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Abstract

The large-scale application of triboelectric nanogenerator (TENG) based self-powered
devices holds promise for cancer treatment for millions of new cancer patients each year.
TENG based sensors are capable of collecting patient data over a long time and provide
precise cancer data sources for artificial intelligent process. TENG based devices possess
great potential for targeted drug therapy, photodynamic therapy and electric field therapy on
the tumor area based on the results of artificial intelligence analysis. This review summarizes
and discusses the capabilities and prospects of TENG in cancer treatment, recovery,
management, prevention and diagnosis. Cancer treatment and diagnosis are currently popular
areas where TENGs with artificial intelligence has been applied in precision cancer research.
TENGs with artificial intelligence based systems will be a potential candidate for applications

in the field of cancer management and prevention.
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1. Introduction

In 2020, there were 19.3 million new cancer cases and nearly 10.0 million cancer deaths
(9.9 million excluding nonmelanoma skin cancer) worldwide [1]. It is estimated that the
number of new cancer cases in the world will reach 28.4 million in 20 years. Take lung cancer
as an example, 30%-70% of patients will relapse with fatal diseases after surgical resection
[2]. Environmental pollution and aging population make cancer the main cause of death in
both more and less economically developed countries. Cancer treatment and recovery is a
long-term process, metastasis and recurrence are the main causes of cancer death in human

[3-5]. Timely diagnosis of tumor metastasis will affect morbidity and survival [6].

Improvements in the early diagnosis and treatment can significantly reduce the death rate
of cancer, thus the death rate in the United States was 31% lower in 2018 than in 1991 [7].
The wearable, mobile sensor technologies have potential in promoting precision medicine and
cancer drug development [8]. The food and drug administration (FDA) has issued guidelines
on applications of wearables and mobile devices in cancer clinical care [8]. Physiological
indicators, such as heart rate, blood sugar, oxygen saturation, etc. can be monitored after
treatment to reflect the patient’s status. In the medical industry, wearable devices are expected
to collect information about the physiology, mental states and activities of a person to
generate electronic health records [9-11]. For example, a mobile wearable device such as
smartphone can be used to identify the status of patients after cancer treatment [12-15].
Recently, the wearable/implantable systems have identified early signs of an inflammatory

response [16], and detected circulating tumor cells to identify cancer metastasis [17].

However, current mobile wearable devices face challenge of high battery replacement
cost and waste batteries recycling problems. TENGs based sensors have the capability to
harvest distributed energy for collecting distributed information from the environment [18].
The TENG/PENG based self-powered mobile wearable devices are good candidates for
reducing energy consumption, batteries recycling and the maintenance cost of battery
replacement [19-21]. In the last decade, with the rapid development of piezoelectric
nanogenerator (PENG) [22] and triboelectric nanogenerator (TENG) [23] invented by Z. L.
Wang, the nanogenerator (NG) based devices have been proven to hold a wide application
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prospect in many fields, especially in the medical and health field [24-27]. NG based self-
powered sensors can harvest energy from the environment, such as human motion,
mechanical vibration, hydroelectric power [28]. The NGs can be made by abundant low-cost
and long-lasting materials, thus, the NGs were used as wearable/implantable sensors for long-
term human health monitoring, as well as non-contact ambient sensors for Internet of Things
(IoT) [29-32]. The lightweight, flexible, and biocompatible TENG/PENGs were designed as
self-powered mobile wearable devices for patients [33, 34]. A self-powered magnet TENG

based nanoscale drug delivery system (DDS) was developed in cancer research [35].

The uncertainty of the supply time of the environmental energy results in possible
incompleteness of the data obtained by the self-powered sensor system. The developments of
artificial intelligence (AI) can effectively recover the incomplete or short time information,
which will overcome the data quality problem of self-powered sensor system. Although Al
have made good progress in cancer diagnosis [36], large amounts of data collection are great
challenge for cancer treatment, when people spend more time outside the hospital [37]. In
practice, sensor data seldom provided the clinical characteristics of diagnosis or evaluation of
the clinical situation, because many data of patients have been collected at normal conditions
of the patients. Thus, among this large volume of data, clinical events worthy of attention are
rare. TENG/PENG based data collection techniques for data collection across various phases
can increase sample size and participants diversity, then improve clinical benefits and help
conduct better modeling of diseases. There are three application relationships between Al
algorithm and TENG based sensor [38]: first, Al algorithm analyzes TENG sensor data.
Second, TENG sensor is used to design special Al sensor as the data source for Al algorithm.
Finally, the special Al algorithm is designed for TENG based self-powered sensors. Al
algorithm has been used in the clinical diagnosis and treatment of cancer [36]. At present,
many works applied Al algorithms to process data generated at the hospitals, such as medical

imaging [39-44] and biomarkers [45], etc.

For precision medicine in cancer, the development of wearable/implantable
TENG/PENG and Al are key in timely data collection, data analysis, and feedback on the

treatment, as shown in Figure 1. TENG/PENG based self-powered mobile wearable device
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has three possible applications in the cancer research. i) TENG as self-powered devices for
cancer prevention, early diagnosis, precise treatment and management. ii) TENG based self-
powered sensors both inside and outside the hospital for cancer. iii) TENG/PENG based self-
powered mobile wearable devices for increasing the sample size and diversity of data. Thus,
the precise diagnosis and treatment of cancer using Al based TENG self-powered system can

be achieved.

2. Triboelectric Nanogenerators for Cancer Treatment

Battery replacement is inconvenient for patients, as it increases healthcare costs and may
miss important medical data. The NGs can be the energy supply for sensors in precision
medicine for cancer treatment, especially in flexible, wearable and implantable devices. As
energy supplies, the NGs can power the various micro/nano actuators, such as the drug
delivery, photodynamic, and electrical stimulation devices. The TENG based devices can
reduce complications or injuries for drug delivery and photodynamic therapy [35, 46]. TENG
has several advantages compared with previous methods: First, TENG can convert
decentralized random mechanical energy into electric energy, avoiding the thermal effects that
can be harmful to normal surrounding tissues when powered by wireless coils. TENG is a
high voltage power supply that is easy to fabricate. Second, TENG is flexible, light-weight
and miniaturized, suitable for long-term therapy process. The TENG based wearable device
can continuously monitor physiological signal of human body. Third, TENG can be combined
with Al to improve data quality, achieve long-term monitoring, analysis, feedback, and
provide the full-process closed-loop cancer management [38]. TENGs is the preferred
wearable and implantable energy source for precision medicine in cancer due to good
biocompatibility. The precise delivery system of anti-tumor drugs can improve the tumor
targeting ability and reduce the deleterious effects on normal cells. Current studies have made
great progress in each field of TENGs and Al, but the complete precision medical system for
cancer treatment has not yet demonstrated experimentally.

TENGsS is used for controlling the drug release in the drug delivery system (DDS) that
transports Doxorubicin (DOX) by red blood cells (RBCs) [35]. DOX is a chemotherapeutic
drug commonly used to treat various solid tumors and hematopoietic tumors [47]. Due to
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DOX lacking selectivity in tumor tissues, chemotherapy agents are often accompanied by
severe side effects which limits efficacy and induces drug resistance. The novel magnet-
TENG (MTENG) control the release of drugs in DOX loaded RBCs (D@RBCs) by collecting
mechanical energy from the environment to generate electric field. Figure 2a presents the
photo of MTENG and schematic diagram of MTENG deployed on a mouse. The electric field
generated by the MTENG was delivered to the tumor site through the steel microneedles.
Figure 2b shows the working principle of the NG-based DDS. After loading the DOX via
hypotonic dialysis, the RBCs release the drug slowly. MTENG generates electric field to
stimulates the RBCs, and the RBCs membrane forms nanopores, resulting in a significant
increase in the release of DOX. When the electric field stimulation stops, the release of DOX
returns to normal. Thus, the MTENG can be used to control the release of the drug from the
DOX loaded RBCs (D@RBCs). To further study on the DDS in vivo, tumor samples from the
mice were obtained after 30 days. As shown in Figures 2¢ and 2d, the METNG electric field
stimulation significantly suppressed tumor growth and prolonged survival in the D@RBC
group. Liu et al. proposed a TENG based self-powered electroporation system [48]. As shown
in Figure 2e, the electric field is generated by TENG and then enhanced by the Ag NW-
modified microfoam electrode. The electric field promotes the exogenous molecules to enter
the cell. We speculate that this system could help deliver chemotherapy drugs to cancer cells.
Liu et al. developed a TENG based electroporation system for transdermal drug delivery. As
shown in Figure 2f, TENG converts biomechanical energy into pulsed electrical field.
Nanoneedle-array on the skin of mice enhances local electric field to change membrane
permeability and realizes electroporation drug delivery in vivo [49]. Ouyang et al. developed
a TENG based self-powered transdermal drug delivery system [50]. The drug release dose
can be tuned by changing the manual rotation time of TENG or the resistance in the power
management system. Closed-loop devices can collect information about the patient state and
take medical measures. Lee et al. developed a wearable patch for blood glucose monitoring
and transdermal drug delivery to achieve closed-loop immediate treatment of diabetes [51].
The graphene-based device monitors blood glucose, when hyperglycemia is detected, the

drug-loaded microneedles are triggered to release the drug into the blood. TENG based self-



powered device is also very suitable for developing such a long-term monitoring and

feedback treatment system.

Liu et al. designed a self-powered photodynamic therapy (PDT) system based on PENGs
[46]. The biomechanical energy is harvested by the wearable twinning structure piezoelectric
nanogenerator (ts-PENG) and transformed into electricity without external power supply,
which can achieve long-term power supply for cancer treatment. PDT is a method of treating
tumors with photosensitizers (PS) and specific wavelengths of light, which can be effectively
powered by TENGs due to higher energy supply. The left part of Figure 2g shows the
components of self-powered PDT (s-PDT) system and the upper right part shows the structure
of ts-PENG. The schematic diagram of apoptosis induced by the combined action of PS and
miniature light-emitting diode (m-LED) in the s-PDT system is shown in the lower right part
of Figure 2g. Then the s-PDT was implanted into mice, and the body movement of mice
drove the ts-PENG to generate electricity and light up the LED. Mice were injected with
porphyrin to transfer the energy from LED. Figure 2h shows the change curve of tumor size
in different experiment groups. The tumor inhibition rate in treatment regimen of

LED+porphyrin group reached 87.46%.

Ma et al. proposed an Au/ZnO-based Trojan nanogenerators for tumor therapy [52]. As
displayed in Figure 2i, researchers integrate the ZnO based nanogenerators with gold
nanozymes, and modify them with biocompatible polyethylene glycol (PEG) and
mitochondrial targeting peptides (MLS) to form the therapeutic platform. Finally, the platform
is wrapped by the homologous C6 cancer cell membrane (CCM) vesicles, which confers
homologous targeting and immune escape ability to the platform (MP-Au/ZnO@CCM for
short, hereinafter). After entering the target cells, the platform is released from the vesicle.
The ZnO based nanogenerator can generate nanoscale piezoelectric polarization electric field
under the action of ultrasonic (US) wave. The electric field can disturb the mitochondrial
membrane potential by electrostimulation. At the same time, polarization electric field can
enhance multiple nanozyme-like activities of gold nanozymes to kill the cancer cells. Figure
2j shows that MP-Auw/ZnO@CCM under ultrasound drive can reduce the survival rate of C6

cancer cells to 17.40%, which is significantly lower than other control groups. The
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researchers tested the anti-tumor effect of MP-Au /ZnO@CCM in nude mice with C6 tumor
in vivo. As shown in Figure 2k, compared with other groups, the tumor growth of mice
treated with MP-Au/ZnO@CCM US was significantly inhibited in the first 6 days. After 14

days of treatment, the tumor inhibition rate achieved 67.10%.

TENG based electrical stimulator can be used for cancer therapy [53]. Cell membrane
potential can regulate cell cycle and promote cell differentiation, migration and proliferation
[53, 54]. In the electrophysiological analysis of many cancer cell types, cancer cells have a
higher degree of depolarization than normal cells, and depolarized membrane potential can
promote the proliferation of cancer cells. This unusual membrane potential could serve as a
valuable clinical marker for detecting cancer cells. During cancer treatment, the artificial
regulation of membrane potential can control and even inhibit the proliferation and metastasis

of cancer cells.

The TENGs/PENGs have potential applications as key energy supplies in sensor units
for self-powered drug delivery, PDT, and electrical stimulator. The complete precision
medical cancer treatment system will include the energy supply, precision data sensing and
analysis process unit. Al will act as data analysis process unit. Recently, Jie et al. have
demonstrated an integrated device of triboelectric effect based nanosensor for detection of
dopamine in the alkaline condition [55]. The dopamine can enhance the efficacies of
commonly used anticancer drugs and might have a role as an antiangiogenic agent for the
treatment of breast and colon cancer [56]. This novel device combined with TENG holds
great potential for the determination of dopamine in cancer treatment. Sun Yat-sen University
Cancer Center proposed a deep learning model for automatically delineating the gross tumor
volume (GTV) of nasopharyngeal carcinoma, which is more sensitive to radiotherapy [43].
Accurate tumor target contouring based on Al can significantly increase the survival rate of

patients.

3. Triboelectric Nanogenerators for Cancer Recovery
Cancer treatments include surgery and radiotherapy. Wound healing of surgical site is an

important issue that influences quality of life for cancer patients [57-59]. Wound infections by



pathogenic bacteria are significant medical problems that affect postoperative patients [60].
Favorable wound healing after curative surgical procedures is an essential issue for cancer
recovery. TENG based devices are expected to help patients quickly recover postoperative
scars and prevent infections caused by weakened immunity [61]. Postoperative recovery also

affects the quality of life of cancer patients.

Self-powered electric stimulation system based on rotatory disc-shaped TENG (RD-
TENG) can enhance the proliferation and migration of fibroblasts, as shown in Figure 3a.
TENGs provide potential techniques for developing portable electric stimulation device on
tissue remodeling and wound healing. As shown in Figure 3b, following 5-day RD-TENG
stimulation, the migration of L929 cells was significantly faster than the ones in control
group. The migration related genes expression was tested by quantitative reverse transcription
PCR (qRT-PCR), the quantitative analysis of the results indicated that both fibroblast growth
factor 2 and delta like non-canonical Notch ligand 1 were significantly up-regulated in the

RD-TENG stimulated cells.

Du et al. proposed a TENG device with minocycline-loaded layered double
hydroxides@Al film (MSETENG), which can accelerate the healing of infected wounds by
electrical stimulation and drug release [62]. The TENG patch was deployed in the wound area
of the mice, as shown in Figure 3c. The biomechanical force caused by the motion of the mice
drove TENG to generate electric field to stimulate the wound area. At the same time, the
electrode of the patch contacted the infected wounds to release antibacterial drugs. As shown
in Figure 3d, the wound healing of MSETENG group mice was significantly faster than that

of other groups with no infection occurred, and then the wound healed on the 10th day.

Jeong et al. designed a wearable ionic TENG (iTENG) patch that can be used to
accelerate wound healing [63]. Figure 3e shows a schematic diagram of iTENG accelerating
wound healing in mice. The iTENG generates an electric field in the wound area when the
mouse exercises, which stimulates cell proliferation and migration, and promotes the
secretion of cell growth factors in these areas. As shown in Figure 3f, the wound healing rate

based on iTENG electrical stimulation was significantly faster than other groups, and the



wound size reduced to 5% of the initial size after 14 days.

Most of the sensor devices require external power sources to function, which may limit
their application for in-vivo cases. Biocompatible, biodegradable self-powered devices are
ideal power sources for wearable and implantable devices. Zheng et al. designed a TENG
device based on biodegradable materials to convert biomechanical energy into electrical
energy [64]. After working in an animal body for a period, its material can be biodegraded

and reabsorbed by the animal body without any adverse effects.

4. Triboelectric Nanogenerators for Cancer Management

A simple, low-cost, and easily deployable sensor enables large-scale respiration data
collection to reduce problems associated with small number of samples. TENG based
wearable breath sensor can harvest biokinetic energy from human chest and abdomen
movements while breathing and provide continuous sensing signals [65]. TENGs can be used
for human-machine interface (HMI) devices, which is a potential application for cancer

management.

Peng et al. proposed a self-powered all-nanofiber e-skin (SANES). The SANES powered
by TENG can be applied to monitor the respiration and diagnose obstructive sleep apnea-
hypopnea syndrome (OSAHS) in real time. As shown in Figures 4a and 4b, the respiratory
motion can be monitored via the sensing signals by the SANES attached on abdomen. Figure
4c shows the electrical signal features of three typical breathing states, which are normal,
hypopnea, and apnea. According to different corresponding rate, interval time, and

intensity of respiration motion, SANES can distinguish different respiratory states precisely.

Radiation is used for almost every cancer, and about half of cancer patients receive
radiotherapy [66-68]. The respiratory motion of cancer patients can significantly affect the
treatment accuracy in radiotherapy especially for lung or liver cancer [69]. Accurate breath
monitoring allows real-time tracking of tumor location during treatment and provides useful
information for cancer management [70]. The TENG sensor can recognize the different
postures of the patients by analyzing their respiratory behaviors, and the patient can also use
the breath-driven TENG device for HMI [71]. Figure 4d shows the structure of TENG device
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for HMI. When the air flows through the TENG, the contact-separation motion between the
PET film and the copper electrode generates electricity. The electric output signals of TENG
in normal breathing and deliberate breathing are presented in Figure 4e. According to electric
output signals, the TENG can assists patients in HMI by distinguishing different respiratory
types to control some electrical appliances (Figure 4f). Figure 4g shows a schematic diagram

of the wireless HMI system.

A wearable sensor system with machine learning algorithm for continuously measuring
the respiratory behaviors was proposed by Chen et al [72]. As shown in Figure 4h, researchers
deployed two wearable wireless sensors to detect abdominal and chest respiration. Figure 4i is
a schematic diagram of wearable sensor system recognizing four posture breathing behaviors
of the subjects via sensor data. Data of different postural breathing behaviors was used to train
the machine learning algorithm based on random forest classifier to predict the breathing
posture of the subjects through the extracted features. Due to the small sample number of
subjects in this experiment, whether the wearable sensor system can be applied to more

people is uncertain.

5. Triboelectric Nanogenerators for Cancer Prevention

The Centers for Disease Control (CDC) classifies cancer as a chronic disease. Patients
will spend more time outside hospital than in hospital, which constitutes challenges for
postoperative cancer recovery and cancer management [37]. Continuous monitoring of
patients can minimize the impact of cancer [73]. TENG sensor collects the patient's long-term
physiological data to facilitate the cancer management for the patient.

NG based self-powered sensor can harvest energy from the environment, such as the
energy of human movement, to reduce the dependence on the battery. NG with abundant
materials benefiting from low-cost and long-lasting characteristics can be used as in a
wearable/implantable sensor for long-term monitoring of human physiological indicators, and
be cooperated with some non-contact ambient sensors to identify and manage cancer high-

risk factors.

Due to the aging and growth of the population, and the adoption of unhealthy lifestyles
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such as lack of exercise and consumption of high-calorie foods, the number of global cancer
cases may increase by 60% in the next two decades [74]. Self-powered sensors and non-
contact ambient sensors can be applied to reduce potentially modifiable risk factors and
prevent cancer. For example, the low, medium, high, and extremely high levels of ultraviolet
radiation (UVR) are defined by World Health Organization (WHO) [75, 76]. Exposure
to high-intensity UVR causes skin cancer [77]. The self-powered sensor system can be used
as a photodetector to convert UVR into electrical signal and provide early warning to people
exposed to high-intensity UVR. The changes of UVR intensity can linearly regulate the
output of TENG [76, 78, 79]. The prevention and reduction of high-risk factors in lifestyle,

and better environment can effectively reduce the morbidity and mortality of cancer.

Lin Z.-H., et al. prepared UVR photodetector by using chemical bath deposition method
to synthesize 3D Dendritic TiO, nanostructures, which can also be used as TENG [78]. Figure
5a shows the fabrication process of the TENG based self-powered UVR photodetector. Figure
5b shows that the output current is linearly positively correlated with power intensities of
UVR light. An electrospun nanowires based TENG (ENTENG) was proposed by Zheng et al
[76]. The ENTENG can supply energy for self-powered UVR level detection device. As
shown in Figure 5c, the naturally bent Kapton films are connected to form an arch-shaped
structure, that is a TENG structure with contact separation mode [20]. The structure of the
self-powered UVR level detection device is shown in Figure 5d. As the UVR intensity rises,
the current flowing through the UVR sensor gradually enhances (Figure 5e), lighting more
flickering LEDs. This implies that the number of flickering LEDs is positively related to the

UVR level.

Ethanol is a biomarker for lung cancer and liver cirrhosis [80-83], as well as a potential
marker of head and neck tumors [84]. Volatile organic compounds (VOCs) in exhaled gas can
be used to detect gastrointestinal cancer [85]. TENG based sensor can detect VOCs such as
ethanol through exhaled gas [86, 87]. Wen et al. proposed a blow-driven TENG (BD-TENG)
based active alcohol detector [86]. The structure of BD-TENG is shown in Figure 6a. Figure
6b shows the output voltage in relation with different alcohol concentrations and the

composition of the self-powered breath analyzer. The BD-TENG generates electricity by the
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air flow propelling the blades. When there is alcohol in the air flow, the resistance of the
sensor will be changed, so that the alarm can be triggered. Meng et al. improved the response
of the ethanol sensor through TENG enhanced Schottky sensor [87]. As shown in Figure 6c,
the output voltage generated by TENG is rectified and applied to the ZnO nano/microwire
sensor. The response values of the ZnO ethanol sensor and the TENG treatment sensor
increase as the ethanol concentration increases (Figure 6d). Compared with the original ZnO
ethanol sensor, the sensor after TENG treatment has improved response and recovery time
(Figure 6e). Zhang et al. designed a self-powered active sensor based on TENG made of
different polymer films (Figure 6f), the sensor can detect liquid/gaseous water and ethanol
[88]. The output signal decreases with the rise of ethanol concentration, and the decline is log-

linear (Figure 6g).

The steady increase in the number of people diagnosed with cancer highlights the urgent
need for expansion of cancer-prevention efforts. Eating habits, foods, and nutrition rank high
among the most-important determinants of human cancer risks [89]. Cancer deaths may be
related to dietary factors [90], such as the diet based on fatty foods and red meat, while
relative small fruits and vegetables intake will increase the risk of cancer [91]. The pathogenic
link between diet and cancer is not yet clear [92], but it is estimated that appropriate lifestyle
and dietary measures can prevent cancer [93]. Deep learning technology can automatically
classify daily food [94], which will help high-risk population and patients determine a healthy

diet plan.

Food spoilage such as aflatoxin and high doses of nitrite may be the carcinogen or co-
carcinogen [95-99]. Fungal spoilage of food can produce aflatoxin. The World Cancer
Research Fund (WCRF) appraised that aflatoxin can increase the risk of liver cancer [100].
Accurate detection of food spoilage can effectively prevent food-borne diseases, including
cancer. Cai et al. proposed a TENG-based wireless gas sensor system (TWGSS) for food-
quality assessment [101]. Figure 7a shows the structure and working principle of TWGSS.
The output voltage of TENG will decrease when ammonia is present in the air (Figure 7b).
Figure 7c shows that the plot of voltage variation of TENG is linearly positively correlated

with ammonia concentration, and better selectivity of the TWGSS for ammonia. The TWGSS
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can assess food quality by detecting the ammonia content in food. TENG based self-powered
gas sensor and machine learning algorithm are combined to form an electronic nose system,
which can identify spoilage odor in food. The working principle of biological olfactory
system is that the nose acts as a gas sensor to collect gas data and transmit it to the brain for
processing. According to the above principles, the electronic nose was designed as shown in
Figure 7d [102]. The researchers established a spoiled food mixed odor dataset (Dataset-1)
and a rotten fruit odor dataset (Dataset-2). These sensor signals are recognized as odor
classification by establishing a convolutional spiking neural network with skip connections
(RCSNN) model. Figure 7e shows the performance difference between RCSNN-12, 1D-
DCNN, and ResNet-18 in dataset-1 and dataset-2. As we can see from the Figure 7e, the
RCSNN proposed by the researcher has higher accuracy than the 1D-DCNN and is lighter
than ResNet-18. The machine learning algorithm has the potential to combine with TENG
sensor into a smart electronic nose system with self-powered edge calculation function. Lam
et al. designed a total volatile organic compounds sensor powered by radio frequency
radiation to monitor the food quality (Figure 7f) [103]. The trained machine learning

algorithm is used to process the signals from the sensors and predict the state of food quality.

Insufficient physical activity can increase the risk of cancer [104]. In 2014, 46,300
patients suffered from cancer due to insufficient exercise. Exercise can reduce cancer
incidence and the risk of recurrence. Outdoor air pollution has numerous adverse effects on
human health, hundreds of thousands of people worldwide die of lung cancer every year due
to PM air pollution [105]. Particulate matter (PM) and outdoor air pollution are carcinogenic
[106-108]. In 2017, the global proportion of lung cancer deaths caused by PM2.5 air pollution
in the outdoor environment reached 14% [1]. Cancer could be effectively prevented by
reducing exposure to air pollution. TENG can generate a strong electric field to remove PM
and volatile organic compounds (VOCs) in ambient atmosphere [109-115]. Gu et al. designed
a high efficiency rotating TENG to charge the polyimide (PI) nanofiber film for filtering the
PM in the air [109], and the device structure is shown in the Figure 8a. When the diameter of
PM is about 15 to 550 nm, the average removal efficiency of TENG enhanced PI filter is
about 80% (red line in Figure 8b), which is significantly higher than that of PI filter only
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(green line in Figure 8b). The removal efficiency of the PI filter and the TENG enhanced PI
filter is nearly 100% for PM with the diameter of 0.54 to 20 um (Figure 8c). Formaldehyde is
an air pollutant that can cause many diseases. Feng et al. proposed a TENG-enhanced
photocatalytic formaldehyde filter [110]. TENG provided an electric field for the
photocatalyst-coated stainless steel filter to achieve the electrostatic adsorption effect and
enhance the photocatalytic effect. The electric field provided by the TENG improved the
formaldehyde degradation efficiency of the filter (Figure 8d). Automobile exhaust is one of
the main pollution sources [111]. Han et al. proposed a self-powered triboelectric filter to
reduce the content of PM in automobile exhaust. The triboelectric field generated by the
triboelectric filter vibrates to remove PM from automobile exhaust, so the entire device does
not require an external power. Figure 8e shows the top view structure of triboelectric filter.
The deflector is set in the device to increase the length of gas filtering in the device to
improve space utilization. The researchers tested the triboelectric filter on a vehicle tailpipe.
Figure 8f presents the efficiency curves of the device, which shows that PM2.5 can be
removed over ~95.5% at different working modes of the automobile. The pie charts of Figure
8f represent the percentages of different kinds of PMs in automobile exhaust. Liu et al.
proposed a respiration TENG (R-TENG) driving self-powered electrostatic adsorption face
mask (SEA-FM) [112]. The SEA-FM can effectively remove particulates continually through
the electrostatic adsorption provided by the poly(vinylidene fluoride) electrospun nanofiber
film (PVDE-ESNF) based R-TENG collection of respiratory energy. Figure 8g shows the
working process of the R-TENG. On the expiratory state, the PVDF-ESNF and Cu film in the
R-TENG contact and close the intake channel, and the airflow is forced out through the
exhaust channel. On the inspiration state, the exhaust channel closed and the two films in the
TENG separate to generate an electric field that can absorbs particles in the airflow. Figure 8h
shows the removal efficiency curves of the PVDF-ESNF and R-TENG. The average removal
efficiency of R-TENG is about twice that of PVDF-ESNF, and the removal efficiency of R-

TENG is also more stable.

6. Artificial Intelligence to Promote Precision Medicine for Cancer
Medical imaging technology plays a key role in cancer diagnosis [116]. Deep learning
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technology is a new computer-aided diagnosis tool [117-119] and can automatically establish
the significant hierarchal relationships from medical imaging to cancer classification [39-42],
automatic contouring of tumor [43], cancer origin prediction [39], and survival rate prediction
[44]. Regular tumor screening can detect potential cancer patients at an early stage, and
treatment is most effective at early stage of cancer, thereby improving the survival rate of

patients [7, 120, 121].

The deep learning model can predict primary or metastatic of the tumor with high
accuracy after training, and use minimal clinical information to predict the original site
(Figure 9a) [39]. Microsatellite instability-high (MSI-H) tumors in gastrointestinal cancers
usually respond well to immunotherapy with immune checkpoint inhibitors [122]. Kather et
al. proposed a deep learning network that can predict the spatial patterns of MSI from the
Haematoxylum and Eosin (H&E) histology slides [40]. The model consists of a convolutional
neural network (CNN) based tumor detector (Figure 9b), and MSI versus microsatellite
stability (MSS) classifier (Figure 9c). Chen et al. directly used whole-slide images (WSI) as
the input of CNN, and only labelled each slide without slicing the image into patches for
labeling [41]. The cancerous regions marked by the pathologists (Figure 9d) and the critical
regions of the model visualized by the class activation map (CAM) technology (Figure 9e)
were highly corresponding. The CAM results of the model can be used for automatic

contouring of the tumor.

The Al assisted the oncologists to improve the accuracy of diagnostics and reduce the
contouring time. In actual treatment, biomarkers are used to predict patient prognosis and
discuss different treatment options [44]. Skrede et al. used a deep learning model to process
(H&E) stained tumor tissue sections to classify the prognosis of patients. As shown in Figure
9f, the deep learning model is divided into two parts. The first part uses CNN to automatically
outline cancer tissues, and the second part uses CNN to divide patients into three prognostic
categories. This model performed better than the established molecular and morphological

prognostic markers and may be used in decision making options for adjuvant treatment.

Tumor markers are biological or biochemical substances produced by tumor cells. Their

15



concentration is related to tumor size, clinical stage and prognosis, and they play an important
role in the tumor screening, diagnosis, targeted therapy and prognosis. Kim et al. developed a
prostate cancer (PCa) screening technique based on urinary multimarker sensors and Al
analysis [45]. The urinary multimarker sensor measures four different PCa biomarkers from
urine to produce sensing signals. The machine learning algorithms process sensing signals to
screen for PCa without the need for a digital rectal examination. Figure 9g is the schematic
diagram of urinary multimarker sensors and Al analysis for PCa screening. Multiple
biomarkers produced by PCa cells are diffused to the urethra and excreted in urine. The
biomarkers in the urine react with four channels that contain different antibodies in the
multimarker sensor to produce signals. Two machine learning algorithms, random forest and
neural network, were used to process the sensing signals and predict whether a patient has the
disease. The diagnostic accuracy of the algorithms improved with the increase of the number

of biomarkers, and finally reached the accuracy of over 90%.

Sharma et al. report a single-walled carbon nanotubes (SWCNTSs) based immunosensor
to detect the osteopontin (OPN) that is the prostate cancer biomarker [123]. The
immunosensor consisted of two Au/ITO electrodes on a glass substrate and SWCNTs
deposited between the two electrodes by electrophoresis. Figure 9h shows the basic structure
of the SWCNTs based immunosensor. Figure 91 shows the highly linear variation of the
relative resistance of the immune sensor with OPNs concentration, and the curve also shows
high selectivity of OPN to different concentrations of human serum and phosphate buffer
saline (PBS). This type of immune sensor that reacts with cancer biomarker to produce
characteristic output can be used as a development direction of self-powered sensors in the

field of cancer diagnosis.

Conventional cancer diagnosis and treatment has been transformed into a multi-faceted,
all-round, and full-course medical care and support for patients. Cancer has been regarded as
a chronic disease. The treatment and recovery of cancer is a long-term process including
continuous care, prevention and monitoring of patients [73]. Al is used for signal processing
of medical images, mainly for cancer detection, cancer diagnosis and tumor tracing [124]. Al

is mainly applied in medical imaging processing in cancer diagnosis and treatment, its
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training requires millions of data, especially labeled data. The Al model trained by multi-
omics data can predict the prognosis of cancer patients and improves the treatment
intervention for patients [125]. While the increasing complexity of cancer diagnosis and
treatment in hospitals and outpatient facilities makes it difficult to access, identify, and extract
all data by traditional manual methods [126]. This obstacle of data acquisition, especially
continuous out-of-hospital data, leads to the lack of many key information during oncology
care. Wearable/ medical devices can make conformal contact with the human body or tissue to
collect electrophysiological signals and provide real-time medical data for monitoring the
body state of cancer patients and their diagnosis and treatment, as well as help individuals
pursue a healthier lifestyle. TENG based self-powered sensors are capable of collecting
patient data over a long time and provide precision cancer data sources for Al process, and to
promote positive behaviors through electronic self-reports, web-based consultation, and real-
time feedback and monitoring various long-term medical conditions at home. There are three
application relationships between Al algorithm and TENG based sensor [38]: first, Al
algorithm analyzes TENG sensor data. Second, TENG sensor is used to design special Al
sensor as the data source for Al algorithm. Finally, the special Al algorithm is designed for
TENG based self-powered sensors. Al algorithm has been used in the clinical diagnosis and
treatment of cancer [36].

In order to accurately assess the health status of users, long-time and continuous
recording and tracking of molecular information is needed. Traditional clinical blood analysis
is determined by invasive blood collection, which cannot offer continuous data [127]. TENGs
and Al can form the system of the comprehensive processing of various continuous and long-

term physiological signals for early screening.

TENG can be used as a biomarker sensor to collect data information on blood [128,
129], sweat [130], urine [131] and respiratory components [86-88]. TENG sensors have the
following advantages compared to traditional sensors: First, TENG can convert decentralized
random mechanical energy into electric energy, avoiding the thermal effects that can be
harmful to normal surrounding tissues when powered by wireless coils. TENG is a high
voltage power supply that is easy to fabricate. Second, TENG is flexible, light-weight and
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miniaturized, suitable for long-term therapy process. It could be used as a wearable device to
regularly or continuously monitor physiological signal of human body for generating long-

term data and timely monitor abnormalities.

7. Challenges and Potential Application for Triboelectric Nanogenerators in Cancer

This review summarizes the potential application of TENG in cancer treatment,
recovery, management and prevention. Al method specifically deep learning algorithm can be
used for cancer diagnosis. The TENG based mobile wearable devices with low-cost,
maintenance-free and increased comfort are ideal application for large-scale deployment in
cancer patients for monitoring the physical status. The Al algorithm can analyze the medical
data collected by TENG based devices. TENG based devices can be used as a data source for
Al, which can also be used for cancer treatment based on Al decisions. The combination of
self-powered devices and Al algorithms is essential for future precision medical in cancer
diagnosis and treatment. In the future, TENG powered Al systems that assist doctors to make

treatment plan, estimate treatment efficacy, and predict the development trend of tumor.

Al algorithms are currently widely used in cancer diagnosis, and TENG based self-
powered devices are gradually applied in cancer treatment. There are some potential
development directions of integrated TENG and Al devices in precision medicine for cancer

treatment:

(1) Early screening and diagnosis of cancer are new and hot application areas of Al for
TENG based sensors. The TENG based self-powered devices collect cancer clinical data as
the data source for Al algorithms. TENG based self-powered sensor has been used for gas
sensor, and liquid composition analysis. TENG may be used to develop sensors for
monitoring cancer biomarkers. Al algorithms have been used to process sensor data for cancer

diagnosis.

(2) Another area of future development is the TENG/PENG based Al system for
precision cancer treatment. TENG/PENG based devices have been used in targeted drug
therapy, photodynamic therapy and electrical stimulation in cancer treatment. TENG/PENG

can harvest energy from the body such as breathing, joint movement and muscle stretching,
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which could be used as a potential long-term treatment for cancer. To reduce pain,
TENG/PENG based wearable and implantable devices need to be light, biocompatible and
corrosion resistant. Targeted and programmable nanorobots based on TENG/PENG are also

the research direction for cancer therapy.

(3) The large-scale TENG based devices for long-term monitoring of human physical
data outside the hospital is another future research and development direction. Long-term and
large-scale collection and processing of off-hospital data indicates the need for long-term
stability, low-cost, maintenance-free, mobile, wearable and comfortable deployment of
medical sensors, where TENG is suitable to meet the demand in this direction. Human body
and environment can provide rich and random energy for TENG based self-powered devices,
which fills the gap in data collection and analysis of non-clinical cancer outside the hospital.
TENG based sensor collects data by random energy, at same time, Al recovers and analyzes
the data to determine whether the current patient is at risk of cancer or whether the cancer
prognosis is positive or not. The specific segment of the data determines the prediction result,
and the Al algorithm needs to extract decision-making features from the long-term random

data.

(4) The TENG based Al system for cancer research will be a future direction. Recurrence
and metastasis are the main causes of cancer deaths, so long-term data collection inside and
outside the hospital and long-term cancer treatment system in cancer screening, diagnosis,
treatment and recovery are very important. The data from TENG based sensors provide novel
diagnosis and treatment characteristics, how to analyze the data is an open question for
current Al science and technology. Developing new Al method for TENG application in
precision medical will provide a good opportunity for early diagnosis, treatment, recovery and
cure. Al needs to develop new algorithms that are more suitable for TENG devices to improve
the real-time performance of diagnosis and screening. TENG devices and Al algorithm based
cancer diagnosis and treatment system is expected to form closed loop system: TENG sensor
collects patient data and analyzes it by Al algorithms, and then controls the TENG treatment

devices to release drugs, which may effectively treat cancer in the future.
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Figure captions

Fig. 1. Schematic diagram of three ways to apply TENG device and Al algorithm to precise
oncology. i. TENG as self-powered devices for cancer prevention, treatment and management; ii.
TENG based self-powered sensor for collecting data on COA and non-COA measures for cancer;
iil. The precise diagnosis and treatment of cancer using Al algorithm based TENG self-powered

system.

Fig. 2. Application of TENG/PENG based self-powered devices for cancer treatment. (a) The
structure of MTENG and the schematic diagram of it being applied for tumor treatment in mice.
[35] (b) Workflow of the MTENG controlled drug delivery system. (¢) Tumor samples taken from
mice after 30 days. (d) The curve of mouse survival rate over time. (¢) Structure diagram of the
TENG based electroporation system. [48] (f) Structure diagram of the TENG electroporation drug
delivery in vivo. [49] (g) Composition and working principle of s-PDT system based on ts-PENG.
[46] (h) the curve of tumor size over time in different experiment groups. (i) Schematic diagram
of the MP-Au/ZnO@CCM Trojan nanogenerators for tumor therapy. [52] (j) Survival rate of C6
cells in vitro experiment for 24 hours. (k) The curve of relative tumor volume over time in vivo in

mice.
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Fig. 3. Application of TENG based self-powered devices for tumor recovery. (a) Schematic
illustration of the RD-TENG based electric stimulation system for wound healing. [61] (b) RD-
TENG based electric stimulation system enhancing the migration behavior of L929 cells. (c)
Schematic diagram of the mouse wearing the MSETENG to promote wound healing. [62] (d)
Changes of wound area remaining in different groups of mice at different periods. (e) Schematic
illustration of the iTENG patch for promoting wound healing and the mechanism for accelerating
wound healing. [63] (f) Histogram of the wound area remaining in different groups of mice at

different periods.

Fig. 4. Respiratory sensor for cancer patient management. (a) Schematic diagram of TENG
powered SANES for respiratory monitoring and SANES structure. [65] (b) Flowchart of TENG
based SANES collecting and processing abdominal respiratory behavior data. (¢) Voltage signals
produced by SANES under normal breathing, hypopnea and apnea. (d) The structure of the TENG
in breath-based HMI system. [71] (¢) The output features of TENG driven by different
breathing behavior. (f) Schematic diagram of TENG driven breath-based HMI system
controlling common electrical equipment. (g) Components of TENG based wireless HMI
system. (h) Schematic diagram of wireless wearable sensor collecting respiratory behaviors data.
[72] (i) Machine learning algorithm analyzes respiratory behaviors data from the sensor to predict

subjects' posture.

Fig. 5. TENG based self-powered devices for UVR detection. (a) Structure of TENG based self-
powered UV photodetector. [78] (b) The output current of the UV photodetector under different
power intensities of UVR light. (¢) Schematic diagram of the ENTENG structure and its working
principle. [76] (d) Schematic diagram of UVR level detection system driven by ENTENG. (e) The

output current of UVR sensor at different power intensities of UVR light.

Fig. 6. TENG based self-powered devices for ethanol detection. (a) Composition of the BD-
TENG. [86] (b) Schematic diagram of BD-TENG as automatic alcohol breath analyzer. (c)

Structure of the TENG driven ethanol sensor. [87] (d) The output current curve of the initial
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ethanol sensor and the sensor enhanced by TENG at different concentrations of ethanol. (e)
Response time, recovery time and response of the initial ethanol sensor and the TENG enhanced
sensor. (f) Composition of the self-powered active sensor based on TENG. [88] (g) The response

of the PTFE TENG under different ethanol concentration and Relative Humidity.

Fig. 7. The system based on sensors and machine learning algorithms for food-quality assessment.
(a) Schematic diagram of TENG-based wireless gas sensor system. [101] (b) Response of
conductive wood in TENG and TENG output voltage in air and ammonia. (¢) The response of
TENG in different concentrations of ammonia and the response of TENG in different gases with a
concentration of 500 ppm. (d) The workflow of the electronic nose. [102] (¢) The parameter scale
and the accuracy of 1D-DCNN, ResNet-18 and RCSNN-12. (f) Schematic diagram of food quality
estimation system based on radio frequency-powered sensor and machine learning algorithm.

[103]

Fig. 8. TENG based self-powered device for air quality improvement. (a) Schematic diagram of
TENG enhanced PM removal device and filtering mechanism of the filter. [109] (b) The removal
efficiency of the initial filter and R-TENG enhanced filter when PM diameter is 15-550nm. (c)
The removal efficiency of the initial filter and filter enhanced with R-TENG when PM diameter is
0.54-20um. (d) Curve of formaldehyde concentration over time with and without TENG. [110] (e)
Working principle of triboelectric filter to remove PM from exhaust gas. [111] (f) PM collection
efficiency of self-powered triboelectric filter under different vehicle working modes. (g) The
working principle of R-TENG during inhalation and exhalation, and the schematic diagram of

SEA-FM. [112] (h) Removal efficiency of the PVDF-ESNF and R-TENG enhanced PVDF-ESNF.

Fig. 9. Cancer diagnosis based on Al algorithm and cancer marker sensor. (a) Schematic diagram
of Tumor Origin Assessment via Deep Learning [39]. (b) Convolutional neural network based
tumor detector. [40] (c¢) Another convolutional neural network based tumor classifier to
classify MSI versus MSS. (d) Human labeled cancerous regions. [41] (e) Heatmaps generated

by deep learning model. (f) Schematic diagram of deep learning model predicting outcome of
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colorectal cancer [44] (g) Schematic diagram of PCa screening system based on multi-marker
sensor and machine learning algorithm. [45] (h) Structure of SWCNT based osteopontin
sensors. [123] (i) The curve of the relative resistance of the immunosensor varies with

osteopontin concentration.
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The applications of TENG for precision medicine in cancer. Wearable/implantable TENG/PENG

and Al are key in timely data collection, data analysis, and feedback on the treatment. The
integrated TENG and Al devices for early cancer diagnosis, precision cancer treatment, long-
term patient data monitoring, and the TENG based Al system for cancer research.

Highlights
o TENGsS based devices have been applied for targeted drug, photodynamic and electric
field therapy on the cancer.
o TENGs with artificial intelligence have great potential in precision medicine in
cancer diagnosis and treatment.
e The composition of self-powered devices and Al algorithms is essential for future
precision medical in cancer.
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