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Abstract; To provide a reference for the encapsulation and delivery of lipophilic bioactive substances,
Pickering emulsions ( SDC - PEs) was prepared by using a two — step method of high — pressure
microfluidization process with soybean protein isolate (SPI) — dextran conjugate (SDC) as emulsifier and
stabilizer. Single —factor experiments were conducted to investigate the effects of homogenization pressure,
homogenization times, and SDC dosage on emulsion particle size and polydispersity index ( PDI). The
preparation conditions of SDC — PEs were further optimized using response surface methodology.
Additionally, the properties of SDC — PEs prepared under the optimal conditions were analyzed. The
results showed that the optimal preparation parameters of SDC — PEs were as follows; homogenization
pressure 140 MPa, homogenization times 6, SDC dosage 2. 13% , and volume fraction of oil phase 10% .
Under these conditions, SDC — PEs exhibited an average particle size of 210. 33 nm with a PDI below

0.20. The SDC - PEs showed excellent stability

against pH, ionic strength, temperature, and storage,
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Table 1 Factors and levels of response surface methodology

3.76AC - 0. 14BC +3. 3447 +3.4B* +17.95C*, %}
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Table 3 Analysis of variance of regression model

FERWE CFHM AHE B F P
P 3198.71 9 355.41 82.19 <0.000 1"

A 671.00 1  671.00 155.18 <0.000 1
B 720.73 1 720.73 166.68 <0.000 1™
c 211.49 1 211.49 48.91  0.0002™
AB 15.08 1 15.08  3.49  0.104 1
AC 56.50 1 56.50 13.07  0.008 6
BC 0.08 1 0.08 0.02 0.8955
A? 46.90 1 46.90 10.85  0.0132"
B 48.79 1 48.79  11.28  0.0121°
c 1357.27 1 1357.27 313.88 <0.000 1"
R AT 30.27 7 4.32

LT 12.59 3 420 0.95  0.496 7
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Table 2 Design and results of response surface methodology
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0.1 1 10 100 1000 .
DY)k s Fih K n R
4 Pickering i 3 W5 B M BT I3 B TAL, ph 28 SPI - PEs 0.014 2 0.2955 0.908 3
Fig.4 Apparent viscosity of Pickering emulsion as a SPI + DX - PEs 0.170 9 0.757 6 0.988 9
function of shear rate SDC - PEs 0.074 5 0.790 6 0.994 3
HiE 4 Fi 4 A0, SPL - PEs R MBEERG S 2.3.2 BOWES

BT AR AT R, 3 n {HA/D, 09 0.295 5, )&
FARA WO A P A BB PR R 14, SPT + DX — PEs Al
SDC - PEs [ WAk il 45 3 1) 3 24 14 38 o ofe b 7t

(i, | 1

(a) SPI-PEs
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ANHRI ) R 4 44, T RE A SPT SR A K I, SPT +
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) AERFR 3 I FEATE W, AFTE R E L4, T SDC —
PEs JI| 2 Bt R DG AT A s 78 200 nm ALEF T,
SPI - PEs #1 SPI + DX - PEs {31 H B34 ar, vf
AE 8 R T 2 K 23 B R 2 2 Wi 1 il K B g
b SPT UKL A HEF , [7] BEtn 156 B 1 33 95 o 2L 8 119
RS ENE AT BEAHE , A3 b i it Y A9 9] BE , T SDC -
PEs 21H JC W] . 2440, AR 0% 1 M7 WL 5% 3] Bk 1A 10 M
B, I FUARRETE T, W] SDC ROkL 22 [H] 16 3R B %
Wi/ YDA it I i DG P T R T Es AT R )
BRURGS A A AR AE 200 nm e Ay, 3 50k A2 I o 445
R—E
2.3.3 Pickering LI 2 E M
2.3.3.1 pH B0

T AP A K LA R AR — AR A 20 ~ 500
nm Z [A], HIAK PDI/NT 0.3 BFLIR A H5s —,

(b) SPI+DX-PEs
5 Pickering ZLiZERE RE TH SEM

Fig.5 SEM images of Pickering emulsions at different scales

FEl 5 J& Pickering FLIZEAR TR AE(T wm 1 200
o) R T T 58 e (SEM) 81,

(¢) SDC-PEs

M7 Zeta — A, {67 A 268 X {0 0 DR D) 2L, 9 ) A 7E P

#7770, pH RSFLIBCRLAR \PDI I Zeta — HL 3L (Y5200 1L

x5,

%5 pH 3¢ Pickering ZLi& A2 PDI #1 Zeta — BB LAY 51
Table 5 Effect of pH on particle size, PDI and Zeta —

potential of Pickering emulsion

B pH IR/ nm PDI  Zeta - Hifi/mV
3 1403.00£373.90" 0.79£0.23*  13.53£0.51°
4 1568.67+260.02" 0.62+0.36° -6.09+0.07°
5 3304.67£365.27" 0.90+0.17° -3.57+0.31"
6 436.60+1.5° 0.310.01" -25.47£0.21"

SPI - PEs T 34.27+2.80°  0.240.01" -29.53+1.18'
8 350.90+3.68° 0.28+0.00" -29.13+0.76"
9 3M5.60£5.19°  0.28+0.01" -28.27 +1.10°
10 314.802.8°  0.26%0.01" -27.83£0.65°
1 307.53£3.33°  0.16£0.01" -29.20£0.53

SPI +DX - PEs3 ~11 N/A N/A N/A
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GRS
HEhh pH

SRR/ nm PDI
3 B7.50+4.33° 0.13£0.03"  8.49£0.17°
4 270.50£0.40°  0.19£0.04*  0.85+0.47"
5 263.80+4.07°  0.15£0.02" -1.67+0.23°
6 241.90+1.14% 0.13£0.02° -5.90 £0. 14
7
8
9

Zeta - Bfii/mV

244.60 £0.98° 0.15 £0.02* -16.53 +0.15°
241.57+1.78%  0.14£0.00" -17.33 +0.21"
22.50 £0.95  0.10 £0.01" -17.60 0.01%
10 244.17£3.31° 0,14 £0.03" -18.07 +0.388
11 47.00£1.47°  0.15£0.03* -19.37 £0.47"

T N/A FoR TR E ; RIS [ 7B 2 m 4L BAT 2%
25t (p<0.05), NI

Note: N/A indicates that the relevant index cannot be measured.

SDC - PEs

Different letters in the same column indicate significant difference

within groups(p <0.05). The same below

H12¢ 5 I, pH 24 3 4 F15 i, SPT - PEs ¥
RiAE R KT pH 24 6 ~ 11 B Ay, [Al IS PDI L KT
0.5, 3T RESE T pH 7 SPL 9% £ (pH 4.5) "
BEIT , SPT SRS ORMBIORE , 3t ORI ARF R . BEE pH Y
WK, SPL — PEs ) Zeta — HL{V 26 XHELEAR I 52 el IS
FHARyEH, SPI + DX — PEs 1€ pH 3 ~ 11 B & [ 2%k
JBOIR , TG 125 I 5 G- ¥ Rz 4% PDL Fl Zeta — HL {7,
SDC - PEs kifed2/NFAH A pH T SPI - PEs [, 3% I
T DX A SPI 731~ b, A5 A I 2 S Eess , M
iy SPLy R, [WIFEAY, 1825 T SDC Rk
EME 78 pH 3 ~ 11 B},SDC - PEs [ PDI ¥/NF 0.2,
RSN, SDC - PEs BAT RAFR) pH FE .
2.3.3.2 BRI

B9 EEXT Pickering FLIE LIS\ PDI il Zeta —
LRI L 6.

R 6 EFIRENT Pickering ZLif#i12 . PDI F Zeta -
R EA )
Table 6 Effect of ionic strength on particle size, PDI and

Zeta — potential of Pickering emulsion

B N pkm PDL Zew-tifi/my
(mmol/L)

0 393.20+3.36" 0.25£0.01° -28.37 +0.60°

S0 400.87+1.45° 0.29£0.00* -27.97 +0.97"

SPI - PEs 100 412.17+2.30" 0.27 £0.02" -27.40 £0.70"

200 412.60£7.95" 0.30 £0.02* -26.20 +0.85"

300 425.13£2.45" 0.29+0.02° -26.67 £0.51*

SPI +DX -PEs 0 ~300 N/A N/A N/A

0 233.23£0.25* 0.15£0.02* -15.70+0.20"

50 235.33£2.57* 0.15£0.02° -16.13+0.21°

SDC - PEs 100 235.90+3.91" 0.16+0.03" -14.27 £0.15°
200 236.80+1.15* 0.14+0.02° -11.80+0.30°

300 235.20+2.41° 0.14+0.03* -11.00+0.26"

1% 6 A, Bt R U E A K, SPT - PEs

(SRR 3 K, T SDC — PEs (197 Y587 42 W% A
WEA, R R AR PrEh B . BEE RS T
WEERIE R, SDC - PEs 1) PDI ZZ{E AN I 3, 5 SPI -
PEs A, SDC - PEs (1) PDI H/N, LI 53 A B —
SPI — PEs H1 SDC — PEs 1) Zeta — F {3 [1% 48 %] {8 2% bt
R B U B I B AR 8 v/ X T R R T
FLIR R 7L AT, S 85— TR B2 1% 338 n 7 R 5 il
YEFRSG SR A 2 e (Na ™ ) IR AR BN, 730N
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Table 7 Effect of temperature on particle size, PDI and
Zeta — potential of Pickering emulsion
FEfh EE/C AR/ nm PDI  Zeta-Hifi/mV
0 3%4.27:2.80" 0.24+0.01" -29.47+0.31"
4 387.30+3.75% 0.26£0.01" -28.97 £0.06"

SPI - PEs 60 439.47+0.45° 0.25+0.01° -29.27 +1.59
75 487.57+3.48" 0.25+0.00" -29.17 +0.90"
90 500.2312.60° 0.28 £0.01° -27.00 £0.79"

SPI +DX -PEs 0~%0 N/A N/A N/A
234.47 £3.31 0.160.01" -16.53£0.15"
4 235.90+2.14% 0.16£0.05" -15.70 £0.20"
SDC - PEs 60 270.60+1.82° 0.18£0.00" -16.43 +0.15"
75 29.77+2.87" 0.21£0.03" -17.00 £0.10°
0 336.43+5.62" 0.25£0.02° -19.03 +0.21°

22 7 W0, 7 60,7590 °C 4b 30 min J5,SPI -
PEs i1 SDC - PEs [ F- #4042 5 0°C F1 4 °C A7 LY
BETE . WA R E TR, SPL - PEs #1 SDC -
PEs [~V ¥R 42 F1 PDI 2 F = #a %, {2 SDC - PEs
- 2kide & PDIL ¥4 /hT SPI - PEs [y, FA4b At
B AR R TE AR AR, A 2R R 4R R
AR 53 A, R B 8 ik R R
BT T EHE, X 0T RE & W3R A2, WO R
AU DT {5 5 48 i R JE AR b BB SPT - PEs Al
SDC - PEs Hyki4% F1 PDI #4314k, {H i T SDC -
PEs (9116 R 42 K PDI /N, ik 35 P S0 A%
PDI 38R AT 4K, L, YR8 XF SDC - PEs HA
— SE RS2, (H LA AL B S 4T e AR 15 AR G 7
ki PDI, 6B HEA — 2 MR R Tk o
2.3.3.4  ffAEB I

AT )X Pickering ZLICRLAE . PDI Fl Zeta —
HLAT (14 R ) DL 35 8 o
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Table 8 Effect of storage time on particle size, PDI and

Zeta — potential of Pickering emulsion

R, ffl/d SFEpRAE/ nm PDI  Zeta-Hifi/mV

0 254.53+3.62° 0.19+0.01° -31.53+0.40°

1 350.07+3.76"  0.26£0.02" -29.53+1.18"
SPI - PEs 3 ML13+25.76° 0.27+0.03" -32.30+0.30°
5 I87.43+7.81"  0.46£0.02° -29.53 +1.18"
7 865.30£11.77%  0.41£0.06° -31.30£0.92"
0 47770 £11.03" 0.33£0.04™ -30.77 £1.78"
1 498.73£15.69" 0.39£0.03* -30.73 £0.9"
SPI+DX-PEs 3 1183.33£32.13* (.33 +0.05 -30.80£0.61°
5 1161.33£4.93* (.33 £0.04" -30.73£0.50°
7 1242.00 £146.26" 0.28 £0.05" -30.70 £0.85°
0 201.60£1.10°  0.19£0.01° -15.77£0.15°
1 216.73£2.12°  0.19£0.01" -15.67 £0.42"
SDC - PEs 3 218.63+0.40°  0.20£0.01° -15.53£0.35"
5 2697214 0.19£0.01° -15.70 £0.10°
7 230.70£1.35"  0.21£0.00° -15.73£0.40°

12 8 AT, Bl fif A7 o 1) B JE 4,3 FP LI i)
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DX - PEs [ iF BB K, 1 SDC - PEs (1934 K i
FER N AififE T d B, SDC - PEs #9-F- k042
230.70 nm, ffi SPI — PEs # SPI + DX — PEs {431
7 856.30 nm F1 1 242.00 nm, Li 25" ffF58 & 8L,
FLAL T 08 3 A B 32 ol DA T 35 | e L R R 8 i (e A
R T /IN R 00 ) 81 EL A 2 o 1) AT B2 B e
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TEAEAF I R P BB o
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FE T LIORLAR B By Bt /N S A7, PDI 3
R, TPRLAR AR AE W B, 22 B0/ NI i 3R AR T2 BRI
KB A A2, PR R A 0 A 2 ke T A, U
PDL /e 25 |, SDC - PEs 76X i i SR 45 s o)
B,

H13E 8 A, Bifi i £ B[] 19 4 K, SPT + DX -
PEs Fl1 SDC — PEs i Zeta — L IG5k, ifif SPI —

PEs [1) Zeta — {07 BE T — & B B30, {2 SA 1
RAE M. Geng 1IN Ny, A2 HE Ak A7 5 AR h
Zeta — RO PRFFAE RFLBRRERE EZ N K

£ I,SDC - PEs B RUF M AF R €. o5

Ob, SEH A B, A5 B A R, 3 LIRS UL

ARG A (R T I T A A5 R, I

WOl EE gk B E L.

3 & it
ABIEFE LI A 1 BT 4 AR LA K

Oy B FRE R Pickering FL (SDC - PEs) o il

RGAAL, B T A fs 2 Ik SDC - PEs i e

TSN FUE ) 140 MPa Pk £ 6 ¥k . SDC

I 2. 13% AR 10% o TERAERE T

il # B FLIBC R A BN RLAR AR PDI, 4 5T

L], SDC - PEs JR B R 4F i) pH FaE

TR ENE PR T BERE ) LA S R A A e

X LERFPEFR W] SDC - PEs fEMS A R AN I A5 E

FAET KA . ABFFTIESE SDC - PEs & —Fh

BRI HR SR FLIBUAR R, D IR A 3 1 A

OIEKEE R IR R R B S i A S T TR A4

ARI7 G, HALTF KB B D REVE LIRS 12 75 1hI e B

H 22 B

S 3Lk

[1] PEI Y, ZHANG Z, DUAN Z, et al. Preparation and
characterization of high — methoxyl pectin/glycerides emulsion
for pH —responsive, targeting, and sustained release of fat —
soluble substances [ J/OL]. Int J Biol Macromol, 2024,
282 136675[2024 - 12 —28]. https://doi. org/10. 1016/
j- ijbiomac. 2024. 136675.

[2] HAO Y, LI S, GUO X, et al. Preparation of shellac
nanoparticles — chitosan complexes stabilized Pickering
emulsion gels and its application in 8 — carotene delivery
[J/OL]. Int J Biol Macromol, 2024, 281 136583[2024 —
12 -28]. https://doi. org/10. 1016/j. ijbiomac. 2024. 136583.

[3] DING M, ZHANG T, ZHANG H, et al. Gelatin molecular
structures affect behaviors of fish oil - loaded traditional
and Pickering emulsions[ J/OL]. Food Chem, 2020, 309 .
1256422024 - 12 — 28 ]. https://doi. org/10. 1016/j.
foodchem. 2019. 125642.

[4] PENG Q, HUANG Z, LIANG G, et al. Preparation of
protein — stabilized Litsea cubeba essential oil nano — emulsion
by ultrasonication: Bioactivity, stability, in vitro digestion,
and safety evaluation[ J/OL]. Ultrason Sonochem, 2024,
107 106892 [ 2024 - 12 - 28 ]. https://doi. org/10.
1016/j. ultsonch. 2024. 106892.

[5] LAN T, WANG X, DONG Y, et al. Fabrication of soy

protein nanoparticles based on metal — phenolic networks for



48 CHINA OILS AND FATS

2025 Vol. 50 No. 12

stabilization of nano — emulsions delivery system[ J/OL].
Food Chem, 2024, 448. 139164 [ 2024 - 12 - 28 ].
https ://doi. org/10. 1016/]. foodchem. 2024. 139164.
THRANE M, PAULSEN P V, ORCUTT M W, et al.
Sustainable protein sources [ M |. San Diego, CA, USA.
Academic Press, 201723 —45.

[7] ZHANG Q, YUE W, ZHAO D, et al. Preparation and

[6

[

characterization of soybean protein isolate - dextran
conjugate — based nanogels [ J/OL]. Food Chem, 2022,
384 132556 [ 2024 - 12 - 28 ]. https://doi. org/10.
1016/]j. foodchem. 2022. 132556.

[8] PANG B, LIU H, ZHANG K. Recent progress on Pickering
emulsions stabilized by polysaccharides — based micro/
nanoparticles[ J/OL]. Adv Colloid Interface Sci, 2021,
296 102522 [ 2024 - 12 - 28 ]. https://doi. org/10.
1016/j. cis. 2021. 102522.

[9] XUY T, TANG C H, LIU T X, et al. Ovalbumin as an
outstanding Pickering nanostabilizer for high internal phase
emulsions[ J]. J Agric Food Chem, 2018, 66(33) : 8795 -
8804.

[10] DE CARVALHO - GUIMARAES F B, CORREA K L,
DE SOUZA T P, et al. A review of Pickering emulsions :
Perspectives and applications [ J/OL]. Pharmaceuticals,
2022, 15(11);: 14132024 - 12 - 28]. https://doi.
org/10.3390/ph15111413.

[11] TING Y, JIANG Y, HO C T, et al. Common delivery
systems for enhancing in vivo bioavailability and biological
efficacy of nutraceuticals[ J]. J Funct Foods, 2014, 7.
112 - 128.

[12] WANG C, WANG X, LIU C, et al. Application of LF —
NMR to the characterization of camellia oil — loaded
Pickering emulsion fabricated by soy protein isolate [ J/
OL]. Food Hydrocolloid, 2021, 112: 106329[2024 - 12 -
28]. https://doi. org/10. 1016/]. foodhyd. 2020. 106329.

[13] WANG S, YANG J, SHAO G, et al. Soy protein isolated —
soy hull polysaccharides stabilized O/W emulsion: Effect
of polysaccharides concentration on the storage stability
and interfacial theological properties [ J/OL ]. Food
Hydrocolloid, 2020, 101 105490 [ 2024 - 12 - 28 ].
https : //doi. org/10. 1016/]. foodhyd. 2019. 105490.

[14] YIJ, LAM TI, YOKOYAMA W, et al. Beta — carotene
encapsulated in food protein nanoparticles reduces peroxyl
radical oxidation in Caco —2 cells[ J]. Food Hydrocolloid,
2015, 43. 31 -40.

[15] CHEN Y, ZHANG R, XIE B, et al. Lotus seedpod
proanthocyanidin — whey protein complexes: Impact on
physical and chemical stability of B - carotene —
nanoemulsions [ J/OL ]. Food Res Int, 2020, 127.
108738[ 2024 — 12 - 28]. https://doi. org/10. 1016/j.
foodres. 2019. 108738.

[16] SCHROEN K, SHEN X, HASYYATI F I, et al. From
theoretical aspects to practical food Pickering emulsions .
Formation, stabilization, and complexities linked to the
use of colloidal food particles [ J/OL]. Adv Colloid
Interface Sci, 2024, 334. 1033212024 - 12 - 28 ].
https : //doi. org/10. 1016/]j. cis. 2024. 103321.

[17] LIL, WU X, GAO T, et al. Fabrication of nanoemulsion
stabilized by high — pressure modified soy protein isolate —
genistein for the encapsulation of lutein[ J/OL]. J Food
Eng, 2023, 358 111686 [ 2024 — 12 - 28 ]. https://
doi. org/10. 1016/j. jfoodeng. 2023. 111686.

[18] BICH, QIE AX, LIU Y, et al. Chickpea protein stabilized
Pickering emulsions: As a novel mayonnaise substitute[ J/
OL]. J Food Eng, 2024, 382 112180[ 2024 — 12 -28].
https ://doi. org/10. 1016/]. jfoodeng. 2024. 112180.

[19] SALEM M A, EZZAT S M. Nanoemulsions in food
industry [ M ]//MILANI M J. Some new aspects of
colloidal systems in foods. London: IntechOpen, 2019.

[20] XU7KBY, MR, S0k, 45, S5 fHE R > s E e
FULRETERIBEIEL) ). BUUE MR, 2015, 31(5):
84 —89.

[21] GUO Y, LIN K, WANG Y, et al. Investigation on the
interfacial and emulsion stabilized behavior of dextran/
ferritin/resveratrol composite nanoparticles[ J/OL]. Int J
Biol Macromol, 2024, 283. 1375332024 — 12 - 28 ].
https ://doi. org/10. 1016/]. ijbiomac. 2024. 137533.

[22] TU Y, ZHANG X, WANG L. Effect of salt treatment on
the stabilization of Pickering emulsions prepared with rice
bran protein[ J/OL]. Food Res Int, 2023, 166 112537
[2024 — 12 —28]. https://doi. org/10. 1016/]. foodres.
2023.112537.

[23] CAKIR — FULLER E. Enhanced heat stability of high
protein emulsion systems provided by microparticulated
whey proteins[ J]. Food Hydrocolloid, 2015, 47 41 -50.

[24] YANG T, LI X T, TANG C H. Novel edible Pickering
high — internal — phase — emulsion gels efficiently stabilized
by unique polysaccharide — protein hybrid nanoparticles
from Okara[ J/OL]. Food Hydrocolloid, 2020, 98. 105285
[2024 —12 =28 ]. hitps://doi. org/10. 1016/]. foodhyd.
2019. 105285.

[25] LI B, SHI X, YANG S, et al. Tmpact of storage temperature
on physical stability and protein - lipid co — oxidation in
whey protein functional emulsions[ J/OL]. Food Biosci,
2024, 62 105433[2024 - 12 - 28 ]. https://doi. org/
10. 1016/j. fbio. 2024. 105433.

[26] GENG Q, HU T, CHEN J, et al. Emulsion stability
enhancement against storage and environment stresses
using complex plant protein and betanin [ J/OL]. Food
Biosci, 2024, 59. 1040752024 — 12 — 28 ]. https://
doi. org/10. 1016/j. fbio. 2024. 104075.





