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Mechanism and Kinetic Analysis of Sterilization of Escherichia coli on Shell Eggs by Ultrasound-Assisted Steam Treatment

ZHANG Yagqi', CHI Yujie"™, CHI Yuan®*
(1. College of Food Science, Northeast Agricultural University, Harbin 150030, China;
2. College of Engineering, Northeast Agricultural University, Harbin ~ 150030, China)

Abstract: In order to explore the predictive bactericidal effect of ultrasound-assisted steam treatment on Escherichia coli
on the eggshell surface and the mechanism of bacterial damage and death, a kinetic model for the sterilization of E. coli on
the eggshell surface by ultrasound-assisted steam treatment was constructed. By controlling the concentration of bacterial
suspension used to artificially contaminate eggshells, the sterilization efficiencies of E. coli by ultrasound, steam and their
combination were evaluated and compared with that using the sodium hypochlorite immersion method, commonly used in
commercial sterilization. The Linear, Weibull, Log-Logistic and Modified Gompertz models were used to fit the inactivation
curve of E. coli by ultrasound-assisted steam treatment, and the damage degree of cell morphology and the leakage of cell
contents before and after sterilization were measured. The results showed that after 180 s of 150 W ultrasonic pretreatment
and 3 s of steam treatment, the logarithm of the total number of E. coli decreased from 6.26 to 2.04 with a mortality rate of
67%. The sterilization process of ultrasound-assisted steam treatment was better fitted to the nonlinear dynamic model, while
the Weibull model was more suitable to describe the dynamic process of sterilization with increasing ultrasonic intensity and
steam treatment time. In addition, the combined treatment destroyed the ultrastructure of E. coli and the external structure
of its cells, resulting in cytoplasm leakage and changes in the permeability of the membrane. Therefore, ultrasound-assisted

steam treatment could aggravate the deformation and damage of bacteria, leading to bacterial death. The experimental results
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provide a theoretical basis for the inactivation of E. coli on the eggshell surface. According to the results of egg quality
during storage, this method has broad application prospects in the production of clean eggs.

Keywords: eggshell; ultrasound-assisted steam treatment; sterilization; microorganism
DOI:10.7506/spkx1002-6630-20230123-163
65 TS253.1

Elpe W

SROMEBL, SRR, BR8P P R AR BN TEXs HE R T K AT B R R LB K 3 022 0 T (0], B dh B, 2024, 45(4):
26-34. DOI:10.7506/spkx 1002-6630-20230123-163.  http://www.spkx.net.cn

ZHANG Yaqi, CHI Yujie, CHI Yuan. Mechanism and kinetic analysis of sterilization of Escherichia coli on shell eggs by
ultrasound-assisted steam treatment[J]. Food Science, 2024, 45(4): 26-34. (in Chinese with English abstract) DOI:10.7506/

kbR A ERS: 1002-6630 (2024) 04-0026-09

2024, Vol.45, No.04 27

spkx1002-6630-20230123-163.  http://www.spkx.net.cn

EA—MBRGEGEFRMER RS, BEMELR]R
A BN B R A s . R R R B
WNEALEME, HHGEB S WA Y BRI
PHLEI. (HEEEEAFR AR, JEBBIAE /128 Wi
55, SFRAEMSRANGEHQEETE, MHEASEN
JRFRE, BLE i oo iR . AR ORI AT B A
HEIET0%, 1T IR RO % A4 TRk
REETGYY, F e B SRV TIE A E . BT A
T TR AR A 2R 2 A B 2058 5 Ak 2
TR P el 7, T TR ) S AR A SO AR

AR &AM, AR A 2 5E &R KE R
RN R . HRTH WL 78 4 B AGRE — R A
IKHHE BN ZETRIE . KR TR A e IR T —
BRI POK TR, AR E . GevekeZE
HESE, FAKIR I R A 0 8 A 5 XS R T il kW
B 2% 4.5 DX $E . Himathongkham 2" 85 5%
RGN RV TR RS 7R h R ILAN B AT DL
LRI I, K G R G ERAE W K IR 3 s B AT 58 4
AROKAEE, SRR T H AR T (R T
) o AHKEIEE 2 FEE MR, MG % E
MR, RS R BR . 285K D FL B 7 R T LA
TEARFG IS R N A% 2052 1, 5 F T & Dol 28 R 1
BB AT, LR AR 25 s R =t B R ARIR
ACIRAE IR XS PR 35 A7 R0 6 1) SR % 9% T 4 A = T
WA T — MR, ZionZ Wit tH— 3k &I ABE,
23k JUAD P () e Ak 3 R R S BT N Mo e B % B
WITRE SRS, SAWRFEH, 95 CEETN, 14
T DL AZKIE 10 sHIZE A0 EE, T Sh i 2 P SR A
40 CHA, AAEENM A EREBEMEIR; mE
Bk b H I KRS s, i e HILAEL, HK
ISF V¥ 0 e 2 %ot L Th R o 7 AR AR K R Y, R otk 7 R
TR 42 1) 25 VA BRI IF) o

B 7 % 7S Ak TR I B e 0 J8 I M R A TR 1) 5 SR e )
ST AR, B R AL B, AR S S

BORHEASMIE . DI H RIS HAdOR W T BLai &, A
FAEAT 2 18] ¥ [ R0 7 8 3 4R e R T R Bk, 18
AEDBEFEY, RS AHERE S, B
AT UALE A0 B A 3 B — 2 FE R AR BOE A 1, 2 B0
PN EEAEAT AT I B R A A B X kA A 4 P ) %
R, AE AT A UK R, i e 4 A
T P O A B PR T I RE R TR B R, R B
RO & R A G, IF AR

B R R TR EACR B T A, W
SRR SE PR TE T . I, A SCIRIE # AR W B )
SEARURIT TR 7 i ) 2R AL B B S AR TR A B IR R A
ORI K BRI K -

1 MWE5HE

L1 MRS

BEEARSE CPYIE4S~55g) R E#m
G=EHEEBRITENER) , WEJE24 hAEH; K
kT (Escherichia coli) ATCC 25922 £ 5RE}
S0 S

TPIRBEARBR. SmETHalEgnf e
EVHEABHEARAR ;. AR (NaClo) Wil ik
WP T ARA A HSHRIEG-250. WL
(propidium iodide, PI) LR REERFAIRA A
S, AR AN N R b 4l
12 {XFHEHWE

TU-1810%584M- 7] WAt BEA  Jbn A is X
HRFEAR; KQ3200DER K mikvias Rl
AR H R AT CHA-SH SRR % 185 I 5 - 46
N T E RS AR AT YX180BZL /& K K b #4
RESAF RSB T BRG] s MK-21 A=A S
OHL IR R SIS A IR A F]; DDB-11AHL
B BONFBAER AR AR F-710084 5 40 e e e
Th. SUSOL0ZYI kA s HAHSLAH.



28 2024, Vol.45, No.04

E6mild=

XL SE

1.3 ik
13,1 BRI

ZWSCHR (2010 77 v I 3EAT B50dE o 4 K AT B8 B Pk
EEFRER PRI, €37 CHAEE 24 h, 54
Je PG B B RN 100 mLf BE a2 5L, B TE
HIEG 8T, P37 C. 200 i/minZ& i E 12 h. KEE
AN B ) RE 7R L6 000 t/min25.005 min, FERFIEE, H
T A B ER K& Y R . IRIEGB 4789.2—2022 (& Ml
ARG TR BB E ) ARG S R A A
B, AF T — A AN R (1 4 A B
132 F%Fd

RS R ON50~T70 gl EERS E, HIRERE
TG A=W U E I 55 8. .
0 TG R BR AR AR 2 B0 75% L BE VR B IR e KT, 1
B B FORE R TAE & F R AME 30 min, RKE
FEAR AP o A AL B f XS B SR T 40 T e K. HE A
WIEZH10° CFU/MLII K B2, R R4
BIFW IR h, REEH S ERTE CHEIE P& LT
g H o
133 REabH

WM I TR G B E ARG E, X HET S
M. S JES R JTESH R E AT, BAkDs
PEWAEL.

£1 ABREER Tk

Table 1  Different sterilization methods
rik lE
papicl G
I FRR B A R R ARG B A o A A B
AR BRE O AR 010 min
et 3 M ERKETER RS, REEFHEISOW, IS0
ERLE BB ER, BTENRARLE, BHLER T3 s
P TSR ICEETRA LE, SERATIR, 120, 150 W, HFE k60,
EENE 90, 120, 150 180, M I EHISEIUE BN SRS,

BT RIS, SRR 2, 3s

1.3.4 ISR FCR TR AR B HU A

FH G VR A BRI DO B G R AR B R K, R
A EE (RN R, R AR ERIZ IR AE 100 mLJG B AR B £ 7K
AIRE, RIS B . KIGFF B8 5%
GB 4789.3—2016 (&M=L Kip w80 o+
T e N 705 ¥ £ o i 87 e G Ll D B S 1=
T sl R Jo T T 5 A7 28 0 00 26 7 e 7 U0 b R) 260K R 80K
AR, BoEREEA (D iHE:

i&%%ZIg% (D

K NFING AR TG 7 #0 (CFU/mL)

135 BUFERARI T
1351 etk

DIERFRE— € PR FERAT T, A K90% 3% 1 $i sk
PR T BT (], SR RN A YA I Y — Fl
JiiF e AR AR AR P R B 2 B A Bt
HHEN F1 5] A R A R A, SR B BT £
1B B B T FR AR AL SRR AR AL . LR MBS st (2D
FioR:

@%:—% (2)

s N B AR EFTR AT R &/ (CFU/mL) ;
NRZ B A JG KA E 50/ (CFU/mL) 5 oA R I
[B]/ss DAFEHCHIH IS [F]/s o
1352  Weibullf %

AT HWeibull$ H, 385 FH T 485 i T 4
2R Weibul S 2R A 182 T A 22 1) 1) A7 e 0 i 4 A7
EER, HAAHIMERTE R0 MR ™. Weibullf#
i (3) Fin:

N == )

K aARMESEL AR5 ORI E)/s.
1.3.5.3  Log-Logisticfi#!

TZABE R R AR T TR A 0T SR B R B LA [E] o AR AT
TESCRR[24] Il Al T i Ab 3, Log-LogisticBEi Y i}
g (4) Fis:

g%zié%w 4

A pABRIERAFFE: g mAMETTRZ
TR 8] /s o
1.3.54  Modified Gompertzfi

AHFFUAE SCHR[25 1) LAl b AT WA AL 2, Modified
Gompertzt&Z B 1= (5) FiR:

lg%ZaXexp{—exp[l) (c—v +11} (5)

0

A M FHNELAE: oA (KnXe) la, Hr
Ko A S Ta B0 BE R e Ve RIE 28 s A TR i s I B 1
I [B)/ss A BN A /s
1355  BREA

KAFEHE T (4 « mERTF (B BTG
# (root mean squared error, RMSE) Flyk5E R (R
4 NSO BB A B R S o, ARIB
BRI VERE, AAEM/DN, BAEBREEL T1, B ME
Bl ROMRMSER MR AT SERE, ROEK, RMSE
N, BT A B AF o A B RMSEM 50
A (6) ~ (8) Fiu:



XIERIBFSE =LT

=

2024, Vol.45, No.04 29

A4.=10 (Zllg (FEME/SERIED ) 6)

B:=10 (Slg (HME/SMED /) 7
SAE — R 2

—— <7w\u%_pmwa> .

s o SEME AN p B SRIRFR AL
1.3.6  HFHEIE

H4 B A B ZH P B0 VI N K BRI 10 mL O
PA8 000 r/min .03 min, F2% BIHEWH, MAKE ML
KRG IR, HRAELS mLEOE, SREEW.
Sl . K. B AU S IR
&, PRGBS ARG . RS KB T FRRE St 47
E VYN
1.3.7  PUHEELENE

FPUE T X B 1K, Hil45 M1 mg/mLETER, I
4 CHIERE AR AF . S A H A P8 000X g\
4 CEL10 min, F#2% RIS, FJ0 B AR B 3R /K U B T
IR Z10° CFU/mL. 5256 43 7K 1 Ak B T RN 2K 1 Kb 22
PIje (. ST KEAFERTPIY A, 7 B0k R4 A
FI B4 HIMNO.5 mLIPLAT, ARG Mg, JEXt
L AT AR L AR B AN e s T AR EE S APTH (4], Y
10 mL 1.3.495 ¥ B, IIN0.5 mL PIA W . X B 41 AT
AL EEEMAPUE R . A Gt 2HE7E37 °C 1Y AR
B E 15 min. 6 000X g. 4 ‘CEL10 min, JoHH A H
K E B DOIE P IR . Bl 2t 20 e b B I e W
B, WO IEBAKN495 nm, R HHEI K 615 nm, $egk
i FEON10 nmo DU B R AEPIER B i
1.3.8 4B BEE N 2

FAAR R R B R R AS [ AR 3 5 (e i, %
A 5 L . I LS 2R ) AR AR AE AN [ A B B
FER TH K AT 11 440 L P 368 325 1 1) 5
1.3.9  ZHEH4H AR N P o458 2K 1l s

SR SCHER[27100 58 K Pe bl H A% R . rTva R e
I Ji R T

I JFRE S BN E . B2 mL& AL ORI, i
ABEMEEE R R, 37 CHHIEHSFR3 h/E, 6 000 r/min
29010 min, SRA B e ENE A R A G EER T
(130 S5 B 2 &

AR AR EIWRE N €  HBradfordi%,
BB G e 2 mL, £ —20 CAWRI2 hjE, A
0.01 mol/L Tris-HCI (pH 8.0) ZEy#i. HX0.1 mLi¥ 4k
I ARSI EN0 mLARE . IS mL% 5 e i
G-2504%%L, RG] EHE2 min, 7E595 nmi Kbl
SEWOGRE, R A IE A A Hlbn vt 2, AR A
it 2 75 R SRR A ot ) B TR

IR & e ¥ 25 A B S I PR i A6 000 r/min &5
10 min, AEHUER FIEWE TARLAEITY, HEE
P A3 966 T FE 260 nmi K Ab I sE HWOG R, Lk
HEAZ R TR S L
1.3.10  ASEE SR

o A FE S XS R BT =R, A i e
JEO dFN7 dIFXS B 5 o
1.3.10.1 gL

JR B R RS R N I K A B EUTA G . SR A
JREVEATINE , I8 RSP I e X BRI 7 d R
REAE, FERKRTENR (9 FIR:

m,—m,

JREA KA %o =", — X 100 (9
K m NG EN AT R g m, NG S
Fig/g.
13.102  KEAREE

TR R FE A XS B R B ) E AR E, IRER
e R, AR R . KRS BT AR A AR T A
&b, ERFEEAREATSEREL T, B8R H
2 Ui b R RO B B B R VR A RO A v R, L
3 AN B S HFE IR E E A E
1.3.103 Wy

MR EALFZI (10) 15

W& REAL=100X1g (H—1.7m*7+7.57) (10

A HONRE A S S /mm; mAEFRE/g.
1.3.10.4  HEESRENE

FE AR B A R A R S, K ER N A A RN
BFILA, FASEEO.1 mmipgliEhs R R EEE mE S H
7, EEASESERZ O EF RS U aD ) .

_h
YI=— (1D
A YINEBEBEG hNEW S /mm; dNED
BHAA/mm.
1.3.10.5 #HEHpHIH

B HpHIE I E T i 5 EE5, FSIRNEE
TEYI2 min, RERE30 s1F IR AR5 FpHUTHIN E HpHIE .
14 HARAES 5 b

SIS 4 R Ly £sK R, MHISPSS Statistics 19.0
BT S0 B4 HEAT J5 2E 4y BT, RIS SR Origin 4
TEH.

2 ZRE5H
2.1 P FEZEION ST ARI R AT B R

M B TR AL, A LR BRI AL B], AN R 2 =
FE B [5) 28% TR A8 K P A 1 (R B R B 2 480 AR TR 75 2D



30 2024, Vol.45, No.04

E65o

il =

(60 W) AF60 st A AT BT, HL s 289K
WEETL 20 3 sHIBUER IR T47% 40%F161%.
FEIF — ZRIRAC B ARAE T, BEE B A DRI, &5
KT B 0 % B SCR AR IR B 1 5 . 88 75 60 WTTLAL 2
180 stp [ Z&VRALFRL sfm, A B A7 % 200 F F42.63 A4
{8, #7120 WHIALFE180 st A 287K A0 FEL s)m, AT
TR TR A EE, HMFAAEERT, Ll
DAL BN150 W, GHBEAFIG 3 T BRIk $3.43 X HfE
FIFE, fEZRVRACHE2 sHN3 sHIZE R, il DLW %2 5 [
FEREE S .t m] L, R P U A B A S BE % 4 v R T AL
Fo TR R DR A R 7 U R 1o 5 2 1 7 A 28R T A
A A, [FB R 3G A B R R IE T, TR
re A B AR o T ER T AR A AE — S I R B B RE T A K
PUPE, Y58 75 Ty A2 7 3G RN b B B [A) T A KR, AR
SE (10768 7 3B AT DA I T A 4 B 40 B P R 2R BESPA, AER
WP T KL e, A BT RS2 R w b . itk
Gb, Bl ZE VAR ] A, R B SCR AR T 4
[F—H A% (150 W) TALFE180 sfa, 2RV AL 1)
HH1 sTEKH3 s, RIGHF B IAAE R A LR % T 67%.
Yo B Y 2R TR LR R B (R B, B EUE R, 289K
(3535 . 150 WIKIEE 75 i 34T 180 s T AL ¥ 5
FHAT3 sIIZRALEE, K BB Z00 0 HUE N6.26 T
R 302.04, BGRB8 1 A% B R RE S A 314,22 SR 3L
fi, FEL A ZR VAR FE I R B R e T 49% . S R
A FH R 8 i ) Ok SRR A Ak B A VR I e TR R UGB
(KFFH . IR MR ED . RIEH
(150 W) 5 xEE4AN (200 mg/L. 180s) HhFEIALFE 5 A
J AT VR 1 2% TR 28 B AE 4 AN B BRI, 5 AT T 4 SR 4
. b, E@AERMZARMES G R EIER, M
IR FET

XOERRWFSE
A P [ /s
0 30 60 90 120 150 180
0 T T T T T 1
_1 | N < ”””””””””””””””””””””””
= 2l S
= 0 EKls e
w O e EALs.6OW T
—4L = 7&Als. 120W
e FEKDs. 150W
—5L
B I /s
0 30 60 90 120 150 180
0 T T T T T 1
-1k N
£ 2r -
5 »ii::::n%\w
o —3F &KiK2s I ———
- —al - iﬁz s 60 W —
—e— Z&¥R2s. 120 W
5l FK2s. 150W
¢ I /s
0 30 60 90 120 150 180
0 T T T T T 1
—1F
S
=
~ _3 - . e —— _
L R3s e ——
—4| e GBS 60W —
L VK35, 120W 1

—— 7&1K3 sy 150 W

Pl 1 % Bl 3008 58 4 i KM T 087 ) 23S oA S

Fig. 1  Sterilization effect of ultrasound-assisted steam on E. coli on

eggshell surface
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Fig.2  Correlation between predicted value and measured value of

sterilization efficiency of ultrasound-assisted steam sterilization
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Fig. 4  Effects of different treatment conditions on PI uptake of E. coli
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Table 4  Effects of different treatment conditions on the membrane
permeability of E. coli
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Table 5  Effect of ultrasound-assisted steam sterilization on material

loss in bacterial cells
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Table 6  Average results of quality attributes of untreated and
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