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Abstract

Electrical stimulation can serve as a therapeutic modality, accelerating the healing of soft tissue wounds. However, endogenous
electric fields are frequently found to be attenuated in chronic wounds. Consequently, exogenous electrical stimulation devices
have been explored to supplement and enhance endogenous electric fields, thereby promoting faster and more robust healing
of soft tissue injuries. This review outlines the generation of endogenous electric fields in wounds, the molecular mechanisms by
which electric fields facilitate healing, and the roles of endogenous electric fields across various stages of tissue repair. It further
highlights recent advancements in applying exogenous electrical stimulation to wound sites. Finally, we discuss the challenges and
future directions for the widespread clinical implementation of exogenous electrical stimulation in soft tissue wound management.
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Wound healing

1. Introduction

Soft tissues, such as skin and mucous membranes, constitute the
outermost protective layer of the human body and are frequent-
ly susceptible to external mechanical damage. Owing to their
abundant blood supply and the high proliferative capacity of
their cellular components, these tissues typically exhibit rapid
healing following injury. However, aging and the presence of
chronic diseases, such as diabetes, significantly impair the intrin-
sic repair mechanisms of tissues, leading to the development of
persistent chronic wounds, including pressure ulcers and diabet-
ic foot ulcers. These wounds are often complicated by recalci-
trant chronic infections, further hindering the healing process!!l.
Current therapeutic strategies, including repetitive debridement,
administration of antibiotics, and anti-inflammatory agents, are
commonly employed to facilitate wound healing and control
infections. Nevertheless, their efficacy remains suboptimal. The
persistent pain associated with chronic wounds profoundly im-
pacts patients’ physical and psychological well-being, while also
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imposing a substantial economic burden on healthcare systems
globally. Notably, global expenditures on wound care reached
approximately $2.8 billion in 2014, and the advanced wound
care market is expected to exceed $22 billion by 2024121,

Compared with these traditional approaches, the application
of electrical stimulation therapy to promote soft tissue wound
healing is gaining increasing attention. Electrotherapy, as a
physiotherapeutic intervention, boasts a history spanning sever-
al centuriesBl. In recent years, driven by a deeper understanding
of its cellular and molecular mechanisms and the rapid devel-
opment of materials and electronics, it has returned to people’s
vision. The foundational principles of electrotherapy trace back
to the late 18th century, when Italian scientist Luigi Galvani
discovered that electrical currents could induce contractions in
frog legs!*l. Living cells utilize the flow of electrochemical ions
to regulate physiological activities. The movement of charged
ions across cell membranes provides bioelectric currents, closely
related to an electrochemical gradient between intracellular and
extracellular environments!®.

Much evidence suggests that bioelectrical phenomena are in-
tricately linked to the wound healing and regeneration of ani-
mals and plants!®®l. The epithelium of skin, cornea, and other
places belongs to polarized epithelium, which can directional-
ly transport ions and maintain transepithelial potentials (TEP)
(10-60 mV), depending on ion channels or pumps and intercel-
lular junctions?. When the epithelial barrier is compromised,
the epithelial layer and the underlying tissue are directly con-
nected by body fluids!"”), resulting in a short circuit of the TEP.
Consequently, the potential at the wound site becomes negative
relative to the intact epithelium surrounding the wound. This
potential gradient drives ionic currents toward the more nega-
tive site-wound, thereby establishing a transverse wound electric
field (EF)"!. These changes establish an ionic gradient across the
cell membrane, driving ionic currents and generating a voltage
gradient at the wound site!'?. Distant cells continuously sup-
ply ions to sustain the TEP, maintaining the current flow until
wound closure and barrier restoration are achieved (Figure 1).
The voltage gradient induces cellular-level physical effects,
manifested as EFs, membrane potential, ion fluxes, and ionic
concentration gradient. Then, cellular signal receptors, includ-
ing ion channels, transporters, and EF-sensitive membrane re-
ceptors, detect the voltage gradient through the aforementioned
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Figure 1. The endogenous electric field at the wound. Created with BioRender.com.

physical effects. These receptors activate downstream signaling
pathways, culminating in a transcriptional cascade that governs
morphogenesis and tissue regeneration®. The wound EF, an en-
dogenous EF generated by the wound itself during this process,
provides cells with complex spatiotemporal information about
the injury site and guides wound healing (For details, refer to
Section 3). However, aging and pathological conditions can dis-
rupt these bioelectrical processes, impair natural healing, and
lead to chronic wounds.

Exogenous electrical stimulation has demonstrated the ability
to mimic the physiological EE, modulating diverse cellular behav-
iors and promoting faster, more effective wound healing!"?l. Tra-
ditional electrotherapy relies on bulky external power supplies,
which restrict its application due to limited portability and flex-
ibility. However, recent advancements in materials science and
electronics have led to the development of compact, intelligent,
and minimally invasive exogenous electrical stimulation devic-
es tailored to the specific requirements of wound environments.
These innovations address critical medical needs by enabling tar-
geted and efficient therapeutic interventions. This paper provides
a concise overview of the generation of endogenous EFs, eluci-
dates their roles and mechanisms in the wound healing process,
and reviews recent progress in the application of exogenous EFs
to enhance soft tissue wound healing over the past few years.

2. The molecular mechanism of the electric field in
the wound healing process

EF stimulation modulates the activity of ion channels and
membrane-bound receptors, triggering downstream intracellu-
lar signaling cascades. These cascades regulate critical cellular
processes, including hyperpolarization, depolarization, migra-
tion, proliferation, and differentiation!*!5,

2.1. lon channels, transporters, and EF-sensitive
membrane receptors in EF

When cells are exposed to an EF, the applied field alters pro-
tein conformation by influencing the axial dipole moment of
proteins!*®l. This activation mechanism targets voltage-sensitive
proteins, including ion channels, transporters, and EF-sensitive
receptors.

Among ion channels, Ca?* and Na* channels are the most
extensively studied. In cells expressing voltage-gated Ca2* chan-
nels, the EF induces channel opening near the cathode, facilitat-
ing ion influx, elevating intracellular ion concentration and pH,
and ultimately leading to membrane polarization!'”). Addition-
ally, transporters such as Na*/K*-ATPase and Na*/H* exchang-
er 3 are locally activated, triggering downstream intracellular
signaling pathways. These processes are closely associated with
the directed migration of certain cell types in response to EFs!'8l,

The EGF receptor is an EF-sensitive receptor that under-
goes upregulation and asymmetric redistribution in response
to both endogenous and exogenous EFs. Studies have demon-
strated that the downstream epidermal growth factor (EGF)
receptor-mitogen-activated protein kinase (MAPK) signaling
pathway plays a critical role in EF-directed cell migration. Sim-
ilarly, the acetylcholine receptor (AChR) redistributes under EF
stimulation!"”); and its activation facilitates cytoskeletal reorga-
nization, cell polarization, and subsequent electrotactic respons-
es'?’l, Additionally, N-methyl-D-aspartate receptors (NMDARs),
which are ligand-gated Ca?*-permeable ion channels, are acti-
vated by EF stimulation. This activation mediates the NMDAR/
Ras-related C3 botulinum toxin substrate 1 (Rac1)/actin signal-
ing pathway, ultimately promoting cell migration'! (Figure 2).

Furthermore, electrical stimulation, depending on its volt-
age intensity and frequency, may also have effects on different
plasma membranes, inducing reversible pore formation. These
reversible pores, commonly known as electroporation, provide
a mechanism for the delivery of biomolecules, including thera-
peutic drugs. The ability of symmetric alternating current EFs to
guide cell migration in a frequency-dependent manner further
suggests that nonprotein components of the cell membrane may
play a critical role in modulating cellular behavior??l. Moreover,
studies have demonstrated that lipid rafts respond to EFs, pro-
moting the polarization of membrane proteins and initiating in-
tracellular signaling cascades®?.

2.2. Signaling pathway in electric field

EFs activate various intracellular signaling pathways by modulat-
ing ion channels, transporters, and EF-sensitive membrane recep-
tors, which subsequently influence cellular activity?*. Notably,
the phosphatase and tensin homolog (PTEN)-phosphoinositide
3-kinase (PI3K) and MAPK pathways have been identified as
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Figure 2. The molecular mechanism of the electric field in the wound healing
process. Created with BioRender.com.

critical regulators of these processes. Specifically, the PI3K—pro-
tein kinase B (Akt) pathway is a central regulator of EF-directed
cell migration, while the MAPK pathway plays a significant role
in modulating other cellular behaviors.

2.2.1. The PISBK-PTEN signaling pathway

The PI3K signaling pathway plays a critical role in regulating
cell growth, metabolism, and survival. The canonical PI3K
pathway activates the downstream Akt-mechanistic target of
rapamycin complex 1 signaling cascade, while PTEN acts as a
negative regulator of this pathway. The PTEN-PI3K axis is a
key modulator of cellular behaviors, including migration, differ-
entiation, and proliferation.

EF-induced directional cell migration, known as electrotaxis,
has been extensively investigated. Studies on Dictyostelium cells
have proposed a tug-of-war mechanism, suggesting the involve-
ment of multiple signaling pathways in this process®’!. Sun et
al. further advanced the “compass” model based on keratocyte
fragments and cells, highlighting the essential role of the PI3K
pathway in whole-cell orientation sensing?®.

Existing research results suggest that extracellular calcium
levels may influence PI3K pathway activation?®?”), Beyond
migration, electrical stimulation has been shown to inhibit
the transition of macrophages from pro-inflammatory M1 to
anti-inflammatory M2 polarization via the PI3K-Akt path-
way?$2l, Additionally, it suppresses E-cadherin expression
by inhibiting the PI3K/Akt/Snail pathway, thereby reducing
keratinocyte differentiation, a process crucial for wound
healing®’l. Furthermore, electrical stimulation promotes neu-
ral stem cell differentiation into neurons through the activa-
tion of the PI3K/Akt/glycogen synthase kinase-3 p/B-catenin
pathwayB!,

2.2.2. The MAPK signaling pathway

The MAPK pathway regulates cell growth, differentiation, stress
responses, and inflammation through the sequential activation
of MAPK, mitogen-activated protein kinase kinase (MEK), and
MAPK kinase kinase. Numerous studies have demonstrated the
pivotal involvement of the MAPK pathway in these processes.
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Electrical stimulation can modulate various types of cells
through the MAPK signaling pathway, thereby promoting the
healing of diverse injuries. Electrical stimulation has been wide-
ly utilized in nerve regeneration and the reduction of postinjury
nerve inflammation, playing a critical role in the recovery of ner-
vous system function. For instance, exposure of PC12 mutant
cells to 100 mA electrical stimulation for 30 minutes activates
the MAPK/cAMP-response element binding protein pathway,
significantly enhancing neural synapse growth®?. However,
prolonged electrical stimulation can induce cell death®?. Ad-
ditionally, electrical stimulation exerts anti-inflammatory and
analgesic effects through the MAPK pathway, participates in
postinjury protective mechanisms, regulates gastrointestinal
function, and protects cardiovascular and cerebrovascular sys-
tems!*¥. Research has also shown that electrical stimulation re-
stores mitochondrial respiratory dysfunction via the p38 MAPK
signaling pathway, thereby modulating cellular function®®*.

Likewise, electrical stimulation plays a significant role in soft
tissue wound healing mediated by the MAPK pathway. Further-
more, we recognize that the specific approach to electrical stim-
ulation appears to be a determining factor in cellular responses.
In microvascular endothelial cells, high-frequency (7.5 GHz),
low-amplitude EFs induce phosphorylation of MEK and ex-
tracellular regulated protein kinases (ERK), leading to vascular
endothelial growth factor (VEGF) release and capillary morpho-
genesis, without activating the MAPK/c-Jun N-terminal kinase
or MAPK/p38 pathways?®’l. Conversely, evidence suggests that
the p38 MAPK signaling pathway in epithelial cells treated with
a 1 V/cm EF, and 0.1-ms pulse width is involved in EF-induced
p53 phosphorylation, potentially reducing infection-mediated
inflammation®®!. Furthermore, microcurrents activate the MAPK
pathway, promote cell migration and proliferation, and induce
transforming growth factor-beta 1 (TGF-B1) secretion by fibro-
blasts and osteoblast-like cells, facilitating wound closurel®”!.

2.3. Growth factors and cytokines in electric field

Following the initiation of an EF-induced intracellular signaling
cascade, the resulting effects propagate through the surrounding
tissue via growth factors and cytokines, establishing a cell-to-cell
regulatory network. This phenomenon is particularly pronounced
in immune cells, such as macrophages. Exogenous EFs modulate
macrophage phenotypes, influence their polarization, and subse-
quently reshape the immune microenvironment, thereby impacting
the overall wound healing process. Furthermore, exogenous elec-
trical stimulation induces fibroblasts to secrete fibroblast growth
factor 2 and enhances VEGF protein synthesis in human umbilical
vein endothelial cells (HUVECs). This activation of the MAPK/ERK
signaling pathway promotes HUVEC migration, invasion, and an-
giogenesis®l, In keratinocytes, exogenous electrical stimulation
(100-200 mV/mm, 6 hours) increases EGF and VEGF secretion,
while reducing interleukin-6 (IL-6) and interleukin-8 (IL-8) levels.
These changes indirectly influence physiological processes, such as
blood vessel formation, ultimately facilitating wound healing!>?!.

In summary, the molecular mechanism of EFs in wound heal-
ing is a multifaceted process initiated by the perturbation of
voltage-sensitive proteins in the cell membrane. This activation
of ion channels, transporters, and receptors triggers well-defined
intracellular signaling cascades (e.g., MAPK, PI3K, Rac1) that
govern essential cellular functions, most notably electrotaxis
and proliferation. These cellular-level events culminate in sig-
nificant physiological benefits, including enhanced angiogenesis,
improved blood perfusion, and modulation of the immune re-
sponse, which collectively accelerate wound closure.

3. The role of the electric field in stages of tissue
healing

Wound healing is a highly organized and complex process in-
volving a series of cellular and biochemical events (Figure 3).
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Figure 3. The signaling pathway in the electric field. Created with BioRender.com.

It is conventionally categorized into 3 overlapping phases: (1)
hemostasis and inflammation, (2) proliferation, and (3) matu-
ration or remodeling!®’!. These 3 phases are highly overlapping
and dynamically continuous with no absolute demarcation. The
inflammatory response initiates during the hemostasis phase
and persists throughout the entire healing process; its intensity
and duration directly modulate the final repair outcome. Fur-
thermore, the progressive restoration of tissue structural integ-
rity is driven by the cascade regulation of cytokines across these
phases, working synergistically to achieve complete repair.

3.1. Hemostasis and inflammation

Following injury, vascular rupture exposes subendothelial colla-
gen to platelets, triggering platelet aggregation and initiating the
intrinsic coagulation cascade. The resulting blood clots, along
with locally released cytokines and growth factors, promote
cell chemotaxis and tissue cell adhesion during the subsequent
inflammatory phase. Inflammation is a critical stage of wound
healing, characterized by a vascular-centric response. Upon inju-
ry, tissue-resident sentinel cells release inflammatory mediators,
activating vascular responses and recruiting inflammatory cells
to clear tissue debris and pathogens. This process is gradually
replaced by tissue repair*!l. Notably, macrophage activation is
essential for transitioning to the proliferative phase, as it also
mediates angiogenesis/*?l.

The EF plays a pivotal role in modulating immune cell activ-
ity during the inflammatory process. In the initial phase of in-
flammation, endogenous EFs facilitate the directional migration
of macrophages, lymphocytes, and neutrophils to the wound
site. Notably, mast cells, which are often implicated in skin pa-
thologies, exhibit a significant reduction in population under
electrical stimulation during the acute inflammatory phasel*l.
Furthermore, macrophages demonstrate an EF intensity-
dependent anodal migration, with enhanced phagocytic activ-
ity under EF exposure, thereby accelerating the clearance of
pathogens and necrotic tissue, and promoting soft tissue regen-
eration™. During the later stages of inflammation, electrical
stimulation has been shown to attenuate immune cell infiltra-
tion and downregulate pro-inflammatory cytokine secretion,
facilitating inflammation resolution. Of particular significance
is the role of macrophage polarization in chronic inflammation.

Recent studies indicate that electrical stimulation can induce
macrophage polarization towards the M2 phenotype, thereby
shifting the wound microenvironment from an inflammatory to
areparative state, effectively preventing chronic inflammation!*!

Simultaneously, the EF enhances vascular responsiveness, aug-
menting blood flow to the wound site, facilitates the migration
of inflammatory cells and the transport of essential nutrients,
thereby accelerating wound healing. Additionally, studies have
demonstrated that electrical stimulation, particularly through
the application of symmetrical biphasic pulsed currents, signifi-
cantly attenuates posttraumatic edemal*-+7),

3.2. Proliferation

During the proliferation phase, epithelial cells, fibroblasts, and
endothelial cells play pivotal roles in tissue repair*!!. Epithelial
cells at the wound margin initiate proliferation and extend pro-
jections to re-establish the protective barrier, thereby prevent-
ing fluid loss and bacterial infiltration. Activated platelets and
macrophages secrete EGF and transforming growth factor-beta,
which promote epithelial cell proliferation and chemotaxis*®l.
Concurrently, VEGE, secreted by keratinocytes, macrophages,
fibroblasts, platelets, and endothelial cells at the wound periph-
ery, drives the formation of new capillaries. Fibroblasts migrate
from adjacent tissues to the wound site, where they synthesize
a provisional extracellular matrix comprising type 3 collagen,
glycosaminoglycans, and fibronectin. Platelet-derived growth
factor and EGF, released by platelets and macrophages, serve as
key signaling molecules that stimulate fibroblast proliferation
and activity.

The EF facilitates directional cell migration by establishing a
stable voltage gradient at the wound site, which provides spatial
guidance for the movement of surrounding cells. This process
is primarily regulated by the PI3K-PTEN signaling pathway.
Additionally, extensive research has demonstrated that exoge-
nous electrical stimulation enhances cell proliferation, thereby
accelerating wound healing. Specifically, electrical stimulation
activates the TGF-B1/ERK/nuclear factor kappa-light-chain-
enhancer of activated B-cell signaling pathway, inducing fibro-
blast proliferation and upregulating o-smooth muscle actin
expression, which drives the differentiation of fibroblasts into
contractile myofibroblasts*>*%. Myofibroblasts play a critical
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role in wound closure and extracellular matrix deposition. In
vitro studies have further revealed that electrical stimulation at
voltages exceeding 3 V/cm significantly increases the expression
of fibroblast-derived collagen, elastin, and MMP-1", Collagen
and elastin are essential components of the extracellular matrix,
while MMP-1 facilitates matrix degradation, enhances cell mi-
gration, and participates in tissue remodeling, collectively pro-
moting soft tissue regeneration. Notably, the effects are more
pronounced with short voltage pulses. Moreover, electrical stim-
ulation promotes the migration, invasion, and proliferation of
vascular endothelial cells, while stimulating the secretion of key
growth factors such as VEGF and fibroblast growth factor 2,
which drive angiogenesis and provide essential blood supply for
wound healing*?!.

3.3. Maturation

The maturation stage is characterized by the deposition of col-
lagen, which organizes into a well-structured network within
the wound. The strength of the resulting scar, a key outcome of
soft tissue healing, is determined by the rate, quality, and total
quantity of extracellular matrix deposition*'l. Excessive colla-
gen synthesis, however, can lead to the formation of hypertro-
phic scars or keloids.

Over time, the composition of the wound matrix undergoes
significant changes. Initially, it is predominantly composed of
fibrin, fibronectin, and thrombospondin, which are critical for
cell adhesion and migration®>*4. As healing progresses, the lev-
els of glycosaminoglycans, proteoglycans, and specific structural
proteins increase, providing a foundation for subsequent ma-
trix deposition and remodeling. Eventually, collagen emerges as
the primary structural protein in the scar tissue. During wound
healing, fibroblasts exhibit adaptive responses to dynamic me-
chanical loads within the matrix. These responses include mi-
gration, matrix proteolysis, and other behaviors that collectively
establish isometric tension—a state where internal and external
mechanical forces are balanced, preventing cell shortening or
elongation.

Existing studies demonstrate that electrical stimulation mod-
ulates scar thickness and hardness by influencing collagen depo-
sition within the scar tissue. Research on low-voltage pulsed
current applied to diabetic mouse models revealed a positive
correlation between electrical stimulation intensity and collagen
deposition”*’l. Additionally, electrical stimulation regulates the
secretion of various MMPs, thereby impacting the maturation
of the extracellular matrix at the wound sitel*°l.

4. Application of exogenous electrical stimulation

Electrical stimulation significantly enhances wound healing by
promoting cell migration and proliferation, stimulating an-
giogenesis, increasing extracellular matrix synthesis, modulat-
ing immune responses, and reducing scar formation. Chronic
wounds, such as bedsores and diabetic ulcers, are often asso-
ciated with weakened endogenous EFs, resulting in delayed
or impaired healing. This not only causes significant physical
and psychological distress to patients but also imposes a sub-
stantial economic burden. To address this, researchers have
explored strategies to enhance wound healing by augmenting
endogenous EFs using conductive dressings or applying target-
ed electrical stimulation®%. Studies have demonstrated that
improving endogenous EFs accelerates re-epithelialization, pro-
motes angiogenesis, regulates immune responses, and minimizes
scar formation. The use of exogenous electrical stimulation for
chronic wound healing dates to 1971, when researchers first at-
tempted to apply external electrical currents to wound sites. By
combining an external power source with strategically placed
electrodes, effective electrical stimulation can be delivered di-
rectly to the wound areal®-%%., Its advantage is that the intensity,

207

https://journals.lww.com/medmat/

frequency, and other parameters of electrical stimulation can be
accurately controlled, but at the same time, it makes its applica-
tion inconvenient and difficult to promote. In recent years, re-
searchers have focused on designing more portable, flexible, and
versatile electrical stimulation devices for different wound envi-
ronments. Here, we focus on recent research on the application
of exogenous electrical stimulation to promote wound healing,
and according to the material classification of the occurrence of
exogenous electrical stimulation (Table 1).

4.1. Battery

The most intuitive idea may be to use a battery. As an efficient
energy storage device, the battery can act as a power source and
power a variety of wearable or implantable devices. The conven-
tional battery usually has a larger volume, a lack of flexibility,
and a possible toxicity, but with the continuous deepening of
research, more new types of batteries continue to emerge!”!!. For
wound healing, the primary consideration is excellent biocom-
patibility. Besides, it needs to adapt to the wound environment
as much as possible, ensure sufficient electricity, and avoid inter-
fering with wound healing.

Wu et al. have designed a fluid-activated tubular Mg-Mo
battery that can effectively discharge after implanted in the in-
termuscular space and significantly improve the healing rate of
full-thickness skin wounds!”.. It uses body fluid in the intermus-
cular space as an electrolyte with higher electrical conductivi-
ty, and avoids possible corrosion caused by electrolyte leakage.
Moreover, the battery featured a simple structure and good sta-
bility, providing continuous discharge for up to 5 days to meet
the requirements of wound healing. Xiao et al. also chose body
fluids as electrolytes!”. The battery was composed of an Mg-
wire core, a separator, and an outer layer formed by wrapping
carbon yarn, which absorbs the wound exudate, owing to acti-
vating the battery. The excessive wound exudate formed an elec-
trolyte layer between the Mg wire (anode) and the carbon yarn
(cathode) to facilitate the redox reaction. Kim et al. designed
an electricity auto-generating glucose-responsive enzymatic bio-
fuel cell as a skin patch. It converted ubiquitous biological
glucose into electrical energy, and then stimulated angiogen-
esis, fibroblast functionality, and matrix synthesis (Figure 4A—
C). Similarly, Wang et al. devised a capacitive dressing with
polypyrrole-wrapped carbon cloth electrodes and a bacterial cel-
lulose hydrogel separator!™). This dressing is designed to be anti-
bacterial, so it has greater electrical capacity and rechargeability.
The experimental results show that the slow discharge process
after the rapid discharge can regulate immunity, promote the
formation of capillaries, and collagen deposition at the wound
site (Figure 4D, E). This dressing enabled continuous and effec-
tive sterilization and promoted wound healing through a safe,
low-voltage EF. It offered nonantibiotic physical therapy for in-
fected wounds, demonstrating significant clinical potential in an
era where drug-resistant bacteria are increasingly prevalent.

4.2. Piezoelectric generator

Piezoelectric materials can convert mechanical energy into elec-
trical energy. When subjected to an external force, these materials
undergo internal polarization, resulting in the generation of oppo-
site charges on their specific surfaces. Researchers have explored
various methods to generate voltage or current through piezo-
electric materials for wound healing, including external stimuli
(e.g., ultrasound) and harnessing mechanical energy from bodily
movements. Traditionally, piezoelectric materials are categorized
into three groups: inorganic piezoelectric materials, organic piezo-
electric materials (including natural and synthetic biopolymers),
and piezoelectric composites. Inorganic piezoelectric materials
typically exhibit stronger piezoelectric effects, superior long-
term stability, and high rigidity. In contrast, organic piezoelectric



Yu et al. ® Volume 3 ® Number 2 e 2026

https://journals.lww.com/medmat/

Comparison of exogenous electrical stimulation devices.

Output
Type Working principle characteristics Source of energy Advantages Limitations
Battery!®® Electrochemical Stable, direct External power Output stability Less
reaction supply (or partial tissue—matchable
power supply)
Piezoelectric Piezoelectric effect dependent on the Mechanical superior biocompatibility, facile Premature degeneration
generatort®® material properties, deformation processability, high durability, or failure of device
alternating reliability, and sensitivity function
Triboelectric Contact electrification high instantaneous Mechanical high charge density, flexible Limited application in
nanogenerator(®”l and electrostatic output power, displacement structure, low cost, and humid environments
induction alternating broad applicability
Electret® Permanent lower powered, direct, Pre-charging No need for power supply Charge attenuation
polarization of the continuous
material
Thermoelectric Seebeck effect Limited by temperature Thermal gradient Continuous power supply Low power
generator”®l differences

materials, while demonstrating weaker piezoelectric effects, offer
advantages in flexibility and biocompatibility. Piezoelectric com-
posites, designed by combining inorganic and/or organic mate-
rials with other components, achieve a balance of flexibility and
piezoelectric performance. However, their preparation is more
complex, and their performance stability may be compromised.
Piezoelectric ceramics are the most widely utilized inor-
ganic piezoelectric materials!”®. Their individual grains can be

uniformly polarized, generating a potential difference. Its high
stiffness restricts its application in wound healing. In contrast,
polyvinylidene fluoride (PVDF) stands out as a representa-
tive organic piezoelectric material, offering excellent piezo-
electric properties, workability, and mechanical strength. The
piezoelectric performance of PVDF is significantly influenced
by its B-phase content, which can be enhanced by optimizing
parameters such as spinning distance, applied voltage, speed,
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Figure 4. The role of the electric field in stages of tissue healing. In hemostasis and inflammation phase, the electrical stimulation modulates immune cell activity
and enhances vascular responsiveness; in proliferation phase, the electrical stimulation promotes fibroblast proliferation, migration, and secretion, and enhances
angiogenesis; in maturation phase, the electrical stimulation modulates collagen deposition by regulating the secretion of matrix metalloproteinases (MMPs).

Created with BioRender.com.
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and annealing processes!””!. Sun et al. developed a PVDF-based
self-powered wound dressing integrated with antibiotic release.
This dressing not only facilitates wound healing through piezo-
electric voltage generation but also enables precise control of
hydrophilic drug release by modulating the electrostatic balance
between the drug carrier and the drug (Figure SA, B)". Fu et
al. also combined Poly(vinylidene fluoride-co-trifluoroethylene)
(P(VDF-TrFE)), TrFE-based nanogenerator and drug delivery
system”l. This nanogenerator generated a relatively low EF
at rest, and an EF exceeding 625 mV/mm promoting the rap-
id release of PTEN inhibitor in motion. This on-demand am-
plified cell electric responsiveness and avoided overinhibition
of PTEN (Figure 5C, D). In a distinct approach, Ren et al. uti-
lized cell adhesion tension to create a dynamic force—electrical
closed-loop feedback system!®’l. They engineered a piezoelectric
dual-network nanofiber dressing incorporating copper/epigallo-
catechin 3-gallate and PVDE. This design circumvents the tempo-
ral limitations of magnetic field- or ultrasound-induced electrical
stimulation, synchronizes with cellular physiological states, and
mimics the extracellular matrix’s piezoelectric effect to enhance
intercellular communication. Experimental results demonstrated
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that the electrical stimulation generated by this dressing acti-
vates calcium-related ion channels and significantly accelerates
wound healing (Figure SE, F). On this dressing surface of, cells
further modulated the adaptive electrical stimulation generated
by the piezoelectric nanofiber network through their inherent
adhesiveness, producing a dynamic mechanoelectric closed-loop
feedback signal that mimics the electrical microenvironment of
natural physiological conditions. Moreover, it exhibited strong
antibacterial and anti-inflammatory capabilities, promoting skin
repair through multiple biological pathways.

Composite piezoelectric materials are currently a focal point
of research®. Xu et al. developed a repetitive mechanical
impact-electrical stimulation system by combining barium ti-
tanate with polydimethylsiloxane (PDMS)52, PDMS, known
for its excellent biocompatibility and flexibility, ensures con-
tinuous and stable contact with damaged skin, overcoming
the limitations of barium titanate nanoparticles. Studies indi-
cated that this electrical stimulation reduced inflammation,
enhanced angiogenesis, and significantly accelerated wound
healing. Wang et al. designed 4-octyl itaconate-coated Li-doped
ZnO/Ply(L-lactide) piezoelectric composite microfibers!*3l. The

C2P C2P+EF

Figure 5. Battery for application to soft tissue wounds. (A) The skin patch battery over the soft tissue wound™., Copyright © 2021, Elsevier. (B) The effect of skin
patch battery to help wound healing. (C) The process of wound healing activated via skin patch battery™. Copyright 2021, Elsevier. (D) Structural schematic of
charged capacitive dressing. (E) The morphology of charged capacitive dressing™!. Copyright 2024, The Authors.
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incorporation of Li atoms induces lattice distortion in ZnO, en-
hancing its piezoelectric properties, while aligned Ply(L-lactide)
further amplifies the piezoelectric effect. Electrical stimulation,
combined with reactive oxygen species generated by microfi-
bers, restores mitochondrial function. Additionally, the acoustic
dynamic effect of Li-doped ZnO achieves a 94.2% bactericidal
rate against Staphylococcus aureus. These microfibers facilitate
infected wound healing through multiple mechanisms, offering
a promising approach for managing infected wounds.

4.3. Triboelectric nanogenerators

Triboelectric nanogenerators (TENGs) operate based on the
coupling effect of triboelectricity and electrostatic induction.
The triboelectric effect induces the accumulation of positive and
negative charges on 2 friction layers, respectively. Subsequently,
electrical energy is generated between the electrodes through elec-
trostatic induction. The fundamental structure of TENGs consists
of 2 dielectric films with distinct electron gain/loss capabilities,
connected by back electrodes. As a self-powered device for wear-
able electronics, TENG has attracted significant attention due to
its high efficiency and wide range of material choices!**.

The output capacity of TENGs is primarily influenced by the
surface potential properties of the material, as well as external
factors such as ambient temperature and humidity. Venkatesan
et al. developed a single-electrode TENG, whose surface charge
density and electrical output performance were significantly
enhanced through incorporating a TiO,~MXene—polystyrene
nanofiber membrane as a charge-trapping interlayer®sl. When

A Pressure $

r"-.‘- (‘ - ?') ’r' %
YO <y ol o m - ~
{ -’

Ny

Rectifier }
Conductive }
Tape !
Surgical Film }
P(VDF-TrFE) !
|

|

ooOo 1
oo ”\'i
)
STAX
PVDF

Figure 6. Piezoelectric generator for application to soft tissue wounds. (A) Schematic diagram of self-powered electric field and drug release. (B) TEM image
of PCVEOQ.03. The pore structure inside the fiber is indicated with yellow arrows. A carboxylated carbon nanotube multi-walled composite with vancomycin

Electrospinning

hydrochloride embedded within the PCVE

0.03

Solution coating
EGCG/Cu?*

https://journals.lww.com/medmat/

applied to rat skin, the TENG generated an open-circuit volt-
age of 1 to 10 V through the rat’s daily activities, delivering
electrical stimulation to the wound. In vivo studies demonstrat-
ed that this electrical stimulation enhances cell proliferation,
promotes angiogenesis, and accelerates wound healing. For
TENGs to be effective in wound healing, they must operate in
a fully biocompatible environment, such as body fluids present
at the wound site. Additionally, the materials used in TENGs
must be sufficiently flexible to conform to the wound without
causing further damage. Hydrogels, known for their softness
and water-absorbing properties, are ideal candidates for wound
dressings, as they promote wound closure!®. Combining fric-
tion materials with hydrogels represents a promising approach.
Qin et al. designed a triboelectric stimulator that integrates a
TENG with a triboelectric-responsive drug delivery hydrogel
(TR-DDH), using the TR-DDH as an electrode in direct con-
tact with the wound®!. The TENG generated pulsed currents
and triggered volume changes in the polypyrrole within the TR-
DDH, releasing curcumin nanoparticles. In vitro and in vivo
experiments confirmed that this system enables efficient and
controllable drug delivery, significantly promoting the healing
of infected wounds (Figure 6A—C). Similarly, Tang et al. fab-
ricated a TENG using electrospun polymer tribo-layers and a
chemical vapor-deposited polypyrrole electrode, resulting in a
device with excellent flexibility, air permeability, and moisture
retention®], In vitro and in vivo experiments demonstrated that
the TENG upregulates the expression of growth factor-related
genes, enabling diabetic rat skin wounds to heal within 2 weeks
(Figure 6D-F).

Electricity

PVDF nanofibers

Actin fiber
CuEG/PVDF

porous piezoelectric fiber is pointed with red arrowst”®. Copyright 2024, Wiley-VCH GmbH. (C) The structure of

P(VDF-TrFE)-based nanogenerator. (D) P(VDF-TrFE)-Based nanogenerator realizes self-Powered electrical stimulation therapy and promotes wound healing™.
Copyright 2023, American Chemical Society. (E) The synthesis of hydrophilic piezoelectric PVDF nanofibers. (F) Generation and mechanism of action of electrical

stimulation at the cellular scalel®”. Copyright 2024, The Authors.
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4.4. Electret

Electret, also known as a permanent electric body, is a dielectric that
can store an excess “real” charge or/ and maintain an “oriented”
electric dipole for a long time (much longer than the time required
to form the polarization). The former means that it is a nonelectric
neutral material. The latter is that after the medium containing the
intrinsic electric dipole is polarized by the strong external EF its
polarization state does not completely disappear with the removal
of the external EE and the “oriented” electric dipole is maintained
“long-term,” forming the “oriented” electric dipole electret.

As a stimulus source of exogenous electrical stimulation,
the electret has significant advantages: stability. Electrets can
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spontaneously generate microcurrent and micro EF in the hu-
moral environment and maintain the charge for a long time in
the absence of external energy input. This means that when se-
lecting and designing the electret material, the stable presence of
its charge matches the physiological process of healing in time,
AT especially in deep wounds. Yao et al. combined the electret
thin films with a shape memory alloy to construct an electrome-
chanical synergistic dressing!®!. Biocompatible shape memory
alloys can draw the epithelial tissue and provide the appropriate
contractile force for wound healing. Electret film could enhance
the endogenous EF to promote healing while playing an anti-
bacterial role. In vivo studies in rats showed that this dressing
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Figure 7. Triboelectric nanogenerators for application to soft tissue wounds. (A) Design of the wearable triboelectric stimulator (WTS) for bacterially infected
wound healing. (B) Optical photo of the microstructure on the surface of the silicone rubber film (scale bar = 300 pm). (C) H&E staining, Masson staining, and
Gram staining of the wounds from the experimental mice (scale bar, 100 um) (hair follicles: black arrows; connective tissue: red arrows; and thicknesses of
the epithelium: yellow linest”. Copyright 2024, Wiley-VCH GmbH. (D) Output voltage of Teng while human walking and running. (E) Wound-healing-promoting

effects®. Copyright 2023, American Chemical Society.
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flexible thermoelectric devicel®". Copyright 2024, Wiley-VCH GmbH.
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The applications of exogenous electrical stimulation in promoting skin wound healing.

Charge
generation Key materials Structure Type/intensity/frequency of ES Outcome References
Enzymatic biofuel ~ Carbon fiber fabric Enzymatic electrodes, an elastic conductive About 1 mA/cm?, maintaining for ~ Accelerate wound closure 193]
cells with redox resistor, a hydrogel, and medical adhesive 12 hours by enhancing cell
enzyme (fructose tape proliferation and migration
dehydrogenase/
bilirubin oxidase)
Chemical Perylene polyimide, Hydrazine hydrate-derived polyimide synthesized Li*-ions diffuse across the solid-  Prevent biofilm formation [94]
discharge an aqueous battery from perylene-3,4,9,10-tetracarboxylic liquid interface driven by a during the early discharge
after charge material dianhydride is coated on titanium concentration gradient stage and promote
storage fibroblast proliferation in
the later discharge stage
Wound exudate-  Hydrophilic brushes- A Mg-wire core, a separator consisting of Maximum short-circuit current of ~ Promote the proliferation and [73]
activated grafted cotton yarn poly(N,N-(dimethylamino)ethyl methacrylate) 2 mA and output voltage of 1.9 migration of fibroblasts
battery brushes-grafted cotton yarn, and an outer V, with good long-term stability and M2-type polarization
layer formed by wrapping of carbon yarn. of macrophages
Agueous Zn electrodes and Rechargeable flexible microZn—MnO, batteries  An operating voltage of 1.5V Accelerate cell migration [95]
Zn-Mn0, MnO, electrodes with an annular circuit structure and optimize cytokine
microbatteries electrodeposited onto distribution
the forked fingers
Piezoelectric Electrospun fibers of A conducting hydrogel component constructed  Open-circuit output voltage (V) Faster wound closure, [96]
driven PVDF with carbonized polydopamine/polydopamine/ and short-circuit current (1) re-epithelialization,
triboelectric polyacrylamide and paired with electroactive of ~42 mV and ~60 nA, regeneration of blood
nanogenerator electrospun PVDF membrane respectively, assessed by vessels and follicles
repetitive human finger tapping
on the PVDF membrane
Single-electrode  Polycaprolactone-based  The upper membrane a polycaprolactone-based Voltage output of about 1.50 V Accelerate wound healing, [97]
mode TENG polyurethane and polyurethane as a triboelectric and encapsulation and current output of about attributed to the E-field-
poly(acrylic acid) layer, poly(3,4-ethylene dioxythiophene) 24.20 pA promoted cell proliferation
N-hydroxysuccinimide polystyrene sulfonate as a triboelectric electrode and migration.
ester—poly(vinyl adhere on the a polycaprolactone-based
alcohol) copolymer polyurethane film, poly(vinyl alcohol) as a
bioadhesive and Mo as electrodes.
Vertical contact-  Composite material a vertical contact-separation of triboelectric The output voltage is 723V and  Higher collagen density, [98]
separation of consisting of nano generator, a modified Prussian blue the output current is 31 pA and enhanced
triboelectric thermoplastic layer coated and biodegradable magnesium neovascularization
nano polyurethane and microneedle patch
generator Prussian blue
Coin cell battery - Conductive hydrogel, a soft chassis made of Programmable drug release and  Reduce inflammation [99]
polydimethylsiloxan, and flexible circuits electrostimulation and enhance
neovascularization,
thereby improving the
healing process of
diabetic wounds
Electromagnetic ~ Nano-interlocking Polycaprolactone (PCL)/Ti,C,Tx MXene flexible Wireless electrical signals ranging  Activate pro-healing [100]
induction structure between fibrous membranes and a portable handheld from 4.5 10 10.8 pA pathways while
Ti,C,Tx MXene and RMF generator suppressing inflammatory
polycaprolactone fibers pathways
Thermogalvanic  Fe*/Fe3* cross-linked A Fe?*/Fe** cross-linked sodium alginate Increase the potential difference  Facilitate cell migration and [101]
cell alginate hydrogel hydrogel and dispersed nanofibers by ~53 mV promoted the healing
of chronic, acute and
infected large wounds
TENG DNA hydrogel A rotatory disc-shaped TENG and DNA/ The Short-circuit current is Exhibit excellent antibacterial [102]
with chemically polymerized polypyrrole hydrogel measured as 10 pA at 60 rpm and anti-inflammatory
polymerized and 55 pA at 300 rpm properties. Collagen
polypyrrole deposition, angiogenesis,

and hair follicle
regeneration are promoted

could promote the secretion of EGF and VEGE regulate the
microenvironment of the wound surface, and significantly im-
prove the wound closure rate (Figure 7A-E). Kim et al. applied
electrets in the other direction. They obtained higher voltages
via a multilayer stacked electret (MS-electret) to suppress skin
scarring. MS-electret have surface potential of 3400 V to gener-
ate direct current EF (Figure 7F).
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4.5. Thermoelectric generators

Thermoelectric nanogenerators utilize the Seebeck effect to con-
vert thermal energy into electrical power. The Seebeck effect
manifests as a voltage gradient between 2 dissimilar conductors
or semiconductors when subjected to a temperature differen-
tial. In pyroelectric materials exhibiting spontaneous polariza-
tion, temperature variations modulate polarization strength,
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generating opposing surface charges through the primary
pyroelectric effect. Pyroelectric nanogenerators harness this
temperature-dependent charge separation for energy conver-
sion. Unlike piezoelectric counterparts requiring mechanical
strain, pyroelectric nanogenerators generate transient currents
solely through thermal fluctuations. Secondary pyroelectric
effects emerge in wurtzite-structured materials where thermal
expansion induces crystallographic strain, subsequently activat-
ing piezoelectric charge separation. This synergistic mechanism
enables dual energy harvesting through coupled pyroelectric—
piezoelectric phenomena.

While thermoelectric and pyroelectric generators find wide-
spread application in electronic component design”®?, their di-
rect implementation as exogenous electrical stimulation sources
remains limited. Zhang et al. recently demonstrated a break-
through in flexible biocompatible TE device development!!l.
The researchers employed Bi,Tes-based compounds, selected
for superior near-ambient thermoelectric performance, depos-
ited on flexible polyimide substrates with interdigitated gold
electrodes. This configuration achieved exceptional energy con-
version efficiency, generating 10 mV output under AT = 10K
conditions. When applied topographically to wound sites, the
device sustained pV-level potential gradients through dermal
thermoelectric coupling. Experimental validation revealed that
bioelectrical stimulation derived from physiological (37 °C) to
environmental (25 °C) thermal gradients significantly enhanced
cellular metabolic activity. Specifically, this is manifested by sup-
pressed secretion of inflammatory cytokines and increased an-
giogenesis, thereby accelerating wound healing (Figure 7G, H).

Table 2 presents some additional examples.

5. Conclusion and outlook

Endogenous EFs are naturally generated at the site of skin and
other tissue injuries, playing a crucial role in promoting wound
healing. For chronic wounds, such as those in diabetic patients,
pressure ulcers, and chronic infected wounds, exogenous electri-
cal stimulation is being explored as a therapeutic intervention
to enhance healing and improve the quality of tissue repair. In
cases of extensive wounds, exogenous electrical stimulation is
also anticipated to accelerate the healing process, alleviate pa-
tient discomfort, and minimize scarring. Additionally, the tissue
surrounding implants is often more vulnerable than normal tis-
sue, making it susceptible to damage and infection. Exogenous
electrical stimulation holds promise for strengthening the inte-
gration of soft tissue around implants and preventing infections.
In summary, exogenous electrical stimulation offers broad ap-
plication prospects as a therapeutic strategy for promoting soft
tissue healing.

The integration of bioengineering, materials science, and nan-
otechnology has facilitated significant advancements in the de-
velopment of electrical stimulation devices. These devices have
become increasingly miniaturized and flexible, with mechanical
properties that match those of the surrounding wound tissue.
They are designed to exhibit appropriate swelling character-
istics and controlled degradation rates, better meeting the re-
quirements of wound dressings. Furthermore, 3D printing and
bioprinting technologies have enhanced the biocompatibility of
electrical stimulation devices!'’l. However, to achieve true clin-
ical applicability, considerations regarding manufacturability
and cost-effectiveness in production require further attention.
Additionally, the potential long-term adverse effects of vari-
ous electrical stimulation devices on patients necessitate large-
sample, long-term studies. Furthermore, a variety of external
electrical devices are now being integrated with antibacterial,
drug delivery, and so on, enabling a multifaceted approach to
promoting wound healing.

Wound healing is a complex, multistage process involv-
ing various cells and intricate interactions among them. The
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endogenous EF dynamically adjusts in response to changes in
the wound state. However, many underlying biological mech-
anisms remain incompletely understood. Numerous studies
have demonstrated that different forms of exogenous electrical
stimulation, such as alternating current, pulse stimulation pa-
rameters, and applied EFs or currents, can influence wound cell
behavior. The lack of standardized protocols for these stimula-
tion methods has resulted in studies that are often incompara-
ble. Moreover, the mechanisms of action vary under different
electrical stimulation conditions. Consequently, determining the
optimal application of electrical stimulation and exploring the
potential for personalized, automated, and intelligent feedback
adjustments based on the wound healing status will be criti-
cal directions for the future development of electrical stimula-
tion devices. The former requires further in-depth exploration
by biomedical researchers, and clearly, there is still a long way
to go. For the latter, with the rapid development of artificial
intelligence, flexible electronics, and other technologies, a clear
direction is emerging. The first milestone is the development of
noninvasive biosensors capable of real-time monitoring of the
wound’s EF to accurately and continuously assess wound status.
Complex algorithms would then compute matching electrical
stimulation parameters. Highly controllable electrical stimula-
tion devices, adapted to the wound environment, would subse-
quently deliver appropriate therapeutic stimuli. Advanced signal
acquisition and noise reduction techniques may be necessary for
these biosensors. Integrating telemedicine with efficient energy
storage and release systems appears to be an area currently un-
derdeveloped in exogenous electrical stimulation devices. Long-
term clinical validation of safety and efficacy is also essential. In
summary, scientists still have a considerable journey ahead in
developing intelligent electrical stimulation systems for promot-
ing wound healing.
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