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ABSTRACT

An active bacterial anti-adhesion strategy based on directional transportation of bacterial droplets driven by a triboelectric nanogenerator
(TENG) has not been reported to date, although passive defense approaches can prevent bacterial adhesion by regulating superwetting
surfaces combined with incorporated antibacterial substances. Here a triboelectric nanogenerator driving droplet system (TNDDS) was built
to drive directional transportation of bacterial droplets to be eliminated, which comprises TENG with periodical frictional Kapton film and
aluminum foils and a superhydrophobic driving platform (SDP) with paralleled driving electrodes. The current generated by the TENG
triboelectricity is transmitted to the paralleled driving electrodes to form an electric field driving the directional transportation of charged
GURSOHWY 7KH FULWLFDO YDOXH RI WKH GULYHQ GURSOHW YROXPH RQ r& ®idthy akdQHe
driving distance of droplets is related to the number of electrodes. More crucially, TNDDS can actively drive the charged droplets of prepared
triangular silver nanoprisms (Ag NPs) forward and back to mix with and remove a tiny bacterial droplet on an open SDP or in a tiny
semi-enclosed channel. Bacteria could be killed by releasing Ag+ and effectively removed by TNDDS by regulating the motion direction.

Generally, this approach offers a promising application for removing bacteria from material surfaces driven by TENG and opens a new
avenue for bacterial anti-adhesion.

KEYWORDS

Bacterial anti-adhesion; Antibacterial; Directional transportation; Triboelectric nanogenerator; Superhydrophobic;

1 Introduction form robust biofilms[2]. Biofilms can cause the mead of
It has been inferred that there exist around 18t bacteria on the pathogenic bacteria, microbial contamination, and material
earth, harmful bacteria can spread and adhere to the human surface corrosion, which will bring bacterial infected risk to
body surface and then invade iman cells from the outside to  food packaging, medical fabric, biosensor, biomedical
the inside to destroy the body and take countless innocent lives equipment, and microbial corrosion loss to industrial pipelines,
[1]. Bacteria can also adhere to the surface of different marine ships, and engineering materials, ef8-5]. Several
materials through their characteristics and further breed and  studies have shown that a feasible scientific approach to hinder
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the harm of bacteria and microorganisms is to develop various
bacterial anti-adhesive surfaces tgrevent the initial adhesion
of bacteria and the formation of bacterial biofilm. Thus, it is of
great research significance for human health and the global
economy to develop some cuttingedge technologies of
bacterial anti-adhesior{6, 7].

Recently, numerous studies have been conducted by
scientists at home and abroad to continuously inhibit and
reduce the adhesion of bacteria at the initial stage, and thus
eliminate and cut off the breeding of bacteria on the surtz[8,
9]. The design idea of repelling or blocking bacteria has been
used to construct superhydrophobic or superhydrophilic
surfaces to reduce bacterial adhesion. An approach is to
superhydrophobic surfae with
o= —"F fet Z'™ e —""f % foe
air layer in the micro/nano structure on the superhydrophobic

construct a

LT efete—r—
surface in a Cassie state is conducive to preventing the
adhesion of bacterial droplet$l0, 11]. For instance, Doris
“ZZ<1t"ie [2]fdesigned a polyurethane microfluidic tube
with an inner diameter of 1 cm, which was oxidized by Fenton
solution to form a layer of nanofilaments, and then modified
with
1H,1H,2H,2H-perfluor odecyltrichlorosilane
After  the
experiment, the bacteria that adhered to the superhydrophobic

and
it
antiadhesion

methyl trichlorosilane or tetraethoxysilane

to  make
superhydrophobic. bacterial
microfluidic tube were reduced by more than 20 times than
that of the unmodified one. This exceptional resisince to

bacterial contamination is due to the characteristic spacing of
its irregular 3D nanofilaments, which are just smaller than the
size of E. coliand prevents bacteria from entering the pores.
the
superhydrophobic lotus leaf, Limei Tian [13] et al. prepared a

Furthermore, inspired by selfcleaning effect of
regular array structure composed of vertically arranged
micro-scale silicon cylinder and nanoscale ZnO nanoneedle. A
with

anti-adhesion and mechanical sterilization performance was

superhydrophobic  surface outstanding  bacterial
obtained after treatment with fluorosilane, and its bacterial

anti-adhesion rate reached 99%. This bacteriarepellent
performance is primarily due to the presence of a stable Cassie
state on the superhydrophobic surface, which can significantly
reduce the contact area of the liquiesolid interface and thus
reduce bacterial adhesiofil4-16]. Additionally, our group
that

superoleophobicity underwater is the underlying mechanism

further proposed superhydrophobicity/
of surface resistance to bacterial adhesio [17, 18]. Another

approach is to isolate bacteria; the superhydrophilicsurface

Nano Res.

was constructed by modifying with hydrophilic polymers or
zwitterionic molecules to achieve bacterial antiadhesion.
Superhydrophilic surface in the water environment can rapidly
form a hydrated layer because of the strong hydrogen bonding
interaction, its large exclusion hinders the bacteria from
reaching the surface, and its large hydration repulsion hinders
the contact between bacteia and the surface. It is difficult for
bacteria to adhere to the hydrophilic surface because they must
overcome a certain energy barrier to compress the hydrated
molecular layer. The stereoscopic exclusion and hydration
effects of hydrophilic surfaces preide them with exceptional
resistance to bacterial adhesion[19, 20]. Zhang[21] et al.
developed an amphiphilic (PNMBHPDMS) copolymer coating,
the incorporated hydrophilic polyvinylpyrrolidone (PVP) could
tdse> a cHiih segateht nfigratien to the coating sade and
form a hydration layer to prevent biofouling (containing
proteins, bacteria, and diatoms). Compared with the pristine
PDMS coating, PNMBIRPDMS coatings could reduce 82%
adhesion of fibrinogen, 97% adhesion ofs. aureus and 97%
adhesion of diatom.Mei [22] et al. designed a broadspectrum
anti-biofilm based on

coating hydrophilic

poly(N,N-dimethylacrylamide)  polymer, which  showed
outstanding anti-protein contamination and anti-biofilm
adhesion.Our group condructed poly(ethylene glycol) methyl
ether methacrylate-containing hydrophilic surfaces, which can
achieve different wettability and bacterial antiadhesion
regulation, and first elaborated the underlying mechanism of
antradhesion of the
simulation18].

been

the hydration layer on bacterial

hydrophilic  surface molecular
Although

superhydrophobic

through

significant  progress  has made in

and  superhydrophilictype bacterial
anti-adhesion approaches, these two approaches astatic and
passive. A sole superhydrophobic surface must be inclined to a
certain angle so that bacterial droplets can roll off, and a sole
superhydrophilic surface has poor durability against bacterial
adhesion, so these passive bacterial anidhesion gproaches
limit their application [23].

TENG has become an emerging technology and has
attracted extensive attention since it was invented in 201R4],
and it can convert different sources into electric energy, such as
wind[25, 26], vibration[27, 28], water flow[29, 30], body
movemen{31, 32], to power the electronic equipmenf33, 34].
More crucially, TENG, based on the coupling effect of contact
charging and electrostéic induction, can overcome the low
output limitations of conventional piezoelectric generators and

offers unique advantages, such as large output power, high

www.editorialmanager.com/nare/default.asp
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efficiency, low  material cost, lightweight, facile
manufacturing[35], and has numerous applications in the fields
of tunable optical device$§36, 37] and wearable electronic
deviced38, 39]. Here, TENG is extended tour work driving
charged droplets to realizebacterial anti-adhesion, an active
bacterial anti-adhesion strategy based ofNDDSwas proposed
to drive the directional transportation of bacterial droplets to
be removed Fig. 1 shows a schematic of the preparation
process of TNDDS, which consists of SDP of electric field
driving function and TENG with triboelectricity function;
droplet driving can be realized due to arexerted electric field
by paralleled copper electrodes; to reduce charge loss, an
insulating Polytetrafluoroethylene film is pasted on
them, and modified with hydrophobic silica particles to reduce
the frictional resistance of droplets on the SDP surface;
paralleled copper electrodes must be connected with TENG to
obtain current generated by TENG triboelectricity. The TENG is

a core system for generating electrical currents and is

plate, whererectangular aluminum foils with a certain distance
adhere on the upper suface of the fixed plate, and a Kapton
film that adhered on the lower surface of a movable acrylic
sheet is driven periodically by a numerical controllable linear
"tfZ<et tU<<o% L, f..—1"<fZ
transportation, periodical friction occurring on the inner

of—'"4

surfaces of the Kapton film with the firstaluminum foil to the
last layer must be performed, resulting in the generation of an
output charge and current. Thegenerated charges are further
conducted on the paralleled copper electrode to generate an
electric field driving the directional motion of chargeddroplets
from left to right. Since small bacterial droplets are in narrow
areas, in reality,droplet-containing antibacterial agents can be
transported to mix with this type of tiny bacterial droplet and
were driven back away from this narrow area (e.g., a tiny
semi-enclosed channel in our study)Thus, our proposed active
bacterial anti-adhesion approach by directionakransportation

of bacterial droplets driven by the TENG has broad

composed of two core parts; an acrylic sheet serves as a fixed development potential40, 41].

Figure 1 Schematic of the preparation processa)) and its bacterial droplet driving application (b) of TNDDS comprising TENG and SDP.

2 Experimental

2.1 Materials
Kapton film (Polyimide), PTFE film copper tape, aluminum foil,

and acrylic sheet were purchased from the local market.
Anhydrous ethanol (GHsO, 99.5%), hydrophobic Si@ silver
nitrate (AgNG: &
polyvinylpyrrolidone (PVP, MW = 4®00 mol g<), hydrogen
peroxide (H20, 30%), sodium borohydride (NaBHi& -{z~

were purchased from Shanghai Macklin Biochemical Co., Ltd.
Shanghai Luwei Microbial Sci. & Tech. Co., Ltd. Supplied the
staphylococcus aureus (CMCC(B) 26003)6.aureuy and
Escheichia coli (CMCC(B) 44102)E. col). Sigma Aldrich
supplied phosphatebuffered saline (PBS), MuelleHinton agar
(MHA), and MuellerHinton broth (MHB). Invitrogen (Carlsbad,

{{az” a <" T«—(GHNaF & +-{2" & ca ysa) supplied the LIVE/DEAD Backlight bacterial viability

kit (SYTO9/PI). A numerically controlled linear motor was

www.theNanoResearch.com . www.Springer.com/journal/12274 | Nano Research



purchased from a local market. A Keithley 6514 System
Electrometer, high voltage probe (P5122), and an oscilloscope
(MD032(3-BW-200) were purchased from Teck (China)
Technology Co., LTD.

2.2 Inductively coupled plasma etching modification of
Kapton film

Kapton thin film with a nanopatterned surface was prepared by
inductively coupled plasma (ICP) reactiveon etching. wr Je
of Kapton film was sequentially cleaned with methanol,
isopropyl alcohol, and deionized water,and then dried by
blowing nitrogen gas. Subsequently, at flow rates of 10, 20, and
30 sccm, the ICP chamber was injected with ArOand Ck
gases, respectively. The nanopatterned structure was obtained
on the Kapton film surface by ICReactive-ion etching for 15

min (plasma-ion acceleration = 100 W)42].

2.3 Preparation of TENG

The TENG wagdesigned with two core parts (a fixed and a

movable one). As illustrated in Fig. 1, for the fixed part, an
acrylic sheet (40 cm 8 cm) is served as a fixed supporting
substrate at the bottom, where rectangular aluminum foils (10

f distdrice fof 1 cm adhere on

the upper surface of fixed acrylic sheet. For the movable part,

cm 8cm tw Je ™«<-S
Kapton film that adhered to the lower surface of a movable
acrylic sheet is driven periodically by a numerical controllable
linear motor; the above two fabricated plates are kept in

parallel with each other, where the inner surfaces (Kapton film
and aluminum foils) are in intimate contact, and their
periodical friction generates output to charge and current.

2.4 Preparation of SDP

First, the glass slides were alterately ultrasonicated thrice in
water and anhydrous ethanol for 10 min in an ultrasonic
cleaning machine to clean the oil stains and impurities on the
glass surface. £...'«té& f
was pasted on the glass slide for insulatiorand then parallel
copper strip tapes of a given size were pasted on the PTFE film
as driving electrodes. Third, another PTFE film covered the
copper electrodes protecting them from voltage breakdown. To
reduce the frictional force of droplet directional ransportation

on SDP, the top PTFE film was further sprayed with 0.05 mg
hydrophobic silica in ethanol dispersion (0.125 wt%) on a
heating plate of 80Cand dried in an oven at 80Cfor 1 min.

2.5 Preparation of the TNDDS
The TNDDS was constructed by assdialing the obtained TENG
and SDPby connecting the driving electrodes and aluminum

"¢Ze ™(_§ f -S«..
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foils with alligator clip wires.

2.6 Synthesis of Ag NPs

Ag NPs were synthesized by the reduction approach based on
the previously reported literature[43]. Typically, 25 mL of 0.1
mM AgNQ solution was poured into a beaker on a magnetic
stirrer, 1.5 mL 30 mmol/L NasGsHsO7 and 1.5 mL 0.7mM PVP
solutions were successively taken by a pipette gun into the
above solution. Magnetic force stirred the solution for 23 min,
efece% «— —ec"'"ed xr wasrthen added to the
mixture with a pipette gun and stirred with magnetic force
again for 10 min. After that, 140 mL of 100 mM NaBHsolution
was injected into the above mixture. The solution changed from
light yellow and dark blue to final sky blue after 40 min of
reaction.

2.7 Droplets directional transportation for bacterial

removal driven by a triboelectric nanogenerator

Water and bacterial droplets directional transportation is
performed using TNDDS, to simulate the removal o$mall
o727
bacterial droplet was added in a tiny semenclosed channel on

SDPA fet —Ste srrJ %  T"°Z1iSDPUging@ Tttt

pipetting gun. The Ag NPs droplet was driven into the tiny

bacterial droplets in narrow areas, in reality, w J

channel by the TENG with a linear reciprocating motor
directional at a speed of 18 cm/s so that the Ag NPs droplet
was mixed with the small bacterial droplet in the tiny channel.
Finally, the mixed droplets are driven to remove away from the
tiny channel by performing the reverse motion of the linear
reciprocating motor.

2.8 Antibacterial activity tests

The antibacterial activities of Ag NPs with various
concentrations were evaluated by measuring their antibacterial
rate. Typical bacterial microorganisms, includingS. aureusand

€. teoli, 'Werer sdlected for experimentd assessment. The
obtained Ag NPs solution was diluted to 0.2, 0.4, 0.6, 0.8, and
1.0 mg/mL. Each sterile test tube was charged with 1 mL Ag
NPs suspension and 1 mL bacterial suspension containing 710
colony units (CFU), controls (without Ag NPs) were also
performed with 1 mL of sterile water substituting Ag NPs. Then,
at 37°C and 150 rpm for 15 h, the testing tubes were incubated
with a shaking incubator. 1 mL bacterial solution was taken out
from the tubes and charged into another testing tube
containing 9 mL PBS after the oscillating incubation and was
teZ——%1t > f . F"—fco e—Z—-7%ta srrJ t<Z—:

inoculated uniformly onto the surface of solidified MHB plates

www.editorialmanager.com/nare/default.asp
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in sterilized Petri dishes, and then incubated at 37°C for 24 h.

After counting the number of colonies, the number of bacteria

was computed by multiplying the dilution factor, and the

antibacterial rate was computed using the following Eg(1):

(%) = (CFUonrar ML < <«CFUample
mL <

Antibacterial rate

mL <‘1)/CFUcontroI
(@)

where CFUWonrot ML € is the average number of bacteria for
the control and CFlhmpe mL< is the average number of

bacteria for Ag NPs samples. Besides assessing the antibacterial

rate, live/dead bacterial viability assays were used to
intuitively evaluate the antibacterial activities of Ag NPs
samples after the above oscillating incubation, which is dual
fluorescence staining approach using the fluorescent dyes of
SYTO9/propidium iodide (PI), SYTO9 binds DNA and RNA,

emitting green fluorescence, Pl only permeates dead or

damaged cells, emitting a red fluorescencesrr J ,f..—%"

suspension was applied to a piece of the sterilized glass slide,
tw J "7feS { TP ™fe fTTET -
bacteria using a microliter syringe, and then was covered with

e ¢S ——

a piece of the glass coverslip, the bacterial thoroby staining
was performed at room temperature in darkness for 15 min.
Afterward, the live/dead bacterial state was observed under an
Olympus BX51 epifluorescence microscope employing green
and red filters with excitation/emission 440 480 nm/515 540
nm and 540 560 nm/630 660 nm,
bactericidal efficacy of the mixed droplets after Ag NPs droplet

respectively. The

was mixed with the bacterial droplet was also examined, after
performing droplets directional transportation for bacterial
removal (Part 2.7), the mked droplet was transferred into a
centrifuge tube for incubation at 37°C for 15 h. The mixed
droplet is then dissolved in 9.9 mL PBS with 100 times dilution.

<ofZZ>& srr J
onto the surface of the solidifiedMHA plate in a sterilized Petri
dish, the subsequent incubation process and the computation
of antibacterial rate was the same as above.

2.9 Bacterial anti -adhesion assessment

The optimal SDP with the best superhydrophobicity and lowest
adhesive force wasselected to test its bacterial antiadhesion.
S.aureuswas used as the representative of grarpositive
bacteria and E. coli as the representative of grarmegative
bacteria. 100 , f..—3"<fZ t7* Z'{celenyunitsS(CEFL)
were placed on the SDP surface for 4 h and then transferred
into a sterilized centrifuge tube, 10 sml sterile PBS solution was
used to rinse the SDP surface to add to the centrifuge tube. The

T(Z_:to_ TMfc _fo:t- f— f.T

obtained bacteial solution was diluted with sterilized water
for 1000-"*Zt t<Z——<'ed srr J t<Z—te—
inoculated uniformly onto the surface of the solidified MHA
plate in a Petri dish, and then incubated at 37°C for 24 A.100
J L f..—f"<fZ 1710Z¢olonfunitS (CFU) was taken for
control after incubation. The bacterial antradhesion rate(R, %)

TMf.

of the SDPsurface iscomputed using Eq(2):
R=(CFWampienL ¢/CFUcontrormL <) ~100%
2)

where CFUWampe mL< is the mean value of bactéal
colonies in the experimental groups repeated thrice, Ckbtrol
mL< is the mean value of bacterial colonies in the control
groups repeated thrice.

2.10 Characterization methods
A field emission scanning electron microscope (Zeiss Sigma
300, Zeiss, Gmnany) was used to observe the surface
r;lorphologies of the Kapton film and SDR the surface
_roughness of theKapton film was tested employing an atomic
force 1;nlcroscope (Bfuker Dimension ICON, Bruker, USAJhe
Zieto—oi teo—"c,——<'s ™fe Idyfphotdetectronc s %o
spectroscopy (XPS, K-Alpha+, Thermo Fisher Scientific,
American) with an energy dispersive spectrometer (EDS,
Smartedx, Zeiss, GermanyWater contact angles, the rolling
angle, advancing angle, receding of the water droplet, and
contact angle hysteresis was measured using a contact angle
meter (OCA40 Micro, Data physics, Germany). The adhesion
forces of a water droplet on an SDP surface were measured
using a highsensitive microelectromechanical balance system
(Data-Physics DCAT11, Germay Characteristic absorption
peaks of triangular Ag NPs by
UVVisIspectrophotometerl (Shimadzu UV1800, Japan). The

mlcromorphology Lof triangula Ag NPs was observed

were measured

usmdtransmlssmn electron mlcroscop)l(Phlhps EM 301 TEM).

Samples were prepared by dropping anrAg NPs solutionon

carbon-coated copper grids.

2.11 Output performance test of TENG

Removable Kaptonifm adhered to an acrylic sheet fixed on the
sliding platform of a numerically controlled linear motor;
several aluminum foil friction electrodes were placed on an
acrylic sheet fixed on difting platform; the height of the lifting
—-Sf- =St fr=te "<Zsis

was in close contact with a fixed aluminum foil friction

platform was adjusted s'

electrodes and placed on the sliding platform of the linear
motor with periodic reciprocating movement at a speed of 18
cm/s. Thefixed aluminum foil friction electrode was connected

www.theNanoResearch.com . www.Springer.com/journal/12274 | Nano Research
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to a Keithley 6514 high precision electrometer to outputthe

short circuit current of the TENG by the reciprocating motion
of the Kapton film driven by a linear motor. Afixed aluminum

foil friction electrode is connected to a high eltage probe and
oscilloscope to output its open circuit voltage.

3 Results and discussion

3.1 Characterization and performance of the triboelectric
nanogenerator

<o tfed =St ZUftET .Sf % E THeec—>
surface and enhance the triboelecic performance of the TENG,
ICP was performed on the Kapton film to increase its

Nano Res.

((Fig. 2(a)), after etching, a nanoscale structure is formed on
the surface of the Kapton film (Fig. 2(b)). The surface
roughness of Kapton film after ICP etching significantly
increases fom 0.932 nm (Fig. 2c) to 25.1 nm (Fig. 2d). The
fr=te "<Zeie "t " foco%o o "Fefe— <o TV TEe
the horizontal reciprocating friction between the Kapton film
and aluminum foil electrode plate in close contact generates
open circuit voltage (Fig. 2(e)) and short circuit current (Fig.
2(f)). The stable reciprocating speed of the sliding platform
and -ufifbrm fistributionZofithe nano-patterns etched on the
surface of the Kapton film makes the electrical signals
generated by the TENG appear stablwaveforms, and the

triboelectric performance[44] & St f'—‘s "«Ze+ie ore”” fmatimuh’ peaks of open circuit voltage and short circuit

etching shows that its surface morphology is relatively smooth

—"fe— f"f vXwat fet SAMYSN & "Fe't..—<17

Figure 2 Surface morphologies of the Kapton film before ICP etching)( and dter ICP etching b); Surface roughness of Kapton film before ICP etching)(

www.editorialmanager.com/nare/default.asp
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and after ICP etchingd); Open circuit voltage €) and short circuit current (f) are generated by the TENG.

o respectively, as the number of silica increases from 0.35 and
3.2 Optimization of SDP ) o .
i ) . i : 0.55 mg/cm?, as illustrated in Fig. 3(c). The corresponding
It is crucial to optimize the spraying amouts of hydrophobic .
- ) contact angle hysteresis gradually decreases from 22° to 6°
silica to reduce the adhesion force of charged droplets on SDP. ] o o ]
] i . ((Fig. 3(d)), indicating that the frictional resistance of water
The static contact angle, rolling angle, advancing angle, ) .
. . . droplets on the superhydrophobic SDP surface decreases with
receding angle, contact angle hysteresis, and adhesion force of ) ] ] o
the increase in spraying amount, which is more favorable for

TP Zt—ei Tt .. <o fZ Fif 3 the-gdhesivé force
measurement setup Fig. 3f-j shows that the adhesive forces of

the droplets on the surface ofSDPwere examined byvarying
the sprayed amount of hydrophobic silica (0.35, 0.40, 0.45, 0.5,
and 0.55 mg/cn®). The results indicate that, with the increase . .
] o ) water droplets on the horizontal superhydrophobic SDP
in sprayed hydrophobic silica amount, the static water contact ) . ) .

) surface gradually decrease with the increase in spraying
angle of droplets on the superhydrophobic SDP surface
gradually increases from 124.992° to 151.276°Kig. 3(a)), and

the rolling angles gradually decrease from 65° to 6fig. 3(b) ),

amount. The adhesive force reaches the minimum (0.0501 mN).
The adhesive forces of water droplets on SDP surfacegth

) . ) o ) various spraying amountswas shown inFigure S2 in the ESM
and its rolling process is recorded inFigure S1 in the ESM o ]
i ] The spray amount of hydrophobic silica of 0.55 mg/cris
Both advancing and receding angles of droplets also get o :
) optimized as the most suitable one on SDP surfddé&-48].
progressively larger from 144° and 122° to 162° and 152°,

www.theNanoResearch.com . www.Springer.com/journal/12274 | Nano Research
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Figure 3 Surface wettability of the SDPsprayed with various amounts of hydrophobic silica: & water contact angle of droplet; b) rolling angle of a water

droplet; (c) the advancing angle and receding of a water dropletd] contact angle hysteresis(e) Real image of the adhesive forceesting setup; (f-j)

Adhesive forces inSDP srrface with different amounts of hydrophobic silica (S1:0.35 mg/crd, S2:0.4 mg/cm, S3:0.45 mg/cm, S4:0.5 mg/cm, S5:0.55

mg/cm?2).

Fig. 4 (a) shows the real target of theSDPloaded with the
optimal spraying content of 0.55 mg/cn?, and its surface
microstructure is like a rough honeycomb structure Fig. 4(b)).
At this point, water droplets are in the CassiBaxter state on
the superhydrophobic SDP surface, and a layer of air is
captured on the superhydrophobicSDPsurface, which reduces
the contact area between water droplets an&DH11], resulting
in a large contact angle, small contact angle hysteresis and
small adhesive force, and small resistance force of droplet
movement on the superhydrophobic silca coating surface of
—S«c<...eetee " UFEigx4(d). SEMEDS mapping showed

that the expected elements C, O, F, and Si are evenly distributed
on the SDPsurface (ig. 4 (d)), whose contents are 12.9 wt%,
53.45 wt%, 1.11 wt%, and 33.26 wt%, respectively.XPS
spectroscopy that the
characteristic peaks of Cls, Fl1s, Ols, and Si2p are at ~284.58,
~687.98, ~532.68, and ~103.38 eV, respectively Kig. 4(e)),
and its corresponding peak diagram of € (284.9 eV), &
(291.6 eV), and €Si2P (283.9 eV) Fig. 4(f)), showing that the
G-F groups of low surface energy endow th&DPsurface with

photoelectron demonstrates

superhydrophobic properties[14].

www.editorialmanager.com/nare/default.asp
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Figure 4 (a) Real image oSDP with multielectrodes (b-c) SEM image of the front and section views &DP (d) SEMEDS mapping ofDP surface (e) XPS
full spectrum of SDP surface(f) High-solution C1s XPS spectra.
-8z J A& fehaxxSE"ffete "oty = svr J a St
showed that the critical volume of driving water droplets

Fig. 5(a) and (b) show the real object and its model of TNDDS . . . ) .
gradually increases with the increase in electrode distance and

3.3 Water droplets' motion driven by two -electrode SDP

comprising TENG and SDP with two electrodes, respectiy. ) ) )
] ) o _ electrode width, the reason is that the forward motion of a
Since the size and distribution of the electrodes are also crucial ) i
o ] water droplet on SDP is affected by the electrostatic force and
for driving charged droplets, the influence of the two factors on o . )
o - ] ] friction force. If a larger droplet is driven on the SDP, more
the driving critical droplet volume is further examined. As . ) ) )
. - ) ] o positive charges are carried on it, so a larger electrostatic force
illustrated in Fig. 5(c), while electrode width (W) is fixed at 1 ) ) ) o .
) ) is exerted on it. Meanwhile, a larger friction force is exerted on
mm, the electrode distance (D) increases gradually from 1 to 3

mm, the \hin <o ..." T fede "7 u —' su Jadngredses S t
“Tre ty —' sts J A o «Z ZFig.5{d)f whilk D is fixed at
1 mm as W increases from 1 to 3 mm, thenM increases from 3

it due to its larger volume, so there is a maximum critical
volume. Conversely, there also exists a minimum critical
volume[49].
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The process (i) of Fig. 5(e) shows the force analysis of inner wall of the polypropylene tube or rubbed against the air
driving water droplets by a TENG. In process i, the water [50-53]. Kapton film and aluminum foil as two dielectric
droplet is extruded through a polypropylene tube and placed materials experience a sliding mode, Kapton film goes on
statically on the surface of the SDP. Positive charges are sliding friction back and forth on thesurface of two aluminum

generated in the waterdroplets after being rubbed through the “tcZed —SFE ™t fZF . =" of —fEU<fZeT o—

Figure 5 (a) Real image of TNDDS comprising TENG and SDP with two electrode$;Schematic of the TNDDS model with two electrodesg)
Relation of driving minimum droplet volume (Vmin) and maximum droplet volume (\hay) with electrode distance (D) on the tweelectrodes
platform (electrode width, W = 1 mm); @d) Relation of driving \iin and Vinax with W on the two-electrodes platform (D = 1 mm); €) Force

analysis of driving droplet motion process (iiii) with two electrodes; (f) High-definition image of driving droplet motion progress on ®P.

www.editorialmanager.com/nare/default.asp
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of their triboelectric effect. Kapton film is prone to accept
electrons due to its low conductivity, aluminum foils are prone
to emit electrons due to their high comluctivity, so Kapton film

is endowed with negative charges, and aluminum foils are
endowed with positive charges[54]. The negative charges on
the surface of Kapton film are equal to the sum of the positive
charges on thesurfaces of the first and second aluminum foils
The accumulated negative charges on the Kapton film surface
will increase with constant friction while moving to the first
aluminum foil surface again, the total negative charges of
f /—ece—e
positive charges so that partial negative charges transmit to the

Kapton film are higher tSfe —-St “<¢"e—

first driving electrode connecting to the aluminum foil;
however, the first positively charged aluminum foil will conduct
positive charge to the first driving electrode to endow it with a
positive charge when the Kapton film leaves the first aluminum
foil; next, while Kapton film moving to the second aluminum
foil, partial negative charges transmit to the second driving
electrode connecting to the second aminum foil, at this time,
an electric field is generated between the first positive driving
and second negative driving electrodes, it starts to drive the
positively charged droplet from the side of the first electrode to
the side of the second electrodeThe motion process of water
droplet being driven back and forth by the TENG with two
electrodeswas recorded inVideo 1 (ESM). As illustrated in Fig.
5e(ii) , thedriving force comes from the resultant force exerting
on the droplet under the electric field35]. Horizontally, the
positively charged droplet is repelled by the repulsive forceK:)
of the first positively driven electrode and is pulled by an
attractive force (F2) of the second negatively charged driving
electrode. Vertically, the friction resistanceF on SDP when the
charged droplet moves forward and the vertical directional
gravity (G and supporting forces En). Since the distance
between the droplet and two driving electrodes is constantly
changing, thedirection and magnitude of the droplet subject to
their repulsive and attractive forces are also constantly
changing when the droplet moves from the first driving
electrode (i) to the second driving electrode (iii). The water
droplet can be driven forward as long as the resultant force of
F. and F2 in the horizontal direction is greater than the friction
force. Fig. 5(f) showsthe directional transportation process of
the water droplet being driven to and fro, as it was captured by
a high-speed camera of 100 frames /S. The water droplet
could be driven from the first to the second driving electrode in
156 ms when the Kapton film moves from the first to the
second aluminum foil. The water droplet was synchronously

11

driven from the second electrode to the firs electrode in 197
ms after pausing for some time, during which the Kapton film
was returned from the second to the first aluminum foil.
3.4 Water droplets & motion is driven by a multi -electrode
platform
Theoretically, the number of driving electrodes isappropriately
increased, and the movement distance of water droplets can be
increased. Figs. 6(a) and 6(d) show a photograph of the
TNDDS with four driving electrodes and its model schematic,
respectively. As illustrated inFig. 6 (b), when D is fixed atl
mm,Zdiss W-ihergases from 1 mm to 3 mm,nM driven by the
<o "ffete Ve tv ]
<o " fete e {r J ¢
when D = 2 mm, with the increase in W, then¥4 reached up to
54,63,68,85,f«t sru J & f eixre&tied up to 140, 146,
szua tura fet t{w J & 'AsetheelecttddeZdidtance
gradually increases from 1 mm to 3 mm (W = 1 mm), then
<o "Efefe "o tv = XX dudncfeades-fomn 90
J —' swr J & fated fn/Fig.+6{&). As illustrated in Fig.
6(f) , when the electrodes distance increases from 1 mm to 3
mm (W =2 mm), the Vin <o ..."F fefe "7 ur J -
the Vimax <o ..."F fefe 7' FHe tesults) abso
showed that the critical droplet vdume increases with the

tzx J a

sww J

increase in electrode distance when performing multiple
driving electrodes. The underlying reason isimilar to that of
the two electrodes.The motion process of water droplet being
driven back and forth by the TENGwith four electrodes was
recorded in Video 2 (ESM). Fig. 6 (g) shows the force analysis
of driving water droplets on the surface of SDR As
aforementioned above, Kapton film was endowed with negative
charges after Kapton film going on sliding friction back and
forth on the surface of four aluminum foils, and aluminum foils
were endowed with positive charges, the negative charges on
the Kapton film surface are equal to the sum of the positive
charges on the surfaces of the four aluminum foils [(i) irFig.
6(g)]. Electric field is generated between the first positive
driving electrode and second negative driving electrode when
the Kapton film leaves the first aluminum foil and moves to the
second aluminum foil, it starts to drive the positively charged
droplets from the side of first electrode to the side of second
electrode, a complex electric field of four parallel driving
electrodes acts on the charged droplet, the resultant force Fx
(F1, B, R, and k) exerted on the droplet by the four electrodes
are illustrated in (ii) of the Fig. 6(g); the Fx in the horizontal
direction is greater than the friction force Fx, so that the
charged water droplet can be driven forward; the forces

www.theNanoResearch.com . www.Springer.com/journal/12274 | Nano Research
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generated by the four electrodes changes fromito iv &fig. 6(g)  to the four aluminum foil, the water droplet was driven from

as the charged droplet moves forward; the directional the first to the four driving electrode in 698 ms; while the
transportation process of the water droplet being driven to and  Kapton film was returned from the four to the first aluminum

fro was recorded by a highspeed camera of 1000 frames /S, as foil, the water droplet was synchronously driven back to the
shown in Fig. 6(h), while the Kapton film moved from the first  first electrode in 1727 ms.

Figure 6 (a) Real imag of TNDDS comprising TENG and SDP with multiple electrodel) Relation of driving Wmin and Vinax with W on the four-electrodes
platform (D = 1 mm); (c) Relation of driving Vimin and Vimax with W on the four-electrode platform (D = 2 mm); @) Schematic of NDDS model with four
electrodes; ) Relation of driving Vmin and Vinax with D on the four-electrodes platform (W = 1 mm); {) Relation of driving \imin and \inax with d on the
four-electrodes platform (W = 2 mm); @) Force analysis of driving droplet motionprocess (iiv) on SDP; i) High-definition camera picture of the droplet
motion process on SDP.

) . effect of Ag NPs concentration on bactericidal activity against
3.5 Antibacterial rate of Ag NPs

. ) . . S.aureusand E. coliwas investigated to select an appropriate
The Ag NPs were synthesized using the chemical reduction

concentration of Ag NPs solution as a fungicide to kill bacteria

approach, the real physical image of Ag NPs solution and its . . L
on SDP.Fig. 7(a) shows that the bactericidal activity is

characteizations was shown in Figure S3 in the ESM The

| www.editorialmanager.com/nare/default.asp
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gradually increased with the increasing concentration of Ag 0.6 mg/mL, S4: 0.8 mg/mL, and S5: 1 mg/mL) again&. aureusand E. cdi;
NPs. When the concentration of Ag NPswas 1 mg/mL, the (c) Fluorescence microscopy images after the antibacterial test of Ag NPs
antibacterial rate againstS. aureusnd E. coliwere 99.01% and againstS. aureusand E. colj (d) Bactericidal mechanism model of Ag NP

99.61%, respectively.The antibaderial rate of Ag NPs againskE. . o )
) ] ) ) 3.6 Bacterial removal and killing realized by TNDDS
coli was higher than that againstS. aureuswhich was due toE. . )
To simulate the removal of bacteria from the

i ) . difficult-to- ... Z¥ fef, 2% of-3"<f2Z e—""f...t4a w J ,
the bacterial colonies on the MHB after Ag NPs agairfst aureus ) ) )
) ] o were added to the fourelectrode SDPin a semiclosed tiny
and E. coli The bacteria on the agar surface of the Petri dish ) )
channel (Fig. 8 a) in advance, near the left of the fourth

) FZf...-"'1t4 fet —=Sfe srrJ t"7'Zi—-¢ ‘" s % ¢
from 0.2 to 1 mg/mL. Fluorescence microscopy was used to . ) .
. ) . dropped on the left d the first electrode (Fig. 8 b). Driving by
observe the ratio and state of dead and live bacteria, as ;
) o ) ) ) TENG, the droplet of Ag NPs was moved forward to the right
illustrated in Fig. 7(c), live and dead bacteria were dyed with o o ) .
direction until it mixed with the bacterial droplet, and then

coli having more thin cell membrane$55, 56]. Fig. 7(b) shows

gradually decreased as the concentration of Ag NPs increased

green and red, respectively, both folS. aureusand E. coli,and . o
. . returned reciprocally to the left direction to remove the
the observed colony number proportion of dead bacteria ) ) ) ) )
) ] ] ) ) ) bacteria (Fig. 8 9. The bacteril colonies before and after being
increased and live bacteria decreased with increasing | . )
. . . . killed were counted by the plate counting approachFig. 8(d)
concentration of Ag NPsFig. 7(d) elucidates the bactericidal . ]
] ) ) ] shows that the removed bacteria or8sDPwere completely killed,
mechanism of Ag NPs. The higher atomic density on the surface ) ) ) )
) ) - ) and the antibacterial rates of the mixed droplets against S.
of the Ag NPs makes it more activeéhe positively charged silver ) o
. . aureusand E. colican reach 100% lecause of the existing Ag
ions were slowly released from Ag NPs, and act with the )
] ] NPs To measure the removal performance of small bacterial
negatively charged bacterial membane through an . ] ) )
. droplets by directional motion, the motion trajectory was
electrostatic effect todamage the cell membrane and make the ) )
o ) ] ) ] eluted with sterile water to evaluate whether the presence of
cell matrix dissolve out. Silver ions permeate into the bacteria ) . . )
) ] ] residual adherent bacteria or not. Bacterial colords were
in the cytoplasm to allow the respiratory chain dehydrogenase o .
) ] o T observed on the MHA surface of Petri dishe&ig. 8(e) shows
inactive, thus inhibiting cell respiration and growth; ) .
] ) .. the presence of many bacterial colonies on the surface of the
simultaneously, the Ag NPs can affect parts of protein and lipid . ) .
. . control (small bacterial droplet) and few bacterial colonies on
phosphate,inducing cell membrane collapse, and eventually I . .
o N S1 and E1, indicating few residual adherent bacteria on the
resulting in cell decomposition and deatfb7-60]. . . . . ) .
motion trajectory of the mixed droplet, its antradhesion rates

against S. aureus and E. coli can both near 100% [Fig. 8(f)], this
was attributed to the superhydrophobicity of the SDP surface
The reason why a superhydrophobic surface is beneficial for
reducing bacterial adhesion is that superhydrophobic silica
nanoparticles were sprayed on theSDP surface, and silica
nanoparticles have long chain hydrophobic groups, so stable
nanostructure and low surface energy made the SDP in a Cassie
state, as illustrated in Fig. 8(g), just like there exists a stable air
mattress at the interface between the superhydrophobic SDP
surface and bacterial droplet, making bacterial droplet present

a Cassie state on the superhydrophobic SDP surface, which can
substantially reduce the contact area of liquidsolid interface,
thereby reducing bacterial adhesiofil3, 61].

Figure 7 (a) Antibacterial rates of Ag NPs with different concentrations
(0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL)b} Bacterial colonies on the MHB after
Ag NPs with different concentrations (S1: 0.2 mg/mL S2: 0.4 mg/mL, S3:

www.theNanoResearch.com . www.Springer.com/journal/12274 | Nano Research



14

4 Conclusions

In conclusion, different from passive defense strategiesan
active bacterial antradhesion strategy based on directional
driving transportation of bacterial droplets on driving SDP
driven by a TENG was proposed. Water or bacteridroplets on
a superhydrophobic driving SDP could be driven by
manipulating the horizontal periodic reciprocating friction
between the Kapton film and the aluminum foil plate of the
TNDDSsystem. The underlying mechanism of driving droplets
is that the chaged droplets are subjected to the resultant
electric force of parallel driving electrodes transmitted with
current on the SDP, andhe current was generated by TENG
triboelectricity. The findings showed that superhydrophobic
driving SDP modified with sili@ nanoparticlesin a Cassie state
is propitious to droplet driving motion because of its extremely
low surface friction resistance; the critical value of driven
droplet volume on SDPis closely related to thedistributed
tZt...="'Ttei tce—fe.. .3 fhe driting diStance «of
droplets is related to the number of electrodesTNDDS can also
actively drive the charged droplets of prepared bactericidal Ag
NPs forward and back to mix with and remove small bacterial
droplets on an open SDP or in a tiny semgnclosed channel.
Bacteria could be killed by releasing Ag and effectively
removed by TNDDS by regulating the motion direction, ando
residual adherent bacteria were on their motion trajectory on

Nano Res.

Figure 8 (a) Real image offNDDS with fourelectrode SDPin a semiclosed
tiny channel; Real image £) and its model (c) of bacterial droplet driving
and removing application of TNDDS(d) Bacterial colonies S. aureusand E.
coli) on the MHA before and afterAg NPsdroplet mixing with bacteria
droplet driven by TENG for bactericidal performance assessment (e)
Colonies on tle MHB of bacteria §. aureusand E. col) on the motion
trajectory eluted by sterile water for bacterial anti-adhesion assessment;f}
Bacterial anti-adhesion rates of SDP after performingobacterial droplet

driving application; (g) Model of bacterial antradhesion

SDP with a superb bacterial antadhesive rate. Thus, TNDDS
was shown to be effective in the removal of bacteria from the
difficult -to-cleanable material surface. This approach opens a
new avenue for bacterial antiadhesion.
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