
Vol.:(0123456789)

  e-ISSN 2150-5551
      CN 31-2103/TB

REVIEW

Cite as
Nano-Micro Lett. 
          (2025) 17:44 

Received: 5 July 2024 
Accepted: 8 September 2024 
© The Author(s) 2024

https://doi.org/10.1007/s40820-024-01536-9

Unleashing the Potential of Electroactive Hybrid 
Biomaterials and Self‑Powered Systems for Bone 
Therapeutics

Shichang Liu1, Farid Manshaii2, Jinmiao Chen3, Xinfei Wang2, Shaolei Wang2, 
Junyi Yin2, Ming Yang1 *, Xuxu Chen1 *, Xinhua Yin1 *, Yunlei Zhou3

HIGHLIGHTS

• Introduce the role of bioelectricity and the endogenous electric field in bone tissue and summarize different techniques to electrically 
stimulate cells and tissue.

• Highlight the latest progress in exploring electroactive hybrid biomaterials as well as self-powered systems such as triboelectric and 
piezoelectric-based nanogenerators and photovoltaic cell-based devices in bone tissue engineering.

• Emphasize the significance of simulating the target tissue’s electrophysiological microenvironment and propose the opportunities and 
challenges faced by electroactive hybrid biomaterials and self-powered bioelectronics.

ABSTRACT The incidence of large bone defects caused by traumatic 
injury is increasing worldwide, and the tissue regeneration process requires 
a long recovery time due to limited self-healing capability. Endogenous 
bioelectrical phenomena have been well recognized as critical biophysi-
cal factors in bone remodeling and regeneration. Inspired by bioelectricity, 
electrical stimulation has been widely considered an external intervention 
to induce the osteogenic lineage of cells and enhance the synthesis of the 
extracellular matrix, thereby accelerating bone regeneration. With ongoing 
advances in biomaterials and energy-harvesting techniques, electroactive 
biomaterials and self-powered systems have been considered biomimetic 
approaches to ensure functional recovery by recapitulating the natural electrophysiological microenvironment of healthy bone tissue. In 
this review, we first introduce the role of bioelectricity and the endogenous electric field in bone tissue and summarize different tech-
niques to electrically stimulate cells and tissue. Next, we highlight the latest progress in exploring electroactive hybrid biomaterials as 
well as self-powered systems such as triboelectric and piezoelectric-based nanogenerators and photovoltaic cell-based devices and their 
implementation in bone tissue engineering. Finally, we emphasize the significance of simulating the target tissue’s electrophysiological 
microenvironment and propose the opportunities and challenges faced by electroactive hybrid biomaterials and self-powered bioelectron-
ics for bone repair strategies.
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1 Introduction

Bone diseases, ranging from arthritis and osteoporosis to 
bone cancer and fractures, represent significant challenges 
and burdens in modern society [1–4]. The increasing inci-
dence of large bone defects caused by traumatic injuries, 
coupled with the limited self-healing capability of bone tis-
sue, necessitates the development of advanced therapeutic 
strategies [5]. Traditional methods for bone repair, such 
as autografts and allografts, often come with limitations, 
including donor site morbidity, limited availability, and risk 
of immune rejection [6]. Consequently, there is a pressing 
need for innovative approaches that can enhance bone regen-
eration and repair.

One promising avenue in bone therapeutics is the inte-
gration of electroactive hybrid biomaterials (EHBs) and 
self-powered systems [7, 8]. These technologies leverage 
the intrinsic bioelectrical properties of bone tissue to create 
biomimetic environments that promote bone healing. The 
concept of bioelectricity in bone tissue is not new [9]; it has 
long been recognized that electrical signals play a crucial 
role in bone remodeling and regeneration. Natural bone is a 
composite material primarily composed of hydroxyapatite 
and collagen, which exhibits specific bioelectric phenomena 
under different physiological conditions. These phenomena 
include dielectric properties, pyroelectricity, ferroelectricity, 
and piezoelectricity in dry bone [10, 11], as well as stream 
potential and electroosmosis in wet bone [12–14].

Given the critical role of bioelectricity in bone tissue, 
researchers have explored the use of exogenous electric 
fields (Exo-EFs) to mimic or modulate Endo-EFs for treat-
ing bone diseases. Exogenous electrical stimulation (ES) has 
been widely considered an external intervention to induce 
the osteogenic lineage of cells and enhance the synthesis of 
the extracellular matrix, thereby accelerating bone regenera-
tion. The US Food and Drug Administration has approved 
the use of ES as a non-pharmacological treatment for frac-
ture healing, with devices available in both invasive and non-
invasive forms. The development of EHBs that simulate the 
electrophysiological microenvironment of bone tissue has 
attracted significant attention. EHBs combine the properties 
of electroactive materials with biocompatibility and biodeg-
radability, making them suitable for bone tissue engineering. 
Conductive biomaterials (CBMs), such as metallic CBMs 

and metal nanoparticles, facilitate the regulation of cell–cell 
or cell-extracellular matrix (ECM) cross talk by enhancing 
electron transport at the interface between bone cells or 
tissue and materials. Piezoelectric biomaterials, including 
piezoceramics and piezopolymers, can induce the electro-
physiological environment required for bone regeneration 
by surface polarization.

The application of EHBs in bone therapeutics involves 
promoting osteogenesis, suppressing osteoclast activity, 
immunomodulation, vascularization enhancement, antibac-
terial effects, and drug delivery. EHBs can serve as delivery 
platforms for therapeutic drugs or sensors, assisting in treat-
ment and monitoring prognosis. Self-powered bioelectronic 
devices, such as triboelectric nanogenerators (TENGs) and 
piezoelectric nanogenerators (PENGs), offer non-pharma-
cological rehabilitation methods that enable bioelectronic 
therapies beyond what is possible with pharmaceuticals. 
These devices can regulate the activity of excitable cells or 
bone tissue, promoting bone regeneration and accelerating 
functional recovery. The integration of electroactive hybrid 
biomaterials and self-powered systems into bone therapeu-
tics holds transformative potential. These technologies offer 
innovative solutions for enhancing bone regeneration and 
repair, addressing the limitations of traditional methods. As 
research continues to advance, the convergence of bioengi-
neering, materials science, and nanotechnology is expected 
to revolutionize the field of bone therapeutics, ultimately 
improving patient outcomes and quality of life [15–24].

This review focuses on summarizing the current state of 
the art in electroactive biomaterials and self-powered elec-
trical stimulation devices that replicate the electrophysi-
ological microenvironment for bone tissue regeneration. 
It highlights conductive and piezoelectric biomaterials as 
well as passive self-powered electrical stimulation technolo-
gies, primarily TENG, PENG, and photovoltaic cells. First, 
we discuss the nature and mechanism of the formation of 
endogenous bioelectricity in bone tissue. Second, we sum-
marize and discuss electroactive biomaterials with different 
structures and properties, with a particular emphasis on their 
applications in treating bone-related diseases. Finally, we 
provide an overview of the current applications of electro-
active biomaterials and self-powered devices in the field of 
bone tissue engineering and propose potential obstacles that 
may be encountered in future clinical translation.
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2  Bone Bioelectricity and Cell‑Bone 
Interaction with Electrical Stimulation 
Signals

The discovery of Endo-EFs can be traced back to the eight-
eenth century when Luigi Galvani made a breakthrough 
in studying the contraction behavior of frog sciatic nerve 
muscles, pioneering new research avenues for the interplay 
between electricity and biology [25, 26]. Currently, Endo-
EFs phenomena are defined as the electrical potential and 
polarity changes occurring in organs, tissues, and cells 
during biological activities such as water molecules, ions 
 (Ca2+,  Na+,  K+,  Cl−,  PO4

2−), and transmembrane potential 
[27, 28]. As critical indicators reflecting cell morphogene-
sis and tissue function formation, bioelectricity signals are 
influenced by ion channel proteins, ion pumps in the cell 
membrane, and electrical synapses or gap junctions [29]. 
These signals participate in regulating various biological 
processes, including cell migration, proliferation, differen-
tiation, nerve conduction, muscle contraction, embryonic 
development, and tissue regeneration [30]. Consequently, 
investigating Endo-EFs significantly contributes to under-
standing the physiological and pathological processes of 
living organisms. Simulating and reshaping the electrical 
microenvironment can activate the electrophysiological 
behavior of injured cells or disabled tissues, thereby real-
izing disease treatment.

Endogenous piezoelectricity is another significant elec-
trical property in bioelectricity. As the name implies, pie-
zoelectricity describes the ability of materials to generate 
electricity in response to applied mechanical deformation, 
including tension, bending, compression, vibration, and so 
on [31, 32]. When piezoelectric materials are subjected 
to a specific direction of external force (such as an ultra-
sonic wave), they deform, causing internal polarization 
and the relative surface to produce positive and negative 
opposite charges. When the external force is removed, the 
piezoelectric material returns to its uncharged state, which 
is known as the positive piezoelectric effect. The elec-
tric field will deform the piezoelectric material along its 
polarization direction. When the electric field is removed, 
the deformation of the piezoelectric material disappears, 
known as the inverse piezoelectric effect [33]. In the physi-
ological environment, the piezoelectric response originates 
from the anisotropic structure of biological components 

or transient deformations, contributing to the generation 
of nonzero electric dipole moments [34, 35], which are 
widely regarded as closely related to bone formation and 
remodeling. Extensive research has confirmed the pres-
ence of piezoelectricity in many biological macromole-
cules, tissues, and organs, including amino acids, proteins, 
DNA, bone, cartilage, ligaments, tendons, and hair [33, 36, 
37]. At the molecular level, amino acids exhibit structure-
dependent piezoelectric properties. This is attributed to 
the chiral symmetric groups present in most amino acids, 
thus giving rise to inherent polarity along the molecular 
chain formed by left- or right-hand structures. Addition-
ally, piezoelectricity within peptides is primarily induced 
by hydrogen bonds oriented along helical axes. Once 
subjected to transient stress from the external environ-
ment, the displacement of hydrogen bonds leads to the 
rearrangement of dipole moments on the molecular chain, 
causing polarization and generating accumulated charges. 
Collectively, the structural features of amino acids and 
peptides lay the foundation for the piezoelectric proper-
ties of proteins. Although the piezoelectric coefficients of 
these natural piezoelectric biomacromolecules range from 
0.01 to 10 pm  V−1, they are crucial for maintaining the 
electrical properties of tissues.

Natural bone is generally regarded as a composite mate-
rial in which hydroxyapatite mainly forms the inorganic por-
tion (69 wt%) with a collagen matrix (22 wt%) embedded in 
it, showing a densely packed fibrillar state [27]. Due to the 
physiochemical properties and anisotropic microstructure of 
these components, bone tissue encompasses specific bio-
electricity phenomena under different physiological condi-
tions, which combine dielectric properties, pyroelectricity, 
ferroelectricity, and piezoelectricity for dry bone, along with 
stream potential and electroosmosis for wet bone (Fig. 1). 
Investigations have uncovered the valuable effects of elec-
trical stimulation generated by intrinsic electric fields or 
exogenous electrical signals through applying electrically 
conducting materials or devices on bone restoration or the 
management of bone-related diseases, including osteoporo-
sis, bone fractures, and bone tumors [2, 38].

In terms of components, the bioelectrical characteris-
tics of bone tissue are mainly attributed to collagen and 
hydroxyapatite. It has been demonstrated that the dielec-
tric properties arise from the separation of hydrogen bonds 
between collagen and hydroxyapatite by applying external 
electrical fields [39]. The dielectric constant of bone is likely 
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contingent upon the water content and electric frequency, 
which can be quantified using impedance spectroscopy tech-
niques [40, 41]. Phadke et al. reported that the dielectric 
constant of bone decreased with elevated frequency [42]. 
Also, mineralized bone experiences a reduction in dielec-
tric constant and conductivity compared to pure dry bone, 
which might be attributed to the breaking and disassembly 
of hydrogen bonds as well as the reduction of the freedom 
of side chains inside the phase of mineralized collagen [43]. 
Recent investigations revealed a significant interrelation 
with bone mineral density (BMD) [44], suggesting that the 
dielectric constant can serve as a feasible indicator to evalu-
ate the mechanical performance and health status of bone 
or even for the diagnosis of osteoporosis. Pyroelectricity 
can be directly connected to the peculiar structure of the 
folding helix amino acid residue chains in collagen fibrils. 
Temperature variation disturbs the symmetry of the triple 
helical nature within the collagen molecule, resulting in a 
nonlinear polarization response, thus generating thermoelec-
tric potential [45]. Furthermore, collagen fibers can change 

the orientation of polar groups and exhibit diverse alignment 
within bone plates, similar to the alignment of ferroelectric 
domains. The existence of residual polarization and perma-
nent dipoles imparts the collagen component in bone with a 
ferroelectric nature [46].

Early in 1957, the piezoelectric property in bone was 
proven by Fukada, who initially quantified the value of 
the piezoelectric constant as one-tenth that of quartz [10]. 
Current scholarship has figured out that the origin of the 
piezoelectric effect comes from the non-centrosymmet-
ric conformation of collagen fibrils sliding against each 
other [47, 48]. As the fundamental protein of bone tissue, 
collagen exhibits self-assembly into a triple helix struc-
ture through hydrogen bonds between -NH2 and -C = O-, 
sequentially stacking to form a quasi-hexagonal lattice 
crystalline. When subjected to mechanical stress, the heli-
cal chains undergo bending and relaxation deformation due 
to hydrogen bonds translocation, resulting in a change in 
axial polarization, thus leading to the piezoelectric effect. 
Researchers have also detected piezoelectric responses 

Fig. 1  Schematic diagram of the endogenous bioelectricity in bone tissue
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in hydroxyapatite blocks, supposing that hydroxyapatite 
might synergistically form piezoelectric bone tissue with 
collagen [49]. However, as the major inorganic compo-
nent, the high rigidity of HAp dampens the mechanical 
perception of collagen fibrils to external force and restricts 
the entry and flow of water molecules to form polar hydro-
gen bonds, thus attenuating the generation of piezoelectric 
stimulation [50]. Meanwhile, intrinsic piezoelectric het-
erogeneity exists within single collagen fibrils, which even 
confers anisotropic piezoelectricity to bone tissue [51]. 
This means that the piezoelectric properties vary across 
different bone regions. For example, the femur presents a 
piezoelectric coefficient of 0.7 pC  N−1 under shear stress, 
whereas the tibia displays a higher value ranging from 7.66 
to 8.48 pC  N−1 [52]. As explained by Wolff’s law, bone can 
respond to mechanical loading due to the induced polari-
zation by the piezoelectric effect, thus facilitating bone 
remodeling and repairing [53]. Different from dry bone 
samples, investigations suggested that the electric poten-
tial in wet bone is induced by stress-triggered ion flows in 
the bone interstitial fluid, called streaming potential, rather 
than the piezoelectric effect [54]. As the presence of water 
molecules increases the conductivity of the bone matrix, it 
weakens the piezoelectric characteristics of collagen [55]. 
Owing to the endogenous electric field, the calcium fluxes 
appearing in the interstitial fluid through the canaliculi and 
lacunae are governed by the electroosmosis phenomenon 
[52].

Collectively, the electrophysiological characteristics of 
bone tissue are an overlap and collective of dielectric proper-
ties, pyroelectricity, ferroelectricity, piezoelectricity, stream 
potential, and electroosmosis. Once bone trauma emerges, 
the relatively static electric potential will encounter damage 
at the injury site. Taking bone fracture as an example, the 
injured tissue, including distal bone fragments and the trau-
matized site, displays noticeable negative potential, which 
slowly reverts to a normal state as the healing progresses 
[56]. Hence, many researchers have proposed that the 
remodeling of the electrophysiological microenvironment 
may lay the foundation for the application of Exo-EFs in an 
invasive or noninvasive manner. With ongoing progress and 
increasingly in-depth exploration of the formation mecha-
nism and biological functions, the efficacy of endogenous 
bioelectricity provides novel feasible paradigms and targets 
for bone-related disease therapy. Consequently, the exer-
tion of material design to assist in building up Exo-EFs to 

mimic or modulate Endo-EFs for bone disease treatment has 
emerged as a cutting-edge focus in the field of biomaterials 
and regenerative medicine [57, 58].

3  Ways of Delivering Electrical Signals 
to Bone Tissue

3.1  Exogenous Electrostimulation Source

Inspired by endogenous bioelectricity, electrostimulation, 
simulating the Endo-EFs to modulate the bioelectric state 
and accelerate fracture healing, comes to the fore as a prom-
ising non-pharmacological treatment in clinical practice and 
has been approved by the US Food and Drug Administration. 
The clinic-available ES devices mainly include invasive and 
noninvasive aspects, and the electric stimuli are generally 
induced by using direct current (DC) or alternating current 
(AC) [59, 60]. Given that the EXO-EFs are easily affected 
by the tissue environment, adjusting the ES parameters as 
needed is beneficial for constructing protocols that can posi-
tively regulate cell behaviors and accelerate the improve-
ment of in vitro research on the formation and mechanism 
of endogenous bioelectricity.

DC is regarded as the common and most feasible method 
widely used for most in vitro assays by directly inserting 
electrodes into the culture medium [61]. By using the con-
nected commercial electric stimulator, the amplitude of 
voltage/current and duration can be conveniently altered 
[62]. DC stimulation is one of the most efficient methods 
of ES therapy. It is invasive for bone defects by implanting 
the cathode in the fracture area, while the anode is fixed 
in adjacent soft tissue. It was found that DC stimulation 
(100 mV  mm−1, 1 h  day−1) can effectively promote osteo-
genesis in the presence of osteogenic-induced factors [63], 
while 200 mV  mm−1 enhanced early stem cell differentia-
tion and bone matrix production without additional chemical 
inductive factors [64]. In another report, both high DC EFs 
(10–15 V  cm−1) and low DC EFs (smaller than 5 V  cm−1) 
were able to elevate intracellular calcium levels, promote 
cell elongation, and guide the motility of osteoblast-like 
cells [65]. Further development of DC-based ES therapy is 
largely limited by its disadvantages, such as thermal dam-
age, formation of capacitive bilayers, toxicity of metal-based 
electrodes, pH alteration, and by-products from electrolysis 
[66]. In AC electrical stimuli, besides the level of voltage/
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current and stimuli duration, the frequency (Hz), pulse 
width (sec), periodical time, and especially the type of wave 
(monophasic, biphasic, sine, square, triangular, etc.) can also 
be controlled [67]. Bader et al. used sinusoidal AC with 
square voltage (0.1, 1.4, and 2.8 V) at a frequency of 20 Hz 
to evaluate its effect on human osteoblasts. Results suggested 
that higher electrical stimulation with 2.8 V significantly 
reduced osteogenic differentiation, while a suitable voltage 
amplitude (0.2 and 1.4 V) did help osteogenic gene expres-
sion [68]. Additionally, AC stimulations can be applied in 
a noninvasive mode. In early work exploring how fixed ES 
affected osteoblast-like cells’ behavior and bone formation 
on the PCL-based 3D-printing scaffolds, to minimize cell 
damage, the plate electrodes were separated with an insu-
lator containing culture medium and cell-loaded scaffolds. 
An AC electric field of 55 ± 8 mV  cm−1 at a frequency of 
60 Hz was exerted between a pair of electrodes to produce 
a sinusoidal signal [60].

Up to now, there exist several pathways to impose ES on 
target cells or tissues, including direct stimulation, capacitive 
stimulation, inductive stimulation, and combined stimulation 
[69, 70]. Commercial electrical stimulators are commonly 
used for direct electrostimulation, especially for in vitro 
experiments in the laboratory [71]. The relative electrical 
parameters can be conveniently and quickly tuned, helping 
to precisely screen out the optimal parameters and develop 
a standard protocol for regulating cells or bone tissue. The 
human body’s response to current and tolerance varies; the 
average human body may feel the stimulation of a current 
value of about 1 mA, while the human body experiences 
muscular contraction pumping at 5–20 mA. It is worth not-
ing that when the current of electrical stimulation exceeds 
20 mA, it may cause direct cell death by instantly burning 
cells and destroying cell membrane structure [72]. There-
fore, the biological safety of direct electrical stimulation 
needs further evaluation.

Inductive coupling (IC) stimulation refers to generat-
ing an induced electric field through a conductive coil 
surrounding the cell culture platform [73]. Subsequently, 
the alternating current generated flows through the coil, 
producing a magnetic field and an alternating electric 
field perpendicular to the magnetic field direction. Com-
pared to simple direct electrical stimulation, IC effec-
tively avoids direct contact between cells and electrodes, 
thereby eliminating the presence of toxic by-products 
[74]. A recent review analyzed 117 studies using IC-ES 

to treat bone and cartilage (73 in animal models, 44 in 
human patients). It was found that in animal studies, a 
pulse frequency > 7.5 Hz and in human patients > 15 Hz 
resulted in better efficacy. Additionally, in preclinical and 
clinical studies, magnetic field MF intensity > 1.0–1.2 mT 
was associated with higher healing rates. However, clini-
cal evidence is still scarce for each condition tested, par-
ticularly for implants’ osseointegration, osteoporosis, and 
osteoarthritis in humans [75]. Capacitive coupling (CC) is 
also a noninvasive electrical stimulation method. By plac-
ing the cell culture system between two parallel capacitor 
plates connected to a generator, the generated electric field 
is evenly transmitted through the culture medium to the 
cells regardless of their position in the cell culture well 
[76]. The entire system often does not directly contact the 
cells. This allows for uniform stimulation of cells through 
the cell culture medium regardless of their position in the 
cell culture well. However, the development of CC-ES is 
still severely hindered by many objective factors, such as 
complicated circuit design, weak anti-interference capa-
bilities, and inevitable attenuation in bone tissue, making 
it difficult to further develop and study [73, 76].

For a long time, exogenous electrical stimulation has 
been directly applied to cell culture mediums or local tis-
sues, including deep brain stimulation, activation of neurons 
and CMs, modulation of stem cell differentiation, and tissue 
repair activation. However, these flat electrodes have shown 
many limitations in practical applications. Firstly, the mac-
roscopic electric field generated lacks selectivity and spa-
tial resolution, causing severe side effects on non-targeted 
cells or tissues. Secondly, due to the absorption effects of 
the liquid environment and adipose tissue, the cell culture 
medium or surrounding tissue weakens the voltage threshold 
applied to the target cells/tissues. Conductive biomaterials 
with micro/nanostructures can serve as new electrode mate-
rials, providing additional electrical stimulation not exceed-
ing safe thresholds based on physiological needs, and can 
be used as a bio-scaffold in direct contact with cells or tis-
sues along with piezoelectric biomaterials, thus avoiding the 
influence of surrounding media. Additionally, through the 
rational design of morphology, physicochemical properties, 
and mechanical properties, conductive biomaterials can syn-
ergistically guide cell adhesion, proliferation, and differen-
tiation. Therefore, electrical stimulation based on conductive 
biomaterials can provide a diverse platform for regulating 
cell or tissue behavior and intervening in tissue repair.
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3.2  Self‑Powered Electrostimulation Source

External electric stimulators and implantable medical 
electronics (IMEs) used in clinics are generally powered 
by batteries. The constant battery capacity greatly lim-
its the device’s lifespan. Regular replacement of power 
sources not only pollutes the environment but also 
increases the economic and mental burden on patients. 
In addition, batteries account for most of the weight and 
volume of IMEs. In recent years, scientists have pro-
posed converting human kinetic energy, thermal energy, 
or chemical energy in the physiological environment into 
electricity for self-powered IMEs, enabling the devices 
to operate normally without an additional power supply. 
Except for ambient light and temperature, in vivo redox 
reactions and endocochlear potential, there is a signifi-
cant amount of untapped small biomechanical energy 
in the human body, such as muscle contractions, vocal 
cord vibrations, lung respiratory movements, heartbeats, 
and blood flow. Therefore, various kinds of self-pow-
ered ES devices have been developed, including PENGs 
[77], TENGs [78], photovoltaic cells (PVCs), automatic 
wristwatches (AWs) [79], pyroelectric nanogenerators 
(PYENGs) [80], biofuel cells (BFCs) [81], and endoc-
ochlear potential (EP) collectors [82]. Considering the 
special microenvironment of bone tissue, this section 
will focus on reviewing TENG, PENG, and PVC as self-
powered ES sources for bone tissue engineering.

3.2.1  TENG

TENGs were first proposed by Wang’s group early in 2012 
and have been considered a promising type of self-powered 
device within the field of biosensors and self-powered bio-
medical devices [83, 84]. The principle of TENGs was 
inspired by the natural phenomenon of electrification by 
friction and is described as the combined effect of electro-
static induction and triboelectrification. The basic working 
mechanism is as follows (Fig. 2a): When two dissimilar 
materials with opposite electronegativity contact each other 
upon external force, electric charges will transfer from one 
to the other material with stronger electron-accepting capa-
bility. Once the surfaces of the two materials are separated, 
large quantities of equal and opposite charges accumulate, 
creating a potential difference between the electrodes and 
electrons flowing in the external circuit to form a current 
[78, 85].

According to the structure and operating modes, 
TENGs can be categorized into four types, adapting to 
various application scenarios: vertical contact-separation, 
lateral sliding mode, single-electrode, and freestanding 
triboelectric-layer mode (Fig. 2b) [87]. Li’s group and 
Cao’s group both used the same triboelectric materials, 
PTFE and Al, to develop wearable TENGs in a contact-
separation and sliding friction mode, respectively [88, 
89]. TENG-induced ES promoted the differentiation of 
osteoblasts and also rejuvenated aged BMSCs, regaining 
their proliferative capacity, pluripotency, and osteogen-
esis potential. The invention of TENG technology has 

Fig. 2  Working principle of TENGs. a Electron-cloud-potential-wall model. Reproduced with permission [85]. Copyright 2018, Wiley–VCH. b 
Four fundamental modes of TENG. The theoretical model of TENGs is based on the displacement current of Maxwell’s equations [86]
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greatly addressed the power supply issue of traditional 
electrical stimulators. Recently, the application of TENGs 
as biomedical sensors has made a significant impact, as 
they can real-time, self-powered, and portable convert 
biomedical signals into measurable electric signals [90, 
91]. This serves the early diagnosis and prognosis moni-
toring of diseases, enabling individualized and precise 
health management for patients. Because of the wet and 
hostile interior environment of the human body, the 
implantable TENG requires protection from external 
forces, as its operating mechanism relies on the complete 
absence of water and moisture conditions. To that pur-
pose, TENG encapsulating layers made of biocompat-
ible materials have been developed to tolerate implanted 
devices for an extended period. These packaging layers 
marginally limit the TENG’s power output. Furthermore, 
researchers must constantly explore and experiment to 
find the electrical stimulation that has the most effect 
on cell activity while causing the least harm to the body. 
Although TENG-ES has numerous beneficial impacts on 
bone and wound healing processes, there is limited direct 
data to explain how this ES stimulates osteoblast and 
fibroblast development. More research should be done to 
directly verify the causal association between osteoblast 
and fibroblast differentiation and ES.

In the field of bone tissue regeneration research, there 
are increasingly more reports on TENG-related applica-
tions, primarily focused on determining cell osteogenesis, 
accelerating bone healing [92], sensing for disease-mon-
itoring [93], mitigating bone aging [94], and inhibiting 
implant-related infections [95]. By designing in wear-
able or implantable modes, TENGs can directly serve as 
a self-powered energy source, providing direct electrical 
stimulation and participating in physiological activities 
on or within the human body, thereby paving an alterna-
tive way for modern medical treatment and intervention. 
Due to the high electrical output and mechano-sensitiv-
ity with cheerfully available and affordable materials, 
TENGs are expected to provide feasible ES therapy for 
clinical orthopedic treatment as well as sensing of the 
treatment process and sustainable power supply for medi-
cal devices. Given the portability, patients are likely to be 
freed from the burden of heavy medical facilities, thereby 
reducing their therapy and time costs, and creating new 
paradigms for personalized health management and pre-
cise treatment.

3.2.2  PENG

PENGs, based on the piezoelectric effect, convert external 
mechanical energy into electrical energy through its defor-
mation and deliver it to the electrode or power electronic 
devices. The first study about PENG-based self-powered 
devices can be traced back to 2006 [96] when Wang and 
Song developed an aligned zinc oxide (ZnO) nanowire array-
based PENG to harvest vibration energy and power nanode-
vices. In the presence of load, the output voltage was about 
8 mV [96]. Further, in 2010, Li et al. proposed a ZnO-based 
single-wire PENG, which generated an alternating current 
of about 1 and 30 pA when implanted on the diaphragm 
and heart surface, respectively. This work represents the first 
successful attempt to apply PENGs to collect and convert 
in vivo biomechanical energy into electricity [97]. Here, we 
take ZnO crystals as an example to illustrate the fundamen-
tal mechanism of PENGs. As a typical piezoceramic, ZnO 
possesses a hexagonal structure with non-central symmetry 
in the direction of the c-axis. As shown in Fig. 3a,  Zn2+ 
cations and neighboring  O2− anions are tetrahedrally coor-
dinated, and the charge centers of  Zn2+ and  O2− overlap with 
each other when no external stress is applied; therefore, no 
polarization is produced. Once stress is exerted along its 
c-axis, the charge centers of cations and anions are relatively 
displaced, generating a dipole movement in the unit cell [31, 
98]. Subsequently, a potential distributed along the stress 
direction is macroscopically induced after dipole moments’ 
superposition occurs inside the crystals (Fig. 3b). This is 
called piezoelectric potential (piezopotential), which can 
drive the flow of electrons in an external load circuit when 
the material undergoes mechanical deformation.

The currently available PENGs are mostly composed of 
external loads, piezoelectric components, and flexible sub-
strates. Its capability to respond to mechanical force and 
directly generate electrical signals empowers the PENG 
with outstanding advantages in the application of energy 
harvesting, biosensing, and therapeutic electrical stimula-
tion [99–101]. Since the performance of a single PENG is 
mainly determined by the intrinsic piezoelectricity of the 
piezoelectric components, it is crucial to select the mate-
rials and precisely design the device structure for better 
outcomes. Limited by the finite mechanical deformation 
pathways and weak deformation amplitudes in tissue engi-
neering, there are few reports of PENG devices being used in 
orthopedics. Meanwhile, the piezoelectric materials used for 
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bone tissue can be generally divided into three types: flex-
ible artificial piezopolymers like poly(L-lactic acid) (PLLA), 
polyvinylidene fluoride (PVDF) and its copolymers, natu-
ral piezopolymers like collagen, cellulose, and piezoelectric 
composites by integrating inorganic piezoelectric particles 
into piezopolymer substrates.

3.2.3  TENG‑PENG

Both TENG and PENG can convert mechanical energy 
(heartbeat, pulse, respiration, blood flow, joint motion, 
etc.) into electricity, which can be harvested and used for 
direct electrical stimulation or powering implanted medical 
devices, each having its advantages and drawbacks. PENGs 
endure long-term bending with good stability but are lim-
ited by low output performance. TENGs possess relatively 
higher voltage output but exhibit low frictional efficiency 
and require necessary encapsulation to protect the triboelec-
tric layer from erosion and dysfunction in the body’s liquid 
environment. Particularly for implantable devices, the sen-
sitivity and energy conversion efficiency of NGs need to be 
quite high due to the subtle magnitude of movement inside 
the animal body. Currently, exploration and research in this 
field are mainly focused on enhancing energy conversion 
efficiency, optimizing device structure, and developing novel 
friction materials.

By integrating PENG into TENG, it has been proven 
that the formed TENG/PENG hybrid coupling nanogenera-
tor can not only utilize the advantages of multiple energy 

conversion mechanisms but also enhance energy conversion 
efficiency and achieve complete self-powered property. A 
modified electron-cloud potential-well acceleration theory 
will account for the enhancement of energy conversion effi-
ciency from a microscopic level [85]. In the intrinsic theory 
of TENG, the charge transfer is affected by the relative capa-
bility of gaining or losing electrons, called surface potential 
difference, which intrinsically depends on the pairing mate-
rials themselves. When a piezoelectric field is introduced 
by PENG, piezoelectric potential remarkably elevates the 
potential energy of the electron-cloud potential well, caus-
ing friction charges to be bound in the polarization direc-
tion due to the difficulty of orbital transition, resulting in 
accelerated electron transfer from the positive to negative 
materials [102].

3.2.4  Photovoltaic Cell

Besides mechanical energy, in vivo glucose redox energy 
and chemical energy, ambient temperature, humidity, and 
light can all be self-powered sources to generate electricity 
in a battery-free manner. Among them, optical illumination 
is regarded as a spatiotemporally controllable, wireless, and 
noninvasive means to modulate material responses. Organic 
photovoltaic cells (OPVs) converting light into controllable 
electric current have gained much attention in the field of 
wireless self-powered health diagnostics and therapeutics. 
Additionally, the compatibility of OPV cells guarantees 
biosafety for use in direct contact with cells, tissues, and 

Fig. 3  Working mechanism of PENGs. a Crystalline structure of ZnO and numerical piezopotential distribution along a single ZnO nanowire 
under axial stretching or compression. b Piezopotential of PENG in compression and tension modes
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organs. Traditional silicon-based neuromorphic sensors are 
a viable option, but they have inherent constraints that are 
difficult to overcome. First, they have low biocompatibility, 
which means they may be rejected by biological systems or 
cause negative reactions when they come into touch with 
them. Second, the circuitry of these devices is frequently 
complicated, increasing the difficulties of manufacture and 
maintenance while simultaneously reducing energy effi-
ciency. Finally, silicon-based devices operate fundamentally 
differently from ion signal modulation in biology, making it 
challenging for them to mimic biological systems. Because 
real neurons interact with one another by regulating flux 
and polarization through ion species, and organic semicon-
ductors can combine ion polarization with charge transport 
regulation, organic materials are an ideal candidate for build-
ing biomimetic electronics. Organic semiconductor materi-
als are a promising alternative to silicon-based photodiodes 
of photovoltaic cells, as they offer higher efficiency, pleas-
ant flexibility, lighter weight, lower cost, and simpler pro-
duction. The charge carriers generated by the photoelectric 
effect can increase the conductivity of bare silicon linearly 
with the intensity of light. The introduction of p-n junctions 
is beneficial for creating controlled PVCs with high spatial 
selectivity. Jaume et al. reported a silicon-based photovoltaic 
microcell array (PVMA) platform to stimulate osteoblast-
like Saos-2 cells [103]. Through advanced photolithography 
and e-beam evaporation, the PVMA array had a rectangular 
morphology of 5 μm × 7 μm and produced photocurrents 
of 56.53 and 72.9 nA under white LED light and solar illu-
mination, respectively. Results showed that wireless ES 
triggered intracellular  Ca2+ activity in 46% of Saos-2 cells. 
Similarly, the Schottky junction formed at the surface of 
silicon can also assist in improving light-induced surface 
charge accumulation. Lin’s group proposed light-responsive 
graphene-transferred silicon (Gr-Si) with a Schottky junc-
tion to promote the osteogenic differentiation of BMSCs 
with the illumination of a blue LED flashlight at a wave-
length of 450 nm [104]. The interface within Gr-Si regulated 
the surface potential of materials by affecting the positive/
negative charge accumulation, which interrupted the expres-
sion of upstream signaling molecules. However, the biggest 
challenge for PVC applied in bone regeneration is tissue pen-
etration. Most photoelectric devices are activated by visible 
or ultraviolet light, whose wavelengths are easily absorbed 
by the epidermis and fat, making it hard to reach internal 
tissues. Hence, Fu et al. created a photoelectric-responsive 

 Bi2S3/HAp nanorod array film on artificial Ti implants (Ti-
BS/HAp) [105]. The composite structure of BS and HAp 
increased the NIR light absorption efficiency and the yield 
of photoelectrons. Upon NIR irradiation at 0.29 W  cm−2, the 
photocurrent reached 25 μA  cm−2, compared to 4 μA  cm−2 
for Ti-BS under the same condition. This photoelectric-
responsive coating facilitated the control of cell fate to ori-
ent the osteogenic differentiation in vitro and was also able 
to enhance bone regeneration in vivo.

4  Electroactive Hybrid Biomaterials in Bone 
Therapeutics Application

Owing to the discovery of bioelectricity and piezoelectricity, 
EHBs that simulate the electrophysiological microenviron-
ment have attracted huge attention due to their capability 
to simulate Endo-EFs with high biocompatibility and low 
cost. Enormous efforts have been devoted to designing and 
fabricating EHBs (Fig. 4). By adjusting the components, 
topography, and structure, the properties of electroactive 
materials can be precisely customized to meet application 
requirements in different pathological conditions and maxi-
mize their potential value in bone tissue engineering.

4.1  Electroactive Hybrid Biomaterials Classification

For the structure and properties of different types of elec-
troactive biomaterials and their application in different sce-
narios in the field of bone repair and regeneration, as well as 
their advantages and disadvantages as bone repair materials, 
we summarized conductive biomaterials and piezoelectric 
biomaterials from the aspects of material structure and phys-
ical and chemical biological properties.

4.1.1  Conductive Biomaterials

CBMs can facilitate the regulation of cell–cell or cell–ECM 
cross talk by enhancing electron transport at the interface 
between bone cells or tissue and materials. The biologi-
cal effects of CBMs on cell behaviors, including adhesion, 
migration, proliferation, and differentiation, have been 
extensively investigated [106]. Additionally, some reviews 
have summarized the fabrication of CBMs-based scaffolds 
with suitable biophysical cues (e.g., patterned morphol-
ogy, micro/nanostructure, stiffness, and conductivity) for 
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mimicking the properties of ECM and the stem cell niche 
[107, 108].

Metallic CBMs Traditionally, bulk metals such as titanium 
(Ti), cobalt (Co), stainless steel, and their alloys have been 
widely used as bone implants in clinical treatment due to 
their biocompatibility, excellent mechanical strength, and 
strong corrosion resistance comparable to natural bone tis-
sue. However, these orthopedic metal implants are unable 
to degrade when applied in vivo, and the induced mechan-
ical shunt may cause bone loss and even delay the heal-
ing process [109]. Hence, much attention has been paid 
to absorbable metal families, including magnesium (Mg), 
zinc (Zn), and iron (Fe), which have no concern about 
long-term fatigue damage and second surgery. Addition-
ally, porous metal scaffolds have also been manufactured 
to meet the challenging requirements for bone implants. 

Their interconnected porous structure effectively increases 
the surface area for reinforcing osteoblast adhesion and pro-
liferation [110]. The current application of metal implants 
for bone tissue treatment mainly relies on mechanical per-
formance rather than electrical properties, so we will not 
discuss this in detail here.

Metal nanoparticles Represented by gold nanoparticles 
(AuNPs) and silver nanoparticles (AgNPs), these incorpo-
rate the outstanding conductivity and thermal properties of 
nanomaterials with exceptional physiochemical properties. 
They are generally utilized as dopants or coatings in pre-
paring electroactive hybrid materials. AuNPs exhibit multi-
functionality in modulating osteogenic cells and bone tissue. 
On the one hand, their controllable size and high surface 
area make them easy for surface modification or drug load-
ing via gold-thiol chemistry to achieve eminent therapeutic 

Fig. 4  Typical electroactive hybrid biomaterials are applied for bone tissue regeneration, including conductive biomaterials and piezoelectric 
biomaterials
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potential. Reports have also revealed that AuNPs internal-
ized by cells through endocytosis bind to proteins and gen-
erate mechanical forces on the cells, subsequently initiat-
ing the activation of the MAPK pathway, upregulating the 
expression of RUNX2, and downregulating PPARγ for the 
osteogenic differentiation of stem cells [111].

MXene nanosheets Composed of carbides, nitrides, or 
carbonitrides, MXene has rapidly emerged as a promising 
2D nanomaterial potentially applicable in biomedical engi-
neering [112]. MXene displays high volume capacitance, 
high conductivity, flexibility, and high surface area result-
ing from its stacked layered nanostructure. The excellent 
electroconductivity of MXene may result from three aspects. 
Primarily, MXene comprises transition metals that possess 
intrinsic conductivity. Second, the overlapping atomic orbit-
als within MXene layers provide a favorable environment for 
electron delocalization, while the layered structure increases 
the surface area. Simultaneously, the presence of carbon and 
nitrogen atoms between layers limits electron scattering, 
thereby promoting electron mobility and efficient charge 
transfer [113].

Carbon-based CBMs Carbon-based nanomaterials are 
nanoscale materials composed of carbon atoms, including 
carbon nanotubes (CNTs), graphene, and fullerene, among 
others [114–116]. They combine many superior properties, 
including inimitable mechanical features, chemical stabil-
ity, large specific surface area, and high electrical con-
ductivity, offering encouraging prospects for bone regen-
eration applications. Similar to metal nanoparticles and 
MXene nanosheets, carbon-based nanomaterials are usu-
ally doped into polymer matrices to facilitate the high con-
ductivity and controllable mechanical properties of bioma-
terials. Among them, CNTs and graphene are two of the 
most commonly used carbon-based materials for bone tis-
sue engineering. CNTs are equipped with nanotube struc-
tures formed by carbon atoms in a specific arrangement, 
with high stability of carbon–carbon bonds inside, giving 
them high flexibility and tensile strength. Peng et al. pro-
vided a detailed method to fabricate aligned CNT sheet-
based artificial ligaments assembled with an anisotropic 
structure, allowing new bone regeneration and efficient 
repair of the bone tunnel [117]. Graphene exhibits excel-
lent in-plane conductivity, enhancing electron transport 
within the plane [118]. Two derivatives, graphene oxide 
(GO) and reduced GO [119], have gradually developed 

with distinct conductivity from graphene. Specifically, 
GO is less conductive than graphene itself because GO 
introduces oxygen atoms and functional groups during the 
oxidation process, forming a carbon–carbon sp3 hybrid 
structure with oxidized functional groups [120].

Conductive polymers Compared to carbon-based mate-
rials and metals, conductive polymers (CPs) possess 
unique conductivity and exhibit characteristics typical of 
general polymers, especially flexibility and low stiffness. 
This combined property of CPs has aroused considerable 
research for modulating functions and repairing damage in 
various tissues, especially soft tissues involving the brain, 
heart, nerves, skin, and muscle [119, 121–123]. Notably, 
CPs can be designed and customized into injectable poly-
mers to perfectly fit irregularly shaped bone defect areas, 
achieving precise regional bone regeneration. The charge 
conduction ability of conductive polymers arises from the 
hopping of electrons within and between polymer chains 
[113, 120]. CPs possess unique reversible doping charac-
teristics in their redox states. It has been shown that doping 
performed at oxidation (p-doping) or reduction (n-doping) 
significantly increases a polymer’s electrical conductivity, 
varying from less than  10–6 S cm−1 in the neutral state to 
over  105  S−1 cm in the doped state [124]. This capability 
endows CPs with capturing and controlling the release of 
bioagents, assisting in expanding the application of bio-
sensors, bioprobes, and pharmaceuticals, thereby provid-
ing a variety of disease treatment options. Representative 
conducting polymers commonly used in cell stimulation 
and bone tissue regeneration mainly include polypyrrole 
(PPy) [125, 126], polyaniline (PANI) [127], poly(3,4-eth-
ylenedioxythiophene) (PEDOT) [128], which also serve as 
appealing candidates for preparing electroactive scaffolds. 
Notably, PPy is also a typical electroresponsive material 
that can be reversibly switched between nanotubes and 
nanotips via electrochemical reduction/oxidation. Morpho-
logical switching will induce a highly adhesive hydropho-
bic surface to a poorly adhesive hydrophilic surface and 
vice versa, which can dynamically regulate the osteogenic 
differentiation of stem cells [126]. In its oxidized state, its 
carbon backbone enriches abundant positive charges and 
can serve as an active site for binding negatively charged 
drugs. Therefore, PPy has also become a promising can-
didate for constructing electroresponsive drug-release 
systems [129].
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4.1.2  Piezoelectric Biomaterials

Piezoelectric biomaterials (PBMs) are a specific class of 
intelligent biomaterials due to their unique mechano-elec-
tro conversion capability, which can respond to mechanical 
stress (cell traction, body movement, tissue motions, ultra-
sound vibration, extension, and compression) and convert 
it into electricity and vice versa. The crystal structure and 
asymmetry of piezoelectric materials enable them to mimic 
the piezoelectric activity of bone tissue, promoting cell 
recognition and interaction with the material, and thereby 
initiating the proliferation and differentiation processes of 
bone cells. Additionally, piezoelectric materials generate 
charges along the stress direction due to charge distortion, 
providing ES that regulates ion diffusion in bone cells and 
body fluids. This modulation helps control cell signaling 
pathways, adjusting the function and activity of bone cells. 
This biomimetic design and biological similarity make 
PBMs promising and emerging materials in bone tissue 
engineering, providing strong support for innovative bone 
tissue repair strategies. Based on composition, piezoelectric 
materials will be discussed in three categories: inorganic 
PBMs, organic PBMs, and piezocomposites (Fig. 4).

Inorganic PBMs Inorganic PBMs are generally referred 
to as piezoceramics and crystals. Piezoelectric crystals 
such as quartz exist in nature in the form of single crystals, 
exhibiting limited piezoelectricity and reduced dielectric 
constant. In contrast, most piezoceramics display rela-
tively high piezoelectric coefficients. Lead zirconate titan-
ate (PZT), typically in lead-containing ceramics, exhibits 
a high piezoelectric coefficient of up to 200–350 pC  N−1, 
remarkably expanding its wide application in electron-
ics [130]. However, the biocompatibility issue cannot be 
ignored when applied to biomedical tissue engineering due 
to the possible release of toxic  Pb2+ ions. In this way, the 
exploration and investigation of lead-free piezoceramics 
have become a research hotspot, mainly falling into three 
categories: perovskite structure, tungsten bronze structure, 
and bismuth layer structure [26]. Among them, perovskite-
structured ceramics in an  ABO3 chemical formula, such as 
 BaTiO3 [131],  SrTiO3 [132],  LiTaO3 [133],  LiNbO3 [134], 
 BiFeO3 [135], and KNN [136], exhibit excellent biocompat-
ibility and high electromechanical coupling [137]. Notably, 
BTO is the first piezoelectric ceramic used for bone tissue 
regeneration.  BaTiO3 has an asymmetric tetragonal crys-
talline structure with its unit cell consisting of single  Ti4+ 

and single  Ba2+, where  Ti4+ is located at the center of the 
unit cell and is covalently bonded to oxygen ions to form 
 [TiO6] octahedra with barium ions at the four corners. Once 
exposed to mechanical stress, the  BaTiO3 crystal experi-
ences strong electrical polarity due to the shift of  Ti4+ within 
every tetragonal unit cell [138]. When barium titanate is a 
tetragonal perovskite structure, the Ti atom shifts along the 
C-axis and the spontaneous polarization intensity along the 
C-axis, resulting in a decrease in crystal symmetry and a 
significant increase in piezoelectric property. Extensive stud-
ies indicate that  BaTiO3 can induce the electrophysiologi-
cal environment required for bone regeneration by surface 
polarization, thereby boosting the therapeutic potential for 
bone defects [139, 140]. The use of low-temperature process 
of perovskite-based hybrid biomaterial, in comparison with 
high-temperature treated ones, possesses better compatibil-
ity with flexible substrates and is more convenient for indus-
trial commercialization.  BaTiO3/Ti6Al4V (BT/Ti) scaffolds 
obtained at the low temperature effectively controlled the 
metabolism of macrophages and accelerate bone regenera-
tion [141]. Moreover, the  SrTiO3/Na2Ti3O7 coatings on Ti, 
which was produced through alkaline etching at the low tem-
perature, showed great osteogenic capacity and significant 
potential in the field of hard-tissue implants [142].

Organic PBMs Distinct from the high rigidity and brit-
tleness of inorganic piezoceramics, organic piezoelectric 
polymers exhibit better biocompatibility, flexibility, and 
lightweight, although they have relatively lower piezo-
electric coefficients (−  10–10 pC  N−1) than piezoceramics 
(100–3000 pC  N−1) [143]. Moreover, the micro/nanostruc-
ture and mechanical properties of piezoelectric polymers 
can be precisely controlled and tailored through various fab-
rication techniques and easy processing methods, impart-
ing them with exciting potential in biomedicine. Organic 
PBMs can be of natural or synthetic origin. Natural PBMs, 
including cellulose, glycine, collagen, silk fibroin, and 
chitosan, intrinsically possess biodegradability and bioac-
tivity, thereby augmenting the cross talk between materi-
als and bone tissue and fostering bone healing. Synthetic 
PBMs used for tissue regeneration mainly focus on PLLA 
[1], PVDF [144], and its copolymers (P(VDF-TrFE)) [145]. 
They present superior properties such as customizable 
mechanical and physical properties coupled with structural 
stability compared to natural PBMs. The piezoelectricity of 
piezoelectric polymers originates from the non-central sym-
metry and polarized molecular chain arrangement. PVDF 
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and P(VDF-TrFE) are the most investigated piezoelectric 
polymers in bone tissue engineering due to their high flex-
ibility and piezoelectricity, with piezoelectric coefficients 
of 20 and 30 pC  N−1, respectively [146, 147]. Among the 
five crystalline phases (α, β, γ, δ, ε) of PVDF, the β phase 
displays the highest piezoelectricity  (d33 = − 33 pC  N−1; 
 d31 = 23 pC  N−1) [100], which results from the electron-
egativity difference between fluorine (F) and hydrogen (H) 
atoms, producing dipole moments in the F toward H direc-
tion in the –CH2–CF2– monomer [143]. In the case of PLLA, 
it is another commonly explored piezoelectric polymer, 
which exhibits remarkable biosafety and biodegradability 
than PVDF. The piezoelectric properties are similar to those 
of human bones, with a shear piezoelectric coefficient of 
− 9.8 pC  N−1 [56].

Piezocomposites As mentioned earlier, bone is a com-
posite of an inorganic mineralized matrix and an organic 
fibrous network that provides dynamic loading and sens-
ing properties. This concept can inspire the preparation of 
composite scaffolds that integrate inorganic piezoelectric 
ceramics and organic piezoelectric polymers. Piezoelectric 
composite materials exhibit properties different from indi-
vidual components, as they can address the high rigidity 
and brittleness of piezoelectric ceramics while significantly 
enhancing the low piezoelectric coefficient of a single poly-
mer [56, 143]. Furthermore, the addition of certain conduc-
tive materials can serve as nucleating agents to promote the 
oriented alignment of molecular chain dipoles within piezo-
electric polymers [148]. This allows the material to possess 
conductivity, flexibility, high piezoelectricity, and suitable 
mechanical strength, expanding the wide application of such 
materials in bone tissue regeneration.

4.2  Application in Bone Therapeutics

Bone healing typically goes through the following four 
consecutive stages: hematoma formation phase, fibrous 
callus formation phase, bone formation phase, and bone 
remodeling phase [120]. This lengthy process involves the 
coordination of various physiological processes, including 
inflammation suppression, immune regulation, angiogenesis, 
and osteogenesis. Accelerating the bone remodeling pro-
cess can be achieved through unilateral or systemic benign 
interventions using EHBs with good biocompatibility and 
functional diversity. Furthermore, EHBs can also serve as 

delivery platforms for therapeutic drugs or sensors for assist-
ing in treatment and monitoring prognosis.

4.2.1  Osteogenesis Promotion and Osteoclast 
Suppression

Normal bone tissue is permanently in a highly dynamic and 
balanced state between bone formation mediated by osteo-
blasts and bone resorption mediated by osteoclasts [120]. 
The activity of osteoblasts is associated with the synthesis 
of bone collagen and mineralization of bone tissue, while 
osteoclasts are responsible for breaking down and clearing 
necrotic or aging bone cells. Multiple cells and cytokines 
collectively regulate bone homeostasis through a complex 
signaling network. When this balance is disrupted, vari-
ous types of bone-related diseases will occur unexpectedly. 
Osteoporosis is caused by the abnormal excessive activity 
of osteoclasts, leading to a bone resorption rate that exceeds 
the rate of bone formation by osteoblasts [149]. Therefore, 
utilizing EHBs to suppress osteoclast activation while syn-
ergistically enhancing osteogenesis will be a promising strat-
egy for disease treatment. For example, Li’s group proposed 
a tricalcium phosphate (TCP)-based gelatin scaffold (GGT) 
in combination with electroacupuncture stimulation to study 
the ES effect on the activation of osteoclasts and osteoblasts 
[150]. In vitro assays revealed that ES simultaneously acti-
vated osteoblasts and osteoclasts via inducing pH changes, 
while they also found that a suitable ES of 200 Hz/1 mA pro-
moted osteoclast activity in the early status of bone remod-
eling and inhibited its differentiation in the bone formation 
stage. Compared with other current methods for the treat-
ment of osteoporosis or bone regeneration, the combination 
of TCP-based gelatin scaffolds and ES has a better biosafety 
effect and can better promote bone regeneration [150]. Cui 
et al. created a zoledronic acid (ZA)-loaded piezoelectric 
PLLA coating on the Ti-based bone implant via electrospin-
ning technology to prevent aseptic loosening for the first 
time [151]. The porous microstructure of the fibrous coating 
inhibited the activity of osteoclasts through the long-term 
release of ZA. Additionally, the ZA drug served as a nucle-
ating agent to significantly enhance the piezoelectricity of 
the PLLA/ZA coating. Under in situ ES triggered by cell 
traction force during adhesion and migration, the PLLA/
ZA coating promoted MSCs osteogenesis and osseointe-
gration after implantation in femur defects. Additionally, 
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the spontaneous polarization and surface charges of piezo-
electric materials can also change the adsorption amount or 
conformation of proteins, exposing or masking structural 
domain sequences that bind to cells, thereby regulating cell 
adhesion and migration behavior [152, 153]. In one study, 
the surface potential of nanocomposite membranes com-
posed of polydopamine (PDA)-coated  BATiO3 and P(VDF-
TrFE) matrix could be tuned up to  − 76.8 mV by optimizing 
the composition ratio and corona poling treatment, conform-
ing to the level of endogenous biopotential [154]. This com-
posite membrane maintained the electrical environment and 
encouraged mature bone formation.

4.2.2  Immunomodulation

The immune system plays a key role in the development 
and progression of bone-related diseases; its interaction with 
bone cells is pivotal for both bone homeostasis and pathology 
[155]. Studies have shown that various immune cells, espe-
cially macrophages, can secrete related cytokines directly 
influencing bone immune responses and regenerative repair. 
In addition to chemical-based methods, ES-induced physical 
approaches have been confirmed to implement immunoregu-
latory effects, which may positively influence anti-inflam-
mation and facilitate bone healing [156, 157]. It has been 
reported that ES can promote the migration and proliferation 
of immune cells such as lymphocytes, neutrophils, and T 
cells [158, 159]. Macrophages, exhibiting two phenotypes 
(M1 pro-inflammatory and M2 anti-inflammatory), are an 
important class of multifunctional immune cells that play 
key roles in tissue repair, host defense, and homeostasis. 
Up to now, EHBs have been developed to inhibit the con-
tinuous release of inflammatory and chemotactic factors by 
repelling the pro-inflammatory phenotype of macrophages, 
thereby promoting tissue repair [157]. In one study, a con-
ductive PPy-grafted gelatin methacryloyl (GelMA-PPy) 
scaffold fabricated by 3D-bioprinting was observed to 
boost the osteogenic potential of BMSCs under direct elec-
trostimulation (250 mV/20 min/day) [157], attributed to the 
positive effect on immunopolarization of M2 macrophages 
together with the modulation of NOTCH/MAPK/SMAD 
signaling and Wnt/β-catenin pathways (Fig. 5a). Similarly, 
Li et al. also created hydrogel-based scaffolds composed of 
PDA-modified GO (PGO) and HAp nanoparticles (PHA) 
introduced into alginate/gelatin scaffold (PGO-PHA-AG), 

enhancing periodontal bone regeneration in a diabetic rat 
model by modulating the inflammatory microenvironment 
through interrupting glycolytic and RhoA/ROCK pathways 
(Fig. 5b). Catechol groups on the scaffold primarily reduced 
the inflammatory state of bone defects, thus increasing cell 
survival. Without additional ES, the conductive PGO-PHA-
AG facilitated the immunoregulation of bone regeneration 
by activating M2 macrophages and secreting osteogenesis-
related factors [115].

Recently, piezoelectric biomaterials have emerged as 
a promising platform for macrophage polarization. Wan 
et al. proposed a piezoelectric composite hydrogel compris-
ing tetragonal BTO nanoparticles and GelMA [160]. They 
found that the hydrogel-generated piezopotential recov-
ered the osteogenic capability of inflammatory periodontal 
ligament stem cells (PDLSCs) by lowering mitochondrial 
membrane potential and promoting adenosine triphosphate 
(ATP) synthesis for the first time (Fig. 5c). This scaffold 
reshaped an anti-inflammatory and pro-regenerative niche 
by M2 phenotypic polarization, rescuing osteogenesis, and 
dramatically enhancing in situ bone regeneration. An in vitro 
study reported by Liu et al. indicated that the US-triggered 
piezoelectric charges on the surface PVDF film remarkably 
enhanced the M1 polarization of macrophages [161]. The 
localized electrical signals enabled  Ca2+ influx through 
voltage-gated channels and the  Ca2+-CAMK2A-NF-κB axis, 
thereby promoting the release of the pro-inflammatory fac-
tors TNF-α and IL-1β (Fig. 5d).

4.2.3  Angiogenesis Enhancement

Blood vessels are an integral part of the skeletal system 
and essential for maintaining bone homeostasis [162]. 
The vascular network not only transports nutrition and 
oxygen for bone tissue metabolism but also offers a 
stable niche for the self-renewal and differentiation of 
bone cells. During the healing process of bone defects, 
insufficient angiogenesis caused by the implantation of 
bone repair materials is an issue that urgently needs to 
be addressed, as it can negatively result in nonunion and 
avascular necrosis, ultimately increasing the risk of bone 
defect reconstruction failure [163–165]. Many researchers 
have illustrated that ES can induce endothelial cell migra-
tion and enhance the secretion of epidermal growth factor 
[166] and vascular endothelial growth factor (VEGF) to 
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promote healing metabolism [59, 167, 168]. Current stud-
ies have shown that EHBs can reproduce the bioelectri-
cal microenvironment, thereby promoting angiogenesis 
by mediating relevant metabolic pathways to accelerate 

bone tissue vascular formation and bone repair. Wang 
et al. constructed a piezoelectric bioactive glass compos-
ite based on polarized potassium sodium niobate (P-KNN/
BG) to directly induce angiogenesis (Fig. 6a) [169]. The 

Fig. 5  Effect of immunomodulation for electroactive hybrid biomaterials for macrophage polarization and bone regeneration. a Fabrica-
tion of conductive GelMA/PPy 3D-printing scaffold and its positive effects on osteogenesis via collective signaling and immunopolarization. 
Reproduced with permission [157]. Copyright 2023, Elsevier. b Immunomodulatory ability of PGO-PHA-AG scaffolds for periodontal bone 
regeneration in diabetes. Reproduced with permission [115]. Copyright 2022, Elsevier. c Switching of macrophage phenotype induced by the 
US-stimulated ES through Injectable piezoelectric hydrogels. Reproduced with permission [160]. Copyright 2024, Elsevier. d Regulation of 
pro-inflammatory macrophage polarization through PVDF-mediated wireless localized ES. Reproduced with permission [161]. Copyright 2021, 
Wiley–VCH
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piezoelectric P-KNN/BG exhibited a positive effect on 
HUVECs adhesion, migration, proliferation, and espe-
cially angiogenesis, as reflected by increasing tube forma-
tion and expression of angiogenesis-related growth fac-
tors through activating the eNOS/NO signaling pathway. 
In vivo results further demonstrated the pro-angiogenic 
effect of piezoelectric P-KNN/BG by using a chick cho-
rioallantoic membrane model. In another study, a novel 
dental pulp stem cell (DPSC)-loaded conductive GelMA 
hydrogel microspheres integrated with black phospho-
rus (BP) nanosheets were fabricated, and the wireless 
ES was supported by a US-driven biodegradable PENG 
(PLA/KNN@PDA) [170]. The angiogenic behavior could 

be improved on a DPSC-mediated paracrine pattern by 
the fine-tuned electric signal, ultimately establishing an 
immuno-angiogenic niche at an early stage of tissue repair 
and promoting bone defect regeneration (Fig. 6b).

In addition, EHBs can also promote vascularization for 
bone tumor treatment. Yin and coworkers proposed a pho-
tonic-responsive two-dimensional (2D) ultrathin niobium 
carbide  (Nb2C) MXene nanosheets (NSs) into 3D-printed 
bioactive glass scaffolds (NBGS) for the multi-effect treat-
ment of osteosarcoma [171]. The introduction of the Nb 
element promoted the neogenesis and migration of blood 
vessels in the defect site, thus ensuring the transport of 
more oxygen, vitamins, and energy around the bone defect 
for the reparative process (Fig. 6c).

Fig. 6  Electroactive hybrid biomaterials for accelerating bone regeneration through enhanced angiogenesis. a Morphology and surface poten-
tial of piezoelectric bioactive glass films and their angiogenesis effects. Reproduced with permission [169]. Copyright 2023, Wiley–VCH. b 
Immuno-angiogenic dual functions of cell-loaded conductive GelMA hydrogel microspheres. Reproduced with permission [170]. Copyright 
2024, Wiley–VCH. c MXene-functionalized scaffolds for osteosarcoma phototherapy and angiogenesis/osteogenesis of bone defects. Repro-
duced with permission [171]. Copyright 2021, Springer
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4.2.4  Anti‑Bacterial Effect

Bacteria, as electrically responsive microorganisms, typi-
cally carry a negative charge under normal circumstances. 
When exposed to a positively charged environment, the 
negative charges on the bacterial membrane can be eas-
ily neutralized, changing the structure of the lipid bilayer, 
increasing membrane permeability, and ultimately leading 
to bacterial penetration and rupture [172, 173]. Inspired by 
this, the exploration of EHBs provides a feasible approach 
for infected bone regeneration. EHBs with antimicrobial 
properties can particularly promote the healing and regen-
eration of bone tissue under specific pathological condi-
tions, such as periodontitis, arthritis, or the biofilm issue 
in clinical bone implants [174–182]. Li et al. reported 
a self-promoted electroactive mineralized scaffold (sp-
EMS) obtained by intrafibrillar mineralization of the co-
assembled AgNWs with collagen molecules [174]. The 
sp-EMS potentiated bactericidal effects by self-promoted 
electrostimulation, synergistically inhibiting bacterial 
adhesion and completely breaking down the membrane 
(Fig. 7a). As an application of the concept, the sp-EMS 
equipped with osteogenic and antibacterial dual func-
tions successfully realized nearly complete in situ bone 
regeneration in rats with single bacterial infections, even 
regenerating in  situ rabbit open bone defects and dog 
vertical bone defects in a complex bacterial microenvi-
ronment [174]. In a different study, Lin et al. designed a 
US-responsive piezoelectric nanocoating composed of Al 
ion-doped strontium titanate/titanium dioxide nanotubes 
(Al–SrTiO3/TiO2 nanotubes, Al-STNT) on the surface of 
a Ti dental implant (Fig. 7b). The doping  Al3+ introduces 
oxygen vacancies into the  SrTiO3/TiO2 heterojunction, 
while the US-stimulated piezoelectric effect assisted in 
overcoming the bandgap barrier to generate more reactive 
oxygen species (ROS), thereby reinforcing the antibacte-
rial performance and supporting the potential use of Al-
STNT in the treatment of peri-implant infections [175]. 
Similarly, a PDA-modified BTO sonosensitizer chelated 
with copper (CpBT) was fabricated and incorporated into 
polyetherketoneketone (PEKK) [176] implants to amplify 
the efficacy of sonodynamic and chemodynamic therapy 
against implant infections (Fig.  7c) [183]. The high-
efficiency antibacterial properties mainly resulted from 
overloaded intracellular Cu2+ and elevated ROS amounts 
caused by Cu+ -catalyzed chemodynamic reactions, 

ultimately promoting angiogenesis and osteogenesis on 
demand in vivo. We have compared several materials in 
this paper for antibacterial effect (Table 1).

5  Self‑Powered Bioelectronic Devices in Bone 
Therapeutics Application

As a non-pharmacological rehabilitation method, elec-
tronic sensing and stimulation at multiple sites throughout 
the body enable bioelectronic therapies that go far beyond 
what is possible with pharmaceuticals, substantially 
improving medical outcomes by regulating the activity 
of excitable cells or bone tissue, thereby promoting bone 
regeneration and accelerating functional recovery. Never-
theless, only a few bioelectronic devices meet the stand-
ard of care for clinical use, such as cardiac pacemakers, 
deep brain stimulation devices, and continuous glucose 
monitors [184, 185]. However, the further development 
of these devices is considerably restricted by large bat-
tery packs, cumbersome tethers, and intricate packaging 
[186]. Additionally, these traditional devices face risks of 
implantation infection, uncomfortable wearing, limited 
battery lifetime, and potential environmental toxicity [79]. 
To the best of our knowledge, no microelectronic devices 
are operating without a battery available in the clinic for 
the prevention, therapy, or postoperative monitoring of 
bone disease.

The urgent need for battery-free bioelectronic devices 
has spurred a series of innovations in self-powered mate-
rials and technologies to overcome the challenges of 
power requirements [84]. These include electromagnetic, 
magnetic, ultrasound, and optical methods. Additionally, 
piezoelectric, triboelectric, magnetoelastic, photovol-
taic, and thermoelectric materials are being evaluated for 
use in next-generation energy harvesting. Among these 
emerging materials and technologies, TENGs and PENGs 
with excellent flexibility, portability, and highly efficient 
electromechanical conversion have stood out for their 
ability to receive and harvest the widely distributed and 
underutilized biomechanical energy in the human body. 
By optimizing the device architecture and package, TENG 
and PENG can realize miniaturization to millimeter-scale 
dimensions, ensuring adjustable, constant, and safe ES for 
disease treatment.
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5.1  TENGs for Bone Therapeutics

Bone fractures caused by high-force impacts or stress 
have made this common musculoskeletal disorder a criti-
cal problem in health and economics. As mentioned, the 
key to bone reconstruction lies in maintaining the balance 
between osteoblast differentiation and osteoclast resorption 
[187]. Compared to inhibiting the activity of osteoclasts, a 
more effective approach is to elevate the bone-forming abil-
ity of osteoblasts. The first investigation using TENGs to 

regulate osteoblast behavior was conducted by Tang et al., 
who reported a self-powered low-level laser cure (SPLC) 
system composed of a flexible arch-shaped TENGs and an 
infrared laser excitation unit for osteogenesis [188]. A pyra-
mid array was patterned on the friction materials to optimize 
the TENG output, achieving a short-circuit current of 30 
μA and an open-circuit voltage of 115 V under a displace-
ment of 0.5 mm and a frequency of 50 Hz, successfully driv-
ing two laser groups. In vitro results displayed enhanced 
MTT absorbance, more mature ALP extracellular matrix, 

Fig. 7  Designing electroactive hybrid biomaterials with antibacterial and osteointegration properties for bone remodeling. a Self-promoted elec-
troactive biomimetic mineralized scaffolds for bacteria-infected bone regeneration. Reproduced with permission [174]. Copyright 2023, Nature. 
b Piezo-sonocatalytic nanocoating on dental implants with integrated antibacterial performances and osteogenic activity. Reproduced with per-
mission [175]. Copyright 2024, Wiley–VCH. c Multifunctional nanoreactor composed of  BaTiO3 and copper inducing cuproptosis-like bacterial 
death against implant infections. Reproduced with permission [183]. Copyright 2024, Nature
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and significant mineral deposition after the TENG-laser 
treatment, suggesting the positive effect of the TENG-laser 
system on proliferation, differentiation, and bone formation 
when compared with the control group (no treatment). Addi-
tionally, the TENG-laser and battery-laser groups exhibited a 
comparable influence on osteoblast differentiation, although 
the cell proliferation effect of the battery-laser irradiation 
was slightly greater than that of the TENG-laser group. By 
fixing the entire SPLC system on a volunteer’s arm, this 
team confirmed that the TENG could generate durable elec-
tricity triggered by arm swings during walking to power the 
laser unit. Besides the wearable capability, the implanta-
tion potential of TENG (iTENG) was also demonstrated by 
inserting the iTENG between the liver and diaphragm of an 
adult rat. The breath-induced deformation driven by inha-
lation and exhalation contributed to a stable and continu-
ous electric output of about 0.06 nA and 0.2 V. This study 
broadens the scope for the application of TENGs in portable 
or implantable self-powered medical devices, as well as for 
clinical therapy of osteoporosis and orthodontic treatment.

In addition to powering therapeutic components, TENGs 
can directly intervene in the remodeling process of bone 
tissue by generating electrical stimulation [190, 191]. Tian 
et al. fabricated a self-powered implantable electrical stimu-
lator by connecting a contact-separation-mode TENG with a 
flexible interdigitated electrode [89]. In vivo assessment was 
conducted by implanting the stimulator on the surface of the 
fracture region, and it was found that the device generated 
excellent and safe output (0.06 V, 1 nA) during the rat’s daily 
activity (Fig. 8a). Specifically, the ES signals induced by 

TENGs could directly deliver to MC3T3-E1 cells cultured 
on the electrode and enhance adhesion, proliferation, and 
osteogenic differentiation. After TENG-mediated ES, the 
intracellular  Ca2+ level increased immediately from 51.0% 
to 64.1%, suggesting that cell behavior might be modulated 
through  Ca2+ signal transduction activating ion channel-
participated pathways [89]. Based on this research, the same 
team designed and prepared a TENG with a nanorod-like tri-
boelectric layer on the nanotube-like surface of a Ti implant 
[95]. By harnessing human motion to drive the TENG, the 
generated negative charges sustainably and long-term accu-
mulated on both sides of the implant (Fig. 8b). Therefore, 
bacterial adhesion and growth were effectively suppressed, 
ultimately preventing the formation of biofilms without 
introducing any side effects. With the assistance of antibac-
terial properties, the ES generated by TENG markedly pro-
moted MC3T3-E1 adhesion, proliferation, and osteogenic 
differentiation. This work is one of the earliest to explore 
the multifunctionality of TENG to energize bone implants 
with anti-biofilm and osteogenesis promotion activity simul-
taneously, encouraging new design impetus for wearable or 
implantable TENGs in orthopedic or dental implants.

Different from the durability of wearable TENGs, the 
biocompatibility and bioabsorbability of implantable TENG 
used for bone tissue can effectively mitigate the adverse 
effects on the host and environmental pollution issues, 
as well as avoid infections induced by invasive surgical 
removal. Given these considerations, Zheng and his col-
leagues fabricated a fully biodegradable TENG (BD-TENG) 
electrostimulator with a multilayer structure, composed 

Table 1  Comprehensive information on various materials for antibacterial effect

Materials Bacteria Mechanisms References

Na0.5K0.5NbO3 S. aureus Electrical stimulation [177]
3D conductive PCL/TrGO scaffold S. aureus Electrical stimulation [178]
Self-promoted electroactive mineralized scaffold S. aureus Electrical stimulation [174]
Al–SrTiO3/TiO2 nanotubes P. gingivalis,

F. nucleatum
Inducing ROS [175]

PDA-modified BTO sonosensitizer – Inducing ROS [176]
Hydroxyapatite/barium titanate E. coli,

P. aeruginosa
S. aureus

Charge neutralization [179]

Zn–Cu alloy micro batteries/galvanic couples S. aureus Preventing the biofilm formation [180]
PVDF piezoelectric surfaces coated with essential oil nano-

particles and acylase
P. aeruginosa
S. aureus

the piezoelectric effect [181]

Ag-doped mesoporous  S53P4 bio-ceramics S. aureus
E. coli

– [182]
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Fig. 8  Self-powered TENG device for osteogenic regulation and bone regeneration. a Self-powered implantable TENG integrated with flexible 
electrode for osteoblast proliferation and differentiation. Reproduced with permission [89]. Copyright 2019, Elsevier. b A nanostructured-TENG 
fabricated to accumulate negative charges on Ti implant to inhibit biofilm. Reproduced with permission [95]. Copyright 2020, Elsevier. c A 
self-powered implantable and bioresorbable electrostimulation device for biofeedback bone fracture healing. Reproduced with permission [189]. 
Copyright 2021, National Academy of Sciences
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of biodegradable polymers forming the friction layer and 
resorbable Mg metal forming the electrode layer [190]. 
The whole BD-TENG was endowed with tunable degrada-
tion properties by sealing it into different encapsulations. 
As displayed in Fig. 8a, the BD-TENG encapsulated with 
poly(l-lactide-co-glycolide) (PLGA) maintained structural 
integrity even on day 40 and degraded on day 90. In contrast, 
the poly(vinyl alcohol) (PVA)-coated device experienced an 
ultratransient degradation process and completely dissolved 
within 72 h. This work creatively provides a reference for 
selecting materials for the preparation of TENG, and the 
controlled degradation rate ensures the device matches the 
therapeutic period of different diseases. Once therapy is 
completed, the TENG remaining in the body can be safely 
degraded and metabolized. In 2021, Wang’s team first dem-
onstrated the feasibility of BD-TENG as ES therapy to accel-
erate bone fracture healing at the animal experiment level. 
They designed an ultraflexible, implantable, and biodegrad-
able bone fracture ES device [192] and realized biofeedback 
ES by generating stable electric pulses in response to the 
movement of the knee joint [189]. In vivo study exhibited 
the duration of stable function for 8 weeks, enabling the 
device to provide sufficient ES intervention and achieve an 
excellent therapeutic effect in as short as 6 weeks. Figure 8b 
depicts the healing mechanism of the FED device. With the 

increasing secretion of cytokines (VEGF and FGF1) and 
proteins (TGF-β and BMP2), the vascularization for nutri-
tional supply and metabolic transportation was remarkably 
enhanced, contributing to osteoblast differentiation, miner-
alization, and bone healing (Fig. 8c). Together, this study 
proposed a valuable concept as closed-loop self-powered ES 
for bone fracture healing, expected to significantly reduce 
the treatment cost and pain of patients.

As a natural and inevitable physiological process, aging 
decreases bone density, and bone loss becomes increasingly 
common in the elderly population, thus raising the risk of 
osteoporosis and fractures [194]. Degeneration of cellu-
lar and tissue functions caused by aging, in turn, severely 
hinders bone repair and regeneration. One important fac-
tor is the senescence of bone marrow mesenchymal stem 
cells (BMSCs), which encounter dysfunction in osteogenic 
differentiation and induced inflammatory niches. Utilizing 
triboelectric technology as a promising therapeutic strategy, 
Wang et al. reported a pulsed-TENG (P-TENG) based on 
sliding mode to rejuvenate the old BMSCs (OMSCs) of aged 
human donors for the first time (Fig. 9a) [88]. After custom-
izing the structure, P-TENG generated stable electric output 
unaffected by the changed frequency and produced a pulsed 
current of 30 μA at 1.5 Hz. This stimulation parameter was 
verified to alleviate the senescent phenotype of OMSCs 

Fig. 9  Self-Powered TENG for Alleviating Bone Aging. a Pulsed-TENG based on lateral sliding mode enhanced bone regeneration through the 
rejuvenation of senescent BMSCs. Reproduced with permission [144]. Copyright 2021, Wiley–VCH. b Wearable pulsed-PENG triggered by 
ankle motion for bone repair by rejuvenating aged BMSCs. Reproduced with permission [193]. Copyright 2021, Wiley–VCH
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by promoting proliferation and pluripotency. Importantly, 
TENG-mediated pulsed stimulation exhibited better biologi-
cal compatibility compared with direct current. In an 8-week 
animal assay, the restoration of the osteogenic potential of 
OMSCs in vivo by P-TENG was further demonstrated by 
Micro-CT and immunohistochemistry. Creatively, this study 
revealed an essential role of the MDM2-p53 pathway in 
the rejuvenating effect of triboelectric stimulation on aged 
BMSCs. It is worth mentioning that systematic studies could 
be conducted to optimize the electrical parameters to realize 
the best therapeutic effect. To further implement the appli-
cation potential of P-TENG, the same group updated the 
structure of P-TENG based on the previous prototype. Spe-
cifically, a wearable P-TENG (WP-TENG) was fabricated to 
reinforce the osteogenesis of aged BMSCs and promote the 
angiogenesis of HUVECs to collectively achieve bone repair 
and regeneration [193]. As displayed in Fig. 9b, the WP-
TENG could be self-driven by ankle extension and flexion to 
generate ES directly delivered to the bone defect region. This 
research indicated the satisfactory effect of WP-TENG on 
rejuvenating aged BMSCs by enhancing osteogenesis ability 
and promoting vascular tubule formation. Mechanistically, 
triboelectric stimulation activated the mechanosensitive 
Piezo1 ion channel, promoted the influx of  Ca2+, regulated 
the expression of the transcription factor HIF-1α, and thus, 
upregulated osteogenesis-related genes and increased the 
secretion of angiogenic factors. In general, two studies have 
displayed the encouraging potential of TENG in reversing 
the activity and function of aging BMSCs. Despite positive 
progress in animal assays and mechanism exploration, chal-
lenges and unsolved issues remain before clinical standards 
can be achieved.

5.2  PENG for Bone Therapeutics

The working principle of PENGs relies on the piezoelectric 
effect, which is closely associated with the generation of 
electric dipole moments under deformation caused by the 
non-centrosymmetric nature of materials. Electric dipole 
moments can be induced by ions on asymmetric lattice 
sites, common in most piezoelectric ceramics (PZT, BTO, 
ZnO, etc.) [195]. They can also exist directly in molecular 
chain groups and orientations, typical of most biomacromol-
ecules and piezoelectric polymers, such as collagen, DNA, 
PVDF, and PLLA. Due to their unique electromechanical 

conversion properties, electricity is generally produced once 
the piezoelectric materials experience deformation and vice 
versa. This is termed the direct piezoelectric effect and the 
converse piezoelectric effect, respectively.

The piezoelectric effect, resulting at the molecular level, 
objectively exists in piezoresponsive materials. External 
stimuli induce internal molecular dipole polarization and 
orientation, leading to the generation of a macroscopically 
visible piezoelectric potential [196]. Its presence allows 
piezoelectric materials to directly interface with living 
organisms, such as cells and tissues, serving as a determin-
ing cue in tissue regeneration. The relevant discussion has 
been elaborately stated in the previous sections, so we will 
not reiterate this part excessively here.

Similar to TENGs, PENGs can be explored as wearable 
devices with no interface with any components of bone tis-
sue (cells, collagen, and tissue) or designed as implantable 
self-powered energy-harvesting or therapeutic devices [101]. 
Depending on the piezoelectric materials, especially water-
soluble piezoelectric materials, the external humidity is not 
conducive to generating an effective electrical signal output 
through the static electricity caused by extrusion, which 
needs to rely on high-precision packaging.

However, everything has its pros and cons. The complex 
physiological environment and the stress-absorbing prop-
erties of bone tissue easily weaken the actual performance 
of PENGs, affecting their practical application. Therefore, 
the core of developing feasible PENGs lies in the selec-
tion of piezoelectric materials and the design of device 
structures. Utilizing material engineering techniques 
such as surface modifications and interfacial polarization 
can improve the responsiveness, thereby enhancing their 
electrical output performance for bone tissue engineering 
[200, 201]. From a structural optimization perspective, 
designing piezoelectric materials with different morpholo-
gies and structures, such as fibrous, arrayed, fabric-like, 
and porous, can enhance the mechanical performance of 
PENGs and improve their electromechanical conversion 
efficiency. Zhang et al. reported a biomechanical energy-
driven shape memory piezoelectric nanogenerator (sm-
PENG) integrated with a fixation splint to promote osteo-
genic differentiation for potential bone repair (Fig. 10a). 
The optimized shape memory structure increased the 
short-circuit current to 20 μA, more than twice that of the 
flat structure. After integration with a rectifier bridge, the 
pulse-DC generated by the sm-PENG effectively elevated 



 Nano-Micro Lett.           (2025) 17:44    44  Page 24 of 35

https://doi.org/10.1007/s40820-024-01536-9© The authors

Fig. 10  Self-Powered PENG for Bone Regeneration. a Fixation splint with biomechanical energy-driven shape memory piezoelectric nanogen-
erator (sm-PENG) to promote bone repair. Reproduced with permission [197]. Copyright 2021, Elsevier. b ZIF-8 decorated PVDF foam PENG 
for enhanced bone regeneration. Reproduced with permission [198]. Copyright 2023, Elsevier. c Symbiotic electrical stimulation system com-
posed of hybrid PENG/TENG and conductive hydrogel electrode for accelerating bone regeneration during rehabilitation exercise. Reproduced 
with permission [199]. Copyright 2024, Science
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pro-osteoblast (MC3T3-E1) proliferation and intracellu-
lar  Ca2+, thus rearranging cell alignment. Meanwhile, the 
biological effect of pulse-DC stimulation from sm-PENG 
was consistent with that of a commercial signal generator 
[197].

Ultrasound vibration can also be selected as a mechanical 
source to generate piezoelectric stimulation, which shows 
priority for noninvasiveness, deep tissue penetration, and 
precise targeting [183, 192, 202]. As an FDA-approved 
therapeutic tool, ultrasound can effectively compensate for 
the reduced performance of PENGs caused by subtle and 
insufficient biomechanical movements. As a highly vascu-
larized tissue, the rich vascular system within bone tissue 
ensures the survival and activity of osteoblasts and plays a 
crucial role in maintaining bone formation and repair [163]. 
To investigate this issue, Chen and coworkers created a US-
triggered ZIF-8 decorated hierarchical PVDF foam PENG 
by decorating ZIF-8 crystals into a PVDF foam sheet 
(Fig. 10b). Porous microstructures reinforced the flexibility 
and strain accumulation capability of PVDF/ZIF-8 PENG, 
achieving sustained release and enrichment of  Zn2+, which 
was proved to embody osteogenesis and antibacterial effects 
[198]. As demonstrated in molecular dynamics simulations, 
piezoelectric potential triggered  Zn2+ movement toward 
and deposition on the surface of PVDF. Subsequent in vitro 
studies displayed superior properties of PVDF/ZIF-8 PENG 
on angiogenesis, osteogenesis, and antibacterial effects. 
Subsequently, the positive influence of PENG on healing 
calvarium defects was verified, guiding vascularized bone 
remodeling through ultrasound-induced micro-current and 
 Zn2+ enrichment. In the femoral defect model, this PENG 
reshaped the physiological environment, implementing the 
synergistic coupling of bone regeneration and angiogen-
esis. By utilizing RNA-sequencing technology, this study 
pointed out the up-regulation of oxidative phosphorylation 
and ATP-coupled cation transmembrane transportation in 
vascular endothelial cells caused by PVDF/ZIF-8 PENG, 
significantly promoting BMSCs uptake of  Zn2+ and acti-
vating signaling pathways that regulate angiogenesis and 
osteogenesis.

Despite the outstanding progress the self-powered PENG 
device has made in vitro, in vivo applications of PENGs 
are still in their infancy for bone tissue regeneration, and 
only a few studies of PENG for bone trauma repair have 
been reported to date. This is caused by the low voltage 
output and power density of PENGs themselves. Existing 

evidence indicates that hybrid NGs integrating TENGs 
into PENGs, capable of simultaneously collecting multiple 
forms of energy, have become the most effective method 
to improve electromechanical conversion efficiency. To 
date, this kind of tribo-piezoelectric effect-coupling NG 
has been innovatively developed and successfully used to 
modulate atrial fibrillation and peripheral nerve restoration 
[30, 203]. Recently, Wang et al. proposed a rehabilitation 
exercise-driven symbiotic ES system (BD-ES) composed of 
a hybrid tribo/piezoelectric nanogenerator (HTP-NG) and a 
conductive biodegradable hydrogel for the treatment of bone 
defects (Fig. 10c) [199]. The hybrid structure endowed the 
HTP-NG with a higher electromechanical conversion abil-
ity to capture the biomechanical energy produced by knee 
joint motions compared to a single TENG or PENG mod-
ule. The generated electric pulses were then conducted into 
the defect site for ES therapy. Additionally, inspired by the 
natural biomineralization process, the PDA-modified black 
phosphorus (PDA-BP) doped in hydrogel promoted electron 
transportation and gradually degraded to  PO4

3− for mineral 
deposition. In vivo evaluation was conducted by injecting 
the conductive hydrogel into a 3-mm-diameter bone defect 
region and connecting it to the HTP-NGs fixed in front of 
a rat’s knee with a Pt wire. Results demonstrated that the 
femur defect was healed within 6 weeks, and the accelerated 
bone regeneration was supported by enhanced angiogenesis, 
skeletal system, and connective tissue development. This 
study effectively fills the gap in the design and use of hybrid 
self-powered devices for future personalized healthcare in 
bone defect treatment.

6  Conclusions and Outlook

The integration of electroactive hybrid biomaterials and 
self-powered systems into the realm of bone therapeutics 
holds transformative potential, poised to elevate standards of 
care in bone regeneration and repair. Drawing from numer-
ous studies and innovative strides in this field, it is evident 
that the convergence of bioengineering, materials science, 
and nanotechnology can propel us toward unprecedented 
advancements in medical treatment [204–210]. Electroactive 
materials, including conductive polymers and piezoelectric 
substances, offer a unique set of properties that make them 
ideal for fostering bone growth and healing [211]. These 
materials excel not only in providing mechanical strength 
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but also in delivering electrical stimulating cues, akin to 
natural bone’s piezoelectric properties. This intrinsic electri-
cal activity is crucial in modulating cellular functions such 
as proliferation, differentiation, and matrix production, all 
pivotal for effective bone regeneration. Hybrid biomateri-
als, consisting of biodegradable matrices embedded with 
electroactive components, have demonstrated their capabil-
ity to enhance the osteogenic potential of scaffolds. The tun-
ability of these composites allows for the customization of 
mechanical properties, degradation rates, and electroactiv-
ity, optimizing the scaffold’s performance to meet specific 
clinical requirements. For instance, scaffolds incorporating 
conductive polymers like polypyrrole embedded in biode-
gradable matrices such as polylactic acid (PLA) have shown 
significant promise in promoting bone tissue formation. 
Simultaneously, self-powered systems, particularly those 
based on nanogenerators such as TENGs and PENGs, har-
ness physiological movements to generate electrical stimuli 
autonomously. This ability to convert biomechanical energy 
into electrical signals ensures continuous and localized stim-
ulation at the injury site, thereby overcoming the limitations 
posed by externally powered devices. Integration of these 
nanogenerators into bone scaffolds has opened avenues for 
autonomous and sustained therapeutic interventions, fur-
ther enhancing the efficacy of bone healing processes. The 
clinical applications of electroactive hybrid biomaterials and 
self-powered systems are manifold. These innovations stand 
to revolutionize treatment strategies for complex bone frac-
tures, large bone defects, and conditions like osteoporosis, 
where traditional methods fall short. Enhanced vasculariza-
tion and bone growth facilitated by these advanced materials 
can significantly reduce healing times and improve patient 
outcomes, offering a new lease on life to those with debilitat-
ing bone conditions.

Looking toward the future, several key areas merit atten-
tion for the continued evolution and optimization of elec-
troactive hybrid biomaterials and self-powered systems in 
bone therapeutics [212–218]. First, the development of more 
sophisticated and patient-specific designs holds great prom-
ise. With the advent of advanced manufacturing techniques 
such as 3D printing and bioprinting, there is potential to 
create customized scaffolds that match the anatomical and 
physiological nuances of individual patients [219–222]. This 
level of customization will not only enhance the compatibil-
ity and performance of implants but also minimize risks of 
rejection and complications.

Second, a deeper understanding of the molecular and 
cellular mechanisms underlying the interaction between 
electrical signals and bone cells is essential. Elucidating 
these pathways will enable the precise tuning of electrical 
stimuli to maximize osteogenic responses, fostering more 
effective regenerative outcomes. Advanced in vitro and 
in vivo models will play a critical role in this investigative 
approach, providing insights that can be translated into clini-
cal applications.

Additionally, the scalability and manufacturability of 
these advanced biomaterials need to be addressed. For 
widespread clinical adoption, the production of these mate-
rials must be cost-effective and scalable while maintaining 
consistent quality and performance. Collaboration between 
academia, industry, and regulatory bodies will be crucial to 
establish standardized protocols and ensure that these inno-
vations can transition from the bench to the bedside.

Moreover, long-term studies on the biointegration and 
degradation of these materials within the human body are 
essential to understand their long-term effects and potential 
risks. Such studies will provide critical data on the biocom-
patibility, stability, and eventual biodegradation of these 
materials, ensuring their safety and efficacy for clinical use.

Furthermore, exploring the integration of these materi-
als with other therapeutic modalities such as drug deliv-
ery systems and gene therapy could further expand their 
therapeutic reach. For instance, incorporating drug-loaded 
nanoparticles within the electroactive scaffold could offer 
a multifaceted approach to simultaneously stimulate bone 
growth and deliver localized therapeutics, enhancing the 
overall treatment efficacy.

Lastly, there is an exciting opportunity to harness 
advances in wireless technology and remote monitoring 
systems. Integrating sensors within the scaffold to monitor 
healing progress and relay data to healthcare providers could 
pave the way for more proactive and personalized medical 
care. Intelligent systems capable of adjusting the electrical 
stimulation based on real-time data could optimize healing 
processes and offer tailored therapies for individual patients.

In conclusion, the fusion of electroactive hybrid biomate-
rials and self-powered systems represents a paradigm shift in 
bone therapeutics. The potential to create dynamic, respon-
sive, and self-sustaining treatment platforms is not just a 
futuristic aspiration but a tangible possibility on the horizon 
of medical innovation. As research continues to break new 
ground and interdisciplinary efforts converge, we stand on 
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the brink of transforming how we approach bone regenera-
tion, repair, and overall patient care, ultimately ushering in 
a new era of medical excellence and improved quality of life 
for patients worldwide.

Acknowledgements The authors acknowledge the support of 
the National Natural Science Foundation of China (Grant No. 
52205593) and Shaanxi Natural Science Foundation Project 
(2024JC-YBMS-711).

Author Contributions Ming Yang, Yunlei Zhou, Xuxu Chen, and 
Xinhua Yin supervised the overall literature research. Shichang 
Liu, Farid Manshaii, Jinmiao Chen, Xinfei Wang, Shaolei Wang, 
and Junyi Yin jointly wrote the manuscript. All the authors are 
involved in the discussion of the final manuscript.

Declarations 

Conflict of interest The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. T. Vinikoor, G.K. Dzidotor, T.T. Le, Y. Liu, H.-M. Kan et al., 
Injectable and biodegradable piezoelectric hydrogel for oste-
oarthritis treatment. Nat. Commun. 14, 6257 (2023). https:// 
doi. org/ 10. 1038/ s41467- 023- 41594-y

 2. W. Zhang, Y. Luo, J. Xu, C. Guo, J. Shi et al., The possible 
role of electrical stimulation in osteoporosis: a narrative 
review. Medicina (Kaunas) 59, 121 (2023). https:// doi. org/ 
10. 3390/ medic ina59 010121

 3. T. Yoneda, M. Hiasa, T. Okui, Crosstalk between sensory 
nerves and cancer in bone. Curr. Osteoporos. Rep. 16, 648–
656 (2018). https:// doi. org/ 10. 1007/ s11914- 018- 0489-x

 4. P.J. Nicksic, D.T. Donnelly, N. Verma, A.J. Setiz, A.J. 
Shoffstall et al., Electrical stimulation of acute fractures: a 
narrative review of stimulation protocols and device speci-
fications. Front. Bioeng. Biotechnol. 10, 879187 (2022). 
https:// doi. org/ 10. 3389/ fbioe. 2022. 879187

 5. R. Agarwal, A.J. García, Biomaterial strategies for engi-
neering implants for enhanced osseointegration and bone 
repair. Adv. Drug Deliv. Rev. 94, 53–62 (2015). https:// doi. 
org/ 10. 1016/j. addr. 2015. 03. 013

 6. T.N. Vo, F.K. Kasper, A.G. Mikos, Strategies for controlled 
delivery of growth factors and cells for bone regeneration. 
Adv. Drug Deliv. Rev. 64, 1292–1309 (2012). https:// doi. 
org/ 10. 1016/j. addr. 2012. 01. 016

 7. G. Conta, A. Libanori, T. Tat, G. Chen, J. Chen, Triboelec-
tric nanogenerators for therapeutic electrical stimulation. 
Adv. Mater. 33, 2007502 (2021). https:// doi. org/ 10. 1002/ 
adma. 20200 7502

 8. D.T. Dixon, C.T. Gomillion, Conductive scaffolds for 
bone tissue engineering: current state and future outlook. 
J. Funct. Biomater. 13, 1 (2021). https:// doi. org/ 10. 3390/ 
jfb13 010001

 9. L.F. George, E.A. Bates, Mechanisms underlying influence 
of bioelectricity in development. Front. Cell Dev. Biol. 10, 
772230 (2022). https:// doi. org/ 10. 3389/ fcell. 2022. 772230

 10. E. Fukada, I. Yasuda, On the piezoelectric effect of bone. J. 
Phys. Soc. Jpn. 12, 1158–1162 (1957). https:// doi. org/ 10. 
1143/ jpsj. 12. 1158

 11. B. Amin, M.A. Elahi, A. Shahzad, E. Porter, M. O’Halloran, 
A review of the dielectric properties of the bone for low fre-
quency medical technologies. Biomed. Phys. Eng. Express 5, 
022001 (2019). https:// doi. org/ 10. 1088/ 2057- 1976/ aaf210

 12. B.C. Heng, Y. Bai, X. Li, L.W. Lim, W. Li et al., Electroac-
tive biomaterials for facilitating bone defect repair under 
pathological conditions. Adv. Sci. 10, e2204502 (2023). 
https:// doi. org/ 10. 1002/ advs. 20220 4502

 13. L.A. MacGinitie, G.D. Stanley, W.A. Bieber, D.D. Wu, Bone 
streaming potentials and currents depend on anatomical 
structure and loading orientation. J. Biomech. 30, 1133–1139 
(1997). https:// doi. org/ 10. 1016/ S0021- 9290(97) 85605-9

 14. D. Pienkowski, S.R. Pollack, The origin of stress-generated 
potentials in fluid-saturated bone. J. Orthop. Res. 1, 30–41 
(1983). https:// doi. org/ 10. 1002/ jor. 11000 10105

 15. J.-X. Zhang, J. Zhang, X.-L. Ye, X.-M. Ma, R. Liu et al., 
Ultralight and compressive sic nanowires aerogel for high-
temperature thermal insulation. Rare Met. 42, 3354–3363 
(2023). https:// doi. org/ 10. 1007/ s12598- 023- 02370-5

 16. Y. Qu, Y. Zhou, Q. Yang, J. Cao, Y. Liu et al., Lignin-
derived lightweight carbon aerogels for tunable Epsilon-
negative response. Adv. Sci. 11, e2401767 (2024). https:// 
doi. org/ 10. 1002/ advs. 20240 1767

 17. J.-B. Yuan, Z.-H. Feng, D.-C. Li, Y. Luo, Y.-L. Zhou, Epi-
dermal visualized health monitoring system based on stretch-
able and washable TPU hybrid conductive microtextiles. 
Rare Met. 43, 3185–3193 (2024). https:// doi. org/ 10. 1007/ 
s12598- 023- 02543-2

 18. Y.-L. Zhou, W.-N. Cheng, Y.-Z. Bai, C. Hou, K. Li et al., Rise 
of flexible high-temperature electronics. Rare Met. 42, 1773–
1777 (2023). https:// doi. org/ 10. 1007/ s12598- 023- 02298-w

 19. Y. Huang, H. Wu, C. Zhu, W. Xiong, F. Chen et al., Pro-
grammable robotized ‘transfer-and-jet’ printing for large, 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41467-023-41594-y
https://doi.org/10.1038/s41467-023-41594-y
https://doi.org/10.3390/medicina59010121
https://doi.org/10.3390/medicina59010121
https://doi.org/10.1007/s11914-018-0489-x
https://doi.org/10.3389/fbioe.2022.879187
https://doi.org/10.1016/j.addr.2015.03.013
https://doi.org/10.1016/j.addr.2015.03.013
https://doi.org/10.1016/j.addr.2012.01.016
https://doi.org/10.1016/j.addr.2012.01.016
https://doi.org/10.1002/adma.202007502
https://doi.org/10.1002/adma.202007502
https://doi.org/10.3390/jfb13010001
https://doi.org/10.3390/jfb13010001
https://doi.org/10.3389/fcell.2022.772230
https://doi.org/10.1143/jpsj.12.1158
https://doi.org/10.1143/jpsj.12.1158
https://doi.org/10.1088/2057-1976/aaf210
https://doi.org/10.1002/advs.202204502
https://doi.org/10.1016/S0021-9290(97)85605-9
https://doi.org/10.1002/jor.1100010105
https://doi.org/10.1007/s12598-023-02370-5
https://doi.org/10.1002/advs.202401767
https://doi.org/10.1002/advs.202401767
https://doi.org/10.1007/s12598-023-02543-2
https://doi.org/10.1007/s12598-023-02543-2
https://doi.org/10.1007/s12598-023-02298-w


 Nano-Micro Lett.           (2025) 17:44    44  Page 28 of 35

https://doi.org/10.1007/s40820-024-01536-9© The authors

3D curved electronics on complex surfaces. Int. J. Extrem. 
Manuf. 3, 045101 (2021). https:// doi. org/ 10. 1088/ 2631- 7990/ 
ac115a

 20. Y. Zhou, C. Zhao, J. Wang, Y. Li, C. Li et al., Stretchable 
high-permittivity nanocomposites for epidermal alternating-
current electroluminescent displays. ACS Mater. Lett. 1, 
511–518 (2019). https:// doi. org/ 10. 1021/ acsma teria lslett. 
9b003 76

 21. Y. Zhou, S. Cao, J. Wang, H. Zhu, J. Wang et al., Bright 
stretchable electroluminescent devices based on silver nanow-
ire electrodes and high-k thermoplastic elastomers. ACS 
Appl. Mater. Interfaces 10, 44760–44767 (2018). https:// doi. 
org/ 10. 1021/ acsami. 8b174 23

 22. X. Chen, F. Manshaii, K. Tioran, S. Wang, Y. Zhou et al., 
Wearable biosensors for cardiovascular monitoring leverag-
ing nanomaterials. Adv. Compos. Hybrid Mater. 7, 97 (2024). 
https:// doi. org/ 10. 1007/ s42114- 024- 00906-6

 23. Y. Zhou, L. Yin, S. Xiang, S. Yu, H.M. Johnson et  al., 
Unleashing the potential of MXene-based flexible materi-
als for high-performance energy storage devices. Adv. Sci. 
(2024). https:// doi. org/ 10. 1002/ advs. 20230 4874

 24. W. Xiong, H. Feng, H. Liwang, D. Li, W. Yao et al., Multi-
functional tactile feedbacks towards compliant robot manip-
ulations via 3D-shaped electronic skin. IEEE Sens. J. 22, 
9046–9056 (2022). https:// doi. org/ 10. 1109/ JSEN. 2022. 31629 
14

 25. M. Piccolino, Luigi galvani and animal electricity: two 
centuries after the foundation of electrophysiology. Trends 
Neurosci. 20, 443–448 (1997). https:// doi. org/ 10. 1016/ s0166- 
2236(97) 01101-6

 26. L. Chen, J. Yang, Z. Cai, Y. Huang, P. Xiao et al., Electroac-
tive biomaterials regulate the electrophysiological microen-
vironment to promote bone and cartilage tissue regeneration. 
Adv. Funct. Mater. 34, 2314079 (2024). https:// doi. org/ 10. 
1002/ adfm. 20231 4079

 27. Z. Liu, X. Wan, Z.L. Wang, L. Li, Electroactive biomateri-
als and systems for cell fate determination and tissue regen-
eration: design and applications. Adv. Mater. 33, e2007429 
(2021). https:// doi. org/ 10. 1002/ adma. 20200 7429

 28. R.H.W. Funk, F. Scholkmann, The significance of bioelectric-
ity on all levels of organization of an organism. part 1: from 
the subcellular level to cells. Prog. Biophys. Mol. Biol. 177, 
185–201 (2023). https:// doi. org/ 10. 1016/j. pbiom olbio. 2022. 
12. 002

 29. M. Sakellakis, A. Chalkias, The role οf ion channels in 
the development and progression of prostate cancer. Mol. 
Diagn. Ther. 27, 227–242 (2023). https:// doi. org/ 10. 1007/ 
s40291- 022- 00636-9

 30. F. Jin, T. Li, Z. Wei, R. Xiong, L. Qian et al., Biofeedback 
electrostimulation for bionic and long-lasting neural modula-
tion. Nat. Commun. 13, 5302 (2022). https:// doi. org/ 10. 1038/ 
s41467- 022- 33089-z

 31. C. Pan, J. Zhai, Z.L. Wang, Piezotronics and piezo-phototron-
ics of third generation semiconductor nanowires. Chem. Rev. 
119, 9303–9359 (2019). https:// doi. org/ 10. 1021/ acs. chemr ev. 
8b005 99

 32. Y. Liu, Y. Zhang, Q. Yang, S. Niu, Z.L. Wang, Fundamental 
theories of piezotronics and piezo-phototronics. Nano Energy 
14, 257–275 (2015). https:// doi. org/ 10. 1016/j. nanoen. 2014. 
11. 051

 33. D.C.F. Wieland, C. Krywka, E. Mick, R. Willumeit-Römer, 
R. Bader et al., Investigation of the inverse piezoelectric 
effect of trabecular bone on a micrometer length scale using 
synchrotron radiation. Acta Biomater. 25, 339–346 (2015). 
https:// doi. org/ 10. 1016/j. actbio. 2015. 07. 021

 34. V. Jarkov, S.J. Allan, C. Bowen, H. Khanbareh, Piezoelectric 
materials and systems for tissue engineering and implant-
able energy harvesting devices for biomedical applications. 
Int. Mater. Rev. 67, 683–733 (2022). https:// doi. org/ 10. 1080/ 
09506 608. 2021. 19881 94

 35. Q. Xu, X. Gao, S. Zhao, Y.-N. Liu, D. Zhang et al., Con-
struction of bio-piezoelectric platforms: from structures and 
synthesis to applications. Adv. Mater. 33, e2008452 (2021). 
https:// doi. org/ 10. 1002/ adma. 20200 8452

 36. D. Kim, S.A. Han, J.H. Kim, J.H. Lee, S.W. Kim et al., Bio-
molecular piezoelectric materials: from amino acids to living 
tissues. Adv. Mater. 32, e1906989 (2020). https:// doi. org/ 10. 
1002/ adma. 20190 6989

 37. C.R. West, A.E. Bowden, Using tendon inherent electric 
properties to consistently track induced mechanical strain. 
Ann. Biomed. Eng. 40, 1568–1574 (2012). https:// doi. org/ 
10. 1007/ s10439- 011- 0504-1

 38. C. Xiao, L. Fan, S. Zhou, X. Kang, P. Guan et al., One-
dimensional ferroelectric nanoarrays with wireless switch-
able static and dynamic electrical stimulation for selective 
regulating osteogenesis and antiosteosarcoma. ACS Nano 16, 
20770–20785 (2022). https:// doi. org/ 10. 1021/ acsna no. 2c079 
00

 39. S. Ray, J. Behari, Electrical conduction in bone in frequency 
range 0.4–1.3 GHz. Biomater. Med. Devices Artif. Organs 
14, 153–165 (1986). https:// doi. org/ 10. 3109/ 10731 19860 
91175 40

 40. Y. Haba, A. Wurm, M. Köckerling, C. Schick, W. Mittelmeier 
et al., Characterization of human cancellous and subchon-
dral bone with respect to electro physical properties and bone 
mineral density by means of impedance spectroscopy. Med. 
Eng. Phys. 45, 34–41 (2017). https:// doi. org/ 10. 1016/j. meden 
gphy. 2017. 04. 002

 41. P. Bhardwaj, D.V. Rai, M.L. Garg, B.P. Mohanty, Potential 
of electrical impedance spectroscopy to differentiate between 
healthy and osteopenic bone. Clin. Biomech. 57, 81–88 
(2018). https:// doi. org/ 10. 1016/j. clinb iomech. 2018. 05. 014

 42. B.D. Shrivastava, R. Barde, A. Mishra, S. Phadke, Dielec-
tric behavior of biomaterials at different frequencies on room 
temperature. J. Phys. Conf. Ser. 534, 012063 (2014). https:// 
doi. org/ 10. 1088/ 1742- 6596/ 534/1/ 012063

 43. R.M. Irastorza, M.A. Mayosky, J.R. Grigera, F. Vericat, 
Dielectric properties of natural and demineralized collagen 
bone matrix. IEEE Trans. Dielectr. Electr. Insul. 18, 320–328 
(2011). https:// doi. org/ 10. 1109/ TDEI. 2011. 57045 24

 44. B. Amin, M.A. Elahi, A. Shahzad, E. Porter, B. McDermott 
et al., Dielectric properties of bones for the monitoring of 

https://doi.org/10.1088/2631-7990/ac115a
https://doi.org/10.1088/2631-7990/ac115a
https://doi.org/10.1021/acsmaterialslett.9b00376
https://doi.org/10.1021/acsmaterialslett.9b00376
https://doi.org/10.1021/acsami.8b17423
https://doi.org/10.1021/acsami.8b17423
https://doi.org/10.1007/s42114-024-00906-6
https://doi.org/10.1002/advs.202304874
https://doi.org/10.1109/JSEN.2022.3162914
https://doi.org/10.1109/JSEN.2022.3162914
https://doi.org/10.1016/s0166-2236(97)01101-6
https://doi.org/10.1016/s0166-2236(97)01101-6
https://doi.org/10.1002/adfm.202314079
https://doi.org/10.1002/adfm.202314079
https://doi.org/10.1002/adma.202007429
https://doi.org/10.1016/j.pbiomolbio.2022.12.002
https://doi.org/10.1016/j.pbiomolbio.2022.12.002
https://doi.org/10.1007/s40291-022-00636-9
https://doi.org/10.1007/s40291-022-00636-9
https://doi.org/10.1038/s41467-022-33089-z
https://doi.org/10.1038/s41467-022-33089-z
https://doi.org/10.1021/acs.chemrev.8b00599
https://doi.org/10.1021/acs.chemrev.8b00599
https://doi.org/10.1016/j.nanoen.2014.11.051
https://doi.org/10.1016/j.nanoen.2014.11.051
https://doi.org/10.1016/j.actbio.2015.07.021
https://doi.org/10.1080/09506608.2021.1988194
https://doi.org/10.1080/09506608.2021.1988194
https://doi.org/10.1002/adma.202008452
https://doi.org/10.1002/adma.201906989
https://doi.org/10.1002/adma.201906989
https://doi.org/10.1007/s10439-011-0504-1
https://doi.org/10.1007/s10439-011-0504-1
https://doi.org/10.1021/acsnano.2c07900
https://doi.org/10.1021/acsnano.2c07900
https://doi.org/10.3109/10731198609117540
https://doi.org/10.3109/10731198609117540
https://doi.org/10.1016/j.medengphy.2017.04.002
https://doi.org/10.1016/j.medengphy.2017.04.002
https://doi.org/10.1016/j.clinbiomech.2018.05.014
https://doi.org/10.1088/1742-6596/534/1/012063
https://doi.org/10.1088/1742-6596/534/1/012063
https://doi.org/10.1109/TDEI.2011.5704524


Nano-Micro Lett.           (2025) 17:44  Page 29 of 35    44 

osteoporosis. Med. Biol. Eng. Comput. 57, 1–13 (2019). 
https:// doi. org/ 10. 1007/ s11517- 018- 1887-z

 45. H.K. Ravi, F. Simona, J. Hulliger, M. Cascella, Molecular 
origin of piezo- and pyroelectric properties in collagen inves-
tigated by molecular dynamics simulations. J. Phys. Chem. B 
116, 1901–1907 (2012). https:// doi. org/ 10. 1021/ jp208 436j

 46. M.A. El Messiery, G.W. Hastings, S. Rakowski, Ferro-elec-
tricity of dry cortical bone. J. Biomed. Eng. 1, 63–65 (1979). 
https:// doi. org/ 10. 1016/ 0141- 5425(79) 90013-x

 47. Y. Liu, X. Zhang, C. Cao, Y. Zhang, J. Wei et al., Built-In 
electric fields dramatically induce enhancement of osseoin-
tegration. Adv. Funct. Mater. 27, 1703771 (2017). https:// doi. 
org/ 10. 1002/ adfm. 20170 3771

 48. A.A. Gandhi, M. Wojtas, S.B. Lang, A.L. Kholkin, S.A.M. 
Tofail, Piezoelectricity in poled hydroxyapatite ceramics. J. 
Am. Ceram. Soc. 97, 2867–2872 (2014). https:// doi. org/ 10. 
1111/ jace. 13045

 49. K.N. Kamel, A. Bio-piezoelectricity, fundamentals and 
applications in tissue engineering and regenerative medicine. 
Biophys. Rev. 14, 717–733 (2022). https:// doi. org/ 10. 1007/ 
s12551- 022- 00969-z

 50. A.C. Ahn, A.J. Grodzinsky, Relevance of collagen piezoelec-
tricity to “Wolff’s Law”: A critical review. Med. Eng. Phys. 
31, 733–741 (2009). https:// doi. org/ 10. 1016/j. meden gphy. 
2009. 02. 006

 51. J. Kwon, H. Cho, Piezoelectric heterogeneity in collagen type 
I fibrils quantitatively characterized by piezoresponse force 
microscopy. ACS Biomater. Sci. Eng. 6, 6680–6689 (2020). 
https:// doi. org/ 10. 1021/ acsbi omate rials. 0c013 14

 52. B. Saeidi, M.R. Derakhshandeh, M. Delshad Chermahini, 
A. Doostmohammadi, Novel porous Barium titanate/nano-
bioactive glass composite with high piezoelectric coef-
ficient for bone regeneration applications. J. Mater. Eng. 
Perform. 29, 5420–5427 (2020). https:// doi. org/ 10. 1007/ 
s11665- 020- 05016-0

 53. J.-H. Chen, C. Liu, L. You, C.A. Simmons, Boning up on 
wolff’s law: mechanical regulation of the cells that make and 
maintain bone. J. Biomech. 43, 108–118 (2010). https:// doi. 
org/ 10. 1016/j. jbiom ech. 2009. 09. 016

 54. D. Gross, W.S. Williams, Streaming potential and the elec-
tromechanical response of physiologically-moist bone. J. 
Biomech. 15, 277–295 (1982). https:// doi. org/ 10. 1016/ 0021- 
9290(82) 90174-9

 55. M. Mohammadkhah, D. Marinkovic, M. Zehn, S. Checa, A 
review on computer modeling of bone piezoelectricity and its 
application to bone adaptation and regeneration. Bone 127, 
544–555 (2019). https:// doi. org/ 10. 1016/j. bone. 2019. 07. 024

 56. B. Tandon, J.J. Blaker, S.H. Cartmell, Piezoelectric materials 
as stimulatory biomedical materials and scaffolds for bone 
repair. Acta Biomater. 73, 1–20 (2018). https:// doi. org/ 10. 
1016/j. actbio. 2018. 04. 026

 57. M.P. Lutolf, P.M. Gilbert, H.M. Blau, Designing materials to 
direct stem-cell fate. Nature 462, 433–441 (2009). https:// doi. 
org/ 10. 1038/ natur e08602

 58. A.J. Keung, S. Kumar, D.V. Schaffer, Presentation counts: 
microenvironmental regulation of stem cells by biophysi-
cal and material cues. Annu. Rev. Cell Dev. Biol. 26, 
533–556 (2010). https:// doi. org/ 10. 1146/ annur ev- cellb 
io- 100109- 104042

 59. X. Wei, L. Guan, P. Fan, X. Liu, R. Liu et al., Direct current 
electric field stimulates nitric oxide production and promotes 
NO-dependent angiogenesis: involvement of the  PI3K/Akt 
signaling pathway. J. Vasc. Res. 57, 195–205 (2020). https:// 
doi. org/ 10. 1159/ 00050 6517

 60. G. Jin, G. Kim, The effect of sinusoidal AC electric stimula-
tion of 3D PCL/CNT and PCL/β-TCP based bio-composites 
on cellular activities for bone tissue regeneration. J. Mater. 
Chem. B 1, 1439 (2013). https:// doi. org/ 10. 1039/ c2tb0 0338d

 61. R. Balint, N.J. Cassidy, S.H. Cartmell, Electrical stimulation: 
a novel tool for tissue engineering. Tissue Eng. Part B Rev. 
19, 48–57 (2013). https:// doi. org/ 10. 1089/ ten. teb. 2012. 0183

 62. G. Eng, B.W. Lee, L. Protas, M. Gagliardi, K. Brown et al., 
Autonomous beating rate adaptation in human stem cell-
derived cardiomyocytes. Nat. Commun. 7, 10312 (2016). 
https:// doi. org/ 10. 1038/ ncomm s10312

 63. S. Mobini, L. Leppik, V.T. Parameswaran, J.H. Barker, 
In vitro effect of direct current electrical stimulation on rat 
mesenchymal stem cells. PeerJ 5, e2821 (2017). https:// doi. 
org/ 10. 7717/ peerj. 2821

 64. J.S. Khaw, R. Xue, N.J. Cassidy, S.H. Cartmell, Electrical 
stimulation of titanium to promote stem cell orientation, 
elongation and osteogenesis. Acta Biomater. 139, 204–217 
(2022). https:// doi. org/ 10. 1016/j. actbio. 2021. 08. 010

 65. G. Parise, N. Özkucur, T.K. Monsees, S. Perike, H.Q. Do 
et al., Local calcium elevation and cell elongation initiate 
guided motility in electrically stimulated osteoblast-like cells. 
PLoS ONE 4(7), e6131 (2009). https:// doi. org/ 10. 1371/ journ 
al. pone. 00061 31

 66. L. Leppik, M.B. Bhavsar, K.M.C. Oliveira, M. Eischen-
Loges, S. Mobini et al., Construction and use of an electrical 
stimulation chamber for enhancing osteogenic differentia-
tion in mesenchymal stem/stromal cells in vitro. J. Vis. Exp. 
(2019). https:// doi. org/ 10. 3791/ 59127-v

 67. L.P. da Silva, S.C. Kundu, R.L. Reis, V.M. Correlo, Electric 
phenomenon: a disregarded tool in tissue engineering and 
regenerative medicine. Trends Biotechnol. 38, 24–49 (2020). 
https:// doi. org/ 10. 1016/j. tibte ch. 2019. 07. 002

 68. F. Sahm, J. Ziebart, A. Jonitz-Heincke, D. Hansmann, T. 
Dauben et al., Alternating electric fields modify the function 
of human osteoblasts growing on and in the surroundings of 
titanium electrodes. Int. J. Mol. Sci. 21, 6944 (2020). https:// 
doi. org/ 10. 3390/ ijms2 11869 44

 69. I. Habibagahi, M. Omidbeigi, J. Hadaya, H. Lyu, J. Jang et al., 
Vagus nerve stimulation using a miniaturized wirelessly pow-
ered Stimulator in pigs. Sci. Rep. 12, 8184 (2022). https:// doi. 
org/ 10. 1038/ s41598- 022- 11850-0

 70. M. Alzahrani, B.J. Roth, The calculation of maximum electric 
field intensity in brain tissue stimulated by a current pulse 

https://doi.org/10.1007/s11517-018-1887-z
https://doi.org/10.1021/jp208436j
https://doi.org/10.1016/0141-5425(79)90013-x
https://doi.org/10.1002/adfm.201703771
https://doi.org/10.1002/adfm.201703771
https://doi.org/10.1111/jace.13045
https://doi.org/10.1111/jace.13045
https://doi.org/10.1007/s12551-022-00969-z
https://doi.org/10.1007/s12551-022-00969-z
https://doi.org/10.1016/j.medengphy.2009.02.006
https://doi.org/10.1016/j.medengphy.2009.02.006
https://doi.org/10.1021/acsbiomaterials.0c01314
https://doi.org/10.1007/s11665-020-05016-0
https://doi.org/10.1007/s11665-020-05016-0
https://doi.org/10.1016/j.jbiomech.2009.09.016
https://doi.org/10.1016/j.jbiomech.2009.09.016
https://doi.org/10.1016/0021-9290(82)90174-9
https://doi.org/10.1016/0021-9290(82)90174-9
https://doi.org/10.1016/j.bone.2019.07.024
https://doi.org/10.1016/j.actbio.2018.04.026
https://doi.org/10.1016/j.actbio.2018.04.026
https://doi.org/10.1038/nature08602
https://doi.org/10.1038/nature08602
https://doi.org/10.1146/annurev-cellbio-100109-104042
https://doi.org/10.1146/annurev-cellbio-100109-104042
https://doi.org/10.1159/000506517
https://doi.org/10.1159/000506517
https://doi.org/10.1039/c2tb00338d
https://doi.org/10.1089/ten.teb.2012.0183
https://doi.org/10.1038/ncomms10312
https://doi.org/10.7717/peerj.2821
https://doi.org/10.7717/peerj.2821
https://doi.org/10.1016/j.actbio.2021.08.010
https://doi.org/10.1371/journal.pone.0006131
https://doi.org/10.1371/journal.pone.0006131
https://doi.org/10.3791/59127-v
https://doi.org/10.1016/j.tibtech.2019.07.002
https://doi.org/10.3390/ijms21186944
https://doi.org/10.3390/ijms21186944
https://doi.org/10.1038/s41598-022-11850-0
https://doi.org/10.1038/s41598-022-11850-0


 Nano-Micro Lett.           (2025) 17:44    44  Page 30 of 35

https://doi.org/10.1007/s40820-024-01536-9© The authors

through a microcoil via capacitive coupling. Appl. Sci. 14, 
2994 (2024). https:// doi. org/ 10. 3390/ app14 072994

 71. B. Zhu, S.-C. Luo, H. Zhao, H.-A. Lin, J. Sekine et al., Large 
enhancement in neurite outgrowth on a cell membrane-mim-
icking conducting polymer. Nat. Commun. 5, 4523 (2014). 
https:// doi. org/ 10. 1038/ ncomm s5523

 72. C.T. Brighton, J. Black, Z.B. Friedenberg, J.L. Esterhai, 
L.J. Day et al., A multicenter study of the treatment of non-
union with constant direct current. J. Bone Jt. Surg. 63, 2–13 
(1981). https:// doi. org/ 10. 2106/ 00004 623- 19816 3010- 00002

 73. J. Walleczek, Electromagnetic field effects on cells of the 
immune system: the role of calcium signaling. FASEB J. 6, 
3177–3185 (1992). https:// doi. org/ 10. 1096/ fasebj. 6. 13. 13978 
39

 74. M. Guillot-Ferriols, S. Lanceros-Méndez, J.G. Ribelles, G.G. 
Ferrer, Electrical stimulation: Effective cue to direct osteo-
genic differentiation of mesenchymal stem cells? Biomater. 
Adv. 138, 212918 (2022). https:// doi. org/ 10. 1016/j. bioadv. 
2022. 212918

 75. J.G.S. Figueiredo, B.M. de Sousa, M.P. Soares dos Santos, 
S.I. Vieira, Gathering evidence to leverage musculoskeletal 
magnetic stimulation towards clinical applicability. Small Sci. 
4, 2300303 (2024). https:// doi. org/ 10. 1002/ smsc. 20230 0303

 76. A.M. Jawad, R. Nordin, S.K. Gharghan, H.M. Jawad, M. 
Ismail, Opportunities and challenges for near-field wireless 
power transfer: a review. Energies 10, 1022 (2017). https:// 
doi. org/ 10. 3390/ en100 71022

 77. W. Deng, Y. Zhou, A. Libanori, G. Chen, W. Yang et al., 
Piezoelectric nanogenerators for personalized healthcare. 
Chem. Soc. Rev. 51, 3380–3435 (2022). https:// doi. org/ 10. 
1039/ d1cs0 0858g

 78. G. Khandelwal, N.P.M.J. Raj, S.J. Kim, Triboelectric nano-
generator for healthcare and biomedical applications. Nano 
Today 33, 100882 (2020). https:// doi. org/ 10. 1016/j. nantod. 
2020. 100882

 79. B. Shi, Z. Li, Y. Fan, Implantable energy-harvesting devices. 
Adv. Mater. 30, 1801511 (2018). https:// doi. org/ 10. 1002/ 
adma. 20180 1511

 80. B. Basumatary, D. Gogoi, S. Podder, J. Bora, K.B. Singh 
et al., A π-conjugated organic pyroelectric nanogenerator 
(OPyNG) based on pyrophototronic effect. Nano Energy 
114, 108655 (2023). https:// doi. org/ 10. 1016/j. nanoen. 2023. 
108655

 81. J. Zhou, C. Liu, H. Yu, N. Tang, C. Lei, Research progresses 
and application of biofuel cells based on immobilized 
enzymes. Appl. Sci. 13, 5917 (2023). https:// doi. org/ 10. 3390/ 
app13 105917

 82. I. Mosnier, M. Teixeira, A. Loiseau, I. Fernandes, O. Sterk-
ers et al., Effects of acute and chronic hypertension on the 
labyrinthine barriers in rat. Hear. Res. 151, 227–236 (2001). 
https:// doi. org/ 10. 1016/ S0378- 5955(00) 00229-X

 83. F.-R. Fan, Z.-Q. Tian, Z.L. Wang, Flexible triboelectric gen-
erator. Nano Energy 1, 328–334 (2012). https:// doi. org/ 10. 
1016/j. nanoen. 2012. 01. 004

 84. J. Yin, S. Wang, A. Di Carlo, A. Chang, X. Wan et al., Smart 
textiles for self-powered biomonitoring. Med-X 1(1), 3 
(2023). https:// doi. org/ 10. 1007/ s44258- 023- 00001-3

 85. C. Xu, Y. Zi, A.C. Wang, H. Zou, Y. Dai et al., On the elec-
tron-transfer mechanism in the contact-electrification effect. 
Adv. Mater. 30, e1706790 (2018). https:// doi. org/ 10. 1002/ 
adma. 20170 6790

 86. Y. Zeng, Y. Cheng, J. Zhu, Y. Jie, P. Ma et al., Self-powered 
sensors driven by Maxwell’s displacement current wirelessly 
provided by TENG. Appl. Mater. Today 27, 101375 (2022). 
https:// doi. org/ 10. 1016/j. apmt. 2022. 101375

 87. Q. Zheng, B. Shi, Z. Li, Z.L. Wang, Recent progress on 
piezoelectric and triboelectric energy harvesters in biomedi-
cal systems. Adv. Sci. 4, 1700029 (2017). https:// doi. org/ 10. 
1002/ advs. 20170 0029

 88. G. Li, Q. Zhu, B. Wang, R. Luo, X. Xiao et al., Rejuvena-
tion of senescent bone marrow mesenchymal stromal cells 
by pulsed triboelectric stimulation. Adv. Sci. 8, e2100964 
(2021). https:// doi. org/ 10. 1002/ advs. 20210 0964

 89. J. Tian, R. Shi, Z. Liu, H. Ouyang, M. Yu et al., Self-powered 
implantable electrical Stimulator for osteoblasts’ proliferation 
and differentiation. Nano Energy 59, 705–714 (2019). https:// 
doi. org/ 10. 1016/j. nanoen. 2019. 02. 073

 90. J. Yin, V. Kashyap, S. Wang, X. Xiao, T. Tat et al., Self-
powered eye-computer interaction via a triboelectric nano-
generator. Device 2, 100252 (2024). https:// doi. org/ 10. 1016/j. 
device. 2023. 100252

 91. W. Kwak, J. Yin, S. Wang, J. Chen, Advances in triboelectric 
nanogenerators for self-powered wearable respiratory monitor-
ing. FlexMat 1, 5–22 (2024). https:// doi. org/ 10. 1002/ flm2. 10

 92. Y. Ouyang, X. Wang, M. Hou, M. Zheng, D. Hao et al., Smart 
nanoengineered electronic-scaffolds based on triboelectric 
nanogenerators as tissue batteries for integrated cartilage 
therapy. Nano Energy 107, 108158 (2023). https:// doi. org/ 
10. 1016/j. nanoen. 2022. 108158

 93. K. Barri, Q. Zhang, I. Swink, Y. Aucie, K. Holmberg et al., 
Patient-specific self-powered metamaterial implants for 
detecting bone healing progress. Adv. Funct. Mater. 32, 
2203533 (2022). https:// doi. org/ 10. 1002/ adfm. 20220 3533

 94. Y. Qian, Y. Cheng, J. Song, Y. Xu, W.-E. Yuan et al., Mech-
ano-informed biomimetic polymer scaffolds by incorporat-
ing self-powered zinc oxide nanogenerators enhance motor 
recovery and neural function. Small 16, e2000796 (2020). 
https:// doi. org/ 10. 1002/ smll. 20200 0796

 95. R. Shi, J. Zhang, J. Tian, C. Zhao, Z. Li et al., An effective 
self-powered strategy to endow titanium implant surface 
with associated activity of anti-biofilm and osteogenesis. 
Nano Energy 77, 105201 (2020). https:// doi. org/ 10. 1016/j. 
nanoen. 2020. 105201

 96. Z.L. Wang, J. Song, Piezoelectric nanogenerators based on 
zinc oxide nanowire arrays. Science 312, 242–246 (2006). 
https:// doi. org/ 10. 1126/ scien ce. 11240 05

 97. Y. Hu, Y. Zhang, C. Xu, G. Zhu, Z.L. Wang, High-output 
nanogenerator by rational unipolar assembly of conical 
nanowires and its application for driving a small liquid 

https://doi.org/10.3390/app14072994
https://doi.org/10.1038/ncomms5523
https://doi.org/10.2106/00004623-198163010-00002
https://doi.org/10.1096/fasebj.6.13.1397839
https://doi.org/10.1096/fasebj.6.13.1397839
https://doi.org/10.1016/j.bioadv.2022.212918
https://doi.org/10.1016/j.bioadv.2022.212918
https://doi.org/10.1002/smsc.202300303
https://doi.org/10.3390/en10071022
https://doi.org/10.3390/en10071022
https://doi.org/10.1039/d1cs00858g
https://doi.org/10.1039/d1cs00858g
https://doi.org/10.1016/j.nantod.2020.100882
https://doi.org/10.1016/j.nantod.2020.100882
https://doi.org/10.1002/adma.201801511
https://doi.org/10.1002/adma.201801511
https://doi.org/10.1016/j.nanoen.2023.108655
https://doi.org/10.1016/j.nanoen.2023.108655
https://doi.org/10.3390/app13105917
https://doi.org/10.3390/app13105917
https://doi.org/10.1016/S0378-5955(00)00229-X
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1016/j.nanoen.2012.01.004
https://doi.org/10.1007/s44258-023-00001-3
https://doi.org/10.1002/adma.201706790
https://doi.org/10.1002/adma.201706790
https://doi.org/10.1016/j.apmt.2022.101375
https://doi.org/10.1002/advs.201700029
https://doi.org/10.1002/advs.201700029
https://doi.org/10.1002/advs.202100964
https://doi.org/10.1016/j.nanoen.2019.02.073
https://doi.org/10.1016/j.nanoen.2019.02.073
https://doi.org/10.1016/j.device.2023.100252
https://doi.org/10.1016/j.device.2023.100252
https://doi.org/10.1002/flm2.10
https://doi.org/10.1016/j.nanoen.2022.108158
https://doi.org/10.1016/j.nanoen.2022.108158
https://doi.org/10.1002/adfm.202203533
https://doi.org/10.1002/smll.202000796
https://doi.org/10.1016/j.nanoen.2020.105201
https://doi.org/10.1016/j.nanoen.2020.105201
https://doi.org/10.1126/science.1124005


Nano-Micro Lett.           (2025) 17:44  Page 31 of 35    44 

crystal display. Nano Lett. 10, 5025–5031 (2010). https:// 
doi. org/ 10. 1021/ nl103 203u

 98. Z.L. Wang, W. Wu, Piezotronics and piezo-phototronics: 
fundamentals and applications. Natl. Sci. Rev. 1, 62–90 
(2014). https:// doi. org/ 10. 1093/ nsr/ nwt002

 99. K.K. Das, B. Basu, P. Maiti, A.K. Dubey, Piezoelectric 
nanogenerators for self-powered wearable and implantable 
bioelectronic devices. Acta Biomater. 171, 85–113 (2023). 
https:// doi. org/ 10. 1016/j. actbio. 2023. 08. 057

 100. M.T. Chorsi, E.J. Curry, H.T. Chorsi, R. Das, J. Baroody 
et al., Piezoelectric biomaterials for sensors and actuators. 
Adv. Mater. 31, 1802084 (2019). https:// doi. org/ 10. 1002/ 
adma. 20180 2084

 101. H. Feng, C. Zhao, P. Tan, R. Liu, X. Chen et al., Nanogen-
erator for biomedical applications. Adv. Healthc. Mater. 7, 
1701298 (2018). https:// doi. org/ 10. 1002/ adhm. 20170 1298

 102. F. Jin, T. Li, T. Yuan, L. Du, C. Lai et al., Physiologically 
self-regulated, fully implantable, battery-free system for 
peripheral nerve restoration. Adv. Mater. 33, e2104175 
(2021). https:// doi. org/ 10. 1002/ adma. 20210 4175

 103. C. Vargas-Estevez, A. Blanquer, G. Murillo, M. Duque, 
L. Barrios et al., Electrical stimulation of cells through 
photovoltaic microcell arrays. Nano Energy 51, 571–578 
(2018). https:// doi. org/ 10. 1016/j. nanoen. 2018. 07. 012

 104. X. Long, X. Wang, L. Yao, S. Lin, J. Zhang et al., Graphene/
Si-promoted osteogenic differentiation of BMSCs through 
light illumination. ACS Appl. Mater. Interfaces 11, 43857–
43864 (2019). https:// doi. org/ 10. 1021/ acsami. 9b146 79

 105. J. Fu, X. Liu, L. Tan, Z. Cui, Y. Zheng et al., Photoelectric-
responsive extracellular matrix for bone engineering. ACS 
Nano 13, 13581–13594 (2019). https:// doi. org/ 10. 1021/ 
acsna no. 9b081 15

 106. G. Thrivikraman, S.K. Boda, B. Basu, Unraveling the 
mechanistic effects of electric field stimulation towards 
directing stem cell fate and function: a tissue engineering 
perspective. Biomaterials 150, 60–86 (2018). https:// doi. 
org/ 10. 1016/j. bioma teria ls. 2017. 10. 003

 107. X. Wan, Z. Liu, L. Li, Manipulation of stem cells fates: the 
master and multifaceted roles of biophysical cues of bio-
materials. Adv. Funct. Mater. 31, 2010626 (2021). https:// 
doi. org/ 10. 1002/ adfm. 20201 0626

 108. B.S. Eftekhari, M. Eskandari, P.A. Janmey, A. Samadi-
kuchaksaraei, M. Gholipourmalekabadi, Surface topogra-
phy and electrical signaling: single and synergistic effects 
on neural differentiation of stem cells. Adv. Funct. Mater. 
30, 1907792 (2020). https:// doi. org/ 10. 1002/ adfm. 20190 
7792

 109. F. Xing, S. Li, D. Yin, J. Xie, P.M. Rommens et al., Recent 
progress in Mg-based alloys as a novel bioabsorbable bio-
materials for orthopedic applications. J. Magnes. Alloys 10, 
1428–1456 (2022). https:// doi. org/ 10. 1016/j. jma. 2022. 02. 
013

 110. H. Jahr, Y. Li, J. Zhou, A.A. Zadpoor, K.-U. Schröder, Addi-
tively manufactured absorbable porous metal implants–pro-
cessing, alloying and corrosion behavior. Front. Mater. 8, 
628633 (2021). https:// doi. org/ 10. 3389/ fmats. 2021. 628633

 111. A. Gupta, S. Singh, Multimodal potentials of gold nanopar-
ticles for bone tissue engineering and regenerative medicine: 
avenues and prospects. Small 18, e2201462 (2022). https:// 
doi. org/ 10. 1002/ smll. 20220 1462

 112. M. Wang, S. Feng, C. Bai, K. Ji, J. Zhang et al., Ultrastretcha-
ble MXene microsupercapacitors. Small 19, 2300386 (2023). 
https:// doi. org/ 10. 1002/ smll. 20230 0386

 113. X. Zhang, T. Wang, Z. Zhang, H. Liu, L. Li et al., Electrical 
stimulation system based on electroactive biomaterials for 
bone tissue engineering. Mater. Today 68, 177–203 (2023). 
https:// doi. org/ 10. 1016/j. mattod. 2023. 06. 011

 114. S. Ahadian, S. Yamada, J. Ramón-Azcón, M. Estili, X. Liang 
et al., Hybrid hydrogel-aligned carbon nanotube scaffolds to 
enhance cardiac differentiation of embryoid bodies. Acta Bio-
mater. 31, 134–143 (2016). https:// doi. org/ 10. 1016/j. actbio. 
2015. 11. 047

 115. Y. Li, L. Yang, Y. Hou, Z. Zhang, M. Chen et al., Polydo-
pamine-mediated graphene oxide and nanohydroxyapatite-
incorporated conductive scaffold with an immunomodulatory 
ability accelerates periodontal bone regeneration in diabetes. 
Bioact. Mater. 18, 213–227 (2022). https:// doi. org/ 10. 1016/j. 
bioac tmat. 2022. 03. 021

 116. P. Piotrowski, K. Klimek, G. Ginalska, A. Kaim, Beneficial 
influence of water-soluble PEG-functionalized  C60 fullerene 
on human osteoblast growth in vitro. Materials (Basel) 14, 
1566 (2021). https:// doi. org/ 10. 3390/ ma140 61566

 117. L. Wang, H. Jiang, F. Wan, H. Sun, Y. Yang et al., High-
performance artificial ligament made from helical polyester 
fibers wrapped with aligned carbon nanotube sheets. Adv. 
Healthc. Mater. 12, e2301610 (2023). https:// doi. org/ 10. 
1002/ adhm. 20230 1610

 118. B. Wang, T. Ruan, Y. Chen, F. Jin, L. Peng et al., Graphene-
based composites for electrochemical energy storage. Energy 
Storage Mater. 24, 22–51 (2020). https:// doi. org/ 10. 1016/j. 
ensm. 2019. 08. 004

 119. K. Wang, S. Margolis, J.M. Cho, S. Wang, B. Arianpour 
et al., Non-invasive detection of early-stage fatty liver disease 
via an on-skin impedance sensor and attention-based deep 
learning. Adv. Sci. 11, e2400596 (2024). https:// doi. org/ 10. 
1002/ advs. 20240 0596

 120. X. Zhang, S. Koo, J.H. Kim, X. Huang, N. Kong et  al., 
Nanoscale materials-based platforms for the treatment of 
bone-related diseases. Matter 4, 2727–2764 (2021). https:// 
doi. org/ 10. 1016/j. matt. 2021. 05. 019

 121. J. Li, B. Xia, X. Xiao, Z. Huang, J. Yin et al., Stretchable 
thermoelectric fibers with three-dimensional interconnected 
porous network for low-grade body heat energy harvesting. 
ACS Nano 17, 19232–19241 (2023). https:// doi. org/ 10. 1021/ 
acsna no. 3c057 97

 122. Y. Li, T. Fang, J. Zhang, H. Zhu, Y. Sun et al., Ultrasensitive 
and ultrastretchable electrically self-healing conductors. Proc. 
Natl. Acad. Sci. U.S.A. 120, e2300953120 (2023). https:// doi. 
org/ 10. 1073/ pnas. 23009 53120

 123. S. Wang, Y. Nie, H. Zhu, Y. Xu, S. Cao et  al., Intrinsi-
cally stretchable electronics with ultrahigh deformability to 

https://doi.org/10.1021/nl103203u
https://doi.org/10.1021/nl103203u
https://doi.org/10.1093/nsr/nwt002
https://doi.org/10.1016/j.actbio.2023.08.057
https://doi.org/10.1002/adma.201802084
https://doi.org/10.1002/adma.201802084
https://doi.org/10.1002/adhm.201701298
https://doi.org/10.1002/adma.202104175
https://doi.org/10.1016/j.nanoen.2018.07.012
https://doi.org/10.1021/acsami.9b14679
https://doi.org/10.1021/acsnano.9b08115
https://doi.org/10.1021/acsnano.9b08115
https://doi.org/10.1016/j.biomaterials.2017.10.003
https://doi.org/10.1016/j.biomaterials.2017.10.003
https://doi.org/10.1002/adfm.202010626
https://doi.org/10.1002/adfm.202010626
https://doi.org/10.1002/adfm.201907792
https://doi.org/10.1002/adfm.201907792
https://doi.org/10.1016/j.jma.2022.02.013
https://doi.org/10.1016/j.jma.2022.02.013
https://doi.org/10.3389/fmats.2021.628633
https://doi.org/10.1002/smll.202201462
https://doi.org/10.1002/smll.202201462
https://doi.org/10.1002/smll.202300386
https://doi.org/10.1016/j.mattod.2023.06.011
https://doi.org/10.1016/j.actbio.2015.11.047
https://doi.org/10.1016/j.actbio.2015.11.047
https://doi.org/10.1016/j.bioactmat.2022.03.021
https://doi.org/10.1016/j.bioactmat.2022.03.021
https://doi.org/10.3390/ma14061566
https://doi.org/10.1002/adhm.202301610
https://doi.org/10.1002/adhm.202301610
https://doi.org/10.1016/j.ensm.2019.08.004
https://doi.org/10.1016/j.ensm.2019.08.004
https://doi.org/10.1002/advs.202400596
https://doi.org/10.1002/advs.202400596
https://doi.org/10.1016/j.matt.2021.05.019
https://doi.org/10.1016/j.matt.2021.05.019
https://doi.org/10.1021/acsnano.3c05797
https://doi.org/10.1021/acsnano.3c05797
https://doi.org/10.1073/pnas.2300953120
https://doi.org/10.1073/pnas.2300953120


 Nano-Micro Lett.           (2025) 17:44    44  Page 32 of 35

https://doi.org/10.1007/s40820-024-01536-9© The authors

monitor dynamically moving organs. Sci. Adv. 8, eabl5511 
(2022). https:// doi. org/ 10. 1126/ sciadv. abl55 11

 124. T.-H. Le, Y. Kim, H. Yoon, Electrical and electrochemical 
properties of conducting polymers. Polymers 9, 150 (2017). 
https:// doi. org/ 10. 3390/ polym 90401 50

 125. T. Zhou, L. Yan, C. Xie, P. Li, L. Jiang et al., A mussel-
inspired persistent ROS-scavenging, electroactive, and oste-
oinductive scaffold based on electrochemical-driven in situ 
nanoassembly. Small 15, e1805440 (2019). https:// doi. org/ 
10. 1002/ smll. 20180 5440

 126. Y. Wei, X. Mo, P. Zhang, Y. Li, J. Liao et al., Directing stem 
cell differentiation via electrochemical reversible switching 
between nanotubes and nanotips of polypyrrole array. ACS 
Nano 11, 5915–5924 (2017). https:// doi. org/ 10. 1021/ acsna 
no. 7b016 61

 127. Y. Fu, H. He, T. Zhao, Y. Dai, W. Han et al., A self-powered 
breath analyzer based on PANI/PVDF piezo-gas-sensing 
arrays for potential diagnostics application. Nano-Micro Lett. 
10, 76 (2018). https:// doi. org/ 10. 1007/ s40820- 018- 0228-y

 128. C. Yu, X. Ying, M.-A. Shahbazi, L. Yang, Z. Ma et al., A 
nano-conductive osteogenic hydrogel to locally promote 
calcium influx for electro-inspired bone defect regeneration. 
Biomaterials 301, 122266 (2023). https:// doi. org/ 10. 1016/j. 
bioma teria ls. 2023. 122266

 129. G. Jeon, S.Y. Yang, J. Byun, J.K. Kim, Electrically actuat-
able smart nanoporous membrane for pulsatile drug release. 
Nano Lett. 11, 1284–1288 (2011). https:// doi. org/ 10. 1021/ 
nl104 329y

 130. H.P. Savakus, K.A. Klicker, R.E. Newnham, PZT-epoxy 
piezoelectric transducers: a simplified fabrication proce-
dure. Mater. Res. Bull. 16, 677–680 (1981). https:// doi. org/ 
10. 1016/ 0025- 5408(81) 90267-1

 131. B. Jiang, J. Iocozzia, L. Zhao, H. Zhang, Y.-W. Harn et al., 
Barium titanate at the nanoscale: controlled synthesis and 
dielectric and ferroelectric properties. Chem. Soc. Rev. 48, 
1194–1228 (2019). https:// doi. org/ 10. 1039/ C8CS0 0583D

 132. S. Liu, J. Zhai, Improving the dielectric constant and energy 
density of poly(vinylidene fluoride) composites induced by 
surface-modified  SrTiO3 nanofibers by polyvinylpyrrolidone. 
J. Mater. Chem. A 3, 1511–1517 (2015). https:// doi. org/ 10. 
1039/ c4ta0 4455j

 133. H. Li, L. Wang, L. Xu, A. Li, P. Mao et al., First-principles 
study on the structural, elastic, piezoelectric and electronic 
properties of  (BaTiO3,  LiTaO3)-modified  KNbO3. Mater. 
Today Commun. 26, 102092 (2021). https:// doi. org/ 10. 
1016/j. mtcomm. 2021. 102092

 134. B.K. Yun, Y.K. Park, M. Lee, N. Lee, W. Jo et al., Lead-free 
 LiNbO3 nanowire-based nanocomposite for piezoelectric 
power generation. Nanoscale Res. Lett. 9, 4 (2014). https:// 
doi. org/ 10. 1186/ 1556- 276X-9-4

 135. L.-F. Zhu, B.-P. Zhang, J.-Q. Duan, B.-W. Xun, N. Wang 
et al., Enhanced piezoelectric and ferroelectric properties 
of  BiFeO3-BaTiO3 lead-free ceramics by optimizing the 
sintering temperature and dwell time. J. Eur. Ceram. Soc. 
38, 3463–3471 (2018). https:// doi. org/ 10. 1016/j. jeurc erams 
oc. 2018. 03. 044

 136. C. Li, Y. Li, T. Yao, L. Zhou, C. Xiao et al., Wireless elec-
trochemotherapy by selenium-doped piezoelectric bioma-
terials to enhance cancer cell apoptosis. ACS Appl. Mater. 
Interfaces 12, 34505–34513 (2020). https:// doi. org/ 10. 
1021/ acsami. 0c046 66

 137. N. Zhang, T. Zheng, J. Wu, Lead-free (K, Na)NbO3-based 
materials: preparation techniques and piezoelectricity. 
ACS Omega 5, 3099–3107 (2020). https:// doi. org/ 10. 1021/ 
acsom ega. 9b036 58

 138. J. Wu, Q. Xu, E. Lin, B. Yuan, N. Qin et al., Insights into the 
role of ferroelectric polarization in piezocatalysis of nanocrys-
talline  BaTiO3. ACS Appl. Mater. Interfaces 10, 17842–17849 
(2018). https:// doi. org/ 10. 1021/ acsami. 8b019 91

 139. Y. Liu, T. Yang, B. Zhang, T. Williams, Y.-T. Lin et al., 
Structural insight in the interfacial effect in ferroelec-
tric polymer nanocomposites. Adv. Mater. 34, e2109926 
(2022). https:// doi. org/ 10. 1002/ adma. 20210 9926

 140. J. Jacob, N. More, C. Mounika, P. Gondaliya, K. Kalia 
et al., Smart piezoelectric nanohybrid of poly(3-hydroxy-
butyrate- co-3-hydroxyvalerate) and Barium titanate for 
stimulated cartilage regeneration. ACS Appl. Bio Mater. 2, 
4922–4931 (2019). https:// doi. org/ 10. 1021/ acsabm. 9b006 
67

 141. H. Wu, H. Dong, Z. Tang, Y. Chen, Y. Liu et al., Electrical 
stimulation of piezoelectric  BaTiO3 coated  Ti6Al4V scaffolds 
promotes anti-inflammatory polarization of macrophages and 
bone repair via MAPK/JNK inhibition and OXPHOS acti-
vation. Biomaterials 293, 121990 (2023). https:// doi. org/ 10. 
1016/j. bioma teria ls. 2022. 121990

 142. F. Zhao, Y. Zhao, Y. Liu, R. Hang, Osteogenic activity of 
 Na2Ti3O7/SrTiO3 hybrid coatings on titanium. Surf. Coat. 
Technol. 398, 126090 (2020). https:// doi. org/ 10. 1016/j. surfc 
oat. 2020. 126090

 143. K. Kapat, Q.T.H. Shubhra, M. Zhou, S. Leeuwenburgh, 
Piezoelectric nano-biomaterials for biomedicine and tissue 
regeneration. Adv. Funct. Mater. 30, 1909045 (2020). https:// 
doi. org/ 10. 1002/ adfm. 20190 9045

 144. Z. Liu, M. Cai, X. Zhang, X. Yu, S. Wang et al., Cell-traction-
triggered on-demand electrical stimulation for neuron-like 
differentiation. Adv. Mater. 33, e2106317 (2021). https:// doi. 
org/ 10. 1002/ adma. 20210 6317

 145. N. Adadi, M. Yadid, I. Gal, M. Asulin, R. Feiner et al., Elec-
trospun fibrous PVDF-TrFe scaffolds for cardiac tissue engi-
neering, differentiation, and maturation. Adv. Mater. Technol. 
5, 1900820 (2020). https:// doi. org/ 10. 1002/ admt. 20190 0820

 146. N. Setter, D. Damjanovic, L. Eng, G. Fox, S. Gevorgian et al., 
Ferroelectric thin films: Review of materials, properties, and 
applications. J. Appl. Phys. 100, 051606 (2006). https:// doi. 
org/ 10. 1063/1. 23369 99

 147. T. Yoshida, K. Imoto, K. Tahara, K. Naka, Y. Uehara et al., 
Piezoelectricity of poly(L-lactic acid) composite film with 
stereo complex of poly(L-lactide) and poly(D-lactide). Jpn. 
J. Appl. Phys. 49, 09MC11 (2010). https:// doi. org/ 10. 1143/ 
jjap. 49. 09mc11

 148. C. Shuai, G. Liu, Y. Yang, F. Qi, S. Peng et al., A strawberry-
like Ag-decorated Barium titanate enhances piezoelectric and 

https://doi.org/10.1126/sciadv.abl5511
https://doi.org/10.3390/polym9040150
https://doi.org/10.1002/smll.201805440
https://doi.org/10.1002/smll.201805440
https://doi.org/10.1021/acsnano.7b01661
https://doi.org/10.1021/acsnano.7b01661
https://doi.org/10.1007/s40820-018-0228-y
https://doi.org/10.1016/j.biomaterials.2023.122266
https://doi.org/10.1016/j.biomaterials.2023.122266
https://doi.org/10.1021/nl104329y
https://doi.org/10.1021/nl104329y
https://doi.org/10.1016/0025-5408(81)90267-1
https://doi.org/10.1016/0025-5408(81)90267-1
https://doi.org/10.1039/C8CS00583D
https://doi.org/10.1039/c4ta04455j
https://doi.org/10.1039/c4ta04455j
https://doi.org/10.1016/j.mtcomm.2021.102092
https://doi.org/10.1016/j.mtcomm.2021.102092
https://doi.org/10.1186/1556-276X-9-4
https://doi.org/10.1186/1556-276X-9-4
https://doi.org/10.1016/j.jeurceramsoc.2018.03.044
https://doi.org/10.1016/j.jeurceramsoc.2018.03.044
https://doi.org/10.1021/acsami.0c04666
https://doi.org/10.1021/acsami.0c04666
https://doi.org/10.1021/acsomega.9b03658
https://doi.org/10.1021/acsomega.9b03658
https://doi.org/10.1021/acsami.8b01991
https://doi.org/10.1002/adma.202109926
https://doi.org/10.1021/acsabm.9b00667
https://doi.org/10.1021/acsabm.9b00667
https://doi.org/10.1016/j.biomaterials.2022.121990
https://doi.org/10.1016/j.biomaterials.2022.121990
https://doi.org/10.1016/j.surfcoat.2020.126090
https://doi.org/10.1016/j.surfcoat.2020.126090
https://doi.org/10.1002/adfm.201909045
https://doi.org/10.1002/adfm.201909045
https://doi.org/10.1002/adma.202106317
https://doi.org/10.1002/adma.202106317
https://doi.org/10.1002/admt.201900820
https://doi.org/10.1063/1.2336999
https://doi.org/10.1063/1.2336999
https://doi.org/10.1143/jjap.49.09mc11
https://doi.org/10.1143/jjap.49.09mc11


Nano-Micro Lett.           (2025) 17:44  Page 33 of 35    44 

antibacterial activities of polymer scaffold. Nano Energy 74, 
104825 (2020). https:// doi. org/ 10. 1016/j. nanoen. 2020. 104825

 149. Y. Zhou, Y. Deng, Z. Liu, M. Yin, M. Hou et al., Cytokine-
scavenging nanodecoys reconstruct osteoclast/osteoblast bal-
ance toward the treatment of postmenopausal osteoporosis. 
Sci. Adv. 7, eabl6432 (2021). https:// doi. org/ 10. 1126/ sciadv. 
abl64 32

 150. C.H. Yao, B.Y. Yang, Y.C.E. Li, Remodeling effects of the 
combination of GGT scaffolds, percutaneous electrical stimu-
lation, and acupuncture on large bone defects in rats. Front. 
Bioeng. Biotechnol. 10, 832808 (2022). https:// doi. org/ 10. 
3389/ fbioe. 2022. 832808

 151. X. Cui, Y. Shan, J. Li, M. Xiao, Y. Xi et al., Bifunctional 
piezo-enhanced PLLA/ZA coating prevents aseptic loosening 
of bone implants. Adv. Funct. Mater. (2024). https:// doi. org/ 
10. 1002/ adfm. 20240 3759

 152. C. Zhang, W. Liu, C. Cao, F. Zhang, Q. Tang et al., Modu-
lating surface potential by controlling the β phase content 
in poly(vinylidene fluoridetrifluoroethylene) membranes 
enhances bone regeneration. Adv. Healthc. Mater. 7, 
e1701466 (2018). https:// doi. org/ 10. 1002/ adhm. 20170 1466

 153. X. Wan, X. Zhang, Z. Liu, J. Zhang, Z. Li et al., Noninva-
sive manipulation of cell adhesion for cell harvesting with 
piezoelectric composite film. Appl. Mater. Today 25, 101218 
(2021). https:// doi. org/ 10. 1016/j. apmt. 2021. 101218

 154. X. Zhang, C. Zhang, Y. Lin, P. Hu, Y. Shen et al., Nanocom-
posite membranes enhance bone regeneration through restor-
ing physiological electric microenvironment. ACS Nano 10, 
7279–7286 (2016). https:// doi. org/ 10. 1021/ acsna no. 6b022 47

 155. S. Roy Barman, S. Jhunjhunwala, Electrical stimulation for 
immunomodulation. ACS Omega 9, 52–66 (2024). https:// 
doi. org/ 10. 1021/ acsom ega. 3c066 96

 156. K. Li, W. Xu, Y. Chen, X. Liu, L. Shen et al., Piezoelectric 
nanostructured surface for ultrasound-driven immunoregula-
tion to rescue titanium implant infection. Adv. Funct. Mater. 
33, 2214522 (2023). https:// doi. org/ 10. 1002/ adfm. 20221 4522

 157. S.D. Dutta, K. Ganguly, A. Randhawa, T.V. Patil, D.K. 
Patel et al., Electrically stimulated 3D bioprinting of gela-
tin-polypyrrole hydrogel with dynamic semi-IPN network 
induces osteogenesis via collective signaling and immunopo-
larization. Biomaterials 294, 121999 (2023). https:// doi. org/ 
10. 1016/j. bioma teria ls. 2023. 121999

 158. X. Zhang, Y. Zhang, J. Chen, Y. Wu, J. Zhang et al., Nanosec-
ond pulsed electric field inhibits malignant melanoma growth 
by inducing the change of systemic immunity. Med. Oral 
Patologia Oral y Cirugia Bucal 24(4), e555 (2019). https:// 
doi. org/ 10. 4317/ medor al. 22976

 159. J. Liang, H. Zeng, L. Qiao, H. Jiang, Q. Ye et al., 3D printed 
piezoelectric wound dressing with dual piezoelectric response 
models for scar-prevention wound healing. ACS Appl. Mater. 
Interfaces 14, 30507–30522 (2022). https:// doi. org/ 10. 1021/ 
acsami. 2c041 68

 160. X. Liu, X. Wan, B. Sui, Q. Hu, Z. Liu et al., Piezoelectric 
hydrogel for treatment of periodontitis through bioenergetic 
activation. Bioact. Mater. 35, 346–361 (2024). https:// doi. org/ 
10. 1016/j. bioac tmat. 2024. 02. 011

 161. Y. Kong, F. Liu, B. Ma, J. Duan, W. Yuan et al., Wireless 
localized electrical stimulation generated by an ultrasound-
driven piezoelectric discharge regulates proinflammatory 
macrophage polarization. Adv. Sci. 8, 2100962 (2021). 
https:// doi. org/ 10. 1002/ advs. 20210 0962

 162. D. D’Alessandro, C. Ricci, M. Milazzo, G. Strangis, F. Forli 
et al., Piezoelectric signals in vascularized bone regeneration. 
Biomolecules 11, 1731 (2021). https:// doi. org/ 10. 3390/ biom1 
11117 31

 163. R.C. Gonçalves, A. Banfi, M.B. Oliveira, J.F. Mano, Strate-
gies for re-vascularization and promotion of angiogenesis in 
trauma and disease. Biomaterials 269, 120628 (2021). https:// 
doi. org/ 10. 1016/j. bioma teria ls. 2020. 120628

 164. M.N. Collins, G. Ren, K. Young, S. Pina, R.L. Reis et al., 
Scaffold fabrication technologies and structure/function 
properties in bone tissue engineering. Adv. Funct. Mater. 31, 
2010609 (2021). https:// doi. org/ 10. 1002/ adfm. 20201 0609

 165. S. Stegen, N. van Gastel, G. Carmeliet, Bringing new life to 
damaged bone: the importance of angiogenesis in bone repair 
and regeneration. Bone 70, 19–27 (2015). https:// doi. org/ 10. 
1016/j. bone. 2014. 09. 017

 166. L. Faes, S.K. Wagner, D.J. Fu, X. Liu, E. Korot et al., Auto-
mated deep learning design for medical image classification 
by health-care professionals with no coding experience: a 
feasibility study. Lancet Digit. Health 1, e232–e242 (2019). 
https:// doi. org/ 10. 1016/ S2589- 7500(19) 30108-6

 167. G. Yao, X. Mo, C. Yin, W. Lou, Q. Wang et al., A program-
mable and skin temperature-activated electromechanical 
synergistic dressing for effective wound healing. Sci. Adv. 8, 
eabl8379 (2022). https:// doi. org/ 10. 1126/ sciadv. abl83 79

 168. M. Zhao, H. Bai, E. Wang, J.V. Forrester, C.D. McCaig, Elec-
trical stimulation directly induces pre-angiogenic responses 
in vascular endothelial cells by signaling through VEGF 
receptors. J. Cell Sci. 117, 397–405 (2004). https:// doi. org/ 
10. 1242/ jcs. 00868

 169. C. Li, S. Zhang, Y. Yao, Y. Wang, C. Xiao et al., Piezoelectric 
bioactive glasses composite promotes angiogenesis by the 
synergistic effect of wireless electrical stimulation and active 
ions. Adv. Healthc. Mater. 12, e2300064 (2023). https:// doi. 
org/ 10. 1002/ adhm. 20230 0064

 170. J. Sun, C. Xu, K. Wo, Y. Wang, J. Zhang et al., Wireless 
electric cues mediate autologous DPSC-loaded conductive 
hydrogel microspheres to engineer the immuno-angiogenic 
niche for homologous maxillofacial bone regeneration. Adv. 
Healthc. Mater. 13, e2303405 (2024). https:// doi. org/ 10. 
1002/ adhm. 20230 3405

 171. J. Yin, S. Pan, X. Guo, Y. Gao, D. Zhu et al.,  Nb2C MXene-
functionalized scaffolds enables osteosarcoma photo-
therapy and angiogenesis/osteogenesis of bone defects. 
Nano-Micro Lett. 13, 30 (2021). https:// doi. org/ 10. 1007/ 
s40820- 020- 00547-6

 172. S. Pang, Y. He, R. Zhong, Z. Guo, P. He et al., Multifunc-
tional ZnO/TiO2 nanoarray composite coating with antibacte-
rial activity, cytocompatibility and piezoelectricity. Ceram. 

https://doi.org/10.1016/j.nanoen.2020.104825
https://doi.org/10.1126/sciadv.abl6432
https://doi.org/10.1126/sciadv.abl6432
https://doi.org/10.3389/fbioe.2022.832808
https://doi.org/10.3389/fbioe.2022.832808
https://doi.org/10.1002/adfm.202403759
https://doi.org/10.1002/adfm.202403759
https://doi.org/10.1002/adhm.201701466
https://doi.org/10.1016/j.apmt.2021.101218
https://doi.org/10.1021/acsnano.6b02247
https://doi.org/10.1021/acsomega.3c06696
https://doi.org/10.1021/acsomega.3c06696
https://doi.org/10.1002/adfm.202214522
https://doi.org/10.1016/j.biomaterials.2023.121999
https://doi.org/10.1016/j.biomaterials.2023.121999
https://doi.org/10.4317/medoral.22976
https://doi.org/10.4317/medoral.22976
https://doi.org/10.1021/acsami.2c04168
https://doi.org/10.1021/acsami.2c04168
https://doi.org/10.1016/j.bioactmat.2024.02.011
https://doi.org/10.1016/j.bioactmat.2024.02.011
https://doi.org/10.1002/advs.202100962
https://doi.org/10.3390/biom11111731
https://doi.org/10.3390/biom11111731
https://doi.org/10.1016/j.biomaterials.2020.120628
https://doi.org/10.1016/j.biomaterials.2020.120628
https://doi.org/10.1002/adfm.202010609
https://doi.org/10.1016/j.bone.2014.09.017
https://doi.org/10.1016/j.bone.2014.09.017
https://doi.org/10.1016/S2589-7500(19)30108-6
https://doi.org/10.1126/sciadv.abl8379
https://doi.org/10.1242/jcs.00868
https://doi.org/10.1242/jcs.00868
https://doi.org/10.1002/adhm.202300064
https://doi.org/10.1002/adhm.202300064
https://doi.org/10.1002/adhm.202303405
https://doi.org/10.1002/adhm.202303405
https://doi.org/10.1007/s40820-020-00547-6
https://doi.org/10.1007/s40820-020-00547-6


 Nano-Micro Lett.           (2025) 17:44    44  Page 34 of 35

https://doi.org/10.1007/s40820-024-01536-9© The authors

Int. 45, 12663–12671 (2019). https:// doi. org/ 10. 1016/j. ceram 
int. 2019. 03. 076

 173. B. Gottenbos, Antimicrobial effects of positively charged sur-
faces on adhering Gram-positive and Gram-negative bacteria. 
J. Antimicrob. Chemother. 48, 7–13 (2001). https:// doi. org/ 10. 
1093/ jac/ 48.1.7

 174. Z. Li, D. He, B. Guo, Z. Wang, H. Yu et al., Self-promoted elec-
troactive biomimetic mineralized scaffolds for bacteria-infected 
bone regeneration. Nat. Commun. 14, 6963 (2023). https:// doi. 
org/ 10. 1038/ s41467- 023- 42598-4

 175. Q. Pan, Y. Zheng, Y. Zhou, X. Zhang, M. Yuan et al., Doping 
engineering of piezo-sonocatalytic nanocoating confer dental 
implants with enhanced antibacterial performances and osteo-
genic activity. Adv. Funct. Mater. 34, 2313553 (2024). https:// 
doi. org/ 10. 1002/ adfm. 20231 3553

 176. S. Mendis, P. Puska, B. e. Norrving, W. H. Organization, Global 
atlas on cardiovascular disease prevention and control. (World 
Health Organization; 2011).

 177. A.S. Verma, D. Kumar, A.K. Dubey, Antibacterial and cellular 
response of piezoelectric  Na0.5K0.5NbO3  modified 1393 bioac-
tive glass. Mater. Sci. Eng. C 116, 111138 (2020). https:// doi. 
org/ 10. 1016/j. msec. 2020. 111138

 178. C. Angulo-Pineda, K. Srirussamee, P. Palma, V.M. Fuenzalida, 
S.H. Cartmell et al., Electroactive 3D printed scaffolds based 
on percolated composites of polycaprolactone with thermally 
reduced graphene oxide for antibacterial and tissue engineering 
applications. Nanomaterials (Basel) 10, 428 (2020). https:// doi. 
org/ 10. 3390/ nano1 00304 28

 179. S. Swain, R.N. Padhy, T.R. Rautray, Polarized piezoelectric 
bioceramic composites exhibit antibacterial activity. Mater. 
Chem. Phys. 239, 122002 (2020). https:// doi. org/ 10. 1016/j. 
match emphys. 2019. 122002

 180. X. Qu, H. Yang, B. Jia, Z. Yu, Y. Zheng et al., Biodegradable 
Zn-Cu alloys show antibacterial activity against MRSA bone 
infection by inhibiting pathogen adhesion and biofilm forma-
tion. Acta Biomater. 117, 400–417 (2020). https:// doi. org/ 10. 
1016/j. actbio. 2020. 09. 041

 181. E.O. Carvalho, M.M. Fernandes, K. Ivanova, P. Rodriguez-
Lejarraga, T. Tzanov et  al., Multifunctional piezoelectric 
surfaces enhanced with layer-by-layer coating for improved 
osseointegration and antibacterial performance. Colloids Surf. 
B Biointerfaces 243, 114123 (2024). https:// doi. org/ 10. 1016/j. 
colsu rfb. 2024. 114123

 182. A. Kumar, V. Gajraj, A. Das, D. Sen, H. Xu et al., Silver, copper, 
magnesium and zinc contained electroactive mesoporous bioac-
tive  S53P4 glass–ceramics nanoparticle for bone regeneration: 
bioactivity, biocompatibility and antibacterial activity. J. Inorg. 
Organomet. Polym. Mater. 32, 2309–2321 (2022). https:// doi. 
org/ 10. 1007/ s10904- 022- 02295-z

 183. Y. Huang, X. Wan, Q. Su, C. Zhao, J. Cao et al., Ultrasound-
activated piezo-hot carriers trigger tandem catalysis coordi-
nating cuproptosis-like bacterial death against implant infec-
tions. Nat. Commun. 15, 1643 (2024). https:// doi. org/ 10. 1038/ 
s41467- 024- 45619-y

 184. Y. Long, J. Li, F. Yang, J. Wang, X. Wang, Wearable and 
implantable electroceuticals for therapeutic electrostimulations. 

Adv. Sci. 8, 2004023 (2021). https:// doi. org/ 10. 1002/ advs. 
20200 4023

 185. S. Wang, Q. Cui, P. Abiri, M. Roustaei, E. Zhu et al., A self-
assembled implantable microtubular pacemaker for wireless 
cardiac electrotherapy. Sci. Adv. 9, eadj0540 (2023). https:// 
doi. org/ 10. 1126/ sciadv. adj05 40

 186. V. Nair, A.N. Dalrymple, Z. Yu, G. Balakrishnan, C.J. Bet-
tinger et al., Miniature battery-free bioelectronics. Science 382, 
eabn4732 (2023). https:// doi. org/ 10. 1126/ scien ce. abn47 32

 187. K. Matsuo, N. Irie, Osteoclast–osteoblast communication. Arch. 
Biochem. Biophys. 473, 201–209 (2008). https:// doi. org/ 10. 
1016/j. abb. 2008. 03. 027

 188. W. Tang, J. Tian, Q. Zheng, L. Yan, J. Wang et al., Implantable 
self-powered low-level laser cure system for mouse embryonic 
osteoblasts’ proliferation and differentiation. ACS Nano 9, 
7867–7873 (2015). https:// doi. org/ 10. 1021/ acsna no. 5b035 67

 189. G. Yao, L. Kang, C. Li, S. Chen, Q. Wang et al., A self-powered 
implantable and bioresorbable electrostimulation device for bio-
feedback bone fracture healing. Proc. Natl. Acad. Sci. U.S.A. 
118, e2100772118 (2021). https:// doi. org/ 10. 1073/ pnas. 21007 
72118

 190. Q. Zheng, Y. Zou, Y. Zhang, Z. Liu, B. Shi et al., Biodegradable 
triboelectric nanogenerator as a life-time designed implantable 
power source. Sci. Adv. 2, e1501478 (2016). https:// doi. org/ 10. 
1126/ sciadv. 15014 78

 191. N. Wang, Y. Dai, J.Y.H. Fuh, C.-C. Yen, W.F. Lu, Applications 
of triboelectric nanogenerators in bone tissue engineering. Adv. 
Mater. Technol. 8, 2201310 (2023). https:// doi. org/ 10. 1002/ 
admt. 20220 1310

 192. L. Ricotti, A. Cafarelli, C. Manferdini, D. Trucco, L. Vannozzi 
et al., Ultrasound stimulation of piezoelectric nanocomposite 
hydrogels boosts chondrogenic differentiation in vitro, in both 
a normal and inflammatory milieu. ACS Nano 18, 2047–2065 
(2024). https:// doi. org/ 10. 1021/ acsna no. 3c087 38

 193. B. Wang, G. Li, Q. Zhu, W. Liu, W. Ke et al., Bone repairment 
via mechanosensation of Piezo1 using wearable pulsed tribo-
electric nanogenerator. Small 18, e2201056 (2022). https:// doi. 
org/ 10. 1002/ smll. 20220 1056

 194. J.P. Decuypere, G. Monaco, L. Missiaen, H. De Smedt, J.B. 
Parys et al., IP(3) receptors, mitochondria, and Ca signaling: 
implications for aging. J. Aging Res. 2011, 920178 (2011). 
https:// doi. org/ 10. 4061/ 2011/ 920178

 195. S.H. Bhang, W.S. Jang, J. Han, J.-K. Yoon, W.-G. La et al., 
Zinc oxide nanorod-based piezoelectric dermal patch for wound 
healing. Adv. Funct. Mater. 27, 1603497 (2017). https:// doi. org/ 
10. 1002/ adfm. 20160 3497

 196. M. Yao, L. Li, Y. Wang, D. Yang, L. Miao et al., Mechanical 
energy harvesting and specific potential distribution of a flex-
ible piezoelectric nanogenerator based on 2-D  BaTiO3-oriented 
polycrystals. ACS Sustainable Chem. Eng. 10, 3276–3287 
(2022). https:// doi. org/ 10. 1021/ acssu schem eng. 1c078 75

 197. Y. Zhang, L. Xu, Z. Liu, X. Cui, Z. Xiang et al., Self-powered 
pulsed direct current stimulation system for enhancing osteo-
genesis in MC3T3-E1. Nano Energy 85, 106009 (2021). https:// 
doi. org/ 10. 1016/j. nanoen. 2021. 106009

https://doi.org/10.1016/j.ceramint.2019.03.076
https://doi.org/10.1016/j.ceramint.2019.03.076
https://doi.org/10.1093/jac/48.1.7
https://doi.org/10.1093/jac/48.1.7
https://doi.org/10.1038/s41467-023-42598-4
https://doi.org/10.1038/s41467-023-42598-4
https://doi.org/10.1002/adfm.202313553
https://doi.org/10.1002/adfm.202313553
https://doi.org/10.1016/j.msec.2020.111138
https://doi.org/10.1016/j.msec.2020.111138
https://doi.org/10.3390/nano10030428
https://doi.org/10.3390/nano10030428
https://doi.org/10.1016/j.matchemphys.2019.122002
https://doi.org/10.1016/j.matchemphys.2019.122002
https://doi.org/10.1016/j.actbio.2020.09.041
https://doi.org/10.1016/j.actbio.2020.09.041
https://doi.org/10.1016/j.colsurfb.2024.114123
https://doi.org/10.1016/j.colsurfb.2024.114123
https://doi.org/10.1007/s10904-022-02295-z
https://doi.org/10.1007/s10904-022-02295-z
https://doi.org/10.1038/s41467-024-45619-y
https://doi.org/10.1038/s41467-024-45619-y
https://doi.org/10.1002/advs.202004023
https://doi.org/10.1002/advs.202004023
https://doi.org/10.1126/sciadv.adj0540
https://doi.org/10.1126/sciadv.adj0540
https://doi.org/10.1126/science.abn4732
https://doi.org/10.1016/j.abb.2008.03.027
https://doi.org/10.1016/j.abb.2008.03.027
https://doi.org/10.1021/acsnano.5b03567
https://doi.org/10.1073/pnas.2100772118
https://doi.org/10.1073/pnas.2100772118
https://doi.org/10.1126/sciadv.1501478
https://doi.org/10.1126/sciadv.1501478
https://doi.org/10.1002/admt.202201310
https://doi.org/10.1002/admt.202201310
https://doi.org/10.1021/acsnano.3c08738
https://doi.org/10.1002/smll.202201056
https://doi.org/10.1002/smll.202201056
https://doi.org/10.4061/2011/920178
https://doi.org/10.1002/adfm.201603497
https://doi.org/10.1002/adfm.201603497
https://doi.org/10.1021/acssuschemeng.1c07875
https://doi.org/10.1016/j.nanoen.2021.106009
https://doi.org/10.1016/j.nanoen.2021.106009


Nano-Micro Lett.           (2025) 17:44  Page 35 of 35    44 

 198. J. Chen, L. Song, F. Qi, S. Qin, X. Yang et al., Enhanced bone 
regeneration via ZIF-8 decorated hierarchical polyvinylidene 
fluoride piezoelectric foam nanogenerator: coupling of bio-
electricity, angiogenesis, and osteogenesis. Nano Energy 106, 
108076 (2023). https:// doi. org/ 10. 1016/j. nanoen. 2022. 108076

 199. T. Wang, H. Ouyang, Y. Luo, J. Xue, E. Wang et al., Rehabili-
tation exercise-driven symbiotic electrical stimulation system 
accelerating bone regeneration. Sci. Adv. 10, eadi6799 (2024). 
https:// doi. org/ 10. 1126/ sciadv. adi67 99

 200. F. Yang, J. Li, Y. Long, Z. Zhang, L. Wang et al., Wafer-scale 
heterostructured piezoelectric bio-organic thin films. Science 
373, 337–342 (2021). https:// doi. org/ 10. 1126/ scien ce. abf21 55

 201. C. Peter, H. Kliem, Ferroelectric imprint and polarization in 
the amorphous phase in P(VDF-TrFE). J. Appl. Phys. (2019). 
https:// doi. org/ 10. 1063/1. 50919 30

 202. X. Wang, X. Dai, Y. Chen, Sonopiezoelectric nanomedicine 
and materdicine. Small 19, 2301693 (2023). https:// doi. org/ 10. 
1002/ smll. 20230 1693

 203. Y. Sun, S. Chao, H. Ouyang, W. Zhang, W. Luo et al., Hybrid 
nanogenerator based closed-loop self-powered low-level vagus 
nerve stimulation system for atrial fibrillation treatment. Sci. 
Bull. 67, 1284–1294 (2022). https:// doi. org/ 10. 1016/j. scib. 
2022. 04. 002

 204. Y. Bai, L. Yin, C. Hou, Y. Zhou, F. Zhang et al., Response 
regulation for epidermal fabric strain sensors via mechanical 
strategy. Adv. Funct. Mater. 33, 2214119 (2023). https:// doi. 
org/ 10. 1002/ adfm. 20221 4119

 205. Y. Zhou, Y. Qu, L. Yin, W. Cheng, Y. Huang et al., Coassembly 
of elastomeric microfibers and silver nanowires for fabricating 
ultra-stretchable microtextiles with weakly and tunable negative 
permittivity. Compos. Sci. Technol. 223, 109415 (2022). https:// 
doi. org/ 10. 1016/j. comps citech. 2022. 109415

 206. H. Liu, Z. Wang, L. Gao, Y. Huang, H. Tang et al., Optofluidic 
resonance of a transparent liquid jet excited by a continuous 
wave laser. Phys. Rev. Lett. 127, 244502 (2021). https:// doi. org/ 
10. 1103/ PhysR evLett. 127. 244502

 207. H. Wang, D. Ye, A. Li, B. Zhang, W. Guo et al., Self-driven, 
monopolar electrohydrodynamic printing via dielectric nano-
particle layer. Nano Lett. 24, 9511–9519 (2024). https:// doi. org/ 
10. 1021/ acs. nanol ett. 4c019 26

 208. Y. Tian, Y. Liu, Z. Peng, C. Xu, D. Ye et al., Air entrapment 
of a neutral drop impacting onto a flat solid surface in electric 
fields. J. Fluid Mech. 946, A21 (2022). https:// doi. org/ 10. 1017/ 
jfm. 2022. 439

 209. Y.-P. Qu, Y.-L. Zhou, Y. Luo, Y. Liu, J.-F. Ding et al., Univer-
sal paradigm of ternary metacomposites with tunable Epsilon-
negative and Epsilon-near-zero response for perfect electromag-
netic shielding. Rare Met. 43, 796–809 (2024). https:// doi. org/ 
10. 1007/ s12598- 023- 02510-x

 210. Y. Zhou, H. Lian, Z. Li, L. Yin, Q. Ji et al., Crack engineering 
boosts the performance of flexible sensors. VIEW 3, 20220025 
(2022). https:// doi. org/ 10. 1002/ VIW. 20220 025

 211. R. Yu, H. Zhang, B. Guo, Conductive biomaterials as bioactive 
wound dressing for wound healing and skin tissue engineer-
ing. Nano-Micro Lett. 14, 1 (2021). https:// doi. org/ 10. 1007/ 
s40820- 021- 00751-y

 212. X. Wang, L. Qi, H. Yang, Y. Rao, H. Chen, Stretchable synaptic 
transistors based on the field effect for flexible neuromorphic 
electronics. Soft Sci. 3, 15 (2023). https:// doi. org/ 10. 20517/ ss. 
2023. 06

 213. Y. Huang, Y. Ding, J. Bian, Y. Su, J. Zhou et al., Hyper-stretch-
able self-powered sensors based on electrohydrodynamically 
printed, self-similar piezoelectric nano/microfibers. Nano 
Energy 40, 432–439 (2017). https:// doi. org/ 10. 1016/j. nanoen. 
2017. 07. 048

 214. C. Tan, C. Deng, S. Li, A. Abena, P. Jamshidi et al., Mechani-
cal property and biological behaviour of additive manufactured 
TiNi functionally graded lattice structure. Int. J. Extrem. Manuf. 
4, 045003 (2022). https:// doi. org/ 10. 1088/ 2631- 7990/ ac94fa

 215. S.D. Kim, K. Park, S. Lee, J. Kum, Y. Kim et al., Injectable and 
tissue-conformable conductive hydrogel for MRI-compatible 
brain-interfacing electrodes. Soft Sci. 3, 18 (2023). https:// doi. 
org/ 10. 20517/ ss. 2023. 08

 216. Y. Zhou, S. Wang, J. Yin, J. Wang, F. Manshaii et al., Flex-
ible metasurfaces for multifunctional interfaces. ACS Nano 18, 
2685–2707 (2024). https:// doi. org/ 10. 1021/ acsna no. 3c093 10

 217. H. Yu, M. Gai, L. Liu, F. Chen, J. Bian et al., Laser-induced 
direct graphene patterning: from formation mechanism to flex-
ible applications. Soft Sci. 3, 4 (2023). https:// doi. org/ 10. 20517/ 
ss. 2022. 26

 218. A.C. Da Silva, T.E. Paterson, I.R. Minev, Electro-assisted 
assembly of conductive polymer and soft hydrogel into core-
shell hybrids. Soft Sci. 3, 3 (2023). https:// doi. org/ 10. 20517/ ss. 
2022. 25

 219. J. Song, B. Lv, W. Chen, P. Ding, Y. He, Advances in 3D print-
ing scaffolds for peripheral nerve and spinal cord injury repair. 
Int. J. Extrem. Manuf. 5, 032008 (2023). https:// doi. org/ 10. 
1088/ 2631- 7990/ acde21

 220. A. Chen, J. Su, Y. Li, H. Zhang, Y. Shi et al., 3D/4D printed 
bio-piezoelectric smart scaffolds for next-generation bone tissue 
engineering. Int. J. Extrem. Manuf. 5, 032007 (2023). https:// 
doi. org/ 10. 1088/ 2631- 7990/ acd88f

 221. Y. Jiang, D. Ye, A. Li, B. Zhang, W. Han et al., Transient charge-
driven 3D conformal printing via pulsed-plasma impingement. 
Proc. Natl. Acad. Sci. USA 121, e2402135121 (2024). https:// 
doi. org/ 10. 1073/ pnas. 24021 35121

 222. X. Han, Q. Saiding, X. Cai, Y. Xiao, P. Wang et al., Intelli-
gent vascularized 3D/4D/5D/6D-printed tissue scaffolds. 
Nano-Micro Lett. 15, 239 (2023). https:// doi. org/ 10. 1007/ 
s40820- 023- 01187-2

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

https://doi.org/10.1016/j.nanoen.2022.108076
https://doi.org/10.1126/sciadv.adi6799
https://doi.org/10.1126/science.abf2155
https://doi.org/10.1063/1.5091930
https://doi.org/10.1002/smll.202301693
https://doi.org/10.1002/smll.202301693
https://doi.org/10.1016/j.scib.2022.04.002
https://doi.org/10.1016/j.scib.2022.04.002
https://doi.org/10.1002/adfm.202214119
https://doi.org/10.1002/adfm.202214119
https://doi.org/10.1016/j.compscitech.2022.109415
https://doi.org/10.1016/j.compscitech.2022.109415
https://doi.org/10.1103/PhysRevLett.127.244502
https://doi.org/10.1103/PhysRevLett.127.244502
https://doi.org/10.1021/acs.nanolett.4c01926
https://doi.org/10.1021/acs.nanolett.4c01926
https://doi.org/10.1017/jfm.2022.439
https://doi.org/10.1017/jfm.2022.439
https://doi.org/10.1007/s12598-023-02510-x
https://doi.org/10.1007/s12598-023-02510-x
https://doi.org/10.1002/VIW.20220025
https://doi.org/10.1007/s40820-021-00751-y
https://doi.org/10.1007/s40820-021-00751-y
https://doi.org/10.20517/ss.2023.06
https://doi.org/10.20517/ss.2023.06
https://doi.org/10.1016/j.nanoen.2017.07.048
https://doi.org/10.1016/j.nanoen.2017.07.048
https://doi.org/10.1088/2631-7990/ac94fa
https://doi.org/10.20517/ss.2023.08
https://doi.org/10.20517/ss.2023.08
https://doi.org/10.1021/acsnano.3c09310
https://doi.org/10.20517/ss.2022.26
https://doi.org/10.20517/ss.2022.26
https://doi.org/10.20517/ss.2022.25
https://doi.org/10.20517/ss.2022.25
https://doi.org/10.1088/2631-7990/acde21
https://doi.org/10.1088/2631-7990/acde21
https://doi.org/10.1088/2631-7990/acd88f
https://doi.org/10.1088/2631-7990/acd88f
https://doi.org/10.1073/pnas.2402135121
https://doi.org/10.1073/pnas.2402135121
https://doi.org/10.1007/s40820-023-01187-2
https://doi.org/10.1007/s40820-023-01187-2

	Unleashing the Potential of Electroactive Hybrid Biomaterials and Self-Powered Systems for Bone Therapeutics
	Highlights
	Abstract 
	1 Introduction
	2 Bone Bioelectricity and Cell-Bone Interaction with Electrical Stimulation Signals
	3 Ways of Delivering Electrical Signals to Bone Tissue
	3.1 Exogenous Electrostimulation Source
	3.2 Self-Powered Electrostimulation Source
	3.2.1 TENG
	3.2.2 PENG
	3.2.3 TENG-PENG
	3.2.4 Photovoltaic Cell


	4 Electroactive Hybrid Biomaterials in Bone Therapeutics Application
	4.1 Electroactive Hybrid Biomaterials Classification
	4.1.1 Conductive Biomaterials
	4.1.2 Piezoelectric Biomaterials

	4.2 Application in Bone Therapeutics
	4.2.1 Osteogenesis Promotion and Osteoclast Suppression
	4.2.2 Immunomodulation
	4.2.3 Angiogenesis Enhancement
	4.2.4 Anti-Bacterial Effect


	5 Self-Powered Bioelectronic Devices in Bone Therapeutics Application
	5.1 TENGs for Bone Therapeutics
	5.2 PENG for Bone Therapeutics

	6 Conclusions and Outlook
	Acknowledgements 
	References


