Downloaded via BEIJING INST NANOENERGY NANOSY STEMS on June 24, 2020 at 00:29:07 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ANANO

Human Motion Driven Self-Powered
Photodynamic System for Long-Term

Autonomous Cancer Therapy

Zhuo Liu’ Lingling Xd,Qiang ZhengYong Kang, Bojing Shi, Dongjie Jiang, Hu Li, Xuecher
Yubo Fan,Zhong Lin Warfgand Zhou Ei

Cite This: https://dx.doi.org/10.1021/acsnano.0c00675 I:I Read Online

ACCESKS [l Metrics & More | Article Recommendations | *  Supporting Information

Long-term and low-dose photodynamic therapy N\
for treating tumors requires a sustainable energy supply. The - 5 Flexible e
power source technology of batteries and wireless charging for
driving a light-emitting diode (LED) may cause inconveniences
during treatment. In addition, the development of telemedicine
and Internet medicine put forward higher demands on

PVDF

A

B -phase

treatment methods, such as better patient compliance and R Y Parylene/PETECu B8 Ag W PVDFEMPET
autonomous management. Here, we show a self-powered PMU g = =) o — Light stimulation
photodynamic therapy (s-PDT) system with two elient 1. — Ps =
irradiation modes that can be autonomously managed by @ @ congregation M Tumor death
patients. The as-fabricated s-PDT system based on a twinnin S </ Sz

structured piezoelectric nanogenerator is powered by energy®'-Powered PDT @

harvested from body motion and realizegetive tumor tissue

killing and inhibition. As demonstrated at the cellular level, the s-PDT system cancsigtly suppress tumor cell growth
with the pulsed light stimulation mode. When the miniature LED was implanted subcutaneously in mice with transpl;
tumors, the s-PDT system led to sigoant antitumor eects by irradiation with intermittent continuous light stimulation
mode for 12 days, and an 87.46% tumor inhibition rate was obtained. This innovative s-PDT system combined wit
treatment modes may provide a great opportunity to develop wearable/implantable and self-controllable devices for lon
photodynamic therapy, which would be a promising method for clinical cancer treatment.

human motion, self-powered device, photodynamic therapy, cancer therapy, wearable

ancer has a high mortality rate worldwide, and itsnhibition is rather inswcient'® *® Therefore, how to balance

treatment and recovery are a long-term procesgradiation-dose-based damage and the killingney of

accompanied by a variety of medical 5kills. tumor cells is always crucial for PDT.
Currently, the light-based method for treating early cancersTo avoid the side ects due to excessive exposure of PL
and residual tumorsphotodynamic therapy (PDT)s and improve its safety and reliability, maogtehave been
applied in the clinic with advantages of hypotoxicity, smathade for developing a PDT device with low irradiati
wounds, and good selecti¢ity, which includes photo-  dose'®2° Recently, the metronomic PDT with weak ligt
sensitizer (PS) and light of specivavelengtfis’® The intensity was proposed by some research grétipdich
mechanisms of killing tumor cells by PDT can be summarizedy, ayoid the high intensity illuminatioact on organs and
into three aspects: generating reactive oxygen species (R improve the safety and reliability of PDT. This technol

damaging the tumor-associated vasculature, and activatingsgay with the miniaturization of the system involves 1
defensive immune respofi§€> In an actual clinical

treatment process, opticdbers are usually implanted

adjoining the tumor location for short-term therapy with January 23, 2020
strong light exposure. Unfortunately, this high light intensity June 17, 2020
during the process of PDT may induce thermal damage for June 17, 2020

surrounding normal tissues, especially the nerves and blood
vessels, which may cause unexpected organ dysfunction.
However, with too little electroluminescence, the tumor
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Figure 1. Overview of the s-PDT system. (a) s-PDT system consisted of ts-PENG, PMU, m-LED, and a photosensitizer. (b) 3D structure of
the ts-PENG including encapsulation layers, PVDF, and substrate layers. (c) Apoptotic process of subcutaneous tumor tissue. (d) Cross-
sectional SEM image of the ts-PENG. (e) Photograph of the ts-PENG in the original state. (f) Photograph of the ts-PENG in the bending
state. (g) Weight display of the ts-PENG. (h) Schematic diagrany @farking mode of the PVDF. (i) Working principle of the PVDF layer.

basic components, light-emitting diodes (LEDs) illuminanproblems of poor compliance and restricted power supply of
and a wireless power supplilowever, the wireless power traditional long-term PDT methods.
supply for driving LED needs an energy transfer device with aHere, we demonstrate a self-powered PDT system (s-PDT
specic working range, which will introduce time and spac&ystem) for cancer treatment based on the wearable twinning
restrictions for patients. Therefore, considering the long-terpifucture piezoelectric nanogenerator (ts-PENG) encapsulated
photodynamic therapy process, it is not convenient fdy Parylene-C, which has improved output performance.
treatment in real-time and will lead to poor patient compliancé&ompared with other energy sources such as a microbattery
In addition, wireless coils receiving eniergjvomay also and wireless chargl_ng, the f[s—PENG also has the following
induce thermal ects on normal tissue surrounding the advantages, especially fatiemts who need long-term
implantation site, which introduced additional potential risffeatment. First, the ts-PENG h‘."‘S the a_dvantages OT simple
factors in the process of the treatment. For these reaso tgucture 'e>.<|b|I|ty and light welght, Wh'.Ch are desirable
mentioned above, a wearable or implantable PDT device wi aracteristics for we_ayable medical dewce; Second, the ts-
a sustainable power supply is urgently needed. NG has good stablht_y and Ion_g service life. It can supply
The booming technology of nanogenerators (triboelectri ower for a ang time W'thOUt penodm_replacement, Wh'Ch IS
nanogeneratdf and piezoelectric nanogenerdfpraas ore convenient for patients and with better compliance.

: . . . Third, the ts-PENG has favorable biosecurity. As an energy-
provided us with an ective approach to convert decentral|zedharvesﬁng unit. the ts-PENG can convert biomechanical

random mechanical energy into electric energy and has begfy gy from joint motion into electricity as a power source
!Jt|||322826 for sustainable power sufiply or active sens- o driving the PDT system. Through a well-designed power
ing: Recently, implantable and wearable nanogeneratqffanagement unit (PMU), two irradiation modes can be
have been developed and SUCCGSSfU”y harvested abunmemented: (1) pu'sed ||ght stimulation (PLS), which
biomechanical energy in the human body, such as joiptovides continuous low-dose irradiation and is suitable for
motion;’ *° respiratioft} “* peristolé? blood ow, and  the cleaning of small residual tumors, and (2) intermittent
heartbedt! “° Therefore, there is a great chance to convertontinuous light stimulation (ICLS), which can provide strong
these biomechanical energies into electricity for poweringradiation intermittently and is suitable for the initiatteve

PDT system and produce a promising way to overcome thdling of tumor tissue. Therefore, a patient can manage the
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Figure 2. Characterization of energy-harvesting unitMayand Q. of the PENG with a single PVDF layer. (). and Qs. of the ts-PENG

with double PVDF layers. (c,d) Output characteristics of the ts-PENG when connected wéterdiloads from 10 k to 1 G . (e,f)
Schematic circuit diagram showing the module of PLS and ICLS. (g) Charging and discharging curve of the button cell by ts-PENG and
LED, respectively. (h) Light intensity of LED changing with time.

device autonomously according temint treatment needs structure of the energy harvester unit composed of an
and stages, which is ideal for telemedicine scenarios in #ecapsulation layer (Parylene-C and ultrathin polyethylene
future. Spectally, the discontinuous, low-dose PLS stimterephthalate, PET), the substrate (PET), double piezoelectric
ulation generated by the s-PDT system can csigtly layer (poly(vinylidene uoride), PVDF), and silver (AQ)
control tumor cell growth with 8&0% inhibition rati vitro electrodes. Copper (Cu) tape is employedxtdhe lead
The human motion generated electric power can also be stongite with electrode layers. The apoptotic process of
in the s-PDT system with a miniature LED (m-LED) subcutaneous tumor tissue treated by the s-PDT system is
implanted subcutaneously in mice with intradermally tranpresented inFigure &. According to the cross-sectional
planted tumors. The as-produced ICLS showedcsigihi  scanning electron microscopy (SEM) image of the energy
antitumor eects with irradiation for 12 days with an 87.46%harvester unitqigure &), the twining structure of the device
inhibition rate. These results demonstrated that the s-PDWas revealed clearly. The overall size of the devicess& cm
system combined with two treatment modes has greainx 0.5 mm Figure &,f), and the weight is just about 1.68 g
potential as wearable/implantable devices for long-tergFigure g). Therefore, the device with characteristics of light
photodynamic therapy, which would be a promising methogleight and exibility can be attached easily on the body to
with good patient compliance for clinical cancer treatment anthrvest biomechanical energy. The crystal structure of PVDF
future teletherapy. Im was characterized by Fourier transform infrared (FTIR)
measurement. From the data shownFigure Sl the
characteristic absorption bands at 840 and 1430acen
Overview of the s-PDT System.The s-PDT system associated with aphase structure. The main working mode
consists of a ts-PENG-based energy-harvesting unit, PMU, ohthe PVDF is g, which means the force applied to a material
LED, and photosensitizer (PSjigure &). The ts-PENG is perpendicular to the direction of the polarization electric
converts biomechanical energy from body motion intoeld (Figure h). The working principle of the PENG is
electrical energy. By controlling the orgtate of switches presented ifrigure 1 In detail, the electric dipole in PVDF is
of PMU, ICLS and PLS are obtairiedure b shows the 3D  arranged along the direction of the top and bottom electrodes
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Figure 3. Output performance of wearable ts-PENG from human to animal,{ahd Q.. of the ts-PENG hinding with the knee joint. (b)
Ve and Q. of the ts-PENG binding with the elbow joint. (c) LED lighted by the wearable ts-PENG system (the size of PMU is<1478&cm
cmx 1.3 cm). (d) V,. and Q.. of the smaller ts-PENG on animal body. (e) Statistical comparison of av€gagéthe ts-PENG on the
human body and an animal body. (f) Animal model test system.

when mechanical deformation is applied in the direction of thend generate PL%igure S2aSupporting Information), of
vertical device. The PVDF generates a piezoelectric polamich the blinking rhythm is consistent with the frequency of
ization charge, and generated eleadlit attracts/repulses applied mechanical stimulation. If switchdsa2e turned o
electrons in the upper and lower electrodes. When an exteraald switch 1 is turned on, the electrical energy can be stored in
load circuit is connected, electroms from one electrode to the button cell through the reeti bridge (standby mode).
the other electrode. When the external mechanical force lhen enough energy has been stored, the active module starts
removed, the electri@ld generated by piezoelectric polar- (switches 1, 3, 4 pswitch 2 on) to power the load (LED).
ization charge disappears, and electmmsn the opposite  This alternating charge and discharge process is called the
direction through the external load. ICLS mode Figure S2Supporting Information). In addition,
Characterization of the Energy-Harvesting Unit. To these modes can be integrated as a wearable $ygtem (
enhance the output performance of the energy-harvesting uBitc,dSupporting Information). A button cell is charged by the
for realizing ecient energy conversion, we designed the tsts-PENG from 2.15 to 2.47 V in 18 h and discharged by the
PENG and systematically investigated @t of the double  LED load from 2.47 to 2.18 V in 12 Ridure 8). The
PVDF layers on the output performance of the energymaximum intensity is about 27&/cm?, and after 12 h of
harvesting unit by applying a periodic external mechanidaED operation, the light intensity can still reachv2&m?
force. For a single PVDF layer, the open-circuit volfgge (  (Figure B).
and short-circuit transferred chafg @re about 200 V and Output Performance of Wearable ts-PENG from
0.25 C, respectivelyF{gure 2a). After the double PVDF Humans to Animals. To evaluate the possibility of wearable
layers were attached on the front and back of the substratelf-powered photodynamic therapy system, we attached the
layer (PET) with parallel connection as a twinning structure t$s-PENG to the knee joint and the elbow joint of a human and
PENG, theV,. and Q. reached 200 V and 0.46 C, tested th&/,. andQ,. of the ts-PENG on these two positions,
respectivelyHigure B). The Q. of the ts-PENG is enhanced respectively. Binding with the knee jointyghandQ,.of the
by 2-fold. The peak power density of ts-PENG can reach 3/ENG are about 200 V and 0, respectivelyF{gure a
mW/m? by monitoring thé/,. and short-circuit currentj and Video S] Supporting Information). In contrast to the
with variable load resistances ranging from 16 kO G knee joint, when binding with the elbow jointMhend Q.
(Figure 2,d). By controlling the on/cstate of the switches of of the ts-PENG can reach 220 V and 0®5respectively
PMU, PLS Figure 2) and ICLS Figure # are obtained. (Figure B andVideo S2Supporting Information). Based on
When turning o switches 1 and 2 and turning on switches 3the above results, the output performance of the ts-PENG
and 4, the ts-PENG can be directly connected with the m-LE8riven by human joint motion is approximately the same as
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Figure 4. Pulsed light stimulation for treating the tumor celisvitro. (a) Mechanism of action of PDT. (b) Fluorescence images
(cytoskeleton and cell nucleus, scale bar = 180 live and dead cells, scale bar = 200) of stained 4T1 cells in the derent groups. (c)
Image of the cellular stimulation system. (d) Cell viability in theeadent groups. (e) Inhibition ratio in the dierent groups.

applying a periodic external mechanical force by a line@herefore, we proposed a compromise using a line motor to
motor; in addition, the LED can be driven directly by thedrive the ts-PENG to simulate human movement to power a
wearable ts-PENG-igure 8). It shows that the PLS and LED directly or charge a button egdl PMU. It means that
ICLS can be realized on the human bodidgo S3 the output power level of the ts-PENG from the human body
Supporting Information). Thé,. of the ts-PENG remained is employed to treat the tumor éellitroand the tumoin
stable in comparison with its initial state after 1 milliorvivo The energy source of the entire system is the conversion
working cycles={gure S3Supporting Information), exhibiting of biomechanical energy into electrical energy by the ts-PENG
good durability. We also studied the relationship between tldeiring the treatment process.
output performance of the ts-TENG and the bend angle of the Pulsed Light Stimulation for Treating the Tumor Cell
elbow joint Figure SASupporting Information). Thg, of in Vitro. Given the feasibility of the pulsed light stimulation for
ts-PENG is positively correlated with the bending angle, artide cleaning of small residual tumors, we demonstrate the
the ts-PENG with small amplitude motion can also get gooel ect of the s-PDT system at the cellular level. The LED with
output performance, which is applied teréint forms of joint 470 nm emission wavelength is directly driven by ts-PENG,
movement in daily life. which is employed to stimulate the 4T1 tumor cells as an
Considering that the tumor model is constructed in micejluminant. A blue light source with higher energy is harmful to
the smaller ts-PENG is attached to the leg of a rat and thH®oth mice and human skin under normal conditions. However,
linear motor is employed to pull the leg to simulate bodyor our study, we use a breast tumor cell model, and our
motion. The animal model test system is showigime & treatment method is to implant a light source subcutaneously,
The output performance of ts-PENG on a rat body with a sizaehich requires less penetration, shorter wavelength, and higher
of 1 cmx 4 cm is also evaluated. The outpiytgandQ, are single-photon energy. Depending on the type of tissue, the
typically about 8 V and 10.5 nC, respectitayie 8). The penetration depth is less than 1 mm at 400 nm, 0.5 to 2 mm at
output performance of ts-PENG is declined dozens of timé&i4 nm, and up to 6 mm at 630 fiThe 470 nm spectrum
from the human body to the small animal bédyute 8). width has a greater ability to penetrate the skin compared to
The output performance of ts-PENG is rather weak due to the 400 nm spectrum and provides morgeat porphyrin
restricted size and the magnitude of movement of a rat, whiphotosensitization than the red-light spectrum. The mecha-
did not satisfy the therapy in a smaller animal modehism of PDT is shown ifigure 4. The porphyrin is a PS to
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Figure 5. Intermittent continuous light stimulation for treating the tunioriva (a) Circuit diagram of the LED arrays. (b) Image of LED
arrays encapsulated by PDMS inelient states and views. (c) Diagram of the components in the s-PDT system. (d) Process of tumor model
and s-PDT system construction on the animal. (e) Tumor volume oéréint experimental groups in 12 days. (f) Tumor growth
multiplication of di erent experimental groups in 12 days. (g,h) Image of the tumors and pathological section (scale ban)xi®0

di erent experimental groups after 12 days.

transfer the energy from LED. 4T1 tumor cells are culturedresents the circuit diagram of the LED arrays. The image of
with porphyrin, LED, and LED + porphyrin. The absorptionLED arrays encapsulated by PDMS with good biocompatibility
spectrum of porphyrin is shownFigure Shand porphyrin  in di erent states and view is shownFigure 5. The
has an absorption at 470 nm, which is stronger than that at 68@minant is implanteih vivoto adjoin the tumor location.
nm. The blank control group did not do any treatment. Twolhe diagram of the components in the s-PDT system is shown
days after incubation, we applied the stimulation for 24 tn Figure §. In detail, rst, the ts-PENG converts
Fluorescence images (cytoskeleton and cell nucleus, live ®mmechanical energy generated by body motion into electrical
dead cells) of stained 4T1 cells in theerdint groups are energy. Then, the electric energy is stored in the buttea cell
shown inFigure % andFigure S6The cell number of the a rectier bridge. The s-PDT system charging and discharging
experimental group from LED + porphyrin is signily less  are controlled by switches. The rectbridge, button cell, and
than that in other groups. In addition, The LED + porphyrinswitches are called the PMU. Finally, the m-LED could be
experimental group has the highest percentage of dead cgtsvered by the PMU to stimulate porphyrin to realize the s-
The image of the cellular stimulation system is shé&guie PDT. A BALB/c mouse was used as the animal model. The
4c, and the linear motor is employed to drive the ts-PENG toonstruction process of the tumor model and the s-PDT
simulate human movemeMideo S4 Supporting Informa-  system on animals is showrrigure 8 andVideo S5The
tion). After statistical analysis based on the 3-(4,5-dimethylttumor is inoculated on the upper thigh of the mouse by
iazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) absorb-directly injecting 4T1 cells. The changes in the tumor volume
ance value, the cell viability of each group is shdviguie over time in dierent experiment groups are showfigare
4d, and the inhibition ratio in drent groups is shown in 5e. The tumor volume of each group before stimulation is
Figure €, which demonstrates that the s-PDT system based die ned as aducial value, hence, the tumor growth multiple of
pulsed light stimulation can sigantly control tumor cell di erent experiment groups in 12 days is showigime &
growth with 60% inhibition rate. The tumor in the experimental group (LED + porphyrin) has
Intermittent Continuous Light Stimulation for Treat- obvious inhibition after 12 days, and the volume of the tumor
ing the Tumor in Vivo. The antitumor eciency of the s- remained stable compared to the other three groups. On day
PDT system based on the ts-PENG and power managemdr®, the mice of each group were sadtiand the tumors were
unit is further investigated vivo The m-LED arrays are collected, as shown kigure §. Tumors in the LED +
encapsulated by polydimethylsiloxane (PDMS) with a size ofg@rphyrin group have a volume sicanitly smaller than that
mm x 5 mm, and the thickness is only 1 nimgure & in the other groups, which shows sggmit antitumor escts
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by intermittent continuous light stimulation with 87.46%Sprague-Dawley ratZ00 g); after anesthesia, the ts-PENG (& cm
inhibition rate. A hematoxylin/eosin (H&E) staining picture of4 cmx 500 m) of the same structure waed on the elbow of the
tissues of derent groups on day 12 are showfiduire . rat with medical tape. The claws of the rat were connected to the

The viable cancer cells in three control groups (control LE[Ijnear motorgiaa wire to control the legexion and extension. The
! voltage and transferred charge were detected.

porphyrln) I!ed in the reSIdqu tumor and showed.the typical . Photodynamic Therapy in Vitro. LED as the stimulating light
_Characterlstlcs of cancer with large and prominent nuclgjce (blue LEDs: wavelength 470 nm) for each well of a 48-well
irregular shape, and scanty cytoplasm. On the contrary, thgte was produced speaily forin vitroPDT. 4T1 cells (400L, 5
nuclei of the experimental group (LED + porphyrin) werex 1¢* cells/mL) were seed in the plate and placed in an incubator
collapsed and wizened, which revealed the cellular state of tineler the standard culture conditions. After 36 H, &2porphyrin
experimental group (LED + porphyrin) is much worse tharwas added in the concentration of L. Twelve hours later, the
that in the control group. These results demonstrate that tHéue LED was driven by a linear motor that directly lighted six LEDs,

antitumor eect was probably due to the s-PDT system at th@nd the position of the LED was in the right above of the medium,
tumor site. close but not touching. After 24 h of irradiation, cell viability was

determined using the MTT assay. Sample absorbance was read on a
Microplate reader (Thermo SciegtiUSA) at 570 nm. Calcein-AM
and propidium iodide (Invitrogen USA) were used for live/dead
In summary, we have designed a self-powered PDT systetining. The cytoskeletons and nuclei of the cells were stained with
based on ts-PENG with good biocompatibility amibility. ~ phalloidin and 46-diamidino-2-phenylindole (DAPI), respectively.
The ts-PENG can be utilized as a wearable and implantabld-ED Array Design and Fabrication.The LED array consists of
power source for converting biomechanical energy from boff" LEDs (Kingbright, 1.8 0.8 mmx 0.75 mm) connected in
motion into electricity. The output performance of ts-PENG igorallel. An encapsulating layer of PDMS by spin-casting and curing at

in uenced by many factors, mainly including the size of then- for 1 h.
v y ' Y 9 Photodynamic Therapy in Vivo. Female BALB/c mice aged at

device as well as the magnitude of the stress and straing yeeks were used as the model. 4T1 tumor cells (0.k @, 1
Through a well-designed power management unit, twgelis/mL) were inoculated in the thigh of the mouse. When the tumor
irradiation modes (PLS and ICLS) can be well adapted tgolume reached 100 frthe animals were randomly divided into
the treatment of derent tumor progression. This strategy four groupsr{= 5 per group): (i) control untreated,; (ii) administered
suggests that our approach is feasible in future clinicaith porphyrin; (iii) implanted with functional chip LED array; (iv)
applications, which will bring areetive therapeutic strategy treatment group implanted with a functional LED array and
for cancer treatment. Our research may also provide &ministered with porphyrin. Forye micrograms of porphyrin
inspiration for creating self-powered wearable/implantab as injected into migesity and the chip LED array was implanted 1

: . . . ay later. The chip LED array was driven by a button battery, and the
electronic systems for various disease requiring Iong-te[;gﬁery was changed every 12 h. After the mice wereesadie

trgatment, IiI_<e diabetes, Parkihs_d'rsease_, or cardio_vas_cular tumors were removed and kept in 10% formalifiGifdlowed by
disease, which has great potential for clinical applications. peing embedded in para and sectioned into slides. Slides were
stained with H&E to observe the morphology. All of the animal
experiments were performed strictly in accordance'Beifing
Fabrication of ts-PENG.The PENG was composed of a Administration Rule of Laboratory Anifhaisd the national
piezoelectric layer, electrodes, elastic substrate, and an encapsuIéfﬁi?'p_ardul-ab_f_’r_atory Animal Requirements of Environment and
layer. PET (2 crm 6 cmx 100 m) was used as the substrate; PVDF Housing Facilities (GB 14925-2001)
Im covered with silver (1.8 en.8 cmx 110 m) was adopted as Statistical Anqusw.The data were presented as.the nﬂeﬁ
the piezoelectric layer, and silver was the electrode. Two piezoeled@§f@ndard deviation), with a group size ob. A two-tailed unpaired
layers were attached on both sides of the PET. The copper tape }d§St Was used to calculate ghealues. Statistical sigince was
used to x lead on the piezoelectric layers. The ultrathin RER accepted atp < 0.05;*p < 0.01, and** p < 0.001.
cmx 6 cmx 20 m) was employed as a package layer on the surface
of PVDF Im. All parts were glued togethiarsilicone polymers one
by one. After being dried naturally, Parylene-C was deposited on tke Supporting Information

surface of the device with the parylene coating system (PDSZO%Re Supporting Information is available free of charge at

Labcoter2). . ;
Characterization Methods. The SEM image was taken with a hitps://pubs.acs.org/doi/10.1021/acsnano.0c00675
Hitachi cold eld emission scanning electron microscope (SU8020). Detailed data and images of FTIR spectra of the PVDF

The voltage, current, and transferred charge were detected by an  |m, circuit control diagram of two elient irradiation

electrometer (Keithley 6517B) and recorded _b_y an oscilloscope modes, fatigue performance of the ts-PENG, relationship
(Teledyne LeCroy HD 4096). Thaorescence staining photographs between the output performance of the ts-TENG and

of the tumor cells were taken with an inversiaorescence bend angle, absorption spectrum of porphyuio,

microscope (Olympus 1X71). When the LED was lit, the optical . S
power meter (Q8320 ADCMT) was placedmm above the lamp rescence images of nuclear and cytoskeletal staining in

to measure the light intensity, and photos were taken at the same time ~ di erent groups of 4T1POR
in the all-black environment. Photographs were processed by ImageJ Video S1: Output of ts-PENG binding with a human
° Smt]u'ét‘tce:I:he rthtlaﬁvet'imer}stityl.DENGI PENG dri b knee joint 117
utput Characterization of ts- S- was driven by a . . i s .

linear motor (frequency, acceleration, deceleration, speed, and Video 82 Output of ts-PENG binding with a human
adjustable operation distance). The wires of the ts-PENG were €lbow joint UP4)
connected with an electrometer and recorded by an oscilloscope to  Video S3: PLS and ICLS realized on the human body
acquire electric signals. (MP4)

Wearable System Verication. For humans, the ts-PENG was Video S4: Linear motor simulates human motion to
xed on the elbow joint and knee joint of the experimenter, and the drive the ts-PENGVP4)
open-circuit voltage and transferred charge were measured during )
normal walking. For animals, the animal model we used was a Video S5: s-PDT system on a BALB/c molv&ed(
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