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Construction of an Astaxanthin Delivery System Based on Lactobacillus
paracasei Extracellular Vesicles and Its Anti-fatigue Effect

DU Jin', HAO Xueyu, YU Hongmei, ZHAO Yi
(Changchun Polytechnic University, Changchun 130033, China)

Abstract: Objective: To utilize extracellular vesicles (EVs) derived from Lactobacillus paracasei as delivery carriers to
construct an astaxanthin (AST)-encapsulated system (AST@EVs), thereby improving the water solubility, stability, and
bioavailability of AST. Methods: EVs were isolated via differential centrifugation and ultracentrifugation, and systematic
evaluations of the physicochemical properties, digestive stability, antioxidant activity, and anti-fatigue effect of AST@EVs
were conducted using characterization analysis, in vitro simulated digestion, free radical scavenging assays, and the C2C12
cell model. Results: EVs with a typical spherical structure and an average particle size of 85.97 nm were successfully
prepared. After optimizing the encapsulation ratio (2:1), the encapsulation efficiency and protein loading capacity of
AST@EVs reached 84.94% and 12.74%, respectively, with the particle size increasing to 109.37 nm. Additionally, Fourier
transform infrared spectroscopy (FTIR) and electron microscopy results confirmed the effective encapsulation of AST in
EVs. In vitro digestion, the retention rate of AST in AST@EVs was significantly higher than that in the free AST group and
the physical mixture group. The scavenging rates of AST@EVs against 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azi-
no-bis(3-ethylbenzothiazoline-6-sulfonic acid) cation radical (ABTS") were 83.92% and 62.81%, respectively, indicating a
significant enhancement in antioxidant capacity. Cellular experiments showed that AST@EVs could promote the uptake of
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AST by C2C12 cells (reaching 5.27+0.21 pg/mL), alleviate oxidative stress, regulate the activities of superoxide dismutase
(SOD) and catalase (CAT), and reduce the level of malondialdehyde (MDA). Meanwhile, AST@EVs inhibited the increase
in lactate dehydrogenase (LDH) and creatine kinase (CK) activities, enhanced glycogen storage, and restored the activities

of enzymes related to mitochondrial function. Conclusion: The EV-based encapsulation strategy can significantly enhance

the stability, antioxidant capacity, and anti-fatigue efficacy of AST. This study provides a new idea for the development of

functional foods and anti-fatigue drugs.
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#5215 min J5, FHUE
AU 2R Z TR, S5 BT (29 3 min) . FEBRT
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EVs kil 85.97+11.02 nm (& 1b), H PDI1H
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Fig.3 Characterization of AST@EVs
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in different treatment groups
[E: a: SOD Fil CAT HYBEE J1; b: MDA & 4 [7]— 4845 1, A
[ i) R B s 4L ) 45 SR AP [0 5 P28 57 (P<0.05) .

Jifg2 01, A S A i AU Ak RE 77 MDA AE AR
ALY, TPl SRR EED? . R,
¥RIE TP 85 AST. AST@EVs fil AST+EVs %} H,O,
7551 C2C 12 4H M A AL L B ) SOD Fil CAT &
PELA K. MDA JKSF-IsEnn . AF5R 45 2R s (El 10a),
H,O, Hil|# 52 R 40 SOD Al CAT 775 1k 1 35 & AIK
(P<0.05), M &7 B AST. AST+EVs fll AST@EVs
FHU , 33X P Fh DT A 4 76 P Y415 3] B 2k
52 HASTE RS, AST@EVs 20 38 90 H e A 1 A
P, H SOD Fll CAT BG AL b Zs A4 FRE T
£y 0.53 F1 0.34 mU/mL. 41& 10b 7, H,O, Rl
i MDA 7K 5 25T 55 (P<0.05), T4 A B4l e
AN AR T i A A, LRI R he S I i 2H TR 2
5. AST@EVs>AST+EVs>AST, DL I~ 45 R 3 1],
AST@EV's T2 i S8 AN I 405 7 T o 2500 T 25
AST R PRIR-4G 4H (P<0.05), HAE ML ] G5 LA
THEZEA S —J7H, EVs B8 T AST AR
B, i Z 50y 2E A4 & FEDURARTE
FHB 55— 71, EVs PN AL 53T )2 45 F 7T 238
AST FI5MHPE, v/ Hogi Ak P S B SR AL R 1, A
T LA Py a ] R PERY

ASBHGEIE— 2L PPAN T AN R P ZH X4 A SR
SIE T HEBR AR VER] o FLER N S A LR
VAR A B2 UL 45495 14 S E R, KPS 54
AR DA, [RIEs, BRIRAE S AR RE A5 1Y
FEEIE S, HA AR AT B I WA it i O o e
F1B9, H,O, HlFE &N T C2C12 1Y ZLIR I A
FIWLER I B AKSF-, MRS AST. AST@EVs 1 AST+
EVs 3 T H,O, RIH0™ A= iy LR Ik U e A1 LR
RSB TS (E 11a AR 11b, P<0.05) . Hi,
AST@EVs 20 R H e s g I 4E o0 91 2LER
JI56 S Pt R JU LR B4 Bt /K ST IR 2 118.17+2.88 U/L A
0.56+0.04 mg/dL. A 11c iR, SATIZHAR L, UF
B AST. AST@EVs 1 AST+EVs 2H B8 5 & 1 45
BN T 29 2.10 1% . 4.31 F1 3.16 15 . 45 b ATk,
AST@EVs AJ A5 R0 15 H B AL 33U % 55 A C
AEINRREYIN S Ak, BIBRAIRTLIR L S B LR il
W, FEIBE R ARG

LR A p e R T, I AE RS Bk
UES2 S EUULA T ) FE 55 g dE 2RI BT, ASBFSY
B T SRR DI RE S R R FrIEIRE G
B A AL 2R o SR A A I PR AR AR Y, DL B AR
[FIAFRLA XL AAR T RE AR 1 E -

WE 12 iR, 205785 AST, AST+EVs fill AST
@EVs T 15,  H,0, $iffi/5 C2C12 4 hFr
PR ER A TG PE AN (232 o ALY TG P15 31 i
FREE (P<0.05) . (HARFEMZE, AST@EVs 203
RER SR VO R /=15 I E N ol o [ e ' R
(0.59+0.04 U/mg prot) Fl4H iy 2 F ¢ &1k M 3 P
(2.06+0.23 mU/mg prot) IxdZit IE# 4H/K . iX—4&5




5 47 % 5 14 1) Ko & A FETRIT BT A A A MEE AN 2 36 R GG A B 55 VE R Y - 459 -

4 200 A € 6] A

180
2 1607 7 s _s1@ B
2 1401 2 4
& 1201 £ C
@ 1001 £ 3 D
= 801 o
g 60 g2 .
Bo40] g 1

e [ . Bl R R R

PN B W& BB B B
AN R S SRR el
& B
v v
215 20 51
B 11 AR BZE X S A N SRR DG 9% 55 £E W s ) R 52
Fig.11 Effects of oxidative stress-related fatigue biomarkers across different treatment groups
T a: FLERI AR b: BB EETS J7; o BEIR & & AR 1R S F RN AR RIREA Z AR A 1 35 1 25 57 (P<0.05) o

a 3.0 EPE(P<0.05) . 5UFE AST ML, AST@EVs
i%: 25 AR ST BT AL PERE, H: DPPH Fil ABTS' [ 1 353
250] BRECREETE T 249 2.5 {5 AU, AST@EVs
P 3 A 1 R P RV R T C2C 12 4N AST
- (35 L (P<0.01) , F:A7 A I SOD. CAT i ¥ 1%
< 10 MDA /K F, i 35 2% it H,0, 75 5 1y S AL AR 13 ( P<
= 0s 0.05) . EATHRIFTHR . 3 AWy KL A MY 265 336

0 K REZGAHLL, AST@EVs ZEAEMIFRZSTE . Al B IL

it K cH L EF (mU/mg prot) o

265
N [R)  BR L R L AT RESC BERR AE T T

Fig.12 Activity of key mitochondrial function markers

B 12

in different treatment groups
TE: a: APERTR & LB J15 b: MM E R ¢ AR J1; AR
REFRFRRAFREA Z A7 E B 225+ (P<0.05)

HFESUEI, AST@EVs FI A3 305 A AL I 53507
LR T RERRS, T RIS R o
3 iR

AR T BT R T IS AT B AT A A i
SR R IR RGL(AST@EVs), I RGLIF
THIRREE | AR E R P ST . e A IRk
B, 2R R BEAS B AST FRgEfi High My s sk,
(R EASALI A3 b i 25 = AST PR B R 512

R AR M IR B B, L HARETF
LG AEAR, EVs 2RIFTF RARZEAEH, &L RE
Fanit A E SR e R, P SR e b AR AT e
SIAR M EERIEA, JESCEl B SR N % . Ak,
AST@EVs IS TEGTIRZ S7HLTI 7 1 B L iR A a4
A1, W R VEZLER I S (LDH) 5 DUBR P (CKO 7%
P BT IR A £ DA S 2 1A Uy HE S i (Canfy
MR- G NBE A4 (0 2R ¢ SN BTG . ASEITSR
ZERGE L T IT EVs Mk RmE e s it 2 E G
TS A FE R S BERSON T T B S 3, MY
i AST MR FHERBE T8 48, W PR T~ —4R
E7I)iae kg = d Ny | K 1514 oy ST v A A 9B R
Al 5H R . AST@EVs RGTEZL4etE . fae
PERIAE DS PE T TR SRR, o AL T EA &
JREARFL AR N W T o

© The Author(s) 2026. This is an Open Access article dis-
tributed under the terms of the Creative Commons Attribution Li-

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

Sk

[1] SYED A M, KARIUS A K, MA J, et al. Mitochondrial dys-
function in myalgic encephalomyelitis/chronic fatigue syndrome [J].
Physiology, 2025, 40(4): 319-328.

[2] KANGHG, LIMJH, KIM HY, et al. Anti-fatigue effect of
tormentic acid through alleviating oxidative stress and energy
metabolism-modulating property in C2C12 cells and animal models
[J]. Nutrition Research Practice, 2023, 17(4): 670—681.

[3] LIU CJ, DONG X L, JIA J, et al. Effects of astaxanthin sup-
plementation on fatigue, motor function and cognition: A meta-anal-
ysis of randomized controlled trials[J]. Biological Research For


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/10.1152/physiol.00056.2024
https://doi.org/10.4162/nrp.2023.17.4.670
https://doi.org/10.1177/10998004241227561

- 460 - £ Tl B4

2026 4F 7 A

Nursing, 2024, 26(3): 469—480.

[4] JTIAL, WANG W, ZHAO H Y, et al. Innovative nano delivery
systems for astaxanthin: Enhancing stability, bioavailability, and tar-
geted therapeutic applications[J]. Journal of Agricultural Food
Chemistry, 2025, 73(6): 3268-3304.

[5] WITWER K W, WOLFRAM J. Extracellular vesicles versus
synthetic nanoparticles for drug delivery[J]. Nature Reviews Mate-
rials, 2021, 6(2): 103—106.

[ 6] MELDOLESI J. Unconventional protein secretion dependent
on two extracellular vesicles: Exosomes and ectosomes[J]. Fron-
tiers in Cell Developmental Biology, 2022, 10: 877344.

[7] YANG L Y, LIANG G W, CAI B J, et al. Enhanced tumor
self-targeting of lemon-derived extracellular vesicles by embedding
homotypic cancer cell membranes for efficient drug delivery[J].
Journal of Nanobiotechnology, 2025, 23(1): 74.

[8] JIANG X D, LIU Z J, YOU H I, et al. Quercetin-primed BM-
SC-derived extracellular vesicles ameliorate chronic liver damage
through mir-136-5p and GNAS/STAT3 signaling pathways[J]. In-
ternational Immunopharmacology, 2024, 142: 113162.

[9] LEEBH, WUS C, SHEN T L, et al. The applications of Lac-
tobacillus plantarum-derived extracellular vesicles as a novel natu-
ral antibacterial agent for improving quality and safety in tuna
fish[J]. Food Chemistry, 2021, 340: 128104.

[10] CUI'W N, TIE S S, GUO M, et al. Engineering milk-derived
exosome for enhancing cellular astaxanthin delivery[J]. Journal of
Agricultural and Food Chemistry, 2022, 70(35): 10794-10806.
[11] AGRAWAL A K, AQIL F, JEYABALAN J, et al. Milk-de-
rived exosomes for oral delivery of paclitaxel[J]. Nanomedicine,
2017, 13(5): 1627-1636.

[12 ] ZHONG X, WANG K Y, CHEN Z J, et al. Incorporation of
fucoxanthin into 3D printed Pickering emulsion gels stabilized by
salmon by-product protein/pectin complexes[J]. Food & Function,
2024, 15: 1323—-1339.

[13] ZHANG L J, A Z A, ZHOU C, et al. High internal phase
Pickering emulsion stabilized by sea bass protein microgel particles: F
ood 3D printing application[J]. Food Hydrocolloids, 2022, 131:
107744.

[14] LIANG D, LIU C Y, LI Y, et al. Engineering fucoxanthin-
loaded probiotics’ membrane vesicles for the dietary intervention of
colitis[J]. Biomaterials, 2023, 297: 122107.

[15] CAI J, XING L, ZHANG W, et al. Effect of yeast-derived
peptides on skeletal muscle function and exercise-induced fatigue in
c2¢12 myotube cells and icr mice[J]. Journal of Agricultural Food
Chemistry, 2023, 71(42): 15522-15537.

[16 ] ZHANG X M, SHAUKAT M, LIU R G, et al. Orally admin-
istered dual-targeted astaxanthin nanoparticles as novel dietary sup-
plements for alleviating hepatocyte oxidative stress[J]. Food &
Function, 2024, 15(4): 2131-2143.

[17] ZHU H, XU W, WANG N, et al. Anti-fatigue effect of Lepid-
ium meyenii Walp. (Maca) on preventing mitochondria-mediated
muscle damage and oxidative stress in vivo and vitro[J]. Food &
Function, 2021, 12(7): 3132-3141.

[18] ZHAO X, YIN F, HUANG Y, et al. Oral administration of
grape-derived nanovesicles for protection against LPS/D-GalN-in-
duced acute liver failure[J]. International Journal of Pharmaceutics,
2024, 652: 123812.

[19] WANG S, HU Y, SONG P, et al. Harnessing extracellular
vesicles from Lactobacillus reuteri and Lactobacillus paracasei for
synergistic osteoporosis therapy[J]. Composites Part B: Engineer-
ing, 2025, 297: 112255.

[20] WEI X, WANG M, DONG X, et al. Internal-external homol-
ogous drug-loaded exosome-like nanovesicles released from semi-
IPN hydrogel enhancing wound healing of chemoradiotherapy-in-
duced oral mucositis[J]. International Journal of Nanomedicine,
2025:4105-4121.

[21] JIANG G L, ZHU M J. Preparation of astaxanthin-encapsu-

lated complex with zein and oligochitosan and its application in food
processing [J]. LWT-Food Science and Technology, 2019, 106: 179~
185.

[22] SINGH A, SRIVASTAVA N, YADAV K S, et al. Prepara-
tion, optimization, characterization and bioevaluation of rosmarinic
acid loaded phytovesicles for anti-inflammatory activity [J]. Journal
of Drug Delivery Science Technology, 2020, 59: 101888.

[23] RAJENDRAN S, JAYARAM Y, NARAYANAN J, et al.
Nanocarrier potential of small cardamom-derived exosome-like
nanovesicles for the delivery of appetite-enhancing peptide, Ghre-
lin[J]. Food Bioscience, 2025: 106830.

[24] GUANL,LIUJL, YUH]JY, et al. Water-dispersible astax-
anthin-rich nanopowder: preparation, oral safety and antioxidant ac-
tivity in vivo[J]. Food & Function, 2019, 10(3): 1386—1397.

[25] LUY,JINJ, YANG Y, et al. Royal jelly exosomes as a sta-
ble and bioavailable carrier for fucoxanthin: A novel approach for
antimelanoma therapy [J]. Food Bioscience, 2025, 71: 107118.

[26 ] WANG S, BARTHES N P, URBAN S, et al. Structure-guid-
ed design of a KMT9 inhibitor prodrug with cellular activity [J].
Journal of Medicinal Chemistry, 2025, 68(13): 13395-13320.

[27 ] BRIVIBA K, BORNEMANN R, LEMMER U. Visualization
of astaxanthin localization in HT29 human colon adenocarcinoma
cells by combined confocal resonance Raman and fluorescence mi-
crospectroscopy[J]. Molecular Nutrition Food research, 2006,
50(11):991-995.

[28] HE B, WANG H, LIU G, et al. Fungal small RNAs ride in
extracellular vesicles to enter plant cells through clathrin-mediated
endocytosis[J]. Nature Communications, 2023, 14(1): 4383.

[29] HUANG W C, CHIU W C, CHUANG H L, et al. Effect of
curcumin supplementation on physiological fatigue and physical per-
formance in mice [J]. Nutrients, 2015, 7(2): 905-921.

[30] CULOTTA V C, YANG M, O'HALLORAN T V. Activation
of superoxide dismutases: Putting the metal to the pedallJ].
Biochimica et Biophysica Acta -Molecular Cell Research, 2006,
1763(7): 747-758.

[31] HOY S, XIONG Y, MA W C, et al. Mice lacking catalase
develop normally but show differential sensitivity to oxidant tissue
injury[J]. Journal of Biological Chemistry, 2004, 279(31): 32804~
32812.

[32] ABDELHALIM M A K, MOUSSA S A A, QAIDH A Y.
The protective role of quercetin and arginine on gold nanoparticles
induced hepatotoxicity in rats[J]. International Journal of
Nanomedicine, 2018: 2821-2825.

[33] JIANG Q, SUN'Y, SI X, et al. Anthocyanin-loaded milk-de-
rived extracellular vesicles nano-delivery system: Stability, mucus
layer penetration, and pro-oxidant effect on HepG2 cells[J]. Food
Chemistry, 2024, 458: 140152.

[34] HER, JIANG Y, SHI Y, et al. Curcumin-laden exosomes tar-
get ischemic brain tissue and alleviate cerebral ischemia-reperfusion
injury by inhibiting ROS-mediated mitochondrial apoptosis[J]. Ma-
terials Science and Engineering: C, 2020, 117: 111314.

[35] JEONH, LEEK, KIM Y T, et al. Effect of HY7602 Ferment-
ed deer antler on physical fatigue and antioxidant activity in mice
[J]. International Journal of Molecular Sciences, 2024, 25(6): 3318.
[36] SINGHAROY A, MAFFEO C, DELGADO MAGNERO K
H, et al. Atoms to phenotypes: molecular design principles of cellu-
lar energy metabolism [J]. Cell, 2019, 179(5): 1098—1111.

[37] FUSAGAWA H, SATO T, YAMADA T, et al. High-intensi-
ty interval training using electrical stimulation ameliorates muscle
fatigue in chronic kidney disease-related cachexia by restoring mito-
chondrial respiratory dysfunction[J]. Frontiers in Physiology, 2024,
15: 1423504.

[38] MENG L B, HU G F, SHAN M J, et al. Citrate synthase and
OGDH as potential biomarkers of atherosclerosis under chronic
stress[J]. Oxidative Medicine Cellular Longevity, 2021(1):
9957908.


https://doi.org/10.1177/10998004241227561
https://doi.org/10.1021/acs.jafc.4c09415
https://doi.org/10.1021/acs.jafc.4c09415
https://doi.org/10.1038/s41578-020-00277-6
https://doi.org/10.1038/s41578-020-00277-6
https://doi.org/10.1038/s41578-020-00277-6
https://doi.org/10.3389/fcell.2022.877344
https://doi.org/10.3389/fcell.2022.877344
https://doi.org/10.1186/s12951-025-03161-z
https://doi.org/10.1016/j.intimp.2024.113162
https://doi.org/10.1016/j.intimp.2024.113162
https://doi.org/10.1016/j.foodchem.2020.128104
https://doi.org/10.1021/acs.jafc.2c03683
https://doi.org/10.1021/acs.jafc.2c03683
https://doi.org/10.1016/j.nano.2017.03.001
https://doi.org/10.1039/D3FO04945K
https://doi.org/10.1016/j.foodhyd.2022.107744
https://doi.org/10.1016/j.biomaterials.2023.122107
https://doi.org/10.1021/acs.jafc.3c02281
https://doi.org/10.1021/acs.jafc.3c02281
https://doi.org/10.1039/D3FO05319A
https://doi.org/10.1039/D3FO05319A
https://doi.org/10.1039/D1FO00383F
https://doi.org/10.1039/D1FO00383F
https://doi.org/10.1016/j.ijpharm.2024.123812
https://doi.org/10.1016/j.compositesb.2025.112255
https://doi.org/10.1016/j.compositesb.2025.112255
https://doi.org/10.1016/j.compositesb.2025.112255
https://doi.org/10.1016/j.compositesb.2025.112255
https://doi.org/10.1016/j.lwt.2019.02.055
https://doi.org/10.1016/j.lwt.2019.02.055
https://doi.org/10.1016/j.lwt.2019.02.055
https://doi.org/10.1016/j.jddst.2020.101888
https://doi.org/10.1016/j.jddst.2020.101888
https://doi.org/10.1039/C8FO01593G
https://doi.org/10.1016/j.fbio.2025.107118
https://doi.org/10.1021/acs.jmedchem.4c02953.s001
https://doi.org/10.1002/mnfr.200600056
https://doi.org/10.1038/s41467-023-40093-4
https://doi.org/10.3390/nu7020905
https://doi.org/10.1016/j.bbamcr.2006.05.003
https://doi.org/10.1016/j.bbamcr.2006.05.003
https://doi.org/10.1016/j.bbamcr.2006.05.003
https://doi.org/10.1016/j.bbamcr.2006.05.003
https://doi.org/10.1074/jbc.M404800200
https://doi.org/10.1016/j.foodchem.2024.140152
https://doi.org/10.1016/j.foodchem.2024.140152
https://doi.org/10.1016/j.msec.2020.111314
https://doi.org/10.1016/j.msec.2020.111314
https://doi.org/10.1016/j.msec.2020.111314
https://doi.org/10.1016/j.msec.2020.111314
https://doi.org/10.3390/ijms25063318
https://doi.org/10.1016/j.cell.2019.10.021
https://doi.org/10.3389/fphys.2024.1423504

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 副干酪乳杆菌衍生细胞外囊泡（EVs）的提取
	1.2.2 EVs的表征
	1.2.3 虾青素-副干酪乳杆菌衍生细胞外囊泡（AST@EVs）递送体系的制备
	1.2.4 AST@EVs的表征
	1.2.5 傅里叶红外光谱（FTIR）检测
	1.2.6 体外模拟消化能力检测
	1.2.7 体外抗氧化性检测
	1.2.8 稳定性检测
	1.2.8.1 热稳定性
	1.2.8.2 贮存稳定性
	1.2.8.3 光照稳定性

	1.2.9 细胞活性检测
	1.2.10 细胞摄取能力检测
	1.2.11 细胞抗疲劳和抗氧化应激生化指标检测

	1.3 数据处理

	2 结果与分析
	2.1 EVs的形貌表征
	2.2 AST@EVs的封装能力
	2.3 AST@EVs的形貌表征
	2.4 FTIR分析
	2.5 体外模拟消化能力分析
	2.6 体外抗氧化能力分析
	2.7 稳定性分析
	2.8 细胞活力和细胞摄取能力分析
	2.9 细胞抗疲劳生化指标分析

	3 结论
	参考文献

