17 % %13 1) FETI o i o vl =3 4 Vol. 17 No. 13

2026 4E 7 H Journal of Food Safety & Quality

Jul., 2026

DOI: 10.19812/j.cnki.jfsq11-5956/t5.20260208001

SIRE: XURRHE, o, A1, % BEUCEERL G S TR AR 0]. Bah & e B AR 242, 2026, 17(13):

111-121.

Liu Kanggian, Xie Qiang, Fu Chao, et al. Optimization of preparation process of Juglans regia L. antioxidant peptide by echelon

enzymatic hydrolysis [J]. Journal of Food Safety & Quality, 2026, 17(13): 111-121. (in Chinese with English abstract).

BRI LRI DU AABIR T 21k

xR, W &, AT B, REE, A, ¥

(BRI AR 5 TR B, Brs il )™ dl i Se T g S ()™ B N T E S0, PR 843300)

& E: BR  UERREHE G S T E R T2, Bk LUBLIR kR Ok, AR YR Ak
ARG | PR R R P AR 1 R YR A M AR, DA RS PR R BE S 4 AR, R BRI
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Optimization of preparation process of Juglansregia L. antioxidant peptide

by echelon enzymatic hydrolysis

LIU Kang-Qian, XIE Qiang, FU Chao, JIA Zhi-Hong, XU Xiang, WANG Ping"

(College of Food Science and Engineering, Tarim University, Xinjiang Production & Construction Corps Key Laboratory of

Deep Processing on Featured Agricultural Productsin South Xinjiang, Aral 843300, China)

ABSTRACT: Objective To optimize the process conditions for the preparation of Juglans regia L. antioxidant

peptides by echelon enzymatic hydrolysis. Methods Juglansregia L. antioxidant peptides were prepared from defatted

Juglansregia L. powder by alkaline protease, neutral protease and acid protease in a consecutive manner. The enzymatic
hydrolysis process was optimized by single factor combined with orthogonal experiment and response surface method
with antioxidant activity and hydrolysis degree as indexes. Results The optimum process of neutral protease was
enzymatic hydrolysis temperature 51 °C, pH 6.87, substrate concentration 5%, enzyme addition 28000 U, enzymatic
hydrolysis time 3 h. The optimum process of acid protease was enzymatic hydrolysis temperature 50.0 °C, pH 5,

substrate concentration 5.0%, enzyme addition 30000 U, enzymatic hydrolysis time 3 h. The degree of hydrolysis was
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43.74%, the cation radical scavenging rate of 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) was 92.14%,

and the 1,1-diphenyl-2-picrylhydrazyl (DPPH) scavenging rate was 87.55%. Conclusion This study optimizes the

protein echelon enzymatic hydrolysis process, which can be used as a feasible strategy for the preparation of Juglans

regia L. antioxidant peptides.

KEY WORDS: defatted Juglans regia L. meal powder; Juglans regia L. enzymatic hydrolysis process; response

surface analysis; orthogonal experiment
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Bitk(Juglans regia L) X FREARL . Jedk, JEEABEEHABE
J&, Smbk. MR B IRRR I R R R bk As B
ORI, BREAR. 8 P EILRR. Y
Wit Je 22 W J A A5 W 2 2 T A s E LAY P, B B Y
AR R sk, 78R HRAIRGZEHIR, R, REE
HESEFE, HOFHLAENES, FEIEERTEL
T FL A EZ 2, T R TR S Tl
HHEMNH .

R K AR, TR R R BT PR L S R TR
AL athe . e MR R SRR, B TR
R R % A= Vi 35 R e NG R S G i
PERAEYITEVES, HATC A 2R 354 USR5 &
PR A7 ) Pl B AR ORI AL AR R R b
WEMEERY), BARSTEES, RABESNFHN
(B, R A5 AR T T R A O I3 SRS

BT AR EaR R H, B RR O £ 4 R
HEEEIHEEN 72—, BAPEL! | gl
[E1E0 RN | D2 N L8 AR BN /1 X A ST 22X
T, TERRIRMEERR & ST R b R B T i R AT 5. B
T, DAAZBER (1 0 SO 2 IR 0 ik 32 A A 1)
ORIk A R R o R . FE L
Frvh, EABGRIZS . ROV . VEE . pH. K
FERER R S =Y 0 RS T T . R RO E A
WG, 7 b B R AT B R g, ) ) B A AR
b, VSRS ) IR, R R A A AR R
PR ATE, A EY R AR,

HAiT, A2k 8 R A il a8 22 SR FH B0 R 170 12 3 U AR
1, RS o — A R S AR 2R . SR, IR
PRI AR A KRR T, WIS AR . UL, AR
FEREHEL AT 9 oMb SR FH 0 5 R U 1 2 7= 45 R 4 1,
Xof A MR SRe TR e 5 B R 22 % BRI 1 vk, ki ik
YR R 2 I . e B e AT A ) T AR T VR Tl
fife 2R, AR LT A B S i AT T PR 4R
bR, WAL R R . R AT OSSR, BRI
Tt Frf SR AR R R R, R Tl Ak A 7 S HE S AR 4

1 MR5ERZE

1.1 #HRFYER
L1l A5 RA

MR (B AT LB LA IR AR,

MR PEZR (5> 10* Ulg) . PR FIE(S<10% Ulg) . Bk
2B (2% 10° U/g) ., 4B — W % (o-phthalaldehyde, OPA).
W2 2% vP (phosphate buffer solution, PBS), + kg SLAi R
#f(sodium dodecyl sulfate, SDS) . 2,2’ -k & FH W (3- 2 FEHK I
BE Mg Mk -6- B MR ) — & ib [diammonium
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonate), ABTS].
1,1- — 2% 3& -2- 9% & Bk (1,1-diphenyl-2-picrylhydrazyl,
DPPH) . 222 FRARHE i (4% = 98%)(JL I &Rk LR A FR
o)), A, $hER. IEC k. WIRREY . ZEREE.
BREALB . W ATREAN . IR . BRER . GRS . R
Hl (Grpral, R Soa k=R RARD; KO . JoK
IO FTal, K &R TABRA F).

1.1.2 & %

TGL-20bR B 5 3 R B DAL 2 S B2 );
10 Lx2 A Al il 22 28 B A8 e 43 B 45 (VLA i B 245
WA R R, HH-6A £ AR L 1 5K 755 (o M [
FALERHEA FRAAD); HH-2 B85 IR K S8R (R ORI
A BRIFAEAR); SB-5200DT # A S i AL (T DT
2 YR B A BR A H); PHS-3C RS pH i1 FIEAY
HL RS AT BRAFD; 723 BlA ot BT ik
BRZAH]); LE203E/02 HL T RKP-[KEHE 0.001 g, Hghsil-4CH]
ZAURR (I A BRZ F]; T18 digital ULTRA-TURRAX 7 i
AT EIHL(TEE VMA-Getzmann 23 7)); Lab-1C-80 ¥ % AL
(AT B B S AR AT PR A W)

12 ZWIR
12,1 Mk & B g o 41 &

FNEHORT: MR 23t — S A 4 A I AF
RSy B RS L BR AR B A, BB ZEEUE ] 23.2 MPa., 43
BIRE 45.5 °C, ZAALBRAGIF A LA 12.33 Hz, #EHL
B[] 45 min, BP753 5N 2B RIR o

5 g WiRRZHRIR B T heabi ., A Z B F KGR
YIHRFE R 5% B TR o AR B B0 il 41, 1T I
IREEFN pH, fAGRMEE G, TR TRER Y 4 h,
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Jof 3 A% 24 pH R E (pH 22 403 [140.1), 7K 4 hJi5 95 °C
A 15 min KR, WEIEHERRRET pH E ik, L
8000 r/min Z.0> 15 min, B 2ERII TG T, T8
Wy BI AR Y, —20 °C FARTE4 o TPk 2E TG 2,
T P 2 1 43 1) LA B 0 22 S T A e A 0 s U o 1 2R,
P AR, 3 o) o I g 2% AP A Tl 4% A 420 o

1.2.2 Bk BLIS Bk AE 1 049 A R 89 ) 2.

Z M GB 5009.5—2025 i Z e FE R E 7 ahhiE
HEMNE Y PUREA BN EEARSE, 2R
GB 5009.6—2016( £ fitr & 4 E ZARHE £ 5 g s il 52 )
R ICHR I, MR & &, S GB 5009.3—2016
(B R EEZFRE BRI EIE ) BT REEINE
KAy, 218 GB 5009.4—2016¢ & 2 EEbRE & hhh
TRARGIE ) HRFRERINE K5 & &, S8/ GB 5009.7—2016
(R EZFARME &5 Pl ORI E ) h B E
LD A RO i R B
1.2.3 A HuBE IR A 0 5 2

B LR AR o T 25 8 1K b LA 45 BV ) i 22
H S%EVEI, 7E pH TR, A AImAGRIEE g,
PEEE P R R I, ERELE RS, #5.0(8000 r/min,
15 min), BRI ROINHOK AR, WE ABTS FHEF A B4k
IHBR% &% DPPH H HZEVERRAS, 38 ) % Fr i 25 5 o3 ke if
ERIR IR A E T2
1.2.4  #oEE G B AL B AR A1

2 M5 M P2 s 0 fee R T 25 R YI M 5.2%,
VRN 40000 U, BEfFIREE 48.5 °C, WEEIIE] 4 h, FEM@
pH 4 10.8,

1.2.5 PHEGERMER LWL

()P A I ol P TR 3R S

VIZK fi# B F1 DPPH H FH 235 BR % ABTS FHE F H
FLIEBRFNIEM RIS, E RV (% 4%. 5%. 6%.
7%). BEREHE(L, 2, 3, 4, 5h), EHEEEGS. 40, 45,
50, 55°C). W% pH (5.5, 6.0, 6.5, 7.0, 7.5)FIBGZ &

(10000, 20000, 30000, 40000, 50000 U) WS &%, i
SE TR P AR R 3K .

(2)Hb 2 ) 17 DR T

FF R HE R R R, KA Y EY), A
AF BT pH (A) | BHRIREE (B) . BEAN L (C) | B8] (D)
4 NAZE, Bt R Box-Behnken LA S EM AT T 4
3 KA b R g6 43, A Ak b vk s T2,
N AR 1,
1.2.6 BRMEAERERE ST

(ORI A R 505

PAZK i A1 DPPH H 35 BR K % ABTS FHE 1 A
FEIEBRF NP AR R, BB (% . 4% 5%. 6%.
7%). BEFERSEI(L. 2. 3. 4. Sh), BEFFEE45.0, 475,
50.0, 52.5. 55.0 °C). W§f#t pH (3.0, 3.5, 4.0, 4.5, 5.0)
FIBFZRA0EE(10000, 20000, 30000, 40000, 50000 U)K7s
SN S s S FE RN T TS E v G

()BR A 1 il 1 A2 1A

PR 2 P AR S T 5 o 7 TR TR AL 5 A, D] 2
HAEAARE SRR, Rt 4 E 3 KEERIK
55, LAFSON AT e A R TR R LI R, it
T 4R E, SRR . % pH (). RYHk
FE(G)RBFA L (H), DIKARE Jdabr. ¥t 4 BIE 3 KPR
TEAGRE, o L3 IE AR TIE RIS, W% 2 Bk,
1.2.7 DPPH & vk ifrk & 2

SR IRP SR, miE A 1 mL EH
AR 1 mL % 4 60 pmol/L () DPPH BEMEWR, TERDE
M FIRA AN 30 min, 7E 517 nm P T 6RE
fEH. WHERFRIRA L) PUR:

DPPH A Ha@%&%%/%%noo% 1
Kb Ay R KA B AR 2 A RE A
DPPH WG REAE; A, B EE BRI A DPPH B GEE(E;
A, R BRI DPPH RYWE G (E .

% 1 Box-Behnken & itEZEFfKF
Table 1 Design factors and levels of Box-Behnken

KA Gk
A: pH B: B/ °C C: B§ASImE/U D: i fifk s ] /h
-1 6.0 20000 2
0 6.5 30000 3
1 7.0 40000 4
*2 EXRREERKER
Table 2 Factor level table of orthogonal test
'S Ak
E: Wit/ °C G: R /% H: BEEsint/u
1 50.0 4 10000
2 52.5 5 20000
3 55.0 6 30000
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1.2.8 ABTS A&+ & b A fa 2

%18 Kong P26 )51, # 7.00 mmol/L #Y ABTS
KIEEWA 2.49 mmol/L KL R K IE M AR R FUR A5,
TERE A T8 12~16 h J5HIAL ABTS i &, & 4 °C
SN ARAE 5 mmol/L 1Y PBS BHAWTFEE, (i HAE 734 nm
AT B9 G R 0.70040.002, #1454 ABTS TAEM .
BURE NS 100 pL, FEAIA 1900 pL 1 ABTS TAE#® T 10 mL
B4, WEWR N 6 min, 7E 734 nm KT I ROV (E .
HERFEMIHAA X Q) FUR:

AMSW%%QW%%%$%:ﬁ;%EﬁQHW%(D

K A A EEFRABEABE 2 A MA ABTS
WG RE (R Ay R 2 BRI ABTS AYWOGRE (R As &
H BRI ABTS (I SERE(H .

1.2.9 B4 K B 0 m) 2

SR OPA 2 5R 2 /K

24 S IRARUE TR A 42 OB 50 mg 22 R BRE S T 4K
BfEE T 500 mL F &, HER.

FRUERRER 22361 43 B2 SR PR HEVA T 0L 100,
200, 300, 400 puL FIEEHAE T, FHE S FACKRER
A#MZ 400 pL, fIA 3 mL OPA X5, IRAAI N 2 min,
TE 340 nm BT, WE ROCEEE ., LA 2Bk BEAE Jyfili Al
FR(X, mg/mL), LAWY REEAE R NARAR(Y), 2 Ao il
2k, PIEEFRHERZ TR ¥=0.6025X+0.1736 (r*=0.9997).

FEA IR B2 K 3 mL OPA 3575 400 L AR
WIRAIA], WERGEN 2 min J5, 7E 340 nm K T E R
JERE, AREFRE R 2 BRI K R
1.3 HIENIE

AR EEME 3 K, 45BN EER R
22, FIA] Design Expert 13 BTS2 531,
SPSS 27.0 B AT EARE /4, #1F Origin 2025 #4347

28

2 HR55%

2.1 FZBETEI R AR BE XA BB A R S R E 45 R

H12¢ 3 FIA, MEARALHR)S, BMbRIZR & R 58.65%
FHE 77.91%, B S 8EH 30.57%F = 1.89%(M ik %
93.8%). MEAREZMKIE . AR, FFA B0 B &
TP R 8 JEORE R

22 REMBERGOWHE

22.1 PR G R AR A

(V)R 28 A RS vk B %o /K i B B Bt SR A P A 5 T

N1 BTN K A B A S DR B B i 4, IR
PV BB L S% ), KBS AR /N R TP R e A
MIRYIHE N S%ET KM N B TF o84, ke gy
X KA E (2 e TE I AR UEVE T . R EE XS ABTS
PR F 1 B WG B N, ToW] 28 5 IRk B oy
5%, DPPH A H1 3538 bR R ik i KAE 85.3% o [ 4 Ik
JE R 5%, KA ST A AR Y TR B R A, R
FE R AR SO K-

Q) h AR B REA7 pH A AR EE B Bt AL 1 B

PR IS pH SR 5.5~7.5, pH R0 2 1S
1, dEmiRZ AR ER KRS . (i 2 AT, BERG AR pH It
=, AR FK R EEAE pH o 6.5 BHARRME 19.95%. 4
pH 7£ 5.5~6.0 iif, DPPH H 515 BR % L7t pH T 6.0 1
%A TR, pH 4T ABTS BHE T B th 35 BR R E 4/, pH
M 6.0 BFiAFAME 99.57%. LA, sPiEEAREE pH
7 6.0 BIEPERGR; ANEIER pH 23elUR i PGS [ 451,
SRR, 25 ETAS pH N 6.5 AR KR

(3) 1A 2 T A R UL X /K R B B SR A P A S T

T S WAL TE P ) E R R 2 o AR 3 AT LLR
H, MEERIE LIS F 40 °CHY, DPPH H H3ETE R R ILF &
KAEH 71.59%; MYEHfEEE T2 45 °CJ5, ABTS BHEF H
T B R IR BN 99.54%, TREXS DPPH B i K%k
2R ABTS FHESF [ ZE05 BR 32 00 ARR IR B 38 5] 50 °C
ZIR KRR TR . X AT B D R Rl A TR R T, B
GAGE G R A T U, SO A T T ARG, AT (R A5
il 5 S0 1) SIS R BT DR, AR IREE R 50 °C o
FEAKFS

(4) 1A 2 TR A A %o K R BB SR AR PR A T

H & 4 AT, BRI L 30000 U, KRR /INRERE
1%, AR ¥ G S 8l )57, RS I 25 5 ik B AR,
JNGE4E, BN ASFRARSE, DR I e A 0 174 7K A B AS T
R, EEAMEXT DPPH H H BE BR300 LA &,
i FR A LE 10000 U F1 20000 U B4 %85 (% DPPH [ HH &
WHERAE ST, BRI 30000 U B /K A o8 T B3
X B — R TR P, 8 e A T AR v N R
RS ISt 3k Z2 B, B P R AT R 23 7 A s A R A o
T ARG S 07 41280 22 B iR, WS IR R 30000 U A
R R B KO

R3 BHCERRNRR BE AR OB AR B Y

Table 3 Basic components of Juglansregia L. meal powder and defatted Juglansregia L. meal powder

ESELES AR % IKAT1% HAR /% WAy 1% JEHE% W EHE%
Rk B 58.65+1.05 3.12+0.51 30.57+1.05 2.90+0.12 4.08+0.26 0.27+0.07
WEREAZ A KR 77.91£1.67 6.78+0.78 1.89+0.32 1.30+0.05 10.12+0.45 0.35+0.12
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Fig.1 Effects of substrate concentration on the degree of hydrolysis
and antioxidant activity of neutral protease hydrolysis
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Fig.2 Effects of pH on the degree of hydrolysis and antioxidant
activity of neutral protease hydrolysis
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Fig.3 Effects of enzymolysis temperature on degree of hydrolysis
and antioxidant activity of neutral protease hydrolysis
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Fig.4 Effects of enzyme addition on the degree of hydrolysis and
antioxidant activity of neutral protease hydrolysis
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ML S AT, Bt RIS (R 4E 4, DPPH H 375 BR %
RS IS, DPPH H MR BR 2 A1 ABTS FHE F A H
FLIERRRTE 4 h ik B . TEREARIY 1~3 h i, KA AR
feAE K, 30 B I DR T A T LR s i 4 35 AR =, = i il
BN, 3 h LG KRS R RGBT, dRSE i (R A
A B R INK AR . T RERAE RS 0, VAT,
E TS T AT ZS AL s gD, 7 22 % SN A A i 1
FAP, 25 e S Bt e AR, SR ERH A 1) 3 h FE R AR A A

I DPPH H Hi 2R R
Y ABTSFHES F H HETE KRR
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Fig.5 Effects of hydrolysis time on degree of hydrolysis and
antioxidant activity of neutral protease hydrolysis

(6) M I T %o P M 1l o TS AR A O A i

Wl PR RS0 R, FIMH Design Expert 13 314K
4, 3T Box-Behnken SEFG % T1 R EL, DL pH. BARIEE
T It A A ) 4 SR RAES B AR, DK EEAE N
Wil o7, X 3 R R KK A T S g it g oz TS B 1
THREERILE 4,
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Table 4 Design and results of response surface test

tass A: pH B: i/ °C C: [Eshn/u D: i gk ) /h Y: I 1%
1 -1 -1 0 0 22.77+1.31
2 1 -1 0 0 20.65+1.11
3 -1 1 0 0 18.58+1.18
4 1 1 0 0 23.02+1.50
5 0 0 -1 -1 19.57+1.08
6 0 0 1 -1 16.19+0.80
7 0 0 -1 1 18.41%0.76
8 0 0 1 1 21.03£1.11
9 -1 0 0 -1 13.21£0.50
10 1 0 0 -1 21.01+1.26
11 -1 0 0 1 19.69+1.19
12 1 0 0 1 19.79£1.01
13 0 -1 -1 0 21.17+0.89
14 0 1 -1 0 19.57+1.09
15 0 -1 1 0 20.24+1.01
16 0 1 1 0 19.57+0.35
17 -1 0 -1 0 22.07£0.71
18 1 0 -1 0 22.16+0.94
19 -1 0 1 0 19.61£0.72
20 1 0 1 0 20.12+0.74
21 0 -1 0 -1 18.92+0.72
22 0 1 0 -1 15.83+0.72
23 0 -1 0 1 19.24+0.49
24 0 1 0 1 20.15+0.68
25 0 0 0 0 22.04+0.83
26 0 0 0 0 23.31+0.78
27 0 0 0 0 23.71£0.78
28 0 0 0 0 23.39+0.68
29 0 0 0 0 23.19+0.74

(7) B RE R ST 5 )5 2553 B o IH R B R=0.9155, LIS 5T PRE 2B —

I 250 2k B 7 B UG A s i R 2% 5 e (5 =2
[B] A BRBC R, 1o AR Design Expert 13 X} Z N EKLZES
[A AT AT, FE3ETFR 4 PRy TR 1L
SE Rl

KRS & RNEZ R w2 ookE T
Y=23.1300+0.9017A-0.5225B-0.5158C+1.1300D+1.6400AB+

0.1050AC-1.9300AD+0.2325BC+1.0000BD+1.5000CD—0.9194A
—1.2900B%-1.2900C*-3.3700D?,

St IR Z R ARSI EA T 25007, S5 5 By
7R, % P<0.0001, F=10.8400, HZ:#I35 P=0.1517>0.05
A, UL R 2, BRI R S SR A IR LA

SE MR SCHE, BRI R AL R™=0.8311, HLRIAR S Al fE
PN, LU IZE R B R LG RE, A s
RATHE . F AT LA FH R T H 4% R 3R 6T i o {8 1Y 3,
D>A>B>C, 1} BH 45 K 2 4 AZ Wb 28 11 6 A 00 1 7K ik 22 5% Wi
5T A T A ST 0] >p > AR 05 8 > WAV I o

(8)Mm Juf T 45 A 3R 28 HARE 407

il 6 Fi7R, pH (A) . BEFIRE(B) . BN (C). M
fiff Fof 1] (D)5 PR 2R 18] 149 88 “ELAE PR 7 At B P 52 ) 38 e
b Y BE N B2 RO = R B R BT R, R4 NEERP ALY
B. A5 D J& C5 D Z [l 58 B AR FH X K fff B 10 52 i
. XE5HFESNEERMYE .
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Table S Variance analysis of regression model

F 2R -5 F B ¥ F P B FE
HETY 149.3100 14 10.6600 10.8400 <0.0001 o
A 9.7600 1 9.7600 9.9200 0.0071 o
B 3.2800 1 3.2800 3.3300 0.0895
C 3.1900 1 3.1900 3.2500 0.0932
D 15.3700 1 15.3700 15.6200 0.0014 ok
AB 10.7600 1 10.7600 10.9300 0.0052 ok
AC 0.0441 1 0.0441 0.0448 0.8354

AD 14.8200 1 14.8200 15.0600 0.0017 o
BC 0.2162 1 0.2162 0.2198 0.6464

BD 4.0000 1 4.0000 4.0700 0.0634

CD 9.0000 1 9.0000 9.1500 0.0091 ok
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of acid protease hydrolysis
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Fig.11 Effects of hydrolysis time on degree of hydrolysis and
antioxidant activity of acid protease hydrolysis
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Table 6 Orthogonal test design and results of various factors on the degree of hydrolysis of Juglansregia L. protein

P E: MffikE/°C F: pH G: JRYIHEE % H: fFvsint/u K S BE %
1 1 1 1 1 9.78
2 1 2 3 2 14.48
3 1 3 2 3 22.23
4 2 1 3 3 16.61
5 2 2 2 1 8.85
6 2 3 1 2 8.61
7 3 1 2 2 10.92
8 3 2 1 3 14.71
9 3 3 3 1 7.99
K 46.49 37.31 33.10 26.62
K, 34.07 38.04 41.99 34.01
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Ks 33.61 38.83 39.08 53.55

ki 15.50 12.44 11.03 8.87

ka 11.36 12.68 14.00 11.34

ks 11.20 12.94 13.03 17.85
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