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ABSTRACT: Discovery of the amazing and vital therapeutic
roles of electrical stimulation (ES) on skin has sparked
tremendous efforts to investigate ES suppliers. Among them,
triboelectric nanogenerators (TENGs), as a self-sustainable
bioelectronic system, can generate self-powered and biocom-
patible ES for achieving superior therapeutic effects on skin
applications. Here, a brief review of the application of TENGs-
based ES on skin is presented, with specific discussions of the
fundamentals of TENGs-based ES and its feasibility to be
applied for adjusting physiological and pathological processes
of skin. Then, a comprehensive and in-depth depiction of
emerging representative skin applications of TENGs-based ES is
categorized and reviewed, with particular descriptions about its
therapeutic effects on achieving antibacterial therapy, promoting wound healing, and facilitating transdermal drug delivery.
Finally, the challenges and perspectives for further advancing TENGs-based ES toward a more powerful and versatile
therapeutic strategy are discussed, particularly regarding opportunities in fundamental multidisciplinary research and
biomedical applications.
KEYWORDS: triboelectric nanogenerators, electric stimulation, transdermal drug delivery, antibacterial, wound healing, skin,
therapeutic applications, energy conversion

The skin serves as a crucial barrier that protects the
human body from external elements and substances
while also regulating body temperature and reducing

water loss.1,2 Additionally, the skin has been utilized as an
effective route for delivering drugs to treat various diseases
through transdermal drug delivery, as it offers an alternative to
traditional injection or oral administration methods. By avoiding
first-pass metabolism and providing sustained drug release over
time, transdermal drug delivery holds great promise.3,4 Never-
theless, the skin, as the largest organ on the body surface, can be
easily compromised by accidents or external insults, resulting in
skin diseases like bacterial infection and skin wound and leading
to the loss of their functions of transdermal drug delivery.5

Over the past decades, many physiotherapeutic strategies,
such as electrical stimulation (ES), ultrasonication, and
heating,6−9 have been directly engineered as therapeutic agents
for skin diseases, including treating bacterial infection and
promoting wound healing.10−12 Among these approaches, ES
has gained significant attention due to its multifaceted

therapeutic effects, including reducing bacterial adhesion,
improving cellular immunity, increasing perfusion, and accel-
erating wound healing.13,14 Not only can ES reduce bacterial
infection and avoid antibiotic resistance by altering the
permeability of the bacterial cell membrane, it can also enhance
tissue regeneration by promoting the migration of fibroblasts to
the wound site.15,16 Furthermore, ES can facilitate transdermal
drug delivery through iontophoresis and electroporation,
allowing for the enhanced penetration of drugs across the skin
barrier.17,18 Despite the advancements in applying ES on skin,
several challenges remain in the practical application.19,20 For
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instance, traditional power supplies for ES tend to be bulky and
have poor stability, and the requirement for battery replacement
and the associated costs from device aging limit its widespread
use.21,22 To address these challenges and fully realize the
potential of ES on skin, the development of a self-sustaining
bioelectronic system that provides therapeutic ES would
represent a valuable strategy.23

Recently, the advent of triboelectric nanogenerators
(TENGs) has resulted in the creation of self-powered and
biocompatible ES for improved therapeutic effects on skin.24

Originally proposed by Professor Z. Wang in 2012, TENGs
utilize triboelectrification and electrostatic induction to convert
mechanical energy into electrical energy.25,26 Since then, the
number of publications about TENGs each year increases
significantly according to the analysis of the published literature
from the citation database Scopus (Figure 1a). Particularly, the
features of TENGs, including high charge density, flexible
structure, low cost, and broad applicability, make them ideal for
powering ES on the body’s surface.27 Furthermore, the electrical
properties of TENGs-based ES match the requirements for the
physiological and pathological processes of the skin, thus
offering a highly effective means of treating skin diseases such as
bacterial infections and promoting wound healing.28−32 Addi-
tionally, TENGs-generated electricity can be used to enhance
transdermal drug delivery for the treatment of various diseases.33

Overall, TENGs-based ES is linked to the growing field of
achieving therapeutic effects on skin applications as reflected in
the data extracted from Scopus (Figure 1b). Significant progress
has been made in applying TENGs for generating therapeutic
electrical impulses on skin,34 which calls for a comprehensive
depiction of its whole scene, from fundamentals to various
advanced applications.

In this review, we highlight up-to-date progress in TENGs-
based therapeutic ES for different skin applications (Figure 2).
First, the fundamentals of TENGs-based ES, including the
working mechanism of TENGs and their operating modes for
generating ES, are introduced. Then, the relationship between
the characteristics of TENGs-based ES and the electro-
physiological process of skin is interpreted in depth,
demonstrating the feasibility of applying TENGs-based ES on
skin. Afterward, emerging skin applications benefits from the

TENGs-based ES are systematically reviewed into three major
categories, including antibacterial, wound healing, and trans-
dermal drug delivery, highlighting the beauty of fundamental
science and envision of therapeutic applications. The challenges
and perspectives on developing TENGs-based ES with
innovative applications are proposed and discussed in the end.

TRIBOELECTRIC MATERIALS SELECTION CRITERIA
TENGs represent a technology for converting biomechanical
energy into electrical energy.43,44 In biomedical applications,
TENGs-based ES can be used for skin therapeutic roles, such as
antibacterial therapy, promoting wound healing, and facilitating
transdermal drug delivery. TENGs utilize the coupling effect of
triboelectricity (TE) and electric induction.45 In other words,
the basic working mechanism of TENGs is considered to be a
combination of two materials separated by a gap that works like a
capacitor. It was found by Wang et al. that, when focusing on the
nanoscale, TE can be seen to control the electron transfer
mechanism.45 TENGs typically work in four different modes:
Contact Separation Mode, Lateral Sliding Mode, Single
Electrode Mode, and Free-standing Triboelectric Layer
Mode.46,47 The output performance of TENGs is mainly
affected by the material surface charge properties and environ-
ment impacts. The characteristics of the material’s surface
potential, roughness, and composition are crucial in determining
the TENGs output performance. Additionally, the external
elements, such as motion parameters, temperature, and
humidity, can also influence the output performance of
TENGs. Among these factors, the material surface potential
properties are particularly important for the output character-
istics of TENGs. In Figure 3a, AlphaLab constructed a series of
triboelectric materials used to guide the development of high-
performance TENGs.48,49 Materials that are spaced widely apart
or at the other end of the triboelectric series have been shown to
make high-performance devices. Recently, some high-perform-
ance triboelectric materials like RSSP, Ecoflex-B, and fluorinated
ethylene propylene (FEP) have been developed for application
in the field of TENGs.50,51 In addition to possessing good
triboelectric properties, these materials must also possess certain
levels of biocompatibility, antibacterial effectiveness, and other
qualities to be used on human skin. Thus, careful materials

Figure 1. a) Growth in the number of publications in the field of TENGs reflecting the increasing interest in TENGs research. b) Summary of the
number of publications when the words “triboelectric nanogenerator” and “electrical stimulation” are combined with commonwords related to
therapeutic skin applications, including “antibacterial”, “wound healing”, and “transdermal drug delivery”. Data were extracted from Scopus
search in February 2023 for the appearance of these common words in title, abstract, and keywords of publications when combined with the
words “triboelectric nanogenerator” and “electrical stimulation”. This shows the continued growth of this field.
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selection is required when designing TENGs for these
applications. Furthermore, each specific application requires
materials with distinct features and electric parameters tailored
to meet those particular purposes. Here in this section, we
summarize the specific criteria for selecting triboelectric
materials for antibacterial therapy, wound healing, and trans-
dermal drug delivery. We also offer some insights into the
selection criteria of TENGs triboelectric materials.
Triboelectric Materials for Antibacterial Therapy. In

order to achieve the desired bactericidal effect, the electrical
output performance must be maintained at a high level.52 Thus,
to improve the output performance of TENGs, the two
triboelectric materials should have electrical properties that are
noticeably opposite to one another. Current antibacterial
TENGs use triboelectric materials with significant variations
in surface potential properties as friction layers to achieve high
output performance. Examples of such materials include PDMS,
gelatin/glycerol (G/G) film, RSSP, PET, PTFE, and Mg−Al
LDH@Al film.35,37,53 Furthermore, modifying the nanofibers on

the electrode can further enhance the electric field. In addition to
boosting electrical output performance, the triboelectric
materials can also perform synergistic bactericidal functions.
For instance, recombinant spider silk proteins (RSSP), which is
a triboelectric material and antibacterial substance, can
simultaneously act as a friction layer and sterilize bacteria,
thereby enhancing the antibacterial effect.36 Additionally, Mg−
Al LDH@Al film can also be used as a friction layer and a drug
container to play a synergistic antibacterial role under electric
stimulation. In summary, choosing triboelectric materials with
high-voltage performance and synergistic antibacterial capa-
bilities is an appealing choice for antibacterial applications.
Triboelectric Materials for Wound Healing. Similar to

antibacterial, the electrical output performance of triboelectric
materials is also essential for wound healing. Appropriate voltage
and current density can facilitate cell migration and prolifer-
ation, which is the cellular foundation of wound healing. Besides,
the flexibility of friction layers is especially essential for wounds.
Ionic patch, Ecoflex-B, nylon-coated cloth, and leather are all

Figure 2. TENGs-based therapeutic electric stimulation for different applications on skin, including antibacterial, wound healing, and
transdermal drug delivery. Reproduced with permission from ref.35 Copyright 2018 Elsevier. Reproduced with permission from ref.36

Copyright 2018 Wiley-VCH. Reproduced with permission from ref,37 Copyright 2021 Elsevier. Reprinted with permission under a Creative
Commons ACS Author Choice License from ref.38 Copyright 2018 Yin Long et al., published by American Chemical Society. Reproduced with
permission from ref.39 Copyright 2020 Elsevier. Reproduced with permission from ref.40 Copyright 2021 Elsevier. Reproduced with permission
from ref.41 Copyright 2019 Elsevier. Reproduced with permission from ref.42 Copyright 2019 Wiley-VCH. Reproduced with permission from
ref.33 Copyright 2019 Wiley-VCH.

ACS Nano www.acsnano.org Review

https://doi.org/10.1021/acsnano.3c01634
ACS Nano XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/10.1021/acsnano.3c01634?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01634?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01634?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c01634?fig=fig2&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c01634?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


flexible triboelectric materials with excellent surface potential
properties and wound compatibility, preventing further harm for
wound from the hard friction layers.39,54,55 Select triboelectric
materials for wound healing that can provide adequate electrical
performance as well as superb flexibility is critical. Besides, it is
also possible to enhance the skin comfort of nonflexible
materials by incorporating triboelectric materials into textile
fabrics.56 Furthermore, hydrogel has been proved to have the
effect of promoting wound convergence in wound healing.12

Making the friction materials as the hydrogel or combining the
hydrogel with the friction layer represents the promising
directions for the future development of TENGs for wound
healing. In summary, it is essential to consider both the
compatibility of the materials with the wound and the output
performance for promoting wound healing.
TriboelectricMaterials for Transdermal DrugDelivery.

Current systems developed for transdermal drug delivery are
primarily made up of TENGs, a rectifier bridge, and transdermal
electrode patch. By changing the drug repository, patients can
prolong the service life of the product without having to replace
TENGs. In addition, most TENGs devices are wearable due to
being required to satisfy patient self-controlled release needs.
Under these circumstances, the human skin environment, such
as temperature, humidity, and slight acidity, must be considered
when choosing triboelectric materials. These traits present
various requirements for triboelectric materials, such as
oxidation resistance, surface potential stability, and a portion

corrosion protection. Furthermore, the TENGs friction layer
coupled with antibacterial materials will improve patient
compliance even further.

Moreover, some general criteria for the selection of TENGs
triboelectric materials to achieve higher effectiveness and
performance are listed below (Figure 3b).

1. Biocompatibility: To avoid adverse reactions when
materials come into contact with biological tissues or
fluids, TENG materials should be biocompatible. Safe
materials with a long history of medical device usage, such
as silicone, polyethylene, and polypropylene, are excellent
options for TENGs.

2. Mechanical Properties: Materials used in TENGs should
have adequate mechanical properties to endure repeated
mechanical stimulation. They should be flexible, durable,
and have a high tensile strength. Common TENG
materials with good mechanical properties include
polydimethylsiloxane (PDMS), polyurethane (PU), and
poly(ethylene terephthalate) (PET).

3. Surface Potential Properties: To guarantee high amounts
of charge transmission and high output performance, it is
suggested to choose two kinds of triboelectric materials
with substantial potential properties differences if at all
feasible.

4. Flexibility: Wearable techniques are increasingly being
used by TENGs devices to accomplish application effects,
which can significantly improve user compliance and will

Figure 3. Illustration of the materials selection criteria and model systems of TENGs for different skin applications. a) Triboelectric series
developed by AlphaLab (© 2009). Reproduced with permission from ref.57 Copyright 2017 Cell Press. b) Proposed general criteria for TENGs
triboelectric materials selection to facilitate therapeutic roles of TENGs-based ES in targeting biomedical applications. c−e) Model systems to
illustrate the generation and propagation of TENGs-based ES through skins for playing therapeutic roles on (c) antibacterial therapy, (d)
wound healing, and (e) transdermal drug delivery.
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add additional requirements for triboelectric materials
selection.

5. Chemical Stability: TENGs triboelectric materials should
be chemically stable to avoid degradation when exposed
to biological fluids or environmental factors, especially for
wearable TENGs devices.

6. Additional Features Consistent with the Applications: As
we discussed above, different applications of TENGs-
based ES require distinct triboelectric materials require-
ments. For antibacterial purpose, the friction materials
output performance qualities and synergistic antibacterial
function are the main factors that should be considered.
For wound healing, the most significant factors are the
flexibility of triboelectric materials and the compatibility
with the wound sites. So far as transdermal drug delivery,
the first consideration is various stability factors. When
choosing TENGs materials, it is critical to consider the
application in its entirety.

In conclusion, by considering these criteria, researchers can
choose appropriate materials for developing TENGs to facilitate
therapeutic roles of TENGs-based ES in targeting biomedical
applications, such as wound healing, antibacterial, and trans-
dermal drug delivery.

FEASIBILITY OF APPLYING TENGS-BASED ES TO
REGULATE THE PHYSIOLOGICAL AND
PATHOLOGICAL PROPERTIES OF THE SKIN
In this section, we present a systematic demonstration of the
feasibility of applying TENGs-based ES to regulate the
physiological and pathological properties of the skin. First, we
provide model systems to briefly explain the generation and
propagation of TENG-based ES through skin for therapeutic
purposes, including antibacterial therapy, wound healing, and
transdermal drug delivery. We then discuss in detail the
underlying mechanisms of how the skin-propagated TENG-
based ES promotes these functions.

For antibacterial therapy, wearable TENG patches are
frequently used as surface antibacterial devices. These patches
consist of two triboelectric materials placed next to each other,
covered by electrodes on both sides that can be embedded in
garments or affixed to the skin surface. The TENG patch
electrodes connect to outer electrodes attached to the skin,
allowing charge transfer between the two triboelectric materials
via one working mechanism while voltage is transmitted to the
skin through electrodes and wires. This creates an electric field
between the skin electrodes, which exerts bactericidal effects
through various mechanisms, such as electroporation and
formation of hydrogen peroxide (HP), as shown in Figure 3c.
Similarly, TENG patches for wound healing are wearable at the
wound site, with external electrodes connected to the TENG
patch placed on both sides of the wound to provide sufficient
electric stimulation. The electric field between the two
electrodes triggers diverse positive alterations in wound healing,
such as cell migration and proliferation, as shown in Figure 3d.
For transdermal drug delivery, TENGs patch can be designed to
be self-regulating or wearable to meet distinctive requirements,
such as continuous therapy and real-time regulated release. To
integrate voltage, most TENGs transdermal devices use a
rectifier bridge, which converts bidirectional pulse current (PC)
and alternating current into direct current (DC) for transdermal
patches.41,42 The wires transmit the voltage produced by TENG
to the rectifier, which is then rectified and sent to the

transdermal patch (Figure 3e). The transdermal patch utilizes
electrical stimulation to enhance the skin’s permeability for
drugs through various mechanisms, such as iontophoresis,
electroporation, and electrophoresis. It is worth noting that the
proposed model systems are not comprehensive enough to fully
illustrate the generation and propagation of TENGs-based ES
through skins for playing therapeutic purposes, and a more
sophisticated and general model system is highly desired in the
future.

In the following part, we will discuss the deeper mechanism of
how the skin-propagated TENGs-based ES produces distinctive
functions, such as improving antibacterial capacity, accelerating
wound healing, and promoting transdermal drug delivery.
Mechanism of TENGs-Based ES for Promoting Trans-

dermal Drug Delivery. Iontophoresis. Iontophoresis, a
technology that facilitates the introduction of ionic medications
into the body through the application of low-voltage current to
the skin, has been shown to achieve high-efficiency transdermal
drug delivery.29 For transdermal drug delivery, iontophoresis
refers to the application of a moderate electric stimulation.58

The mechanism of ion transport across the skin and into the
bloodstream during iontophoresis is primarily through two
processes: electromigration and electroosmosis. Electromigra-
tion refers to the movement of ions, where negatively charged
anions are attracted to the cathode and positively charged
cations are attracted to the anode.59 Conversely, electroosmosis
involves the convection motion of water induced by electric
stimulation and is particularly beneficial for neutral drug
molecules that do not ionize when exposed to electric current.
Furthermore, TENGs-based devices have been demonstrated to
play a significant role in transdermal efficiency and compliance
by converting biomechanical energy into moderate pulse current
and direct current through a rectifier bridge. In PC
iontophoresis, skin depolarization after each pulse treatment
leads to a reduction in skin irritation and impedance, ensuring
continuous transdermal drug delivery.60 In DC iontophoresis,
TENGs charged for 3 min can provide available electric
stimulation for 20 min due to capacitive storage of electricity.
These findings demonstrate that TENGs-based electric
stimulation is well-suited for iontophoresis due to its moderate
electric stimulation, stability, and high compliance.
Electroporation. The utilization of electroporation in

transdermal drug delivery involves the application of high-
voltage pulses, typically in the range of 100 V, to create aqueous
pores for the introduction of a diverse range of drugs into deeper
layers of the skin.30 The TENG equipment is capable of
producing voltage exceeding 100 V, meeting the demands of this
process. Furthermore, the current generated by TENGs is
generally below 100 μA, ensuring a relatively safe electro-
poration process. Compared to iontophoresis, electroporation
not only enables transdermal drug delivery but also enables the
introduction of viral drug molecules into various cell types
through the creation of cell membrane apertures. However,
electroporation, like most intracellular delivery techniques that
rely on membrane rupture, is faced with the challenge of post-
treatment cell death, which may result from electroporation,
lysis, or severe thermal damage.61,62 To mitigate this challenge,
electroporation is being investigated in conjunction with
microneedles arrays, as demonstrated by Liu et al.33 The
utilization of TENGs-based microneedles arrays limits the
electrical stimulation to the tip of the needles, resulting in an
enhanced electrical field of 2800 V cm−1 and reduced applied
voltage and cellular damage. Thus, TENGs-based electrical
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stimulation satisfies the voltage requirements and can improve
the output and reduce cellular damage by combining with
microneedles.
Mechanism of TENGs-Based ES for Accelerating

Wound Healing. Recruitment of Immunocytes. Accelerating
the recruitment of immunocytes and cytokines plays a function
in enhancing wound healing during the early phase of
inflammation. For the duration of the inflammatory phase, the
acceleration of recruitment is advantageous for accelerating the
wound healing process. According to studies, macrophages,
lymphocytes, and neutrophils move to the site in response to
endogenous electrical stimulation.63

Resolution of Inflammation. It is well-established that the
recruitment of immunocytes and cytokines in the early stage of
inflammation can have a positive impact on wound healing.
However, the duration of the inflammatory response can also
have a significant impact on the rate of wound healing. If the
levels of cytokines persist for an extended period, it can
negatively impact the overall wound healing process.64 To
mitigate this effect, TENGs-based ES has been proposed as a
method to reduce the amounts of immunocytes and cytokines
present in the body during the late phase of the inflammatory
response. By resolving the inflammation, TENGs-based ES has
the potential to play a key role in the wound healing process.
Antibacterial.When the number of bacteria exceeds a certain

threshold, the inflammatory cells may no longer be able to
effectively eliminate the microbes, leading to infection and
prolonging the wound healing process.65 To address this issue,
wound sterilization has been proposed as a means to shorten the
time required for wound healing. Wolcott et al. were pioneers in
investigating the impact of exogenous ES on in vivo antibacterial
activity.31 In their study, they used negative polarity DC to treat
chronic wounds infected with Proteus and Pseudomonas
species. They found that the wounds were free of infection a
few days later, demonstrating the efficacy of exogenous ES in
sterilizing skin wounds. The mechanism behind the direct
antibacterial activity of ES is believed to involve two processes:
electroporation effects and the formation of hydrogen peroxide.
TENGs have been shown to generate sufficient voltage to
support these processes and promote antibacterial activity.
Migration and Proliferation of Cells. During the prolifer-

ative phase of wound healing, the formation of new granulation
tissue and epithelium is a key aspect. Research has revealed that
fibroblasts, endothelial cells, and epithelial cells respond to
electrical impulses during this phase.64 The electric field
generated by electrical stimulation has been shown to provide
directional signals to cells and override other directional cues,
such as chemokine gradients and pressures.66 This effect of
electrical stimulation on cell migration cannot be replicated by
other therapeutic options. Numerous studies have demon-
strated that exogenous electrical stimulation can promote cell
proliferation and accelerate the wound healing process. These
findings highlight the potential of electrical stimulation as a
therapeutic tool in the management of wounds.67

The rate of wound closure in epithelial cells is found to be
positively correlated with the rate of recovery.68 The mechanism
of the basal skin potential has a significant impact on the
migration and proliferation of these cells.69 The application of a
DC electric field has been shown to enhance the endogenous
electric field recovery, thus promoting faster wound healing. In
particular, research has demonstrated that the application of a
DC electric field as low as 10 mV mm−1 is sufficient to induce
directional migration of keratinocytes.70

The impact of direct current (DC) electrical stimulation on
fibroblast development was investigated by Dunn et al. in 1988.
The study utilized carbon fiber electrodes impregnated with
collagen sponge matrix and observed directional migration of
fibroblasts toward the anode.71 This migration was believed to
be mediated by the activation of the phosphoinositide 3-kinase
(PI3K) and the Na+/H+ exchange isomer 1 (NHE1) signaling
pathways.72 Subsequent research by Konstantinos et al. has
revealed that the levels of scratch closure and proliferation in
fibroblasts can be dramatically increased by ES.73 They
hypothesized that microcurrents may play a role in accelerating
cell migration and proliferation by phosphorylating mitogen-
activated protein kinase (MAPK). In conclusion, the results of
these studies suggested that TENGs-based ES can promote the
migration and proliferation of fibroblasts, thus promoting the
formation of granulation tissue and wound healing. This
mechanism of promoting fibroblast migration and proliferation
is considered to be the most important and widely used
approach for TENGs-based ES in wound healing.

Angiogenesis is a crucial aspect of the proliferation phase and
a vital component of granulation tissue formation in wound
healing. Rapid induction of vascular endothelial growth factor
(VEGF) after injury is known to stimulate the migration,
proliferation, and vascularization of endothelial cells.74 Recent
research has established that exogenous ES can enhance the
production of VEGF at the wound site, which may represent one
of the pathways by which electrical stimulation promotes
vascularization.75,76 These findings suggest that, by promoting
the migration and vascularization of endothelial cells, TENGs-
based ES may accelerate the pace of wound healing.
Mechanism of TENGs-Based ES for Improving Antibacte-

rial Therapy. The direct antibacterial mechanism created by ES
is thought to be composed of two components: electroporation
and the formation of a significant amount of hydrogen peroxide
(HP) through electrolysis. Electroporation requires a high-
voltage electric field greater than 100 V delivered in a pulse,
while the production of H2O2 is enhanced with extended ES
application of more than 8 h. This results in H2O2 buildup in the
wound area, reaching a concentration of approximately 6−15
mmol L−1 at 24 h, which is capable of effectively inhibiting and
killing bacteria such as Staphylococcus aureus and Escherichia
coli.37 The mechanism behind this antibacterial activity is
believed to be DNA strand breakage caused by the oxidation of
DNA by reactive oxygen species (ROS) released by the
decomposition of HP.77 ROS are oxygen-containing molecules
with unpaired electrons (free radicals). TENGs devices are an
excellent choice for delivering high-voltage pulse ES required for
the aforementioned processes. In addition to the direct
antibacterial effects, TENGs-based ES can also indirectly inhibit
bacterial growth by attracting neutrophils and macrophages.28

Furthermore, TENGs-based ES may also reduce bacterial
adhesion, thus lowering the likelihood of biofilm development
in chronic wounds, where bacteria can form antibiotic-resistant
polymicrobial biofilms.78

APPLYING TENGS-BASED ES FOR ANTIBACTERIAL
THERAPY
Cutaneous bacterial infection has persisted as a major threat to
public health during the last several decades.79 Staphylococcus
aureus and Escherichia coli, respectively, belong to species of
Gram-positive and Gram-negative bacteria and may transmit
illness in a variety of different ways.80−82 Particularly, skin is a
vulnerable target of bacterial infection, due to the fact that skin is
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Figure 4. Schematics of CuONW filtration device during operation powered by static electricity and m-TENG-based ES for wearable
disinfection system. a) Filtration apparatus based on CuONW. Reproduced with permission from ref.53 Copyright 2014 American Chemical
Society. b) Arrangement of the components that make up the wearable, self-powered sterilization system. b) A wearable fiber-based
electroporation device’s schematic design. d) The experimental setup is shown schematically. e) Different periods of operation result in
different amounts of H2O2 being produced by the self-powered disinfection system. f, g) Before-and-after SEM images of S. aureus and E. coli
before (f) and after (g) being subjected to m-TENG-based ES, as well as quantitative maps of each virus inventory at various voltages.
Reproduced with permission from ref.35 Copyright 2018 Elsevier.
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in constant contact with the clothing which absorbs and holds
onto moisture, and such condition is conducive to the growth of
microbes.83 Antibiotics are by far the most popular method used
in the battle against cutaneous bacterial infection, but the
administration of antibiotics over an extended period may lead
to a rise in antibiotic resistance. Electrical stimulation (ES) has
been shown to be an equally effective therapeutic agent of
reducing growth of the bacteria as the use of antimicrobial
drugs.84−87 The electroporation effect88 caused by the high-
voltage electric field and the formation of a great deal of
hydrogen peroxide by electrolysis89,90 are now thought to be the
two parts of the antibacterial mechanism created by ES. Since
the antibacterial mechanism of ES generally does not cause
resistance in bacteria, it is anticipated that ES can be applied as
an effective therapeutic strategy for bacterial infections. Multiple
works have been conducted by applying TNEGs-generated ES
to treat cutaneous bacterial infection. For instance, a fast water
disinfection device was successfully developed using copper
oxide nanowires and static electricity, which can achieve
complete disinfection at a high rate.91 As shown in Figure 4a,
static electricity can be generated by an external TENG and
applied to the two parallel copper oxide nanowire (CuONW)
electrodes, which were compressed inside an in-line filter holder.
Though copper oxide nanowire, a localized increased electric
field can be produced, which enabled fast water disinfection.
Raw water from the tap and lake water were both completely
disinfected of harmful germs and viruses with a single filter at a
rate of 3000 L per minute per square meter. The disadvantage
should be noted that, even though this apparatus could eliminate

waterborne microorganisms, widespread usage on the skin is
unlikely until the TENGs that produce therapeutic ES can be
miniaturized.36,92

To realize miniaturization of therapeutic TENGs-based ES,
trials have been attempted. For instance, a motion-activated self-
powered active disinfection system was developed using
conductive textiles, Au−Te nanowires, and a multilayered
TENG, which can eliminate harmful microorganisms and
enhance H2O2 enrichment for effective electroporation-assisted
disinfection.35 The system was primarily made up of conductive
textiles as electrodes and a multilayered triboelectric nano-
generator (m-TENG) for capturing biomechanical energy.
Specifically, as shown in Figure 4b, the system included a
shoe-integrated TENG power source, a full-wave diode bridge
to rectify electric output from the TENG, and carbon fiber
fabrics (CFFs) with/without surface modifications of one-
dimensional (1D) nanomaterials as electrodes for sterilization.
The proposed self-powered active disinfection system was
readily adaptable for use in industrial textiles, allowing
production of “smart garments” that can eliminate harmful
microorganisms. Apart from this, one of the most impressive
aspects of their work is the modification of Au−Te nanowires
(Au−Te NWs) on the CFFs, whereas 1D Au−Te NWs can
build up a much stronger electric field near the nanowire tip, as
shown in Figure 4c. Moreover, micropatterned surfaces, which
increased effective contact area and friction during contact and
separation, were also a reasonable design for boosting
triboelectrification efficiency. In order to evaluate how the m-
power TENG’s output affected the efficacy of its electro-

Figure 5. As an antibiotic-free antibacterial patch, nanocomposites based on RSSPs seem promising. a) Depiction of the basic operating
principle of RSSP-TENG, showing how efficiently RSSP may lose electrons upon contact with PET. b) The antibacterial defense mechanism
diagram. c) Both the RSSP patch and the RSSP-doped patch showed promising antibacterial activity against E. coli and S. aureus. d) Neuronal
PC12 cells cultured in vitro for 48 h on an RSSP/GR/Ag substrate showed excellent biocompatibility. e) The RSSP patch inhibited S. aureus in
vivo, as evidenced by bacteria counts in the infected site. Reproduced with permission from ref.36 Copyright 2018 Wiley-VCH.
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poration-assisted disinfection, a pair of metal plates was used, as
shown in Figure 4d. The bacterial survival rate declined as the
electric field intensity and treatment period increased. S. aureus
and E. coli were monitored before and after being subjected to
ES by scanning electron microscopy (SEM). After treatment,
holes can be clearly observed on the bacterial surface, indicating
that the electroporation disinfection mechanism contributes to
the antibacterial effects of m-TENG-based ES, as shown in
Figure 4f,g. To determine the concentration of generated H2O2,
the hydrogen peroxide/peroxidase test was conducted by the
researchers, which indicated that the H2O2 concentration
increased linearly with operation time and was doubled with
the help of Au−Te NWs, demonstrating the potential of their
self-powered antibacterial system to enhance H2O2 enrichment
and combine it with the electroporation process.

While miniaturizing therapeutic TENGs-based ES, incorpo-
rating antimicrobial materials in the construction of TENGs can
achieve synergistic antibacterial effects. For instance, a
biocompatible and high-performance wearable TENG was
developed by genetically engineering recombinant spider silk
proteins (RSSP) that exhibited strong bactericidal performance
on S. aureus (antibacterial rate up to 58%) and E. coli
(antibacterial rate up to 93%), with promising biocompatibility
in cell culture and in vivo testing, as shown schematically in
Figure 5.36 The RSSP patch, which was triboelectrically charged,
created a potential differential between the bacteria and the
positive electrode surface, as shown in Figure 5a. After bacteria
were charged, their morphology was altered due to extracellular
electron transfer between the bacteria and the RSSP patch,
which also caused a burst of reactive oxygen species inside the
bacteria and ultimately led to their demise, as shown in Figure
5b.93 To assess those intrinsic triboelectric characteristics of
different RSSPs, a TENG apparatus with a vertical contact-
separation mode was utilized. The surface would get electrified
when the two contacted with one another and then separated,
which resulted in a potential difference. As a result, the
morphology of bacterial cell can be altered due to the
extracellular electron transmission. Moreover, graphene (GR)

or Ag nanoparticles were incorporated into the RSSP patch to
offer synergetic antibacterial effects. Therefore, the developed
system exhibited a strong bactericidal performance on both S.
aureus (antibacterial rate up to 58%) and E. coli (antibacterial
rate up to 93%), as illustrated in Figure 5c. Besides, antimicrobial
efficacy and biocompatibility are both essential for applying
TENGs in clinics. The cytotoxicity of the TENG was assessed by
growing PC12 neurons on charged RSSP samples, with the
results depicted in Figure 5d showing that the RSSP/graphene/
Ag composite patch samples exhibited excellent biocompati-
bility in cell culture. In addition, as illustrated in Figure 5e, the
developed TENG achieved an antibacterial rate of 67.4% in S.
aureus infected mice, thus indicating its potent antibacterial
capability in vivo.

As mentioned above, the therapeutic TENGs-based ES for
antibacterial therapy typically operates at hundreds of volts,
which may result in electroporation and harm normal cells.
Therefore, to prevent damage to normal cells, TENGs-based ES
with low intensity has been designed and generated. For
instance, Du et al. developed a low-intensity electric impulse
generating surface engineered TENG (SETENG) patch using a
Mg−Al double hydroxides (LDH) friction layer that also acted
as smart drug containers to obtain synergetic antibacterial effects
and demonstrated the significant synergistic antibacterial effect
of combining minocycline with ES, as shown in Figure 6.37 The
alternating low-intensity electric field (LIEF) can change
membrane permeability and lead to hydrogen peroxide buildup.
Specifically, the arch-shaped patch was composed of polytetra-
fluoroethylene (PTFE) (electronegative) and Mg−Al LDH@Al
film (electropositive), as shown schematically in Figure 6a. S.
aureus and E. coliwere used as models to investigate how bacteria
react to AC LIEF of varying volts produced by the developed
TENG. As shown in Figure 6b, bacterial inhibition was
enhanced when increasing the voltage. SEM was also employed
to investigate the effects of ES over bacteria. As shown by the
SEM images in Figure 6d, cell membranes were largely damaged
after the ES treatment; when the voltage was raised to 8 V,
fractured membranes can be observed. Moreover, minocycline

Figure 6. Functions of surface-engineered TENGs that inhibit bacterial growth. a) The suggested mechanism for boosting infected wound
healing. b) Bacterial survival rate after 24 h under ES of various intensities produced by SETENG. c) Images of live (green) and dead (red)
bacteria after 2 h of treatment with ES (2 V), minocycline (5 g), or both. d) SEM photos of bacteria and electrode attachments were taken at
varied ES intensities. Reproduced with permission from ref.37 Copyright 2021 Elsevier.
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was used as the model drug to be encapsulated in the developed
TENG. To assess the bactericidal effect of combining
minocycline with ES, SYTO 9/PI staining was utilized. As
shown by the fluorescent images in Figure 6c, the single
treatment with ES (2 V) or minocycline showed modest
bactericidal efficacy, while combining both produced a
significant synergistic antibacterial effect.

APPLYING TENGS-BASED ES FOR PROMOTING
WOUND HEALING
TENGs-Based ES for Directly Accelerating Wound

Healing. The process of wound healing can be divided into
three stages, which include inflammatory, proliferative, and
remodeling.94−98 In the early and entire phase of inflammation,
the accelerated recruitment of cytokines and immune cells is

very important. It has been shown that endogenous electric
fields can promote the migration of macrophages, lymphocytes,
and neutrophils to skin wound sites and ultimately promote
wound healing.63 Moreover, the rate of wound healing will be
severely slowed by the prolonged inflammatory response.
Interestingly, ES may reduce the quantity of immunocytes and
cytokines, which can help with inflammation resolution. Besides,
bacteria are often seen in wound healing. If bacteria are not
cleared by inflammatory factors in a timely manner, they will
induce bacterial infection and significantly delay wound
healing.99 As mentioned above, ES can be used as an
antibacterial agent to minimize the emergence of sluggish
wound healing caused by bacterial infection, thus indirectly
assisting the wound healing. Moreover, ES can offer direction
indications for cells, such as chemokines and cell migration

Figure 7. TENG-based electrical bandages that can offer ES for accelerated wound healing. a) Schematics illustrate the practical application of
the TENG-based bandage. The SD rat’s chest was covered in a bandage, which captured biomechanics energy from of the rat’s breathing and
transformed it into electrical energy. b) Diagram of the TENG-based bandage. c) Rat breathing at various frequencies can induce electrical
activity in the TENG. d) Digital depictions of three-day healing progression for rectangular wounds with and without the treatment of ES
generated by the developed bandage. e) A diagram shows a dish of grown cells with Au electrodes linked and disconnected to a pulse voltage
created by TENG. f) Analysis of the morphology of cultured cells before and after being subjected to ES. Reprinted with permission under a
Creative Commons ACS Author Choice License from ref.38 Copyright 2018 Yin Long et al., published by American Chemical Society.
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pressure, which can also significantly contribute to cell
proliferation and facilitate the healing process.6,10,66 Apart
from all the benefits that ES can offer, TENGs-based ES has
extra advantages of being microscaled and can be tailored
depending on the specific size and location of the wound, by
which it can provide consistent therapy to the damaged wound
and promote the entire healing process.

For instance, a wearable TENG-based electrical bandage was
developed to promote wound healing by creating an alternating
electric field.38 As shown in Figure 7b, Cu/PTFE (electro-
negative material) was layered on top of a poly(ethylene
terephthalate) (PET) substrate, and then another Cu (electro-
positive material) layer was layered on top of that, creating the
TENG. Wrapping the device around the torso of a Sprague−
Dawley (SD) rat was shown to be the optimal strategy for
achieving such a minute sliding displacement (Figure 7a).
Therefore, the voltage produced by the dressing electrodes can
be monitored at different points in the rat’s day-to-day routine
(Figure 7c). In order to explore electric stimulated wound
healing, full thickness rectangular skin wounds were utilized. As
shown in Figure 7d, the electric field was directed horizontally,
with the proximal wound (top of the image) positioned between
the two vertical line electrodes. The control wound, seen at the
image’s bottom, had the identical electrode configuration
applied to it, but there was no electric field. Three days after
the treatment, the top wound displayed a closed wound (image ii

in Figure 7d). On the contrary, the control wound was not
closed, and the healing was in a disorganized fashion. Fibroblasts
are recognized to play a significant part in the complex biological
process of cutaneous wound healing.100 To pursue an
explanation for the phenomenon of the very rapid wound
recovery, the migration and proliferation of fibroblast cells was
studied in vitro, as illustrated by the schematics in Figure 7e.
Within 12 h, the fibroblasts of control groups showed no
significant difference from the baseline. However, the cells
subjected to TENG-based ES showed linear alignment in under
2 h (image i in Figure 7f). After 4 h, fibroblast cells showed
obvious proliferation (Figure 7f, image ii). After 6 h, fibroblasts
kept multiplying and differentiating in the direction of ES
(Figure 7f, images iii and iv). The results in vivo on rats and in
vitro on fibroblast cells exhibit that TENG-based ES can
promote the differentiation of fibroblasts into muscle fibroblasts
and then contribute to the rapid healing of wounds.

Despite advancements in TENG patch technology, metal or
ceramic electrodes are still commonly required but lack the
necessary mechanical adaptability for wound healing ther-
apy.101,102 Recently, fabric-based TENGs offer an alternative
and hold promise for promoting wound healing through TENG-
based electrical stimulation in real-life scenarios. For instance,
Jeong et al. developed a flexible and wearable fabric ionic
triboelectric nanogenerator (iTENG) patch using organogel
fibers, which demonstrated improved wound healing capabilities

Figure 8. Application of an ionic TENG (iTENG) patch-based ES for wound healing. a) Optical image of the iTENG patch (scale bar: 1 cm) and
schematic diagram of a cross section of the ionic fabric and magnified image of a fiber. b) A schematic depiction of the physiological power
conversion mechanism of the iTENG. c) Schematics depicting the procedure for gauging the iTENG patch’s electrical output performance. d)
The contact frequency ranges from 0.5 to 2.0 Hz and separation between iTENG and contact material from 0.5 to 2.0 cm. e) Macroscopic
wound healing progression in the untreated (control), ionic patch solely (Gel), and ionic patch coupled with TENG (Gel-TENG) groups over
time, scale bar: 1 cm. f) The quantized percentage of wound area that has healed after 3, 7, 10, and 14 days of treatment. Reproduced with
permission from ref.39 Copyright 2020 Elsevier.
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in vivo, as shown in Figure 8.39 A stretchy wire and a wearable
generator were created when weaving ionically conductive
organogel fibers in an elastic tubulin structure together like
fabric (Figure 8a). The ionic patch, enclosed in an elastomeric
film, can be used as a wound dressing and an electrode. A
simplified diagram of the iTENG patch’s inner workings is
shown in Figure 8b. Because of the differing electron affinities of
the two materials, contact electrification occurred when the
TENG met the dermal surface.103 Electrons attract cations and
repel anions in the organogel as it traveled away from the skin.
Repelled anions were collected in the patch, creating an electric
field (EF). In order to evaluate the output performance of
iTENG, mechanical motions were maintained with the help of a
pushing tester (Figure 8c). The contact frequency and the
maximum gap distance between the TENG and the contact
material both affected the voltage produced. As shown in Figure
8d, when the contact frequency was raised from 0.5 to 2.0 Hz,
the produced voltage also rose from 25 to 75 Vpp. Similarly,
when the maximal spacing between the TENG and the contact

material was increased from 0.5 to 2.0 cm, the produced voltage
followed suit, climbing from 33 to 73 Vpp. These results showed
that forceful motions, including making quick contact and then
quickly separating the iTENG from the skin, may cause larger
increasement in generated ES by the iTENG. Furthermore, the
effectiveness of the iTENG patch-based ES in wound healing
was evaluated in vivo using full-thickness wound animal models,
where the ionic patch was placed vertically on top of the wound
and ES was performed every 2 days, resulting in accelerated
wound healing compared to control and Gel groups, indicating
the potential of iTENG patch-based ES for promoting rapid
wound recovery.

Apart from the above-mentioned organogel fibers, a
borophene/ecoflex (Ecoflex-B) triboelectric material was
developed and fabricated into a fabric-based triboelectric
nanogenerator (B-TENG) for wound healing. Improved output
performance with increasing borophene concentration, en-
hanced cell proliferation and migration, and successful wound
healing in an animal model can be achieved by the developed B-

Figure 9. Developed B-TENG as a self-powered in vitro electrical stimulating patch for continuous wound healing. a) The fabrication of the B-
TENG patch. b) Output voltage of B-TENG patch with different borophene concentrations. c) The proliferation rate of L929 cells with and
without treatment by ES. d) Cell morphology at 0 and 72 hwithout (Ctrl) and with (TENG) ES, scale bars: 100 μm. e) A schematic system setup
by B-TENG to induce ES for wound healing on rat models. f) L929 fibroblasts with scratched regions in the control and TENG stimulation
groups at 0, 36, and 48 h, scale bars: 200 μm. g) Digital photographs of the wound healing process with ES. h)Wound recovery images taken by
dermoscopy. (i) Quantized changes in wound closure status. Reprinted with permission under a Creative Commons Attribution 4.0
International (CC BY 4.0) License from ref.54 Copyright 2022 Shuo-Wen Chen et al., published by Wiley-VCH GmbH.
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TENG-based ES, as shown in Figure 9.54 As shown in Figure 9a,
carbon fiber (CF) acted as the flexible electrode material in the
Ecoflex-B, which was made up of layers of ecoflex, borophene
nanosheets (NSs), and CF. The Ecoflex-B was further coupled
with a nylon-coated cloth to create the B-TENG. Then the
output performances of B-TENG under various mixed situations
were investigated. As illustrated in Figure 9b, the output
performance was improved with increasing the borophene NSs
concentration. Particularly, the optimized output performance
can be achieved when the concentration of borophene NSs was
20 wt %, where the output voltage and current were up to 120 V
and 20 A, respectively. Under this condition, the developed B-
TENG can fully meet the requirement of wound healing. Cell
proliferation and migration are important indicators in assessing
biological activity throughout the wound healing process.
Herein, by performing cell proliferation and cell migration
assays with ES by B-TENG, the cellular behaviors of L929
fibroblasts were examined. As shown in Figure 9c, at 24, 48, and
72 h, the proliferation rate of the control and stimulated cells
showed statistical significance. The proliferation rate of the
stimulated cells was greater than the proliferation rate of the
control cells without ES. Figure 9d depicted the cell morphology
of control and stimulated cells, further demonstrating that ES

can promote cell proliferation. The migratory behavior of L929
fibroblasts driven by B-TENG is shown in Figure 9f. It was
discovered that the cells in the electrical stimulated group
migrated quicker than the cells without ES. The feasibility of
using B-TENG for wound healing was demonstrated through
animal model testing, where wounds treated with B-TENG
showed significant healing compared to the control group, as
depicted in Figure 9g. The wound area in the ES treated group
was significantly smaller than that in the control group, and the
wound shrinking rate was greater by day 2, day 4, and day 6, as
quantified in Figure 9h,i.

An alternative approach to utilizing fabric-based TENG
patches for wound healing is to introduce stretchable materials
between the friction layers, thereby enhancing both tensile
properties and patient comfort. For example, Wan et al.
developed a wearable, flexible triboelectric patch for wound
treatment, utilizing a conductive hydrogel, PDMS layer, and
garment fabric to generate an electric field, resulting in
accelerated wound healing in animal models.55 As illustrated
in Figure 10a, the developed TENG patch held a soft, wearable
sandwich structure by combining a double-layer polydimethyl-
siloxane (PDMS) membrane with an embedded polyacryla-
mide-LiCl (PAAm-LiCl) hydrogel. The working mechanism of

Figure 10. A flexible stretchable sandwich-structured triboelectric patch for accelerating wound healing. a) Device schematic and functional
model. b) The diagram of working mechanism. c) The open-circuit voltage of the six cloths integrated with sandwich structure. d) The rates of
wound healing of different test groups. e) Images depicting the treatment procedure for wounds in the TENGpatch group and the control group
on days 1, 3, 5, 7, 9, and 13. Reproduced with permission from ref.55 Copyright 2021 Elsevier.
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the developed TENG patch is illustrated in Figure 10b.
Specifically, the conductive hydrogel acted as a single electrode,
while the upper PDMS layer and garment fabric formed a
frictional electric pair owing to their distinct triboelectric
polarities. The leather would touch and detach from the
hydrogel patch as the body moved to extract the biomechanical
energy of a human body. When the leather came into contact
with the TENG patch, a surface made of leather and PDMS
would produce a charge of equal but opposing polarity (Figure
10b, image i). When the leather moved away from the TENG
patch, the electrostatic charge on the PDMS surface promoted
ionic mobility in the hydrogel, resulting in the formation of a
layer of positive charge only at the interface. Simultaneously, the
metal wires would be charged negatively and positively due to
the polarization of the electric layer generated at the hydrogel
interface (Figure 10b, image ii). When the moving leather got
close enough to the PDMS, the electrostatic attraction between
them was canceled out, and the system returned to its initial state
of equilibrium (Figure 10b, image iv). As the potential difference
increased, electrons would flow from the hydrogel to the body,
which constructed an electric field between the TENG patch
and the body’s tissue, facilitating the wound healing process. As
shown in Figure 10c, the output voltage is illustrated when
leather, polyester fabrics, silk, woolen goods, and nylon
periodically contact-separated from the device. Furthermore,
to assess the performance of the developed TENG patch in
wound healing, male mice wound healing experiments were
conducted. The developed TENG patch was applied to the
wound as well as control studies conducted under identical
settings. As shown in Figure 10e, the wound area of the control

group was not significantly reduced, but the TENG patch group
mostly healed in 13th day. Following 0, 3, 5, 7, 9, and 13 days of
therapy, the TENG patch group healed completely at 13 days,
while the control group still had 13% of the wound area
unhealed; the rates of wounds closure (Figure 10d) indicated
that the application of the developed TENG patch can
significantly accelerate the wound healing process. This study
presents an opportunity for creating soft, wearable TENGs for
wound treatment.
TENGs-Based ES Serves as an Adjuvant to Indirectly

Promote Wound Healing. In addition to being used directly
as a therapeutic agent, TENGs-based ES can also serve as an
adjuvant to enhance the efficacy of therapeutic drugs in
promoting wound healing. For instance, a microneedle-based
self-powered transcutaneous electrical stimulation system (mn-
STESS) utilizing a sliding free-standing TENG (sf-TENG) and
two-stage composite microneedle patches (CMNPs) was shown
to enhance the pharmacodynamics of epidermal growth factor
(EGF) and accelerate wound healing in a mouse model.104 As
shown in Figure 11a, the mn-STESS was developed based on a
sliding free-standing triboelectric nanogenerator (sf-TENG)
and two-stage composite microneedle patches (CMNPs). The
three components of TENG were the polyimide film as the
triboelectric layer, the polytetrafluoroethylene (PTFE) film-
coated Kapton adhesive acting as the dielectric layer, and the
gold microelectrode array patch serving as the electrode (Figure
11b). A two-stage CMNP was made by covering the PLA-Au
MNP with drug-loaded cross-linked gelatin and cross-linked
hyaluronic acid microneedles (cGel-cHA MNs). The developed
mn-STESS can enhance the EGF entry and absorption by

Figure 11. TENGs-based ES can be applied as the adjuvant to synergistically boost the healing effect of therapeutic drugs. a) The mn-STESS
consisted of sf-TENG, CMNP, and dressing. The CMNP composed of cGel-cHAMNs loading drug and PLA-AuMNs as electrode. b) Three-
dimensional structure of the mn-STESS. c) VOC, ISC, and QSC of the sf-TENG. d) Illustration of the mn-STESS wound-healing mechanism. e)
Digital pictures showing wound regions on days 0, 3, 6, 9, and 12 after treatments by different tested groups. f, g) Quantitative comparison of
wound area healed and relative healing rate from day 0 to days 3, 6, 9, and 12 across all groups. h)H&E staining of wound healing tissue showing
the mn-STESS group can present better wound healing quality. (i) The proliferation of new vessels in quantitative form for the healing process
treated by different tested groups. j) Quantitative statistics of new hair follicles in healing skin treated by different tested groups. Reprinted with
permission under a Creative Commons Attribution 4.0 International (CC BY 4.0) License from ref.104 Copyright 2022 Yuan Yang et al.,
published by Nature.
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puncturing the stratum corneum with tiny needles. Moreover,
the ES generated by the sf-TENG performed as a “protector” of
EGF, which can effectively compensate for receptor desensitiza-
tion by preventing glutathione’s decrease of EGF and increasing
the expression of its receptor in keratinocyte cells.105−107 The sf-
TENG was powered by a pigskin-encased mechanical linear
motor, which resulted in an open-circuit voltage (VOC) of
approximately 20 V, a short-circuit current (ISC) of about 1 A,
and a short-circuit transmitted charge (QSC) of about 11 nC
(Figure 11c). In order to assess the role of mn-STESS in
enhancing the pharmacodynamics of EGF and wound healing,
two CMNPs were attached on opposite sides of the wound to
prevent further injury to the wound site and established the full-
thickness mouse skin wound (Figure 11d). As shown in Figure
11e, all treated groups had better healing results than the pure
EGF group (termed as CD in the figure) did. Among those
shown in Figure 11f,g, the application of mn-STESS resulted in

higher first 6-day healing rates (18% and 36% higher than in the
CMNP and ES groups, respectively). Moreover, the results of a
hematoxylin and eosin (H&E) staining test demonstrated that
the mn-STESS group presented an even better wound healing
quality, with more new vessels (NVs) and hair follicles (HFs)
compared to the other groups. All the results demonstrated the
potential of TENGs-based ES as an effective adjuvant to
enhance the healing effect of therapeutic drugs.
Combination of TENGs-Based ES with Various Phys-

iotherapeutic Approaches to Facilitate Wound Healing.
In addition to utilizing TENG-based ES as a standalone
approach for enhancing wound healing, several physiother-
apeutic techniques, including light heating and active ROS
elimination, have been combined with TENG-based ES to
develop more precise and controllable methods with broader
potential for accelerating wound healing.14,108−110 For example,
Du et al. developed a dual-functional TENG-based electric skin

Figure 12. TENG-based electric skin patch for wound healing by synergistically combining ES and photothermal heating capability. a)
Schematics showing the application of the developed dual-functional TENG-based E-skin patches on the wound. b) The photothermal
capability of the developed TENG-based patches under an 808 nm NIR laser at 0.5 W cm−2. c) The output performance of the developed
patches with different concentrations of PPy, thickness, and hydrogel area. d) Photographs showing the developed patches in their natural,
stretched, curled, and twisted forms. e) Photographs of the in vivo wound healing efficacy of different tested groups (control, NIR, TENG, and
NIR+TENG) for 11 days. f) Quantification of wound closure rates of different tested groups. Reproduced with permission from ref.40 Copyright
2021 Elsevier.
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patch using ES and photothermal heating to accelerate the
process of wound healing synergistically, which showed
promising results in reducing wound area in a full-thickness
wound model on mice.11 As shown in Figure 12a, encapsulating
conductive and photothermal composite hydrogels of poly-
pyrrole (PPy) and aqueous F127 into silicone rubber resulted in
the establishment of E-skin patches, which can exert high
efficiency in converting light into heat, high conductivity, and
shape adaptability. As shown in Figure 12d, the tensile strength
of the packed TENG patches was comparable to that of the pure
Ecoflex film, coming in at about 200 kPa with a strain at break of

around 300%, which can meet the requirements of a wearable
device for wound healing. The output voltage increased from 5.4
to 7.6 V with PPy percentage increased from 0 to 30%, which can
be attributed to the decrease of e-skin patch electrolyte (Figure
12c, image i). Moreover, increasing Ecoflex sealant thickness
resulted in a lower open-circuit voltage, and an expansion of the
hydrogel’s surface area leads to greater VOC (Figure 12c, images
ii & iii). Besides, as a dual-functional patch, another distinguish-
ing feature is their photothermal capability. 0.5 W cm−2 of
irradiation from an 808 nm Near Infra-Red (NIR) laser was
adopted to measure TENG E-skin patch photothermal heating

Figure 13. A TENG-based HAP/SN-NR skin patch capable of generating ES and removing ROS for accelerating wound healing. a) The
composition of the developed TENG-based patch. b) Design of the TENG module. c) The work process of the patch for generating ES to
facilitate wound healing. d) Themotion-driven, online electrical signal monitoring schematic for the robot. e) PNPs with capability of removing
excessive ROS by scavenging DPPH free radicals. f) The pH-responsiveness of the developed patch to release PNPs to perform ROS-clearance
to repair injured human dermal fibroblasts. g) The potential and the current can be converted by the bending and stretching of theHAP/SN-NR
patch on the robot hand. h) Images of SD rat wounds with no therapy (negative control), Tegaderm film (positive control), and HAP/SN-NR
patch (experimental group) for 15 days. (i) Experimental chronology and a schematic of applying HAP/SN-NR patch to rat wounds. j) The
quantized wound healing rate. Reproduced with permission from ref.113 Copyright 2021 Wiley-VCH.
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curves. As shown by the plots in Figure 12b, the temperature of
the patch quickly rose over time, and when compared to the
patch without PPY, the temperature of the one with PPY was
26.5 ○C higher. As demonstrated in Figure 12e,f, a full-thickness
wound model was established in mice to assess the efficacy of the
dual-functional TENG-based electric skin patch on wound
healing, with the TENG group showing significant reduction in
wound area and the NIR+TENG group exhibiting the greatest
results, proving that TENGs-based ES can be well-combined
with other physiotherapeutic approaches to accelerate the
wound healing process effectively.

The presence of reactive oxygen species (ROS) at wound sites
can impede the healing process, cause intense inflammation, and
reduce the ability of endogenous stem cells and macrophages to
regenerate skin tissue. Consequently, the suppression of ROS
levels at wound sites is essential for promoting wound
healing.111,112 TENGS-based ES can be combined with the
active ROS elimination to obtain a better wound healing effect.
Recently, Yuan et al. designed a dual-functional TENG-based
patch that generates electric fields to promote angiogenesis and
fast skin repair while also removing ROS using polydopamine
nanoparticles, which was successfully tested on rats to accelerate
wound healing.113 As illustrated in Figure 13a, the developed
HAP/SN-NR patch was constructed by layer-by-layer (LBL)
self-assembling of 2-hydroxypropyltrimethylammonium chlor-

ide chitosan (HTCC), alginate (ALG), and polydopamine
nanoparticles (PNPs), with self-powered nanogenerator (SN).
The SN layer in the top of HAP/SN-SR can create an electric
field with the necessary strength, which is advantageous for
angiogenesis and fast active skin repair, as shown in Figure 13c.
The self-powered nanogenerator contains a power-supply
module and an electrode module. As shown in Figure 13b, the
power-supply module’s friction layers are made of polytetra-
fluorethylene (PTFE) and aluminum (Al) films since the
triboelectric properties of these two materials are noticeably
different. Moreover, the poly(vinyl chloride) (PVC) substrate
was coated with the liquid metal (LM) composed of GaInSn for
the electrode module. As shown in Figure 13d, the robot hand
was utilized for continuously bending and stretching HAP/SN-
NR patch to evaluate the output performance. When the robotic
finger starts to bend, HAP/SN-NR, which is connected to an
electrochemical workstation for online monitoring, can produce
the normal voltage and current (Figure 13g). Besides, PNPs
showed the capability of removing excessive ROS by scavenging
2,2-diphenyl-1-picrylhydrazyl (DPPH) free radicals (Figure
13e). Due to the electrostatic interactions between HTCC
and ALG, the developed HAP/SN-NR patch showed pH-
responsiveness that can release PNPs. Specifically, as the pH
value of the wound environment changed from neutral to mildly
acidic, PNPs in the bottom layer of the patch can be released into

Figure 14. Implantable self-powered electrical stimulator for promoting bone tissue repairing. a) The structure of implanted TENGdevice. b, c)
The SEM images of the linear structures onAl film and on PTFE film, the nanostructured arrays formed on PTFEwere dense and homogeneous.
d) After seeding for 1 and 6 h with and without TENGs-based ES, MC3T3-E1 cells were stained with phalloidin (red) and DAPI (blue), scale
bar: 200 μm. e) The output voltage, current, and transferred charge of TENG with and without rectification; the inset image is the output
performance after rectification. f) After stimulation for 1, 3, and 6 h, the relative quantity of attachedMC3T3-E1 cells was 44.68%, 72.76%, and
22.22% greater than the control group, respectively (*p < 0.05, n = 10). g) After stimulation for 1, 3, and 6 h, the relative total attachment areas
of MC3T3-E1 cells were determined. The TENGs-based ES treatment group outperformed the control group by 78.37%, 29.05%, and 3.06%,
respectively (**p < 0.01, n = 10). h) After 3 and 5 days of stimulation, MC3T3-E1 cells proliferated 23.82% and 15.18% higher than the control
group, respectively (*p < 0.05, **p < 0.01, n = 4). (i) The electrical stimulator and interdigitated electrode are shown schematically.
Reproduced with permission from ref.116 Copyright 2019 Elsevier.
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the damaged areas to perform ROS-clearance capability to repair
injured human dermal fibroblasts (Figure 13f). As demonstrated
by the plots in Figure 13e, 2,2-diphenyl-1-picrylhydrazyl
(DPPH) free radicals can be scavenged by the PNPs of different
concentrations. The healing efficacy of the developed HAP/SN-
NR patch was evaluated by creating 7 mm circular wounds on
the backs of SD rats and monitoring the wound closure rates
over time, as depicted in Figure 13i,j, which demonstrated that
wounds treated with the patch healed nearly completely after 10
days, with significantly higher closure rates of 55.7%, 80.0%, and
99.6% at day 5, day 10, and day 15, respectively, compared to
other tested groups, thus indicating the practical potential of the
combination of TENG-based ES with ROS elimination for
promoting wound healing.
TENGs-Based ES for Tissue Repair Promotion. As we

discussed above, TENGs-based ES can accelerate wound
healing on skin by enhancing migration and proliferation of
fibroblast cells.114 Interestingly, TENGs-based ES regulated cell
modulation is also beneficial for tissue repairing, such as
promoting cell pulsation, osteoblasts proliferation and adhesion,
and proliferation and migration of fibroblasts.50 Recently,
utilizing TENGs-based ES for tissue therapeutic applications
has also been developed with a number of achievements
obtained. In this section, we briefly summarize the recent
progress of TENGs-based ES for tissue repair promotion.

TENGs-Based ES for Promoting Proliferation of
Osteoblasts. Osteoporosis, a metabolic bone disease charac-
terized by low bone mass and bone tissue degeneration, can
result in an increased risk of bone fractures in the hip, spine, and
forearm.115 A potential solution to this problem was proposed
by Tian et al. in 2019, who introduced an implantable TENG
device that promotes adhesion, differentiation, and proliferation
of osteoblasts in the human body.116 The TENG was composed
of two triboelectric layers and electrodes, as shown in Figure 14a.
Aluminum (Al) and polytetrafluoroethylene (PTFE) film serve
as friction layers, as these materials possess markedly different
triboelectric properties that enable high output performance. To
enhance the device’s output performance, the Al film was
polished with sandpaper to achieve linear microstructures, as
shown in Figure 14b. Furthermore, PTFE thin film was treated
with ICP (inductively coupled plasma-reaction ion etching) to
create nanostructure arrays that increase the effective contact
area and contact electrification (Figure 14c). To measure the
output performance of the TENG, a linear motor with constant
vertically compressive force was used, and the device’s output
voltage, current, and transferred charge were measured. Without
rectifying, the output voltage, current, and transferred charge
were approximately 100 V, 1.5 μA, and 21 nC, respectively
(Figure 14e). To create a self-powered electrical stimulator, as
illustrated in Figure 14i, the TENG was combined with a
rectifier bridge and flexible electrode. To maintain the device’s

Figure 15. Fully bioabsorbable natural-materials-based triboelectric nanogenerators (BN-TENGs) accelerate the beating rates of
cardiomyocyte clusters for cardiac disorders, such as bradycardia and arrhythmia. a) NBPs with diverse raw materials sources. b) Structure
illustration of BN-TENG device. c) Output voltage and current of BN-TENG. d) Cell viability of L929 cells cultured on NBPs film for 3 days. e)
Schematic diagram of the BN-TENG electric system. f) Image shows cardiomyocytes cultivated on the surface of an interdigital electrode. The
four distinct cardiomyocyte clusters are shown by the red circles (C1, C2, C3, and C4). g) Before and after electric stimulation, pause duration
between the two beating cycles of cardiomyocyte cluster. h) Active period for a cardiomyocyte cluster’s one cycle of beating before and after
electric stimulation. (i) Before and after BN-TENG electric stimulation, the beating rates of the four cardiomyocyte clusters. Reproduced with
permission from ref.117 Copyright 2018 Wiley-VCH.
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flexibility and stability, a poly(ethylene terephthalate) (PET)
substrate was used for interdigitated electrodes, and a flexible

PDMS layer was used to package the entire device. For the
TENGs-based ES experiment, MC3T3-E1 cells were selected as

Figure 16. TENGs-based electric stimulation combined with engineered conductive scaffolds for neural differentiation of MSCs cells. a)
Schematic illustration of TENGs construction. b) TENGs current output stability experiment in 4000 s (about 3360 pulses). c) The output
performance of the TENG, including voltage, current, and transferred charge. d) The output performance of TENG driven by walking steps. e)
After being cultured under electric stimulation (c, d) and conditions without TENG electrical stimulation (a, b), cells were immunostained with
(1) DAPI (Blue), (2) Tuj1 (red, cy3), (3) GFAP (green, FITC) for the nucleus and neural-specific antibodies for 21 days on rGO-PEDOT
microfiber (a, c) and 15% rGO-PEDOT hybrid microfiber (b, d). f, g) qPCR analysis of the cell expression levels of Tuj1 (f) and GFAP (g)
neural-specific genes on rGOmicrofibers and 15% rGO-PEDOT hybrid microfibers. Reproduced with permission from ref.120 Copyright 2016
American Chemical Society.
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the model cell to provide reliable support for the application in
bone tissue regeneration. For the adhesion experiment, after
being TENGs-based ES stimulated for 1, 3, and 6 h, phalloidin
and 4′,6-diamidino-2-phenylindole (DAPI) were used to stain
the cell cytoskeleton and nucleus to red and blue, respectively.
The immunofluorescent staining pictures demonstrated that
MT3T3-E1 adhered normally after seeding, as shown in Figure
14d. The statistical analysis of the areas and quantity of attached
cells (Figure 14f,g) revealed that the quantity of attached cells
was higher than the control group for 1, 3, and 6 h, respectively.
Additionally, the whole spreading areas were greater after 1, 3,
and 6 h of TENGs-based ES, respectively. These results suggest
that TENGs-based ES can significantly impact the adhesion and
spreading area of MC3T3-E1 immediately after seeding.
Regarding proliferation activity, on day 1, there were no
noticeable differences between the groups that received TENG-
based ES and the control group. However, on days 3 and 5, the
cell count in the TENG-based ES group was significantly higher
than in the control group, as revealed in Figure 14h. These
results clearly demonstrate the potential of TENG-based ES in
promoting bone cell proliferation. Overall, these findings
suggest that TENG-based ES could effectively promote bone
tissue repair by enhancing adhesion, proliferation, and differ-
entiation of osteoblast progenitor cells, thereby offering
therapeutic avenues for osteoporosis treatment.
TENGs-Based ES for Promoting Beating Rates of

Cardiomyocyte. In 2018, Jiang et al. introduced a natural-
materials-based triboelectric nanogenerator (BN-TENGs) for
the treatment of heart diseases such as arrhythmia and
bradycardia.117 The BN-TENGs system was designed to
promote the beating rates of dysfunctional cardiomyocytes
and enhance the consistency of cell contraction. To achieve this,
natural bioresorbable polymers (NBPs), including silk fibroin
(SF), chitin, cellulose, rice paper (RP), and egg white (EW),
were utilized as triboelectric materials, as illustrated in Figure
15a. The friction layers were composed of any two NBPs, while
the electrodes were made of ultrathin Mg films. Moreover, SF
films were used as encapsulation layers to shield BN-TENG
from the outside environment (Figure 15b). In order to measure
the output performance of the TENG, SF and RP were chosen as
the friction layers. The voltage and current generated by the BN-
TENG were 34 V and 0.32 μA, respectively, as shown in Figure
15c. To evaluate the biocompatibility of the NBPs films, L929
cells and five NBPs films were cultured for 1 to 3 days. The
results showed that the NBPs films did not affect the growth and
proliferation of L929 cells, confirming their excellent bio-
compatibility (Figure 15d). To demonstrate the feasibility of
utilizing BN-TENG for modulating the beating of cardiomyo-
cytes, the BN-TENG was integrated with rectifier and
interdigital electrode to fabricate a self-powered stimulation
system, as shown in Figure 15e. Primary cardiomyocytes were
cultured on the surface of the electrodes, which formed isolated
cardiomyocyte clusters (C1, C2, C3, and C4) through gap
junction protein interconnections, as depicted in Figure 15f.
After 48 h of culture without BN-TENG-based electrical
stimulation, the cardiomyocyte clusters exhibited slow beating
with significant pauses. However, after the application of
electrical stimulation by BN-TENG, the beating rates of the
cardiomyocyte clusters (C1, C2, C3, and C4) increased
significantly. In particular, the average cease duration between
two beating cycles of the cardiomyocyte cluster reduced from
1.382 to 0.606 s in C1 cluster after electrical stimulation, as
shown in Figure 15g. The average contraction duration in a

single cycle was also reduced from 0.320 to 0.240 s, as illustrated
in Figure 15h. These findings indicate that the BN-TENG
electric stimulation can significantly increase the beating rates of
cardiomyocytes. Figure 15i summarizes the beating rates of the
four clusters after BN-TENG electric stimulation, demonstrat-
ing that the beating rates of all clusters were significantly
increased, particularly for C2 and C3. These results suggested
that the biocompatible BN-TENG can enhance the beating rates
of dysfunctional cardiomyocyte clusters and improve the
consistency of contraction, providing a promising and effective
treatment for cardiac disorders, such as bradycardia and
arrhythmia.
TENGs-Based ES for PromotingNeural Differentiation.

Nerve injuries affect millions of people, resulting in significant
financial burden and suffering.118 One of the critical
components in nerve tissue engineering (NTE) is the
development of engineered conductive scaffolds, which play a
crucial role in repairing and regenerating neural systems.118,119

These scaffolds must have characteristics that promote
mesenchymal stem cell (MSC) differentiation into neural
cells. However, the differentiation effect mediated by the
scaffold is limited. In 2016, Guo et al. developed a differentiation
system, including a highly effective triboelectric nanogenerator
(TENG) and a poly(3,4-ethylenedioxythiophene)-reduced
graphene oxide (rGO) hybrid microfiber scaffold, for synergisti-
cally promoting MSC differentiation into neural lineage.120 The
rGO-poly(3,4-ethylenedioxythiophene (PEDOT) microfiber
not only served as a scaffold for enhancing MSC differentiation
but also acted as a medium to conduct electric stimulation
generated by the TENG. Figure 16a shows the TENG device
established on two PMMA substrates to achieve portability, low
cost, and decent strength. The device operated in contact-
separation mode by four springs with Kapton and aluminum as
two friction layers. A layer of copper film was sandwiched
between the Kapton film and the PMMA substrate on the
bottom, while the copper film on the other side was fixed on the
substrate with a buffer sponge to stabilize the TENG. The
output performance of the TENG was evaluated using a Keithley
2400 system electrometer and an SR570 low-noise current
amplifier. The TENG generated an induced voltage of
approximately 300 V, a short-circuit current of +30 and −20
A, and a transferred charge of around 18 nC during one circuit
(Figure 16c). Furthermore, the output performance remained
stable after 3360 pulses, indicating that the TENG has excellent
electric output performance stability, as shown in Figure 16b. In
addition, the researchers examined the output performance of
the TENG when driven by walking, as depicted in Figure 16d.
The TENG generated a voltage of approximately 300 V
(reaching up to 340 V), with a peak short-circuit current of
+30 and −28 A and a transferred charge of roughly 20 nC per
cycle. Moreover, the TENG output current remained stable
without any degradation after 4500 pulses, indicating that the
TENG driven by human walking has excellent stability. To
assess the differentiation of MSCs in vitro, the researchers set up
four groups: two control groups consisting of rGO microfibers
and 15% rGO-PEDOT microfibers without TENG-based ES
and two experimental groups of the same microfibers with
stimulation treatment (3000 pulses/day). Before the experiment
began, all MSCs were cultured under normal conditions to
ensure proper adhesion to the microfibers. After attachment, the
control and experimental groups were cultured, respectively,
with normal conditions and TENG-based ES treatment for 21
days. To evaluate the density and distribution of MSCs cells, the
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samples were stained with DAPI, which revealed no significant
differences between the rGO microfiber and the 15% rGO-
PEDOT hybrid microfiber (Figure 16e-a1 to 16e-d1). To assess
the effect of inherent materials characteristics and TENGs-based
ES on neural differentiation, immunostaining was used to
measure the expression of two neural special markers, Tuj1 for
neuron cells and GFAP for glial cells. Without TENGs-based ES,
Tuj1 expression was minimal in the cells attached to the rGO
microfiber (Figure 16e-a2), whereas Tuj1 expression was
moderate in the 15% rGO-PEDOT hybrid microfiber (Figure
16e-b2). However, GFAP expression on 15% rGO-PEDOT
hybrid microfibers (Figure 16e-b3) and rGO microfibers
(Figure 16e-a3) showed no significant distinction. The results
suggested that the rGO-PEDOT microfiber can promote the
expression of Tuj1, indicating that the 15% rGO-PEDOT
microfiber can promote the neutral differentiation of MSCs
cells. With TENGs-based ES, both Tuj1 and GFAP expression
in cells on the 15% rGO-PEDOT microfiber increased
considerably compared to rGO microfibers. Furthermore,
gene expression levels of Tuj1 and GFAP were estimated to
confirm the staining findings. The quantitative polymerase chain
reaction (qPCR) results depicted in Figure 16f,g indicate that
Tuj1 expression on the 15% rGO-PEDOT microfiber was 1.68-
fold higher than that on the rGO microfiber, and there was a

significant 1.5-fold increase in GFAP expression as well. These
findings strongly suggested that TENGs-based ES can effectively
promote the neural differentiation of MSCs cells.

APPLYING TENGS-BASED ES FOR ENHANCING
TRANSDERMAL DRUG DELIVERY
Transdermal drug delivery (TDD) has gained recognition as a
noninvasive, convenient, and painless medical technique for
systemic therapy; however, the skin’s barrier function limits its
effectiveness.3,121,122 ES, primarily in the form of iontophoresis
and electroporation, has been shown to be effective in
overcoming this barrier. Nevertheless, the requirement for
significant and expensive energy sources has hindered ES’s
application.123−125 Fortunately, TENGs have emerged as a
promising and self-powered power source for offering ES to
promote TDD due to their durability, portability, and cost-
effectiveness.29,126

TENGs-Based ES for Realizing Iontophoresis Therapy.
The TDD technique is limited by the skin’s barrier function,
hindering the delivery of medical compounds for systemic
therapy. Iontophoresis, primarily using electric current, has been
an effective strategy to enhance TDD, but the need for massive
and pricey energy power has limited its application. Therefore, a
more sustainable, portable, and cost-effective approach, such as

Figure 17. Applying TENGs-based ES for realizing iontophoretic TDD. a) Schematic illustration of the self-powered, on-demand transdermal
drug delivery system based on TENG-based ES. b) The promoted drug release from the transdermal patch under the effect of TENG-based ES.
c) The schematics of the proposed transdermal patch. d) Drug release can only be triggered under the effective voltages generated by TENG. e)
The schematics of the rotary TENG. f) The output performance of TENG. g) Amount of drug that penetrates the porcine dermis after being
released from the patch. h) Cross-section fluorescent images of the porcine skin demonstrating the TENG-based ES can induce the best
transdermal drug behavior. Reproduced with permission from ref.41 Copyright 2019 Elsevier.
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TENG-based ES, is necessary to overcome the limitations of
iontophoresis and promote TDD. For instance, a TENG-based
transdermal drug delivery system with enhanced delivery
efficiency was proposed in 2019, employing TENG-based ES
to trigger drug release and iontophoretic TDD, showing better
drug release and transdermal ability compared with the control
group and the conventional power group, as shown in Figure
17a.41 Specifically, the system was composed of three parts:
TENG, power management circuit, and transdermal patch (drug
repository and iontophoresis patch). As shown in Figure 17c, the
transdermal patch was a screen printed electrode (SPE)
combing a round drug-loaded PPy-coated electrode A and an
annular counter electrode B. In response to ES, the drug
molecules that were originally incorporated in the PPy coating
can be released. Simultaneously, the iontophoretic function of
the transdermal patch can be activated under ES. The TENG
consisted of a rotator and a stator (Figure 17e). When the
TENG was driven by a motor, the resultant open-circuit voltage
(as high as 250 V) could be converted by the power
management circuit to desired DC voltage (within 0.8−1.5 V)
for drug release and iontophoresis therapy (Figure 17f). When
the rotary TENG was manually operated for 3 min, the adjusted
DC voltage can be maintained for about 20 min. In order to
evaluate the ES-triggered drug release from the patch, TENG
was operated for 3 min each time. Thus, the drug-loaded
transdermal patch had the effective voltage for 20 min and
followed by a 60 min period with no voltage applied, as

illustrated in Figure 17b. The results showed that the drug
release can only be triggered when the effective voltages were
generated by the TENG and applied on the transdermal patch
(Figure 17d). Porcine skin was employed as an ex vivomodel to
evaluate the iontophoretic TDD performance. 6-Carboxyfluor-
escein (FLU) was loaded into PPy to facilitate the visualization
of release behavior. The TENG-based ES group exhibited
superior drug release and transdermal ability than the control
and conventional power groups, as evidenced by fluorescent
images. These results indicated the potential of TENGs-based
ES for realizing iontophoresis therapy and promoting TDD.

While the above-mentioned TENG-based transdermal patch
exhibited favorable transdermal properties, manually operating
the rotary TENG may prove inconvenient for patients with
limited mobility. To address this issue, Wu et al. developed a
wearable TENG that can convert biomechanical motions into
electricity using a hydrogel-based soft patch, thus facilitating
iontophoretic TDD, as shown in Figure 18a.42 The TENG can
be constructed in a variety of form factors and installed on
various body regions to harvest electrical energy from
biomechanical actions and achieve maximal patient compliance
(Figure 18b). As illustrated in Figure 18c, the four components
of the TENG were Al as the triboelectric material and electrode,
PTFE as another triboelectric material, poly(ethylene tereph-
thalate) (PET) as the substrate, and Kapton as the bracket. The
drug patch was comprised of two adjacent hydrogel cells and two
carbon-cloth electrodes placed in a polydimethylsiloxane

Figure 18. A wearable TENG-based drug iontophoresis patch for promoting TDD. a) Schematic of TENG-based TDD system composed of
wearable TENG and iontophoresis patch. b) Examples of wearable TENGs. c) The structure of wearable insole TENG. d) Schematic of the
hydrogel-based iontophoresis patch structure. e) Photograph of the experimental setup with a linear motor simulating the movement of the
feet. f) Representative electrical outputs of the insole TENG. VOC is open-circuit voltage, QSC is short-circuit charge transfer, and ISC is short-
circuit current. g) Photograph and fluorescence images of the R6G-containing hydrogel drug patch on skin with TENG and without TENG
connection. h) Fluorescent cross-sectional histological images of skin after R6G delivery from the patch with TENG and without TENG
connection, scale bar: 50 μm. Reproduced with permission from ref.42 Copyright 2019 Wiley-VCH.
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(PDMS) framework (Figure 18d). For ankle injury, the drug
patch was placed at the ankle, and a wearable TENG was put
under the shoe. When the patient started walking, the TENG
was able to generate electrical energy and transfer it to the patch,
facilitating drug penetration through the skin. The typical output
performance of the TENG was illustrated in Figure 18f. It had an
open-circuit voltage of about 1200 V, a short-circuit charge
transfer of about 370 nC per cycle, and a short-circuit current of
about 20 A at 2 Hz. To evaluate the transdermal performance of
the TENG-based iontophoresis patch, R6G was loaded as the
model drug in the hydrogel patch and applied to pig skin (Figure
18e). The fluorescent images in Figure 18g demonstrated that
the fluorescence of R6G transported to the skin from the TENG-
based patch was more obvious compared to the control group.
Cross-sectional histological pictures were also collected,
providing stronger evidence that the TENG-based patch
delivered more R6G into the skin with deeper penetration, as
shown in Figure 18h. These results demonstrate that the

developed wearable TENG-based iontophoresis patch has an
excellent effect in enhancing iontophoresis therapy and TDD.
TENGs-Based ES for Inducing Electroporation for TDD.

Electroporation is a promising method for achieving trans-
dermal drug delivery and enabling active molecules to enter
cells.127 However, the high voltage required during electro-
poration can generate irreparable holes in cell membranes,
causing permanent cell damage and death.61 Therefore, there is
a necessity to develop a more gentle and controllable
electroporation method that can deliver drugs into cells
effectively without causing permanent damage. This is where
TENGs-based ES comes in as a potential solution that can
provide a lower voltage alternative for electroporation therapy
and allow for more precise control over the electric field to
achieve optimal drug delivery without causing damage to the
cells. Recently, Liu et al. proposed an electroporation TDD
system by employing TENG-based ES, which combined
wearable TENG and an array of silicon nanoneedles electrode

Figure 19. Electroporation TDD patch enabled by TENG-based ES. a) Schematic illustration of the proposed electroporation TDD system by
employing TENG-based ES, which combined wearable TENG and the array of silicon nanoneedles electrode. b) The simulation of the electrical
field distribution of the nanoneedle array when 20 V was applied. c) Photograph of the electroporation transdermal drug delivery system. d)
The output performance of freestanding TENG driven by finger friction or hand clapping. e) Fluorescence images of cross-section tissue for
drug-FITC delivery after different treatments. Reproduced with permission from ref.33 Copyright 2019 Wiley-VCH.
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to reduce cell damage by enhancing the localized electric field.33

As illustrated by the schematics in Figure 19a, a rectangular
TENG in contact-separation mode was attached to human arm
skin and driven by finger friction or hand slapping, and a array of
silicon nanoneedles was attached to the skin of mice to realize
transdermal drug delivery and penetration augmentation. The
results of the electrical field in Figure 19b demonstrated that,
when the wearable TENG output was 20 V, the enhanced
electric field was limited to the tip of microneedles (up to about
2800 V cm−1). In vivo, mice models were utilized to assess the
performance of an integrated TENG patch designed for
electroporation TDD, as depicted in Figure 19c. The fluorescent
images of cross-sectional tissue (Figure 19e) showed that the
drug-FITC (FITC = fluorescein isothiocyanate) was effectively
delivered to the back skin of mice at a depth of approximately 23
μm, which was superior to that achieved by a flat electrode with
ES based on TENG (11 μm) and a nanoneedle array without
TENG-ES (6 μm). These results indicated that the TENG-
based electroporation patch, which combined a freestanding
TENG and an array of silicon nanoneedles, can efficiently
induce electroporation TDD by facilitating drug penetration
into deep skin while avoiding permanent cell damage and death.
Electrophoresis Enabled by TENGs-Based ES Integrat-

ingwithMicroneedles for TDD.The use of microneedles can
enhance the efficiency of transdermal drug delivery by creating
tiny holes in the skin. However, when used alone, microneedles

have limited ability to deliver a wider variety of medications and
biomolecules. Thus, combining microneedles with electro-
phoresis can further enhance the permeability of the lipid bilayer
and facilitate the transport of a broader range of therapeutic
agents into the skin. The addition of TENGs-based ES can
further amplify the electric field and promote drug migration,
enabling the realization of a more efficient and versatile
electrophoresis therapy.128,129 Recently, Bok et al. proposed an
integrated system of salmon DNA (SDNA)-based microneedles
and TENG-based electrophoresis for transdermal drug delivery,
which demonstrated enhanced efficiency compared to the
control group without TENG-based electrophoresis.130 As
illustrated in Figure 20a, the structure of this integrated system
had two parts: the SDNA microneedles patch containing drug
molecules and TENG (polymer film) for electrophoresis. When
the drug-loaded SDNA microneedles reached the stratum
corneum (Figure 20a, image i), they started to disintegrate and
release the drug molecules into the skin (Figure 20a, image ii).
Then, the ES generated by contact-separation mode TENG was
coupled to a microneedles array for perturbating the lipid bilayer
by electrophoresis. Figure 20d depicts the working mechanism
of the TENG to help with understanding the triboelectrification
based on the SDNA film. Specifically, in the initial state, there
was a gap between the SDNA and polymer films. The SDNA and
polymer films changed from neutral to positively and negatively
charged, respectively, when the two films were pressed together.

Figure 20. TENGs-based electrophoresis integrated with microneedles array can promote drug transdermal delivery. a) The coupling of the
triboelectricity generated by vertical vibration with SDNA microneedles containing drug molecules. b) Output voltage of the TENG with
Polyimide-SDNA. c) Output voltage of the TENG with Teflon-SDNA. d) Schematic illustration of the working mechanism of the SDNA-based
TENG. e) Electrophoresis enabled by the TENG-based ES can improve the amount of the efficiency of TDD. Reproduced with permission from
ref.130 Copyright 2018 The Royal Society of Chemistry.
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When the contact surface started to separate, a potential
difference was created between the two pieces. Then when the
two films were drawn closer once again, the potential difference
was eliminated. AC voltage can be generated by repeating the
above process. To assess the output performance of TENG,
SDNA-polyimide and SDNA-Teflon films were utilized. As
shown in Figure 20b,c, the polyimide-SDNA film had an output
voltage of 80 V and the Teflon film had an output voltage of 100
V when subjected to an external force of 0.1 MPa. The
transdermal drug delivery performance of an integrated system
consisting of hydrogel derived from bovine skin as a model
tissue, SDNA-based microneedles, and TENG-based electro-
phoresis was evaluated, and the results showed that, after 60 min
of TENG-ES microneedle administration, 220 ng of the drug
was delivered, indicating that the combination of TENGs-based
ES with other techniques can greatly improve the efficiency of
TDD.

CONCLUSION AND PROSPECTS
In summary, we have outlined the recent progress in applying
TENGs-based ES as a versatile strategy for achieving
comprehensive therapeutic effects on multiple skin applications
(Table 1). The concepts of self-power and biocompatibility of
the TENGs-based ES will lead to better understanding in
fundamental science and propel advancements in biomedical
devices and applications. A plethora of emerging opportunities,
together with challenges, are briefly presented below (Figure
21).
In-Depth Study on the Therapeutic Mechanisms.

Despite the impressive therapeutic outcomes demonstrated by
TENGs-based ES in various skin applications, the underlying
biological mechanisms remain largely unexplored. The electric
conduction behavior of TENGs-based ES in a humoral
environment is more complex than in a metal environment
due to the presence of an electrochemical interface between the
electrode and the skin surface, and further investigation into this

Figure 21. Outlook, challenges, and future research opportunities. Reproduced with permission from ref.35 Copyright 2018 Elsevier.
Reproduced with permission from ref.40 Copyright 2021 Elsevier. Reproduced with permission from ref.131 Copyright 2018 Society of Plastics
Engineers. Reprinted with permission under a Creative Commons Attribution 4.0 International (CC BY 4.0) License from ref.132 Copyright
2022 Ye Lu et al., published by Nature. Reproduced with permission from ref.33 Copyright 2019Wiley-VCH. Reproduced with permission from
ref.42 Copyright 2019 Wiley-VCH.
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phenomenon is crucial for understanding the basic mechanisms
of TENGs-based ES.133,134 Additionally, although the anti-
bacterial effects of traditional ES have been well-established
through the induction of electroporation and other mechanisms,
the antibacterial mechanisms of TENGs-based ES have not yet
been thoroughly explored.35−37 Moreover, while TENGs-based
ES has been shown to enhance wound healing, the exact
mechanisms by which it stimulates fibroblast proliferation and
differentiation remain unclear.135 Furthermore, the mechanisms
by which TENGs-based ES modulates skin structure and
permeability to facilitate transdermal drug delivery are also
largely unaddressed, indicating the need for further research in
this area.51 Therefore, to advance our understanding of the
therapeutic effects of TENGs-based ES, it is important to
undertake further studies to investigate the biological mecha-
nisms involved. This may involve developing more sophisticated
experimental systems and integrating techniques from multiple
scientific disciplines to achieve a more in-depth characterization
of the relationship between biological therapeutic factors and
the electrical properties of TENGs-based ES.
Integration and Multifunction. The potential for

synergistic effects can be achieved by combining TENGs-
based ES with other methods. For example, the combination of
TENGs-based ES and Ag nanowires has been shown to enhance
antibacterial performance and photothermal heating capability,
leading to improved expression of EGF, re-epithelialization,
angiogenesis, and accelerated wound healing.36 This inspires the
integration of TENGs-based ES with other therapeutic
techniques such as ultrasonication in physiotherapeutic
strategies and photodynamic therapy in chemotherapeutic
strategies.136 Exploring synergistic effects through the combi-
nation of therapeutic techniques and TENGs-based ES has
significant implications for not only skin but also other
biomedical applications.

Moreover, the integration of TENGs-based ES with other
technologies, such as sensors and wireless communication, can
enable more advanced applications. For instance, TENGs-based
ES can be combined with sensors to monitor the healing of
wounds and provide real-time feedback to medical profes-
sionals.137 TENGs-based ES can also be integrated with wireless
communication technologies to enable remote monitoring and
control of the therapeutic treatment.138 Integration with other
technologies requires the development of advanced control
systems and communication protocols that enable seamless
integration of the different technologies.
Increasing Efficiency. The efficiency of electricity gen-

eration in TENGs is a crucial factor that will determine their
practical applications. Researchers are exploring various
approaches to improve the efficiency of TENGs-based
electricity generation systems. One approach involves optimiz-
ing the design of the TENG structure, including the materials
used and the pattern of the electrodes.36 Another approach
involves exploring the use of advanced materials, such as
nanomaterials and composites, to enhance electricity generation
efficiency.35 Additionally, researchers are exploring the use of
hybrid electricity generation systems that combine TENGs with
other technologies, such as piezoelectric and thermoelectric
generators, to increase the overall efficiency of the system.131

Miniaturization.Miniaturization of TENGs is another area
of active research. To be useful for therapeutic ES, TENGs need
to be small and lightweight, making them suitable for wearable
and implantable applications. Miniaturization of TENGs
requires the development of fabrication techniques and the

use of advanced materials to reduce the size of the device while
maintaining its efficiency. The use of flexible and stretchable
materials, such as polymers and elastomers, is also critical for the
miniaturization of TENGs, as they enable the devices to
conform to the skin surface and provide comfortable and
unobtrusive stimulation.39,54,55

Customization.One of the key advantages of TENGs-based
ES is its ability to provide personalized and customized
treatment.139 TENGs can be designed to match the specific
requirements of individual patients, enabling the development of
tailored therapeutic treatments. Researchers are exploring
various approaches to customize TENGs, including the use of
machine learning algorithms to optimize the design of the
TENGs for specific patients.140 In addition, the use of flexible
and stretchable materials in the fabrication of TENGs enables
customization by allowing the device to conform to the skin
surface.36

Advanced Materials. The development of advanced
materials is critical for improving the performance and durability
of TENGs. Researchers are exploring the use of various
materials, such as polymers, composites, and nanomaterials, to
improve the properties of TENGs.37 For instance, the use of
high-performance polymers, such as polyimides and polyur-
ethanes, can improve the mechanical and thermal properties of
TENGs, making them more durable and reliable.54 The use of
composites, such as carbon fiber composites and metal−
polymer composites, can also improve the electricity generation
efficiency and mechanical properties of TENGs devices.35

Additionally, the use of nanomaterials, such as graphene and
carbon nanotubes, can improve the electrical properties of
TENGs, making them more efficient and sensitive.141

Liquid−Liquid TENGs-Based ES. The utilization of
traditional TENGs for the generation of ES has typically been
based on a solid−solid interface. Despite their success, such
TENGs present several limitations including limited charge
transfer and concerns regarding biocompatibility. These factors
hinder the practical application of these TENGs in biomedical
applications. In response, the development of TENGs that
feature improved charge transfer and biocompatibility is of
utmost importance. Recently, the design of TENGs based on
solid−liquid interfaces has gained considerable attention.142

However, challenges such as limited contact area and
biocompatibility concerns remain. Recently, liquid−liquid
TENGs based on the immiscible interface of an aqueous two-
phase system (ATPS) have been developed with 100% contact
area and improved charge transfer.132 In addition, the ATPS can
avoid the use of oily phases, organic solvents, strong acids, and
alkalis with poor biocompatibility. Thus, it can provide a green
all-aqueous environment and endow superior biocompatibility
for the entire process, which enables the generation of ES in a
biocompatible manner. This type of TENG represents a
significant shift in the scientific study of TENGs-based ES.
Further investigation is needed to determine the best application
of these TENGs in skin and other biomedical applications.
Regulatory Approval. The regulatory approval of TENG-

based ES is critical for their widespread adoption in clinical
settings. To gain regulatory approval, TENGs need to be tested
and evaluated for their safety and efficacy.143 This requires the
development of standardized testing protocols and procedures
that enable consistent and reproducible evaluation of TENGs.
Additionally, regulatory approval requires the development of
manufacturing processes and quality control procedures that
ensure the safety and reliability of TENGs-based ES.
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Cost Reduction. One of the challenges in the widespread
adoption of TENGs-based ES for skin applications is the cost of
production. The cost of materials and fabrication processes can
be significant, particularly for customized or miniaturized
devices. Therefore, researchers are exploring various approaches
to reduce the cost of TENGs.144 One approach is to use low-cost
and abundant materials, such as polymers and metals, to
fabricate TENGs. Another approach is to develop scalable and
high-throughput manufacturing processes that can reduce the
cost of production. For example, researchers are exploring the
use of 3D printing and roll-to-roll printing to manufacture
TENGs at a lower cost.145,146 In addition, the integration of
TENGs with other technologies, such as sensors and wireless
communication, can also reduce the overall cost of the system by
enabling more efficient and targeted treatment.138

Clinical Trials. Clinical trials are critical for evaluating the
safety and efficacy of TENGs-based ES for skin applications. The
results of clinical trials can inform the development of TENGs
and guide their use in clinical settings.49 Clinical trials also
provide an opportunity to validate the personalized and
customized nature of TENGs-based treatments. Currently,
there are only a limited number of clinical trials involving
TENGs-based ES for skin applications. Therefore, there is a
need for more extensive and rigorous clinical trials to evaluate
the safety and efficacy of TENGs. These trials should involve a
diverse range of patients, including those with different skin
conditions, ages, and medical histories. Additionally, the trials
should evaluate the long-term safety and efficacy of TENGs,
particularly in the context of wearables and implants. The results
of these trials can provide valuable insights into the effectiveness
of TENG-based treatments and inform the development of
devices and treatment protocols.
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ABBREVIATIONS
ES, electric stimulation; TENG, triboelectric nanogenerator; G/
G, gelatin/glycerol; PTFE, polytetrafluoroethylene; EGF,
epidermal growth factor; FEP, fluorinated ethylene propylene;
TDDS, transdermal drug delivery system; TE, triboelectricity; S.
aureus, Staphylococcus aureus; E. coli, Escherichia coli; CuONW,
copper oxide nanowire; m-TENG, multilayered triboelectric
nanogenerator; CFFs, carbon fiber fabrics; Au−Te NWs, Au−
Te nanowires; SEM, scanning electron microscopy; RSSP,
recombinant spider silk proteins; SETENG, surface engineered
TENG; LDH, Mg−Al double hydroxides; LIEF, low-intensity
electric field; PET, poly(ethylene terephthalate); SD, Sprague−
Dawley; EF, electric field; iTENG, ionic TENG; Ecoflex-B,
borophene/ecoflex; B-TENG, fabric-based triboelectric nano-
generator; CF, carbon fiber; PDMS, polydimethylsiloxane;
PAAm-LiCl, polyacrylamide-LiCl; mn-STESS, microneedle-
based self-powered transcutaneous ES system; sf-TENG, sliding
free-standing triboelectric nanogenerator; CMNPs, composite
microneedle patches; cGel-cHA MNs, cross-linked gelatin and
cross-linked hyaluronic acid microneedles; NVs, new vessels;
HFs, hair follicles; PPy, polypyrrole; NIR, Near Infra-Red; ROS,
reactive oxygen species; LBL, layer-by-layer; HTCC, 2-
hydroxypropyltrimethylammonium chloride chitosan; ALG,
alginate; PNPs, polydopamine nanoparticles; SN, self-powered
nanogenerator; Al, aluminum; PVC, polyvinyl chloride; LM,
liquid metal; DPPH, 2,2-diphenyl-1-picrylhydrazyl; TDD,
transdermal drug delivery; SPE, screen printed electrode;
FLU, 6-carbox-yfluorescein; PET, poly(ethylene terephthalate);
PDMS, polydimethylsiloxane; SDNA, salmon DNA; ATPS,
aqueous two-phase system
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VOCABULARY
Triboelectric nanogenerators (TENGs), are a class of energy
harvesting devices that convert mechanical energy, typically
generated by human motion or environmental vibrations, into
electrical energy using the triboelectric effect. TENGs utilize the
contact and separation of materials with different electrostatic
properties to induce a flow of electrons, creating an electric
potential and generating usable electrical power. They offer a
promising avenue for self-powered systems, wearable elec-
tronics, and the integration of energy harvesting capabilities into
various devices and structures; Electrical stimulation (ES), is a
type of physical therapy modality or treatment used to
accomplish various tasks in physical therapy. It involves the
application of an electrical current through electrodes that are
either placed in close proximity to a wound on the skin or
inserted directly into the wound itself. This technique enables
medical professionals to administer external electrical signals to
wound tissue, which replicates the intrinsic bioelectrical
response to injury that occurs naturally within the body;
Transdermal drug delivery (TDD), refers to the administration
of therapeutic substances through the skin for systemic
distribution in the body. It involves the application of specially
formulated pharmaceutical products, such as patches or gels,
that enable the active drug molecules to permeate the outer
layers of the skin and enter the bloodstream. This route of drug
administration bypasses the gastrointestinal tract and provides
controlled, sustained release of the medication, allowing for
consistent therapeutic levels in the body over an extended
period;Antibacterial, refers to the property or characteristic of a
substance, treatment, or agent that is effective in inhibiting or
killing bacteria, which are microorganisms that can cause
infections and diseases. An antibacterial agent targets bacteria by
disrupting their growth, metabolism, or vital cellular processes,
thereby preventing their proliferation or directly causing their
death. This term encompasses a wide range of compounds,
including antibiotics, disinfectants, antiseptics, and other
antimicrobial substances, which are employed in various
medical, pharmaceutical, and hygiene applications to combat
bacterial infections and maintain cleanliness; Wound healing,
refers to the complex biological process by which the body
repairs and restores damaged or injured tissues. It involves a
series of coordinated events and cellular responses aimed at
closing the wound, restoring tissue integrity, and promoting
tissue regeneration. The process typically includes hemostasis
(blood clot formation), inflammation, proliferation (cellular
growth and migration), and remodeling (restructuring of the
healed tissue). Various factors, such as the type and severity of
the wound, the individual’s overall health, and external
interventions, can influence the speed and effectiveness of the
wound healing process
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