547 % 4 16 i Tl B Vol. 47 No. 16
2026 4 8 H Science and Technology of Food Industry Aug. 2026

TEHEHE, 2, B3EsE, A5 T 07 2O BRI | BRI B I AR 2 (9], Bl Tl R, 2026, 47(16): 166-175. doi:
10.13386/j.issn1002-0306.2025090013

JIANG Kanghui, YANG Jie, HUANG Liangliang, et al. Effects of Processing Methods on the Structure, Physicochemical Properties
and Digestibility of Highland Barley Starch[J]. Science and Technology of Food Industry, 2026, 47(16): 166—175. (in Chinese with
English abstract). doi: 10.13386/j.issn1002-0306.2025090013

RS-

i

TR ERRE S .. LR
BB R 32 e
HERE, 7S, EEE, kB, 2EE, KEE, T B

(BBEHKRFERNFFRERAEEFERE RIS ZANA A E L LT,
A Z 860000)

B AR AR e T X3t F AR 2 M AL R B Foh, AT AFRABA, A& R4 (260 C,

15s) A& GHAREF 65min)  FEAH (BARAH SSmin) Foi EAF (KA F 38 min) w9 A 40 T4 3E
TREFRTARE, HAOWN AR LR HERF IO EM, ZER BRI TR TR, 2RE%: R
A REH; e P ERS. RE;, RPN IhBMEKL, FEAFCHEREE. HE;, &
AU E LR, AFHTTRIHBPELEN R RENERTEHIR, AFXhATLEHELNH
5.61% (FERAF D) « 4.77% (HEAFEH) « RARITREXFHARHMLFEERFRRT, L+
R AR AL R0 AR ML AL A 26.67 cP, Mk ElI AR TALE DS, A 343 cP. b4, FiA I X4
Fliehaa s, AP FRAFRELARRE, GAEEH 17cP; BRI EREAHERREERIN: F
AR SR> E R > EA R B> RS, AR ERIT, SEAHIHOBTEATAEER

X,

I 993.63 J/g (RFZE) B E 75989 J/g (HEAB ) , #—FILFETHEAF M THEMOERIREA

RBF. BATERNETE, ALK EANAREA LS (G>G", tand<l) &9 FnMiLiiik, G'5 GEH I
AMER KT, HERWGEAZRANIT. SEAF KN tand A Z AL, RALLEHIRK
AME, ERKET X tand A HBAFE, ERAZHREILF—K, ANLRREMIHF AR E. FTH
W B FERS T 4 (Resistant Starch, RS) #4 & (P<0.05) , FEA#f=d A H 09RA KR RM,
MK 63.55% 3 HIBATE 69.10% (FEAF ) F2 6835% (HAEAHZH) , THAFTRISUKLEEF X W4
24 % RS, 125 H Bk (Rapidly Digestible Starch, RDS) #RF £ 31.79% H 4% 7H i<k (Slowly Digestible
Starch, SDS) X% 0.72%, A 3| K de BB F: d A 12N T ATE 4K RDS &2 kB35 SDS, AHTH K
Magrastfae ., KA RAFRTRGF LA ARG T BEGESIRBAIAFHNRE, SFEERMITIELA—
EHBREL, FREHATRERD I LT L) 2R,

KGR FH ARy, m T X, M, ALK, I L4F
FE 43S TS234.1 X ERFRIRAD: A XEHS:1002-0306(2026)16-0166—10
DOI: 10.13386/j.issn1002-0306.2025090013

Effects of Processing Methods on the Structure, Physicochemical
Properties and Digestibility of Highland Barley Starch

JIANG Kanghui, YANG Jie, HUANG Liangliang, ZHANG Shuyan,
YUAN Chunchao, ZHANG Jianwen, LI Liang’

(Key Laboratory of Deep Processing and High-Value Utilization of Characteristic Agricultural and Livestock Products of

Xizang Autonomous Region, College of Food Science, Xizang Agriculture and Animal Husbandry University, Linzhi

860000, China)

g = b
HEWAB:

TEEEN:

2025-09-02

IR K FAF IEEZ TR E (XZNMXYRCDWIS-2024-08 ) 52025 4B RAK F A 413701 L)l 4 %R B; &R ASR ARAZ LT
& A (XZ202301ZR0022G ) .

FHAE (2004-) %, A, BT @): 3R 4F GRS SR An T, E-mail: jiknghui@sina.com.

*EEIEE: FF (1990-) , 8,14+, 81442, AR T @ & R4 ER T Bt it R 1245 7 {1k, E-mail: jwllok@sina.com .


https://doi.org/10.13386/j.issn1002-0306.2025090013
https://doi.org/10.13386/j.issn1002-0306.2025090013
https://doi.org/10.13386/j.issn1002-0306.2025090013
mailto:jiknghui@sina.com
mailto:jwllok@sina.com

%478 5 16

Abstract: To investigate the effects of different processing methods on the structure and physicochemical properties of
highland barley starch, this study used highland barley as the raw material to analyze the effects of four processing methods,
namely, stir-frying (at 260 °C for 15 s), steaming (steaming in boiling water for 65 min), normal-pressure boiling (boiling in
boiling water for 55 min), and high-pressure boiling (boiling in boiling water for 38 min), on the structure, physicochemical
properties, and in vitro digestibility of highland barley starch. The results suggested that the raw starch particles were
smooth and plump; The stir-fried starch was severely shrunk and aggregated; The steamed starch slightly expanded and
wrinkled; The atmospheric boiled starch expanded, ruptured, and adhered together; The pressure boiled starch completely
disintegrated. The boiling process severely damaged the structure and crystal structure of highland barley starch particles,
with the relative crystallinity of the boiled starch being 5.61% (atmospheric boiling) and 4.77% (pressure boiling). More-
over, different processing methods led to changes in the gelatinization and thermal properties of highland barley flour. Typi-
cally, the gelatinization viscosity of highland barley starch under atmospheric boiling was only 26.67 cP, while that of stir-
fried starch changed slightly, being 343 cP. Additionally, all the processing methods inhibited the retrogradation of starch,
and the strongest anti-aging effect was achieved under atmospheric boiling, with a retrogradation value of 17 cP. As
revealed by the analysis of sedimentation characteristics, the aging degree followed the tendency of atmospheric boiled
starch>stir-fried starch>normal-pressure steamed starch>pressure boiled starch>raw starch. According to thermal property
analysis results, the enthalpy value of pressure boiled starch exhibited the greatest change from 993.63 J/g (raw starch) to
759.89 J/g (pressure boiled starch), further confirming that pressure boiling had the most significant damage to the starch
structure. In terms of rheological properties, all the starch pastes showed a shear-thinning fluid dominated by elasticity
(G"™>@G", tand<1). The values of G' and G" increased with the increase in angular frequency, and the G' value of stir-fried
starch demonstrated the most obvious increase. The tand value of pressure boiled starch showed irregular fluctuations, indi-
cating the most thorough structural damage. By contrast, the tand values of starch under other processing methods fluctu-
ated more gently, almost consistent with the raw starch state, suggesting the insignificant damage to their crystal structures.
All treatments significantly increased the content of resistant starch (RS) (P<0.05), while atmospheric boiling and pressure
boiling had the best enhancement effects, increasing from 63.55% to 69.10% (atmospheric pressure boiled starch) and
68.35% (pressure boiled starch), respectively. Therefore, they may be the processing methods for developing highland
barley as a staple food. Stir-frying increased the RS content, but caused the soaring of the rapidly digestible starch (RDS)
content to 31.79% and the slowly digestible starch (SDS) content of only 0.72%, which may cause a sudden increase in
blood sugar. Boiling could reduce the RDS content and retain a part of SDS, helping to maintain the relatively stable
blood sugar level. This study provides a solid theoretical basis and scientific guidance for the development and
utilization of hulless barley resources. It holds positive significance in enriching the processing methods of hulless barley
and is expected to promote its broader application in the food industry.
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Fig.1 Effects of different treatment methods on the microstruc-
ture of highland barley starch
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Fig.2 X-ray diffraction patterns of highland barley starch with
different treatment methods
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Fig.3 Infrared spectrum scanning of highland barley starch
with different treatment methods
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% % RC ( % ) R1047/1022 R1022/995
JEEHEH 11.44+0.58" 1.34£0.17* 0.460.05"
KO HIVERS 12.74+0.21° 0.38+0.01° 0.60+0.01°
2 HVER 9.94+0.27° 0.50+0.06° 0.63+0.06"

R IVER 5.61+0.87¢ 0.54+0.07° 0.66+0.06°
e HE A RIE A 4.77+0.61¢ 0.27+0.05° 0.66+0.06"
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Table 3 Effects of different treatment methods on the pasting properties of highland barley starch

2K WE(EFNE (cP) AR (cP) i fAE (cP) AR (cP) [ElA{E (cP) WITLIELRE (°C)
JFERHEN 1052.00+38.04° 884.67+41.02° 167.33+15.89 1061.00+45.90° 176.33+21.39° 86.35+0.39
I VEN 343.00+27.22° 223.00+22.07 120.00+5.29° 375.00+25.24° 152.00+3.46 -
I VERY 50.33+4.51¢ 36.67+4.04° 13.67+0.58° 64.67+5.69° 28.00+1.73¢ -
A RIVEN 26.67+0.58" 19.67+0.58° 7.00+0.00° 36.67+0.58" 17.00+1.00° -
e A HIVER 226.33+42.03° 207.00+37.80° 19.33+6.66° 282.67+40.87° 75.67+9.02¢ -

T = ARRILIRE S T 58 i, oM ILIRLE .

FhE 2R W2 (P<0.05), R BRIFZEHITER I AE
FHEEAAG, UEBHILESAATIC IR, Sl B ILF-k
WOHRRE J7; vy TR RITER B R AREXT RS =, FIRE
T A R TE T AR RS e A, XL &
PyiE s DAV BIGE S ES i AE T, B R E R E
Pk, e BITEA U AE SR 55 U0 R S A b R 451 5
B, PN HI RIS 9 B N RS, RIS EZh R
1515 KO HITER PR AR S8 i, BB RNE AL T 88K,
SR TR AR AR ) A IR AT

FAf#1E (Breakdown, BD) Ay 5B 2k & A4S {EL 2
B ZE, B R T TEM I SR A R BT VR
WANDWS e iy Ea i IR YNEk AN ) [ [E R N 1)
WP UIRE 78k 22, BifeceE i 2s . TRRER 7
R B e, AR M2 B R B I AN ZE AR i A (L
WA, FFAE R TR My, i B T A A A 5]
VBRI O A B o 8 ThARE o AR A IR, 561
HAERAE R P A EA —efeoe M.

[B] 4 {H (Setback, SB) B & FNE S EEE 1
ZEE™, I BRIE R Ak ARV e e . Bk
TEBYI S B G, EARTER & B, R A R T E
oy TS il A SV A TR ER AR, Bl E ™,
JrA FAAL BRARE S g [ A B B, BB L [ml A
SN, IR FE A R e i a5 A 2 R, 4T Bk
2y RV AR o SR EEHE, (RIE A B S A
55, B [E] A R BRI

TERT FIR AR B (Pasting Temperature, PT) 235
VEAT S RAETHI LR v, GEBYRLBE IR B i T, TG
KA AN AT IR K, T8 O O SR AN Al R 0
FRBEPT, f R 3 A, T RRTE R I AL IR B R
86.35 °C, T Ay #AL BT AHERIH R A T BRTER Y
LA, T BB AR T2 5 1 U T R FITEE AR
REPERAR L b o ASRIANER T A R AN R], o
ZEHIAN R AL PR 454 R IR B VIS, S 30R)
AR AR B s v FEALBRYR 22 5 il A 5% Mo A e
/N, ABATS B2 (P<0.05) o
26 FERER BRI RAOR

DSC 7] [ WHER BRI R TP RS Ge AR
A FNVER FS M, R 4 AT, PRAh HE i 2 R
AR T FER Y AR SE A SR B, AR 4 i v R B
J&, ABXT AL AR AR 1R B s R o & R AL B UE
Ao En AR AR BE B, WIARAS (759.89 J) i 25 41X, 1

SHAth A2 XA AR IR R A SO A BB S e IS .32 (P>
0.05) . IXFBHIGR & I b, 28 BRI %
PRI
F 4 RFELEF T ZO0 T BRVEN TR R I 2R
Table 4 Effect of different treatment methods on the
rheological properties of highland barley starch

AR EATEE(C) WEEIELEE (°C) ZAIRBECC)  WEks (J/g)

JFRIERY  105.92410.57* 134.70+0.79* 160.28+3.13 993.63+17.85°
OHITERY  100.39+1.90° 140.044+3.80° 165.23+2.95% 1022.36+44.42°
ZEHITERY  104.5149.33% 132.85+1.13% 160.67+5.36° 957.59+4.47*
HWHEERITEN 102.03£2.86° 136.59+6.24° 162.81+6.03™ 1018.15+61.67*
R HITERS 108.77£14.16° 134.44+1.40° 154.30+2.82% 759.89+28.03°

IS (AH, ) 7 UL N S B TERY 250 AR A
s B BE &, IZ R e TR AR ES TR S
FEEOPO e 4 aT O, AR s A AWk
(P<0.05) (I T HAhLH, HoAfthzH R To2E 57 . nIREZ N
1 PR AL B ey 435 i P S S5 AT, v il e T R AR
LERER ST PO o e A U ME— T SR A AT BTy
AR S AE B FRAE BT 5, S (I REFERAEAR; i L
b7 2 IR AR A XA B TE R L L IURLAZ K
85, XA AR DA R o X TR 3 S R RNE
R T il S R AR HE 2 (5] A AR AR T
BOP AR SRR LRERE -

2.7 RNEREESS ERREM BT RIS

TER Y BED TR TER 731 I JC 2 Fr EHER IS
ARCY i E 4 nl o, JEORHER | m Al e . 2R
KT IS HITER . HE R AR E R LS AR R R
FHBEDUN TE] B SE RN, A7 S ieEpr ettt e
BEUUN TR AYSEAS, SRR BT =R JEm P T AR
SRR R 25 5, Hor R TR A > i > 2 > e
=R, RIS FAE BTy 2R 5 A A R TE
SRR, TR il B o 2k (P<0.05) o AR Ak
B AV LRI 5, R 2 A B REAE (0 3k 78
SrpAk, TR T BEOR B SRS IEAASE A, FEtbid A b B
BEVERTA I R, BEMTE 48 4548, A 280l 1T
T A [ A0 el il b B ey TR 305 20 2 53
TEM A EAS A, (B B BETE R PRI, I
AT AR T S0 5 2] b PRAAST S 5y 5 A= B Sk Ak,
HAERER AR SE A Y, ST AR R I s s
AL PRI BEAEADI SRR TE R 1 AR SS A4, TRV AN frh
ESL PN G Rt S
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Fig.4 Effects of different treatment methods on the retrograda-
tion properties of highland barley starch

T ANFRE SRR [l — BE N ] A [R] b BE 7 XA

i B A M2 R, P<0.05; ANRI/ING B SCFEREFRR R —4b

BTy AN TRIBE DT ] A4 i A 25 4k 22 5%, P<0.05.
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ZhEA AR XS BB . & SAL Bl 5B RTHI, K Y
G bl A AR R 18 e S B B, Pk e s, 3X AT RIS
FRPH BRI TER TR SE A IR e ), TER IFR
1B R5E W, TA RS TERIE RN G5 GMEHR
FEAE AR, G5 GMEISFFEL TS, A vE
B tans TCHVRIE B, LEAADNICHEIR; HABAE S Y tans
{EAAZINT 1, A BRI SR s g LERE TR )
T, HAT R SRR, S AR A B AL .
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Fig.5 Effects of different treatment methods on the dynamic
rheology of highland barley starch
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Fig.6 Effects of different treatment methods on the rheological
properties of highland barley starch

2.9 AREIAIEXTERIEMEINEFERIR

#E# 5 nJ %1, RDS. SDS. RS U5, . AN
[ Ah 3y 2 B BRI M 544 B e IR/ B 4 R BE AN T,
SRR T AR PT B 36 B /K TR A B
K TFBER 53T AT S5 R 5 bEky oy TR R, 31
SR JCRE Y X I R 4R TR B AR, SR e e i et
REPO,  JFUBHE M i RARVEA BRI 454 5838, RS (5 Lk
5, N 63.55%, R Sh 4k i DXE LI i 53 RDS A
29.89%, J&JCRE T X /b T 4% GE MY 0 DR 43 ) 445
o VERIIRPHE TN T, DERR 2R AZ HH
NFREE AT IR R, [R5 BLAE T A n BRI K 2R
&, T3 SDS KIiiE F = 0.72%, {4 RDS i F+ =
31.79%, Ifii RS B&AA - RDS g 2R ETCETE X
BEFR ST IR IS S . ZEHITEA A TR T e Ay
T4 Ak, (B 45 0 X IR R B &, I Itk SDS
= TR RN, RS BT R0 . & R /e
JFRAERIVER 10 & R KRR L L DER 85K, 5
FEZE T B DERY S H T A X 45 G544, F0 1 G A B

5 ORI T 2O BRER RSN LR 500 (%)

Table 5 Effects of different treatment methods on the in vitro
digestibility of highland barley starch (%)

SR RDS(%) SDS(%) RS(%)
JERHERY 29.89:0.06" 6.57+0.50° 63.55+0.49°
KO HITER 31.79+0.40° 0.72+0.70° 67.50+0.84°
FEHIVER 30.39+0.81° 3.23+1.50° 66.37+0.64°

W HE I VERY 29.07+0.72° 1.84+0.69° 69.10+0.07°
1o FE I VE A 28.76+0.40° 2.89+0.33° 68.35+0.12°
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25 SRAEAE BB o A F 45 M, L RS fe i, oA
69.10%; 1= R B VB RS Shabta, Sk re e
JE R HIEHE, TR S — @ik, 3 RS BEAIK
FTw R, B oy IHEE 09 &5 4 BT A2 MR, R
68.35%, WY, m R ZEE J5 25 &g,
THACR S T 2838, aX RIERIE A T & A B S 938
A AR Z2 00 ST T8 B VR AR i RDS H944IK, J&
DR RIS TR B DX 245/ B HESS AR RS T 155 T A3 1

oS

3 iR

AT R GRS TR 280 W RS S &R
A AR Ty 2O R E R 22 U S5 . FRARAR
P B ARSMEACTERR 52 . 45 SRR AESSH4)2 1H,
ARFACFEIRGIR T 3R B FSRAT 1k, Hodh s 25
VEFC A RN, S EUBR 58 4 i . AHXT S5 5T 5%
Z 4.69%; K KA BRIK 435 | K00 45 4n 5 5 3R 5
HE, L5978 ANE; 2800 55 B IV E R 3, A
R FU S A AR Y 28 AT O B R S R P 4k o AEF
AR T, T AT AL B S S KA T A (AR AL B R,
S LY 1 PN el ol B 1 b oo o 1 U B = W2 R 9 S i E
SACR i, 25 R PR S5 A 1Y) FC R A T 2 8 HH
FRERYAASAT BN tans JOIVERDE SN 7EIRSMNEILIERE
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FENATERY ARG NEACARTE: & -5 v R 8 i BEA s
FHPTHETER &2, 575155 69.10% 5 68.35%, 1T
T 2 AT B 255 76 365 T Ab ) B R U e
H, (HG GRAGE TR B ETEE 31.79% 512G
VERS T LT-IH AR, nIRES | RS BRI 8l . AT
PNy X—ahA A fb— D Rede e 2 4E s 1T
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