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Effect of electrical stimulation mode on antibacterial properties of Ag/ZnO
nanowires based on Triboelectric Nanogenerator
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Abstract: In this article, two stimulation mode of electric field and electric current
based on Triboelectric Nanogenerator were designed to detect the effect of electrical
stimulation mode on antibacterial properties of Ag/ZnO nanowire. Triboelectric
Nanogenerator could convert biological mechanical energy into electrical energy was
fabricated to power the antibacterial system, escherichia coli was selected as the
antibacterial object. We found that electrical stimulation could promote the
sterilization rate up to 51.71% (p<0.01). Furthermore, in our antibacterial system, the
electric current stimulation mode was superior to electric field mode by an increased

sterilization rate of 12.93% (p<0.01). We also found that the sterilization rate of

alternating current stimulation was higher (12.12% , p<0.01) than direct current

stimulation in electric field stimulation mode. Whereas, in electric current stimulation
mode, the direct current stimulation superior to alternating current stimulation. The
above findings not only contribute to the revelation of the synergistic antibacterial
mechanism of electric stimulation and Ag/ZnO nanowire, but also provide a potential
foundation for the selection of appropriate electrical stimulation mode to regulate cell
activity.

Key word: Triboelectric Nanogenerator, Anti-bacteria, Ag/ZnO Nanowire, Electrical

Stimulation, Sterilizing Rate
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ME2, BRAEADARBRIF TR RN IKTRATEE. ALk, ]

MET BHRHADMERRADNAMNE RS, HANRMHAEBERIEG ARG

BUIE I REHTT T WAL, LAERE@ET BRI NE Ag/ZnO PR R E RN

http://techcn.scichina.com

Page 4 of 22



O©CoO~NOOTLDWNPER

gooo:obog

SRRFTREBRBUS I Ag/Zn0 REHRROEM, BTIEF U KASBRE

FREHT TGN, BARSERGENEREHSNETARRHRERE
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2 BRaR R BN ES R H i 1 Re

TENG W INE la Fiin, BRED I ZEBHMALE IR RERIT AR

(Kapton) . ¥EF 100 pm E B Kapton &%, EXENHEBE FEME

(Scanning Electron Microscope, SEM) £5#980E] 1b Fr. B BRI, ZED 5

Bk Kapton S8 &, AFBEYERIBESEE F (Inductively Coupled Plasma,

ICP) ZITMEATEHEREGFEHL 2 pm FRIGREFES] (B 1c) , MRMAER

5 NE S 7T AR M E R RELIL AR m T S —E£0 50 nm EAYTHIR

T HPANZRERE, ERERE, REBIFLFERSIL, BRAR_-H

HiE&a ke (Polydimethylsiloxane, PDMS) 3#i% TENG #1713, 125 TENG

REEMMTIES . BEEEIt (FHF, XE) 33 TENG B HEHITER

fIE, 4NE 1de PR, E&MSEMNREDT, TENG NEREHETARIEREZR

Mo, MMHRERRE RN ERN BN I ER R E B, Rk
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Figure 1. The Structure and output performance of TENG. (a) Schematic diagram of
as-fabricated TENG. (b) SEM image of the Kapton film before treatment. (c) SEM
image of the nanostructures on Kapton film treated by ICP. (d) The open-circuit

voltage of TENG was 30 V. (e) The short-circuit current was 0.6 pA.
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Bl 2 Ag/ZnO PRERVEN, () Bifs () « Ag/ZnO K% () 5—AEEH
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Figure 2. The structures of as-fabricated Ag/ZnO nanowires. (a) The comparison
diagram of carbon cloth (left), Ag/ZnO nanowires (middle) and a dime. (b) SEM
image of carbon cloth. (c¢) SEM image of Ag/ZnO nanowires, the insert TEM image
showing the Ag nanoparticles tightly attached to ZnO nanowires. (d) The size

distribution of Ag nanoparticles. (e) The EDX image of Ag/ZnO nanowires.
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Figure 3. The synergistic sterilization system of electrical stimulation and Ag/ZnO
nanowires. (a) The experimental setup of electrical stimulation and Ag/ZnO

nanowires sterilization system. (b) The circuit diagram of TENG rectified by a
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rectifier bridge. (c) The synergistic sterilization system of electric current stimulation
and Ag/ZnO nanowires. (d) The synergistic sterilization system of electric filed

stimulation and Ag/ZnO nanowires.
5 BRI TN Ag/ZnO YR EFREERERNRIN
BITERE=KREREAREITE (Escherichia coli, E.coli) I$1Z3EERIZRE 1%
REHITITME, AMEWEEFEITVHEYEMREEIEF . (China Center
of Industrial Culture Collection, CICC) , R LBIZHE, BEABEAREHNAE
FEITE 37°CRYFEPR £ LA 120 rpm BYAEIRIZ ST 18 h EEA IR E L KHA, FAFEX
100 uL JONEUFREE LB 157 B 4RIE55 6 h, EELEH NXTEAEKHER, BUXT44HA
AYBE &R FH L 6000 rpm FY5RE () 5 min, A PBS BAHEREMRREKRIN

1x10° CFU/mL,

REEIFIWESRIZIRE 3NREREM 1 mL/min FREEINERSE, &
2 3 min GERLHNER, B 10 ERREANERETHRE, ABIKEX 100 uL
BRENERIYNFHTEA LBIgFE L, HET 37°CafET, 24h/g
B, MARSTTHMERARTELENENAERE. XRAKRS

(carbon) #ZnO HKZLABENIR, MEKAHANMER R, HRWHAZE
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SUHFEFXANZEXN TRIEHNMLIE, LS, REZH (Sterilizing Rate,
SR) MIFBEARNMT, Hb CFU AFMIENAEE R (CFU/mL) , CFUZ
REENAREERE (CFU/mL)

_ CFU, — CFU,

X 1009
CFU, %

5.1 R EREIT Ag/Zn0 Gk &R FEEEERRIM

¥ TENG fthpY3OR E E IR E R F SRS i Bk s, HRERINE

4F 6 Fimo FANTAIAARIEZE 3 min (UM ERERIZESEAE, 1552 Ag/ZnO

MK EIDE BARA. WAL, HADEBHRENRE (33.04% +

10.41%) S#htrfnsl (18.08% + 6.29%) TEEFER (p=0.062) , XEJRERE

RAizEERR PR (15kV/im, 1Hz) RNEUSIEMAEBRENE, Wiz

ERMBEMTARNERLLIRES, FEREIRTARMNEE; Mk iHE

Bt (0.6 pA, 1Hz) RUBARIREME (51.51% +3.16%) AR TFHREA,

BEEEEZEFES (p<0001) , XiREABERRMAXNNRERRALTEIR

WA, X—B1E Zn0 M Ag/Zn0 4K & RIHA ISR T IIE,

X F ZnO PR EFEHER, ZnO HERGHIRERER (76.76% + 0.64%)
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EE TR ZnO IRH (32.16% £ 8.95%) , M ZnO HhEIERARNRER

= (99.97£0.01) XEESFHESRHE, BBEEKHTEES (p<0.001) ,

HEXSLERE, S4upY Zn0 RBAREFREN T RANMREH, H ZnO hEH

ZHNRERBAESTRBMELGZA (*p=0.019) , ZnO HhHEEBALAMNIREN

RWAESTWMAMELZAE (*p<0.001) , XA ZnO FRLHIF| NEEDS

BERSRER, XAREEREN Zn0 PREFA—MHFFIEME, FNAEBRX

IR RN, RIS ZnO GRE RGBT BER S/ M ERXEIBFAN

SRFZ 10°V/m* *, REERF BBEfETF T ZnO K& RE, SRS ZEmY, o

ENBEHEAERNE~EILERNEESFK (Reactive Oxygen Species, ROS) *,

MITEEIRFEAERYE Yo

T Ag/ZnO PREMEARR, LIE3minf5, PR Ag/ZnO GKELIE

LHREER N 48.29% £ 9.76%, T Ag/ZnO FR L W E) BRI A R R E R IR

100%, BNESE#M 10°mL A0 (E6) , Bifi, Ag/ZnO 4R&MEEG

BIREE Y 99.24% + 0.17%, Ag/ZnO 44K L )[R BB R AR E /9 100.00% +

0.01%, BS54 Ag/Zn0 RN IBAMELLMABTEEZEFER (B 4ab) , i
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PRI SIS IR Ag/Zn0 HKLENFEE, WAL, AgZn0 MK

U

A (BLRHERE NREXRESTRAN Zn0 PREHMRMA, thingag

Ag/ZnO R EMREREST ZnO REH, BEREEEFER, XAURER

R Ag PR FRIRIREY Ag+okF (0.2 mg/L) SERAFE U= EREKNS; T

Ag/ZnO AR EMREEGHNREREEES T Zn0 PR & W) [FE B 7RI A

(p<0.001) . XWiPA Ag KFKIMVSINGEB RS EIMRAREFRNIEEK,

T FE AT FE 7 RN AT DN\ BEBE T X MR, , X PIRE R EI /9 SR 4ERY Ag 4K 50

R—HHEBRIRKREFHITNE, —HHEBSHRNRENES, |

BIREMRRINERMSFRATEARET; MERBNSIN—FEHRS T Ag

NAKTRIRIRE R INIRE AgtRIRIUKT, BAZKTH Agt (0.36 mg/L)

WARUTECBHIRENN?, BE AgtSHARIFAER ROS 25 ZnO 4

RESHRERTEN ROS LR MBE, MMAFIRENERN; m—HEHA

EEREFEFALTERE Ag PRFRAEBFIARIREN, SIEARMER.

ZER. ERFRAEMSEARLT,
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B 4 3R EBREIE] Ag/ZnO GRABIREMR, (2) 3TMBIHRIES Ag/ZnO 44

m

RERERGHREER; (b) 3RBRRFEMDE Ag/Zn0 PRENFRER;

*p<0.05, **p<0.01, ***p<0.001

Figure 4. The synergistic sterilizing effect of alternating current (AC) stimulation and
Ag/ZnO nanowires. (a) The synergistic sterilizing effect of AC electric filed
stimulation and Ag/ZnO nanowires. (b) The synergistic sterilizing effect of AC

electric current stimulation and Ag/Zn0O nanowires.

*p<0.05, **p<0.01, ***p<0.001

5.2 HAx BRI Ag/ZnO GoRZERFERERIR M

AT LA BESFERNBRBIFBMARERR, Fi1F TENG HHay

RMEBEITEA, BITE TENG fiahinER— RN (E3b) , ARKER

St RV B (E S EREIRR SR Bk MR, HARENERMNE 5 ME 6 Fim. X4

FERBCREIZRIENE, BMAHREBHRENRER (22.9% £87%) BEETH
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WAd, BEREFTFER (p=043) ; ZnO thEERMK A EIFHIRERE

(72.21% + 1.67%) BES TR Zn0 RIBH, BABRIHFER (p<

0.01) ; Ag/ZnO GRLMFEIERPHEBIZNREERN 87.07% £ 7.93%, BES

TR Ag/ZnO IELE (p<0.01) , XHEARANMAESETREMEEFER

BYEES], MIZBENEHXAFEURAFAEREEEIRIZEN, M35IN ZnO 4K

KF¥FRZIE, Zn0 PREEBRECFBEFENBREEEFRER, SA552

Ee, SENBEFREAEAETEITER ROS MMMRTEHE, FrLA ZnO #

[E] BRI Z=T Zn0 4, Itsh, AgHRFRIBY—FEIERT ZnO oK

LHVRBRIEFRES], B—AETER AgtSARFRE S EMMNA ROS, H

Itb Ag/ZnO thE]BIHAMR T Ag/Zn0 AW EBEEZEER, BE, NRALLKKE,

BRI ER . ZnO F1 Ag/ZnO 4K ELLH AR E REBRR T 3T BB R

>H

H, XYPAXFRZREFRG, SRBESHRERRATERICTE, Fr

PSR AR ENBBMoIAI e TEREES, FNWiRARAERGRY

Ag/ZnO AR LR FTEURA e T E R BT,

NFERPCRERRINE, MABDEERZRERNE (99.97%+0.01%) £
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EET4WmAmA, Zn0 HRIERPCHERIREMRZER (100.00% +0.01%) EF

=T R4 ZnO 03B, Ag/ZnO GREWE B RBKHERRIREZERY 100.00%

+0.01%, BEZS TR Ag/ZnO REA, B=AHAE O EBERITFEF

U

(p<0.001) , XiHPAERAABERRBEZRS T LRZAMEIHRENE

BREXRIEBRBEAES TERCPEBEIZMRERINE NRELRLI, BEiRbs

AIERI B Zn0 UREAMNRERE ST IOMABRIAL, XA FER

ﬂ:

RIBRE, ERMCGPRESHRENEMLTIONE, XAIERENERKAHE

Xt

=

U

AT ZnO PR EHRIFEEER S T IIMERES o MXT Ag/ZnO R L AR

TR MR MRERAEZDEPCHERERE, #EILUES 3 min BYLIETT

FRABHETER, XAERRNENEERRANFHT, BFASI

£ ROS £ A &2 ERBUEAEIL T ; MEHNEANRERARTENA

A, XARRRANERINFMENREEET, BHRIETEUEHAE

FREF, RAEIEROS ERX—BELRRAEFFR.
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carbon carbon(30V) ZnO Zn0O(30V) Ag/ZnO Ag/ZnO(30V) carbon carbon(30V) ZnO Zn0O(30V) Ag/ZnO Ag/ZnO(30V)

5 B FEERIANE Ag/ZnO REHRENR. () ERFEHRIES Ag/ZnO 4

RERERGNREER; (b) ERBRREMNE Ag/Zn0 HRENFRER;

#p<0.05, **p<0.01, ***p<0.001

Figure 5. The synergistic sterilizing effect of direct current (DC) stimulation and
Ag/ZnO nanowires. (a) The synergistic sterilizing effect of DC electric filed
stimulation and Ag/ZnO nanowires. (b) The synergistic sterilizing effect of DC

electric current stimulation and Ag/Zn0O nanowires.

*p<0.05, **p<0.01, ***p<0.001
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Carbon (30V) |

6 REBAIE I AgZnO, ZnO M A EMEI LI E.coli /51 CFU

Figure 6. The CFU images of E.coli processed with different electrical stimulation

mode synergy with Ag/ZnO nanowires, ZnO nanowires and Carbon cloth.

6. £5ig

BB KPGERE T —MUSBRME AERKD Ag/ZnO FURMEL, HEE

BARERIEBRIET TN Ag/ZnO GURMEHDE T it BIRchinE (AR, BEG

RHAMEARNBERINEGRR, RMRARABTFENTENR, KHNBER

AR EZILRIZARNRENE, ReIRBRERRES 51.71%, Itbih, K]

TR MERRAFNDRAMBRERSTEN B SRADEMEIE, B

R Ag/Zn0 UKL I EI B AR AARY R B L N Fl BB 7RISR RS 12.93%, RIS,
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