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In brief

Biodegradable electronics dissolve

in vivo, eliminating retention risks, but
they are often not self-contained due to
limited energy storage, relying typically
on tethered or wireless power. We
present a fully biodegradable flexible
supercapacitor that is composed of
MXene electrodes and solid electrolytes,
which can be completely dissolved, is
symbiotic with the body and can regulate
nerve excitation and inhibition without
external energy. These advancements are
poised to drive the development of self-
contained, biodegradable, and symbiotic
bioelectronics.
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THE BIGGERPICTURE Biodegradable electronic devices represent an emerging class of technology defined
by the complete dissolution of a device in the body after completion of a prescribed operation to remove the
hazards of device retention. This technique eliminates the need for a second removal procedure, thereby
significantly reducing the financial burden of implanting the device on the patient as well as the risk of sur-
gery. However, limited by the capacity of the energy storage element, biodegradable electronics, far from be-
ing self-sufficient, typically rely on tethers or wireless connections for transdermal power. To address this
issue, this work reports on a biodegradable flexible supercapacitor (BFSC) that can be completely dissolved,
enabling symbiosis with the human body and modulating neural excitation and inhibition without external en-
ergy. These advances are expected to facilitate the development of self-contained biodegradable and sym-
biotic bioelectronics.

SUMMARY

Biodegradable electronics dissolve in vivo, eliminating retention risks, but they are often not self-contained
due to limited energy storage, relying on tethered or wireless power. Here, we report a biodegradable flexible
supercapacitor (BFSC) that can be completely dissolved to achieve symbiosis with the body and modulate
neural excitation and inhibition without external energy. Its low stiffness and favorable biocompatibility allow
it to minimize interface mismatch and rejection to be integrated with the body like a biological tissue. The
BFSC has a farad surface capacitance (0.36 F/cm?), high energy density (73.1 pWh/cm?), and 1-month oper-
ating life in vivo due to the MXene nanolayered electrode and solid-state hydrogel electrolyte. The BFSC can
drive bioelectric stimulation circuits to enable neuromodulation and cardiac pacing in rats and pigs. The scaf-
fold-like BFSC almost completely inhibits neural activity. These advances are expected to facilitate the devel-
opment of self-contained biodegradable and symbiotic bioelectronics.

INTRODUCTION

Electricity appears in every corner of an organism and controls
communication, activities, and thinking.”3 Bioelectronics can
be used for therapeutic purposes by manipulating biological sig-
nals.*'° Biodegradable devices are promising candidates for
temporary therapies as they can be broken down into nutrients

that directly enter cells and tissues, thus avoiding long-term
rejection or device-removal surgery. The mutual interaction of
matter and energy between devices and living bodies enables
them to evolve into symbiotic relationships.”'~'® Biodegradable
electronic devices (BEDs) have achieved great success in car-
diac pacemaker neurostimulation and tissue repair.’”*° How-
ever, one of the long-standing challenges to BEDs is the lack
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of an appropriate implantable power source.?’*° Reported BED
power supply solutions include tether power or wireless power
transfer'®?? and energy harvesters.”* However, these devices
have certain deficiencies. First, the cables of tether-powered de-
vices need to pass through the skin and leave a persistent
wound. Second, wireless-powered devices rely on external ra-
diofrequency, '®? light,?**® or ultrasound waves'’ through the
skin and tissue to power them, limiting the depth and stability
of BED implantation. Finally, energy harvester-powered devices
need to be further improved in terms of stability and output po-
wer for biological signal manipulation. In addition, partial devices
suffer from nonbiodegradability of some of their materials, me-
chanical rigidity, and relatively large form factors, which limit
their use in vivo.

Self-contained devices with on-board power sources are ex-
pected to overcome the challenges of tethered or wireless
devices and energy harvester-powered devices in terms of
infection risk, stability, and output power.'®??° Recently,
emerging biodegradable power sources have made great prog-
ress in primary cells and capacitors.'%?"*°=* However, current
biodegradable power sources have struggled to meet the needs
of a typical electronic device (pacemaker) for continuous opera-
tion during the perioperative period. This is due mainly to the lim-
itations of the primary cell in terms of stability and the capacitor in
terms of capacity. For example, biodegradable magnesium-
based batteries have high energy density but uncontrolled dis-
charges and a lifetime limited by Mg foil depletion (<1 week).
Capacitors offer excellent cycling stability but are limited by en-
ergy density, mechanical rigidity, and the presence of partially
nonbiodegradable materials.’**%*" The result is reduced device
service life and patient compliance because biodegradable po-
wer sources have limitations in capacity, lifetime, and softness.
Therefore, fully biodegradable rechargeable high-capacity soft
power sources are urgently needed.

TisC,sTx MXene as a class of multifunctional two-dimensional
(2D) layered materials has become a research hotspot due to
its superior properties such as simple preparation, high electrical
conductivity, and good biosafety, all at the same time. lIts
biosafety has been demonstrated in various fields such as
wound repair,®® physiological signal monitoring,° photothermal
therapy,“® drug delivery,*" antimicrobial agents,*” and guided
bone regeneration.”® MXenes are characterized by high electri-
cal conductivity and a large specific surface area, and they
demonstrate favorable chemical stability within common elec-
trolyte environments.** Owing to these remarkable properties,
they have been extensively employed as electrode materials in
the fabrication of supercapacitors.*®

We propose a fully biodegradable flexible supercapacitor
(BFSC) with low stiffness and favorable biocompatibility to mini-
mize interface mismatch and rejection that can be completely
dissolved to achieve symbiosis with the body and modulate
neural excitation and inhibition without external energy. The
flexible supercapacitor has a farad level surface capacitance
(0.36 F/cm?), high energy density (73.1 pWh/cm?), and high po-
wer density (1.2 mW/cm?). The BFSCs have a long cycle life
(20,000 cycles) and a 1-month in vivo operating life (with a capac-
itance retention above 70%) with a high service efficiency
(25%); these were absorbed by the organism and completely
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disappeared after 120 days. The biodegradable flexible superca-
pacitor can be closely integrated with the body like a biological
tissue and drive bioelectric stimulation circuits, enabling neuro-
modulation and cardiac pacing proof-of-concept trials in vivo
(rat and pig). This advancement represents a new path to extend
the capacitance and stability of rechargeable biodegradable po-
wer sources.

RESULTS

Design of BFSC

The structure of symbiotic BFSCs mainly consists of electrodes,
electrolytes, and encapsulation layers. Considering the softness
and biosafety, the MXene (Tables S1 and S2),*>“¢ poly (vinyl
alcohol) (PVA), choline chloride (ChCl), and poly(lactic-co-gly-
colic acid) (PLGA) are employed as the constituent materials of
BFSCs. The electrode consists of MXene nanosheets and one-
dimensional (1D) bacterial cellulose (BC). The 1D BC nanowires
are inserted between densely stacked 2D MXene nanosheets to
improve the layer spacing from about 1.29 to 1.55 nm to facilitate
the transport of hydrated ions. The electrolyte consists of PVA
hydrogel and ChCl, which is an edible salt with good biocompat-
ibility and water solubility. The ChCI/PVA hydrogel electrolyte
has the advantages of high salt concentration and good
biosafety at the same time, which are conducive to reduce the
self-discharge of BFSCs. The biodegradable soft PLGA was
selected as the encapsulation layer of the BFSC due to its
tunability, excellent biodegradability and biocompatibility, and
its superior mechanical properties and processing flexibility (Fig-
ure 1A).*77°C After addressing a medical need, the BFSC is
completely biodegradable to eliminate the hazards of device
retention or the risks and costs associated with a secondary sur-
gery for retrieval (Figure 1B).

Some envisioned use cases are illustrated in Figures 1C and
1D. BFSCs can modulate (stimulate/inhibit) nerves in living organ-
isms. MXene/BC electrodes can be laser cut into defined sizes
and shapes such as square, fork finger, and snake electrodes,
making BFSCs more convenient for various in vivo application
scenarios (Figures 1E-1G). Two BFSCs in series are enough to
light up 40 light-emitting diodes (Figure 1H). This means they
can power most bioelectronic devices and regulate the activity
of biological tissues such as muscles and nerves. In addition,
good softness of BFSCs allows them to maintain conformal and
robust contact with curved and dynamically deforming organs.
This is important to prevent unwanted mechanical damage to tis-
sues and to ensure the stability of the operation of the implant.

MXene/BC electrodes and ChCI/PVA electrolytes

The MXene/BC electrodes were obtained by solution co-min-
gled filtration (Figures 2A, S1A, and S1B). MXene nanosheets
were stacked together after filtration, and the multilayer structure
increased the specific surface area and improved ion adsorp-
tion. The surface of the MXene/BC electrode is flat (Figure 2B).
The chemical composition and structure were investigated using
X-ray photoelectron spectroscopy (XPS), Raman spectroscopy,
and X-ray diffraction (XRD). The Ti 2p high-resolution XPS
spectra of the prepared TizC, with peak deconvolution showed
Ti-C 2p3/2 (45501 eV), Ti-O-C 2p3/2 (45578 eV), C-Ti-F 2p3/2
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Figure 1. A fully BFSC for bioelectronics

(A) Schematic diagram of the structure, components, and in vivo degradation of a fully biodegradable flexible supercapacitor.
(B) Schematic of BFSC biodegradation.

(C) Schematic of BFSC neurostimulation.

(D) Schematic of BFSC neuroinhibition.

(E-G) BFSCs can be customized to different sizes and multiple morphologies.

(H) Application of BFSCs as an energy source for light-emitting diode lighting.

(456.91 eV), TiOs 2p3/» (459.4 €V), Ti-C 2p4 2 (461.5eV),and Ti-O-  also demonstrated the synthesis of TizC, (Figure 2E). BC is used
C 2p1,2 (462.25 V), respectively (Figure 2C).°" This indicatesthat  as a spacer to increase the interlayer distance of MXene.>” The
a small amount of TiO, is produced. Meanwhile, XPS and en- enlarged interspacing of the MXene/BC electrode compared
ergy-dispersive X-ray spectroscopy (EDS) spectra reveal that  with that of pristine MXene can be clarified through XRD mea-
the MXene electrode mainly contains Ti, O, and C elements (Fig-  surements. According to the Bragg equation (nA = 2d sinf),
ures 2, S1C, and S2). Raman spectra at the MXene/BC electrode  when 1D BC nanowires are inserted between tightly stacked
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Figure 2. Characterization of MXene/BC electrode and ChCI-PVA hydrogel

(A) Atomic schematic of MXene.

(B) Top view and cross-sectional SEM image of MXene/BC electrode and AFM on the surface of MXene/BC electrode.

(C and D) XPS spectra covering Ti 2p (C) and O1s (D) orbitals.
(E) Raman spectra of MXene/BC electrode.
(F) XRD pattern of MXene/BC electrode.

(G) Schematic diagram of the fabrication process of ChCI-PVA hydrogel electrolyte, and the elastic moduli (E) of different tissues as described in the literature are

reported on the left (logarithmic) scale.®

MXene interlayers, the d-spacing values increased from about
1.29 to 1.55 nm (26 = 6.8°-5.7°) (Figure 2F). At the same time,
BC was able to increase the mechanical strength of the
MXene/BC electrodes (Figure S1D).

The electrolyte is a critical component of supercapacitors and
influences their electrochemical performance.**>* For implanta-
tion safety purposes, hydrogel is employed as the solid electro-
lyte for supercapacitors to prevent potential leakage of liquid
fillers, internal short circuits, and other issues. The solid electro-
lyte should be small and thin and flexible/stretchable with high
ionic conductivity. Additionally, good biocompatibility and
biodegradability are also essential factors. In this system, the hy-
drogel electrolyte is composed of PVA, ChCl, and long PVA
chains with high mechanical strength, which serve as the back-

4 Device 3, 100724, June 20, 2025

bone of the polymer network (Figure 2G). The results of Fourier
transform infrared spectroscopy (FTIR), Raman, and stress-
strain tests show that ChCI/PVA hydrogels have good mechan-
ical properties and flexibility and are well suited to BFSCs
(Figures S1E and S1G). The performance of ChCI/PVA hydrogel
electrolytes with different concentrations was studied. As the
ChCI content increased, the volume of the PVA hydrogel also
increased, mainly due to the strong hydration effect of the ions
produced by the dissolution of the salt. These hydrated ions
disrupt the original hydrogen bond network structure of the
PVA hydrogel, allowing more free water to enter the hydrogel
network, thus increasing its volume. After freeze-thaw cycles,
the hydrogel volume decreases due to the Hofmeister effect,””
which causes salting-out and electrostatic interactions, resulting
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Figure 3. Electrochemical performance of MXene-based supercapacitors

A) Schematic illustration of the principle and structure of supercapacitors.
B) Cyclic voltammetry curves.
C) Galvanostatic charge-discharge curves.

E) Cycle stability and Coulombic efficiency curves.

F) Capacitance retention under different bending states of the supercapacitors using 36-um MXene electrodes.
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(

(D) Specific capacitances at different current densities.

(

(

(G) Ragone plots of the supercapacitor compared with other reported ones.

in a reduction in free water content within the hydrogel (Fig-
ure S3). The decrease in free water content in the hydrogel elec-
trolyte helps suppress side reactions and improves the electro-
chemical performance of supercapacitors.

Study of the electrochemical properties of BFSCs

The BFSCs were assembled using MXene/BC electrodes with
varying thicknesses and PVA hydrogel electrolytes containing
different salt concentrations (Figure 3A). Initially, different con-
centrations of ChCl salts were introduced into the PVA hydrogel
electrolytes. The results show that BFSCs assembled with 3 m
ChCI/PVA hydrogel electrolytes exhibit the low self-discharge
rates and the low leakage currents (Figure S4). Moreover, the
self-discharge performance of the 3 m ChCI/PVA BFSC were

also far superior to other BFSCs assembled using several
common bioabsorbable electrolytes (NaCl/PVA hydrogel, so-
dium alginate hydrogel, phosphate-buffered saline [PBS}/
PVA hydrogel) (Figures S5 and S6). In addition, the electrochem-
ical performance of BFSCs with MXene electrodes ranging
in thickness from 3 to 36 um was evaluated. The results of
the electrochemical tests indicate that areal specific capaci-
tance and self-discharge improve with increasing thickness
(Figures S7-S9).

For BFSCs assembled using 3 m ChCI-PVA hydrogel electro-
lyte and 36 um MXene/BC electrodes, the cyclic voltammetry
(CV) curves exhibited quasi-rectangular shape with a voltage
window of 0-1.2 V at scan rates from 5 to 200 mV/s (Figure
3B), indicating a typical electric double-layer mechanism and
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good capacitive behavior. The galvanostatic charge-discharge
(GCD) curves of the BFSCs exhibited a quasi-triangular shape
in the range of 0.1-2 mA/cm?, indicating excellent rate perfor-
mance of the BFSCs (Figures 3C and 3D). The cycling stability
of the BFSCs was also evaluated, and the capacitance retention
of the supercapacitor after 20,000 cycles at 5 mA/cm? was
93.8%, with the coulomb efficiency consistently exceeding
99%. Due to the excessive thickness of the electrodes and the
low free water content in the hydrogel electrolyte, the electrolyte
could not fully infiltrate the electrodes at the beginning of the cy-
cle, and thus the cycle curve showed a mild climbing phenome-
non (Figure 3E). Furthermore, after bending 180°, the capaci-
tance of the BFSCs exhibited minimal loss in the bending
stability tests (Figure 3F). Due to the excellent stress stability
and flexibility of MXene,*® its structure remains intact after
bending, maintaining stable charge storage and efficient ion
diffusion (Figures S10A and 10B). These characteristics collec-
tively ensure that the BFSCs retain high capacitance and stability
under mechanical stress. Finally, the energy density and power
density of BFSCs reported in the literature were compared (Fig-
ure 3G). The BFSCs exhibited significantly higher energy density
(73.1 uWh/cm?) and power density (1.2 mW/cm?) than recently
reported degradable supercapacitors (Tables S3 and S4), such
as Fe/ZnO, MoOx, MnO./Si NWs, Zn@ppy, and others,**5°
demonstrating that the BFSCs offer distinct advantages,
including a higher energy density, superior biodegradability,
and reliable functionality over extended periods compared to
other existing technologies.

Cytotoxicity assessment and biosafety assessment
Biocompatibility is one of the basic requirements for implantable
devices, which can be confirmed by determining the adhesion,
proliferation, morphology, and cell viability of L929 cells grown
on the surface of MXene/BC and PLGA films at different times
(Figures S11 and S12) (n = 3). L929 cells showed good adhesion,
spreading, and proliferation on the surface of MXene/BC and
PLGA films (Figures 4A and S11). Subsequently, the same
conclusion was reached by analyzing the results of the CCK-8
(Cell Counting Kit-8, n = 3) test, which demonstrated that cell
viability remained above 96.4% after 3 days of growth (Fig-
ure 4B). Furthermore, the average hemolysis rate of PLGA and
MXene/BC was significantly lower than the International Organi-
zation for Standardization standard (5%) (Figures 4C and S13)
(n = 3). The preceding results demonstrated that all the materials
that make up the supercapacitor were biocompatible and non-
toxic, thereby ensuring the biosafety of the implanted BFSCs
(Table S5).
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BFSCs (1 x 1 cm) were implanted into the dorsal subcutis of
Sprague-Dawley (SD) rats to assess their biodegradability and
biosafety in vivo. The physical images of the BFSCs and the mi-
cro-computed tomography (micro-CT) images during degrada-
tion demonstrated that the device maintained its finished struc-
ture for 30 days and visibly degraded at 60 days. At 90 days, the
PLGA and electrolytes were fully metabolized, and at 120 days,
the device was completely degraded (Figures 4D—-4F). This
degradation process is significantly influenced by the biological
environment, where high humidity, enzymatic activity, and
biochemical interactions collectively accelerate the breakdown
and support the efficient metabolic clearance of the degradation
byproducts. The histology and biodistribution of MXene associ-
ated with biodegradability in a rat model reveal aspects related
to toxicity. Figures 4G and 4H show the concentration of Ti
and Li in the blood, heart, lung, liver, spleen, and kidney explants
from SD rats at 2 and 4 weeks after MXene/BC implantation,
measured by inductively coupled plasma-mass spectrometry
(ICP-MS) (Figure S14). The organs of the control group and those
with implanted MXene reveal no abnormal accumulation of Ti in
the organs. There was no accumulation in the lungs. There is a
small accumulation of Ti ions in the heart, liver, spleen, kidneys,
and blood. At the same time, the control group and the organs
implanted with MXened material showed no difference in Li in
the organs and blood. The results of histological hematoxylin
and eosin (H&E) staining of tissues in the vicinity of the implanted
BFSCs and vital organs, in conjunction with the results of routine
blood tests, simultaneously showed no significant difference
from normal rats (Figures 41, S15, and S16). The above results
show that the degradation process does not cause toxicity and
adverse effects on tissues and organs. MXene is degraded by
oxidation and hydrolysis to form TiO, (Figure 1A),°*%® and in an
in vivo environment, additional factors such as enzymes and
reactive oxygen species (ROS) further affect the degradation
process. Enzymes can accelerate Ti-C bond cleavage via hydro-
lysis, while ROS generated during inflammatory responses en-
hances oxidation, expediting MXene degradation.

The degradation of PLGA determines the service life of
BFSCs, and due to its relatively low dissolution rate, the use of
a ratio of 65:35 results in BFSCs remaining intact in the body
and avoiding electrolyte leakage.*® The in vivo operational stabil-
ity of the BFSC was verified in a rat model (Figure 4J). At 30 days
after BFSC implantation, the capacitance retention rate was
72%, but the capacitance retention of the BFSC decreased
dramatically to 28% after 40 days and was almost capaci-
tance-free at 60 days. In vitro degradation experiments in deion-
ized water (75°C) revealed that by day 30, PLGA exhibited signs

Figure 4. Biosafety and biodegradability assessment of BFSCs

(A) Immunofluorescent staining of L929 cells cultured on the surface of MXene/BC films. n = 3. Scale bar: 40 pm.

(B) Percentage of cell viability of MXene/BC and PLGA film surface cells obtained by CCK-8 at 24, 48, and 72 h compared to controls (n = 3).

(C) The result of the hemolysis ratio of the positive control, negative control, and PLGA group (n = 3).

(D-F) In vivo degradation process of BFSC implants in the subcutaneous region of rat (D). Optical photographs (E) and CT images (F) of BFSCs at various stages of

the degradation timeline in rats (n = 3). Scale bar: 1 cm.
(G and H) In vivo distribution of key elements of ICP-MS (n = 3).

(
(

J) Subcutaneous electrochemical property changes in BFSC-implanted rats.

1) Routine blood of rats implanted with BFSCs at stages (4, 8, 12 weeks) (n = 3).

(K and L) Image and quality loss of BFSCs at various stages of the degradation timeline (75°C, DI water, n = 3). Scale bar: 1 cm.
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of degradation, leading to the exposure of the MXene and hydro-
gel electrolyte components to the solution environment. At
90 days, MXene was largely dissolved, leaving the hydrogel elec-
trolyte and PLGA. After 180 days, all substances were basically
dissolved (Figures 4K and 4L). Degradation experiments for each
component demonstrate that all materials that make up the
supercapacitors can degrade under different physiological con-
ditions, with elevated temperatures accelerating the degradation
process (Figures S17 and S18; Table S5).

BFSCs for bioelectrical stimulation

Here, we combined BFSCs with electronic components to
construct an electrical stimulation system for therapy to demon-
strate the immediate utility of using BFSCs as implantable biode-
gradable energy devices. The examples presented here include
cardiac pacemakers (Figures 5A-5C) and neurostimulation/inhi-
bition (Figures 5D-5K).

Pacemakers provide electrical stimulation therapy to address
cardiac disorders.®'® Temporary pacemakers are often used
during the recovery period after cardiac surgery and use wires
passed through the skin to connect to an external power
source for stimulation. Thus, the BFSC-driven pacing circuit
was subjected to testing (Figures 5A and 5B). The output elec-
trical pulse stimulation generated by the pacing circuit can
induce myocardial contraction and regulate heart rate. The
heart rate increased from 90 beats per minute in the intrinsic
phase to ~120 beats per minute in the effective pacing phase,
and the systolic blood pressure decreased significantly from
~80 mm Hg in the intrinsic phase to ~60 mm Hg in the effective
pacing phase due to the rapid pacing of the BFSCs (Figure 5C).
The above results confirm that the BFSC-driven cardiac pacing
systems can successfully realize cardiac pacing on a large an-
imal scale. Due to current technical limitations, non-biodegrad-
able pacemaker chips are used. However, the majority of the
pacemaker system is made from biodegradable materials,
significantly reducing the long-term burden of non-biodegrad-
able components while maintaining reliable pacing function.

The biodegradable electrical stimulation system consists of a
BFSC, a biodegradable pressure switch, and a biodegradable
flexible circuit (Figures 5D and 5E). The bioabsorbable pressure
switch consists of two conductive films and a spacer layer,
which collectively regulate the generation of electrical signal
pulses. The stimulation effect of a BFSC-based biodegradable
electrical stimulation system was verified in a rat model. In our
demonstration, the electrical stimulation electrodes were placed
around the sciatic nerve. The MXene electrode is more hydro-
philic after plasma treatment (Figure S19) and can be attached
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securely to the sciatic nerve surface. The stimulation system
was made to generate a pulse signal to stimulate the nerve by
pressing the pressure switch by hand (the electromyogram
[EMG@] signals during the stimulation were recorded by a physio-
logical recorder) (Figures 5E and 5F). As expected, the bio-
absorbable electrical stimulation system generated electrical
signals, which led to the elevation of the hindlimb (Video S1).

Notably, BFSCs also inhibit nerve signal transmission (Fig-
ure 5G). The positive charge of the BFSC neural scaffold induced
a sustained negative charge on the surface of the nerve fiber
membrane, which can suppress the conduction of positive
charges, thereby blocking the transmission of nerve impulses
from the proximal to the distal (Figures 5G and 5H). In this exper-
iment, external stimulation of the electrode at the proximal nerve
position (100 pA, 1 ms, 1 Hz) continuously induced hindlimb
movement, and the EMG was recorded by a physiological signal
recorder. The BFSC scaffold was attached to the nerve, and after
60 s, the BFSC neural scaffold was removed. The BFSC neural
scaffold could inhibit the transmission of the neural signals well
(Figure 5l). Compared with the average EMG recorded without
the BFSC neural scaffold, the BFSC neural scaffold could reduce
the electrically evoked EMG by a relative 98% (Figure 5J). Statis-
tical data are summarized and presented in Figures 5J and 5K.
The achievement of such excellent performance can be attrib-
uted to the fact that 1) the BFSC nerve scaffold is ring shaped
to encircle the nerve and is able to completely cover the circum-
ference of the nerve fibers, and (2) the BFSC nerve scaffold is
rated at 1.2 V, which is capable of inducing a high negative po-
tential at the nerve-contacting interface to block the transmis-
sion of the electrical signals from the upper end stimulation elec-
trode. Therefore, the BFSC nerve scaffold shows excellent
peripheral nervous system inhibition ability.

DISCUSSION

In summary, we proposed a symbiotic biodegradable flexible
supercapacitor, which showed excellent biodegradability and
softness and was completely absorbed after being implanted
subcutaneously in rats for 120 days. We used the emerging
MXene material as capacitor electrodes and systematically
demonstrated the biosafety and degradability of the devices.
Meanwhile, BFSCs have excellent electrochemical properties
(capacitance and energy density) and stability, surpassing previ-
ously reported biodegradable supercapacitors, with a surface
capacitance of 0.36 F/cm? and an energy density of 73.1 uWh/
cm?. BFSCs have a long cycle life (20,000 cycles) and 1-month
operating life in vivo, with high service efficiency (25%). BFSCs

Figure 5. BFSCs for bioelectrical stimulation

(A) Schematic diagram of cardiac pacing lead connected to a BFSC for cardiac pacing.

B) Images of animal cardiac pacing.

C) Blood pressure and ECG before and after cardiac pacing stimulation.
D) Schematic diagram of peripheral nerve stimulation.

E) Image of BFSC bioresorbable electrical stimulation system.

EMG signals recorded during stimulation.

Principle of the inhibition process.

J
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(
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H
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Images of BFSC-based neural scaffolds for the inhibition of peripheral neural activities experiments.
I-K) EMG signaling with and without BFSC-based neural scaffolds under external electrical stimulation.
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can drive cardiac pacing, brain stimulation, and neurostimulation
circuits, realizing heart stimulation in pigs and nerve stimulation
in rats. Furthermore, they can function independently as a
BED, effectively inhibiting nerve signal transmission in rats.
This advancement offers new opportunities for improving the
capacitance and stability of biodegradable capacitors. Looking
ahead, we envision integrating BFSCs with other biodegradable
energy-harvesting devices, such as triboelectric nanogenerators
or wireless power transmission systems, to create fully inte-
grated biodegradable electrostimulation systems. This would
enable the development of self-power, long-term bioelectronic
devices, advancing the field of biodegradable electronics and
broadening their application in implantable therapeutic systems.

METHODS

Materials

TizAlC, powder was purchased from 11 Technology. PVA (1799),
choline chloride (ChCI, analytical reagent [AR]), and lithium fluo-
ride (LiF, AR) were purchased from Aladdin. PLGA (65:35 [lacti-
de:glycolide]) was purchased from Jinan Daigang Biomaterial.
Concentrated hydrochloric acid (HCI, 36.5%) and dichlorome-
thane (DCM; 99.8%) were purchased from Macklin. BC fibers
were purchased from Guilin Qihong Technology.

Materials synthesis and preparation

The MXene materials were prepared using the following method:
(1) etching: 5 mL of deionized (DI) water was added to 15 mL of
36%-38% HCI to prepare solution A. Then, 1 g of LiF and 1 g of
MAX phase (Ti3AIC,) were dissolved in solution A to obtain solu-
tion B, which was stirred at 40°C for 24 h. (2) 20 mL of solution
B was mixed with 15 mL of DI water to prepare solution C. Sub-
sequently, solution C was centrifuged at 3,500 rpm for 3 minutes.
Then, discard the supernatant, rinse with 35 mL DI water and
centrifuge again. Repeat this step until the pH value of the super-
natant drops to 6.0, and the precipitate is obtained. (3) Finally, the
precipitate was diluted with DI water and treated with ultrasound
in an ice bath for 1 h. Then, it was centrifuged at 3,500 rpm for 60
min to obtain a dispersed single-layer Ti3C,Ty nanosheet.

The MXene/BC electrode was prepared by vacuum filtration of
the mixed solution, which was obtained by thoroughly stirring
MXene and BC in a 9:1 mass ratio. MXene/BC electrodes with
varying thicknesses were obtained by changing the quality of
the solution. The ChCI/PVA hydrogel was fabricated through a
one-pot and freezing-thawing method. Briefly, 1.0 g PVA and
different molar concentrations of ChCl were dissolved in 9 mL
DI water to form a homogeneous solution in a 95°C water bath
with vigorous stirring for 1-2 h. Then, the uniform solution was
molded into film by a glass mold, frozen at —80°C overnight,
and transferred to room temperature for 6 h. This was repeated
twice. The PLGA encapsulated film was prepared by the solvent
evaporation method. Briefly, 1 g PLGA powder was dissolved
into 10 mL DCM, and smooth PLGA film was obtained by spin
coating (1,000 rpm).

Preparation of BFSCs

The MXene/BC film and ChCI/PVA hydrogel were cut into
pieces (1 x 1 cm in area). Two MXene/BC electrodes were
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covered on the upper and lower surfaces of the hydrogel elec-
trolyte. Finally, the as-fabricated BFSC was set between two
PLGA layers. Then, the PLGA solution at high concentration
(10%, w/v) was used as an adhesive to carefully stick together
the edges of the two PLGA layers. The device was air dried for
12 h and further sealed by a heat sealer to exclude any inter-
stice and ensure that the BFSC was protected from the
environment.

Characterization measurements

The morphology of the top surface, bottom surface, and cross-
section of the MXene/BC films and related elemental information
was characterized by scanning electron microscopy (SEM) and
EDS (NOVA450). The surface and height of the sample were de-
tected by atomic force microscopy (AFM) using a Dimension
ICON system (Bruker). The chemical composition and state of
MXene/BC films were measured by X-ray photoelectron spectros-
copy (XPS) with a Thermo ESCALAB 250 instrument. FTIR was ob-
tained using a VERTEX80v spectrometer (Bruker). Crystal and
elementary compositions were analyzed by XRD, which was
performed using PANalytical X’Pert3 Power with 26 ranging from
5° to 10°, where Cu Ka. radiation (A = 1.5406 A) was operated at
40 kV and 40 mA and Raman spectra were equipped with an Ar
laser working at a wavelength of 532 nm (LabRAM HR Evolution,
Horiba) at room temperature. The tensile test of the hydrogel
was performed using the ESM301/Mark-10 system at room
temperature.

Electrochemical measurements
The MXene/BC films were then cut into circle shapes of 12-mm
diameter. Two-electrode cells were assembled using MXene/BC
electrodes and ChCI/PVA hydrogel to form symmetric supercapa-
citors. The thicknesses of MXene/BC electrodes were 3, 6, 9, 12,
24, and 36 pm, respectively. CV, GCD, and electrochemical
impedance spectroscopy tests were obtained using an electro-
chemical workstation (CHI660E). Self-discharge curves and
leakage currents were obtained from a battery tester system (Arbin
BT2000).

The areal capacitances (C) of the cells were obtained from
GCD curves:

It

C:w

(Equation 1)

where | is the discharge current of the supercapacitors, t is the
discharge time, s is the area of a single electrode, and V is the
voltage window.

The specific energy densities (E) of the cells can be evaluated
with the following equation:

CV?

E = 273600 (Equation 2)

The power density (P) of the cells can be evaluated with the
following equation:

P = @ (Equation 3)
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The BFSC service efficiency parameter is defined in the
following equation:

operational lifetime
degradation time

Service efficiency = (Equation 4)

Operational lifetime is the period during which the device re-
tains at least 70% of its initial capacitance, and degradation
time is the time required for the complete degradation of the
device.

Cell biocompatibility and proliferation evaluations

L929 cells are widely used as biocompatibility test materials
because of their stable growth characteristics, rich research
data, and good representativeness, and they are easy to obtain
and culture. L929 cells were cultured with standard Dulbecco’s
modified Eagle’s medium (DMEM, Gibco) supplemented with
1% penicillin-streptomycin (Gibco) and 10% fetal bovine serum
(Gibco) at 37°C in a 5% CO, atmosphere, and the medium was
replaced every 2 days. The biocompatibility of the materials was
tested by a live/dead assay (Solarbio). Samples of different ma-
terials weighing 10 mg were first soaked in 20 mL DMEM for 24 h,
and the leachate was retained. Cells were incubated in the
leachate for 3 days and then stained with live/dead assay ac-
cording to the reagent vendor’s instructions (n = 3). Briefly, the
cell samples were incubated with the prepared solution at
37°C for 20 min and then observed using a fluorescence micro-
scope (DMI 6000). Furthermore, the cell proliferation level for 1,
2, and 3 days was evaluated by a CCK-8 assay (Solarbio). Spe-
cifically, following the removal of the medium and the washing of
the cell samples with PBS, the samples were incubated with me-
dium containing 10% CCK-8 reagent. After incubation at 37°C
for 1.5 h, absorbance at 450 nm was measured using a micro-
plate reader (Thermo Fisher Scientific).

Cell morphology and immunofluorescent staining

Cell morphology can show the state of cell growth on different
substrates. The cytoskeleton and nucleus were stained with
phalloidin (Abcam) and 4’,6-diamidino-2-phenylindole (DAPI,
Solarbio). The L929 cells were cultured on the surface of different
material films (0 = 3) for 1, 2, and 3 days to observe cell
morphology. Before staining, the cells were fixed with 4% para-
formaldehyde (Solarbio) for 10 min and permeabilized with 0.1%
Triton X-100 (Solarbio) for 5 min. Finally, the cells were stained
with phalloidin for 30 min and DAPI for 10 min at room tempera-
ture and washed three times with PBS. The stained cells were
then visualized using a laser scanning confocal microscope
(SP8, Leica, Germany).

Hemolysis assay

The fresh blood (1 mL) of rats (male, 6 weeks old, 200 g) was
taken into an anticoagulant tube, and the supernatant was
removed after 2 mL PBS (Solarbio) was washed 5 times
(1,000 rpm, 5 min). The washed red blood cells were resus-
pended by 10 mL PBS (Solarbio) as the blood working solution.
The material group consisted of 200 pL of blood working solution
and 800 pL of material leached solution, which was prepared by
immersing 1 mg of PLGA film and MXene/BC film in 1 mL of
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normal saline for 3 days. The positive group (n = 3) received
200 pL of blood working solution and 200 puL of water, while
the negative group (n = 3) received 200 pL of blood working so-
lution and 200 pL of PBS. After incubating at 37°C for 4 h, the
mixture was centrifuged in at 1000 rpm for 5 min and photo-
graphed for recording, and 100 uL of the supernatant samples
from each group were used to test the absorbance at 577 nm.

In vitro degradation evaluation

Regarding compositional degradation, PLGA, MXene/BC, and
PVA/ChCI were cut into 1 X 1 cm sizes and immersed in Petri
dishes containing 1x PBS and DMEM with high glucose, respec-
tively, and heated to 60°C/37°C on a hot plate (n = 3). The solution
in the Petri dishes was changed every day. The BFSCs were
immersed in a Petri dish containing DI water and heated to
70°C on a hot plate (n = 3) to degrade the device. The DI water
in the Petri dish was replaced daily. Time series images were
captured at various stages using a Nikon D780 camera.

In vivo degradation evaluation

Before surgery, the SD rats underwent a one-week acclimatiza-
tion period. The BFSCs were sterilized with ultraviolet light and
75% alcohol for 1 h and then implanted subcutaneously into the
backs of the rats. The backs of the SD rats were opened at
different time periods to observe the degradation of the BFSCs,
and photographs were taken with a Nikon D780 camera. BaSO,4
with a mass fraction of 10% was added to the BFSCs as a devel-
oper, and in vivo degradation was assessed by micro-CT. Therats
were euthanized at different time intervals after implantation of the
BFSCs, and histological analysis (H&E staining) was performed on
the tissues and organs surrounding the implanted devices (n = 3).
For the blood routine examination (n = 3), tail vein blood of the rats
was collected and stored in anticoagulant blood collection ves-
sels, and then the levels of inflammatory cells in the blood were
evaluated by using an animal blood cell analyser (52VET, Beijing
Keyue Huacheng Technology).

ICP-MS study

MXene/BC (1 x 1 cm) was disinfected with ultraviolet light and
75% alcohol for 1 h and implanted subcutaneously into the
backs of SD rats. MXene solution (10 mg/mL) was injected sub-
cutaneously (10 mg kg™") in SD rats. After the material was im-
planted, the rats were euthanized at different intervals and blood
and tissue were taken. The Ti and Li content of the test sample
was measured by ICP-MS (Thermo iCAP Q). Different tissues
of the rats were excised for ICP-MS detection, the tissues
were transferred to glass bottles, and then they were digested
overnight in HNOj3. Next, they were heated to 180°C and kept
there for 1 h, and H,O, was added until the sample was fully di-
gested. Next, the solution was heated to 260°C to remove any
remaining HNO3. Finally, the remaining colorless solution was
diluted to 3 mL with 2% HNO3; and analyzed by ICP-MS.

In vivo study—electrochemical measurements

Before surgery, the animals underwent a one-week acclimatiza-
tion period (female, 8 weeks old, 180 g). To measure the electro-
chemical performance of BFSCs in vivo, we implanted the
capacitor in the dorsal subdermal region of an SD rat where
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operation and observation are more convenient. A transparent
sterile occlusive dressing, Tegaderm (3M), was then placed
over the wound and the lead wires (Figure S20). This can effec-
tively prevent the lead wire from being scratched by the rats.
The electrochemical performance of BFSCs was tested every
10 days using an electrochemical workstation (CHIGE60E).

In vivo study—neurostimulation/inhibition

SD rats (female, 8 weeks old, 180 g) were deeply anesthetized
with pentobarbital sodium (60-80 mg kg~'). The sciatic nerve
was exposed without muscle damage by releasing the surround-
ing connective tissue. In the stimulation experiments, electrical
stimulation electrodes were placed around the sciatic nerve,
and the stimulation system was made to generate a pulsed
signal to stimulate the nerve by pressing a pressure switch by
hand. During inhibition experiments, another stimulating elec-
trode (cuff electrode, KedouBC) positioned at the proximal site
of the nerve evoked compound muscle action potentials, with
a frequency of 1 Hz, a pulse current of 100 pA, and a pulse width
of 1 m (STG 4008, MCS Stimulus Generators). The BFSC neural
scaffold was placed below the stimulating electrode. The elec-
trophysiological recorder (Biopac MP150) was used to record
the EMG, the pair of electrodes was inserted into the subcutane-
ous tissue near the foot muscles, and the ground electrode was
placed under the skin away from the measurement site.

Porcine model of cardiac pacing

The BFSCs drive the pacing chip and connect the pacing lead for
cardiac pacing. First, the skin of the right side of the neck was pre-
pared with a tincture of iodine solution. Second, the external jugu-
lar vein was exposed with a small incision, and the pacing lead
was implanted through the external jugular vein and advanced
across the tricuspid valve. The lead was deployed at the right ven-
tricular apex. The electrophysiological recorder (Biopac MP150)
was used to record the electrocardiogram (ECG) and femoral
artery pressure. The study protocol was approved by the State
Key Laboratory of Cardiovascular Disease and Fuwai Hospital
(ethical approval no. 0104-1-4-ZX(X)-23).

Animal experiments

All rat experiments were performed according to protocols
approved by the Committee on Ethicsof the Beijing Institute
of Nanoenergy and Nanosystems (2023016LZ), and all animal
procedures werecarried out in line with the national standards
of the Laboratory Animal Requirements of Environmentand
Housing Facilities (GB14925-2001).

Statistical analysis

All experiments were repeated at least three times. Data were
analyzed as mean =+ standard deviation. Origin 2021 and
GraphPad Prism version 8.0. were used for data analysis and
plotting.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will
be fulfilled by the lead contact, Han Ouyang (ouyanghan@ucas.ac.cn).
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Materials availability
This study did not generate new unique reagents.

Data and code availability

All data supporting this study and its findings are available within the article and
its supplemental information or from the corresponding author upon reason-
able request.
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