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The skin, serving as the body’s primary line of defense against external elements, is easily damaged,
forming acute or chronic wounds. Consequently, wound care has generated significant market demand
and attracted considerable interest. Conductive hydrogels, cutting-edge materials that effectively merge
the extracellular matrix mimicking properties of hydrogels with the electrochemical properties
of conductive materials, have garnered substantial attention in tissue engineering. In addition to the
unique mechanical adjustability and bioactive substance transport capabilities of hydrogels, conductive
hydrogels provide endogenous electric fields and injury currents to the wound area through electrical
stimulation, enhancing cell migration and the development of epithelial layers. Therefore, they possess

Received 11th May 2025, significant potential for practical application in skin wound repair. This article reviews the applications

Accepted 8th August 2025 and recent advancements of conductive hydrogels in wound healing over the past five years, including
the types and characteristics of conductive hydrogels and their use in various kinds of wounds, and

evaluates the limitations and prospects of conductive hydrogels, offering references and new insights for
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Introduction

The skin is the largest organ in the human body and is crucial
in protecting us from external damage.' Acting as the main
physical barrier between our body and the external environment,
the skin performs essential functions like regulating body
temperature, sensing stimuli, and maintaining homeostasis.>
However, being the most exposed layer, the skin is vulnerable
to injury and damage. Persistent structural damage leads to
various wound levels. Healing these wounds necessitates a
series of continuous and coordinated biochemical processes.®
Skin wounds are generally divided into acute wounds and
chronic wounds according to the duration of the wound
healing.* After undergoing four fundamental stages - hemo-
stasis, inflammation, proliferation, and remodeling (Fig. 1),
acute wounds, such as mechanical injuries, chemical injuries,
and surgical wounds, usually take 8 to 12 weeks to recover
fully.6 Chronic wounds such as burns, infections, and those
related to diabetes are more difficult to heal and require a
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longer time for recovery. Adverse reactions from injuries can
lead to infections and the formation of bacterial biofilms.”®
In addition, excessive reactive oxygen species (ROS) and impaired
vascular function in diabetic wound healing often halt recovery
during inflammation, hindering proper healing.”™* Serious
chronic wounds often lead to amputation, sepsis, or even death
if untreated promptly."* Thus, adequate wound care is vital to
avoid infections and foster healing.

As an essential method of wound management, dressings
can prevent external wound contamination. Traditional dress-
ings include gauze, cotton, and bandages.'® These wound
dressings mainly protect against contaminants rather than
healing wounds, thus offering limited benefits for chronic
wounds.* Additionally, traditional dressings are usually dry
and non-degradable, requiring regular changes. However, since
they cannot provide a moist environment, these dressings tend
to adhere to the wound as the exudate solidifies, causing
secondary injury.® In reference to the problem mentioned
above, various innovative biological materials have been cre-
ated for wound healing.*""” Chitosan is a key research material
with its antibacterial and efficient hemostatic functions. Syn-
thetic polymers like polylactic acid (PLA) and polycaprolactone
(PCL), known for their strength and controlled breakdown, are
used in skin tissue engineering. Among these, hydrogels, highly
hydrophilic macromolecular 3D networks, are expected to
significantly benefit the biomedical field after undergoing
physical or chemical crosslinking to form biomaterials with
high water absorption and swelling properties.'®'® Studies have
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Fig. 1 The processes of wound healing: (A) hemostasis, (B) inflammation,
permission of Wiley-VCH GmbH, copyright 2021.

demonstrated that skin cells regenerate more efficiently in a
moderate humidity environment.”® Exogenous electrical stimula-
tion (ES), by emulating the endogenous currents at the wound site,
contributes actively to the process of wound healing.*'* Hydro-
gels mimic the extracellular matrixs (ECM) 3D environment,
enhancing cell adhesion, growth, and differentiation to expedite
healing. As wound dressings, they absorb excess fluids, starve
bacteria, and promote breathability.>* Therefore, applying hydro-
gels in wound healing is worthy of long-term, in-depth research.
Skin tissue possesses electro-sensitivity,”® the uneven dis-
tribution of ion channels within the epidermal cells enables the
intact epidermis to maintain an electrical potential difference,
while the movement of ions ensures a stable trans-epidermal
potential (TEP).*® Upon skin injury, the disruption of the TEP
leads to the immediate generation of an endogenous electric
field (EF) and damage current, which assist in cell migration
and the re-epidermalization process. By emulating the endo-
genous currents at the wound site, exogenous ES actively
contributes to the wound healing process.”>** However, tradi-
tional ES requires electrodes close to the wound to deliver
currents, which is not ideal for wide-area injuries. To address
this, conductive hydrogels have been developed by combining
hydrogels and conductive properties, providing biomimetic
and electrochemical benefits for wound healing.>”*®
Considering the previously mentioned issues, this paper
provides an extensive review of the uses of conductive hydrogels
in wound healing applications over the past five years, as
illustrated in the overall schematic diagram of conductive
hydrogels for wound repair shown in Fig. 2. To begin with, we
categorize the diverse types of conductive hydrogels and highlight
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several prototypical examples. Thereafter, we explore the multi-
faceted properties exhibited by conductive hydrogels. In subse-
quent sections, we investigate the applications of conductive
hydrogels in various wound repair scenarios, covering acute and
chronic wounds. Finally, we discuss the biosafety of conductive
hydrogels and the prospects of conductive hydrogels in traumatic
repair, providing a scientifically robust perspective that informs
the potential applications of these materials in wound care.

Classification of conductive hydrogels
Conductive hydrogels based on conductive polymers

Conductive polymers are macromolecules with a conjugated
framework, endowing them with distinctive electrical and
optical qualities. Their conductivity stems from the efficient
delocalization of m-electrons along the polymer’s backbone,
enabling charge flow and establishing their conductive
nature.>® Various conductive polymers, such as polythio-
phene (PTh), polypyrrole (PPy), and polyaniline (PANI), exhib-
it a tunable range of electrical conductivity upon doping and
surface functionalization. Due to their inherently hydrophobic
nature stemming from the aromatic rings in their frameworks,
conductive polymers are integrated into hydrogel matrices
through methods such as grafting and doping to create conduc-
tive hydrogels with uniform dispersion and stability properties,*
thereby expanding their biomedical applications.?*!
Poly(3,4-ethylene dioxythiophene) (PEDOT), one of the most
widely used hydrophobic PTh, can be easily dispersed in
aqueous buffer solutions when coated with a hydrophilic
poly(styrene sulfonate) (PSS) shell to form PEDOT:PSS
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Fig. 2 The overall schematic diagram of conductive hydrogels for wound repair.

nanoparticles (NPs), exhibiting high conductivity, high trans-
parency, and high flexibility.>> A study demonstrated the synth-
esis of pure PEDOT:PSS hydrogels by adding dimethyl sulfoxide
(DMSO) to the polymer solution. The hydrogels’ electrical,
mechanical, and swelling characteristics were systemati-
cally modulated through DMSO concentration and drying/
annealing procedures.?® Recently, as shown in Fig. 3A, a highly
3D-printable PEDOT:PSS-based ink has been successfully fab-
ricated for tissue engineering. Enhanced with freeze-dried
PEDOT:PSS and carbon nanotubes, the ink yields a hydrogel
post-printing with a remarkable conductivity of 2000 S m ™. It
boasts superior elasticity, aqueous stability, durability, electro-
magnetic shielding, and sensing abilities, positioning it as a
promising candidate for tissue engineering technologies.**
Notably, the carbon nanotubes in the ink are also a conductive
material widely utilized in fabricating conductive hydrogels,

1150 | J Mater. Chem. B, 2025, 13, 11148-11165

which will be described in detail in the following text. A novel
study resulted in the formulation of a conductive hydrogel by
incorporating metal halides into PEDOT:PSS, which can signifi-
cantly enhance its conductivity while allowing for adjustable
shapes and stretchability. The metal halides’ cations, acting
as Lewis acids, form a complex with the PSS anions, promoting
phase separation.®®> Beyond the use of PSS involved an
anionic polysaccharide template dispersion strategy to develop
a specialized tissue engineering dispersion system consisting of
PEDOT:(dextran sulfate/carboxymethyl chitosan) (PEDOT:(DSS/
CMCS)). This system, formed through a mild Schiff base reac-
tion, yielded injectable conductive hydrogels. PEDOT:(DSS/CMCS)
showed enhanced tissue compatibility and effectively delivered
adipose-derived stem cells, promoting angiogenesis.*® In brief,
hydrogels based on PEDOT, distinguished by their remarkable
conductive and flexible characteristics, have become prevalent

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Conductive hydrogels based on conductive polymers. (A) PEDOT-based conductive hydrogels. (a) Preparation process of the composite inks for 3D
printing. (b) Photographs of a printed architecture. (c) Schematic illustrating the gelation process of the printed device during the post-printing process.
Reproduced from ref. 34 with the permission of Wiley-VCH GmbH, copyright 2023. (B) PPy-based conductive hydrogels. (a) Scheme of synthesis of SCN, DAC,
and PPy. (b) Representation of SCN/DAC_PPy hydrogel with details of bonding between DAC and PPy (top) and DAC and SCN (bottom). Reproduced from ref.
39 with the permission of Elsevier, copyright 2023. (C) PANI-based conductive hydrogels. (a) Schematic diagram of the preparation of an injectable conductive

hydrogel. (b) Injectable property of the ACCP3 hydrogel. Reproduced from ref. 45 with the permission of Elsevier, copyright 2023.

in tissue engineering endeavors and symbolize a bountiful
potential for advancement.

PPy is a polymer with a high degree of n-conjugation in its
polymer chain, which imparts inherent electrical conductivity.
It exhibits controllable electrical conductivity, thermal stability,
and environmental resilience.*”*® In a research endeavor, a
conductive hydrogel featuring covalently bound PPy NPs was
developed through the crosslinking of chitosan with divalent
alcohol cellulose (DAC) and the covalent anchoring of PPy
colloidal particles. This hydrogel captures ROS, has tissue-like
conductivity, and adheres to the skin, offering potential appli-
cations in skin wound therapy (Fig. 3B).>° In another study, a
novel and easily synthesizable agarose/gelatin/PPy hydrogel
(Aga/Gel/PPy, AGP3) was developed by modulating the

This journal is © The Royal Society of Chemistry 2025

concentrations of Aga and PPy. It boasts enhanced conductivity
via an in situ PPy network and improved thermal stability at
physiologic temperatures. Its physical cross-linking enables
injection, and the hydrogel’s modulus is easily controllable
through Aga dosage.*® Recent research utilizes the microemul-
sion method to synthesize PPy NPs, which are then incorpo-
rated into a Gel-hyaluronic acid (HA) composite hydrogel. The
resulting HA:PPy-NPs hydrogel, designed for tissue engineer-
ing, exhibits exceptional mechanical properties and significant
cytocompatibility, improving cell adhesion and proliferation.*!
Moreover, a gel-based hydrogel containing PPy was developed,
using tannic acid (TA) as a crosslinker to enable dynamic non-
covalent bonding. The role of TA in doping PPy was crucial for
determining the electrical conductivity of the hydrogel.*>
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PANI, a commonly utilized conductive polymer known for its
high electrical conductivity,**** was recently modified to be
grafted onto CMCS, synthesizing a novel water-soluble conductive
material. Incorporating this material into a dynamic gel network
formed through a Schiff base reaction between aldehyde-
functionalized HA (ALHA) and CMCS creates a dual-crosslinked
hydrogel. This hydrogel possesses injectability, self-healing proper-
ties, and conductivity, while also demonstrating good biocompat-
ibility, elastic modulus, and electrical conductivity (Fig. 3C).*°
Moreover, employing a “doping followed by gelling” approach,
a PANI/poly(acrylic acid) (PAA) hydrogel was synthesized with a
unique chain entangled network. The strong electrostatic interac-
tions between PAA and PANI chains act as dynamic crosslinks,
endowing the hydrogel with electrical conductivity and exceptional
properties, including super-stretchability, high tensile strength,
and rapid self-healing capabilities.*®

Although conductive hydrogels based on conductive poly-
mers have reached a certain level of development, issues
regarding the uneven dispersion of conductive polymers per-
sist, and most polymer monomers are toxic. Consequently,
polymer residues may remain in the body in clinical applica-
tions, posing potential risks that are difficult to metabolize.
Therefore, exploring the biodegradability of these materials is
essential, such as by combining conductive polymers with
degradable polymers to enhance the degradation ability and
biocompatibility of conductive hydrogels.

Conductive hydrogels based on metal nanomaterials

Metals are known for their high electrical conductivity, ease of
manipulation, and properties such as corrosion resistance,
oxidation resistance, and high specific surface.”” Valence electrons
in metals, combined with their high crystallinity, facilitate con-
ductivity. Moreover, most metal NPs exhibit biocompatibility,
rendering them inherently antibacterial, antiviral, and anti-
inflammatory. Consequently, conductive hydrogels fabricated
with metal nanomaterials have garnered significant interest in
tissue repair in recent years.**>°

Gold is a prevalent metal in biomedical applications among
various metals, with gold NPs (Au-NPs) and nanorods being
utilized in fabricating carbon nanotubes. The integration of
Au-NPs with a dual aldehyde polyurethane (DAPU) nano-
crosslinker, followed by the addition of O-CMC (Fig. 4A), results
in the formation of a conductive hydrogel with self-healing and
anti-inflammatory capabilities. This hydrogel can exert anti-
inflammatory and protective effects on inflamed neural stem
cells.”* Empirically distinguished for their conductivity and
stability, Au-NPs offer a substantial prospect for advancements
in cardiac tissue engineering,>®*”>* notably through the fusion
with conductive hydrogels. A salient example unfolds with the
formation of an in situ hydrogel through the merger of the
hyperbranched polymer polyethylene glycol diacrylate/4-vinyl-
benzyl boric acid (PEGDA-PBA) and thiolated HA (HA-SH). Such
a hydrogel attains a heightened capability for medicinal target-
ing and delivery upon being loaded with astragaloside (AST)
NPs. The additive incorporation of gold nanorods into this
matrix translates to endowing the scaffold with conductive
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capabilities, thereby proposing a cutting-edge therapeutic inter-
vention for mitigating the impacts of myocardial infarction.>”
Furthermore, Au-NPs can be synthesized in situ in the presence
of lysozyme nanofibrils (LNFs). The resulting hybrid AuNPs@
LNFs are then dispersed within Gel-HA hydrogels. The obtained
hydrogels display enhanced rheological behavior, mechanical
resilience, antioxidant activity, and electrical conductivity, which
benefit myocardial regeneration applications.”®

Apart from gold, silver is the most extensively employed
metal in biological materials among all common metals. Silver-
based biomedical materials, in addition to their conductive
properties, possess robust antibacterial abilities and are widely
used to treat burns and infected wounds. Polydopamine-func-
tionalized silver (PDA@Ag) NPs, in combination with 3-amino-
phenyl boronic acid, PPy, and polyvinyl alcohol (PVA), can
self-assemble into a multifunctional conductive hydrogel via
supramolecular interactions (Fig. 4B). This hydrogel exhibits
excellent electrical and mechanical properties, as well as broad-
spectrum antibacterial activity, and has a significant therapeu-
tic effect on diabetic foot wounds.?” In an innovative research
effort, motivated by the adhesive properties of mussels, TA was
reacted with ultra-small Ag NPs through an in situ reduction
process to form tannic acid-chelated silver (TA-Ag) nano-
enzymes. These nanoenzymes induced the autocrosslinking
of the hydrogel without requiring external agents. The uniform
distribution of the nanoenzymes, which possess phenolic
groups, within the hydrogel network contributed to the hydro-
gel’s improved mechanical and electrical properties.”® Another
scientifically rigorous experiment demonstrated that lignin NPs
can catalyze the in situ reduction of silver to form silver-lignin
NPs. In conjunction with Fe®*, ammonium persulfate (APS),
and acrylic acid (AA), this composite material enables the ultra-
fast polymerization of PAA at room temperature within just a
few minutes. As a result, the former hydrogel exhibited excep-
tional electrical conductivity, UV resistance, and high anti-
bacterial activity.”® To enhance the biosafety of conductive
hydrogels, combined with the biocompatible and highly anti-
bacterial Ag NPs, a novel approach utilizing natural polymers
without chemical reducing agents was employed. This method
involved the in situ photoreduction of silver ions and the semi-
dissolution acidification sol-gel transition, which resulted in
the creation of a multifunctional chitosan/CMCTS/Ag NPs (CTS/
CMCTS/Ag NPs) conductive hydrogel, which exhibited enhanced
mechanical strength, self-healing ability, and biocompatibility.*°

With their outstanding electrical conductivity and ease of
preparation, metal nanomaterials have emerged as a preferred
choice for fabricating conductive hydrogels. Conductive hydro-
gels based on metal nanomaterials have also achieved extensive
development. However, most metals are toxic, which limits the
application of conductive hydrogels based on metal nano-
materials in wound repair.

Ionic conductive hydrogels

Unlike the traditional approach of adding conductive particles
to hydrogels for conductivity, injecting a high concentration of
free ions into the hydrogel’s polymer network can simultaneously

This journal is © The Royal Society of Chemistry 2025
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result in a hydrogel with excellent ionic conductivity, rapid
gelation, injectability, and high elasticity.®* The homogeneous
arrangement of conductive ions within the hydrogel matrix
addresses the mechanical and electrical drawbacks of the
aggregation observed in traditional electronically conductive
hydrogels. This configuration enables a more accurate simula-
tion of ion transport found in tissue cells, thereby providing a
continuous conductive microenvironment that supports the
healing of skin wounds, representing a novel approach to
applying conductive hydrogels in tissue restoration.®

For instance, integrating TA and human-like collagen (HLC)
into a PVA and borax crosslinking network creates an adaptive
conductive hydrogel. Borax is both a crosslinker and an ionic
conductor, providing conductivity, adaptability, and self-healing

This journal is © The Royal Society of Chemistry 2025

properties to the hydrogel through dynamic crosslinking mediated
by borate bonds. The introduction of HLC and TA alters the
hydrogel’s crosslinking density and pH, providing the hydrogel
with functions such as hemostasis, antimicrobial activity,
anti-inflammatory properties, cell proliferation, and collagen
deposition. Furthermore, this hydrogel enables the transmis-
sion of endogenous and exogenous electrical currents, facilitat-
ing intercellular signaling and the transfer of electrical stimuli,
which in turn promote cell migration and angiogenesis.>
Another innovative conductive hydrogel incorporated
PDA NPs, glucose oxidase (GOx), and catalase (CAT) into a
PDA/acrylamide (AM) hydrogel matrix. The presence of GOx
enhanced the hydrogel’s adhesiveness, glucose-lowering
potency, and superior conductivity, thereby speeding up the
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wound healing process.®® Furthermore, conductive amphiphi-
lic ionic hydrogels were prepared using the co-polymerization
of diblock ionic monomers, such as methyl acrylate carb-
oxybetaine (CBMA), and biocompatible monomers, such as
methyl acrylate hydroxyethyl ether (HEMA). The hydrogels
demonstrated outstanding ionic conductivity, commendable
mechanical properties, including compression and tension,
self-healing abilities, and mechanosensory functions, render-
ing them applicable for the repair of myocardial tissue injuries
(Fig. 4C).**

Currently, the conductivity of ionic hydrogels primarily
depends on the free movement of anions and cations. However,
the internal structure of hydrogels often restricts ion move-
ment, affecting their conductive properties. Moreover, toxicity
and ion leakage are significant issues for ionic hydrogels, which
limit their development in wound healing and require particu-
lar attention.

Conductive hydrogels utilizing carbon-based nanomaterials

With their impressive environmental stability, high electrical
conductivity, and large specific surface area, carbon-based
materials have gained extensive applications in biomolecule
functionalization and the modulation of cellular responses to
injury repair.®>®® This category includes materials such as
carbon nanotubes (CNTs), graphene, activated carbon, carbon
fibers, carbon dots, and porous carbon nanotubes, with CNTs
and graphene serving as the most illustrative examples in the
creation of conductive hydrogels.”>®” As shown in Fig. 5A, by
uniformly coating a covalent organic framework (COF) on oxi-
dized carbon nanotubes (OCNTs) and coordinating it with Fe**, a
tubular nanocomplex named OCNT@COF-Fe (O@CF) can be
obtained, demonstrating outstanding photodynamic activity in
generating ROS. The covalent crosslinking of the COF coating
allows this complex to be uniformly dispersed within a Schiff base
hydrogel, resulting in an antimicrobial, injectable (Fig. 5A(b)),
conductive hydrogel (O@CF@G hydrogel) (Fig. 5A(c)) that is
suitable for wound healing applications.®®

In a recent study, CNTs were incorporated into methyl
acrylate crosslinked GelMA hydrogels using a rotating liquid
bath electrospinning technique, producing oriented conductive
hydrogel fibers. These hydrogel fibers exhibit microscale
arrangements that simulate the structure of neuronal axons,
electrical conductivity, and soft mechanical properties, holding
great promise for applications in neural tissue engineering.®®
Moreover, recent research has uncovered that a bucky gel
can be obtained by mixing ionic liquids with CNTs through a
simple mechanical milling, resulting in a network of CNT
frameworks filled with a large amount of ionic liquid. The
entangled bundles of CNTs are broken into smaller bundles,
creating a permeation network within the ionic liquid. This
CNT network can then be transferred to a hydrogel matrix
in situ by polymerizing suitable monomers in the ionic liquid,
followed by solvent replacement with polyethylene glycol to
create a CNT-hydrogel composite material.”® It is a convenient
and effective protocol for creating conductive hydrogels, suitable
for future applications in tissue engineering.

154 | J Mater. Chem. B, 2025, 13, 11148-11165

View Article Online

Review

Graphene oxide (GO) and reduced GO (rGO), alongside
CNTs, serve as prevalent carbon-based materials in the pre-
paration of conductive hydrogels.”" Current empirical evidence
suggests that GO in Fig. 5B, serving as a functional additive,
can thwart the progression of the Knoevenagel condensation
reaction between benzaldehyde and cyanoacetate group-func-
tionalized dextran polymers. Under conditions where a dextran
hydrogel has not yet formed upon the introduction of histidine
into this mixture, the solution undergoes a rapid sol-gel
transition, forming a hydrogel endowed with conductive prop-
erties (Fig. 5B(a)). This hydrogel boasts superior electrical
conductivity, translating human motion into resistive signals.
Its pronounced responsiveness and advantageous electrical
properties align well with microfluidic 3D printing technol-
ogies. Consequently, this conductive hydrogel is considered a
viable 3D print medium (Fig. 5B(b)), poised to play a pivotal
role in minimally invasive in vivo bioprinting, facilitating
accurate tissue formation and repair.”> An additional study
involved the self-assembly of agarose microbeads coated with
GO into a granular hydrogel, which, with gentle heat, trans-
formed into a conductive hydrogel containing a 3D network of
reduced GO. This hydrogel boasted high electrical conductivity,
low impedance, and elastic properties reminiscent of soft
tissues, which can be easily shaped into various conductive
structures through molding and 3D printing.”?

The most recent study developed a conductive polyacryl-
amide/sodium alginate cross-linked hydrogel containing rGO,
exhibiting antibacterial, anti-inflammatory, and antioxidant
properties. This hydrogel was capable of converting the ‘“short
circuit” at the site of injury into a “complete circuit”, thereby
prompting fibroblasts near the wound to secrete growth fac-
tors, accelerating tissue regeneration.”* Rapid advancements
in the field of two-dimensional nanomaterials are being driven
by the MXene family (the booming transition metal carbides,
nitrides, and carbon nitrides), which are highly coveted for
their metallic conductivity, extensive aspect ratio, solution
processability and versatile tunability.”> These attributes posi-
tion them as an enthralling multifunctional platform for con-
ductive hydrogels for tissue repair applications.”®’” An example
includes the rapid formation of a hydrogel by blending phytic
acid (PA), polyvinyl pyrrolidone (PVP), and MXenes in optimal
ratios. PA serves as a crosslinker, establishing hydrogen bonds
with the PVP polymer matrix to facilitate the development of a
3D physical crosslinking network. The reversible hydrogen
bonds contribute to the hydrogel’s excellent injectability and
self-healing properties, while the integration of MXenes enhances
its conductivity.”® In another study shown in Fig. 5C, an antiox-
idant and conductive hydrogel was prepared by embedding
MXene nanosheets (TizC,) into a temperature-sensitive ECM
hydrogel. This hydrogel exhibited significant antioxidant and
conductive properties and was capable of effectively neutralizing
ROS.” Similarly, the two-dimensional titanium carbide (TizC,T,)
MXene, when mixed with Gel and dextran aldehyde (dex-ald), has
been innovated into a conductive adhesive hydrogel capable of
effectively restoring a variety of electrically active tissues, including
the heart, muscles, and nerves.® It is evident that most MXene

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Conductive hydrogels based on Carbon-Based Nanomaterials. (A) CNT-based conductive hydrogel. (a) Mechanisms for the ROS/O, generations
and photothermal enhancements of O@CF and illustration for preparing O@CF@G hydrogel. (b) Photographs of the injectable O@CF@G hydrogel
through the 22 G needle. (c) Photographs of the adhesions of O@CF@G to pig skin under bending, warping, water washing, and air blowing, respectively.
Reproduced from ref. 68 with the permission of Wiley-VCH GmbH, copyright 2024. (B) GO-based conductive hydrogel, schematic diagram of the DEX/
GO hydrogel fabrication, and use as a 3D printable polymer ink. (a) Gelation process of the DEX solution in the presence or the absence of GO in the
histidine solutions. (b) DEX/GO solution can be used as a 3D printable polymer ink, by which a free-standing and deformable scaffold could be prepared
through the microfluidic 3D printing technique when the DEX/GO solution was injected into the histidine solution (left); the printed construct could be
further used as a flexible sensor (right). Reproduced from ref. 72 with the permission of American Chemical Society, copyright 2022. (C) MXene-based
conductive hydrogel, schematic illustration of the preparation and application of E-MXene hydrogel. Reproduced from ref. 79 with the permission of
Elsevier, copyright 2024.

hydrogels reported are based on TizC,T,, which is the most
advanced in terms of the synthesis and property study within
the MXene family. However, this also means ample room for
improvement in the targeted applications of hydrogels derived
from MXene materials. The conductive hydrogels based on
carbon-based conductive materials have reached a high level
of development. However, these materials may pose a risk of
thrombosis in the body and are difficult to metabolize,

This journal is © The Royal Society of Chemistry 2025

restricting their application in the medical and clinical fields.
Most materials utilized for skin wound repair typically only
contact a limited wound area, thereby eliminating the issues of
metabolism and thrombosis risk. Nevertheless, carbon-based
conductive hydrogels still hold significant potential for applica-
tion in wound repair.

A comprehensive analysis reveals that conductive hydrogels,
categorized by their distinct types, possess varying degrees of

J. Mater. Chem. B, 2025, 13, 11148-11165 | 11155


https://doi.org/10.1039/d5tb01130b

Published on 28 August 2025. Downloaded by Shanghai Jiaotong University on 9/18/2025 1:19:34 AM.

Journal of Materials Chemistry B

Table 1 Conductivity and application of different conductive hydrogels
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Conductive hydrogels Representative material

Conductivity (S m™") Field of application

Conductive polymers based PEDOT:PSS-based
PPy-based
PANI-based
Au-based
Ag-based
TA/HLC/PVA
CNTs-based
GO-based
MXene-based

Metal nanomaterials based

Ionic conductive hydrogels
Carbon-based nanomaterials based

conductivity and application scope. Table 1 provides an orderly
and precise summary of these findings.

Applications of conductive hydrogels for wound healing

Upon skin injury, the positive charges within the wound inter-
act with the negative charges surrounding the entire skin to
generate an endogenous EF that aids in the migration of cells
involved in wound healing. Consequently, ES is an adjunct
method that can facilitate the seamless transfer of these
endogenous EF charges. However, the bulk of external ES
devices often hinders their ability to conform perfectly to the
wound, necessitating the development of flexible conductive
hydrogels that can cover the wound site and effectively transmit
electrical signals. Conductive hydrogels have emerged as a focal
point in the field of wound healing, with various types being
developed to cater to different wound presentations.®"#>

Acute wounds

Acute wounds are typically defined as injuries that occur
suddenly, including surgical cuts and second-degree burns.
Their healing generally begins in the first phase of the wound
healing process, known as the hemostatic phase. This stage
primarily involves tissue regeneration through the collaborative
efforts of platelets, fibroblasts, and microcells. Generally, acute
wounds require 8 to 12 weeks to heal, while larger or open
wounds often cannot close through self-contraction, making
healing difficult. Therefore, accelerated wound healing is cru-
cial in the healing process of acute wounds.

Research indicates that electrical stimuli promote wound
healing with high efficacy and a low incidence of side effects.
An instance (Fig. 6A) can be observed with a conductive hydro-
gel synthesized using silver nanowires (Ag-NW) and methacry-
lated alginate (MAA), which is capable of being printed onto
medical-grade dressing patches (e-patch) (Fig. 6A(a) and (b)).
Such hydrogels effectively stimulate re-epithelialization and
enhance vascular formation within a wound’s microenviron-
ment. ES increases the output of growth factors (Fig. 6A(c)),
resulting in elevated cell proliferation and migration rates.
Within 18 hours, the fibroblasts in the ePatch group with an
EF, denoted as ePatch w/EF, exhibited a significantly faster
migration rate than those in the ePatch group without an EF,
and showed a higher migration efficiency. (Fig. 6A(d)). Animal
testing demonstrates that, compared to the standard 20-day
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2 x 10° 3D printing, with potential for wearable
and implantable applications®*

2 x 1071 Promote the repair of spinal cord injuries*®

8.27 + 0.37 x 102 Repair of peripheral nerve injury*®

2-4 x 103 Parkinson’s disease treatment™’

7 x 1072 Human-machine electronics®

1x10°-2.6 x 10" Deep wound treatment™

1.2 x 107" Diabetic wound healing®®

1.5-5 x 10°* 3D printing”?

5.29 x 10°° Myocardial infarction treatment”®

healing duration in rodents, wounds treated with this hydrogel
heal significantly faster, often within 7 days (Fig. 6A(e) and (f)).
During the experimental period, no significant improvement in
wound healing was observed in either the control group or the
ePatch group by the fourth day. However, in the ePatch w/EF
group, a noticeable closure of the circular wound occurred
vertically, resulting in only a minor residual wound area.
Consistent with the outcomes of the in vitro migration assay,
the promotion of wound closure was exclusively observed in the
ePatch w/EF group. This trend of rapid wound healing persisted
throughout the experiment, up to the seventh day, with a linear
wound bed evident only in the ePatch w/EF treated group.
Moreover, due to irregular tissue regeneration processes,
the wound edges in both the control group and the ePatch
group remained circular and wrinkled-like, whereas the wound
edges in the ePatch w/EF group were nearly linear. The control
group’s wound area measurements were 57.9 + 3.3% on day 4
and 31.4 £+ 7.5% on day 7. In the ePatch group, they were 57.1 +
4.0% on day 4 and 28.6 + 4.6% on day 7; and in the ePatch w/EF
group, they were 25.7 + 1.3% on day 4 and 9.8 + 4.5% on
day 7.*® For deeper wounds, conventional hydrogels only cover
the exposed area, leaving a cavity behind and presenting certain
limitations. However, the novel ionic hydrogel introduced in
the text above, which integrates TA and HLC into the PVA and
borax hydrogel network, can autonomously conform to the
contours of deep wounds, effectively overcoming these limita-
tions and offering an excellent treatment option for such deeply
penetrating injuries. Adaptive conductive hydrogels can seam-
lessly adapt to deep wound cavities, allowing for the transmis-
sion of both native and externally applied electrical currents.
This promotes intercellular signaling as well as the distribution
of exogenous electrical stimuli, enhancing cell migration and
blood vessel formation. Among them, the cell proliferation rate
was notably higher on scaffolds subjected to ES than in the
control group. The cell growth in the groups receiving ES was
substantially greater than in the untreated (no ES) groups for
the conductive hydrogels in question. In animal trials, com-
plete wound closure was achieved by day 10, with reconstitu-
tion of the subdermal tissue, including blood vessels and hair
follicles, greatly expediting wound healing. In the study, by the
10th day, the wound healing rate in the control group reached
only 50%, while the control + ES group achieved a healing rate
of 62%. Conversely, the wound healing rate for the group

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (A) Conductive hydrogels for acute wounds. (a) Schematic of the ePatch fabrication. (b) Schematic of the Ag-NW-MAA ink formula and the
double-crosslinked network. (c) Illustration of the biological activities of the ePatch during the healing process. (d) Microscopic images of the scratch
assay. Cells were stimulated with or without EF. (e) Photograph of the ePatch applied on the back of an SD rat. (f) Optical images of wounds and residual
wound areas in different groups at days 4 and 7. Reproduced from ref. 48 with the permission of Elsevier, copyright 2022. (B) Conductive hydrogels for
infected wounds. (a) Schematic representation of the CEC/PF/CNT hydrogel preparation: original shape, bending, stretching shape representations, and
adhesion behavior of the CEC/PF/CNT2 hydrogel. (b) Photographs and schematic diagrams of the wound closure on the 3rd, 7th, and 14th day.

Reproduced from ref. 92 with the permission of Elsevier, copyright 2020.

treated with the hydrogel dressing alone was between 69% and
72%. Notably, the conductive hydrogel + ES group wound had
completely closed by the 10th day, exhibiting only minimal
scarring. The combination of the hydrogel and ES demon-
strated a synergistic effect that significantly enhanced the rate
of tissue regeneration.”> Furthermore, an injectable self-
healing hydrogel with biomechanical activity, based on quater-
nized chitosan (QCS), polydopamine-coated rGO (rGO-PDA),
and poly(N-isopropylacrylamide) (PNIPAm), has been devel-
oped. They firmly adhere to the skin, actively constrict wounds
through self-contraction to aid in healing, and possess good
self-healing properties, temperature-dependent drug release
capabilities, antibacterial effects, antioxidant properties, and
conductivity. In vivo full-thickness skin defect models have
indicated that hydrogel dressings significantly promote wound
closure, accelerate wound contraction, and facilitate the
healing process of the wound site, with increased granulation

This journal is © The Royal Society of Chemistry 2025

tissue thickness, enhanced collagen distribution, and improved
vascularization.®?

Chronic wounds

Chronic wounds typically arise from various factors following
trauma, including the development of bacterial biofilms,® or
are caused by conditions such as aging, chemotherapy, radio-
therapy, immunosuppression, and systemic malignancies such
as diabetes,® which impede proper wound healing and are
generally classified into two main types: infectious wounds
and diabetic wounds.

Infected wounds

The antimicrobial activity is vital for the healing of infected
wounds, and antimicrobial dressings are a commonly employed
strategic intervention. The inherent properties of hydrogels
make them suitable matrices for the delivery of antibiotics,

J. Mater. Chem. B, 2025, 13, 11148-11165 | 11157


https://doi.org/10.1039/d5tb01130b

Published on 28 August 2025. Downloaded by Shanghai Jiaotong University on 9/18/2025 1:19:34 AM.

Journal of Materials Chemistry B

with numerous antibiotics and antimicrobial agents encap-
sulated within conductive hydrogels to create local, drug-
resistant, and sustained-release systems. These systems effectively
control bacterial proliferation in skin wounds and promote
healing. Moreover, metals, carbon-based materials, conductive
polymers, ionic compounds, and other substances that impart
conductivity to hydrogels also enhance their antimicrobial
properties. For example, the photothermal properties of
CNTs® ¢ and PPy,?”"®® as well as the photothermal antibacter-
ial properties of GO,**®°! enhance the healing of infected
wounds.

The self-healing conductive antibacterial hydrogel, made
from a material blend of oxidized sodium alginate grafted with
dopamine, CMCS, and Fe*", encapsulated within PPy-3-acetic
acid, exhibits commendable conductivity, photothermal anti-
bacterial activity, and antioxidant capabilities when exposed to
near-infrared (NIR) light. In the study of infected full-thickness
skin wound repair in mice, the conductive hydrogel improved
healing efficacy in infected wounds when combined with NIR
irradiation. After 14 days, the wound area decreased by 12%
compared to commercially available Tegaderm™ dressings. The
thicknesses of the vascular tissue, hair follicles, and epidermis
approached normal skin levels. Inflammation diminished, and
the granulation tissue became thicker.® Similarly, due to the
photothermal antibacterial properties of the material, the con-
ductive self-healing adhesive hydrogel, fabricated from benzalde-
hyde-terminated Pluronic F127/CNTs and n-carboxyethyl chitosan
(CEC/PF/CNT hydrogel), has been validated in vivo to possess
significant potential as a photothermal therapy (PTT) material for
treating infected wounds (Fig. 6B). It effectively enhances wound
healing (Fig. 6B(b)), collagen deposition, and angiogenesis,
indicating promising therapeutic prospects for managing
infected wounds.®

Furthermore, satisfactory healing of chronic wounds asso-
ciated with multidrug resistant (MDR) bacterial infections
remains a significant challenge due to persistent inflammation
and severe bacterial pathogenesis. In the context of chronic
wounds infected with methicillin-resistant Staphylococcus aur-
eus (MRSA), typical MDR bacteria, carbonitride (Nb,C) MXene
materials have shown remarkable antioxidant properties.
Accordingly, a study utilized Pluronic F127 aldehyde (FCHO),
branched polyglycerol-amino acid (GEPL), PDA modified Nb,C
MXene nanosheets (Nb,C@PDA), and 3,3'-dithiodipropionic
acid (DTPH) to prepare a conductive hydrogel through a Schiff
base reaction. This hydrogel effectively scavenges excessive ROS
and demonstrates 100% in vitro antibacterial efficiency against
MDR MRSA. It significantly accelerates the healing of MRSA-
infected wounds by promoting rapid hemostasis, eradicating
bacterial infections, exhibiting anti-inflammatory effects, sti-
mulating cell proliferation, angiogenesis, granulation tissue
formation, collagen deposition, and re-epithelialization, achiev-
ing a healing rate up to 97.3%.%

In another study, a conductive hydrogel based on an ionic
liquid containing Zn>" was synthesized through multiple
bound crosslinking, exhibiting good cell compatibility and
antioxidant properties. Integrating Zn>" into the hydrogel
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provided significant bacteriostatic effects against MRSA and
E. coli. The healing effect of the hydrogel on MRSA-infected
mouse neck skin wounds was confirmed, showing improve-
ments in the wound healing rate, collagen deposition, and
granulation tissue thickness due to reduced inflammation and
enhancement angiogenesis.”* Additionally, in a classic study
previously mentioned, researchers innovatively combined tita-
nium carbide Tiz;C,T, MXenes with the antioxidant cerium
dioxide (CeO,) to fabricate conductive hydrogels. This novel
conductive hydrogel not only continues the photothermal anti-
bacterial characteristics of the MXenes but is also infused with
the antioxidant capabilities of CeO,. This integration plays a
significant role in alleviating the inflammatory responses
encountered in the early stages of wound healing. Moreover,
in the cell proliferation experiment, the conductive hydrogel
scaffold combined with ES yielded a significantly higher cell
count than the other groups, suggesting that conductivity is an
effective stimulator of cell proliferation. Moreover, the scratch
assay results revealed a marked decrease in the non-healing
rates of scratches, with the control group, electrode group, and
hydrogel-ES group exhibiting rates of 59.6%, 50.3%, and 48.2%,
respectively. Particularly striking was the closure rate of the
scratches in the group treated with a combination of conduc-
tive hydrogel and ES, which reached an impressive 73.6%
within 24 hours, thereby conclusively demonstrating the sub-
stantial promotion of cell migration by this combined approach.
The hydrogel’s conductivity can efficiently promote granulation
tissue formation, blood vessel regeneration, collagen deposition,
and re-epithelialization, contributing materially to the accelerated
treatment and healing of MDR infected wounds.”®

While the photothermal antibacterial function of most con-
ductive materials plays a significant role in treating infectious
wounds, it is crucial to recognize the potential for secondary
skin damage caused by short-term high temperatures. There-
fore, intelligent temperature control on the wound surface
remains an area that requires further exploration. Antibacterial
and infection control are merely components in skin wound
repair. Effective wound repair demands the coordination of
additional steps and processes and enhancements in the real-
time monitoring capabilities of conductive hydrogels for asses-
sing the degree of bacterial infection on the wound surface.

Diabetic wounds

Diabetes is a multifaceted metabolic disorder, and chronic
wounds represent one of the most serious complications of
this condition. Approximately 25% of patients with diabetes
will require amputations, and at least 68% of these individuals
will not survive beyond five years following their amputation.
The hallmarks of these wounds include elevated levels of ROS,
a consequence of chronic hyperglycemia, which lead to oxidative
stress, diminished antioxidant defenses, and the production of
free radicals. This ultimately results in microvascular damage,
inhibition of angiogenesis, and prolonged inflammation.>
Metformin, a widely employed agent in diabetes manage-
ment, exerts significant protective effects on microvessels
within a hyperglycemic environment. It achieves this by

This journal is © The Royal Society of Chemistry 2025
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enhancing mitochondrial autophagy, which reduces endothe-
lial cell damage caused by high glucose levels. Additionally,
metformin activates the AMPK signaling pathway in vascular
endothelial cells and inhibits the activity of NF-kB, a regulatory
protein that promotes inflammation. By doing so, it down-
regulates the expression of pro-inflammatory cytokines and
adhesion molecules, contributing to preserving vascular integ-
rity and function. Exosomes can transport proteins, mRNA,
miRNA, and other small molecular substances to target cells,
triggering signaling cascades that promote tissue regeneration.
By reducing the production of ROS, they can alleviate oxidative
stress-related skin damage, thereby decreasing DNA damage,
mitochondrial alterations, histopathological injuries, and
inflammation.

Studies have explored the crosslinking and coordination of
four-arm SH-PEG with Ag" to create PEG hydrogels, along with
the combination of hydroxyl-modified multi-walled CNTs
through disulfide bonds to form hydrogen bonds, ultimately
resulting in a stable, conductive 3D structure. Using metformin
as a model drug and ADSCs-Exos as bioactive substances, the
highly interconnected porous network formed by the coordina-
tion crosslinking method effectively mobilizes and releases
metformin and exosomes for treating diabetic wounds. The
wound-healing efficacy of this conductive hydrogel is attributed
to its ability to protect the integrity and barrier properties of the
microvasculature, quell inflammation, and enhance cell pro-
liferation and the formation of new blood vessels. It operates by
disrupting mitochondrial fission, reducing the generation of
mtROS and cellular ROS, and it shields the stability of F-actin
amidst hyperglycemic states.’® Researchers have fabricated a
dually responsive hydrogel that can release metformin by pH
and glucose levels. 1-Arginine was incorporated to introduce
cationic antimicrobial activity, and reduced rGO coated with
PDA (rGO@PDA) endowed the material with conductivity and
hemostatic capabilities. The hydrogel facilitates the healing of
type II diabetic foot ulcers by decreasing inflammation and
promoting blood vessel formation. The combined effect of
rGO@PDA’s conductivity and the pharmaceutical action of
metformin further improved the healing rate of diabetic
wounds.”” Chronic inflammation in diabetic wounds is not
solely a consequence of oxidative stress and impaired vascular-
ization but is also significantly influenced by the overabun-
dance of MMPs and inflammatory mediators induced by
persistent high glucose levels. To combat these challenges,
scientists have developed a nanogel system featuring TA con-
jugated with siRNA that self-assembles and crosslinks with
PVA, HLC, and TA, with borax added for structural reinforce-
ment, named PHTB(TA-siRNA) hydrogels (Fig. 7A(a)). This
hydrogel can release the nanogel under oxidative stress, directly
targeting and reducing MMP-9 expression. TA and HLC
simultaneously drive collagen synthesis, reduce inflammation,
and lower ROS levels. Additionally, ES of the hydrogel enhances
the release of the nanogel within the body, promoting optimal
macrophage behavior, increased collagen production, and
angiogenesis, which are crucial for the healing of diabetic
ulcers (Fig. 7A(b)). For example, within a diabetic rat model

This journal is © The Royal Society of Chemistry 2025
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exhibiting full-thickness skin defects, the diabetic rats treated
with a combination of ES and PHTB hydrogel demonstrated
complete wound healing by the 10th day. In contrast, the
control group of diabetic rats reached complete healing on
the 19th day. The integration of ES therapy with the PHTB
hydrogel (enhanced with TA-siRNA) resulted in a 47.4%
reduction in the healing time for the diabetic rats’ full-thickness
skin defects, thereby markedly improving the efficacy of wound
repair.”!

Conductive hydrogels with antioxidant and anti-inflammatory
capabilities have been widely employed to repair diabetic wounds.
Nonetheless, the inflammatory stage and ROS are also indispen-
sable in wound healing. Excessive reduction of inflammation
levels can hinder wound healing, while ROS can coordinate the
recruitment of lymphocytes, mediate the defense of phagocytes,
inhibit bacteria, and regulate wound angiogenesis. Unreasonably
eliminating ROS and inflammation is detrimental to wound
healing. It can be seen from this that achieving controllability of
ROS levels is a problem that should be considered in the repair of
diabetic wounds and even all wounds, and it is also the develop-
ment prospect of conductive hydrogels in the field of wound
repair.

Wound monitoring

Through the research above, we have comprehensively under-
stood the complexity of skin wound repair and the variability in
recovery status. Consequently, real-time monitoring of various
trauma indicators is essential for medical staff and clinical
treatment. It allows them to stay informed about the wound’s
physiological state, assess the current treatment’s effectiveness,
and adjust the treatment plan as necessary. Moreover, it
enables early detection of potential issues with the wound.

In the context of the broad application of conductive hydro-
gels in biosensors,’® a series of conductive hydrogels that can
monitor the physiological status indicators of wounds while
simultaneously promoting wound healing have been devel-
oped. For example, the temperature at the wound site is highly
correlated with inflammation, infection, blood supply, and
other factors. During the process of wound healing, inflamma-
tion, inflammation factor-induced vasodilation, and immune
responses can cause an increase in the temperature of the skin
wound tissue, which is approximately 1.5 °C higher than that of
normal skin temperature.®®'°® Therefore, monitoring the tem-
perature during wound healing management can promptly
reflect the condition of the wound. In addition to temperature,
continuous motion monitoring based on strain is also signifi-
cant for stubbornly mobile wounds that frequently deform,
such as joint wounds. Additionally, pH, glucose concentration,
lactic acid concentration, and inflammatory cytokine levels can
all be tracked as markers reflecting the physiological state of
the wound.

In one of the recent studies, a novel multifunctional con-
ductive hydrogel patch has been proposed, drawing inspiration
from various organisms such as octopuses and snails (Fig. 7B).
It consists of tannin-grafted Gel, Ag-tannin NPs, polyacrylamide
(PAAm), and poly-N-isopropylacrylamide (PNIPAm), featuring
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Fig. 7 (A) Conductive hydrogels for diabetic wounds. (a) The repair of diabetic chronic wounds using the combination of ES therapy and adaptive,
conductive PHTB(TA-siRNA) hydrogels. (b) Effect of ES therapy on the release of siRNA from PHTB(TA-siRNA) hydrogels during wound application. The
siRNA was labeled with a green immunofluorescent stain (i.e., 5-FAM), and the blue color represents DAPI-stained nucleus. Reproduced from ref. 21 with
the permission of Wiley-VCH GmbH, copyright 2022. (B) Conductive hydrogels for wound monitoring. (a) Schematic diagram of multi-bioinspired
functional hydrogel patches for wound healing management. (b) Schematic diagram of mucus, PAAmM-DN, and PNIPAM-DN synthesis. (c) Continuous
sensing of temperature and resistance change rate (AR/Rg), temperature curve of the patch. (d) Continuous monitoring of motion by the patch and the
resistance change rate (AR/Ry) strain curve of the patch. Reproduced from ref. 101 with the permission of Wiley-VCH GmbH, copyright 2023.

controllable adhesion, antibacterial properties, and drug release
functions (Fig. 7B(b)). The excellent conductivity of TA-Ag NPs,
combined with the stability and adhesion of the hydrogel, allows
this patch to provide flexible, continuous, and stable monitoring
compared to traditional devices. This patch can monitor tempera-
ture by tracking changes in resistance (Fig. 7B(c)). Within the body
temperature range of 30 to 44 °C, the temperature coefficient of
resistance is —2.43% °C~', indicating the sensitivity of the

160 | J Mater. Chem. B, 2025, 13, 11148-11165

monitoring and its ability to reflect real-time temperature changes
of the wound. Moreover, the resistance change rate of this patch
can reach 86% under 100% strain, with a strain coefficient of
0.85966, which indicates that the patch has good sensitivity and a
broad monitoring range, making it suitable for monitoring joint
wounds (Fig. 7B(d)). At the same time, the photothermal gel-sol
transition of tannin-grafted Gel and Ag-tannin NPs gives the patch
a dual antibacterial effect. Moreover, the “suction cup” composed
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of thermoresponsive PNIPAm can undergo contraction-relaxation
transformation, allowing the medical patch to reversibly and
responsively attach to the object and controllably release the
vascular endothelial growth factor (VEGF) it carries, thereby pro-
moting wound healing."”!

Another study reveals that the nanocomposite conductive
hydrogel made from 3-acrylamidophenylboronic acid (APBA)
and acrylamide (AM), synthesized in the presence of LAPO-
NITE® XLG nanosheets, stabilizes CNTs. Some weak non-
covalent interactions within the network will dissociate upon
heating, thereby enhancing the electron migration rate. Con-
sequently, it possesses a temperature-sensing capability and
can reflect local temperature changes of the wound through the
resistance temperature coefficient, facilitating the monitoring
of the skin wound healing process. The mouse wound tem-
perature monitoring experiment successfully monitored the
relative resistance differences at various stages of wound
healing to detect temperature changes. At the same time, the
conductive hydrogel can also promote wound healing.'*>
In addition to monitoring the state of the wound through
temperature, another conductive hydrogel has been developed,
which is prepared from chitosan quaternary ammonium salt
(HACC) and sodium alginate (SA) as raw materials through
blending and acid treatment. It has an arbitrary shape and high
flexibility and can be applied to wounds with irregular shapes.
Due to the presence of free Cl~, the hydrogel exhibits excellent
electrical conductivity. Its resistance change shows a positive
linear relationship with the change in the area, indicating that
the hydrogel can monitor changes in the wound area, provide
information on these changes, and simultaneously promote
collagen deposition and blood vessel formation, significantly
enhancing wound healing.'®® Treating wounds at the joints is
relatively complex because frequent movement causes the
dressing to crack and become susceptible to bacterial infection,
making it hard to adapt to and monitor irregular wounds.

A conductive hydrogel has emerged for application to
wounds at the joint. This hydrogel is developed from polysac-
charide biopolymers, PVA, and hydroxylated graphene (GOH)
through dynamic borate ester bonds and supramolecular inter-
actions, offering good electromechanical properties. When the
wound is infected by bacteria, their growth, reproduction, and
metabolism produce acidic compounds, leading to a gradual
decrease in the pH of the microenvironment. Regarding this
type of hydrogel, when the pH at the bacterial contact site drops
below the pK, of the phenylboronic acid group (approximately
8.5), the borate ester bond fractures, causing the hydrogel
network to dissociate partially. This sol-gel transition acceler-
ates electron flow in GOH, significantly reducing resistance and
enabling bacterial detection. This conductive hydrogel can
detect bacterial infections through variations in electrical
signals, thus achieving real-time monitoring. It can harness
the photothermal characteristics of hydroxylated graphene for
in situ sterilization, effectively preventing the re-tearing of
human joint wounds."®*

The biomimetic and sensing characteristics of conductive
hydrogels can effectively monitor subtle changes in various

This journal is © The Royal Society of Chemistry 2025
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indicators during the wound healing process, and they have
broad application prospects. Nevertheless, the current applica-
tions of the sensing characteristics of conductive hydrogels are
mainly focused on motion monitoring, with fewer applications in
wound repair. Moreover, some conductive hydrogels designed to
monitor wound status, including parameters such as temperature,
wound area, and exudate concentration, encounter challenges
in accurately distinguishing specific change parameters. There-
fore, developing conductive hydrogels that can be precisely
applied to monitor various types of wounds remains a signifi-
cant challenge.

Discussion and perspectives

This article reviews the recent research on conductive hydrogels
in skin wound repair. Wound healing is a complex and
dynamic process aimed at restoring missing cell structures
and tissue layers, which can be divided into four stages:
hemostasis, inflammation, proliferation, and remodeling.
Through this summary, we have discovered that conductive
hydrogels can exert their effects in different repair stages of the
skin due to their diverse properties. During the hemostasis
stage, conductive hydrogels can activate the coagulation path-
way through their charges, accelerating hemostasis. This prop-
erty is more prominently manifested in ionic hydrogels. Upon
transitioning to the inflammatory stage, wounds face issues
such as infection and excessive oxidation, making the need for
anti-inflammatory, antioxidant, and antibacterial functions
urgent. Conductive hydrogels can provide an antioxidant effect,
thereby suppressing inflammation. At the same time, the
photothermal properties inherent in most conductive materials
give conductive hydrogels the ability to display photothermal
antibacterial properties, allowing them to inhibit bacterial
growth during the inflammatory stage effectively. In the sub-
sequent proliferation phase, the endogenous EF and stimulat-
ing current generated by the conductive hydrogel through ES at
the wound site can control the electrodrive of cell migration by
influencing key signaling pathways (such as PI3K/Pten). For
instance, it can affect the TGFb1-ERK-NF-kB signaling pathway
to promote the proliferation of fibroblasts, thereby enhancing
wound contraction. At the same time, it can also stimulate
endothelial cells to secrete VEGF factors, promoting angiogen-
esis through the PI3K-Akt and Rho-ROCK signaling pathways
and accelerating collagen deposition. Ultimately, in the remo-
deling stage, the conductive hydrogel speeds up the maturation
and remodeling of collagen, permeating the entire wound
healing process. Compared with conventional wound dressings
and other biocompatible materials, conductive hydrogels pro-
vide a moist microenvironment, replicate the ECM architec-
ture, and exhibit enhanced drug loading capacity. In contrast to
conventional hydrogels, conductive hydrogels introduce active
ES, emulating the intrinsic EF within the body. This feature
offers a synergistic effect in promoting angiogenesis and
epithelialization, establishing a clear advantage for their appli-
cation in wound healing.
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As delineated in the introductory section, conductive hydro-
gels of various types display distinct characteristics in terms of
their performance. For example, conductive hydrogels based
on conducting polymers, predominantly employing materials
such as PPy, PEDOT and PANI, achieve conductivity through
chemical cross-linking or doping processes. Among these, self-
healing capabilities are notably enhanced in dynamic bond
systems, such as those utilizing TA cross-linking in PPy gels.
However, PEDOT-based hydrogels exhibit limitations in self-
healing due to their inherent rigidity. Regarding superelasticity,
ionic and PPy gels incorporating dynamic bonds demonstrate
exceptional deformation properties. Conversely, composite
hydrogels containing PEDOT and CNTs exhibit reduced super-
elasticity due to the weaker elasticity of their rigid network.
Surface chemistry predominantly influences adhesion proper-
ties, with systems incorporating PDA or TA demonstrating
superior adhesion. Antimicrobial efficacy is strongly associated
with the material composition: silver-based hydrogels and
photothermal materials, such as PPy/CNT composites, exhibit
significant antibacterial activity, whereas pure ionic gels gen-
erally exhibit weaker antimicrobial properties.

Despite the substantial potential exhibited by the conductive
hydrogel in skin wound repair, the highly intricate nature of the
skin wound repair process presents numerous challenges that
remain to be overcome to achieve flawless repair.

First and foremost, significant limitations remain in the
mechanical properties of conductive hydrogels that can be
freely adjusted. Most conductive hydrogels used in wound
repair have a fixed morphology and are often applied as
dressings on the wound surface. However, when faced with
deep or irregular wounds, they struggle to adapt, hindering
wound closure and impacting the hydrogel’s therapeutic effect.
Thus, developing injectable and adaptive conductive hydrogels
to accommodate wounds of various shapes is a promising
research direction. Additionally, most conductive materials
employed in synthesizing conductive hydrogels possess a cer-
tain level of toxicity. Metal NPs are commonly associated with
potential cytotoxic effects, necessitating surface modification to
minimize dissolution and enhance biocompatibility. Conduct-
ing polymer monomers can also exhibit residual toxicity and
thus require improvements in polymerization processes and
purity to mitigate these issues. Carbon-based conductive hydrogels,
while offering unique properties, may pose a risk of thrombosis,
leading to their focus on applications primarily targeted at local
wound repair, and pose standard problems in clinical applica-
tions. Hence, enhancing the biocompatibility of conductive
hydrogels to make them suitable for clinical transformation
remains an urgent issue that requires resolution. Future con-
ducting hydrogels should emphasize biodegradable design and
the preferential use of natural polymer-based materials, such as
by incorporating PPy NPs with Gel or HA to enable natural
metabolism within the body without accumulation, or by
employing more chitosan, alginate, and other natural polymers
as the base materials.

Furthermore, the application of intelligent dressings in skin
wound repair offers considerable prospects for development.
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For instance, monitoring wound conditions can reflect real-time
variations in wound healing, thereby enabling the formulation of
targeted treatment regimens. However, the use of conductive
hydrogels in wound status monitoring is still in its infancy and
exploration stage, mainly focusing on motion monitoring, and is
often a simple combination of sensors and hydrogels. Monitoring
physiological markers such as wound temperature, pH value, and
glucose concentration is relatively scarce, and it is impossible to
simultaneously track changes in multiple parameter indicators,
which limits clinical applications. Accordingly, developing the
multifunctionality and monitoring sensitivity of conductive hydro-
gels as wound monitoring materials is essential, which will
establish the foundation for the future development of intelligent
dressings that incorporate monitoring, analysis, and treatment.
In response to the current limitations of intelligent hydrogels in
their multi-parametric synchronous detection capabilities and the
absence of a treatment feedback loop and to focus on future
research endeavors, the objective is to establish and enhance a
comprehensive treatment feedback loop system with rigorous
scientific methodology and smooth operation. Finally, apart from
monitoring the wound conditions, whether intelligent conductive
hydrogels can be utilized in regulating and feedback inflamma-
tion also holds significant research and discussion value. Previous
studies indicate that the inflammatory period is a critical stage in
wound healing, where both inadequate and excessive inflamma-
tion can result in prolonged non-healing of the wound. None-
theless, most conductive hydrogels facilitate healing through
anti-inflammation during this stage, often overlooking that
overly low inflammation can also hinder wound healing. Con-
sequently, intelligent monitoring or regulation of inflammation
via conductive hydrogels presents an auspicious direction for
development.'®®

Conclusion

This review paper summarizes the types of conductive hydro-
gels developed in recent years and their applications in skin
wound repair. It discusses their advantages, limitations, and
potential future development directions. Although the applica-
tion of conductive hydrogels in skin wound repair is still in its
infancy, it has seen remarkable growth recently. Overall, con-
ductive hydrogels can enhance cell connection through ES,
promote cell migration, adhesion, and proliferation, and sti-
mulate the secretion of related factors, thereby facilitating
wound healing. Additionally, by combining the properties of
different hydrogels and conductive materials, conductive
hydrogels provide dressings with additional functions, such
as antibacterial, anti-inflammatory, adaptive, and injectable
properties, which can be applied in treating various types of
wounds. However, skin wound repair is a complex process that
involves severe difficulties and challenges. Further investiga-
tion is needed into the mechanisms of conductive hydrogels in
wound repair and the relationship between conductive hydro-
gels and ES to develop a more effective conductive hydrogel and
achieve optimal repair of skin trauma.

This journal is © The Royal Society of Chemistry 2025
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