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It is critical to realize biodegradable and rechargeable batteries that

are also flexible and safe for power supplies in vivo, yet they remain

unavailable. Here, we discovered such a biocompatible battery by

designing biodegradable fiber conductors incorporated with

polydopamine/polypyrrole composite material as the anode and

MnO2 as the cathode, biodegradable chitosan as the separator and

body fluid as the electrolyte. It can be directly injected into the body

mini-invasively and well integrate with biological tissues without

inducing immune responses. It delivered a specific capacity of

25.6 mA h g�1 with a retention of 69.1% after 200 charge/discharge

cycles to power various biomedical devices. For instance, it was

demonstrated to effectively power biosensors in the body. After

completing the mission, it could be biodegraded, eliminating the need

of surgery to remove it.
As a burgeoning technology, biodegradable electronics are
promising in the eld of disease diagnosis and treatment such
as wound healing, disease tracking, drug delivery and tissue
regeneration.1–4 Different from traditional chronic medical
implants, they can entirely or partially biodegrade in the body
aer completing their mission, eliminating the need of second
surgery for device retrieval and potential chronic inammatory
responses.5–14 Among them, biodegradable power supply such
as a battery is obviously an indispensable part. However, it
remains challenging to realize such batteries due to the
simultaneous high demand for miniaturization, exibility and
safety.15–19 Current biodegradable batteries are bulky and rigid
typically due to the use of metal sheets (Mg, Zn, Fe, W, and Mo)
as electrodes.5,20–25 Hard metal electrodes and side reac-
tions20,21,26 (e.g., corrosion and dissolution) damage
surrounding tissues.
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tion (ESI) available. See DOI:
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Here, we realized a biodegradable and rechargeable
aqueous ber battery by designing biodegradable ber elec-
trodes and a chitosan separator with body uid as electrolyte
(Fig. 1). Beneting from the one-dimensional conguration
and high exibility, the ber battery could be directly injec-
ted into the body with minimal invasion. It showed decent
power capability and was demonstrated to successfully
power a biosensor that detected pressure changes in vivo.
Aer the use, it was biodegraded and the entire biodegra-
dation process proved nontoxic and non-interfering with the
body.

The ber power system was made from an aqueous sodium-
ion battery by a facile and environmentally friendly process
(Fig. 2a). As an essential component, conducting ber was rst
prepared by sputtering a thin layer of gold (�80 nm) onto
a polyglycolic acid yarn (Fig. S1 and S2†), followed by twisting it
into a bundle. Here, 10 yarns were used to fabricate a conduct-
ing ber (Fig. S3†). The conducting ber was then incorporated
Fig. 1 Schematic illustration of the implantation process by direct
injection without surgery, working process and biodegradation after
the use in the body.
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Fig. 2 Fabrication, structure and mechanical properties of the fiber battery. (a) Schematic diagram of the fabrication process. (b and c) Scanning
electronmicroscopy images of the fiber anode at low and highmagnification, respectively. (d and e) Scanning electronmicroscopy images of the
fiber cathode at low and high magnification, respectively. (f) Scanning electron microscopy image of an assembled fiber battery. (g) Stiffness
comparison of the fiber battery with traditional metal wires and biomedical polyglycolic acid suture.
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with polydopamine/polypyrrole and MnO2 as the anode and
cathode, respectively. Both ber electrodes were approximately
70 mm in diameter (Fig. 2b and d), and the active materials were
uniformly and compactly attached on the surface of the con-
ducting ber (Fig. 2c and e). To prevent short circuits, biode-
gradable chitosan was used as the separator with decent ionic
conductivity and controllable thickness (Fig. S4 and S5, Table
S1†). Here, the ber cathode was dip-coated with a layer of
chitosan with a thickness of approximately 10 mm (Fig. S6†). A
multi-layered coaxial structure was shared by the ber anode
and cathode (Fig. S7†).

The anode and cathode were nally twisted together to
produce the ber battery (Fig. 2f) which was exible and
robust (Fig. S8†). Its stiffness was measured using a dynamic
mechanical analyzer in single-cantilever mode. In the
frequency range of 0.01–10 Hz, the ber battery demon-
strated stable stiffness with values of 90–138 N m�1, much
lower than those of traditional ber collectors such as
aluminum (577–611 N m�1) and copper (392–455 N m�1)
wires and comparable to that of a biomedical polyglycolic
acid suture (60–117 N m�1) (Fig. 2g). In other words, it
showed high exibility and would not damage so biological
tissues during use.
This journal is © The Royal Society of Chemistry 2021
Electrochemical properties were rst investigated in vitro. To
simulate the humoral environment, 1� phosphate-buffered
saline was used as the electrolyte. Both ber electrodes could
charge and discharge stably, and they showed good rate capa-
bility and high cycling stability (Fig. S9 and S10†). The resulting
ber battery demonstrated a specic capacity of 24.4 mA h g�1

at a current density of 1000 mA g�1 (Fig. 3a and b) with high
stability upon cycling (Fig. S11†). Aer 1000 cycles of bending at
a bending angle of 180�, the capacity was maintained as 89.1%
(Fig. S12†). The ber battery was then immersed in 1�
phosphate-buffered saline at 37 �C for degradation evaluation.
During the rst two weeks, the ber battery was intact and
might work since polyglycolic acid remained relatively stable
(Fig. 3c), and the specic capacity decreased with time (Fig. 3d).
Then due to the intensied hydrolysis of polyglycolic acid, the
ber battery started to degrade into scattered fragments and
failed to work, and it was almost fully degraded at the end of
twelve weeks (Fig. 3c and S13†). Note that the degradation
velocity and the stable operation interval can be controlled by
the rational design and optimization of biodegradable
polymers.

Biocompatibility was also systematically investigated to
ensure high safety in vivo. Representative haematoxylin and
J. Mater. Chem. A, 2021, 9, 10104–10109 | 10105
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Fig. 3 Electrochemical and degradation properties of the fiber battery in vitro. (a) Galvanostatic charge and discharge profiles at a current density
of 1000 mA g�1. (b) Rate capability at increasing current densities from 500 to 1500 mA g�1. (c) Degradation in 1� phosphate-buffered saline at
37 �C. (d) Evolution of specific capacity upon increasing degradation time at a current density of 1000 mA g�1.
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eosin (H&E) staining showed that the tissuemorphology around
the ber batteries at different states of charge demonstrated no
obvious differences compared with the control group (without
implants) aer four weeks (Fig. 4a, b, S14c and d†), indicating
high integration between the ber batteries and the tissue.27 F4/
80 and LY-6G immunouorescence staining were also per-
formed to study whether there existed immune responses. The
immunouorescence signals around the ber batteries at
different states of charge were similar to those of the control
group aer four weeks (Fig. 4c–f and S14e–h†). No obvious
macrophage aggregation and inammatory response were
observed around the ber batteries, suggesting their superior
biocompatibility. Moreover, the ber batteries at different states
of charge demonstrated negligible toxicity and side effects as
revealed by the H&E staining of main organs such as the heart,
liver, spleen, lung and kidney, and almost no differences were
found in comparison to the control group aer four weeks
(Fig. S15†).

In addition, to determine the effects of biodegradation on
the organism, the H&E staining of the subcutaneous tissues
at implantation sites and main organs was analyzed further
aer the ber batteries at different states of charge
completely biodegraded in vivo. The tissue morphology
10106 | J. Mater. Chem. A, 2021, 9, 10104–10109
demonstrated no abnormalities (Fig. S16†) and the main
organs in the experimental group showed no obvious patho-
logical changes or tissue damage when compared with the
control group (Fig. 4g and S17†), so the biodegradation of the
ber batteries induced no obvious damage to the body. The
nontoxicity of the ber battery in the whole life cycle was
derived from the intrinsic nature of all its components. Pol-
yglycolic acid, polydopamine and chitosan nally bio-
degraded into harmless substances; gold was safe in vivo
owing to its inert nature;28 polypyrrole demonstrated good
biocompatibility and is widely used in the biomedical
eld;29–32 MnO2 has a considerable recommended daily
allowance without interfering with the body.33

Beneting from the one-dimensional conguration and
high exibility, the ber battery was directly injected into the
body. The resulting wound was only about 300 mm in size
(Fig. S18†). Owing to the rational design, both conducting
ber substrates could be extracted out of the body (Fig. 5a and
b). Therefore, the ber battery could be easily recharged via an
external power source if necessary aer energy depletion.
Aer injection into the abdominal subcutis of an experi-
mental mouse, it demonstrated a specic capacity of
25.6 mA h g�1 at a current density of 1000 mA g�1 in the
This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Biocompatibility of the fiber battery. (a and b) Representative H&E sections of subcutaneous tissues without and with implantation of the
fiber battery (at a voltage of 1.2 V) after 4 weeks, respectively. (c and d) F4/80-labelled sections of subcutaneous tissues without and with
implantation of the fiber battery (at a voltage of 1.2 V) after 4 weeks, respectively. The nucleus is shown in blue (DAPI) while F4/80 is shown in red.
The orange dotted ellipse indicates the position of the fiber battery. (e and f) LY-6G-labelled sections of subcutaneous tissues without and with
implantation of the fiber battery (at a voltage of 1.2 V) after 4 weeks, respectively. The nucleus is shown in blue (DAPI) while LY-6G is shown in red.
The orange dotted ellipse indicates the position of the fiber battery. (g) Representative H&E sections obtained from major organs including the
heart, liver, spleen, lung, and kidney of mice. Top row: control group (without implantation of the fiber battery). Bottom row: experimental group
(after the implanted fiber battery at a voltage of 1.2 V had completely biodegraded in vivo).
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voltage window of 0–1.2 V (Fig. 5c) without short circuits
(Fig. S19†). The ber battery also showed good rate capability
with specic capacities of 28.7 mA h g�1 and 20.6 mA h g�1 at
500 and 1500 mA g�1, respectively (Fig. 5d). The capacity
dropped only marginally at higher rates and immediately
recovered with the reversal of the current density. Aer 200
charge/discharge cycles at 1000 mA g�1, the ber battery still
demonstrated a specic capacity of 17.7 mA h g�1 with
a retention of 69.1% (Fig. 5e). The high exibility of the ber
battery also laid a solid foundation for stable operation
against varying deformations including pressing, bending
and stretching in vivo (Fig. 5f).

As a demonstration of its application, the ber battery was
then used to power a ber sensor that detects pressure
changes in the implanted area (Fig. 6a and b). Aer
completing the required power supply, the ber battery bio-
degraded as designed. Polyglycolic acid, polydopamine and
chitosan fully biodegraded upon hydrolysis and enzymol-
ysis.34,35 Gold, polypyrrole and MnO2 were eventually
This journal is © The Royal Society of Chemistry 2021
eliminated by renal excretion, phagocytosis and/or endocy-
tosis aer biodegradation into fragments of several hundred
nanometers.22,36–38 In fact, the ber battery completely dis-
appeared aer ten weeks eliminating the need of surgical
removal and the specic capacity decreased with the biodeg-
radation time (Fig. 6c and d).

In summary, a biodegradable and rechargeable ber
battery was realized for the rst time by rationally designing
materials and architecture. It showed unique advantages of
small size, high exibility and rechargeability (Table S2†).
Specically, it could be directly injected into the body in
a minimally invasive way and it integrated stably with so
biological tissues without damaging them. The ber battery
demonstrated high electrochemical properties to effectively
power biomedical devices and could then be safely bio-
degraded without the need of surgical removal aer
completing the mission in vivo. This work provides a general
and effective paradigm for the development of next-generation
biodegradable batteries.
J. Mater. Chem. A, 2021, 9, 10104–10109 | 10107
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Fig. 5 Electrochemical properties of the fiber battery in vivo. (a and b) Photographs of a mouse injected with the fiber battery at low and high
magnification, respectively. (c) Galvanostatic charge and discharge profiles at a current density of 1000 mA g�1. (d) Rate capability at increasing
current densities from 500 to 1500 mA g�1. (e) Cycling performance at a current density of 1000 mA g�1. (f) Galvanostatic charge and discharge
profiles of the fiber battery upon pressing, bending and stretching at a current density of 1000 mA g�1.

Fig. 6 Application demonstration and biodegradation characterization of the fiber battery in vivo. (a) Schematic illustration of the fiber battery
powering a fiber pressure sensor in vivo. (b) Response of the fiber sensor to pressure changes in the implanted area. (c) Photographs showing the
biodegradation process of the fiber battery with time. It disappeared after 10 weeks. (d) Evolution of specific capacity upon increasing
biodegradation time at a current density of 1000 mA g�1.
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