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Tissue-Matchable and Implantable Batteries Toward

Biomedical Applications

Bing Yan, Yang Zhao,* and Huisheng Peng*

Implantable electronic devices can realize real-time and reliable health
monitoring, diagnosis, and treatment of human body, which are expected to
overcome important bottlenecks in the biomedical field. However, the
commonly used energy supply devices for them are implantable batteries
based on conventional rigid device design with toxic components, which both
mechanically and biologically mismatch soft biological tissues. Therefore, the
development of highly soft, safe, and implantable tissue-matchable flexible
batteries is of great significance and urgency for implantable bioelectronics. In
this work, the recent advances of tissue-matchable and implantable flexible
batteries are overviewed, focusing on the design strategies of
electrodes/batteries and their biomedical applications. The mechanical
flexibility, biocompatibility, and electrochemical performance in vitro and in
vivo of these flexible electrodes/batteries are then discussed. Finally,
perspectives are provided on the current challenges and possible directions of

ensure stable operations of these im-
plantable electronic devices, sufficient
power must be continuously supplied
to them. Therefore, implantable power
sources that can work stably in vivo
are particularly crucial, mainly includ-
ing energy storage devices (such as
batteries(2°* and supercapacitors!>>~)
and energy harvesting devices (such
as Dbiofuel cells,* triboelectric,[*1=4]
piezoelectric*#/1 and thermoelectric
devices!**3%). Among them, batteries are
important and promising power sources
for implanted electronic devices due to
their high energy densities and stable
voltage outputs.[*->1]

Tissues in living organisms are me-

this field in the future.

1. Introduction

Implantable electronic  devices that can monitor,'7
diagnose,** and treat human diseases!’!!! are of great impor-
tance for the revolution of biomedical and healthcare fields.[*21¢]
Implantable bioelectronics have been developed rapidly in
the past decades.'”2l For example, implantable biosensors
can realize recordings of internal biophysical and biochemical
information in vivo for personalized healthcare.[2'%] In order to

B. Yan, Y. Zhao

Institute of Flexible Electronics and Research and Development Institute
of Northwestern Polytechnical University in Shenzhen

Northwestern Polytechnical University

Xi’an 710072, China

E-mail: iamyzhao@nwpu.edu.cn

Y.Zhao

State Key Laboratory of Organic Electronics and Information Displays and
Institute of Advanced Materials (IAM)

Nanjing University of Posts and Telecommunications

Nanjing 210023, China

H.Peng

State Key Laboratory of Molecular Engineering of Polymers

Department of Macromolecular Science and Laboratory of Advanced
Materials

Fudan University

Shanghai 200438, China

E-mail: penghs@fudan.edu.cn

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/smtd.202300501

DOI: 10.1002/smtd.202300501

Small Methods 2023, 7, 2300501

2300501 (1 of 16)

chanically soft, dynamic, curvilinear, and

sensitive.’>*3] Unfortunately, the clini-

cally implanted batteries currently used

are usually conventional rigid and bulky
batteries with Young’s moduli of 107 to 10® kPa,’*>*] which
mechanically mismatch soft tissues such as skin and organs
(Young’s moduli of <10? kPa).’*%”) The mechanical mismatch
between implanted batteries and tissues may lead to unstable
battery-tissue interfaces, which caused many potential problems
such as foreign body responses and tissue damage.[*®! In addi-
tion, to avoid damaging vital organs and tissues, the implanted
areas of tissue-unmatched batteries are largely limited to a few
definite regions such as subcutis.[?>3! The limited implantation
region has greatly restricted the development and application
range of these implantable batteries in our bodies. Therefore, it is
crucial to develop highly flexible and implantable batteries with
tissue-matchable softness and compatibility.

In particular, 1D fiber-shaped and 2D thin-film flexible bat-
teries that share tissue-matchable softness are promising can-
didates for implantable bioelectronic devices.’**°! In fact, tis-
sues/organs in different parts of the body have quite differ-
ent softness and biological fluid environments.l*®! Therefore,
an ideal tissue-matchable flexible battery should simultaneously
own high mechanical flexibility and electrochemical stability
to effectively match the softness and bio-environments of var-
ious tissues and organs. Furthermore, both high biocompat-
ibility and safety are required for implantable flexible batter-
ies. However, most of flexible batteries employ conventional or-
ganic electrolytes that are intrinsically toxic and flammable,[60-63]
which posed potential safety hazards when implanted in the
human body.>** Therefore, to better meet the development
and application requirements of fast-growing implantable bio-
electronics, it is also critical to design safe and soft batteries

© 2023 Wiley-VCH GmbH
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Figure 1. Schematic diagram of the potential implantation regions and application scenarios of tissue-matchable and implantable flexible batteries.
Brain: the flexible and implantable pressure sensors powered by tissue-matchable batteries can monitor intracranial pressure for the accurate diagnosis
of traumatic brain injury.[®85] Heart: the pacemakers powered by implanted batteries can treat heart diseases such as chronic arrhythmia.[¢] Kidney:
the low-intensity electrical stimulation can promote the secretion of catecholamine molecules with anti-inflammatory effects.[®’] Pancreas: the insulin
release can be regulated by controlling the membrane potential of pancreatic f-cells through implanted bioelectronic devices.[®] Muscle: the precise
electrical stimulation of neuromuscular can assist paralyzed patients with functional movements.[®°] Intestine: the sacral electrical nerve stimulation
by implanted batteries can treat fecal incontinence and constipation.l’?] In addition, the biomedical applications of implantable batteries also include

modulating cell behaviorl3171 and controlling drug release,[’?] etc.

to effectively supply power in different regions of the body
(Figure 1).

In this review, we aim to summarize the recent advances in the
field of tissue-matchable and implantable flexible batteries. First,
design strategies and preparations of different kinds of tissue-
matchable flexible electrodes are discussed. Second, the structure
design, fabrication, flexibility, biocompatibility, and electrochem-
ical performance in vitro and in vivo of various implantable bat-
teries are overviewed and highlighted. The application demon-
strations of these batteries in implantable and biomedical fields
are also described. Finally, we present the existing challenges and
future perspectives in this fast-growing field.

2. Design of Tissue-Matchable Electrodes

Among different implantable power supply devices, batter-
ies are considered the primary power source for driving im-

Small Methods 2023, 7, 2300501

2300501 (2 of 16)

plantable electronic devices due to their relatively high energy
densities and stable voltage outputs.”>7>] Compared with tra-
ditional organic batteries, aqueous batteries employ non-toxic
and non-flammable aqueous electrolytes with much higher
safety,’®7°] which are important candidates for implantable
flexible Dbatteries.®*81] Aqueous flexible batteries were mainly
based on lithium-ion batteries, 28] sodium-ion batteries,#+3%]
zinc batteries,!®%”] magnesium batteries, 8% and aluminum-
ion batteries.[**%! According to the device structure, flexible bat-
teries can be mainly divided into 2D thin-film®>** and 1D fiber-
shaped!®>-%] batteries, which have attracted a lot of research at-
tention in recent years. An ideal implantable battery should have
a similar or identical softness to that of biological tissues (Young’s
moduli of <10? kPa). The key to achieving tissue-matchable and
implantable flexible batteries lies in the design of tissue-matched
flexible electrodes, which should have ultra-high flexibility (low
intrinsic Young’s moduli) and safety (high biocompatibility)

© 2023 Wiley-VCH GmbH
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Figure 2. Design and preparation of different types of tissue-matchable electrodes. a) Schematic diagram of typical thin-film and fiber electrodes. Repro-
duced with permission.>"l Copyright 2022, Wiley-VCH. b) Schematic illustration of a flexible and stretchable thin-film magnesium-air battery with Mg foil
and graphene/nickel foam as electrodes. Reproduced with permission.[?®l Copyright 2022, Wiley-VCH. c) Preparation processes of all-hydrogel battery
based on both hydrogel electrodes and electrolyte. Reproduced with permission.>° Copyright 2022, Wiley-VCH. d) Schematic diagram of preparation
processes of flexible and biodegradable fiber electrodes. Reproduced with permission.[33] Copyright 2021, Royal Society of Chemistry. e) Schematic illus-
tration of preparation process of the pattern stretchable and biodegradable kirigami-patterned electrodes. Reproduced with permission.l'%1 Copyright
2022, Wiley-VCH. f) Schematic diagram of in situ synthesis of polymer electrolyte on the surface of fiber Zn anode. Reproduced with permission.['%]

Copyright 2023, Oxford University Press.

to form stable electrode-tissue interfaces with soft biological
tissues.

To realize tissue-matched flexible electrodes, there are gen-
erally two main design strategies including structural design
and material design. As two typical flexible electrodes, thin-film
and fiber-shaped electrodes have their own advantages (Figure
2a). Thin-film electrodes can sustain bending deformations and
maintain relatively stable electrochemical performances. In addi-
tion to ordinary bending deformations, fiber electrodes can with-
stand complex deformations such as arbitrary twisting and knot-
ting, showing better flexibility and compatibility.l°1%2] Particu-
larly, the fiber shape and high softness allow them to form sta-
ble electrode-tissue interfaces with vital organs such as heart!3%l
and brain.'®l In addition, the optimized design of the elec-
trode materials (current collector materials and electrode active
materials) is also one of the key factors in designing tissue-
matched electrodes. Carbon nanotube fibers and biodegradable
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polymer films/fibers are highly flexible and biocompatible, allow-
ing a good match with target tissues. Hydrogel materials have
a natural advantage in adhering to the surface of the target tis-
sue/organ, which are also good candidates for tissue-matched
electrodes/electrolytes.[1%4]

The key to designing tissue-matched electrodes is to prepare
desiring current collector materials and safe electrode active
materials. The optional current collector materials and elec-
trode active materials for tissue-matched electrodes may vary,
depending on the type of batteries. Magnesium-air batteries
display advantages of high theoretical energy density, low cost,
and high safety/1%1%] which are promising candidates for
wearable and implantable power sources. For instance, a thin-
film magnesium-air battery simultaneously with high flexibility,
stretchability, and biocompatibility is presented here as a demon-
stration (Figure 2b).1%! A metallic Mg foil with a thickness of
0.05 mm and graphene/nickel foam was used as the flexible
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anode and cathode for the magnesium-air battery, respectively.
The flexible electrodes showed a large specific surface area and
superior electrical conductivity, which can provide high electro-
chemical performance for the full battery. A dual-ion-conducting
hydrogel was used as the electrolyte to ensure both high flexi-
bility and strength of the magnesium-air battery. Moreover, the
hydrogel electrolyte showed high freedom in the design of the
polymer networks to regulate migration and transport of ions.

The use of metallic materials usually reduces flexibility of elec-
trodes, thereby reducing their mechanical compatibility with bi-
ological tissues. Hydrogel materials show both high flexibility
and compatibility with tissues,[1%1%] which are usually used as
biomedical materials and electrolytes for flexible devices.!!10111]
Interestingly, hydrogels are also promising candidates for tissue-
matchable electrodes. Ultrasoft all-hydrogel battery had been re-
cently created from both hydrogel electrodes and electrolytes
(Figure 2¢).5% Polyacrylamide/carbon nanotube loaded with ac-
tive materials acted as cathode and anode. The original hydrogel
electrode was completely dehydrated to obtain a dehydrated elec-
trode, which was then attached to the hydrogel electrolyte to form
a superior fusion interface under the combined effect of osmotic
pressure and hydrophilic amide groups. After reaching rehydra-
tion equilibrium, the rehydrated hydrogel electrode can be soft-
ened again. The obtained hydrogel electrodes exhibited high elec-
trical conductivities and Young’s moduli of 70 to 100 kPa, which
are well-matched biological tissues (Young’s moduli of <10% kPa).

As alternatives to metal wires, carbon nanotube fibers and
polymer fibers are two commonly used flexible substrate mate-
rials for tissue-matchable electrodes.’*112113] Carbon nanotube
fibers display remarkable electrical conductivity and flexibility,
but it is challenging to make them into biodegradable electrodes.
In contrast, polymer fibers are highly flexible and biocompat-
ible. Their electrical conductivities are typically low and need
modifications for use as electrodes. After modifications, flexi-
ble polymer fiber electrodes had been designed to biodegrade
in vivo (Figure 2d).1**] The biodegradable polymer fiber was first
prepared by isotropic twisting of a biodegradable polymer yarn,
which was sputtered with a thin layer of gold with a thickness of
80 nm. The biodegradable polymer fibers were then loaded with
different active materials to obtain fiber cathode and anode. With-
out encapsulation, the fiber electrodes were injected directly into
the target tissues by a micro syringe, which can effectively avoid
the pain and risk of infection for the patients during surgical im-
plantation or device replacement.

Besides biodegradability, stretchability is also an important
property for tissue-matchable electrodes, which enables the
electrodes with better softness. Interestingly, the stretchable
and biodegradable metal electrodes were fabricated by a laser-
assisted kirigami-patterning method (Figure 2e), which could
achieve over a thousand strain cycles with minimal resistance
increase.[1%] A biodegradable and elastic polymer of poly(glycerol
sebacate) (PGS) was used as the substrate, which was synthesized
by a polycondensation reaction. The magnesium and molybde-
num metal foils were pressed and adhered well onto the PGS
gel. Through laser-assisted patterning, the metal foils were then
cut into a designed kirigami pattern to obtain stretchable and
biodegradable electrodes.

Among different aqueous battery systems, aqueous zinc bat-
teries are also considered to be promising candidates for future
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implantable batteries due to their high theoretical specific ca-
pacity (820 mAh-g™'), high safety, and good stability of metal-
lic zinc 114115:116] However, the biosafety design for aqueous zinc
batteries in biomedical applications is still a huge challenge. To
this end, a biocompatible aqueous zinc battery was made from
flexible electrodes and Zn-alginate polymer electrolyte with in-
trinsic safety (Figure 2f).'%1 A fiber Zn electrode and a metal steel
foil loaded with MnO, active materials were used as anode and
cathode, respectively. After applying a certain level of voltage, free
Zn?* in the electrolyte was cross-linked with the biomass salt to
in situ form polymer electrolyte on the surface of Zn electrode.

3. Tissue-Matchable and Implantable Batteries:
Structure, Fabrication and Performance

An ideal tissue-matchable and implantable battery should have
tissue-like soft properties, high safety, and high electrochemi-
cal stability in complex bio-environments. The key to achieving
such batteries lies in the rational design of appropriate battery
structure and component materials. Current flexible batteries
are mainly divided into 1D fiber-shaped and 2D thin-film bat-
teries according to their shape. Tissue-matchable batteries are
usually produced from flexible electrodes, electrolytes, and en-
capsulation materials with high flexibility, safety, and compatibil-
ity. The structure and components of various tissue-matchable
and implantable flexible batteries including cathode, anode, sep-
arator, electrolyte, binder, and encapsulation materials are shown
in Table 1. The fabrication and electrochemical performance of
different types of tissue-matchable and implantable batteries are
carefully discussed in this section.

3.1. Fabrication

Sodium ions are main positive ions in body fluids with inherent
safety and biocompatibility. Therefore, aqueous sodium-ion bat-
teries that employ sodium-rich aqueous electrolytes show high
safety, so they represent promising candidates for implantable
energy storage devices. A fiber-shaped aqueous sodium-ion bat-
tery was discovered with high flexibility and safety.”?] The fiber
battery was based on a carbon nanotube/Na, ,,MnO, fiber cath-
ode, carbon nanotube/NaTi,(PO,); fiber anode, and an aque-
ous Na,SO, electrolyte. Interestingly, when the normal saline
(0.9 wt.% NaCl) and cell culture medium (Dulbecco’s modified
Eagle’s medium) were used as electrolytes, the fiber-shaped aque-
ous sodium-ion batteries still showed effective charge—discharge
performance. The high safety and flexibility of the aqueous fiber
sodium-ion batteries made them promising for implantable and
medical applications.

Carbon nanotube fibers have good mechanical properties,
high electrical conductivity, and superior biocompatibility,11%12]
which can be used as current collector materials for implantable
fiber electrodes. However, oxygen reduction side reactions usu-
ally occur on the interface of anode and oxygen-containing elec-
trolytes, causing rapidly decayed charge/discharge performance
and cycle stability of aqueous batteries.”3] Recently, an im-
plantable aqueous sodium-ion fiber battery was designed with
desiring properties (Figure 3a).I>°] The aqueous fiber battery was
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Table 1. The structure and component materials of various tissue-matchable and implantable flexible batteries.

Battery type Structure Cathode Anode Electrolyte Separator Binder Encapsulation Reference
Li-ion battery Microchip LiCoO, / LIPON / / Silicon dioxide [117]
Li-ion battery Film LiMn, O, LiTi, (PO,)3 PAM/LiCl hydrogel / PVDF Parafilm/ hydrogel [59]
Na-ion battery Fiber CNT/Nag,4MnO,  CNT/MoOj;/polypyrrole Body fluids Chitosan / / [30]
Na-ion battery Fiber Gold/MnO, Gold/Polydopamine/ Body fluids Chitosan / / [33]
polypyrrole
Na-ion battery Film Na,VTi(PO,); Na,VTi(PO,); Silk fibroin hydrogel / / Silk fibroin hydrogel [26]
electrolytes
Zn-ion battery Film a-MnO, [rGO Zn Cellulose / PTFE Silk protein [28]
aerogel-gelatin
electrolyte
Zn battery Film Polyimide Zn Body fluids Glass PTFE / [118]
fiber
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Figure 3. Fabrication of various tissue-matchable and implantable flexible batteries. a) Schematic illustration of working mechanism of flexible and
implantable aqueous sodium-ion fiber battery. Reproduced with permission.[3% Copyright 2021, Royal Society of Chemistry. b) Schematic diagram of
mechanism of soft all-hydrogel battery. Reproduced with permission.[3° Copyright 2022, Wiley-VCH. c) Schematic diagram and photograph of flexible
and implantable thin-film lithium-ion micro-batteries for intra-oral phototherapeutic system. Reproduced with permission.l"7] Copyright 2017, Springer
Nature. d) Schematic illustration of flexible and implantable thin-film sodium-ion microbattery. Reproduced with permission.[2®] Copyright 2018, Ameri-
can Chemical Society. e) Schematic sketch of biodegradable and implantable thin-film zinc-ion battery. Reproduced with permission.[28] Copyright 2022,
Wiley-VCH. f) Schematic of flexible and implantable self-charging zinc battery. Reproduced with permission.['"®] Copyright 2023, American Association
for the Advancement of Science.
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fabricated with carbon nanotube fibers loaded with Na,,,MnO,
(NMO) and molybdenum trioxide/polypyridine (MoO,/PPy) as
the cathode and anode, respectively. A layer of chitosan with
good biocompatibility was coated on the surface of carbon nan-
otube/NMO fiber electrode as a separator, which could prevent
short circuits during operation of fiber battery. MoO; and PPy
coated on carbon nanotube fibers were proved to effectively in-
hibit oxygen reduction side reactions on the anode. The continu-
ous insertion/extraction of sodium ions between fiber electrodes
and body fluid ensured stable charging and discharging of the
fiber battery in body fluids.

Young’s moduli of conventional rigid batteries vary typically
between 107 and 10% kPa, which are intrinsically incompatible
with soft tissues (<10% kPa). In order to better integrate im-
plantable batteries with biological tissues in a variety of dynamic
environments, reducing their intrinsic Young’s moduli becomes
an effective solution. The ideal state for an implantable flexible
Dbattery is to have a similar or identical softness to that of biolog-
ical tissue. Particularly, an implantable all-hydrogel battery had
been successfully constructed with comparable softness to tissue
by using an interfacial dry cross-linking strategy (Figure 3b).>!
The hydrogel electrolyte was sandwiched between two dehy-
drated hydrogel electrodes to fabricate the all-hydrogel battery
with both high electrical conductivity and interfacial charge trans-
fer efficiency. After reduction of its intrinsic Young’s moduli, the
all-hydrogel battery is well-matched soft tissues to ensure the bat-
tery works properly in the organism.

Miniaturization is another effective strategy to achieve flexible
and implantable batteries. For instance, flexible, biocompatible,
and implantable thin-film lithium-ion micro-battery was further
explored for intra-oral phototherapeutic systems (Figure 3c).17]
The thin-film battery employed lithium cobalt oxide as a cath-
ode, glass-like solid-state lithium phosphorous oxynitride as elec-
trolyte, and titanium as an anode current collector. Based on the
flexible micro-batteries, a pragmatic and highly effective integra-
tion strategy was developed for an implantable orthodontic sys-
tem. Interestingly, a flexible and implantable thin-film symmetric
sodium-ion microbattery was also developed based on the hetero-
nanomat bifunctional electrodes and biocompatible electrolyte
(Figure 3d),1* showing good reliability and performance in vivo.

Traditional implantable batteries need to be removed from
the body through a second surgery after completing their mis-
sions, which can lead to additional safety risks. Particularly, im-
planted batteries that degrade at a controlled rate can effectively
reduce potential risks such as chronic inflammation, patient
pain, and healthcare cost. For example, a biodegradable and im-
plantable thin-film zinc-ion battery was developed based on cellu-
lose aerogel-gelatin solid electrolyte (Figure 3e).[28] The complete
degradation of the zinc-ion battery occurred within 30 days in
buffered proteinase K solution. Similarly, a biodegradable thin-
film sodium-ion battery was reported by using biodegradable
materials as battery components, which can decompose in na-
ture into non-toxic compounds or elements via hydrolysis and/or
fungal degradation.[?!] Recently, a flexible and implantable self-
charging zinc battery was developed based on a biocompatible
polyimide electrode and zinc electrode (Figure 3f).'"8) Particu-
larly, the battery could modulate the hypoxia level in tumors by
consuming oxygen during discharge/charge cycles for antitumor
therapy. In addition to the electrode materials included in Table 1,
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other metals (such as magnesium) and conductive polymers are
also potential candidates for tissue-matchable and implantable
flexible batteries.!!

3.2. Electrochemical Performance In Vitro

Electrochemical performance is key for all implantable batteries.
The all-hydrogel lithium-ion battery demonstrated a discharge
voltage plateau of 1.5 V and a discharge specific capacity of 82
mAh-g~! at the current density of 0.5 A-g™! (Figure 4a).>! The
lithium-ion full battery also demonstrated good cycling perfor-
mance with 65% capacity retention after 400 charge-discharge
cycles at 1 A-g~'. When the hydrogel electrodes were loaded with
NH,V,0,, and zinc nanosheets as active materials, the result-
ing all-hydrogel zinc-ion battery was also able to work normally.
The zinc-ion full battery showed a discharge-specific capacity of
370 mAh-g~! at a current density of 0.5 A-g~!, and 73% of capac-
ity was maintained after 200 cycles at 2 A-g~!. During bending,
stretching, twisting, and shearing each for 5000 cycles, the ca-
pacity of the all-hydrogel battery remained stable without obvious
loss of capacity (Figure 4b), demonstrating superior adaptability
and stability under complex and variable conditions.

Fiber-shaped batteries also exhibit superior electrochemical
performance in vitro. For example, the biocompatible fiber-
shaped aqueous zinc batteries (Figure 4c) based on safe Zn-
alginate polymer electrolyte showed a specific capacity of 206
mAh-g~! at current density of 1 A-g™!, with capacity retention
of 95% after 100 charge-discharge cycles (Figure 4d).'%! The
aqueous zinc battery also showed high capacity retention un-
der different bending states (Figure 4e). The bent fiber zinc bat-
teries were able to light up a small light-emitting device stably
(Figure 4f). The implantable aqueous sodium-ion fiber battery
achieved a discharge-specific capacity of 47.52 mAh-g™! in an
electrolyte of physiological saline at 1 A-g=! (Figure 4g).3%] The
aqueous sodium-ion full battery also showed good rate capability
and high cycling performance (Figure 4h,i). The biodegradable
and unencapsulated fiber-shaped battery demonstrated a decent
specific capacity of 24.4 mAh-g™ at 1 A-g™! (Figure 4j).**! The
capacity continuously decreased for two weeks due to the degra-
dation of the battery (Figure 4k), and the degradation rate and
stable operation interval could be regulated through rational de-
sign of biodegradable polymers. After 1000 cycles of bending at a
bending angle of 180°, 89.1% of the capacity was maintained for
the fiber battery (Figure 41).

3.3. Electrochemical Performance In Vivo

Due to the unique 1D shape and high flexibility, fiber-shaped bat-
teries can be implanted into the body via a miniature syringe in-
jection process (Figure 5a). The ability to maintain stable electro-
chemical performance in various implantation regions with dif-
ferent biochemical environments is of paramount importance for
implantable batteries. Particularly, the unencapsulated aqueous
fiber-shaped sodium-ion battery can be injected into the subcu-
taneous, cardiac, and brain regions of mice (Figure 5b), and they
showed close contact with tissues.*°! The implanted sodium-ion
fiber-shaped batteries presented discharge-specific capacities of

© 2023 Wiley-VCH GmbH
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Figure 4. Electrochemical performances of tissue-matchable batteries in vitro. a) Galvanostatic charge—discharge curves and cycling performance of all-
hydrogel lithium-ion and zinc-ion batteries. b) Capacity retention of all-hydrogel battery under various bending, stretching, twisting, and shearing cycles.
Reproduced with permission.l>®! Copyright 2022, Wiley-VCH. c,d) Schematic diagram and cycling performance of biocompatible fiber-shaped aqueous
zinc battery. e) Capacity retention of aqueous zinc battery under different bending angles. f) Photographs of fiber-shaped aqueous zinc batteries before
and after bending at 90°. Reproduced with permission.l'%! Copyright 2023, Oxford University Press. g,h) Galvanostatic charge-discharge curves and rate
performance of implantable aqueous fiber-shaped sodium-ion batteries in the electrolyte of physiological saline. i) Cycling performance of aqueous fiber-
shaped sodium-ion battery at current density of 1 A-g~!. Reproduced with permission.[*%] Copyright 2021, Royal Society of Chemistry. j) Galvanostatic
charge—discharge curves of biodegradable fiber-shaped battery at 1 A-g~. k) Capacity retention of biodegradable fiber-shaped battery on increasing
degradation time at 1 A-g~". |) Capacity retention rate of biodegradable fiber-shaped battery before and after 1000 bending cycles at 180°. Reproduced

with permission.[33] Copyright 2021, Royal Society of Chemistry.

43.05, 39.36, and 33.53 mAh-g~! in above three tissues at 1 A-g™",
demonstrating superior charge—discharge performances in dif-
ferent regions in vivo.

Due to the potential inflammatory risk, psychological stress,
and pain of patients caused by the second surgery for battery
retrieval, implanted batteries may be designed to entirely biode-
grade after completing the power supply mission in vivo. In par-
ticular, a biodegradable fiber-shaped battery could be injected into
the body of a mouse with minor wound of only ~300 um in
size, and part of fiber electrodes could be extracted outside the
body for easy charging when necessary (Figure 5¢).**] The im-
planted biodegradable fiber-shaped battery showed normal open
circuit voltage without a short circuit (Figure 5d) and exhibited a
discharge-specific capacity of 25.6 mAh-g~! at current density of
1 A-g~!in vivo (Figure 5e). The discharge-specific capacity of im-
planted fiber-shaped battery was tested to be 28.7 and 20.6 mAh
g1 at current densities of 0.5 and 1.5 A-g~! (Figure 5f), respec-

Small Methods 2023, 7, 2300501
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tively. The biodegradable fiber battery achieved a capacity reten-
tion rate of 69.1% after 200 charge-discharge cycles at 1 A-g™
(Figure 5g). The fiber battery completely disappeared after being
implanted for ten weeks. The fabrication approach, electrochemi-
cal performance, and advantages/disadvantages of various tissue-
matchable and implantable flexible batteries are summarized in
Table 2.

4. Applications in Biomedical Fields

In the near future, more and more bioelectronic devices will be
implanted in people’s bodies, and implanted batteries will be one
of the main energy supply devices for them. Tissue-matchable
and implantable flexible batteries are expected to realize various
functions including modulating cell behavior, controlling drug
release, applying electrical stimulation, and treating diseases, etc.
However, high biocompatibility and safety of these batteries are

© 2023 Wiley-VCH GmbH
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Figure 5. Electrochemical performance of tissue-matchable and implantable flexible batteries in vivo. a) Schematic illustration of the syringe injection
process of fiber-shaped battery. b) Photographs and corresponding galvanostatic charge—discharge curves of aqueous fiber-shaped sodium-ion batter-
ies in subcutis, heart, and brain of mice. Reproduced with permission.[3°] Copyright 2021, Royal Society of Chemistry. ) Photographs of an injected
biodegradable fiber-shaped battery in the body of a mouse. d) Open circuit voltage of the implanted biodegradable fiber-shaped battery. e-g) Galvano-
static charge—discharge curves, rate capability, and cycling performance of biodegradable fiber-shaped battery in vivo. Reproduced with permission.[33]

Copyright 2021, Royal Society of Chemistry.

prerequisites for their further practical biomedical applications,
which need to be carefully evaluated. Therefore, this section sum-
marizes the biocompatibility studies and biomedical applications
of tissue-matchable and implantable flexible batteries.

4.1. Biocompatibility

Biocompatibility of implantable batteries determines whether se-
rious rejection reactions will occur after they are implanted into
the body, which is undoubtedly important for their biomedical
applications. Therefore, biocompatibility studies of batteries are
essential and critical before further clinical medical applications
can be carried out.

All-hydrogel lithium-ion battery was ultrasoft and could form
a close and steady contact interface with the heart (Figure 6a).>")
The potential risk posed by implantable batteries to vital organs
is an important aspect to evaluate their biocompatibility, which
will largely influence further clinical medical applications. One

month after the implantation of the all-hydrogel lithium-ion bat-
tery into the mice, there was no noticeable pathological change
in the hematoxylin and eosin (H&E) stained tissue sections of
the major organs (such as heart, liver, spleen, lung, and kidney)
compared to the blank control group (Figure 6b). Besides, various
indicators of the organ-specific disease and blood levels of differ-
ent enzymes for the implanted group were found to be within the
confidence intervals of normal values of those of control group
(Figure 6c¢). These results demonstrated high biocompatibility of
all-hydrogel batteries, indicating their possibility to power im-
plantable bioelectronic devices.

The non-encapsulated aqueous fiber-shaped sodium-ion
batteries showed superior biocompatibility and non-toxicity
(Figure 6d).3% After the implantation of fiber batteries for 30
days, no significant difference was found in the H&E stained
tissue sections of the subcutaneous tissues compared to control
group without a fiber-shaped battery (Figure 6e), demonstrating
the high integration and compatibility between the fiber battery
and tissues. Furthermore, the immune response fluorescence

Small Methods 2023, 7, 2300501 2300501 (8 of 16) © 2023 Wiley-VCH GmbH
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Table 2. The fabrication approach and performance of various tissue-matchable and implantable flexible batteries.
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Battery type Structure Fabrication approach Electrochemical performance Advantage Disadvantage Reference
Li-ion battery Microchip XeF, etching 146 pAh-cm=2 at 130 O High operating voltage O Complex fabrication [117]
pA-cm~2 in vitro approach
Li-ion battery Film Cross-linking reaction 82 mAh-g~! at 0.5 A-g™" in O Highly soft O Water retention [59]
occurred with vitro O High specific capacity performance
stirring
Na-ion battery Fiber Electrodeposition Power density of 78.9 O High flexibility O Low specific capacity [30]
mW-cm~3 in vivo O Mini-invasive syringe and operating voltage
injection method
Na-ion battery Fiber Electrodeposition 25.6 mAh-g7Tat 1A-g " in O Biodegradability O Performance [33]
vivo O Mini-invasively injection degradation during
method use
Na-ion battery Film Electrospinning and 53.3 mAh-g~' at 1C in vitro O High stability O Limited flexibility [26]
electrospraying
Zn-ion battery Film Hydrothermal method 211.5 mAh-g~! at 61.6 O High specific capacity O Limited flexibility [28]
mA-g~" in vitro O Biodegradability
Zn battery Film Liquid phase synthesis ~120 mAh-g~'at 1A-g”in O Regulate the O High cost for [118]

vitro

microenvironment of tumor large-scale

production

staining signals also showed no significant difference between
the subcutaneous tissues with/without implanted fiber-shaped
battery after 30 days, proving the high biocompatibility of the
implanted fiber battery. After implantation of the fiber batter-
ies for 30 days, no carbon nanotube fragment was found in
H&E-stained tissue sections of major organs of mice (Figure 6f),
proving the non-toxicity, reliability, and structure stability of the
implanted fiber-shaped batteries.

Biocompatibility and safety of biodegradable batteries are cru-
cial for their implantable applications. The biodegradable and im-
plantable thin-film zinc-ion battery was implanted into the sub-
cutaneous region of rats for 30 days (Figure 6g).?®] During the
month after implantation, the rats showed no signs of disease
or obvious debilitation. The fluorescence images of RAW 264.7
cells incubated with the four battery materials also showed no sig-
nificant difference in cell viability (Figure 6h), proving the good
biocompatibility of the biodegradable thin-film zinc-ion battery.
Even at different states of charge, the biodegradable fiber-shaped
battery demonstrated negligible toxicity and side effects as re-
vealed by the H&E stained sections of subcutaneous tissues at
implantation sites (Figure 6i),1*}] suggesting good biocompatibil-
ity. Due to the employment of biocompatible battery components,
the implantable self-charging battery also showed good biocom-
patibility (Figure 6;).1'18]

4.2. Biomedical Applications

In the near future, implantable bioelectronic devices with
different functions (such as biosensors) will be implanted in
different positions of the human body. Therefore, the corre-
sponding implantable batteries should meet the power supply
requirements in various regions of the human body. Due to the
non-encapsulated design, 1D architecture, high flexibility, and
small size, aqueous fiber-shaped sodium-ion battery could be
injected into three typical regions including subcutis, heart, and

Small Methods 2023, 7, 2300501
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brain of the body through an injection process (Figure 7a),*"!

which was particularly promising for various potential biomed-
ical applications. Similarly, the biodegradable fiber-shaped
battery was successfully implanted into the subcutis of a mouse
(Figure 7b), which could power an implanted fiber-shaped sensor
to effectively detect external pressure changes in the implanted
area (Figure 7¢).[%]

As an application demonstration, an aqueous fiber-shaped
sodium-ion battery was implanted into the subcutis of a mouse
to efficiently power an implanted sensor by a minimally inva-
sive injection process (Figure 7d), which realized accurate mon-
itoring of the mouse respiration under relaxed and frightened
conditions (Figure 7e). It is crucial to efficiently charge im-
planted batteries. The implanted tissue-matchable batteries can
be charged through the extracted flexible electrodes outside the
skin. However, this charging method is inconvenient and has po-
tential safety risks. It is desired to develop new charging meth-
ods for them with no percutaneous leads and a low risk of in-
fection. Particularly, wireless charging technology can transmit
energy through inductive coupling between the transmitter coils
outside the body and the receiver coils inside the body.[*’! The ef-
ficiency of energy transfer is affected by the distance, resonance
frequency, and alignment between transmitter and receiver coils,
which varies in different environments.['??] Therefore, the effec-
tive integration between implantable flexible batteries and minia-
turized flexible inductive coupling or radio-frequency energy har-
vesting devices enables efficient charging of implantable flexible
batteries wirelessly.

The integration between all-hydrogel lithium-ion battery and
hydrogel strain sensor was achieved by attaching them to the
surface of the heart to monitor heartbeat signals (Figure 7f).>"]
The obtained detection system was soft enough to form close
and steady contact with the heart, enabling accurate moni-
toring of heartbeat signals without voltage fluctuation of the
all-hydrogel battery (Figure 7g). Interestingly, the implantable
self-charging zinc battery could continuously consume oxygen

© 2023 Wiley-VCH GmbH
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Figure 6. Biocompatibility of tissue-matchable and implantable flexible batteries. a) Photograph showing the interface between all-hydrogel battery
and heart. b) Representative H&E staining images of major organs of control and all-hydrogel battery group after implanted for 30 days. c) Changes
in the indicators of organ-specific diseases and blood levels of enzymes and electrolytes after implantation of all-hydrogel batteries. Reproduced with
permission.[>®! Copyright 2022, Wiley-VCH. d) Schematic illustration of injection of aqueous fiber-shaped sodium-ion battery into the body through a
syringe. e,f) H&E stainings, F4/80 and LY-6G immunofluorescence stainings of subcutaneous tissues, and H&E-stained tissue sections of major organs
of mice without and with aqueous fiber-shaped sodium-ion batteries after implanted for 30 days. Reproduced with permission.[3% Copyright 2021, Royal
Society of Chemistry. g) Photograph of the implanted biodegradable thin-film zinc-ion battery in the subcutaneous region of a rat. h) Fluorescence
images of RAW 264.7 cells incubated with the four materials of thin-film zinc-ion battery. Reproduced with permission.[28] Copyright 2022, Wiley-VCH.
i) H&E stained sections of subcutaneous tissues at implantation sites of biodegradable fiber-shaped battery at different states of charge. Reproduced
with permission.[33] Copyright 2021, Royal Society of Chemistry. j) H&E staining images of tumor tissues implanted with a self-charging battery and the
corresponding average body weight change of mice. Reproduced with permission.[118] Copyright 2023, American Association for the Advancement of

Science.

during the discharge/self-charge cycles to create a tumorous
hypoxic environment for effective antitumor therapy (Figure 7h).
The intratumoral hypoxic conditions were helpful for the
hypoxia-activated prodrugs to kill tumor cells, and the produced
reactive oxygen species during the battery reaction could prevent
the formation of tumors, showing a notable tumorigenesis
suppression effect.[!'811] Therefore, the biomedical applications
of tissue-matchable and implantable batteries mainly include
supplying power, modulating cell behavior, controlling drug
release, applying electrical stimulation, and treating diseases.

5. Perspectives

Since the first pacemaker was successfully implanted in the
human body in 1958, many attempts have been made in the field
of implantable electronic devices, which have made a significant

Small Methods 2023, 7, 2300501
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contribution to saving lives. As the key energy supply unit, im-
plantable batteries are crucial for steady operation of implanted
electronic devices in the body. Conventional rigid and bulky bat-
teries mechanically mismatch soft tissues and employ toxic elec-
trolytes, posing potential immune rejection, tissue damage, and
safety risks. Therefore, tissue-matchable batteries with tissue-
like soft properties, high safety, and high stability in complex
bio-environments are ideal candidates for implantable batteries.

The recent advances in tissue-matchable and implantable
flexible batteries have been systematically summarized in this
review, including injectable aqueous fiber-shaped batteries,
all-hydrogel thin-film batteries, thin-film sodium-ion micro-
battery, biodegradable thin-film zinc-ion battery, biodegradable
aqueous fiber-shaped batteries, and self-charging zinc battery.
These tissue-matchable batteries exhibited high flexibility,
good biocompatibility, and superior electrochemical perfor-
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Figure 7. Biomedical applications of tissue-matchable and implantable flexible batteries. a) Schematic illustration of three typical injection regions
(subcutis, heart, and brain) of injectable aqueous fiber-shaped batteries. Reproduced with permission.[3%] Copyright 2021, Royal Society of Chemistry.
b,c) Schematic diagram of a biodegradable fiber-shaped battery powering a fiber pressure sensor and the detected external pressure changes in the
implanted area. Reproduced with permission.33] Copyright 2021, Royal Society of Chemistry. d) Schematic illustration of injection and photograph of
the mouse implanted with an aqueous fiber-shaped sodium-ion battery and sensor. €) Respiration monitoring signals recorded from the implanted
sensor powered by injected fiber-shaped battery. Reproduced with permission.[3% Copyright 2021, Royal Society of Chemistry. f) Photograph showing
the detection system with an all-hydrogel lithium-ion battery and sensor attached to the surface of the heart. g) Resistance variation curve of the sensor
and the voltage variation curve of the all-hydrogel battery under heart beating. Reproduced with permission.[°] Copyright 2022, Wiley-VCH. h) Changes
in the tumor volumes of mice in control group (saline) and battery group implanted with self-charging batteries. Reproduced with permission.['']
Copyright 2023, American Association for the Advancement of Science.

mance in different regions, showing promising applications
in biomedical and healthcare fields. Despite the rapid devel-
opment and progress in this field, there are still many chal-
lenges that need to be addressed prior to clinical applications
(Figure 8).

High safety is one of the most crucial properties of implantable
flexible batteries. The key to achieving high safety lies in the
design of biocompatible components that can form stable in-
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2300501 (11 of 16)

terfaces with soft biological tissues, including electrodes, elec-
trolytes, and encapsulation materials. Although tissue-matchable
batteries are available, some components of these batteries are
still not biocompatible, which may hinder their long-term im-
plantations with potential safety risks. To this end, more efforts
should be made to develop safer electrodes, electrolytes, and en-
capsulation materials with intrinsic biocompatibility and high
flexibility. The extraction of electrode/electrolyte materials from

© 2023 Wiley-VCH GmbH
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Figure 8. Challenges and roadmaps of tissue-matchable and implantable batteries toward practical biomedical applications.

natural biomass materials might be an effective and sustainable
pathway.

Obtaining matched Young’s moduli with soft and dynamic bi-
ological tissues is particularly important for the steady operation
of tissue-matchable and implantable flexible batteries. Unstable
battery-tissue interface caused by the mechanical mismatch will
result in potential inflammatory response and tissue damage. Al-
though several tissue-matchable flexible batteries have been de-
veloped with high softness close to biological tissues, there are
still many implantable batteries that adopt the traditional rigid
Dbattery structure design with almost no flexibility. The large gap
in mechanical softness between these implanted batteries and
tissues may lead to a series of problems such as foreign body re-
sponse and tissue damage after a long-term implantation. There-
fore, it is crucial to develop highly flexible implantable batteries
through a fully flexible design for all battery components. For ex-
ample, designing new hydrogel-like electrode materials and elec-
trolytes is an effective strategy for novel tissue-matchable flexible
batteries.

In order to realize safe batteries for implantable bioelectronic
devices, it is very important to design suitable systems. Aqueous
batteries are a safer alternative to organic batteries. Interestingly,
aqueous fiber-shaped sodium-ion batteries have been demon-
strated to effectively work in body fluids without using additional
electrolytes or encapsulation materials, which can greatly im-
prove their flexibility. However, low energy density and poor sta-
bility of them have limited their applications. Their energy den-
sity is mainly restricted by the low specific capacity and low oper-
ating voltage. Currently, these implantable batteries can power
some low-power devices, but may not be able to drive high-
power devices such as pacemakers. This problem can be solved
by developing new high-capacity electrode materials with high
voltage and safety. Biodegradable batteries can be degraded af-
ter implantation to avoid surgical removal, whereas their con-
tinuously decreased electrochemical properties largely lower the
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stability of power supply. Thus, it is necessary to discover im-
plantable aqueous batteries with much higher energy density and
stability.

Injectable fiber-shaped batteries have provided a new implan-
tation solution by injecting them into the body through a syringe.
Compared with surgery implantation procedure, the syringe-
assisted injection method is simpler and less invasive, offering
decreased health risks, pain, and morbidity. However, most im-
plantable batteries appear in thin films and can only be implanted
by surgeries, which cause additional pain and health risk to pa-
tients. Therefore, more efforts should be made to develop mini-
invasive implantation methods for implantable thin-film batter-
ies. Moreover, it remains difficult to efficiently charge implanted
batteries. Developing wireless charging solutions are urgently
needed. Multifunctional integration methods and efficient con-
nection methods of various implanted bioelectronic devices are
also required for real clinical applications.

In summary, tissue-matchable and implantable flexible bat-
teries are still in the early stages of development, and there is
still a long way to go prior to their large-scale applications. The
above challenges need close collaborations from researchers with
a variety of backgrounds in Chemistry, Physics, Materials Sci-
ence, and Biomedical Engineering. It is believed that these tissue-
matchable and implantable batteries surely serve as the next-
generation power systems for biomedical devices and may rev-
olutionize healthcare fields.
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