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Dielectric Barrier Discharge Plasma Inactivation of Escherichia coli
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Abstract

Inactivation of Escherichia coli was attempted using dielectric barrier discharge plasma (DBDP) generated at different
currents and electrode-gaps in order to explore its potential as a nonthermal sterilization technology for food products.
DBDP showed a potent inactivation power against Escherichia coli especially in initial treatment stage up to 4 min
although the effect retarded afterward, indicating that the inactivation pattern deviated from first order reaction kinet-
ics. Instead, the inactivation pattern fitted well to Singh-Heldman model showing shape factors of 0.545-0.783 and
D'-values of 0.565-3.268 min at different currents and electrode-gaps with a fixed sample treatment method. The
greatest inactivation power of DBDP showing the smallest D'-value was observed at 1.25 A current and 2.65 mm
electrode-gap. The inactivation effect was improved by uniaxially moving samples during the treatment. DBDP treat-
ment with a biaxial movement of the samples boosted the inactivation power furthermore.
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(nonthermal plasma, NTP) ==& #-2Z2}="HKcold plasma)el]
&k #Alo] ZtE 2 Ut (Moisan et al., 2002; Fridman et
al,, 2005; Laroussi & Lu, 2005; Mok & Song, 2010).
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Aol BH w9 Ao NTP/F AHEE &+ Ut
(Lerouge et al., 2001; Moisan et al., 2002). NTPol| &
H 2oz, S5 dEe 4, dakdAt ol Axus v

3L Z}e]4do] DNAE WA 2 X v ES AFEA]
Z1tH(Laroussi et al., 2003).
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NTP el 7P 2 AMSH= fAA89%%
(dielectric barrier discharge, DBD)S A=+ Alo]o]l th7]9t A
o] 3] e 54 7AE SHA7IHEA S2 sk
ZetzntE et ARE Aldeld Eekzv Aol
FTA =L GG O] YARFEC] 2R AREA] 7] wZel A
o7} Zhhstal JFREAS HIIA] RoBRE =A< A
Aol FFS FA FoWA AZstAY A+ F AUnk
(Montie et al., 2000; Montenegro et al., 2002; Becker et
al., 2005; Deng et al., 2007; Niemira & Gutsol, 2011).

2 AN e A Fek=v(dielectric barrier
discharge plasma, DBDP)E 2]&4t+tel &-&317] 913k 7]
ZAEE AASaA; 2HA| A 2HgE DBDPEA| S AHS-5H
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B Aol AV83F FF= Escherichia coli ATCC 1175
oS3, tryptic soy broth(Becton, Dickinson and Company,
Le Pont de Claix, France)E AFE-3le] SoullF & A g0
FABEA T
T A Z2t=0t K|

DBDP#R|¢] 7|BF2E Fig. 13 7Zro] ALA=x], Wt
7], BAAS, ASAHZHFHAT) T 4 FESZ FAAEHA
h(Mok & Lee, 2011). A=3 HA| 7 Alo]e] 7474 (o] 3}
A A)e 7502 AT F don, XA AP+
T o olg&HEE XEY
220V @ WRE ARSI, MYTIE
% F34¢ 10.0-50.0kHz) B8 183 §
oty Fehzvks AT T AE AF/E
st Fefzvl g s &
He AEe A2 #E A (Model WL13S, LSIS Co., Ltd.,
Anyang, Gyeonggi-do, Korea)E A}-&3}] 3 ZHkWh)S
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DBDP AFZx{2|

Tryptic soy brotholl E. colie &3t 37°CollA 20 Al
b S g 20uLE AE IS ARESEY] slide
glass(F7: 1 mm) #lol] EF383L | dekg o]-§sto] AA
15mme] P08 FAEFG & F2ox 90 7k 1A=
sttt DBDP A= 342 # o] F2 o7 o] Al
skt 2294 DBDPA = HAH ¢l slide glassE &
AL S kR ol A8V AR SRS JARE o)5d &

olelE
O O
A Hz
Electrode Transformer
Mp——
Treatment plate
CaveE3aw
Ground Power supply

Fig. 1. Schematic diagram of DBDP treatment system.

AFAZ1075A, 1.00A, 125A) 2 AF7H4(1.85 mm,
2.65mm, 3.33 mm)g E2lsle] A7 Agshs W

2 3 3] yhaste] A sttt

°]%2] DBDPA gl ThA] T waF A 2|t ik A2
2 o] AMEAZhER 3 3] ghE AAIskith Tk
Age JAAH 9 slide glassE YAt HAHS
15mm/se] $=2 G55t Agjele UAog U4 S
A & FAAY Al nE AdEadE ZAIG
FeF A2 = slide glassE o2 3 X & Wk
< 90° vHre] FoE AHEldte S WHE whHEsle

A sk g oz At

Fray

Bt A ET 10mLE B2 A3 9o DBDPA| g
& slide glass® AL AEING AHgate] AP5E
ImLA Ealel ZAE Mool Ao wohle 2
22 53] wkE AAEle] #FAE 3|5E T 358 AR
+ Vortex Mixer(MaxiMix 1II, Barnstead International,
Dubuque, Towa, U.S.A)ZE 10 Z7F wukslar 10 2 343k
% eosin methylene blue(EMB) agar(BD company)ol] =2
st} 37COIA 24 A\ZF I F Y WEE AFHE
THKDFA, 2005).

DBDPAHT T

DBDP A6 WA 2 (1) 22 12 ¥H-go= 3
218} THChun et al., 2002). A3 €lo] -7kl wigt 2 74
o] AMoz Uyl 9= F+7HE 3AA 71725 E
Zyzto] abdE - (k, k)E T, A )F H83ke]
TP D-value(D,, D,)E AlAFSIATE S A 7k 4
A A&t=F AbE 24 (3)7 22 Singh-Heldman(2009)
29S8 2 (49 o] HE3F log(t) vs. log[log(Ny/N)el
e S| A S Felal, A 71725 E FAFA
< n3} D-like value(D*-value)S A3} th
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22 = ke )
p =239 &)
o2 [5]
1og[1og(%ﬂ= nlog(t) - nlog(D') @)
37)4

No : initial microbial number
N : microbial number at time t
t: time (min)

D : D-value (min)

D': D-like value (min)

n: curve shape factor

HFAMZ|7t DBDP &=0f| O

AF7H4S 185 mm=E IA s AFA7E Dty
AZPEE Ecolie A3t A3} Fig. 29 2o AFA 71}
A A ghe| wet At 7F Frbekdnh ARFAl 7ol wet
AEo] Eolxl o] fE Fig. 394 B bkl o] AF
A|717} Eobd 5 DBDP Ao A% o=r Frtst
AL, ol we} AR 7 AR 7] wiEol T

NTP2] &2 Uz, 55 e £, A3yt
ol olgk Mz vy, FEef=xntel] £3E 2ol Mol gt
Alaetal AlxzEde] 24 9 DNA 3+ Fof 7|13skar
(Moisan et al., 2002; Laroussi et al., 2003), NTP2| A%
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Fig. 2. Inactivation of E. coli by DBDP with 1.85 mm electrode-
gap at different currents.
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Fig. 3. Power for DBDP generation at different currents.
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Fig. 4. Inactivation of E. coli by DBDP with 2.65 mm electrode-
gap at different currents.

& Ao vl&gth(Niemira & Gutsol, 2011). & HAFA|7]
7t ARl gt AUAFYEE(ETE )7 AA Adgol &
7hehe Ao ® AAXT

M=7r40| DBDP Af=0f| O|x|= A&t

AF7H4E 2.65 mm=E sto] A3k 9% Fig. 40041 ¢}
2ol AFA7Ie wet Aol Frretaen, d574
1.85 mm(Fig. 2)°ll H|sl|A] kA o2 4tX|7}F Folsith.
NTP| A+ oyl o]Qjol| = Eet=u} A A7} £ =
2 A QA TAE IS we A2 BAFI =t
(Niemira & Gutsol, 2011), A=7+40] 2.65mmZ E°H
o weh 1.85mme] ZA-Hot o & Fek=ut A4S 2]
wj ol At o] Frtehe AR Azt

AT AF7-4S 333 mmE ko] DBDP A 2% 7%



36 Bt -

——0.75A
——100A

—&—1325A

Log (No/N)

Time (min)

Fig. 5. Inactivation of E. coli by DBDP with 3.33 mm electrode-
gap at different currents.

Es A AFVAL 265 mmY S L F AAT
5749 wE DBDP 4732 Fig. 6914 H= npo}
21

2ol A7+ 1.85mme] 739 AFA7] 1.00-1.50 A H
QoA H o] 73 DBDP/ ABAHALN, AF7+F

265mmolAE AF 075-1.50A HolA A E9
DBDP7} A4 H et =744 333 mme] 4§ 0.75-
125 A%lA = A4 DBDP7F A=Ay ARAZE
1.50 AZ =o]H of=Ar} WAsly] AlZetaith B4 3715
©]§-3t DBDP= H24 £9] Ag we o= d#A
Sl=dl(Mok & Song, 2010; Mok & Lee, 2011) ¥ A
NM= <t DBDP A4 Al A £& we Aoz g

Electrode-gap

Current (A) -
1.85 mm 265 mm 3.33 mm

1.00

1.25

Fig. 6. Appearance of DBDP at different currents and electrode-
gaps.

75 A sh= A57E4 3.33 mmeol]
= A/ 15A oolA of=rt skt A&
AS74 2,65 mmollA] 7HE WS AFRA o
¥ DBDP7} A= om, olo wet AddHx M
A vepd o ® FFET

5U3 AFA7|A d=707 6] wE DBDP A A o
Al 265mmoll A M =A UYERE D, TS 92 333 mm,
1.85mm =22 YolX = (Fig. 3), ©|213 A= A=7+4
2,65 mmo| A 9] =& A g SlubEtal itk 5 A5
AollA F& At o] DA sk A2 Tanino et al(2007)
o] A7 Ao e =5 vl dow, AF7HE 2mm>
1 mm>3mm =02 2Fe o] 7+43HS B vslit).

SHH DBDP A 2lo] &3 452 20°ColHZA] g2
N HE]d AolE HALLEE 45-50°Co] Betnz
gol| ofgt AESH 3= FAIY & doH, B FA]9
A A4 % DBDPE NTP 270 #3Hshs gkelsl vl o
(Mok & Lee, 2011).
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7h ZFolA] Rkl = A a syt Askele A
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Fig. 7. First-order reaction kinetics of DBDP inactivation of E.
coli at 1.25 A with 2.65 mm electrode-gap.
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Table 1. Inactivation rate constants and decimal reduction times of E. coli by DBDP with different electrode-gaps at different
currents.

Inactivation rate constant (min™) Decimal reduction time (min)
Electrode-gap(mm) Current (A)
kl kZ D] D2
0.75 0.73£0.12 0.3740.13 3.19+0.47 6.81+2.84
1.85 1 0.86+0.15 0.35+0.18 2.75+0.81 7.7613.48
1.25 1.07+0.26 0.3140.08 2.2440.59 7.65+2.02
0.75 1.16£0.13 0.23£0.12 2.0140.25 11.69+5.75
2.65 1 1.3240.22 0.43£0.00 1.77£0.32 5.47+0.80
1.25 1.44£0.15 0.50£0.09 1.6110.16 4.691+0.79
0.75 1.00£0.22 0.40£0.13 2.561+0.93 15.4+12.48
3.33 1 0.96+0.23 0.305+0.04 2.54+0.69 10.24+2.17
1.25 1.14£0.39 0.3320.09 2.1410.66 6.14£1.23

W k2 265mmolA 7HE E2 ge BT, 333mm, APEEY] glEe] Yehe dde s F4E vl th(Mok
1.85mm T2 wolxth Ho k2 A5 7& 265 mmol| & Song, 2010).

A HAF 125 AdA BSEHALSH 1.4440.15 min'-S AT olglgh 2 77 1 2 ¥ES HES @ RU=E )45

D-value®] 7-%- D2 1.61-3.19 min®] HMLIE HA, A H3te] 2 @)} 722 Singh-Heldman 225 283k A3}
FAZ1e et aidhe AES BAoH, H4A D2 A5 Fig 894 B uke} o] AAAIG 0.982¢] AHo = 2
244 2,65 mm/AF 125 A9NA 1.61 ming YEPATE D= X=X 9] Ecoli] DBDP Audo] o] mdd 2 2 &x=
=7+ 185 mmo A= AFAM 710l wgt F zo]E Hol Aoz FolE At} Singh-Heldman 22 9] FA Y 4A 4
A %’%’ , 265 mme} 3.33 mmel A--olle AFA 7] )%} D'-valueE 2F&351o] Table 20 YeER ST 43
u}z} 7} o}oiu} ArE 05507802 180 2k ghs Bof 2 A7kl

olg} 7o 2 7k 1 2} vHE 'l NTP(Moisan et al., WE A 248 92 EE3 convexP Y =z E 1

2001; Mok & Song, 2010) ¥k olug} =k} A (Mok & HAY AFI e | 2} vk 2 HE Hojds & 3l
Lee, 2009), 2244 2~ (Oshima & Sato, 2004) & 2} H| o} D-values AFA 710 wel F£315HA dobdon, 2
GAoA A O ASE = dAdoltt ojjgt A F7H4o] mERAE 265mm<333mm<1.85mm TOo=E
NTP 4t adhe AdtdEAe] 1H e vAEd= Uelstth 4 D-values AF7+4 2.65mm, A FA 7]
o] % g a}FolojA] WA 7F A7 &2 Abo] 7}53HR W NTP 1.25 AollA] 0.5740.12 min®] At}
o] HEFgo] Yol YR = vlAES AAIZF Aok
Me|dAald AR St H|n
DBDP A | H2S 178243} o] 52, o] 522 A &

W Aol P AR vro] AAEal AHEdE
v=061x- 0014 H]5}{th. DBDP A&7 Fig 9914 B nhe} 7ol
= 050 ¢ Table 2. Curve shape factor(n) and D'-value in Singh-Heldman
% model.
%‘3 Electrode-gap (mm) Current (A) n D'-value (min)
o 0.75  078£0.16  3.27+0.51
= 000 g 1.85 1 0.60£0.09  2.45:0.63
1.25 0.62+0.33 1.77+1.48
0.75 0.53+0.27 1.37+0.81
2.65 1 0.75+0.03 1.69+£0.29
050 1.25 0.68+0.41  0.57+0.12
0 03 06 039 12
Log (t) 075  0.68£049  2.61+1.87
3.33 1 0.74+0.56 2.27+1.72

Fig. 8. DBDP inactivation kinetics of E. coli at 1.25 A with 2.65

+ +
mm electrode-gap based on Singh-Heldman model. 1.25 0.55+0.23 1.46+1.23
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Fig. 9. Effects of DBDP treatment methods on inactivation of E.
coli at 1.00 A with 2.65 mm electrode-gap.

Table 3. Effects of treatment methods on DBDP inactivation
rate constants and D-values at 1.00 A with 2.65 mm electrode-
gap.

Inactivation rate Decimal reduction

Treatment constant (min™) time (min)
method

K, K, D, D,
Fixed 2.05+£0.30 1.37£0.20 1.1440.16 1.71£0.27

6.40£0.65 1.42+0.27 0.36+0.04 1.67+0.36
7.20£0.58 2.28+0.56 0.324+0.03 1.06+0.28

Uniaxially moved
Biaxially moved

o154 Hal7t A ARk 48] FReH, oA
2 guk2] 7o = okHkek g7} e Hkek

FEHT $5ATE o Aol AFolA Epzulrt
WA 3= 117(4_9. S| OE _?4 ‘]3}

14aw~

g o 5A7]%

BEEIZN o] AFEE —?9} D-value®]l P]X|= FFS =
Aa) 9lskel A4S 265 mmol ARE 10AZ 3

Aetal gl AFE s} DovalueE =248 439}
Table 33} 7Fo] Zb 7oA ol 52 A 2l7h 174 A2l
vl G 2 AEEEdSet 2 Dovalues HYOo =M
BAAR At 719ES
& T AT ol FA Ay Felle P At &
AdeF ARt 2 AFadE Bt
o] 4 A3E Singh-Heldman 2ol 283} 234
A5t D-valueE 4H=¢h A Table 49 ZFeo] 34
A= opdba o] 2] M7 > T ukak o] %4 A7 >
2 A eor S B U olFH Art

DBDP A7) A AE9| o] 5ol

oX o oX ﬁ

Rl ot ol

oJERE

Table 4. Effects of treatment methods on DBDP inactivation
parameters of Singh-Heldman model against E. coli at 1.00 A
with 2.65 mm electrode-gap.

Treatment method n D'
Fixed 0.63%0.09 1.93+0.50
Uniaxially moved 0.73£0.04 0.2840.04
Biaxially moved 0.7840.13 0.37+0.10

0%

Vg AR 2R AFE b o2 Bazel A
S 9 aon, 134 Al P 4 ge
2Azrel Aol weh AaEs 27 AsE e

el A
o) 5 Atk

D-values 42 M) >> g ol 54 Ael > ey
& o4 Ae] 202 ghol AobA o154 Ael7k 1A
el vls) BFEATF S5 Aoz tEgeh o5
AR ol B Aol e Adnn ok
Ao ghe nelsd BARY Ao A4S TIPS

olAte] AzERE DBDPE &9 A& NTPE
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7Hg 93 A S Hole Ao Z F91E ATt DBDP
A Al AEE o] sA7IH aA st A2l g 7o Hst
of Agadte A FFEHJeH, U ols2] X7t
Atk o] 52 Aol Hlgte] FE g At S BT

1o,
e
o9
1o,
ro
N oX

:(o
It E

> A %

7

=By

(2

=Y

2
iy

H] 2

171

=
o=

1[

A

7!

L

N ;10
44

olr
r\l r>~1
Of

427

¢
X N
o

N

1-‘—#._‘—1

of

F

—'_'F

>,

F o €12 Singh-Heldman

Ollr;p»

o o i B OIN ]
O

s
lo



fAPE

m
ror

k=

Becker N, Schmidt M, Viggiano AA, Dresslar R, Williams S.
2005. Air plasma chemistry. In: Non-equilibrium Air Plasmas at
Atmospheric Pressure. Becker KM, Kogelschartz U, Schoenback
KH, Barker RJ (eds.). IOP Publishing Ltd., London, England,
pp. 124-182.

Chun JK, Kim KH, Mok C, Lee SJ, Kwon YA. 2002. Food
Engineering. Mcgraw-Hill Korea, Seoul, Korea, pp. 114-115.

Deng S, Ruan R, Mok C, Huang G Lin X, Chen P. 2007. Inacti-
vation of Escherichia coli on almonds using nonthermal plasma.
J. Food Sci. 72: M62-M65.

Fridman A, Chiroukov A, Gutsol A. 2005. Non-thermal atmo-
spheric pressure dischares. J. Physics D: Appl. Physics 38: R1-
R24.

KFDA. 2005. Food Codes Vol. II. Korea Food and Drug Admin-
istration, Seoul, Korea, p. 97.

Laroussi M, Lu X. 2005. Room-temperature atmospheric pressure
plasma plume for biomedical applications. Appl. Phys. Lett. 87:
113902-113903.

Laroussi M, Mendis DA, Rosenberg M. 2003. Plasma interaction
with microbes. New J. Physics 5: 41.1-41.10.

Lerouge S, Wertheimer MR, Yahia L. 2001. Plasma sterilization: a
review of parameters, mechanisms, and limitations. Plasmas
Polym. 6: 175-188.

Moisan M, Berbeau J, Crevier MC, Pelletier J, Philip N, Saoudi
B. 2002. Plasma sterilization: methods and mechanisms. Pure
Appl. Chem. 74: 349-358.

Moisan M, Barbeau J, Moreau S, Pelletier J, Tabrizian M, Yahia
LH. 2001. Low-temperature sterilization using gas plasmas: a

P ZE=nlE o183t Escherichia coli A<t 39

review of the experiments and an analysis of the inactivation
mechanisms. Int. J. Pharm. 226: 1-21.

Mok C, Lee NH. 2009. Ultraviolet inactivation of Escherichia coli
in stainless steel cups. Food Eng. Prog. 13: 122-129.

Mok C, Song DM. 2010. Low-pressure plasma inactivation of
Escherichia coli. Food Eng. Prog. 14: 202-207.

Mok C, Lee T. 2011. Operational properties and microbial inacti-
vation performance of dielectric barrier discharge plasma treat-
ment system. Food Eng. Prog. 15: 398-403.

Montenegro J. Ruan R, Ma H, Chen P. 2002. Inactivation of E.
coli O157:H7 using a pulsed nonthermal plasma system. J. Food
Sci. 67: 646-648.

Montie TC, Kelly-Winternberg K, Roth JR. 2000. An overview of
research using the one atmosphere uniform glow discharge
plasma (OAUGDP) for sterilization of surfaces and materials.
IEEE Trans. Plasma Sci. 28: 41-50.

Neimira BA, Gutsol A. 2011. Nonthermal plasma as a novel food
processing technology. In: Nonthermal Processing Technologies
for Food. Zhang HQ, Barbosa-Cnovas GV, Balasubramaniam
VM, Patrick Dunne C, Farkas D, Yuan TC (eds.), Wiley-Black-
well Ltd. Hoboken, NJ, USA, pp. 271-288.

Oshima T, Sato M. 2004. Bacterial sterilization and intracellular
protein release by a pulsed electric field. Adv. Biochem. Eng.
Biotechnol. 90: 113-133.

Singh RP, Heldman DR. 2009. Introduction to Food Engineering,
4th Edition. Academic Press, Burlington, MA, USA, p. 417.

Tanino M, Xilu W, Takashima K, Katsura S, Mizuno A. 2007.
Sterilization using dielectric barrier discharge at atmospheric
pressure. Int. J. Plasma Environ. Sci. Technol. 1: 102-107.



