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1.1 R 5iF

HEURE RS MO (2021 4F 10 A Wik Tk
Rl R A7 L rh R R B b ) 03 B R A AE 4 °C
KT

TooK Gl E AR RS S BT R T IR
R F 5 U R K DU & o= VE B i (a—AL) T
PERTINAH &, B RIEEAYREABRA A BT
A AR B Bl g,
1.2 EE5E

AP R PEAL (SK6210HP) |, |- RL 5 48 7 A%
A BRAF] 5 ¥ VR = 0O L (Biofuge Stratos) , 52
¥ THERMO; #¢4b-n] W.o% 53 66 B it (BioTek,
VT), EEMABERABRA R 487 0 s
(Gemini 300, ZEISS), /K% R] ()4 B R
o E] R 2D AN IS AL (Nicolet iS5, Thermo
Scientifi) , 3¢ [E FE 8K IR BHE 28 w5 Hn 2 615X
(HORIBA HR Evolution), i E 48R 454 R
Al X HHER AT HHL (D8 Venture), 78[5 £f € 55 /0
Al 22 R HA Y (Q20, TA Instruments) , IKFF
MR (1) A BRA A 3D PR & EE 43 B
(Newport Scientific ) , 18 ) MF 21 8 4R # A W)
1.3 REAH*
13,1 RZFREKFEM S BRI AR 5 4 1
SERERERTF RIS . BHREK E T 28 CRUSEFR4E
2R 6 h R HR4L (BR) . FHHE A5 I 15 vEpL it 47
AL B R Ny 53 He, KB IR E N 28 °C, #
FEFTA] R 20 min, B A7 88 75 20 (UBR) 4 XF B 4H il
AL RORE KRR T8 T 28 CREFRAA T, LR 77
36 h J& , BURE 4300l o0 & 28 4 (GBR) R 75 Py ] &
ZF2H (UGBR)
1.3.2  REHFROKIEM MFEE BRI AL B & 2F
REKFE S 2RI AT Uk 3 W, Tk 4y, — /D o
ZE IR A Ry R 2 B A% R T 20 CHY Sk
RS, HARESE T 45 CRIMER T 12 h,
SRS LR (80 H )M B & ZERE KKy . Mg & 2R
KBy (10.0 g) ¥ 2] 3B 73 WU AE 50 mL 7 NaOH (2 g/
L)W EER T e 1 h DRzl %
J& B EIAE 3600 g FESL 5 min, 25 BR IO A B
B HEIR A DL, PR B rh R )2 i R
B3 W HEIVERMFE TP 2, &E

N ZERAKHAT IS Uk FE SR 5) IS 75 3 600 ¢ B B0
5min, B HEJZHA 45 CHMER P T 120, T
5 20 (200 H ), 43 5145 265 BOBSE K 5E B (BS) |
P RE K E B (UBS) & 2R K JE 83 (GBS) i 7+
P IF] & 2R K BE B3 (UGBS) o

1.3.3 SIER SR RIRORWATER S ES R
FEBS K I 57 £ (BCO700, Solarbio, China) F4i
B A5 2R AT I R ICEEAE (50 mg) , 5 1 mL VB
FEAIRAT, K AL EE (80 °C, 30 min), 3 000xg 5L
5 min, {4 8 U0 5E IF A ZE 18 /K (500 wL) 78 40 1R
A1, KEEHIAL (95 °C (15 min) , ITA 1 mL 2 BUR 5
I3IR%AT,3 000xg B0 10 min, B35 W E47 38 24
M BT AE 620 nm A A I FL R O B 8 240 s o TR
il g A e i 2R,

134 a-JEMEEENE  RH o-TEME (a-
AL) % P4 38 577 £ (BC0610, Solarbio , China ) il
TE R ZFREAR T o TE # B  E E RF AR AR (0.1
2) 5 0.8 mL ZE /K AT ¥ T, 7E R R #E AT
L (6 000xg, 10 min), b 75 W (V€K B I FH
o—VE Ky WIS MR E , JFAE 540 nm &b 332 UG EE
1E o b o 1 22 22 )R oo— i 0 Tl 5 M T3 2 BRI
P

1.3.5 @k & amile R 3,5- a5 K
P (DNS) b0 325 547 30 BB 5 5 0 7 v 6
HUEEAE (0.5£0.01 g) ¥ T 10 mL ZE 18 Kt 7E 50
CTI# 30 min,3 600xg F B L 5min, 44745
() 7 W (1 mL) 5 DNS(2 mL) R %), 100 C &
10 min, A A, A £ 81K, I SRR
20 mL, M5 540 nm &b B9 GRE

1.3.6  VEM MR A5 2 B Lin SR 58
Jrids, R 0 U A AT R K TE A L Y
TOEE G . W5 3450 B 36 T8 by B il 19 S R BT e oy
BB S B A . R FLE 10 kV,2 000
£5F15 000 £ R AR 56T WEER 401 58 0 #3135
FRE S

1.3.7 WA T TEEMST R4
S ARG DU S Ky ) AR o 45, K LR
FE S 10100 By b BB R R, 754 000~400
em™ FIFIFETE N 4 em™ B IEREMETT, Bt
FHE 60 Y, I3RS Y BE 2 B IE W FL R 1200~
950 em™, Jfid 2k 1 SR OB EE Y i BE 6 A B
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TS HEAT R1047/1022 4k i B2 O & FH R1047/1022
() AR 55 T 0 A SRR S 4 4 . DATRLAL A A
R Il EAOEIE
1.3.8  Z5anETI e M EEHT, A RE S AR R
FACEN T8 PO A 1 DLk BE R i K
FFECL 4G Cu—Ka #85F (N = 1.54064) . JH 40 kV L%
140 mA HLFEXTVEM AR SEA T, EE R
10 °/min, A4 (20) B HEFEE N 5°~90°, 6 K
K 0.033°, YE R RE i A AR XTS5 A (RC)TTFRA S
mr.

RC(%)=AJ (A, +A,) x 100

AL A S X R X A AL R S
ERS LR EPORTE A
1.3.9  JERMIRHA T BN E S Wang S5
MBI 58 7 AR IE SR FH 22 78 F 4 d A 50 B
B K E M A i A FAVRR T . MERRFRH(0.3£0.01 ) 7E
yFES A 0.9 mL M JC K SRR 5T . e
B, 5 S8 MR B AE 4 CCA 1 T 24 b, B
20 WL AR A R TR B R RS R, L10
C/min AYFHE B 30 CTHEE 110 °C, IFLI=s
W 22 R R i 2 o WAL S50
1.3.10  MAbZh B AR e o A R BRLUE B R
0.3 g, MA 25 mL TCRK#EAT I MRS B BEHAE
PR R B AL (RVU) HE X
1.3.11 SEitotr mARE e 3 1T, 4
WUEH bR EZ (SD) Fom, KB B R H
SPSS21 Origin 2021 (Origin Lab, USA) # Tew

(Thermal Cycle for Windows ) #4247 kb3

2 #R5We
21 o-iEMEEEEMSEMEERELIEN ST

Bl & B 2 H R ORI B S R, S
L 28 3 Wi 1 o fit B ) e 28 1 o T 3 v O 2%
PSI TR R R TE AR o TE X UE B
MK e e AR . gk 2 an, 5 BR M
Lt ,GBR 1 UGBR 1Y a—VE 3 Bl 16 PERG I, 435001384
KT 0.6 151 0.9 15, ik 32 B 75 I P IR) & 28 b 2
WERS TERT R a-TER BTG TE, BN T o
TE M3 O RE K E R T VE FHZS AL, 25 S vl he 5 9
DR K 1Y) 75 8 I TR I g R oK £ B )
T2,

VE B A R A YRR 32 BB R Y, TR
W & Ao A T E M O i R R T MRS g R
Fyiel %2 )5 (36 h), GBS il UGBS Y e # &
IR PN, 5 BR ML R T 8.5%F0
16.2% (£ 1), X2 P A8 A il b BB T 1 4
TR 5 T R ) R A AR AR IR TE B S Y
O PR RN e R IR I RPN TE R SR R R 5
BR Akt ,UBR .GBR Il UGBR 4 if JEFURE & & 43
FET 1.0 A5 .10.5 5501 12.0 55, LAY a-TE K
it 2 fit — S AR H FOBE T B 0 480 ] B W T B
AW S PR AR L AR JEORES PR R R D P IR
2 AL PRI D) 3E a4 T A P 0 o8 LB R - U
KBS 7, 0TI R TE K AR S R I LR

F1 BAKKEHMHELIER

Table 1 Physical and chemical indexes of brown rice flour in each group

H dn B AR BS UBS GBS UGBS
a—JE Ay Bl & v/ (Ulg) 33+0.1° 34+£0.1° 53+0.1° 6.4 +0.0°
A 2/(g/100 g) 52.0+3.1° 51.5+£2.5° 47.6 £2.5" 43.6 £ 0.5°
& JRAE 2 Z/ (/100 g) 02+0.1° 04 +0.1° 23+0.1° 26+0.1°

1 : R Duncan’s multiple range test 77320 H7 , il — FIAS [7] F4E Fe R 35 1k 25 5% (P<0.05) , R IR,

22 REXEMHRUEH D

R KT A LS A AN 1 FToR 7R ZE T
(0h),BS A1 UBS FkifE 5000 it A5 T S AR
W 22 T AACHR , 2 T AR X G M R e S SR, 7E &
ZFJ5 (36 h),GBS Wik 18 2 K T HAS (1 25
FSEHENE, X R Ry & 2R Ab 35 00 B A R R

THT P 9 oy T A AR AR AL BN, 3 T 45 AL B IR
UGBS By UKL %5 GBS AH LU S IRLEE , [MIBT A
LB B 2, X U B 7 0k P ) Ak B T LAl 3R
ROk R JZ B ECR TR L . ARG Luo S5RGBT 5T 1T L
HHEWT I AL Y o= T B3 I 0T LAAIE 5695 1 B 0RL Y
0, AL Se Bodi AR f 2 DX, AT 7R i i 7 Pl



F24% HoMW

B gk R A AL T stk KR B L M e FEAL M R 69 %R

271

WUk T A 2 ) MR FLBR . Yang 8525
T PR U R P i b BRI i K 1) 3R 00 45 A8 B IR
BRI E Z R R MLEE . AT ERIR 22
TR VE Ry (0 N PR Ah A, 7 A B33 0 oy UK I

SMEIFLIT, b P ) e 2 Ak BT U SRR T A
ZEREOK R oo— TR My RIS T A PR T o AL 1l 2
REFA R,

1

2.3 RAEMMEREFSTEN

AR, R E AR 214 (ATR-
FTIR) 4347 8 75 U B[] &2 2 Ak B 06 il K D # J F2
S FEEFISE I, TR 1047,1 022 em™ 2b47 5]
XTI JE A9 R A 24 5 A v ) S AR AT T 45 4 N TS R D)
LRPH LR I 2 R, 45 AR K SE R I 2T AP
ELAT AR RU A AR 06 | 33 158 A 75 U8 PR ) A 24 Ak 3
R AHRE K VE A AR B R RE A, R T E
P,

SPURE S o A A O A - NN -
(R1047/1022) N 2 B, i Ho A & W 3 3 53+
(R R AT, A v WO 2 A P B R 2
& 2 W, Bl A5 W & i R ZE K & 36 h, GBS Al UG-
BS i R1047/1022 {54z BS A Fr F&A% , 435 FR&E T
6.7%F1 16.0% , ViLHA & 2F J5 UE B UKL 2% 18 19 A 7
JEETR R, E A 2 AR F AT ) T A R U P [
K 2F A BT E R UL ) A R A7 B R W R
X TR VR A VE R A FEERE IR, 2B
PR I8 MR RE 45 A it e T A AN RN HE B, AT i

& 4H K K E MY B9 F R 52 B (2 000 xF1 5 000 x)

Fig.1 Scanning electron microscopy of brown rice starch in each group (2000 x and 5000 x)

FEAT 7 BEREARI,
24 RAEMHKESFEH

VE R o3 T A G i XORTE 7 R 4G A X 41
B RARES e B, 45 R 2R AL 5 43 7 HEB B
A 6, U HES B R 4% i IX 1T 2% L HE S
BAESE X DRI, Sy 0 235 o o mT L3 2 48
DX AR & DCRFAE (58 B2 | LU A9 L R AR Ak i e A7
Xt EL A MR AR5 R F X=5F 47 53 (XRD) Bl
SYMTTORE K VE B AR A 0 SRS A TR 5 M
PN I) & 25 A B K VE B &5 A R e e, 4
W 3 Jros , B3 AT RS K T A A AT S el 3
MRy TG I 25 5%, 7E 15°,17°, 18°1 23°/f 3
A B AT SRR, FLAE 17°1 18° 4k X 4% 31 M %
(XU, JE T A LRSS R 10 IR K 25 b BRI
T U P [R) 2 25 A B A el A i K T A T A S 0 ) £
BRI AR ZA ) X A R TE N 254 h R
B HED 0 SR TELE A 5%, XA R S Hu FEP5R H
AP b BT A% T g b LN K R 1 O 9T 45 AR —
., N 3 Frw, B TR I & E IR S I T

F2 BABKEMHEEL BXNERE

Table 2 Strength ratio and relative crystallinity of brown rice starch in each group

oo % AR BS UBS GBS UGBS
RC/% 13.1+0.1° 13.0 0.3 11.3+£0.7° 9.55+0.2°
R1047/1022 1.5+0.0° 1.5+0.0° 1.4 £0.0° 1.26 £ 0.1°
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Fig.2 FTIR spectrum of brown rice starch in each group
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Fig.3 XRD patterns of brown rice starch in each group

[7i] 2 2 A 3 B DK JE K93 AH T 25 & B (RC) I 52 T
UBS .GBS F1 UGBS Ay RC fH % BS 2 I &K T
0.8%,13.7%F 27.1%, VL & 2§ 4b 325 1l SR ks K
VE M OB 0 A T 45 AR A5 K . TR R Sk R R SRR
&2 HWF IR T R I T 2R 45 SR8 I T )
RAFWME RC TSI, & h T8 75 Ik
AT LR VR G A3 B DU e 25 ), (o i &5 ) 1 G S
TE 45 R A e s in , T 530 RC 235 FR AR, ik
A DL 7 9 ) % 2 A BRI TR K T A A 4
SEAE AR AR B A AN DA R K JE ) 1 485
AL,
2.5 EMHRAFESME

B 4 [T 7R S S [ A BT il K SE #3128 7 4
EHGE K EGREE (T,) & R IREE (T) 7 —E 2
JE b T R R F URELE 45 4G i S AR 45 A4 1)
SCAERRIE OSBRI 45 A4 1 I 4 0\ A 2 5 e Ak

5o (AH) B EZL R R IE AH % R 40 B 20037 5
it 1) U oy TR ASA Ak T R W AL Y AL DA R B IR
RN 36 3 SE I R S AR KR TER ) T, T,
AT, ¥ ICH B AR (P> 0.05) i A& X TR
SRFPERF Y R B AH B S ARAROE MERAFY
3 A%, GBS A1 UGBS (1) AH # BS 253 n 1
0.16 151 0.6 £ . B4k k& 18 T iy J5t PR 2 & 24 2o A
rH I Ak DL 26 7K A E A 10 T TR IX B, 3 B0
WRTIEAT Y A5 AR 1 =, I B[R] e 2 A B
PETH R ZFRE K o= TE A BTG T 2 T 0 RO K v
WY 0 JC 2 T8 XS i, PR AH T, $A ke PR 1
T, Z5 bk R U B ) e 2 Ak 3 RE K TE R A
BIFn P& E TN, X5 ATR-FTIR 1
XRD 4538 —3,
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y o UGBS
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Fig.4 DSC heat spectrum of brown rice starch

in each group
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Table 3 Thermal properties of brown rice starch in each group

5 4 H BS UBS GBS UGBS
7)C 63.8+0.3" 64.1+0.3" 64.7 +0.3% 65.2+0.2°
T/ 68.6 + 0.0° 68.6+0.1" 68.9 = 0.16® 69.0 + 0.1°
T/C 745+ 0.4 74.6 0.4 74.8 £0.2° 74.9 £0.3

AH/()/g) 2.5+0.0° 2.6+0.1° 2.9+0.1" 40+0.2°

2.6 REKIEMHIMLIFES T

VE R (ORI S B0 T PR 7 A 2 A
o RIS I Ry A A0 A A R ) TR B SR bR, TR R A2
VE NG i (R G AE R R S Y 3R 4
AN, &% 2 36 h J5 ,GBS #il UGBS MIE{HZEE &
EFH R LAHEEE Y BT MRS RS KA &
e AR i T R TE R VR T, AN BB 4R R UR
MISEHETE, HLAA ZFLIE 25 45 H 10 3 F J0RE T 25 5
KA, DT 2R S B0 RS K B 7, 3 B80S K e M 1) DA {1
Z80 A 00 AR /NS SR 7 U b R] R 2R A B S
REOKVER B FREM BN B2, X R2 2 5P
Ao B i v L PN T U R T A 2 O IR K U

PSRBT G o fire R ] A A 53 501 sz R g AR
y PERE M g ) F 24k RE 17, GBR A1 UGBR 1)
HRRAEEE BS W BEAR, 20 50 T 10.1%,22.4%),
e W 2 Ak B AT fef A K E by ) PARRE TR Y 0R 2
AR I8 55 , R i B (] Ak B AT LA dnh 2 i AR
SEME  FH T 7 U Ak SRS K UE K PN UE R
PEIG R B IR LG5 S A5 A W T SR VE R Y
T 5 B5CUE 3 11 i (L R AL, PR PR B, 1
Fap S8R YRR 7 A B /N DK U o W A 1Y) 52 i)
AT S5 5 8P I A FH A 3 o PR 38 1
TELE ) B FE 2 WL, W T 5K F 2
AHEAE T, PRk R 5 ) BRI e A AR

F4 FBABKEMHUSE

Table 4 Starch gelatinization parameters of brown rice in each group

BS UBS GBS UGBS
e AfL 5 /P 1685.0 = 22.6" 1692.7 104 1573.7£15.3" 1497.429.9°
AR 36 P 686.3 + 14.6' 684.0+11.2° 620.3 £ 18.5" 573.0 £ 5.6°
Rt 35 /P 1569.7 +27.6' 1569.7 = 13.1° 14473+ 18.6" 1410.7 = 8.6°
A4 WA/ cP 1051.7 + 13.0° 1053.7 = 11.4° 946.0 £ 47.7° 816.0 + 6.3°
1 4 Af /cP 929.7 + 13.3° 9323+7.5 853.0 + 1.0° 786.3 £ 6.2°
50 38 % /°C 772£0.7* 77.1 £0.3° 76.6 0.4 76.9 +0.3"
3 it ) RS A (H 25 X0 e Ry 45 Al AR PR A 2 5 (P<

ARTFFE LIRS K TRy S 4, i Il
TR XRD \DSC %5 7 WL 5E T8 7 Ik U [ &
2 A B it K Y Ry 44 A AR R R L ST ) AR b
H, WG R B, R PR & ZF AL B TR K o
o~ VE MY T A0 35 1 2 I AR R T U R A Ak A A DR
T R O K S 3 0 5 4, o B 26 1 T
U Z 0 M T AL B, (AR R A 1T R
IE 5 (o RS DK Y Ry UKL 2 1T 119 60 P A AL R B AR
2 B A B YR T A 40 T P I RO 4 A fil
VE MY AL AT T 1] JC T G A% 5 AN 3 U RE K TE

0.05) ; Sk 35 52 W) 1Rl R € o A9 M AL 4 4 8 A
KTEATS () VEEAEL 0 T2 | A (D[] A 2 o, 3 i
B 7 i b [R] 4 25 Kb TR 3 1) BAARE R R  0iR
EACRE SIS 5 RPBEATE AT P 114 WU e 45 4 i
SRS IR, DATID {6l R8 A % 380, R R PR, P kg
ST REARTENS B BT 2R i, 28 BT IR AT 5T
BT B 7 IR R] K 2 A TR DK JE 3 Y 45 R
P55 PR R A2, AR R SE R 7 i 14 B R
REFRNYE R IIT AR A T ISR
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Effects of Ultrasonication and Germination Synergistic Treatment on the Structure
and Physicochemical Properties of Brown Rice Starch

Zhang Guangchen, Sun Xue, Xu Xinyue, Hua Dong, Liu He’
(College of Food Science and Technology, Bohai University, Jinzhou 121013, Liaoning)

Abstract In order to explore the effects of ultrasonication and germination synergistic treatment on the structure and
physicochemical properties of brown rice starch, spectroscopic analysis and electron microscopy were employed to compare
the changes in a—amylase activity, starch morphology, crystalline structure, and physicochemical properties across four
groups: untreated brown rice, ultrasonication and germination synergistic treatment brown rice, germinated brown rice,
and ultrasound—assisted germinated brown rice. The results showed that ultrasonication and germination synergistic treat-
ment increased the a—amylase activity and reducing sugar content in germinated brown rice by 0.9 times and 12.0 times,
respectively; while decreased the starch content by 16.2% compared with brown rice. The synergistic role of ultrasonica-
tion and germination contributed to more pits and pores in the surface of brown rice starch granules, but still maintained
the original morphological characteristics. The treatment did not significantly change the crystal form of brown rice starch,
but remarkably decreased the relative crystallinity (P<0.05). Ultrasonication and germination synergistic treatment had a
significant effect on the gelatinization viscosity of brown rice starch, where the gelatinization enthalpy value was increased
by 0.6 times, and the breakdown viscosity was reduced by 22.4%. In conclusion, synergistic treatment of ultrasonication
and germination significantly enhanced the o —amylase activity, and further affected the structural characteristics and
physicochemical properties of brown rice starch. These findings suggest that ultrasonication and germination synergistic
treatment enhances a-amylase activity in brown rice, subsequently altering starch structural characteristics and physico-
chemical properties, thereby providing a theoretical foundation for the improvement of brown rice starch products and the
development of germinated whole grain foods.

Keywords ultrasonication and germination synergistic treatment; brown rice starch; a-amylase activity; structural char-

acteristics; physicochemical properties



