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Abstract: Ultrasonic--microwave synergistic enzyme method was used to study the effects of liquid-material ratio,
synergistic time, extraction temperature and compound enzyme addition on the yield of soluble dietary fiber (SDF) from
millet bran. Response surface methodology was used to optimize the process, and the antioxidant activity of soluble dietary
fiber from millet bran were analyzed. The results showed that the optimum extraction conditions of SDF from millet bran
were as follows: The liquid-material ratio was 31:1 mL/g, the synergistic time was 21 min, the extraction temperature was
56 °C, and the compound enzyme addition was 1.4%. Under these conditions, the yield of the soluble dietary fiber was
6.35% and its purity was 91.27%. The antioxidant activity showed that when the sample concentration was 14 mg/mL, the
SDF reducing power of millet bran was 1.219, and its ICs, values for DPPH radical scavenging rate, ABTS" radical
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scavenging rate and hydroxyl radical scavenging rate were 2.45, 26.15 and 5.98 mg/mL respectively. The results indicated

that the SDF from millet bran had good antioxidant activity.

Key words: millet bran; soluble dietary fiber; ultrasonic-microwave synergistic enzyme extraction; process optimization;

antioxidant activity

BE T (Panicum miliaceum L.) X TR . Z= FJEE,
JEARARIZRE, iR H AR, R EEIL . 4
AP AR AAT AR EE 2 BE TR R BE TN T i
B, ZEIN TR Z 5, BE 2R AR & T 584,
AR FESr R, 3B TR . BE T b &
2w W RERIEE LS, il 2R ib S50 LT
4k BT RAEA R A . (R, HETE X T EETAE
B A, G EE S N A A A s
TR, DA KA R BRI ORI /N SRy 32, FH G
WIIE R N HIE AN, JCIHLERZ X BEF-RBI TR A
R, B4 (Dietary fiber, DF) & &4 A 9%
N B T AR BT 53 . AS T A 0 5 3 1 R,
AIFE K B PE SR 2T 4 (Soluble dietary fiber, SDF) I
RNEPEREE 47 4E (Insoluble dietary fiber, IDF)P, %
BT 2k LEAT TS AR ERE) L Ol i AR e
Jig T AR EES LA RS I A g K S0 2 2
AFRTIEE, BN T AR E IR AR . TR
P RE B 2T 4 (soluble dietary fiber, SDF) & 18 1) 2271
X TP I AT di A PRI RE B B S, A, X
JEELF4Eh SDF A5 Bh T2 bR R S 44k
B4 o SO S A BRI RE

T3k B TR ST R G B AT AR Y R O
W, AR AR L RIER S B M B AR
Jridse Hovp, gk e — SR B G s, anfkik . R
7N AR I A AR RN, g 2y R
FHSE— P A PR O =X, 7T AL & R kg
e, FEFR AR A [l B A g ys e . o, ke
7 - PRI R B AR B s, i AR FE A%
P BBV E FHREE 7S I Zs AR B, S 2808053
TEH R N AT IR HE B, ZE T SRR B 2T 4R PR
7S] TARGF N . BN, FE R ERAED 43 510R
FHAR 75 5 R 75 45 5 fE s 4F 41 2878 v SDF dE 74t
B, S5 0, B K P ELT 2 b SDF R BCR N
5.64%; TR FHHE 7 454 B B U A T 22 4544
fifiie 1.5%. KR L 1:30(g/mL) | B}[E] 20 min, T3
100 W, I, 2T 25 i SDF $2HUE N 7.29%, Hx)
YR B AN A A I BR R IC, 18 50 58 3.94 Fl
0.35 mg/mL. JE/INAIEENY SR R 7S -0 4l B fil v
XFREFE P R B LT AV TR, A5 B R T2 R
b 1:13(g/mL) . #A LI 300 W #8AEHAE] 15 min,
LHYERFFANINEL 0.6% . BEfRIRE 60 °C, 5 M %
LA EUR N 36.83%. S5 5 45U SR FH MO - 1ilg
X/ INFZ ZR e T R R IR B AT AR A T A BT o
PUAAALIEE, ZEE DA 280 W, IUIZISITE] 90 s, B
JINEE 1.5%, BEfEETE] 20 min @945 R AN /N2 3k

FZ SDF, H: DPPH H HFLEBRFRLIN 70%. H AT
T, SR TS | SO FNBEARSS & i X s s e 4k
PEATHRI, & —Fh R RiR 7 vk, HERIUWRE A
AR A MG

AT, AT SR R -1 4 B o) e 1%k
S TR B LT AEEA TIIFIY . ASBIFIE DABE T2k 52
Sy JEAsE, SR FH A 7 - e B TR B ERUBE R T
PERE L4, I B b TS ALTm S 74T, LA
BT B £ 4k 0% T A R AR Y
1 M5
1.1 MRS5EE

BEFER:  BIRVTAR SRR = IRZR 23 R, &
KIS BRITEY), HoA SRS AT4E 5 i 36.44%, BRI
H10.1%, KO &1 15.4%; £F4E2LHff Celluclast 1.5L1
(Ff% 117.4 U/mL) . KRR WG shearzyme SOOL (il
& 500 FXU (S)/g) . =¥ o JEH fiff Termamyl SC
(BEHG 120 KNU/g) . Bl F i Alcalase 2.4FG ([
W 2.4 AU/g)  4i(s (P ED 2R G RN F;
1 1- 82 -9k A 3L (DPPH)  BiAy 2 (i)
AN T K B BRAN B 5 2,2 -BR A - X (3- 2 FEFE T 158
MEIR-6-TS R ) —HiER (ABTS) iR EYRA
BN ToK . i3 CL s miiRen . i A fb A,
TOKTRIREN . BRERIV AR Y R P=4rirali,

GY-FS-02 ZjREm BB iRl YL PH & = B bl
HLARAT FRS 715 EX324 LT R B as
(VM)A PR T ; XH-300A 25U B, IR iR B8 7 i 25 i/
FEEBUASL bR ES R B R A BN F; L420 501K
BB W R R S BS =ANER T R A B A H
ALPHA BT84 #2[E Christ 22 7]; RE 3000 A
BEFEZE KA W ERAALNAR) 5 UV-1100 241
AL BB NTIR{ES; TECAN-sunrise
BEARY  BAHLF] Tecan 23 H]; SX2-8-13NP Ly 4
i ER A B A
1.2 SLWHE
1.2.1 EAHEIEIUEE T SDF
1.2.1.1 Hil& T2 BETFEEZ L, IECBeiig,
SRH 1% it o-JEREE, 879 pH o8 6.5, 7 95 °C
JZ W 30 min JBLBRGE RS, R 2% BfPE R g, U6
pH A 8.0, 7E 50 °C JZJ¥% 30 min BRREEH, 100 °C 3l
JK¥#E 10 min K, 55 C HET)5, & EEwck
30:1 mL/g, &AM (T4 ARV 1: DB
e 1.4%, VAT R IR . AR R . B pH L, B A
it Lo B2 AT B, 45 RS 4000 r/min B5.0 15 min &
8 LEW, TS 75 A0 o 2= RAREY 1/3;
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4 fHERFREY TCIK ZEEBEIT 12 h WAEDLHE, W T
&, INEE K SN 5% IR, 4 °C T 280Kk
BT (3500 Da)48 h, £ 8 h #|e— kUK, BT H)E,
TS BIBE TR B v MG 4T 4.

1.2.1.2 PANZESZE  DAMCKHEESA 30: 1 mL/g, B
B IH] 4 h, B 55 °C, B§fE pH o~ 5.0, 2 5
IR 1.4%, SF4EZE T AR FBERG LLB >y 1:1 S [E
A, P A T (LT YE 2 - R BB ) L)
(2:1, 1.5:1, 1:1, 1:1.5, 1:2) | EffE pH(4.0, 4.5,
5.0. 5.5, 6.0), EEFEEFEI(1, 2. 3.4, 5h) ., BHEEE
(45,50, 55, 60. 65 CHOXIEETELRZ SDF 1551520,
1.2.2 7S -T il B PR OB 7%k 2 SDF

1.2.2.1 $BECTZ AR FEROR L . $REURE . P
[FIRSFTE] . A 75 D 2R AN D 2R 07 18 75 -1k P IR 42
B, A8 PR P AN ) Fe FVE FHES SRS, P87 pH 2l
5.0, SRJG VAT 2 AT (LT 4ER I - AR RBENG R 1: D
fnE, T 55 °C FHE# 4 h, 4505 4000 r/min &5.0»
15 min IEE _BIEW, Z 2P 88A] 1.2.1.1 fil& T2
EOppEN

1.2.2.2 PARIZESZE  LIBCBLEE 30:1 mL/g, #8751
250 W, (T4 200 W, $EHURE 50 °C, E AR
AN 1.2%, UrlERTE] 20 min o4 [# 2 5514, 25550
BHE(15:1,20:1,25:1,30:1, 35:1 mL/g) . rEIHF
[E] (10, 20. 30, 40, 50 min) . $#EHUEEE (40, 45, 50,
55,60 °C) . HAEIIZ(150, 200, 250 | 300, 350 W),
I EZ(100., 200, 300, 400, 500 W), &S HHAIN
£(0.8%. 1.0%. 1.2%. 1.4%. 1.6%) XJ 5T %k 5z t]r
SDF 1555200

1.2.3 M7 -1k 4l Bh v $2 BUBE 72K B2 SDF W 7
HER T ERRER SRR b, DABE Tk
SDF 153 (Y) Ay i {H, 4R 4% Box-Behnken 5 %
PHEE, PEH A BORHEE . B R TE] . C $E B EE |
D &G 4 ~EZR, U -k il Bh ik
PEIUEEFEKEZ SDF M T. 25280, W g 1 Ul
%1,

1w T P R S KR

Table 1 Response surface experimental factors and levels
e
SN N B[] CHEBURE  DEGHHFINE
(mL/g) (min) (c) (%)
1 25:1 10 50 1.2
0 30:1 20 55 1.4
-1 35:1 30 60 1.6

1.2.4 185777k BETF £ SDF 1530115, #
AN (DA T
3% SDF(%) = (1— %)x 100 A (D

1.2.5 PBEFERE ARG E LT 4E LIRS nE SR

B4 2 R IERR GB 5009.88-2014K & Mg
LR HE I RE ); ARSI 2 IR E AR GB 5009.4-
2016 KBS TR ST IMIRE Do

1.2.6 PBET#FZ SDF "PEHASEMNE SiEigk
LU 1 T v, SR FH 25 T M o W TR U BE T K K
SDF SR H & &, LA H 8 H R iR HE R,
28 AR UERTZR: y=0.0057x+0.0207, R>=0.9979
1.2.7 BET#HkZ SDF (RN EAL 956

1.2.7.1 DPPH H HIEGERFMWME RAZEE
SEUT W mE A BBl . Bidii] 0.5 mmol/mL B DPPH
VW 100 mL. HX 2 mL #& B¢ 10 755 PUEEW, TITA
0.5 mL 1y DPPH W, IR G55 T 37 °C F#bh
20 min, FHIC/K ZBEVEAZE, £ 517 nm 2504 F W2 H
WYCRE Ay FHRARRIA JC/K B RE S i vk, I H:
WCIE A A, FREFRAYIG/K Z 4R DPPH 57,
M CAE R Ay %18 (2) 3158 DPPH [ Hi 3L

DPPH [ 55 5 % (%) = w

x 100

&

1.2.7.2 ABTS"AHIEESRRMNE SHERZESY
P, IS, 4B ECH] 50 mL A9 7 mmol/L
i) ABTS % AN 2.45 mmol/L (1Y K,S,04 %K, Z )5
FEPIFPEIR 1: IR G R TR FrgabieeE—, R
1AE AW o SRS FH JC K £ B B 21 FL W S H AE
0.7+0.2, 15 8] ABTS TAEW . HX 20 pL AS[F]¥ 35 1
BEFZkHz SDF T, il A 2 mL Y ABTS I AE
W, IRE], I R 10 min, FHZEI/KIEZE, 75 734 nm
AP SE RN A, FH R 283 /K AR 5,
MR OCAE N Aye FIREC(3) 1158 ABTS H HEE

ABTsﬂE%i%ﬁ%%(%)z(l—%)xmo 2 (3)

1273 FAE BRI R
T TNRE . B 0.1 mL FE5h, Il 2 mL 6 mmoL/L
A S AL SR LA S FeSO, ¥k, 41 B 10 min
J&, A 2 mL 6 mmoL/L W/KAGBRIEUR, FL57, B E
37 CEMIKE T 1 h, ZEPIE 510 nm I E WO
BE Ao PAEETIK NS LI, MEROCEE A, LA

[ AR 25 KA RS A RV, IS T A,
$est () HR ] I RAE S
B RO = 2T AR 60 1 (4

0
1.2.7.4 BJFFTHME B Z TR 19 )7 Bk
AT RE o K5 BRI BCAS [A] e B2 2.0 mL Y B8 &k i
SDF %44, 435I A 0.2 mo L/L pH=6.6 HIWlkEhss
R 2.5 mL Fl 1% BIERFALETR 2.5 mL, JRHIR
%], 50 °C JK¥# 30 min, Z /5 A H], A 10% =
A LTRF WK 2.5 mL, ZRJSTE 4000 r/min 514 F &0
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10 min, B¢ 2.5 mL 3§, A 2.5 mL ZE 18 7K F
0.5 mL 9 0.1% — & bEIE R, FRGIR ST, LIZEIRK
N, FELEP 700 nm A8 5E W7 G .
1.3 HIELIE
T LB ERBEAT IR E I, I R ks
2278, W Design-Expert 8.0.6. Origin 8.5 Fll SPSS
25.0 FAFHA TAVEE B AL 21
2 FERS57Hh
2.1 EEBEARBEE TR SDF BERLNL
2.1.1 EEBELBIXTEE Tk SDF 13 %1520
P 1 AT, 4 A SROH JIE VS TN 320 407 K T 4 4 3R I
Jint i, SDF #5323 B 5 Fh s, YA SRNH I 2T 4 22
Shr 11 B, A9, T Y AR SO LU 9 2T 4 3
Jifghsy, M R REkaFH . X T RS AR AV E AL
HIRIZE T R . T2k i T LIRS 4 Kok
fift AL YR 3, T AR SROPEBG A T2 2r 43
I, YR TRBERG T, HE 2 AT AR R A
IR, NITTEE SDF #5237 F w21, {H 2 A S 5
AT AT, IR A YR R BRI SR
BERE LT HAR R, AAITTF:3 SDF 745538 2,
U PRLT 2k ZE Tl A RERG A 101 B e, BRiEE T
%k} SDF 1944 2.60% .
3.0 -
2.7 A
~ 2.4
2.1 1
1.8 |

SDFfS% (%

1.5 4
1.2 4

0.9

21 151 151 115 12
AT A

K1 S5 EEHAIBE T3k B2 SDF 133 (520

Fig.1 Effect of compound enzyme ratio on SDF

yield in millet bran

2.1.2 [t pH XHEE T2k SDF #93R 54 MK 2
Fr &5 AT %, SDF /33625 pH A9 FH =5 i AS Wi i,
TE pH5.0 B35 B B i 1H 2.74%, 15 pH KT 5.0 B,
SDF 1333 Wd/ N IR S5 S S5 652 U
R FR pHABE SN, SEBifidE pH AYIG K, B Wik 2 i i
el pHPY, BEAE S0 Rk B B (B . B Hoh
i pH J&, B PEREAR, Ml S5 S &,
AT Tt e 2 7 B SR ARG, SDF 458-3< i = T K¢, Ktk pH
5.0 JEfuh B AR pH, MR EEFEk 2 SDF 1534
2.74%.

2.1.3 [ R] %) BE T 2Kk F2 SDF 19 R 52 M
&l 3 &5 SR aT A, SDF 45238 i 2 Hof 8] 11 24 1 B ik
D, 76 4 h B3k B 5 w5 E 2.58%, {BAE L 4 h it
SDF 15 RZE WAL, JRAJE SDF 55 2RI,
TR I RS SR ANTS F oK I 5T, [ A 2 Pt i

3.0 4
2.7 4
2.4 -
2.1 A
1.8 1
1.5 -

SDF53R (%)

1.2 -
0.9

41() 4t5 510 5t5 610
ﬁﬁﬁpH
P2 R pH W BET2kE. SDF 134520
Fig.2 Effect of enzymatic hydrolysis pH on SDF
yield in millet bran

o2 3 4 s
THAFRIRS ] ()
P 3 T RD0BE T2k B SDF 133 (520
Fig.3 Effect of enzymatic hydrolysis time on SDF
yield in millet bran

BT, A1) B -2k B v SRR o 70 4l A FL kg A ) 1]
T, SR - 1,4-D B ZLNEIERR, ANEEWE 2
BETCHE H 324, DT HAS 2RI, DR o S il il
fRE AR 4 h, MUEBE TR SDF 1558 2.58%.

2.1.4 [l e v BE X BE T 2K J SDF 19 R 1520 M
4 &5 ST, SDF 4553 5 bl 25 i R 18 T i 1y BH
SN, FEVRE 55 C AR BRI 2.55%, {HIRE
AR TS, SDF 15320 B I TR B &3l B A i 3
(R LT Y LEAPATI, R ER 0 2 I BESRE AL, W T
JEH) S Tl R b T A, (e R R SN o YR L R
23R SDF Y 22 AR I B-Hi R 43T 45
FA231, JATTREAER SDF £5%,  thn] B8 i TR EE L (e

3.0 4

2.7 1
i/i\.

+/ ™~

—~ 24
N

g 211
g

T 18-
a
wn 15.

1.2 4

0.9

4'5 5'0 5'5 6'0 6'5
RS (°C)
Pl 4 WA BE T3k B SDF 133 (5200
Fig.4 Effect of enzymatic hydrolysis temperature on SDF yield
in millet bran
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PRTE PREREARR, SO R 2l 2 0t o PRI 2 s
BRI 55 °C, WEATBEFEk 2 SDF 15°%°4 2.55%
22 BAE-RUEHENEEEIRENBE 3L SDF BHERSL
WEER

2.2.1 WORBHELXTEE £k, SDF #3Ri5gm  hE S
BB E I AR X BE T 4K K SDF 453 (145 iy ] 1,
FEARORE LRI G, BE T4k, SDF AIFSRtLBEZ 14,
MR LA 3001 mL/g B, £85Ik F 5 K (6.02%) -
IR PR SRy 7 — S R YU BT P, 59 T AT S50 B AL
U, (ks B R K, A3 G ez e R 75 2
(] P TATRR, DAITIHE i T i PRI AP 4 nd s s o), >
WRHEE T T 3011 mL/g B, 18R IFLE T RE. X nlfE
JE Ay, B VR FH B R I, T REXT R
VEH 106855, i 45% H 9 SDF JT 8308027, Ying
SERS BTN R, TR LA SR I L, SR
T N ERL L YRR 2, 30 SDF & i R
K. PRI, BEFRMCR LA 3001 mL/g, GRS BE 15k iz
SDF 7334 6.02%.

6.5 -
6.0 1 /c\

~ 55

§

i 5.0 -

g

= 451

a

7 40
3.5

3.0

15':1 2()':1 25':1 3()'21 35':1
WEHEE (mL/g)
K5 WORHEX BE T2k SDF 134K 50
Fig.5 Effect of liquid-solid ratio on SDF yield in millet bran

2.2.2 PrlEIEF IR XF BE 72k 2 SDF #9105
&l 6 Hriplm]psta X EE £k SDF 752 (152 i it £k vl
1, BEF#k M2 SDF 153 AE 20 min B 51k 2] i K AH
6.17%, 2 i Bt 25 $2 BCAs [a] (g 2 4, D) 52 T B A
S PSR AL B IAVE I SDF 58 28 By Bl Fid Hics)
K, [RIB RS A E TR, JBE T2k Bz ] AW IS A
PRER:, SRR B2 D1 SDF % 2w b,
(B2 a5 A] BE S 8% SDF R fit, S8R BUR [

6.5 -

60 §/*\

~ 551
S
% 50

1'0 2'0 3'0 4'0 5'()
BN (min)
Kl 6 WplEImFEINBE 52k B SDF #3520
Fig.6  Effect of synergistic time on SDF yield in millet bran

R, PRIk, 3B WHIRIA TR A 20 min, HEHTEE T3k
SDF 13%°4 6.17%.
2.2.3 FREURBEXTEE Tk SDF #3:R 1458  [&] 7
ST BB RE X BE Tk K2 SDF 13- 145200, B
PG T, BE 2k SDF 53R S 35 i
BRI At . 3 n] BB DAL Ay B T B2 1 75, SDF
TEK P R BEIG C, I SDF F35%1 K. FHilit
5340 SDF 7K A At B2 3, (R v LR S
HR A= B S, WO IEE BT 50 °C B, A5 3R RRARDOL,
WANFIER, AR EEAEA X EEA SE SDF
PSS AR, BRI BRI R REDY . R, EREde
WEREEESR 50 °C, Bk EETF£k) SDF 193k 5.73%.
6.5 -
6.0 4

— 4

55

i 5.0

Eys,

@)

7 40
35

%

3.0

4'0 4'5 5'0 5'5 6'0
PG (°C)
P 7 BRIBGREE X BE 72k SDF 143 A 520
Fig.7 Effect of extraction temperature on SDF
yield in millet bran

2.2.4 S IREXTEE T EK Y SDF 4R 10520 i
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2.3 BE-RURAERNEE AR BNEE FEAR SDF MUz miiit
2.3.1 W ARG LR FEREEEAY A BORLEE . B
PrEER] . C $EEBGEE | D & A EES I, 2547 U
R ARG SR, SRR 2,

2.3.2 [y R EEST X Jr 225381 Al Design-
Expert 8.0.6 Z(da o3 A5t & 3 vh s AT Ab 31,
Z I PLE S5 58] R BE 2 Y=6.33+0.30A+
0.24B+0.20C+0.096D—0.10AB—0.060AC—0.10AD—

F 2 WA AR BT S Ak

Table 2 Program and results of response surface experiment

SRS A B C D (%)
1 -1 0 1 0 491
2 0 1 -1 0 5.01
3 0 -1 1 0 4.90
4 0 1 0 1 4.88
5 0 0 0 0 6.32
6 0 0 -1 1 4.50
7 0 -1 -1 0 432
8 0 -1 0 -1 420
9 0 0 1 1 4.80
10 0 1 1 0 5.20
11 0 -1 0 1 439
12 -1 0 0 1 452
13 -1 -1 0 0 429
14 1 -1 0 0 5.08
15 0 0 0 0 6.32
16 0 0 0 0 6.36
17 0 1 0 -1 4.68
18 1 1 0 0 5.37
19 -1 0 0 -1 4.13

20 1 0 -1 0 5.10
21 0 0 -1 493
22 0 0 -1 -1 421
23 -1 1 0 0 4.98
24 1 0 1 0 5.38
25 -1 0 -1 0 439
26 0 0 1 -1 4.70
27 0 0 0 0 6.34
28 1 0 0 1 491
29 0 0 0 0 6.33

0.097BC+2.500E—003BD—0.048CD—0.66A>—0.75B*—
0.73 C*—1.05 D?,
SRy FR A T I 25530, e T A R L3R 3.
% 3 Al 20, BRI P<0.0001, ¥ & 3 J< #8105
P=0.9988>0.05, A2, BiHHAS L5609 — IR BT 7 F2

®3 BRI T 2204

Table 3  Analysis of variance of regression model

ZSKWE SFHFM AmE HE FlE P BEME
LT 4.67 14 0.33 3389.49 <0.0001  **
A 1.05 1 1.05  10667.17 <0.0001  **
B 0.72 1 0.72 731623 <0.0001  **
C 0.46 1 0.46 471429 <0.0001  **
D 0.11 1 0.11 1119.41  <0.0001  **
AB 0.04 1 0.04 40629 <0.0001  **
AC 0.014 1 0.014 14626  <0.0001  **
AD 0.042 1 0.042 42686 <0.0001  **
BC 0.038 1 0.038 386.23  <0.0001  **
BD 2.50E-05 1 2.50E-05  0.25 0.6222
CD 9.03E-03 1 9.03E-03 91.67 <0.0001  **
A’ 0.16 1 0.16 1667.37 <0.0001  **
B’ 0.39 1 0.39 3965.49 <0.0001  **
C? 0.34 1 034 349540 <0.0001  **
D’ 1.97 1 197 2004498 <0.0001  **
5%%%  138E-03 14  9.85E-05
KA 258E-04 10 2.58E-05 0.092  0.9988

4[R2 1.12E-03 4 2.80E-04

BARS 4.67 28

T FIRA PR .35 (P<0.01); * 3R 1.2 (P<0.05)
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