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TEE: Moy egtEd —AE A KRB F ik, S ZH TaEAMAENTE. ZARKETT FREKT LY
( Moderate Intensity Pulsed Electric Fields, MIPEF ) £ R R /ARiak (2 k4h. PBS fe& @ fik ). fAusm a4 (R
54 0.85%. 0.10%. 0.20% A= 0.30% A A4 ). & HIEE (0.16. 0.20 A= 0.24 kV/em ). A ZES 1] (20, 40. 60.
80 A= 100 min) A= E & F E (10°. 10°. 10" = 10°) 4954 FaE KMAF i o9 REZCR. ARLA BT 4 MIPEF 432 49
KA E G AT N RS TFHR ENAOA BT, £RELHFLETRIL, MIPEF 3 XWAT i 69 R & %R
E. 4 22et1E 5 MIPEF #9 K& SR 2 EA8 %, 432 100 min B, A 40KV T 3.08 Ig CFU/mL, Bi& £ 4 2.10 C.
AR, MIPEF 3 XIATH 69 X B AR AR . AR ERIT 5438 K, MIPEF & XIAF i 69 K&
MR BEBAK. BIRFBEA], MIPEF 494 8 2 RM%, L 43w -F 2445 (Field Emission Scanning Electron
Microscope, FESEM ) #4914 %.4% ( Transmission Electron Microscopy, TEM ) %84, MIPEF 4L 2 )5 4 it 64 T %M
@B IR, & MIPEF &35, @4% G /M4 DNA Mg Ko FH/mA LMY . s, £ MIPEF 4349 100 min 49
FEARAA I T2 LA K, ATP B4 ( Adenosine Triphosphatase, ATPase ). 3% 34 B2 B 5.8 ( Succinate Dehydrogenase,
SDH) #= 7 BF BR % B% ( Pyruvate Kinase, PK ) 7 £ 2 & %% ( P<0.05), 444F % (Sodium-Potassium Pump, Na’ K'-
ATPase ). 45% (Calcium Pump, Ca”"Mg™"-ATPase ) #= SDH &4 5 T T 34.21%. 32.26% F= 86.93%, PK i& M
& T 88.93 U/g prot. AT VA K A A E H AL AT Tk o 44 51 ) & MIPEF 4 B ML 44504245 .
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Abstract: As a non-thermal sterilization method, pulsed electric field has been widely studied for its ability to control
microbial contamination. The inactivation effects of moderate-intensity pulsed electric field (MIPEF) on Escherichia coli
were clarified by using different media solutions (sodium chloride, phosphate-buffered saline, and peptone), mass fractions
of sodium chloride (0.85%, 0.10%, 0.20%, and 0.30%), electric field intensities (0.16, 0.20, and 0.24 kV/cm), treatment
times (20, 40, 60, 80, and 100 min), and bacterial densities (10°, 10°, 10’, and 10°). The morphological changes, intracellular
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macromolecules, and intracellular enzyme activities of E. coli treated with MIPEF were examined. The inactivation effect of
MIPEF on E. coli differed under different conditions. The treatment time was positively correlated with the inactivation effect
of MIPEF, and the microbial count was reduced by 3.08 1g CFU/mL after 100 min of treatment, with a temperature differential
of 2.10 “C . The bactericidal effect of MIPEF on E. coli was different in various media solutions. The inactivation effect of
MIPEF on E. coli decreased significantly as the mass fraction of sodium chloride increased. MIPEF had a greater bactericidal
effect when the bacterial density was lower. The results of field emission scanning electron microscopy and transmission
electron microscopy demonstrated that cell integrity was compromised following MIPEF treatment. Macromolecular
constituents, including proteins and DNA, were significantly reduced following MIPEF treatment. Furthermore, the activities
of adenosine triphosphatase (ATPase), succinate dehydrogenase (SDH), and pyruvate kinase (PK) were significantly
diminished (P<0.05) in the samples treated with MIPEF for 100 min compared with those in control samples. Furthermore,
the activities of Na'K'-ATPase, Ca”"Mg""-ATPase, and SDH were reduced by 34.21%, 32.26%, and 86.93%, respectively,
whereas the activity of PK was reduced by 88.93 U/g prot. This study provides a reference for application of non-thermal
sterilization technology in the food industry and clarifies the sterilization mechanism of MIPEF.
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KM FF B ATCC 25922, [l fift 26 4 B o £ K
iy BREBKRKEWNG (TSB), H & mEmiHL L
b B A ECR AR A ] JHEER A RO S B e
(TSA), F & m Rk Tolk [d g 1l A R A TR A
Al I EER, ARBIGEREA R A A
FAEh. SLH. BRI _EH. BiRE ., EHY
LA AR AT s = BERIRTEE (Adenosine
Triphosphate, ATPase) 3% H1 g it & ¥ (Succinate
Dehydrogenase, SDH). A il B8 ¥ B (Pyruvate
Kinase, PK), B Rl AN TRV ST FrE AL
TR 9 B O dr 4l
1.2 #EFR &

Rk IR, RO HH] s LMQ.
C A& HBEEZERKEW, WAREETHSWA R
A s SPX-25085H- 11 A4k 55 7% 48, BilgHr i EIT
25 W & A PR /A 7] 5 FE38-standard & =0 HL -5 R AY,
HHRF #FC R £ ; FEI TECNAI G2 12 AE 438 i e 55,
FRERTC M REHE A F]  SU8020 3 K G HL - WAl
B, HAHSL AT ; SpectraMax® ABS Plus BEAr{¥,
EXT TEAHRAF.

1.3 SEHe 77 ik

131 & EM4EHEERE

M 4 “C UK FE DRAF 00 R4 TH0 B P 3 1 A b Bk 2>
RER, TEEMT, BT 50 mL TSB k77
Fedr, 7837 °C, 120 v/min F, 137 22 h 5580504
YR FE . KRR E R, BL 1 mL &
M T 50 mL TSB AR =B HER L, 37 C.
120 r/min ¥5 7% 6 h BXTECER I,  HUREF7 U5 1 B
5000 r/min 250> 10 min W E A&, & 9%
9 0.85% B AY AV VAT TR AR B R R0 MK B
#%H

] A2 08 4 em (1) (B R % (9 R 2 i 50 mL
PRV AR ) BE 1 em). E B R IE &M T
(26~28 ‘C), AR (0.85% S ALHN. 0.01 mol/L
PBS 1 0.10% & [ i) &8 =02 (0.85%.
1.00%-+ 2.00% F13.00%)- 37 5% & (0.164 0.20
F10.24 kV/em). APEEF[E] (20, 40, 60 80 FlI
100 min) FIEWRZE (10°. 10°. 107 A1 10" X1
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AW RIS IS . MIPEF 40 3 () 3 % 48 B8 5%
W, FEUER A )y 25.0 ps, 5 BOEROR BOE b
15.0 ps, fil & U5AH 4.00 V, fill & 524 10 Hz.

A FEL 37 A BRI 22 3 L 3 Ak B D R AR R A YR 5 WL
U1 mL, FJ &5 50N 0.85% 6 1 A B £k /K i AT
B REMRE, WO | mL BB S 00 B VR T KR TR 1
PIE IR G, # 50 'C TSA 15358\ TC 1# B
R IRILh 5EWORE), 37 CHiFR 48 h, HHATHTE
TG RIS RN N 1gN-1gN, HrF, N AN 4>
AZ7n PEF ALY 5 A EE (CFU/mL). A
Ik EL 3R AT % L A B AT S TR R

MR 4 MIPEF 7£ AR 2% 14 R X KM AF B 1) K 0%
RO, R FEASE I AL FE S E] (204 40, 60, 80 ANl
100 min) 1ENHFFT PEF Kidi KIAT B HLE 25 12F
132 @i SR

Wy R B R (Field Emission Scanning
Electron Microscopy, FESEM) : ¥4 B 37 kb # 1l J5 55
OUTEERT (5000 r/min, 5 min, 4 ‘C) KJZFF 54
Mg T 2.5% (V) IR _BEEwRT, 154 CHIF
T e . T S A AT R O YR, IR H
0.01 mol/L PBS &g M1ia Bl 3 Ik, RJEH 50%.
70%- 100% (V/V) B EEFREAT K (4 500 t/min.
5 min). WBKE RS E T 20 CHESAHE TR
1h, FEMmEH TS ME.

2E W) i% %t HL 8% (Transmission Electron Microscope,
TEM) : ¥ W Iz HE [T f5 B0 4E 1 (5 000 r/min,
5min, 4 C) KBIFEAMEET 2.5% VIV 1K
TSR, AE 4 CHFM T EDE R B H [ E R
F1 0.1 mol/L, pH 18 7.0 (] PBS ¥tk i = 1K,
W15 mine A 1% (V) SRR eSS 12 h, /)
O EUHER R E W, 0.1 mol/L, pH H 7.0 (kRS 2%
PR RE T =, IR 1S min, FIBREIRE (B
5 30%-. 50%-. 70%-. 80%. 90% F1 95% H. Ff ik
FE) 1) LR BN AT K AL B, Bk 5 Ak
15 min, FH 100% [ £ B 4b BE 20 min 5 f5 it
JE B 46 A AL B 20 min, /AL 5 9 R 1 9 A
(Viv=1:1) ALFEFEF 1 h, FAMEEF5S R GRS
W (Vv=3:1) AbFFES 3 h, 45 A F RS ST
W KA B iE e ER R AR, 70 Cin#vid
", EPAS R AR LF AR . FEETE LEICA EM UCT
A E T ALY A, 345 70~90 nm BIY) Fr, )
AT G R B Y YR s T O St e VR 4% 5 5 miin
Ja B TRIAT SR, b s 100 kVe
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1.3.3 @R KoTHRs-H ez

LR RN B 0 ) 7 2 8 25 DA (0 7 V2 3R AT
B, 78 K251 260 nm A1 280 nm (KWK G
(Abs) FH >Rl 5 9 4 A A% 18 R0 B 1 TR B . L
50 mL HUIZALIE SR AW, 7£4 CF 5000 r/min
250 10 min R FIGW, HISWE T AR A
Hr, EEARY R 2 A E 260 nm A1 280 nm Ak IR
fH (Abs), WREFAT =Ko
1.3.4 e A BeE ey mE

V4 37 b BEHT S 1 BVRAE UKIR %A N E TR
AEHE (IR 300 W, #2s, [89.9s, JL7min).
SR R 7 0 5 AN [R) Ak B S K B AT B ) ATPase
SDH Al PK &1, il 77 v2:4% B 750 & 1t i - kAT
13.5 #IBAE L

REISLIR I 3 AT, FRR A RUCPIE £
brfEZE (SD) Fow, LA 2Z T H BRI %
M1 (ANOVA), iz SPSS 25 ¥kt 4T 41t #r,
%H Origin 2021 #AHERE.

2 HBREDMH

F1 TEBRHESE
Table 1 Conductivity of different solutions

A5 RR)iE R @, 3£ /(mS/cm)
1 0.01 mol/L PBS 16.29 £ 0.00
2 0.85 wt.% NaCl 15.06 £0.01
3 1.00 wt.% NaCl 17.29 £0.00
4 2.00 wt.% NaCl 32.82+0.02
5 3.00 wt.% NaCl 47.2+0.02
6 0.10 wt.% & @ Ik 0.12£0.00

HIZZ 1 ATRD, ANFEERI B SR EAME, &
TIRBEHOR, R 358K,

2.1 A EIMIPEF4 1 T At K AT 8 09 K& R

2.1.1 MIPEF#t R F) & 3% 3% B F XK MAF & 9
K& R

H LR, BE B A 3% 5E R 3G 0 (0.16~
0.24 kV/em), KW i B S8R $ 22 W35 1 K
(P<<0.05), U HLI7 08 FE 0 25 52 e AL N I i
HI KA E S . 24 MIPEF A3 8] 9 60 min,
HL 3% 58 % 4 0.164 0.20. 0.24 kV/em I, KT i
[ I X BB 40 50 0.141 0.95. 1.13 Ig CFU/mL,
H eI 5 5 R 2 2508 0.90. 1.201 3.50 C.

SRR, AT MR sk B iR T I, 4HHRE
PR AR SRR B H Ar, 0 B 0 P 35 2 O AR R AL
S e A VR RG b,  HET S B MAE TS . Caminiti
2V fgh FH S 56 25 AR ) PEF 28 45 ¥ 4% A PR 3% B,
Jik vk S5 FE N 1 pso 2448 A PEF B, W52 31 1 f A=
W H & 4 S 9 1.80 1g CFU/mL (24 kV/em) .,
3.45 Ig CFU/mL (34 kV/cm). Huang 258" 4% i 1
PEF 1E 4] %] 71 o0t 4 v €60 7] %) 3R T A1 K i 4 1 14 7k
AWK S AR T B FL g s FE R 3G 3 0, AR
=40 Bl /> 3.36 F12.27 1g CFU/mL (# N RE & N
199.6 kl/kg, 275 us). Fik, M ESCATLEH, i
SRR FEI PEF X KA % KSR B2 R .

HIgN-1gN ]

L2F a R N-NC 35

1.0k b 13.0 o
Z 08 1 2
T 120 %
Z, 06} Z
— 41.5 i

041 {10 %=

0.2 405

0.0 - 0.0

0.16 0.20 0.24
758 / (kV/em)
B 1 REFRIFHEEX E. coli IR iER
Fig.1 Inactivation of E. coli by different electric field
intensities

i AP AR FHEATEFEE (P<0.05). B2~5F7.

2.1.2 MIPEFx} A~ ) 4 22 i 8] P K IAT & 49
KERE

@ IgN-IgN a 125
30w jEEN-N,)/C
12,

2.5 o
% 2.0 {15 22
z z
& 15 1.0 #

1.0F ¢ =

0.5
[$]
0.0 == [ 0.0
20 40 60 80 100

I 8] / min
B 2 REIALIERT )R E. coli BYRiERR
Fig.2 Inactivation of E. coli by different treatment times
Uik 2, MIPEF Xt KMt B A B AR Bt 37
AL TR AE K (20~100 min) T34 0. A FE A (]
AR H P OB R ) 22 R, R M B R
H 37 A PN (] 48 T $2 v, MIPEF 2K K AT B 2%
RUIR G R AR AR, B AP BRI I S
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R FHim. EHA5RE (020 kV/iem) — & 11
K, MIPEF AL 20 min I, K% FF i 2 & 2
> 0.16 ANXEL HIEE %8 0.40 'Co AL BERT [H]
403 100 min I, MIPEF X K 7 FF B 1) K% 2%
Fang, KA E I EERC> T 3.09 1Ig CFU/mL,
2210 Co AT, MIPEF RV HETS RN G
PR ZEAKT 5 °C, Hebr T FAKN % K #F 1 13
FEAER], X U8B MIPEF J& TAE#Om THoAR. DLk
SRR, BB HERS, TR YA B A W 2 iR
FEHAE RN, 20 S 7 g P A 22 e 2 A S R AR
AN, A B R T 2 R AR AR AL, 4k 5] R A
MR BRI, 25 SR E,  FR 3 s B A0 ik o Ak
HL 8] 2 521 MIPEF X K I AF B 2 0% R0 1 A
HER KD,

2.1.3  MIPEF KRN F KFAT i 49 K&
R

EIgN-IgN )

1.0F =R E(N-N,)/C 6
087 112 2
% -
0.6} Z
z {08 &
T 04f "
b i

04

02l I .

0 0.0
0.85% NaCl 0.01 mol/L PBS 0.10% #& [ /I
IR
& 3 RENEXT E. coli IR iERR

Fig.3 Inactivation of E. coli by different media

AHIF 7T LT B4 %1 0.85% NaCl. PBS FlJ5i &)
20.10% & HFRIEHRCI RIS, B A [ AR RS
J5i H MIPEF X K Ji #F B AR A% B R s i . & 3
Kl 3 s, FEAFENFEAE T, MIPEF XK B
() 27 BRSO AN R o 5 AH ] 74D HL 37 58 B N AR BRI (] T
(0.20 kV/em, 60 min), KJ7AT B 75 & 741 0.85%
NaCl H 2 80 5 = (1 RIS, s iib 7
0.96 Ig CFU/mL. X% BRI B HEGH Tim
MIPEF [ 2%, H, PBS HA V. nlif
)EE pH EHEMER ML E FIREMEH, #t
W AR A VAR A B AR RS . R RIE R P ES
TORE/AN, RS HMEREZE, ML RS R LR
HA R SR E. coli FHBRMIF., HSH
SR I K EMR M EERN R —, BN TR
o7 5 P9 EELREL, 3 T K B 37 56 PR R B P A i
BSOS FK RE AN, A 0 K
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FAFR. SAWRM, BIgmE. KA g
SRERNFHSHREMEMRBR R B R
A5 AT DR 35 5 MIPEF (1) % R0, R 2 Ab B
AT HE 523 6 MIPEF % B RUCR FE AR K, 2N
P, 5 3R B N FEL 37 5908 5 RN 4 BB 0953 1 B
2.1.4 MIPEF R F #U L4 it = o048 K
A RIERR

121
10 _a

118
0.8 115 ©
Z @ IgN-IgN =~
L0 9B P 112 22
. 0.61 = JREN-N)/C z
% loo &
04} i
c 0.6 m=

d
0.2 ' {03
0.0 L 0.0
0.85 1.00 2.00 3.00
SR HL %

& 4 R[E NaCl [RE2 5 #3t E. coli IR EXRR

Fig.4 Inactivation of E. coli by different NaCl mass fractions

B 4 SRR, SN = R T R R
KT T PR R R 22 . 5 51 5240 % 0.85% NaCl
FHEE, 3.00% NaCl ¥R H SR Em, HBFES 5
A 15.06 F1 47.21 mS/em. i % ¥ Wk & 7 B0 K,
N EFREEIE N, A BUEE KT = i A )
A BETEZSS, {H MIPEF X K AT B I RS RO R BEAIG,
KA HE 4 3 N 097, 076+ 0.24 F10.17 Ig CFU/ML,
H MIPEF 4bF 5 iff B2z b7, i BE 2255 8 1.20,
1.40. 1.80 F12.00 C. HFHRYE T 7 H b 712K
(PIRELAEL, 2 FE BH 2 1) (3 BN T R e 3 s AR, (1R
H RO . YBBR T AEAZME TN R
HH, B ) A 1 T DA R LR Y S TR
T RIEACTF BRI R R P, %8, MIPEF X i &4
N 0.85% FACEATE MR () R AT B A B B K
ROR (020 kV/em, 60 min). — %Ki, MIPEF At
FEEMRBSEZMETEAY, BIFEENENSH]
SICE IS5 R, RONAE MIPEF AR FE, P&
VA Y FL 3 238 2 1 0 i A A 24 L B AN A Joit - T )
SEER, HTBEIREE FEREsNET, it
M5 40 B fET MIPEF AbEE S hnfiuek. FIRf, 257
SREEER, WS ERE KR, BN EREE K
FEH9 0 MIPEF AbERIARI I RERERLI S, FRBEAE A oI
FEFH R, BEAR T X RE A P sh, s
Py BRI KRR, AR, BHSREN
FALEN AW MIPEF Ab 22 71 5 i 2 (K .
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2.1.5 MIPEFXt AR B FE AT KMATHE 6
REHKE

21r B IgN-IgN 12.1
1.8k =i E(N-N,)/C 118

1.5
1.2

1gN-1gN

0.9

HEEN-N,) / C

0.6
0.3

0.0

103 10 107 10°
B & / (CFU/mL)

B 5 ARERZEEX E. coli IRER

Fig.5 Inactivation of E. coli by different bacterial densities

FEMIE MIPEF 5% FIALFRI 18] 264F  (0.20 kV/em,
60 min) I, 4B % R K AT B R a5
IR, BETRER TN, MIPEF 2% B SR MR . 2440
B % 4 10’ CFU/mL i, MIPEF &b 2 5 K 7 FF
B/ 0.18 1g CFU/mL. BEE B 8% FE /Db,
MIPEF % K A1 1 (1) 3% KAE 3 5. B B2
10", 10° A1 10° CFU/mL I, 1 2 05002 43 ik 2> 0.94
1.53 Al 1.64 0t #. DL g5 R 60, 78 MIPEF 4t
HAF RIS (R P, 00 TR 5 PR AR R B SR R T, 4 R
EERT R ARA BE P (P<0.05), HEk
HAT G ZN 1.00 CLAL . EREW, FEREE—
TESMETN, B RR, REICRA WG
. (EMRANAR TN, PGS H, MEERE
Hel, fERmAMERLET, 40w 2 B WAL
fE MIPEF A BT, 458 1 102 BPfd 20, tHn] B
BCOAPIEEBERE, CRyF N AN s e, A
17 B AR S ZE M 7735 R, Femandez 25 0 7T 7 41
B2 B R B TV R RU5F B & (Cold Atmospheric
Plasma, CAP) S K& R A FEVD 1] IR M 52
M. SERAKRI, BT IRE I KIGE X5 Y6
B R R L o TR 2 R 5 P R = o A A8
5], TR KA £ 2 458y, X EN CAP
b B A ER AR

2.2 MIPEFt K i 4T W 8 K LR 47 3%

2.2.1 MIPEFt X MAT i & FAL#Y & om)
XFRIGAT B IO 45 /AT W%, 45 R 6.
7 Fi7n. FESEM 25 3% R, XTHE4] (1] 6al. 6a2)
(R P T B 20 PR A L 2 A A, Ak 1 S S BRI A
R FE, W MIPEF ACEE R A4 pa U B 7 IR S4B

FIE 4., 4if MIPEF (0.20 kV/em. 20 min) 4b B
J& (& 6b1.6b2), 4HE R H I 1 W] IR R,
H AR R IR R 25 A FOBE P B R 2, ax el gt

WER, PEF W] D@ IR Bk BT A S5 0 R R A R
YER . TEM I8 7R T 5 FESEM 45 BB,

& 6 RE4AMEREIRT E. coli BASHIHM

(HRHERMEFRME )
Fig.6 Effect of different treatment times on the morphology
of E. coli (FESEM)
E:ia AR, by oc. dv e. £ % 4 MIPEF & 2
20. 40. 60. 80. 100 min. 1 # 4% X 10 000 4%, 2 A4 7% X
40 000 4%, #F kKRS A
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al’@ @ & 32"
Q ‘,

.&’e‘ew

t@ggiiﬁﬁ ,‘aiﬁaf;Jg
A Mooy%

& 7 REALEREIX E. coli XSRS ( £MIESTBE)
Fig.7 Effect of different treatment times on the morphology
of E. coli (TEM)

E:a AR, by o d. e. £4 4] MIPEF &
20. 40. 60. 80. 100 min, 7 kARK AL a) e, mie
BB meR T Ak,
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WK 7 B, KA (K 7al. 7a2) M4HE 2
SR, OB JelE, AR SERE, 40 R
EHEARF A 2. L2 R, 4 MIPEF Ak
(40 B W AS 52 % . 7E MIPEF 4 # 60 min
Ja CEI7d1. 7d2), K i 4 B g i & A 7 1R
ﬁﬁ%,%%%%M%%%f%%EW%% il
WL BN 5], 2 AsiRIR, 20 i B 5 A4 BR
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