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cholesterol and low allergenicity. However, its poor solubility limits its application. This paper employs the
pH-shifting method to modify pea protein and explores the impact of the optimized modified pea protein on
the functional properties of various starches. When the pH-shifted modified pea protein was incorporated into
different starch systems, it was observed that the peak viscosity and breakdown value of potato starch
decreased, whereas those of corn starch and pea starch, as well as their final viscosity and setback value,
increased. Thermal analysis (DSC) revealed that the 7-day retrogradation rates of potato starch, corn starch,
and pea starch decreased from 31.61%, 49.94%, and 31.85% to 10.75%, 21.70%, and 18.78%, respectively,
indicating that the modified protein effectively inhibits the long-term retrogradation of starches. Resistance
starch (RS) assays showed that the RS content of potato, corn, and pea starches increased significantly from
4.2%, 4.8%, and 6.3% to 21.4%, 20.7%, and 17.8%, respectively. These results demonstrate that pH-shifted
modified pea protein holds significant potential in improving starch properties and enhancing starch
resistance to digestion, particularly promising for broad applications in the food and functional materials
industries.

Key words. pH-shifting; modified pea protein; properties of starch; long-term retrogradation; resistance to
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1l NaH,PO,: Ky AL 7l s 7 2 bl S AL i
id AL ¥ ( Glucose oxidase and peroxidase,
GOPOD ) il & . dbata3es; HAMlsn o o
Braf, WA RN AR

12 UF5EH

PRERG BE /3 BT{2 ( Rapid visco analyser, RVA ):
T M perten 23 A 3 BiMJ{Y ( Texture profile analysis,
TPA ): JZ[F Stable Micro Systems Led A F] ; /R
Hili = AL ( Differential scanning calorimeter,
DSC): %i-: METERLE &4 FRAH ;. UV-6000
EHMOLETE: JeatErE AR A R THEL
Fl; TAXT Plus 3250722 {% ( Anton Paar MCR102 ):
B AR A A W
1.3 SRWHE
1.3.1  pH {E . WREE | R FS BN kM i o2 AR
il R 1Y) 52 i)

Je W A 4N B R — SN IR E 0.2 M
WRREE 2% WPl ( pH=7.2~7.4 ), RJHF 10 g Bi G 7K
FUBHA T 90 mL SRR R 22 il , #5321 10 wt%lR
A ; A 2 mol/L i NaOH ¥ Vi 45 pH H % 9.
10, 11 #1112, 55 “C/KIAEHEFE 60 min, JH 2 mol/L
(4 HCL IR SY pH 2P (pH=7), 55 °C/KIE
HakZeiHE 60 min, KRG T 5000 r/min .0
10 min, B EVEWEIA 500 Da A4S T, F 4 °C
BT EE T K ERER , BEFE 6 h 45K & T 48 h,
FH 1wt s AR A WA I & B BT 2 (AR
R ETIE ) KBTS R T80 Cie
AT 3d, 753 pH (E B 2 UM B R

5 bRk, Em¥EERE pH {EHH W
¥o— R &M, mHAFRMEE (25, 55,
85 °C ), i fmeidi m B8 I BE 5 1M J5 7E R i& pH Al
MR R, SR P B —I . K
=R, W E AR AL IR
1.3.2  pH ImF& ik etk i &2 2 11 A il 25

i pH IR (H . foid I DL M i I A%
WHCR AT, 55 pH (WS 1 55 LA JE 1y ek
MH SRR, BAGPIRE 1.3.1,

1.3.3 PR o -SRI
HH 1.5 ¢ BRFERERE TR, B

0.1%~20% LM ( iyEk s ) MsPEsi &,
PRI —E = ZERK, AER . BE . K
SRR E 28 g, #E4T RVA FRIfERRIFINAE o i
FH 3.0 g ¥l B ATEN 3.0 e BiEIEME THE
H, R UL ERAE,
1.3.4  BCPESE G AR (1 -VE 8 TR AR 1 0 o

¥ 1.3.3 ikAEAY RVA FEFSZRIEIA 25 mL
PEthh, A 4 CURFEIRAF 12 h JE B, B
FzhReog g, BEAT TPA FEIF I . BEHIIE K
4 P/36R, ZHUEN : BB, HAE 35 mm,
REIEES 50 mm, Y% FHEE R S mm/s, i [A]HE
15 mm/s, fiikJ15g, B2 30%;
1.3.5  ehePhmi 2R 1 -UE R R PR

HERAFRI 3 mg Ve (T3%) T/MiRT, 4
BIHNA 1%, 5%. 10%. 20% ( GiERRE) Bk
PEEEE, N6 pL ZE1RK, SR F T 55 R s 4
B, FrABEAEERLL 10 °C/min AYHERM 25 °C
kg 125 °cM, RS , Wit
FEIIASEL, ARG (To). WERE (Ip).
AR (Te) AR (AH ). SRJGRHINE SE 56 /)
INHIRET 4 COKARTTIRAE 7 d, RIS TAE
ARG, LIGE R4 (7 d JFAH/AH)
1.3.6  Phethmi 8 1 -TE by i 22 e M D

BERCRESE M 1.3.3 H RVA TG AR [ A RE 5
7 EPEGE A o SPATAR S5 B R EEE (d=50 mm )
WEA 0.10 mm, MEPRR EBRZZRIGEER . 76
[ AR 1% (PR BME I8 ) T, MRS
FEl A 0.1~100 rad/s B T A5, #iE T
FEifEReAL E (G FIBFERE (G”) 1R N
Z (o) MR
1.3.7 BRSPS A i Il

FE BRSNS AL 15 IR Englyst 55568 05
PEATIY, SRR VR . o b LA R e A )
REHHAN, BRI 3 g JRAES 20 mL Z8M/KIRG
€ S min, L3 000 r/min 74 E.00 15 min, B
FVEW 15 mL 58EEEE 1.1 mL BE. HIER
(200mg, T3) + (1%. 5%. 10%. 20% ) &
FI4HH07E 18 mL 0.1 M RYESER AN ZE shigs i ( pH=
5.20) H, SRIRTEMK AL 30 min, KRS
BHIE] 37 °C, A 2 mL BT EE 45 B TR A BEA R
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RSB TR ( HAZ 4 mm) THIRIEY . TERER O
20, 120 min iF, B 0.1 mL KB IFMA 0.9 mL
90% Y L BERS AT GO 1 o FHIR AW LA 4 000 g 1Y
O JIEL 10 min, BUEWEWR 01 mL 5 3 mL
GOPOD IXFIR A, 7£ 45 C/KIBHIE 20 min, H
I WEAE 510 nm AR SR, DL 0.1 mL 287K+
3 mL GOPOD %, AT

%RDS =(G20—G0)x0.9%x100/ S X (1)
%SDS = (G120 - G20)x0.9x100/S = (2)
%RS =[TS — (RDS + SDS)]x100/8 =& (3)

b, RDS Z et i ALsE sy (££ 20 min P
1M1k ). SDS Zg1gMEies (78 20~120 min N{H
). RS FEHUHETER (120 min J5ARWL ); GO,
G20 G120 35 Ay o8 it 28 T A5 i 2 0 T AR il
KF#E 0. 20, 120 min J5Hi%pE & (mg), S
FEGLH STER & R (mg ).

1.4 #HiEsE
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AR F B R RAFTE B B2 57 (P<0.05 ), Bidfi 2=
S+if 15 SPSS 17.0 ( SPSS Inc, Chicago, USA ) #f4:
53471, Duncan 2 8 HE0 H T8 1 45 Y (R ] 9 f
2, KR W {#F B Origin Pro 8.5 ( OriginLab
Inc, USA ) #4347,
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21 F#HHm4U (pHE. BE. BEBRE)
1 or 8 1A pH {ELW A J7 % pH fEL. T
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T 64.20%, HMmFH] 10~12 B, NSILF] 72%
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Kl 2 R0, EAETER IR A A
SRR R E TR, RAKERE; mE
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8GR BRI, BAE pH A 7 BEA
HLfr, 558 EIEN AT AR AR,
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Fig. 1 Effectsof pH value (A), temperature (B), and excursion times (C) on the NSI of pH excursion-modified pea protein
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Bz, o1 LA RERE, HAE e
55, 55O H a7 19 2R 5 =2 T A R R AR A
55, 1 pH IRAE AT LU o0 5 5 5 22 135 M
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Fig. 2 Effectsof adding different concentrations of modified protein on the viscosity properties of potato
starch (A), corn starch (B) and pea starch (C)
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R1 FMARREMEZRENILEBREY. EXEH. BEERES AT
Tablel Effectsof adding different concentrations of modified protein on the texture properties of
potato starch, corn starch and pea starch

FE i it J3 [ixes N R MEL IR P4 EIR=K
TS R E M 48.6x1.41° 0.9+0.42% 0.8+0.44% 37.9+0.41% 0.6+0.71°
AR L0 1%E A 45.3+0.71° 0.9+0.08° 0.6+0.03¢ 26.4+0.71° 0.5£0.16™
A0 5%E & 53.4£0.91° 0.9+0.19™ 0.9+0.22° 45.6+1.14" 0.8+0.71°
AR+ 1%E A 51.8£0.21° 1.0+£0.06° 0.9+0.17" 44.3+0.44" 0.8+0.02°
LA BE L 50055 A 47.3+0.35¢ 0.9+0.02° 0.8+1.69° 33.7£0.12% 0.6+0.42%
AR 10%E A 35.1+0.54° 0.9+0.44" 0.8+0.71° 24.9+0.01° 0.6+0.03¢
LA D0%E A 50.3+£0.42° 0.9+0.03¢ 0.8+0.02° 38.3+0.06" 0.6+0.15"
TR EE 272 .4+0.54° 0.9+0.03¢ 1.0+0.08° 212.1+0.03¢ 0.7+0.71°
EHKA0.1%E S 211.5+0.08° 0.940.54° 0.9+0.71° 169.3+0.16™ 0.7+0.08°
FAK+05%E S 190.1+0.54* 0.9+0.16™ 0.9+0.32% 157.9+£0.03¢ 0.7+0.02"
EK+1%EE 143.4+0.07° 0.8+0.08¢ 0.9+0.54* 102.3+0.54 0.7+1.89°
EHX+5%EE 424.3+1.89° 0.9+0.16™ 0.9+0.05" 374.6+0.03¢ 0.7+0.13%
EA+10%E S 545.440.54° 0.9+0.08° 0.9+0.16™ 451.4+1.89° 0.7+0.54°
EKA20%E A 626.9+0.09" 0.9+0.71° 0.9+0.32° 501.0+£0.71° 0.7+0.16™
i 5L JRVE 1 550.94+0.54° 0.8+0.71° 0.9+0.03¢ 1612.240.71° 0.7+0.54"
BT +0.1%E 4 1626.9+1.21° 0.9+1.89° 0.9+0.54° 1615.3+0.71° 0.7+1.39°
BiE+0.5%=E 4 1787.5+1.31° 0.9+0.11* 1.6+0.03" 2 853.9+0.10% 0.7+0.07¢
B %E S 1 823.4+0.27% 0.9+0.42% 0.8+0.42% 1 809.5+0.63¢ 0.7+1.19*
BT +5%5E A 1 582.7+0.08° 0.9+0.03% 0.9+0.16™ 1 710.3+0.29® 0.7+0.54°
BT +10%5E & 1 606.1+0.54* 0.9+0.03¢ 0.9+£0.73° 1 676.0£0.26™ 0.7+0.42%
Wi +20%5 A 1 749.0+£0.03% 1.0:£0.42% 0.8+0.54° 1765.1£0.54* 0.7+0.72°

T SR8 3 WA ME = AR, W — S AR EAR TR R Z AT B E 2+ (P<0.05), T,
Note: results are expressed as the mean * standard deviation of three independent experiments. Different superscript letters in the same

column indicate statistically significant differences (P < 0.05), the same as below.

*2 FNARKREEAXNDRERES. EXEH. BEZEHMLEEREEENTMN
Table2 Effectsof adding different concentrations of protein on the gelatinization characteristics and
retrogradation rate of potato starch, corn starch and pea starch

R RIGH/ ZAbRy WEHS) AH WA/ o RIGH/ Lkl WBES, Am WA/
°C °C °C /g % °C °C °C (J/g) %
R BT TER 5572 6852 6336 —11.83 3161 | FK+10%EA 6983  78.19 73.26 837  26.52
7dJ5 33.94 5239 4127  -3.74 7dJ5E 4552 71.35  59.69 2.2
LA BL%E S 5652 6847 6411  —10.62 2323 | LAK+20%EA  69.94  80.05 76.78 -7.31 21.70
7dJE 3591 5372 4238 246 7dJE 4448 7494 5874  —1.59
O EL5%E A 5828 7003 6771 944 22,63 90 LR UE A 62.54  79.61 67.39  -10.33 31.85
7dJE 3837  57.02 4522 213 7dJE 4455 5737 5400  -3.29
LA EL10%KE A 6012 7233 6939 -7.83 2198 | BiG+1%EA  63.17  79.73 69.42 -9.59 29.51
7dJ5 40.09 6078 4851  -1.72 7dJ5E 4271 5614 5097  -2.83
LA E0%E A 6424 8119 7403 642 1075 | BIEA+5%EA 63.25  81.01 72.00 —9.84 2348
7dJE 43.63  59.51 5260  —0.69 7dJE 5424  69.19  54.88 231
TR JETEHR 64.20 7374  68.37 -10.83 4994 | BE+10%EHE 6493  82.09  74.73 -8.07  21.54
7dJ5 4371  53.02 5051 -5.41 7dJE 4925 7299  61.11 -1.73
EXk+1%ES 6486 7625 70.71  -9.04  48.89 | HiT+20%E A 7028  86.17 80.15 -6.16 18.78
7dJ5 42.63 5222 4873 442 7dJE 39.79  88.64  51.72  -1.16
FEK+5%E A 66.32  78.65  71.37 927  43.04
7dJE 47.58  73.56  56.87  -3.99
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Fig. 3 Effectsof adding different concentrations of modified protein on the rheological properties of
potato starch (A), corn starch (B) and pea starch (C)
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Table3 Invitrosimulated digestion of three starches %
K RDS SDS RS
LS EFTER 86.7+0.04° 9.1+0.38" 4.2+0.85"
TR 1% A 80.2+1.05° 14.0+0.94° 5.8+1.25°
A ELS%E A 74.9+0.22° 14.7+1.04° 10.4+0.41°
DAL 10%E A 75.5£0.51° 10.7+1.06° 13.8+0.18°
LA EL0%E A 71.0£0.99° 7.6+0.62° 21.4+0.09°
FORFTERY 82.7+0.36" 12.5¢1.31° 4.8+0.04°
EHK+H1%EE 80.3+0.07° 14.6+0.22" 5.1+0.14°
EK+5%HE A 72.74£0.42°  10.9+0.50° 16.4+1.02*
EAK+10%EE 70.1+0.49° 13.240.78° 16.7+0.03"
EAX20%E S 67.7+0.27° 11.6+1.40° 20.7+0.72°
Wi G R IE R 85.0£0.29° 8.7+0.73° 6.3+0.08°
B +1%E A 81.5+1.29° 12.1+1.25° 6.4+1.01°
PEA5%E A 73.240.71° 7.8+0.06° 18.9+1.03°
BiF+10%E A 70.7+0.17° 10.5+0.02° 18.7+1.06°
Bid+20%E 5 72.9+0.74° 9.3+0.60° 17.8+0.84°
3 #ig

ASCHE S pH R TE BB TR 15 AVE
WER, W T SR ETEN . EOKVER B TLE
MSMrEEASAER RVA, TPA, DSC. i
FRPE S ALk, DRSS R, TE BEETE & =
BRERE IR TSI pH WS LRUIEEN, fE
% B2 v E A E IS (D RG B, SR BER R R, R
RRBER W 0T 5 pH ISk Sl A TR BRI TE 21
DIfe s S5k o T & AEMEAER, AT 1T

161



?ﬁ IGHEEEE

B&III o e cmosco e cms s o rons £33% 2025 F 531
TR TR I, R A S, PCPERR Y [11] GAO L, XU Z, ZHANG R, et al. Effects of erythritol on

FIAIEREA AW HVER BRI 2R, IR THE R
BEAE DY VIR T R RER i . ik 3R Al a2
HMAEER T, ERE T IER T
fE. XKLL NP LT R BOTHRE T BB K

#ii,

Y098 T B A AR Tl R R R

S 3k :

(1]

(2]

(3]

(4]

(5]

(6]

(71

(8]

(9]

[10]

SIITONEN A, NIEMINEN F, KALLIO V, et al. B Vitamins in
legume ingredients and their retention in high moisture extrusion
[J]. Foods, 2024, 13(5).

LU Z X,HEJ F,ZHANG Y C, et al. Composition, physicochemical
properties of pea protein and its application in functional foods
[J]. Critical Reviews in Food Science and Nutrition, 2019,
60(15): 1-13.

HOLLY H, SUNGIL F, FAN B, et al. Pea protein globulins: does
their relative ratio matter[J]. Food Hydrocolloids, 2024, 148(PA).
KUN G, FENGCHAO Z, ZHONGYU Y, et al. Structure
characteristics and functionality of water-soluble fraction from
high-intensity ultrasound treated pea protein isolate[J]. Food
Hydrocolloids, 2022, 125.

JEf, B, MRBRES. BETLER 100 o B AR £ T T Y
R[], &5 Tolk Bk, 2023, 44(06): 85-493.

ZHOU H, XIAO T, XIE T M. Research progress on modification
of pea protein and its application in food[J]. Journal of Food
Industrial Technology, 2023, 44(6): 85.

WEN J, YIYANG W, CUICUI M, et al. Pea protein isolate-
inulin conjugates prepared by pH-shift treatment and ultrasonic-
enhanced glycosylation: structural and functional properties[J].
Food Chemistry, 2022, 384: 132511.

PNSCE. FRERE pH-shift, TEANEAT T8 ) B2 Rr 1
LMBIEAG BRI FE[D]. 17 R R, 2022.

SUN Y Z. Study on the effects of ultrasound combined with
pH-shift and preheating on the physicochemical properties of
coconut protein and the stability of coconut milk[D]. Haikou:
Hainan University, 2022.

JIANG J, BO Z, YUANFA L, et al. Interfacial structural role of
pH-shifting processed pea protein in the oxidative stability of oil/
water emulsions[J]. Journal of Agricultural and Food Chemistry,
2014, 62(7): 1683-91.

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.

YANG, L, GUO, X, 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.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

(22]

[23]

rheological properties of rice flour and structural characteristics
of extruded dried rice noodles with rapid rehydration behaviors
[J]. Food Hydrocolloids, 2023, 144: 109007.

YONGDI L, ZHONGXIU W, YANG Q, et al. Preparation of
porous-structured flat potato starch noodles with gelatin for
shortening cooking time[J]. Food Hydrocolloids, 2024, 149
ENGLYST, HANS N; KINGMAN, S. M; CUMMINGS, J. H.
Classification and measurement of nutritionally important starch
fractions[J]. European Journal of Clinical Nutrition, 1992, 46:
S33-50.

HU Y, AHMAD D, DING L, et al. The identification of
thresholds of starch phosphate and amylose levels on multi-scale
structures and functional properties of potato starch[J]. Carbohydrate
Polymer Technologies and Applications, 2025, 9: 100676.
ROMAN L, MUNOZ J L, JAKOBSEN M L, et al. The role of
amylose content on the structure and rheological properties of
pea protein-starch systems during pressurized hydrothermal
processing[J]. Food Hydrocolloids, 2025, 160(P3): 110830.
YSAMAR R, MICHAEL B. Impact of native pea proteins on the
gelation properties of pea protein isolates[J]. Food Structure,
2023, 37.

SASAKI T, YASUI T, MATSUKI J. Effect of amylose content
on gelatinization, retrogradation, and pasting properties of
starches from waxy and non-waxy wheat and their fl seeds[J].
Cereal Chemistry, 2000, 77(1): 58-63.

REM, GERRL, WA, . pH (EMMFEXTZ A EA S e
M S B R THI]. R RRE, 2023, 44(20): 20.

RONG Y J, HOU Y W, CAO X Q, et al. Modification of gluten
protein structure and enhancement of solubility under pH
shift[J]. Food Science, 2023, 44(20): 20-27.

JIWEI K, WENHUI M, HUAYING P, 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(PB): 1707-1715.

NIU H, ZHANG M, XIA X, et al. Effect of porcine plasma
protein hydrolysates on long-term retrogradation of corn starch
[J]. Food Chemistry, 2018, 239: 172-179.

REN F, WANG S. Effect of modified tapioca starches on the
gelling properties of whey protein isolate[J]. Food Hydrocolloids,
2019, 93: 87-91.

FIRE. SR E A B SITEMPUH LD 8. 1L
K, 2021,

LU X X. The mechanism of protein-induced starch resistance to
digestion in rice[D]. Wuxi: Jiangnan University, 2021.

Wang X. X, Zhou Z K, Chen C G. In vitro digestion of a mixed
gel of pork muscle and resistant starch: salt-soluble protein

perspective[J]. Food Chemistry, 2022, 394:133478. @

FiE: AXEAERITAAFER (http:/lyspkj.ijournal.en ), H1




