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Abstract 

Wearable and implantable triboelectric nanogenerators (TENGs) convert mechanical energy to 

electricity in daily movements of a human body. Self-generated dynamic electric field or 

displacement current of TENGs can operate from micrometers to centimeters, which offers a 

key technology for TENG-based therapy system for precision medicine on both tissues and 

cells. TENGs have low-current and high-voltage properties, which reduce damage to normal 

tissues, and kill rapidly dividing cancer cells. In this work, the dynamic electric field from 

TENG directly inhibit cellular proliferation behavior of cancer cells. The work paves a new 

way of self-generated electric field of TENG for cancer therapy. 
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1. Introduction 

Food and Drug Administration (FDA) approved tumor treating fields (TTFields) to use 

in glioblastoma multiforme (GBM), which have been found to improve survival in 

patients. TTFields use low-intensity (1-3 V/cm) and intermediate frequency (100-300 

kHz) electrical fields to treat cancers.[1] TTFields selectively interrupt mitosis and kill 

rapidly dividing tumor cells by delivering continuous alternating electric fields to the 

tumor site.[2] As an innovative and noninvasive therapy, TTFields selectively affects 

dividing cells while quiescent cells are left intact. However, the treatment costs of 

TTFields are about $21,000 per month for prolonged treatment. The patients need to 

wear the TTFields device continuously with minimal interruption, for more than 18 

hours a day, this inevitably requires lifestyle modifications which led to lifestyle 

drawbacks.[3]  

Triboelectric nanogenerators (TENGs)[4] based precision medicine systems have 

been a wide application prospect in the medical and health field.[5] TENGs convert 

electricity from human biomechanical energy.[6] TENGs have been applied on 

peripheral nerves to modulate gastric, sciatic, and bladder function.[7] Biomechanical 

systems based on TENGs are effectively applied for cell modulation,[8] and direct 

muscle stimulation.[9] TENG based precision medicine systems have been used as 

prostheses for the auditory,[10] visual,[11] and olfactory systems.[12] A self-powered 

magnet TENG-based drug delivery system (DDS) was developed in preclinical 

research.[13] TENGs can controls the drug release, which is used for the DDS that 

transports chemotherapeutic drug doxorubicin by red blood cells (RBCs).[13]   

Wearable TENGs offers novel therapeutic with self-generated fields directly treat 

cancer by human biomechanical energy. Yao et al. developed a human self-driven 

catalysis-promoting system (TENG-CatSystem) by self-generated electric field for 

catalytic cancer therapy.[14] TENG based devices can directly treat cancer for flexible 

time anti-tumor treatment. The lower frequency and higher intensity of TENG driven 
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by daily movement can be a great strategy for tumor treatments. In this study, we 

investigate that self-generated field from TENG directly treat cancer in cancer cells and 

murine tumors. Figure 1 is the schematic diagram of TENG with self-generated electric 

field systems for cancer therapy. The TENG based electric field therapy system are 

shown in Figure 1a. The wearable TENG has mechanical frequency conversion and 

energy storage by three-dimensional (3D) printing, as shown in Figure 1b. The 

mechanical frequency conversion and energy storage unit of wearable TENG has the 

advantage of utilizing ultra-low frequency vibration to realize high-speed rotation. The 

unit consists of two parts: the energy storage and the mechanical frequency conversion 

part. The energy storage part is an eccentric rotor structure and vibrates in response to 

ultra-low frequency excitation. The mechanical frequency conversion part converts the 

vibration into high-speed rotation.[15] This work can pave a new way for the flexible, 

stretchable, and fully biodegradable TENG with self-generated electric field systems 

for cancer treatment. 
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Figure 1. Schematic diagram of TENG with self-generated electric field systems for 

cancer therapy. a. TENG based electric field therapy system. b. Cell division and 

mitochondria function of cancer cells under TENG-driven electric stimulation. 

 

2. Theory of triboelectric nanogenerators 

 

While triboelectric charges occur on surfaces simply due to contact electrification for 

two different materials, an additional term Ps, mechano‐driven produced polarization, 

is added by Wang 
[16]   

 S
D E P P=  + +

0 , (1) 

where, P is the first term polarization vector induced by an external electric field, 

depend on the surface charges and the relative movement of the media. 

According to Equation (1) and Maxwell's equations,  define 

 D E P=  +'

0 , (2) 

 For slow-moving media system with acceleration and time-dependent 

configuration, the Maxwell’s equation is given by:[17] 

 Sf
D P = −'   (3a) 

 B = 0  (3b) 

 ( )
t


 +  = −


rE v B B  (3c) 

 ' '

S S[ ( )] [ ]
t


 −  + = + + +


r f fH v D P J v D P  (3d) 

where v and rv   is the translation moving and rotation velocity of the medium, 

respectively. These equations are fundamentals for describing the coupling among 

mechano-electric-magnetic multi-fields for TENG, including electromagnetic 

interaction and power generation . 

 

3. Results and discussion 

 

3.1. Solutions of self-generated field of TENG 
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3.1.1 The electric field of two charged parallel wire 

The two infinite long wires of same radius R, with the same line charge density, and 

opposite polarity is parallel and has a distance D. While the charge density of two long 

wire is   and − , and R D  for cancer therapy, using the mathematical derivation in 

Appendix A, the total electric field at a distance r from the wire A is: 

 
0

ˆ 0
2 ( )

AB

D
E r r D

r D r




=  

−
 (3) 

where ÂBr  is unit vector point from A to B. The electric field produced by two parallel 

wires is point from A to B, the min electric field appear at 
2

D
r = , the electric field value 

is 
min

0

2
E

D




= . 

3.1.2 The electric field of two charged curved surface 

The capacitor model composed of two charged curved surfaces. The radius of 

electrodes is unity. The upper and lower electrodes are defined by 0 1     , and 

1 0  −   − , respectively. The potential   produced by the charged curves surface of 

TENGs satisfies 2D Laplace equation.[18] The general solution of Laplace equation is 

 
( 1)

1

sin( ), 1,2,
i n

i n

n

a n i  


−

=

= =  (4) 

where n
a  are constants. The i (1 and 2) stands for the region of 1   and 1  . By 

using the mathematical derivation shown in Appendix A, we have: 

 
1

1

1
ˆ ˆ ˆ ˆ( , ) ( ) [sin( ) cos( ) ]n

n

n

E e e na n e n e   

 
     

  


−

=

 
= − = − + = − +

 
  (4) 

where ê  and ê  is the unit vector of electric field in polar coordinates. The electric 

field distribution is depended on the angle 0  and 1 . 

 

3.2.Fabrication and performance of TENG 

The schematic of the structure of TENG is shown in Figure 2a. Wearable TENG is 
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currently recognized as one of the most practical solutions to achieve seamless 

combination of TENG and human movement.[19] TENGs possess the ability to 

transform diverse body movements into electrical signals, opening up possibilities for 

innovative self-powered biomedical applications.[20] The working principle of this 

TENG is shown in Figure 2b. Based on triboelectrification and electrostatic induction, 

electrons flow back and forth between the two groups of electrodes through an external 

circuit. The potential distribution is simulated by COMSOL, as shown in Figure 2c. 

The output characteristics of the TENG are shown in Figure 2d-f. The open-circuit 

voltage (Voc) can reach up to 650 V at a rotation speed of 600 rpm, as shown in Figure 

2d. The short-circuit current (Isc) is 4 μA at a rotation speed of 600 rpm, as shown in 

Figure 2e. The output is constant within 2 h, as shown in Figure 2f. The output charge 

is ~45 nC at a rotation speed of 200 rpm (Figure S1a, Supplementary Information). The 

output charge remains stable with rotational speed from 200 to 600 rpm. Open circuit 

voltage at 200 rpm is 520 V (Figure S1b, Supplementary Information). 

 

Figure 2. Electrical output performance of TENG. a. Schematic structure of the TENG. 

b. The working principle of TENG. c. The potential distribution is simulated by 

COMSOL. d. Open-circuit voltage, and e. short-circuit current of TENG with various 

rotation rates. f. The stability of open-circuit voltage over 2 hours. 
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 Since the internal resistance of the TENG is relatively large, usually between tens 

of MΩ and hundreds of MΩ.[21] The impedance of tumor tissue in mice is about a few 

tens of kΩ.[22] The distance between the insulated wires is 1 cm. After connecting the 

device, a field of only 0.26 V/cm is generated in the area of interest. Self-generated 

electric field of TENGs at low intensity of 0.26 V cm-1 can kill rapidly dividing cancer 

cells. Thus, the currents are suitable for cellular electrical stimulation to inhibit cancer 

cell growth in vitro. TENGs offer distinct advantages over traditional electric 

stimulators for in vivo biomedical applications, characterized by high voltages and low 

current outputs that ensure excellent biosafety and suitability for in vivo utilization. 

TENGs have low-current properties also can reduce damage of normal tissue in vivo. 

The lower current TENG for cancer therapy are novelty compared high output of 

previous works.  

Previous approaches of self-powered TENG-based electric stimulation system can 

enhance the proliferation of fibroblast cells with the ranges of currents between 10 and 

50 A .[8b] TENG can effectively convert mechanical energy to electric with high power 

density. Because the energy, frequency, and acceleration of human movement are 

limited, the development of the self-generated electric field of TENG with low-current 

is key for therapy and health monitor. TENGs operating at low frequencies (a few Hz) 

enable direct application without the need for external energy transmitters, simplifying 

therapy procedures.[14] Saqib et al. developed a highly efficient TENG that captured 

energy from omnidirectional movements within the human body using cellulose-based 

particles in rapidly degradable gelatin capsules as friction anode and cathode layers, 

achieving a power range of 5.488 to 70 µW and a maximum energy conversion 

efficiency of 74.35%.[23] Park et al. ingeniously harnessed friction-generated electric 

charge in the human body to create simplistic aluminum electrode TENGs, where each 

step generated ample power to instantaneously illuminate 100 commercial LEDs.[24] 

The energy generated by low-frequency energy TENGs during daily movements is 

sufficient for direct cancer cell killing. Recent studies have shown that cancerous cells 
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are more susceptible to death comparing normal cells under specific ES conditions.[25] 

Mild ES (at ≈1.2 V) induced pronounced double strand breaks and adenine base 

damage in cancer cell DNAsfor killing cancer cells.[26] TENG-based electrotherapeutic 

platforms that produced current stimulation at 150 A, effectively disrupt actin and 

tubulin-related cellular cytoskeleton, reducing in vitro cell migration without apparent 

toxicity to normal organs and tissues. Furthermore, TENG-based treatments with the 

current stimulation at 150 A prevented early spreading of cancer cells to other body 

sites.[27] Typical output characteristic of TENG is low current in wearable applications. 

In specific experimental setups, it is crucial to implement suitable circuitry or 

energy management systems to facilitate the direct application of the self-generated 

dynamic electric field of TENGs. This includes the conversion from AC to DC, which 

is particularly relevant for electrotherapy approaches relying on continuous DC current. 

By integrating rectification and energy storage components, practical solutions can be 

achieved, overcoming limitations related to size and energy conversion efficiency.[28] 

Recent studies have introduced semiconductor-based DC-TENGs, which operate on the 

tribovoltaic effect, akin to the photovoltaic effect but utilizing friction as the energy 

source.[29] These DC-TENGs leverage semiconductor materials with low impedance (∼

kΩ), enabling them to generate high current (∼A m-2).[30] They use the inherent 

triboelectric charges as mobile charges, which canbe directly driven by the built-in 

electric field in p-n junction or Schottky junction to produce a DC output.[30-31] 

 

3.3.TENG-driven well plates for cell test 

We designed a self-generated electric field system with the assistance of TENG for 

cancer therapy (Figure 3a). Cells are seeded at the bottom of the pink chamber (Figure 

3b), and the device was connected to the TENG via a pair of copper electrodes (Figure 

3c). To optimize the electrodes, the potential distribution and electric field distribution 

of a 24-well plate were simulated using COMSOL. In the simulations, the electrode 

with an arc of 82 degrees exhibited the best electric field distribution than the electrodes 

with other arcs (Figure 3d). Subsequently, we simulated the potential distribution and 
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electric field distribution of 24-well plates under an applied voltage of 600 V (Figure 

3e). The electrode structure design can effectively optimize the electric field 

distribution to improve the outcome of self-generated electric field.  

 

Figure 3. Optimization of electric field distribution. a. Optical photograph of a copper 

electrode array in a 24-well plate. b. Schematic illustration of the 24-well plate. Cells 

are seeded on the bottom of the pink chamber. c. Structural design of the copper 

electrode array. d. Electric field distribution under different electrode arcs. e. Electric 

field distribution and potential distribution of the electrode array at 600V. 

 

3.4.In vitro cancer therapy 

Figure 4a is the schematic diagram of TENG with self-generated electric field systems 

on cancer cells in vitro. The electric stimulation driven by TENG effectively controls 

the cell growth and proliferation of melanoma cell line (B16F10), as shown in Figure 

4b. The cancer cells were stimulated directly by the TENGs for 2 h and further 

incubated for another 24 h. Then CCK-8 assay was carried out to evaluate the effect of 

the electric fields on tumor cell proliferation. Compared to the untreated cells, the 

viability of B16F10 cells treated with TENG stimulation decreased by 82%. To 

rigorously assess the tumor-killing effects of TENGs, a control group employing a 

conventional signal generator was included. The cancer cell killing efficiency of the 

conventional signal generator (0.26 V/cm at 100 kHz for 2 hours) group was 6%, 

indicating the limited effect of conventional pulse electric fields alone (Figure S2, 

Supplementary Information). We investigate the inhibitory effects on cancer cells of 
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different treatment times in B16F10 cells in 2D culture model. The anti-tumor effects 

were increased with the prolongation of treatment and reached the plateau at 2 hours, 

as shown in Figure 4c. The inhibitory effect of different electric field intensities on 

tumor cell growth is also studied as shown in Figure 4d. As treatment efficacy was 

positively correlated with TTFields intensities,[2a, 2b] the B16F10 cells were exposed to 

various intensities between 0.1 V cm-1 and 1.8 V cm-1. We found that TENG with self-

generated electric field at low intensity of 0.26 V cm-1 has significant enhanced anti-

tumor effect compared to the lower intensity of 0.15 V cm-1 (p < 0.001). When the 

electric field intensity is greater than 0.26 V cm-1, the inhibitory effect was saturated at 

lower electric field. The efficacy, reliability, and safety of TTFields therapy are 

contingent upon specific parameters.[2a, 2b] Researchers have explored multiple 

parameters to optimize the therapeutic potential of TTFields for cancer cell 

eradication.[32] TTField inhibition exhibits distinct dependencies on intensity and 

frequency across different cancer cell types. For the treatment of malignant melanoma, 

optimal parameters for electric field therapy include a frequency of 100 kHz and 

intensity ranging from 1 to 2 V/cm.[2a] Moreover, the effectiveness of TTFields is 

influenced by the relative alignment of the mitotic axis and the field vector.[32] TTFields 

therapy utilizes low-intensity, alternating electric fields as the predominant waveform. 

With microsecond-range pulse width, these fields effectively disrupt cell division by 

significantly impacting the interaction with tumor cells.[2a, 2b] This work demonstrates 

that TENGs can generate self-generated electric fields at a low intensity of 0.26 V/cm, 

offering the potential for selective eradication of rapidly dividing cancer cells. Thus, 

the currents driven by TENG hold promise for in vitro cellular electrical stimulation, 

effectively inhibiting cancer cell growth. Additionally, TENGs exhibit low-current 

properties, minimizing the risk of normal tissue damage in in vivo applications. This 

novel approach employing lower current TENGs for cancer therapy represents a 

significant advancement in contrast to previously reported high-output methodologies. 

The effects of TTFields, primarily affecting mitotic cells, were proposed to involve 

the alignment of proteins with large dipole moments, for example, tubulin dimers, 
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compromising the mitotic spindle and the mitotic process.[2] Strong forces on septin 

molecules were suggested to induce apoptotic cell death. Additionally, the electric 

fields were proposed to become highly inhomogeneous at the mitotic furrow during 

telophase, influencing biomolecules in that region and compromising cell division. 

Understanding these mechanisms is crucial for optimizing electric field-based therapies 

and improving treatment outcomes. The effect of self-generated electric fields on cancer 

cells was assessed through various analyses. The apoptosis of different cancer cells was 

assessed by annexin V/PI double staining and quantified by subsequent flow cytometric 

analysis. For B16F10 cells, a striking increase in apoptosis was observed after treatment, 

the apoptosis rate reached 66.8%. Representative flow cytometry images are shown in 

Figure 4e, apoptotic cells populate the upper (late apoptosis) and lower (early apoptosis) 

right quadrants. These tumor cells presented marked reductions in proliferation and 

increased apoptosis after the TENG with electric fields treatment. In order to analysis 

cellular oxidative damage, we measured cellular levels of 8-hydroxy-2’-

deoxyguanosine (8-OHdG, indicator of oxidative DNA damage), 4-hydroxy-2-nonenol 

(4HNE, an indicator of lipidperoxidation), protein carbonyl (PCO, a biomarker of 

protein oxidation), before and after self-generated electric field of TENG treatment. 

Figure 4f shows 8-OHdG, 4HNE and PCO amounts were significantly increased in 

treated B16F10 cell lysates compared to controls. Live/dead cell fluorescence staining 

was shown in Figure 4g. By comparing the number of dead cells with the total amount 

of cells, the dead cell percentage was calculated. For B16F10 cells, the dead cell 

percentage is at 75.1%.   

Programmed cell death is indicated by a depolarization of mitochondrial 

membrane potential (MMP) which has been examined by JC-1 staining.[34] As shown 

in Figure 4h, severe mitochondria depolarization was observed in cancer cells under 

electric field of TENG, with an increase in green/red fluorescence ratio. The green: red 

ratio of B16F10 cells reached 6.6. Mitochondrial dysfunction results in ROS 

accumulation.[34] By analyzing the levels of intracellular ROS by H2CDFDA staining, 

we found that self-generated electric field of TENG induced the accumulation of ROS 
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in cancer cells, as shown in Figure 4j. Intracellular ROS levels are affected by cell 

membrane damage and intracellular Ca2+ concentrations. The evolution of intracellular 

Ca2+ levels was studied in cancer cells using Fluo4-AM as a fluorescent calcium probe. 

Intracellular Ca2+ level was 2.2-fold higher than the cases without treatment for B16F10 

cells, as shown in Figure 4i. These findings demonstrate that the self-generated 

displacement current of TENG effectively impeded the proliferation of cancer cells. 

The TENG-driven stimulation resulted in cell apoptosis, accompanied by increased 

ROS accumulation and calcium overload. These compelling findings elucidate the 

profound impact of TENG-driven high voltage low current stimulation on cancer cell 

viability, achieved through mitochondrial dysfunction and heightened oxidative 

damage at the cellular level. 

 

 

Figure 4. TENG based self-generated electric fields inhibit tumor growth in vitro. a. 
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Schematic of the in vitro experimental setup for TENG based self-generated electric 

field systems. b. Relative cell viabilities of B16F10 cells 24h after treatment with TENG 

based self-generated electric field systems (n = 4). c. The inhibition ratio of different 

treatment time of TENG with self-generated electric field in B16F10 cells (n = 4). d. 

The inhibition ratio of different electric field intensities of in B16F10 cells (n = 4). e. 

Representative flow cytometry profiles and apoptotic cell percentage for B16F10 cells 

under TENG based self-generated electric fields (n = 4). f. Levels of 8-hydroxy-20-

deoxyguanosine (8-OHdG), 4-hydroxynonenal (4-HNE), and protein carbonyl (PCO) 

content after different treatments (n = 4). g. Calcein AM and PI double-stained images 

of B16F10 cells treated with TENG based self-generated electric fields (n = 4). h. 

Fluorescence images and the ratio of fluorescence intensity of JC-1 monomers and JC-

1 aggregates of the B16F10 cells under different treatments (n = 4). i. Representative 

fluorescent images and quantification of H2DCFDA staining for intracellular ROS (n 

= 4). j. Representative fluorescent images and quantification of staining for intracellular 

Ca2+ and the intensity of fluorescence (n = 4). Statistical significance was calculated via 

Student’s t-test compared with the control or the ordinary one-way ANOVA with 

multiple comparisons. Values of p < 0.05 were considered statistically significant. 

Asterisk (*) denotes statistical significance between bars (*p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001); ns, not statistically significant.  

 

3.5. In vivo cancer therapy 

We next evaluated the in-vivo antitumor efficacy of the TENG with self-generated 

electric field by using murine tumor models. C57BL/6 mice were inoculated 

subcutaneously with B16F10 malignant melanoma cells. One day after tumor 

inoculation, a pair of 10-mm long, entirely insulated wires with a diameter of 0.25 mm 

were on both sides of the tumor, as shown in Figure 5a. Treatment began one day after 

tumor cell inoculation and performed daily for six days. According to the experiments 

of TTFields originally proposed by Kirson et al., the use of parallel wires in in vivo 

cancer therapy serves the purpose of generating alternating electric fields.[2a] TTFields, 
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delivered through insulated electrodes with parallel wire configuration, exert inhibitory 

effects on dividing cancer cells by generating alternating electric fields. This parallel 

wire setup enables the creation of a homogeneous electric field near the tumor. Targeted 

delivery of electric fields directly to the tumor region is ensured. Notably, in addition 

to electric field generation, the parallel wire configuration enables the generation of low 

current as electrons flow along the wires[35]. This current can be harnessed for the 

purpose of targeted cell killing, with the parallel wires acting as electrodes to deliver 

low current to the tumor site. By incorporating parallel wire setups in in vivo cancer 

therapy, a dual-mode functionality is achieved. The parallel wires can generate low 

current for targeted cell killing, while the electric field selectively affects dividing cells 

within the tumor. This combination of current and electric field offers a comprehensive 

approach to enhance treatment efficacy and selectivity. Representative photographs of 

the posttreatment observation phase are shown in Figure 5b. We found that TENG with 

self-generated electric field at low intensities of 0.26 V cm-1 effectively inhibited 

malignant melanoma growth by comparing nontreated control. Treated tumors were 

significantly smaller comparing with control tumors at the end of observation period. 

Figure 5c shows the tumor volume curves of treated side and control side. Figure 5d 

represent the mean tumor volume of each side at the end of observation (n = 5 mice, p 

= 0.0005; paired t-test). Tumor growth inhibition rate (TGI, %) was 44.99% for tumors 

by self-generated electric field of TENGs. There are control groups for in vivo 

experiments that are completely untreated by electric fields (Figure S3, Supplementary 

Information). From representative photographs of the posttreatment observation phase 

(Figure S3b, Supplementary Information), the control group tumors are not affected by 

the electric field. The tumor growth curves show untreated control and treated group 

(Figure S3c, Supplementary Information). In the animal experiments, the body weights 

of mice kept constant (Figure S4, Supplementary Information). Following the 7-day 

observation period, tumor tissue and adjacent tissues were collected for histologic 

analyses. In optical images, tissues of treated sides stained with hematoxylin-eosin and 

Ki-67 immunohistochemistry confirmed the inhibition of the growth of malignant cells 
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(Figure 5e and 5f). No notable adverse effects were observed on gross health measures, 

blood routine (Figure S5, Supplementary Information), blood biochemistry (Figure S6, 

Supplementary Information), and histological analysis of the major organs (Figure S7, 

Supplementary Information).  

 

Figure 5. Anti-tumor effect of self-generated electric field of TENG in vivo. a. 

Schematic illustration of the in vivo experiments of TENG with self-generated electric 

field. b. Photographs for treated tumors and control tumors of B16F10 tumor-bearing 

mice at observation period. c. Tumor volume curve of each group after tumor 

inoculation (n = 5). d. Tumor volume of each group of B16F10-bearing mice on the 
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14th day after tumor inoculation (n = 5). e. HE staining for tissues of untreated side and 

treated side in B16F10 tumor-bearing mice. Scale bars, 500μm. f. Ki-67 staining for 

tissues of untreated side and treated side in B16F10 tumor-bearing mice. Scale bars, 

100μm, bars in high-magnification panels, 50μm. Statistical significance was 

calculated via Student’s t-test, and p < 0.05 was considered statistically significant. 

Asterisk (*) denotes statistical significance between bars (***p < 0.001) conducted 

using Graphpad Prism 8. 

Electrical stimulation (ES) has been applied to regulate cellular activities in tissue 

engineering.[36] Electric fields have been applied in clinical cancer therapy through 

mechanisms of irreversible electroporation, electric field-induced mitosis inhibition, 

and electrochemotherapy.[37] By changing parameters, electric fields can directly kill of 

cancer cells.[37] However, it faces great challenges of limited efficacy in certain tumor 

types, limited penetration depth, compliance and treatment burden, and adverse effects 

and device-related issues.[38] To improve usability, TTFields devices are designed to be 

wearable and portable, causing minimal disruption to daily activities. TENGs offer 

unique advantages for cancer treatment, including wearability, self-powering, flexibility, 

and high biosafety.[4a, 9b, 37] Unlike other ES techniques, TENGs convert mechanical 

energy from daily human movements into electrical impulses, eliminating the need for 

external power sources. TENGs can be integrated into wearable devices, allowing for 

portable and continuous therapy while maintaining patients' daily activities. Previous 

studies have demonstrated the potential of TENGs in personalized long-term treatment, 

such as neural interfacing,[39] tactile restoration,[40] and bone repair.[41] The self-

generated electric fields of TENGs selectively target cancer cells, minimizing damage 

to healthy cells and reducing side effects associated with non-targeted ES. Implantable 

TENGs, when excited by ultrasound, can generate AC voltage and release anti-mitotic 

drugs into tumor tissues, enhancing cell death synergistically.[42] TENG-based therapy 

systems can be easily integrated with other therapeutic modalities, such as DDS or 

imaging technologies, enabling combination therapies for enhanced treatment 

efficacy.[43] 
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Challenges in TENG-based therapy systems include low energy density. Recent 

studies have made progress in addressing these challenges, such as fabricating smaller 

TENGs using 3D printing, improving energy collection efficiency through flexible 

materials, and enhancing device durability through encapsulation and protective 

coatings.[44] Long-term and reliable operation of TENG devices is crucial for 

biomedical applications, and research has focused on developing long-term 

implantation options.[39-41] Accurate DDSs are crucial for minimizing side effects and 

improving treatment efficacy. TENG-based devices have been developed to harvest 

energy and enable electrical stimulation of cancer cells, leading to significant drug 

absorption.[45] Scalability and cost-effectiveness of the manufacturing process are 

important considerations for market applications. Scalable fabrication techniques have 

been explored to enable large-scale manufacturing of TENG devices.[46]  

In this study, we demonstrate the novel approach of utilizing TENGs to generate 

self-generated electric fields and low current for cancer treatment. TENGs offer 

advantages such as self-powered operation, portability, and potential for wearable 

applications. The self-generated electric field of TENG is safe for cancer therapy. By 

selectively affecting dividing cells while leaving quiescent cells intact, TENG with self-

generated electric field can directly induce cell cycle arrest and apoptosis in cancerous 

cells. Wearable TENG devices can prevent fibrosis induced by foreign body reactions 

in the surrounding tissue. Additionally, the self-generated electric field of TENG allows 

for easier displacement from treatment sites, which is beneficial for small-sized devices. 

TENG also enables close monitoring of cytotoxicity and histocompatibility. Thus, 

direct utilization of TENGs' self-generated electric field enhances therapy systems' 

efficiency, cost-effectiveness, portability, and safety. TENG-based therapy systems 

provide direct and localized therapeutic effects, eliminating the need for additional 

power sources. Their lightweight nature and seamless integration into wearables enable 

portable and continuous treatment. Moreover, TENG-based systems offer non-invasive 

and targeted treatment options, reducing potential side effects. Except the effect of self-

generated dynamic electric field on cancer cells, its low-current properties and the 
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principles underlying these effects may have implications for reducing damage to 

normal tissues and promoting cell regeneration in other contexts, including acute renal 

injury.[47] Recent advances in TENG have significantly promoted wound healing by 

simulating the natural healing mechanism of endogenous electric fields.[48] These 

TENGs also have potential applications in wound treatment, nerve stimulation, and 

tissue regeneration. These advancements in TENG-based systems hold promise for 

improving therapeutic outcomes and expanding practical applications. 

 

4. Conclusion 

In summary, we demonstrate that TENG with self-generated electric field can 

effectively inhibit tumor cells growth in vitro and in vivo. The TENG can offer a high 

and consistent electricity output to hinder the proliferation of cancerous cells. The 

stimulation induced cell apoptosis as ROS accumulation and calcium overload. These 

findings demonstrate how TENG-driven high voltage low current stimulation 

significantly decrease cancer cell viability by mitochondrial dysfunction and enhancing 

oxidative cellular damage. Murine melanoma cancer was efficiently suppressed by self-

generated electric field of TENG in vivo. This work can enable self-powered stimulator 

for wearable and chronically implantable electrical cancer treatment system. 

 

5. Experimental Sections 

Fabrication of TENG: The TENG was based the 80 m-thick PTFE film and the 

stator with copper electrodes. A disk-shape acrylic board was used as the substrate with 

a diameter of 80 mm. The foam was cut into radial-arrayed sectors of 45 degree. The 

outer and inner diameters of the sectored foam are 80 mm and 32 mm, respectively. 

Four sectored foams were adhered to the acrylic substrate to achieve soft contact, and 

the PTFE film was adhered to the foams as a triboelectric layer. For the stator, 

complementary sector-shaped copper electrodes were glued to an acrylic plate with the 

size of 100 mm × 100 mm × 4.5 mm. The rotary motion was driven by a stepping motor.  
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Measurement of the output of the TENG: A programmable electrometer (6514, 

Keithley Instruments model) was used to test the VOC and ISC of TENG.  

Cell cytotoxicity tests: Cell cytotoxicity tests was conducted using a cell counting 

kit-8 (CCK-8; Solarbio, China) and Calcein-AM/Propidium Iodide (Calcein-AM/PI; 

Solarbio, China) Double Stain Kit.  

Detection of intracellular ROS levels: The ROS-sensitive probe H2DCFDA (HY-

D0940, MCE, China) was employed. In brief, tumor cells were seeded into a 24-well 

plate (1 × 104 cells per well) and stimulated with TENG for 2h. Afterward, the cells 

were incubated with 10 μM H2DCFDA at 37 ℃ for 30 min, and confocal laser 

fluorescence imaging (CLSM) was performed. Image processing and data analysis 

were performed using ImageJ. 

Measurement of mitochondrial membrane potential: Cells were seeded into a 24-

well plate and subjected to TENG-driven stimulation for 2 h. Thereafter, cells were 

stained with JC-1 according to the manufacturer’s protocols. The samples were then 

imaged by LSM170 confocal microscopy (Zeiss). 

Intracellular Ca2+ concentration analysis: The intracellular Ca2+ concentration was 

detected using the indicator dye fluo-4 AM (Solarbio, Beijing, China). Cancer cells 

were incubated with 4 M Fluo-4-AM in HEPES buffered saline for 60 min at 37 ℃ 

in 5% CO2,  and CLSM was performed.  

Animals: Six-to-eight week old female BALB/c mice were purchased from Beijing 

HFK Bioscience Co., Ltd. (www.hfkbio.com), and the procedures for handling the 

animals were performed firmly according to the national standards “Laboratory Animal 

Requirements of Environment and Housing Facilities (GB 14925-2001)”. Animal 

experiments were approved by the ethics Committee for Medical Research and New 

Medical Technology of Sichuan Cancer Hospital (Approval Number: SCCHEC-04-

2022-011). 

In vivo cancer therapy: The mice were shaved, depilated, and disinfected on the back 

under isoflurane anesthesia. The spinal column was used as the central axis, tumor cell 

line inoculums were injected (25 μl; 3×105 cells) subcutaneously into both sides at an 



 

20 
 

interval of ~15 mm. One day later, 10-mm-long pairs of parallel, insulated wires (outer 

diameter, 0.25 mm; insulation thickness, 0.125 mm; Tefzel) placed intradermally into 

both sides of the tumor. Mice were treated daily for 6 consecutive days. Each treatment 

session lasted for 2 h. After treatment, the implanted wires were removed. Tumor 

growth was monitored for 7 consecutive days and photos were taken as indicated. 

Tumors were measured using a caliper. The tumor volume was calculated as follows: 

tumor volume (mm3) = 1 × (2 ×length × width × height)-1. Tumor growth inhibition rate 

is calculated as (mean tumor volumecontrol−mean tumor voluemetreated)/mean tumor 

volumecontrol × 100%. When the observation was finished, the mice were euthanized, 

the skin overlaying the tumor was removed, tumors were harvested, fixed in 

paraformaldehyde, and paraffin embedded. To evaluate the possible adverse effects of 

electric field therapy on mice, each mouse was weighed every two days. Furthermore, 

the mice's fur ruffling, behavior, and feeding were continuously observed. Tumor-

burdened and non-tumor-bearing control mice were treated with electric field therapy 

and analyzed at the end of observation on hematology, blood biochemistry and 

pathology of the major organs. 

Statistical analysis: All data are expressed as mean ± s.e.m., n = 4 and 5 for 

correspond to in vitro and in vivo experiments, respectively. All statistical tests were 

performed with GraphPad Prism 8.0 software. Statistical significance was calculated 

via Student’s t-test compared with the control or the ordinary one-way ANOVA with 

multiple comparisons. Values of p < 0.05 were considered statistically significant. 

Asterisk (*) denotes statistical significance between bars (*p < 0.05, **p < 0.01, ***p 

< 0.001, ****p < 0.0001); ns, not statistically significant.  
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Appendix A 

The two infinite long wires of same radius R, with the same line charge density, 

and opposite polarity is parallel and has a distance D. While the charge density of two 

long wire is   and − , and R D  for cancer therapy, the electric field vectors at a 

distance r from the wire A, produced by the two parallel wires are:[49] 
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Where ÂBr  is unit vector point from A to B. The total electric field at a distance r 

from the wire A is: 
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The electric field produced by two parallel wires is point from A to B, the min 

electric field appear at 
2

D
r = , the electric field value is 

min

0

2
E
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
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= . 

The capacitor model composed of two charged curved surfaces. The radius of 

electrodes is unity. The upper and lower electrodes are defined by 0 1     , and 

1 0  −   − , respectively. The potential   produced by the charged curves surface of 

TENGs satisfies 2D Laplace equation.[18] The general solution of Laplace equation is 

 
( 1)
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=

= =  (A3) 

The i (1 and 2) stands for the region of 1   and 1  . The boundary conditions 

of potentials at 1 =  for the upper electrodes ( 0  ) are: 

 1 2 0 1(1, ) (1, ) ( , ),      =   (A4) 
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According to previous work, the coefficients na  is determined by: 
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The equation of coefficient na  is transfer to symmetrical triple series equations: 
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 Previous works shows relation between na   and nb  .[50] Hear ( )
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previous study, the 2 1nb +  is given by:[18] 
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 Where ( )K z   and nP   is the first kind complete elliptic integral and Jacobi 

polynomial. Thus, the potential can be determined. According to Poisson equation, the 

electric field of region ( 1  ) is given by:[49] 
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Where ê   and ê   is the unit vector of electric field in polar coordinates. The 

electric field distribution is depended on the angle 0  and 1 . 
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