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A FE R RS 8 745 i £ R (Atmo-
spheric pressure plasma jet, APPJ) il £ IG5 2
F R4 7K (Plasma activated water, PAW) , W 5¢
T AT W =S o B 3 BRSSO, AU
1 57 Wy K JE W (Hafnia alvei A2) | Bl 9 5 Wy R
JEW T (Hafnia paralvei A3) VL Kk FVb 5 FCEA
(Serratia grimesii AS5)VFUFEA A2 Y045 5 25 41 v 1)
SO, LR S R T A T R 46 0, 4 33K T Y R K
100, PAW ZE458 i = S A0 05 8 W v 1 iy vy 4
LRSI

1 MRERE
1.1 #HE 5

LB A% LB & 3R 5 AR EUis (PCA),
Jemt B R A YRR A BRITAE 2 7] 5L 95%
Ol AR (R 2R AT FR A 7 4 5 22
SCMRAACREB AT BRI 5 40 S A 2 DNA R ik
PR & A A TR (L) By A BR A W i
AL E (H0,) & s il &, Bl 75 A
BRZ w5 B — AL A (NO) ) Rt & , 28 = K/
P ARA FRA R s DPD R 48 K v B Pl 3 ) 7 a5
&) BB R BAT IR A
12 UR5EE

BSA2245 UK % ML 1KV, [ Sartorius 2
Al ;PHSJ-3F RS 5% pH iF, LG ERBINER)
UV-2550 4250 ] DL 43565t B3t , H A Shimadzu
23w ;8-4800 By A A L BT, H A Hitachi 23
Hl s PE Z DREREHR AL, b VA 4 1 5 BRIl 45 2
AR F]; LDZX-75KBS #3735 72 K K 4,
v 2 BE T R A R F]  HZQ-X300C AL HE i
fik % # \BPS-100CA RUE AR I J- 4, LIl —
TERHA BRA W) i TAES M2 Airtech 2],
1.3 REH=E
1.3.1  EHRRE R AR AR Bl A e
T PR R i 5 s R JE W2 B (Hafnia alvei A2) | Rl 1%
J5 W % JE W (Hafnia paralvei A3) DL Kok RV H7
B (Serratia grimesii AS) , ¥ P& 5 F 38 i K 2%,
b e B 0 R B A3 FIAK R TP G AS
O3 pE A R YRR BA — W25k, 54
PR 2 B KA AT I (Escherichia coli)
A2 G M T 4 8 45 3K TS (Staphylococcus

aureus ) VE M BE . H KT 10 mL LB A% 5:
FRFerf fE 180 r/min 28 C&F Rk 18 h 7, T
LB & FEBilg 55 77 2 v ali AL IR PR ECR B 95 T 10
mL LB A% £ 180 r/min 28 CH5 37 18 h J5 %
ODsgs o A 0.15~0.2 L 15 B8 W W& B K 29 20 108
CFU/mL, ¥ 1 mL B T 7 000 r/min .4 “CE 1> 10
min J5§ T AT 1 mL 0.85%JC & A= B R 7K L sl bs
T B

1.3.2 PAW Wil 4 fliFH APPJ L) 0.15 MPa &
425 SO TAESRTERE B 150 mL (1% JC B8 /K T L
5~10 mm R JH IR 380 W 47 55 1 7 4 i v 4 31
(1), Rk Bt a3 504 30,60,90 s (1945 &5
ALK 23 5 4 44 9 PAW30 ,PAW60 PAW90, i 1k
J5 ) PAW SERIE T, &80 R PAW T 4 CHF
o

0.15 MPa JE4i %5,

has Bk

FLRH

ikl

B AN
5~10 mm

JCI#1 /K150 mL

1 XSESBFEHR(APPJ)Hl& PAW T &
Fig.1 Schematic diagram of PAW preparation
by atmospheric pressure plasma jet (APPJ)

1.3.3 PAW (M RALPET W AS IR 45 040 il 4%
PAW [ pH i, H3% | A 4bif )5 H {7 (oxidation
reduction potential , ORP) , {8 FfJ 5 S 7K ¥ Ji2 e 382
FERF & AR (H0,) & E R & B —
AL (NO) I ) G0 2 PAW TR 05, H,0,,
NO &,

1.3.4 PAW MIEGE M E #4100 pL bR Ab 3
RAFM B B S 900 pL 36 fL 4 i PAW Jin A %
1.5 mL f & B0 iR A A3 0,2,4,6,8,10
min, B 100 pl R LA 10 55 B IR T PCA
B e 28 I35 24 h 5 HE R SR I b TR
T LA 1g(CFU/mL) R, LT 0.85% 4 ¥k 7K
s 6 B R S B 3 AP AT
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1.3.5 PAW RE SRl %0 i GI-
naFIT Tool i {4 %t A 58 BT 2K H 5 k12t 40 7 ik 1
A7 % BB M A R T JS AT O R T 3D T 2R AR R UL
1 TR T i AP T A D R D % B 1 (CFU/mL) =1, H.
TSR 2 PP Y A R AR RL, U M S B D A A
T 22 B AR AL B
1.3.6  PAW Ab3 5 4 127 40 Jf B S8 2 il g =
2 SCHR T IR AR B 2T, L DNA FIER FH 1 T U
155 50 K DT 40 BE 56 2P L WO 2 ODsos o M
0.15~02 ZEA W H K 1 mL 5 9 mL () PAW F 10
mL BB HIRS, 4l E 0,2,4,6,8,10 min
J& ,F 12 000 r/min 4 °CE 0> 15 min, B 75 WS
0.22 wm 8 B 5 H 5240 n] UL 43 00 B2 i
OD3go o F1 ODsg oy 1, LATF 5152 1) DNA FIEE
JRH S, Lh 0.85%4 FRER K M 25 X B HLiK 56k
R 3 AT, DNA M FIER (1 vk B = (1) |
(2),

DNA it ¥ % (ug/mL)=50 pg/mLxOD 0 ., xFfi

AT EL (1)
U W (mg/L)=1.45%0D g ,,—0. 74x
ODo6o 1 (2)

1.3.7 4 ER 240 M 9 A R AR b As L 500 L i
WIEFR WS 1 mL &L 419 PAW T A2 1.5
mL i B0 B PR A A AL HE 10 min, F 8 000 1/
min 250> 2 min 753 WA, i F 40 5 5L K 41 DNA
PR i $ 470 & 4R U DNA, B 1.5 pll & DNA
HEAT 1.5%35 N WEBRE I FL UK

1.3.8  PAW XA BOE g mkER =
% Li S5 pE R VEAB R, LA GE PAW X 368 i s R
JE W A2 Rl B i R JE T A3 6 R VD TR G
AS AW ok BROE B A0 VE . % 100wl £
PAW30 . PAW60 ,PAWOO Ab B 2 min A B & Wi 4%
T &A 100 pl LB AR 96 fLAR H 557 24 h
J&, 2B LB I H I PBS YEik 3 W LAIBR 2
TEIF AN S ST 50 CHET 15 min, ] 200 pL 45
W 2 VR VR UL (5 20 min S5 W I JC R K rhik 3
W, BT 50 CHETF 15 min J5 H 95% 2 B 1% i 20
min I E ODsos o MG EEAA, LA 100 L 145 1
PR B AR o R LR SR i A 4 AT
1.3.9 PAW XA BEE WG BRIER =%
Charoux &P J5 5 2 PAW X1 F 0 ¢ Je 3 14

A2 B W B W SR eI A3 AR IRV E G AS G
PR W BT 2 VR D W ODsgs e 4 0.15~0.2
Je TR 200 pl 73 A 96 FLAR H T 28 CH; 3% 24
h, (5 FETE B 1 A Bk BB | 3% 3% 465 R TS I TR
WIT T PBS VU 3 K LABR K TR 40 1 K 96
L E T 50 CHE T 15 min J§ A 200 plL
PAW30 .PAW60 PAW90 F 4 °C 37 4 10,20,30
min, f5 T 50 CCHETF 15 min, R ZE YL
U ZE ODsos o 19 W FEAA LA B UE PAW X 8 F

KIC W G AR 73 e /1, DLGTE 0.85%24:
PRER K 23 E X
1310 Zeit=gotr s fE 3 Ik AR R

x5 FoR, i SPSS 26 #4784k 48 314347,
Origin 2018 fEK,

2 HBR55W
2.1 PAW ELMERSH

AHF T 2 TR E] 0,30,60,90 s Ky
PAW % pH {8 | % ik 5L (ORP), ML F3
H,0,.0;.NO & &W#E 1 iR, KNI PAW 78 0~
90 s PN B A L B[] A9 K pH (B & ZE R R A
WIHRTE N 7.92 £0.12 TR 2.68 +0.04, H 3 Ff
AN [ T L B TR) A pH A 2 8] 34 A 3 R 2
ORP, 5% H,0,.0; NO M EUE N 23 T
P WA AR 35 R 2 5 (P<0.05) ,PAW90 ik 3 £
o
2.2 PAW WHBEMH R ERR

A HIE 5% T A FH 1) 8% B 0 % JE B A2 (H.alvei
A2) Rl By RE B A3 (H. paralvei A3) % [%
VE G AS(S. grimesii AS)  KIAFFHE (E. coil) .
4G T 00 4 BRI (S, awreus ) B8] 45 T 7 X000 1)
M (8.55+0.02), (8.47+0.01), (8.16 +0.02),
(8.14+0.03), (8.09+£0.01) lg (CFU/mL), % 2 &
R T S PR AE A [ PAW Ak B R [a] i a) 5 60 1%
BRI, T L & B T3 L s i) 7 45 1 PAW R TR L
TG T[] — 0 H R ] A 0 PAW R, R
AT A0 B Ao ] B < 38, X PAW30, B 8 5 i
FKIGTWH A2 Sh H AR EMRAEALFE 2,4 min JFAH
i E 2 5 (P>0.05), HEIALPE 6 min J5 1 75 504
KA T FE(P<0.05), £ PAW60 . PAWOO 4k Ff
6 min J&7 ¥ 3 M R JE I A2 (Hafnia alver A2) Rl 4%
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Table 1 The physicochemical property of different PAW
1L 36 H5 S
0 30 60 90

pH 7.92 £0.12° 3.13 £0.09" 2.88 £0.04° 2.68 = 0.04*
ORP/mV 428 £9.17° 548 £9.61" 562.00 = 5.57" 597.00 + 10.50*
w3/ (us/cm) 288.34 £ 9.50° 404.67 £7.77 ¢ 1066.34 + 11.59" 1516.00 +7.21*

H,0,/ (pmol/mL) 0° 8.86 £ 0.14" 9.10 £ 0.14" 9.75 + 0.25

05/ (mg/L) 0° 0.07 +£0.03 ¢ 0.47 £ 0.06" 0.80 +0.17*
NO,7(mol/L) 0° 34372 +16.23 ¢ 402.81 £ 15.74" 458.09 +29.92¢

NO;7/(mol/L) 0° 25.46 + 0.40 26.17 £ 0.41° 28.04 +0.71*

NG AR R 22 57 3 (P<0.05) 5
*2 ER PAW 432 [E B E G R A E R E R

Table 2 Viable count of bacterial treated by PAW

M 4 AR 4& 72 8% 1) /min PAW30 /lg(CFU/mL) PAWG60 /lg(CFU/mL) PAW90 /lg(CFU/mL)
5 5oh KRB H A2 0 8.55 +0.02* 8.55 +0.02** 8.55 + 0.02*
2 6.90 + 0.07"* 3.95 £0.19"° 3.59 £0.13"¢
4 6.07 +0.12° 3.37 £0.07°" 3.22 +0.07°°
6 6.06 015 ND*# ND*®
8 441 +0.21% ND*# ND*#
10 3.73 £ 0.26 ND*# ND*®
Bl¥EBvA R BT A3 0 8.47 +0.01 8.47 +0.01** 8.47 +0.01°*
2 6.35 £0.13"* 4.07 +0.10"" 4.02 +0.10""
4 6.22 +0.16"* 3.97 +0.12"" NDe¢
6 5.59 +0.05 NDe# ND*#
8 4.84 +0.02%* ND*® ND-#
10 422 +0.124 NDe# ND*#
R ERE AS 0 8.16 + 0.02* 8.16 = 0.02** 8.16 = 0.02:*
2 7.51 £0.09" 4.15 + 0.05"" 3.96 + 0.05"¢
4 7.41 +0.02"* ND*® ND?
6 5.46 + 0.06"* NDe# ND*#
8 5.22 +0.20 ND*® ND-#
10 3.93 £0.37 NDe# ND*#
K AT H 0 8.14 +0.03 8.14 + 0.03"* 8.14 + 0.03"*
2 7.61 £0.01"* 5.36 = 0.03"" 5.29 +0.01"¢
4 7.53 +0.12% ND*® ND-#
6 7.19 +0.34¢4 NDe# ND*®
8 6.18 +0.2204 ND*® ND-#
10 5.39 +0.13 NDe# ND*#
EREHHRA 0 8.09 + 0.01°* 8.09 +0.01** 8.09 +0.01**
2 7.48 +0.02"* 7.08 +0.10"" 4.34 +0.06"¢
4 7.20 +0.26"* 6.15+0.03°" 3.77 +0.08¢
6 5.63+0.11 5.61 +0.02 3.64 £0.03"°
8 5.58 +0.18 5.50 + 0.08" 3.33 +0.06°°
10 5.46 0.10° 5.20+0.12°" ND"¢

TEND R 8 FAM B <1 1g(CRU/mML) /NG S-HE 305 R Bl A1 1R 76 A1 7] PAW T &b 38K [W] 15 [ 5 0 041 40000 B 35 25 57 (P<0.05) s K5 3k

71 [ R 2 T R AN TR) PAW T Ak JHUAH [R] IRF fia) i 356 1 i) 22 53 4. 25 (P<0.05)
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J5 W R JE B A3 (Hafnia paralvei A3) H% [RV) R K
B A5 (Serratia grimesii A5) Y TICiE KL, X) 4 8
87 7 IR TR Y AR TR I R A ARG, X3RRI T GYA
) 400 i B T G R SR W 2 L Gl A0 BE 2, il
AEZ X Gifl $R HEOR 4P /F FH 3G 98 L X PAW i #1KHt

£33 EMAGInaFT BAMMBEMMBHRRRAEN N FEBENFITSHE

Table 3 Statistical parameter values of Log—linear and Weibull inactivation dynamics models fitted by GlnaFiT

AETT , EAPNERTA K 15 PAW $3& figh 14 A1 0 3K 1T B /N

THEB XN T PAW X H Y 3% JRORE

2.3 PAW X EKFEHZ N FEE
JH GInaFIT Tool FH{EXT 5 MM R H s 51
SEFEAT T X B e AR R R B A AR A3 A R R L

A PAW30 PAW60 PAW90
w0 2K B Aol R L A2 lg(No) 8.21 £ 031 6.64 = 1.11 647 + 1.18
(Log-linear model) ; Ko 1.04 +0.12 1.61 +0.42 1.57 £0.45
lg ) == (1 XK, )/LN RMSE 04316 1.5377 1.6301
(10) R? 0.9504 0.7837 0.7541
B Ab KR A3 Ig(No) 7.83 £0.36 6.79 + 1.06 6.06 + 1.4
Ko 0.87 £0.14 1.63 = 0.40 1.53+0.55
RMSE 0.4945 14645 1.9886
R? 0.9105 0.8034 0.6605
R RHE AS Ig(Ny) 8.43+0.33 5.95+1.36 5.88 +1.38
Ko 0.99 +0.12 1.49 +0.52 1.47 +0.52
RMSE 0.4538 1.8859 1.9005
R 0.9397 0.6729 0.6638
E R Ig(No) 832+0.24 6.40 + 1.35 6.37 + 1.35
Ko 0.60 +0.09 1.60 £ 0.51 1.60 +0.51
RMSE 0.3253 1.8678 1.8647
R? 0.9193 0.7090 0.7079
AR EH HHE Ig(Ny) 8.03 +0.30 7.68 +0.28 6.78 +0.82
Ko 0.67 +0.11 0.65+0.11 127 031
RMSE 0.4093 0.3846 1.1378
R 0.8988 0.9038 0.8044
BAT R AL S KRR A2 lg(No) 8.47 +0.45 8.23 +2.41 822 +2.55
(Weibull model) ; 5 143 £0.81 121+ 1.84 1.21+1.95
g, = (18)" RMSE 0.4524 25323 2.6816
R? 0.9591 0.5605 0.5010
B Ab KR EH A3 Ig(No) 8.43 +0.31 8.15+2.26 8.13£2.96
5 0.71 045 122+ 1.77 122 +2.30
RMSE 03112 2.3737 3.1058
R? 0.9734 0.6127 0.3789
1o &) EKHE AS lg(No) 8.17 £ 0.42 7.81£2.75 7.81 +2.80
5 337121 128 £2.32 1.28 £2.35
RMSE 0.4591 2.8938 2.9400
R? 0.9538 0.4224 0.3966
ENEG Ig(No) 7.97 £0.17 7.80 +2.55 7.80 +2.56
5 6.11+0.78 1.29£2.17 129 £2.17
RMSE 02119 26772 2.6846
R 0.9743 0.5516 0.5459
EXEHHHHE Ig(No) 8.16 +0.45 8.12+0.20 8.04 = 0.86
5 271+ 1.69 131 £0.57 0.10 0.2l
RMSE 0.4554 0.2044 0.8574
R? 0.9060 0.9796 0.9167

T No AR B 75 ME0(CFUML) 5K 5 KR TG % (min™) 38 AR S50 RMSE 775 HL % 22 A R e s 250,
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(% 3), 1 PAW60 . PAWOO X T 1 i s K Je . B
A2 R B3 s R B T A3 AR RV TR B AS &b
PR 6 min B X Bk PEAL R RS T 4, X 3 RPN
) fe KT 430 (1.61+0.42), (1.63+0.40),
(1.49+0.52) min™, i PAW30 &b B 414 LA KR
PAWG60 ,PAWOO X T~ K iz A1 T 1 45 B €0 7] ) 5K oA
HEAT AT JBA JR B T A MER A IR S A
RS EFEW T R K 90% 40 B BT 75 w9 B 8], 78
PAW30 54T IF X 5 i R JE W0 A2, I 9% By
MR JE T A3 S RV T G AS  KIGAT A | 4
B0 A IR R AR RSB 0 (1.43£0.81),
(0.71+0.45), (3.37+1.21), (6.11+0.78) , (2.71+
1.69)min,, TESE PAW [ 45 i FiL B[R] 79 S22 4<% TR A
FH G 5R
2.4 PAW & EHE MR EENTH
AW 5 4 F PAW30 . PAW60 . PAWOO 43+ 1] %}
W Gy Wy 5% JE I TR A2 | Rl D5 W R 8 TR A3 A% [

_
o
o

hel
n

DNA ¥ i
DNA concentration/ (pg/mlL)
o0 ©
n o

o0
o

0 2 4 6 8 10
b R[]

Treatment time/min

10.0
—=—PAW3( .
——PAWG0 A
95f ——PAWI0 7

DNA ¥ f£
DNA concentration/ (ug/mL)

0 2 4 6 8 10
b L (1]

Treatment time/min

VAR AS AL PR 2~10 min Ji5 i Bk 19 DNA Fl4&
P15 it S 50 AN ] 2 i o AN TR) 3 E T ) 1)
PAW Y2l B Fk 1Y DNA AR H & 4t g, Hoilit
75 [ 25 IS (] (1) 9iE KT 36 K, PAW30 . PAW60 1
XPASTR) G AR AL BE 6 min J& , TR FE DNA FTEE 15T 19
Tt T2 X AT RE R R T PAW O AR B IR
T2 R R 0 A MBS A, S EOCTE 2 N A iR
B T PAW R BEE E LA 4 NO, NOy
05 H,0, 19 ¥ 43 B i 5 B AR T 22 A G
PAWOO 4k F &I i b7 5 2 JE W18 A3 J5 H DNA A
B O R B PAW30 . PAWG60 Ab B 5 (1) it 5%
R, UL W] PAW X &I i 55 i JE T A3 21 i
(B IR 18 1 AR T8 B v R e W TR A2 FiA [R 1
FICH AS, B 25 R KM ROS 5 RNS 453 &k
4D T35 T 00 T R T AT 1) A S SR IR T AR TR Y
AV A R SR B B H R,

HEWE
Protein concentration/(mg/L)

4 6
Jib B ]

Treatment time/min

(a) ¥ 5 Wy R JE T A2

B

Jib 3L B ]

Treatment time/min

(b) Fil e i3 ey R JEJE 1 A3

OS5t

—=—PAW30
—o—PAWG0
ook ~+—PAW90

DNA ¥ i
DNA concentration/( pg/mL)

7.5

0o 2 4 6 8 10
b R[]

Treatment time/min

()M RV IR AS

o
o
1

—=—PAW30
—=—PAWG0
~+—PAWO0 R /

o
n
T

o
[

EAHE
Protein concentration/(mg/L)
=
-+

o
[N

0 2

4 6
fab B F i)

Treatment time/min
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—~ 90r ~ 09T
= =
% —=—PAW30 bED =5 Eﬁw%g
S 0.8 .
T ss) = PAWS)
i 8 -2 07}
®Z g0t ¥ =
= £ I g o6l
g s LS
5 5 @ 0.5
< .5
< =
Z 70 £ 04
0 2 4 6 8 10 0 2 4 6 8 10
Kb s (1] Qb s (]
Treatment time/min (d) KAt Treatment time/min
851 1.0
- —=—PAW3Q =
sof  ——bAWaS . 09f  ——-PAWED .
+~PAW9O0 —+-PAW90 A
p
7.5t

DNA #e ¥

DNA concentration/ (pg/mL)

0 2 a 6 8 10
Ak B 7]

Treatment time/min

()4 W {04 4 BR 1A

EAHSE
Protein concentration/(mg/L)

0 2 4 6 8 10
Ak B ]

Treatment time/min

2 A[E PAW xF 5 Fh &k 48 B AR 52 22 1 50 2 M

Fig.2 Effects of different PAW on cell membrane integrity of the strains

2.5 PAW %I FHAEBEANZEBRNTH

Xf 2K H PAW30 . PAW60 . PAW9O 43 ] Xif 1 5
MR JE TR A2 Rl b5 e R JE TR A3 A& IRV i
[CT AS 42 10 min J5 $2BCE DNA #£47 1.5%3
JE A% R L VK S5 SR N B 3 s, RETR Tk 4 R R

Marker 1 2 3 4

e e el - -

HH T k22 PAW30 . PAW60 . PAW9O0 A4t 3 10 min J&
() DNA [ 5515 58 BE ¥ 85 T R & PAW Ab B 1) 1
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Antibacterial Activities of Plasma-activated Water Against the Spoilage Bacteria

Isolated from Salmon

Tan Xiqgian', Pei Jianbo', Zhang Defu', Cui Fangchao', Meng Yuqiong’, Ma Rui?, Li Xuepeng', Li Jianrong"
(’School of Food Science and Engineering/Institute of Marine Science and Technology, Bohai University,
Jinzhou 121013, Liaoning
“State Key Laboratory of Plateauw Ecology and Agriculture, Qinghai University, Xining 810016)

Abstract Plasma-—activated water (PAW) was prepared by using atmospheric pressure plasma jet technology with com-
pressed air at 0.15 MPa as the working gas. PAW was activated for 30 s, 60 s, and 90 s at a power of 380 W. The
physicochemical properties of PAW were analyzed, and the inhibitory effects of different plasma-activated waters on vari-
ous spoilage bacteria (Hafnia alvei, Hafnia paralvei, and Serratia grimesii) isolated from spoiled salmon as well as Es-
cherichia coli and Staphylococcus aureus were studied. The inactivation kinetics model of PAW was analyzed using the
GInaFIT Tool. The integrity of cell membrane and changes in intracellular nucleic acids after sterilization were deter-
mined. Furthermore, the inhibitory and dispersion effects of PAW on the biofilm of H. alvei, H. paralvei, and S.grimesii
were investigated. It was found that the pH value of PAW gradually decreased with increasing discharge time, while the
redox potential, conductivity, and content of H,0,, Os;, NO,, and NO; increased. PAW activated for 60 s could com-
pletely kill the pathogenic bacteria after 6 min of treatment. PAW60 and PAWO90 exhibited a better fit to the logarithmic
model when treating H. alvei A2, H. paralver A3, and S.grimesii A5 for 6 min. Cell integrity was disrupted, and DNA
leakage occurred after PAW treatment. The formation of biofilms by the pathogenic bacteria mentioned above could be
inhibited by PAW treatment for approximately 2 min, and the dispersion of mature biofilms required 20-30 min. This
study provides a theoretical basis for using plasma-activated water to inhibit pathogenic and spoilage bacteria in seafood
products.

Keywords plasma activated water; spoilage; salmon; inacitivation; biofilm



