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A B S T R A C T

A self-powered and high-efficient water sterilization system was set up consisting of a wave-driven triboelectric
nanogenerator (TENG) and two nanobrush electrodes made of Ag-nanoparticles integrated ZnO-nanowires. The
system showed both instant and sustainable sterilization efficiency for various microbes including those in
natural river water. The colony forming units (CFU) were reduced from 106/mL to 0 within 0.5 min of electrical
field (EF) treatment for Gram-negative bacteria. In addition, the bacteria annihilation ability was sustained for
at least 20 min after withdrawing the EF. The mechanism lay in the synergetic work of electricity and the Ag/
ZnO nanomaterial, which not only produced electroporation during EF treatment, but also induced sustained
intracellular reactive oxygen species (ROS) to do additional sterilization when EF was withdrawn.

1. Introduction

One of the critical problems affecting people's quality of life is lack
of clean water, especially in developing areas. Water contaminated by
pathogens may lead to infectious epidemic diseases such as diarrhea
[1,2]. The existing chemical and physical water sterilization methods
both have critical drawbacks. Chemical methods including chlorina-
tion, ozone or other oxidizing agent may form carcinogenic by-products
and raise health concerns [3,4]. Physical methods such as membrane
filtration, ultrasonic wave and ultraviolet have limited handling capa-
city and high energy consumption [5,6]. As a result, new robust water
disinfection methods with non-harmful by-products, low-cost and high
handling capacity are still greatly desired.

Pulsed high electric field (PHEF) sterilization, which has been widely
used in rapid disinfection of food and milk, is an attractive candidate for
water sterilization due to its short treatment time and no by-products
[7,8]. When the PHEF exceeds a certain critical voltage, the cell
electroporation and the membranes disruption will occur in living cells
including bacteria [9–11]. However, the energy cost for PHEF generation
is very high, which largely limits its wide application. Irreversible
electroporation caused by PHEF often requires the electrical field (EF)

to be larger than 106 V/m [12,13]. To reduce the dependence on the high
voltage, nanomaterials are introduced. Conductive nanostructure electro-
des can generate EF larger than 106 V/m at the surrounding area at
voltages of less than 100 V [14–16]. However, external electricity supply
is still required to carry out the electroporation sterilization.

Recently, triboelectric nanogenerators (TENG) have attracted much
attention because it can convert ambient mechanical energy into
electricity and become self-powered [17,18]. The working mechanism
of the TENG is based on the combination of contact electrification and
electrostatic induction. Successfully developed TENG can drive hun-
dreds of light emitting diodes (LED) [19], charge a lithium-ion battery
[20,21], or collect energy from muscle motion in vivo and in vitro for
medical applications [22–25]. Also, TENG directly collecting energy
from water waves have been reported [26–32].

In this work, a self-powered water sterilization system was developed,
which was comprised of a ball-in-ball TENG and Ag nanoparticles (Ag-
NP) integrated ZnO nanowires (ZnO-NW) nanobrush electrodes. This
self-powered water sterilization system showed both instant and sustain-
able high-efficient sterilization effect on Escherichia coli (E.coli),
Staphylococcus aureus (S.aureus) and the natural living bacteria in raw
river water. The colony forming units (CFU) of E. coli were reduced from
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106/mL to 0 within 0.5 min treatment. The annihilation ability was
sustained for at least 20 min after the EF supplied by TENG was
withdrawn. Strong and long-term reactive oxygen species (ROS) were
detected in the bacteria cells, which played the role of water sterilization
after the EF was withdrawn. The EF supplied by the TENG, the size effect
of Ag/ZnO nanobrush and their electron-storage properties worked
synergistically to achieve this high and sustainable sterilization effect.

2. Results and discussions

The TENG in our sterilization system was built with a ball-in-ball
structure, and the triboelectric layers were rubber and aluminum (Al)
foil (Fig. 1(a)). Four typical states represented its working cycle: at the
beginning, the rubber ball stayed at the bottom of the PS shell and

adhered to one of the Al foil. Due to triboelectric effect, equal amount of
positive and negative charges were formed on the surface of Al foil and
rubber ball respectively, which reached an electrostatic equilibrium
state (Fig. 1(a i)). When the rubber ball started rolling due to waves and
separated from the initial Al foil, the equilibrium state was broken,
electrons flowed from the other piece of Al foil through external circuit
(Fig. 1(a ii)) until a new equilibrium state was created when the rubber
completely adhered onto the latter Al foil (Fig. 1(a iii)). Then the rubber
ball started to roll back to the initial Al foil and the electrons began to
flow in an opposite direction in the external circuit (Fig. 1(aiv)). The
wave-driven TENG output an open-circuit voltage of 50 V and a short-
circuit current of about 2 μA (Fig. 1(b), (c)). A similar output was
obtained by simply hand shaking of the TENG ball (Fig. 1(d), (e)).

The sterilization experiment setup was shown in Fig. 1(f). The

Fig. 1. (a) The design and working mode of the wave-driven TENG. (b, c) The open-circuit voltage and the short-circuit current of the TENG driven by water waves. (d, e) Similar output
can be achieved by hand-shaking of the TENG. (f) Schematic diagram of the experimental setup with the TENG and Ag/ZnO electrodes sterilization system; the inset was CC before (left)
and after (right) the growth of Ag/ZnO nanobrush; (g, h) SEM pictures showing ZnO-NW grow perpendicularly onto the CC fibers; (i) TEM image showing the Ag-NP tightly attached to
ZnO-NW without aggregation. (j) The concentration of the released Zn and Ag ions in the 25 min (n=3).
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electricity generated by the TENG was applied on two carbon cloth
(CC) electrodes with Ag/ZnO nanobrush growing on the fibers. The Ag/
ZnO electrodes were fixed in two filter holders. The bacteria solution
passed through them at a constant speed of 1 mL/min driven by a
peristaltic pump, and was collected dropwise. The TENG was driven for
only 5 min in this experiment. After 5 min, the TENG was stopped
from working and providing EF to the electrodes, while the bacteria
solutions flowed through them for an additional 20 min to evaluate the
sterilization efficiency.

The ZnO-NW grew perpendicular to the CC (Fig. 1(g), (h)). The
lengths of the ZnO-NW were about 3.5 µm, and the diameters were in a
range from 10 to 40 nm. The Ag-NP uniformly adhered on the ZnO-
NW without aggregation, and their diameters were 5.13 ± 1.26 nm
(Fig. 1(i), n=10). The amount of ZnO and Ag loaded onto the CC (15.79
± 0.23 mg) were 8.01 ± 1.63 mg and 0.058 ± 0.014 mg, respectively
(Fig. S1, n=10). The released Zn and Ag ions in 25 min were shown
in Fig. 1(j) (n=3). The trends of both Ag and Zn ions concentration
were very similar. They were highest at the beginning, then dropped
quickly to a platform. The highest Zn ion concentration was about
1.0 mg/L at 0.5 min, then it dropped to less than 0.4 mg/L after 5 min.
Also, the highest Ag ion concentration was about 0.4 mg/L at 0.5 min,
then it dropped to about 0.2 mg/L after 5 min. The release was very
constant, as tested in 10 cycles of 25 min (Fig. S2). The concentrations
of both ions were very low. Even the highest amount of Zn ion was
lower than the WHO drink water standard, which was 3 mg/L. Besides,
Ag ion concentration of less than 0.5 mg/L didn’t have any bacterial
inhibition effect as reported in former literature [33]. Hence the low
ion release in our system brought in no harmful by-products, and was
not the primary reason of sterilization.

The sterilization efficiency of the TENG and Ag/ZnO electrodes system
was shown in Fig. 2. The actual CFU numbers were shown in Fig. 2(a) and
(b), and the sterilization rate (SR) were shown in Fig. 2 (c) and (d). The
sterilization efficiency was extremely high for E. coli (Fig. 2 (a) and (c)).
The number of E. coli CFU dropped from 106/mL to 0 within 0.5 min
after the EF supply (SR=100%). After EF was withdrawn at 5 min, the
anti-bacterial ability was sustained. In the following 20 min, the CFU
remained 0 (SR=100%). Meanwhile, the ZnO-NW without Ag-NP also
had certain anti-bacterial ability under EF application. The CFU reduced
to about 5×104/mL in the 5 min electricity treatment. After EF with-
drawal, the CFU reduction was also sustained in the following 20 min
(SR≈95%). In the groups of original CC with EF (CC+EF), or Ag/ZnO
nanobrush without EF, the sterilization efficiency was limited, the CFU
were still above 106/mL (SR≈50%). These results suggested that EF or
Ag/ZnO alone didn’t have significant anti-bacterial ability, but the
synergetic effects of them produced much higher sterilization. In addition,
the sustained anti-bacterial effect of the Ag/ZnO nanobrush after EF had
its foundation in ZnO-NW, but was much enhanced by the Ag-NP. With
regard to the Gram-positive S. aureus (Fig. 2(b) and (d)), the sterilization
efficiency was lower than E. coli. Ag/ZnO nanobrush with EF resulted in
more than two order of magnitude CFU reduction in the 5 min EF
treatment (SR≈99%). After EF was withdrawn, the CFU in the afterwards
solutions were kept at about 5×104/mL in the following 20 min
(SR≈95%). ZnO-NW with EF produced lower sterilization effect, similar
with the CC with EF, and Ag/ZnO without EF groups (SR≈50%). This
difference could be ascribed to the thicker layer of peptidoglycan in the
Gram-positive bacteria cell wall than the Gram-negative ones. The
peptidoglycan layer performed most of the resistance to external stress,
so the Gram-positive S. aureus were more difficult to sterilize than Gram-
negative E. coli [34].

The sterilization ability of our system on natural river water was also
tested. Raw river water under Jimen Bridge in Beijing was collected, and
flowed through the Ag/ZnO electrodes directly at the same parameters as
the E. coli and S. aureus solutions. The river water was used directly and
immediately after obtained from the river to flow through the Ag/ZnO
electrodes at a speed of 1 mL/min, and was collected at each time points.
100 μL of the collected water was spread on the LB agar plates, and

cultured at 37 °C for 18 h to allow single bacteria grow into visible colony.
The collected water was also 10-fold diluted and spread on the LB agar
plates to get the best dilution for CFU counting. In Fig. 2(e), the top row
were control groups without treatment and the bottom row were treated
groups (all without dilution). It was obvious that there were hardly any
cultivatable microorganisms in the river water after treatment. The CFU
and SR data was shown in Fig. 2(f) and (g). During the 5 min EF
treatment, the SR was about 99%, 20 min after EF terminated, the SR was
still over 80%.

SEM was employed to study the morphology changes in the bacteria
after treatment. Fig. 3(a) and (b) showed the residual bacteria on the
CC fibers and Ag/ZnO nanobrush after EF treatment respectively. Only
a few bacteria were left on the fibers, and most of them had flowed
away with the solution. Pores in the membrane were found in large
numbers of E.coli bacteria in the flowing out solution (dashed circles in
Fig. 3(c)). Similarly, in the treated sample of S. aureus, cell membrane
damages including pores and fragments aggregation were found
(Fig. 3(d)). These results demonstrated that bacteria electroporation
had been induced in our system. For the Gram-negative E.coli, another
morphological change, bacteria filamentation, was found both on the
Ag/ZnO nanobrush (Fig. 3(e)) and in the solution (Fig. 3(f)). Bacteria
filamentation was often observed as a result of bacteria response to
various stresses, including oxidative stress and DNA damage [35]. Thus
the filamentation in E.coli suggested a possible sterilization contribu-
tion from the oxidative stress.

To find out the role of oxidative stress in the sterilization process, we
examined the intracellular reactive oxygen species (ROS) in the bacteria
cells. The ROS fluorescence intensity in the bacteria cells after treatment
was measured by flow-cytometer, and the percentage of ROS positive cells
were obtained (Fig. 4(a)). The overall data were illustrated in Fig. 4(b) and
(c). For E. coli (Fig. 4(b)), contact with ZnO-NW without EF quickly
produced about 15% ROS positive cells in the bacteria (0.5 min), but this
soon diminished to control level (about 5%). When ZnO-NW were
accompanied by EF, there were about 30% ROS positive cells during the
5 min EF treatment, and about 20% in the following 20 min. When contact
with Ag/ZnO nanobrush without EF, the ROS positive cell percentage was
around 50% during the 25 min treatment. For the Ag/ZnO+EF group,
there were about 30% ROS positive cells during the 5 min EF treatment,
which was relatively lower. This was because bacteria cells had been mostly
disinfected and couldn’t be stained by the ROS indicator. In later time
points, the ROS positive cells increased to as high as 76.4% at 25 min. For
S. aureus (Fig. 4c), the sterilization was less effective than E. coli, and the
ROS signals were also much weaker. For the Ag/ZnO +EF group, the
percentage of ROS positive bacteria was raised to 25.4% at 5 min, which
was the highest among all the S. aureus groups. After the EF was
withdrawn, it also showed sustained ROS signals (about 15%). The other
groups were almost as low as the control group. The ROS evolution in the
two bacteria was highly related to their respective sterilization efficiency.
More importantly, ROS was still detected after the 5 min EF treatment,
especially in the Ag/ZnO +EF groups. Therefore the intracellular ROS was
considered to be the actual reason for the sustainable anti-bacterial ability.
The ROS by itself could lead to bacteria cell lysis and death, by interacting
with intracellular proteins and inducing proteins denaturation, DNA
condensation or respiratory chain disturbance [36,37].

After that, we further explored how the intracellular ROS were
continuously induced after the EF was withdrawn. It had been reported
that ZnO had electron storage capacity [38,39]. Meanwhile, Ag-NPs
would be endowed with strong electron storage ability when combined
with semiconductors [40,41]. However, those previous studies were
based on Ag-NP incorporated TiO2 semiconductor under UV excita-
tion. To find out whether that electrons storage priority also existed
with our system of EF treatment, the electrons storage performance
were characterized by Cyclic Voltammetry (CV) and galvanostatic
charge-discharge (CD) in 1 M KNO3 electrolyte solution. As shown in
Fig. 4(d), the absolute area within the CV curve of Ag/ZnO nanobrush
was larger than that of ZnO-NW, which suggested a larger capacitance
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of Ag/ZnO nanobrush than bulk ZnO. In Fig. 4(e), the discharge time of
Ag/ZnO nanobrush was longer than that of ZnO-NW, which also meant
a better charge storage capacity of Ag/ZnO nanobrush. On the
contrary, in Fig. 4(f), the voltage of carbon fiber arrived only 0.012 V
at 5×10−8 A, which indicated an inferior charge storage capacity.
Because these results were based on one single fiber, the difference

would be greatly enlarged in the actual electrodes which consisted of a
bunch of fibers. This electron storage property and priority was the
reason for the sustainable ROS production. During EF application,
large amount of electrons were first stored in Ag-NP, and then in ZnO-
NW. After EF withdrawal, the electrons were released to induce ROS
production (Eqs. (1) and (2)) [42].

Fig. 2. The sterilization results of the TENG and Ag/ZnO system on E. coli (a, c) and S. aureus (b, d). (*: CFU=0). (e) The sterilization of mixed bacteria population in natural river water
in comparison with E.coli and S.aureus; the CFU reduced significantly after treatment. (f, g) The CFU and SR of the microbes in the river water.
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e+O2→O2
- (1)

2H++O2
-+e→H2O2 (2)

The mechanisms of the instant and sustained anti-bacterial prop-
erty of our system were illustrated in Fig. 5. During the wave driving
time (Fig. 5(a)), TENG not only provided EF between the nanobrush
(Fig. 5(b)), but also charged the ZnO-NW or Ag/ZnO nanobrush
(Fig. 5(c)). The instant sterilization was ascribed to the electroporation
conducted by the NW nanostructure with EF supplied by TENG. The
simulation by the finite element method (FEM) showed the EF at the
vicinity of the Ag/ZnO nanobrush was above 107 V/m at the 50 V
voltage provided by the TENG (Fig. 5(b)), which was high enough to
induce electroporation. Electroporation resulted in pores and ruptures
in bacteria membrane, which directly lead to bacteria death.
Furthermore, after waves and EF supply were withdrawn, the stored
electrons in Ag/ZnO nanobrush were released slowly. This promoted
intracellular ROS production in the flowing through bacteria cells,
which continuously sterilized the bacteria. Because the electron storage
ability of the Ag/ZnO nanobrush was much larger than the ZnO-NW,
the sustainable sterilization ability of the Ag/ZnO+EF group was much
more efficient than the ZnO+EF group (Fig. 5(d)).

In this study, we clarified an interesting phenomenon of sustainable
sterilization ability of Ag/ZnO electrodes after EF was withdrawn, and the
effective time duration was as long as 20 min after 5 min EF application.
In addition, the mechanisms were explored and discussed. It was due to

the production of intracellular ROS, which was dependent on the
electrons storage and release of Ag/ZnO nanobrush after EF treatment.
Although sustainable sterilization had been mentioned in Liu's work [43],
the effective time duration was only a few minutes, and no explanation to
the phenomenon were given in their work. Also, the materials they used
was CuO. Excessive Cu ions could be harmful and accumulate in plants
and animals [44,45]. On the contrary, Zinc was considered a major trace
element for the correct functioning of an organism, playing an important
role in maintaining the metabolic homeostasis [46]. Therefore, ZnO could
be an advantaged alternative to CuO.

To make clear the role of ROS in the sterilization process, we carried
out sensitive and accurate intracellular flow-cytometer ROS assay to
detect the oxidative stress induced by our system. Oxidative stress is an
important element in many effective anti-bacterial approaches including
photocatalysis, radiation, cold plasma, antibiotics, and nanoparticles [47–
50]. We succeeded in detecting various ROS intensity in various groups.
Also, the induction of intracellular ROS in our system was found to be
very quick, because the ROS signal became detectable within 0.5 min after
EF treatment. This quick response was comparable to the cold plasma
induced oxidative stress in microbes [51]. In fact, the intracellular ROS
production is a very complicated process [49,52,53]. The ROS staining in
this work demonstrated an increased endogenous oxidative level induced
by the electrons released from the electrodes. The ROS could either come
from the intracellular oxygen or other molecular that had been excited by
the electrons, or from the respiration chain that had been disturbed by the
electrons. Respiration was a universal behavior in bacteria that involved

Fig. 3. SEM images of the bacteria after treatment. (a, b) Only a few E. coli cells were left on CC fibers or Ag/ZnO nanobrush after EF treatment. (c) E. coli cells in the solution after EF
application showed large pores in the membrane (dashed circles). (d) S. aureus cells after EF treatment showed pores and structure destructions in the membrane (dashed circles). (e) E.
coli cells kept on the Ag/ZnO nanobrush after EF treatment showed bacteria filamentation. (f) E. coli cells in the solution after EF treatment showed bacteria filamentation.
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electron transport [54]. Electrons produced by oxidation of compounds
for energy production were finally accepted by O2 to make H2O. This
process was finished in sequential steps in which ROS was generated and
well controlled [55]. But external electrons may disturb the respiration
process, result in ROS burst and bacteria death [56]. The exact details of
the ROS production in our system were worthy of further exploration.

Our experiment was a small scale study, which revealed in details the
sterilization efficiency and mechanism of the combination of TENG and
Ag/ZnO nanobrush. In future, electrodes with larger area could be
developed to accommodate with larger scale water application. Also, the
ball shaped TENG could be integrated into arrays to provide larger output.
In natural water, waves occur occasionally, thus the sustainable steriliza-
tion ability is a great advantage, because it can continuously sterilize the
bacteria even if the electricity generation stops from time to time.

3. Conclusions

An effective water sterilization system was developed consisting of a
wave-driven TENG and Ag/ZnO nanobrush electrodes. The steriliza-
tion was highly efficient for various organisms including the natural
microbes in river water when applying waves on TENG to generate EF.
In addition, it also had sustainable bacteria disinfection ability after EF
withdrawal. The mechanisms were revealed as follows. First, the Ag/

ZnO nanobrush with their nanostructures conducted electroporation in
the bacteria at a low voltage produced by the wave-driven TENG. In
addition, the Ag-NP incorporated ZnO-NW stored large numbers of
electrons when EF was on, and released the electrons when EF was
withdrawn, which induced ROS accumulation in the bacteria and
sterilized them continuously. Therefore, the wave-driven TENG and
Ag/ZnO nanobrush worked synergistically to do water sterilization
both instantly and sustainably. This system provided a promising
solution for practical natural water sterilization.

4. Experimental section

4.1. Wave driven TENG

The working principle of TENG was previously reported [57]. Our
wave-driven TENG was a ball-in-ball design, consisting of a rubber ball
(φ=4 cm) rolling freely in a polystyrene (PS) shell (φ=8 cm). Al film
were anchored to the inside of the PS shell and functioned as the
triboelectric layers and electrodes. The Al film and rubber ball surface
were polished with sandpaper (600 mesh) and cleaned with oxygen
plasma for 5 min to increase the roughness and voltage output. Then
the PS shell was encapsuled with polydimethylsiloxane (PDMS) to
avoid water leaking into the triboelectric layers. Electricity was

Fig. 4. (a) The intracellular ROS production in bacteria cells was quantitatively measured using flow-cytometer. The percentage of ROS positive cells was obtained based on a uniform
ROS intensity threshold set according to the control group. (b, c) The percentage of ROS positive cells of E. coli and S. aureus were summarized. (d-f) The capacitive performance of a
single fiber of ZnO/Ag nanobrush, ZnO-NW and CC, respectively. (d, e) The CV and CD measurement of ZnO/Ag nanobrush and ZnO-NW; (f) The CD measurement of CC.
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produced when the TENG was driven by waves produced by a periodic
wave making machine (Jebao, WP-40, the power consumption 40 W)
at about 2 Hz. The electricity could also be easily generated by simply
hand shaking of the TENG. The electric characterizations were
measured by Keithley 6517 System Electrometer and SR570 low noise
current amplifier from Stanford Research Systems.

4.2. The growth of Ag/ZnO nanobrush on carbon cloth

ZnO-NW and Ag-NP were grown on CC [14,15], a woven textile
material with good conductivity consisting of carbon fibers that were10
μm in diameter. The carbon cloth was cleaned with acetone and ethanol
for three times, and then treated by oxygen plasma for 5 min before use.
After Plasma treatment, the carbon cloth was treated with ZnO-NW seeds
solution to initiate the ZnO-NW growth. Then ZnO-NW on the CC grew in
aqueous solution by a wet-chemical method. After that, Ag-NP were
loaded on ZnO-NW by a dip-in and light irradiation method. The detailed
process was described in the Supporting information.

4.3. Bacterium cultivation

The sterilization efficiency was evaluated using two model bacteria
and raw nature lake water. The model bacteria were bought from China
Center of Industrial Culture Collection (CICC): E. coli (CICC23657)
and S. aureus (CICC10384). They were cultured in LB (Luria-Bertani)
medium at 37 °C for 18 h to the stationary phase after inoculation in a
120 rpm shakers. Then the bacteria solution was centrifuged at
6000 rpm, washed and resuspended in sterilizing physiological saline
to reach a concentration of 1×106 CFU/mL. Moreover, the river water
under Jimen Bridge in Beijing was collected to characterize the
sterilization effect on natural water. The river water was driven by
the pump to pass through the Ag/ZnO electrodes directly at the same
parameters as the E. coli and S. aureus solutions, and the total CFU in
the river water before and after the 25 min treatment were monitored.

4.4. Disinfection of the bacteria by the TENG and Ag/ZnO system

During sterilization operation, the electricity supplied by the TENG
was applied to the Ag/ZnO nanobrush grown on the CC. The cloth were
cut into circles with a size of φ=10 mm, and placed into two filter
holders that were connected face to face as two electrodes. The bacteria
solution passing through the filter were treated by the EF. The
electricity generation lasted for only 5 min, then the TENG was stopped
from working, while the sterilization efficiency was continuously tested
in the following 20 min. Four experimental groups were tested: Ag/
ZnO nanobrush with EF (Ag/ZnO+EF): Ag/ZnO nanobrush without EF
(Ag/ZnO), ZnO nanobrush with EF (ZnO+EF), and original carbon
cloth with EF (CC+EF). Bacteria solution passed through the electrical
field dropwise at a constant rate of 1 mL/min driven by a peristaltic
pump. Then they were collected, 10-fold serially diluted, plated on LB
agar plate, and cultured at 37 °C for 18 h to do CFU counting. The time
points were 0, 0.5, 2.5, 5, 10, 15, 20 and 25 min. The SR was calculated
using the Equation

SR CFU CFU
CFU

= − × 100%0 1

0 (3)

where CFU0 is raw bacteria CFU/mL, CFU1 is the bacteria CFU/mL
after treatment.

4.5. Ion concentration measurement

Distilled water passing through the Ag/ZnO nanobrush was collected
at 0.5, 2.5, 5, 10, 15, 20, 25 min for silver and zinc ions contents analysis,
and the electricity supply stopped at 5 min. Inductively Coupled Plasma
Optical Emission Spectrometer (ICP-OES, PerkinElmer, Optima 7000DV)
was used to analyze the ions concentrations.

4.6. SEM observation

The bacteria morphology change was studied using SEM after fixation
and dehydrations. First, the samples were fixed with 4% paraformalde-

Fig. 5. Schematic figure of the synergetic mechanisms of the instant and sustained sterilization property of our system. (a) The wave driven TENG provide EF. (b) During EF supply, the
Ag/ZnO nanobrush structure conducted electroporation in the bacteria cell. Simulation of EF intensity between the ZnO-NW tips and bacteria, showed that as high as 107 V/cm can be
achieved near the surface of the nanowires. (c) During EF supply, electrons were stored in ZnO-NW, which would be released after EF was withdrawn, and continuously formed ROS for
sustained bacteria sterilization. (d) When Ag-NP were integrated in ZnO-NW, the electron storage ability was greatly enhanced, so the more ROS were induced and much higher
sterilization efficiency were achieved.
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hyde for 4 h, and then dehydrated in graded ethanol, 30%, 50%, 70%,
85% and 90% ethanol for 0.5 h each. After immersion in 100% ethanol for
0.5 h for 3 times, the sample was dried in air for 4 h under a fume hood.
The samples were imaged using a field-emission scanning electron
microscopy (FE-SEM, Hitachi SU8020) at a voltage of 5 kV.

4.7. Intracellular ROS monitoring

Four groups were monitored for their ability to induce intracellular
ROS in the bacteria: Ag/ZnO nanobrush with EF (Ag/ZnO+EF), Ag/
ZnO nanobrush without EF (Ag/ZnO), ZnO-NW with EF (ZnO+EF),
ZnO-NW without EF (ZnO). At 0.5, 2.5, 5, 10, 20, and 25 min, the
bacteria suspension were collected, centrifuged at 6000 rpm for 5 min,
and stained with 10 μM 2′, 7′-dichlorodihydrofluorescein diacetate
(DCFDA, Beyotime, China) at 37 °C for 15 min in darkness. Then they
were rinsed with PBS, tested on flow cytometer (Accuri C6, BD) for FL-
1 (530 nm) under 488 nm excitation light. For each sample, 10,000
bacteria were collected by the flow-cytometer and measured for their
respective intracellular ROS signal intensity. An intensity threshold
was set according to the control group, and was applied to all the
treated groups. Thus the percentages of ROS signal positive cells could
be compared among each group.

4.8. Electrical field simulation

The finite element method (FEM, COMSOL Multiphysics software)
was used to calculate the electric field strength near the nanowires. The
parameter were set as follows: Relative permittivity of water=81; Relative
permittivity of ZnO=8.54; The Length of ZnO=3.5 µm; The Radius of
ZnO=20 nm; The potential applied on the ZnO electrodes=50 V.
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