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Modulation of Rheological Properties and Liquid-holding Capacity
in Soy Protein Isolate Oleogels Based on Capillary Bridging Effect
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(College of Food Science, South China Agricultural University, Guangzhou 510642, China)

Abstract: In this study, a soybean protein isolate (SPI) oleogel system was established based on capillary bridging effect.
The influence of the secondary fluid addition, particle concentration, and heat treatment temperature on the gelation
properties of the resultant oleogels was explored. The visual appearance, liquid-holding capacity, and rheological properties
were investigated. Results showed that, in the SPI-soybean oil suspension with ratio of 3:7 (w/w), when the secondary fluid
addition amount reached approximately 25% (w/w), the system underwent a sol-gel transition, shifting from a viscous
flowing fluid to a semi-solid state with self-supporting ability. When the secondary fluid addition amount was higher than
50%, the liquid-holding capacity rose to over 60%. As the SPI particle concentration increased, the proportion of particles
in the system increased accordingly, resulting in formation of a tighter protein network structure that was more effective at
immobilizing the liquid oil. Once the particle concentration surpassed 35%, the liquid-holding capacity climbed to above
75%. Further investigation indicated that heat treatment was an effective post-treatment approach. Specifically, when the
heat treatment temperature increased from room temperature to 90 °C, the liquid-holding rate increased by 11.68%
(compared with control group), and the storage modulus increased to 1.43x10° Pa. The FTIR results indicated that heat
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treatment caused changes in the secondary structure of SPI molecules within the system, with an increase in the f-turns and

random coil structures. This suggested that the enhanced gelation properties of the oleogel might be due to the dynamic

alteration of the interfacial properties of the protein particles, leading to enhanced hydrophobic interactions in the system

and the formation of a more robust gel structure. This work established a theoretical basis for development and property

regulation of soybean protein-based fat alternatives and provided guidance for healthy food design.
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and particle network in capillary suspension

T EAS SNl R U1 A R A Y
SN, T 220 B I T R v Sl A 25 M e A 1 e
o FAERYE R B SN T i 5 LA CERE, PTam st
VI R P B SR A A AL AR o, S 2 s KD iy
P, X BRI R M RR IR IR B A

FT U, A AR 5452545 M (soybean protein
isolate, SP1) & WUk ] 25 JERL . KRy A B . 2=
B KRG, i it B AN B il 45 SPI
BERS, BRIT IR ARG . SPT Joiider e B K Hhuih 78
T MBI T AR 2R e B R B ST B . ASHIE
GE AT R KT 453 85 2 P ST R I 1) i) 25 R BE R
FEALFOARYE, SRS e E AR PR
WS, MR A S L T HAT I S,
1 #R55E%
1.1 MR5EE

KETBEBEMG90%) A R
Al S @AW E (1000 U/g) bt s=idHiA
BNl R i BRI Sh A B w5 HoAth i
ANk B = sl

RCT basic #f J7 M dEAE  FEE IKA 4 HF;
MARS40 FiAFAY . 5910 Ri ERELOHL FEERKIHIR
B ARAF]; AL104 T 4r2 —HBTF R EEHE
R -FER AR A TR F]; ADS00S-H 55 UJHL =
WG AN FA PR W) ; SCIENTZ- T D A 75 41 A i 1
I TR AR A A B2 W] SDC100 22l
MR BRI B ANES A BR A F]; Retsch PM100
112 EREY  FEESEA ] INVENIO R {# B i
LIHMSEIAYL FEEAAE TN S
1.2 XFHE
1.2.1 RESEFEAPRHIE 2% Guo U1y
Jri, NN S IR EL 0 (TGase LR
J55 53 () Fe A S BOR il £ SPT Uk, I 78 FLAAR A B
AT T E SR . B 10% (w/v) SPI A ETE BT
K AR, WL REAL T 2.0 h, BEJERF 10% SPI S HU#K
BT 4 °C vKEEE I 12 h, IR A B0 T35 507K
1k 1A 1.0 mol/L NaOH ¥ WK /K AL S5 1Y SPI 43
AR pH P 2 7.0, T i AR b Rp e b AR A
pH 5] . BELF pH B9 SPI /3B & T 80 °C /KB
AL FR 20 min, BUBR AN R ZIR)S, INAL 20k
Rt 2413 (20 U/g SPD), ¥R G E T 45 C /KR
PEATEHE SRS N 4 h, I S5 R 5% H B =k, 145
Fl] SPI BEME . W SPI BEMZHE IR 1:10(v/v) 1Y LA Ex
InZEEFoK, BT UIFLLL 10000 r/min BY%E



<72 - £ Tl B4

2026 4 2 A

57 2 min, B JE A 4RI (B3 400 W,
B ETA] 2 min) UE—2 4R L TR, 1551 SPI %E K i
B TEI o K SPI &E IR BRI B T B AL,
L1 5000 r/min %5 250> 20 min, B0 )5 /N 0ER
W, WA S HERUTTERD Sy SPI SRR . B, 4
B 0 ER A S 0K R T R TR A BE, 453 SPT AUt
B A, AR BMRAET—20 °C VKA

1.2.2 SPI fUki = FHEEMl A M E {0 AT I2AT 5
1R R G fl A I SO SPT R A iy f ffr o 1
fAFREL 100 mg SPI FUkIAG A, FHIDESAF s HAYI IS
B R4ty o Al T sh4r #hE F HLEE 10 MPa JE /)
TR 30 s, il R PR AW A . TR R,
A U T R I AR S b A vk R T S A
Jin—EK (5 pL) Fi 2R i RS e
e S, A ECE A A ST i RE
) —AH B AR

1.2.3 I EE R WA T2 FHER B A H] & 3 T
SPI MOTMEENE o BRI SPT Uk A F1 R = vl
CEWRA), AR 500 mL 5 Ak 85 BT BEHE b, 35m
100 Wi & AL 85 WF BEER (d=10 mm) . 7E 25%JF & F
350 r/min % 3 T i 47 1 h( &35 47 15 min, [A] &K
5 min), il & -1 JCEIFIR . BT T45 5, ik
EE TS I — 2 S KAV E SRR G, TEAR RS54
T URSEATEE 10 min, LAZRAGIET SPI Uk Y B 41 &
AR ZR, B SPT yMEENE .

a AN [FIR ARG IR XA FR i 52 FREL 30 g
TR0 SPI MUK A AN 70 g i, BFES 45 — o0
BRTEW o IS R R SIS R = UK (0, 7.5, 15,
22.5. 30 g), 4RZ2FEE 10 min, A FIR M ARG
InELAY SPLWMBERS . AE5LT 4 °C ¥E 24 h 5, AT
P . TAE A R RE S AHSHR AR o o k&R
AT IE AT A XA

B (%) = 2 5100

SPI

= (D

P Qe ARG B UL LU (3L
B FR PR B FARBIN ) , M RSN R K
MR OK) BB E (g), meCFREINAY SPT ks (1Y) T
w(g),

b. U e B AR R 1 B2 - oE O AR BT R Y
SPI JWekiBy = Fi i &l G 100 g, ok 5 B E i ke
B4 53R 5%, 10%. 20%. 25%. 30%. 35%. 40%),
Hilf —IuEIRER . BEJS, SINZK (e i 50%) , KL
W 10 min, DAIRAGAS [RSURLHC BE 1Y SPT T EE KL o
UKFE 4 °C #E 24 h, #EATERL. AR LA SR R D
FIAHSCHEARIE o APtk B 38 =N F

0,(%) = —2 %100 ® (2)

spr My
iz @, S FVBURAE AR TS IR R AR B AR
) A B CCH B BDRE R B LUZAE RS ), men IUERES
Jinid) SPT ikt B i (g) , my ARFRASIN A I il iy 5T

(g

c. AL B YR B T SPI B A FE I : DL Qe M
50%, ¢, f7 30% SR, AkPE il 7 T B, (i FHEREE AL
il #5452 SPTIMEERL o BbAh, PE— 28R A )36
(50. 60. 70, 80, 90 °C)XF_ iR il e s (vl e s ik
— K INFAALFE 15 min, 43 B FRic A Heat-50.
Heat-60. Heat-70. Heat-80. Heat-90, KNS, B
RS, BT 4 °C vKFRTRE 24 h, 7R, AL,
FRRRE 7 DA B AR B 0P AR 2 T4 M GIEAR SSFE ARl 2 o
1.2.4 SPI &ML FiiF & J5 09 SPI BEiK
FESRECH, B 1 h, AR LG Sh M I A T A BRE
o MEAh, EFHFRIEAT, B 1.0 g FA5CE TR 4R
b, R, SR A SCPERE ) R SRR
1.2.5 SPI JMEECFFEBES M B 2.0 g HI&4r
M) SPI VHEENE, TR A FFeHRE MY 10 mL 204 (il
N mg), 7E 4 °C HFE 24 h JFFRFRKEGE N m) . H
EHEHESFRE.OHUE 4 °C F LA 5000 r/min AYFEHEES O
30 min, K BRIFES AR . B .08 S TR AR I,
SEAHE AR B WA . BRI id SRR A E i (2
m)U FEEHE ST (%) T FAARG

iﬁ%é‘%(%):( Mhvaee & Mo )><100 X 3

Myaier + my; + Mgpy

FRHLRE 11(%) = (1 SLTEL S L )><100
m; —my, My, + Mgy + Mgpy
WD)
1.2.6 SPI il & B i A8 2= FF PE A I 2 i i

T 7 A8 A AN B AR S 20 mm B O6G HE SE M ( P20Ti-
0117084) X il #5 B SPI IMEEREAE S AT AR S IR AS
PR, MRTE 25 °C 3T, FESATE AR > 6]
FIMEI BRI E A 1.0 mm,

W74 AR E R (1 Hz) 554K, 47
1~10000 Pa Ja BN AR 1334 -

BT AT G RNV FTFF 0 LR PR 5 X 4 S At
I, LUERE N 77 (1.0 Pa) RSL80 254k, #17 0.1~10 Hz
AR B PN PR AT T4

KRG EEFTH: 78 0.1~100 7" P 5541 3 = 91 136 Py 12
AT, EEREHE N 6 min.
1.2.7 F# 4B SPI vl BE B (6 B - AR 4 21 4 o 3%
(FTIR)MISE  SHRI2EERITIALFREXT SPI THBER 152
mig B, K B B S AR SRR T, G A ATR 58
28 4 AL B P AR 2T AR ST R, F TS A
4000~600 cm™' Z[H], 43 HERN 4 em™, FHIIRECH
64 YR, HE—3E3HL 1700~1600 cm ™' WE(E 53 AS ]
AR FERE LR PR RS R AR
1.3 HIEAIE

T TERRSE T T 20 3 IRELEME .. Bk
K SPSS 19.0 FA4#E4T Jr 225397, P<0.05 3R F
3 PEE 5, R Origin 2023b #1/43E4THE— 245
HrFngsE .



8476 3 WROTIB , 45 ST BAINRIBSONT R o) B R LB AL ek S RpI e 1 OB 73 -
Puer 0%  25%  50%  T5% 100%

2 FR5H5H
2.1 EBFR=EEMA

B S PSS NN R TE YA S BEEE P A PNFON A1 i Uk YRS 14
AR FLTAI R O VE R S R PSS B4R (Tt
VEREUR,, — AR T 90°) FIeh 43RS (IR
AP SeiE iR ok, — ARl /INTF 90°) PO, Rk Y
VR P R ) "B A TR RS TR A R 4 25 AT
PP EMESE. LIBRIE SRR 2 ], iF s 2R B JCHL
BRIZ S0 FE AP IR T T R B 4TS VR A R R
H O AR e PR TR 55 A4 IR 25 S5 A A S R T o AR,
XHFZF A EMA R, FEBAPIRE T AP eimEie i
BT, YR G LA S A 1] o Uk [E] B Al B 4 M
B, mAEg ZFLB R N FRIB R, DTSSR T P25 2544
PR 2 PRI RIS, EFLIE 40 AR T
BB AR R A, A5 = A0l KT
90° (EAAA 137°)12), FRIHIZAK AT BANIRES .. 2
T, PE T T4 4 SPI ks i) — AH4flfa, LI
A SPI yHEERE H Uk 3 H2RAS . anEl 2 s,
RENRTTIH ., /K5 SPI ki = (8] 1Y) — AH4Z MM oA 123°
(>90°), FH T CRE DI S/erEiE SPI ks, Ar
FAER ) B ET PR R i E RIS N BAIRES,
JE S ST HRAL T HRI SR 5 S g

123°

K2 KRG B AR R = AR A (O,
Fig.2 Three-phase contact angles (6,,) of SPI particle

22 RPRERMEST SPI JHEERL M FRAVFZ M
R (288 F7/K) U i b 2552 1 SPT itk
ey R T EE IS 19 AU A i AR 2 o, an &l 3 JF
o B 2B TR B e PRGN, AR ZR TS
BT AR NSRS . X AR VA ok Rl i T
AEBTERAE B LA BRI EE R P 25 2548 . ARSI UL,
2 Qe =0% B, IR Z i SPI ik 5 e Sy 4k, i T
fife = IR B, OO TR AR A P55, 14 21 S B iRy
P TLIARREYE o FEIT Quue TE N ZE 25% M UL L IR R B
EHEHRRN , 2 Puuer N 50% BF, A4 ZREL 7S NS [E 2,
X SE YA T SPI Uk E i B ANAE 1A B, T
A E I BEE 45 . 18] 3 R g SN IR B R, TE
Puaer N 50% I, A4 Z1 1149 B0 AT 43 19 AR 385 BHIR S T
AR Ay ads W B0, 33X 0] HE 5 /K SR R A U IS
Sy HORA -5 1A AR S 5 25 S v N 2 R R A X
A, FH—HIEIN Qe 2 75% Fl 100%, EEBEFFIK

P13 OR[ERR G A e (1 SPL e R WL IR A
Fig.3 Visual appearance of SPI oleogels with different
secondary fluid additions

SEIIAGE LIRS, 3X AT GBS e T 8 i S K R, AR
TR P R R (] 7K 5343 A RAS i AR, 3061k
JBT I S AR AR

VHITEE I PR T RE 1 2 HL I 45 25 A8 [ A e i B
TSR, XA RPN Y s P st Re B P EE
FHo ZAETT BT BEE I 28 R A IR B WA A
FERE ST, VAL LS L i e P s e b . B4l
BRI FRIE SR G AT SR 4%, B7 LR
ViR, 2432 R E.0 ST AOVE RS, S5 J0ekr P 265 e 2R, it
BT, T 53 IR G 5 AR R A 10 3= A — [R1HE
HE, Hitk, 51 AR EE J17E 0 5 B PR FE bR,
RA = R I8 B PRI S A TR BE J1 . 32 1 411N
T AR ZK s 02 0T il 25 149 9 B IS R TR R 7 i
SR TEIRTERBNRXT SPT ISR AR 22 520 1Y 9256
1, CREFILRIHAE S B FAHM BN TE 2, AR R R
WS BRI I AR e ARtk . 3R 1 R 5
TR, BEAE Qe I, 1A 2 NIRAAR 55 101820 3T ),
(R RF B 1 I A YR 55, 20T S B L B 5 g s A
AR T, M. 0B, MERBME R IR R R R
44.82%+1.46%, JZ Mt T SPI Jiki i [ A £k 6e 11, A1)
R BT R . Y o TR THZE 25% B, R EE )
a5, FEHH SPT k7 a] I 2% 2544 B9 TE B, {H LR B
KR T HER, FECOEAT LY AR R 2258
Ko B tEINZE 50% i}, FFHE J1 ARG K SRR
T 0~25% XA FrREAIR, 13X nl RIS B T I 45 25 1428
e, FIEIZE B A E— e B FIRSE T WAARZY
NZS TR Y K . 2@ B F] 100%, 14 R HLH
FAEMIRFRAE 77, 3X— G T (8 i 85 PR FE 50K

F 1 RFRREFRARTINE Y SPL ISR GE

Table 1 Liquid-holding capacity of SPI oleogels with different

secondary fluid additions

@water (%) AR B (%) eI (%)
0 70.00 44.82+1.46°

25 72.09 57.60+2.65%

50 73.91 60.49+0.57°

75 75.51 61.52+0.62°
100 76.92 67.76+1.46"

e FARAR TR R 22 5 .35 (P<0.05), #2~3F4[A,
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Fig.4 Rheological properties of SPI oleogels with different secondary fluid additions
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Table 2 Power law viscosity model parameters for oleogels
prepared with different secondary fluid additions

Pwater (%) K(Pa-s") n R
0 0.15+0.01° 0.95+0.00° 0.6310
25 19.1240.22° 0.34+0.01° 0.9528
50 48.01£7.29° 0.21£0.07° 0.9794
75 3338.1+£173.43° —0.40+0.02¢ 0.3814
100 2284.7+50.53° —0.43+0.05° 0.3903
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Fig.5 Visual appearance of SPI oleogels with different protein

particle weight fraction
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Table 3 Liquid-holding capacity of SPI oleogels with different
protein particle weight fraction

©p (%) WK1 (%) WAL ER (%)
20 81.81 45.07+2.88¢
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35 70.21 75.23+5.30°
40 66.67 78.02+3.70°
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Table 4 Liquid-holding capacity of SPI oleogels with different
thermal treatment

PAEHE B (C) WA (%) AR B 2(%)
No-heat 74.91 52.64+1.18°
60 74.91 52.77+0.87¢
70 74.91 54.75+0.85°
80 74.91 57.62+1.14
90 7491 58.79+0.81°
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