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Abstract: To elucidate the effects of mixing time (5~25 min) and heating temperature (70 “C and 90 “C ) on the structural evolution of
concentrated wheat flour gels (30 wt.% and 45 wt.%), rheological behavior, multiscale starch structures, protein characteristics, and
microstructure were systematically investigated. At 70 'C , prolonged mixing significantly increased (P<0.05) the storage modulus
(G"), loss modulus (G"), critical strain (y.), and yield stress (y,) of 30 wt.% gels. These changes were accompanied by an increase in
gelatinization temperature, enhanced gluten aggregation, and an elevation in starch crystallinity from 14.81% to 16.23%. Conversely,
for 45 wt.% gels, mixing led to a reduction in viscoelastic moduli. The densification of gluten fibers hindered the alignment of
starch molecular chains, resulting in a decrease in crystallinity from 19.21% to 16.02% and suppression of molecular rearrangement

Elpai- s

A i, 0, 5 TP, A A [V 5 BRF 0 60 T B I 2 S A 4 T3 /0 2 o gl e 4 44 ek S A WA [0 BAR 2 i B 45,2026,
42(5):223-233.

YANG Hanrui, LIU Chong, WANG Jiasheng, et al. Evolution of the structural properties of concentrated wheat flour gels

under different mixing times and formation temperatures [J]. Modern Food Science and Technology, 2026, 42(5): 223-233.

Wis HEA: 2025-03-08 ; 1&E HEA: 2025-03-22 ; ##Z HHR: 2025-03-23

ESWA: WEdBEARZEESE LA (242300420143) : ERIARL R FURAREREZZETESE (CARS-03-38) ; AREENE
Pl ARERERNEE (HARS-22-01-G7)

EEEN: BIgk (2001-), &, fit, ARAE: APERNISREIFE, E-mail: 563671164@qq.com

BIREE: X3 (19785, 5B, L, #E, MRAE: BPERMILERFEEE, E-mail: livachong@haut.edu.cn

223




MR @i

Modern Food Science and Technology

2026, Vol.42, No.5

during cooling. At 90 °C , the gelatinization endothermic peak disappeared in the 30 wt.% gel system. In the 45 wt.% system, mixing

strengthened the encapsulation effect of the gluten network, reducing the gelatinization peak temperature (7p) by approximately

5.01%. However, high-temperature treatment induced degradation of the gluten network, releasing soluble proteins and weakening

gluten aggregation. Based on these results, two structural models were proposed. In the 30 wt.% gel system, amylose constituted

the continuous phase, with swollen starch granules and protein particles forming the dispersed phase, and mixing reinforced the gel

structure. In contrast, the 45 wt.% gel system exhibited a dual continuous phase composed of a gluten network and amylose, with

residual starch granules as the dispersed phase, where mixing weakened gel strength. These findings provide mechanistic insights

into the structural evolution of concentrated wheat flour gels and offer theoretical guidance for quality regulation and processing

optimization of wheat-based food products.
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Table 1 Effect of different formation conditions on thermal properties of wheat flour gels

MPGRE/C BEHMEE/% RS /min ARE To/'C MAERE Tp/'C SIbRE Te/'C ZUBME AHI(/g)

5 66.93+3.82°  70.53+585  77.87+4.95° 1.15+0.23
30 15 69.12 + 1.00" 74.00 + 1.15" 87.48 +3.32" 1.10 £0.13°
25 70.41 +1.01° 75.13 + 1.35" 89.53 + 2,15 1.01 +.0.25°
o 5 63.94 +0.03° 68.78 +0.08" 73.18 £ 0.01° 4.03£0.05
45 15 6577+ 1.44°  70.07+2.09"  75.35+299" 3.36+0.82°
25 6524 +1.39°  69.51 %175  74.66 £3.25 3.14 % 0.64°
"""""" 5 _ _ T _
30 15 — — — —
25 — — — —
O :
5 7251 +1.54° 76.41+0.58"  87.27£4.62° 0.25+0.13"
45 15 64.46+1.98°  72.58+0.64°  86.82+2.84" 0.28 +0.12°
25 6736+1.58"  7232+1.50°  80.23+8.51 0.20 + 0.03"

i RPRAMAFHME £ FEE, REDBFEREADRRE KL RE AR THELGIEREZR (P<0.05),

23 EMKERETFHELNT

XS 2T 5 AT SRAE G A 43 - XUIE e 45 44 11 5 1)
Bl FUREHES S HERY), i I R HE S0 B (e b o T
REHRER T A F R RARGEH A B ik
(R D4 3 L BLAE 20 9 15° .17° .18° A1 23° 4k,
WiE 3 fis, 70 CAEERZEAETR, 30 wt.% BN A
RURHIEUE 4 TH O, REEM KRG PR . 4
B 1/ NBURLJC VA UK o PodE #, 5808
KRR B K B, RUE TR S AR S . TR A R
PIERD &5 d FE N 14.81% $2 T+ 2% 16.23%, X5 DSC fir
B —. 45 wt.% FIER A WSR2 2] A B G pRAT
S0, 3 R UL (1) UM e 45 M PR A P HE B . K
I T AB PR B E i (A PR A 055 T K o 5 TR
S FIVEBESRIE, RESE R ORI SE A, AT fR
B R AR SR Y . IR AT RIE K, 45 wt.%
IR A BT SFF Ve 0 BE SR M IRk 58 o VA 5 5 THD A 4T 4
R, VER S T B S 52 BE AT A D B B
rFEHE, 4RERK 16.67%.

90 ‘CF, 30 wt.% 1 45 wt.% FIEERII7E 260=20° 4b
HPLREATHE, XN VLIRS V R E
HEVER S NIRMEAR R CUOARIDTRG . BENED BRI g e
ARG, FH IR A mR T ek SR e AL
B KBS . X 30 wt.% kLR, TR AR AT
K P HL T THR 9.60%. 45 wt.% IR A V RLAT 5t
et b e L P Y A 5 N 3 S 1 SR K )
W EF e S R, BRWIB R EEMNIERL, 1E

228

IR AL HE /N (i P SRR T S 5

a 90 C
30-25
RC=13.73%
30-15
] RC=13.64%

=

<

~ 30-5 RC=12.52%
M (4
i 70 C

iy 30-25

iz T RC=16.23%

RC=1522%

1 1
5 10 15 20 25 30 35 40
s fa20/°

b 90 C
45-25 RC=14.23%

~ |41 RC=15.32%
3

s |43 RC=14.01%
= 70 C
= | 4525 RC=16.02%
1D

-A‘ZM\V\\N\RCZIWJ

5 10 15 20 25 30 35 40
firht#a20/°

B 3 R A S TR R X 55T ER

Fig.3 X-ray diffraction images of wheat flour gels with

different formation conditions
A a REARREREARESHTET, 30 wt.% I W49
X HEATHBR; b REARBREAREHE T, 45 wt.% 5K
8 X HEATHER, %A (RC) METHAR LT,




MK EBBHT

Modern Food Science and Technology

2026, Vol.42, No.5

a 90 C
30-25 /) YWAWA . FWHM=51.75
| 30-15 FWHM=50.34
=
S| 30-5 FWHM=47.79
=
5 70 °C
ﬁlf; 30-25 FWHM=46.82
] 30415 FWHM=46.43
30-5 A s . FWHM=4531
1 1 1 1 ]
0 500 1000 1500 2000 2500
P2/ em?!
90 C
b
45-25 FWHM=53.91
5 45-15 [\ /\(\ AP FWHM=46.43
S 455 p AN S\ A FWHM=43.43
=
5 70 C
P R .V APV A FWHM=38.27
45-15 [\ An /\"/\ FWHM=39.39
45-5 /\ M\ / \ .’ \,, FWHM=21.83

0 5(I)0 1 OIOO 1 SIOO 2 (;00 2 SIOO
L84 / em™
4 AEFBF G T /NEMERIR S E G
Fig.4 Raman images of wheat flour gels with different
formation conditions

E: a REATRIREAREI T, 30 wt.% #6425 B
B b KRR RRURE ARSI T, 45 wt.% $tAe 12 % BAR.
FWHM 184772 F & L7,
2.4 EHEEAT ST

FE B & 6 1k b, 480 em ! Ak ) 42 9 F B OKME
(FWHM) w1 D 1 B e A s R J R AT P AL 45 4 1) B
TRFRY . FWHM {E 34 KRR e i R I AR 3 1
A%, 7 FEERE PR . anEl 4 Bros, PIARIE R
S, AIBEE R ARG, 30 wt.Y% Al 45 wt.%
B 1 FWHM {E 2 85 25 B AR, X T 30 wt% HI B,
TREVEHA B TIE R BORLAE K R3S 2040 1, 58 17K
IHNSENE, e T T EERIRE SN, fEA R AR
I 7 B R A AR X T 45 wt% HIERER,
TREEHE I 28 R E R R e, A e kL
ARG RPTE IR BEAh, 45 wt.% HIBER 2R
7V BARK FWHM B, APt m. —rm2mT
T 53 4 P P 400 A R £ W81 A 3o A o 0 3 2 i
IRAERS, WA TRERIC PR . n T ThE I
()2 BEL AN R 4 1 by RO TE S T IX, IR 1 3 o i 1)
MEAER, (RSB EHE, At
BT RIRACEE, il N N R A P .

HBIE > a2, SRS SRR WA, HF
SERIREROR, e EE R TOFIRES . WEIERES, Wk
KSR AR, KD TIIMER N EHE mEs
25 EmARTELI/H N

ANFITE A T /N2 R eI 1Y) SDS ] Vi PEAS HUER
F 4 TR At & 5a AT Sb Bros, 8 5 AP i b
LALLM Sy . K FEES
H (PD, Mrr&EESEHEA (P2), R TEBgE
F (P3), /I FEEMAER (PO, SDS-AIHMEER
G (SDS-P). SDS-H[{A MRS (SDS-M).
SDS- A % U2 [ (SDS-EP) H {5l 22 7 i A1 S #5543
(10 W T AR EU I S 2% A 1 2 1 s T A (8] Se~5e)
7E70 C 4b FE 4 1 R, 30 wt.% Fll 45 wt.% %t % 1
SDS-P. SDS-M J%2 SDS-EP Lt {51 15 Bt 78 & B 8] 2E K &
ERL (P<0.05), WA RTINS Y) iR % 43
EASEEREEAMNDEgELS, FEGHLGKERSH
e (SSHD. fn#had #2361 ik [ 38 o
(S-S ) KA e (R s KIER) HEAS
BE, TR T AT T R AR

90 ‘C T, 30 wt.% #t JI) 1) SDS-P 5 SDS-EP tt
Bl AR, HIR G W gk — ek | A RE (ol
4.34%~3.83% 26.72%~25.85%). 45 wt.% &t & T,
SDS-P. SDS-M & SDS-EP Lt 15l [ifi & & I} [8] ) ZE K 5
FeTtJE BRI . XA REE BT 45 wt.% Bk R,
BEAKBMEREREVH (5 min) KAERBEE, &
BFHRFFEAUSIEMGRERE, i T7HE
i B 22 4 S AN 7 0] B S ) T Ao YRR B ) E
(15 min) FECIHUIE 750N B SRS VIR B 2L 1 (1)
(S 5 el T S = b R N R o R G ]
0 48 A, BT IR PE AR . 4R4RIR A (25 min)
ARFEER AR IR, S 7R AR B B KA
ER, |ARBIMEIG I, Bk o A ARt
A EAE B R AR A s 1
q 300
250
200
150

/ mAU

[

100

4

Lpy | P3

4 5 6 7 8 9 10 11 12
YEMLET ] / min

229




MR @i

Modern Food Science and Technology

2026, Vol.42, No.5

b 3001 ! ! ! L ——70-45-5
L oot L 70-45-15
201 L L 70-4525
L i i i ———90-45-5
5 200 | P | 90-4s-15
< sof | L | 904525
~ 1 1 I |
I 100 i i i [
1 1 I I
Sy | P i
SOf P i
i Pt i
0 il 1 |P2I: IP3 1 l 1 1 1
4 5 6 7 8 9 10 11 12
YEBE ] / min
c lor
©
; H]
1%}
[
wn
R ’29\3:0%5 Pogk A m‘ﬂs 3020%15 ”“’ 5\6‘9’5
FES 2K
d Or
28
26 |
S 4
=
A 22
2 20
18
16 1
AN ) ff)
Qa0 A
f\“ke"’f\e"’ AR
©
~ a
& ab
h c
2

) ‘) 5 ) 5 A5 AH 5 ‘J 5
O Y p MY a0 Q’L bb N2
’\Q% N ’\Qr\ b‘?\Q o g ’bq 90 5 >

FE AR
B 5 FEERFHT NEMRRNES S TENT
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with different formation conditions
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Fig.6 Scanning electron microscope images of wheat flour gels with different formation conditions
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Fig.7 Confocal laser scanning microscope image of wheat flour gels with different formation conditions

A LRSI, 2RKEHEE, 3RERERFEEGEMA,

231




MR @i

Modern Food Science and Technology

2026, Vol.42, No.5

90 CHEBEELZLMETR (gi~1y), 30 wt.% [KIEEIE ATE K
TOURE¥5) T8 SRR, /b 5 T B 1 W R AR BT
W, IR AR R 32 B BB R E A, A K
E R TR RNV K B 1 SR AR A 70 1 20 IR ) B e B R A
1M 45 wt.% FrE I N 4TS 6 L 5% B3 7 oK 52 AR 1)
FOURLZERE) 5 B AR 2R A2 B V3 K S K L JEL 70 78 T 3 1Y
25 v IR 52 B0V BB VE R BORG 45 1E P R R ) XU S AR
BT SR G540, TR A B TV o T R 008 465 A 174 5 Ml 7

RN E T & B R SRR R R L
3 g

fiRIE (70 'C) T, BEFE30 wt.% KN Z Akt
A E R IACIRL BE 3 . RS ELREA . &5 g, (R
BEUE I N BEAD 7> 3 IR AR S, o T A 2 R AR
HEBE T B RORE S ¢ 45 wt.% M R IR A S B0
R EERCEAL, Ve T HE A HES B BEL T A0 8] 74 A B
By v i, RS M SS A RON, A R 4% 0 I
(A2 FELAE ) 1 K 70 RO PRGBS TE, (645 N B TE b
KLARAETE WAL, TR AR LT 30 wt.% HIEER Y 2
AN R T . A T (90%), KT
T S35 W 265 56 5 B e, RETRCRT IR MR BR 1, RARTERRAIR.
A CAHED, JRAMEEET 30 wt.% MR A i T
45 wt.% [N, TR AT T S0 (T s, ARG
SR VEA - A, (R AT XA, A
G907 R SE A o OG5 R S /N ZEH I T AL
CH - S5M. 45 wt.% BITRERS PR BV K VE R
JOURE B 78 78 181 A5 4 4 v O 32 219 Hh ELREVE AR IORG 454
FIRE RO XU SEAR AL B 5 B 454 5 30 wt.% HIBEAL Y
e ELBEVE R A4 O SRR . VA IKVE Ry BURL A TIK R E
RENTE A7 R KH 7 RS -

B K

[1]  YANG T, WANG P, ZHOU Q, et al. Investigation on the molecular
and physicochemical changes of protein and starch of wheat flour
during heating [J]. Foods, 2021, 10(6): 126262.

[2] LIM, ZHU K X, GUO X N, et al. Natural additives in wheat-based
pasta and noodle products: opportunities for enhanced nutritional and
functional properties [J]. Comprehensive Reviews in Food Science
and Food Safety, 2014, 13(4): 347-357.

[31 WANG Y, CHEN L, YANG T, et al. A review of structural
transformations and properties changes in starch during thermal
processing of foods [J]. Food Hydrocolloids, 2021, 113: 106543.

[4] ELIASSON A C. Effect of water content on the gelatinization of
wheat starch [J]. Starch/Staerke, 1980, 32(8): 270-272.

[5] QING C, BAODONG Z, YI Z, et al. A comprehensive review
of the factors influencing the formation of retrograded starch [J].

International Journal of Biological Macromolecules, 2021, 186: 163-

232

[6]

71

[8]

191

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

173.

BINJIA Z, DONGLING Q, SIMING Z, et al. Starch-based food
matrices containing protein: recent understanding of morphology,
structure, and properties [J]. Trends in Food Science & Technology,
2021, 114: 212-231.

WANG J S, LIU C, WANG Z C, et al. Impact of rehydration on
multi-scale structural transformations and starch digestibility of dried
noodles [J]. International Journal of Biological Macromolecules,
2025, 287: 138438.

YANG L, GUO X R, QIN Y, et al. Different effects of pea
protein on the properties and structures of starch gel at low and
high solid concentrations [J]. International Journal of Biological
Macromolecules, 2024, 269: 132060.

SASAKI T, YASUI T, KOHYAMA K. Influence of starch and gluten
characteristics on rheological properties of wheat flour gel at small
and large deformation [J]. Cereal Chemistry, 2008, 85(3): 329-334.
LINDAHL L, ELIASSON A-C. Effects of wheat proteins on the
viscoelastic properties of starch gels [J]. Journal of the Science of
Food and Agriculture, 1986, 37(11): 1125-1132.

MASBERNAT L, BERLAND S, ALMEIDA G, et al. Stabilizing
highly hydrated wheat flour doughs by adding water in two steps [J].
Journal of Cereal Science, 2021, 98: 103179.

ISBETH C, MARTINEZ O, LIZETTE D, et al. The structural
characteristics of starches and their functional properties [J]. Cyta-
Journal of Food, 2018, 16(1): 1003-1017.

JIAF Y, MA Z, HU X Z. Controlling dough rheology and structural
characteristics of chickpea-wheat composite flour-based noodles
with different levels of Artemisia sphaerocephala Krasch. gum
addition [J]. International Journal of Biological Macromolecules,
2020, 150: 605-616.

SCOTT G, AWIKA J M. Effect of protein-starch interactions on
starch retrogradation and implications for food product quality [J].
Comprehensive Reviews in Food Science and Food Safety, 2023,
22(3): 2081-2111.

CHANG X H, HUANG X Y, TIAN X Y, et al. Dynamic
characteristics of dough during the fermentation process of Chinese
steamed bread [J]. Food Chemistry, 2020, 312: 126050.

MEERTS M, CARDINAELS R, OOSTERLINCK F, et al. The
impact of water content and mixing time on the linear and non-linear
rheology of wheat flour dough [J]. Food Biophysics, 2017, 12(2):
151-163.

ALAM F, NAWAB A, LUTFI Z, et al. Effect of non-starch
polysaccharides on the pasting, gel, and gelation properties of Taro
Starch [J]. Starch-Starke, 2021, 73(1-2): 541-546.

15 U 22 G Ky Tk R AR 2 PR VR A R PR WE AT (D] JE 4TI R
%,2023.

BRANDNER S, BECKER T, JEKLE M. Classification of starch-
gluten networks into a viscoelastic liquid or solid, based on
rheological aspects-A review [J]. International Journal of Biological
Macromolecules, 2019, 136: 1018-1025.

IWAKI S, FU B X, HAYAKAWA K. Behavior of protein aggregates
via electrostatic interactions or hydrogen bonds during dough

formation [J]. Journal of Cereal Science, 2023, 111: 103683.




MR @R

Modern Food Science and Technology

2026, Vol.42, No.5

[21]

[22]

(23]

[24]

[25]

[26]

GOMEZ A, FERRERO C, CALVELO A, et al. Effect of mixing
time on structural and rheological properties of wheat flour dough
for breadmaking [J]. International Journal of Food Properties, 2011,
14(3): 583-98.

KUANG J W, MA W H, PU HY, et al. Control of wheat starch
rheological properties and gel structure through modulating granule
structure change by reconstituted gluten fractions [J]. International
Journal of Biological Macromolecules, 2021, 193: 1707-1715.
MARIOTTI M, ZARDI M, LUCISANO M, et al. Influence of the
heating rate on the pasting properties of various flours [J]. Starch/
Staerke, 2005, 57(11): 564-572.

PATEL B K, SEETHARAMAN K. Effect of heating rate at
different moisture contents on starch retrogradation and starch-water
interactions during gelatinization [J]. Starch-Starke, 2010, 62(10):
538-546.

DING Y, CHENG J, LIN Q, et al. Effects of endogenous proteins and
lipids on structural, thermal, rheological, and pasting properties and
digestibility of adlay seed starch [J]. Food Hydrocolloids, 2021, 111:
106254.

LIU Z S, LIU X, YU J L, et al. Novel approach for quantitative
characterization of short-range molecular order in gelatinized starch
by X-ray diffraction [J]. Biomacromolecules, 2023, 24(3): 1267-
1273.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

SR SR Sl 5T 5 R I ok R T 4 R R R T A T R R
WA BT FE D] AT i Ll K 22,2024.

IWAKI S, AONO S, HAYAKAWA K, et al. Changes in protein
non-covalent bonds and aggregate size during dough formation [J].
Foods, 2020, 9(11): 1643.

FENG Y L, ZHANG H J, WANG J, et al. Dynamic changes in
glutenin macropolymer during different dough mixing and resting
processes [J]. Molecules, 2021, 26(3): 541.

WANG K Q, LUO S Z, ZHONG X Y, et al. Changes in chemical
interactions and protein conformation during heat-induced wheat
gluten gel formation [J]. Food Chemistry, 2017, 214: 393-399.

LIY, HE Z, TU Y, et al. Understanding synchronous regulating
effects of starch-protein interactions on starch digestion and
retrogradation under thermal shear processing [J]. Carbohydrate
Polymers, 2024, 329: 121767.

BONILLA J C, ERTURK M Y, SCHABER J A, et al. Distribution
and function of LMW glutenins, HMW glutenins, and gliadins in
wheat doughs analyzed with detection and quantitative imaging
techniques [J]. Journal of Cereal Science, 2020, 93: 102931.

WEN W J, LIS J, GUY, et al. Effects of starch on the digestibility of
gluten under different thermal processing conditions [J]. Journal of
Agricultural and Food Chemistry, 2019, 67(25): 7120-7127.

233




