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Abstract: During food processing and storage, dynamic changes in the activities of endogenous enzymes are recognized as a major factor
leading to alterations in textural properties, nutritional composition, and sensory attributes, thereby exerting a significant influence on overall
food quality. Consequently, the development of endogenous enzyme activity regulation technology is not only a critical approach for improving
food quality but also provides effective technical support for food processing and preservation. At present, various regulation technologies for
endogenous enzyme activity in food industry are mainly divided into three categories: physical, chemical, and biological methods. This review
systematically elucidates the underlying mechanisms and research progress of these regulation technologies, with a particular focus on
non-thermal processing technologies such as high-pressure processing, ultrasound, and atmospheric pressure cold plasma. The current status of
each technology in improving food quality attributes is also summarized. In conclusion, each regulation technology has its own advantages and
applicable scenarios. In practice, the appropriate technology should be selected based on a comprehensive consideration of factors including raw
material characteristics, enzyme types, and production costs. Furthermore, the synergistic effects of combined technologies, known as hurdle
technology, should be actively explored to provide theoretical foundations and technical references for further research and industrial
implementation in related fields.
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YIREME S R s, SRR E S BRI KPR AL, R LA TR AL S 2 A
(Polyphenol oxidase, PPO). id%fk4li (Peroxidase, POD). HiXHFEHE (Pectin methyl esterase, PME)
B34 PO AL BB IR (1 PRI AL S R A EL R B N, TR B kP, X A Mot Ak
2 (H0p) ZH5MZME B, AHE S B FFIL T E A E R A . BEE = i bk FPMER)
TEAE RSV TAE R A HE BRI R AN 2B it L B R, g4 (Lipoxygenase, LOX) fEMI7EK 1]
fEAE R R AT AN, AR R T, SRR IRk, MR A m . B E
PR KK S AR 2 R RS, AR R AR, AR ARgEPO. SR SRR LA B R K ARE 27
KERD TR, IXLERIE =P RENS 1 om HoAth B (BRI, DR AR /K72 S ) B i B AL = AR B B . A
XL AR 2B 4 R PR B P L B0 i MG R R 2 b RS o ) 28 2 s PRI D, 1 2T 2 9 Vil SRRV i
ERA N ER (Ultra-high temperature, UHT) @57ERE A7 ] 7= A SR AN 0 2L AL i E B R Y, Rl
£ A VIR P LR A B S N TR, T T R I R A YO T o £ R e L
e

R, Fr AT TR RS AR T B R BN s P Ak S s =M, Horh, AR
THRPIREAE A SR R R B & S SR SIS YRR, JEAER O s o0, AR A T 2R (1
VEFINLEI S R AR, B A S . R KARA SR FACONRERIAERIN THA, BIE N5
(ARSI 72 5 P b B AR S5

1 YRR
11 #mITHoR

B S I T AR AR T 5 R A L OR B . =R A (High temperature short time, HTST). UHT =25,
i A FRIR TR SR B R, E R L - (A1 ZE G xS ()R i [RIA 3 FH Tk oA Yl ) AR P e
TR KM ZEIREEIN S E RN T, SRS T T AR A LT, BRI At = 2R T s,
3 ) [ o B i A TR BB B LR 5 RCR .
111 BRAR

R B TR A3, T2 X H] MR A LA BRI TRy . i L 2R ISR B oREE, A Tari
1, AARERN T BRI R 1 = SO DUZR SRS S, TGS T s TS R R ™, A5
18R R R PR SCE TR O R, N T R AR A R EE, RE i D R BT AR
BETFBL. AT iR B IR R A SR A E Ul T R R L A AR, T ORI SRR A B
FREEIETN, SR LR T NEREBE . BKPEF 5L e, IEPEB IR B IR, 2 L ZARAEM R K
T TR TR AR Py R . FEARLDVE AT, Moscetti Z0 15 B 90 C 2 min An#vib FE AT S BRSIL DAY A (IS A
FEEIIR SR, BRI BB P R 2R B H G RS 60 CALEE 10 min JEREE 54.9%[KEHE, T
80 CALEE 1 min JEBEE LR 4.7%. X2 E PV gt BUAKC B R, BRI T 5 I AR, Il
HREOR, 70 °C Smin ALHESEAE N A TR AR TG S A dE o BIUEZE R — it RO [ U R LR, A
R VA 3 22 5. eSS PR A GO AT DA B 5 R L AR R 2 4R Al Z7 =158.7 C .\ 5 =5.5
kJ mol™, TikasE MAHAUE Al Zr=71.9 ‘C. Ea,s=12 k] mol™. EIL AL LR T4 aAaE . TR,
A RS E B[R] LRy 1R (A S A SN, o IR AT 32 FE B i T2 PR R A E ) 2 = SR A DS T A
PEPURBE RS, XSRS SO AR . R, S ERAS [FIRE s R 2R RS E e 22 5w, AT FL )%
Rt EHCERCAIRE SN R G, SEREE BRI HETR 1 .
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Table 1 Effects of pasteurization on enzyme activity in food

G % IR AA AR B Lk

" _ BT 2L 3 3)4% PPO % 7%
L4%  80~90 °C 0~10 min [18]
E,;=41.4144.51 kJ mol?, E,=53.93+1.24 k] mol™*



MK EEBHE Modern Food Science and Technology 2027, Vol.43, No.6
60. 65. 70. 75. 80 CALIZAAFT, BMLH AR RMMBEKEF H 5 A:

R 60~80 °C 5 min . [19]
0.0891. 0.1636. 0.2296. 0.4700. 1.194 3 min

K 70 °C 5 min BRI RE Bl X K [20]

T K 35~60 ‘C 5~60 min AR IR AR AR B By L K A R R E [21]

HhA 60. 70 °C 15 min PPO SR AEGE A5 H 43.7%5 4%; POD FXABEE 5] H 67%A 21.2% [22]

112 ZimsEnae

HTST HAbER PR m T E RO, ARFE T i 5 A0 A B 2H S Pl R g 2 e I O (R 458, FEORIE
R R, G TN TR IR R A B A B R . B TRIUR IR, RARERAIN T SRR
FRABIRE T 2. HTST AREERIN A PO PURERA PR G, BERRE R RIRERTY, R4 B AR S A,
BT CR PR P2 i 5 T o B PO e RN 100 °C b IRk S5, 80 s B AT A Akik bk PPO A POD,
HARSEH G MM CEAF VB IR, VC SREMORIMIIWIR T, AR, Sl A E At ) [m] ol g
PEE TR B, T T B R B s R . PP AR L, A4 100 ChEEE
J&i, HPE RO PPO. POD 7E#Z SRR 30 s A1 60 s RIZRZ5E F7. WTLUBE WAL, AFER AFERFAL
P PR R BB A0 2 5, S rh T AR BRI DR A AL BRI TF] .- Akbar 25%°5R A1 100 'C 60 s 5
IR ALK, WIS POD 90%LL LRI, 5 MCELRIN IR A B T el . Aguil GAguayo %L
FH 90 ‘CALHEHAET 30's [ 60's, i LOX 5k FBRIGIES 51K 66.7%M1 37.7%., 255G J1 % BLKE 19 R AEHEAT
100 C 90's /% 95 C 150 s 4bFH AT 58 5lid PPO iGtt. HEAAIT S, el Pb BGRB8 R R VR R Bl 5
R, AT B ROR PR RCE IR T, AT e R i AL PR O BB, 2 SR BN T B el AR
it T R LI VR T2

R 2 SRR R PR MR
Table 2 Effects of high-temperature short-time treatment on the enzyme activity in food

Bt % L3R A iR P EEE
He 100 ‘C0~80's M At ia) 3 An, PPO. POD 444 5% [23]
7 K 345 PPO. POD E# 7471421 30s #= 60 s £ k3 A, B K ¥4z PPO.
R 100 C 0~120s ) [24]
POD £ #7348t 60's A= 1205 X H7E H
EX 100 ‘C 60's POD %% %34 90% [25]
R 90 ‘C 30s. 60s 30's #= 60 s LOX FXABEE M5 H 66.7%. 37.7% [26]
100 °C 90's; ) )
EEE T Z A4 PPO #9551 [27]
95 C 150s

1.1.3 R 5HRBRAAE
UHT AbBEE: T min el R B o s . NS, R i I BOR BT AE A T R, e S e T A A7
SEMEA RS —REEMETT, JFTRe@E BRI B B S M O BRG] R Bl
PO P I AR A LA ) i T A PO U, 2 T T S L o Bl e O G R e AR e
F AT PRI R IR DT BEAD POD & PE, 76 190 “C FALFE 10 s )5, 3X Py Ah g U5 BA V120 T 24.70%F1 14.76%.
S UHT A IX PR EGE HEORIR AR, EAA 50k, ULEH R IBEAT POD %ot AR (1 il 2 M, 5
AR SESR R A LA S e Atk . TR RPN UHT PUCIRISZ A 2R, X — SERLH Mk &R h
FKIICATM . LEFL ) ISR G REIREE . FLi AR AARSE, R Aam A AL i R N IR
PEMR AR, ARuE UHT AhBEArse A b gL rPo VR mme A S 25 (1R, T 2P L B T R, KRB 54
WRAT—ETEVE BT PGS, SR, ARG EADH I AR T AR A 5, UHT st seid il
S, TR ERMA R B S 3R RBIASAlT;  TRE AA R R SKREE EE 1, e T R AR KR Xk R
7 DA RSB R A S S TR, IR R AN T5m B RIEIAR] UHT 7KF, XA PIREE B SCRAT A AR BRI K
Rl e STAESN, UHT TS Mt & B i AR R . Wang 2517561, 120 C 2 s
F1135 °C 2 s [ UHT 254F 38004 Ry it 109% PPO AR, 1 110 C 2 s F3(& 2 % PPO Bk %, FEURIT
TR I & B PR, Huang 205 Gao 25 ek —SHIFSEAERS E UHT TESHN, i fes 240
HiZifhTH PPO. PME. POD =28 GBI #E 5 R e A ki . it iR A B B B A AR K24 A TR, (252
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P AR S B EIZE A 2 5 IR IO AR A IRl R, [ 58 el S R & i IO 5 5 U o, Rt
SEPRAE e R TR A A H AR AE . BB TUREE, ETEICECAAIN T34, P BREACR 5 7 i

7 3 EBEimiaT NIRRT R R AR R

Table 3 Effects of ultra-high temperature treatment on the enzyme activity in food

ARG R L3851 AR A Lk
FAATL 190°C 10s JI& Iy BiAm POD 5% 7 M50 B ) 24.70%F= 14.76% [30]
4L 137 C 4~6's AR RRBAFE ARG B 8 S BT A KE, M EEE LA — B, [32]
431 >150 C <0.2s SisBay A —RE [11]
&Nt 110. 120 A 135°C2s 120. 135 °C PPO #&AF #4818 10%; 110 'C PPO 54 F 4 £ A T4 69 FfE [33]
HIE 110°C 86 PPO. PME. POD 74 %% [34]
L) At 110 C 86 PPO. PME. POD %4 %% [35]

1.2 FEHRmITHA

121 RBZHEIKR

M RO R EE K ISR (High Pressure Processing, HPP), &K & T 100-1000 MPa I8 m K Ik
Wi, ERIREBCEE T GBS 20~40 'C) 4ERF— @ RTIR], @i By e A SEa Py vs Bt ik it 20,5 5%
BRI THEA . A A IR E A5 s KA AR . SR, S =g irugss
RAEANTIISAR . 5 B AT GRS A R KAZ L, FEAVEPE ORI ESE NS TR, S E0T R 2 ek
WEVERT ARG, BT IIRER, ML T, EE A ol f-3 B s MR AR A TR ik 1 BT
™ RIS S R AR 545 A8, ARARES TA M RIRE R e e M S 52T,

S Cufulded Denatured
FRE oo BHWITR vy
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Fig.1 Effects of pressure on enzyme interactions and binding energy
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JE S i 58 X (= i L 2 ke P WA 4 SNt B UL s 4 AT =P e e Ly S TR wB WA Ak ST e SO A WA
SEOEM G, BEAMSRERTESAE, RSk, ISR RN, T2 2R
AL FE S ST, 2B 200, 300 A1 400 MPa i PPO %4> i 25.83. 28.29. 0.49 UmL™, X441 PPO %
PRy 27.28 UmL™, SEMEHIUERL LT (ERERE R Bk, PPO G A . Mulity, ARANIEE w7
R, TP R i e R R s 703 T3S, 241 79704 150 MPa INf i ik 25 K fE , EE 100 MPa it 40%.
e e AL B N S BEOVE P — AN Sh SRR, BRI S, W Eed st
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e R PR R R B RAMM IR TR TRV, 3B SZ AL BRI (A AR MR IL Ao . fEH e AR T,
FEK AR ()30 & T SR KRR, (H IR R . Akyol 255, 350 MPa. 20 ‘CAbFEHE
NEF, POD &EHAE 30 min B F# 23S 16%, LK Z 60 min faif— D F5 % 9%, FEALE— e ol A S A 35 1545 B
FARE SRR . SRS RIS M A (B 3 22 5 o SRR e v L A TG 2 T P el
SN, W9 R IR R [ A T 25441 i S0 (Allcohol dehydrogenase, ADH) FIfEIEHEF40 (Acyltransferase, AAT)
EA TR . SO E R RS (Hydroperoxide lyase, HPL) %% 3%. LOX 5%F4 73%. WifiEHEF (Phospholipase Al,
PLA-1. Phospholipase A2, PLA-2) B&A7 S5 30.8% 28.5%. 1X—25RM, B FEM. IS0
e 4 @ R O v R e FL R T S OCEE R 35 o AR — M NUERE, EAFRYMA RS, RIESHE
SAFAEZESE . Wang 25N LT AL T H SHUCGIREU T LOX IKIGRUR, SRR TR R BN E %
HEACTHR GRRDA R

#* 4 BEELEN R SEETEE R
Table 4 Effects of ultra-high pressure treatment on enzyme activity in food

AR % 438 A4 AR AF LAk
200. 300. 400. 500 MPa ‘
ERAAeT 10 mi 400 MPa vA L% 71 fig it 2 RAgdeit F PPO & HEFK2] 0.5 U mL A [39]
min

100~150 Mpa %4+ F, /& A3 #) 4R & I8 B 77, 150~400 MPa ¢,
EX e 100~400 MPa L [40]
Bl ) B s Bl 44 78 ML 1K 57.3%

350 MPa. 20 ‘CH&A+ T 42277 30 min, X% &M% £ 16%, 60 min &it—

T 350 MPa 41
BHEE W% 1]
) ~ ADH. AAT. HPL. LOX. PLA-1. PLA-2 & 48% 554 0. 0. 3%.
i NI 500 MPa. 35 °C. 15min [42]
73%. 30.8%. 28.5%

R kR 0.1~650 Mpa FAFPIR £ 09 LOX RiER FFHME N A MR, L RIRA PogRF 3]
B 5~60 ‘C R TR 2 SRR A

IRET 100~500 Mpa 5 min 300 MPa VA EAR & R AL BT AP B 4E4R & @B B, D, H. L #97& 1 [44]
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Fig.2 Schematic representation of the mechanism of ultrasonic cavitation effects

E: RERMLEMETENAL, LAERPBERLFEEG TIRRERV A WIkFR RidA2.

BRI T 20 kHz, 8 HH- AT A ERR VU, BA T kL. ZiERE 08, ReEterhasty
Ph. BFECR (Ultrasound Technology, UT) AbEH S € it - Yy 4n I sg B 52 212 40, PYsiEeis A AR o
A, A HL R T R AR5 BRI, BRI AE A SR AR, RERSIREN AR A5 P A UAR S o XS
RN 5B A5 K BB AR AR R, B A URORE « TR AR A RN o B P A LA IB:
FES I ARSI S SRS BB R S R SRSl BT A RRER NI D) 0. il ) SR, X
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PRBNE G R B S 15AE FHRURSS . BB A IRAEA R ARREI, 053 5 RE A RSO LA v, S8U
[ R R T, X RE RIS FR G R I ARSI RI RN o P AR TR AR R, 2758
B X SR X, AR X E R T AR R SE, (RN R NS i X 2
PR R 5 B, R iR AR o, X RN A B A RN . P A AR
ARG o

P YRONT PR VAR LA B R ) R P o AR P 7 B LRAIR B R AR, TR T R EERS
SRR TRS, SEINMEGRVA ARG R R FE S RN, B E SIS TRE A AR, W5l
JEMIRISERT YT, BEIIEAGAE, AT S 2R i A X8, Wang 2519119t 300 W A AL B A G, HEUER H
fiff B A1 L MR (P<0.05), 1 WIS FEHE e A HE v s PR 2R (I, mTHHEsh 2R e fa i padt A, Bkt
PRI (98 7)o R s e — 30008, X REMHIIRGM S, IR RImAE SR 54 . A, &
558 PEE P YR I S RO P A (R e I R R R R AR i IR BT, KA A G O AT RR
MR S AT RE a-d8E RN -4 B AN 2%, SEC GG RE R W ATRR 4RI 21 2 (R A R IR 5K
AVESFHE, AHFAAZORABL. ORGSR B A I DN LB D) ik ] ST, kT 5
FEC VAR B B ZEAARR, DU FLAR -

FERFE O URBEI R RO Z Z R R, R BRI AR, AR AN (] S B
K4, Ercan S5POHRTE T A SO0 T A POD (KIS, 4R ThEN 15%. 25%41 40%, 4bFE 150 s i POD 4&3% %
535 35.84%..36.07%-83.79%. 15%-5 25% D) Za2H 2 [A] 3G 2842 FH 0.23%, 1Ml) 25%Ft 28 40%H] R IE Z 2Tt 47.72%,
XYL AT RRARE— MG A DR, KT ZBUER, DhZR R iR AR DTk £, i B a2k i e
Ehtk. ANFEIZEE AT SISO IRERCR, AT SRR T RS, FRSPIpE R, £E 200W DI T
AP AL FE P IO 30 min IR BE RS 5202 300 W ARFE 20 min FTA SR I ALFR AR . PRUHPE SEBR R A AT
CRURTH R+ AR R] 7 B R Th R+ AR 8] 7 PR SRS S H AR, TeARYERERE. ALFRRCRA 5 i
JRERGE AU o

* 5 BERAIEN &R TEHEEN

Table 5 Effects of ultrasonic treatment on enzyme activity in food

ARGt R 232 51 iR B Lk
. 0. 4d 0t 300 W 432 2 F4R 3 #f o F LR R 6 B BHL 7%,
41 % 0. 300 A= 600 W, 20 kHz, 20 min B N [49]
HFEIImE 600 W R EIKE M
g % A 15%. 25%. 40%. 50%. 75%, 50%%hF T4 150, A 75%%hH F4LIZ 90s, ¥5KIT POD 49 [50]
Fa
AL ZEAT 18] 20~150 s TAKE
. _ 300 W 422 &R 7t 30 min /&, PPO #= POD #1445 4%
Rt 100. 200. 300W, 10. 20 =30 min [51]
55%F= 40%
AT 420 W 30 min % JF S UABBAELEEE ) K 8.79 ug-min” g7 [52]
iy cann 400 W 20 min PPO &M T4 £ 35% [53]

123 XKAEAFH TR

SEETFAT 1897 4E Bk William Crookes i AR, ZHHE T BT HHE. w75 H B o sie 4 m
BHAIIREY) . BN E AR AR SR G BB DUAS, BERE R, Langmuir T 1928 455 Ik ff
SR TR X AREPY, AR B SR REELR, FREIA N S PR AT T AT T
DX, AKAEHACPHPIRGS, B TRR iR SRR, RIR SRR S T3 B BOR L BPIRES, )
BB X NS PR RIA S B TR, KAk (Atmospheric Cold Plasma, ACP) RI4EYEH EIAEE
FEA IR AR R B Tk, ARG VSR FEE . RIS

ACP -5l B H LY L (Dielectric barrier discharge, DBD). it (Microwave discharge, MD). Hi
F i (Corona discharge) #675 HE (Glow discharge) DA K KSR S5ES TR 31 (Atmospheric pressure plasma jet,
APPY) ZEJ7 A, T ACPREMEAEH K = AL FLIR RIS,  BRIAE & Db s Bl FE i S A AT 5t . ACP
FARAM G £ i 3R SRk A RRE S, T R A B P LA S5k AR, IR AR A ShaL gy
(A T S AE AR AR i B R N . A 3 Fmid@id iR #8,  ACP IR 3= 5 (g W R S v S
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(Reactive Oxygen and Nitrogen Species, RONS) 3= i b B Br e 1 D 2 SRR EE,  FEAARBLH A48 —mt
BEWTRLS EHE, 0] LSS BB R R RS R, B o BRI p-AT B A AR EYE, SR AR
R, RIS SR EAE R, 51 = a2 R b A o R BER e & P BONE T OM R s,
R IIRE -
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Fig.3 Mechanism of cold plasma affecting enzyme activity

A AEEAL I AREF B TRERIIMF A ALLE; RONS: F AL Rantt.

ACP RN IEREI BRI T L2240 (k. Dh&, ), AR (A, AUARRGr . D Mg H
Rt —RME, ACP XEE A FBEC F s . DT E S AL BRI TR R e R T 5, HARA R RIE T30
e R FE S RN D 2R A B e IR BE A PR AT, SE R AR B (R IR n ko010 R A L4, A
TR X P B ek o ST, 45 B0 S 375 2R 1) Dok 4925 . Pankaj 25571 ) DBD 45 55 TR 4 # 7 i POD,
RGTF T A BRI [R] 0 B SRIG 8 JJ AR, RIS P 2 S R It 2 ARG, (ELAL PRI TA) AR S da 3%
KT X225 AT REUE T FUE T H e e R F VR BE SR T AFAE R AR, 17T S A BRI T D) T R SRAA Pl 7
TG B, FELZOMET, PUSe e KA BRI 8] AT REEL —WRFR & i s BE s 2. ACP S [A]— & & i
RN [5] PS5 2 B 22 AL CR . Laika 2R ] DBD 8 7ot UKL A 50H4T 6 KV HiJE. 23 kHz
4bFE, 60 min 5 POD 5 ARIEIELI N 50%, i PPO UK 2 20%. PPO Xf ACP BEyURI S K FT BEAE T PPO
TEVEC IO B 1 58 Sy i A TR EEAGERAR, T POD [ IMAL S AME A — & BT B RE 7, R
Pt ) [ PR L e SR A AR A PR 52 1 22 5t P e S BUBURIE AN o BT — RS, IS PR 2k
5 B A O SRR B UG . (AR R, ACP XS AR s — Ak E R, FERr € 60
T SN, Chen SEPHIIE T 48 1 AR AbEEE R FREK R ol R R S o T ARG AL B A%
L AT REROAE LA S B IR BRI HE T b ORI T R I 98 T e BNE 7.

* 6 REEAFEFHLEN R RPEEEMN
Table 6 Effects of atmospheric pressure cold plasma treatment on enzyme activity in food

st % WA R LR EE ST

& 30. 40. 50kV 30. 40. 50KV a5 —%zh /) FAEA K, 55 % 0.6340.06. 0.7140.07. 0.99:40.05min™ [57]

A% 6kV 23kHz 15~60 min 60 min /& POD #)5%47E 494 50%, PPO #5345 20% [58]

AR 1~3kV 10 min BLIRLR o R AR B 5 Tt g n [59]

&% 5~25KkV 1~10 min % 25kV10 min 432 PPO #= POD #9 %4 7% %>99% [60]
&,k 4.8~6.9KkV & T, PPO & HA 86% T 42 30%,

#HEA  48~69KkV35~155s [61]

BF1E MK 355 3% AnZ| 1555, &AM 88% T 4% 29%

2 EIEEEAR
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Table 7 Effects of chemical regulation techniques on enzyme activity in food
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Table 8 Effects of bioregulation technologies on enzyme activity in food
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Table 9 Comparative analysis of different regulatory technologies
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