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Stimuli-Responsive 3D Printable Conductive Hydrogel: A
Step toward Regulating Macrophage Polarization and
Wound Healing
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Aayushi Randhawa, Tejal V. Patil, Keya Ganguly, Rachmi Luthfikasari, and Ki-Taek Lim*

Conductive hydrogels (CHs) are promising alternatives for electrical
stimulation of cells and tissues in biomedical engineering. Wound healing and
immunomodulation are complex processes that involve multiple cell types
and signaling pathways. 3D printable conductive hydrogels have emerged as
an innovative approach to promote wound healing and modulate immune
responses. CHs can facilitate electrical and mechanical stimuli, which can be
beneficial for altering cellular metabolism and enhancing the efficiency of the
delivery of therapeutic molecules. This review summarizes the recent
advances in 3D printable conductive hydrogels for wound healing and their
effect on macrophage polarization. This report also discusses the properties
of various conductive materials that can be used to fabricate hydrogels to
stimulate immune responses. Furthermore, this review highlights the
challenges and limitations of using 3D printable CHs for future material
discovery. Overall, 3D printable conductive hydrogels hold excellent potential
for accelerating wound healing and immune responses, which can lead to the
development of new therapeutic strategies for skin and immune-related
diseases.

1. Introduction

The process of wound healing is intricate and constantly changes
to repair and restore the structure and function of injured tis-
sues. Traditional wound-healing approaches have limitations in
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addressing the various efficacies and as-
pects of wound repair. One of the main
drawbacks is the pain caused during re-
moval of dressings owing to attachment
to newly grown granulations.[1] In addi-
tion, they exhibit low oxygen permeabil-
ity, lack biomimetic properties, and have
difficulty achieving optimal drug loading
levels. Therefore, innovative approaches
are needed to accelerate wound healing
and promote tissue regeneration. In recent
years, the development of 3D printable con-
ductive hydrogels has garnered significant
interest for wound-healing applications.[2]

These hydrogels combine the unique prop-
erties of conductivity and the versatility
of 3D printing technology, enabling the
fabrication of customized scaffolds with
precise geometric shapes and controlled
structures.[3]

Hydrogels are used for various med-
ical purposes because of their flexibility
and biocompatibility. Using 3D printing

technology, these hydrogels can be manufactured into materials
with intricate structures. It is anticipated that 3D-printed hydro-
gels will promote skin regeneration and aid wound healing when
applied to wound sites.[4] These conductive hydrogels exhibit ex-
cellent biocompatibility, biodegradability, and mechanical prop-
erties suitable for wound healing.[5] They create a moist environ-
ment at the wound site, facilitate cell migration and proliferation,
prevent excessive scar formation, and maintain a favorable mi-
croenvironment for tissue regeneration.[6]

Furthermore, conductive hydrogels comprise a water-soluble
polymer network infused with conductive materials, such as
carbon nanotubes (CNTs), graphene, or conductive polymers.[7]

These materials impart electrical conductivity to the hydrogel, en-
abling the electrical stimulation (ES) of the wound site. Electrical
stimulation has been proven to promote cell migration, prolif-
eration, and differentiation; enhance angiogenesis; and regulate
inflammatory responses, thereby accelerating wound healing.[8]

In addition, conductive hydrogels can serve as versatile platforms
for the localized delivery of bioactive molecules, including growth
factors, cytokines, and therapeutic drugs.[2a,9] By incorporating
these bioactive substances into the hydrogel matrix, sustained
and controlled release can be achieved, providing a spatiotem-
poral delivery system that mimics the dynamic nature of the
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Figure 1. The overall schematic diagram of electrical conductivity material-based 3D printing applications.

wound-healing process. These capabilities open new avenues
for targeted therapies and personalized medical approaches for
wound healing. These materials are also vital for modulating the
immune response during wound healing.[10] Excessive or pro-
longed inflammatory responses pose significant challenges to tis-
sue regeneration during wound healing. Therefore, integrating
immunomodulatory capabilities into conductive hydrogels can
improve overall healing outcomes by creating a balanced inflam-
matory environment.[11]

Despite significant advancements in 3D printable conductive
hydrogels for wound healing, some challenges still need to be
addressed. These involve optimizing hydrogel properties, such as
mechanical strength, to meet the specific requirements of various
wound types, biocompatibility of scaffold materials, and degra-
dation rates.[5a,12] In addition, the precise control of electrical
stimulation parameters and the integration of suitable bioactive
molecules add further complexity. Moreover, transitioning these
innovative hydrogel systems from the laboratory to clinical set-

tings requires comprehensive translational research and regula-
tory considerations.

This review presents a comprehensive overview of the latest
advancements in 3D printable conductive hydrogels for wound
healing and immunomodulation. Herein, we discuss the fab-
rication techniques, physicochemical properties, and biological
functionalities of these hydrogels. Furthermore, we highlight
the challenges and future directions in this exciting field, aim-
ing to accelerate the development and clinical application of 3D
printable conductive hydrogels for improved wound-healing out-
comes (Figure 1).

2. Conductive Materials in Tissue Engineering

Conductive polymers (CPs) are organic materials with electrical
conductivity and optical properties similar to those of inorganic
semiconductors and metals.[13] CPs can be synthesized in vari-
ous types using diverse, simple, and cost-effective methods.[14]
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Table 1. Major components of conductive hydrogels for wound-healing application.

Classification of CHs Components of the
polymer network

Conductive
biopolymer

Conductivity
[S m−1]

Electrical stimuli Tensile
stress

Application Ref.

Conductive polymers only PPy-PAAm PPy 0.3 0–900 mV 136.3 MPa Wearable electronic devices,
electro- stimulated
drug-release systems

[18]

PAM/SHA/PANI PANI 0.105–0.12 DC, 3 V, 0.1–100 Hz 13 kPa Infected chronic wound healing [19]

PEDOT/PSS/GG/HA PEDOT:PSS 0.127 0.8 V 0.3 MPa Supercapacitors, all-in-one
wound dressing

[20]

Metal-based conductive
polymer hydrogels

OSA/CMCS/AgNPs AgNPs 0.127 DC, 100 mV, 1 Hz 10 kPa Self-healing, wound dressings [21]

PDA/PAM Au@PDA 6 × 10−6 N/A 53 kPa Biosensors, electric skins,
health monitoring

[22]

Ag@Cu Cu 1.35 × 10−2 N/A 1.5 MPa Wound dressing [23]

Carbon-based conductive
polymer hydrogels

CNT/Gel/CS/PDA CNTs 0.062–0.072 N/A 115.9 kPa Biomedical engineering,
electrical devices

[24]

GO/Cellulose Go >6 ≈300 mV, 102–105 Hz 130 kPa E-skin [25]

HA-DA rGO 0.005 N/A 65.1 kPa Wound-healing dressings [26]

MXene/Cellulose MXene 2.83 × 10−3 to
7.04 × 10−2

100 V mm−1 N/A Wound-healing dressings [27]

PPy: polypyrrole, PANI: polyaniline, AgNPs: silver nanoparticles, PDA: polydopamine; PAM: polyacrylamide, CNTs: carbon nanotubes, AuNPs: gold nanoparticles, GO:
graphene oxide, rGO: reduced graphene oxide.

The conductivity of CPs arises from the delocalized 𝜋-electrons
along the polymer chains, facilitating charge transport.[15] How-
ever, manufacturing conductive wound-dressing hydrogels using
pure CPs is challenging because of their poor mechanical and
solubility characteristics and processability.[13] Conductive poly-
mer hydrogels (CPHs) are polymer materials that combine con-
ductive polymers with hydrogels to provide electrical conductivity
and flexibility.[16] In addition, CPHs provide excellent interfaces
between systems, such as electrodes, electrolytes, and biological
and synthetic systems, making them highly promising for vari-
ous applications, including electrode materials for energy storage
devices, biofuel cells, and biomedical applications[17] (Table 1).

2.1. Conductive Polymers

Polyacetylene (PA), polyaniline (PANI), polythiophene (PT),
polypyrrole (PPy), and poly(3,4-ethylenedioxythiophene):poly-
(styrene sulfonate) (PEDOT:PSS) are widely known CPHs[4] that
have been extensively studied for wound healing because of their
excellent electrical properties.

2.1.1. Polypyrrole

PPy is considered one of the most promising materials in
biomedicine because of its convenient synthesis, suitable bio-
compatibility, low cost, surface modification versatility, excellent
environmental resistance, and high electrical conductivity.[28] In
biomedical applications, PPy is electrochemically generated by
integrating anionic species such as proteins and polysaccharides,
which carry negative charges, to form composite materials.[29]

Figure 2A shows the chemical structures of PPy before and after
doping. PPy is highly rigid, insoluble, and has poor processability
owing to its high degree of crosslinking with the molecular back-

bone. Therefore, the use of PPy as a standalone material is chal-
lenging and must be optimized in a mechanically manageable
or processable form.[28b] By mixing PPy with other biocompati-
ble and biodegradable polymers such as poly(acrylic acid) (PAA),
chitosan (CS), poly-l-lactide (PLLA), and alginate (Alg), its prop-
erties can be adjusted, expanding its potential applications as a
biomaterial for bioelectronic devices.[30] Sajesh et al. mixed PPy
with alginate to improve cell interactions and evaluated its po-
tential for skeletal tissue engineering by incorporating chitosan
to obtain mechanically stable scaffolds. They confirmed the bio-
compatibility of the developed scaffold and demonstrated that
chitosan/PPy-Alg composite scaffolds could serve as substrates
for tissue regeneration.[31] Electric field (EF) has a promising ef-
fect on wound healing. However, it alone cannot stimulate the
entire wound area. Wang et al. developed an electrically active hy-
drogel based on bacterial cellulose (rBC).[32] A hydrogel produced
by mixing CNTs and PPy NPs (≈100 nm) to impart electrical con-
ductivity exhibited excellent thermal stability, mechanical prop-
erties, resilience, and moisture absorption capacity. In particular,
the addition of PPy and CNTs increased the conductivity of the
rBC/PPy/CNT hydrogel by up to 107 times compared with that of
the rBC hydrogel. Electrical stimulation of the wound area can en-
hance the healing process or regulate the release rate of the thera-
peutics. Furthermore, in vitro studies on fibroblast cells (NIH3T3
cells) showed better cell spreading and higher cell proliferation
(18% higher after 3 d) in the PPy/Alg hydrogel than in pure rBC.
Fibroblast proliferation and migration play crucial roles in wound
healing and can be further enhanced by increasing the intracel-
lular Ca2+ concentration through EF stimulation.[33]

2.1.2. Polyaniline

PANI is a polymer whose conjugative 𝜋-bond structure allows
the mobility of electrons on its chain, rendering it electrically
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Figure 2. Conductive-polymer-based CHs. A) PPy-based CHs. Chemical structure of PPy: (I) before doping and (II) after doping. Reproduced with
permission.[28b] Copyright 2011, Wiley-VCH GmbH. a) Hydrogels with BC, rBC, rBC/PPy, and rBC/PPy/CNT electrical conductivity. b) rBC, rBC/PPy, and
rBC/PPy/CNT hydrogel’s compressive stress–strain curves. NIH3T3 cells were cultivated on hydrogels and in culture dishes for 3 d, c–f) without EF
and g–j) with EF. Live/dead labeling of the cells is shown in (c)–(f). Here, the rBC, rBC/PPy hydrogels, rBC/PPy/CNTs hydrogel, and culture dish are
represented by (c) and (g), (d) and (h), (e) and (i), (f) and (j), respectively. Reproduced with permission.[32] Copyright 2020, Elsevier. B) CHs based
on PANI. a) Preparation of the PSP hydrogel. Evaluation of in vivo wound healing: b) SEM image (with the scale bar of 5 μm) of S. aureus from diverse
groups after incubation in TSB. c) Surface density of attached bacteria in another group. P-values of 0.05, 0.01, 0.001, and 0.0001 are indicated by the
*, **, ***, and ****, respectively. Statistically significant differences (n = 3) from the control, ES, and hydrogel groups are shown by the symbols *, &,
and #, respectively. Reproduced with permission.[19] Copyright 2021, American Chemical Society. C) Creating conductive GelMA/PEDOT:PSS bioinks to
create constructions with cells. Reproduced with permission.[39] Copyright 2019, American Chemical Society.
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conducting.[34] Among the many conductive polymer materials,
PANI stands out for its simplicity of processing, easy integra-
tion with other hydrogel materials, and desirable properties such
as water solubility, low toxicity, excellent environmental stabil-
ity, and nanostructured morphology.[35] It also exhibits excellent
biocompatibility and conductivity, making it suitable for vari-
ous biomedical applications. However, they also have unfavor-
able properties such as low processability, insolubility, poor sol-
ubility, and low degradability. A wound-healing dressing was de-
veloped to address these limitations by adjusting its mechanical
properties, electrical conductivity, and processability. Wu et al. de-
veloped a PANI-based hydrogel with antimicrobial, conductive,
and flexible properties for the treatment of chronic wounds[19]

(Figure 2B). PANI was incorporated into a polyacrylamide (PAM)
matrix hydrogel by in situ polymerization of preabsorbed ani-
line molecules to obtain a PANI hydrogel. The improved me-
chanical properties were attributed to the robust structure of
PANI and the dynamic hydrogen bonds formed between the
PANI chains and between PANI and PAM, which enabled ef-
ficient energy dissipation. Recently, supramolecular polymeric
hydrogels combining polymers with low-molecular-weight gela-
tors (LMWG) have been developed. Researchers demonstrated
that hemostatic, antioxidant, antibacterial, and drug-free H/G4-
HA(Cu)/PANI accelerated the wound-healing process by pro-
moting wound closure, collagen deposition, and the upregula-
tion of CD31 expression, as evidenced by a full-thickness skin
defect model in mice.[36] These findings highlight the potential
of hydrogels incorporating PANI as promising wound dressing
materials.

2.1.3. Poly(3,4-ethylenedioxythiophene):Poly(styrene sulfonate)

PEDOT:PSS is the most well-known conducting polymer elec-
trolyte composite, and is a highly doped p-type semiconduc-
tor. The sulfonate anions balance the voids or vacancies in the
positively charged PEDOT chains on the negatively charged
PSS chains, which serve as counterions.[37] Incorporating PE-
DOT:PSS enhances the interaction between the two materials,
improving their mechanical strength and expansibility and re-
ducing hydrophobicity.[8a] Furthermore, PEDOT:PSS is an ideal
material for manufacturing 3D printable conductive hydrogels
because of its excellent chemical stability, high conductivity,
biocompatibility, and superior film-forming properties.[8a,38] For
instance, gelatin methacryloyl (GelMA) and PEDOT:PSS were
synthesized and utilized in bioprinting to form 3D cell-laden
structures (Figure 2C). In addition to the photo-crosslinking of
GelMA, PEDOT:PSS can form secondary crosslinks with Ca2+

under visible light, enhancing the network. The conductivity-
based bioinks and printing methods presented herein have the
potential to fabricate complex, cell-laden, and electrically active
structures. These structures can be helpful in applications involv-
ing cell transplantation for the regeneration of electrically active
tissues.[39] Fibroblast growth and movement are vital for wound
healing and these mechanisms can be further augmented by elec-
trical stimulation. In conclusion, although conducting polymers
based on conjugated polymers have seen significant advance-
ments, uneven dispersion, monomer toxicity, and other issues
continue to hinder their development.

2.2. Metal Nanoparticles

Recently, the introduction of various nanoparticles for wound
healing has led to remarkable advancements in wound treat-
ments. Antimicrobial nanoparticles, such as silver nanoparticles
(AgNPs), gold nanoparticles (AuNPs), and copper nanoparticles
(CuNPs), have shown low cytotoxicity, antibacterial properties,
and biocompatibility, accelerating the wound-healing process.[40]

Due to their large surface area, these nanoscale metallic mate-
rials can be easily modified chemically or physically and exhibit
excellent biocompatibility and conductivity.[13]

2.2.1. Silver Nanoparticles

AgNPs possess excellent antimicrobial, antifungal, anti-
inflammatory, and wound-healing properties, making them
highly effective in various wound dressings.[41] The antimi-
crobial actions of these particles can be categorized into two
types: inhibitory and bactericidal. The AgNPs exhibited low
toxicity, did not cause skin discoloration, and were effective at
low concentrations.[42] This mechanism involves the generation
of reactive oxygen species (ROS) resulting from the inhibition of
respiratory enzymes by Ag+ ions, leading to cell death. Bacterial
cells contain sulfur and phosphorus, which act as soft bases
and interact with the AgNPs as soft acids, thereby triggering
apoptosis.[40] For instance, Wu et al. produced nanostructured
AgNP-BC by self-assembling nanoparticles formed on the
surface of nanofibers derived from bacterial cellulose (BC). In
biomedical research, AgNP-BC hydrogel membranes have been
shown to effectively reduce bacterial proliferation on wound
surfaces and promote wound healing.[43] In another study, Palem
et al. developed nanocomposite (AgNC) hydrogel with injectable
and bacterial inactivation properties.[44] A fast-forming AgNC
hydrogel was produced by distal addition of a guar gum-grafted
polyacrylamide glycolic acid (GG-g-PAGA) polymer, silver nitric
acid (AgNO3), and sodium borohydride (NaBH4) (Figure 3A).
The hydrophilic surface of AgNCs effectively delayed the evapo-
ration of moisture inside the wound and provided a long-term
moist wound environment. In addition, the swelling of the
hydrogel is directly related to its porosity, and the inclusion of
AgNPs can increase the porosity of the nanocomposites, facili-
tate the absorption of emissions from wounds, and promote cell
proliferation. The PAGA@AgNC hydrogel exhibited self-healing
ability, injectability, elasticity, fluidity, high swelling, porosity,
upright mechanical behavior, and biodegradability. However, in
addition to the toxicity of silver and the potential thrombosis risk
of nanoparticles, the in situ formation characteristics that confer
the advantages of silver nanoparticles are accompanied by the
introduction of toxic reducing agents during their preparation.
These factors make the application of Ag indeterminate.[15]

2.2.2. Gold Nanoparticles

AuNPs are the most commonly used metal in biomedicine. They
possess various characteristics such as adjustable size, shape,
surface properties, optical properties, biocompatibility, and high
stability.[15,45] AuNPs exhibit unique optical properties, such as
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Figure 3. Metal nanocrystals-based CHs. A) AgNP-based CHs. a) Graphic representation of the GG-g-PAGA and GG-g-PAGA@AgNC hydrogel prepa-
ration mechanisms. b) A pH-based investigation of swelling. c) Analysis of the porosity of hydrogels made of pure GG, GG-g-PAGA, and GG-g-
PAGA@AgNC. Reproduced with permission.[44] Copyright 2019, Elsevier. B) AuNP-based CHs. a) Schematic illustration of the syntheses of Au@ZIF-8.
b) Visual representation of Au@ZIF-8 incorporated into hydrogels for light-activated infection model treatment. On a Luria-Bertani agar plate, visible
colony units of S. aureus are shown in (e). **P= 0.01, ***P= 0.001. Reproduced with permission.[48] Copyright 2021, Elsevier. C) a) Outline of Fenton-like
reaction mechanism. The survival rates of b) E. coli and c) S. aureus were determined by the colony-forming unit (CFU) method after various treatments.
Reproduced with permission.[57] Copyright 2022, Elsevier. D) Schematic of ZnO@ZIF-8 NPs formation. Reproduced with permission.[59] Copyright 2023,
MDPI.

plasmon resonance.[46] This phenomenon occurs when the elec-
trons of gold respond to incoming radiation, causing resonance
and resulting in the absorption and scattering of light. This ef-
fect can be utilized to either locally heat or destroy tissues, or
to release therapeutic payload molecules. Furthermore, AuNPs
can be used in therapeutic applications because they reduce the
production of pro-inflammatory cytokines, including IL-6, IL-12,
and TNF-𝛼.[47] However, similar to Ag, there is a potential risk
of cellular toxicity during the preparation and in vivo delivery of
AuNPs; thus, caution should be exercised. Recent reports have

indicated that injectable hydrogels prepared by encapsulating
AuNPs within ZIP-8 can promote cellular growth[48] (Figure 3B).
The photocatalytic ROS generation properties of AuNPs under
visible light enabled them to exhibit antimicrobial effects, locally
inhibit bacterial growth, and accelerate wound healing. This in-
jectable hydrogel system demonstrates excellent physical flexibil-
ity, elasticity, high biocompatibility, appropriate biodegradability,
and superior antimicrobial efficacy. Recently, there has been con-
siderable attention toward advancing effective and eco-friendly
synthesis methods for metal nanoparticles in nanotechnology.

Adv. Healthcare Mater. 2023, 2302394 © 2023 Wiley-VCH GmbH2302394 (6 of 29)

 21922659, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202302394 by K
angw

on N
ational U

niversity, W
iley O

nline L
ibrary on [27/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.advhealthmat.de

Hashem et al. synthesized a nanocomposite with antimicrobial
activity using chitosan and AuNPs.[49] Chitosan has been found to
inhibit both gram-positive and gram-negative bacteria by disrupt-
ing their cell wall structures. Furthermore, an injectable AuNP
hydrogel, prepared through gallol-tethering via NaIO4-induced
crosslinking, exhibits high self-healing capability (up to 84.5%),
injectability, tunable mechanical properties, flexible elasticity,
and a macroporous structure. This was achieved through cova-
lent and supramolecular interactions.[50]

2.2.3. Copper Nanoparticles

Copper (Cu) plays a critical role in skin formation. It is essen-
tial for angiogenesis, synthesis, and stabilization of extracellu-
lar matrix (ECM) skin proteins.[51] CuNPs possess excellent an-
timicrobial properties and can effectively promote wound heal-
ing by modulating various cytokine and growth factor signaling
mechanisms, stimulating angiogenesis, and facilitating collagen
deposition.[52] CuNPs are gaining attention owing to their low
cost, high stability, and potential for improved clinical safety.[53]

Moreover, CuNPs are inherently involved in all stages of wound
healing.[54] Effective wound dressings should stimulate rapid an-
giogenesis to supply oxygen and nutrients to cells at the wound
sites.[53] According to research, CuNPs have been shown to in-
crease the expression of hypoxia-inducible factor-1𝛼 (HIF-1𝛼)
and regulate the secretion of vascular endothelial growth fac-
tor (VEGF), thereby promoting angiogenesis.[55] However, the
use of growth factors is typically associated with drawbacks,
such as high cost, potential adverse effects when administered
at supra-physiological doses, and loss of bioactivity.[53] In an-
other study, CuNPs induced the generation of ROS within bacte-
rial cells, thereby inhibiting bacterial growth and division. These
CuNPs exhibited excellent biocompatibility with HEK-293 and
HeLa cell lines, while reducing cell–cell aggregation and matrix
destabilization, promoting the remodeling of bacterial biofilms
and membrane dissolution, and enhancing the efficacy of an-
tibacterial agents.[56] Wang et al. fabricated a chitosan membrane
loaded with copper-bismuth-imidazole framework (Cu-BIF/CS)
(Figure 3C) that maintained excellent cell compatibility, while re-
leasing Cu2+ relatively slowly to kill bacteria. Importantly, the
composite membrane demonstrated the potential to enhance
wound healing and promote skin regeneration through the com-
bined therapy of chitosan, Cu2+, and hydroxyl radicals in infected
wound-healing processes.[57]

2.2.4. ZnO Nanoparticles

Recently, an increasing number of researchers have begun basic
research on antibacterial activity because ZnO nanoparticles are
stable under harsh processing conditions and are generally con-
sidered safe for humans and animals.[58] The antimicrobial ac-
tion of ZnO NPs can be explained by three main mechanisms:
1) generation of ROS, 2) release of Zn2+ ions, and 3) interac-
tions between the NPs and the cell wall. These mechanisms pro-
mote the internalization of ZnO NPs into cells, causing damage
to the cellular components. Another determinant of the antimi-
crobial efficacy of ZnO NPs is size. Smaller NPs have larger sur-
face areas, increased interactions with bacterial cell constituents,

and enhanced antimicrobial activities. As shown in Figure 3D,
even after the formation of ZIF-8, the ZnO nanoparticles main-
tained their luminescence. This result demonstrates that the size
of the ZnO nanoparticles did not increase or increased only min-
imally. This is a highly significant finding, as it has been previ-
ously established that the size of nanoparticles influences their
antibacterial activity, with smaller nanoparticles exhibiting better
activity.[59]

Furthermore, ZnO nanoparticles offer several advantages,
such as high antibacterial efficacy at low concentrations (0.16–
5.00 mmol L−1), broad-spectrum activity against various strains,
and relatively low cost.[60] These nanoparticles can be synthe-
sized using sol-gel synthesis from zinc salts, sol-gel combustion,
chemical synthesis, low-temperature synthesis, and mechanical
methods. Moreover, ZnO nanoparticles can interfere with mi-
crobial toxicity, leading to alterations in the expression of criti-
cal genes associated with cellular stress responses, motility, viru-
lence, and toxin production.[61] These nanomaterials are environ-
mentally friendly and nontoxic, and Zn2+ ions released from ZnO
nanoparticles move to the wound area, increasing the supply of
zinc, which can facilitate skin tissue recovery and wound healing.
ZnO has lower toxicity than other antimicrobial substances such
as gold, silver, or titanium dioxide nanoparticles. Owing to its ap-
propriate functionality in metabolism, the immune system, and
wound-healing processes, nZnO is a vital source of Zn, which is
an essential element for the human body.[62] Despite concerns
regarding nanoparticle toxicity in human health, nZnO has great
potential for positive effects on wound healing.

2.3. Carbon-Based Conductive Polymers

In recent years, carbon-based materials such as CNTs, graphene
oxide (GO), reduced graphene oxide (rGO), and activated carbon
(AC) have garnered significant attention owing to their remark-
able thermal, optical, electrical, and mechanical properties. These
materials have attracted widespread interest in various fields.[63]

2.3.1. Carbon Nanotube

There has been rapidly increasing interest in the development
of CNT-based hydrogels. CNTs are carbon allotropes with high
electrical and thermal conductivity.[64] The unique properties of
the CNT hybrid hydrogels are associated with the characteris-
tics of the hydrogel polymer network. The CNT hybrid hydro-
gels were synthesized using five methods:1) covalent crosslink-
ing (in situ polymerization), 2) ex situ polymerization, 3) physical
crosslinking, 4) polymer grafting, and 5) techniques enabled by
intelligent devices.[65] CNT materials are commonly combined
with hydrogels to form electrically active composite dressings
for wound-healing therapies. Adding CNTs to hydrogels provides
the resulting composite with excellent electrical conductivity, en-
abling the effective delivery of electrical stimulation to wound
tissues.[66] For example, He et al. developed a hydrogel based on
chitosan and CNT. The use of CNT-based composite dressing in
the treatment of wounds showed significant downregulation of
TNF-𝛼 expression and upregulation of VEGF expression, leading
to accelerated wound healing[67] (Figure 4A). These CNT-based
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hydrogels exhibit outstanding antimicrobial properties, adhesion
capabilities, antioxidative properties, and mechanical character-
istics. As a result, this promising combination is widely used
in wound healing and antimicrobial applications, activating local
cell proliferation and migration.[65,68] In another research, CNTs
were integrated with chitosan and poly(acrylamide) (PAAm) to
create a multifunctional hydrogel. This film was prepared to de-
liver VEGF and investigate the release pattern in the presence
and absence of fluorescein is othiocyanate-tagged bovine serum
albumin (FITC-BSA). The presence of CNTs enhances cellular
interactions and proliferation.[67]

2.3.2. Graphene Oxide

GO, formed by the oxidation of Gr (graphene), is a well-known
and highly versatile material owing to its multifunctionality. It
has gained popularity among researchers due to its wide sur-
face area, 𝜋–𝜋 stacking, and potential for various applications.[69]

Graphene has been used in biomedical applications, including
tissue engineering, owing to its excellent mechanical strength
and electrical conductivity. They have applications in wound heal-
ing, stem cell engineering, regenerative medicine, and cellular
growth and differentiation. This highly oxidized graphene mono-
layer contains a large number of oxygen-containing active groups
such as carboxyl groups (─COOH), hydroxyl groups (─OH), car-
bonyl groups (─C═O), and epoxy groups (─O─)[70] (Figure 4B).
Carbonyl and carboxyl groups are predominantly located at the
edges of GO. These groups exhibit excellent solubility and sta-
bility, making them suitable for cell-surface attachment, prolifer-
ation, and differentiation. GO possesses both hydrophobic and
hydrophilic properties at the basal plane and edges, and contains
oxygen-containing functional groups such as hydroxyl, epoxy, car-
bonyl, and carboxyl groups.[70]

In addition, GO can be easily dispersed in water because of
its hydrophilicity; however, its conductivity is lower than that of
graphene. However, at weakly alkaline pH, dopamine can act as
a reducing agent for GO, resulting in the formation of rGO and
enhanced conductivity. Liang et al. fabricated conductive hydro-
gels based on dopamine-grafted hyaluronic acid (HA) and rGO
through H2O2 crosslinking[26] (Figure 4B). The enhanced con-
ductivity of the hydrogel, achieved by incorporating rGO, enabled
the transmission of electrical signals from viable tissues, stim-
ulated cells that were responsive to electrical stimuli, and con-
tributed to skin tissue regeneration. Free radicals in the wound
area can induce oxidative stress, which leads to lipid peroxidation,
DNA damage, and enzyme inactivation. Research on the local ap-
plication of substances with free radical-scavenging properties in
patients and animals has significantly improved wound healing.
The excellent antioxidant capacity of the HA-DA/rGO hydrogel
enhanced its potential for application in wound dressings.

2.3.3. MXene

MXenes have recently emerged as one of the most popular
2D materials owing to their elemental composition diversity,
2D transition metal carbides, wide surface area, abundant sur-
face terminations, and excellent optoelectronic properties.[71] The
2D structure also minimizes the migration distance between
charge carriers and the reaction interface, inhibiting the possi-
bility of charge carrier recombination, which improves the pho-
tocatalytic performance.[72] The versatile chemistry of MXenes
imparts interesting mechanical, electronic, magnetic, and elec-
trochemical properties. In particular, the excellent flexibility of
MXenes, coupled with their 2D morphology and layered struc-
ture, enables the easy formation of MXene-based composites,
offering opportunities to integrate the exceptional characteris-
tics of different materials in a complementary manner.[73] Com-
monly synthesized MXenes include direct and indirect in situ
HF etching.[71] For hydrogel-based applications, MXenes offer
an intriguing multifunctional platform for tissue regeneration
in CHS (chronic wound-healing systems). The integration of
MXenes into hydrogels has garnered particular interest because
of their excellent mechanical strength, exceptional hydrophilic-
ity, and diverse surface chemistry.[74] MXenes have emerged as
promising conductive nanofillers for polymer hydrogels with
excellent multifunctional responsiveness. For instance, Zhang
et al. prepared a self-healing MXene–PVA hydrogel by incorpo-
rating MXene into a polyvinyl alcohol (PVA) solution via borax
crosslinking[75] (Figure 4C). Their experimental results demon-
strated that MXenes improved the conductivity of PVA hydrogels
more effectively than CNTs under large strains. Furthermore,
the hydrophilic groups of MXene, such as ─OH, ─O, and ─F,
enhance the self-healing capability of PVA hydrogels through
increased hydrogen bonding. Furthermore, using MXenes as
a dynamic crosslinking agent can result in excellent mechani-
cal properties, adhesion, and self-healing capabilities. Ge et al.
demonstrated the multifunctional role of MXenes in activating
the rapid gelation of a wide range of hydrogels by controlling the
dynamic interactions between MXenes and polymers.[76]

3. The Effects of Electrical Stimulation on Wound
Healing

The skin is composed of the dermis, epidermis, and stratum
corneum, and is sensitive to electrical signals. Depending on var-
ious components, the skin exhibits a range of conductivity val-
ues, ranging from 2.6 to 1 × 10−4 mS cm−1.[77] Electrical stim-
ulation therapy involves the use of two electrodes placed at dif-
ferent locations to allow a current to flow through the injured
tissue. Depending on the direction of the current (or voltage),
electrical stimulation can be divided into two types: unidirec-
tional current (or voltage) and bidirectional current (or voltage).

Figure 4. Carbon-based CHs. A) Schematic representation of the CEC/PF/CNT hydrogel preparation showing the hydrogel’s original shape, bending
and stretching shape representations, and adhesion characteristics. Reproduced with permission.[67] Copyright 2020, Elsevier. B) rGO-based CHs. a)
Schematic diagram of GBNs. A diagram showing the creation of HA-DA/rGO hydrogel. b) HA-DA polymer preparation strategy with c) rGO@PDA,
d) HA-DA/rGO hydrogel preparation scheme with original, bending, compression, self-healing representation, and application in wound healing. 5
mm scale bar. Reproduced with permission.[26] Copyright 2019, Wiley-VCH GmbH. C) The process of making the MXene/PVA hydrogel. a) A diagram
illustrating the creation of the MXene/PVA hydrogel. b) Photographs illustrating the preparation procedure of the MXene/PVA hydrogel. c) Photographs
demonstrating the self-healability and stretchability of the prepared MXene/PVA hydrogel. Reproduced with permission.[75] Copyright 2019, Wiley-VCH
GmbH.
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Figure 5. The waveform of electrical stimulation and the position of the electrode. a) Typical waveform of unidirectional current. b) When the electrical
stimulation waveform is unidirectional current, the positive electrode is usually placed on intact skin, and the negative electrode is placed on the injured
area. c) Typical waveform of bidirectional current. d) When the electrical stimulation waveform is bidirectional current, both electrodes are typically
placed on intact skin. e) Effects of electrical stimulation on cellular and tissue levels: proliferation, migration, and inflammation. Reproduced with
permission.[78] Copyright 2021, Wiley-VCH GmbH.

Unidirectional currents include direct currents (DC) and unidi-
rectional pulsed currents (PC). A unidirectional current is char-
acterized by a one-way flow of charged particles, indicating con-
sistent polarity (charge imbalance) (Figure 5a). This feature al-
lows the simulation of an insulating electric field using a unidi-
rectional current. Therefore, the anode of the electrical stimula-
tion device is permanently attached to the intact skin around the
wound, whereas the cathode is fixed at the center of the wound

(Figure 5b). However, the prolonged application of a unidirec-
tional current to stimulate the wound can cause skin damage
owing to thermal effects. Bidirectional current alternates polar-
ity. When a bidirectional current stimulates a wound, the charged
particles in the area beneath the electrodes alternate (Figure 5c).
The two electrodes of the electrical stimulation device are typi-
cally placed on intact skin on either side of the wound (Figure 5d).
Applying this current to a wound can significantly reduce or
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Figure 6. Schematic illustration of various types of 3D printing techniques. Reproduced with permission.[81] Copyright 2020, Elsevier.

prevent thermal effects. Compared with unidirectional current,
it has fewer side effects and is less invasive, making it a promis-
ing approach for clinical treatment. Regardless of the operat-
ing mode, both unidirectional and bidirectional currents affect
wound healing in a similar manner (Figure 5e).[78]

4. 3D Printing of Conductive Hydrogels

3D printing, also known as additive manufacturing (AM), is
a computer-based technology that uses computer-aided design
(CAD) data to replicate and create 3D objects through a layer-
by-layer manufacturing process.[79] The CAD figures were sliced
into control units to direct the printers to build 3D structures.[80]

A 3D printer makes producing objects with complex shapes
and designs more straightforward. In addition, it allows for cus-
tomization, enabling the creation of products tailored to individ-
ual requirements. This flexibility has facilitated innovative de-
signs and manufacturing processes in various industries. Con-
ductive hydrogels have seen a surge in their utilization in 3D
printing technology owing to their ability to produce customized
structures with complex shapes and time-saving properties. 3D
Printing is a comprehensive term that encompasses various
digital-model-based layer-by-layer deposition technologies. This
section introduces some prominent examples of light- and ink-
based printing methods (Figure 6).

4.1. Light-Based 3D Printing

Light-based 3D printing is a layer-by-layer manufacturing pro-
cess that offers excellent accuracy and resolution, intricate de-
tails, and a smooth surface finish. SLA and DLP are two standard
techniques in light-based 3D printing, both of which involve im-
mersing a build platform in a resin tank containing liquid resin
and then building an object through successive layer depositions.
These two techniques can be distinguished based on the light
source used. SLA utilizes ultraviolet (UV) laser light, whereas
DLP uses a digital light projector screen. One drawback of these
photocuring 3D printing methods is volumetric shrinkage.

4.1.1. Stereolithography

Stereolithography (SLA) printing is based on the solidification of
a liquid resin through photopolymerization. This technology has

immense potential for diverse applications and can be applied in
various fields owing to its adaptable design and versatility. Gener-
ally, SLA printers use a 355 nm wavelength laser beam. The UV
laser beam moves along the boundaries of the object and filled its
2D cross section. After one layer of resin is cured, the platform de-
scends by one-layer thickness, and the curing process is repeated
layer by layer to create a solid 3D object. The movement of the
laser beam controls the formation of each layer. A laser beam
can theoretically move over ample space, allowing SLA printers
to print large objects.[82] SLA technology enables the precise pro-
duction of devices with complex shapes, high resolution, accu-
racy, precise details, and smooth surface finishes. However, a dis-
advantage of this technology is that the printing speed decreases
as the object size increases, because of the curing speed associ-
ated with the movement of the laser beam. Heo et al. developed
a photocrosslinking conductive hydrogel, including PEDOT:PSS,
using an SLA 3D printer[83] (Figure 7a). Patterned hydrogels ex-
hibited decreased optical transparency and print diameter with
increasing PEDOT:PSS concentration (Figure 7b). The mechan-
ical properties of the conductive hydrogels were measured us-
ing a universal compression testing machine, and the compres-
sive stress–strain curve showed that the strain increased with
increasing PEDOT/PSS concentration (Figure 7c). Compressive
stiffness decreased from 35.4 ± 1.4 to 26.3 ± 4.2 MPa as the
PEDOT:PSS concentration (Figure 7d). In addition, the obtained
conductive hydrogel increased the number of living cells with in-
creasing PEDOT:PSS concentration (Figure 7e), indicating that
the inclusion of PEDOT:PSS in the PEG hydrogel enhanced cell
adhesion and promoted cellular proliferation.

4.1.2. Digital Light Projection

Digital light projection (DLP) technology uses the same princi-
ples as SLA. It involves the use of a digital projector to project
a cross-sectional image of an object onto a light-sensitive liq-
uid resin for polymerization. This printing method can operate
in both the top-down and bottom-up configurations. The DLP
technology projects the cross-sectional image of an object in a
layer-by-layer manner across an entire platform. It simultane-
ously cures all points, offering the advantages of high precision
and high manufacturing speed. The printing time for each layer
remains the same regardless of the complexity or size of the
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Figure 7. a) Overview of the process for manufacturing 3D conductive structures using the SLA printing system and cell behavior analysis. b) Optical
and 3D surface plotting images displaying the hydrogel’s diameter with the concentration of PEDOT/PSS. c) Hydrogel compression stress–strain curves
based on PEDOT/PSS concentration. Stiffness (*p = 0.05 and **p = 0.01, n = 5) is listed in (d). e) Live/dead experiment, in which the viability of a
PEDOT/PSS hydrogel-coated dorsal root ganglion (DRG) cell culture was examined (*p = 0.05 and **p = 0.01, n = 5). Copyright 2019, Reprinted with
permission of Materials Science and Engineering: C. Reproduced with permission.[83] Copyright 2019, Elsevier.

structure and depends only on the thickness of the object. These
fast printing times and the nozzle-free approach ensured high
cell viability (85%–95%).[84]. Furthermore, DLP printers require
specific types of photosensitive resins for printing. These limi-
tations in material selection restrict the use of various materi-
als. Using the light-activation mechanism, a photosensitive resin
must be combined or chemically modified with a photoinitiator.
It is important to emphasize that the use of resin at inappropriate
concentrations can harm the cells.[85] Only a few photocrosslink-
able biopolymers, such as gelatin, silk fibroin, and hyaluronic
acid, which have been chemically modified with photoreactive
moieties such as methacryloyl, have been employed as resins for
DLP printing.[86] Therefore, choosing safe ink materials and ad-
hering to proper usage guidelines are crucial when using DLP
printing.

To fabricate biomedical hydrogels using DLP printing, the cur-
rent research focuses on the adaptability of bio-based resin com-
positions that provide suitable printability. Wang et al. created a

new antibacterial hydrogel containing inert spherical LNP car-
riers and surface-embedded AgNPs via DLP printing.[87] The
shape and size of the formed LNP@Ag were investigated by TEM
(Figure 8a–c) and SEM measurements (Figure 8d–g). The an-
tibacterial activity varied depending on the size of the AgNPs. The
results of this study confirm that the size of the AgNPs formed
in the LNP spheres depends on the concentration of the Ag pre-
cursor solution. In addition, the compression stress–strain curve
showed that the mechanical rigidity of the GGMMA-based hydro-
gel was not significantly affected by the LNP@Ag content. Still, as
the doping amount of LNP@Ag increased from 0.1 to 0.25 wt%,
the stress during fracture decreased significantly (Figure 8i). The
GGMMA/LNP@Ag hydrogel was manufactured by DLP additive
manufacturing using a 10GGMMA/0.1LNP@Ag resin contain-
ing 0.25(w/v) % LAP photoinitiator (Figure 8h). Figure 8j shows
that the increase in the hydrophobicity of the GGMMA surface
after doping with LNP@Ag limits its binding to bacteria, result-
ing in an antibacterial effect.
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Figure 8. a) TEM images of LM-4-NP@Ag-3, b) LM-4-NP@Ag-5, and c) LM-4-NP@Ag-10 with a scale bar of 100 nm, at a magnification of 80 000×,
and d–g) particle size histograms. h) Making 3D objects utilizing a DLP printer and resin made of 10GGMMA/0.1LNP@Ag, including honeycomb,
crosshatch, and fragile layers. i) GGMMA/LNP@Ag hydrogel disc stress–strain curves at various LNP@Ag concentrations. j) The spin-coated films
formed of photocurable resin’s water contact angle. Reproduced with permission.[87] Copyright 2022, Royal Society of Chemistry.

4.1.3. Ink-Based 3D Printing

Ink-based 3D printing, also known as direct ink writing (DIW)
or extrusion-based 3D printing, uses ink directly to precisely cre-
ate objects. Both inkjet printing and DW systems have printer
heads and focus on controlling the precise adjustment of ink and
the layer-by-layer formation of objects. In addition, they require
control over the drop formation speed, size, spacing, and fluid
viscosity.

Ink-based 3D printing offers advantages such as versatility in
material selection, the ability to print with multiple materials si-
multaneously, and the direct integration of functional elements
or additives into printed objects. This technology has applications
in various fields including biomedical engineering, electronics,
art, and prototype manufacturing.

Inkjet Printing: Inkjet printing has emerged as a promi-
nent extrusion-based printing technique and garnered signifi-
cant attention as a manufacturing method for the deposition of
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functional materials. It allows the use of various supply materials
such as hydrogels, bioinks, and liquid polymers. Inkjet printing
is characterized by its noncontact printing method, which makes
it less susceptible to contamination, substrate, or mask damage
and offers scalability.[88] Industrial inkjet printing is highly flex-
ible and robust. Inkjet-printing techniques are commonly cat-
egorized into two main types: continuous inkjet (CIJ) printing
and drop-on-demand (DOD). In both methods, the liquid passes
through an orifice or a nozzle; however, they differ in terms of the
physical process of droplet formation. In CIJ printing, a liquid jet
is subjected to force, which causes it to break up into a consistent
series of droplets of uniform size and spacing owing to the influ-
ence of surface tension.[89] The inherent breakup process driven
by surface tension forces was further facilitated by controlling the
flow rate through the nozzle at a suitable frequency. Usually, as
the droplets traverse an electrostatic field, some acquire an elec-
trical charge, directing them toward the intended position on the
substrate and ultimately creating the desired printed image. The
uncharged droplets were collected in a gutter for recycling. CIJ
generates a high drop velocity (>10 m s−1), which enables fast
processing.[88]

However, recycled ink is susceptible to contamination and may
experience quality degradation after exposure to ambient condi-
tions. In addition, compared with DOD, CIJ tends to have a lower
resolution. By contrast, DOD printers selectively eject only the
desired number of ink droplets from the print head and nozzles
through thermal or piezoelectric operations. DOD printers are
preferred over CIJ systems in most industrial fields, because they
do not require drop charging, ink recirculation, or deflection. In
a DOD printer, the liquid first emerges from the print head as
a jet, and then detaches from the nozzle under surface tension
forces, forming one or more droplets. After the droplets settle on
the substrate surface, they dry by evaporation, leaving a solid de-
posit layer with a customized droplet deposition pattern.

Consequently, the deposited droplets can form “line” struc-
tures that can merge to form 2D planar sheets. Printing mul-
tiple layers of these sheets on top of one another results in 3D
structures.[90] DOD printers are preferred for applications in-
volving high resolution, precision, excellent controllability, low
cost, and scalability, particularly elastomers and biomaterials.[91]

Inkjet printing using conductive polymers has emerged as a
promising technique for wound-healing and immunomodula-
tory applications. Conductive polymers, such as polyaniline, PE-
DOT:PSS, and polypyrrole, have unique electrical, mechanical,
and biological properties that make them suitable for such appli-
cations.

In wound healing, inkjet printing can be used to create con-
ductive scaffolds or films that mimic the ECM found in natu-
ral tissues. These scaffolds can be designed with specific pat-
terns or geometries, allowing for precise control over the dis-
tribution of cells, growth factors, and other biomolecules. Fur-
thermore, conductive polymers can facilitate electrical stimula-
tion of cells, which has been shown to promote wound healing
by enhancing cell migration, proliferation, and differentiation.[92]

The conductivity of these polymers also enables electrical sig-
naling between cells, which plays a crucial role in tissue
regeneration.

Regarding immunomodulation, inkjet printing can be used to
create conductive polymer-based drug delivery and immunother-

apy platforms. These platforms can be designed to release drugs
or immunomodulatory molecules in a controlled and localized
manner by targeting specific immune cells or pathways.[93] In ad-
dition, conductive polymers can be functionalized with ligands or
antibodies that specifically bind to immune cells, thereby enhanc-
ing the targeting efficiency and efficacy of immunomodulatory
treatments. Overall, inkjet printing using conductive polymers
has excellent potential for wound-healing and immunomodula-
tion applications. The ability to precisely control the structure and
properties of printed materials combined with the unique charac-
teristics of conductive polymers offers new opportunities for the
development of advanced therapies and treatments for various
diseases and conditions.

Direct Ink Writing: Among various AM technologies, DIW
has emerged as the most versatile 3D printing technique for mul-
tiple materials. DIW is an extrusion-based printing method that
enables the fabrication of 3D structures with complex medium-
and microscale geometries and compositions.[30] Because of its
relatively gentle printing process, DIW is well suited for cell
printing and a wide range of biological applications. DIW is also
an extrusion-based printing method in which viscous polymer
inks or pastes are extruded through a nozzle and then solidified
through solvent evaporation, rapid homogenization, sol-gel tran-
sition, crosslinking, or post-treatment on the printed platform,
forming solid layers on top of each other. The design and syn-
thesis of ink materials play a crucial role in DIW technology. To
achieve shape fidelity, ink materials must exhibit high elasticity
before extrusion, demonstrate good shear-thinning behavior as
they pass through tiny nozzles, and regain their high elasticity af-
ter deposition. These characteristics depend heavily on the chem-
ical structure and composition of the ink.[94] The machine pa-
rameters, including the nozzle size and printing speed, affect the
printing accuracy and resolution. Generally, smaller nozzle di-
ameters can improve the printing resolution. However, a higher
extrusion pressure and longer build time may be required to pre-
vent nozzle clogging.

Similarly, lower printing speeds usually result in improved di-
mensional tolerance and fidelity; however, the printing time in-
creases. The uniqueness of the printing process lies in its ability
to extrude continuous filaments at room temperature. Printabil-
ity depends on the rheological properties of the ink rather than
its temperature dependence.[95] The key advantages of DIW in-
clude its ability to select a wide range of materials (polymers,
colloidal dispersions, hydrogels, etc.), adjustable viscosity (102–
10 6 mPa s), rapid prototyping (1 mm s −1 to 10 cm s −1), and cost-
effectiveness.[80,95] In addition, DIW offers short manufacturing
times, high mechanical and electrical performance of printed
parts, and virtually no limitations on geometric structures.[96]

DIW has some drawbacks. First, the inevitable ink spreading
caused by gravity deteriorates the shape fidelity of the printed
object.[80] In addition, compared with the light used in SLA,
the movement of the nozzle in DIW is slower, necessitating
further improvements in the printing speed. Moreover, DIW is
limited by its high cost, excessive oxidation caused by lasers,
and residual stress in the fabricated parts.[97] Creating functional
and conductive hydrogels using the DIW technique is challeng-
ing because of complex ink formulation and printing processes.
Liu et al. fabricated 3D-printed PEDOT:PSS/CNT-based hydro-
gels by freeze-thawing and H2SO4 treatment[98] (Figure 9a). By
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Figure 9. a) A schematic diagram describing the gelation process during post-printing. b,c) The moduli and yield stresses of different inks (the polymer
and composite inks were termed as Px and Px-C, respectively, where x represents the PEDOT:PSS concentration (mg mL−1) in the ink, and C indicates
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using a CNT dispersion to dissolve the PEDOT:PSS, the modu-
lus and yield stress of the synthesized ink increased significantly
(Figure 9b,c), allowing the deposited ink filaments to maintain
a stable shape during the printing process without collapsing
(Figure 9g). The 3D-printed hydrogels achieved high electrical
conductivity of ≈2000 S m−1 with a water content of 96.0 wt%
(Figure 9d,e). Compression tests revealed that the post-treated
hydrogels exhibited high elasticity, rapidly recovering their orig-
inal shape even at 10%–80% deformations (Figure 9f–h). The
hydrogels exhibited excellent fatigue resistance, maintaining a
height deformation of ≈9% after 400 compression cycles at a
strain of 30% (Figure 9i). These remarkable mechanical prop-
erties can be attributed to the interaction between the CNTs
and PEDOT: PSS as well as the structural characteristics of the
hydrogels.

5. 3D Printed Conductive Hydrogels for
Macrophage Polarization

Stimuli-responsive hydrogels have shown great potential in var-
ious fields such as soft robotics, biomedicine, and flexible elec-
tronics. These hydrogels can change their properties, such as
shape and volume, in response to external stimuli, including
temperature, pH, light, and electric and magnetic fields.[99] In
recent years, there has been increased interest in the devel-
opment of electrical stimuli-responsive hydrogels for their po-
tential applications in triggering macrophage polarization to
angiogenesis.[100] Macrophage polarization refers to the process
by which macrophages, a type of immune cell, undergo func-
tional and phenotypic changes in response to specific environ-
mental signals. One potential application of electrical stimuli-
responsive hydrogels is in the field of bioengineering, where they
can be used to modulate macrophage polarization and promote
angiogenesis. To understand the mechanism by which 3D print-
able hydrogels trigger macrophage polarization for angiogenesis,
it is important to understand the concept of macrophage polar-
ization. Macrophage polarization refers to the process by which
macrophages adopt different functional phenotypes in response
to specific environmental signals. These signals can be classi-
fied into two main types: M1 and M2. M1 macrophage polariza-
tion is associated with pro-inflammatory responses[101] and tis-
sue destruction, whereas M2 macrophage polarization is associ-
ated with anti-inflammatory responses and tissue repair. Previ-
ous studies have shown that modulating macrophage polariza-
tion toward the M2 phenotype can promote angiogenesis and
tissue regeneration. Electrical stimuli-responsive hydrogels rep-
resent a novel approach for triggering macrophage polarization
toward the M2 phenotype and promoting angiogenesis. Electrical
stimuli-responsive hydrogels can be engineered to release spe-
cific electrical signals that mimic physiological signals present in
the microenvironment and trigger macrophage polarization.

5.1. Role of Macrophage Polarization during Wound Healing

Macrophages are critical players in the immune response
and tissue repair processes. They can switch between differ-
ent phenotypes, allowing them to dynamically perform di-
verse functions. Macrophages orchestrate the complex process
of blood vessel formation during angiogenesis and skin tis-
sue regeneration. Macrophages facilitate angiogenesis by se-
creting factors that promote blood vessel growth and matura-
tion. M1 macrophages are responsible for the initiation of an-
giogenesis, as they secrete vascular endothelial growth factor
that stimulates the proliferation and migration of endothelial
cells.[100] In contrast, M2 macrophages are involved in the later
stages of angiogenesis and are responsible for stabilizing blood
vessels.[100]

Furthermore, M2 macrophages secrete the platelet-derived
growth factor-BB, which promotes the maturation and stabiliza-
tion of blood vessels. Incorporating electrical stimuli-responsive
hydrogels into the macrophage polarization and angiogenesis
fields offers a promising approach for enhancing tissue regen-
eration. By utilizing electrical stimuli-responsive hydrogels, re-
searchers can precisely control and modulate the release of spe-
cific electrical signals to trigger macrophage polarization to-
ward the M2 phenotype, which is associated with angiogene-
sis and tissue regeneration. In a study by Li et al., electrical
stimuli-responsive hydrogels were developed and incorporated
into scaffolds to promote both osteogenesis and angiogenesis by
guiding macrophage polarization toward the M2 phenotype and
promoting the release of antigenic factors.[100] The researchers
found that incorporating TGF-𝛽1 into the hydrogel could guide
macrophage polarization toward the M2 phenotype.[100] This re-
sults in the secretion of factors that promote angiogenesis, such
as the vascular endothelial growth factor, and enhances blood ves-
sel formation within the scaffold.

Moreover, researchers observed that the electrical stimuli-
responsive hydrogel enhanced osteogenesis, suggesting its po-
tential for promoting overall tissue regeneration. Li et al. high-
lighted the potential of electrical stimuli-responsive hydrogels
in triggering macrophage polarization toward the M2 pheno-
type and promoting angiogenesis. Electrical stimuli-responsive
hydrogels that trigger macrophage polarization toward the M2
phenotype and promote angiogenesis hold great potential for
tissue regeneration and regenerative medicine.[102] By precisely
controlling the release of electrical signals, these hydrogels can
guide macrophages to adopt the M2 phenotype, thereby promot-
ing angiogenesis and tissue regeneration. Furthermore, incorpo-
rating electrical stimuli-responsive hydrogels into scaffolds offers
a unique advantage by providing spatial and temporal control
over macrophage polarization and angiogenesis. This control al-
lows for the targeted delivery of antigenic factors and the modu-
lation of macrophage behavior, ultimately leading to enhanced
tissue regeneration. Previous studies have demonstrated the

the use of CNT dispersion to dissolve the PEDOT:PSS, respectively). d) Water contents and electrical conductivities of hydrogels treated with various
concentrations of H2SO4. e) Photographs of the hydrogel as a conductor to light up an LED bulb. f) Photographs showing the compressibility of hydrogel
printed before and after processing. g) Visualized photographs of pure polymer ink and composite ink extruded from syringes. h) Circular compression
curve of hydrogel printed at strain rate from 10% to 80%. i) The printed hydrogel’s extreme stress and relative height for 100 compression cycles.
Reproduced with permission.[98] Copyright 2023, Wiley-VCH GmbH.
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effectiveness of modulating macrophage polarization and pro-
moting angiogenesis using different types of scaffolds.

5.2. Impact of Electrical Stimuli and 3D Printed Hydrogels for
Enhancing Angiogenesis and Skin Tissue Regeneration

The development of electrical stimuli-responsive hydrogels for
tissue regeneration has shown promising results in the pro-
motion of angiogenesis. These hydrogels can effectively guide
macrophage polarization toward the M2 phenotype by utiliz-
ing electrical signals that play crucial roles in angiogenesis
and tissue regeneration.[102] This advanced control and modu-
lation of macrophage behavior and angiogenesis significantly
promotes tissue regeneration, especially in skin tissue. Skin tis-
sue regeneration often requires the formation of blood vessels
to support the growth and development of new tissues. The
ability of electrical stimuli-responsive hydrogels to promote an-
giogenesis by triggering macrophage polarization toward the
M2 phenotype addresses this challenge. This offers new op-
portunities for developing advanced skin tissue regeneration
strategies.[102]

Moreover, using 3D printable hydrogels further enhances the
potential of electrical stimuli-responsive systems in tissue regen-
eration. These hydrogels can be precisely designed and printed
into complex 3D structures to create personalized scaffolds that
mimic the architecture and functions of native tissues. In addi-
tion, the incorporation of electrical stimuli responsiveness into
these hydrogels adds another layer of control and adaptability.
For instance, by applying electrical stimuli to a hydrogel scaf-
fold, macrophage polarization can be manipulated in real time,
promoting a proangiogenic microenvironment and enhancing
tissue regeneration.[102] Furthermore, studies have shown that
the type of hydrogel used can influence macrophage polariza-
tion and angiogenesis. For example, electrospun poly scaffolds
have been found to exhibit greater angiogenic properties and
M2 macrophage polarization compared to electrospun poly-𝜖-
caprolactone scaffolds. In addition, polyhydrogels with a pore
size of 30–40 μm have been found to stimulate angiogenesis,
reduce fibrotic response, and promote macrophage shift toward
the M2 phenotype. This suggests that by carefully designing
and controlling the properties of these hydrogels, researchers
can effectively promote tissue regeneration and formation of
new blood vessels. The ability to modulate macrophage polariza-
tion through electrical stimuli-responsive 3D printable hydrogels
opens new possibilities for tissue regeneration and angiogene-
sis strategies.[102] These hydrogels offer a targeted and precise
approach for controlling the behavior of immune cells, specifi-
cally macrophages, which play a crucial role in tissue homeosta-
sis and regeneration.[102,103] Using electrical stimuli-responsive
3D printable hydrogels to trigger macrophage polarization to an-
giogenesis is a promising avenue for tissue regeneration. This ap-
proach could potentially revolutionize regenerative medicine by
providing a novel and effective method for promoting angiogen-
esis and tissue remodeling. Further research is needed to fully
understand the underlying mechanisms and factors responsible
for the observed effects of electrical stimuli-responsive hydro-
gels on macrophage polarization and angiogenesis. Overall, re-
search on electrical stimuli-responsive 3D printable hydrogels as

a means of triggering macrophage polarization to angiogenesis is
promising.

6. Biomedical Applications

The application of 3D-printed conductive hydrogels has emerged
as a promising technology in biomedical engineering. By com-
bining the unique properties of high water content and biocom-
patibility with the inherent conductivity of the embedded materi-
als, hydrogels offer versatile possibilities for various therapeutic
strategies. One of the key applications of 3D-printed conductive
hydrogels is in wound healing. These hydrogels possess conduc-
tivity that can facilitate the wound-healing process. This section
elaborates on some examples of commercially available hydrogel-
based wound dressings (Table 2). They can also be used for im-
munomodulation and drug delivery.

6.1. Wound Healing and Immunomodulation

The skin is the first barrier that protects the body from the ex-
ternal environment. Extensive skin damage caused by mechan-
ical injuries, burns, or diabetes often impairs skin function and
leads to scarring. Wound healing and skin tissue regeneration
have become popular research topics in regenerative medicine.
Wound healing involves four stages: hemostasis, inflammation,
proliferation, and remodeling. Traditional wound dressings have
the disadvantages of insufficient hemostatic and antimicrobial ef-
fects. Hydrogels with excellent biocompatibility, biodegradabil-
ity, tunable mechanical strength, and high oxygen and mois-
ture permeability have gained attention as alternatives to address
these issues.[11,110] A hydrogel is a 3D crosslinked hydrophilic
polymer biomaterial that can absorb a large amount of water
and maintain a moist environment, making them ideal mate-
rials for dry wounds.[110] Hydrogels allow the passage of oxy-
gen and water vapor, maintain a moist environment, reduce
wound temperature, and provide pain relief. 3D-printed hydro-
gels demonstrate outstanding potential in tissue engineering for
fabricating cell culture scaffolds owing to their similarity to the
ECM. Hydrogels have received considerable attention owing to
their ability to gel in the field depending on the shape of the
wound. Conductive hydrogels have emerged as tools for wound
healing. Integrating electrical activity into hydrogels allows for
the upregulation of cellular activities and behaviors.[111] ES can
provide wound relief, induce keratinocyte migration, enhance
reepithelialization, and promote angiogenesis around electrodes,
triggering the release of pharmacological and other physiolog-
ically active molecules.[112] This strengthens intercellular signal-
ing, enhances blood circulation, and stimulates cell proliferation,
thereby promoting wound healing and tissue regeneration.

For example, Lee et al. used a DLP printer to fabricate a conduc-
tive GelMA/PEDOT:PSS scaffold with microgrooves and com-
bined electrical stimulation to promote wound regeneration[8a]

(Figure 10a). The aligned groove pattern on the scaffolds func-
tioned as a bridge, guiding cellular migration and prolifera-
tion, and consequently enhancing their regeneration and migra-
tion rates (Figure 10c,d). The excellent electrical conductivity of
this scaffold enhanced the cellular proliferation and improved
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Figure 10. a) Photograph of the GelMA/PEDOT:PSS scaffolds containing grooves and ridges pattern on the surface using software. b) The mechanism by
which the conductive hydrogel promoted skin regeneration in vitro. The proteins expression of ERK, p-ERK, AKT, p-AKT, and 𝛽-actin for HDF cultured on P0
and P4 scaffolds and treated with electrical stimulation considered using a western blot. c) Proliferation rate of HDF cultured on the GelMA/PEDOT:PSS
scaffolds and treated with electrical stimulation for different numbers of days. The scale bar is 500 μm. Data presented as mean ± SEM, n = 6 for
each group. # indicates a significant difference (p < 0.05) from P0. * indicates a significant difference (p < 0.05) from the scaffold without electrical
stimulation (ES). d) F-actin/nuclei staining. e) Hematoxylin and eosin (H&E) and picrosirius red (PSR) staining used to evaluate new skin regeneration
in the critical-sized defect in vivo 7 and 14 d after implantation. Reproduced with permission.[8a] Copyright 2022, Elsevier. f) Preparation and NIR-induced
stiffness change of the GO hybrid hydrogel scaffold. g) Wound images in rats after treatment. h) Optical images demonstrating the good conductivity of
the 8% DEX/GO5 hydrogel during a breaking/healing cycle. Scale bars: (i–iii) 1 cm. i) The conductivity of the 8% hydrogels with different GO contents.
j) Thermo-responsive cycles of the hybrid hydrogel with different GO contents and the corresponding real-time infrared thermal imaging pictures.
Reproduced with permission.[113] Copyright 2022, Elsevier.
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Table 2. Characteristics of hydrogel-based wound dressings.[115]

3D printing methods Principle Materials Accuracy
[μm]

Resolution
[μm]

Ref.

Digital light processing
(DLP)

Photocuring by a digital projector Photopolymer and photoresin 10–25 x: 25
y: 25
z: 20

[104]

3D inkjet printing Extrusion of ink and powder liquid
combinations

Photoresin or hydrogel 100 x: 10
y: 10
z: 50

[105]

Selective laser sintering
(SLS)

Laser-induced manipulation of powder
particles

Polyamide, PVC, metallic powder 300 x: 50
y: 50

z: 200

[106]

Polyjet Droplet deposition and hardening of
photocurable liquid materials

Polymer 10–20 x: 30
y: 30
z: 20

[107]

Stereolithography (SLA) Cross-sectional area by UV-initiated
polymerization cross-sectional area

Resin (based on acrylate or epoxy with
dedicated photoinitiator)

25–150 x: 10
y: 10
z: 15

[108]

Fused deposition modeling
(FDM)

Constant filament extrusion Nylon, PLA, wax blend, ABS 350 x: 100
y: 100
z: 250

[109]

the migration and orientation of human epidermal fibroblasts
(Figure 10b). The presence and proliferation of essential cells
such as keratinocytes, fibroblasts, and endothelial cells play a cru-
cial role in wound remodeling during wound healing, and this
process can be enhanced by electrical stimulation (Figure 10e).

In another study, a hydrogel with high conductivity, high
photothermal conversion efficiency, excellent biocompatibility
for wound healing, and antibacterial properties was developed
by incorporating GO, a conductive material[113] (Figure 10f).
The scaffolds printed using the glass capillary microfluidic 3D
printing technique demonstrated improved electrical conductiv-
ity (Figure 10h,i), enhanced mechanical properties, and supe-
rior photothermal performance owing to the presence of GO
(Figure 10j). Furthermore, a GO hydrogel loaded with VEGF
promoted wound healing and angiogenesis in a debrided full-
thickness skin wound model, demonstrating its potential for
biomedical applications (Figure 10g).

Immune cells play a pivotal role in wound healing. These
cells promote stem cell proliferation and neovascularization.[114]

Macrophages secrete inflammatory factors that significantly af-
fect tissue regeneration in damaged areas. The overall inflam-
matory response during the early stages of wound healing helps
prevent infection of the damaged tissue. The initial inflammatory
reaction has a positive effect on wound healing, whereas the later
stages of healing promote tissue repair.

Mature macrophages are classified into pro-inflammatory M1
and anti-inflammatory M2 subtypes through polarization, and
are influenced by pro-inflammatory and anti-inflammatory cy-
tokines (Figure 11). M1 macrophages are predominantly present
in the early stages of wound healing, and exhibit increased secre-
tion of inflammatory including interleukin (IL)-1, IL-6, IL-12, tu-
mor necrosis factor-alpha (TNF-𝛼), and reactive metabolites. The
anti-inflammatory cytokine IL-10 secreted by M2 macrophages
plays a crucial role in suppressing inflammatory mediators and
promoting wound healing.[115] Approximately 5 d after injury,
the polarization of macrophages into an M2-like phenotype oc-

curs due to the secretion of Th2 cytokines, such as IL-4, IL-13,
and IL-10. This transition signified a shift from the inflammatory
phase to the healing phase. The M2 macrophages replace the M1
macrophages and play a significant role in late-stage tissue repair.
They limit local inflammation, promote anti-inflammatory fibro-
sis, and facilitate the generation of angiogenic mediators, thereby
facilitating tissue recovery.[103]

Cao et al. developed wound dressings composed of ROS-
responsive polyurethane membranes loaded with DOXH (Dox-
orubicin hydrochloride) and 3D-printed conductive hydrogel
strips[117] (Figure 12a,b). These dressings are based on the unique
properties of hydrogels and drug-loaded membranes to promote
skin regeneration through antimicrobial, ROS scavenging, con-
ductivity, and immune-modulating capabilities. Chronic diabetic
wounds fail to transition from the inflammatory phase to the pro-
liferative phase, and one of their characteristics is the dysregula-
tion of the M1/M2 phenotype ratio. High levels of inflammatory
factors such as ROS, TNF-𝛼, and IL-1𝛽 are sustained, destroying
normal and regenerating tissues. In contrast, M2 macrophages
possess anti-inflammatory and tissue regeneration-promoting
properties. DOXH promotes macrophage polarization toward
the M2 phenotype (Figure 12c,d). Wounds treated with MD-
H and MD-CH dressings showed a significantly higher ra-
tio of CD206-positive M2 macrophages to CD68-positive M1
macrophages, indicating that DOXH can effectively regulate the
polarization of macrophages toward the M2 phenotype in dia-
betic wounds (Figure 12e,f). Therefore, DOXH plays a crucial
role in diabetic wound regeneration by regulating the dysfunc-
tional wound microenvironment through ROS scavenging and
promoting macrophage polarization toward the M2 phenotype.

6.2. Application of Drug Delivery

In tissue engineering, 3D-printed scaffolds are widely used as
drug delivery systems. Various types of hydrogel scaffolds that
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Figure 11. a) Overview of the first phase of inflammation after tissue injury. Pro-inflammatory M (IFN-c) macrophages initially maintain the inflammatory
response, which is subsequently suppressed with the help of M (IL-4) macrophages. b) A description of the immunological processes that can impair
tissue recovery or cause scarring and fibrosis. A description of the immunological processes that can impair tissue recovery or cause scarring and
fibrosis. Reproduced with permission.[116] Copyright 2017, Elsevier.

can release drugs triggered by external stimuli such as magnetic
fields, near-infrared (NIR) laser irradiation, and ultrasound have
been reported.[118] Examples of various stimuli-responsive con-
ductive hydrogels with their optimized dose for drug delivery is
given in Table 3.

However, drug-loaded hydrogels are generally unsuitable for
long-term drug delivery because of uncontrolled diffusion of

drugs from swollen hydrogels. Liu et al. developed hydrogels
by sequentially coating PCL and PDA onto 3D-printed algi-
nate/gelatin scaffolds[124] (Figure 13a). The encapsulation of PCL
effectively reduced gel swelling and prevented uncontrolled diffu-
sion of drugs. Owing to its good biocompatibility and photother-
mal conversion effects, PDA induced a temperature increase
in the system under NIR irradiation (Figure 13b), leading to a

Table 3. Stimuli-responsive conductive hydrogels for smart drug delivery

Type of stimulus Scaffold/hydrogel platform Stimulus
parameters

Drug
release [%]

Application Ref.

Magnetic fields 𝛽-CD/cellulose hydrogel 400 Oe 58 Implantable smart drug delivery vehicles [119]

NIR laser irradiation GelPV-DOX-DBNP hydrogel 660 nm 73 Chemo-photothermal combination
therapy against the cancers

[120]

Ultrasound (DS@PEG-PLGA)@PEG hydrogel
patch

2 W cm−2 47 Treating
diseases such as arthritis and topical soft

tissue injuries

[121]

UV OAL-CS hydrogel 4 mW cm−2 96 Smart drug control release [122]

Electrical stimulus rGO-PVA hydrogel 15 V 64.99 Transdermal therapy, wound healing [123]
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Figure 12. a) Overall schematic diagram of a composite dressing consisting of conductive hydrogel strips and PFKU fibrous membrane containing
DOXH for diabetic wound healing based on immunomodulatory ability. b) Overlay images showing the wound status of different groups at 0, 7, 14, and
21 d post-injury. c,d) Polarization of M2 (F4/80+ and CD206+ stained) macrophages cultured from various wound dressings evaluated through flow
cytometry. e) Representative immunohistochemical staining images of CD68 and CD206 at 7 d after wound treatment showed positive cells in brown
color. f) Percentage of CD206/CD68-positive M2 macrophages at the wound site on the seventh day. (*, **, and *** represent P < 0.05, 0.01, and 0.001,
respectively.) Reprinted with permission.[117] Copyright 2022, Elsevier.

sol-gel transition of the core gels and facilitating drug release
from the loosened hydrogel matrix. This PCL coating decreased
drug diffusion, enabling sustained drug release over an extended
period (Figure 13c–f). Moreover, functional hydrogels that re-
spond to external stimuli have significant advantages as precise

drug delivery systems. These hydrogels enhance the efficacy of
drugs and minimize side effects, while localized drug delivery
reduces dosage and treatment costs.[125] Qu et al. developed a
biocompatible conductive hydrogel based on dextran and aniline
trimers as an electroresponsive drug delivery system.[126] Dextran
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Figure 13. a) The procedure for making PDA-coated Gel/PCL core/shell scaffolds with NIR-activated on-demand medication release for tumor therapy
and wound healing. b) Thermal images and heating curves of mice after the transplantation of Gel/PCL/PDA or Gel/PCL scaffolds under laser irradiation
(0.5 W cm−2) for 6 min. c) DOX release from alginate/gelatin (Gel) and gel/PCL/PDA scaffolds printed with repetitive laser on/off cycles for over 14 d
without laser irradiation. d) Burst release of DOX from the gel scaffold printed within the first 110 min. e) Dexamethasone release from the PCL layer of
a different scaffold over 14 d. f) The figure demonstrates that even after 48 h of transplantation, NIR laser irradiation still induces drug release from the
open ends of the filaments. Reproduced with permission.[124] Copyright 2021, Elsevier.
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Figure 14. Schematic diagram of recent advancement and challenges of 3D printed conductive hydrogel for wound healing.

(Dex) is a nontoxic, biocompatible, and biodegradable natural
polymer, making it a promising material for hydrogel-based drug
delivery. The Dex-AT/HDI conductive hydrogel exhibited excel-
lent electroactive properties and conductivity, allowing intelligent
control of drug release through external electrical stimulation. In
particular, the hydrogel exhibited rapid drug release under an ap-
plied voltage and minimal drug release without electrical stimuli.
3D-printed drug delivery systems have the potential to provide
customized and innovative solutions based on patient needs.

Long et al. prepared hydrogels for lidocaine hydrochlo-
ride (LDC) delivery by physically crosslinking pectin (PEC)
polysaccharides.[2c] PEC is an anionic polysaccharide extracted
from plant cell walls that exhibits important properties for drug
delivery, such as biocompatibility and mucoadhesiveness. Chi-
tosan and pectin are commonly crosslinked in polymer elec-
trolyte films or networks for various drug delivery applications,
including inserts, microgels, nanocarriers, bilayer patches, and
controlled-release coatings. In a release study conducted in test
tubes, LDC exhibited an explosive release for 1 h, followed by a
sustained release for the subsequent 4 h. The porous structure of
the CS-PEC hydrogel contributed to the rapid release of LDC by
forming solvent uptake channels that facilitated LDC dissolution.
Degradation of the CS-PEC hydrogel also contributed to fast drug

release. Because of its thermosensitive nature, a temperature in-
crease leads to the partial breakage of hydrogen bonds between
the CS and PEC chains, resulting in the partial dissolution of the
CS-PEC hydrogel matrix.

7. Advances and Challenges

Inkjet printing with conductive polymers is a promising tech-
nology for wound healing and immunomodulation because of
its ability to print precise patterns of electrically conductive poly-
mers on various surfaces, including biological tissues. Conduc-
tive polymers used in inkjet printing can be designed to mimic
the electrical properties of living tissues, enabling them to con-
nect with cells and promote healing. A significant breakthrough
in this area involves the application of conductive polymer hy-
drogels that can maintain moisture levels and create a favor-
able environment for cellular proliferation and wound healing.
In addition, inkjet printing with conductive polymer inks al-
lows precise control over the shape, size, and placement of the
printed pattern, thereby creating customized wound dressings
and tissue scaffolds. In conclusion, the development of 3D print-
able conductive hydrogels has emerged as a promising solution
for wound healing and immunomodulation. These hydrogels
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possess unique properties that enable precise fabrication, elec-
trical stimulation, and localized delivery of bioactive molecules,
contributing to enhanced wound-healing outcomes. Integrating
3D printing technology allows the creation of customized scaf-
folds with controlled architectures that promote cell proliferation,
migration, and differentiation. The conductive nature of these hy-
drogels enables the application of electrical stimuli, which have
demonstrated positive effects on wound-healing processes such
as angiogenesis and inflammation regulation.

Moreover, conductive hydrogels can carry bioactive molecules,
providing a sustained and controlled release, which is crucial for
modulating immune responses during wound healing. By pro-
moting a balanced inflammatory environment, these hydrogels
contribute to optimal tissue regeneration and prevent excessive
scarring. Despite significant advancements, challenges remain
in optimizing the mechanical properties, biocompatibility, and
degradation kinetics of hydrogels to satisfy the specific require-
ments of different wound types. In addition, the precise control
of electrical stimulation parameters and the incorporation of suit-
able bioactive molecules require further research and develop-
ment.

However, there are challenges associated with inkjet printing
using conductive polymers, particularly in terms of biocompati-
bility and long-term performance. The conductive polymers used
must be biocompatible, meaning that they are not toxic or harm-
ful to living tissues, and must maintain their electrical properties
over time. Furthermore, there are concerns regarding the pos-
sibility of skin irritation or allergic responses to the conductive
polymers.

Comprehensive preclinical studies and regulatory considera-
tions are essential to facilitate clinical translation of 3D print-
able conductive hydrogels. These studies provided a better un-
derstanding of the safety, efficacy, and long-term effects of these
hydrogels in vivo.

In conclusion, 3D printable conductive hydrogels have great
potential for revolutionizing the fields of wound healing and im-
munomodulation. By addressing the current limitations of tra-
ditional wound-healing strategies, these innovative hydrogels of-
fer a pathway toward improved clinical outcomes, accelerated
healing processes, and personalized approaches in wound care.
Further research and collaboration between scientists, engineers,
and medical professionals is crucial for overcoming the remain-
ing challenges and unlocking the full therapeutic potential of 3D
printable conductive hydrogels for wound-healing applications.

Overall, inkjet printing with conductive polymers holds great
promise for transforming wound-healing and immunomodula-
tion processes. However, additional research is required to com-
prehensively understand the capabilities and constraints of this
technology (Figure 14).
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