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REAERETENTR, B %R, SRR
HAT e,

BTN WPL F SPIAE Ry SRR 1 BT 5 K
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RAE KM AR R, #RI0AK R 5 R0 2% 45 48 Fl
EERFTER AR AL, R KOK M TE Tk T & i T A
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1 MRlEFH*
1.1 RS

KoK, BIp A K3kl A R 552w
WPI SPL, &% Z A YR AT BR A A $h /R \EDTA |
PREE, PaBEAL T A FRA | 3 B-5i ik B |\ Tris,
g7 s MR AE AR A R A D AR b R
R A BR A w5 B F A 2710 34 A B 2
12 FEEE5UEH

DC-1500A /=3 Z DIREM AEHL, W7 VTl S,
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2025 4E5 1 1)

8 [ A1 A8 A W) s NP-H2-16K £ 2 1o 3 8 0
B, T A AR BB A W AT FR 2 7 FJ200-SH
SIS EAL, B BT IO A PR R Nano—
7890 R oy A%, B [E B IR SCAAR A R 22 w5
F4500 25t 5y e e B it , H A H 5728 A s Nicolet
380 AU HEL A8 6 27 AP IEAY , 95 [H] Bio—Logic %
Ml
1.3 REHZE
1.3.1 MEEHRGH R HE S SWEARS
KA Y B T2 . KoK iE—id 80 H
0l — ¥ Jin 2 4 [WPL: SPI=1: 3 (m/m) | 15 7K 43
(28%) Ik (EHBINE 10%, $FKEE 123
C,WBFFFE 3 126 r/min)— T HB—# #E—1f 80 H
iR A AR FE A 4 CORFET o
132 EARRE CRIIORE Bk OE B
IRA BB 5055 0.4%NaOH ¥ W 4% BHE H
1:10 A FVBEAR T EL 24 h,4 000 r/min #.0> 20
min, ZEERITVERIZ 82, (R BA VW AR IR 1 5
LV WY pH {4 4.8,4 000 r/min 4k 2% £ .0 20
min, EFR BWERGHEE FOKEZ SO, HE B
W5E A BRI E B R Bt 120 H
i, 49 il A5 2 KK 25 H (Rice protein, RP) ($f oK
325 1 (Protein of extruded rice flour, ERP) A %E
HIR G HE KM EH (Soy protein isolated—whey
protein isolate—protein of extruded rice flour,SPI-
WPI-ERP) ,
133 HiEEL s S ENNE 2 MK Shimada
SEPIR T T AR o, TS SRR R i DU
M pH 7.0 BiR L 22 vhis WORS R A R BE A 5 mg/mlL
VW, A3 M 2 mL BRSO S mL Tris—Gly
2 vp W (0.086 mol/L. Tris,0.10 mol/L. Glycine ,4
mmol/L. EDTA ,pH 8.0)J5 , L4+ ¥& % , A 30 wL
Ellman i£5] (4 mg/mL,20 mg DTNB % f# T 5 mL
Tris—Gly ZZ v ) J5#EG#ERE 1 h, 10 000 r/min £
> 10 min, B3 W00 2 HAE K 412 nm 40 112
T BE (A sign) , 3T BRI Ellman 3078, 552 R
M7E 3 W

SBLAE S BRI E , 22 mL AR S5
mg/mL), MK A 5 mL Tris—Gly -Urea (0.086
mol/L. Tris,0.10 mol/L. Glycine 4 mol/l. EDTA,8
mol/L. Urea,pH 8.0) 5 10 mmol/L. B-%iJ& £, &)

R4 %W ,30 pL Ellman 345 (4 mg/mL,20 mg
DTNB ¥ f# T 5 mL Tris—Gly 28 th ¥ ) 5 , i8¢ 6 i
# 1h,10 000 r/min &> 10 min, HE RO B
10 £85I 52 AR P 412 nm Zb WS B X B 4
A0 Ellman 37 . BHAERME 3 R, FFEmm_—
TR g R/ W/ (1l

Fi A i (pmol/g) = WA%“XD (1)
s A (mol/g) =
LA - R A 2)
2

A H1:73.53 24 Ellman 357 (19 28 /R 146 R 8
D AR REC A TS R, mg/mL,
1.3.4  KiAR A Zeta—FLOL BT RE 5B 5 50 ) s
FEZE 1 mg/mL,0.45 pm BT UEJE , T AKE it
H AT I, FRLBE AR IR A TR AR F Zeta—HAL o7
AR e A A 3 UK,

1.3.5  (HHE AL AN G BT o PR R TR
a5 T4 KBr 7E0F 8 b 78 70 WIS | A R B L |
£ 20 MPa 9 J1 B AR FE 1~2 min, JE A 25 W
R, LI EIE A 4 000~400 ecm™ T 44
BE A W RE S rp 5 Bl A A R A AR
Peak Fitv 4.12 3K /F 4L B 1 600~1 700 cm™ Bt f%
| EAR N = 1 i cd & Dt &2 Ak
1.3.6  FOLiEME 1 0.01 mol/L i NaOH
43 KA R O T R 0.05 mg/mL 19 2R
VSR, WO DG A R ST 290 nm , ¥
KK 300~400 nm, FEEETEEE S nm, A H#EE
240 nm/min, B JE 70 mV, &2 % 3 kB,

1.3.7  SOWSSH M E o Bk R R K
&, FRFLH 1:1 19 100% £ B AR T B 40 1
U, P ARCT B4 2 IR SRR RE S EE R U T
SEHLT TR 4 h, 95485 A SEM 7E 1 500 15 1
200 5 VLS RE i 1 SO S F4 P

1.3.8  HMEMIE 5354 500 mg & 1
£ 10 mL 0.1 mol/L. pH 7.0 A iR £ 28 vl g o
6 000 r/min &> 10 min, B 1 mL EWEWINA 4 mL
XG5 IR0 R R 30 min, 78 3 1 540 nm AR 52 2
O, S IROLE, IFehlbrmEige (&
1), TH58 X5 07 A 28 1 5k B2 U0, g 2 A I 3
W, WREITELA (),
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Fig.1 Standard curve of protein solubility
& R =%x100 (3)
1

Aorbo M, O EOETE WP U &, mg s M,
RO PR EAR S, mg.
1.3.9  FpaKMEmmE 4 5IFRE 0.1 g Fr il 2 11
FESL BT 10 mL Z808K b B 8 FE 1 h, BB A
BLDE 10 000 r/min B0 15 min, 725 FIE R,
R B0 Y BT R 2R R R 1R K PE (Water
holding capacity, WHC) #1157k LA (4) .

WHC (g/g) = % (4)
0

A ome MEES R gym, A B A,
gymy A UCTERE L R ES DA 1Y T i g
1.3.10 L PRYERGE AR e PRI 4 Bk R
FIRE i B A 1% (0.15 mg £E f ;15 mL 0.4% (%)
NaOH ) 9 ¥ W, Fl 35 5 BL K £ B 28 (1 7E
12 000 r/min $FE 2 min, KF43HUR B9 L6
BT, Ok R R AR AR, dE
30 min J& , FRUE SR R R R 19 R0
{1 1 (Foaming capacity, FC) Fl 1 3K 2 % 1 (Foam
stability, FS) 23 3% tn F A =35

Fa%h1$inm (5)

0

Fa%:%%%nm (6)

L Vo RV FRFE KRR AL mL; V, R
Y4 0345 1k B 9 TR R AR (Y B AR B mL; v, R 30
min J& AR AR G SR T, mL,
1.3.11  FUAkMERFLALR e MR I e 8 8 I AR
fin 20 L 1 A% 20 mg/mlL (0.5 g #4525 mL 7K) )

HEHEW . W25 mL & EE W, B INA 8 mL
KG9, 7E 10 000 r/min T ¥4 & 2 min, /7 0.1%H)
e R R B P RORS BE 10 mL,  £E DK 500
nm N E WG (A,), #i2 X(7) 5B FL AL 1
(Emulsifying activity index,EAT), B & 2L 4k 1%
PEJE 7E 2 0 T RCE 30 min ML, IR ik Oy ik
D7 W 6 BE (A, 4% 20 (8) 53 M 1 L Ak AR e
(Emulsion stability index, ESI)!",

EAI(m%Yg) = 1.424xA, (7)
) = Ao
ESI(min) = ey Xt (8)

X N EFE A 30 min,

2 HREHH
2.1 RP.ERP #1 SPI-WPI-ERP H & & —fi{#
&

il

RP ERP HI SPI-WPI-ERP F % & F1l — 7
ErE LA 2,

25 5 TR A A A XTI 5 R A TR e
HEAEM IR ERmEA R RErERM, 5
RP It ,ERP #1 SPI-WPI-ERP [ {iff 25 %i 3t & &
I35 R B 27.98%F1 65.8% , AN B S L A
S/ S W) e Al VE B K7y J A SE U i A, 4 =)
fesk 5 Za AP S 3T BT R R RS, R RATE
S FNEBE TR A, X RS RS R R
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Fig.2 RP, ERP and SPI-WPI-ERP sulthydryl group
and disulfide bond content
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H R EEHMIL SIS Z, BT 0%

RS SPI-WPI-ERP w37 A= B () — i i e A

SPL F1 WPIL 28 5 /iR 1) i 7K & A1 AR B /E B i%

[y, 165 SPI-WPI-ERP 9 RV G Ha it , — B Sl —
MOPERIR TSR AR, e — % E3'50 ﬂml -

B SPI Ml WPIL 7E 5 R 2 5 7 B o g : o || “I""""“

TR HES A543 A 5 ) 5 4 N AE T 1 2 Ep B B

Ko F M 25 25908 1E 41 Cabrera—chavez SE7iT 4z
EEF R, HA i E e 3 R 1 e
BT A, AR TCER T BT A 2%
éﬂf A
2.2 RP.ERP # SPI-WPI-ERP #iZ

RP .ERP F1 SPI-WPI-ERP [k 4550 A 4 3
B

3 RN R PR AR AL, AT S eEt
JE S K3 B 110 1 3 I A SR SRR . RP 19 - 35 kL
4 43.8 nm,ERP B # ki 42 24 396 nm,SPI-
WPI-ERP F- #1842 J 164 nm, £ FF RS S HUE
1T SR I, TE BUBR R B PR SRR (i RP 1 F2 i
lia) 5 KR AR AL B ERP Al SPI-WPI-ERP %7 )i 43
A3 (284G AT g2 i T HF S SO FoE B 1 R 4
PR BT WS AT G0k RST 0 38 T8 Arzeni SEUHRGE R
BRI TE BT B2 R R AR S A AR, sk
AHEAE AT RE 23 3K 3 R ALK . SPI-WPI-ERP %%
#/NT ERP, Al fig 2 i T WPL F1 SPT 5] A T 4 ft
FL, 1) i AT 5 B8O 1 43 =2 D) 2 R A SR 1
HEFR F1, NI/ 1 28 5 A R A2 20
2.3 RP.ERP # SPI-WPI-ERP B {i

RP .ERP F1 SPI-WPI-ERP [ H1 v 25 U & 4
B

RP .ERP #1 SPI - WPI-ERP 1 {7 43 5% H
—24.83,-25.24,-26.27 mV , 4 %} {H 5L 3 1% 4 1) ¥
UL SPI-WPI-ERP & 5 1A R 2 3L U 52 E
P ORI 2 O R 4R 2 2 F BT A 2R
T HL A7, 2 1 BT Zeta— HAL 67 1) 266 (B BR K | 08 B A
st 22 THT 11 i PR AH B AR FH i Mﬁﬁ““%ﬁﬂ%ﬂ%ﬁ

A G i FHKEE RS R RE, REER

R PR S H, W0 SRA IE ey A9 R LR Eb A B
iR 2, W Y Zeta—FL 07 R IE
RP ERP HlI SPI-WPI-ERP (¥ Zeta— i i 24 Jy 171 ,

=

100 1000 2000
fREs
Particle size/nm

B 3 RP.ERP #1 SPI-WPI-ERP §J#ifE
Fig.3 Particle sizes of RP, ERP and SPI-WPI-ERP

SPI-WPI-ERP

Zeta—Hi 7
Zeta potential/mV

30L
T ARG FRE (a~e ) FORAFAE .35 22 53 (P<0.05) o
4 RP.ERP #1 SPI-WPI-ERP #J & fiL
Fig.4 Zeta potential of RP, ERP and SPI-WPI-ERP

T 9 B Ty R A 1) S TR EE Y I FiL R 1 2
iR Z Xl RESE d T 57 AR BRAE 2R (4 5 B
THT 70 FEL fr 384 00, R 11 R 1 BROBR 0 2 AL B R
I RANAF I BOIR R A, 155385 2R
A AR AR R R SR TR e, SPI-WPI-
ERP H {57 1) 26 % {8 F — 25 1% 58 02 8 WPLL,SPI
5 RP (7 BRI 5 AR R 2 1 5, BEHLAS RPN
TR U T B A ERY, KA R T/
1) 25 11 0T SR AR A, ol Pl Ao aE — 25 B s 2
T E S AL AT RP 0 F A SR B
SREERRTT, RPN R N 1 3 1A
# ok BHAS RP AR A R T s 2 4w
H 5 WPL AT SPL Y i fiAH BAE B B2 6 B 2R
Y1, 0035 RP YRR E Tk
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2.4 RP.ERP # SPI-WPI-ERP & FT-IR il
%R

RP ERP #il SPI-WPI-ERP (% FT-IR Y% i
& 5 fi7x , RP.ERP 1 SPI-WPI-ERP #) — 2% 45 4
wE 6 Fr

FT-IR Y6i%7E 2 750~3 600 cm™ 3 Bl P B
U 3 B AL R L (-OH) L & 3k (-NH) | 1 %
(—CH;) A1 Y 3 (~CH,) I 41 sh Wi I, 76 1 250~
1750 em™ 36 [ P H 30 04 0 2 1k i 41 3 IX AR 1
Bz Mg FN 2 BE TR G 1K, 1063 em™ &b AW
W 2 o C-0-C B RE 48 Bk 3 51 19,930
em™" [F T R 3 R ST U A W A A SRR AR W i
WER S 500~930 em™ 3 FBl AR AE JLAS /N il 1
FFEBLX K, RP ERP SPI-WPI-ERP 1 % K W Y
U e A PR S A AR (], R AR WAL 0 57 F AR AIE F8 4L
L AR, SR A [F]— 05 57 11 W AT 588 B A7
FERCR 22 5 o IR 22 LA FEAR AR 4R Bl i
WA AR B RSB 1 Z 8 i A B R ) kA
A, AT CAE T 1 BT A S TR S5 A

H T A R S AR 5T 2 BRRE TP )
SRS, F AR e R e R 2 TR TR B
AR, S5 RS RP AHLL ,ERP Th C T 451 1
S, ATREE TS ) A A T
PR o3 AR M | Bl TR AL 5 R R R R
T E N RRE AP SR, ST 7451
Jne SPI-WPI-ERP % ERP [ JC 13 45 ¥ & 2 ik
/b RTRE SR BTSN SPL AT WPL 4T & B 1 0855
B R A AR NI R . BRI
LR v Ve Ry — 8 I A BV RO KU T A
SR RN R S R GE A T R A O
HL 26 5 W) R A Tt n] DAAE R R &5 R b &
YEVE R o U BHEY A B b 3 43 — 2K 11 A B AR
HoFIEBE TR, WREMN-OH M4 k3 b
A U B ) B AR A P E™, SPI-WPI-ERP
TEBERE 11X .1 063 em™ F1 930 em™ Fff VT A1t 068 558 J3
Ft RP #il ERP K, # 8 SPI-WPI-ERP 177 C=0
SRR S AL i H i 25 1 2R 2 A S I R
2.5 RP.ERP #1 SPI-WPI-ERP % 3¢ 3¢ i il &
%R

RP .ERP F1 SPI-WPI-ERP #2061 n el 7
FR o

1518.670088.041R4
163265132

3280.90367
1019.18159

o

Transmittance/%

].g

3299.40324

921.05712

1015.60102

3295.82268
1 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000 500
%1

Wave number/cm™

B 5 RP.ERP # SPI-WPI-ERP K 4L 53 i% B
Fig.5 FT-IR of RP, ERP and SPI-WPI-ERP

BRI
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RP 40
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SPI-WPI-ERP| 30
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10f \
TEHE 4 Hh 6 - i
.
Jiziig 4

6 RP.ERP #1 SPI-WPI-ERP # Z £k 4544
Fig.6 Secondary structure of RP, ERP and SPI-WPI-ERP

RP.ERP Hl SPI-WPI-ERP Y A,. 2 % M
342.60,345.00,344.40 nm, 2¢O 38 4> BN
161.20,179.50,671.00, RP WPI Al SPI " & 1 i
[ 1 N IR EOE AR (VR | % 2R AR TN 2R
5k I, Horp o SR Ak X 3 (R 9O A R
DR . FEFRRE KR SRR 7 A 5O LATTPAS 2
FEMRBRFE R B R 8 Ak, X ROk B SO TR
T RARDEN i 1L 5 65 B AR K& S (A )
AT AR 8 0 = 45 M i A2 6™, ERP il SPI-
WPI-ERP 1 $5c K9 K I e v 8 e A 21 4% 3R W]
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Fig.7 Fluorescence spectrum of RP, ERP
and SPI-WPI-ERP

(a) RP (1500x)

(d)RP (200x)

sl 8a.8d iy ,RP R Bk, KM=
Z W) JC T S5 K FUN RN B F 5 H 5] 8b .8e BTl ,
ERP 5t 390t % Fr (0 3 23 4548 O Je e FLAR &5 44 5 i
&l 8c .8f fi 7% ,SPI-WPI-ERP J& 3 i 52 B 1) %) £%
25, X UL TE R R R T RP & AR R AR BE 1
REff SR A TG T A 7 1 R AR S50 T8 1 R R 25
¥ o AEKH3 FREs I SPT A1 WPT -4 SPI-WPI-ERF
HATHE 0 T RP MR 454, SPT WPL Al
RP IREEAH R | 4374 HOF R | W 28 254 537 HE S
AAFHOMALIN AN A R A R E MK IE

" () ERP (200x)

B A 2R TR 4 T BN T AR A R R R A
T T A B K TR IR TR 11T 4 1 9 B K
AHAVEFH 2% 5 WP T R 1% I35 v 19 A= e AT o 34
T gk e 236 B W AE B 0 T 04 v R v S R R
SYUIME IR, i) 3 1) A A R AT R R
ERP F1 SPI-WPI-ERP 114 {2 i 5% 5& v (1) = 454
P JLFog e . 5 RP FEALAH L, ERP AT SPI-
WPI-ERP (% 658 BE RN 3 & i TAE RP 230 F W
TRAR M S IR AL T = AR B 5 B R LR
I 5 i Ah B85 2R 11 25 49 e JF  RP 431 N R 11 55 7
R R B T YO EE . SPLAT WPL Y in A Jin
T OISR 0 i UG B AP
2.6 RP.ERP #1 SPI-WPI-ERP 3 £ #4

RP .ERP #Il SPI-WPI-ERP (¥ SEM K% tn & 8
Fim

(f) SPI-WPI-ERP (200x)
E 8 RP.ERP #1 SPI-WPI-ERP # SEM & &

Fig.8 SEM images of RP, ERP and SPI-WPI-ERP

B, X ATREEBY A E T SPTLWPL 5 RP [ 4H &
YEFT,3 ok (& A 2 1 i DT 2 302 1 o 3R
R AR TIE U 22 1 = 4 N 45 25 44
2.7 RP.ERP #1 SPI-WPI-ERP WA R . ¥
7K

RP ERP #l SPI-WPI-ERP ¥ i i F5 Kk 1
wE 9 frR

wmE 9 Fron, 5ARB R KK E HAH I ERP
F1 SPI-WPI-ERP 19 ¥ fif B 43 51| B A% 41.65% Fi
61.57% , KK V3 3 85 26.29% F 142.52% . ¥
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fiff B R REEALG T B R BT R 00 IR L R B
I3 85 11 243 F & A 52 $A88 M RN A8 B S,
PRI RAE, KA AW AR M ) R A Y
TE B T, PN 5 43 B 7K 3 141 % 5 2; URin SPI AN
WPI Ji5 8 [ 5 43 3 i 3F A0 AH BRI o2 Koy
TR, T 00 i B — D B AR, Cumming
B0 3 VK R B R S BT KB SPT A i
BIFIER 4  ERP Il SPI-WPI-ERP A5 /K M 2% 5
T RP, AT/ i TR A WPL Al SPI 5 3 ¥y 2Z (1]
T TR TS HIE BT R R A
AR AT L0 K 5y . Alonso 25PN £ 3 25 b
e B S B O F R TR B
- PN IS AL A R A R ORI R T K MR K, &
KL

2.8 RP.ERP #1 SPI-WPI-ERP #J#2 14 #1 5l
A3

RP ERP HI SPI-WPI-ERP f FC .FS @& 10
Fiis

i 10 iR, 5 RP AL ,ERP 1 SPI-WPI-
ERP () FC 43 B4 5 6.52% 1 15% ,FS 73 5l 2 5
5.56%H1 20.51% ., X Al REE W THEE ™ E T M
SRPERK, BF RS B A BT AR M e AT 8
R TR E B S ZE IR T S A B
FEE T FC, iIn AR WPL Al SPI 5 35 7K 4 /K A1
(AR AR FDRE B 5 2 BT R, i 7 AR TR A
LR TE R 1, 22 ORI R 45 1R T Rl 3 3k 7 30
TR ST (1 23 ) 57 BELXGF 96 U 1 B 7 A 4 AR R,
Rl T8 T T A AR RE ), SR
ERP Al SPI-WPI-ERP (¥ FS K, SPI-WPI-ERP
BRSPS H P e BAT 5 0 R K
3% T WPL.SPL #1 RP A BEAEH, IH7E2 KAUKIE
AR T A A R i)

RP ERP F1 SPI-WPI-ERP (% EAI ESI 401 &l
11 Fis,

i 11 iR, 5 RP AL ,ERP 1 SPI-WPI-
ERP 11 EAI 43 %42 & 90.91% F1 227.27% , i I3 A
T 5 BBk E ] DU P A% 2 A, AR
T4 RP I FLAEPER), SPI-WPI-ERP 1 EAI it
m T HERES, BB RS WPL A SPL AT LL7E
VLT S TR PR T ORI B O RS e I FLWK . Chen
AEROi 20 A B R AL BEAR = T SPL ) EAL, fibfi]

Vi JE
Solubility/%
e =)

N~
FER
Water holding capacity/%

0 0
SPI-WPI-ERP

O AN TR R AT AR 855 22 5 (P<0.05)
E 9 RP.ERP #1 SPI-WPI-ERP K& % £ fa K 4
Fig.9 Solubility, water holding capacity of RP, ERP
and SPI-WPI-ERP
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Fig.10 Foaming of RP, ERP and SPI-WPI-ERP
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Effect of Cooperative Extrusion of Double Protein on Protein Characteristics of Rice Flour

LIU Xiaofei, FAN Qiqi, ZHAO Xiangxiang, ZHANG Guang, SHI Yanguo, ZHANG Na
(College of Food Engineering, Harbin University of Commerce, Key Laboratory of Food Science and
Engineering of Heilongjiang Ordinary Higher Colleges, Key Laboratory of Grain Food and
Comprehensive Processing of Heilongjiang Province, Harbin 150028)

Abstract Lack of network structure of rice protein, resulting in a lack of network structure in the rice protein, which
limits the application of rice as a gluten—free raw material in food. In this experiment, whey protein isolate and soybean
protein isolate were added to rice flour for extrusion treatment, and then the network structure and functional properties
of protein components in mixed rice flour were investigated to explore the effects of double protein cooperative extrusion
technology. The results showed that extrusion would decrease free sulfhydryl group content in double protein mixed rice
flour by 65.8%, and the content of total sulfhydryl and disulfide bonds increased slightly; the average particle size of
protein aggregates increased from 43.8 nm to 164 nm; the characteristic absorption peaks of functional groups of rice flour
protein shifted, and the contents of a-helix and B-sheet of ordered structure increased slightly; the maximum fluores-
cence absorption wavelength of rice flour protein shifted to red, the chromophore in the environment increased, and the
rice flour protein partially unfolded; the results of the microstructure showed that the rice flour protein exhibited a cross—
linked network structure; the solubility of rice flour protein decreased by 61.57%, and increased its water—holding ca-
pacity, foaming capacity, foam stability and emulsifying activity by 142.52%, 15%, 20.51%, and 227.27%, respectively.
Therefore, the double protein cooperative extrusion technology improved the network structure of rice protein and changed
the functional characteristics of rice protein.

Keywords rice flour protein; extrusion; whey protein isolate; soy protein isolate; network structure



