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Abstract

Electro-conductive hydrogel is a new composite hydrogel with high electrical conductivity, extraordinary mechanical 
properties, and controllability. It can be equipped with specific materials to obtain specific properties, which has 
attracted considerable research attention due to its wide range of application as a biomaterial in the biomedical 
engineering field. It can be used as a patch to promote healing and as a dressing for burns and pressure wounds. 
In pharmaceutical science, it is widely studied as a carrier of targeted and quantitative drug release. In surgery, it 
can serve as a cell scaffold for implantable therapy. Currently, increasing research is focusing on the development 
of sensors as simulated skin for robots, as well as in health monitors for human activity and well-being. In this 
review, we summarize the classification and selection of conductive mediums, natural polymer hydrogel matrices, 
and the application of electro-conductive hydrogels in the fields of bioengineering and biomedicine. We delve into 
the properties of different conductive mediums and the principle of combining different hydrogel matrices and 
discuss the advantages and disadvantages of emerging composite hydrogels. Our focus extends to the forefront of 
conductive hydrogel research in various fields, while also elucidating the current problems and challenges in terms 
of performance integration, preparation process and practical applications.
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Highlights
● The conductivity of hydrogel can be realized by introducing conductive medium.
● Various properties of hydrogel can be adjusted by changing the proportion of ingredients.
● Electro-conductive hydrogels are widely used in biomedical engineering as biomaterials.

Introduction

Hydrogels, polymer with three-dimensional (3D) 
networks formed through physical or chemical 
cross-linking, can contain a large amount of 
water while remaining insoluble in water [1]. 
The network pore size of the polymer is about 
10 nm, much larger than the size of water 
molecules, which allows the water molecules 
in the hydrogel to maintain the same physical 
and chemical properties as liquid water [2]. At 
the same time, the microscopic network struc-
ture like sponge ensures that the hydrogel has 
a certain toughness. Hydrogel is an excellent 
biomaterial with excellent water absorption, 
controllable mechanical properties, biocompat-
ibility, and biodegradability.

Nowadays, electricity is indispensable in hu-
man activities. If hydrogel is given a conductive 
property, the application range of hydrogels can 
be greatly improved. However, hydrogels made 
from natural polymers are not conductive or 
only weakly conductive, so combining hydrogel 
matrices and conductive materials provides a 
simple and efficient route to fabricate strong 
conductive hydrogels [3]. Conductive materials 
can be classified as nanomaterials, ionic mate-
rials and conducting polymers. Figure 1 shows 
the composite hydrogel synthesized by incorpo-
rating conductive polymers, namely, electrically 
conductive hydrogels (ECHs). By harnessing 
the individual advantages of conductive ma-
terials and natural polymer hydrogel matrices, 
composite hydrogels not only maintain superior 
biocompatibility and biodegradability, but also 
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have high electrical conductivity. Many studies 
have shown that introducing different conduc-
tive materials into hydrogels can also improve 
their strength, toughness, and other mechani-
cal properties. Powered by these biological and 
tunable features, ECHs have recently attracted 
growing attention in biomedical engineering.

Classification of conductive materials

Nanomaterials

The nanomaterials used to prepare ECHs main-
ly contain carbon-based nanomaterials, such 
as graphene and carbon nanotubes (CNTs), and 
metallic nanomaterials. Introducing nanomate-
rials to hydrogels not only enhances the elec-
trical conductivity of ECHs, but also improves 
their mechanical, optical and thermal prop-
erties. Nanomaterials have attracted growing 
interest as conductive mediums for ECHs and 
have become one of the preferred components 
for the preparation of ECHs.

The physical interaction between hydrogel poly-
mer chains and carbon-based nanomaterials 
contributes to the mechanical properties of hy-
drogels and makes the ECHs exhibit high elec-
trical conductivity and excellent environmental 
stability [4]. However, the preparation process 
of combining nanomaterials and hydrogels is 
difficult to control because nanomaterials are 
hydrophobic and tend to aggregate in water, 
which may lead to uneven distribution of nano-
materials in the manufactured hydrogels, re-
sulting in discontinuous electrical conductivity 

and inhomogeneous mechanical properties.

Metallic nanomaterials, which are inherently 
conductive, can conduct electricity under the 
action of electric current when they are free 
in the hydrogel network. However, metallic 
materials are unstable in humid environments 
and are susceptible to oxidation. For example, 
MXene, which has been studied by many re-
searchers as an electrode material, has excel-
lent conductivity and rich varieties, but its brief 
shelf life, susceptibility to oxidation, and use of 
environmentally harmful reagents in synthesis 
impose many limitations on its application [5].

Ionic materials

The high-water contents and 3D networks of 
hydrogels permit ions to migrate between the 
electrodes in the presence of electric current. 
Current research generally uses salts as a 
source of ions. Salts ionize into metal ions and 
anions in water, and both of which can act as 
conductors. The ECHs is prepared using an 
immersion method that utilizes the water ab-
sorption and swelling properties of hydrogels 
to incorporate the ions into the polymeric net-
work. Metal ions can form complex coordina-
tion structures with functional groups on the 
soft chains of hydrogels, including monoden-
tate coordination, bidentate chelate bidentate 
bridging and interchain cross-linked structures. 
The hydrogen bonds between the soft and rig-
id chains of hydrogels, as well as the stronger 
physical cross-linking points formed between 
the ions and chains make the ECHs have high 

Figure 1. Conductive polymer ECHs. This figure is cited from [16]. ECHs, electrically conductive hydrogels; PEDOT, 
poly (3,4-ethylenedioxythiophene). 
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tensile strength while ensuring the toughness. 
Meanwhile, the reversible association and dis-
sociation abilities of the ligand bonds provide 
ECHs excellent recoverability and durability [6]. 
Therefore, ions combine with water molecules 
to form hydrated ions. This hydration effect usu-
ally changes the freezing point of the hydrogels 

and increases their low temperature resistance 
[7, 8]. Different ions can also bring different 
specific properties to hydrogels. For instance, 
introducing Ag+ can endow hydrogels with anti-
bacterial properties, and introducing Ca2+ can 
contribute to hemostasis of wound healing and 
promote cell proliferation and migration [9, 10].

Compared with ordinary ionic gels, the hydro-
gels based on salt electrolytes have the advan-
tages of high conductivity, controllable cost, 
and simple preparation, with an irreplaceable 
practical application value.

Conducting polymers

Conducting polymers, including polypyrrole 
(PPy), polyaniline (PANI), poly (3,4-ethylene-
dioxythiophene) (PEDOT), and polystyrene 
sulfonate (PEDOT: PSS), are new generation of 
organic materials characterized by electrical 
conductivity. They have the electrical property 
of metallic and optical property of inorganic 
semiconductors, known for their redox stability, 
hydrophobicity, ability for reversible oxidation, 
and ease of synthesis and processing [11]. 
These properties, which give them advantages 
and potentialities in tissue engineering and 
regenerative medicine, have attracted great in-
terest from researchers.

Therefore, the introduction of conducting poly-
mers into hydrogels is an effective strategy to 
obtain ECHs. This approach highlights the idio-
syncratic functions of polymers while leveraging 
the biocompatible and degradable qualities of 
natural hydrogels, creating a suitable milieu for 
applications in biomedical engineering.

The physical and chemical properties of con-
ducting polymers can be designed by surface 
functionalization technology and electronic 
means, and the intensity and length of the 
electrical stimulus can be controlled when 
conducting polymers are used [11]. However, 
conducting polymers have two major disadvan-
tages, non-degradability and low solubility in 
organic solvents and water, which greatly limits 
their processability, versatility, and applicability 
[12]. As shown in Table 1, we summarized and 
compared the advantages and disadvantages 
of introducing different conductive media into 
hydrogels.

Classification of natural polymer hydrogel ma-
trices

Sodium alginate (SA)

SA is a natural polysaccharide separated from 
seaweed, which is composed of polymannuron-
ic acid and polyguronic acid segments. SA 
forms a stable network by replacing sodium 
ions on the carboxyl group of the skeleton with 
other divalent metal ions. It has been widely 
used in medicine, biology and other fields due 
to it is non-irritating and biocompatible nature 
[13]. However, the mechanical properties of 
pure alginate networks are poor. Recently, 
researchers introduced other networks into al-
ginate to form interpenetrating double network 
hydrogels with stable mechanical properties 
through hydrogen bonding. 

Mo et al. crosslinked Zn2+ with SA networks, 
and then introduced it into the covalently cross-
linked polyacrylamide (PAAm) networks to form 
an interpenetrating double-network structure 
[14]. The ionic crosslinking points formed by 
Zn2+ and SA can effectively dissipate energy 
when they are broken under strain, and then 
recover bond after stress unloading. Addition-
ally, surplus free Zn2+ in the hydrogel networks 

Table 1. Comparison of different conductive mediums

Type Materials Advantage Disadvantage

Nanomaterials

Carbon-based 
(graphene, CNTS)

Excellent mechanical, optical, and 
thermal properties, chemical stability

Hydrophobic, complex synthesis 
process 

Metal-based (MXene) High conductivity, self-healing 
ability, ductility

Unstable, harmful synthesis 
process 

Ionic materials Fe3+, Ag+, Ca2+ High conductivity, low cost, simple syn-
thesis process, functional specificity Toxic at high concentrations 

Conducting 
polymers

PPy, PANI, PEDOT, PE-
DOT: PSS

Excellent mechanical, optical, and 
thermal properties, high conductivity

Non-degradability, low solubility

Note: CNTS, carbon nanotubes; PPY, polypyrrole; PANI, olyaniline; PEDOT, poly (3,4-ethylenedioxythiophene); PE-
DOT: PSS, polystyrene sulfonate.
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provides conductivity to hydrogels. These dou-
ble-network ECHs present porous micro mor-
phology, which is conducive to the transport of 
ions. The ionic conductivity of the hydrogel is 
as high as 32.4 MS/cm. A wearable application 
test showed that the hydrogel exhibited a sensi-
tive and repeatable response to the movement 
of human limb joints, showing great potential in 
this field.

Liu et al. developed an alginate-PAAm ECHs 
with Fe3+ secondary crosslinking to adjust local 
stiffness [15]. Because the trivalent Fe3+ com-
bines three different alginate polymer chains 
by interacting with the carboxyl group on each 
chain, a 3D compact structure is established, 
which improves the mechanical stiffness of the 
hydrogel. The local stiffness is related to the 
concentration of Fe3+. So, changing the local 
stiffness of the hydrogel by controlling the con-
centration of Fe3+ and the immersion position is 
helpful to promote the coupling of flexible rigid 
electronic components and soft matrices mate-
rials. This design strategy provides an effective 
solution to the problems in the field of soft and 
stretchable electronics.

Based on double-network hydrogel, SA based 
ECHs has been developed and applied to flex-
ible sensors, drug delivery and release, cell 
scaffold and other scenarios.

Gelatin

Gelatin is a hydrolysate biopolymer of collagen. 
A large number of carboxyl groups in gelatin is 
very suitable for molecular grafting, while the 
high level of amino groups easily interacts with 
aldehyde groups, making them very suitable for 
producing characteristic hydrogels. At the same 
time, gelatin is cheap, and has the properties 
of biocompatibility and biodegradability, making 
them good matrices for cell adhesion and pro-
liferation. Therefore, gelatin-based ECHs have 
been widely used in cell scaffolds, 3D biological 
printing, and have great potential in complex 
tissue engineering such as bone, muscle, and 
nerve regeneration.

Guan et al. developed a carboxymethyl chi-
tosan/gelatin composite hydrogel [16]. PEDOT 
nanoparticles were assembled on the hydrogel 
surface by in-situ chemical polymerization to 
obtain a new type of electroactive hydrogel 
scaffold. The conductivity of this ECH can reach 
1.5210-3 S/cm, and its mechanical properties 
are similar to brain tissue [16]. The incorpora-
tion of PEDOT nanoparticles significantly im-
proved the adhesion of neural stem cells and 
supported long-term cell growth and prolifera-

tion in a 3D microenvironment. It is an attrac-
tive conductive matrix for nerve tissue repair 
and regeneration.

In addition, gelatin-based conductive hydrogels 
can also be used as flexible sensors to monitor 
human movement. Gao et al. designed a hu-
midity- and temperature- sensitive chitosan/
gelatin/glycerin/NaCl organic ion conductive 
hydrogel film with only 0.1 mm in thickness [17]. 
The sensor prepared with this ECH film has a 
wide detection range of relative humidity (20-
90%) and temperature (-30-50 °C), and also 
shows good antifreeze and water retention 
capabilities, which can accurately record and 
real-time feedback the changes in humidity 
and temperature on skin surface, holding great 
application potential in detecting human respi-
ratory activity.

The hydrogels formed only by gelatin have dis-
advantages of brittleness and poor flexibility, 
which greatly limits their practical application. 
They can only play their role through cross-link-
ing modification or nano composition. There-
fore, it is particularly important to improve the 
mechanical strength of gelatin-based ECHs.

Cellulose

Cellulose is the largest polysaccharide material 
among natural polymers in the world. It not only 
exists in plants, but also can be synthesized by 
some specific microorganisms, such as Ace-
tobacter xylinum. As a renewable organic sub-
stance in nature, cellulose is used to prepare 
natural hydrogels. The design of conductive 
cellulose hydrogel functional materials based 
on cellulose’s good mechanical, dielectric, and 
piezoelectric properties has become a recent 
research hotspot [18].

The main raw materials for preparing cellulose 
based ECHs include cellulose molecules, nano 
cellulose, and cellulose derivatives. Wu et al. 
used Tannic acid (TA) to modify bacterial cells 
(BCs) to achieve an even distribution within 
the hydrogel, forming a stable double-network 
structure with the P(AA-AMPS) chain. The hy-
drogen bond between TA and PAAM chains also 
improved the mechanical properties of the hy-
drogels [19]. Then a high concentration of Ca2+ 
was introduced to obtain P(AA-AMPS)-TA@BA-
Ca2+ ECHs, which exhibited excellent conductivi-
ty (1.92 S/m at room temperature), mechanical 
properties, and freezing resistance  (0.36 S/m 
at -35 °C). 

Bian et al. used carboxyl cellulose nanofibers 
to help conductive PEDOT: PSS to be evenly dis-
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tributed in the PAAm network [20]. In addition 
to its conductivity, the addition of carboxyl cel-
lulose nanofibers makes ECHs have excellent 
humidity sensitivity and strain sensing perfor-
mance. It has quick response, reliable stability 
and reproducibility in a wide range (0-837%), 
showing great potential as a human breath de-
tection sensor.

All these have proven that cellulose-based 
ECHs have great potential as a new generation 
material for flexible wearable electronic equip-
ment. However, the crystalline region of cellu-
lose is difficult to dissolve, which is a limitation 
in the preparation of cellulose based ECHs. 
Currently, cellulose is mainly dissolved in water 
or common organic solvents by polar composite 
solvents or modification methods, which pro-
vides an available strategy for preparing cellu-
lose based ECHs.

Chitosan

Chitosan is the deacetylated derivative of chi-
tin, the second largest natural polymer after 
cellulose, and the only natural alkaline polysac-
charide found at present. Due to its excellent 
properties such as low cytotoxicity, biocompati-
bility, as well as antibacterial, degradation and 
regeneration ability, it has been developed in 
the fields of drug release, wound healing and 
tissue engineering [6].

Au-Yong et al. crosslinked chitosan and poly-
ethylene glycol into a double network [21]. 
They introduced PPy derivatives to synthesize 
ECHs that capable of carrying the cancer drug 
pemetrexed through photopolymerization and 
oxidative chemical polymerization. Experiments 
showed that under electrical stimulation, the 
release of pemetrexed was increased by about 
10-15%. If this ECH is integrated into coatings
and electrodes for electrochemical therapy, the
triggered release may be helpful for surgery.

Cong et al. developed a dual network ECH with 
PANI doping, which is dynamically crosslinked 
by chitosan and PAAm [22]. The synergy of hy-
drogen bonding involving hydroxyl, amide, and 
aniline groups, along with the interaction of 
high concentrations of ions in both networks, 
bestows the resulting ECH with excellent me-
chanical properties, amazing conductivity, 
and impressive frost resistance. The highest 
conductivity of PCPD hydrogel can reach 4.83 
S/m, but the PANI concentration can impact 
the degree of crosslinking of the hydrogel, and 
then affect the movement of free ions in the 
network, that is, there is a certain competition 
between the two conductive mechanisms. The 

tensile strength of this ECH is 2.62 MPa, and 
the excellent fatigue resistance and long-term 
durability of PCPD hydrogel are verified through 
cyclic tensile test, which is very important for 
chitosan-based ECHs as flexible sensors, soft 
robots, and wearable devices materials.

But like cellulose, chitosan is insoluble in wa-
ter and most organic solvents, which severely 
limits its application scope. Therefore, modifi-
cation of chitosan is an important aspect of its 
research, which can be cross-linked in the form 
of esterification and etherification to fabricate 
chitosan-based ECHs [23].

Others

In addition to the polymers mentioned above, 
there are also hyaluronic acid, starch, agarose, 
collagen, and other nature polymers that can 
be used as ECH matrices. 

Sharifisistani et al. designed a hyaluronic 
acid-based ECH [24]. They introduced phe-
nol-substituted gelatin for cell adhesion and 
phenol-substituted CNT as conductive medi-
um through laccase-mediated cross-linking, 
creating a microcapsule and microcarrier for 
myocardial cell encapsulation. Their experiment 
showed that cell viability was affected during 
the encapsulation process, and myocardial 
cells proliferated well and expressed proteins 
and genes. Besides, the cardiogenic character-
istics of the developing spherical tissue struc-
ture could be regulated by electrical stimula-
tion.

Zhou et al. developed an AA-AM hydrogel by 
cross-linking starch as a conductive hydrogel 
matrix with acrylamide [25]. They found that 
starch improved the adhesion of hydrogel to 
various materials, and the adhesion strength 
did not decrease with time. This starch-based 
ECH has good flexibility, and the maximum 
strain reach 1290%. At the same time, as a 
biosensor, it shows excellent conductivity and 
strain response sensitivity and can accurately 
detect various human movements in a wide 
strain range of 0-1200%. It provides a new idea 
for the development of ECH materials in the 
field of new-generation electronic skin.

In general, natural polymer based ECHs have 
advantages of non-toxic, biodegradable, excel-
lent flexibility, and conductivity, so they are very 
promising in practical applications. However, 
most natural hydrogels have disadvantages of 
low mechanical strength and lack of toughness. 
Therefore, in order to promote the practical 
application and improve their poor mechanical 
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properties, complementary matrices are con-
structed to study the conductivity and mechan-
ical properties of ECHs through dual networks 
and interlocking cross-linking networks strate-
gies. As shown in Table 2, we summarized and 
compared the properties advantages and dis-
advantages of different hydrogel matrices.

Applications

Bioelectronic flexible sensors

The popularity of smart terminals has greatly 
contributed to the development of wearable 
electronic devices. Traditional electronic devic-
es made of rigid materials cannot achieve close 
contact with the skin, resulting in a lack of wear 
resistance and functionality [26]. Therefore, 
flexible and comfortable electronic devices 
have attracted extensive research attention and 
have been applied in health monitoring, medi-
cal diagnosis, and human health care. Among 
these devices, flexible sensors, as the most 
indispensable part, limit the functional develop-
ment and future design of wearable devices.

ECHs have mechanical properties similar to hu-
man skin, such as notable stretchability, elas-
ticity, recoverability, and fatigue resistance, and 
also have high electrical conductivity, sensitive 
responsiveness, and biocompatibility, which are 
preferred properties for the fabrication of flexi-
ble sensors. Currently developed ECHs for flex-
ible sensors can effectively detect human ac-
tivities such as finger bending, elbow bending, 
walking, and running. They are also sensitive to 
small movements, such as talking, swallowing, 
and small pulses [27].

You et al. prepared a porous organic Gel/PPy/
rGO hydrogel with stretchability, high electrical 
conductivity, ultra-permeability, low-tempera-
ture tolerance, and long-term stability [28]. The 
sensor made from this porous organic hydrogel 
exhibits excellent sensing sensitivity, fast re-
sponse capability, and good endurance. It can 
effectively monitor various human activities, 

such as finger flexion, elbow bending, walking, 
running, as well as small pulse beats.

Sun et al. prepared a PAAm-oxCNTs hydrogel by 
in situ free radical polymerization, using gelatin 
to modify oxidized CNTs by hydrogen bonding, 
and homogeneously introducing oxidized CNTs 
into the PAAm matrices [27]. The mechanical 
properties and electrical conductivity of this hy-
drogel are directly related to the content of oxi-
dized CNTs. Therefore, the mechanical proper-
ties and electrical conductivity of Gel/PPy/rGO 
hydrogel can be adjusted within a certain range 
according to the demand. In addition to that, it 
has excellent durability, recoverability, and fast 
mechanical response when detecting human 
motions without significant delay. The PAAm-
oxCNTs hydrogel has a sensitive response to 
minor strain variations, allowing for accurate 
articulation tracking, which has great potential 
for applications in voice recovery and articula-
tory readaptation.

Skin adhesion is a basic requirement for hydro-
gels as sensors, and the currently developed 
hydrogels have achieved this. However, since 
most of the flexible sensors are designed for in 
vitro adhesion, where one side adheres to the 
skin and the other side is susceptible to exter-
nal interferences like dust, grass, or paper, the 
sensor’s signal detection and analysis may be 
compromised. Gong et al. developed a PAA/
TA@HC/Fe3+ hydrogel with great mechanical 
and tissue adhesive properties and electrical 
conductivity, which can be used as a flexible 
sensor [29]. In addition, they treated the hydro-
gels with asymmetric adhesion. A 1 M/L solu-
tion of Fe3+ was applied to the top of one side 
of the hydrogel, and the adhesion force of the 
treated hydrogel side was 0 kPa. Fe3+ served 
as an effective sealant for the treated hydrogel, 
effectively chelating available carboxylates and 
other functional groups, which prevented signal 
disruption and analysis interference from exter-
nal factors on the other side of the hydrogel.

The sensors can be applied not only for health 

Table 2. Comparison of different natural polymer hydrogel matrices
Materials Advantage Disadvantage

Sodium alginate Biocompatibility, biodegradability, low cost Poor mechanical properties

Gelatin
Tunable degradation,

low cost, specific processing
Brittleness, poor mechanical 

properties
Cellulose Good mechanical properties, dielectric properties Difficult to dissolve

Chitosan Antibacterial ability, regeneration ability, adsorption 
capacity, thermosensitive properties

Difficult to dissolve

Others Adhesion, high amenability, multifunctional properties Poor mechanical properties
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monitoring but also for medical diagnosis and 
treatment. Gao et al. simultaneously improved 
the mechanical properties and electrical con-
ductivity of a wearable hydrogel sensor by intro-
ducing sodium carboxymethyl starch, which has 
ultra-sensitivity and fast response [30]. Assem-
bling multiple sensors into a 3D sensor array 
allows the detection of stress and strain distri-
butions in three dimensions. This capability fa-
cilitates the recording of the ECG signal peaks 
and waveforms, showing significant potential in 
human medical diagnostics.

The electrical conductivity and mechanical 
properties of ECHs can be affected by the en-
vironment, such as temperature, pH, and light, 
and these issues need to be addressed for sen-
sors as long-term use medical products. Chen 
et al. developed hydrogels with excellent freeze 
protection (-33 °C) by introducing zinc chloride 
into cellulose-based hydrogels, which are of 
great value in extreme environmental applica-
tions [31]. Lu et al. developed SPAE hydrogels 
with reduced swelling properties using electro-
static repulsion, which can be applied to un-
derwater wearable flexible sensors [32]. Chen 
et al. developed a chitosan-P(AM-MPC-AA0.20)-
Fe3+ hydrogel with anti-fouling and anti-bacterial 
properties [33]. Shen et al. developed a PEDOT: 
PSS-PVA hydrogel that can be combined with 
3D printing [34].

However, the integration of hydrogel-based flex-
ible sensing systems still presents challenges 
in terms of cost, multifunctionality, and device 
fabrication, hindering application potential in 
specific scenarios.

Wound healing patch

Wound healing is a common health burden 
affecting all humans, and the lengthy healing 
process of severe wounds can be both phys-
ical and economical burdens. Accelerating 
wound healing and restoring normal activities 
is beneficial to both patients and the society. To 
date, various methods have been developed to 
treat wounds, including micro needling, wound 
dressings, negative pressure, and ultrasound, 
but the average time to complete wound clo-
sure is still long. 

Currently, researchers have made progress 
in the application of hydrogels in the field of 
wound healing by combining hydrogels with 
specific materials, such as silver and its deriva-
tives with antibacterial properties and calcium 
ions with hemostatic properties, or therapeutic 
drugs, such as collagen and dopamine [35-38]. 
Those composite patches can effectively facil-

itate wound healing [39]. Electrical field stim-
ulation is a novel method to accelerate wound 
healing. This method can limit the side effects 
associated with conventional therapies. Studies 
have demonstrated that electrical field stimula-
tion at the wound site can guide the migration 
and proliferation of skin cells through electrical 
signals [40]. In addition, electrical stimulation 
increases angiogenesis and immunomodula-
tion, both of which play important roles in tis-
sue remodeling [41].

Wang et al. synthesized silver nanowires 
and methacrylate alginate to make a flexible 
electronic patch [42]. The silver nanowires 
have electrical conductivity and antibacterial 
properties, while the methacrylate alginate 
has clinical applicability in wound healing. 
The hydrogels were shown to promote epithe-
lial re-formation, enhance angiogenesis, and 
mediate immune response. The composition 
of this ECHs was optimized to be printed on 
medical-grade patches for personalized wound 
treatment. Animal experiments confirmed that 
the wounds that originally required 20 days to 
heal, were completely healed in only 7 days af-
ter patch treatment, and the skin thickness and 
other characteristics after healing were similar 
to those of healthy skin.

Pressure wounds are a worldwide concern 
because they are difficult to heal and easily in-
fected due to repeated pressure over time [43]. 
ECHs can be used not only for the prevention 
of pressure injuries but also for long-term treat-
ment [44].

Liu et al. designed a pressure-resistant ampho-
teric CH-OSNP ionic hydrogel to monitor wound 
conditions and prevent injury progression [45]. 
This hydrogel can detect and differentiate mul-
tiple parameters for analysis due to its sensi-
tivity to temperature, pressure, and exudate. 
Additionally, its robust swelling properties keep 
the wound environment moist, regulate oxygen 
tension and foster capillary formation while aid-
ing necrotic tissue dissolution. Moreover, the 
hydrogel preserves active exudate substances, 
giving a favorable environment for wound heal-
ing.

Drug release

Hydrogels have been extensively studied for 
drug release, and the rate of drug release can 
be increased by applying external stimulations 
such as pH, temperature, electric or magnetic 
fields. Among these stimulations, electrical 
stimulation is not only easy to generate and 
control, but also can avoid frequent invasive 
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surgery. The application of small current stim-
ulation on human skin allows for remote appli-
cation without the need for large and special-
ized devices. In addition, programmable drug 
release can allow repeated drug delivery and 
even wireless implants [46].

The solubility of ECHs is affected by electric cur-
rent, a property that has attracted researchers 
to delve more deeply into its application in drug 
release. The drug release behavior of ECHs can 
be controlled by three forces: polymer affinity, 
ionic pressure, and rubber elasticity, which are 
collectively referred to as osmotic pressure. 
The osmotic pressure difference between the 
hydrogel and the solution is the driving force for 
drug release from electro-responsive hydrogels 
[47]. Under electrical stimulation, the balance 
of these forces is disrupted, causing the disso-
lution or deswelling of the hydrogel. When an 
electric field is applied to an electro-respon-
sive hydrogel in an aqueous medium, the ions 
on the polymer chains shift to positions with 
opposite charges, resulting in an uneven ion 
distribution and increased osmotic pressure 
within the polymer. This leads the hydrogel to 
an environment where osmotic pressure is not 
in equilibrium, whereupon the volume of the 
hydrogel is transformed [48].

Injectable ECHs

Injectable ECHs, a promising candidate for top-
ical drug and cellular delivery, are now attract-
ing increasing interest. It allows for the release 
of drugs through electrical stimulation and can 
be adapted to the needs of individual patient. 
This type of drug delivery offers new avenues 
for chronic diseases that require frequent injec-
tions or precise doses of drugs.

In fact, there are several degrees of freedom to 
optimize the effective release and delivery of 
drugs. For example, Qu et al. developed a du-
al-response hydrogel for electrical stimulation 
and pH [49]. This hydrogel was made by mix-
ing oxidized dextran (OD) with chitosan graft-
ing polyaniline (CP) onto the amino group of 
chains. Among them, chitosan and polyaniline 
are inherently conductive and biocompatible, 
and exhibit good antimicrobial properties. The 
Schiff base bond formed between chitosan and 
dextran can be decomposed in an acidic envi-
ronment, which make them good candidates 
for preparing injectable antimicrobial conduc-
tive hydrogels with on-demand drug release. 
Experiments have shown that the release rate 
of model drugs carried in CP/OD hydrogels is 
positively correlated with the voltage. Upon 
reduction of CP under electrical stimulation, 

the positive charge in the CP/OD hydrogel is 
reduced, and the absorbent molecules are 
expelled from the hydrogel, then the hydrogel 
shrinks. After the drug molecules are released 
from the CP/OD hydrogel through the electro-
chemical reduction process, the charged object 
with the drug moves to the electrode, realizing 
drug escape. Meanwhile, the positively charged 
groups in CP/OD hydrogels (including amino 
and acid-doped polyaniline) can break through 
the bacterial wall and release intracellular fluid 
through electrostatic adhesion between poly-
mer chains and bacteria.

Ge et al. developed a temperature and elec-
tric field stimulated dual-responsive hydrogel 
consisting of a conducting polymer PPy and a 
thermosensitive polymer poly(lactic-co-glycolic 
acid) (PLGA)- polyethylene glycol -PLGA [50]. 
The erythromycin was polymerized with PPy 
nanoparticles and then uniformly distributed in 
the PLGA- polyethylene glycol -PLGA. The hydro-
gel is in a liquid state at room temperature and 
can be accurately injected subcutaneously. Af-
ter entering the body, the hydrogels form rapidly 
into a gel state at body temperature and remain 
immobile at the target location. Under the stim-
ulation of electric field, erythromycin is released 
from PPy nanoparticles by electrochemical 
oxidation. Simultaneously, PPy nanoparticles 
move towards the electrode driven by electric 
field, and drug release is achieved in this pro-
cess.

Transdermal ECHs

Transdermal drug delivery is a technique that 
introduces drugs into the blood system through 
the skin. This method not only avoids gastric 
degradation and hepatic first-pass metabolism, 
but is also very helpful in popular chronic treat-
ments, eliminating the phobias and pain asso-
ciated with injections [51]. Transdermal drug 
delivery is expected to be an alternative to sub-
cutaneous injections due to it is non-invasive-
ness. It allows prolonged release of the drug, 
can be applied by the patients themselves, and 
can improve patient compliance.

Sangsuriyonk et al. investigated the effect of 
cross-linker concentration and electric field 
strength on drug release [52]. They found that 
the higher the concentration of cross-linker, the 
higher the cross-linked density of the hydrogel, 
and the lower the mass ratio and release rate 
of carried drug. The higher the electric field 
strength, the higher the rate of drug release. 
The amount of drug release may be different at 
the cathode and the anode because different 
drugs and drug-carrying particles have different 
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electrical properties. Under the action of elec-
tric current, the negatively charged drug is re-
leased by reduction of the conducting polymer, 
while the positively charged drug is released by 
oxidation [46].

In other words, in the absence of electrical 
stimulation, the slow release of the drug is due 
to the concentration difference through free dif-
fusion. On the other hand, the electrically driv-
en drug release from the ECHs is directly relat-
ed to the electric field that drives the migration 
of charged objects and the change in the total 
charge within the polymer upon reduction or ox-
idation [53]. Moreover, the rate of drug release 
is directly related to the strength of current and 
voltage, the stronger the current and voltage, 
the faster the rate of drug release. However, at 
very high voltages, the drug may be susceptible 
to degradation. Although it is possible to reduce 
the release time at high voltages, this approach 
is also undesirable because high voltages may 
cause adverse side effects in complex medi-
ums in vivo.

Implantable biomaterials

ECHs has the potential to be implantable bio-
materials in the field of medical engineering 
due to its biocompatible and degradable prop-
erties. It may be applied to neuronal tissue with 
intrinsically weak electrical fields to induce the 
release of specific neurotransmitters or com-
bined with electrical activity of brain regions.

Ding et al. designed a hydrogel matrix con-
sisting of silk fibroin compounded with alde-
hyde-hyaluronic acid, forming a dynamic net-
work that delays or interrupts the hardening 
induced by silk fibroin chain β-sheet formation 
[54]. This results in a hydrogel matrix that me-
chanically aligns with biological tissues. Func-
tionalized CNTs were incorporated to impart 
electrical conductivity to the hydrogel, which 
was experimentally demonstrated through in 
vivo implantation, showing effective stimulation 
and recording of neural signals. Han et al. de-
veloped an SG hydrogel by blending poly with 
graphene, creating a physically cross-linked 
structure that mimics human tissue mechanics 
[55]. This hydrogel exhibits strong adhesion to 
living tissue in humid environments and can 
be cleanly peeled off without leaving residue. 
In particular, the hydrogels do not change its 
volume in aqueous solution. In the other words, 
it does not swell, which helps the hydrogels to 
maintain stable when implanted in the body 
and do not cause stress to the surrounding tis-
sues. It has been experimentally demonstrated 
that the hydrogel is electrically conductive and 

can be implanted in the sciatic nerve of rats to 
achieve neuromodulation by low-current electri-
cal stimulation.

In recent years, cell scaffolds have also been 
increasingly investigated. ECHs have been 
shown to be used as biological scaffolds for cul-
turing cardiomyocytes, providing a suitable mi-
croenvironment for cell attachment, spreading 
and proliferation, especially for cardiac tissue 
engineering, because the expression of linker 
proteins in cardiomyocytes can be enhanced in 
response to electrical stimulation [24, 56].

Conclusion

When talking about the prospective of con-
ductive hydrogels, we cannot help but notice 
the great potential they show in several fields. 
Conductive hydrogels have unique physical, 
chemical and electrical properties that make 
them attractive in many applications like never 
before.

Their biocompatible and conductive properties 
make them ideal candidates for biosensors, 
smart drug delivery systems, and biological 
tissue engineering. Conductive hydrogels are 
capable of integrating sensor technologies to 
enable real-time monitoring of physiological 
parameters in living organisms, such as blood 
glucose levels, heart rate and muscle activity, 
to support personalized medicine. With the de-
velopment of wearable technology, conductive 
hydrogels can be used to create flexible and 
comfortable biosensors and health monitoring 
devices. These devices can fit closely to the 
skin, enabling seamless monitoring of body sta-
tus and transmission of data to mobile devices 
for analysis and diagnosis.

Meanwhile, conductive hydrogels, as a new 
type of material with multifunctionality and tun-
ability, have also been widely researched and 
applied in the fields of environmental detection, 
energy reserve and conversion, showing a wide 
range of application prospects. However, inte-
grating the properties of ECHs, their fabrication, 
and practical applications in humans still faces 
significant challenges.

ECHs have the physicochemical properties of 
hydrogels and also have excellent electrical 
conductivity. The structure and properties of 
ECHs can be imparted and adjusted by con-
trolling the type of synthetic materials, composi-
tion ratio, and cross-linking method. Therefore, 
it is important to select appropriate polymer 
matrices and conductive mediums for ECHs in 
different application fields, so as to leverage 
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their synergistic benefits.
For example, introducing conductive mediums 
usually increases the crosslink density and 
strength of the hydrogels, but decreases the 
toughness and tensile properties. However, the 
conductivity of ECHs is positively correlated 
with the content of conductive mediums, and 
only trade-offs can be made between the two. 
In addition, although many self-healing, recov-
erable ECHs have been reported, it takes 30 
minutes or more to recover 90% properties of 
the original hydrogel.

The synthetic production of ECHs is also a 
major challenge because the properties of hy-
drogels are easily affected by the composition 
ratio, production process, and external environ-
ment, so even a small change in the composi-
tion ratio may largely affect the cross-linking of 
hydrogels. The combination between the hydro-
phobic materials such as metal nanoparticles 
and the polymer matrices also requires special 
introduction methods to ensure uniform struc-
ture, which poses challenges for stable mass 
production of ECHs.

Research on ECHs in the field of biomedical en-
gineering is developing rapidly, extending from 
external applications to internal use. However, 
numerous studies are confined to animal exper-
iments and have progressed to clinical trials. 
The functionalities and potential side effects 
are yet to be thoroughly explored. Therefore, 
there is still a long way to go before ECHs can 
be used as bioelectronic therapeutic tools.
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