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Abstract: This study utilized corn steep liquor (CSL), a byproduct of corn processing, as the raw material. Koji with high
protease activity was employed to ferment and degrade CSL proteins, and fermentation conditions were optimized using
response surface methodology to investigate the effect of fermentation on its antioxidant activity. The results showed that
the optimal process parameters were: Koji addition (based on protease activity) of 28 U/mL, temperature of 53 °C, fermen-
tation time of 5 h, and pH of 5.7. Under these conditions, the soluble protein content in fermented CSL reached 137.83+
2.07 mg/mL, representing an 8.81% increase compared to unfermented CSL. Fermentation promoted the hydrolysis of pro-
teins in CSL and increased the content of small peptides, reduced the average particle size of CSL proteins, and signifi-
cantly increased the absolute value of Zeta potential (P<0.05). After fermentation, the relative content of a-helix in the sec-
ondary structure of CSL proteins decreased by 4.59%, while f-sheet increased by 2.82%, and f-turn increased by 1.77%.
Scanning electron microscopy (SEM) revealed that the macromolecular proteins in CSL were degraded into fragments with
folded and porous surface structures. At a concentration of 5 mg/mL, the DPPH radical scavenging rate of fermented CSL
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was 51.35%2.06%, the ABTS" radical scavenging rate was 92.23%=+1.57%, and the FRAP value was 38.54+1.78 pmol/L,
representing increases of 11.85%, 7.16%, and 21.77%, respectively, compared to the unfermented group. This study opens a

new pathway for the high-value utilization of corn byproducts and the development of novel plant-based protein resources.

Key words: corn steep liquor proteins; seed koji fermentation; protein degradation; microstructure; antioxidant activity
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IR R, CSL H a8 5T 5 P ik 46% (L),
TSR MBS R 4, B Rt e e
E Y, D, MOGHADAM 428§ CSL 1k
ShI A48l B PR USRS AR . T4k, AH
W88 T CSL 25 B A ety 4= K
YR AA YR A YA T 2 T T B A
FLAE T R A0, CSL H 28 A S A A 5 Th ik
AL TGS R, S IEHEsY, CSL SEfSArks
B JEURES DB AL, DA E S 0B . el 4i:
RAEE IR R, 16 R R L ARAT T 2 .
(A TFFE 26 HAE R Tl Rl S 3L i, HL
WA R, S 26 CSL AR T R4, 41
WK, BL CSL H & R R i AH St ot e b .
XATRESE AT CSL MR R =, Ho & b 5 1 WA R
e, REET) ML ST R R 6F
CSL "hiE I TiRet B T, ¥ ve CSL FIHFT s R
HA W MBS o TR R T 2 R A (Ll
fit . R =0 A B /N AR T R A T
RN REAF A o BN, = A iDL RS nT
VERDIRETEE 3]s [RIRs, M5 0% 2 F T o8 &) Bk
BE KSR, BEA R BRI %
A, SR CSL h R Ul B REME T I HR T, IR
EERH MRS, XFFHEsl CSL i AR IR 1 = 2L

Fefl . $e v HAE B S5 DB nd) W A 2 A
FEAYISE R X

KA SCHR L UESE R 2 S 30 1 BT R Ak
AR, SR BT IAATR . RIEREAT RS R
T EAHCHERIMELITE AR RSy, AR T
o FEHRR AR B B R B AL 2
PR G B AR B 1 SR G W R fie Ry SR K H AT AR ok
RSB PTEARN BT, AR R AR
Wy o A e B R BT AR AT PRI S I A R R
O YR, 5 R R R L, SRR A 2R
HAE S NETEE. CSL H B & IR R FEOR
ZRA E W ME LA A A BB, i A i [ 25 A I RE A 1
SRS TR RIS BRI, A B R P R A
XE . TS AN R B9 )R, A A T RO AR E AR R,
BE M S 2k CSL Hh 4R I BTk i 3 A4k 58 /e i ik s g,
PRI AHEIC%

A B LA 2R B, B T EE R, AN
SrAEEER, HAHBT 5 . AR KR B SRR AN, (H
7B PR AR L BT I N TR L 28 Atk
TN S| AR I S [ Us2 i P N i K 8 e B i)
FEAENST S R A S —Fh 2 g R I B, s )
A Al CSL, 18 & et A vh o 26 04 N U 25 F
FHMIIEE IR RE S A UK AR 1 UBTIREE, 77 A/ N1
A IR B B LR , SIS AN 1S BERRAIR CSL Hh gk
S3TEE L, W aT R s i, dEmTie T CSL hiE
FBT B E SR EANR A . AR BEA S E
Pt P (A A ity 2 IR fe CSL 2R 0, JTRIE R REXT
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AR, AP SR LT ALt RIS
1 MRERE
L1 #MRIS{ER

EoKI RILRAFEAYBHCA BRA AR AL G
FEREIR, HED, WL 4 °C A B . o Y
HWiTT35); Aspergillus oryzae YY-21 ARHIBN HA L H]
B (BRI S CGMCC No.6381); 4= IliLi 145



5478 15

XUBHZR , 45 il A ORI H B B A AL IG PR KRR - 261 -

FI(BSA). THZE. L-E M. —& MR . =& 1bik,
2.4,6-=NLBERE =W (TPTZ) . #&MS 2.8 . ZIR4N
g TR R A R F] DPPH, ABTS  _1ifg:
PR AR AT R A

UVS 5£4M] LA 6T MR- TR 2 57
Sy (B BRLY T ZEN3700 R A 5
IRSCIALAEFLS 7] FTIR A8 AR e 2T ARG 48
[El Bruker Y352\ 7l ; Hitachi-SU8010 393 Ha, T W%
% HAS HITACHI 2+,
1.2 EWHE
1.2.1 Fhfipil e AR AR 10 R ih &R
Al A 25 B 15 g SR F 5 o TR =l
o 3 mL EKI S 17 mL KEwdEI5], 121 °C K
B 20 min. B Aspergillus oryzae YY-21 il il T
BRI (2x107~3%x107 ~/mL), B 1 mL $5F0 % = £
S, BEFRIRE R 30 °C, H5FEAS16] 42 h, 6] 4EE] FF
4~5 h PEIH—IR.

et 2 1 Pl T 00 E . 2R SB/T 10317-1999
CEE B 1 EE YT RE I Tk . #E 40 C F&F
SRR S AR 1 pg BRERRE SO 1 R
W HBAL, B (DA I E RS ST

%*%%Eiﬁﬁ(U/g)zf—owa % (D

o A FOREESINAE OD {E 5 A br o h 815

S I ES IR MOC G 4 o8 4 mL SOV EH 1 mL
M CRP 4 4% ), N ZRI- B ROF B A58, 10 FRoR
N 10 min,
1.2.2 FRIEEISA Al PR S M EE
BRREE SR 52 °C. REERTEICNY 5 h, pH 2N 5.7 B, LAZE
PR e (PR3 ) S AR v, B2 F B s i s 3
Sk 23,25, 27,29, 31 U/mL, A g hnEE vl %
PR S S SR [ R ES N E Sy 27 U/mL. &
BEASIE] A 5 h, pH oA 5.7, BB A BEIR RS E R 48,
50. 52, 54, 56 C, TR EX I HEEREAS B
iy ZERP TS INE: 27 U/mL . KRR EE 52 °C. pH5.7
FAF T, IRE R RIS 3.4, 5. 6.7 h, 70k
BEAH PVE RO PREFF A & 27 U/mL. K%
HREE 52 °C . K BEETE] 5 h, BEE A pH BEEEN 5.3,
5.5.5.7.5.9. 6.1, ZESERHEE X Al PR A S =19
R, R PRKfR IS ERSICHE CSLP.

e 17 T PR Ak 3 s S R e R b nT s R AR
oA 1k, 2R H Design expert 8.06 & {F, R #&
Box-Behnken {6 TP EH AN [F] K 2. 2 8] 138 HAE
FH, LIiaE CSL & EEMI B sctt, BHE 5K
=1,

1.2.3 AIEPEEASEMNE R Folin-lk, LA
- IMLIE AR T (BSA) bn iR 1, KD AS[R] A 92 4%
14 CSL &Ml i & .

1.2.4 &HEEAKMAEE(DH) IE R4 WEI 2801 19

# 1 Box-Behnken if % [N % Sk F

Table 1 Box-Behnken test factors and levels
¥ 5ES
A ARG INE(U/MmL) BiRE(C) CHE(h) DpH
-1 25 50 4 5.5
0 27 52 5 5.7
1 29 54 6 5.9

T3, SR FH R R s TR I A b i R AU AL, D
1E C,,(g/100 mL AR ) ; BILECRE ZUE IR A PR A
HEOE (/100 mL iXFE) . & BRI M E A
TIKFRIE o

= (2)

DH(%) = Sa" x 100

1.2.5 /PRRE S E BOR AR IRE 5 mL i A
5 mL 10% =& LR W (TCA), H#+H 30 min, £
4000 r/min Z5.0> 5 min, B35 7 2830 M8 B 5 FUH
Folin- Myl TR (A &, RIVINIK S H

1.2.6 Bif243An Al Zeta AR FF AR A& BE 1 B
1 mg/mL %K, $2 FEA KR BE d AV E A B 11 7
BRI AT AN Zeta BRI E o

1.2.7 fFE AR LT ARG FREUEE & 0.1~
0.2 g, MIAGE & TR AL SIS J5 6 A, SRS B
ARPRLT AN CHREYAE 400~4000 cm ™' AT

1.2.8 s SRR T BB (SEM),
TE 3.0 kV I R N8k BT /S5 CSL TESHIEMR,
TRAZEL T 20000% . 5000xF1 1000

1.2.9 ARSMTEAIE I

1.2.9.1 DPPH H Hi3LigERTE M =M GUO %517
M) 7 VI PR L, RE R BE S 5 mg/mL, PR LR
(VO HE N 1 mg/mL VERXR, B 1 mL REE R
5 2 mL DPPH %% (0.2 mmol/L) &4 /2 % 30 min,
5000 r/min B5.0> 10 min J&5 B EIEW, 76 517 nm A
Apprs — Ag

0

DPPH - /&5 B 2 (%) = (1— )x 100 = (3)

Hrh: Ay KR TC7K 2B AT DPPH 5 W 1 KOG
B3 Apppy ZS/NEERL T DPPH ¥R B0 CIE; Ap 28R
e FIIGK Z BRI S CE
1.2.9.2 ABTS'H HIEIGERIGEIE S8 WU &S 1
FTEENE A JE L, B 2.9 mL ABTS' (3.8 g/L) 5 55 uL
TEARFREF (37.8 g/L)IR G, I 12 he JiIlA 0.1 mL
WP R 5 mg/mL (RES:, IV BIFE 5 min, #£ 734 nm
AT FE G . DIBTIR IR (V) 1 mg/mL AE X IR,
Anprs — Ag

0

ABTS" - 15 F (%) = (1— )xlOO @)

Hrp: Ay RN TCIK L BEFT ABTS 5 W 1 IO
PSR FITC/K BRI GRE
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A TR S AT IR 3, SR PR S T3 R 1250 e R i P i)
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WIRE, BEOGIETE 20 min, 593 nm AW 52 WG
{d FHAS 6] 4 BE /Y FeS0O,4(0.1. 0.2, 0.4, 0.6, 0.8 Fll
1.0 mmoVL) Zxiilbr it 2k . AL G LT : y=
0.4848x+0.2472, R*> {H}7 0.9994,

1.3 HEIE

ARSI 538K SPSS 27, SRAHIT 257
B (ANOVA) FSTAEAR T Mg Ef 74 it 2422 5K
¥, P<0.05 RS RE, raimE/ b= IKEXR,
45 R R I E AR ME2E (SD) . f#  OriginPro
2025 HITLEL
2 ZERE5Sh
2.1 ARE%AEEEEX CSL FriatER S =R

ME 1A AN, AT R A& Bk A 2R S
e p iyl I EES oA W=y =g = (AN O S e i e = | 3
WBSINEL<27 U/mL B, 442 38 Hh 2 B 3 2 S v 1Y)
BRIIR 2=, 85 USRS BE R E S I $e . 4kt
BN PR R, AR R T TR R e L
I RSy 88 ARSI B K i R e 28 2 1R « /)N
SrFRRSE. Hip, Nk ig =R ErE2E, O kA
G ZEDINE, st — DA W R TN FE, e
AR = P ET AR B T R ER S BRI, MRS
BT AN 27 U/mL B, B A ml s a8 1 &
FiRE RS, M 132.65+2.25 mg/mL.

T R DR A ) A PR R ) SRS, T
S ARG SCER N 2 . B 1B RTA, 2R R
BE<52 °C B, BEAE & RS 0 v R B T T
FEH SR REINP<0.05) ., YREHRE>52 C I,
Wi 5 R PR T E 14 TP oy A T A v T U P 1 5 s A
BAlke X PIRER h TR I B s S R S, i
231 MR o I NI T R, S EOK R RE R
[0, DAL, B PR 3R S 0 A R ) s A IR TR A
52 °C,

& 1C 7R T A [R) & B E] X & 1 v nl s vk
FEEF RS, g5 FRH, MG KB A IE R,
KPR POl R AR P A R AR AR AR S I S TR S
FEfmyadh, XPTae2 il T REAFEN e R R K&
1= I P RS B A R R, B2 AR BRI S T Sr RS
CSL 3k i, B S a5 i Ry T H 1k
T EAREL, SRS AT AR S e sl A 2k
FEEFIE] SR S h B, R PR b a3 f e, N
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Sy IR R AR S n T A R 1, IR S SRR
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Fig.1 Effects of different fermentation conditions on soluble
protein content in CSL

E: B/ NS PR R RO 4 AR B35 22 57 (P<0.05) .

e AR P ) R RS RS pH PREE, DRI & 7
R FZANE] pH X FRIK R B Tl iFHEEA SRR
BH—ERSEI . 24 pH oA 5.7 B, KRR RS E
P S B, 2B 0 pH JH 5 a2 T FEAIG
(E 1D), WIREZ TS A B YIS pH 28
5.5~6.5, X4 pH 2l 5.7 BHE A Ak 1 JHL0E P 0B X [E],
HAE It pH TR 5 A A4 Bh IR 25 HAA — &2
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PTG TE, BRI pH SR 5.7 B 0T GEJ2: 22 Fh AR B TS 14 1
AT RLIX
2.2 Box-Behnken &It 545R

nii o TG AR 4t R WL 2, SRR IH LI
TSR S A AR A EEEE ES I (A) |
R (B) . B E(C) . pH(D) M FFE N : Y=
137.28+1.82A+0.9950B+1.53C+0.6139D—0.1531AB+
0.0206 AC+0.0869AD—0.2494BC—1.27BD—0.2069CD—
2.94A%—1.78B*-3.17C*—2.44D?,

F 2 Ry ARG R g R

Table 2 Response surface experiment design and results

i e Ly AL
s A %;fgﬁﬁ B C: ] D:pH W‘Tffmb‘mm
1 0 0 0 0 137.41
2 -1 1 1 -1 128.45
3 1 -1 -1 -1 123.87
4 0 0 0 0 137.04
5 0 0 0 0 137.13
6 0 0 0 0 137.62
7 1 -1 1 -1 128.08
8 0 -1 0 0 134.03
9 -1 -1 1 1 127.45
10 0 0 0 0 137.48
11 -1 0 0 0 132.02
12 -1 1 -1 -1 125.64
13 -1 -1 -1 -1 120.48
14 1 -1 1 1 131.37
15 0 0 0 -1 134.12
16 1 0 0 0 136.56
17 1 1 -1 1 12791
18 1 1 1 1 129.97
19 0 1 0 0 136.87
20 -1 -1 1 -1 124.15
21 -1 -1 -1 1 124.34
22 0 0 0 1 135.46
23 1 -1 -1 1 128.44
24 -1 1 -1 1 124.46
25 1 1 1 -1 131.54
26 -1 1 1 1 126.63
27 0 0 1 0 135.88
28 1 1 -1 -1 128.65
29 0 0 -1 0 132.24

23 [EVEFFEEEMESHT

AT R AR 4 AT R R A5 R 2R 22 (A i
[RIRECR, Sf B R A 77 2250007, PTG HEER A &
[RIYAAREARY ( Jy 22 53 AT 25 R DL 3

ZEIR A [T AR P<0.0001 A% 3%, 5
TASHUITT P>0.05 A4 35, FRHH BT a7 AR A (%) [T 7
AT B GE, T AAE A 000 2 i v n T e
A& B IRE T S5, BRI EeE R/
R*>0.99, BEIEPSE ZEUL R 7>0.99, LU FHda Wi
BERI R EE PR . R 39 AL B. C. D. BD. A%,
B2, C2. D? f P {E14<0.001, 13E BAAE SCFE Rt AT ik
EEEEEMENEE . BC I P<0.01 EEELRE
B4k, CD [ P<0.05 & A8 b, £ RZEXT AT E
& SR )P AR IR Sy A R E BB RS A &)
>C(HHED>B(REE)>D(pH) .

3 AR AR ARy 22 50 H
Table 3 Variance analysis of regression model for soluble
protein content

JXEHKIE VIR AmE 5 FlE P BFME

el 763.33 14 5552 57472 <0.0001  ***

A-BRERINE  59.66 1 59.66 628.86 <0.0001  ***
B-i ¥ 17.82 1 17.82  187.84 <0.0001  ***
C-fif ] 41.98 1 41.98 44253 <0.0001  ***
D-pH 6.78 1 6.78  71.50 <0.0001  ***
AB 0.3752 1 03752 395  0.0653
AC 0.0068 1 0.0068 0.0717  0.7925
AD 0.1208 1 0.1208 127 02770
BC 0.9950 1 0.9950 10.49  0.0055 ok
BD 25.83 1 25.83 27229 <0.0001  ***
CD 0.6848 1 0.6848 722 0.0169 *
A? 2235 1 2235 23556 <0.0001  *kx
B? 8.18 1 8.18 8623 <0.0001  ***
c? 25.99 1 2599 273.90 <0.0001  **x
D? 15.39 1 1539 162.18 <0.0001  **x
37 1.42 15 0.0949
AU 1.18 10 0.1183 246  0.1664

iR 0.2406 5 0.0481
B2 764.75 29

e * 25 5 (P<0.05); ** = B 3 25 57 (P<0.01) 5 *** 4 I 3 25 57 (P<
0.001),

24 XEERASH

VAT NERUNFA DS A PS oy a =l Rl Pran do
FEASHEMNZZEAEN .l )y 22508 r] A1 BD X A]
VPR R A B a0 2 i 58 HOAVE AR 2 3 (P<0.001),
BC &2 T AR EE 835 (P<0.01), CD Xl iEtEE A
I RZ N A B AR B 35 (P<0.05), HAZ B AE AN
& 2 Firs.
25 ZEGRTIAMERSERALIEZEMGML

38 3o [ AR T, 453 TKIE R ER e T2
FAFRSEL: Fh IR USRS AS AL 27.584 U/mL. &
B 52.662 °C. B51[d] 5.213 h. pH5.74, T A] ¥R
FI& o 137.845 mg/mL. 5 S| SL5G iy n #AEM:,
X BRI Z I 1T 2 SHGATIEIE, S35 s it
(F2 45 M BB 31 ) o 28 U/mL., 1@ 53 °C. B [E]
5h. pH5.7,

X LIRS AT UL, KBS ER AT 5
& Eh 137.83+2.07 mg/mL, SEBRE SR T
Z A BARRT IR 22 /0N, — 38 A BE T, AR [l A5
HIRLA B e, HEAA nTHEM . SR K& BE CSL AHLL
TSR A EIINT 8.81%.
2.6 F|ERKBEMNKEESH

T HBUK S R S SR E R S BB E &
KAk, B PR KR (DH) S Wi I 25 P 57K e
BB SR SR, 5 KA AR BRI MRS DI AR U, CSL
KRWEHT /G 8 1 5 DH 4ni&l 3 Ir s, CSL H' DH &
22.70%+0.24%, X 7] BeS& HH T B R F PRI RIRAFE
2 YRR FH 1, S LEPTE TR A g Al 2 ad
BT AT LRRERR I P, B AR U BTK R, S3
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Fig.2 Response surface diagrams of the interaction factors

K &M CSL B DH £, 5340, T 2K Tl Ak
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