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BRH T F A it A xF W/O/W FUiR EL3Z R B rm R K, 6 B @ AL ) & W/O/W FLi o S AE 5 A RIRJR £ 042 0.25%.
W/O FLiRARAR 532 16.60%. 2% 75 W. B ] 3 min; R QI E F 497E H 4L 10.34 g CFU/mL. &3 % 92.82%. #4
ZoHE 99.06%. F3Hitk 10.53 um; 5 R QILEF AN, ZHERUENEEBHIRGT 7.341g CFU/ML ; % 50. 70.
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Abstract: Lactobacillus plantarum 330G4 was encapsulated using natural food-grade materials such as water- and oil-
phase materials. An ultrasound-assisted double emulsion method was combined with single-factor experiments and
response surface methodology to determine the optimal conditions for preparing water-in-oil (W/O) and water-in-oil-
in-water (W/O/W) encapsulated emulsions. The results revealed that rapeseed oil was an effective oil-phase encapsulating
material, whereas pectin and whey protein were water-phase encapsulating materials in the double emulsion method. The
volume fraction of the oil phase, mass fraction of the emulsifier, and ultrasound power strongly influenced the encapsulation
rate of W/O emulsions. According to response surface optimization, the optimal conditions for W/O emulsion preparation
were as follows: whey protein volume fraction of 8%, rapeseed oil volume fraction of 64%, glyceryl ricinoleate mass fraction
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3.30%, ultrasound power of 505 W, and reaction time of 30 s. Additionally, the volume fraction of the W/O emulsion,

ultrasound power, and reaction time markedly affected the encapsulation rate of W/O/W emulsions. Based on response

surface optimization, the optimal conditions for W/O/W emulsion preparation were as follows: pectin mass fraction of 0.25%,

W/O emulsion volume fraction of 16.60%, ultrasound power of 75 W, and reaction of time 3 min. The viable count of the

encapsulated bacteria was 10.34 Ig CFU/mL. The encapsulation rate was 92.82%, stability was 99.06%, and average particle

size was 10.53 um. Compared with the viable count of unencapsulated bacteria after simulated digestion, that of encapsulated

bacteria increased by 7.34 1lg CFU/mL. Similarly, after heat treatment at 50, 70, and 90 ‘C for 30 min, the numbers

of viable encapsulated bacteria were 4.17, 3.20, and 4.58 Ig CFU/mL higher than those of their unencapsulated counterparts,

respectively. After storage at 25 ‘C for 30 days, the number of viable bacteria increased by 6.05 lg CFU/mL because

of encapsulation. Ultrasound-assisted double emulsion to encapsulate L. plantarum improves the activity of probiotics. These

findings provide a reference for encapsulation of other probiotics and the enhancement of their activities, while also offering

new directions for the development of high-activity probiotic products.
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Table 1 W/O emulsion Single-factor test
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Table 2 W/O/W emulsion Single-factor test
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Fig.1 Effect of internal aqueous phase material quality score on the properties of W/O emulsion
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Fig.2 Effect of emulsifier quality fraction on the properties of W/O emulsion
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Fig.3 Effect of oil phase volume fraction on the properties of W/O emulsion
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Fig.4 Effect of power on the properties of W/O emulsion
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Table 3 Response surface results

Factor 1 Factor 2 Factor 3 Response
F5 A SULA B: A8 C: % Y. aEgf
RENES Y RBRSES % /W 1%
1 2 50 500 63.59
2 4 50 500 83.77
3 2 70 500 83.98
4 4 70 500 87.83
5 2 60 450 69.99
6 4 60 450 87.00
7 2 60 550 81.83
8 4 60 550 84.97
9 3 50 450 71.58
10 3 70 450 85.00
11 3 50 550 79.24
12 3 70 550 87.76
13 3 60 500 93.49
14 3 60 500 89.54
15 3 60 500 90.27
16 3 60 500 94.29
17 3 60 500 88.36

&4 MPARBFESN
Table 4 Regression model analysis of variance
FERR FaA OwE ¥F FIA P RER

Model 108825 9 12092 28.99 <0.0001 ***

A 243.98 1 24398 58.50 0.000 1 ok

B 269.00 1 269.00 64.50 <<0.0001 ***

C 51.16 1 51.16 1227 0.0100 K

AB 66.67 1 66.67 15.99 0.0052 **

AC 48.09 1 48.09 11.53 0.0115 *

BC 6.00 1 6.00 144 0.2693

A? 135.48 1 13548 32.49 0.0007  ***

B2 138.00 1 138.00 33.09 0.0007  ***

c? 87.94 1 87.94 21.09 0.0025 o

R E 29.19 7 4.17
£ 272 3 0.90530.1368 0.9330
i £ 2648 4 6.62

&£ 111744 16
RrR? 0.973 9

Predicted
R 0.924 1

E:F AT P<0.05 2F, ¥R FP<0.01 KR F,
¥ 7 P<<0.001 BB F,

102

WREILS AT B S IR 7 A B i
{65 LR E AT 6 . K 6a iTLAE H,
ZWESBRIEARAE (2, -2) KEH, HEK
£k HLZ, FFEIESD AN, RN K eb
WLVE M, RESTIMEEA DAL (2, 2) X
BN, AR AT, FEIES A, HE
AARTIEEZRENL A B 6c ATLAE H, HU{E S
KPMEBEA R K ELD M, FELS M, H
PIE AR B Ul AR R DL JdfE A B AT

Wi S T 73 BT A ELAE Y« 368 3 o P R S e 2
B, TR BT R B AR AR R Ty R 4
A2 AR F G R R, SR W 7 . A
PR a] DUA LA o 2 20 K AR AR B 2 i
ZHAR XA, FAH R RS E ST
AL AR R AR, AR 8 S
IR SR SER (PO ROk S AR NTE

2z
=
o
o
2
[-®}
X
=
g
=}
z
-2 -1 0 1 2 3
Extemally Studentized Residuals
b 6L
4.819 63
B 4+
S|
g2 21 a
Z S 0.00000 o oo =
;‘% 0 (=] DDQ &= E
Té: =2 -2 =]
8
& ~41-4.819 63
76 C 1 1 1 1 1
60 70 80 90 100
Predicted
€ 100}
90 L o o )
=
2
% 80+
-
-9
70 +
60 C 1 1 1 1 1
60 70 80 90 100
Actual
E 6 FkESM
Fig.6 Residual analysis

Era) RELEALSH; b) BELSTAME; ¢) ANMESL
R




R ERBHX

Modern Food Science and Technology

2025, Vol.41, No.9

o
3

B: MllAABIANE/ %
g

2.0 2.5 3.0 3.5 4.0

A: AT B %

B: WA M/ % A FAFUTRA U %

C 5509
530

B
= 510F
*

t.R, 490
o

470

450
2.0 2.5 3.0 3.5 4.0

Az JUTFITR IS/ % C: P /W

A FLAFITRSI R %

g /% h

= 490
o

470

450
50 55 60

B: AR M/ %

B7 XEERASHER

Fig.7 Interaction analysis results
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Wi )57 T #5¢ PG 362 10E = 38 3 Design-expert 11 3K
P13 B0 I S FE I 45 2 R - LRI & 0 30 3.32%,
A AR AR 73 %0 63.38%, TR 505.29 W, BB TR
3 2R 96.80%. R ILBR A&, LAFLAGGT R &
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73 403.30%, JHAH AR R 7 £ 64%, T A 500 Wik
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2.2 W/O/WHLIK #| & 41
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AKAHEERA, 8k 5 R 2 R . T AR A K56 A . WY
O/W FLIR ] % (1 e £ 2 1
221 RRZRELER

Ab 7K A BE M BRI 5 1 43 FO6 W/O/W FLRERE T
GRS EE RN 8 . BEFE AR BERT T &40 B
s n, FLREH R KA BB, F 0.25% I
AR B N 87.55% 3 FLRRR 8 MR AN /KAH BEAS i
BRI INEE RS, BEMTESECN 0.10% K,
FLI R E MU 60.08%, 45 & 7 410 =0.25% B,
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T BERL R0 H0N 0.10% B, R 2 R Bk . IR,
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R BB I 3B R A R E A, & RRE e
90% /i “PIIRIEREE W/O LA 4 $0 i3 n
I T G B S, W/O FLIBRARA 80N 15% i,
SPERIAR N 16.20 pme MG BB R AL E W LLE
e, B W/O FLIBARFR o H s, LET A i
B T TR R » WO FLIBIR AR 0 B0H 10% S LA 1B
PRET o AT DL A B B R A, WO FLiliE
FAT R 25% B, BT A R] DL BT A6 VR 25 S HE A AE
—i#g. LR, HHCW/O AL EL 10% 15%
20% HEAT W B TE A o

103




Modern Food Science and Technology

2025, Vol.41, No.9

MR EREBE
a 100 b c
100
80
80
) = i
# : 60 >
g @
@ % 40 g
20 20 B
0
0.15 0.20 0.25

0.15 0.20 0.25
SR AKAHIBER AL 5y 5/ %

0.15 0.20 0.25
SRKHIBER L5 0/ %

SRAKAIBER AL 5y 5/ %

0.25%

[ 8 Sk 1B EE I & 53 3T W/O/W ZL ik 4 RS20

Fig.8 Effect of water phase quality fraction on the properties of W/O/W emulsion
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Fig.9 Effect of W/O emulsion volume fraction on the properties of W/O/W emulsion
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Fig.10 Effect of power on the properties of W/O/W emulsion

SFEIRAED,, / pm

5




R ERBHX

Modern Food Science and Technology

2025, Vol.41, No.9

a 100 b

100 -

80+
80

60 6ol

AR /%
et/ %

40t sl

20+

o

[S)
S
T

SFEIRAED,, / pm
S

11 BFiE Xt W/O/W 2L 1% 8500
Fig.11 Effect of time on the properties of W/O/W emulsion
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Ak, PREFAE 13 um 47, DIERAREH K E 180 W
B, SERPRARAUH 6.47 um. o2 55 s = 4F B
ATLAE H, 60, 90, 120 W I 1] LA B\ & 31 W% 4
WHRIEAS, BEEDIRFREER, WM R EA WD,
TR L TS TE RS PR WD 25 1, LT
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&8 75 I A AN 1 min A BT N2 5 min () FEH, FL
B3 2 1 K ek, 24588 75 B ] A 3 min B
AL R T 42 91.45%, W (R 4R 423 048 5 min B,
IO ER 46.90% ; [FN, LR CEBEE
7 P IS [ P 164 0 52 30050 0 5 gk i s, R S I [R)
9 3 min B, FRE R KT Z 96.01%, B[] 4% 225
iZ 5 min B, FREMECKE 87% 5 PR ZH
i[RI HE N, RIS IE KGN &S, A E
KE, FIRARIEALE 13~15 pum WEEN . M6
BB RIEERE, 5 AR ALET d B0 K /N
HREANL, HHTHEEIBRHERMES. %
b, SEEUEAE] 20 3. 4 min BEAT AR EARAL o
222 R E @KL R

gt PR R R R LR, EEX wWo/w A

W R R LR 1 3 AN R, W/O AR

% (A WEW (B). A min (C), HEAT

Wi S T A8 Ak . {8 F Box-Behnken itk a, LAAL

RN NAR, W REAT O T SR E T, I

GI BT IR 2R 2 18] (A8 AR, 36 I v 1 T g A A

M 7 TR 36 45 R USR5 Fiow, 77 23k 6 fis .
* 5 MBS

Table 5 Response surface results

Factor 1 Factor2  Factor3  Response

FE A WO B %HE ComEY: aszE
FRGH % /W /min 1%
1 10 60 3 69.00
2 20 60 3 86.02
3 10 120 3 72.75
4 20 120 3 65.70
5 10 90 2 60.25
6 20 90 2 76.37
7 10 90 4 70.00
8 20 90 4 75.82
9 15 60 2 73.70
10 15 120 2 69.20
11 15 60 4 84.14
12 15 120 4 70.69
13 15 90 3 92.70
14 15 90 3 89.70
15 15 90 3 89.52
16 15 90 3 86.85
17 15 90 3 93.00
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P3R5 A REEAT b, L HUE AR, i, Rz IESERIEARS AL (2, -2) XIEH,
CENEVEWY VSR BEAR—KHEZL, MHHEESSM, & M5

Y=90.35+3.99A-4.31B+2.64C-6.02AB-2.58 AC~
2.24BC-10.40A’-6.58B-9.34C"
x 6 mEEEFESH
Table 6 Regression model analysis of variance
FERR Rl AWE HF  FME P BEH
Model 1641.72 9 182.41 28.38 0.0001  ***
A 127.28 1 127.28 19.81 0.003 0 *K
B 148.95 1 148.95 23.18 0.0019 **
C 55.81 1 5581 8.68 0.0215 *
AB 144.84 1 144.84 22.54 0.002 1 ok
AC 26.52 1 26.52  4.13  0.0817
BC 20.03 1 20.03 3.12 0.1209
A? 455.80 1 45580 70.92 <0.0001  ***
B? 182.41 1 182.41 28.38 0.001 1 **

(o 36727 1 36727 57.15 0.0001  ***
KE 4499 7 6.43

XA 19.08 3 6.36 0.9820 0.4852
iz £ 2591 4 6.48

% £ 168670 16
R? 0.9733

Adjusted
R2

0.9390

Predicted
R 0.7950
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P=0.000 1, Tt B [l V8570 1) 2 Sl 2 2 . R UL I
P>0.05, AR, UWHBEBENEARIF. BIHRH
R >90%, ULHAEIA RGO RIF, nTLAHSK
R W/O FAERFL 380 % (A). THEW (B). i
min (C) HAHE % (Y) ZEKXFR. KRIEREK
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