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ABSTRACT

Currently, due to improvements in living standards, people are paying more attention to all-around disease prevention and health
care. Self-powered implantable “tissue batteries” integrated with electrochemical materials are essential for disease prevention,
diagnosis, treatment, postoperative therapy, and healthcare applications. We propose and define new concepts of “tissue
batteries”—self-powered tissue batteries (SPTBs)—are flexible self-powered implantable systems or platforms based on
electroactive biomaterials, acting at the interface of biological tissue. Based on the electrical phenomenon of living organisms in
life activities, there has been an increased attention to SPTBs for tissue repair promotion. SPTBs take advantages of both the
preeminent biocompatibility of biomaterials and the promotion of time-honored electrical stimulation therapy for tissue recovery,
which are very promising for human iliness treatment. However, studies on clinical applications of SPTBs are impeded by a lack
of comprehensive cognitive assessment of SPTBs. Herein, SPTBs for life and health applications are comprehensively reviewed.
First, electrochemical materials and their across-the-board applications for several types of SPTBs are introduced and compared
with regard to disease prevention, diagnosis, precision therapy, and personalized health monitoring. Then, the potential
mechanisms for SPTBs for tissue repair promotion are discussed. Finally, the prospective challenges are summarized and
recommendations for future research are provided. This review elucidates on the significance and versatility of SPTBs for various

medical applications.
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1 Introduction

Electroactive biomaterials (EBMs), which are fourth-generation
biomaterials, contain regions of electron density and/or exhibit an
electronic active phase. Moreover, they exhibit the ability to
directly transmit electrical, electrochemical, and electromechanical
stimulation to various electroactive cells [1-4]. By integrating
antibodies, enzymes, and other biological moieties, the chemical,
electrical, and physical characteristics of EBMs may be tuned to
the specific demands of their applications, or regulated by
stimulation (e.g., electricity, light, and pH) [5, 6]. Similar to the
electrochemical material, the interior of a noumenal organism has
a bioelectric current. Bioelectricity is the electrical phenomenon of
living organisms in the process of life activities. Biological organs,
tissues, cells, and biomolecules change their potential and polarity,
including resting potential, action potential, and the potential
caused by pressure. Therefore, bioelectricity transmits, conducts,
transfers, and codes information, that is, bioelectricity is highly
significant for adapting to surrounding environments to maintain
life activities. For instance, as the largest organ of the human body,
undamaged healthy skin is regarded as a “skin battery” for
maintaining a steady state. Other human organs, such as nerves,
hearts, blood vessels, bone cartilages, and tendons can also be
regarded as “tissue batteries”. When a tissue is injured, the
epithelial barrier is disrupted, and trans-epithelial potentials are

short-circuited by wounds. Due to current flow to the wound
edge, the electrical potential of the wound area is reduced.
Laterally oriented wound electric fields are formed via potential
gradients [7,8], and driven by the so-called “skin battery”, the
natural direct current comes into being on the damaged area
[9-11]. This type of micro direct current bioelectricity, which is
different from action potential, is also called endogenous electric
fields [12]. Endogenous electric fields are of significant biological
implications in wound healing [13], tissue regeneration [14],
tumor formation [15,16], and embryonic development [17].
Thus, exogenous electric fields established by electrical stimulation
(ES) are promising candidates for exciting the damaged
endogenous electric fields and accelerating damaged skin repair.
They have the potential for a sustained non-pharmacological
therapy system [18]. Under the synergy of endogenous electric
fields, external ES can regulate and mediate the diverse physical
activities of cells.

Compared to chemical and mechanical stimulation, ES is
associated with various technological advantages, including a
moderate stimulation state that causes less harm, is easier to
execute, and is more accurate for parameter control [19].
Furthermore, when combined with other treatment procedures
(e.g., optogenetics, sonodynamic therapy, and photodynamic
therapy), ES has the potential for significant performance
improvements, which are extremely desired [20].
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The electrical activity of biological tissues can be utilized to
reflect the health conditions of life activities of organisms and for
disease diagnosis. Monitoring of various bioelectric signals is
beneficial for disease diagnosis as well as treatment. Accordingly,
various wearable and implantable medical devices (IMDs) for
tissue repair and personalized healthcare have been developed.
Studies are evaluating the positive contribution of wearable and
IMDs for tissue repair and personalized healthcare [21]. For
instance, the abilities of the physical ES system [22] (direct current,
pulsed current, and electric and electromagnetic fields, etc.),
sonodynamic systems, photodynamic systems, and electric
sensitive-based drug containment systems [19] to elicit cell growth
and division, and promoting growth factor expression have been
evaluated.

However, wearable and IMDs lacking self-charging abilities
should be bulky enough to accommodate a large battery to avoid
frequent recharging, or be replaced/disposed in a short time.
Applications of self-powered system techniques in medical science
will enhance clinical applications of wearables and IMDs. Herein,
from the perspective of bio-electrochemistry and biological
science, we refer to the self-powered multifunctional, flexible, or
biodegradable IMDs as self-powered tissue batteries (SPTBs),
which can load cells, peptides [23], growth factors, enzymes,
drugs, and small molecular active substances, which mean they do
not simply act as simple electronic products. Moreover, the
softness, deformability, self-power property, biosensing, and high
biocompatibility of SPTBs should be considered. An increasing
number of SPTBs, such as pacemakers, nerve stimulators, and
drug pumps are available for diagnosis and therapeutics (Fig. 1).

SPTBs combine implantability and electroactivity properties of
biomaterials, which is a new treatment concept for diagnosis,
treatment, and monitoring in clinical medicine. All SPTBs are
associated with challenges in designs as well as applications, and
their standardization is even more complex. For future medical
applications, the challenges associated with shape and size, energy
consumption, and biocompatibility as well as long-term biofouling
should be solved.

2 Electroactive biomaterials

EBMs are a type of biological materials that may change their
physicochemical properties upon electrical signals or generate
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Figure1 Medical applications for wearable and SPTBs on different electric
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skin sensor, integrated health monitor, tendon regeneration scaffold,
osteogenesis scaffold, and cartilage recovery scaffold.
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electrical signals in response to external stimuli (Fig.2). As next-
generation biomaterials [24] for biomedical applications, EBMs
can directly transfer electrical, electrochemical, and mechanical
signals to cells and tissues. Electric fields associated with ion and
macromolecule transportation play a significant role in the
biological processes of various tissues (e.g., heart, muscle, nerve,
and skin), such as promotion of angiogenesis, cell division, cell
signaling, nerve growth, embryonic development, and wound
healing

Based on whether they require a power supply, electroactive
biomaterials can be divided into semi-conductive biomaterials,
conductive biomaterials, and piezoelectric biomaterials (Fig. 3).
Semi-conductive and conductive biomaterials require an external
power source to control ES. Dissimilarly, piezoelectric biomaterials
allow ES to be transmitted through material deformation without
an external power supply, which is suitable for self-powered tissue
engineering scaffolds and devices. Semiconductor  [25]
nanocrystals and semiconductor minerals such as nanowires [26],
dots [27,28], and silicates [29-31] are the most common
semiconductor biomaterials. Conductive biomaterials include
shape memory alloy [32] conductive polymers, such as polyaniline
[33], polypyrrole [34,35], and polythiophene [36]. Piezoelectric
ceramics [37,38] and piezoelectric polymers [39] (polyvinylidene
fluoride (PVDF) [40,41] and polylactic acid (PLA) [42]), are
candidates for nanogenerator preparation in nanomedicine
applications. In addition, electroactive composite biomaterials are
mainly composed of conductive biomaterials and piezoelectric
biomaterials, which simultaneously possess piezoelectricity and
semiconductor properties, for instance, the complex of
piezoelectric ceramics and conductive polymers.

3 Construction and power approaches of SPTBs

SPTBs refer to flexible self-powered implantable systems or
platforms based on EMBs, acting at the interface of biological
tissue. EBMs ensure the electroactive and self-powered properties
of SPTBs. SPTBs contain four types of blocks: energy harvesters,
sensing  blocks, signal processing blocks, and signal
communication blocks [43,44]. At first, various environmental
changes and physiological stimuli that are detected by sensing
blocks can be converted into electrical signals with the help of
signal communication blocks, which will be finally transmitted to
the outside of the human body through signal communication
blocks. Power harvesters are required to power these blocks [45].
Depending on whether the implantable device carries power, it
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Figure2 Mechanism of electroactive properties of electroactive biomaterials.
(a) EBMs generate electrical signals or change their physicochemical properties
in response to an external force. (b) EBMs generate electrical signals or change
their physicochemical properties in response to external electric field.
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Figure 3 Typical materials and applications of electroactive nanobiomaterials,
including (a) quartz fiber, (b) bone repair scaffold, (c) health monitor, (d)
neuropore, (e) biosensor, (f) e-skin, reproduced with permission from Ref. [36],
© Elsevier Ltd. 2021, and (g) vessel scaffold.

can be a SPTBs or wireless SPTBs. Compared to the traditional
power supply approach, development of IMDs with a long
lifetime, efficiency, and flexible recharging is a significant challenge
[46]. There are various ways through which SPTBs generate
energy: mechanical energy harvester [47], biochemical energy
harvester, photovoltaic energy harvester, radio frequency
harvesters, and shape memory alloy. Based on their exceptional
capacity to convert tiny and irregular mechanical energy into
electricity, such as friction, vibration, wind, temperature, walking,
water wave, heartbeats [48,49], and respiration movements [50],
mechanical energy harvester nanogenerators can be classified into
piezoelectric nanogenerators (PENGsS), triboelectric
nanogenerators (TENGs) [51], and pyroelectric nanogenerator
[52,53]. Biofuel cells and endocochlear potentials are good
biochemical energy harvesters with a high efficiency for
biochemical energy conversion [54-56]. Wireless SPTBs are
powered by electromagnetic transformers and ultrasonic
transducers [57,58]. Due to their greater power conversion
efficiencies and tiny sizes, photovoltaic cells are one of the most
attractive alternatives for implantable applications [45].

In recent years, a new generation of SPTBs has progressively
supplanted traditional portable medical devices and has become a
hotspot in global medical exploration and development.
Compared to traditional portable medical devices, SPTBs have a
flexible convenient appearance and usage, and they can monitor
health status in real time and anticipate illnesses [18]. Traditional
portable medical devices are classified into domestic and portable
medical electronic devices, e.g., domestic sphygmomanometers,
blood glucose, hearing aids, electrocardiograph, and
multiparameter monitors [59, 60]. SPTBs are represented by nerve
stimulators and implantable cardiac pacemakers. Although SPTBs
have rapidly developed during the last decades, it might not always
be easy for SPTBs to be safe and substantive during use. Different
power approaches of SPTBs for different applications are listed in
Table 1.

4 Applications of SPTBs

With the fast rise of microelectronics and nanofabrication, the
popularity of SPTBs in prevention and diagnosis, precision
therapy, and in personalized health monitoring systems is
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increasing [61,62]. Various SPTBs are versatile. They include
pacemakers [63,64], nerve stimulators [65, 66], retinal implants
[67], drug pumps [68], biosensors [69], cochlear implants [70],
and artificial tissues [71] as well as organ replacements, which are
now being used in clinical applications [72].

4.1 Prevention and diagnosis

4.1.1 Cardiovascular risk detection

Terms  selected for  cardiovascular  diseases  include
thromboembolic disease, myocardial infarction, coronary artery
disease, and stroke, among others. Up to 90% of cardiovascular
diseases can be prevented. Heart monitoring [41,49,73-75] is
important for evaluating cardiac system performance and to
prevent or detect cardiovascular diseases. Ye Ma et al. [76]
proposed the implantable triboelectric active sensor (iTEAS) (Fig.
4(a)), a self-powered and implantable triboelectric active sensor
that can provide continuous monitoring of multiple physiological
and pathological signs, including heart rates, ventricular
premature contraction, blood flow velocity, and respiratory rate.
Figure 4(b) shows that iTEAS is comprised of triboelectric layers,
electrodes, and spacers. The iTEAS was directly connected with a
multichannel data acquisition system by lead wires, which may
restrict its practical and clinical applications. Meanwhile, Qiang
Zheng et al. [77] designed a self-powered wireless transmission
system powered by an iTENG for in vivo cardiac healthcare
monitoring (Fig. 4(c)). The iTENG, as a biomechanical energy
harvesting, is used to power the implantable wireless transmitter.
Compared with iTEAS proposed by Ye Ma et al., the accuracy of
the output signal and the long-term biocompatibility of the
wireless transmission system are worthy of careful consideration.
What's more, monitoring of neurotransmission, inflammatory
reactions, cardiovascular systems, and other physiological systems
requires real-time NO detection. Rongfeng Li et al. [78]
constructed a flexible and physically transient electrochemical
sensor for real-time wireless NO monitoring in chondrocytes,
livers of Sprague-Dawley rats, and the heart as well as joint cavity
of New Zealand rabbits. Based on wireless control and data
transmission technology, the NO sensor provided critical
therapeutic and  diagnostic  information for  assessing
immune/inflammatory responses.

4.1.2  Blood glucose, pressure, and oxygen detection

SPTBs have been used for blood glucose, pressure, and oxygen
detection [79,80]. Symptomatic instances of diabetes may be
difficult to diagnose since they may occur without clinical signs in
the early stages [81,82]. During treatment, continuous self-
monitoring of glucose is critical for therapeutic assessment and
detecting incipient hypoglycemia [83]. Wanglinhan Zhang et al.
created a self-powered implantable skin-like glucometer that can
detect blood glucose levels in real-time in vivo. The working
mechanism is based on the piezo-enzymatic-reaction coupling
effects of GOx@ZnO nanowires. Under applied force, the device
actively produces a piezoelectric signal with the glucose-detecting
information, and converts the mechanical energy into the
piezoelectric impulse, which is significantly influenced by blood
glucose concentration [84]. Strictly speaking, this glucometer is
not completely implantable because lacking transport block of the
electric signal. In addition, lifespan, stability, and recycled usability
are not further discussed in this research. Therefore, significant
efforts are still needed to develop a fully implantable, high-
precision, and long-lifetime glucometer for real-time monitoring
of blood glucose.

Given the imminent danger of secondary diseases, patients
should be able to assess long-term and intensive monitoring.
Previously, Xiaoliang Cheng [85] found that the electric output
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Table1 Summary of materials and applications of SPTBs based on kinds of power supply
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Application Type of Typical materials Evaluation experimental ~ References
type power supply and structure .
design
1) Invi -circuit vol )i~
(1) Integrated multilayer structure () n.vztr‘o open c1r.cu1t.vo tage (Voc)
. . ) . 10 V; in vivo short-circuit current (Igc): ~
including polydimethylsiloxane (PDMS), i .
4 pA. (2) Quantified accuracies of heart
polytetrafluoroethylene (PTFE), and S L
. . rate monitoring implanted after 72h:  Yorkshire pigs 2016 [76]
Kapton, etc. (2) Directly connected with >
. L. 99%. (3) Sensitivity of the average
a multichannel data acquisition system .
. velocity of blood flow: 17.8 mV/mmHg;
by lead wires )
Heart monitors TENG R 078
(1) TENG has a multilayered structure: (1) In vivo Voe: 14 Vs in vivo Isc: 5 pA.
core/shell/shell package, “keel structure”,  (2) At a heart rate of 80 bpm, a 1 pF
electrode layers (Au and Al layer), and  capacitor was charged from 0.2 to 2.8 V
triboelectric layers (n-PTFE, 50 um). (2) beat by beat within 200 s by the TENG.  Yorkshire pigs 2016 [77]
Wireless transmission system: (3) R of the linear relationship between
implantable wireless transmitter and the heart rate and the normalized
external receiving coil wireless transmission signal is 0.983
. . (1) In vitro output maximum power was
The integrated multilayer structure . .
. . . 6.9 W at an optimal external resistance
consisted of a piezoelectric transducer, .
acing probe, pulse generator circuit, and 0f 400 k€2, under a peak loading force of
pacing probe, pu'se gel . > 0.5 N and frequency of 2 Hz, and could Swine 2020 [91]
external encapsulation unit: PDMS, ) .
be rectified by a rectifier to charge a
poly(ethylene terephthalate) (PET), and 47 uF itor. (2) In vi tout
Cardiac pacemakers PENG PLA, etc. WE capacitor. (2) In vivo outpu
current: 30 pA; voltage: 8.1 V
(1) In vivo maximal Vye: ~ 20 V; in vivo
A capsular structure like “8” consists of a  Isc: ~ 15 pA. (2) PENG can power a
piezoelectric layer, beryllium-bronze foil, =~ modern and full-function cardiac Yorkshire pigs 2019 [49]
and Cr/Au electrodes pacemaker with the built-in lithium
battery removed
. . . . . . The primary
Indium modified crystalline thin Maximum I ,: 0.57 mA; maximum V_:
PENG (PIMNT) thin film on a PET substrate 11V moto;ci(;tex of 2015 [197]
. . (1) Voe: 100 Vs Isc: 1.6 pA. (2) The
) Itis consisting ZZZZF;’I;(; (PTFE and Al) transferred charge was around 2.2 pC Spragliztls)awley 2019 [105]
Stimulators within 23 s’ charges after rectification
TENG (1) Induced by respiration: Vye: 0.4 V. Japanese big-ear

It is consisting of a TENG (PTFE, Al, and The frequency of voltage pulses was

rabbits and

2022 [198]
Au) and a PET 1.5 Hz. (2) Driven by heartbeats: V¢ Sprague Dawley
<5V rats
(1) The detection range of glucose in
vitro: range of 1-5 mV and sensitivity of
7.42 pA/(mM-cm?); range of 5-20 mM
Integrated multilayer structure: platinum and sensitivity of 4.26 pA/(mM-cm?); . .
. . Peritoneal cavities
Glucose meters Electrochemic nanotree microelectrode (three-electrode range of 5 ~ 20 mM, R* of 0.9964 and of Sprague 2021 [199)]
al cell configuration), flexible circuit patch, and limit of detection of 0.0539 mM. (2) The prag
. L Dawley rats
NFC antenna detection range of glucose in vivo: only
compared the peak values of response
current after the injection of different
volumes of 2.5 M glucose
Neurefl Radio Inte.grate~d multqayf:r struct‘ur‘e 1nc¥ud1ng The detection range of Ca** in vitro:
dynamics micro-inorganic light-emitting diode, . CD1 and C57BL/6
frequency . : . range of 0.0625 ~ 32 uM with an average . 2020 [200]
GECIs microscale inorganic photodetector, . . mice
harvester i . SD (14.24 arbitrary units (a.u.))
recorder microcontroller, and infrared, etc.
Cuff-type based on bilayer coil structure:
. poly(glycerol sebacate),
Biosensors . . . Femoral artery of
Arterial- Capacitor polyhydroxyvalerate, Lifespan: partially degraded after 12 Sprague Dawley 2019 [98]
pulse sensor polyhydroxybutyrate, weeks
. rats
poly(octamethylene maleate (anhydride)
citrate), and poly(lactic acid) (PLLA)
Force PENG Integrated multilayer structure: PLA and  Pressure measure range: 0-18 kPa; Abdommz.ll cavity oo (201]
sensor PLLA lifespan: 4 days of mice
(1) Voe: 70 V; Ise: 0.55 pA; transferred  Red blood cells,
. Two friction layers: PTFE, titanium and charge (Qsc): 25 nC. (2) The amount of  Hela cells, and
D 1 M TEN 2019 [12
rug delivery systems Magnet G PDMS drug released under electric fields tumor-bearing 019 [129]
exceeded that of the control by threefold ~ nude mice
Piezoelectric
. micro- Cantilever array: Si-on-insulator and
Cochlear implants . Vet 3-10 mV None 2017 [202]
electromechani AIN
cal system

(Vo) of the piezoelectric film wrapped over the aorta is
proportional to the blood pressure (BP). Thus, they theorized that
if there is a linear correlation between the electric output and
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blood pressure, a piezoelectric thin film (PETF) wrapped around
the aorta may be used for blood pressure monitoring. They
evaluated the feasibility and efficacy of an implantable and self-
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Figure4 Examples of SPTBs for blood glucose, pressure, and oxygen detection. (a) Schematic diagram and (b) structure illustration of iTEAS, scale bar = 5 pm.
Reproduced with permission from Ref. [76], © American Chemical Society 2016. (c) Schematic diagram of the self-powered wireless transmission system based on the
iTENG. (d) Photograph of the implantable wireless transmitter. (e) In vivo heart rate monitoring. Reproduced with permission from Ref. [77], © American Chemical
Society 2016. (f) Diagrammatic drawing of an implantable and self-powered BP monitor. (g) Structure and working principle illustration of multilayer thin film of the
blood pressure monitoring device. (h) Blood pressure monitoring experiment of the visualized blood pressure monitoring system. (i) The digital photograph of the
blood pressure monitoring device was implanted in vivo (left) and the liquid crystal display (LCD) was turned on when the systolic blood pressure was higher than 140

mmHg (right). Reproduced with permission from Ref. [85], © Elsevier Ltd. 2016.

powered blood pressure monitor (Fig. 4(f)) with multilayer
configuration, and found that it was capable of scavenging
biomechanical energy and indicating the real-time blood pressure
(Fig. 4(g)). An implanted, self-powered, and visible blood pressure
monitoring system was developed as a proof-of-concept research,
and its viability was proven, providing hypertension patients with
the convenience of real-time alert and in-time therapy (Figs. 4(h)
and 4(i)). This research has clear implications for future
development of real-time blood pressure monitoring.

4.2 Precision therapy

4.2.1 Cardiovascular diseases

The pillars of bradyarrhythmia treatment are implantable cardiac
pacemakers [63, 86]. Implanted temporary systems provide atrial
and ventricular pacing to patients whose bradyarrhythmia are
expected to be short-lived [87]. In terms of energy harvesting

approaches, the mechanisms of cardiac pacemakers can be
classified into triboelectrification [48,50,77,86], piezoelectricity
[49,88-91], mass imbalance oscillations [92], electrostatic
interactions [93], and electromagnetic radiations [94]. Yeon Sik
Choi et al. [95] established a bio-resorbable and temporary cardiac
pacemakers (Fig. 5(a)) and demonstrated its performance in
various small and large animal models (Figs. 5(b)-5(d)). They
found that it remains stable during use, and its removal upon
therapeutic completion is not necessary because all implanted
portions of the pacemaker are entirely bioabsorbable (Fig. 5(e)).
The working mechanism of the system is wireless energy transfer
via resonant inductive coupling the delivers power to the system.
The Rx coil transforms the received waveform to an
approximately direct current output via the adio frequency (RF)
diode, and the heart begins to pace under electrical stimuli
delivered by a strip of a double-layered electrode. Although battery-
less and bioresorbable properties circumvent the need for batteries
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KGaA, Weimheim 2019.

and their associated mass, physical bulk, and hazardous
constituent materials, further exploration of the adaptation
between biodegradation rate and efficiency of cardiac pacemakers
should be much more involved and deeper.

Using various fully bioabsorbable natural materials, Wen Jiang
et al. [96] prepared a triboelectric nanogenerator (BN-TENGs) to
increase cell contraction regularity. A wireless powered
implantable atrial defibrillator consisting of a radio frequency
power transmitter (ex vivo) and a battery-less implantable power
receiver (in vivo) were reported by Philip Walsh et al. [97]. In
addition, Clementine M. Boutry et al. [98] designed and created
an arterial-pulse sensor for wireless short-term monitoring of
blood flow, which can be biodegraded after treatment (Fig. 5(f)).
The device, which consists of a fringe-field capacitive sensor and a

Tsinghua University Press

bilayer coil structure, can be used in both small and large vessels
after surgical procedures that require vessel anastomosis. In
summary, SPTBs have excellent potential for future therapeutic
applications, accurate diagnosis of disease location, and precision
treatment.

4.22  Neuromodulation and neuroregeneration

Based on versatile biosensors, advances in electronic,
optoelectronic, and microfluidic interfaces with living bio-systems
have laid the foundations for peripheral and central neural
activities, ie., neuromodulation [99,100]. As a non-destructive
and reversible therapeutic strategy that involves stimulating neural
networks to change physiological signals [65], neuromodulation
has significant effects on some illnesses [57, 101].
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Sung Il Park et al. [102] assembled a wireless optoelectronic
system as the radio frequency power, which was minimally
invasively implanted over multiple neural interfaces (Fig. 5(g)). Its
implantation underneath muscles and in the epidural space for
optogenetic stimulation of peripheral nerves and optogenetic
control in the spinal cord revealed that it can specifically and
reversibly activate both peripheral and spinal pain circuits as well
as modulate pain-related behaviors of mice. Jahyun Koo et al.
introduced a platform for wireless and programmable electric
peripheral nerve stimulation. Multiple ES rounds of the damaged
nerve tissue enhanced neuroregeneration and functional recovery
in mice models, indicating a unique non-pharmacological and
bioelectric type of treatment that might complement the existing
surgical techniques [18].

4.2.3 Bone remodeling and regeneration

Osteoporosis is a chronic disease that is characterized by a loss of
bone density and quality, as well as increased degradation of bone
microstructures and fragility, which enhances the risk of bone
fractures [103, 104]. It has been shown that ES has the ability to
facilitate bone restoration and osseointegration [105-109]. Guang
Yao et al. [108] assembled a self-powered, implantable, and
bioresorbable bone fracture electrostimulation device that
comprises a TENG and a pair of dressing electrodes for direct
administration of electrostimulations to the fracture. The
electricity generation mechanism of the TENG followed the
vertical ~contact-separation mode between the bottom
micropyramid-structured poly(lactic-co-glycolic acid) (P-PLGA)
and top Mg triboelectric layers. A pair of interdigitated dressing
electrodes converted the collected energy to biphasic electric
pulses, and provided ES to the fracture site. Due to the positive
regulatory and promotion effects of the biphasic electric pulses to
osteoclast cells, the fracture healing process of rats implanted with
fracture electrostimulation device was completed at 6 weeks,
whereas the controls were more than 10 weeks.

4.24 Cancer therapy

Cancer therapy and recovery is a long-standing, formidable, and
complex process. Among the most common causes of cancer-
associated mortality, metastatic spread and recurrence are of
significance [110]. Therefore, improvement in early cancer
diagnosis is helpful for its effective treatment and for decreasing
the mortality rates [111].

Currently,  various  therapeutic  strategies, including
photothermal therapy [112,113], photodynamic therapy [114,
115], photobiomodulation [116], and optogenetic therapy [117,
118] are widely applied in medical clinics. These approaches are
associated with advantages of low toxicity, small wounds, and high
selectivity. Given the severe side-effects of photodynamic therapy,
which are attributed to excessive exposures, development of
photodynamic therapy devices with low irradiation is vital [119].
For cancer treatment, a self-powered photodynamic therapy
system that is based on nanogenerators is capable of converting
biomechanical energies into electricity, which provides a
promising approach for efficient and convenient management of
various cancers. Based on PENG, Zhuo Liu et al. [120] formulated
self-powered photodynamic therapy system, which could
transform biomechanical energy from joint motion into electricity
as a power source (Fig.5(h)). Ai Lin Chin et al. engineered an
implantable miniature optical fiber device for local administration
of immune checkpoint blockade antibodies and tumor impedance
measuring to monitor clinical outcomes [121]. Besides, Chao He
et al. [122] assembled an ultrathin two-dimensional (2D)
inorganic ancient pigment Egyptian blue decorated three-
dimensional ~ (3D)-printing scaffold (CaPCu) with deep
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photothermal therapy efficacy against osteosarcoma and improved
osteogenesis performance.

4.2.5 Drugpumps

Even though the significance of the intelligent drug delivery
system and the need for greater focuing on drug doses, timing,
and administration routes have been revealed, they are still
underappreciated in current medical practice [123]. Compared to
the conventional drug administration routes (e.g, oral,
intravenous administration, and transdermal drug delivery [124]),
on-demand medication release and delivery might allow for
accurate control of drug concentrations at illness locations,
eliminating peripheral and off-target adverse effects [125, 126].
Bioinspired designs and manufacture of drug pumps enable drugs
to be custom released at satisfying rates and at certain time points
[127, 128]. Due to the development of diverse stimulus-responsive
materials and technologies, it is now feasible to control medication
release using various external or internal stimulation [53].

Chaochao Zhao et al. [129] established a nanogenerator-
controlled drug delivery system that is based on a magnet
triboelectric nanogenerator and successfully applied it in cancer
therapy. Red blood cells were used as anti-tumor drug delivery
system of magnet triboelectric nanogenerator to load doxorubicin
hydrochloride (DOX), and DOX release was markedly increased
under stimulation of electric fields from magnet triboelectric
nanogenerator (Fig. 5(i)). In this way, controllable drug delivery
system created as a result of cell membrane stability was reversibly
altered by electric fields. The drug delivery system controlled by
magnet triboelectric nanogenerator can be applicable in cancer
therapy in vitro and in vivo, at low DOX dosing. In diabetic mice
models, Myung-hwan Choi et al. applied light-controlled
treatment using a cell-containing optical hydrogel to enhance
glucose homeostasis [130]. Since the hydrogel is transparent
enough, the light-responsive protein (melanopsin) is activated in
the plasma membrane, which drives the production of an
antidiabetic secretory protein (glucagon-like peptide-1 (GLP-1)). It
is worth mentioning that light-guiding hydrogels avoid
photoelectric energy conversion, which favors light delivery and
collection.

4.3 Personalized health monitoring bio-systems

Development of health monitoring bio-systems is enhanced by the
current trend of flexible electronics and national biotechnology
development strategies [131]. Wearable electronic devices show
remarkable real-time prospects, continuous monitoring of several
physiological ~ parameters  [44], including vital  signs,
electrophysiological ~ signals  (e.g, electroencephalogram,
electrocardiogram, and electromyography) [132], and biochemical
analyses [133]. However, the batteries of wearable electronic
devices can be poisonous, unwieldy, and require frequent
replacing. Fortunately, implantable biodevices provide long-term
and continuous health supervision through efficient energy
harvesters. For instance, Lei Zhang et al. [134] fabricated a fully-
organic, self-adhesive, and stretchable dry electrode with high
conductivity, which had adhesive and stretchable dry electrodes
for epidermal biopotentials, including electrocardiogram,
electromyogram, and electroencephalogram (Fig. 6(a)). Non-
implantable wearable electronic devices require no implantation
surgery, thereby reducing patient suffering.

4.3.1 Biosensors

With regards to biosensors [135], SPTBs can analyze biofluids
such as interstitial fluids, saliva, tears, and perspiration in a
continuous and multiplexed manner [136]. Moreover, the benefits
of continuous glucose monitoring for blood glucose control in
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diabetic patients have been recognized [137]. Based on the
principles of electrochemical glucose sensing, glucose biosensors
are divided into three types: enzymatic glucose biosensors [138],
non-enzymatic glucose sensors [139], and nanomaterials-based
electrochemical glucose sensors. Invasive and noninvasive
electrochemical glucose monitoring systems such as Guardian
Sensor 3 (Medtronic) and SugarBEATSs (ISF glucose monitoring)
have been commercialized and applied for diversification (Fig.
6(b)) [138]. Implantable glucose sensors are capable of real-time
noninvasive or minimally invasive monitoring of blood glucose
levels by analyzing skin tissue fluids [82]. Compared to
percutaneous glucose sensors, implantable subcutaneous glucose
biosensors have longer monitoring abilities [140]. A powerful
example is a completely implantable biosensor that is composed of
a flexible piezoelectric pressure sensor and the electronic interface,
developed by M. A. Signore et al., which could be integrated into
an implantable artificial pancreas for diabetic patients (Fig. 6(c))
[141]. To a certain extent, they solved the dilemma of using
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implantable flexible biosensors to replace or augment lost natural
organ functionalities, which is a promising and creative method
for artificial organ fabrication to cure disorders or diseases.

4.3.2  Cochlear implants

Modern cochlear implants are complicated electrical systems with
external and internal components (Fig.6(d)) [142]. Totally
implantable cochlear implants can overcome the challenges
associated with non-implantable cochlear implants: (1)
Adolescents often struggle with speech processors and suffer low
self-esteem; (2) speech processors of cochlear implants should be
removed during special contact and water-based activities,
including swimming, showering, and bathing [143]; (3) speech
processors are easily lost and damaged, thereby causing
inconvenience to the user; (4) the battery often requires frequent
recharging or replacement [144].

In the design processes of implantable cochlear implants, the
essential problems faced by researchers include implantation of
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power sources, speech processors, and microphones [145]. Power
sources for implantable cochlear implants can be categorized into
piezoelectric energy harvester [146], triboelectric energy harvester
[147],  electromagnetic  harvester =~ [148], and  micro-
electromechanical system harvester. Jongmoon Jang et al. [70]
developed a triboelectric-based artificial basilar membrane to
mimic cochlear tonotopy (Fig. 6(e)). Moreover, an animal model
was used to characterize the triboelectric-based artificial basilar
membrane tonotopy in order to confirm the viability of a self-
powered acoustic sensor for an experimental prototype (Fig. 6(f)).
With regards to clinical trials, on 24" September 2020, the first
implantable cochlear implants implantation surgery was
performed in Belgium, Europe, performed by Prof. Philippe
Lefebvre and the MED-EL Medical Electronics Company, which
was a big milestone in the area of implantable cochlear implants.

5 Mechanisms and applications of SPTBs for
tissue repair promotion

5.1 Mechanisms of SPTBs for tissue repair promotion

Physiological endogenous electric fields are located ubiquitously in
cells and tissues of microorganisms, plants, and animals [149]. The
strength of endogenous electric fields ranges from tens to
hundreds of mV/mm [150]. Endogenous electric fields modulate
physiological processes by the transport of macromolecules and
ions across membranes and the control of the axis of membrane
voltage as well as asymmetric cell division [151]. The human body
contains many electro-sensitive tissues such as bone, skin, nerves,
heart, and vessels [152]. Customized ES, generated by various
types of SPTBs based on EMBs, regulates cell growth,
differentiation, metabolism, and migration, enhancing the repair
and regeneration of cardiac, skin, bone, cartilage, and nerve
tissue [153-156].

5.1.1 Mechanisms of SPTBs for skin wound healing

Endogenous electric fields in the wound area typically last for
several hours to days, and point uniformly to the skin wound
center from the wound edge, which can induce cells to move
toward the wound center, a process known as galvanotaxis [157].
The electrical signal disappears completely until the skin wound is
fully covered by epithelial cells. The signal in the skin wound area
could be controlled through the use of EBMs, and equipped ES.
Researchers are devoted to exploring the complex interface
between cells and a biomaterial surface, and have conjectured that
a critical aspect of this pathway for the electric microenvironment
to regulate cell behavior is biological ion channels (Fig. 7(a)) [158,
159], including the L-type voltage-gated calcium channel (L-
VGCCQC) [160] and the TWIK-related K channel 1 (TREK-1)
[161]. In addition, ES upregulates the expression of growth factors
[162] and the production of ROS [163].

5.1.2 Mechanisms of SPTBs for regulation and regeneration of
nerves

The antidromic action potential is the crucial factor of the
promotion of ES for nerve regeneration [164]. Under normal
physiological conditions, the action potential began at the soma
hillock and the initial axon, where the density of voltage-gated ion
channels is higher than another site of the soma [165]. As shown
in Fig. 7(b), when ES is applied to the distal axon, voltage-gated
ion channels are activated [166]. Influx of sodium ion from
extracellular to intracellular initiates action potentials.
Subsequently, action potentials are traveled to the soma from the
distal axon, and a process termed antidromic transmission.
Therefore, ES can activate remote projection neurons. Besides, ES
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further enhanced cell proliferation, cell migration [167], and the
formation of intracellular connections [168].

5.1.3 Mechanisms of SPTBs for bone remodeling and regeneration

Hydroxyapatite and collagen are the main components in natural
bone with piezoconductivity [169]. As shown in Fig. 7(c), ES for
osseointegration has been used for thirty years [170], which can be
summarized in the following points: (1) Enhance
osteoclastogenesis adhesion and proliferation, levels of mineralized
nodule formation, and synthesis of extracellular matrix proteins
[171,172]; (2) upregulates the expression of osteoblast-specific
markers (alkaline phosphatase (ALP), Runt-related transcription
factor-2 (Runx2), and osteocalcin (OCN), etc.) and cytokines
(bone morphogenetic protein 2 (BMP-2), insulin-like growth
factors-1 (IGF-1), and vascular endothelial growth factor (VEGEF),
etc.) [173, 174]; (3) stimulates fibroblast activity and calcium influx
[175].

5.2 Pathways combination of SPTBs to promote tissue
repair

As previously mentioned, ES can excite the damaged endogenous
electric fields and accelerate damaged skin repair through changes
in various cellular mechanisms. SPTBs systems for promoting
tissue repair under electrical microenvironments can be:
sonodynamic systems, photodynamic systems, electric sensitive-
based drug containment systems, and physical ES systems, such as
direct current, alternating current, pulsed current, electric fields,
and electromagnetic fields among others. The combination
approaches of SPTBs have been a continuous research focus in
recent years.

5.2.1 SPTBs combined with sonodynamic systems

Sonodynamic therapy is a new non-invasive treatment method,
which utilizes exogenous ultrasound to activate the sonosensitizer
to generate reactive oxygen species, leading to oxidative damage
and cell death. Equally important is that exogenous ultrasonic
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waves can also activate the piezoelectric effect [176] and the
piezocatalysis can create reactive oxygen species by the reaction of
the generated charge carriers with surrounding molecular H,O
and O, (Fig. 8(a)). Consequently, piezoelectric biomaterials might
be used to build effective sonosensitizers for sonodynamic therapy.
Mengqi Wu et al. fabricated a new kind of sonosensitizer using a
piezoelectric nanocomposite (Au@BTO NCs) for sonodynamic
bacterial killing and wound repair. They found that during the
sonodynamic process in vivo, it could kill bacteria and promote
fibroblast migration as well as wound repair [20].

5.2.2  SPTBs combined with photodynamic systems

Photodynamic therapy is a minimally invasive therapeutic
approach that involves photosensitizers-mediated reactive oxygen
species formation, such as H,O,, <O, «OH, and 'O, to combat
multidrug resistant bacteria. Piezoelectric and ferroelectric
nanomaterials have the ability for electrical modulation and are
commonly used in the manufacture of photovoltaic and energy-
harvesting devices, via promoting photoinduced electron-hole
separation for photocatalysis and building an internal piezoelectric
electric potential (Fig. 8(b)) [177]. Beyond that, for practical
antibacterial applications, stimulation of charge separation and
transfer to further boost photochemical reactive oxygen species
formation is highly sought. As a result, photodynamic bacterial
death and tissue healing may be possible using nanocomposites
containing piezoelectric potentials.

Xin Yu et al. prepared a multilayered coaxial heterostructured
antibacterial coating that is based on nanorod array for
photodynamic bacterial killing and infectious tissue wound
recovery [177]. Zongguang Liu et al. developed a self-powered
cardiac stimulator, which could effectively control porcine
hearts by external photoelectric stimulations in vivo pacing
evaluations [4].

5.2.3  Electric sensitive-based drug containment systems

External stimulating signals (e.g., temperature, magnetic, electrical,
optical, and ultrasound) as well as internal stimulating signals (e.g.,
glucose and pH) are supposed to induce or control drug release
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and achieve on-demand drug delivery (Fig. 8(c)). Thus, PENGs-,
TENGs-, pyroelectric nanogenerators-, biofuel cells-, galvanic cell-,
solar cell-, and photovoltaic cell-based drug delivery systems are
becoming more widespread. Among them, the ES system has
gotten a lot of interest since electrical signals are simple to manage
and can provide consistent and dependable medication release for
therapeutic purposes. The goal of drug delivery system with ES is
to load the drug into the electric-responsive carrier and employ an
electric field or current to regulate drug release, which may be
classified into two types: pulsed drug delivery and continuous
constant speed drug delivery. Self-powered ES drug delivery
system formulated by electroactive biomaterials can induce drug
release without any external power source.

Moonjeong Bok et al. combined a dissolving microneedle
device base on salmon deoxyribonucleic acid and a triboelectric
device for drug delivery. TENG converted the mechanical
energy into alternating current. In vitro, the drug release model
confirmed that the drug delivery rate increased along with
triboelectricity [178].

5.2.4 Physical ES systems based on SPTBs

Physiotherapy means applying diverse physical factors, including
electropathy (e.g., electrostatic potential therapy, direct current
therapy, low/medium/high-frequency therapy [179], and
iontophoresis), magnetotherapy, actinotherapy, hydrotherapy, and
cupping therapy on the human body to prevent and cure diseases.
Physiotherapy can be divided into two types: direct ES and
electroactive biomaterials-based ES. Exogenous ES cannot directly
participate in regulation of animals in the electrophysiological
microenvironment, therefore, it is necessary to continuously apply
external electric fields, resulting in poor portability, easy infection,
and increased pain intensity during treatment. Self-powered
electroactive biomaterial-based ES does not require energy from
the battery, physically connected power supply, or any wire
connection, which favors implantation into the body for various
therapeutic applications.

In the 18" century, John Wesley was the first to demonstrate the
use of electricity for treatment of illness [180]. However, the
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mechanisms of ES on cell proliferation and differentiation
activation are poorly understood. As shown in Fig.8(d), the
mechanisms of ES for tissue recovery can be concluded as: (1)
complex regulation of cell behaviors by EBMs, including cell
adhesion, proliferation, differentiation, and signal transduction by
recreating natural tissue microenvironments and stem cell niches
at the cell-substrate or cell-cell interfaces [181, 182]; (2) external
ES has an impact on cell membrane potential, membrane
receptors, gap junctions, and ion channels among others,
including activating the voltage-gated calcium channels [183], and
inducing intracellular calcium stores to release Ga* [184]; (3)
regulating the expressions and distribution of membrane receptors
[185] (such as growth factor receptors [186] among others); (4)
accelerating metabolism by expediting ATP depletion [187, 188];
(5) controlling reactive oxygen species generation to trigger
signaling pathways associated with cell proliferation and
differentiation regulation [189]; (6) affecting calcium, potassium,
cyclic nucleotides, and inositol phosphate exchanges by adjusting
cell gap junctions [190]; (7) promoting cell attachment by altering
local electric fields of the extracellular matrix molecules and
changing protein adsorption [191, 192]. Shuo Du et al. developed
a mussel-inspired, self-adhesive, and PENG-based hybrid patch
with the property of promoting skin wound healing [193].
Experimentally, a pulsed voltage (from 0.1 to 0.5 V, on average)
was produced by moving, breathing, or muscles shaking in situ.

6 Summary

The emergence of SPTBs has revolutionized the application of
personalized healthcare monitoring and precise medicine. Flexible
electroactive nanomaterials for self-powered implantable devices
have been widely applied in the field of biomedical research for the
diagnosis and prevention of disease due to their high flexibility,
biocompatibility, and multifunctionality. Novel self-powered
implantable devices serve as the tissue batteries and differ from
conventional battery-based implantable devices in that they are
smaller, convenient, and consume low amount of electricity.
Notwithstanding these advantages, the biocompatibility, stability,
and accuracy of these devices need to be improved through
further research. There is need to optimize these parameters to
improve the clinical effect and industrial use of these devices.

6.1 Challenges and recommendations

6.1.1 Biocompatibility

The biocompatibility of SPTBs is evaluated based on in vitro
cytotoxicity tests and in vivo biocompatibility tests. However, most
studies reported so far performed in vitro cytotoxicity tests for
7 days and in vivo biocompatibility test for 14 days. Therefore,
future long-term tests should be conducted to establish the
biocompatibility of implanted devices (including degradation
products and ions and their physiological metabolic process)
[194]. The in vitro cytotoxicity tests should be conducted for
21 days and in vivo biocompatibility tests should be conducted for
6 months to provide more conclusive findings regarding the
therapeutic potential and the possible side effects of the devices.

6.1.2  The long-term stability of SPTBs

The physiological properties of human tissues are complex [195].
The long-term stability of SPTBs is influenced by the following
two aspects: (1) power consumption in different functional blocks;
(2) mechanical match at the device-tissue interface. These two
aspects can be improved as follows: (1) minimizing the power
consumption in functional blocks and increasing the power
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generation density of the energy harvester; (2) enhancing
interfacial bonding properties between electroactive biomaterials
and living organisms or biological substances, by modifying the
device to meet the requirements of the wetting theory, adsorption
theory, chemical bonding theory, molecular conjugation theory,
acid-base combination theory, mechanical adhesion theory, and
interfacial stress conduction theory of bio-interface.

6.1.3 Detection accuracy of SPTBs

The detection accuracy of SPTBs for medical applications can be
improved through the following approaches. (1) Their anti-
interference ability can be enhanced by encapsulating SPTBs in a
thinner soft highly biocompatible reliable encapsulation layer (e.g.,
silicone, polydimethylsiloxane, and polyimide) to prevent the
electronic circuitry from corrosion and degradation. The signal-to-
noise ratio of the signal processing block can be increased to
obtain an acceptable error range. (2) The output performance can
be optimized by connecting multiple devices and reserving energy
in capacitors or rechargeable batteries.

6.1.4 ES conditions

The ES conditions of electroactive biomaterials should match the
electrophysiological properties of the target tissue, including
voltage, pulse width, and frequency. Cells always change
dramatically and dynamically during wound healing. Therefore,
the SPTBs should be intelligent enough to stimulate electroactive
biomaterials and induce favorable changes in the implanted
system in line with the cell endogenous adjustments.

6.2 Future perspectives

As mentioned above, several problems face the SPTBs ranging
from device integration to biological research, all of which need to
be improved. The SPTBs have been widely investigated for their
application in medical research. Inspired by the Internet of Things
(IoT) [196], the body sensor network (bodyNET) will be
established in future for disease diagnosis and monitoring of
therapy, recovery, postoperative care, and health. In this way,
everyone is capable of possessing an individualized health database
collecting biosensors at various parts of the body. Doctors can give
more comprehensive and precise treatment plans for upcoming
and existing chronic diseases through diverse physiological signals.
More desirably, home health care and nonpharmacological
therapy will be successfully achieved and developed day by day.
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