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Abstract

Abstract

Ready-to-eat rice cakes have a soft, sweet and good taste. However, due to its high
moisture content, rice cakes are easy to harden and breed bacteria, which lead to a short shelf
life. The main ingredient of rice cake is starch, and its processing characteristics largely
depend on the properties of starch. In order to delay the regeneration of rice cake and improve
the taste of it, we should to reduce the regeneration of starch. At present, the effect of fine
structure of starch on its regenerative properties has been widely reported, while the
relationship between fine structure of different kinds of rice starch and its regenerative
properties in ready-to-eat rice cakes has not been thoroughly and systematically studied, what
more, the effect on the quality of rice cakes has not been clarified. Therefore, this paper
selects four representative raw materials of rice flour (millet, black rice, glutinous rice and
japonica rice) in rice cake products, extracted starch from them and systematically explored
the influence and mechanism of fine structure of starch and environmental conditions on the
regeneration of rice starch, and sought the optimal compounding to reduce the regeneration of
rice cake and extend shelf life of ready-to-eat rice cake. Hoping to provide technical support
and theoretical guidance for the quality control of ready-to-eat rice products. The main
research contents of this paper are as follows:

Firstly, the effects of the multi-scale structure of four different rice starches on
regenerative properties were studied. The results showed that the amylose content of millet,
black rice, glutinous rice and japonica rice was 15.55%, 11.22%, 4.66% and 8.87%,
respectively. Compared with glutinous rice and japonica rice starch, the relative molecular
weight of millet and black rice starch was larger, 2.12x107 and 2.25x10" g/mol, respectively.
The results of small Angle X-ray diffraction showed that the thickness of millet and black rice
starch was lamellar, 6.9784 nm and 6.6986 nm, respectively. Millet starch and black rice
starch have the characteristics of high amylose content, relatively large molecular weight,
thick lamellar thickness, and easy to aggregation and rearrangement between molecules. The
content of amylose in japonica rice starch was lower, the short chain was higher (39.77%),
and the relative crystallinity was 25.92%. Compared with millet and black rice starch, it was
not easy to regenerate.Glutinous rice starch has the lowest amylose content, and its
breakdown is 162 mP s, enthalpy value is 0.74 J/g, hardness increases from 22.7 g to 33.93 g
after storage, which showing the lowest regeneration value, enthalpy value and hardness
growth rate, and has good anti-regenerate performance. Correlation analysis showed that the
degree of starch recovery was positively correlated with amylose content, Mw of amylopectin,
B1 chain content, relative crystallinity and d value.

Secondly, the influence of moisture content and storage temperature on the degree of
starch regeneration was systematically investigated. The results showed that the enthalpy
value, gel strength and relative crystallinity of the four starches increased with the decrease of
water content. After 7 days of storage, the enthalpy of glutinous rice starch increased from 0
J/g to 3.65 J/g with the decrease of moisture content. The relative crystallinity increased from
5.07% to 22.63%. The cracking and folding of starch particles are more obvious. Water
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molecules initially exist as free water and changto bound water when the water content
reducing 50%. The water molecular motility of millet starch is different. During the 14-day
storage period, the transverse relaxation time T2 of millet starch with 70% water content
decreases from 29.05 ms to 15.59 ms and then increases to 34.59 ms, which indicating that
with the extension of storage time, the ability of water molecules to bond with starch
molecules first increases and then decreases. Compared with 25°C and 35°C, the
retrogradation degree of starch at 4°C was the highest. At this temperature, T of black rice
starch continuously decreased from 24.77 ms to 7.06 ms, which showing a larger decreasing
trend compared with the other two temperatures. The relative crystallinity of reclaimed black
rice starch was 13.71% and 17.95% for 7 d and 14 d at 4 °C, which were higher than other
storage temperatures.

Finally, based on the above studies, glutinous rice starch has the best anti-retrogradation
capacity, therefore, this paper prepared three kinds of rice cakes through reformulation based
on glutinous rice flour. The texture and sensory characteristics of rice cakes were used as the
evaluation basis. With the increase of the amount of glutinous rice flour, the hardness and
chewiness of the rice cake increase as well. The hardness of the rice cake with 25% glutinous
rice flour increased from 711.696 g at the 1st day to 5099.296 g at the 7th day. Chewiness
increased from 76.045 to 517.584. The sensory evaluation data showed that the overall
acceptability of rice cakes was the highest when the amount of glutinous rice flour was 45%.
Keywords: Fine structure; Water content; Storage temperature; Rice noodle mix
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REORAMUHIK, AR SR AINRAMBKREE, RN SIAARMIMILZ, BHEM T
BONRSE BIREERI IR R o (ERIHK & BRGs, o MUl . A A SR
FEORAER DL ORI RO, BB XIEUR, KA BIRF] . REER) T Z i 2 Tk
HOI RS BRAR KRR P R -0 A AP, DAL 42 13 o 1) [ 2 A R DR KRR A T AR AT 2
FEZ—

SEMREAT (81 A ) AR 2 B SE R R . Ve RE A Z A L AN SRBESR . T pH
{6 S TEHLES 155 RE TR BRS04 R L [l A e PR A R MU gl 2 40, (HEI &
AL AN [l S A FROR A0 45 44 5 L [ AR AR5 22 TRV OGRS BITR A R GERIAT L. B
HIT A KB SRR FE 7K 25 B AN i L 5 A T S KO SEAy [ml AR, (R T RUAROR i
TE e BIEOKORE S LUK O A, BRI FAROK SR AN/ N K B K, XA S 2 1K
FEAML P U, SEZOREERIAE, 3] U KEERG I — e WUk . AR — g
Fein, M HBEANHRZHMME, TTHT RS, BAREAE. R @8, T8,
B IR FF A E M AFDIRG BART L ERY A ETCR LN FE . BRE. &,
WRiR 4, AAFEENEFRNE, FEGAH R, (REHNE) fhidd, BAR
A CHBRATSEM. ANERZEA . WEIMRE L SRR SHIRE. BEE ATATEACT IR AT
TREERRAVI R, DNARERA YR iR 2 1 ERRYan, R AVE RN T iR
SRR NIRRT S5, 2 T BB IR oR, /N RRTEK BRI AT A A FH R BAT
R B
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DAL, SO BEAORER= 5 DU B B AR IR, K. Rk 1k
ST G, 43 NP RIS PR R, B RS A . PRI S [l AL P AT
BT, WIRRE A . BRI S e 5 AR (O B AR, DL D Rt 0 R
B AR SR B 5 5.

1.5 FEMRANE

A AR, IR SRR RIBRI KR Ok, k) R
TR 5, PRI PR EGE RS, BRI RRE sp R KA IS AN s g . /KA A i
I UL R X 1 A R (S, SR M DU R [ RO AT ST, MR KR, T A DU
SRR P 8 0 R R I 1 — LB K 5 A o S0 [ 2 P S A

ARSI S B T P 25 R R

Y
PR SR
52 B2 R
| wrskimss i sk s g |
MR &k 5 MAT 531 Joa 4 AR
JEAR &5 SCHEGER HE KA AT
BRI | SRR
LA i SR il AR IR 29 /AR5 e e |

SRR | RO
M RE | AR Fash s A
I A e SR T ¢ v BT R

EESN LTt

Jrones
KRR, SORRE. HEARE éggﬁm

| B I S A L RORE 75 BOKOR) J3 E S

1-1 ACEARHEA

Fig. 1-1 Technical roadmap of this document
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FIE FRIKEHEE SR

21 5|8

S VER B2 () R 3R R BEG VEM AR S VEMPRE QISR . ANRANINGR) . BREE AR 1K
# pH AT E TS WM ST RESN. BKOM. BSCRERS =, 5/
KRG I B4 5 JE AR G M S R o e (B A 7 A — S RS2, B RS R PR RS 40 25 Rt L
(] A R PR PR S e R A V2 4RGE (R R ORE AN [F) R 2K S A R R 4 45 44 5 LRl A=
REPEZ AN 90 R AR A BINRN RGEAIEFE, RIS K ] it 8 FH ot o PR SRS AR Bt A
BEAR SC B R B KR = it P DU A LB AR PE KRy KL SR FERARTRERD 1 AT
TG, G DR R EE N, PR RS 20 225 1 R0 [ AR R PR EAT I 9, BH RS 40
G5 AR R G B A AR 1 5 0 KA
2.2 SEIATRL S A%
2.2.1 ISR

INKRY . KM R BOREKRY CRMIEE A 150 um), WL 5 #5 5l  A
FRAFPEME; FUek i (B 10000 U/mL, 545 3.2.1.68), TWT3EE Sigma A ;
HEEEMAF &, T BI/K 2 Megazyme A#]; HABRFIE N Hral, 1T E 24 F L
FRAER A

2.2.2 SLIOANES

RJ-LD-50G {i# K5 & B0, L TEL M Z AR A ] ; StarchMaster2 P
T AT, Hi L Perten A FRA A5 1S10 AL HZL4MERE(Y, 32 Nicolet AF]; TAXT
plus ¥ MEA, FEE SMS AF]; D2 PHASER X SIERATHMY, 75 E 4 & 75 AXS AR
A F]; MS-H-S10 Z @ IE /L 1 Heds . K40 284y A =] ; DISCOVERY DSC25
ZRFARERL, EE TA A7 SAXSpoint2.0 /N X BB, BUHbF) 22 MG A 7] 5
1260 Infinity 1l &EiBIE B, ZHEERIEA R A ;s 1CS-5000A Plus /=33 B 25 122 e
i, FEER /R B (T E A IRA ] SUSL00 37 & St v 7 &, HARR &4t
HAZ s BEAR A A
2.3 SLWHE
2.3.1 KRIEHIHREX

SR ARPV 7L s FREL— &Kk /0 HU7E 0.03% (m/m) NaOH ¥
Wb, BLLS (miv) BGRB8 24 he 405 2 UL (3900 r/min, 5
min), # % MG L& FEMTEIUEME, LB T /KEE%ERF e E 80K E
UUBETN 40°CHEFE T 24 h, BriEALR e, I 150 um GRS 2KERY, HHE T T)%
R
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2.3.2 Kyehy A4 Ak

Koy E&ENEZ R GB 5009.3-2016 H B #1150k WM& 2l e kA Megazyme
(S FER I E A & K& il E 2 R GB 5009.4-2016 A1 S K4 (N 5E Tk BLEETE
¥ & 20 5E 2K FH Megazyme 1) B ve Ry 127 & 2 B 5T & 200 2 2 18 GB 5009.5-2016 3L
[IRERIE; Mali& &l E 2 GB 5009.6-2016 H & ik,

2.3.3 Ryeky Bl A M I 2
2.3.3.1 BB 2

K FH PE B 73 4% (Rapidly Viscosity Analyzer, RVA) 58 ke 5 RBIALEE, #
EM 5 B FKIE RVA BB RIR G35, TEHI SR & 5808 6% (miw, T2 HEF
W, CAAARR 7 AR AE 2 FFLRIE « ARdEREST 2. 7£ 960 r/min fiidk 10 s J5, AN
160 r/min, 50°CfiE 1 min, 50°C%| 95°CH- BT A A2 7.5 min, /IR 5 min, P FEIG
FI| 50°CHT IS ]}y 7.5 min, 7E 50°C{#IR 2 min. 3840 ih 2k b i A8 6 B A1 26
JEE 2 TR) ZE4E )58 PP A () [Bl A a3
2332 RN E

FAWE S AT AR SE R LI AT 2 R A b ECH 6% (wiw) RTEM L, e Bt/
BNERGH, T 4°CHEE Rk, M2 0 KM 5 KEEMII S, ekt i
H P25 %3k, IETEEA 1 mm/s, MWHANEEE 5 mm/s, WEEEH 5 mm/s, filik 7148
29, FEEE 10 mm,

2.3.3.3 #S7ERE I E

PREL 2.5-3 mg ek T3, MRS 25857 7K=1:3 (m/m, LUBEH) ML
IS F K, TN 4°CUKFE -1 24 h, PAZSIHINN T AT, [ H DSC A% ik 47 1)
b, WA IR TE R DY 30-100°C, FHifiE 2 10 °C/min, &S II#E Y 50 mL/min.
WAL S HIRE A (E 4°C N i 14 d J e FRIAPERT, I 2% 14 [RDR A0 5 2% 1

2.3.4 X 5FRENE

HEAFEL 10 mg BT 10 mL BRSO, AREBNETFHIMA 2.0 mL Jshd
(99.5%DMSO0+0.5%LiBr, m/m), &It HE . BEEME T PR h R,
FEORFERIIRES, P2/ 12 he HEFERT, FERAUT 0.22 um A HLIERE, BRI i OCE

e SEH 1260 Infinity 15 (il ZG000 52, MPRSE1ES %22 1M = CO R IE I A 2 sh -
FE#R: 50°C, ¥i#: 0.6 mL/min, dn/dc &% 0.066 mL/g.

2.3.5 SRR A E

¥ 10 mg VER T ECT 2.0 mL BEERENZE IR (50 mmol/L, pH3.5) 1, KIS Ik
FERFEEBIEE 30 min, HEENE T 40°C/ABEEIR AR KR 15 min, ZRJG 0 100 uL S 3EH;
MEf R 24 h, (HIER 52 mis; WhKIE 30 min L1k N, AHRERE, LA
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R 5 mL B0, 10000 r/min 262F R 50 10 min, BUE & BiERE 0.22 pm JE
I i SR ) e %K 8 1 22 #4138 ( High Performance Anion Exchange Chromatography-Pulsed
Amperometric Detector, HPSEC-PAD) #E{THEMEE KAl e, Mik2k 5% Ren 561
(H751%

2.3.6 HEAFEN =

2% Pourfarzad S50 75 73R A AR 3 4T 486 354%. (Fourier Transform-Infrared
Spectrometer, FT-IR) MAFEMLL/MGHE, FIH OMNIC #f4%F 800-1200 cm™ AT B
M F LSRN, ¥ 8 46 F: U4 %8 : 20.5 emt, 5 Rl -2 2, JAE A PN 1045 cm/1022
cm F1 1022 cm/995 cmt {5 5 LEAE

2.3.7 & REHNE

S A AR OB O R X SR ATS (X-ray Diffraction, XRD) 5 vE 45 i
CEM IS R . AR, % 30 KV, HLA 10 mA, 35K 0.05, FHHEEEE 30 Imin, AT
S (20) VI 4°- 40< A MDI Jade 6 A 1EAT HdE 4 Ao

2.3.8 L BEREHN 2

eI B 9 50% (mim) (IVER L, RS, i TP 24 h, 28 EN4A0KEE ),
FT/IMA X BURATS4 (Small Angle X-ray Scattering, SAXA) 737 . iRk 46 2% Zhang
SEOARHRIE, K A=0.1540 nm HJEL(7 Cu-Ka 5748, TAEHE 50 kV, L& N30 W,
DT B 20 min, W RE AR5 oA R I AL T L ARAS
2.3.9 BRI LR

K T B8 (Scanning Electron Microscope, SEM) W8I 4r 48R Sl 4K
S BUD B I e T A R 1 5 W IR R b 6 b, B IR mE 4 e 3t
IR, i H N 3 KV

2.3.10 RIEBFEH S5 B ARk 2 IR A SR i

WLl ikay AP EIRESC S ol 1 S0 1= /S i P 1 ool U S Y OB S e Y 12 B a1
BRI R T Z 0 (ANOVA), p KT 0.05 F1 0.01 43 7R B A Y B E M 2 7,
K FH B2 IR A RN M

2.3.11 AR

AR FE A SEIG )W B 3 AT, SEINEE F P A A bR R 22 RN . BUHEERE
F 44 Origin 8.5( & [# OriginLab 2~ &), 4 T 2 V& 43 A FAR M 43 F 44 SPSS 17.0
CEE I1BM A F]).
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2.4 &R 518
2.4.1 Kyeky ZAH R,

PUFP KR (AL 7 AR 2-1 B o PURORTER RIS & e BAR BT WS 2 57
BRI R 2 EE R R R AR BRI K, BER & &R nIE 90.59%, BRI HRKGER, B
Br& &N 79.61%, XEBAPEGTREATRARS, AR, REEENLES,
BARAETERN B R S BOH T TR, R SRR IR 7 & B A 23 & B
o AINKIERIE A& Rim, Nk 0.60%. HEER & EMAZERA, INKIER I HE
Ve SRR RN, HORKIER M EEEEm S B 10.89%, X 5 AR ST 4
R, BEEEH IS EBIREE B mKes (AR, R, EhEE
¥ 0 T HIER B B EAT 731 0] LU AT HESI OF HAR eIt 2 32 2UARIE A A R BRIEEL
Gk, EATT L RE A B AR SR PR R Sk . BEETC R S8, (Bl A R AT REml
J}E@j([m] s

* 2-1 AFEPKiEmEALA S (g/100g, T5)
Tab. 2-1 Basic components of different rice starches(g/100 g, dry base)

PR 75

i A i e EHREE A i & & Koy & &
CH¥ER)

IR

S 87.2840.792 15.55+1.472 0.6040.052 0.0340.02¢ 0.3040.00°
e

oK

e 79.6147.732 11.2241.46% 0.1240.03° 0.4440.032 0.7140.022
VAT

*%ﬂ{ b b b
- 84.3543.362 4.6642.48° 0.1140.04 0.3340.00 0.2040.00

VEM

HK ) A A
- 90.5944.022 8.8740.55°¢ 0.2049.07 0.1540.02¢ 0.2240.02

VER)

VE: [FANG FRER[E 05 B S % R/ p<0.05
2.4.2 Kyeky B MR 96T

2.4.2.1 MR

[F A B N AAE R A ER S R ZEE, e S BLUE KA v 4 5 I AR e M A [ A=
PE, BEAE A TER R E AR B RIFR AR, VERR A [l AR AR, i BH R 7S 5 2 T
Az, FECLEEEE AN EAR RIE K. 3R 2-2 T RLE B, DURPER B RAEE B RORE 7,
FERTER I BB B/, ANH 162 mPa s, 1 S KJE R HA & K [ 4 (1007 mPa s),
KUK TE M A 2 BURRE T s, (HARYE 2.1 BEAHA S hEEE S ERE, B
KE R I B B B T/ INKUERD , X AT BE R AUE K [ A BE ) IR 55 M2 HLEETE & &
RIgemd, o2 R VeGSR IsZm . ZEFERNEERBERKE, Mmoo I
G HAHE, BRI SER B0 Bl B o A E R E 8, W DMK itk th 28 (& 2-1),
LK BORAEOKTER AL, RKTE 2B R RN (737 mPas), it B 36 H P ARG
KUEM T IRERE I, IR ERIE

1N
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R 2-2 AFRKIEM AL R E S5
Tab. 2-2 Gelatinization characteristics of different rice starch

pe RAAb I VA 286 MEFE LAHF A [l A= {E
HH °C) (mPas) (mPa s) (mPa s) (mPa s) (mPa s)
:gji 71.4540.212 1130.544.95P 632+42.832 1403.540.712 498.542.12P 771.543.54P

i
oK
- 70.3540.212 887433.94¢ 391+ .41¢ 1398+465.052 496432.530 1007463.642
WS
fﬂ%ﬁﬁ 68.840.42° 1188+19.80? 57545.66° 737422.63° 613+14.142 162+16.97¢
il
Ej; 68.840.85° 110945.66° 47740.00¢ 1310424.042 63245.662 833424.04

E: FFVNG FREAFR R &2 2 57 p<0.05

it
_ — W _
1600 s ] 100
1200 85
' O
i% 800 70 <
i
ot =
Wt
400 55
0 I - ! - L1 40
0 400 800 1200

e Cs)

2-1 KIEH WAL RFE: Hh 22
Fig. 2-1 Pasting curves of rice starch

2.4.2.2 FiRRIE

W i BT ) S A, JER e AR B . RIS SR bR s R A A tk, Bk, TRl
T 5 VE Ho B PR SSRGS AR S R I [l AR R, 45 R 2-3 o . S 0 d i)/ NKE
¥y ROKVEND . RRRTER MUREK UE R B AR LG, (580 5 d Ji5 AH SR VE R JhE R PR 2 73 531
WINT 42.77%. 32.55%- 57.46%7F1 80.78%. SR K UE M 15E I RN R Ve M 45 R 1) s i
FEAIE LR, (H i T IR PIMORTER B AR R LN, BRI 5 d Jim HBEIAE 5
BN e ANRTERY« REAKVEN FUREK E M I i 3 ) R 1k 70 BRI 1 13.15%. 33.40%41
23.79%, FRKIER BRI = T 208.07%, FRKie kB R EE K EE, A5
fKVER AR B, AR BT I e P 5, 1 B LA 10 o L i N SR . X
52421 HRB AR EN ARG —3 it SHMCKIERMHEL, NRERTEE S
KA, TR GE A (Pt [ AR RE R

11
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R 2-3 AFKGER BRI 5 d 7 TS5

Tab. 2-3 Texture parameters of different rice starch gels after 5 days of storage

FF dt i 5T (7] tE 1 (9) S Zitk(gs) TR ML Mg EF=E[E)
INKIER 182.55+13.972 -102.4946.08¢ 0.0540.00° 0.0440.00° 0.0340.022 0.0140.00a
od HEOKVER) 161.6445.622 -84.86+1.17° 0.0429.002 0.0429.00° 0.2640.022 0.0140.00°
KK TER 22.700.35¢ -15.6245.29? 0.0540.000? 0.06+0.01° -0.0140.00° 0.0140.002
FKVER 74.8146.19° -57.6448.20° 0.0529.012 0.0539.012 0.1940.082 0.0140.00°
INKIER 260.6241.292 -89.01+15.33" 0.0540.00° 0.0440.00° 0.5140.012 0.0140.002
5 HOKVERD 214.2640.35P -56.5245.72% 0.0540.002 0.0440.00? 0.4410.04° 0.0149.00?
KK TER 33.9342.02¢ -48.1244.372 0.0440.00° 0.0440.00? -0.0120.004 0.0129.00?
FKUER 135.24410.47° -43.93419.092 0.0529.002 0.0429.00° 0.2540.00° 0.0140.00°

e RSN PRI RIS B E 2 5 p<0.05

19
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2.4.2.3 =R

DSC B H Il Fvige T AR R R A R Rl I R 16 A8, 5 ie Ry 2 2 B R EAR 5%, [RIE
A DU SR RAE Ve N 0] A R 3400, ARERRIE R R 14 d J5 )% S50k 2-4 Fiok.
25t 14 d figiE)s, VIR DB R RIVH A R EA &S, RISENKEIN R
IINKIE R > BEKUE R > KK TE Ry > KoK ie Ry, S-S TER B AR 2RSS, Fril/h
KRy W Bl AR f oK oK TER IR E A 0.74 Jlg, AT Hoft =FioKUe b 1 #ud
18, UiWRRKUE R B AERR RS, EMHERNEREP IR EZNRERD, X5 2421
A1 2.4.2.2 R FLEE R —3K

R 2-4 AFPRIEM i 14 d J5 #1558

Tab. 2-4 Thermodynamic parameters of different rice starch after 14 days of storage

F i To(°C) Tp(°C) Te(°C) AHQ/g)
INKTERT 41.4441.15° 53.3640.64" 62.99+41.10° 5.254).342
FEOKJERY 46.1440.64° 54.9040.742 59.1540.13° 3.3840.29P
KA TR 49.3040.89° 55.8340.35? 60.7140.81° 0.7440.02¢
R TR 45.0640.86P 54.4140.25% 61.2740.70% 2.8240.03P

P FSVNG RPN RN 5% 57 p<0.05
243 MXFFRESM

ANFEKGER B E AT 7> T Fi & (Weight-Average Molecular Weight, My) 13 2-5
FT7R o DRG0 A RE KSR i S B Ry Mw B (2.33%107 g/mol),  Fe/IM kR K
SRR Mw (1.61107 g/mol). BTk & EX AN 2 F A — e i . H
B R SRR Ve B IR R, KER I 70 s 93 B2 IEAH G %S, 40 lturriaga
S0V 3 B e b B i T DAIIE SRR [ AR R R . AREE R 2-1 5k FE, DURCKIER
INKVER BRE S B, S AN TRESMERKE, NARTERE Mw AR,
X B B AR A2 BRI 70 B (R RN, 302 52 21 ARG 4H 265 74 1) 52

% 2-5 ANFKIE R I H AR 4 B

Tab. 2-5 Weight average relative molecular weight of different rice starches

SCHEVERT IE LR E R I
FE
Mw(>L0" g/mol) Mw(>10° g/mol)
/INKTERD 2.1240.07° 3.3320.61°
SEOKVE R 2.2530.05% 5.5320.58%
WA VE R 1.6140.09¢ -
FEKVEN? 2.3340.06° 4.92+.03°

T “rRoaoRBEINE AN ZHG RSN TR RIR R B EMEZE R p<0.05

12
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82r — BkEn
— i

M| 57 L0

70 L 1 . 1 . 1 . I
25 30 35 40

{REFEFA] (min)

K 2-2 ANFERKGERD I 701 i &0 Al
Fig. 2-2 Molecular weight distribution of different rice starch

2.4.4 HEKSA

R 2-6 NAFKIER B SCREVEM BEK /A5 B o RIRBEIANE], R SRR R 5%
Sy NPUANER Sy, 2yl AdE (6<DP<12), Bl ## (13<DP<24), B2 5% (25<DP<36)
1 B3 5 (DP>36). HHEE 2-6 &1, FrAtemi A B BL#E& B0, /N KIEm T,
B1 % 5 i =i 40.91%. REoK L REKR AR UE#r 1 A BE B 225w T/ N K TEf 1 A B
Lol Z RURIRIEALR I, SSCBEERm TS 10 A BER 20T, oA iife e M XUB e 45 14,
g7 IR RA TR B 3 HME AR E , T 7 7B EHF IR B BUIS, B R A2 AIG
(U, Kk, S/KEMHLL, K. KRR R AR BAR, X5 AT
ZER B A, AR M EBK K TR S R EOL A AN PRI OR, AR oy T
(DP13-24) \Stbm &F)F e 4. [N B3 # 5 T EAEve A BgEss, MREI/K TR
AR, &G A TER 2 L 402, Shen SR\ NN BEZ IAIHIA HAE R, 7T DAk
KR HE = A gk et Bl A . 25 F, ABER B 8 EE Mk BIAEREE, Jigkhd

A BE SRS, BLEEAT B3 B A7 LUK, SER R A R ST R

# 2-6 AFPKIER PR /A
Tab. 2-6 Distribution of chain length of different rice starch

BER AT (%)

i DP3-12 DP13-24 DP25-36 DP>36
INKTERD 35.5640.36° 40.9142.382 10.9840.592 5.4040.062
PEORTE R 39.150.222 36.0120.14° 10.1040.02° 5.0920.05P
Y AKE R 40.1740.542 36.65+40.14° 10.6340.042 5.2340.012
FEAKUE R 39.7740.282 36.70+41.31° 10.4940.16 5.2740.16%

E: FSVNG P REAE SRR B2 V7 R p<0.05

1A
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245 HERFHE

2T M6 1045 cm /1022 cm ™t A1 1022 cm /995 em U455 i Eb AR BEWS Sz it i K 5
R EFEA PP, 450N 2-7 Aok, 1045 em/1022 cm () ELAE 8K B 1022 cm™%/995
et B LCAEER /)N, SRBAVE R BOR R A 7L s . AR 2-7 WA, /N KTER ) 1045
ecm™/1022 em t{E ok, H 1022 cm™/995 cmt FL{E S/, BEEH/INKIER IR A 7
Befme AWTONN, SCHEEERM TR KEE ST B K IR e L5 14, [RII 2{H5E 2 Al A
Sheh G, BB, TR SR UM RUR R G M AT, A5 B
TS L P <07 NI 7 71 0 e ) € 0 L S o el o a5/ (A P | B Qe b 18 4 A5 A AR L 29 i
SEVERLZE, HRRTA P EEEAL, SBHARS KAERERLR.
R 2-7 RFKSERFERE S T FFFE S MXT 45 b

Tab. 2-7 Short-range molecular order and relative crystallinity of different rice starch

FE i 1045 cm/1022 cmt 1022 cm™/995 cm* FHXT &5 G (%)
INKTER 0.76+0.00° 0.9540.00° 29.12
BORTE R 0.7020.03° 1.2240.062 23.41
KA TE R 0.7240.01% 1.2740.032 24.13
FEKTER 0.7020.02° 1.3029.012 25.92

e RSN PR RS BE T2 5 p<0.05

"/‘uj\f\\/\‘*\— ST
M\N\ e
"'Mﬁﬁ— KR

A T R T SR SRR SR H
5 10 15 20 25 30 35 40
20 (°)

(€] 2-3 RIFIKVERY 1) X-SHRATH P i
Fig. 2-3 X-ray diffraction patterns of different rice starch

2.4.6 G5EEH

ANEPRTER ) X-BF i it b an i 2-3 pras, WA T LR, TYReRiEf R0
H LAY ) A BIATHTIE, 2B 152 172 18<F1 23°(20) 4bFH Bl B TS HE, Hk 2-7

15



NEE PN e 2 A7

AT CLE L, /N KN IR R 55 b BE B3 K (29.12% ), SE K M IR AF X 45 ot B B3 /N (23.41%)
I LEROR I, AR S5 P DO b K E by DA () ELBE Ve 2 5 55 A 0 &5 o B VA I i () 2
PER R, AHA SCERIRIE A A, TR FRIAFDG) 25 o P55 B 6 FE R A & B (R B N T ok /S, 3k 0t
BRYENT AR5 SR R R T 2L B3 e, 18] 5852 2 H e S5 MR RE e o A HE AL
RIS A0 2 i RN 2 AR — B (RS . Shevkani 2511\ 0y DP > 13 (1%
ORI, VER S 5 U U RE E IS i a5 1 o IRYE SCREE M BE K i e a5 ) (3R
2-6), MIEM TR KEE S Er (DP > 13), JEMA S RAERAEINS, Frilik
AT 5 b 1) R BE 7 LB R, TE I SIS i 4E M AR e, TR TR A T
AR5 SR FE s ]RZ, SUERn I RKaE b7 LU, SRTHA 7 B A G 45 o B v 1)
TR TS R R A .

2.4.7 R FEREW

R 2-8 R 2-4 43 HINASFIKIE R 1) SAXS SECRIEHUN k. 70T REMI /M X
U 2 I 5 BN 2 T 22 T 1 O 3R — MR ATE Power Law A3 1~q7, 8IS |5 g IO
B2k, KGR o fH, I HRAEVL 54 OR SRR E) BRI D @I,
A1 <a<3W, RERRIOVRED LR, HXEIAEL L2 E4E% Dm=a, Dm
BT 3, FMEEME; H3<a<4l, REERIONERmMIPILEE, BN
#, B4R Ds=6-a, 9 o [HBUKK, RUIFEEMRKA PR S . K IUROKGE
By B SAXS XU £ ith £ oA A L RS R B XCEEAT 1A, S 3I1 o (HAK 2-8 PR,
INRTERT AR E Y, B R FERTE R MR T, HARAEERTE R ) o fE5E
Ko RIMEDIEHIESE B LR DR AE A R, AR e, FibR
Kes R AR )~ 45 251 /N R BE R I SE IS 7, ST P I E5 R AT REAN R 5
KA . HUMIEIR S F 45 A A OC, WIS, P45 a2, UM 158
&5 R HFFAAG 0%, SREERRCR,  XUB e s i — Bk ikar . MR K 2-4 KE,
DO OKIE N HIEE SRR BEARLL, U B ~F 45 R 5 A8 10 58 PR AR AL R R AMRE DK U Ay F 06 o
JERER, FRom — 38 RUR eSS H) — SE R4, QU E — BT AvEpn L Iml A=k R AT

TER UKL 45 i XA 58 L X A B HE A BRI 45 i RS, SAXS BRE R
Ko FL 5 SR AR RFAE . FRHE Woolf-Bragg A3 d=2m/q, 7 LAAS BIVE R UKL I - 5
FRIERE d, IRAE ERTTRL, ANKGEREA R R d Sk, 1851 6.9784 nm,  HOKVER)
F, RGRIER AR TE R I ZZREA W8 AL PI3e ] B v b & X 2 45 00 2 SR A
—OERN, BEAE EEEE R S RN, SRR BB EENEY, & 2-1 fik 2-8
MRS R R, ARSI e R DU RO SERn 75 & DL E BRI, 455 BL W s, ASCHEN,
TER A5 R R ERE N, Sek o R AR AEBLR .
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* 2-8 ANFKIERT T SAXS 24
Tab. 2-8 SAXS parameters of different rice starch

T q(nm-) d(nm) a Dm Ds
INKITER 2.8805 6.9784 2.8805 2.8805 -
HEOKVER 3.0415 6.6986 3.0415 - 2.9585
Fifi K AE A 3.3781 6.5389 3.3781 - 2.6219
FERGE R 3.3899 6.5047 3.3899 - 2.6101

M FORRBEING AN ZEL  FSVNG T REA R R R B T % R p<0.05

o sNKIERD
100 fA o FRIER
& ffRKERD
T KK
10
=
N
2 LF
3
g
0.1F
1l 1 I A |
003 1 10
q Cem™)

2.4.8 BUNLFEHINE

K 2-4 AFEPKIERT ) SAXS HiIZL
Fig. 2-4 SAXS curves of different rice starch

Ik 2-5 Fow, ANRBERY S H AR =R BTN 3 AT MR DX /R K
NI, N NERIE, BRCR A ST SLEH e . AT TLRN, St

KRB AT N N IRBEAR B & B LI, AN AR SR A

il A4 AF it B

A F 940 P 7 R B e I 7 A o IR B LA AR AT B T T R K A 2R N 3 A
KL, ATTINERGE R K AR IR A o FRORTERr R R TR RUREAK i By B AIURE 45 44 243 52 A R
MZ ML, AUERA, ZR=FKRE TIOR3, FrEUBSURHE ML fETEH
BRI 2 LA FIREEE AT, AT Re it RN TE e R 8 R P M s, — B2
[ ISE A AEH SR, IR AR RS U by UKL 2R 1 5 DX 2% PR T SR IS, )
ORI 2> 3 BN R LB, S BRI H BLMIT
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R gu} »».»n'.‘:m.-'u. :;Eaﬁ‘ ‘ L ' 5.00um " f'-‘-:(w:uss,»\/?v'ﬁm \ A ‘ ‘ } ':"; /v
K 2-5 ANFEIKGERD BRI 35
Ca: /NKTERY, b: FKIER, o WKUER, d: KEKWER)
Fig. 2-5 Granular morphology of different rice starch
(a: millet starch, b: black rice starch, c: glutinous rice starch, d: japonica rice starch)

2.4.9 KIEKHFEAN S5 55 18] A4 2 [ B AR S o A

ASHR I3 XHEA [ A R LR TR ARIEAT TAIRME M, SR WA 2-6 Fra, RIER
B FEIR Z EAFAEAE AR AR, R fabr 2 A S IEMSC, R 20Ul
Ky OGN R RSN . ARSI Rl A AR . AR R AN IS By el A
PERUIEE fabs, RIEE 2-6 TLAE Y, [PIAE. ZEFEMINGES B & 8.
SCHEVERIE My, BLBEE . XM, dEEIEMER, 5EAREE. qf. o 5E
TR, R ZHTE B & B SCREERNE Mo BE R BLEES By HIXS4S
AR d ERCRE, Jem < TEINE S K AERAIS, HAVSES Bk & B
PERBOY 0.995, ELHEVER & EATUER I R IR RIEA SR A AR OGHE, (£
JE B RS s AKG BT R A, T AR e R A 20 254 R A SR e A [ A R P A K
Ny FFREE EATERR A, REEORTE R ORI S I RIS .
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ChiPlot

079 SETEHEMW

087 Bk

-0.55 o EEEE

0.9 AREIR

TR M

Kl 2-6 4R b ] AH S 7 A A&

Fig. 2-6 Heat map of correlation analysis among indicators

2.5 KFE/NGE

I e K VERS AV, BN T IRE . K AR E T S5s
e g8 0 IR G R AN ] S M K Sy Bl R A, S5 SRR (IR /NI R S K b
Gy, ROKTER A BT Iyt il 5 d JETE BRI fE R 14 d S5 Ve R AR s (E
KNG 38027 K GE Ky > BEKGE R > KEKUE R > KoK VER o« KUE R kG A 45 44 55 [a] 26 14 )i
PR EE . WS IRER ], /oKL FOK L R KIE R 1) ELREVE# 2& & 431~ 15.55%.
11.22%. 4.66%F1 8.87%; X FHELRKY, Sk, BEKIEMMLEL, K. &
KR AR T REEOK, 2 9A 2.12107 g/mol F12.25%107 g/mol; /N X ST £6AT5F
45 BTN H /N KR K TE R I 2 R RS d R, 43510 6.9784 nm 1 6.6986 nm; /K
FEKVER HA BEEm S &R M2 TFRERKR. FEEERENR A, 7%

REFH E 5 KAEF AR . FKEH B & SR, meE bR, AN
39.77%, AAXTEESE N 25.92%, H/NK. BREMHLAE G B4, KK TEN o B Ak
WS ERIL, G REAE N 162 mP s, HUA{E A 0.74 Jg. FEEM 22.7 g K3
33.93¢9, RIMHBACHIEAE . RIS EMBEEHKER, BA RIFMPUE AR MM
INTEEREIR, JER PR S R SR SCEEVE R E M. BLEES &L AN 45
FER d B 2 1EAH %
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B=F ko FARAERRE X KIER E S R

31 5§

TR 4355 B RO I, S5 P 35 25 A o oK e (B AR — € B2 o 7K 3 s AN [R) AT DA
XHER > FHERIZ s = A, AN RAER, YR RFKSEEN, ©h
TR S, ARTEESE. ik, KOEEKN, o TERSDEE,
A EEBEAR K BB (50%. 55%. 60%. 65%F1 70%), VLK. i flE
RIS NI E (4°C. 25°CHI 35°C), MFFT 3 Xehve ko [ml A 1o 752 H M I 11 28 4k, A2 B A=
HLFREE,

3.2 KWATRS 08
3.2.1 sEHE

%18 2.3.1 J7iEEPR U UR RN ALl o o b, T 25 A 2R A
RAA . HAtARHE 2.2.1,

3.2.2 SLIONAS

MesoMR23-060V-1 1137 #% R 3L 3R % 0w, il dia 7RI H R A
DISCOVERY HR-3 i Z81%, FEHE TAME AT HAEE 2.2.2,

3.3 LW A
3.3.1 [EIAEJEAHIH &

ANFIK oy B s Iml AR e By A il 2% B e By 5 5 B F/KIR & 145 /K 43 & 84 70%- 65%-
60%-. 55%#1 50% (m/m), RItL/E¥AEIRIEIR, T 25°CHEILF P4 7 d & 14 d 4T
PR AIIE , BE 7 d K 14 d RTER BERCHET 5 By, BEAT 5 S R 5 .

ANE IR B AR e Ry I 4% Bk 5 KB FKIRE G, 15 /KS & &N 656%,
WAL G EI B =R, T 4°C. 25°CHN 35°CHAEE Mg 0 dv 7 d A1 14 d J5 #4714 5 1)
5, Kk 7.d A 14 d PIVE R AR S S B Ry, AT E PR e
3.3.2 WL EN &

27 GBJT 38573-2020 FTik Y /v, W5E Rl A=A SR AL 2
3.3.3 AJyFIERME

AEKDEE: H TA BRI FREL 2.5 mg-3 mg FIKIENR, 1%IB/K &8 Rk
Z M1 70%. 65%. 60%-. 55%F1 50%, HFETHEsDIIMAANFERLLGEK, %G
BT 4°CUKFE NP4 12 ho P45 HIFE S R DSC ¥ Hoiik, #1414 30°C-100°CTHE
Mk, FHEEZ 10 °C/min, #FHA AR, FEA 50 mL/min. W40 5 FIEE ST 25°CHE

29N



W= IR SR A LA R X K SR (e A

BRI AR, T 7d A 14 d EHEWERIEA S 2ES5, RS F: 30°C-100°CHHEFE T
FHEEZ 10 °C/min, #HASNES, HEN 50 mL/min.

AN EMBROERE . WL Sk 2R 8] B o Bk 5 RE BN 4°C J% 35°CHE R AH
Wi 7 d A1 14 d JE = IS
3.3.4 K4rFiEshiztk

KB 0ds 7 d A1 14 d BIAS[E 7K 2325 5 A0k SR FE ) ST M RE i, 0 B 20 5 g
BT AR AL I IRGRDE o B3 2 HX BRI AZ G AR 43 A 43¢ (Low field-nuclear magnetic
resonance, LF-NMR) HJEHREH, K& E T K AR OAL B I AZk Bl a4 s,
H Carre-Pricelle-Meiboome-Gill (CPMG) ik = 51l 4% & 1) H Jie- H e st IR 18] T 2.0
CPMG IR HIS%: 4 SF=21 MHz, R4 01=397568.48 Hz, FAESH
TD=200002, hiFFEyEEtE TW=2000 ms, Zinvk%Er NS=4, [ElyEf[a] TE=0.5 ms,
NECH=4000. Jxi#HZ%. JEPRNAI: 3, 48K %: 1000000,
3.3.5 FIBRBZREN 2

BBl 0d. 7d A 14 d AFEIK D SEITERFES, 20 BB 3E4T 30 &R AR 2245
R EHEARA 40 mm FEATHR, RS ECA: NAE T8 2%. BN 1 Hz, {E 25°C
NP4 1 min, 2R M 0.01 Hz-10 Hz SR F4, A -HEHEHAS . SRR R
(GO WFEE (G FdR TR K& EAN S0%MIFERFE T A [F) fifs B e
P RE S RS A, BT DAV HEAT Bh A T AR 2R T B 22
3.3.6 A RN &

FHPI: A3 AT ASO6 e Ry EAT 28 S S 6 o 0 e 2518 1 FH P/5 #53k, RTIEREE N 1 mm/s,
MR NIEE 4.17 mmis, WJGEEE N 10 mmis, flk 1N 59, N HIFEREE 50%.
3.3.7 XL HENE

MR 2.3.7 — 3.
3.3.8 [EIAEye Sk FE 5 Wi 22

HY 3.3.1 ML G e MRS, BEAT R jE Ry ok S 22, K461 S 2.3.9 —FL.
3.3.9 AT

A 2.3.11.

3.4 BREWR
3.4.1 WMkEE

R 3-1 NIRRT & eI . BB K7 S R B, /KT WAL PG 2
%, KOS R S0%H/INKIER L T 23.81%, B TIRRMNKD &R, KEHiE
FrBcAT se it . =Ko & BRI, Jep Bk sME e 5K 1R EKEER, W

91
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A VERD 45 R R EEAMASBIIK 731, VE R ROURL P I R Ah R 10 S B B IR, B AN
Ji ELH AR, ARy S BRI, VER T SR TSR E, dRER IS e B
RLBE— PRI, KRBT, AL PRI, T K L KRR JEH AW 44
REPE LN KTER R — 128, Ik & 50%H B AKVERBILEE A 45.37%, DUFKIEH
FARRTER LR K, Wt iR e 4, S/ MBI A 77.77%.

R 3-1 AFKD &AL

Tab. 3-1 Gelatinization degree of starch with different moisture content

FE i 70% 65% 60% 55% 50%
INKTER 72.30+1.83° 65.05+41.994 39.8341.534 30.95+1.53¢ 23.8120.92¢
HORTERD 93.6043.07° 88.800.48" 85.7120.00° 61.0344.20¢ 45,37+ 45¢
K K TER 99.5740.16% 98.28+1.06° 95.3942.132 94.4240.76° 77.7740.612
FEKUE R 89.60+40.00° 81.6743.93¢ 78.48+1.46° 72.09+.46b 66.9442.33b

VE: “OFoRAREINE AR BE [H5NS SRR A 3R 3 M 2 B p<<0.05
3.4.2 RS HMR

AN 7K G B DUFOK S A (B AR R ) 3 7 22 2503k 3-2 23 3-5 Fn. B K
SRR, N KIEN ARG TR PR, LEIRE TR, AR IS E iR Ak,
WK 53 8 70% /N KIE R iR 7 d S5 R a6 TR To(55.16°C) 4% 1HiR & Tc(70.56°C) .
PUSEAH (1.39 Jg), HB/NTFKAEEN 50%/NKEM MR 7 d JEHIERGIRE To

(52.99°C). ZIEIRSE Te (72.13°C). HUEMHAH (5.18 J/g), Hoar =HfoRKTe M 78 it el
NI F S B LR & XA A

*® 3-2 AFEKF &R T INKTER BRI F 28
Tab. 3-2 Thermodynamic parameters of millet starch gel under different moisture content

fift B 2% AT ECLRIRTE To(°C)  WEHIEFE Te(°C)  &ULIESE Te(°C) HASAH/g)
70% 55.16+1.36° 64.1340.40° 70.5640.23° 1.3940.33¢

65% 53.934).18% 63.4740.11% 71.1740.04% 2.5240.24¢

7d 60% 54.1340.78% 63.2440.24% 70.8640.24¢ 2.9620.05°
55% 53.840.24% 63.42-40.59% 71.9740.45% 4.0140.12b

50% 52.9940.27" 62.9940.23" 72.1340.45 5.18=0.242

70% 55.4840.13° 64.5240.472 71.5640.762 2.5530.31¢

65% 55.6740.212 64.2240.08% 71.7640.28° 3.1429.06¢

14d 60% 54.9940.01° 63.8240.17" 71.3740.35 4.1040.11°
55% 54.3740.01° 63.690.12 71.7340.35 5.3740.02"

50% 53.50-.08¢ 63.4440.24¢ 72.0640.16° 6.4440.16°

T “rRoaoRBEIE AN ZHG RSN TR RIR R B EEZE T p<0.05

XYL 7> & B B B AT BRI e, ek 7 1 2 RSS2 A2 %, TR
A PRBCE I S BN E RGN, B AEAR W Y R SRR, WA

NN
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