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Abstract: To enhance the stability of emulsions prepared with soybean protein isolate (SPI) as the sole emulsifier, this
study developed composite sunflower seed oil emulsions (SPI-XG-e) and bilayer emulsions (SPI-e/XG) using SPI and
xanthan gum (XG) as co-emulsifiers. The primary objective was to investigate the effects of XG concentration on the
physical characteristics of the emulsions, including mean particle size, Zeta potential, and turbidity, as well as their overall
stability. The findings revealed that at a XG concentration of 1.0%, the bilayer emulsion demonstrated superior physical
properties, characterized by a more uniform particle size distribution, a smaller mean particle diameter (0.63+£0.03 pum), a
higher absolute Zeta-potential value (46.70+0.25 mV), and a lower centrifugal stability constant (0.70%+0.46%).
Comparative analysis of the composite and bilayer emulsions revealed that the latter exhibited enhanced environmental
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stress tolerance. Particularly, the bilayer emulsion prepared with 1.0% XG could maintain homogeneity for 7 days of

storage at 4 °C with no detectable phase separation. After thermal treatment at 90 °C, it retained a high absolute Zeta-

potential value (44.47+0.31 mV) and showed no flocculation following three freeze-thaw cycles, demonstrating robust

stability. This study provides actionable guidelines for developing highly stable oil-in-water emulsions in food

manufacturing processes.
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Fig.1 Schematic diagram of emulsion preparation methods
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Fig.2 Effect of xanthan gum concentration on average particle size of different sunflower oil emulsions
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7E: A f0F SPI-XG-e; B % SPI-e/XG.
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and Zeta-potential (D) of composite emulsion
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Effect of freeze-thaw treatment and xanthan gum concentration on average particle size and Zeta-potential value

of different sunflower oil emulsions
: A, C 183 SPI-XG-¢; B, D 1t SPI-e/XG,

TEZ T — RGP B, 2 & S A3
Ry (R 11A), IFFERTGIIN XG &
AR AR T EHTEA . SR, 2 XG IR
BT 0.4% B, LIRS PIRES, R IWWT)Z, i
A ESGTRRE . AHEEZ R, I T XG R
FLA R 283 = R ERAIGE IR e, t oA H B 2L e )22
Praf Rl g . X 5 HOP kA R A — 3, B
El 11B w0, B XG B g3, BIMsfE et =ik
URAEIAAE RS, BUZZLIR - HBIRAR AT R e AAIC
Ko iX 5 Zhang G510 (25 R AEARL, HRIH SPL F
IR ZEPLAE 2 R N B S P A X2 FLR, I
55 SPI FLIK . SPI/AHERNHIR G WL A RmlR e ik
AT TXFEeA3 AT, a5 3R, SUZFLIR i R mlfe e P
B R LA o e N A 1| A= 2 Y R 5 8 = R A ]
T H Zeta- NG IRAL A, ORI E -G FLIR T Y
JEZFUAEFITE A D 2D AR R i e, S EOR UK
A, FEAR T AR e TE . AR, AUZFL AN U2
FLALFIIE BB AP 2 BB A AR PTA R R HR A vk
TR =9 o s i N s i W e | 27 N

3 4hp

XA B o B R LA H 45 1Y
FLIEAFRE WY (a7, ASFsR il 48 T R OB AR -
JEREZEEATIME G FL S RUZFLE, FIFRASRT T %
TS e 58 X} 2LV 11 40 B R R I B R T A R i
U N 1.0% I, 5 ZLIAISUZ FLIR ARL
A&t/ AL X E IR, BXUZZLIR AR E T 3
mTEGFLIR . MHEE GRS, SUZFLRA R AT
P TER RS R . VR MR R RS e e, BRI AN [
IR S MRS . 58 ?Hﬁ:ﬁﬁﬁaﬁﬂ?
BN TR, BT R BYE 2, N
BN AT A& Asue MK Gl FLIR PR AL 225 Rl
et o

© The Author(s) 2026. This is an Open Access article
distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

Sk

[ 1] McCLEMENTS D J. Emulsion design to improve the delivery


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

- 102 - £ Tl B4

2026 4F 1 H

of functional lipophilic components[J]. Annual Review of Food
Science and Technology, 2010, 1: 241-269.
[2] ZHAO Hekai, WANG Shengnan, ZHAO Guilan, et al. Fabri-
cation and emulsifying properties of non-covalent complexes be-
tween soy protein isolate fibrils and soy soluble polysaccharides[J].
Food & Function, 2022, 13(1): 386—397.
[3] YU Jie, WANG Xueying, LI Dong, et al. Development of soy
protein isolate emulsion gels as extrusion-based 3D food printing
inks: Effect of polysaccharides incorporation[J]. Food Hydrocol-
loids, 2022, 131: 107824.
[4] YANG Feng, LIU Xue, REN Xian'e, et al. Swirling cavitation
improves the emulsifying properties of commercial soy protein iso-
late[J]. Ultrasonics Sonochemistry, 2018, 42: 471-481.
[ 5] SHI Yunqi, LIANG Rong, CHEN Ling, et al. The antioxidant
mechanism of Maillard reaction products in oil-in-water emulsion
system[J]. Food Hydrocolloids, 2019, 87: 582—592.
[6] ADNIAK A, JURAK M, WICEK A E. Effect of chitosan,
hyaluronic acid and/or titanium dioxide on the physicochemical
characteristic of phospholipid film/glass surface[J]. Politechnika
Wroctawska, 2019, 55(6): 1535—1548.
[7] WANG Lechuan, ZHANG Hong, LI Hanyu, et al. Fabrication
and digestive characteristics of high internal phase Pickering emul-
sions stabilized by ovalbumin-pectin complexes for improving the
stability and bioaccessibility of curcumin[J]. Food Chemistry, 2022,
389: 133055.
[8] GAO Yuxing, WANG Zihua, XUE Changhu, et al. Modula-
tion of fabrication and nutraceutical delivery performance of ovalbu-
min-stabilized oleogel-based nanoemulsions via complexation with
gum Arabic[J]. Foods, 2022, 11(13): 1859.
[9] TIRGARIAN B, FARMANI J, FARAHMANDFAR R, et al.
Ultra-stable high internal phase emulsions stabilized by protein-an-
ionic polysaccharide Maillard conjugates[J]. Food Chemistry, 2022,
393: 133427.
[10] ZHANG Lina, LIANG Renwen, LI Liang. The interaction
between anionic polysaccharides and legume protein and their influ-
ence mechanism on emulsion stability[J]. Food Hydrocolloids,
2022, 131: 107814.
[11] b, 28/, BN, F FEesBEa-FER LS
FUi A AR AT Z ()], A e b5 R BF Tk, 2024, 50(18): 148-153.
[ MA Huanta, LIU Sitong, ZHAO Liangyu, et al. Studies on stabili-
ty of tilapia protein isolate-carrageenan composite emulsion[J].
Food and Fermentation Industries, 2024, 50(18): 148—153. ]
[ 12] KANG Ji, YUE Hongxia, LI Xinxue, et al. Structural, rheo-
logical and functional properties of ultrasonic treated xanthan
gums [J]. International Journal of Biological Macromolecules, 2023,
246: 125650.
[13] MATSUYAMA S, KAZUHIRO M, NAKAUMA M, et al.
Stabilization of whey protein isolate-based emulsions via complexa-
tion with xanthan gum under acidic conditions[J]. Food Hydrocol-
loids, 2021, 111: 106365.
[14] Sk, m &, %) —3, . T m AR IR & T LA
AR M [J]. A e T kA%, 2023,44(9): 10-19. [ HUANG
Huan, TIAN Yan, LIU Yizhe, et al. Optimization of preparation
technology and stability analysis of coconut oil nanoemulsion[J].
Science and Technology of Food Industry, 2023, 44(9): 10-19. ]
[ 15] QIU Chaoying, ZHAO Mouming, McCLEMENTS D J. Im-
proving the stability of wheat protein-stabilized emulsions: Effect of
pectin and xanthan gum addition[J]. Food Hydrocolloids, 2015, 43:
377-387.

[16 ] iKAZA, AP, Ty, 5. DHA 3 it 28 K Uik ) & A AL
MRy BT[], F E AR IR, 2022, 37(3): 88-94. [ ZHANG
Chengchao, CAI Yina, PENG Chifang, et al. Preparation and stabili-
ty of DHA algae oil nanoemulsion[J]. Journal of the Chinese Cere-
als and Oils Association, 2022, 37(3): 88—94. ]

[17]) i, B2 2, A5, . &b fRLUREBIRAMEL
A AT 5 [T, AR LMK 53R, 2018, 49(10): 387-395. [ JIANG
Lianzhou, QI Yuman, MA Chunfang, et al. Formation and stability
of fish oil enriched biocompatible nano-emulsion[J]. Transactions
of the Chinese Society for Agricultural Machinery, 2018, 49(10):
387-395. ]

[ 18 ] WANG Qiming, RAO Zhenan, CHEN Yuanyuan, et al. Char-
acterization of responsive zein-based oleogels with tunable proper-
ties fabricated from emulsion-templated approach[J]. Food Hydro-
colloids, 2022, 133: 107972.

[ 19] ZHU Zhenbao, WEN Ying, Y1 Jianhua, et al. Comparison of
natural and synthetic surfactants at forming and stabilizing na-
noemulsions: Tea saponin, Quillaja saponin, and Tween 80[J].
Journal of Colloid and Interface Science, 2019, 536: 80—87.

[20] p4fm 528, XKW, & R R BRI IR SLRA &
REAEAR ], BAR IR, 2014,29(6): 93-98,103. [ LU
Jinli, FU Yuying, WU Xiao, et al. Stability and rheology of purity
gum emulsions adding xanthan gum[J]. Journal of the Chinese Ce-
reals and Oils Association, 2014, 29(6): 93-98,103. |

[21] NG S K, NYAM K L, LATI O M, et al. Development of a
palm olein oil-in-water (O/W) emulsion stabilized by a whey pro-
tein isolate nanofibrils-alginate complex[J]. LWT - Food Science
and Technology, 2017, 82: 311-317.

[22] LI Lijia, GENG Mengjie, TAN Xiangyun, et al. Insight on
the interaction between soybean protein isolate and ionic/non-ionic
polysaccharides: Structural analysis, oil-water interface properties
investigation and double emulsion formation[J]. Food Hydrocol-
loids, 2024, 150: 109754.

(23] RURAS, Bk, ¥, F. 2R XA KT £ 4Kk
o A AE AL M Fe A A A R BB AR R LT]. R T LA,
2025, 46(11): 69—-80. [ ZHOU Lesong, CHEN lJialing, HE Liping,
et al. Comparative study on physicochemical properties, stability and
bioavailability of all-E and Z-astaxanthin nano-emulsions[J]. Sci-
ence and Technology of Food Industry, 2025, 46(11): 69—-80. |
[24] 74, RifpiF, G NE, F AT A MR GRS B AT b
B e R BRI, s Rk X FF R RFAF R,
2021, 47(3):361-368. [ WAN Zheng, ZHAO Haiyang, ZENG
Chaoxi, et al. Characterization and application of rapeseed oil-low
erucic acid oleogel based on Pickering emulsion[J]. Journal of Hu-
nan Agricultural University (Natural Sciences), 2021,47(3):361—
368. ]

[25] #hahat, ZHIF, R4, F. R RIT A= E & R
My Fea [J]. 28 T WA, 2021, 42(20): 76-85. [ XU Weijian,
WANG Weiqing, YU Xiongwei, et al. Effect of xanthan gum on the
emulsifying properties of almond kernel protein[J]. Science and
Technology of Food Industry, 2021, 42(20): 76-85. ]

[26] TABILO-MUNIZAGA G, VILLALOBOS-CARVAJAL R,
HERRERA-LAVADOS C, et al. Physicochemical properties of
high-pressure treated lentil protein-based nanoemulsions[J]. LWT,
2019, 101: 590-598.

[27] FUNAMI T, NAKANO K, MAEDA K, et al. Characteristics
of O/W emulsion gels stabilized by soy protein-xanthan gum com-
plex for plant-based processed meat products[J]. Journal of Texture
Studies, 2023, 54(3): 428—439.


https://doi.org/10.1146/annurev.food.080708.100722
https://doi.org/10.1146/annurev.food.080708.100722
https://doi.org/10.1016/j.foodhyd.2022.107824
https://doi.org/10.1016/j.foodhyd.2022.107824
https://doi.org/10.1016/j.foodhyd.2022.107824
https://doi.org/10.1016/j.ultsonch.2017.12.014
https://doi.org/10.1016/j.foodhyd.2018.08.039
https://doi.org/10.1016/j.foodchem.2022.133055
https://doi.org/10.3390/foods11131859
https://doi.org/10.1016/j.foodchem.2022.133427
https://doi.org/10.1016/j.foodhyd.2022.107814
https://doi.org/10.1016/j.ijbiomac.2023.125650
https://doi.org/10.1016/j.foodhyd.2020.106365
https://doi.org/10.1016/j.foodhyd.2020.106365
https://doi.org/10.1016/j.foodhyd.2020.106365
https://doi.org/10.1016/j.foodhyd.2014.06.013
https://doi.org/10.1016/j.foodhyd.2022.107972
https://doi.org/10.1016/j.foodhyd.2022.107972
https://doi.org/10.1016/j.foodhyd.2022.107972
https://doi.org/10.1016/j.jcis.2018.10.024
https://doi.org/10.1016/j.lwt.2017.04.050
https://doi.org/10.1016/j.lwt.2017.04.050
https://doi.org/10.1016/j.lwt.2017.04.050
https://doi.org/10.1016/j.lwt.2017.04.050
https://doi.org/10.1016/j.lwt.2017.04.050
https://doi.org/10.1016/j.lwt.2017.04.050
https://doi.org/10.1016/j.foodhyd.2024.109754
https://doi.org/10.1016/j.foodhyd.2024.109754
https://doi.org/10.1016/j.foodhyd.2024.109754
https://doi.org/10.1016/j.lwt.2018.11.070
https://doi.org/10.1111/jtxs.12757
https://doi.org/10.1111/jtxs.12757

8478 % 1)

VNG, 5 KGR -3 A S/ SUZFLIRA il 2 SRR PR - 103 -

(28] B2, X, SRFUR, 5. & RIS H) &A48 BOH il 20 R 5L
R ZH R[], A Tk, 2020, 41(9): 69-73,80. [ PENG
Qun, LIU Xiong, ZOU Yuchen, et al. Study on the factors influenc-
ing the preparation of orange oil nanoemulsion by high-pressure mi-
crofluidization[J]. Science and Technology of Food Industry, 2020,
41(9): 69-73,80. ]

[29] LEE H, YILDIZ G, dos SANTOS L C, et al. Soy protein
nano-aggregates with improved functional properties prepared by se-
quential pH treatment and ultrasonication[J]. Food Hydrocolloids,
2016, 55: 200—209.

[30] BRITO-OLIVEIRA T C, BISPO M, MORAES I C F, et al.
Stability of curcumin encapsulated in solid lipid microparticles in-
corporated in cold-set emulsion filled gels of soy protein isolate and
xanthan gum[J]. Food Research International, 2017, 102: 759-767.
[31] PATEL A R, CLUDTS N, SINTANG M D B, et al. Edible
oleogels based on water soluble food polymers: Preparation, charac-
terization and potential application[J]. Food & Function, 2014,
5(11):2833-2841.

[32] #fk. bb—MBEREEFETALMRILRGH &
[D]. 4. ixd X 4, 2015. [ GAO Jian. Curcumin purification via
complex-dissociation and its preparation of nanoemulsions[D].
Wauxi: Jiangnan University, 2015. |

[33] 244, AAE, K& F ARBRAYEEEG-X X
GRAKRFEILRRBERG YW [ 2555 KB, 2016,
42(2):114-119. [LAN Dongmei, ZHOU Chunxia, ZHANG
Mengxia, et al. Effect of xanthan gum on emulsion stability on
tilapia and soybean protein mixture[J]. Food and Fermentation In-
dustries, 2016, 42(2): 114-119. |

[34] KALTSA O, PAXIMADA P, MANDALA 1, et al. Physical

characteristics of submicron emulsions upon partial displacement of
whey protein by a small molecular weight surfactant and pectin ad-
dition[J]. Food Research International, 2014, 66: 401—408.
[35] LIU Gang, WANG Qi, HU Zhongze, et al. Maillard-reacted
whey protein isolates and epigallocatechin gallate complex enhance
the thermal stability of the Pickering emulsion delivery of
curcumin[J]. Journal of Agricultural and Food Chemistry, 2019, 67
(18):5212-5220.
[36] =&M, AAT, 200, F AARSHENK 2K G 1Lk
R RR A v (T, R AU 5 3R, 2020, 51(7): 389-396.
[ WANG Xibo, ZHOU Guowei, WANG Xiaodan, et al. Effect of
heat treatment on freeze-thaw stability of glycosylated soy protein
emulsion[J]. Transactions of the Chinese Society for Agricultural
Machinery, 2020, 51(7): 389-396. |
[37] SRIPRABLOM J, SUPHANTHARIKA M. Influence of xan-
than gum on properties and stability of oil-in-water Pickering emul-
sions stabilized by zein colloidal particles[J]. Journal of Food Mea-
surement and Characterization, 2022, 16(4): 2772—2781.
[38] &%, &HE, ROE, F AL RO ILRBENM
#% v [J]. &S T kAL, 2024,45(11): 86-92. [ GAO Fei, YU
Haixia, ZHANG Xiaojun, et al. Effect of heat treatment on the sta-
bility of the tuna protein emulsion[J]. Science and Technology of
Food Industry, 2024, 45(11): 86-92. ]
[39] ZHU Xuefeng, ZHANG Ning, LIN Weifeng, et al. Freeze-
thaw stability of Pickering emulsions stabilized by soy and whey
protein particles[J]. Food Hydrocolloids, 2017, 69: 173—184.
[40 ] ZHANG Zeyu, WANG Xibo, YU lJie, et al. Freeze-thaw sta-
bility of oil-in-water emulsions stabilized by soy protein isolate-dex-
tran conjugates [J]. LWT, 2017, 78: 241-249.


https://doi.org/10.1016/j.foodhyd.2015.11.022
https://doi.org/10.1016/j.foodres.2017.09.071
https://doi.org/10.1016/j.foodres.2014.10.005
https://doi.org/10.1021/acs.jafc.9b00950
https://doi.org/10.1007/s11694-022-01386-2
https://doi.org/10.1007/s11694-022-01386-2
https://doi.org/10.1007/s11694-022-01386-2
https://doi.org/10.1016/j.foodhyd.2017.02.001
https://doi.org/10.1016/j.lwt.2016.12.051

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 乳液样品的制备
	1.2.1.1 双层乳液样品的制备
	1.2.1.2 复合乳液样品的制备

	1.2.2 粒径的测定
	1.2.3 Zeta-电位的测定
	1.2.4 浊度
	1.2.5 流变学测定
	1.2.6 乳液稳定性
	1.2.6.1 离心稳定性
	1.2.6.2 储藏稳定性
	1.2.6.3 热稳定性
	1.2.6.4 冻融稳定性


	1.3 数据处理

	2 结果与分析
	2.1 粒径分析
	2.2 Zeta-电位分析
	2.3 浊度
	2.4 流变学分析
	2.5 乳液稳定性
	2.5.1 离心稳定性
	2.5.2 储藏稳定性
	2.5.3 热稳定性
	2.5.4 冻融稳定性


	3 结论
	参考文献

