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RIRATFEFEONHNELL, FRTHFFEFRLOHBE, BERRIASH., 4, S3FFERER. Ak, 14k
ShiHAE TR, AR KREFEOLHREFNELHEN: TFHFFAME 014 mg/mL. & @ F M7 5607 L5 A
11, R@EWA FRFE-FEALY 7. HBRE & pH A 7.0, KA E A 21 min, ®BF, FHFEELOHEF
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Optimization of Preparation Process and Stability Investigation
of Astaxanthin Vesicles

HAN Chunran, MA Diaomei, LI Chenchen®, SUI Jiaqi

(School of Food Engineering, Harbin University of Commerce, Harbin 150028, China)

Abstract: Objective: To enhance the dispersion of astaxanthin in aqueous phases, astaxanthin-loaded vesicles were
fabricated, and their stability under various environmental conditions was examined. Methods: Using unsaturated fatty acid
(arachidonic acid) and astaxanthin as raw materials, astaxanthin liposomes were prepared by thin film hydration method.
The preparation process of astaxanthin liposomes was optimized through single-factor and response surface experiments,
investigating the morphology, particle size and distribution, Zeta potential, encapsulation efficiency, and stability during
storage, oxidation, and in vitro digestion. Results: The optimal conditions for preparing astaxanthin liposomes were as
follows: Astaxanthin concentration of 0.14 mg/mL, surfactant to fatty acid ratio of 1: 1, hydrophilic-lipophilic balance of
surfactant of 7, phosphate buffer solution pH of 7.0, and hydration time of 21 min. Under these conditions, the average
encapsulation efficiency of astaxanthin liposomes was 89.58%+1.47%. Transmission electron microscopy and particle size
analysis showed that astaxanthin liposomes had a spherical structure with an average particle size of (131.7442.74) nm, a
PDI of 0.25+0.01, and a Zeta potential of (—38.52+2.31) mV. Stability experiments demonstrated that after 16 days of
storage at 4 C in the dark, astaxanthin liposomes showed good stability. The retention rate of astaxanthin in liposomes after

freeze-drying and reconstitution was similar to that in liquid state, and they exhibited some tolerance to salt ions. After 16
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days of storage, the peroxide value (POV) and TBARS of oil-soluble astaxanthin were twice those of astaxanthin

liposomes. After in vitro digestion, the digestion retention rate of astaxanthin of the two was 44.19%+2.21% and

74.99%+4.37% at the end of small intestine digestion. Conclusion: The astaxanthin liposomes prepared in this experiment

had suitable particle size, good dispersibility, high encapsulation efficiency, and good stability, providing a reference for the

development of astaxanthin-derived products.
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HRFF 22 (3,3 - R -4.4°- g0 % &,
astaxanthin, AST) &—FJ&EH% M &, |8 T mIEn
WHREEYN . ERIRYITTH AST B MR YT
AIEPER, [RIB AT X RER . ARAEM . O B S
g ELAA TR ANHCHTVE A, R AZ 20 A TRkt 2 1) oG
Fo SR, AST Sy 322 CIR . I A2 & 28 S| Ak
fift, FECHALZEEE R ATRE , PO SZNa A )36 vk e A=
HRIIHE, EAESE RN A S22 28R . 1Rl es
R FH 2 28R 22k i e AST ANERE By, Z Pz
AR R PR IR ZLIET . GRERIS S5 T e
AHAT LIRS AST Mfase k. [BZLANE B4R
RS AE TR T2 AFRGE, By RA 25t ER, T gl
KU —Le RGP NAS Eh B, Hls 12 0%,

B TR 4 U (fatty acid vesicles, FAV) &/ gy
TR Y ER TS G 1ok A 20 BT By 3 PR g B XU ) e
BIRIR, BAT KRR TED . XSGR T4
BTN FAV fb22a5tgAaxs o, Rt ok R =F
w HARE, BB AT e R, Ie iR dE it
JEPTR 25 W R D TR ERAARN ), b, thFHAE
IKAE P ) AR, PT LA AR FAV fEAE R4y
R R, Hik FAV 0] LIAE A B AR 240 5,
ATAE S A W 06 P ) O B BE B, 3R B 8 BRI B
SRUH, H FAV ANAEKAELA T pH 2N 7~9 Ju[E A4 e
TG, M AJE S 3R miE HER Ok LL B EENE
WitRER) J5 22900 pH S 0] 55 R e B iRELS, v 5
NARGS PR A BEVCEL ", WF T &2 By AR !, SIE AR
BRUOT NP YHER! T ZSERVS A RRIE USRI BT 4 A4
PINB TR e, HEefe s tese . A DU
fiz (arachidonic acid, AA) J&=—FPZ AU FIIBITIR, /&
T w-6 R, X AEAFEEWABDIRE/EH, )
253 AN T 5, AEAE VIR AN SR 3 R ISCRI
ARl B R E RN, H A28 NS RS Eee s

BT IR RS Es A RS T

ARSI DANR TS 2 o LT 4, i e MRy RN
fREEL(AST-FAV )AL T2 33171k, Hil4 AST-
FAV. M. E Ak AR SME AR JL T T 25 %8 AST-
FAV FesEtE, IIZRIGAEEMEELT ) AST-FAV, [H]
B S BEV A B TR N R S
1 PRSI
1.1 MRIEEE

TR R (AiEE>96%)  BRPUGRASAEMFHLA TR
O3 E] MR RARES (LE>98%) . i EAL A F AR,
1,1,3,3-PH 25 e BaTh T 3l v PR Al

NG (ggal) | W EE(Eggal) | T84 DU R (4l
40%) iR AR AR RHE A BRAA W Wl 60 it
Wk 85 R & TG4 Ak T AT BRAS ] Je/K S
G5 FAEHL. BRERIAK . 1E T R, SFNEE, HeER R
Sy e, REETT R S350 BRAA =5 &4l . i
FRE . Sorke. =S8R rbral, K Eug i
2R BRA F; A EL b2 Sydral, db i T
J o ANTHER., AT B, AT g4y
BHEARRA L
YRE-201D #UJje§% 25 & 45 . HH-WO2 £ 84 i

TEIRE KIS 44 . SHZ-D I TAERIEFF K B2 I
M T HAUERA RS F]; KQ-250DE Alfdsska s
HUEARR BRI EAESA R F]; DZF-6210BZ H.
TR TR B A R A F]; 1260 U
ROAHCOTEAL 2 FERRHEE Th A B F] TG16-
WS GaUE s Ol IR LS S AR T R
BR N ] ; Zetasizer Nano ZS90 44 K bri 42 ¥ 57 43 Hr X

HL[E Malvern 2\ 7l ; Spectrum 1T 18 B A8 e 2T 71
Y (FTIR) 5[ Perkin-Elmer 23 &]; HT7800 7
FHPTH T BB (TEM) 25 FEI 4],
1.2 SEWHE
1.2.1 WFERBEMTIE SRR -5
FAENIRO, FHEEE 60 FIntiE 85 FeHIASE 2 K S5
ST (hydrophile-lipophile balance, HLB ) {E [ H 1
PEF, AP (G800 : ZWE=3:2) . RmiEER] . 16
A DU IR RIS A PRSI , RSB E R4
TR TAPLE R . G RIS 2R e e 28 R
A I, 30 °C KW, WUESFAF TRA DL LR, HE
[ JES BRI s AB 41T A i5E, B LIk HLEEFIAR
P FRSESE T 25 °C Bas THRFEARG 5w
5] JES e H i AR i1 46 19 0.1 mol/L B iR 2% vh ik
20 mL F 25 °C 40 W B E VP4l Bh b3 —E i
[er], IR RS T A S PR Ak, AT % 0.15 mg/mL
PN, ARACTEEFEIE R T WL (AST-FAV)
of 0.45 pm PEME . 25 T PEAL Y HIAE L B S AST-
FAV BIHIESRE—E, XAEAIN AST., FHAEAE
VEREF T BRI KR E N 0.15 mg/mL AT IR
1.2.2 BRERGERRME
1.2.2.1 RS EPRAEMRZ ST RS PREUR S 2R
eS| me, FAWF BRI EZ 2 100 mL, FES
SRR ARE . FH FP SRR R TR R AN R A 3
(0.1.2. 4. 6.8, 10 pg/mL) B4 TAEW, i 0.22 pm
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AV R iR GG SR 1.2.5 Z5KIRAE
{0 3% 25 F: SR Agilent C g %45 (250 mmx 1.2.5.1 BEHH T B (TEM) B fE A s

4.6 mmx5 pm); KM A S84 AT DLAS I s ARSI 1<
WE N 474 nm; BEAELESA 10 pL; HiiECY 1 mL/min,
BATHIE] 5 ming AEHR N 25 °C; FBhAH N B : 2
H=9:1,

AT A y (mAUXS) AR BR, AST 1145 ik
B x(ng/mL) R AR, 15 BIbRHERIZE N : y=201.18x+
12.942, R>=0.9993 .
1.2.2.2 AST SEPRAYITHE. B 1 mL 24 0.45 um
VEAR A UR T R AL ETF MM 10 mL 1E OBl 2 55
LR, #BA 30 min HTHAYEL, WHL 1 mL T804
H, FHESEEZSEE 10 mL, JH 1.2.2.1 J7 il @ iRy 2
Frht(cy) o J3HC 1 mL HRE RPENBIFR T 308
B, A 10 mL IE & B8 % W, 7E 8000 r/min 5.0
20 min, ZHE IEORE)ZTC 0, SR/ E HIEC
WA, B 1| mL BT EL.OCE TP EESR S 10 mL,
SR 1.2.2.1 e iF s it s Z s (c)). A
E, A=

ER%) = 2= x 100

0

A (D

K o MU ELEEPURE R A& &, ng/mL;
¢, MHFE RPN I B IRT 3R  it, pg/mL.
1.2.3 BARZRESLEGI L AR S RmivE RS
REWTER EL A 1:2, R G TEFR] HLB 18 6, BiliRZ% vh
R pH6.8, ZKALRTE] A 15 min BYFERE E, L AST-
FAV {5 2 48R, B2 H R IR NE (0.05. 0.1,
0.15. 0.2, 0.25 mg/mL) . FEmE & M7 5 8 ViR L4
(1:3,1:2,1:1,3:2,2:1), FWEMEF HLB {H(S.
6.7.8.9). BEMRZE h SR pH(6.6. 6.8, 7.0, 7.2,
7.4) . KAEEHE] (10, 15, 20, 25, 30 min) Fi- P ZEXT
AST-FAV fE3R G520, H S22 #0554 7E sl
— RS R EE SR F U T
1.2.4 Box-Behnken ML LIS S5EHAER
SLEGEE IR, YRR IR T 23R 2 v A 3 FR A i B R
4 NHZR: AT IR E N (A) . R iETE
FIS RN EL B (B) | BERZE v pH(C) . KB
E] (D), %t 3845~ AST-FAV 335 2, 3 18] 1 P4 571
HLB {8 7 Az 7, dEf e mislss it . R
Box-Behnken Wi AT T 2004606, RIZE
oKt DL 1

21 Box-Behnken M/ [ K 2 M 7K -Gt

Table 1 Box-Behnken response surface factor and level coding
KV AURE R BEREEMFAS  CREMZ DAL
(mg/mL) BT EL A ¥ iipH (min)
-1 0.1 1:2 6.8 15
0 0.15 1:1 7.0 20
1 0.2 3:2 7.2 25

Hil#& 419 AST-FAV RS 50 1% )5 B—4ii 1 4
L, FHUE AR JE Bl 2 i AR 1T, &8 AR T
JHBT R34 2% MBS ER YL (4, TR 12 h, S5
755 T WA TE 200 kV HL R T %) AST-FAV B
SHUEATRAEPY

1.2.5.2 HHEMASERLT /NGRS (FTIR)  BGE &=
A DU R BV PR TS 2R B UL B PR A T R T3
H RSB T . A3 IBGE FEas A FE TR T AR
TR TRy, LUJRE L 1: 100 In AR AL AP0 2%
JEARR, SR G R, A S T R 2T A
FEAGT AT . IR S8R5 3 0 5333 2 ecm™'s
W7 B YE [l 23~25 °C; M & 7E ]l 4000~400 cm™;
FAR UL 32 ¥R,

1.2.5.3 kit . PDI. Zeta B/, HU AST-FAV 1R &
W 0.1 mL, ZER/KFRBE 5 mL, 5518 N RAPR Sy
BrASGIRE CRiAR AST 8 165°), HL 2 mL 3 A Zh/RSCEE
AL, SRHGIAAIAR HLASE A3 BT SO R B S R A 55
i . PDI X Zeta AL, AT 3 43, BOFIEP,

1.2.6 UREZRFEARGEESES

1.2.6.1 Wk etk B AST-FAV 435l & AEA
[FlHEE (4. 25,37 C). SCRR(ASRSG. #56) | Fhik
(50. 100, 150, 200, 250 mmol/L) . ¥ i%ka &M (K
. URT W), SR X 6 RS RSN A B ok
FE 4 °C BOCAFHL, T2 0.4, 8. 12, 16 d B, WigL
SRR, M RE LR EE 3R | SEHPRIAS . PDI. Zeta HLA, 555
R 2R A I TR T

1%%%(%):%100 W @)

FH: o) HEFE R AL — a2 B (8] JF R 2
e B2, ng/mL; ¢, AT BEUR Ty 38 S v PR AR,
ng/mL,
1.2.6.2 FAbFEM T WEN R R T AST-
FAV M4 bR & M, FH 100 mL A5 (0, 45 & 0 I 5%
100 mL AST-FAV, 7& 50 °C {85 414 F it 41k
16 d. [a]B@E 4 d ME—K AST-FAV H 4] 2 F1 Rk 2%
AT -

WAL= E . 208 Hu 529 [y, JTF
VEMEP . ¥4 1.0 mL AST-FAV 5 5.00 mL S¢E4%:
FBE(2:1, v/v)IRFHR A, e 3 k3 30 s, SR )G
5000 r/min & .0 5 min, [ 2.80 mL H % : 1E T %
(3:1, viv)IRAIFIHF A 100.00 pL &0 5 B L7
W . 40.00 pL AR (S5 0.132 mol/L /b4l
1 0.144 mol/L i & V. 42k il 48 ) L £2 40.00 pL 9
3.94 mol/L i iRAREL S MR - &EYGI N 20 min J5,
£ HRA] DLy 6 EETHTE 510 nm 37T I 2
fH. F 1000 pg/mL i &Ik &5 P SR S wVERR
HERRZE . ARvERRZ N y=0.421x—-0.0553, R?>=0.9992
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K BALTZ YN AE : 22 Fioramonti £8P i
EHEE. FBBIEFLL 1:2 k@l in A AST-FAV Fi
TBA i CFf 15 g =5 L R+375 mg A Lb %
li#+1.76 mL ¥RERR N A /B ZEIR/KIEG, ERE
100 mL, 50 °C F&+E 30 min, XEa i) EE b
RE, IHFE TR P 15 min, BKERHEFIRE
10 min, #R)J5 55.0>(12000 r/min, 15 min), Y242 &
W, FHERAMAT DL G RE T a2 P 532 nm &b
JEEE, AR 1,1,3,3-D0 25 FE PN S il B Ak v pl 210
RERE TN SR, P2 y=0.539x+
0.0684, R?*=0.9990.,
1.2.6.3 MAAMEMFREPE =R Liv 60 kT
{RAMEFATE AL S o T s 9 B AR 1 s M Vi 5
AST-FAV #£ fh & 8L 10 mL IR &, BEJ5 B iR & W
pH & 6.8, 7F 200 r/min 37 °C &1k T & L1k
10 min, B HRHEL: FEHL B W 5400 D EEHEE
FEREEIRG, MEKIREG IS W pHIHE 2.5, 78
100 r/min 37 °C 254 FZELLHA 2 he /NHBTEL: 1%
B IS IR G WOH TR 530 0.1 mol/L 1
NaOH VAT pH = 7.0, BE/SIIA 10 mL #4817
W BEE, BHIRG AR YRLETE 37 °C 100 r/min (5%
FEIELE N 5 min M 2 h,

IO 7 22 2 v T A 9 &5 A B B (W1 4R . AR
10 min, B 2 h. % 5 min. }F 2 h) BTELBAE S, Bl
Ja, SRR AR ARE, ARYE 1.2.2.1 54, 1T
BRI B PR S . RIEAR Q)RS
A R TP AR P TH AL PR B SR ORI . HLAT
AR AR TE L o

AR (%) = gx 100 & (3

o o) STH AR B BT AL R 2R R,
ng/mL; ¢, SRy T G AR 5 3 2y P IR R W, ng/
mL .

1.3 HEIE

JITA FEBPA I E =R, s AT Y hr 25
(SD) 7R, K Design-Expert 12 #5471 N 1 45 5%
S3HT, 8 Origin 2021 B4t E R RS
53T
2 FR55h
2.1 BEEEREIWER
2.1.1 UFFHEBINEXT BRI R EERE 2
X TR anE 1 iR, niEm L, A
[RIAR T Z A X AR p S i S 5 B THE T R
Fu R RHEMT 0.15 mg/mL B, {3 R EEIR
FEBIE ARG IO A, nTRE il TN AR R
/N FAV S RGP RS REIIE R T 0.15 mg/
mL B}, BEAIAS B (14 T 4R B8 ) 2 AT BRI, FAV IR
FEIR BN, S ARG TR S R R A R, S
B ER LT RERY, M nESy 0.15 mg/mL A,

100

0.05 0.10 0.15 0.20 0.25
WFH IS (mg/mL)
B 1 IR R

Fig.1 Effect of astaxanthin supplemental level

on encapsulation rate
TE: ANF/ING RS R RIRE b Z A 2 122 57 (P<0.05),
Pl 2~&1 5. 5] 14, & 16 [

fd Rk B AT 71.52%, 5 HADAS K2 [AI4FAE
I 225 (P<0.05) o PRI, B NPT 2R R A8 n
oA 0.15 mg/mL .

2.1.2  FaE RS A WHR B X s R aG S
AN ) 2 18 9 P 7910 5 1 U TR L A5 ot st 33 14 5 i
B 2 Fros. BTN, 2SEs A [R) 2% v 50 50
WP EBR, fudst s S St s i ke, MR TS
PEF 5 AR R Fe ) /NT 101 BsF, b RSy 2 G 79
/N AR R &, S B s MERSR, IR R
255 Mg, DI 3k 2 R i 4 e mi s MR S5 i
W R EE BT 121 B, (s 2 1 i PR R A 5Ok TR
Uit A e R R TR, nIRE R it 23R
TSR S T FAV BIPIEBZSIE] . S80S EANRE
PEARB W TRBE N YR 4 (7], LR RN, 245k
T W6 PER S REDTR LU A5 121 B, MRS 28 98y i,
BN 76.49%, 5 H A 45 /K 2 8] 22 57 3 (P<
0.05). KL, B R iE R SRR b elh 1:1,

100 -
80
60

40

FLEE (%)

20

o8 N

‘ 1:2 1:1 3:2 2 21
BTG PR 5 MR L 4]
P2 RIS MR S ARIDTIR Ho ] A0 3 i 2 )
Fig.2 Effect of surfactant to fatty acid ratio
on encapsulation rate

2.1.3 FAEMSH] HLB EXTRERAEN  AN[FER
1] 35 PR R HLB (B X G B 3 g s2 i an 15 3 B o
HLB {ELAE 5 1 9 Z[8] 09 2 11 16 455 il LA pli e v,
SR EE PR HLB {EAE 7 [ Py Al DL AR IR 3R
KA S AT _E B GFHUHES, A TTHE i 46 f 2
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B Tl R

2025 4F 3 A

FREF DO, MR NG HLB {Eh 7 B, BERTIR S
R IR 77.66%, 10 HE A4 52 1 1E 57
HLB {HF 5~9 B 223 AR 3 (P>0.05) . TR
PEFR HLB Eh 7 B, 3 V5 P AR AT 234 o e Sf
R, Rt 55w, HLB (AT 7 B, S5k vk
g, ST AR, SEv SRR, B, T
FEH G HLB {H M 7.

100
80

60 -

FLEFR (%)

40t

20

0 NNNNN

FAEMEFRIHLBAA
K3 FmEMEHER HLB B X9 B 2500 52 00

Fig.3 Effect of surfactant HLB value on encapsulation rate

2.1.4 WERRZEWPIAW pH XTRLERAGE  ASEBE
TR 22 s pH X ELERRIGSEm A&l 4 s . 1EwE
PREE AW pH N 6.6~7.4 LI, IF =W A
BRI KIFVR /N, 25 pH M 7.0 B, MR AN
BRI, I5F) 85.95%, S HAMAS /K- A HAT i
FHE2ER(P<0.05), X4 pH KTFek/hF 7.0 B, Al fiE
JERURMARIIRRE H 8%, OH 174F FAFRGER T KK
RN, FEEOIRT ZE AN, S0 B SRR AR A,
WEHER 22 vh SR Y pH IS HEAZ I 1T I AE AST-FAV 3R
TETAHE AR BT T AR M 2R A UL 1M, 38U
AN PR, B BERRSE v pH N 7.0,

100
80
60

40}

LB (%)

20

0 NN

Kl 4 BRERRZEMEIR pH A ELE A2
Fig.4 Effect of pH of phosphate buffer solution
on encapsulation rate

2.1.5 JKALEFRIXH L E =R g sEm AR AR [a) 3t
SEIGFZ AN 5 Bias . HERTAL, B K AR TR] Y
JE MR R P B RS S I, M/KIbRT
[7]>f7 20 min B, G332 5= 88.72%, HIKALET ] 4%
IRV X R 2R A A R B 3 52 (P<0.05) .
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Fig.5 Effect of hydration time on encapsulation rate
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Table 2 Results of response surface experiment

RN e A B C D (%)
1 -1 -1 0 0 7321
2 1 1 0 0 60.92
3 0 0 0 0 89.65
4 0 0 1 1 84.51
5 0 0 -1 -1 83.72
6 0 0 1 -1 75.62
7 0 0 -1 1 80.93
8 0 0 0 0 89.61
9 1 -1 0 0 69.12
10 -1 1 0 0 68.52
11 0 0 0 0 87.41
12 0 -1 1 0 78.15
13 0 -1 -1 0 84.12
14 1 0 0 -1 75.51
15 1 0 0 1 73.92
16 -1 0 0 -1 71.51
17 0 0 0 0 90.82
18 0 1 1 0 70.61
19 0 1 -1 0 77.62
20 -1 0 0 1 79.72
21 -1 0 -1 0 82.48
22 0 1 0 -1 75.85
23 0 0 0 0 88.27
24 0 0 0 0 88.72
25 0 -1 0 -1 80.62
26 -1 0 1 0 75.73
27 0 -1 0 1 84.51
28 1 0 1 0 75.81
29 1 0 -1 0 73.29
30 0 1 0 1 79.39
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Table 3 Results of variance analysis
ARSRIR PR AE YOrE F{H P T
B 1459.09 14 104.22 25.00 <0.0001  **
A 42.56 1 42.56 10.21 0.0070 ok
B 112.98 1 112.98 27.10 0.0002 o
C 39.35 1 39.35 9.44 0.0089 ok
D 33.84 1 33.84 8.12 0.0137 *
AB 3.08 1 3.08 0.74 0.4056
AC 21.48 1 2148 5.15 0.0409 *
AD 24.01 1 24.01 5.76 0.0321 *
BC 0.27 1 0.27 0.065 0.8029
BD 0.031 1 0.031  7.347E-003  0.9330
CD 34.11 1 34.11 8.18 0.0134 *
A? 836.83 1 836.83  200.76  <0.0001  **
B’ 459.34 1 45934 11020  <0.0001  **
c? 69.82 1 69.82 16.75 0.0013 ok
D? 53.31 1 53.31 12.79 0.0034 o
B2 54.19 13 4.17
RKWI 4827 10 4.83 2.45 0.2496 °
TRZET 5.92 3 1.97

pEyill 155497 29

W RN EF B, P<0.05; **Fn 2 7R B3, P<0.01; ofn R AR
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Fig.6  Surface plots of effect of two-factor interactions on encapsulation rate of AST-FAV
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Fig.10 Appearance change of AST-FAV with time at different
temperatures
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Table 4 Effects of different storage temperatures on the stability of AST-FAV

A ) PREE (%) At (nm) Zetafi i (mV) PDI
TRl (d) PR (°C)

AST-oil AST-FAV AST-oil AST-FAV AST-oil AST-FAV AST-0il  AST-FAV
4 100° 100* 231.3244.60°  140.31+1.45°  —31.52+0.75° —30.59+0.09°  0.24+0.01¢  0.22+0.02¢
0 25 100° 100° 235.9947.52¢  139.9142.26°  —31.47+0.93° —30.57+0.28°  0.22+0.01°  0.23+0.02°
37 100° 100* 221.5345.14°  140.25+0.30°  —30.96+0.93° —30.79+0.09°  0.22+0.01°  0.23£0.01°
4 79.53+0.72° 94.40+0.48°  244.74+4.21° 146.89+2.96°  —33.01+0.53" —30.65+0.31°  0.24+0.02¢  0.23+0.01°
4 25 76.73+0.87° 94.31+0.12°  251.31+1.66° 146.71£1.05°  —33.04£0.27° —32.24+0.65°  0.23+0.01°  0.23+0.01°
37 70.98+0.50° 83.30+0.35°  253.04+£3.30° 147.91+1.10Y  —33.76+0.54° —32.25+0.38°  0.23£0.01° 0.24+0.01%™
4 62.79£1.40° 81.82+1.62° 253.96+3.62% 158.28+4.35®  —34.69+0.82° —30.93£0.09°  0.26+0.01° 0.24+0.01*
8 25 57.29+2.51°  74.09+0.36°  263.32+3.73°  155.59+3.96°  —35.34+0.49° —33.36+0.75°  0.25+0.01° 0.24+0.01%
37 45.66£6.03° 61.59+1.85° 274.56+3.52" 160.33+1.19° —35.84+0.76" —34.66+1.62°  0.28£0.01° 0.25+0.01°
4 34.93£3.16°  79.69+0.97  261.38+5.85' 163.98+3.12°  —35.16£1.18"® —31.72+0.22"  0.28£0.01° 0.25+0.01°
12 25 18.67+5.23¢  67.53+£3.64°  277.76+4.79° 167.34+2.58°  —37.78+1.26° —34.67+0.96°  0.30£0.01* 0.25+0.01°
37 0 19.87£6.11¢  281.2242.49°  172.25+1.19"  —40.34+£0.93* —37.46£0.70°  0.33£0.01" 0.25+0.01°
4 12.20£8.94°  77.14£2.30°  273.55+4.87°  169.17+1.28"  —37.19+0.69° —33.23+0.49"  0.32£0.01°  0.27+0.01"
16 25 0 56.93£3.55°  292.69+2.25"  193.69+1.71°  —41.22+0.64° —39.60+£0.45°  0.33£0.01°  0.27+0.01"
37 0 0 316.68+9.58"  217.17£6.24°  —43.70£1.55" —41.48+0.78"  0.35+0.01*  0.32+0.02°

TE: ARF NG TR R AR RIS | AR IR A, AN RO ] 2 [ 47 8 i 4k 22 52 (P<0.05) 5 %5~K T[]
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Table 5 Effects of different lighting conditions on the stability of AST-FAV
o PE(%) KAz (nm) Zetafi {i(mV) PDI

gt () B - - - ‘
AST-oil AST-FAV AST-oil AST-FAV AST-oil AST-FAV AST-0il  AST-FAV
ARt 100°* 100* 231.53+15.61¢  140.91+3.59°  —31.11£0.92¢  —-30.57+0.28°  0.25+0.01°  0.23+0.02°
0 G 100° 100° 233.46£2.60°  140.31+0.88°  —30.50+0.66°  —30.59+£0.09°  0.23+0.01°  0.22+0.02°
ARG 76.34£1.09°  97.16£0.13°  264.77+9.77°  163.62+5.12°  —32.83+0.99°  —30.91+0.09°  0.25£0.01°  0.25+0.01¢
4 HEE 79.75£1.23°  97.13+0.05°  244.60+£6.20°  146.89+2.96°  —32.67+2.06°  —30.65+0.31°  0.24+0.01°  0.24+0.03¢
AL 56.01£0.64°  82.31+0.16°  274.15£8.49°  181.49+6.11°  —33.12+0.71°  —31.30+0.44™  0.25+0.01°  0.24+0.02°
8 BN 64.78+2.64°  83.60+0.25°  268.33+4.28°  158.28+4.35%  —34.07+0.48"  —30.93+0.09°  0.26£0.03°  0.22:+0.02°
AL 17.69£5200  69.12+2.53¢  290.65+4.28°  199.11+4.14*°  —3823+0.28"  —32.56+0.45°  0.28+0.01°  0.28+0.02°
12 B 36.55+8.42¢  81.39+1.54°  277.16£6.48"  163.98+3.12°  —37.34+1.35"  —31.72£0.22°  0.24+0.02°  0.26+0.02°
SR 0 40.78+7.01°  310.76£6.58"  207.30+6.14°  —42.5142.30°  —34.29+0.64°  0.36£0.01*°  0.29+0.01°
16 B 13.5245.78°  76.73:1.44°  281.16+8.82°  169.17+1.28°  —39.66+0.37°  —3323+0.49°  0.34£0.01*  0.28+0.01°

18, IR R BT H ARG IR S RRAIK, 255
S S, TR R B S IR E. R 51T
H, W 16 d J5, 7 B 2R6eH P AST-FAV F1 AST-
oil f4 B R4 5 F B 100%., 59.22%( P<0.05), T 1E
RESGAH 1 AST-FAV Fll AST-oil 4 B K 43 51 T [
86.48%. 23.27%(P<0.05), £ H #Rk 't AST-oil 7F
16 d Ja B, AR SR AST-FAV ££
R T et P 16 d Ja, 7EYCHE | G &ME T
AST-FAV ¥i 42 43 51 B4 K 66.39, 28.86 nm, AST-

FAV 1R ZARXIHRRE, Rif s A AR 82 5 e reos
RS ORI RS R ICT H sh&A b, &3k
FEAR R IR, N5 AR HAARARD . SRR
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K 12 F132 6 ANE] NaCl ¥ 5% iR 35 &= 8% iufa s
sz, ME 12 AT UE Y AST-FAV 1 AST-oil
PIZHAE 50~150 mmol/L NaCl V5% 8 d J&, AUl (4,

oil Bid2 4y WG e 79.22, 47.70 nm, F] DAITIEHA AST-
FAV ZEN g B 0] H B0 09 SR AL R & I 52 /b F AST-
oilc ¢ 16 d J&, FE#EIGSRA4F AST-FAV BYHLL
#aSHE T 30 mV, PDI {HX1/NT 0.3, BiH] AST-

JG B i 25 55, {H AST-oil ZHAEN I 16 d J5 50 ik
8 d J5HH LB AR AL BA s, i AST-FAV £H Bl {5 G HH
2E5. HER 6 IIA, 555 0 d AHEL, WK 16 d J5 A
[F] NaCl # & (50, 100, 150, 200, 250 mmol/L)
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Fig.12 Appearance change of AST-FAV with time at different NaCl concentrations
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Table 6 Effects of different NaCl concentrations on the stability of AST-FAV

T pe ] NaCl PRE (%) Ktz (nm) Zetati i (mV) PDI

(d) #e )% (mmol/L) AST-oil AST-FAV AST-oil AST-FAV AST-oil AST-FAV AST-0il  AST-FAV
50 100° 100° 240.74£2.47°  139.9142.26°  —31.86+0.53" —30.57+0.28°  0.25+0.01°  0.23+0.02°

100 100° 100° 225.45+£3.59°  136.29+1.05°  —30.54+0.52° —30.77+0.04°  0.25£0.01°  0.24+0.01¢

0 150 100° 100* 219.2543.95°  137.29+0.54°  —31.69+0.78" —30.97+0.47°  0.25+0.01 0.24+0.01°
200 100° 100° 230.71£4.76°  141.26£0.73¢  —31.22+0.86" —31.39+0.52°  0.26+0.01°  0.25+0.01°

250 100° 100° 239.11+4.67°  142.37+0.40°  —30.64+0.65° —31.07+0.54°  0.26£0.01° 0.25+0.01°

50 80.17+0.94°  92.52+0.50°  242.61+4.91* 146.89+2.96°  —30.56+0.86" —30.65+0.31°  0.27+0.01° 0.25+0.01°

100 82.22+£0.63" 94.22+0.38"  251.18+3.17° 144.39+3.02°  —30.89+0.47° —33.40£1.69°  0.27+0.01° 0.25£0.01°

4 150 82.66£0.10°  95.44+0.28"  239.28+4.67°  144.64+2.23°  —31.54+£1.78" —34.82+0.08°  0.27+0.01° 0.25£0.01°
200 76.43£0.13"  92.90£0.47"°  258.99+837°  156.93+1.59°  —31.83+0.73" —36.32+0.71°  0.28+0.01° 0.27+£0.01°

250 70.78£1.53"  91.29£0.35"  259.27+4.42°  167.75%2.07° —31.44+0.44" -37.81%0.38°  0.30£0.02° 0.26+0.01°
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&5k 6
e an | NaCl TREA(%) At (nm) Zetaf fiz(mV) PDI
(d) e (mmol/L) AST-oil AST-FAV AST-oil AST-FAV AST-oil AST-FAV AST-0il  AST-FAV
50 71.72+0.86° 82.94+1.03°  253.76+7.29*  158.28+4.35°  —30.80+0.41° —30.93+0.09*  0.28+0.01" 0.26+0.01°
100 72.24+1.61°  82.68+1.08°  27230+8.41°  160.01+2.82°  —31.1740.35" —35.97+1.45"  0.28+0.01° 0.24+0.01°
8 150 80.37+£0.21° 85.09+0.47°  246.73+7.82°  164.49+0.55"  —31.45+0.45" —35.98+0.63"  0.27£0.01° 0.26+0.01"
200 63.98+3.06°  80.39+0.84°  266.53+5.60°  177.40+2.63°  —27.03+0.49° —38.40+0.43"  0.33£0.01° 0.27+0.01°
250 53.02+1.88°  77.90+1.16°  280.21£7.00°  185.36+4.05°  —24.95+0.66° —38.92+0.07°  0.34+0.01° 0.30£0.01°
50 27.83+£0.53¢  81.60+1.38%  263.37+3.78"  163.98+3.12%°  —28.84+0.42° —31.72+0.22°  0.35+0.01° 0.27+0.01°
100 47.80+£0.95¢ 80.21+0.32¢  278.58+4.15°  165.20+2.55°  —27.48+0.60° —36.49+0.60°  0.35+0.01° 0.26+0.01°
12 150 58.27+1.06°  83.94+0.65%  258.24+7.15"  165.63+4.91°  —29.87+0.36" —36.72+0.61"  0.28+0.01" 0.26+0.01°
200 50.04+1.78%  78.26+0.71°  292.29+6.65*°  190.07+6.67*°  —25.71+0.59° —39.21+0.43*  0.36+0.01° 0.31+0.01°
250 42.62+1.65%  60.77+4.33%  303.09+6.69° 191.08+£1.96®  —22.21+1.35¢ —42.46+1.91° 0.36+0.01° 0.38+0.01°
50 7.19+524°  80.80£1.36°  275.14£8.54"  169.17+1.28"  —21.15+0.79° —33.23£0.49°  0.35£0.01°  0.27£0.01°
100 14.98+6.23°  79.41£0.70°  289.10+0.97°  164.19+4.46"  —24.29+1.39 —3594+0.55"  0.36x0.01*° 0.27+0.01°
16 150 32.31£2.92°  81.18+1.61°  267.38+8.99"  165.36£6.48"  —26.10+0.81° —37.09+0.59"  0.32+0.01° 0.27+0.01°
200 253442.98°  72.95+1.85°  297.50+1.61*  195.07+£1.71°  —23.09+1.67° —39.37+0.57°  0.37+0.01*°  0.34+0.03°
250 420+£0.48°  19.11x2.13°  314.91£1.03*  202.27£5.40°  —19.38+0.58° —44.14+1.54"  0.38+0.01° 0.43+0.01°
AST-oil 41 B4 £ B8 2 53 51l T % 92.81%. 85.02%. 0d 8d 16d
67.69%. 74.66%. 95.80%(P<0.05), Tii AST-FAV 21 Wik TSR UK R A T AL
Hh i 51 R 4y B R [ 19.20%. 20.59%. 18.82%. I
27.05%. 80.89%(P<0.05), WK 16 d J5, AST-FAV
TE/NTF2£F 150 mmol/L NaCl Bk #2748 fhds /0N, 18 AST-oil
150 mmol/L #HE T E F AST-FAV Zeta B (455X
{EARFFTE 30~40 mV Z[A], PDI fR¥F7E 0.3 LA, 45
IR, AST-FAV HEAL M RAE 150 mmol/L #h & -7 *
8 . AST-FAV
e FE TP — o BT A2
2.4.4 HETEEBN AST-FAV faEmsenm & 13
R 7 MR TE XTI RIEFE RS2 .
B 13 #TE% AST-FAV ZNULKERT ] (478 fk,

T AST-oil ToikvRT, Bk R HO RS B R
EME. BT, AST-FAV R T EIE)GIH 16 d
J&, Bt 5 RS 80 N iR i i B A8t . i
A, FE WK A R W 16 d )5, AST-FAV Fl
AST-oil 14 B 435 F R 22.31%. 88.55%(P<0.05),
M AST-FAV 72U T 4F TV 16 d )G R T
B 19.48%, R T )i 7 BH SR 0% & T AR A . AST-
FAV TERARFER T 2R T 16 d J5kits s
G HN 32.32. 35.99 nm, Zeta B3 46 X {H I 7E 30~

Fig.13  Appearance change of AST-FAV with time
at lyophilized redissolved

40 mV ZJa], PDI #3/NF 0.3, 23R8, UiH Ti%
FEEG AST-FAV BAG RATHESfEtE, e ik
KN — . SZEGEh R, AST-FAV WG TEEE
PREA SR SHERARIREE TV 16 d JE 1R R 2255 A
b, FESEBRR AR A T O A I K s i, rlRE R
JERAT

#T GTEEN AST-FAV R b5
Table 7 Effects of lyophilized redissolved on the stability of AST-FAV
TREH(%) Hif% (nm) ZetafLfi (mV) PDI
Rt E(d)  RTREE - - - -

AST-oil AST-FAV AST-oil AST-FAV AST-oil AST-FAV AST-0il  AST-FAV

LTS 100* 100° 228.48+1.76°  136.85+0.67° —-31.17£0.69¢  —30.45+0.23° 0.26£0.02°  0.24+0.01°

0 HT - 100* - 137.81£0.75¢ - —30.44+0.14° - 0.23+0.01¢
LTS 77.91£0.01°  94.76+0.37° 251.85+4.16°  146.89+2.96° —33.17£1.10°  —30.65+0.31° 0.25£0.01¢  0.23+0.01°

N HT - 95.62+0.25° - 147.40+3.49° - —30.86+0.24° - 0.23+0.01¢
TS 62.80+1.43°  82.77+1.24° 256.81+6.51°  158.28+4.35° —34.61+£0.60°  —30.93+0.09° 0.25£0.01¢  0.24+0.01°

8 T - 82.59+1.60° - 158.96+1.03° - —33.91+0.09° - 0.24+0.01°
HILEN 28.91+3.89¢  81.12+1.18°  267.41£6.11°  163.98+3.12°  —36.30£1.67° —31.72+0.22°  0.28+0.01°  0.24+0.01°

12 HT - 82.40+1.40° - 168.68+3.72° - —35.01+0.78" - 0.25+0.01°
LN 11.45+8.62°  77.69+0.93¢  279.50+3.82°  169.17£1.28"  —38.43+0.83" —33.23+0.49"  0.33x0.01°  0.25+0.01°

e HT - 80.52+0.97¢ - 173.79+2.26" - —35.23+0.43" - 0.26+0.01°
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Fig.14 POV (A) and TBARS (B) contents of astaxanthin
in pure oil system and AST-FAV system at 50 °C
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At 2807 XTI RIS B BT kAR
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BB, PALHER S B T AR RR R AR 1 O, S04
WAH LSy BT T 70.07., 72.28 nm, FIRESE A T7H
e pH M P (pH7) BEAREIGR R (pH2), pH RIZIAE

A S B AR W =2 Al AR B AR FH i B AN ], it
Z IR A WO R AR, T P RAR I R A s 7
WAL 5 min J5, A5 B A bR 2840 AN BH 22,
T RESE T IE AR Al G T AN 58 455 AST-FAV il
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Fig.15 Changes of mean particle size (A) and Zeta potential
(B) at each stage of digestion of astaxanthin loaded products
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