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A B S T R A C T

Biodegradable electrical stimulators have emerged as a promising approach to temporary therapy. However, due 
to the absence of customizable biodegradable resistors, the clinically preferred constant-current stimulation 
remains unattainable. Dynamic impedance shifts caused by electrode degradation and tissue encapsulation can 
lead to unexpected stimulation outcomes in non-constant-current devices. Here, we present a highly stable 
biodegradable wireless constant-current stimulator based on customizable biodegradable resistors that sup
presses output current fluctuations to < 1.1% across a typical impedance range of 0.5 kΩ to 2.6 kΩ. Its core 
electronic components are a customizable MXene/bacterial cellulose biodegradable resistor (1 kΩ–1 MΩ). 
Exploiting nonlinear volume expansion within the 1D/2D porous scaffold, we suppress the abrupt resistivity drop 
near the percolation threshold, thus mitigating the sharp transition typical of traditional composites. Ultimately, 
the wireless constant-current system integrating these customizable resistors ensures consistent therapy, should 
expand the clinical viability of next-generation transient electrophysiological therapeutics.

1. Introduction

Implantable electronic medical devices hold significant clinical value 
in regulating human physiological functions. In electrical stimulation 
therapy, constant-current stimulation ensures the consistency of neural 
recruitment and effectively prevents tissue damage, making it the cur
rent preferred clinical approach (Fig. 1a and b) [1–14]. However, con
strained by the non-degradable nature of bio-inert materials, traditional 
devices typically require a secondary surgical removal after completing 
their temporary therapeutic tasks. This not only increases the risk of 
infection for patients but also imposes additional physiological burdens 
and medical expenses.

The emergence of biodegradable electrical stimulation devices offer 
an effective solution to eliminate the need for secondary surgeries. Upon 
completing the treatment, these devices can safely degrade in vivo 
through body fluid hydrolysis or metabolism. Currently, such devices 
typically rely on biodegradable metals (e.g., Mg, Mo) or polymers (e.g., 
PLGA, PLLA) as electrode interfaces [15–36]. However, in practical 
applications, influenced by dynamic factors such as the erosion of the 
electrode material itself, the infiltration of tissue exudate, and the 
growth of a fibrous capsule triggered by foreign body reactions, the 

interfacial impedance between the implanted device's electrode and the 
tissue experiences severe and uncontrollable fluctuations. This imped
ance instability directly causes the output current to deviate from preset 
values, subsequently leading to the attenuation or even failure of the 
therapeutic effect (Fig. 1c) [37–44].

To address this challenge, this study developed a highly stable, 
biodegradable, wireless constant-current electrical stimulator. The de
vice is capable of outputting biomimetic spike signals and clinical 
electrical stimulation parameters ranging from 0 to 2 mA. The core of 
the research lies in utilizing MXene/BC composite materials to achieve 
the large-scale manufacturing of biodegradable resistors ranging from 1 
kΩ to 1 MΩ. When the device internal resistance R0 is much greater than 
the actual impedance at the stimulation site Rload, the stimulation cur
rent is primarily determined by R0. Because R0 is significantly larger 
than the fluctuation range of the interface impedance, the circuit's 
sensitivity to variations in load impedance is effectively reduced. 
(Fig. 1c and Figure S1, Supporting Information). Experimental results 
demonstrate that this strategy successfully controls the current fluctu
ation amplitude to below 5.2%. Lastly, in a rat model, by precisely 
regulating the magnitude of the stimulation current via a wireless mode, 
varying degrees of lower limb movements were successfully induced, 
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fully validating the clinical potential and effectiveness of the device for 
precise motor control.

2. Result

2.1. Percolation threshold of MXene filler

In this study, high-aspect-ratio MXene nanosheets are employed as 
conductive fillers to induce significant steric hindrance within a bacte
rial cellulose (BC) nanofiber network, triggering a nonlinear macro
scopic volume expansion within the percolation regime. This buffering 
effect enhances the fault tolerance of the fabrication process, allowing 
precise tuning of biodegradable resistor resistance values while sup
porting large-scale production [45,46]. The MXene/BC composite ex
hibits a percolation threshold of 6 wt% and a non-universal critical 
exponent of (t = 2.7) (Fig. 2a, and Figure S2, Supporting Information). 
This electrical behavior is closely related to three microstructural pha
ses: at extremely low MXene loadings, the composite membrane main
tains an initial dense-packing state dominated by the BC network. As the 
MXene content increases, the 2D nanosheets generate substantial steric 
hindrance within the 3D fiber network, constructing a porous scaffold 
that leads to a dramatic increase in film thickness; subsequently, at 
higher MXene loadings, van der Waals forces between the nanosheets 
drive their restacking, resulting in the collapse of the porous architec
ture and a subsequent regression in film thickness. (Fig. 2 b, c and 
Figure S3, Supporting Information).

In the XRD pattern, it can be observed that as the BC content in
creases, the interlayer spacing of MXene shifts from 1.27 nm to 1.46 nm 
(Figure S4a, Supporting Information). In the infrared spectrum, with the 
increase in BC content, the hydrogen bond network strengthens, and the 

infrared absorption peak of hydroxyl groups undergoes a red shift 
(Figure S4b, Supporting Information) (Fig. 2c).

2.2. Fabrication of biodegradable resistors

The integration of MXene thin film deposition technology with high- 
precision laser micromachining enables the large-scale manufacturing of 
resistors. In accordance with the E12 series standard for electronic 
components, we provide biodegradable resistors with an accuracy of 
±10% (Fig. 3a). Based on this curve, five MXene thin films with different 
BC contents were selected, and standardized biodegradable resistors 
with resistance values ranging from 1 kΩ to 1 MΩ were fabricated to 
meet the requirements for modulating electrical stimulation current 
(Fig. 3c, and d). The amplitude-frequency characteristics from 0 to 
100 kHz are measured, with minimal impedance fluctuations in the 
high-frequency range (Figure S5, Supporting Information). In long-term 
experiments in PBS at 37 ◦C, using the high-value resistor as a compo
nent ensures that the device can operate continuously for 72 h with a 
resistance fluctuation of less than 10% (Figure S6, Supporting 
Information).

2.3. Biodegradable wireless constant current electrical stimulator

The biomimetic spiking signals is wirelessly transmitted to the 
implanted device, and the pulse width can be adjusted through an 
external capacitor to meet stimulation requirements of less than 1 milli
second (Fig. 4a and Figure S7, Supporting Information). The implanted 
device can be paired with resistors exceeding 50 kΩ to provide a constant 
output current of less than 2 mA for the biomimetic spiking signals 
(Fig. 4c and d). In conventional electrical stimulation therapy, the 

Fig. 1. Schematic diagram of a biodegradable constant current stimulator. a) Applications of Implantable Electrical Stimulation. b) Constant current electrical 
stimulation waveforms. c) Comparison of current fluctuations between constant-voltage electrical stimulation and constant-current electrical stimulation under 
impedance fluctuations. d) Schematic diagram of constant current electrical stimulation under bioimpedance fluctuations.
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Fig. 2. Percolation threshold of MXene/BC composite material. a) The changes and attenuation of surface resistivity of MXene films with different MXene contents 
(n = 3). b) The changes of film thickness of films with different MXene contents (n = 3). c) SEM images of MXene/BC films with different ratios.

Fig. 3. Biodegradable resistance preparation. a) Schematic diagram and photos of the standardized preparation process of biodegradable resistance. b) Selection of 
different BC contents for the preparation of standardized resistors ranging from 1 kΩ to 1 MΩ (n = 50). c) Photo of E12 series standard resistors. d) Distribution map 
of biodegradable resistors fabricated from MXene films with five different BC contents (n = 50).
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impedance change typically remains below 2.6 kΩ [47–54]. Assuming a 
universal bioimpedance of 1 kΩ for electrical stimulation, the resulting 
variation in current due to changes in bioimpedance can be controlled to 
less than 1.1% (Fig. 4e and f). This ensures the stability and precision of 
the stimulation, maintaining effective therapeutic outcomes while 
minimizing any potential adverse effects. The ability to wirelessly 
transmit the signal and adjust the pulse width further enhances the 
flexibility of the system, enabling it to cater to a wide range of therapeutic 
needs.

2.4. Wireless constant-current electrical stimulation of the sciatic nerve

A constant-current stimulator for wireless biomimetic spiking signals 
can stimulate the sciatic nerve to control lower limb movement (Fig. 5a). 
The current intensity required for a 100 μs biomimetic spiking signals is 
significantly higher than that for a 200 μs signal, and it offers a wider 
window for adjustable current intensity. (Fig. 5b, c and d). When stim
ulating nerves with bionic spike signals of two pulse widths, increased 
current intensity leads to activation of more nerve fibers and muscle 
fibers, resulting in larger compound action potentials and greater 
oscillation amplitudes (Fig. 5e and f). This phenomenon illustrates how 
control over the pulse signal's duration. Moreover, it can effectively 
compensate for in vivo impedance fluctuations and maintain stable 
stimulation output, thereby achieving reliable modulation of the degree 
of neural and muscle activation.

2.5. Cellular safety and biocompatibility of biodegradable resistors

MXene resistors possess both degradability and biocompatibility, 
making them suitable for use in biomedical applications. Over a period 
of 37 days, the MXene resistors were gradually encapsulated by the 
surrounding tissue, with their volume steadily decreasing over the 
course of 76 days. Notably, during the degradation process, no signifi
cant encapsulation was observed, and there were no apparent inflam
matory responses, suggesting that the degradation occurred in a 
controlled manner without triggering adverse tissue reactions (Fig. 6a, 
b, and c). Furthermore, when compared to the control group, cell 
cytoskeleton staining revealed no significant abnormalities, indicating 
that the presence of MXene resistors did not cause noticeable disruptions 
to cell structure or function (Fig. 6d and e).

3. Conclusion

The biodegradable wireless constant-current stimulator achieves 
precise regulation of the output current by integrating a high-resistance 
biodegradable resistor, enhancing the stability and reliability of elec
trical stimulation interventions. Simultaneously, the scalable fabrication 
strategy for this resistor provides a viable manufacturing solution for the 
mass production of transient electronic components. Although multi- 
component complex systems impose more stringent requirements on 
the long-term electrical stability of resorbable elements, future ad
vancements are expected to further overcome the bottleneck in the 

Fig. 4. Biomorphic spiking signals constant current output control. a) Schematic diagram of wireless constant-current electrical stimulation. b) Constant current 
output control for implantable devices. c) Relationship between constant current and internal resistance in implantable devices. d) Wireless constant-current 
stimulator photo and resistance magnification diagram. e) Range of electrical stimulation impedance changes in different body regions. f) Constant voltage elec
trical stimulation current fluctuation range.
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system integration of biodegradable devices by synergistically opti
mizing the impedance matching of other electronic components within 
the circuit. Looking ahead, this highly stable biodegradable resistor can 
not only serve as an independent core impedance-regulating unit, but 
will also pave the way for broader application scenarios in the next 
generation of biodegradable neural stimulation and electrophysiological 
therapeutic devices.

4. Methods and materials

4.1. 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% HCl to prepare solution A Then, 1 g of LiF and 1 g of MAX 
phase (Ti3AlC2) were dissolved in solution A to obtain solution 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 Subsequently, solution C was 
centrifuged at 3500 rpm for 3 min. Then, discard the supernatant, rinse 
with 35 mL DI water and centrifuge again. Repeat this step until the pH 
value of the supernatant drops to 6.0, and the precipitate is obtained. (3) 

Finally, the precipitate was diluted with DI water and treated with ul
trasound in an ice bath for 1 h. Then, it was centrifuged at 3500 rpm for 
60 min to obtain a dispersed single-layer Ti3C2Tx 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.

4.2. Fabrication of biodegradable wires

Biodegradable wires were produced by subjecting Mo wires to a se
ries of treatments, including electropolishing, zinc electroplating, and 
fusion encapsulation. The process began by cleaning 35 μm Mo wires 
using hydrochloric acid followed by deionized water. The Mo wire was 
then electropolished in a 10 wt% KOH solution until its diameter was 
reduced to 21 μm. The electropolishing was conducted at a current of 
100 mA for a duration of 5 min. After rinsing the wire with deionized 
water, it was electroplated with zinc using a zinc solution, followed by 
another rinse with deionized water. The electroplating current was set at 
10 mA, and the plating process lasted for 10 min. In the final step, PPDO 
(Regenovo, 2.0–3.0 dL/g) was heated to 170◦C until it became molten. 

Fig. 5. Wireless constant-current electrical stimulation of the sciatic nerve. a) Schematic diagram of wireless constant-current electrical stimulation of the sciatic 
nerve) b) Angular variation under two different current intensities with varying pulse widths. c) Variation in maximum compound muscle action potential (CMAP) 
peak under two different current Intensities with distinct pulse widths. d) Variation in compound nerve action potential (CNAP) peak values at two different current 
intensities with distinct pulse widths. e) Changes in CMAP and CNAP waveforms at different current intensities. f) Photographs of foot swing angles at different 
current intensities.
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The zinc-coated Mo wire was then drawn through the molten PPDO and 
extruded through a nozzle with a 0.3 mm diameter, completing the 
fabrication of the biodegradable wire.

4.3. Fabrication of biodegradable monofiber device

The zinc-plated molybdenum wire, after passing through the molten 
PPDO, is quickly coiled around alumina ceramic rods with diameters of 
10 mm or 25 mm. Once the winding is completed, the coils along with 
the reserved wire lengths are carefully removed and further encapsu
lated using a dichloromethane solution of PLGA (Sino-Tech Healthy, 
75:25, 15 W, 15 wt%).

4.4. Characterization measurements

The morphology of the top surface, bottom surface, and cross-section 
of the MXene/BC films and related elemental information was charac
terized by scanning electron microscopy (SEM) (Regulus 8220). The 
chemical composition and state of FTIR was obtained using a VER
TEX80v spectrometer (Bruker). Crystal and elementary compositions 
were analyzed by XRD, which was performed using PANalytical X’Pert3 

Power with 2θ ranging from 5◦ to 10◦, where Cu Kα radiation (λ =
1.5406 Å) 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.

4.5. Wireless transmission experimental setup

The experimental setup for wireless transmission utilized a boost 
circuit (DC (12 V)-DC (500 V)) as the voltage source, which provided 
output to a transmitter circuit. This circuit included high-voltage ca
pacitors (6.8, 10, 22, 33, 68 μF), discharge tubes (250, 300, 350 V), and 
inductors (0.64, 1.30, 1.87, 4.48 mH). The receiver section was 
composed of a 100-turn coil and lead wire made from 0.7 m of 110 μm 
insulated molybdenum wire) The open-circuit voltage (Voc) was 
measured using an oscilloscope (Teledyne LeCroy WaveRunner 9104).

4.6. Cell culture

3T3 cells were cultured in DMEM medium (Solarbio), supplemented 
with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin- 
streptomycin (Solarbio). The cells were incubated at 37◦C in a 5% CO2 

Fig. 6. Cellular safety and biocompatibility of biodegradable resistors. a) Tissue sections showing degradation of MXene films at 37 days and 76 days. b) Blood cell 
counts in MXene films degraded at 0 and 37 days. c) CT imaging of MXene film degradation at 0 days and 37 days. d) Effects of MXene film degradation at 0, 37, and 
76 days on organ tissue sections. e) Cytoskeleton staining at 1, 2, 3 days (n = 3).
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atmosphere to maintain optimal growth conditions.

4.7. Cell morphology and cytoskeletal analysis

The effects of the four-material extract on cellular growth were 
further examined) Samples cultured in the exudate for 48 h were fixed at 
room temperature with 4% paraformaldehyde (Solarbio) for 10 min. 
After washing with PBS, the samples were permeabilized in 0.1% Triton 
X− 100 (Solarbio) at 4◦C for 5 min. They were washed again with PBS 
before being incubated with Rhodamine-podophyllotoxin (Abcam, 
diluted 1:1000) at 37◦C for 1 h. Following another PBS wash, the sam
ples were incubated with 4’,6-diaminophenyl− 2-indole (DAPI, Solar
bio) for 10 min and then washed with PBS. The stained cells were 
subsequently observed under an ICX41 fluorescence microscope to 
visualize the cytoskeleton and nuclei.

4.8. In vivo degradation assessment

SD rats were allowed a one-week acclimatization period before un
dergoing surgery. The biodegradable monofiber device was sterilized by 
ultraviolet irradiation for one hour before being subcutaneously 
implanted in the dorsal region of the rats. Six months after implantation, 
the rats were euthanized, and histological analysis (H&E staining) was 
conducted on the tissues and organs surrounding the implanted antenna 
(n = 3). A complete blood count (n = 3) was performed using blood 
collected from the caudal vein into anticoagulant tubes. Inflammatory 
cell levels in the blood were analyzed using an animal hematology 
analyzer (52VET, Beijing Keyue Huacheng Technology).

4.9. Animal experiments

All rat experiments were performed according to protocols approved 
by the Committee on Ethics of the Beijing Institute of Nanoenergy and 
Nanosystems (2023016LZ), and all animal procedures were carried out 
in line with the national standards of the Laboratory Animal Re
quirements of Environment and Housing Facilities (GB14925–2001).

4.10. 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.
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