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Abstract: Here, the effects of heat-moisture treatment (HMT) on the structural, physicochemical, and digestive
properties of Chinese wild rice starches with different moisture contents (HMT-15, HMT-20, HMT-25, HMT-30) were
investigated. Results showed that under conditions of HMT, the morphology of starch granules in wild rice was damaged
to varying degrees, the crystalline structure of starch was altered, and short-range ordering was reduced; these phenomena
became more pronounced as the moisture content of the system increased. The particle size of starch increased from 0.84 pm
to 5.14 pm, and the relative crystallinity of starch decreased from 26.29% to 20.65%. The solubility of starch derived from
Chinese wild rice increased from 19.25% to 24.01%, and the swelling degree decreased from 15.13 g/g to 12.11 g/g. The
freeze-thaw stability of this starch tended to first increase and then decrease. The syneresis rate of HMT-20 (35.12%) was the
highest, while that of HMT-30 (13.12%) was the lowest (significantly lower than even that of natural wild rice starch (19.66%)).
Analysis of the gelatinization properties showed that HMT increased the gelatinization temperature of wild rice starch and
reduced the viscosity and retrogradation of the wild rice paste system. /n vitro digestion showed that in Chinese wild rice
starch, the content of rapidly digestible starch (RDS) decreased significantly, while that of resistant starch (RS) increased
significantly with increasing moisture content in the system; HMT-30 had the lowest RDS content (20.49%) and the highest
RS content (28.66%). Chinese wild rice starch exposed to HMT under conditions of high moisture exhibited robust stability
in both hot and cold conditions, and good aging resistance and digestive resistance. The results of this study would provide
new ideas for the further processing and promotion of Chinese wild rice starch.
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Fig.2 Scanning electron microscope images of Chinese wild
rice starch before and after heat-moisture treatment (5 000x)
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Fig.3 Particle size distribution (a) and average particle size

(b) of Chinese wild rice starch before and after heat-moisture
treatment
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A d A%t 4k 5 B/ % Rigunon R 0221905

KRS 2629+069° 0.80+0.00° 1.27+0.01°
HMT-15 2591+0.89°  0.79+0.00° 1.25+0.02°
HMT-20 23.40+0.50°  0.79+0.00° 1.23%0.01°
HMT-25 21.90+0.17° 0.78+0.00° 1.20+0.02°
HMT-30 20.65*0.65'  0.77+0.00° 1.12+0.02°

E: Fl—3ARRFHEATEAEE (P<0.05).
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Fig.4 X-ray diffraction pattern of Chinese wild rice starch

before and after heat-moisture treatment
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Fig.5 FT-IR spectra (a) and deconvoluted FT-IR spectra

(b) of Chinese wild rice starches before and after heat-

moisture treatment
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Table 2 Solubility and swelling degree of Chinese wild rice

starch before and after heat-moisture treatment

A o IR Y% BB /(g/g)
AR 19.25 +0.93° 15.13 £ 1.15°
HMT-15 20.49 0.61° 1422 0.06°
HMT-20 21.59 +0.42" 13.12 £0.32°
HMT-25 22.65+0.55 12.53 £0.26°
HMT-30 24.01 +0.44° 12.11 £0.26°

E: Bl =3 AR FHEEATEFEE (P<0.05).
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Fig.6 Freeze-thaw stability of Chinese wild rice starch before
and after heat-moisture treatment
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AR IS K FE AR E R 7 IS T e A&
AP, Xiang R BLUICKIER K& & 30%)
2 3f HMT, #1615 th 81.68 °C L7+ %1 86.18 C,
UE 18 B F H 2 424.00 mPa-s T %3] 1 823.00 mPas,
i AR A 1 976.00 mPa's T [% 2] 403.50 mPas, %
FHPEEH 3 520.00 mPa's T F%E] 3 289.00 mPa-s, [H]4

fHH 2 072.00 mPa's %2 1 869.50 mPa's. AHILZ
T, HMT-30 HA BEACH i f#E (359 mPa's). &
FiFE (1 815.00 mPa's) Al [E A (582.00 mPa's),
2 B SOV BIOR S B W AF 8T IOR U AR 2 T+ B8 A
(U 4iE R DL LA, REAE T A2 358 20 K THI i b 1R

FR,

& 3 IRHALIE AT IR ML R 1S
Table 3 Pasting properties of native and heat-moisture treated wild rice starches

F o HIBE/C  EALAEE (mPa-s)  AAfRAE/(mPa-s) FRAZEEE /(mPas)  © A4 /(mPa-s)

FORRE  77.63+0.53° 4064.67+4.51°  1332.67+0.58"  4353.00%6.00° 1621.00+2.00°
HMT-15  82.12%1.63" 3564.00+16.00° 936.00+2.00° 3 836.00+24.00° 1208.00 + 10.00"
HMT-20  83.53+0.92 2494.67+14.50° 443.67+5.51° 2749.67+23.50° 698.67 * 14.50°
HMT-25  84.13+0.42° 191633 +8.50°  421.67=1.15° 215033551  655.67 +4.04°
HMT-30  8430+0.35"  1592.00+6.00° 359.00+5.00° 1815.00+7.00°  582.00*6.93°

E: Rl =2 A RR FEHATEZFRE (P<0.05).
2.7 IR ANAL FE A TR TE R AR A TE AL B R

TEH AT FE R, UM 0 /K A T 2R R B T
Tty 55 e 0 T R A DA R IR AR B RO 5
FAAH, RIRFOKIER 1) RDS. SDS. RS 43711 M
41.38%. 42.81% LA 15.82%. 23 HMT, FCKIEH
f) RDS 3% T [%, 1 SDS MRS &3 Tt Hix—
ALK R T K& BRI . Mtz
N, HMT-30 ] RDS (20.49%) Jik /> 1 50.48%, Tfii
SDS (50.85%). RS (28.66%) 73 HI N1 18.78%
M 81.16%, KB HMT 1] LA R B AR 95K U ¥ 19
AR 5T R, Lin Z9% R FE K
SEH SR BT HMT, KI5 KRR,
IR (K4 7 30%) RDS M 96.19% K[43
81.13%, SDS M 1.54% #2H+ 2] 5.25%, RS M 2.27%
TR 13.62%. X AT REAR FURVEN 70 T I AR
KGR FEAER T RAEME, 53000 N
MR AR, UER Z I AE ELAE 3 s, A
fRATVE Ry — MR & 7R 18 B B RS 1 I 0T e K
AT e, I RDS Fl i RS M &Y 8 0% 4E 541
A B 0 U DA B B K R e . i ANIF AR,
INKTER (K> & & 26%) Al/NE BIEk (K
2R 30%) 40t HMT, RDS &89 T %Kl
56.1% A170.83%, i RS & &4 A E N 17.1%
F120.43%“ % 54 G8 YT R L, HMT Btk
KRy H AT FAL RDS (20.49%~33.11%) LA K
F RS (21.97%~28.66%), ol fg ¥ & & T
JESE DA RO PR e i o

& 4 ERAERTEHOREMEHLSFE (%)
Table 4 Digestion characteristics of Chinese wild rice starch

before and after heat-moisture treatment

A RDS SDS RS
FOKIZH  4138%+1.00° 42.81+0.12° 15.82+1.00°
HMT-15  33.11%* 143" 44.93£139" 21.97+0.97°
HMT20  32.34%+1.07° 4540+1.94° 2226+227
HMT-25  26.74%+0.77° 4629 +0.50° 26.98 +0.57°
HMT-30  20.49% +0.23  50.85+1.10" 28.66 +0.90°

E: Fl—3 A AR FHEATEFEE (P<0.05).

3 &g

RFFEEREZ, FEAFEKMERF (15%30%)s
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(Ve fif B 25 3 0, IR B B 38 PR AIG . 7EMIRK 201
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57



MK ESBHL

Modern Food Science and Technology

2024, Vol.40, No.10

TR AN RRY A

13 R FARIIOK AR I PR SR A

AR, 5 HAM K R R B MEBIOK R ML G4 W iie
FrAHEL, HMT-30 RILH B4 e da et Jie
WAL R . BRI, WK ik & T B AR
PEFIORSE R FE V2 A B K T £ dh DLRHE PR B8 R
AT BRI A S5 T EAT R4 (O L FH T o o

(1]

(2]

(3]

[4]

(8]

(]

(11]

[12]

[13]

58

T3 B B I, S A A e S TR AR A [ FIOK (B 3 4R
2T E A S ngR,2022,33(8):37-43.

WA AN, U LA UK R B BRI T 2 S
AL HT (] DR, 2023,44(11):171-178.
/N2 BOK Y E IR 7 S AR BETh R[] 8 i S WL,
2023,39(1):179-185.

HOOVER R, SAILAJA Y, SOSULSKI F W.
Characterization of starches from wild and long grain
brown rice [J]. Food Research International, 1996, 29(2):
99-107.

WANG L F, WANG Y J, PORTER R. Structures and
physicochemical properties of six wild rice starches [J].
Journal of Agricultural and Food Chemistry, 2002, 50(9):
2695-2699.

ZHANG H F, SU J M, WANG Q Y, et al. Structure,
gelatinization, and digestion characteristics of starch
from Chinese wild rice [J]. International Journal of Food
Properties, 2022, 25(1): 2589-2603.

R W, F— € B, 55 0 52 A A o M X ok
VE K9 45 W) FEAUE B HL TR AL AR A 1) S 0 [J]. v DR 2 4R
2023,38(11):44-51.

SR, 1) 5% 2% K8 W Bk A B AR A AL S e R A
VEFAWE T R [J]. 62 i 22 A R AR 2741, 2023,14(1):17-
24.

R AR B, R e A R A () Vi R A AL B
T K TE R VA AR 2 (€ 30) [J]. 6T RF2,2019,
40(23):34-43.

SURIYA M, REDDY C K, HARIPRIYA S. Functional
and thermal behaviors of heat-moisture treated elephant
foot yam starch [J]. International Journal of Biological
Macromolecules, 2019, 137: 783-789.

2= 2 Mg IR SO0, B, A T R AL SN SRk AL
PR AR AT A B 56 (D] 6 R R R 544k, 2021,
39(5):39-48.

AHMAD M, GANI A, MASOODI F A, et al. Influence
of ball milling on the production of starch nanoparticles
and its effect on structural, thermal and functional
properties [J]. International Journal of Biological
Macromolecules, 2020, 151: 85-91.

ASRANUDIN, HOLILAH, SYARIFIN A N K, et al.

[14]

[15]

[17]

[20]

[22]

[24]

[26]

The effect of heat moisture treatment on crystallinity and
physicochemical-digestibility properties of purple yam
flour [J]. Food Hydrocolloids, 2021, 120: 106889.
ZHANG Y, ZHAO X T, BAO XY, et al. Effects of pectin
and heat-moisture treatment on structural characteristics
and physicochemical properties of corn starch [J]. Food
Hydrocolloids, 2021, 117: 106664.

HU X P, ZHANG B, JIN Z Y, et al. Effect of high
hydrostatic pressure and retrogradation treatments on
structural and physicochemical properties of waxy wheat
starch [J]. Food Chemistry, 2017, 232: 560-565.

LEE I, KANG T. Heat-moisture-treated rice starches with
different amylose and moisture contents as stabilizers for
nonfat yogurt [J]. Food Chemistry, 2024, 436: 137746.

XU M W e 2 Bl AR 45 DAk T i A Ak B X ROK i
o AL AR P AN AOUL 45 K BRSOk RHE, 2016,
37(5):49-53.

WANG Y M, LI M, SHEN C Y. Effect of constrained
annealing on the microstructures of extrusion cast polylactic
acid films [J]. Materials Letters, 2011, 65(23-24): 3525-
3528.

MOLAVI H, RAZAVI S M A, FARHOOSH R. Impact
of hydrothermal modifications on the physicochemical,
morphology, crystallinity, pasting and thermal properties of
acorn starch [J]. Food Chemistry, 2018, 245: 385-393.
0, 37 BRI, K1 G 0 A N AR AL B R ik 5 S R BEAK
PR S5 LA A AR P R B2 e [T] . BRI 2 41,
2022,37(10):131-137.

YANG X, CHI C, LIU X, et al. Understanding the structural
and digestion changes of starch in heat-moisture treated
polished rice grains with varying amylose content [J].
International Journal of Biological Macromolecules, 2019,
139: 785-792.

MIAO L, ZHAO S, ZHANG B, et al. Understanding the
supramolecular structures and pasting features of adlay
seed starches [J]. Food Hydrocolloids, 2018, 83: 411-418.
2 A i, R B AT DR, 45 3 84— 2 38 A T K B SR o -
Z W 550 AN [ AR 1 BE 1 20 [J] AR & R,
2023,39(11):143-150.

KRISHNAN V, MONDAL D, THOMAS B, et al. Starch-
lipid interaction alters the molecular structure and ultimate
starch bioavailability: A comprehensive review [J].
International Journal of Biological Macromolecules, 2021,
182: 626-638.

JI XL, YINM S, HAO L R, et al. Effect of inulin on
pasting, thermal, rheological properties and in vitro
digestibility of pea starch gel [J]. International Journal of
Biological Macromolecules, 2021, 193: 1669-1675.
MATHOBO V M, ONIPE O O, SILUNGWE H, et al.



MK ERBHL

Modern Food Science and Technology

2024, Vol.40, No.10

[29]

[30]

[33]

Optimisation of the techno-functional and thermal
properties of heat moisture treated Bambara groundnut
starch using response surface methodology [J]. Scientific
Reports, 2023, 13(1): 2261.

MA S P, ZHU P L, WANG M C. Effects of konjac
glucomannan on pasting and rheological properties of corn
starch [J]. Food Hydrocolloids, 2019, 89: 234-240.

ZHOU R, WANG Y, WANG Z, et al. Effects of Auricularia
auricula-judae polysaccharide on pasting, gelatinization,
rheology, structural properties and in vitro digestibility of
kidney bean starch [J]. International Journal of Biological
Macromolecules, 2021, 191: 1105-1113.

M, T ULV TR, 45 IR A b B0 BRIV R RS
2 R AR P O S [ 48 S RH32,2020,41(17):111-
117.

SILVA W M F, BIDUSKI B, LIMA K O, et al. Starch
digestibility and molecular weight distribution of proteins
in rice grains subjected to heat-moisture treatment [J].
Food Chemistry, 2017, 219: 260-267.

CHAKRABORTY I, GOVINDARAJU I, RONGPIPI S, et al.
Effects of hydrothermal treatments on physicochemical
properties and in vitro digestion of starch [J]. Food
Biophysics, 2021, 16(4): 544-554.

SHANG L C, WU C L, WANG S S, et al. The influence of
amylose and amylopectin on water retention capacity and
texture properties of frozen-thawed konjac glucomannan
gel [J]. Food Hydrocolloids, 2021, 113: 106521.

LIU J H, WANG B, LIN L, et al. Functional,
physicochemical properties and structure of cross-linked
oxidized maize starch [J]. Food Hydrocolloids, 2014, 36:
45-52.

XIE F, YUAN C M, ZHANG H, et al. Structure-function
relationship between galactomannans and their effects on
freeze-thaw stability, retrogradation, and texture of corn
starch gels during cold storage [J]. Food Chemistry, 2023,
398: 133915.

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

WU Y, NIU M, XU H L. Pasting behaviors, gel rheological
properties, and freeze-thaw stability of rice flour and starch
modified by green tea polyphenols [J]. Lwt-Food Science
and Technology, 2020, 118: 108796.

QIAO DL, TU WY, LIAO A P, et al. Multi-scale
structure and pasting/digestion features of yam bean tuber
starches [J]. Carbohydrate Polymers, 2019, 213: 199-207.
HUANG T T, ZHOU D N, JIN Z Y, et al. Effect of repeated
heat-moisture treatments on digestibility, physicochemical
and structural properties of sweet potato starch [J]. Food
Hydrocolloids, 2016, 54: 202-210.

XIANG G Y, LIJ T, LIN Q L, et al. The effect of heat-
moisture treatment changed the binding of starch, protein
and lipid in rice flour to affect its hierarchical structure and
physicochemical properties [J]. Food Chemistry-X, 2023,
19: 100785.

ZHONG Y X, YIN X X, YUAN Y, et al. Changes in
physiochemical properties and in vitro digestion of
corn starch prepared with heat-moisture treatment [J].
International Journal of Biological Macromolecules, 2023,
248: 125912.

LIU K, ZHANG B, CHEN L, et al. Hierarchical structure
and physicochemical properties of highland barley starch
following heat moisture treatment [J]. Food Chemistry,
2019,271: 102-108.

FAN C, YIKAI R, D W T, et al. Heat-moisture treatment to
modify structure and functionality and reduce digestibility
of wrinkled and round pea starches [J]. Carbohydrate
Polymers, 2024, 324: 121506-121506.

O PR, 48 IR AL B R BRI K E TR R AR

Ye] 25k e b T A PR RS2 e (D] 1 £ AR, 2019,
19(12):177-186.
WANG J, HUANG J, LIANG Q, et al. Effects of heat-moisture
treatment on structural characteristics and in vitro digestibility
of A- and B-type wheat starch [J]. International Journal of
Biological Macromolecules, 2023, 256: 128012.

59





