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Abstract : The use of electric field has been studied as an alternative for biofilm control dominated by disinfectants and antibiotics.
This technology would be advantageous in the environmental respect that biofilm can be controlled based on electron transfer, not
using chemical disinfectants and antibiotics. Control mechanisms which were reported by earlier studies are organized as; (1) bacterial
adhesion control by electrostatic repulsion at a negative current, (2) bacterial adhesion control using bacterial motion and (3) bacterial
inactivation by direct oxidation at a positive current, (4) bioelectric effect leading to biofilm inactivation. In this review article, we
summarized the technologies for biofilm control using electric field and provided some application examples from previous studies.
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2.1. MT 7| diukxtZ(Electrostatic repulsive interaction)
ndE FHS ARty or SHsE W Ao dEA
= #¥of| EAste okt EAE

o] 23 EHUILES UEhd ZAolch nAdE w2 A A
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E 23 2|9 E(phospholipid) 59 EAREE°] 74 2&sl 9L
o} o]t EAEES 7254 T (carboxyl group), E2
H|o]E 15 (phosphate group), o}v]= 1E(amino group)>
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Fig, 1. Schematic of the forces acting on adhered bacteria dur-
ing application of a negative and positive current (Re-
printed with permission from)*?

Table 1. lonizable surface groups in molecular species on bacterial cell surfaces (Reprinted with permission from)
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Hol| B 7h= SHstEtt o 733 S4sHE WA HHA

9}
n| R 23to] Alolo] A7 A wharel o] 7 chFig. 1)
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S FHoRRE Y| AL HAS AR A FES
kel

F22 Aofste dHolle AR D AGAIZ, v
/d, ©]ZZ(ionic strength) 5 o4& 7}A] FFFUA
| A5 aE 2ok Aoz A ok 28al BjE
ugE Fof| WE 2ol EASHAIT A He R w2 A
7, W2 o8 oA mdE FAE A oR Ao
g 5 Qe Aoz Bage] kY ol Mgl
Al 7] (electric field strength)oll A7 2 Heke] Al7]7F ¥4
wol glow, o5 o]l A-GE A7 Al71e gl 4
H714 whrg o) Friely] wjiEel Aow Ay "ok ®
gk, ol &go] FUHE o mgEo gE dAde] woll HA
Fashs AE o299 St wet n|dE Al o5 =
2R A7) o]FZ(electric double layer)2] F74|7} QFolA|H
Al =T A REUIE FREo] FU1eke Aom A4 H
T 9rp
oz 7HA =9 9

2 Armwe) 2w ez 24

£ AHE AA Ao W2, Streptococcus oralis <t
P AR AL B BRS SREE} 20 AL
Ho|= Wt Actinomyces naeslundii= 2+ G117} F=
S el ok 21g e 4 lek(Table 2).™ Sia-
phylococcus epidermidis w5 ©]-83F B3 Ailof A
5 27EREE (g0 = do/dt [em®s ])7F HFA7 ol whet
A STV ARE SRR AFAl7o] BAgle] oF 60~70%
BER AR Yehh= S 2RI 4= SItkFig. 2(a), (b)).
T3 AAR(-100 pA) Q17F A o] F=7F UM

Aoz eh, o] &2 o] ko] Abekat
1THFig. 2(c), (d)).™

3, b AFET o] uKEo] oju] HYREH
23 Y Aol A= nl e 52 Aoz}t HsalA g, o)
AEo] AREH BHsly] Ao we] SHAFE Q17}stol
oy g RIS oA $r gl Ao dEA gk
HAFA7IL o]28 5 ofg 711 dxSo| nAYE Lzl

PEE R
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Reaction

Molecule pKa

Polysaccharide 28

-COOH < -COO" + H*

Protein, Peptidoglycan 40~50

-NHz" < -NHp + H* Protein, Peptidoglycan 9.0~98
-HPO, & -PO4 + H* Teichoic acids 21
-HoPOs & -HPO, + HF Phospholipids 21
-HPO, & -PO, + H* Phospholipids 72
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Fig. 2. Electric-current-induced detachment of Sigphylococcus epidermidlis HBH 276 as a function of the electric current applied
and the potassium phosphate concentration (a) initial detachment rate (juero cm?® s') and (b) total detachment percentage
(1 - Nena/Nbegin) x 100% as a function of the electric current applied (i=15~ 120pA, [K:HPO4lo =150 mM), (c) initial detach-
ment rate (a0 cm” s) and (d) total detachment percentage (1 - Nend/Noegn) X 100% as a function of the potassium phosphate
concentration (i = 100pA, [KHPOLo = 0.5~ 150 mM), (Reprinted with permission from)
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Table 2, Bacterial detachment under negative current with several conditions (Reprinted with permission from
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Microorganism Electric current (uA) Detachment rate (10° # - cm® - s7)
-200 39+06
S oralls J22 400 1.8+ 07
-600 152 + 152
-800 231+ 38
-400 59
A, naeslundli T14V-J1 -600 0
-800 0
-400 03+03
A, naeslunadii 147 -600
-800
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Fig. 3. Trajectories of a moving bacterium for 20 s (a) under positive current (15 wA/cm?) and (b) no current (O means final location
of the cell after 20 s), (Reprinted with permission from),'®

FAF Q7F Al UpEhbs nEe] B AREWe] of R ATk FAR AllA RS woh 417 22 S
g mgEe] Bl QS 27| o] nAE Ralx g HAAxAS HAoR A
7142 $-go] 75ttt AR A7tE B Bl g, S0 Q) ol mAEY) RAS R Aly|E =
Zadt u)gBe Aden e 27bH9l 3g QlstE Hom FARE AMPS wii FARIL Bok BEA 2
Ao] AIHE HAAZ 4 oy, ol et AN Fig.4  §3H= Ao AeA ok FHRIL QvkE A2 T
L pAR AolA] Aoksme] w2 Rz} ujaEe] gala A9 nAE RAAES Ttz T Avle] way,
2 HojZth'” PR AA SAHE L1 579 Atks  FARE Qe Botele 270 Rl ulEo] A4
=2 S o 27] 53 5 o) 30%9] vjAEe] B2 s} AlsFHow Zrksttsl B AFRE RAEd nE
39T, 222 579 Hmo A gabEo] 90% olAHA & u|gBo] SEALS Ho|HA Atk o3 AFEHWO R
A A7E 55 AR AA njgRe] B4 S 28 B Wolx] ugich. shx|gk QR R} ol Hat g W vl
g e 53 golr|4e] sHsAS Bl 4 9ok Qo] HIEHe| H R B Hu, HEHoR
FARF Aol Aol vE SataT= oA QvEE Rkl ulE AH Srh ARE QAvbeHA] ohe EHo] A
Aol H7|s z2d%oRN FAAY S5 AT, 0] 29 ujyE A ok 34 gax e Ao vehga?
A2 AF o) @EAS AT W Ry Fa% £ 9l oleh e @Aho g uRo] Mol H|E AR S £
th Z, OFAT Aol A n|ARo] 2B Aol S AL Wr|HQ ZHoAE nAE Bate aubHoR oAt &
MaEAte] As Wateo] Ador AzEE AL o gXghL AY]Hel SHoME NEHoR FHRE ANPS
nahy] gEel, nAEe] £EAj0] B ALE R B o] AR gAZR] AYPEE AL whe f S ZoR o
AL 44 AolF 4 AL Aew 2 AdydTe] b ArEch
29, FAF M) HAE LA AR npAlA R
AFE, ol2ga WA Ho| o, A3l nAE 2.3. ZIXMH™X}Io| S (Direct electron transfer)ol] 2|5t £&t
9 LEAL ko AR, WL oo A TR Ao M3}
2 FAHAULEY ol nAE FHENS YH O R e FAFAN ] FEY Ao} WS v PR SFAHE o]
g8k 2229 Alo] Wy 9]o], 2 AFshul-S(direct oxidation)
b & B9 RA ngE BEst A7le BRE ok 8
120 4 v & 2= SlUQl Saccharomyces cerevisiae 2 +0.7 V vs.
£ 0l SCE®] Aol A Alslutd & B3] BeH4st Hi Aow
s ored A Qiek. WAES BaA7] TS LA H R H(cy-
g 80 - clic voltammometry)© 2 R2X3}1H 004 +1.0 V vs. SCEZ}
3 2] ZE WA A oF +0.7 V vs. SCE FLitol| ] Alsta] 27}
B %) dehe wE, goz gt gL Belnast et
S 404 LA Q=ti(Fig. 5(a)). ol= mlAgEe] ko] 23
H A Y (direct electron transfer)S F3 H[7}9& oz Ak
@ S Ao AT & ok AR chrgt Al7e FA
0 i oF A4 WS e HES AwE An) oF +0.7

No flow 0.56 1.1 1.67 2.22 V vs. SCE X]@Oﬂ}\ﬂ %ﬁa_/\éil' gﬂl_7]_ —EE]_X‘1 '3]-7—" —%—7]—'3]-93\

Shear rate (s™) (Fig. 5(b)), ©]¢t BlEo] +0.7 V vs. SCE 2704 m]AY

Fig. 4. Bacterial detachment during the application of a positive

Lo] §3531A 7Y A= A o 1150 L A3
current (15 wA/em?) as a function of the shear rate (0 =9 ZEEAel “fo}b /‘*% HALE QI o] = ffﬂ—'
~222 57), (Reprinted with permission from)." AdAFTANA TEERE AERESo] njd=9 55
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Fig. 5. Direct oxidation and inactivation of Saccharomyces cerevisiae (a) cyclic voltammogram of bacteria adhered to the electrode
surface in 0.1 M phosphate buffer (pH 7.0) (sweep range: 0~ +1 V; scan rate: 10 mV s; ). The potential was cycled two
times. (o) relationship between bacterial inactivation and potential (Reprinted with permission from) >?
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Fig. 6. Detachment of S epicermidis as a function of frequency and duty cycle in alternative current (a) initial detachment rate
(iaeto cm® s, (b) total detachment percentage (1 - Nena/Noegn) x 100% (amplitude of current: 100 pA, duty cycle: &; 5%; m;
25%; A; 50%, solid line: direct current), (Reprinted with permission from)*®
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Fig. 7. Growth of Pseuaomonas aeruginosa biofilms under apply-
ing electric current and antibiotic (=17 mA/cm2, electro-
lyte: M-56 medium), (Reprinted with permission from).?
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Fig. 9. Antifouling effect using yarns coated with the conductive paint in seawater (a) with and (b) without applying alternating potential
of 1.2 V vs, Ag/AgCl for 60 min and -06 V vs, Ag/AgCl for 10 min, The experiment was conducted for 5 months (Reprinted

with permission from) 2"
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