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H EATHREAMEAOWGKERZNSE, GLAANAMETRRBASEAER, FRAEERESF/ITLGE
BAoe AXURME AR A RA, AAZRABKBARES, REAILBRAAHARZTORBIHELELARSRLA
WFEE Fdh. EREY, m}’eﬁwm@r A R G BEeBEE 700 Ulg. RAMKE 13% (wiv, #Fa L) |
AKAREEE] 3 hy KAF pH8.5. KMEE 60 C; AR LM AMMWIAFA 13110 B4 E 2% (vv, FEAREIKK
B 108 CFU/ML) . KBE3Edk A ks pH5.5. KE#iB & 31 °C. KB M 36 he 5AME & B KMikiart, 2R
WABG, KB DPPH A\ A F%Ed 36.12% & £ 57.42% (& QKA 1 mgmL) , ABTS A& A F%
£ 76.27% H & £ 90.35% (HFHm&EaikA 05mgmL) , F 1.0kDa 9 FE6KASH 0.67% 2 3 £ 6.84%.
EpHHK 10, ALZBMARABEYRABREQEMMEINA 1343%, BRA KB LEMBME> N A 72.12% 4
85.38%, Z Lk, BREAWMR KB T A ARSI ABEE QNRALFEREBE, ARBREAEIDRED LG
B RREHR L.
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Effects of Lactic Acid Bacteria Fermentation on Antioxidant Activity
and Solubility of Rice Bran Protein

LI Peng', LIU Xiaolan">"
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2.Heilongjiang Provincial Key Laboratory of Corn Deep Processing Theory and Technology, Qigihar 161006, China)

Abstract: In order to improve the poor water solubility of rice bran protein, fully demonstrate its biological activity, and
expand its application in industries such as food, this article used rice bran protein powder as a raw material, first
hydrolyzing rice bran protein with protease, and then fermented the rice bran protein hydrolysate with lactic acid bacteria to
prepare products with high antioxidant activity. The results showed that the optimal enzymatic hydrolysis conditions were
alcalase addition of 700 U/g, substrate concentration of 13% (w/v, calculated by protein), hydrolysis time of 3 h, hydrolysis
pH of 8.5, and hydrolysis temperature of 60 “C. The optimal fermentation condition was 2% (v/v, inoculation dose of
10® CFU/mL) of Lactobacillus plantarum 13110, initial pH of fermentation medium 5.5, fermentation temperature of 31 °C,
and fermentation time of 36 h. Compared with the enzymatic hydrolysate of rice bran protein, after fermentation by
Lactobacillus plantarum 13110, the DPPH free radical scavenging rate of the fermentation broth increased from 36.12% to
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57.42% (sample protein concentration of 1 mg/mL), the ABTS" free radical scavenging rate increased from 76.27% to

90.35% (sample protein concentration of 0.5 mg/mL), and the peptide components with molecular weight less than 1.0 kDa

increased from 0.67% to 6.84%. The solubility of rice bran protein was only 13.43% at pH7, while its solubility after

enzymatic hydrolysis and fermentation was 72.12% and 85.38%, respectively. In summary, the synergistic fermentation of

enzymes and bacteria can effectively improve the antioxidant activity and solubility of rice bran protein, providing technical

support for the application of rice bran protein as a functional food substrate.
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KRR T B 0 B2 R =Yy, H 3222
FH AR ORI A FE K B 2 55 o A i . KO v 2,
AR e 24 5 RO 15%~17%, E B IEE .
ERE A, S EOMEEAY. 5HAVS Y A
b, KRR P — R S O R A ) R 1, B (S
PRLH A FE . AIRECBE A AS (IR RR 1 RE A2, R, 78
H— g 5 P AFAEDT AR A . MU | 6 OB S5 A B
PEDNREFAIC 7, (B, SKBRER & il 22, ik
A E A SO i SRR . KRS, (15
SRMRAR e B Tl i R FHAZ BIRR ), PRk, SRAHA
SR PR TR WS A DR AR B 1 PR 254, S B i L A= s e,
DA R A e HA R TR 2R A %G8 A%

EI AT, SRASAME SR (1 76 PR R i A6 iR
P il I iR R0 A O R 2 R R Tt I TR] K i s —
B B B K R B K AT, AR
SR IF AN FVEE R 1/ INr T 22K, H A 248
15, WGP SR . SRS ] SR i
IR AR ER 1, il 25 HAT PUAEAR TS M K fie ),
DPPH 75 ERZFA 71.77% (FESHHE 9.6 mg/mL) . il
A=) S SR R P A A A g A A e R v 4
PR R P /K A 2 11, BRAS R TS K, ZRPH A5 R
K 1 85 A RO i) A KoM 22 IR, R BRI 22 vk )3
Sk 2.5 mg/mL B} DPPH FY7E R E] 69.8%. FH i
PHEIZK AR AT LU Z2 kb R340 SOt R A S B8 R A1,
PEMPRATE Z H WK/ IN T2 R, BEARZ R4
7 AR PR e AR FH RO HR H B R [R] 2K S oA
A A B ST EATE AR K R AR UL
AR -

PRI, AR SCACKARER PR R [}, SesR FH 2R FI il
XF LA TR A, SR e PRSP Z LA PR R B AR 2 1 /K i
¥, UL DPPH F1 ABTS' H HILiE R 80w, FSTRE
IR S TN K B SR, 53 BT oK S ) R 2 e ) 1) 43T 1 43
A S IEFRAN I A R s e, SR R AE e B Tl
A4 7 PR AR
1 MR5RE%
1.1 MRS

AMEE R (R RS A 86%)  BRIbIAE/RA:
PR AT B A5 Bt ER 1 (24000 U/g) L R
fit (21000 U/g) . K& HF (37000 U/g) . KUK H
Bf(21000 U/g) . FE A N(47000 U/g) FIEIELES
HEIH AR B A IR Bl AR LA EE 13110 LT
] G 38 4 A W TR R PR L oy CGMICC No.24693;

TEYIFLFFEE 09002 AP ZLFTEE 02002, BT EEFLAT
WL ARIMANEZLAT R U T 55 5 R R S
A T RE2ERE; DPPH  db Ui B4 ik B A BRA
Hl; ABTS BBI Azanfleifg BRAHE]

BA124S HLF R FEZFMIEE IR A R
{2\ Fl; ZNCL-GS #% 1 im#giFi 88 SR ER
& A PR 4 W ; PC/PLC-LD-53 ¥ %R T H ML 2%
MILLROCK; TD E.0oHL ARG AL S 56 = AN B8 T
KARLF; PB-10 pH i _IEFE BRI A R
4\l EnSpire Z2IEEEHARY  FA4ERIRERE A BR
INEl; ZQLY-180S 7N TRIR BT FE . L-8900 4=
SHEFER ML HA H LA W] RFS301PC 285657
JOCEETE  HARRHEAH]; AKTA avant £ REHE 1K
aifb %Y GE AfRlEa IR A
1.2 KWHE
1.2.1  AOMEER 1 B if i A T iR I e e mald:
HEHEF(pH8.5. 60 °C) . TP MEF(pH7.0. 45 °C) .
B4 A (pH7.0. 55 °C) . XU ZE (M i (pH7.0.
50 °C)FNEE A N(pH7.0. 50°C), 34 B A5 R i 1 B
I P pH RN BE EA T A, BEEAAEST AR 2 ho TR
L5, 100 °C KW 15 min, 4000 r/min 5.0 15 min,
B VSR T, & . DR AKf#9n0
ABTS'H 3£75 R . DPPH H 3£k S H 0
R AT IR 1 B R R FE AR, T 58 HH RO
B A Bl B R AR W
1.2.2 KRR MR SRS = Ao rik
il & B B s DU I TR B KM R K fitd o FIRER
— KRR Ul , ZEDR SR B INAR L 700 U/g.
SRR EE 13% (w/v, ¥ 2T L Kfig pHS.5. Kfi
T 60 °C 4518 F /K% 3 h, /KRS im w2k s K
fi## 10 min, 4000 r/min Z5.0> 15 min JEH_EIER, ¥4
T RIS KRR K ) o
1.2.3 FREEAEKMRHIES  HIE 1.2.2 HiEK
MR /KM, 78 121 °C, 0.1 MPa 2544 F K8 20 min,
B2 == IR S, o AR 13110 ) FLAT
B 09002 . AEHWIFLATE 02002, &I W& AT B Afshn
FINEZLFT A, ¥ BUOR B RE 32 500 4R pH o 5.5 45Fh
i 3% R K RS BB R, B850 37 °C FEIE
¥i3% 24 ho I53RE5R G, RIFEWEAE 4000 r/min 5.0
15 min, B F ISR VR TR RIS ZLER TR & WK f#4 o
1.2.4 PARZEIGEIT BWEWIG R BERM N K
REE 37 °C, KEEETE] 24 h, KR FREWI4A pHS.5,
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PP i 3% (v/v, PR AR 10° CFU/mL) . #£
WG R A S, S i Ak A i (0, 1%, 2%,
3%. 4%. 5%) . K EIG IR AP pH(4.5. 5. 5.5,
6. 6.5). KIEHREE (31, 34, 37, 40, 43 °C) At
[F](12. 24. 36. 48, 60 h)SEHE 2K, LS H EXTFLR
PR R /K S nl e P 1 & i . S5 1 A% . DPPH
1 ABTS' H HFELIFER AT o

1.2.5 1ERRIE BT HTF 1.2.4 L5 R, R
Lo(3Y) IE 228G B 11, LA ABTS™ [ FH 3L 15 BR % A
DPPH H HELERFNFERR, LR &AL 71E
2G5, ABTS™H H 31 BR2%F1 DPPH [ i 5t
I BR EA T R B 5 0 R E S 50%, R AV Ay =
(ABTS"H H1 3 7E 5 3F) x50%+(DPPH H H L 75 K
) x50%, X} ABTS"Fll DPPH [ Hy 3L B R 52 458
Ky 3 AHZREEFE . AR FEIEPILG pH FLA
D AT, IEASIIG P RN 1 i,

£ 1 LGHIEHAEH R 5K

Table I Orthogonal Ly(3*) factor and level
K- T N
AR (%) BREEEFRIEDIGPH  CREHEZ(C)
1 1 5 31
2 5.5 34
3 3 6 37

1.2.6 DPPH H HFEIFRA MM E DPPH H Xk
I BRRE 7 0 2 2 BRI A Y vk, IR L&
o AR TR 7K i T B DR IR) 7= ) PR e BE AR R
% 1 mg/mL, R FHME LM E DPPH H H &3 B
R, HL 100 pL _F3EER T 96 FLAR T, A 100 pL
M 0.1 mmol/L ) DPPH Jo/K ZBEIAWE, 1RG4
4], #EYER V. 30 min fi5, 7E 517 nm T I S
FEICA Ay S3EC 100 pl b B 70 i) 8 K 8 P /K fir
Yy RNEE B PR PR, 0 100 pL JG7K 2L, 52
JLEEIES A A 100 L 0.1 mmol/L ) DPPH Jt7k
CEFS N 100 pL JC/K 2R AR M2 L, Hio't
BEICA Ago TR BOIMEERTT ZE1T 3 K.

A -A

= )xlOO

0

DPPHH HIEEBE (%) = (1 -

1.2.7 ABTS'H HHEIERRAGME  ABTS H ik
B BE ST BN AE 2 BT 35 2512 (s, L&
B REACKIERR FA 7K M 42 Rl BT IR ) = 4 P e A
£ 0.5 mg/mL, T ABTS™ [ i1 KL 35 B g Sl 2 .
P BCLr i ABTS fiti %5 2, FH PBS i B 2 #£ 734 nm
WK TR G EE (B AE 0.7+£0.02, /£~ ABTS TAE# -
TE 96 FLAR M B FL P A S FE SR IA W 100 pL, Fm
A 100 puL ) ABTS LAEW, JH PBS UL MAE N
XTHR A, BRI 3 A, FEA), FEiRFFE 10 min
J&, 7€ 734 nm K TFIENOGREE .
ABTS' £ B R %) = 2200 100

0

P Ag: PBS AURFE S IO CEER; Ayyppe: FES
W' REAE
1.2.8 HIEMEASEWNE SR Folin-®yik!
RE R, P Tl /K it YRR L TR TR % B ) T VA e 2R 1
i, DISRHEER FUAEX I B R AR bR, AR 8 AR
WS CEE AR, THE AT SRS o &, A9 8brdEdh
28 A y=0.0023x+0.0114, R*=0.999 ,
1.2.9 ZEHFEIBCRNE  ARPEAS 04 K i ol 3
FEHE R, TR T ARG H EeE.

§E@W$@®:m%g$gg§§§§aixmo
1.2.10 JKMEERMIE SR pH-stat 351 0 00
T EKRYRK R . HETRFRECKREREE [ 23.26 g &
TR, A 200 mL ZEIRI/K, FBE SRS,
VAT S pH, AR FH 1, ZKEINER, RERE2E /st
M — IR pH, I & B AL N 5 B 2\
M) pHo 1CSRIHFEN S S LA ARTN, KR 7K
JiEERE g g /NG /(1
N,

1 1
BRE(%) = BX —% X — X —— % 100
IKfRFE (%) = B x . X =X e X

1 B: NaOH %A, mL; N,: NaOH HYZE /R
e B, mol/L; a: K #E & %=10pH-pK/(1+10pH-pK),
pH 3256 R A pH, pK & 02 0 1 25 7 8, L
7.0 $EATIHER; Mp: ICH) HPOKBIEER (1 T L, g; htot: 2R
5T HP R Y S 80, mmol/g, £8 i A KR Y
htot & 7.348 mmol/g.
1.2.11 SrFsmlae 6 FHEE (3% 4E Super-
dex Peptide10/300GL, 7E AKTA avant & BB 1 Jigl
A TEAS X KRR AR P 7K S R L B A I K S )
PEAT A3 FHE S AT I AE o W R 11 7K A ) R o i
P E] 7= W A L VS T 0.02 mol/L BT8R £h 2% nh ik
(pH7.0, & 45 0.15 mol/L NaCl) 77, Fe il % 2 mg/mL
(W)W, 76 4 °C. 10000 r/min 54T B
0> 10 min, B 3 WGE 0.22 um B8RS ERE, kRUE
PRSI 7 6] b, A3 SRR BT i R R AR oE R
2 mg JCFF—iE =, 1 mL 0.02 mol/L BYBFIRER
2% R (pH7.0, & 47 0.15 mol/L NaCl) ¥& fi#t i, 18
4 °C. 10000 r/min 514 F &§.0> 10 min, B 7 Wt
0.22 pm JEREE DAE. (A4 FH W (550 SR P% 2000 )
RESIRARTR, 25 U AR (6511 Da) | 1
FAK(1422 Da) . EALAIABEH AR (612 Da) Filids 5
HHEH K (307 Da), DIAF RS BL R 5 (Kaw ) A 1 Ak
i, BRI FHARXT 43 F B B XL (1g M) AL ARG
HRUERRLZR, TR H AT S, A3 EbRiErh 2k
ky y=—3.4524x+4.6936, R*=0.9878,
1.2.12 MR A E  H& BEAE S ER 1 5 B, R
0.06 g ZL G % AN ZFAE T, A 9 mL 6.67 mol/L £;
BRI, WAL T 10 min J5 FHTPDRS W5 LT KK BE
&, TE 110 °C RSFE P IATIR K% 24 he KIS
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AL, A 6 mol/L & A LN 8.5 mL, pH P =
2.2, BELEILNE, SR)5H pH2.2 IR IR AN SR rhs
K22 100 mL. £ 3k A 4% (0.22 pm) SEBEPI K,
JH L-8900 4= [ Bl 2 SR 3 M SGHEA T 53T o

1.2.13 #fEPE =Bk US Oy ik, 43 B AR I
0.4 g(FEHS B LS, 3% F 100 mL ZEiFKH,
P —% pH(1,2.3.4.5.6,7.8.9.,10, 11,
12 W. FEAMIRAIG, 4 °C vKFaF IR, 4 C 4
-, 10000 r/min B5.{> 10 min, & Folin W7 &
VR T

_ R ElWEA S E

B (%) = — . —— x 100
O TR EER AR

1.3 B

A S 1) BT AT £ Y4038 5F TBM SPSS Statistics
26 FAFIHATGE 2445341, ] Duncan 34 78 dE 8]
B 225 BB PEST, WK P<0.05, ARG
HE W, g5 R LS EbRE2E RN o BodiniE
Origin 2022 #A4HATERE],
2 HERESH
2.1 CRIEEBESTFHEMIFIE

DU B 1 RN A 5 2R AR R N DD B T,
BEVE AT 25 ST 7K M S LR N % 7 i S S R ) e 3k
VKR, 40 Ala. Leu Fll Phe 45, 25 A1 N 2257 4)
T JP A G K R RS R SR IS R R 11 R s TG
#E, 4N Thr. Ser 1 Pro %%, W PEEE A Bt E—FPIN
VI, EZLKME Tyr. Trp 1 Phe 2555 F R A LR
FRELuRIIEE . XURER AR A SRS NI, Pl koK
R R BE AR i B K PRSI IR . AR SO TR A TR AT Y
R SR UIA A, A ST R R BT AR 1
PAIVE RS, DIHRAS A B i b AT PR Kok
FAZKFAEY) o FR AR AP IS RARER /K ) ABTS' H
i 3L s R . DPPH H H R0 5% Al A&
B AR ENSCROFK A 1 S m g L an &l 1 fnsk 2
7R o

ME 1 AT HY, SR S P P Tl 1 v Ko 2
FATHIAS AROR R P /K A, AN TR 2 P AR 2 /K ffd
PP TE A7 AE 35 25 55 (P<0.05) , ZEBH R AR
FEX AN UK PR TR A g s, rh
PERE I . XU R, 1 RN pt B = R Ko
IR HAT T8 ABTS F DPPH [ B 305 e TR
T, X AT RE S HEFUIVE RIS A e, AT RM, B

20254 4 A
~100
;% L3 <
e B
& <
# 60 %
b e
H L40 £
a0 {I
2 z
F20 &
2 5
Lo

BT TR K A KB K %) ABTS HI DPPH
FI G BR R 52 R
Fig.1 Effects of different proteases hydrolysis on the ABTS"
and DPPH free radical scavenging rates of rice bran
protein hydrolysate

E: M E ABTS F1 DPPH [ Hy 5 1 ¥R 4 4 £ 11V 52 23031y
0.5 mg/mL A1 1 mg/mL, WJFHIAS B H OSSR, HREh 0.5 mg/
mL; a~f A [A] £ 3% DPPH [ i 253 BR A (0] B AT i F 122 5+
(P<0.05); a"~F AN AU ABTS™H H 283 B 5 i) B A7 o 25k
25:(P<0.05); € 2~ 6 Al

IR E S IR HAT B = PP IE PR O, SXAT RE LRk
fEYIE) ABTS HI DPPH H HH 375 5 105 P 4505 B4 J5L
Ao HHER 2 W1, Bl i P RO R UK g i my
PR S L AR NISCR AR R R 3 2 v
ftb 25 P T A5 O KR AR A /K 7420 (P<0.05), FEES RN
TR HE BRI AR, 255 P ST IR
PR AR T TR 2

TR 7 WP 2 Sy e A B T LA b, IR
HREE UMY RIS, ABTS' A th 3Li& KR =3 . DPPH A tH
FLIHBIRR . TR o i . AR IISCR K A A
Yt TN AR HA, B T KM Bk i 25
SRR E 13% (w/v, FeE S L InlifgE: 700 U/g.
JKSEAtTE] 3 h, KfE pHS.5., KFREIRE 60 °C, 7RI 4%
7R, KB E K e9 DPPH Fll ABTSY H i L3
BRS8N 36.12% (F5 MR 1 mg/mL) Fl 76.27%
(R 0.5 mg/mL), ATEPEER P& 2 A 1 Rl
FAFHIN 50.2+0.73 mg/mL., 52.23%+0.61%, 7K
N 32.45%.

2.2 FLERE& BEKRRAANEI

2.2.1 FLRRE MR  AIEIZLEL B B ARG = A2 0
e R T e R e N I VNTITRS 5 e s N i P £
B, sz r= Pt iE N, DL 2.1 gk

2 NIRRT A e SR [ DACR K A E 32 )
Table 2  Effects of different proteases hydrolysis on soluble protein content, protein recovery rate, and hydrolysis degree
of rice bran protein hydrolysate

fif R A 1 HEAEEO IR JUBREE 1 i E N
AT 1 F i (mg/mL) 53.33+0.53° 28.18+0.41° 34.97+0.30° 7.41£0.27¢ 34.08+0.62°
AR (%) 46.10+0.45" 21.83+0.31° 27.45+0.28" 5.59+0.10° 27.61+0.54°
IKAEEE (%) 26.81+0.02° 5.44+0.05" 4.22+0.03° 1.22+0.02¢ 7.62+0.02°

T [T [l TR AR A (o] BAT f 2 22 52 (P<0.05); #3~K T[]
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Table 3  Effects of different lactic acid bacteria fermentation on soluble protein content and protein recovery rate
of rice bran protein hydrolysate

FURRTEFN KEWE YFFFE 13110 FYRATE09002  AEYFATH02002  RITEEFATE  SUINFEFLTE
AREEA SR (mg/mL)  50.02+0.72¢ 56.86+0.59" 54.51+0.41° 50.03+0.32¢ 54.34+0.24° 52.90+0.67°
B PR (%) 52.030.61° 53.74+0.43 51.52+0.34" 48.03+0.21¢ 52.98+0.11% 51.32+0.58™
100-ABTS+ o 100 FEBRIGE A IREL S R, Sy — 2R KRR R
S ZZ‘:DPPH o |lso £ K ) e S TE M, SR FIAE S ZLAF IR 13110
;2% o . Z . z_i AT RIS A N ‘ -
& g0l L oo % ;ﬁ 222 FERpETE RS SR, AHR]
E 75_d g o © d 7 £ Z 40 % TR A, ST EAA BT L EE T B KB ™
Z 70- % é g o E AR BRI FLRR B R IR IR ABTS' 11 i St
< 65— % % % % % % a B3, DPPH H HENERA . AliErEd & s i
6012 S o [l B, 2 ] 3 I 4 T
*

R R L

AP T A B R UK A4 ABTSHI DPPH
FI H TS R AR A5

Fig.2 Effects of different lactic acid bacteria fermentation

on the ABTS" and DPPH free radical scavenging
rates of rice bran protein hydrolysate

& 2

AR BN KM AR F /K S A ), 64 T FLIR PR
1z, MM 3RASZLER B & /K8, il DPPH [ Hh 3%
IHERZ . ABTS' A HEERER . nigHE A SRS
FA IR, 455 AnE] 2 Figk 3 s,

& 2 Rk 3 AT AR Y, SR ATAR L, BhntE
PIFLATEE 13110 A0 2L s 4 mT & 1 n =4
i) ABTS"#l DPPH H H 3R, IF B AFREF A
BRI  FLIR B & /K fi) ABTS'FI DPPH [ p i
B RAFAE 35 22 52 (P<0.05) . Hir IR IFi 7L
FFEE 13110 PIRCR AL, EPZLAFE 13110 kKBS
) ) FLIR B & K fE 0 0 ABTS H H 278 bR
DPPH [ H B BR A . Al it 2 & d A AR 11 Tk
SR v T HABFLER 1 (P<0.05) . X JEn] B S
Yy 2L AT B Y 9 Ik B PepE/PepG Fil fiffi 22 M2 Biff Pepl/
PepR/PepL MJAEAEA BT 88 1 B 19 53 fif A 5%, AR
fitt PepE/PepG F&=— 22 IR 25 i, 58& — MK iR
Z K Hr g K R 2 1R (Pro ) R 14 2 S IR A IR
fiZ Mg Pepl X Pro ZRILM = AKE A Fr 5 PE, iR
fiff PepR X Pro #RFELM KA T ¥Z R 54E; PepL
XK PR ZIERR (Leu) SR ILNY T/ — RIS H o B
RS, Al ARSI BE 2 HAT ABTS A DPPH H i

100 100
_ ez ABTS* a
& %= DrrH 2| o S
s 9] > ™
& g by Z Lo =
'wE ' 777 . ' ’ / 60 ﬂ@
Zog0]g © b & Cod €y <l
AT N ) s
?,]f 751 f Z / é é % 40 E
z 7] % Z % Z % Z 20 E
e BN )

60~

i (%)
B3 N[ X PR A B K A4 ABTS I DPPH
FI R BR R 52 R
Fig.3 Effects of different inoculation amounts on the
ABTS" and DPPH free radical scavenging rates of
lactic acid bacteria fermentation
hydrolysate

tHIE 3 13 4 AT LA Y, RS BERh i 3g N, FL
BRI & Bk ft ) i) ABTS™ [ B 2L3% 5% . DPPH [
B S I N PN 2/ R ol ) el N S = O B0 e
M & AN A IR 2 e TS e FRE, e TR
RE , XS Ry e R AR s S ), AR AR
FLAFEE 13110 AT AR o= 2R 14 8 P & B FE
P, SECAT IR 1 S B DA AR (1 [RISCRER, i A
4 ABTS F1 DPPH [ 3 BRBE J7 KB 1 & 3%
/b, JETTH: ABTS H1 DPPH [ i EL35 BRIk, X
EIRAE G R FIK 5 & 285 R BE TR RR DR 25 BT
SEALBCHIR BT, B BRE XS DPPH 19 A B 3E7E R
SEIEERAEML. P e A FLAT B 13110 2R
N 2%,

R4 NIRRT FURR T R I /K ) AT AR 1 i R 1 [ R Y 5
Table 4 Effects of different inoculation amounts on soluble protein content and protein recovery rate of lactic acid bacteria
fermentation hydrolysate

Pt (%) 0 1 2 3 4 5
AP P i (mg/mL) 59.42+0.32° 53.86+0.51¢ 56.73+0.53° 57.34+0.31° 55.03+0.78% 54.08+0.56°
AR (%) 55.86+0.36° 49.28+0.57 55.59+0.52° 53.89+0.29 51.73+0.73¢ 51.92+0.42¢
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2.2.3 KEERFRFWIUE pH IS A BERE IR R4
fi pH 235200 & TRl A Hh A9 B AR 2R KRB A A
R BT, R ) & P R v 8 A A
A ELAT P EAGTE R BB ECRE P, e R i 2%
IS, $e IR A i 2 3w 4G pH 4351k 4.5, 5,
5.5. 6 Fll 6.5, il &3 RIS Rl R B F2 5wl bl pH
FIFLIR PR KT Y o R TR 323500 1h pH X 7LIR
R BEKfEY) ABTS A L35 4% . DPPH H fi 3t
W TR S e AR P [ R AR 4 R
anEl 4 3 5 B,

100 ~100
_ 23 ABTS" a
£ 91— DPPH 2| g &
% 90 7 H
Jt’i@ 85' _60 %
= 801 =
= L4 E
E: 75 40 =
% 70 =
& &
20
m =9
< 65- A
6074 "
45 50 55 6.0 65 AMHIK

pH

K4 KB FRIEILG pH X FLIR I A K i#H) ABTS #i
DPPH [ Hi &35 FR 5 0
Fig.4 Effects of initial pH of fermentation medium on the
ABTS" and DPPH free radical scavenging rates of lactic
acid bacteria fermentation hydrolysate

FHIE 4 Fn3E 5 0T LG Y, BEE KR IR0
pH 34K, FLIE PR & K it 4 ) ABTS' F FH 280 bR
32 DPPH H H3E R, nlErEE O S EAE b
KRS RS ETH R FREEaE . X ATRERE A&
Pz 5% 35 3T in pH i3 IREG = A FAE Y ZLAT
PR 13110 K Pt A b A 2 id 28 i s 4, P
TR SN AT, BT AR P R 1 R
RIK, {8 B4 ABTS 1 DPPH H 3L B fe J1 89
FRGER R /D, LR B A K R B ABTS I
DPPH H HIEWHFRAE ST FRE. X SIIPEBHAER BEHL
7E AR 2 B R NP2 S A i R E o R IR G 20
RFTRAD, St R 2 IR 2T A IS
T, KRR IR pH X HP AT PERSE ma2h

SFEL . PR, s RIS T 5T s pH ol 5.5,
224 REHREMSE AR S a3 o AIRER
SR AR W R RS ), T s A e
A5 2] A BT AR AL AR TG MR, TEREFP R 2%, A
pHS5.5 ST, $4 B8 R TR vRLRE 4351 2 31, 34, 37,
40 FN 43 °C, #ISASBNAF L BRI E T ZLIRTH A 15
IKFHEN) o R BRI R FLIR TR R K4 ABTS H
FIE R . DPPH H HARERRR . AR & &
A SRS R AN E 5 FiZk 6 iR,

100- -100
g 95+ ;\3
M- 90+ 5
ﬁ 85_ é&{'
ﬁ 80472 o
= 75 =
% 70_ I
= &
< 657 a

60-

A 4 4 _,0
31 34 37 40 43 BREHE K
R (°C)

Bl 5 Bl e X FURR B A& B /K At ABTS Al DPPH
I R BR AR 5 R
Fig.5 Effects of fermentation temperature on the ABTS"
and DPPH free radical scavenging rates of lactic acid
bacteria fermentation hydrolysate

HiE 5 A1 6 nJLIE Y, BEFE A a1 T,
FLER A Z W /K i ABTS' H i 3L R 2% . DPPH
F R R A L a1 e A SR B
SRS A S, ST RS D 2 i AR Tl
T 34 °C I, AFI TR FUT B A A A ™ A2 Y
I, 23U ABTS R DPPH H HiJ&7E
ISREE T IR B S B AEAEG, DRI nl et P 5 R
FIEISCRTR R . 33X 5 A AERY WIFFE BRI 19 frcid
FURR A B 25 E S HAR S MU B A PRI, A BRI X T
FAACTEPERI RS R — 3 DI, i A A
34 °C,

2.2.5 KIERTEIOEEE A TR 00 PPt
FALTRPERY TR SN 2R, R AW A5, FLIR B 53
WA EE BT B oA R ), BB TfE

K5 OREHEFRAAG pH A FLIR TR A B K i vl A S B AR 1 ISR A s )
Table 5 Effects of initial pH of fermentation medium on the soluble protein content and protein recovery rate
of lactic acid bacteria fermentation hydrolysate

KRR SR A i pH 4.5 5 5.5 6 6.5
A A i (mg/mL) 52.42+0.94% 53.38+0.96" 55.74+0.92° 51.94+0.71¢ 50.90+1.22¢
AR (%) 50.58+0.81° 51.51+0.88" 53.78+0.93" 49.08+0.65° 49.88+1.28°
26 BRI XT LR DA & B K AR TR A 1 R AR 1 DR A

Table 6 Effects of fermentation temperature on soluble protein content and protein recovery rate of lactic acid
bacteria fermentation hydrolysate

KR (C) 31 34 37 40 43
AP M & (mg/mL) 50.94+0.21¢ 53.020.60% 54.62+1.13° 52.82+0.51° 51.70+0.42¢
HEH PR (%) 47.37+0.20° 52.22+0.64° 52.16+0.62° 49.91+0.58" 47.56+0.49°
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Table 7 Effects of fermentation time on the soluble protein content and protein recovery rate of lactic acid
bacteria fermentation hydrolysate

A (h) 12 24 36 48 60
AR i (mg/mL) 50.74+0.58¢ 52.70+0.92¢ 54.50+0.67" 55.30£0.41% 56.38+0.22°
A ENCE(%) 50.23+£0.45" 52.174£0.91° 52.05+0.64° 50.32+0.47 51.59+0.23%®

P4 22 RS TR T ek B 1) R Bt TR] (i b AU Tk E
B Y IR Bewk E— 257K i, T = b s s 4
FEATREO, ZE4ERIR: 2% . KRG IRIILA pHS.S FIk
FREIRLRE 34 °C MYA1 T, KRR 43510 12, 24,
36. 48 F 60 h, il #5153 FAS W] K e [A] 1% LR PR &
BE/K i) . R Bt TR LR P & B /K i) ABTS H
FH3LE R . DPPH H H 3R . s R & A
FIER P RDBCRISEI 25 AN K 6 F1 7 B,

100- -100
2z ABTS" a

951 = DPPH o <0 9

90 b’ 2 ol
, ¢ 7 c’ 1y / (\(

e ore P cddd [0 &

so{ )¢ / o

?
751 %
% 120

704
65- %

ABTS* H H1EE R (%)

DPPH [ th

0_ /| I
6 12 24 36 48 60 7R K
A (h)

Kl 6 EmEX LR B & /K fi#4) ABTS Al DPPH

FI B BR R 152
Fig.6 Effects of fermentation time on the ABTS" and DPPH
free radical scavenging rates of lactic acid bacteria
fermentation hydrolysate

HIE 6 Fn3e 7 v LA H, ZLIR B & B2K i 1
ABTS" fl DPPH H H3E SRR ARZ L L FHE T
B a3, AT RESE A ZLAT S 13110 9K
T 22 R A TR, A iRt Ta] o JE s, A LT B
13110 AR KRB BT IR, F7 A2 R e
L MK FRANSE 4, B2 EAE ABTS F1 DPPH [ H
FLIERRRE I BRI, Rk, HT s ER A o
T BRI 2 R TR TRl i), Bl e S
PIUEAT, REAS RS T 22 (X KB, (R L 9R B & I /K fi
Yyhi B ABTS ™1 DPPH [ i JE05 R AE T i ER
W2k I — 25 K i, 5 3L TR R W K f o b i
ABTS"#1 DPPH [ HJE98 B R R, RaiidsR SR
AT ZE AT B L AL B Ba ] A5 P AR 1R R R VR S 5
Bf, AR EIAHMIZE SR . DRI, B A BERFIR] A 36 he
2.3 IERIEHI KRR QKB LB R

T 2.2 SLEREEIR, SR Ly(3) IEAS IR 151,
RACHEIZLAT IR 13110 KA 1 7K R W A0 2 1%
Ao IESSIREG LS R ANZE 8 PR, 7 224 Mras e in
2% 9 .

FH#& 8 ml 1, vl LAFS H %20 DPPH 1 ABTS'H
FH L R R LA S PR 14 R E B/ IUT A : B>A>C,

#* 8 IEACIEATR

Table 8 Results of orthogonal experiments

ABTS'H i3 DPPHH i3

WS A B O () iR AN
1 1 1 1 88.31 55.17 71.75
2 1 2 2 90.09 56.88 73.49
3 1 3 3 86.71 5437 70.55
4 2 1 2 88.15 55.01 71.59
5 2 2 3 90.06 56.44 73.25
6 2 3 1 87.45 54.47 70.97
7 3 1 3 86.89 53.24 70.07
8 3 2 1 88.58 55.58 72.08
9 3 3 2 85.24 5237 68.81
k,  71.930 71.140 71.600
k,  71.937 72.940 71.297
ky 70323 70.110 71.293
R 1614 2830 0307

R FHESWIFE
Table 9  Analysis of variance table
S s Fm Bl Fib FIRSME WETE
AR E 5.184 2 58.247  19.000 *
BABEEFHIMIMAPH 12,310 2 138315 19.000 *
CR RS 0.186 2 2.090  19.000
DR 0.09 2

MU A B R E(P<0.05),

RN A& iz pH>EeFhid> R R, S gl &2 A,B,C,,
B3 2%, & W % 5w 4h pHS.5, K191
31 C.

2 9 ATRAE H, AR 31 ih pH Akl E:
XTELIR R A WK A DPPH FIl ABTS™ 3 i ELi kR
K A WETEE R (P<0.05) . XTSRS
PEATIGUE, $& IR AL & S5 H A FLIR TA & T 7K fi )
) DPPH #1 ABTS" H 13L& B R 4351l o 57.42%+
2.0%(ZE HMEE 1 mg/mL) . 90.35%+0.1% (& H ik
B 0.5 mg/mL), MO0 T AR K FIERZE R
P g . I e A ZLAT B 13110 RIRMRE R
PR AR A e AL T 2508 0 P L 2%, K BERE 3%
Fehh pHS.5, ABHIRE 31 °C, K EEAHE] 36 he
24 DTFEIHER

0 AL VR S A T X AR S, 1 7K fir ) R L TR T
IR 53T EE 53 AT A TN, KM ER (/K i Azl
TR T = B K i) 100 o F I A3 A A5 SR an &l 7 FiEk 10
PR o

FH2E 10 Al 1, KHRER H K 4 F 2 /N F
1.0 kDa I 45717 0.67%, 43 T H7E 1.0~6.5 kDa 1Y
H53E 90.11%, 53 F KT 6.5 kDa FUZH5E 9.22%.
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A) _ Manual run 6:10 16.48 2.5 FEBLAM SR
1400 UVI214nm ! R4 H B2 FERR S AT A K L KRR
- 1780 PR A RIFLIVR B R T K PR DA T SR AL ST,
g 500 15.25‘ ‘ Z55NER 11 i,
§ 600 11.46 n | F 11 ARHEEA . KSR UK MELRRE 13110 KRoKfE
400 f ) Iy EIERRALI (2100 g)
200 f 7.39 ! tb‘ 19.7322.37 54 g¢ Table 11 Amino acid composition of rice bran protein, rice
0 kc e bran protein hydrolysate, and fermented hydrolysates
0 3.0 ‘25%%5:?14&%3\ é;ﬁ) 20.0 by Lactobacillus plantarum 13110 (g/100 g)
®) e . HILIFNS KMRAR AR K e FLIR TR & K
1004 — U\C/I g Asp(REAIR) 7.76£0.64  6.01£0.08 6.61+0.37
Thr (522 ) 3.28+0.12  2.55+0.06 2.85+0.02
5 Ser(£242) 451029  4.00£0.17 4.03+0.28
E Glu( B4R ) 16.24+1.57  11.10£0.37 11.06+1.02
E Gly(H4R) 3.87+0.19  6.29+0.39 6.03+0.15
< Ala(NER) 5.13£021  3.67+0.13 6.20+0.25
CysCRtEmR) 0.13+£0.03  0.000.00 0.00:0.00
Val (#iE i) 5.42+0.15  4.07+0.25 4.57+0.18
0 50 100 150 200 Met" (HBRZR) 1.75£0.09  1.13+0.03 1.2440.16
VAR (mL) " (F5ea i) 3.96£0.16  2.43%0.17 2.71+0.04
(©) 140] __ Manual run 4:10 Leu' (SE&#) 8.09£0.48  5.05:0.15 5.51:£0.09
120] UV1 214 nm 16.07 Tyr (B8R ) 454£032  2.30£0.09 2.47+0.05
Phe’ RN R) 523+0.19  1.99+0.03 2.10+0.07
E:? 100+ Lys () 32440.16  1.33+0.06 1.610.05
£ 80 His(41%08) 2.35£0.22  0.99+0.08 1.09+0.03
:;Cg 60+ 0.6 Arg (RS %(%) 7.61£0.59  5.23£0.26 4.81+0.35
40 ’ Pro(ffiZm2) 3.48+0.12  3.14%0.11 3.68+0.17
20‘§§ 21.79 BEUILTRTAA 85.58 60.28 66.57
0 by , , , : Wit BIEREAA 34.55 15.23 21.68
0 5.0 i 551;3 . ('n51~L0) 20.0 ﬂEM\ﬁ%ﬁ%@ﬁTEAA 52.04 45.05 44.89
P EAA/TAA(%) 39.90 25.27 32.57
EAA/NEAA(%) 66.39 33.81 48.30
Fig.7 Molecular weight distribution map Bk ME R 5 (%) 3818 3595 39.07
VE: ABRUERR FURVEE S BOKKIER (K 4 o3 1 40 A U BRI S (%) 61.82 64.05 60.93

it Pl i 5 C. LR T A K A A0 1 ik AT R B 1T 3

10 AR PRI AIFLERTE 13110 KK YIHY
Iy
Table 10 Molecular weight distribution range of rice bran
protein hydrolysates and fermented hydrolysates
by Lactobacillus plantarum 13110

IK ) <1.0kDa(%) 1.0~6.5kDa(%) >6.5kDa(%)
KR F KA 0.67 90.11 9.22
PR B & B K A 6.84 87.02 6.14

FLIR B & /K o F 2/ F 1.0 kDa WA
6.84%, 5> FHETE 1.0~6.5 kDa FYZH 43 87.02%, 4%
TR T 6.5 kDa FIZHST A 6.14%. A] REf& K I
FRAPFEMIZLAT IR 13110 77 A2 0 2R S5 K00 8R T 7K
A TP RS KB BR DI LS A E A, (54858 R+
e S LGN 5115 VA N e et i B 1 £ 770 S 2 Sl U T
KHL/INTF 1.0 kDa BTG PERR B B O A= sk
LORMRE F /K AR L, FLIR B R K N
1.0 kDa 2H 435 5 i 23 11 (P<0.05) , i AT B &
FLIR B & /K e e A s s v i D AL

e RV IR

PAFRE 11 AT, ROBEER 1 . KRR K e Azl
PR BRI 2 TR 7K ) FR A 17 PR 3EiR, HAA &
B, S8 NRTRE 08 SR S R 0L, T A KO B /K i
YIRFLRL R R B KA EAA/TAA Fll EAA/NEAA
LHE IS FAO/WHO HEFE Y275 8 AR A, £/
T AR A EFRE. 1IN, LR & /KR4
RS RS B 1 66.57% & T oACOBE 2R H KRB
(60.28%), H & & Leu(ZE &R ) . Pro(JHi & R ) Fl
Ala(NERR) S B /K M IR, Bi/K PRI &5 el
39.07% = T KRB AR /K40 (35.95% ), 3X 1 g &
R AE B K PR IR Arg RS & 1R ) B A8 9 FLAT B
13110 R, H2en] gef% tb Sy FAh 2 3, Rtk
FLERHE R IR 0 S R & B T, ik a3k
iR o LGN . — I8k, IRPET A E e R
FPANAESE, T H B Tl AL & BoK PR LR, a7
F) AL I IR . ZH 2R L T 2 R AT AR SR Y
BRPO ., S A7 Bk PR IR 1 K RE NS S5 A s & all vk
AR 2 AR R BOR BRI SR, 35T R LA AL
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TRE. SE IR Bk o 2R S5 /K 2 LR 1T ARSIk 7E
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F AL AR B s S s K PR SRR, (H e T
KMREE e 2, SRt ELTE TR 2 .
2.6 BEEM

KT R EUE A DI ae Tk S 1A 5%
Y EE 2R, 3 8 BT AP T i AR B H A 1Y T RE
PEPH S R e e A A S s e R T X .
FH P8R R OS2 pH sE g, PRI ELES T 78
ANE] pH Z4 RS . RS /KA AN LR pAT
RIS s A, a5 S AnEl 8 Ui o

1001

%'“%/aﬂ\r&—+%/**/%4
80+
70+

gg ~ AR
T Sl K i)

10| AR

20 W
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18 pH XKMER H | KB K MIFLIR R 13110
KWK SRR P (52 )
Fig.8 Effects of pH on the solubility of rice bran protein, rice

bran protein hydrolysate, and fermented hydrolysates
by Lactobacillus plantarum 13110

FH &l 8 A1, pHA~6 Sy KoM 2 11 45 Fi 15 (4.6) [
T, AR VA AR, T A 5 A e, AR AR
PR e N, D5 DR 3 sl s/ pH, s 25 45 L A,
Bt B T A SR R LTI N, 5K ST AR BAE
Yo, AR P SRS A R I, KM AR I ZE /KIS T 43 HLRE
JIAGRNEE T, RIS RGN, SRR AH L,
TE pHA~6 BP9, KHRER P /K A ) AN 2Lk B & Tk
RIS 2 U 2% . 76 pH 28 7 B, KB
AR 13.43%, KM AR (/K A 400 F 2L IR 1A 2 19
IKSFE R AR M 72.12% A 85.38%., 7E pH1~
12 BRI, SRR, ZLIR TR R TR K a0 s e i
15, AR IR IR 2 o 3R A A AR 1 2ot
AT /K S AN LI o R TR I, RRBEWT AL, KT AR
Jo % A i 22 KRNy BRSO, 2 P S5 A ki
IR, R Lok 3R, i sk PR, >k
FHEER P 7K M 400 RN LR BT A IR 7K S 40 PR s Ao P A 81 4
o TF pH1~12 JuBIN, ZLIE P & BEK ) HAT 8
SRIGTA AR, P @ T HAE B Tl BRI,
3 &g

AR ISR AR PR S Sk, Ak T il e P )
RS, AR BN AR R TSR A AP 2% (v/v, $Fh
W AMREE 10° CFU/mL) | & BERS IR FA91 45 pHS.5.,
RFHIRSE 31 °C . KBERTR] 36 h, FEILARMF T, FLER

TR (%)

KK E U N 1 mg/mL i DPPH [ i 357
B 57.42%+2.0%, T AU M 0.5 mg/mL i ABTS'
F B FEE RN 90.35%+0.1%, @ity T34 il
SAILIRA A T5HT, 45 2 W LIR PR A& TR K e o
HEZH/NT 1.0 kDa B K ZH 53 Filgi K o4 2 3L 18,
EAA/TAA F1 EAA/NEAA (B AT %5 4 FAO/WHO
HEFERO S5 TR A, AR B TR (RS SR M A,
HEA S B i, S AR e 2 Tl A
T B

© The Author(s) 2025. This is an Open Access article
distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).
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