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Introduction

Implantable medical devices have revolutionized health care
by enabling continuous monitoring, targeted drug delivery, and
therapeutic interventions directly within the human body.'
However, one of the most critical challenges facing these
devices is their reliance on a stable and long-lasting power
source.* Traditional batteries, while effective in certain appli-
cations, present significant limitations when used in implant-
able devices.™° These limitations include finite energy capac-
ity, the need for periodic replacements or recharging, and the
potential risks associated with invasive surgical procedures
required for battery replacement.”® Furthermore, the minia-
turization of devices, combined with the demand for longer
operational lifespans, exacerbates the power supply issue, cre-
ating a significant barrier to the advancement of implantable
medical technologies.®!?

Nanogenerators represent a groundbreaking advancement
in the field of energy harvesting, with particular relevance to
implantable medical devices.®!""!> Over the past few decades,
the intersection of nanotechnology and biomedical engineering
has led to innovative solutions for powering medical implants,
addressing the limitations of traditional power sources such as
batteries.'® The development of nanogenerators is a response

t')

Check for
updates

Implantable nanogenerators for medical

Sang-Woo Kim, and Xudong Wang

Nanogenerators are emerging as a transformative technology in implantable medical devices,
offering new solutions to the challenge of powering these systems. This article delves into
the different types of nanogenerators, each with unique mechanisms and designs tailored for
compatibility with the human body. The selection of materials, from biodegradable to flexible
options, is critical in ensuring biocompatibility and long-term functionality. Nanogenerators
have demonstrated effectiveness across various human body systems and in treating different
types of diseases, significantly enhancing treatment outcomes. Additionally, the article
discusses the technical challenges related to material stability and power efficiency, while
also considering the future potential of these devices in advancing medical research.

to the growing demand for sustainable, efficient, and long-
lasting energy sources that can operate autonomously within
the human body.'*!® These devices harness energy from
biomechanical movements, temperature gradients, or even
biochemical processes, converting it into electrical energy
to power various biomedical devices.!” The concept of nano-
generators was first introduced by Z.L. Wang and his team in
2006, who demonstrated the feasibility of using the piezoelec-
tric effect at the nanoscale to generate electricity.'® 22 This
pioneering work laid the foundation for subsequent develop-
ments in the field, leading to the emergence of triboelectric
nanogenerators (TENGs) and piezoelectric nanogenerators
(PENGs).2?* Each type of nanogenerator exploits different
physical principles, making them suitable for a range of bio-
medical applications.?>%’

The significance of nanogenerators in the biomedical field
cannot be overstated.?®° Traditional batteries, despite their
widespread use, suffer from several limitations, including
limited lifespan, potential toxicity, and the need for periodic
replacement or recharging. In contrast, nanogenerators offer
a sustainable alternative, capable of continuously harvesting
energy from the body’s own movements, temperature fluc-
tuations, or biochemical reactions.>' 3 This self-sustaining
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IMPLANTABLE NANOGENERATORS FOR MEDICAL RESEARCH

energy source is particularly advantageous for implantable
devices, where replacing or recharging batteries can be inva-
sive, costly, and risky for the patient. In addition to their
energy-harvesting capabilities, nanogenerators also offer the
potential for real-time health monitoring.>*>® By integrating
nanogenerators with sensors, it is possible to create systems
that not only power themselves, but also monitor physiologi-
cal parameters such as heart rate, blood pressure, or glucose
levels.>”° This dual functionality positions nanogenerators
as a key technology in the development of next-generation
implantable medical devices.***?

The primary objective of this article is to provide a com-
prehensive overview of the current state of nanogenerators in
implantable medical science. One of the key areas of focus
is the design and engineering of nanogenerators for specific
biomedical applications.?>?%*} The human body presents a
unique set of challenges for any implantable device, including
the need for biocompatibility, mechanical flexibility, and dura-
bility.***’ Nanogenerators must be carefully designed to meet
these requirements while also delivering sufficient power to
operate medical devices over extended periods. This article will
explore the strategies used to optimize nanogenerator perfor-
mance, including the selection of materials, structural design,

and integration with existing biomedical technologies.*® 2 It

also discusses the potential applications of nanogenerators in
various medical fields. From powering pacemakers and neural
stimulators to enabling real-time health monitoring, nanogen-
erators have the potential to impact a wide range of medical
specialties.*®>? Finally, we will address the challenges and
future prospects of nanogenerators in implantable medical sci-
ence, including issues related to material stability, power out-
put, and long-term biocompatibility.’*> By identifying these
challenges and discussing potential solutions, this review aims
to provide a roadmap for future R&D in the field.'*¢

VOSviewer was used to generate citation and keyword
co-occurrence maps from the bibliographic data, as illus-
trated in Figure 1. The visualization reveals four distinct
clusters, each represented by a different color, corresponding
to various research themes. Prominent keywords such as
“biochemical energy,” “mechanical energy,” “piezoelectric
nanogenerator,” and “triboelectric nanogenerator” emerge as
the most significant topics. Key research areas for nanogen-
erators are centered around biomechanical and mechanical
energy conversion. These high-frequency keywords not only
spotlight the main areas of interest, but also indicate critical
aspects that warrant further exploration.
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The research progress and global influence of nanogenera-
tors have been analyzed through publications and their geo-
graphical distribution. Building on similar statistical methods,
the current advancements in implantable nanogenerators have
been evaluated from the inception of nanogenerator technol-
ogy in 2012 to the end of 2020 (Figure 2). Since 2013, the
number of related publications has consistently increased each

IMPLANTABLE NANOGENERATORS FOR MEDICAL RESEARCH

year (Figure 2a). Furthermore, the top four research institutions
based on publication volume are the Chinese Academy of Sci-
ences, Chinese ACAD SCI, Beijing Institute of Nanoenergy
and Nanosystems CAS, and Georgia Institute of Technology
(Figure 2b). Regionally, implantable nanogenerator research
has expanded across major countries, with China, the United
States, and South Korea leading the way (Figure 2c¢).
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Figure 2. Overview of the current research landscape on implantable triboelectric nanogenerators (TENGs) based on a literature
search from 2013 to the end of 2023 in the Web of Science (WOS) database. (a-c) Graphs illustrating the number of published papers
on implantable TENGs categorized by (a) publication year, (b) individual, and (c) country research institutions.
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Materials

The selection of materials for nanogenerators is a critical fac-
tor that determines their performance, biocompatibility, and
overall suitability for implantable medical applications.’”®
In the context of implantable nanogenerators, materials must
meet stringent criteria, including biodegradability, flexibility,
biocompatibility, and long-term stability.'>**3°=! This section
will explore these materials in detail, focusing on the distinc-
tions between biodegradable and nonbiodegradable materials,
flexible and nonflexible materials, and the importance of bio-
compatibility in ensuring safe and effective interactions with
biological systems.®?>%

Biodegradable versus nonbiodegradable materials
Biodegradable and nonbiodegradable materials serve differ-
ent purposes in the design of implantable nanogenerators.
Biodegradable materials are designed to break down or dis-
solve within the body over time, reducing the need for surgical
removal after their functional lifespan has ended. Nonbiode-
gradable materials, on the other hand, are intended for long-
term applications where permanent implantation is required.
The choice between these two types of materials depends
on the specific application and the desired duration of the
implant’s functionality.®¢-%

Advantages of biodegradable materials in biomedical
applications
One of the most significant advantages of biodegradable mate-
rials is the reduction in risks associated with long-term implan-
tation.®>%’ Because these materials naturally degrade within
the body, they minimize the potential for chronic inflamma-
tion, immune responses, and other complications that can arise
from prolonged exposure to foreign materials.”® This is par-
ticularly important in scenarios where the nanogenerator is
only needed for a temporary period, such as in postoperative
monitoring or short-term therapeutic applications. Biodegrad-
able materials can also promote tissue integration and regen-
eration, which is crucial for applications that involve inter-
action with biological tissues.%?> As the material degrades, it
can be designed to release bioactive molecules that encourage
cell growth and tissue repair, enhancing the healing process.
This is particularly beneficial in regenerative medicine, where
nanogenerators can be used to stimulate tissue growth while
simultaneously providing power for monitoring or therapeu-
tic functions.”! Shown in Figure 3a—f, considerable research
focuses on biodegradable materials.3®7>~7¢

Poly(lactic acid) (PLA) is one of the most widely used
biodegradable polymers in medical applications. It is derived
from renewable resources such as corn starch and sugarcane,
making it an environmentally friendly option. PLA degrades
into lactic acid, a naturally occurring substance in the body,
making it safe for use in implants. Xiao et al. introduces an
ultrasound-driven, fully biodegradable, and injectable tri-
boelectric nanogenerator (I-TENG) that uses PLA as the
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triboelectric layer to minimize infection and injury risks asso-
ciated with implantable medical devices, while also enhancing
cell migration and proliferation for improved healing.*®

Polycaprolactone (PCL) is another biodegradable polymer
commonly used in medical devices. It has a slower degrada-
tion rate compared to PLA, making it suitable for applica-
tions where longer-term functionality is required before the
material degrades. Kang et al. explores the use of a nature-
derived chi-carrageenan-agar (chi C-Agar) composite as a
high-performing triboelectric friction material in fully biode-
gradable TENGs.” The composite, optimized at 80 wt% chi
C, exhibits significantly enhanced electron-donating proper-
ties and biocompatibility. It generates high output and shows
minimal inflammation upon subdermal implantation, making
it promising for self-powered transient electronics.

Magnesium is a biodegradable metal that has gained atten-
tion for its potential in implantable devices. It degrades into
magnesium ions, which are naturally present in the body and
can be safely absorbed. Therefore, magnesium, with its excel-
lent biocompatibility and conductivity, is considered a highly
promising material for electrodes. Imani et al. introduces an
ultrasound-driven, biodegradable triboelectric nanogenera-
tor with magnesium electrodes, which eliminates deep tissue
microorganisms through electrical stimulation.”! It effectively
inactivates Staphylococcus aureus and Escherichia coli and
can dissolve on demand, preventing surgical site infections
without requiring surgical removal.

Poly(lactic-co-glycolic acid) (PLGA) is a promising mate-
rial for nanogenerators due to its biodegradability. As it breaks
down into lactic and glycolic acids, which are safely absorbed
by the body, PLGA is ideal for use in biomedical devices
where safe degradation is essential. Zheng et al. presents a
biodegradable triboelectric nanogenerator utilizing PLGA for
in vivo biomechanical energy harvesting.”* The BD-TENG
degrades and is resorbed by the body after use, generating
tunable electrical output to power micrograting electrodes
and facilitate nerve cell growth, showing promise as a power
source for transient medical devices.

Nonbiodegradable materials for long-term

application in implantable nanogenerators

Although biodegradable materials offer several advantages,
there are many applications where nonbiodegradable materi-
als are more suitable.*’ For long-term implantable devices
that require sustained functionality, nonbiodegradable mate-
rials provide the necessary stability and durability. These
materials are designed to remain inert within the body,
maintaining their structural integrity and performance over
extended periods.””””” Common nonbiodegradable materi-
als used in implantable nanogenerators include metals such
as titanium and platinum, ceramics such as alumina, and
polymers such as silicone. These materials are chosen for
their excellent biocompatibility, mechanical strength, and
resistance to corrosion. Their long-term stability ensures that
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the nanogenerator can continue to function reliably without
the need for frequent replacement or maintenance. Shown
in Figure 3g—1, a significant amount of research focuses on
nonbiodegradable materials. 48084

Flexible versus nonflexible materials

Flexibility is a crucial consideration in the design of implant-
able nanogenerators, especially when they are intended to
conform to the dynamic environment of the human body.®®
Flexible materials allow the device to bend, stretch, and twist
without compromising its functionality, making them ideal for
applications where the nanogenerator needs to be integrated
with soft tissues or organs. Nonflexible materials, although
less adaptable, provide structural support and stability, which
is essential in certain applications where rigidity is required.%

Importance of flexible materials in implantable
devices

The human body is a dynamic environment, characterized by
continuous movement and deformation of tissues. Implant-
able devices that are rigid or inflexible can cause discomfort,
restrict movement, or even lead to tissue damage over time.

Flexible materials address these challenges by allowing the
device to conform to the natural contours of the body, mini-
mizing the risk of adverse reactions and enhancing patient
comfort.®” Flexible materials are particularly important in
applications where the nanogenerator needs to be integrated
with organs or tissues that undergo significant movement,
such as the heart, lungs, or muscles. For example, a flexible
PENG can be wrapped around the heart to harvest energy
from its rhythmic contractions, whereas a flexible TENG can
be implanted in the skin to capture energy from everyday
movements. In these applications, the flexibility of the mate-
rial ensures that the nanogenerator can move with the body,
maintaining consistent energy output without causing irritation
or damage to the surrounding tissues.

Silicone is a highly flexible polymer that is widely used in
medical devices. Its excellent biocompatibility, flexibility, and
durability make it ideal for use in implantable nanogenerators.
Jiang et al. presents a compact, wearable self-charging power
unit integrating a triboelectric nanogenerator with MXene-
based microsupercapacitors, encased in a silicone rubber mod-
ule.® The device harnesses and stores energy from human
activities, with the microsupercapacitor achieving 23 mF/cm?
capacitance and 95% retention after 10,000 cycles, while the
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nanogenerator delivers a maximum output of 7.8 pW/cm?. The
silicone rubber enhances the device’s flexibility and integra-
tion with various electronic devices and sensors.

Poly(tetrafluoroethylene) (PTFE) is an excellent material
for nanogenerators used in internal implants due to its high
electronegativity. This property enhances its ability to gener-
ate electrical charges, making PTFE highly effective in con-
verting mechanical energy into electrical energy. Its biocom-
patibility and stability further ensure reliable performance
within the body. Liu et al. presents a bionic cochlear basilar
membrane acoustic sensor integrated with a triboelectric
nanogenerator.’’ The device features nine silver electrodes
on poly(tetrafluoroethylene) membranes, achieving high
frequency selectivity from 20 to 3000 Hz and self-powered
operation by harnessing sound-induced vibrations. This design
addresses the limitations of traditional cochlear implants and
offers a novel approach to managing sensorineural hearing loss.

Hydrogels are networks of polymer chains that can hold
large amounts of water, giving them a soft, gel-like consist-
ency. They are highly flexible and can be engineered to mimic
the mechanical properties of natural tissues, making them suit-
able for implantable nanogenerators. Zhang et al. introduces
conductive, injectable hydrogels for self-powered, electrically
responsive drug delivery.”® These hydrogels, modified with an
aniline tetramer and xanthan gum, exhibit high conductivity
(23.27 mS/cm) and enable controlled drug release when a volt-
age is applied. Additionally, the hydrogels show potential as
bioelectrodes and wearable drug carriers, while also serving
as a triboelectric material in a nanogenerator, producing an
output of 0.9-1.3 V for self-powered applications.

Although there are currently no standardized benchmarks
specifically addressing the softness of materials for implant-
able flexible nanogenerators, researchers frequently draw
upon established biocompatibility guidelines and the known
mechanical properties of human tissues. By referencing such
physiological parameters, researchers tailor materials prop-
erties to achieve a balance between flexibility, durability,
and long-term functionality, ensuring that the materials can
integrate seamlessly within the body without causing undue
mechanical stress.

Structural support and stability of nonflexible
materials

Although flexibility is advantageous in many implantable
applications, there are scenarios where nonflexible materi-
als are necessary to provide structural support and stability.®®
For instance, in applications where the nanogenerator needs
to be anchored to a specific location or where it is subjected
to significant mechanical stress, nonflexible materials offer
the required rigidity and strength. Nonflexible materials are
often used in the core structure of the nanogenerator, providing
a stable platform for the energy-harvesting elements. These
materials can also be used to encapsulate the device, protect-
ing the sensitive components from mechanical damage and
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ensuring that the nanogenerator maintains its performance
over time.’! In some cases, a combination of flexible and non-
flexible materials is used, with the flexible materials provid-
ing adaptability and comfort, while the nonflexible materials
ensure stability and durability.®’

Biocompatibility and interaction with biological
systems

Biocompatibility refers to the ability of a material to perform
its intended function without eliciting any undesirable effects
in the body.* For implantable nanogenerators, this means that
the materials used must not cause adverse reactions, such as
inflammation, immune response, or toxicity, when in con-
tact with tissues and bodily fluids. The biocompatibility of a
material is crucial to the success of an implant, as it directly
impacts the device’s performance, patient safety, and the over-
all outcome of the medical treatment.

The interaction between the implantable nanogenerator
and the surrounding tissues plays a critical role in determin-
ing the device’s long-term performance. Materials that are not
biocompatible can trigger an immune response, leading to
inflammation, fibrosis, or even rejection of the implant. These
reactions can compromise the device’s functionality, shorten
its lifespan, and cause discomfort or harm to the patient. Con-
versely, biocompatible materials can promote positive interac-
tions with tissues, facilitating integration, minimizing inflam-
mation, and ensuring stable performance over time.’>

Evaluation methods and standards

The biocompatibility of materials used in implantable
nanogenerators is rigorously evaluated through a series of
standardized tests and methods to ensure safety and effective-
ness. These assessments are critical for identifying potential
adverse effects and confirming that the materials meet the
stringent requirements for medical implants. Among the com-
mon evaluation methods are cytotoxicity tests, which examine
whether a material is toxic to cells by exposing it to cultured
cells and monitoring for signs of damage or death, as cytotoxic
materials can cause tissue damage when implanted. Sensitiza-
tion tests are also conducted to determine if a material might
trigger an allergic reaction, which is a significant concern for
implantable devices due to the risk of chronic inflammation
and immune responses that could compromise device perfor-
mance. Irritation tests further assess whether contact with tis-
sues might cause irritation, potentially leading to inflammation
or discomfort, rendering the material unsuitable for long-term
use. Hemocompatibility tests are essential for materials that
interact with blood, as they evaluate the potential for causing
clotting or hemolysis, both of which are critical factors for the
safe use of vascular implants. Finally, long-term implantation
studies involve placing the material in an animal model to
monitor its performance over an extended period, allowing
researchers to assess long-term biocompatibility, including tis-
sue integration, immune response, and device stability.



Strategies for enhancing biocompatibility

To enhance the biocompatibility of materials used in implant-
able nanogenerators, researchers have developed various strat-
egies aimed at minimizing adverse reactions and promoting
positive interactions with tissues. Surface modifications are a
key approach, where materials are altered to reduce inflam-
mation and improve cell interaction. For instance, coatings
with anti-inflammatory agents or proteins that promote cell
adhesion can significantly lower the risk of inflammation and
improve tissue integration.”> %> Additionally, nanostructured
surfaces that mimic the natural extracellular matrix have been
shown to enhance biocompatibility by promoting cell growth
and reducing immune responses.’®*® Bioactive coatings and
functionalization techniques also play a crucial role; these
coatings can be designed to release growth factors that stimu-
late tissue regeneration or antimicrobial agents that prevent
infections. Functionalization can be further enhanced through
the incorporation of bioactive molecules or drug-eluting coat-
ings, which increase both biocompatibility and therapeutic
efficacy. Moreover, incorporating biological molecules such
as proteins, peptides, or polysaccharides into the material can
improve its compatibility with surrounding tissues by promot-
ing cell adhesion, reducing inflammation, and facilitating tis-
sue integration. For example, incorporating collagen, a natural
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protein found in the extracellular matrix, can enhance the
material’s biocompatibility and support the healing process.

Applications of nanogenerators for different
physiology systems

Nanogenerators hold significant promise in a variety of bio-
medical applications, particularly in implantable medical
devices. Their ability to harvest energy from the human body
makes them a valuable tool for powering implants, sensors,
and therapeutic devices.” This section will explore the diverse
applications of nanogenerators in medicine, focusing on their
potential to address different diseases and medical conditions.
The discussion will be organized by organ systems and clini-
cal presentations, highlighting how nanogenerators can be
tailored to meet specific medical needs. Figure 4 illustrates
the applications of implantable nanogenerators across various
body parts, including the nervous system, circulatory system,
digestive system, urinary system, respiratory system, musculo-
skeletal system, and endocrine system.!®3190-195 Each organ
system presents unique challenges and opportunities for the
use of implantable nanogenerators, depending on the specific
characteristics of the tissues, the type of energy available for
harvesting, and the medical requirements of the condition
being treated.
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Nervous system

Nanogenerators have the potential to revolutionize the treat-
ment of neurological disorders by powering implantable devices
that stimulate neural activity or monitor brain function.”® For
instance, TENGs can be used to power deep-brain stimulation
(DBS) devices, which are commonly employed in the treatment
of conditions such as Parkinson’s disease, epilepsy, and chronic
pain.'’ By integrating TENGs into these devices, it could be
possible to harvest energy from the patient’s movements or from
the natural electrical activity of the brain, reducing the need for
frequent battery replacements and improving the device’s long-
term performance.'’” Additionally, nanogenerators can power
implantable sensors that monitor brain activity in real time, aid-
ing in the early detection of neurological disorders and allowing
for timely interventions.'*®

Circulatory system

Given the crucial role of the circulatory system in sustain-
ing vital bodily functions, utilizing nanogenerators to har-
vest energy from the mechanical movements of the heart and
blood vessels offers a promising solution to power implantable
devices, while also advancing continuous monitoring of cir-
culatory health.!”"!!! Cardiovascular diseases are among the
leading causes of death worldwide, and implantable devices
such as pacemakers and defibrillators play a critical role in
managing these conditions.'*"!'> Nanogenerators, particularly
PENG:s, offer a promising solution for powering these devices
by harvesting energy from the mechanical movements of the
heart, such as the beating of the heart or the expansion and
contraction of blood vessels.''*!'* This harvested energy can
power cardiac devices, reducing the need for battery replace-
ments and enhancing the patient’s quality of life.''? Further-
more, nanogenerators can be integrated into wearable devices
that monitor cardiovascular health indicators such as blood
pressure and heart rate, providing continuous monitoring with-
out the need for external power sources.'*

Digestive system

In the digestive system, nanogenerators can be employed in
implantable devices that monitor gastrointestinal functions or
treat specific conditions such as acid reflux or motility disor-
ders.'”! These devices can harvest biomechanical energy from
the peristaltic movements of the intestines or other digestive
organs. The energy can be used to power sensors that provide
real-time data on digestive processes, enabling better manage-
ment of gastrointestinal diseases.'!®

Urinary system

Nanogenerators can also be applied to the urinary system,
where they can power implantable sensors or therapeutic
devices designed to monitor or treat conditions such as incon-
tinence or kidney diseases.'*? For example, nanogenerators
could harvest mechanical energy from the bladder’s contrac-
tions, powering devices that monitor bladder function or assist
in the management of urinary conditions.'*
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Respiratory system

Nanogenerators can be effectively utilized in the respiratory
system, particularly for managing conditions such as chronic
obstructive pulmonary disease (COPD) and asthma. These
conditions often require continuous monitoring of lung func-
tion, which can be achieved through sensors powered by nano-
generators. By harvesting energy from the mechanical move-
ments associated with breathing, nanogenerators can power
these sensors, providing real-time data for better management
of respiratory conditions. Additionally, nanogenerators can
enhance drug delivery systems for respiratory diseases, ena-
bling precise and responsive medication release based on the
patient’s lung function, thereby improving treatment efficacy
and reducing side effects.'”

Musculoskeletal system

In the field of orthopedics, nanogenerators can be used to
power implants and sensors that monitor bone healing, joint
function, and other musculoskeletal processes. Piezoelectric
nanogenerators can be integrated into orthopedic implants
to harvest energy from mechanical stress during movement.
This energy can then be used to power sensors that moni-
tor the progress of bone healing after fractures or surger-
ies, providing real-time data to clinicians without the need
for external power sources. Additionally, nanogenerators
can be used in wearable devices that monitor joint func-
tion in patients with conditions such as osteoarthritis or
rheumatoid arthritis, harvesting energy from the patient’s
movements and allowing for continuous monitoring of joint
health.'®

Endocrine system

In the endocrine system, nanogenerators could be used in
implantable devices that monitor hormone levels or deliver
hormone therapies. For example, nanogenerators might power
sensors that track glucose levels in real time, providing con-
tinuous data for diabetes management. This could improve the
accuracy and convenience of monitoring without the need for
frequent battery replacements.'%*

Others

Beyond the major systems, nanogenerators have the potential
to treat a variety of chronic and acute diseases. Chronic dis-
eases, such as diabetes, heart disease, and chronic pain, require
long-term management and continuous monitoring.”'%>!!!
Nanogenerators can play a crucial role in the development of
implantable and wearable devices that provide ongoing care
without the need for frequent battery replacements.''® For
example, nanogenerators can be used in implantable devices
that deliver electrical stimulation to the nervous system, such
as spinal-cord stimulators to treat chronic pain.''” Acute dis-
eases, such as infections, injuries, and acute organ failure,
often require immediate and intensive treatment. Nanogen-
erators can be used in implantable or wearable devices that
provide real-time monitoring and targeted interventions,



improving the precision and effectiveness of treatment.''® For
example, PENGs can be embedded in orthopedic implants to
monitor bone healing, offering real-time data to healthcare
providers and facilitating more effective interventions. In
cases of acute organ failure, such as heart or respiratory fail-
ure, nanogenerators can be utilized in implantable devices that
deliver critical interventions like cardiac pacing or respiratory
assistance.'"”

Challenges and prospects

Material stability

One of the most significant technical challenges in the devel-
opment of implantable nanogenerators is ensuring that the
materials used can remain stable in the complex and often
harsh biological environment of the human body. Unlike
external devices, implantable nanogenerators are continu-
ously exposed to various physiological conditions, which can
severely impact their performance and longevity. Addressing
this issue is crucial to ensure reliable and safe operation in
biomedical applications.

In the human body, implantable devices must endure
constant exposure to body fluids such as blood, lymph, and
interstitial fluid. These fluids contain a range of components,
including salts, proteins, enzymes, and ions, which can interact
with the materials used in nanogenerators. Over time, these
interactions can lead to corrosion or a weakening of the mate-
rial’s structural integrity, negatively affecting the device’s
performance. Additionally, the pH levels within the body
vary from one region to another, with certain areas, like the
stomach, being highly acidic, while others maintain a more
neutral pH. Such variations can accelerate material breakdown
or trigger chemical reactions that degrade the nanogenerator’s
efficiency. Another major factor affecting material stability
is the continuous mechanical stress to which implantable
nanogenerators are subjected. The body is always in motion,
and the devices experience compression, tension, bending,
and twisting forces, especially in high-movement areas like
joints. These mechanical stresses, if not accounted for in the
design, can lead to material fatigue, fractures, or even device
failure over time. The long-term degradation of materials
used in nanogenerators is another critical concern. Constant
exposure to the body’s internal environment results in gradual
degradation, reducing both structural integrity and the func-
tionality of the materials. For example, piezoelectric materials
such as lead zirconate titanate or triboelectric polymers often
experience molecular changes due to prolonged mechanical
stimulation and interaction with fluids. This leads to a gradual
decrease in energy-conversion efficiency. Furthermore, the
accumulation of microcracks or the delamination of layered
materials can speed up degradation, ultimately causing the
device to fail prematurely. Corrosion is a particular issue for
the metallic components of nanogenerators, such as electrodes
or connectors. These metals could undergo oxidation or elec-
trochemical reactions when exposed to body fluids, leading to
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corrosion that compromises the device’s electrical pathways.
This reduces the efficiency of the energy-harvesting process.
Similarly, delamination can occur within composite or lami-
nated structures, especially in triboelectric nanogenerators.
When the layers that are essential for energy generation begin
to separate due to mechanical stress or chemical reactions, the
device’s energy output can be drastically reduced.

To overcome these challenges, researchers are actively
developing materials that are both corrosion-resistant and
durable enough to function effectively within the body over
extended periods. Biocompatible materials such as certain
polymers, ceramics, and specially treated metals are being
investigated for their ability to withstand the body’s harsh
internal environment while maintaining mechanical integrity
and energy-conversion efficiency. These materials are key to
improving the long-term reliability of implantable nanogen-
erators. Another promising approach to enhancing material
stability is the use of protective coatings that act as barriers
between the nanogenerator’s materials and the surrounding
biological environment. These coatings help prevent direct
exposure to body fluids and reduce the risk of corrosion or
delamination. Hydrophobic coatings, for instance, repel water
and body fluids, limiting their contact with sensitive mate-
rials and reducing corrosion risks. Similarly, biocompatible
polymers such as poly(dimethylsiloxane) or parylene are used
to form thin, flexible layers that protect the device without
interfering with its functionality. Advances in nanostructured
surface modifications also offer solutions, with some surfaces
designed to be superhydrophobic or anti-biofouling, prevent-
ing fluid absorption and biological contamination, and thereby
extending the life of the nanogenerator. In addition, research-
ers are exploring the potential of self-healing materials, which
have the ability to repair small cracks or restore their func-
tionality after minor damage. Incorporating self-healing poly-
mers or biomimetic materials into nanogenerators could lead
to devices that are capable of maintaining performance even
when subjected to continuous mechanical stress and chemical
exposure. These innovations are key to ensuring the long-term
stability and efficiency of implantable nanogenerators in bio-
medical applications.

Power output and efficiency

A key challenge for implantable nanogenerators lies in their
relatively low power output and inefficient energy conversion
compared to conventional energy sources such as batteries.
Nanogenerators rely on converting mechanical, thermal, or
biochemical energy from the body into electrical energy, but
this process is often limited by the availability of energy within
the body. Mechanical energy, such as movement from mus-
cles or joints, is intermittent and varies in intensity depending
on the individual’s activity level. Similarly, thermal and bio-
chemical energy sources, such as body heat or metabolic pro-
cesses, provide only small amounts of energy. As a result, the
total amount of electrical energy generated by nanogenerators
is often insufficient for powering many types of implantable
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medical devices. Additionally, miniaturization—a necessity
for implantable devices—presents another challenge. Reduc-
ing the size of nanogenerators limits the surface area available
for energy harvesting, which directly impacts their ability to
generate sufficient power, making it difficult to balance the
need for smaller, implantable devices with the requirement
for adequate energy output.

To address these limitations, researchers are exploring
several potential solutions aimed at improving power output
and conversion efficiency. One promising approach is the
optimization of energy-conversion mechanisms. By improv-
ing the materials and structures used in nanogenerators, such
as enhancing the piezoelectric or triboelectric properties, the
devices can capture more energy from the body’s natural
movements and processes. Additionally, hybrid nanogenera-
tors that combine multiple energy-harvesting mechanisms
have emerged as a potential solution. These devices can
simultaneously harvest mechanical, thermal, and biochemical
energy, compensating for the limitations of any single energy
source. For example, a hybrid nanogenerator might convert
both the mechanical energy from body movements and the
thermal energy from body heat into electrical power, resulting
in a more reliable and consistent output. Moreover, advance-
ments in energy-storage technologies are essential for man-
aging the intermittent nature of energy harvesting. Improved
supercapacitors and energy management systems can store
the energy produced by nanogenerators and distribute it effi-
ciently, ensuring that implantable devices receive a stable and
continuous power supply. These strategies offer promising
solutions to the current power and efficiency challenges faced
by implantable nanogenerators, potentially paving the way for
their wider adoption in biomedical applications.

Energy storage and management

A significant challenge for implantable nanogenerators is the
intermittent energy supply they provide, which arises due to
the body’s varying physiological conditions. Unlike traditional
batteries, which can offer a consistent and steady power out-
put, nanogenerators depend on sporadic and variable energy
sources such as body movements, thermal gradients, or bio-
chemical processes. For example, mechanical energy gen-
erated by muscle contractions or joint movements is highly
dependent on the individual’s activity level. During periods of
rest or reduced movement, the energy harvested by nanogen-
erators decreases significantly. Similarly, thermal energy from
body heat could fluctuate depending on external temperature
conditions or the metabolic state of the individual. This incon-
sistency in power generation creates a challenge for maintain-
ing a reliable and continuous power supply to implantable
medical devices, which often need a steady source of energy
to function properly.

To overcome this variability, effective energy storage sys-
tems are crucial for managing the fluctuating power generated
by nanogenerators. The intermittent nature of energy harvest-
ing makes it necessary to store energy when it is available
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and release it as needed to ensure the smooth operation of
medical devices. However, the small size of implantable sys-
tems imposes significant constraints on the design of these
energy-storage systems. Traditional batteries are often too
large or heavy for use in implantable devices, and they may
not be compatible with long-term implantation due to safety
concerns such as leakage or degradation over time. There-
fore, the development of compact, efficient, and biocompatible
energy storage solutions is a key focus of current research.
Supercapacitors and micro-batteries, which can store energy
efficiently in small volumes, are being explored as potential
solutions. These storage devices need to have high energy
density, long cycle life, and the ability to quickly charge and
discharge to align with the unpredictable energy input from
nanogenerators.

In addition to energy storage, power management sys-
tems play a vital role in ensuring that the energy harvested by
nanogenerators is delivered in a controlled and efficient man-
ner. These systems are responsible for regulating the flow of
electricity to the medical device, ensuring that even when the
energy input is intermittent, the device receives a stable and
continuous supply of power. Advanced energy-management
technologies are being developed to optimize the distribution
of stored energy and to prevent energy wastage. Such systems
can include energy-harvesting circuits that efficiently capture
the maximum amount of energy from nanogenerators, as well
as voltage regulation circuits that maintain the correct power
levels for the device’s operation. Furthermore, intelligent
power management algorithms can adjust the energy usage of
the medical device based on real-time monitoring of the energy
supply, allowing for more efficient use of the harvested power.

Biocompatibility and safety
Biocompatibility and safety are essential considerations in
the design of implantable nanogenerators, as these devices
must function within the body without causing adverse health
effects. One of the primary challenges is managing the risk of
an immune response. The body’s natural defense system may
recognize the implanted device as a foreign object, trigger-
ing inflammation or rejection. Prolonged immune reactions,
such as chronic inflammation, can lead to encapsulation of
the device in fibrous tissue, which can impair its functionality
or necessitate its removal. Therefore, ensuring that nanogen-
erators do not provoke such immune responses is critical for
their long-term use. To address this, researchers focus on using
biocompatible materials that do not cause adverse reactions.
Materials such as biocompatible metals, polymers, and ceram-
ics are commonly employed, and they are often coated with
protective layers such as poly(dimethylsiloxane) (PDMS) or
parylene to create a barrier between the device and surround-
ing tissue. These coatings not only shield the nanogenerator
from biological degradation, but also help reduce the likeli-
hood of immune responses.

A related issue is the potential release of degradation
byproducts. Over time, nanogenerators could degrade within
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the body, producing particles or chemicals that must be non-
toxic and easily metabolized or eliminated. Harmful byprod-
ucts could cause tissue damage, systemic toxicity, or even
organ failure, so developing materials that degrade safely and
without causing harm is crucial. Addressing this, researchers
are increasingly turning their attention to the development of
biodegradable nanogenerators, which are designed to dissolve
or break down into harmless substances after completing their
function. This approach not only avoids the need for surgi-
cal removal, but also minimizes long-term risks associated
with permanent implants. For example, biodegradable poly-
mers and magnesium-based materials are being studied for
their ability to generate power while gradually dissolving into
nontoxic components. The use of such materials significantly
reduces the risk of immune reactions and long-term complica-
tions, offering a safer and more practical solution for implant-
able medical devices.

Durability and mechanical robustness

Durability and mechanical robustness are crucial challenges
for implantable nanogenerators, as these devices must endure
continuous motion and mechanical stress within the body
over long periods. Mechanical fatigue is a significant concern
because the human body is constantly in motion. Nanogenera-
tors implanted in areas subject to frequent movement, such as
joints or muscles, are exposed to repetitive forces, including
bending, stretching, and compression. Over time, this continu-
ous mechanical stress can lead to fatigue, where the material’s
structural integrity weakens, reducing the device’s efficiency
in energy harvesting. In severe cases, mechanical fatigue can
result in microcracks or fractures within the nanogenerator,
ultimately leading to device failure.

In addition to mechanical fatigue, wear and tear from
constant operation in a dynamic environment poses another
long-term durability challenge. The harsh physiological
environment, including exposure to body fluids and varying
mechanical loads, can degrade materials, making it difficult
for nanogenerators to maintain their functionality over time.
The continuous exposure to such conditions can lead to issues
such as erosion of the material surface, loss of flexibility, and
degradation of energy-harvesting components. This degrada-
tion not only affects the performance of the nanogenerator but
can also compromise its safety if materials break down and
release harmful particles into the body.

To overcome these challenges, researchers are focusing
on design innovations aimed at reinforcing the mechanical
robustness of nanogenerators. One approach is the use of
flexible and stretchable materials that can withstand repeated
mechanical deformation without breaking or losing efficiency.
These materials allow the nanogenerator to bend and stretch in
sync with the body’s movements, reducing the risk of fatigue-
related failures. Additionally, reinforced structures are being
developed to improve the mechanical resilience of nanogen-
erators. These structures might include multilayer designs,
where different layers provide both mechanical strength and

energy-harvesting capability, or the incorporation of composite
materials that combine flexibility with durability. By reinforc-
ing the structural integrity of nanogenerators, researchers aim
to extend their lifespan and ensure consistent performance,
even in the dynamic conditions of the human body.

Conclusion
Implantable nanogenerators represent a promising frontier
in the quest for sustainable and reliable power sources for
medical devices. As the demand for advanced, long-lasting,
and minimally invasive medical technologies continues to
grow, nanogenerators offer a unique solution by harnessing
the body’s own energy to power these devices. This article
has highlighted the various types and mechanisms of nano-
generators, including triboelectric and piezoelectric sys-
tems, each with its own set of advantages and challenges.
Currently, significant strides have been made in develop-
ing materials and designs that enhance the biocompatibil-
ity, efficiency, and stability of these nanogenerators. How-
ever, challenges remain, particularly in achieving sufficient
power output and ensuring long-term material durability in
the complex physiological environment. The integration of
biodegradable and flexible materials, along with advanced
surface modifications and bioactive coatings, shows great
potential in overcoming these obstacles and enhancing the
performance of nanogenerators in real-world applications.
Looking forward, the potential value of implantable nano-
generators is vast, with applications ranging from powering
neuroprosthetics to supporting cardiac devices and biosen-
sors. The continued development and refinement of these
technologies could lead to a new era of self-sustaining medi-
cal implants, reducing the need for battery replacements and
invasive procedures, thereby improving patient quality of life.
In conclusion, while implantable nanogenerators are still
in the early stages of development, their future prospects
are bright. With ongoing research and interdisciplinary col-
laboration, these devices could soon become a cornerstone
of modern medical technology, offering innovative solu-
tions to some of the most pressing challenges in healthcare
today.

Abbreviations

APA Apatinib

BD-TENG Biodegradable triboelectric
nanogenerator

CM Cardiomyocytes

ECG Electrocardiogram

EF Electric field

HCC Hepatocellular carcinoma

HR Heart rate

IMU-TENG Implantable modulus-tunable ultrasound

driven triboelectric nanogenerator

i-NG Implantable nanogenerators
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i-PENG Implantable piezoelectric nanogenerator
iTENG Implantable triboelectric nanogenerator
I-TENG Injectable triboelectric nanogenerator
IU-TENG Implantable ultrasound-driven TENG

LED Light-emitting diode

LL-VNS Low-level vagus nerve stimulation

OFS-TENG Organogel/silicone fiber-helical sensor
based on a triboelectric nanogenerator

RBC Red blood cell

PDT Photodynamic therapy

PS congregation Photosensitizer congregation

SKCF SNR-KGM Composite Film (SNR
Silk nanoribbons, KGM Konjac
glucomannan)

ts-PENG Twinning structure piezoelectric
nanogenerator

Acknowledgments

Z.L. thanks the support by the National Natural Science Foun-
dation of China (T2125003, 82202075, 82102231) and Beijing
Natural Science Foundation (L212010).

Author contributions

The three co-first authors, Z.L., S.-W.K., and X.W., have made
equal and essential contributions to all aspects of this review.
Together, they identified the central theme, systematically
reviewed and evaluated the literature, and collaboratively
developed the key insights presented. Z.L., S.-W.K., and X.W.
jointly led the overall structure of the manuscript and pro-
vided expert guidance in data analysis and figure preparation.
Finally, all three authors contributed to the final editing and
refinement of the text to ensure its rigor and originality.

Funding

This work is supported by the National Natural Science Foun-
dation of China (Grant Nos. T2125003, 82202075, 82102231)
and Beijing Natural Science Foundation (Grant No. L212010).

Data availability

The data supporting the findings of this review are derived
from previously published studies and are available from the
cited sources.

Conflict of interest
On behalf of all authors, the corresponding author states that
there is no conflict of interest.

References

1. L. Paterno, L. Lorenzon, Front. Robot. AI10, 1075634 (2023)

2. S.Zhang, Chin. J. Med. Instrum. 48, 251 (2024)

3. Z.U.Arif, M.Y. Khalid, R. Noroozi, M. Hossain, H.H. Shi, A. Tarig, S. Ramakrishna, R.
Umer, Asian J. Pharm. Sci. 18, 100812 (2023)

4. ZH.Lai, J.C. Xu, C.R. Bowen, S.X. Zhou, Joule 6, 1501 (2022)

5. M.M.H. Shuvo, T. Titirsha, N. Amin, S.K. Islam, Energies (Basel) 15, 7459 (2022)
6. J. Golabek, M. Strankowski, Sensors (Basel) 24, 1069 (2024)

7. K.R. Dai, .. Huo, X.Y. Miao, P.X. Xiong, H. Zhang, X.F. Wang, Z. You, S.-W. Kim,
EnergyChem 5, 100109 (2023)

12 B MRSBULLETIN + VOLUME 50 « APRIL 2025 « mrs.org/bullefin

8. D. Gao, Z. Luo, C. Liu, S. Fan, Green Energy Environ. 8, 972 (2023)

9. J.A. Zhang, R. Das, J.W. Zhao, N. Mirzai, J. Mercer, H. Heidari, Adv. Mater. Technol.
7,2101086 (2022)

10. L. Zhao, Z. Gao, W. Liu, C. Wang, D. Luo, S. Chao, S. Li, Z. Li, C. Wang, J. Zhou,
Nano Energy 103, 107798 (2022)

11. X. Zhang, J.Villafuerte, V. Consonni, J.-F. Capsal, P.-J. Cottinet, L. Petit, M.-Q. Le,
Nanomaterials (Basel) 11,1712 (2021)

12. S.Yao, M. Zheng, Z. Wang, Y. Zhao, S. Wang, Z. Liu, Z. Li, Y. Guan, Z.L. Wang, L. Li,
Adv. Mater. 34, 2205881 (2022)

13. Y.X. Chen, J.C. Shi, G.W. Yang, N. Zhu, L. Zhang, D.X. Yang, N. Yao, W.T. Zhang, Y.S.
Li, Q.Y. Guo, Y.X. Wang, Y. Wang, T. Yang, X.L. Liu, J. Zhang, Mater. Horiz. 11, 995 (2024)
14. X.Hu, X. Bao, M. Zhang, S. Fang, K. Liu, J. Wang, R. Liu, S.H. Kim, R.H. Baughman,
J. Ding, Adv. Mater. 35, 2303035 (2023)

15. A. Ravikumar, V. Natraj, A. Verma, S. Sivagnanam, Y. Sivalingam, P. Das, V.J. Surya,
W. Han, N. Liu, Surf. Interfaces 39, 102986 (2023)

16. C.Wang, Q. Shi, C. Lee, Nanomaterials (Basel) 12, 1366 (2022)

17. N. Rubab, K. Sangwoo, J. Sens. Sci. Technol. 31, 79 (2022)

18. Z.L.Wang, J.H. Song, Science 312, 242 (2006)

19. KK. Das, B. Basu, P. Maiti, A.K. Dubey, Acta Biomater. 171, 85 (2023)

20. W. Luo, R. Luo, J. Liu, Z. Li, Y. Wang, Adv. Funct. Mater. 34, 2311938 (2024)

21. Z.Ma, X. Cao, N. Wang, Biosensors (Basel) 13, 423 (2023)

22. S.Radhakrishnan, N. Joseph, N.P.Vighnesh, P.J. Sabarinath, J. John, H. John, N.T.
Padmanabhan, Results Eng. 16, 100782 (2022)

23. Z.L.Wang, G. Zhu, Y. Yang, S.H. Wang, C.F. Pan, Mater. Today 15, 532 (2012)

24. M. Lee, C.Y. Chen, S. Wang, S.N. Cha, Y.J. Park, J.M. Kim, L.J. Chou, Z.L. Wang,
Adv. Mater. 24, 5283 (2012)

25. Z.Zhao, Y. Mi, H. Ur Rehman, E. Sun, X. Cao, N. Wang, Sensors (Basel) 24, 511 (2024)
26. Z.Liu, X. Chen, Z.L. Wang, Adv Mater. 8, 2409440 (2024)

27. H. Meng, Q. Yu, Z. Liu, Y. Gai, J. Xue, Y. Bai, X. Qu, P. Tan, D. Luo, W. Huang, K.
Nie, W. Bai, Z. Hou, R. Tang, H. Xu, Y. Zhang, Q. Cai, X. Yang, Z.L. Wang, Z. Li, Matter
6, 4274 (2023)

28. W.L.Wang, J.B. Pang, J. Su, F.J. Li, Q. Li, X.X. Wang, J.G. Wang, B. Ibarlucea, X.Y.
Liu, Y.F. Li, W.J. Zhou, K. Wang, Q.F. Han, L. Liu, R.H. Zang, M.H. Riimmeli, . Li, H. Liu,
H. Hu, G. Cuniberti, InfoMat 4, 12262 (2022)

29. S. Mashayekhan, H. Kabir, H. Kamali Dehghan, R. Bagherzadeh, M.S.S. Bafqi, J.
Ind. Text. 51, 4698S (2022)

30. J. Luo, Y. Li, M. He, Z. Wang, C. Li, D. Liu, J. An, W. Xie, Y. He, W. Xiao, Z. Li, Z.L.
Wang, W. Tang, Adv. Sci. 9, 2105219 (2022)

31. Y.Wang, J.S. Zhang, X.X. Jia, M.M. Chen, H.R. Wang, G.N. Ji, H.Y. Zhou, Z.Z. Fang,
Z.X. Gao, Nano Energy 119, 109080 (2024)

32. K. Shang, C. He, J. Zhou, P. Ling, X. Lu, C. Fu, Y. Zhang, C. Tang, L. Qian, T. Yang,
Chem. Eng. J. 475, 146279 (2023)

33. S.-Q. Wang, B. Zhang, R.-H. Qiao, Y.-W. Luo, X.-M. Luo, G.-P. Zhang, ACS Appl.
Electron. Mater. 5, 4836 (2023)

34. M. Gao, Z.Y. Yang, J. Choi, C. Wang, G.Z. Dai, J.L. Yang, Nanomaterials (Basel) 14,
336 (2024)

35. Z.Liu, L. Li, Adv. Energy Sustain. Res. 2, 2100013 (2021)

36. Z.Li,Y. Cui, J. Zhong, Biosens. Bioelectron. 186, 113290 (2021)

37. K.Han,D.D. Zhang, W.B. Zhuang, Y.F. Wan, P. Yang, J. Mater. Chem.A11, 17112 (2023)
38. X.Xiao, X. Meng, D. Kim, S. Jeon, B.-J. Park, D.S. Cho, D.-M. Lee, S.-W. Kim, Small
Methods 7,2201350 (2023)

39. L.-K. Li, J. Li, D.-L. Jiang, W.-H. Fu, W.-Q. Zhu, J.-H. Zhang, IEEE Electron Device
Lett. 42,1002 (2021)

40. A. Yu, M. Zhu, C. Chen, Y. Li, H. Cui, S. Liu, Q. Zhao, Adv. Healthc. Mater. 13,
2302460 (2024)

41. S.Yu, W. Son, G. Jeon, J. Kim, J. You, S. Ko, C. Choi, Compos. B Eng. 256, 110664
(2023)

42. M. Zhang, W. Yan, W. Ma, Y. Deng, W. Song, Small, 20(40), 2402452 (2024)

43. L. Zhou, Y. Zhang, G. Cao, C. Zhang, C. Zheng, G. Meng, Y. Lai, Z. Zhou, Z. Liu, Z.
Liu, F. Guo, X. Dong, Z. Liang, Y. Wang, S. Guo, X. Zhou, H. Jiang, L. Yu, Adv. Sci. 10,
2205551 (2023)

44. Y. Zhang, X. Gao, Y.Wu, J. Gui, S. Guo, H. Zheng, Z.L. Wang, Exploration1(1), 90 (2021)
45. W. Deng, A. Libanori, X. Xiao, J. Fang, X. Zhao, Y. Zhou, G. Chen, S. Li, J. Chen,
Nano Energy 91, 106656 (2022)

46. Y.-L. Chu, R.-J. Ding, T.-T. Chu, S.-J. Young, IEEE Trans. Electron Devices 69,
5800 (2022)

47. Z.Chen,R.Yu, X. Yu, E. Li, C. Wang, Y. Liu, T. Guo, H. Chen, ACS Nano 16, 19155 (2022)
48. X.Y. Dong, F.Q. Liu, L.M. Wang, L.H. Xu, H. Pan, J.H. Qi, Mater. Today Commun.
35, 105493 (2023)

49. J. Li, TA. Hacker, H. Wei, Y. Long, F. Yang, D. Ni, A. Rodgers, W. Cai, X. Wang, Nano
Energy 90, 106507 (2021)

50. V.K. Kaliannagounder, N.P.M.J. Raj, A.R. Unnithan, J. Park, S.S. Park, S.-J. Kim,
C.H. Park, C.S. Kim, A.R.K. Sasikala, Nano Energy 85, 105901 (2021)

51. L.M. Imani, B. Kim, X. Xiao, N. Rubab, B.-J. Park, Y.-J. Kim, P. Zhao, M. Kang, S.-W.
Kim, Adv. Sci. 10, 2204801 (2023)

52. C. Chen, S. Zhao, C. Pan, Y. Zi, F. Wang, C. Yang, Z.L. Wang, Nat. Commun. 13,
1391 (2022)



IMPLANTABLE NANO

53. Z.Li,C.Li,W.Sun,Y.Bai, Z. Li,Y. Deng, ACS Appl. Mater. Interfaces 15, 12787 (2023)
54. A. Kaur, G. Sapra, A. Gupta, J. Circ. Syst. Comput. 30, 2130010 (2021)

55. C. Jiang, C. He, R. Lin, X. Li, Q. Zhao, Y. Ying, J. Song, J. Ping, Nano Energy 101,
107589 (2022)

56. M. Kang, D.M. Lee, N. Rubab, S.H. Kim, I. Hyun, S.-W. Kim, Chem. Rev. 123(19),
11559 (2023)

57. D.Y. Lee, J.S. Hyeon, T.J. Mun, J.H. Moon, J.W. Park, R.B. Kaner, S.J. Kim, Adv.
Mater. Technol. 9, 2300920 (2024)

58. D.P. Pabba, J. Kaarthik, N. Ram, A. Venkateswarlu, ACS Appl. Electron. Mater. 6,
4783 (2024)

59. W.X. Wu, N.Y. Guo, W. Li, C.K. Tang, Y.X. Zhang, H. Liu, M.F. Chen, Nano Energy
99, 107397 (2022)

60. S.Yao, S. Wang, M. Zheng, Z. Wang, Z. Liu, Z.L. Wang, L. Li, Adv. Mater. 35,
2303962 (2023)

61. M. Sun, S.Wang, Y. Liang, C. Wang, Y. Zhang, H. Liu, Y. Zhang, L. Han, Nanomicro
Lett. 17, 34 (2025)

62. G.Jian, S.T. Zhu, X. Yuan, S.Q. Fu, N. Yang, C. Yan, X. Wang, C.P. Wong, NPG Asia
Mater. 16, 12 (2024)

63. J. Xi, H. Yang, X. Li, R. Wei, T. Zhang, L. Dong, Z. Yang, Z. Yuan, J. Sun, Q. Hua,
Nanomaterials (Basel) 14, 465 (2024)

64. Z.Wang, S. Yao, S. Wang, Z. Liu, X. Wan, Q. Hu, Y. Zhao, C. Xiong, L. Li, Chem. Eng.
J. 463, 142427 (2023)

65. T. Wang, H. Ouyang, Y. Luo, J. Xue, E. Wang, L. Zhang, Z. Zhou, Z. Liu, X. Li, S.
Tan, Y. Chen, L. Nan, W. Cao, Z. Li, F. Chen, L. Zheng, Sci. Adv. 10, eadi6799 (2024)
66. A. Shen, H. Xuan, Y. Jia, S. Gu, R.E. Neisiany, W. Shu, W. Sun, Z. You, Chem. Eng.
J. 491, 151896 (2024)

67. S.0h,H.J. Kim, S. Lee, K.J. Kim, S.H. Kim, Polymers (Basel) 16, 2477 (2024)
68. A. Mukherjee, B.D. Ghosh, A. Ghosh, S. Roy, Adv. Eng. Mater. 26, 2400445 (2024)
69. Y.Mi, Y. Lu, Y. Shi, Z. Zhao, X. Wang, J. Meng, X. Cao, N. Wang, Polymers (Basel) 15,
222 (2023)

70. A. Baburaj, S. Banerjee, A.K. Aliyana, C. Shee, M. Banakar, S. Bairagi, S.K.N.
Kumar, S.W. Ali, G.K. Stylios, Nano Energy 127, 109785 (2024)

71. H.Kang, S.M. Yang, G.J. Ko, Y. Ryu, J.H. Lee, J.W. Shin, TM. Jang, K. Rajaram, S.
Han, D.J. Kim, J.H. Lim, C.H. Eom, A.J. Bandodkar, S.W. Hwang, Chem. Eng. J. 475,
146208 (2023)

72. Z.Li,H.Q. Feng, Q. Zheng, H. Li, C.C. Zhao, H. Ouyang, S. Noreen, M. Yu, F. Su, R.P.
Liu, L.L. Li, Z.L. Wang, Z. Li, Nano Energy 54, 390 (2018)

73. Q.Q. Niu, X.Y. Huang, S.S. Lv, X. Yao, S.N. Fan, Y.P. Zhang, J. Mater. Chem. A 8,
25323 (2020)

74. Q. Zheng, Y. Zou, Y.L. Zhang, Z. Liu, B.J. Shi, X.X. Wang, Y.M. Jin, H. Ouyang, Z. Li,
Z.L.Wang, Sci. Adv. 2(3), 1501478 (2016)

75. M. Kang, M.S.B.M. Khusrin, Y.-J. Kim, B. Kim, B.J. Park, |. Hyun, .M. Imani, B.-0.
Choi, S.-W. Kim, Nano Energy 100, 107480 (2022)

76. W. Jiang, H. Li, Z. Liu, Z. Li, J.J. Tian, B.J. Shi, Y. Zou, H. Ouyang, C.C. Zhao, L.M.
Zhao, R. Sun, H.R. Zheng, Y.B. Fan, Z.L. Wang, Z. Li, Adv. Mater. 30, 1801895 (2018)
77. M.A. Hari, S.C. Karumuthil, L. Rajan, Sens. Actuators A Phys. 353, 114215 (2023)
78. B. Joshi, T. Kim, W. Lim, E. Samuel, C. Park, A. Aldalbahi, M. EI-Newehy, H.-S. Lee,
S.An, S.S. Yoon, J. Mater. Sci. Technol. 177, 103 (2024)

79. Q.-T. Lai, X.-H. Zhao, Q.-J. Sun, Z. Tang, X.-G. Tang, V.A.L. Roy, Small19, 2300283
(2023)

80. C.C. Zhao, Q. Shi, H. Li, X. Cui, Y. Xi, Y. Cao, Z. Xiang, F. Li, J.Y. Sun, J.C. Liu, T.Q.
Li, W. Wei, B. Xiong, Z. Li, ACS Nano 16, 8493 (2022)

81. FF. Sheng, B. Zhang, Y.H. Zhang, Y.Y. Li, R.W. Cheng, C.H. Wei, C. Ning, K. Dong,
Z.L.Wang, ACS Nano 16, 10958 (2022)

82. J.Li,Y.Long, F. Yang, H. Wei, Z.Y. Zhang, Y.Z. Wang, J.Y. Wang, C. Li, C. Carlos, Y.T.
Dong, Y.J. Wu, W.B. Cai, X.D. Wang, Adv. Funct. Mater. 30, 2002868 (2020)

83. S. Jeon, X. Meng, N. Rubab, D. Kim, H. Mo, X. Xiao, M.J. Park, D.S. Cho, S.M. Kim,
B.-0. Choi, S.-W. Kim, Adv. Mater. Technol. 9(21), 2400317 (2024).

84. Z.Liu, L.L. Xu, Q. Zheng, Y. Kang, B.J. Shi, D.J. Jiang, H. Li, X.C. Qu, Y.B. Fan, Z.L.
Wang, Z. Li, ACS Nano 14, 8074 (2020)

85. J. An, H. Park, Y.H. Jung, S. Min, D.H. Kim, D.J. Joe, S.-G. Lee, D.Y. Hyeon, Y. Je,
H.-S. Seo, U. Jeong, S. Hong, G.-T. Hwang, B. Joung, K.J. Lee, Nano Energy 121,
109227 (2024)

86. W.J. Liu, X.D. Wang, Nano Energy 117, 108910 (2023)

87. H.V.Ngoc, D.J. Kang, Nanoscale 8, 5059 (2016)

88. Q. Jiang, C.S.Wu, Z.J. Wang, A.C. Wang, J.H. He, Z.L. Wang, H.N. Alshareef, Nano
Energy 45, 266 (2018)

89. Y.D. Liu, Y.X. Zhu, J.Y. Liu, Y. Zhang, J. Liu, J.Y. Zhai, Nanoscale Res. Lett. 13,
191 (2018)

90. Y.Q. Zhang, J.Y. Qi, H. Fan, P. Chen, B.R. Li, L.Y. Zhao, Z K. Bai, R.Q. Zhang, Y.Z. Tao,
ACS Appl. Polym. Mater. 4, 9206 (2022)

91. Y.. Liu, WW. Zhao, G.X. Liu, T.Z. By, Y.C. Xia, S.H. Xu, C. Zhang, H.Y. Zhang, Nano
Energy 85, 105967 (2021)

92. L.X.Yang, Z.H. Ma, Y. Tian, B. Meng, Z.C. Peng, Micromachines (Basel) 12, 666
(2021)

93. Y. Sun, S. Chao, H. Ouyang, W. Zhang, W. Luo, Q. Nie, J. Wang, C. Luo, G. Ni, L.
Zhang, J. Yang, H. Feng, G. Mao, Z. Li, Sci Bull. 67, 1284 (2022)

94. V. Nair, A.N. Dalrymple, Z.H. Yu, G. Balakrishnan, C.J. Bettinger, D.J. Weber, K. Yang,
J.T. Robinson, Science 382, eabn4732 (2023)

95. P.Chen, Q. Wang, X. Wan, M. Yang, C.L. Liu, C. Xu, B. Hu, J.X. Feng, Z.Q. Luo, Nano
Energy 89, 106327 (2021)

96. J.W. Lee, S. Chae, S. Oh, S.H. Kim, M. Meeseepong, K.H. Choi, J. Jeon, N.E. Lee,
S.Y. Song, J.H. Lee, J.Y. Choi, ACS Appl. Mater. Interfaces 13, 39135 (2021)

97. L.A. Smith, PX. Ma, Colloids Surf. B Biointerfaces 39, 125 (2004)

98. C.P.Huang, G.Yang, S.B. Zhou, E. Luo, J. Pan, C.Y. Bao, X. Liu, ACS Biomater. Sci.
Eng. 6, 5758 (2020)

99. H. Zhong, K. Zhang, M. Zhou, C. Xing, Y. An, Q. Zhang, J.R. Guo, S. Liu, Z.G. Qu,
S.Q. Feng, G.Z. Ning, ACS Appl. Mater. Interfaces 16, 43199 (2024)

100. H. Ryu, H.-M. Park, M.-K. Kim, B. Kim, H.S. Myoung, T.Y. Kim, H.-J. Yoon, S.S.
Kwak, J. Kim, T.H. Hwang, E.-K. Choi, S.-W. Kim, Nat. Commun. 12(1), 4374 (2021)
101. G.Yao, L. Kang, J. Li, Y. Long, H. Wei, C.A. Ferreira, J.J. Jeffery, Y. Lin, W.B. Cai,
X.D. Wang, Nat. Commun. 9, 5349 (2018)

102. X.Q. Huo, S.J. Luo, Z. Cao, Y.X. Zhou, Y.R. Hu, Z.L. Wang, Z.Y. Wu, Chem. Eng. J.
497, 154971 (2024)

103. G.Yao, L. Kang, C.C. Li, S.H. Chen, Q. Wang, J.Z. Yang, Y. Long, J. Li, K.N. Zhao,
W.N. Xu, W.B. Cai, Y. Lin, X.D. Wang, Proc. Natl. Acad. Sci. U.S.A. 118, €2100772118
(2021)

104. Z.Liu, Y. Zhou, X.C. Qu, L.L. Xu, Y. Zou, Y.Z. Shan, J.W. Shao, C. Wang, Y. Liu, J.T.
Xue, D.J. Jiang, Y.B. Fan, Z. Li, H.F. Ye, Research (Washington, DC) 2022, 9864734
(2022)

105. B. Kim, H.J. Yoon, Y.J. Kim, B.J. Park, J.H. Jung, S.-W. Kim, ACS Energy Lett.
8(8), 3412 (2023)

106. E. Elsanadidy, .M. Mosa, D. Luo, X. Xiao, J. Chen, Z.L. Wang, J.F. Rusling, Adv.
Funct. Mater. 33, 2211177 (2023)

107. P.Chen, C. Cheng, X.M. Yang, T.T. Sha, X.H. Zou, F.C. Zhang, W. Jiang, Y. Xu, X.B.
Cao, Y.M. You, Z.Q. Luo, ACS Nano 17, 25625 (2023)

108. P.Chen, P.Wu, X. Wan, Q. Wang, C. Xu, M. Yang, J.X. Feng, B. Hu, Z.Q. Luo, Nano
Energy 86, 106123 (2021)

109. Z.Y. Che, S. 0”Donovan, X. Xiao, X. Wan, G.R. Chen, X. Zhao, Y.H. Zhou, J.Y. Yin,
J. Chen, Small 19, 2207600 (2023)

110. J. Ouyang, H. Wang, J. Huang, Cell Commun. Signal 21, 317 (2023)

111. J. Chowns, L. Hoffman-Andrews, A. Marzolf, N. Reza, A.T. Owens, Med. Clin.
North Am. 106, 313 (2022)

112. J. Liy, S. Li, S. Zhou, Z. Chen, J. Xu, N. Cui, M. Yuan, B. Li, L. Gu, Nano Energy
122,109310 (2024)

113. L. Feng, W. Long, Q. Xiang, W. Liu, X. Wang, Chem. Phys. Lett. 834, 140970
(2024)

114. R.Lin, M. Lei, S. Ding, Q. Cheng, Z. Ma, L. Wang, Z. Tang, B. Zhou, Y. Zhou, Mater.
Today Bio 23, 100787 (2023)

115. J.Y. Zhang, L.W. Liu, Z. Dong, X.C. Lu, W.X. Hong, J. Liu, X.Y. Zou, J.F. Gao, H.
Jiang, X.L. Sun, K. Hu, Y.J. Yang, J.B. Ge, X. Luo, A.J. Sun, Bioact. Mater. 28, 480 (2023)
116. S.Han, X. Zhi, Y. Xia, W. Guo, Q. Li, D. Chen, K. Liu, X. Wang, Small19, 2301593
(2023)

117. K.-B. Chang, P. Parashar, L.C. Shen, A.-R. Chen, Y.-T. Huang, A. Pal, K.-C. Lim,
P.-H. Wei, F.-C. Kao, J.-J. Hu, Z.-H. Lin, Nano Energy 111, 108397 (2023)

118. M. Chen, X. Cui, Y. Zhang, P. Zou, L. Xiao, M. Kang, J. Chen, J. Ren, Z. Fang, L. Li,
J.Lang, Y. Zhang, Z.L. Wang, Adv. Mater. Technol. 9, 2301225 (2024)

119. Y. Liu, S. Yue, Z. Tian, Z. Zhu, Y. Li, X. Chen, Z.L. Wang, Z.-Z. Yu, D. Yang, Adv.
Mater. 36, 2309893 (2024) O

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights
to this article under a publishing agreement with the author(s) or other rightsholder(s);
author self-archiving of the accepted manuscript version of this article is solely
governed by the terms of such publishing agreement and applicable law.

Zhou Li serves as the doctoral supervisor,
deputy director at the Beijing Institute of Nanoen-
ergy and Nanosystems, Chinese Academy of Sci-
ences (CAS), and is a professor at the University
of the CAS. His awards include the National Natu-
ral Science Fund for Distinguished Young Schol-
ars in 2021 and other notable awards such as the
Beijing Natural Science Fund for Distinguished
Young Scholars. His research includes bioelec-
tronic and medical devices, focusing on weara-
ble/implantable health monitoring, biosensors,
biodegradable electronics, and biomechanics. Li
can be reached by email at zli@binn.cas.cn.

MRS BULLETIN + VOLUME 50 - APRIL 2025 - mrs.org/hulletin M 13



IMPLANTABLE NAN

ERATORS FOR MEDICAL

Sang-Woo Kim is a YONSEI World-Class Fellow
Professor in materials science and engineering
at Yonsei University, South Korea. He directs the
Centers for Human-Oriented Triboelectric Energy
Harvesting and National Core Materials Research
and is vice president of the Materials Research
Society of Korea. He also serves as editor-in-
chief of two journals and has published more
than 350 papers (h-index 90). Kim can be
reached by email at kimsw1@yonsei.ac.kr.

14 B MRSBULLETIN + VOLUME 50 « APRIL 2025 « mrs.org/bullefin

Xudong Wang is the Grainger Institute for
Engineering Professor in the Department of
Materials Science and Engineering at the Uni-
versity of Wisconsin—Madison. His current
research interests include developing advanced
nanomaterials and nanodevices for mechanical
energy harvesting from human activities for
biomedical applications, and understanding the
coupling effect between piezoelectric polariza-
tion and semiconductor functionalities. He has
published more than 180 papers with a h-index
of 85. Wang can be reached by email at
xudong@engr.wisc.edu.



	Implantable nanogenerators for medical research
	Anchor 2
	Introduction
	Materials
	Biodegradable versus nonbiodegradable materials
	Advantages of biodegradable materials in biomedical applications
	Nonbiodegradable materials for long-term application in implantable nanogenerators
	Flexible versus nonflexible materials
	Importance of flexible materials in implantable devices
	Structural support and stability of nonflexible materials
	Biocompatibility and interaction with biological systems
	Evaluation methods and standards
	Strategies for enhancing biocompatibility


	Applications of nanogenerators for different physiology systems
	Nervous system
	Circulatory system
	Digestive system
	Urinary system
	Respiratory system
	Musculoskeletal system
	Endocrine system
	Others

	Challenges and prospects
	Material stability
	Power output and efficiency
	Energy storage and management
	Biocompatibility and safety
	Durability and mechanical robustness

	Conclusion
	Acknowledgments 
	References


