaneously in rats undergo gradual degradation over 14, 21, and 29 days while eliciting
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Figure 4. Fully degradable strategies for conductive polymer-based electronics. (A) Schematic illustration of ingestion-driven degradable
MNP/PVA composite film fabrication by dispersing squid-ink-derived MNPs in a PVA solution, followed by depletion force-assisted MNP
clustering. The photographs on the right show the degradation test setup and the extent of biodegradation of an MNP/PVA film (mass
ratio = 2:1) after 12 h. Reproduced with permission from Ref.t2%1. Copyright 2019, John Wiley & Sons; (B) Schematic illustration of
macrophage-mediated degradation of conjugated oligomers; (C) Schematic illustration of the two-step polyaddition synthesis of
biodegradable conductive polyurethane using PCL, HDI, and aniline trimer. Reproduced with permission from Ref.2%. Copyright 2016, John
Wiley & Sons; (D) Schematic illustration of a flexible device based on disintegrable semiconducting polymers [p(DPP-PPD)] featuring
acid-hydrolyzable imine linkages on an ultrathin biodegradable cellulose substrate. The photographs on the right show the flexible device
at various stages of disintegration, demonstrating the degradation process in a pH 4.6 buffer solution containing 1 mg/mL cellulase (scale
bars: 5 mm). Reproduced with permission from Ref.3". Copyright 2017, National Academy of Sciences. MNP: Melanin nanoparticle; PVA:
poly(vinyl alcohol); PCL: polycaprolactone; HDI: hexamethylene diisocyanate; P(DPP-PPD): poly(diketopyrrolopyrrole—p-phenyldiamine);
DMSO: dimethyl sulfoxide; TMS: trimethylsilyl; TMSC: trimethylsilyl-functionalized cellulose.

minimal inflammatory responses comparable to those of Food and Drug Administration (FDA)-approved
poly(lactic-co-glycolic acid) (PLGA). Figure 4C shows that aniline trimers incorporated into a biodegradable
polyurethane matrix can maintain approximately 87% of their initial conductivity (10®-10®° S-cm™) over 150 h
under humid conditions. Systems incorporating PCL as a soft segment achieve high elasticity, with over 97%
instantaneous recovery at 10% strain"”’’. However, the limited fraction of conjugated segments in these
materials restricts overall conductivity, thereby limiting their applicability in systems requiring
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high-performance charge transport.

Chemical strategies based on dynamic covalent bonds offer additional routes toward fully degradable
conductive polymers. Hydrolyzable imine bonds preserve n-conjugation while enabling degradation through
reversible bond cleavage!®”!. As shown in Figure 4D, diketopyrrolopyrrole (DPP)-based polymers
incorporating imine linkages undergo complete degradation within 30 days under mildly acidic conditions
(pH 4.6). Through this degradation process, potentially harmful residual species such as aluminum and
p-phenylenediamine were found to remain well below commonly accepted safety limits, indicating minimal
risk to human health and the environment™'. Degradation can also proceed under alkaline conditions,
depending on polymer composition and environmental factors, as demonstrated in systems that undergo
complete clearance in 0.5 M NaOH (pH 13.7)"*). However, the requirement for non-physiological pH
conditions limits their applicability in biointerfaced environments.

Despite these advances, fully degradable conductive polymers remain constrained by the balance between
electrical performance and degradability. Materials designed for complete degradation often rely on specific
environmental triggers, whereas systems that operate under broader conditions tend to exhibit reduced
conductivity. Further progress will require molecular designs that balance these competing requirements
while aligning material properties with appropriate application environments in transient electronic systems.

Applications of biodegradable conductive polymers

Biodegradable conductive polymers enable a wide range of transient bioelectronic applications owing to their
mechanical compliance, electronic functionality, and tunable degradation behavior'””. These materials have
been explored in bioelectrical stimulation platforms*7**** drug delivery systems*****>"'*' sensing
devices'"”, and active electronic components®"'*, where soft interfaces and controlled operational lifetimes
are essential.

For bioelectrical stimulation, biodegradable conductive polymers are particularly attractive because relatively
low conductivity levels are sufficient to elicit cellular responses' ). For example, electrospun
PLGA/polydopamine (PDA)/CS membranes exhibit a conductivity of 2.85 x 10 S-cm™, comparable to that
of natural skin, and enhance fibroblast proliferation and collagen production under low-voltage
stimulation”®. These results demonstrate that biodegradable conductive materials can support electrically
assisted tissue regeneration while maintaining mechanical properties suitable for soft biointerfaces.

These materials also enable electrically responsive drug delivery systems. Early platforms primarily relied on
passive drug release through matrix degradation or diffusion"**. For instance, drugs loaded into PGS/PPy
composites are gradually released as the biodegradable matrix degrades”*. Extending this approach,
electrically controlled release systems have also been demonstrated”®. Figure 5A illustrates a Dex
(dextran)-aniline tetramer (AT)/hexamethylene diisocyanate (HDI) conductive hydrogel system that enables
on-demand release via electrophoretic transport and redox-induced network contraction. Under electrical
stimulation in phosphate-buffered saline (PBS) at 37 °C, dexamethasone release increases by approximately
two- to three-fold at applied voltages of 1-3 V, demonstrating electrically controlled therapeutic delivery™'.

Beyond stimulation and drug delivery, biodegradable conductive polymers also enable mechanically
compliant sensing platforms. Their ability to preserve conductive pathways under deformation allows
reliable signal transduction in soft and wearable environments"*”. For example, Figure 5B demonstrates a
biodegradable composite composed of cellulose nanofibers (CNF), PANI, and natural rubber (NR-8), which
has been used to fabricate a strain sensor. The device maintains stable strain sensitivity over approximately
100 loading cycles (= 200 s), demonstrating operational durability!”". This performance originates from the
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Figure 5. Applications of biodegradable conductive polymers in biomedical and biointerfaced electronics. (A) Schematic illustration of an
electro-responsive Dex/HDI conductive hydrogel system for precise on-off drug delivery controlled by external electrical stimuli. The
graph on the right shows the drug release profile of indomethacin in phosphate buffer (pH 7.4) under 3 V stimulation (3 min every
30 min). Reprinted with permission from Ref.[?. Copyright 2019, Elsevier; (B) Strain sensors based on a CNF-PANI/NR-8 elastomer and
nickel foam attached to index fingers for monitoring finger bending. The graph on the right shows the current response during finger
motion. Reprinted with permission from Ref.[”". Copyright 2019, Elsevier; (C) Schematic illustration of a TFT structure used to evaluate
neat and nanoconfined p(DPP-PPD) films under mechanical strain. Bottom: Photographs of nanoconfined p(DPP-PPD) films stretched to
100%. Reproduced with permission from Ref.l"°2? under the ACS AuthorChoice license; (D) Left: Photograph of a biodegradable
pseudo-CMOS circuit based on p(DPP-PPD), fabricated on a ~25 um-thick Pl substrate and placed on a human brain model. The right
panel shows the circuit diagrams and corresponding input—output characteristics. Reproduced with permission from Ref.3". Copyright
2017, National Academy of Sciences. Dex: Dextran; HDI: hexamethylene diisocyanate; CNF: cellulose nanofiber; PANI: polyaniline; NR:
natural rubber; TFT: thin-film transistor; P(DPP-PPD): poly(diketopyrrolopyrrole—p-phenyldiamine); CMOS: complementary
metal-oxide-semiconductor; Pl: polyimide; AT: aniline tetramer; SEBS: polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene.
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CNE-derived framework, while the elastic NR matrix preserves conductive pathways during repeated
deformation". This concept also extends to pressure sensing, where Gel-g-P3HT aerogel films exhibit
pressure-dependent current responses under applied pressures of 5-20 kPa””. These results demonstrate that
biodegradable conductive polymers provide mechanically compliant sensing platforms suitable for wearable
and biointegrated applications.

Biodegradable conductive polymers have also been extended to active electronic devices that require
controlled charge transport and signal modulation**’. Early work by IrimiaVladu and colleagues
demonstrated fully biodegradable organic transistors composed of degradable substrates, dielectrics, and
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semiconducting layers""”.. However, these systems often relied on externally degradable components rather
than intrinsically degradable semiconductors, prompting subsequent efforts to develop molecularly
engineered biodegradable semiconducting materials. Figure 5C illustrates a degradable and stretchable
semiconductor system based on a highly extensible urethane-based E-PCL elastomer matrix combined with
the organic semiconductor poly(diketopyrrolopyrrole-p-phenyldiamine) [p(DPP-PPD)]. Optimized
side-chain engineering of p(DPP-PPD) using branched alkyl substituents improves compatibility with the
elastomer matrix and suppresses macroscopic aggregation!'”?. This design promotes nanoscale phase
separation, forming nanoconfined semiconducting domains that suppress crystallization and delay crack
initiation"". As a result, the composite maintains crack-free film integrity under mechanical deformation. A
tilm composed of 70% E-PCL and 30% p(DPP-PPD) retains semiconducting performance even at 100%
strain, with a mobility of approximately 0.05 cm>-V'-s'1"*?l. These results highlight the potential of
biodegradable semiconductors for stretchable and skin-inspired electronics!"*?. Figure 5D presents the
integration of degradable semiconductors into transient logic circuits. Fully degradable ultrathin devices
fabricated by integrating acid-hydrolyzable p(DPP-PPD) on cellulose substrates exhibit lightweight
structures that can be supported by a human hair and show less than 5% variation in transfer characteristics
under bending"'!. Pseudo-CMOS inverters demonstrate a noise margin of 1.2 V with sharp switching
behavior, while NAND and NOR circuits achieve near rail-to-rail voltage swings"'. These demonstrations
illustrate that biodegradable semiconductors can support flexible logic circuits and enable more complex

transient electronic functionalities®".

Collectively, these examples illustrate the broad potential of biodegradable conductive polymers across tissue
engineering, drug delivery, sensing, and active electronics. However, their relatively low intrinsic
conductivity remains a key limitation for applications requiring reliable charge transport in interconnects,
electrodes, and circuit-level integration. In addition, achieving complete biodegradation under physiological
conditions remains challenging. Addressing these challenges will require continued advances in molecular
design and materials engineering to further enable high-performance, fully transient bioelectronic systems.

FULLY BIODEGRADABLE CONDUCTIVE COMPOSITE PASTES

The defining characteristic of conductive composite pastes lies in their filler-matrix architecture, including
the dispersion state of metallic fillers within a mechanically compliant polymer matrix. The polymer matrix
ensures mechanical compatibility with soft biological tissues, while the metallic fillers form percolating
networks that prevent complete loss of electrical conductivity even under dynamic deformation such as
stretching and bending®*. Compared with conventional thin-film structures, composite pastes reduce
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processing complexity and offer scalable routes for large-area manufacturing" . Furthermore, this

filler-matrix configuration provides design flexibility distinct from that of thin-film conductors. Its high

[12]

compatibility with solution-based printing techniques such as screen printing"”, electrospinning*, and 3D

printing"*”, enables the fabrication of electrodes and interconnects with complex geometries.
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Table 4. Percolation parameters and optimum filler loadings of various biodegradable conductive composites

Composite [C‘ll':)tli;/illvolume fraction Critical exponent g,’:";l]lm volume fraction Optimum conductivity [S-m™]
Mo/PBTPAM 20 1.6 35 ~1,400

Mo/PBAT®3 20 0.9 35 1,400, 1,800

Mo/PCLI™ 5 0.6 30 1,078-1,454*

Mo/candelilla wax™ 17 19 30 ~1,000

W/beeswax! 19 1.6 27 ~6,400, ~7,200**

*Addition of tetraglycol as a filler dispersant. **Addition of glycofurol as a filler dispersant. PBTPA:
Poly(1,4-butanedithiol-co-1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione-co-4-pentenoic anhydride); PBAT: poly(butylene
adipate-co-terephthalate); PCL: polycaprolactone.

Notably, compared with conjugated-polymer-based conductors, these composite systems can enable
complete biodegradation under physiological conditions while maintaining superior electrical conductivity
and mechanical flexibility, making them particularly attractive for minimally invasive bioelectronic
applications. To achieve composite biodegradability, both the matrix and the conductive fillers are typically
selected from materials that decompose into non-toxic byproducts under physiological or environmental
conditions. Biodegradable polymer matrices primarily include synthetic polyesters such as poly(butylene
adipate-co-terephthalate) (PBAT)P poly(1,4-butanedithiol-co-1,3,5-triallyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione-co-4-pentenoic anhydride) (PBTPA)"", PCL"?, PLA"), and PLGA""", as well as
natural materials like wax"""? and silk fibroin"*. These matrices serve to mechanically support the fillers
and protect them from the external environment while simultaneously dictating the overall flexibility,
stretchability, and degradation kinetics of the composite system. Regarding the conductive phase,
biodegradable metallic fillers such as zinc (Zn)"", iron (Fe)"""*, tungsten (W)"**, and molybdenum (Mo)
2l are predominantly utilized. The electrical performance of these biodegradable pastes is governed by
percolation theory, in which a continuous conductive network forms as filler particles interconnect at a
critical volume fraction, known as the percolation threshold"'>"°. For instance, the percolation
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threshold of Mo/PBTPA composites has been reported to occur at approximately 20 vol%!"". According
to percolation theory [see Equation (1)], the electrical conductivity of the composite improves as the

conductive filler fraction increases.
o=00(e-¢c), (D

Specifically, beyond the critical volume fraction (¢,), the connectivity of the conductive phase is reinforced as
the filler fraction (¢) increases, and the composite conductivity (o) scales with the scaling factor (s,) and the
critical exponent (¢). However, at high filler loadings, filler particles often fail to disperse uniformly within
the matrix, leading to agglomeration. This phenomenon not only compromises the integrity of the
conductive network but also significantly reduces the mechanical flexibility of the composite!”. Furthermore,
increasing the filler fraction enhances the viscoelasticity of the composite, presenting a significant challenge
for practical manufacturing processes such as printing or coating"?. In the case of Mo/PBAT"* and
Mo/PCL" systems, optimal conductive networks were found to form at volume fractions of approximately
35 vol% and 30 vol%, achieving electrical conductivities of 1,400 and 1,266 + 188 S-m™", respectively [Table 4].

Despite the significant potential of biodegradable conductive composite pastes in the field of biointerfaced
electronics, a notable discrepancy persists between their biodegradation behavior and functional reliability.
Ideally, transient composite conductors are designed to safely disappear from the body after fulfilling a
specific clinical mission; however, their actual operational stability often degrades much faster than
intended""". Therefore, it is imperative to maintain stable electrical and mechanical performance throughout
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Table 5. Degradation kinetics of individual biodegradable inorganic fillers and polymer matrices

Dissolution conditions
Materials Electrical dissolution rates [nm-h""]
Solution type pH Temperature [°C]

Mo DI water 7 RT 17
W DI water 7 RT 3-5007

Filler ~ Fe DI water 7 RT 171
Zn DI water 7 RT 50-900
Mg DI water 7 RT 200-40017

Degradation rate [wt.% day]

PBTPA PBS 7.4 37 0.08-0.18)

PCL Soil - 30 0.03t

PLA PBS 7.25 37 0.07-11200

PLGA PBS 74 37 0.3-2020
Matrix

PBAT Lipase - 50 0.38-0.541122

Beeswax Compost - 40 0.760231

Candelillawax Compost - 40 0.05023

Silk fibroin PBS 7.4 37 0.17-0.341124

Dl: Deionized; RT: room temperature; PBTPA: poly(1,4-butanedithiol-co-1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione-co-4-pentenoic
anhydride); PBS: phosphate-buffered saline; PCL: polycaprolactone; PLA: polylactic acid; PLGA: poly(lactic-co-glycolic acid); PBAT: poly(butylene
adipate-co-terephthalate).

the operational lifetime of the device before rapid and complete dissolution occurs. Such design strategies
enhance the moisture resistance of wearable devices, enabling continuous monitoring without performance
degradation caused by sweat or ambient humidity. They also allow implantable devices to maintain stable
performance until their intended mission is completed, after which they are fully resorbed by the body. This
section reviews material design strategies aimed at preserving the functional stability of biodegradable
conductive paste materials throughout their operational lifetimes and discusses approaches for extending
these materials to various transient bioelectronic applications.

Material design strategies for the functional reliability of biodegradable conductive composite pastes

To precisely design the practical operational lifetime of composite devices, it is essential to quantitatively
characterize the degradation kinetics of both the individual constituents and the resulting composites. First,
biodegradable metals primarily used as conductive fillers undergo chemical dissolution following surface
oxidation in aqueous environments. For example, Mo, Fe, and W thin films exhibit gradual electrical
dissolution rates of approximately 1 nm-h™ (for Mo""'” and Fe"""”’) and 3-5 nm-h™ (for W""'”)) in deionized
(DI) water at room temperature, thereby maintaining relatively stable conductivity [Table 5]. In contrast,
Zn"" and Mg'"'"” thin films exhibit significantly higher corrosion rates of 50-90 and 200-400 nm-h,
respectively [Table 5], which makes them challenging to use as stable fillers because of their rapid
disintegration. The degradation of these fillers is accelerated as water-soluble oxides or hydroxides formed
on the surface diffuse into the surrounding biofluids"*.

Polymer matrices also exhibit diverse degradation profiles depending on their chemical structures and
components. Synthetic polyesters such as PBTPA (0.08-0.1 wt.% day")""*, PCL (0.03 wt.% day')""", PLA
(0.07-1 wt.% day*)"**, PLGA (0.3-2 wt.% day")"*", and PBAT (0.38-0.54 wt.% day*)"**) degrade primarily
through the hydrolysis of ester bonds in their polymer backbones [Table 5]. Natural waxes, including
beeswax (0.76 wt.% day*)!"*” and candelilla wax (0.05 wt.% day )", exhibit gradual degradation behavior
due to their high water resistance. Meanwhile, the natural protein silk fibroin (0.17-0.34 wt.% day™")"**!
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Table 6. Functional lifetimes and structural parameters of various biodegradable conductive composite pastes

Dissolution conditions
Composite Functional lifetime Paste Thickness (um) Filler size (um)
Solution type pH Temperature [°C]

Mo/PBTPA PBS 74 37 9 190 1-5
Mo/PLGA PBS 7.4 37 ~40m 190 1-5
Mo/PLLA PBS 74 37 ~30m 190 1-5
Mo/PCL PBS 74 37 ~1002) 100 1-2
Mo/PCL@PPC* PBS 74 37 >10tM - 2.54
Mo/candelilla Wax PBS 7.4 37 19m2 50 <5
Mo/PBAT PBS 7.4 37 >1683% 500-1,000 5-100
W/PLA RO water 7 37 > 702 - 6-12
W/beeswax PBS 74 37 13 (> 13 )8! 200 0.5
W/silk fibroin PBS 7.4 95 ~28B4 150 10
W/PBAT@PBTPA  PBS (lipase) 7.4 50 15¢108] 450 10

*Encapsulated with a PPC layer. **Functional lifetime exceeds 13 days with the addition of glycofuran. PBTPA:
Poly(1,4-butanedithiol-co-1,3,5-triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione-co-4-pentenoic anhydride); PBS: phosphate-buffered saline; PLGA:
poly(lactic-co-glycolic acid); PLLA: poly(L-lactic acid); PCL: polycaprolactone; PPC: poly(propylene carbonate); PBAT: poly(butylene
adipate-co-terephthalate); PLA: polylactic acid; RO: reverse osmosis.

degrades through proteolysis, in which amide bonds are cleaved by specific enzymes [Table 5].

Unlike conventional pastes using stable hydrophobic polymers (e.g., epoxy, silicone elastomer)"**'*”) and
chemically inert noble metal fillers (e.g., silver, gold)"">****), biodegradable conductive composites exhibit
rapid initial functional degradation within physiological environments. Despite these individual degradation
rates, the actual functional lifetime of these composite pastes is typically limited to approximately 2 to 19
days [Table e]l*01222 20812l Considering the typical filler size (0.5-100 pm) and paste thickness
(50-1,000 pm), this operational duration is markedly shorter than the time required for complete dissolution
of the components!'*##2 350811012 "The root cause of this premature functional failure lies in the extreme
structural sensitivity of the percolation network in aqueous environments, which disrupts physical contact or
the critical quantum tunneling distance between fillers, both of which are essential for maintaining electrical
integrity!"'". As a result, the functional stability of biodegradable composites is often governed more by early
microstructural disruption of the filler percolation network than by the overall mass loss of the constituent
materials. In other words, predicting the lifetime of the composite requires an approach that considers filler
dispersion, interfacial stability, and water diffusion behavior rather than simply comparing the dissolution
rate of metallic fillers or the mass loss rate of the polymer matrix. These characteristics highlight the
importance of design strategies that preserve electrical connectivity throughout the intended operational
lifetime before the onset of rapid transient degradation.

Figure 6A illustrates the microstructural evolution of Mo-based biodegradable conductive composites in a
physiological-mimicking environment (PBS, 37 °C) as a function of the matrix type"'". The lower series,
corresponding to the Mo/PLGA composite, shows a rapid decline in electrical performance over time. This
behavior is mainly associated with the hydrophilic nature of the PLGA matrix, which promotes water uptake
and swelling, thereby weakening the filler-matrix interface and leading to interfacial debonding"'". Previous
studies report that PBS preferentially infiltrates the vulnerable interfaces between Mo particles and the PLGA
matrix. The resulting expansion of localized voids physically disrupts the percolation pathways well before
the metallic fillers undergo significant dissolution, leading to a sharp decrease in conductivity""". By contrast,
the upper series representing the Mo/PBTPA composite maintains stable conductivity for more than one



Page 16 of 31 Choi et al. Soft Sci. 2026, 6, 51

Wax mixture N . et ;
(CB32) LA W-F |

D >
, [CJew [HcF @ W Electrical path

Glass rod Glycofurol Effects of GF
Bioresorbable &
compatible dispersant Distribution A
Conductivity A
v Mixing Sonication Softness A
Beeswax 100°C >70°C Stability 4
Viscosity A

Figure 6. Strategies for maintaining the operational stability of biodegradable conductive composite pastes against degradation. (A)
Comparative analysis of microstructural changes during immersion, presenting a series of SEM images of Mo/PBTPA paste (top) and
Mo/PLGA paste (bottom) in PBS at 37 °C. The images contrast the degree of surface erosion and pore formation over time. Reprinted with
permission from Ref.t", Copyright 2018, Elsevier; (B) Optical images demonstrating the waterproofing efficacy of the wax mixture layer,
showing effective inhibition of internal penetration even after 3 days under physiological conditions (37 °C, pH 7.4). Reproduced with
permission from Ref.t??1, Copyright 2020, John Wiley & Sons; (C) SEM image of a one-dimensional W/PBAT conductive composite fiber
encapsulated with a PBTPA polymer coating to prevent premature environmental degradation. Reproduced with permission from Ref.[108!
under the CC BY license; (D) Schematic illustration of the fabrication process for W/beeswax pastes with the addition of GF as a
dispersant, detailing enhanced particle dispersion and the resulting overall stability of the composite. Reproduced with permission from
Ref.t353under the CC BY-NC-ND license. No modifications were made. SEM: Scanning electron microscopy; PBTPA:
poly(1,4-butanedithiol-co-1,3,5-triallyl-1,3,5-triazine-2,4,6 (1H,3H,5H)-trione-co-4-pentenoic anhydride); PLGA: poly(lactic-co-glycolic
acid); PBS: phosphate-buffered saline; PBAT: poly(butylene adipate-co-terephthalate); GF: glycofurol; BW: beeswax.

week!""l. PBTPA is a highly hydrophobic polymer that forms strong interfacial interactions with the native
hydrophobic oxide layer (MoO,) present on the Mo surface. This interfacial compatibility promotes uniform
filler dispersion and suppresses void formation under aqueous exposure!''!. As a result, the conductive
network remains structurally stable because water infiltration along the filler—matrix interface is significantly
reduced, allowing sustained electrical performance over extended periods'.
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Since functional failure typically originates from the infiltration of physiological fluids"*"!, matrix designs that
limit water diffusion are important for preserving the conductive network. Figure 6B presents an optical
analysis of water infiltration at the silicon-wax interface, showing no visible penetration into the wax layer
for up to 3 days at 37 °C in PBS (pH 7.4)""*"!. This behavior arises from the high hydrophobicity and
crystallinity of natural wax, which provide low moisture permeability and strong resistance to swelling. These
moisture-barrier characteristics are associated with extended functional lifetimes"*. Specifically, the
Mo/candelilla wax composite has been reported to maintain stable conductivity for up to 5 days at 37 °C in
PBS, with complete electrical disconnection occurring only after approximately 19 days"*?l. Although
irreversible water diffusion and eventual network collapse cannot be entirely avoided, such matrix design
strategies can substantially prolong the operational lifetime of the conductive composite within the intended
transient window.

Beyond matrix design, encapsulation strategies that introduce an additional protective layer provide an
effective approach to improving functional reliability by delaying water diffusion and suppressing premature
filler corrosion""®. Figure 6C shows a cross-sectional scanning electron microscopy (SEM) image of a
W/PBAT composite fiber conductor encapsulated with a PBTPA coating'*®. This structural protection
enables the fiber to maintain strong chemical durability, exhibiting a conductivity change of less than 2%
even after 20 washing cycles under various pH conditions". Similarly, Mo/PCL composite fibers coated
with poly(propylene carbonate) (PPC) retain stable resistance for up to 10 days, whereas uncoated
counterparts fail within 2 days"". These observations highlight the role of encapsulation in extending the
functional stability of conductive composites under practical operating conditions.

In addition to physical coatings, dispersants can enhance reliability by controlling the microstructure of the
composite!'>*>**l Figure 6D schematically illustrates the fabrication process and functional stability of a
W /beeswax conductive paste containing glycofurol (GF). When immersed in PBS at 37 °C, the
GF-containing composite preserves its initial conductivity for approximately 13 days, even after two weeks of
exposure™. This behavior is associated with the role of GF in promoting uniform filler dispersion and
modulating the surface tension of the paste, thereby stabilizing interfacial interactions within the percolation
network". In contrast, additive-free control samples develop cracking that rapidly disrupts conductive
pathways, leading to early electrical failure®.

In summary, the reliability of biodegradable conductive composites is achieved through the strategic
selection of hydrophobic matrices, the integration of protective encapsulation layers, and interface
optimization via dispersants. This multifaceted engineering approach provides a critical design foundation
for ensuring that devices operate with stable reliability for a programmed duration, even under the harsh
conditions of biological environments.

Biodegradable conductive composite paste-based sensors and devices

Biodegradable flexible conductive composite systems integrated into bio-interfaced electronics offer several
advantages over conventional biodegradable conductive polymers, particularly complete biodegradability
and reduced interfacial impedance resulting from their higher electrical conductivity". As discussed in
Section “Material design strategies for the functional reliability of biodegradable conductive composite
pastes”, combinations of matrices and conductive fillers provide the basis for maintaining functional
reliability and programming device operational lifetimes. Owing to their fluidic processability and
mechanical compliance, these composite pastes can be integrated into a wide range of biointerfaced

11,33,34

electronic platforms, including transient interconnects'", sensors!""***, textile-integrated electronics",

and wireless implantable stimulators!*?.
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Figure 7. Applications of biodegradable conductive pastes in biointerfaced systems. (A) Images of a bioresorbable wireless
power-harvesting and stimulation device in which tungsten paste (W-paste) serves as the interconnection material, exhibiting a
programmed operational lifetime. Reproduced with permission from Ref..*>) under the CC BY-NC-ND license. No modifications were made;
(B) Mo/PBAT strain sensor integrated onto a fully compostable soft robotic finger. Reproduced with permission from Ref.['3, Copyright
2026, Springer Nature; (C) Bioresorbable electronic arm sleeve system fabricated from W/PBAT fibers. Reproduced with permission from
Ref.l'%8) under the CC BY license; (D) Bioresorbable Mo/PCL composite nerve interface: (left) surgical procedure for implantation and
(right) functional recovery of the sciatic nerve assessed via SFl. Reproduced with permission from Ref.t" under the CC BY license. PBAT:
Poly(butylene adipate-co-terephthalate); PCL: polycaprolactone; SFI: sciatic functional index; PLGA: poly(lactic-co-glycolic acid); PBS:
phosphate-buffered saline; LED: light-emitting diode; RF: radio frequency.

Figure 7A illustrates the use of a W/beeswax conductive paste as an electrical interconnect in bioresorbable
electronics, maintaining a stable electrical pathway during device operation and subsequently disappearing
after the intended functional lifetime. This paste, characterized by a high conductivity exceeding 7 kS-m™,
exhibits electrical properties comparable to those of conventional non-bioresorbable silver epoxy, thereby
minimizing potential performance fluctuations or interfacial instabilities in bioresorbable electronics™. In a
separate study, similar performance characteristics were also observed in wireless stimulators employing
W/candelilla wax paste as interconnects, which maintained stimulation voltages up to 30 V and exhibited
excellent mechanical flexibility under deformation"*. In addition to functioning as compliant interconnects
that buffer interfacial stress during mechanical deformation, these composite pastes can also serve as passive
electronic components such as resistors!"'?, capacitors™*?, and inductors!,

Composite pastes can also function as conformal sensors integrated with soft robotic systems"*" or biological
systems”*. Figure 7B presents a Mo/PBAT-based strain sensor attached to the surface of a fully compostable
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131

soft robotic finger*'. These conductive pastes are employed to ensure stable electrical interfaces while
accommodating the high mechanical flexibility required for soft systems. Owing to its low bending stiffness,
the flexible sensor closely conforms to the surface of a PGS-based soft robot and exhibits stable resistance
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changes at strains up to 80%!"*'l. Stable electronic performance is maintained even under large mechanical

[131

deformation, after 2,000 cycles of repeated deformation, and following 4 months of storage*. The non-toxic
degradation by-products serve as nutrient sources, activating soil enzymes and supporting plant growth,
allowing the system to return naturally to the ecosystem after use!"*’’. Beyond strain sensing, similar
composite systems have been used to realize temperature”*>'*® and physiological signal®* monitoring for

bio-interfaced applications.

These materials can also be processed into one-dimensional fibers through drawing or spinning!*'**),
enabling seamless integration with conventional textile manufacturing. As illustrated in Figure 7C, a smart
arm sleeve was fabricated by stitching PBTPA-coated W-PBAT composite fibers onto a biodegradable PLA
fabric, enabling the integration of temperature sensors, electromyography (EMG) electrodes, and inductive
coils for wireless power transfer*®. The EMG electrodes exhibit an interface impedance of 26.20 + 8.71 kQ at
1 kHz, enabling the detection of electromyographic signal changes during limb movement, even in the
absence of conductive gels'*®. This impedance profile corresponds to a signal-to-noise ratio (SNR) of 8.80 +
0.49 dB, supporting the observation of neuromuscular coordination patterns"*®’. Within this context,
physiological signals can be monitored in real time, including a 2 °C increase in skin temperature during
running"*®. The entire textile system decomposed naturally in soil within approximately 120 days"®,
highlighting the potential of these materials for environmentally sustainable wearable electronics.

Biodegradable composite conductors can also be utilized in fully implantable therapeutic systems!”. Figure
7D shows the implantation of a wireless radio-frequency receiver and a conductive nerve conduit (CNC)
platform in a 10 mm sciatic nerve defect model, illustrating a system that eliminates infection risks associated
with wired external connections. Specifically, the Mo/PCL conduit exhibits a high electrical conductivity of
7.4 S-cm’™, which significantly exceeds the ranges typically reported for conventional conductive polymer or
carbon-based materials (10°to 1.57 x 10 S-cm ™)), This level of electrical performance provides a
low-impedance environment, facilitating the consistent transmission of therapeutic signals across the nerve
gap. Following daily monophasic pulse stimulation (100 us pulse width, 20 Hz, three times per day), the
stimulated group achieved a sciatic functional index (SFI) of -39.58 + 2.36 after 12 weeks, demonstrating
improved functional recovery compared with both the unstimulated group (-47.56 + 5.48) and the autograft
control (-43.6 + 2.5)""?.. These results suggest that the wireless stimulation platform, which combines high
conductivity with mechanical flexibility, effectively supports axonal regeneration and functional recovery in
damaged peripheral nerves.

In summary, biodegradable conductive composite systems combine high electrical performance with
mechanical compliance compatible with biological tissues. Their versatility - from conformal wearable
sensors to fully implantable wireless stimulators - offers a promising pathway toward bioelectronic systems
that minimize long-term environmental impact. Continued advances in lifetime control, reliability
engineering, and multifunctional integration will further expand the scope of sustainable biointegrated
electronics.

MATERIALS DESIGN AND APPLICATIONS OF BIODEGRADABLE OMIECS

OMIEC:s are central to bioelectronics because they support simultaneous ionic and electronic transport,
enabling efficient signal transduction in aqueous and biologically relevant environments”*’. Reversible
ion-driven doping and dedoping enable semiconductor-like switching, making OMIECs particularly suitable
for organic electrochemical transistors (OECTSs)!"*?\. In these devices, ions penetrate into the channel bulk



Page 20 of 31 Choi et al. Soft Sci. 2026, 6, 51

and modulate conductivity, resulting in volumetric capacitance, high transconductance, and low-voltage
operation"*®!. These features make OMIECs attractive for biosignal sensing and neuromorphic
bioelectronics!"*?\. Furthermore, leveraging these electrochemical ion-electron coupling properties, an
integrated sensing-actuation system capable of simultaneous low-voltage operation and real-time strain
detection has recently been reported””****). However, conventional OMIECs typically combine ionic and
electronic components that exhibit limited or mismatched biodegradability. As summarized in Table 7,
biodegradable OMIEC research has therefore evolved from composite-based approaches toward molecular
designs that directly incorporate degradability into ionic or electronic components. Importantly, these
strategies influence not only degradation behavior but also water stability, ion transport, and device
performance.

Early efforts focused on blending established but non-biodegradable OMIECs such as
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) with biodegradable matrices”>*»**l.
In these systems, biodegradability arises primarily from the surrounding biodegradable matrix, while the
conjugated conductor remains largely intact. Representative examples include PEDOT:PSS/sericin
composites'*), which exhibited protease-mediated degradation and were applied to biosensors, and
PEDOT:PSS/montmorillonite (MMT)""], which demonstrated eco-biodegradation through superworm
ingestion. PEDOT:PSS/melanin* provides another example, as melanin not only serves as a bio-derived
component but also enhances proton conduction and ionic—electronic coupling, resulting in improved
transconductance. These studies demonstrated that biodegradable or bio-derived components can be
incorporated into OMIEC platforms without compromising device performance. However, non-covalent
blending often leads to phase separation, inhomogeneous films, and incomplete degradation of the
conducting phase. Consequently, composite strategies remain limited as a general route toward fully
biodegradable OECT channel materials.

To address these limitations, covalent molecular design strategies have been developed to link degradability
directly to semiconducting components. One representative example is P(CL-co-AVL)-g-O3HT, in which an
oligo(3-hexylthiophene) (O3HT) unit is grafted onto a biodegradable PCL backbone!"*”". Although the
PCL-based backbone provides limited ionic conductivity, it supports OECT operation with drain currents in
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the milliampere range!"””!. The grafted material fragmented in 2 M trifluoroacetic acid and completely
disintegrated in 2 M NaOH, whereas pristine O3HT showed minimal degradation”. Corresponding OECT
devices exhibited a ~70% decrease in performance after 3 days in NaOH and complete failure after 7 days
[Figure 8A]. These results demonstrate that molecular design can introduce degradability into hydrophobic
semiconducting systems while preserving device operation. However, degradation was primarily observed

under accelerated conditions, and oligomeric fragments persisted, indicating incomplete breakdown.

Another major strategy has been to replace the conventional ionic conductor with biodegradable
polyelectrolytes, particularly naturally derived anionic polysaccharides listed in Table 8.
High-molecular-weight ionic conductors strongly influence key OMIEC properties, including ionic
conduction, charge compensation, and aqueous-film stability”, while polysaccharides provide hydrolyzable
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glycosidic bonds for biodegradation and anionic moieties"*” for ionic conduction and charge compensation.
PEDOT polymerization in biodegradable polyelectrolyte matrices enables OMIECs suitable for bioactive
dopants, hydrogel scaffolds, neural interfaces, and OECTs [Table 7]. Among these systems, PEDOT:Sacran
represents a particularly promising example. Sacran is an ultrahigh-molecular-weight polysaccharide
containing sulfate and carboxylate groups™. Zeta potential analysis suggests a PEDOT:PSS-like core-shell
structure that supports efficient ionic-electronic coupling”*®. Unlike many swellable polysaccharide systems,
PEDOT:Sacran provides sufficient water stability for thin-film OECT operation, with a conductivity of

1.18 S-cm™ and a normalized transconductance of 0.11 S-cm™F*! [Table 7]. Flexible PEDOT:Sacran OECTs on
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Table 7. Biodegradable OMIEC-based depletion- and accumulation-mode OECTs

OMIEC properties
.. . Degradation . - : ..
Driving mode Material Degradation condition e Normalized Applications
& component g Conductivity transconductance g, On/off PP
S-cm™ " ratio
( ) (NR) (S-cm”)

PEDOT:PSS/Melanint=4 Melanin - 2+1 51.7 1.8 x103 OECT supercapacitor
PEDOT:PSS/Sericint“o! Sericin Protease (in PBS, 37 °C) 107 - - Biosensor
PEDOT:PSS/MMT29) MMT Egg)erworms hydrated feeding (30 160+ 0.9 } ) )
PEDOT:HAM HA 1.0-8.0 x 10"
PEDOT:chondroitin sulfate Chondroitin sulfate - 1.0-10.0 x 107 - - Bioactive dopant
PEDOT:HEP HEP 10.0-41.0 x 10"
HA-grafting-PEDOT!3%) HA 0.56

Depletion Chondroitin sulfate-grafting-PEDOT Chondroitin sulfate Intracardiac injection (rat model) 0.07 - - Hydrogel scaffold
HEP-grafting-PEDOT HEP 1.65
PEDOT:DSH=e! DS - 7-20 - - Bioactive dopant
PEDOT:CMCSE? CMCS ggdtjgr)n azide and lysozyme (in PBS, 4.68+0.28 x10°3 - - Neural tissue engineering
PEDOT:S-CNCs!*4 S-CNCs - 5 213 84 OECT
PEDOT:Sacranc! Sacran g;ootf:']”ase KTin0.05MPBS (PHE), g om 38413 Flexible OECT
PEDOT:LigSt3 LigS Wetted-soil burial (50 °C) 11+£0.43 0.21 91+43 Wood-based OECT
P(CL-co-AVL)-LD-g-O3HT-3037 PCL 2 M TFA /2 M NaOH (in DI water) 5.6 %103 - - OECT
0-3gTITHe Imine bond and oligomer HFIP (0.05 mg/mL) + TFA (10 vol%), - 67 ) 8Eg$ EZ;ZS:;:\;iefir;earl
-3gTIT & (60°C) - 862 -

synapse

Accumulation (DPP, TIT)ws! 0.24+0.18 10? OECT
p c12TEG” . . . - 24 +£0.
D(DPP,.c-TIT) Imine bond and oligomer 0.5 M TFA / 0.1 M HCI (in DI water) 025+ 0.017 102 Bioelectronics
P(DPP_pypec- TV T4 ) . - 14.4+25 104 OECT
D(DPP,.c-TVT) DPP lactam ring 0.5MTFA /0.1 M HCI (in DI water) Ni24 104 Bioelectronics

OMIEC: Organic mixed ionic—electronic conductor; OECTs: organic electrochemical transistors; NR: natural rubber; PEDOT:PSS: poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate); PBS: phosphate-buffered saline; MMT:
montmorillonite; HA: hyaluronic acid; HEP: heparin; DS: dextran sulfate; CMCS: carboxymethyl chitosan; S-CNCs: sulfated-cellulose nanocrystal; LigS: lignosulfate; O3HT: oligo(3-hexylthiophene); PCL: polycaprolactone; TFA:
trifluoroacetic acid; DI: deionized; HFIP: hexafluoroisopropanol; DPP: diketopyrrolopyrrole.
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Figure 8. Biodegradable OMIECs for transient bioelectronics. (A) Left: Molecular structure of P(CL-co-AVL)-g-O3HT and optical
photographs showing the biodegradation behavior of the P(CL-co-AVL)-LD-g-O3HT-30 films in water, 2 M TFA, and 2 M NaOH at O, 3,
and 7 days. Right: Drain current curves of the P(CL-co-AVL)-LD-g-O3HT-30-based OECT device before and after degradation in 2 M
agueous NaOH using PBS as the gate electrolyte and an Ag/AgCl gate electrode (V,, = 0-0.8 V, V, =-0.6~0.6 V). Reproduced with
permission from Ref.l37, Copyright 2024, Royal Society of Chemistry; (B) Left: Molecular structure of PEDOT:Sacran, illustrating charge
compensation between the positively charged PEDOT backbone and the negatively charged groups of Sacran. Right: Schematic
representation of a flexible PET-based OECT employing PEDOT:Sacran as the channel material. Reproduced with permission from Ref.[3%)
under the CC BY license; (C) Left: Schematic illustration of an OECT-based artificial synapse employing a fully biodegradable OMIEC as
the channel material. The OMIEC contains acid-hydrolyzable imine linkages and yields biocompatible degradation products upon
hydrolysis. Right: The graph illustrates spike-duration-dependent plasticity behavior of i-3gTIT devices induced by spike durations ranging
from 0.1to 1.0 s, exhibiting a clear transition from volatile to non-volatile memory states (Vg p,. = -1.5V, Vs = -0.5 V). Reprinted with
permission from Ref.t*¢1, Copyright 2025, John Wiley & Sons. OMIECs: Organic mixed ionic—electronic conductors; O3HT:
oligo(3-hexylthiophene); TFA: trifluoroacetic acid; OECT: organic electrochemical transistor; PBS: phosphate-buffered saline; PEDOT:
poly(3,4-ethylenedioxythiophene); PET: poly(ethylene terephthalate); BOPLA: biaxially oriented poly(lactic acid); EPSC: excitatory
postsynaptic current.
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Table 8. Biodegradable natural polymer-based ionic conductors

Materials Molecular weight (kDa) Degree of functionalization (group name)

HAMD 250-800 1 (carboxylic acid)m#

1 (carboxylic acid)

Chondroitin sulfatet? 20-30 1-1.4 (sulfate)

HEPr0 15-19 2.7 (sulfate, sulfonate)

DSueel 500 1.35-1.85 (sulfate)r

CMCSM21 400 1.1 (carboxymethyl acid)
S-CNCsf* - 0.06 (sulfate)

LigSt+! 52 0.7 (sulfonate)

Sacrant#! 2,350 0.1 (sulfate), 0.22 (carboxylic acid)

The degree of functionalization of HA, chondroitin sulfate and HEP was calculated based on the disaccharide unit. For other polymers, the values
represent the number of functional groups per monosaccharide monomer. HA: Hyaluronic acid; HEP: heparin; DS: dextran sulfate; CMCS:
carboxymethyl chitosan; S-CNCs: sulfated-cellulose nanocrystal; LigS: lignosulfate.

PET substrates [Figure 8B] showed stable operation and minimal performance variation under mechanical
deformation. Devices fabricated on biodegradable PLA substrates achieved transconductance up to 1.6 mS
and exhibited partial degradation in PBS and proteinase-containing environments"**'. Although
PEDOT:Sacran improves water stability and device performance”®, the non-biodegradable PEDOT
backbone remains a limitation.

The most advanced strategies incorporate degradable linkages directly into conjugated backbones.
Representative examples include imine-linked systems such as 0-3gTIT and i-3gTIT"*", as well as related
DPP-based polymers*”! [Table 7]. These materials combine ionic compatibility from ethylene glycol side
chains with programmed degradability from imine linkages'*>*’'. Regiochemical control in 3gTIT systems
produced distinct packing structures, where i-3gTIT showed higher crystallinity and improved
transconductance*. These properties enabled OECTs, inverters, and artificial synapses [Figure 8C]. Devices
exhibited stable excitatory and inhibitory postsynaptic currents (EPSC/IPSC), spike-timing-dependent
plasticity, and tunable synaptic responses“. Long retention times and operational stability enabled over 90%
recognition accuracy in MNIST simulations*. Degradation occurred through hydrolysis of imine bonds
under acidic conditions, confirmed by molecular weight reduction and spectroscopic analysis'*. However,
degradation behavior under physiological conditions remains unclear, and further optimization is required.

Overall, biodegradable OMIECs have evolved from composite-based systems to more advanced molecular
designs that directly integrate degradability with OMIEC function. Further progress will require balancing
degradation behavior, aqueous stability, and device performance.

CONCLUSION AND OUTLOOK

This review summarizes recent progress in biodegradable organic conductors, including conductive
polymers, conductive composite pastes, and OMIECs, with a focus on material design strategies, degradation
behavior, and device-level implementations. Across these material systems, a recurring challenge lies in
balancing electrical performance, mechanical compliance, and controlled degradation. At the same time, the
growing range of bioelectronic applications underscores the potential of these materials for minimally
invasive, biointegrated systems.

Despite meaningful advances, several important challenges remain. First, achieving complete
biodegradability under physiological conditions remains difficult, particularly for conjugated polymers and
OMIECs. This challenge originates from the intrinsic stability of n-conjugated backbones, which conflicts
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with the need for hydrolytically cleavable structures. Future work will require molecular designs that
introduce degradable linkages while maintaining efficient charge transport. Such strategies will be essential
for realizing fully bioresorbable organic electronic systems.

Second, the incorporation of degradable functionalities inherently introduces performance trade-offs
compared to conventional non-degradable conductors. In general, biodegradable systems exhibit inferior
electrical conductivity, mechanical stability, and long-term reliability. For example, hydrolytically cleavable
moieties introduced into n-conjugated backbones can disrupt charge delocalization, leading to reduced
conductivity. In composite pastes, premature disruption of percolation networks under aqueous conditions
results in shortened functional lifetimes. In OMIECs, mismatches in the biodegradability of ionic and
electronic components, along with incomplete degradation, further limit device stability. Addressing these
challenges requires integrated material design strategies that simultaneously consider biodegradability,
electrical performance, and long-term reliability.

Third, increasing demand for minimally invasive implantable systems and intelligent bioelectronics
continues to drive higher levels of device integration. Accordingly, biodegradable organic conductors need to
become compatible with scalable fabrication processes, including high-resolution patterning, multilayer
integration, and system-level stability. Advances in both materials and processing will therefore be critical for
enabling highly integrated transient bioelectronic platforms.

Beyond these material-level considerations, biodegradable organic conductors may also support broader
system-level developments. The integration of sensing, actuation, and adaptive control within soft and
deformable platforms points toward intelligent biodegradable systems, including soft robotic platforms and
biointeractive devices. Such systems could operate in dynamic biological environments while maintaining
mechanical compatibility and environmental sustainability. From a broader perspective, continued advances
in biodegradable organic conductors may contribute to electronic systems that more closely resemble
biological systems in both function and lifecycle. In this context, transient electronic platforms that
ultimately degrade into environmentally benign byproducts, including compostable pathways, represent a
meaningful direction for future research. These developments may extend transient bioelectronics beyond
biomedical applications toward sustainable, human-compatible electronic systems.
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