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EAMAFREARER SRS REAS AT @IEGRTHE, HEMFRAL, BT AKCIZERRSE K

W1 a9Aa % Ao £ A B B . MAEFEFFOATHE SNBS-3 FRRALIEA K W, K A% %47, Sephadex-G25 %t
BB Hr A= & ik 48 &35 (high performance liquid chromatography, HPLC) #4744k, i@ idikA4n & - (liquid
chromatography-tandem mass spectrometry, LC-MS/MS) # R LK L 45T /7). e, K RAFELSBEHRE& WL 1
BREAKR, TEIEREFERERE @XM REFNE L., B4R, Zeta Bz, O3 F R ML M H AT
ERE ARG AL R, A EFRLAERNRBE ., pH RERA L &4 FHA L HAINE FMR. b, @LERIFE
T WL I RS AN 0 LO2 69 &4 F . 2R %W, % Sephadex-G25 43k 13 & & 404, HPLC #t— 3 44k
BE S EE, LC-MS/MS & & R H Ik W1 /7] % IGLFGGAGVGK: A5 i R R AL #1 & % #F 4 K & J 5% i

(soybean phosphatidyl ethanolamine, SPE) 5 p-5 & BER 2t A 5.94:1. SPE 5 W1 R E b 5.18:1 FoAZ & Bt 1]
4 6.75 min, & E AT HF69 W1 IR Aka9 4212 105.88£6.35 nm, L3 E A 68.2%+1.5%, KA H RIFaynE
e, RAEHEMNKXET, WIBERARSEXCH HRBAORDWEKAEN 32 mg/mL. mieFHFRk

9,
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Abstract: To address the issues of poor stability and degradation of antimicrobial peptides in food preservation and
pharmaceutical applications, liposome encapsulation technology was employed to enhance the stability and bioavailability
of antimicrobial peptide W1. The antimicrobial peptide W1 was extracted and purified from Bacillus subtilis SNBS-3 using
ammonium sulfate precipitation, Sephadex-G25 gel chromatography, and high-performance liquid chromatography
(HPLC). Its molecular sequence was identified by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
Subsequently, W1-loaded liposomes were prepared using the film dispersion method, and optimal preparation conditions
were determined through single-factor experiments and response surface methodology. The physicochemical properties of
the liposomes were evaluated through particle size, Zeta potential, encapsulation efficiency, and microscopic structural
analysis. The stability and antibacterial activity of the liposomes were tested under different temperature, pH, and enzyme
treatment conditions. Additionally, cell experiments assessed the cytotoxicity of W1 liposomes on human liver cells (LO2).
The results indicated that a highly active fraction was obtained by Sephadex-G25 purification, further purified by HPLC to
obtain the core antibacterial peak, and the antimicrobial peptide W1 sequence was identified as IGLFGGAGVGK by LC-
MS/MS. The optimal preparation conditions were determined to be a mass ratio of soybean phosphatidylethanolamine
(SPE) to f-sitosterol of 5.94:1, a mass ratio of SPE to W1 of 5.18:1, and an ultrasonication time of 6.75 minutes. Under
these conditions, W1-loaded liposomes were obtained with a particle size of 105.88+6.35 nm and an encapsulation
efficiency of 68.2%+1.5%. Good physicochemical stability was exhibited by the resulting liposomes. Antibacterial tests
revealed that the minimum inhibitory concentration (MIC) of W1 liposomes against Staphylococcus aureus was 32 mg/mL.
Cytotoxicity assays demonstrated that W1 liposomes maintained LO2 cell viability above 90% at concentrations below
512 mg/mL (P>0.05), indicating favorable biocompatibility. These findings suggest that liposomal encapsulation
significantly enhances the stability and antimicrobial efficacy of W1, providing a promising strategy for its application in
the food and pharmaceutical industries.

Key words: Bacillus subtilis SNBS-3; antimicrobial peptide; liposome; preparation process optimization; encapsulation

efficiency; stability; biotoxicity
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G25 B 2 BT K =5 20 W AH €238 (high performance
liquid chromatography, HPLC) A5 = 46E W1, F£F]
JFH W& AH £, 3% - 58 36 T 4% (liquid chromatography-tan-
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W DL-2., MR A B DK-6. YD TECHE S2. 4issk
IBANETE K2, A Q1. KB H3 1L T4 &
R WERE AR T REHF 5T 0 T % 5 22 v RA SROBH TR e
G25. LB Ki 33k gt R YR AT R 2\l
BCA {7l &  db = RHA IR T PDA B3R
X JTARRYUEYRFEARA A iR EZ8E
b2 # iR R | ARJREE IS 100 U/mg, Kt
ARG A B2 Al ZE A K 40 U/mg, 7F
BAEYARRAE EIREN T AR B TABRA
w5 A A E R A b et

DYY-6C HLIKAL  dbmirs—AWRHE A BRA Al
UVP GDS-8000 BE S F7 G I H <A F;
RE-52CS Jieft 78 kAL oA GS) 5 FI200-
SH ¥JBiHL g #r stk A BRAS 7l SN-QX-20
P AR A A B ] HL-2B 20 1H
A _LiIh)FH B TA RS Al Centrifuge 5804R 25
OHL 1B ESEARTE Ay BRAS 7] Eon BEbR{Y 35
[E] Biotek 2\ Fl; Dionex P680 il £ St AH i sk AR €2
%Y 2&[E Dionex /A Fl; ZS90 Y KALE | Zeta BL
SyATA db R AR A B F; LX-BSOL 5 K
Ry GREEREI TS AIRA L,
1.2 EWHE
1.2.1 BBk W1 fOEREL, alifb 5%
1.2.1.1 PUpEAk W1 820 T T4 B R R
TRRESE P B R R AR IBURS F ZE AT SNBS-3, I
AT LB WA EEFRE T, FE 37 °C. 160 r/min £&17F
THEFE 24 ho ARIEIRONFFEED 197k, SR GRAR 2
RN AR . AL IR R IR R AR A E VK
IKIBEAF NI A KR, 875 38 80% 1A,
4 °C #H 2 h J55.0>(10000 r/min, 30 min), Y4 75
o IS 10 mmol/L PBS 22 ik (pH6.2) 4 i,
ek 3.5 kDa i TS Tk & shis tir LA L BRER 55
1.2.1.2 HUEE Ik W1 i alifb o7 1 5 3R 0l 5 i
Sephadex-G25 AT W12 4tk M LW E TR LR
J&, w45 A 20 mg/mL U, IFiE i 0.22 pm i PERR
F U BFEERAIEFE BT 10 em, f#iFHZZ phi-F-
)5, BL 0.5 mL/min JREBEN, 5 10 min WHE—IK
ek, FEAE 280 nm AN SERE . RS HAAPURTG
PEWIZH 53, I3 — 2038 3ok Iz n] v RORAH L s alifk
fliHH C,q (ilAE, WshAl A b 20, Wishid B bk
(% 1%0 —TRIR) , BEEEVESE R ULER 1. Rl i<
> 280 nm, FEEEREA 20 uL, Hi# A 1 mL/min, FE#R

1 HPLC BRI

Table 1 Gradient elution condition of HPLC
fi$ ] (min ) MEhHA TiENAHB
0 100 0
0.1 100 0
10 98 2
20 55 45
30 0 100

N 25 °C.
1.2.1.3 PLREAR W1 m92Ea S B 260 (6
LC-MS/MS #HA7#: M 5 45347, i B Thermo Xcalibur
4.0 FRAE, MR AR & A4 BB /FLAeT B (m/z) SIeRfi s H AR
A& YIRSy 5e, BEMTE T EL A A5 U0 H AR
FAAEINRIRFNZS . {5 LC-MS/MS Sy ik i
BKFRZS. HPLC R ACQUITY UPLC BEH C
EFERE (50 mmx2.1 mm, ¥ 42 1.7 pum), SR E
PERERN 30 °C, FERE AR E N 10 C. FBhHH
A NE 0.1% HIREIK, FishiE B el e, PRk
A EEUNR . 0~2 min, 95%A; 2~13 min, A /1 95% [
& 5%; 13~16 min, A 4ERELE 5%; 16~16.1 min, A it
A FFZ 95%; 16.1~18 min, £33 95% A, Wi N
0.3 mL/min, EART 2 pl. SRR SR FH PR H, 155
FEH BT, BT EN 3 KV, BAEIRE 320 °C, 5
EESMETT 30 psi, fBISETT 10 psio FREHIHHE
A 200~2000 m/z, i A3 sh S E R0 —
PITAERIF, — AP 70000, 2K 43 HE LN
17500, flfFE <& & <o
1.2.1.4 FHERMEIMRENE SR BCA e,
i FH 4= A ShEEFR A AE 562 nm AR E2HON G EE, F1)
GraphPad Prism 8.0 Z (4@ 7 i fi £k (R=0.9973):
y=0.0008x+0.0593, x A HL BH K W1 JiT i ¥k J&, pg/
mL;y AR 562 nm bR SGIE .
1.2.2 PUpATEME T PUsEE M S AR T
FLIETPARTO . B4 B (o A 25 BRIAT J1 . FAE ZRI0TARR T
DL-2. IR A DK-6. YT TERE S2. sk
PAN R K2 BEW (10° CFU/mL) 43 B3R T LB [#
RFR IR b, B AR QL. K E M H3 A K
(10° CFU/mML) 43 B4R T PDA F{ARRFEE -, FT1L
JEIIA 100 pL 5 PUAE S (W1 HHEEY) . gifk W1 3
W W1 BB R sl AH R 25 I XHIR D), 37 C &
24 h, MEEHN B HAE .
1.2.3 JE AR H 4 K AR 85 DF B IR (egg yolk
phosphatidylcholine, EPC) . &K 5. 5} # 5 ( soybean
phosphatidylcholine, SPC) F1 K & fixi # I ( soybean
phosphatidyl ethanolamine, SPE) =& 4355 ﬂ-/ﬁ\‘gé
Bsd%—5F LA &, BT 50 mL A @I, Jn
A 20 mL 5B, AR BSE . FEVKOKIG 4%
5, A 10000 r/min M5BT, 212N 5 mL &
2K —E RN W1 B, RIS min, R
GRS AR R S, dE i iEfS 75 & (30 C,
0.1 MPa) 5 & H be, B EIMNSTE = B TESER .
B RN 25 mL B4tk , /KSR EER SE4s
SA, B S 7KAK 20 min. R EH I (37 kHz,
2 s JF/3 s K)dt—HAH, Fnidad 0.22 pm K R
U8 10 W, A5 BIGKAE B AN,
1.2.4 =SPRBIMARIIFRAE T
1.2.4.1 zZSPRIFMACKIAR . Zeta HL{Z . PDI{EME  fiff
FH Zetasizer Nano ZS90 28 A K BE 43 Hr A 72 N8 Jit
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KEE S AT SNBS-3 UK W1 JRBUAT 4 . SRS HAN BTG 1 91 -

AR B RIAR . Zeta HL AN F1 22 438U HE $X (polydispersity
index, PDI) . Mgk t4- A 1EE 25 °C, ZKRVE A58
JE, BT 90°, SEATRTE] 120 s, IU-ERIT, B8 B4
S KA RS 10 £, I BT E 120 s DA
LS I T

1.2.4.2 JRT IR MENES BN AR SR R 4l
JKFE 1:1000 FHRE, I EHRI S =B A b, =il
B 30 min BIEE T SRS THHOE SR
FAE, RN 1 Hz, BEURHEFR R 512x51210,
1.2.4.3  ZEIRA ST -7 it AR e 21 A0 5635 I 22
5 mg BRIFIARZR TRESY & iR, sy
SRR T OGEN E. SGIERAENLRE Y 500~
4000 cm ', FREFRECH 32 K.

1.2.4.4 PrEsGisila K 30 pL JRSTARE S n
FERAA A 2RI A L, A 50 59 SR AR IO
FEATIEL . R ABC4S He-Ne OGRS IHLE GRS,
PR A 633 nm, 4 ¥ Fl 2 600~3000 cm™'
iC 5% 718, 1440, 2850 F1 2890 cm ' 4k G 1% £k 55
BE, i3 1718/11440 F1 12890/12850 FLAE > S Z= NG
Jo A2 e PH Sk 35S 14y I ek 3 [ 74 784 K% g S At 14 A ) M
FRFE

1.2.5 fzk W1 iy SPE JgEuiAtil4s T 254001k

1.2.5.1 JEEARGESRIE SR EEE L, LA
4 °C. 10000 r/min FYFAELC 15 min, 3BTRS
RAMA Wi, FIFHRE BCA k(=18 1.2.1.475)
M 5E By P AR W1 RS AL, IR PEAR v 2R
T, NI SPE AR BRI fLER5

3 o) = e~ M 1
MHHA

U My WL Mgy N BT TR
KA W1 &,
1.2.5.2 BAPRIESCEETE  $ IR 1.2.3 TR, 45
XHE SPE 5 - A EEEBTE LS 3:1.4:1,5:1.6:1
A1 7:1,SPE 5 W1 ByiiE bl 3:1.4:1.5:1, 6:1
71, BEEHEARE Y 3.5, 7,9 F1 11 min, %<
o —ANEZE B, Fr A B 22 B8 2 A T RK P
SPE: p-#+ (S B L@ 2~ 5:1; SPE:W 1 Ji & LU [#
RN 501 BREFEEFS IR [E 52 24 7 min, YT
IMA 5 mL W1 %, 40 °C 7K1k 20 min., FfJ5, &
BEO1.2.4.1 75 D7 00 5 IE TR (R RLAS | Zeta FELAV FIT
PDI fH,
1.2.5.3 man EOLAERES:  ARE SR ] = =K
S gy i 7 TR EE A TP LR 2, s i T Ak i

2 mR IR

Table 2 Experimental design of response surface optimization

IR A SPE: B-45 B B SPE: W1 C 78] (min)
1 5:1 4:1 5
2 6:1 5:1 7
3 7:1 6:1 9

I iR ST il 28 i e A
1.2.6 W1 JgFAISEFABIMEL  FF 10 uL W1 J5H
PRFE SR INZE 200 BRI I, §+E S min
SREFE . WBRZAFER S, FH 2% (w/v) B 1R 1 Yy
£, 5 min, PRI RGO, RIS, M HES
FELBEE R AR PR O 2t AA 2
1.2.7 W1 JRBAR A0 B 5 M0 2 AR PE 2=t iy
SR T, BEAEVRIEE, SRR B PR R RE 4
O A ERTE J1 X W1 2 W1 I8 AR i 50 /N 0 B
¢ (minimum inhibitory concentration, MIC){E. ##
A A BREE J1 53R B0 KIS, Mk Eas
FLHE, I W1 58 W1 g SRR, {3 96 FLAK
BEAFIL . AEFLIIA 100 pL LB B3R 45E, 45 1 FLin
A W1 58 W1 JEBARE A 100 pl, $286 5 f Bk AK
WH:FL 100 pL &5 22FL, 58 9 FL/S 3725 100 uL, &«
ZAG BN R EERLEE S 1024, 512, 256, 128, 64,
32, 16. 8 mg/mL. %% 10 FLAHMEXTIE, 265 11 L~
BEEXT IR, B E 3 474l 37 C WFE
18 ho M) £ FL#E 600 nm &b By 1 S'6 B ( Optical
Density, OD), #FL 545 FIXT BEFLIY ODgq, JG ik
S, WD CAIZMR BE R Jor A+, W Bhit W 5
W1 BB MIC (B, B ke 1.2.2, R
FH W1 BB W1 Sl
1.2.8 WI AR RE MM 2 i #Ra e Pk
W1 A1 W1 5B AAS 51 8T 20, 40, 60 F11 80 °C 7K
W, R 1L h, ARG IEIR 1.2.2 J7 B8 AN RIS
KRS, W1 A1 W1 R TR 4 3 (O i 2 BR A J1 1Y
EA R B ARk

M PR B A S PR B WL R W IR AR i i T
pH A 1.3, 7.9 F0 11 WBFERER SR i b, =5 75
B 1 he BHGMRYE 1.2.2 ik, M AW pH &4 T
W1 Fl W1 5B AT 4 w5 s e BR T J1 A9 bR el L
AR, PEAbTRDERS T

ifit A JINER 1A A P B A VR S W 2%
W1 JRBAATE 37 C & 1 h, B/STE 65 C Kits
K% 30 min., i ICEE PBS 2% ik il 45 A [w) v 3
MIATINER AR, TR 5, e ilda 1.2.2 Jrids
ME W1 W1 R BARNT 4 R 2 BR B 71 940
W EARAE AL, LIVEAE W1 I8 TR K g da s 1R

M A P K e M e S A TIER, P kR s P
FEIRTA T v A T AR T K e M

T e i P« O T A A 1 WL IR B AR Sy ==
2 mL R CGRCBEIRR T E S, BT 4 °C VKA R
Mo ATHIAER RIS OCHIEE 2 R) . 7. 14, 21 Fn 28 d
HUREBATRIAS . HA . PDI B M A B 31147251k
1.2.9 W1 AT A M8 M0 2 LO2 40 i 7E &
10% G4 MG F 1% B R R-WHESE R BIR
G W) DMEM #5385k, 37 °C. 5% CO,. 95%
B S R B3R EXTHCE R . 4 PBS W3k
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Ja, f#H 1 mL 0.25% BRI IE 1k, 11505 LA 2%
10° A~ 4ipf/ALEERP T 96 FLAR . FRRANNGEE)S, 5725
B R W, INAAS R e B2 (8, 16, 32, 64, 128, 256,
512, 1024, 2048 mg/mL) IUYKAE B RE IR IL, 4hst
¥i3% 24 ho BEH, BFLIMA 20 pL(5 mg/mL)MTT
TR, kL2597 4 he W3FF MTT )5, BFLIMA
150 pL DMSO, Z ¥ 5 min, {8 JHEFR{XZE 570 nm
KBIEWCRE . BRI FRLH AL, ARALEERY
AU Ry 2s X R A
1.3 HIEAIE

P A g A A B Uk, B LA (AR
HEMR2Z (Mean+SD) £rr . ZdE 24 F i Excel 2019
SER, SEI TR A SPSS 26.0 $EF7 BRI R J7 22500
(ANOVA) & Duncan £ 4%, i MEKSFEEE N
P<0.05, ZESRHAGIFE X, FEEH LN 5
Fbrid . EIFRZ R A GraphPad Prism 9.5 Fll Origin
2022 FAFSER -
2 FER57h
2.1 IEAK W1 AR, 455 EHER
2.1.1 FHIERESIEERCR SE AR SR SRR
BEUTHEIR IR S ZE AT SNBS-3 732 HL, M4
ZI W S g 4 B R A BR T J1 ROR,, A Rl
EASHN 16.22+2.34 mm. M EREL N HRZH AR L BLH
WIEATETE, ZEBHAT R ZE/AT B SNBS-3 fBfg L HAT
YU G LA B 43, 3X 5 20 i 23 2502 B BFF T 45 R —
B, ARYE BCA R, MEEEY 3 09 H SR B R
0.22 mg/mL, 3% AR BL 22 U1 38 1 G s A AU ER B EL
A YR PR TS
2.1.2 {EEULife S51EESHT  i#id Sephadex-G25
GE R ok U Z BT, FHL R 0 43 B8 Ry — A B G
(Sephadex 1, Sephadex 2, Sephadex 3), &5 5 WLIE 1.
Horp ) 28 — AP R4 (Sephadex 2) i /s HY %58 i B I

2.0
L5r

1.0

WOLIE

0.5F

0 1 1 1 L 1 1 L 1 1 L 1
0 5 10 15 20 25 30 35 40 45 50 55
HH
B 1 BB Sephadex-G25 JZHT45 5
Fig.1 Results of Sephadex-G25 gel chromatography

{H. BHRFTFLIZINE SR X 4 28 (o 3 29 BR B4 J1
IR 5 12 s (3% 3), Sephadex 2 W RAHI R 8l BA%
Hi 2% KT Sephadex 1 I Sephadex 3 4 (P<0.05),
ZBH Sephadex 2 ZH4r & EEMPLEETEHEY T, HF
—#3m i HPLC 4355 Sephadex 2 I, 155 =4~ 332
I (HPLC 1, HPLC 2, HPLC 3), 45 5 L& 2, Hirhsgs
=~ HPLC 3(BEAE] 292, 7.935 min) IR H
A . PR G P (38 3)IESE HPLC 3 i§EL
B R B 1P (P BT A% 17.35+0.19 mm), i
ZES T HPLC 1 1 HPLC 2 I§(P<0.05), FBi%4H 45
HAT AR PR TS M

0.8 1 43
i

0.6 (

% 0.4 ‘
= 02 |

©r7935

0 +—f —4

—0.2 4 : : : :
0 2.00 4.00 6.00 8.00

Fisf 1] (min)
K2 RS Easas R
Fig.2 High performance liquid chromatography results

10.00 12.00 14.00

2.1.3 PR W1 Y% 8Lt LC-MS/MS $2AR 55
B, %58 H— P22 WFF) IGLFGGAGVGK., %73
BT REIP 3 (Score {H 293.67) . JFH A 353(5.3%) Al
43 F1(0.975 kDa) ¥ Fp Hnl{F . B EI (& 3)
H—HHAE TN A IEFTE:, I8 id Antimicrobial
Peptide Scanner 53T A B A HURTEM: -

100 488.17

975.50

AR F
33

1088.00
10 69233 862.50 119525 1299.58 1462.83 1625.08 176117 _1949-08

400 600 800 1000 1200 1400 1600 1800 2000
Jo et/ L

K3 PUmk Wi BiiglEl
Fig.3 Mass spectrum of antimicrobial peptide W1

2.1.4 WI WIEIEHT W1 X3 22 FCRH MBS (4
A OARERTE J1 MBS 2RI DL-2) R 3
5 14 F0 ISR, PR BBl 4243 514 17.30+20.21 mm
1 16.56+£0.10 mm, SLEGLEIRUNGE 4, X2 2% QR
B A RSO 3 55, i B (AN FE e Q1 AR EE
PR H3) ML S — 5 Pl s

# 3 Sephadex-G25 VEfiié A HPLC 43 B 4043 APt B 16 7 (mm)
Table 3 Elution peak of Sephadex-G25 and antibacterial activity of separated components by HPLC (mm)

Sephadex 1 Sephadex 2 Sephadex 3

HPLC 1 HPLC 2 HPLC 3

13.3240.25" 15.25+0.21° 12.63+0.49°

14.82+0.03¢ 15.24+0.11° 17.35+0.19*

H: ARIKRE | /NG FRFR R A R 2E 5 0 (P<0.05) .
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F 4 WIIIEEME SR (mm)
Table 4 Results of W1 bacteriostatic assay (mm)

S OERERETL AR TR DL-2 IEREAR I I DK-6 VITIGHS2 iR A M R K 2 HRWQL KEFIRH3
17.30+0.21° 16.5620.10° 11.65+0.05° 4.57+0.68¢ 3.40+0.05° 7.73+0.20° 8.60+0.36°

T ARVINEG FREROR AL A 22 57 .25 (P<0.05)

2.2 faE W1 BERAEEMIOTHIELE R
2.2.1 ZSARARKIAL . Zeta A7, PDI{HINE 35
JEoR T AR EI#ENE (EPC . SPC #1 SPE)#il451IIB )5
RIRIAE . PDI Fl Zeta B . 455 FREH, SPC. EPC
FI SPE Jig J5 14 Y S R0 452 43 51 A 135.2+12.5 nm,
157.4+£10.1 nm 1 109+15.2 nm. v, SPE J§BHAR
RiAR iR/, 2 W ELA S fIR i) 2R S0 1] R 4 1 A
EPEP . PDIAE TVl IR TR R AE 53 A 9 501,
EPC g JF A& PDI {8 0.326, %= T SPC #11 SPE
BTIAR, I HORAR ST A I SI RS 25 . Zeta FILDZ S
e iR AR R M 0 S PR A, 48X HE AT 30 mV
HHRGFEHER &P, AR WoR, — AR
PR Zeta A LEXHEII T 30 mV, FKHHH
B s HET 71, BRI s D ok B 4E

#5  JRBUARF-IRIAE . PDIE M Zeta HUL

Table 5 Average vesicle size, PDI and Zeta potential

of liposomes
AFEEM AR B TR (nm) PDI ZetaFifiZ (mV)
SPC 135.2+12.5° 0.263+0.1° —56.3£3.1°
EPC 157.4£10.1° 0.326%0.1° —49.2+42.5
SPE 109+15.2° 0.256=0.1° —60.3+2.7°

TE: [ISAIRING FRE R 21 R R 2 57 1 # (P<0.05)

222 JEFIRMEWES K 4 RR T HAEBEE
(SPC. EPC. SPE) il % 1= fR BRI R mIES . il
R 07 AR (AFM) BUSRATUEE ], SPC 5 EPC
N T AR 3 A7 AR AR A SR AR, HATR R0 4k
o, JUHSE EPC IRJBUA, HORL - [a) R4 UG T o
E o PSS FRSORA MR B IR DA R T BEATF LR RS0
AR B ekl A 4T oA o AR M, #E 2.2.1 5 H EPC JB
JEAR I RIA%E SR 157.4£10.1 nm, PDI {8} 0.326+
0.1, =T SPE ARFfA, Uil Hp i A ve . 3R
A s, AR T, SPE IEIIARLEIESH RE
58 v AR ) P A5 HOME , AFML S S s HUIB B Ak,
TSR T, B FNERIE, Rt AmdE T, JLF

8.6 nm 7.9 nm

unfl 0 Height sensor 20 pm
=5.2nm ~9.4nm 6.6 nm

&l 4 SPC(a). EPC(b) & SPE(c)RERiiAIE+ 1 Wi %

0 Height sensor 20umfl 0

Height sensor 20

Fig.4 Atomic force microscope imaging of SPC (a), EPC (b),
and SPE (c) liposomes

ASELEHH il i BRAE IS, X 57T AT s 4519
B ARRALARMIET 2, 3f H 5 2.2.1 5 FrlfS SPE Y
AR R 42 (109+15.2 nm) . F%{% PDI {8 (0.256+
0.1) M55 Zeta HA7 6 XHE (—60.3£2.7 mV) 7= JFF—
2, R W] SPE iR B A& B A R 4F iy 2 M e e A4y
et
223 FEYE A ST A B b AR e 2T A1 S 5 D a2
TEYR 4= I HT -8 B AR e 21 40 56 1% (attenuated total
reflectance-fourier transform infrared spectroscopy,
ATR-FTIR) £ AR A 38 & 53 Hr 4 FEE IR B, 3=
AERR BRI L B S TFHIS BAH BEAEAPLH . K
&l 5 AI 1, SPC F1 EPC TE)E R B4t #r, CH, Fil
PO XS FR A BRI 4a R SR & A i 2201k, 3=
BHRE BT 4T WIAH BEAEFH J1%555 .. 8K, SPE g tiAr
CH, BIXTFREZAIRBIIEM 2856 cm™' 22 2847 cm!,
ARXFFRIBLEIR B 2923 em™ B2 & 2915 cm™ !, X
A BE/Z T SPE H SR FIARIIER & EEH5R T 43+
YE J1, BRI T CH, W¥Esh. 1t4h, SPE g miff
N(CH;)*"F1 C=0 H4FME R 453 53 N 966 cm™ FiI
1730 cm™' @ A% & 969 cm™' Al 1736 cm™', 2 HH H K
FEHIRSFEA G 2R T B3 A8 k. [RIE, PO* XS FR
FHEXF FRAFAEIR SIS0 1095 cm™ #1255 cm’™
FZE 1090 cm™ 1 1236 cm™, &I PO* #:MH 5 p-45
SRR L Z B R T S, X BbgE R, SPE IR
SRR NG o F RIAF B R B KA AR L YE1E
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Fig.5 ATR-FTIR spectra of the phospholipids and liposomes
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TE: ARFRE | /NG T RER R 20 [E) ) 22 5 .35 (P<0.05) .

CH, WA AR By, X S FM A4 S A8 b A SURR P 5
%o BT 1,,¢/1 440 HOAR PTG I0 AH 5 56 P A4 52 114 25
AR T Tg90/Tagso EGAEL (535S N CH, X BR A
YRR e P 20) W T3Pk iR BT 438 1 HED 19
FEpEPY, g5 R, & B4 S BE Y SPC. EPC Hil
SPE G Thgoo/Togso LLAEAHNT, FEHH B-27 {55 s i
FRGE T ANFIRR A TR RS TR 2R, 31X
5§ Song FFPY Y B FEHE = TR IR I RRAR TR

MASIEE—30 . AHELZ T, SPE-B-AF S FEY 1,14/1 440
FRAB AR, 26 IAHSLEE X Ay S Ar AL T8 ok 2 38, ml e
TERL T BT IR RS, DTG5 1 AR S AH B
YEF R R ENE, 3878 T SPE-B-4% £ BEAE 25 W14 i3
FIRR BTSRRI e 3
2.3 $a# W1 B9 SPE BERIAHIE LZMUERS /R
LTS T SPE 5 B-A B EELLA . SPE 5 W1
JoT L U DA NGRS B TR X IR B PR RR 52 mR . 18] 7 4%

2801 0.8 —e PDIffi -30 80
260 | —— {1/ (mV)
® 0.6 —40 60
£ 240} s =
r<H o E X
= 220t =04 -50 ¥ 40
& a & o=
= [am ~ =
T 200} ¥ @
B 0.2 —60 20
180
160 0 -70 0
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<« i 035 g =
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& a P
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Fig.7 Effects of different factors on particle size, PDI, Zeta potential and entrapment efficiency of liposomes

WK, X4 SPE 5 S-S B LB 6:1 1), J5 A
kitefe/H PDIAEAR T 0.3, tBl ik 3] i, R0
LA TR ARy Bt AR e P AR, X AT RESE Fh
T p-A5 85 s X B sl ik R T R B, ek,
SPEY W1t & by fbse s Wos, 5 bl 5:1
Bt AL MRS =, RiAR /N HL PDIAEAIR T 0.3, 74
XHE KT 30 mV, AR R A 847 1 2 — M
FaoE EP 2 k@ s IR SPE 5 W Hufiles &
R R ATEE AR R B, A8 AT B a] 2 i a5
I, Bl S I TRl i, R BRI AR A W), (H
if 7 min J5, PDI (B K HALHE R TR, RHET KM
A R] AT GBSO B AR S A 224, AT i 50K
PERNEL IR
24 O EBALESR

A 46 R B, SPE 45 p-4F £ B T i 2 Lh
SPE 5 W1 JFisg 2 L ANE A5 B [a)aX =R XA 5T
Ao SR AT B g s, [N eI A A L, 43S
SPE: -4 il (A) . SPE: WI1(B) 5B/ (C) =
AR ZEBRH = A7, DA 38 hR, 51T Box-
Benhnken ML T HLALIENES:, LAALAr 5 A0 W (H
Sy Gl = oy S

Y=68.23—1.03xA+1.47xB—0.71xC—0.15x AB—
1.81XAC—2.45xBC—7.22xA>~5.08xB>~4.21xC?, &
ISZE RN 6 B,

W=k 7 Wi, Jr 2550 MR B, R FH AR AL 7
B dik 25 K S A %% (P<0.01), 1 J< LI i1 P AE N
0.2533(>0.05), FREAZEF AR E, MIMEIE T 5
SEBRULIME 2 [ HA RAr 5 B, a1 ikt
FUGE SR P Fade . BIRIAYAHE R B R? N 0.9905, i
75 HH BB SR A OGP s T AE TE Y B E R B Ry N
0.9782, BEREA 97.8% BUEHAS S5 n] A3 i i (8]
IR SR CV {HZSE T 1.39%, Fnikge iy n] 55
FUEWE R, SPE:B-45 5. SPE: W1 Si#rint
6], 33X == PR 2 i AR A X 3 SRR/ N B )
L5015 8 Bz, SPE: p-45 i B HUEE 7 I [A] . SPE:
W1 FEE S B TRI3E B AR X0 R AR A5 0 B o

PR FIRSHT K Box-Behnken A4, 3R45-
1 W1 19 94 K g 0T A s A il 28 2 m 2644y -

2% 6 Box-Behnken iR 56531 M H 45

Table 6 Design and results of Box-Behnken experiments

SEE A SPE: -4 B: SPE:W1 C: MR (min) A5 (%)

1 7:1 4:1 7 53.39
2 5:1 5:1 9 59.35
3 5:1 4:1 7 55.48
4 6:1 4:1 9 58.67
5 7:1 5:1 5 57.87
6 6:1 6:1 5 64.11
7 6:1 5:1 7 68.45
8 6:1 4:1 5 56.36
9 6:1 6:1 9 56.63
10 7:1 501 9 54.01
11 7:1 6:1 7 56.09
12 6:1 5:1 7 68.34
13 5:1 5:1 5 55.98
14 6:1 5:1 7 69.23
15 6:1 5:1 7 67.69
16 5:1 6:1 7 58.79
17 6:1 5:1 7 67.45

K7 AR 220 b

Table 7 Variance analysis of regression model

e R AmE ¥ FE PE BEKE

eyl 513.34 9 57.04 8092 <0.0001  ++

A: SPE:B-HBE .49 1 849 12.04 0.0104 +
B: SPE: W1 17.17 1 17.17 2436 00017  ++
C: 75T [a] 4.00 1 400  5.68  0.0486 +

AB 0.09 1 0.09 0.13 07271

AC 13.07 1 13.07 18.54 0.0035  ++
BC 23.96 1 2396  33.99 0.0006  ++
A 219.32 1 21932 311.16 <0.0001  ++
B’ 108.54 1 108.54 153.99 <0.0001  ++
c 74.70 1 7470 10599 <0.0001  ++
FR% 4.93 7 0.70

ER? 2.97 3 099 202 02533
a2 1.96 4 0.49

At 51827 16

E: P<0.01, i 3, H “++7 K5 P<0.05, 3, M “+"FoR; P>
0.05, Jg A i

SPE 5 p-# Btk bl 5.94:1. SPE 5 W1 Jiih
Eboh 5.18:1 A HSTEIY 6.75 min, FEMLEMF Rt
AT =2l E A2 PRI A5 2R WS, I s ) i) d5e R
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Fig.8 Response surface optimization results

2R 68.433%, Ji 7E I B A i BE L AR AU R R4 T
3 REGUETEIRES, 45 RAF B 2N 68.4%+1.5%, 5
ST BTN S A AT, BAIARA L SR
Beaf, AR NE B S B H 48 T 25 i 53T A Tim)
AR EMEMT, §il £ 09 N8 LA 7 ¥ R0 A2
105.88+6.35 nm, 135} F K 68.2%+1.5%, HL AV IH N
—54.1+4.3 mV,

2.5 W1 BERIESTHIRLESR
SR JFH 75 B - S A X 3 ek ) 1 TG A T 72 I

&0 W1 BRI TERAE, 455 WE 9 i, nJ LA
SELE], W1 BB BRI 454, Fmmeis, HATH R
B R BEAR AL L, 3T NR TR LRI Z5 R RENEDP

b, T2 RS H4—, SR UL i SR AR B 52, Fe i
FlE R EA RIGWEE M S4080E. SUZIREE

SEHE NG A AR N B B A RS e M, TT IEZ2 244
B PSR ROCRPY, FEARWT T, W1 IR TR
i RIS A TE W, s H B2 RO 454 ka
SEVE, X5 2.2 WA BN NS TR Zeta HL L FRE
B HRA—, CAVISIE R, AR/ 554y

100 nm ; e
E9 BEHTH TR NIRRTk

Fig.9 Liposomes under transmission electron microscope

— IR AARTEAR N 53 AT A T B L AT s, S ) 2F i
A=) B B SE B ) s 26 0 WL R BRI TE S
RENE I B VA A R DL, R HA e 2 e
R FRRE YRR 25 ik R G B Bm M E
2.6 W1 BERIAHIINENEMEMELE R

A 5638 1o I 2 MIC SR PEHT W X 4 85 (04
HEREE J1 BRI HIROR . 883 FAY MIC {HUnER 8
i, W1 W1 ST G e 45 ER R J1 19 MIC
#BR 32 mg/mL. W1 ZEALEFRIS A9 MIC {EAHIR], &
B HP U R I M I AR SZ E R0, 3X 5 Changsan 25057 [
TFFFELs IR—EK

F8 W1 RI W1 BRI 4 5 (4344 BRI 19 MIC {8
Table 8 MIC values of W1 and W1 liposomes against
Staphylococcus aureus

MIC(mg/mL)
Wl W1g AR
S A PRI 32 32

HRE

32 9 AT, W1 B BT 22 [CRHPE P AT 58
M AL, X & T OB A BREE J1. PAd 2= e pl
DL-2 FRILH RAFAIIHIRER . it 2% GBI B Y
N R R 55, FIAVS T BB S2 Fl4H St S i B
K2 JL-F- et . B Uy, X il i 2558 Q1 Al
JREZT H3 N R H—E@ i hlseR . x5 2.1.4
W1 PR 25 AR
2.7 W1 BEREHIFEEMENELSR

&l 10 S2u45 R0, W1 1 W1 I8 B a3 i
I PEEANIRIGLEE | pH FIERAL PS50 T R8I 3522
5(P<0.05) . LI T, A IS T, I
MEWMESE T M, X Eh FRESE
W1 JEME RS 2 A A PR A . SR, WL HR BT
£ 60 F1 80 °C BMJTREAERp4e v AN B V% 14, UiAH R

#9 W1 JEBUAMEE SN 2 (mm)

Table 9 Determination of bacteriostatic profile of W1 liposomes (mm)

SO PRET USRS DL-2 SRR DK -6

WITRES2  WSHERREK2  FERQL WA HH3

17.21+0.24° 16.33+0.23° 11.76+0.42¢

4.06+0.72¢ 3.98+0.24" 7.01+0.32¢ 8.16+0.33¢

T AN R R 21 e i 22 57 i 3 (P<0.05)
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Fig.10 Antibacterial effects of W1 and W1 liposomes treated
under different conditions
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AL THLHIFHT S IR FHPFAY . 25 1, SPE RS
ALHRAY W PURRK R R AR | 28 4B S AR T SR s
PEAE T J1 38, HAT RN AT .

© 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/).

SE K
[ 1] JI Shuaiqi, AN Feiyu, ZHANG Taowei, et al. Antimicrobial
peptides: An alternative to traditional antibiotics[J]. European Jour-
nal of Medicinal Chemistry, 2024, 265: 116072.
[2] LOU Mengxue, JI Shuaiqi, WU Rina, et al. Microbial produc-
tion systems and optimization strategies of antimicrobial peptides: A

review [J]. World Journal of Microbiology and Biotechnology, 2025,
41(2): 66.
[ 3] LAI Zhenheng, YUAN Xiaojie, CHEN Hongyu, et al. Strate-
gies employed in the design of antimicrobial peptides with en-
hanced proteolytic stability [J]. Biotechnology Advances, 2022, 59:
107962.
[4] XU Shenrui, TAN Peng, TANG Qi, et al. Enhancing the stabil-
ity of antimicrobial peptides: From design strategies to applications
[J]. Chemical Engineering Journal, 2023, 475: 145923.
[ 5] XUN Zengyu, LI Tianqi, XUE Xue. The application strategy
of liposomes in organ targeting therapy[J]. WIREs Nanomedicine
and Nanobiotechnology, 2024, 16(2): ¢1955.
(6] XK, x| 23k, RIS, . GI8H8 I & MR AR 89 6]
& BV R ERAE [J]. & S A HOK F 3R, 2024, 42(5): 104-114.
[ WANG Z, LIU Y X, ZHANG M Q, et al. Preparation and charac-
terization of liposome entrapped clam immune active peptide[J].
Journal of Food Science and Technology, 2024, 42(5): 104—114. |
[ 7] XU Xiankang, TIAN Fang, PAN Yujie, et al. Emerging mech-
anistic insights into liposomal stability: Full process management
from production and storage to food application [J]. Chemical Engi-
neering Journal, 2025, 505: 159552.
[ 8] WANG Cheng, HONG Tingting, CUI Pengfei, et al. Antimi-
crobial peptides towards clinical application: Delivery and formula-
tion[J]. Advanced Drug Delivery Reviews, 2021, 175: 113818.
[9] CAI Rui, LIANG Yunhao, YUAN Yahong, et al. Antimicro-
bial activity and mechanism of chitosan-coated Epsilon-poly-lysine
nanoliposomes against Alicyclobacillus spp. in apple juice[J]. Food
Control, 2024, 164: 110589.
[ 10 ] XUE Hao, LI Jiaying, ZHANG Liwei, et al. Nanoliposomes
protecting antimicrobial peptides via membrane-fused incorporation
to fight wound infection[J]. Materials Advances, 2023,4(15):
3303-3309.
[ 11 ] LIQibin, LV Linao, LIU Ying, et al. Preparation, characteri-
zation and application of bacteriocin CAMT6 nanoliposomes using
resveratrol as a novel stabilizer[J]. Food Chemistry, 2023, 403:
134293.
[12] @iv=r, & B, k&, F. 4FF0AFH SNBS-3 24K
YL B T A (D). s A A2, 2024, 45(2): 57-63.
[JISQ, WURN, ZHANG T W, et al. Whole genome sequencing
of B. subtilis SNBS-3 and predictive analysis of its antibacterial sub-
stances[J]. Food Science, 2024, 45(2): 57-63. |
(13 ] 3RmF, IRBedr, Blbidt, . A6 FI0M MR A 09 5 k2%
R F A AR 0], A S T kA3, 2022, 43(21): 152-158.
[GUOD L, ZHANG X Y, ZHOU W T, et al. Screening and identi-
fication of antagonistic bacteria against Bacillus subtilis and their an-
tibacterial properties[J]. Food Industry Technology, 2022, 43(21):
152-158. ]
[14] KAUNIETIS A, BUIVYDAS A, CITAVICIUS D J, et al.
Heterologous biosynthesis and characterization of a glycocin from a
thermophilic bacterium [J]. Nature Communications, 2019, 10: 1115.
(15 ] R, #5737, Bofde, 5. WM F Fo4f 8 BR-01 BH &
AT BRI R AR A B B T B SR D). ) A, 2023,
30(4): 693-705. [ ZHOUJP, XIEY Q, MIU Y H, et al. Optimiza-
tion of high-yield antimicrobial peptide medium of Bacillus velezen-
sis BR-01 strain and identification of antimicrobial peptides[J].
Guangxi Sciences, 2023, 30(4): 693—705. ]
[ 16 ] CHAI Qiangian, WU Qiong, LIU Tianlong, et al. Enhanced
antibacterial activity of silica nanorattles with ZnO combination

nanoparticles against methicillin-resistant Staphylococcus aureus


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/
https://doi.org/10.1016/j.ejmech.2023.116072
https://doi.org/10.1016/j.ejmech.2023.116072
https://doi.org/10.1016/j.ejmech.2023.116072
https://doi.org/10.1007/s11274-025-04278-x
https://doi.org/10.1016/j.biotechadv.2022.107962
https://doi.org/10.1016/j.cej.2023.145923
https://doi.org/10.1002/wnan.1955
https://doi.org/10.1002/wnan.1955
https://doi.org/10.12301/spxb202300410
https://doi.org/10.12301/spxb202300410
https://doi.org/10.1016/j.cej.2025.159552
https://doi.org/10.1016/j.cej.2025.159552
https://doi.org/10.1016/j.cej.2025.159552
https://doi.org/10.1016/j.addr.2021.05.028
https://doi.org/10.1016/j.foodcont.2024.110589
https://doi.org/10.1016/j.foodcont.2024.110589
https://doi.org/10.1039/D3MA00261F
https://doi.org/10.1016/j.foodchem.2022.134293
https://doi.org/10.7506/spkx1002-6630-20230409-075
https://doi.org/10.7506/spkx1002-6630-20230409-075
https://doi.org/10.13386/j.issn1002-0306.2022020257
https://doi.org/10.13386/j.issn1002-0306.2022020257
https://doi.org/10.1038/s41467-019-09065-5
https://doi.org/10.13656/j.cnki.gxkx.20230928.008
https://doi.org/10.13656/j.cnki.gxkx.20230928.008

%478 % sl

BAE 55 ZFATEE SNBS-3 HUBiAk W1 B uiAiilas . RIS A s - 99 -

[7]. Science Bulletin, 2017, 62(17): 1207-1215.

[ 17] TIAN Mengmeng, HAN Jianzhong, YE Aigian, et al. Struc-
tural characterization and biological fate of lactoferrin-loaded lipo-
somes during simulated infant digestion[J]. Journal of the Science
of Food and Agriculture, 2019, 99(6): 2677-2684.

[ 18 ] TAI Kedong, RAPPOLT M, MAO Like, et al. The stabiliza-
tion and release performances of curcumin-loaded liposomes coated
by high and low molecular weight chitosan[J]. Food Hydrocol-
loids, 2020, 99: 105355.

[ 19] BHARGAVI N, DHATHATHREYAN A, SREERAM K I.
Regulating structural and mechanical properties of pectin reinforced
liposomes at fluid/solid interface[J]. Food Hydrocolloids, 2021, 111:
106225.

[20] ZHANG Yating, PU Chuanfen, TANG Wenting, et al. Ef-
fects of four polyphenols loading on the attributes of lipid
bilayers[J]. Journal of Food Engineering, 2020, 282: 110008.

[21] YU Jiankun, WANG Shanshan, QI Jing, et al. Mannose-mod-
ified liposome designed for epitope peptide drug delivery in cancer
immunotherapy[J]. International Immunopharmacology, 2021, 101:
108148.

[22] F&1H, FRM}, WRE, F. a- R HA K YHX-1 69Kk
B A E AR T RS A FH R F IR, 2022,4003):
98—104,111. [LIJX,BUY S, LIU Y X, et al. Ab initio design and
antibacterial activity of a-helical antimicrobial peptide YHX-1[J].
Journal of Food Science and Technology, 2022, 40(3): 98—104,
111.]

[23] CHOYAM S, JAIN P M, KAMMARA R. Characterization of
a potent new-generation antimicrobial peptide of Bacillus[J]. Fron-
tiers in Microbiology, 2021, 12: 710741.

[ 24 ] ZOU Zhipeng, PURNAWAN M A, WANG Yiming, et al. A
novel antimicrobial peptide WBp-1 from wheat bran: Purification,
characterization and antibacterial potential against Listeria monocy-
togenes[J]. Food Chemistry, 2025, 463: 141261.

[25] YAO Yexuan, MA Li, YU Chengwei, et al. The improve-
ment of tyrosol bioavailability by encapsulation into liposomes us-
ing pH-driven method[J]. Food Chemistry, 2024, 445: 138661.

[26 ] NEMETH Z, CSOKA I, SEMNANI JAZANI R, et al. Quali-
ty by design-driven Zeta potential optimisation study of liposomes
with charge imparting membrane additives [J]. Pharmaceutics, 2022,
14(9): 1798.

[27] LI Junhua, CHANG Cuihua, ZHAI Jiali, et al. Ascorbyl
palmitate effects on the stability of curcumin-loaded soybean phos-

phatidylcholine liposomes [J]. Food Bioscience, 2021, 41: 100923.

[ 28 ] SONG Fanfan, TIAN Shaojun, YANG Guolong, et al. Effect
of phospholipid/flaxseed oil ratio on characteristics, structure
change, and storage stability of liposomes[J]. Lwt, 2022, 157
113040.

[29] GADAPA S, BATTULA S N, MOR S, et al. Green tea cate-
chin loaded niosomes: Formulation and their characterization for
food fortification [J]. Journal of Food Science and Technology, 2022,
59(9): 3669-3682.

[ 30 ] HUANG Meigui, SU Erzheng, ZHENG Fuping, et al. Encap-
sulation of flavonoids in liposomal delivery systems: The case of
quercetin, kaempferol and luteolin [J]. Food & Function, 2017, 8(9):
3198-3208.

[31 ] SONG Fanfan, CHEN Jingnan, ZHENG Aoze, et al. Effect of
sterols on liposomes: Membrane characteristics and physicochemi-
cal changes during storage[J]. Lwt, 2022, 164: 113558.

[32] JOVANOVIC A A, BALANC B D, DJORDJEVIC V B, et
al. Effect of gentisic acid on the structural-functional properties of li-
posomes incorporating p-sitosterol[J]. Colloids and Surfaces B:
Biointerfaces, 2019, 183: 110422.

[33] HARRIS B S, HUANG Yuqi, KARSAT A, et al. Impact of
surface polarity on lipid assembly under spatial confinement[J].
Langmuir, 2022, 38(24): 7545-7557.

[34] GUIMARAES D, CAVACO-PAULO A, NOGUEIRA E.
Design of liposomes as drug delivery system for therapeutic applica-
tions[J]. International Journal of Pharmaceutics, 2021, 601: 120571.
[35] DONG Yaoda, TCHUNG E, NOWELL C, et al. Microflu-
idic preparation of drug-loaded PEGylated liposomes, and the im-
pact of liposome size on tumour retention and penetration[J]. Jour-
nal of Liposome Research, 2019, 29(1): 1-9.

[36] DEJEUIL, VICAS L G, MARIAN E, et al. Innovative ap-
proaches to enhancing the biomedical properties of liposomes[J].
Pharmaceutics, 2024, 16(12): 1525.

[37] CHANGSAN N, ATIPAIRIN A, SAKDISET P, et al. Br-
SPR-20-P1 peptide isolated from Brevibacillus sp. developed into li-
posomal hydrogel as a potential topical antimicrobial agent[J]. RSC
Advances, 2024, 14(37): 27394-27411.

[38] UDDIN M N, DESAI F, ASMATULU E. Engineered nano-
materials in the environment: Bioaccumulation, biomagnification
and biotransformation[J]. Environmental Chemistry Letters, 2020,
18(4): 1073-1083.


https://doi.org/10.1016/j.scib.2017.08.016
https://doi.org/10.1002/jsfa.9435
https://doi.org/10.1002/jsfa.9435
https://doi.org/10.1016/j.foodhyd.2019.105355
https://doi.org/10.1016/j.foodhyd.2019.105355
https://doi.org/10.1016/j.foodhyd.2019.105355
https://doi.org/10.1016/j.foodhyd.2020.106225
https://doi.org/10.1016/j.jfoodeng.2020.110008
https://doi.org/10.1016/j.intimp.2021.108148
https://doi.org/10.12301/spxb202100795
https://doi.org/10.12301/spxb202100795
https://doi.org/10.3389/fmicb.2021.710741
https://doi.org/10.3389/fmicb.2021.710741
https://doi.org/10.1016/j.foodchem.2024.141261
https://doi.org/10.1016/j.foodchem.2024.138661
https://doi.org/10.3390/pharmaceutics14091798
https://doi.org/10.1016/j.lwt.2021.113040
https://doi.org/10.1007/s13197-022-05384-6
https://doi.org/10.1039/C7FO00508C
https://doi.org/10.1016/j.lwt.2022.113558
https://doi.org/10.1021/acs.langmuir.2c00636
https://doi.org/10.1016/j.ijpharm.2021.120571
https://doi.org/10.1080/08982104.2017.1391285
https://doi.org/10.1080/08982104.2017.1391285
https://doi.org/10.3390/pharmaceutics16121525

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 抗菌肽W1的提取、纯化与鉴定
	1.2.1.1 抗菌肽W1的提取
	1.2.1.2 抗菌肽W1的纯化
	1.2.1.3 抗菌肽W1的鉴定
	1.2.1.4 粗提物的蛋白浓度测定

	1.2.2 抗菌活性测定方法
	1.2.3 脂质体的制备
	1.2.4 空脂质体的表征方法
	1.2.4.1 空脂质体粒径、Zeta电位、PDI值测定
	1.2.4.2 原子力显微镜观察
	1.2.4.3 衰减全反射-傅立叶变换红外光谱测定
	1.2.4.4 拉曼光谱测定

	1.2.5 负载W1的SPE脂质体制备工艺优化
	1.2.5.1 脂质体包封率的测定
	1.2.5.2 单因素实验设计
	1.2.5.3 响应面优化试验

	1.2.6 W1脂质体透射电镜观察
	1.2.7 W1脂质体的抑菌活性测定
	1.2.8 W1脂质体的稳定性测定
	1.2.9 W1脂质体生物毒性测定

	1.3 数据处理

	2 结果与分析
	2.1 抗菌肽W1的提取、纯化与鉴定结果
	2.1.1 粗提样品抑菌效果与蛋白质含量
	2.1.2 提取物纯化与活性分析
	2.1.3 抗菌肽W1的鉴定
	2.1.4 W1的抑菌谱分析

	2.2 负载W1脂质体壁材的筛选结果
	2.2.1 空脂质体粒径、Zeta电位、PDI值测定
	2.2.2 原子力显微镜观察
	2.2.3 衰减全反射-傅里叶变换红外光谱测定
	2.2.4 拉曼光谱测定

	2.3 负载W1的SPE脂质体制备工艺优化结果与分析
	2.4 响应面优化结果
	2.5 W1脂质体透射电镜结果
	2.6 W1脂质体的抑菌活性测定结果
	2.7 W1脂质体的稳定性测定结果
	2.8 W1脂质体生物毒性测定

	3 结论
	参考文献

