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Abstract: A microcapsule system for the co-encapsulation of selenium-enriched peptides, being hydrophilic, and vitamin E
(VE), being lipophilic, was developed using a combination of emulsification and freeze-drying. The effects of wall material
concentration, selenium-enriched peptide content, and VE content on the encapsulation efficiency was investigated by
single-factor experiments. Fourier transform infrared (FTIR) spectroscopy and scanning electron microscopy (SEM) showed
that the selenium-enriched peptides and VE were effectively encapsulated in the microcapsules, and the microcapsules
possessed good water dispersibility and maintained its double emulsion structure after reconstitution. The results of
thermal stability analysis and 2,2"-azinobis-(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) cation radical scavenging assay
confirmed that compared with selenium-enriched peptides, the microcapsules had higher thermal stability and antioxidant
activity. Furthermore, electronic nose analysis showed that the microcapsule system possessed a good masking effect on the
odor of selenium-enriched peptides. In vitro simulated digestion experiments showed that microencapsulation enhanced the
stability of selenium-enriched peptides in simulated gastric juice and lowered the retention rate in simulated intestinal fluid;
selenium-enriched peptides were effectively released from the microcapsules. This study will provide a theoretical basis for
the development of selenium-enriched functional foods and nutritional supplements.
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Fig.1  Schematic diagram of fabrication and evaluation of

microcapsules loaded with selenium-enriched peptides and VE

1 MH5EHE

L1 MESRF

OSAJEH (PURITY GUM 2000) B Hif 22 £ i
BIERRA A PGPR. REF G rpje w0 i F1 8 A B )
9100~350 U/mg, &G /1 7910~75 U/mg)  J#fg
JiE (15~35 U/mg) R R T A A R A R
AF s HEYWEMR R R A AR TR R R
AFl; VE. JHEE. BEAB (15000U/g  RlER
WAERBEERAR: ERAFm  HiEEE O
R T A RAR; SEMM. Bk, LKOE (B
Ny KT 4D H 2 E P F R AR A A ]
% (bicinchoninic acid, BCA) & 5 i &l 52 i 77 &
FBBERRAEMEARBRAA .
12 5w &

T18 digital B AL /L FEEIKAAF]; SM-1800A

BB R A IR A
PXIMZHEGI TR WSS M) AIRAR)

Mastersizer 30003 e ki B AL FELE MarvinA 7
SU8100 SEM  H ZHitachiA #]; Nicolet 6700 FTIR{X
% EThermo FisherFH¥E A Al TGA 558 H J) 73 #r i
KETAMLZE AT D8 Advance X £6fiTi (X-ray
diffraction, XRD) ¢  f8[EBrukers HTiX 2% A 7 ;
Alphal-44 % Tl fEBEChristA 5 Enspire 2 Il
RelgbRi SRR AWAEE (Rl FIRAF;
PEN3RU{FH#E A & fE[E Airsense’A]; HD-3A%
KGR EAC R RHA R A A

13 Jiik

13,1 JLEsb Rk VERUR 2 1 1) &

FERIEEW /O/W X H FLIR B FE Al b, SR R T 18
BRI & AL B IR/ VERUR B . & J6 ¥ VEFIAR ik 73 71
BT T EE KT, BOFER EFER, 1R
FAMPNAKHE (W) o O, 72l AR I APGPRAE 3¢
REPEFLALT G IR A3 5], dhE AN & F KK AH Gl

KE7:3) , FEEFEEEY) (14 000 r/min, 2 min) Al
(360 W, JF3sE3s) AFSERIW /OMIFIK. 2
Je s BB L RIOS AVE My I R AE AN KA (W) A
FWIAA S, k& EE Y] (8 000 t/min, 2 min)
FEF (360 W, JF3 sf53s) AbHL 513 2 3 Bt ik/ VE
W JOIW, W B - e, B 4 iR FLR A A TR
T JE 18 B E MK/ VERUR 3 . 75 IR & 7 ik il
i, B EIEOSATEN . VERIRN K & & oo i 22 1
YT
132 SLEPERAK/VERTW /O/W, X L 5 22

W38 AR Ja I FLIRRE S T R A A Y, 5
B ERE T R TSR, H BRI B I OK S
53 A0 F5H120 £5 .
1.3.3  JLEAL L/ VERUR B 1R 1E
1.33.1  kifz

K FH 5 IR SO KL FE OO R ZE R E 3 kAR . oy
B KRS st 4T 626 43 70 1.33 11,46
1332 FIES

TR FERE it o3 BOE T RS SR T, 1B < b P S SR
SEMM SIS, Hhnidg s % & N1.0kV.
1333 FTIR

FIFHFTIRI E R ) & fe . K FE i 5 KB oK
FHE 1 10070 LB BB M6 5 R Fr s B TR AR b e Bk
SR E N E400~4 000 cm ', FERECN32 R, B
ey 4 em ',
1.3.3.4  #AHEHHr (thermogravimetric analysis, TGA)

WO TR R (2495 mg) N A AL ES HEHR
2 Ja BT OCE b AT I, B A AR 5
BJENEFE30~700 C, FHEIEZE10 C/min, ZMIE
20 mL/min. 0% FEAN I T R SRR .
1335 XRD

53 PR 7S B O BRI AT IR B, FIXRDAE
ITEER M MR FZAE: HERVERE20=5°~70°, HHiH
#2°/min.
133.6 KOG NE

Yo U BERE S TRNAR RN, FR AR e e, idsk
TR B ) K AR
1.33.7  HTESHT

W TR R H TR RS, 2hERHET 5
HEATIE o BRI 24y AL IRESIEBES 10180 s, FF
SRR 160 s, PRS0 s, #E300 mL/min, #EFE
300 mL/min.  FET 85 BT 45 6 2008 2047 32 o a0 AT
(principal component analysis, PCA) .
1.3.4 (B EE A PR M) o L HE S
1.3.4.1 AR

I 03 L [ 0 P A s 2 40 A B0 Kb, AT TR



184 2024, Vol.45, No.0I

E6miltl =

XA LR

#E10's, ZJE7E10 000 r/ming&fF R B0 & G IEE,
B 1) FiEWH0.45 um e I8 8 5 15 3 W0k %8 36 1
TR s T Ja & 2 S I E (360 W, 5 min) JG1E
10 000 r/minZ&fF T B0 & FiE WS, W Rigw, H
0.45 pm ¥ 5 ik 8 73 20 O FE P AR A . 2 e SR
BCASE 7 & E P A VA R R i . R B
G K 5 ) 5 A 2R F

L 2/ — (l_ﬁmz%ﬁﬁﬁm HE

=20
ke L (D

1342  VEGHRNE

4 mg VEb#E S T5 mLAF AR, FK OB
B2, FEELO. 5. 10. 20. 40. 60. 80. 100 uL VE-T&
IK CBEE N6 FLIR bR #EALH, BN TE /K 2 BE &
%200 puL, 33— RIAE R EIRE R AER R LA
ToK CEE Ry AR IR, SR FH B AR OO 2 ¥ i 75285 nmAh
MG RE, I R A1 BIVES SR AE 28

AR TR VESR I :  HUE & 1) UK %8 5 $E 4
t, WWHEL0 s, £E10 000 r/min2kfE R O & FIERE
T, WE ETE W 0.45 um e IE T 8 5 #5285 nmi K b
WEWACE . MR FEFVESRE: BUE 25Uk 3 4> 5 s
CWEF, AR (360 W, 5min) J5WE mLiER,
££10 000 r/mink 4 N 850 2 I, WE 5 A
0.45 pumEfE T P8 J5 4285 nmi K AL I E WG . VEALH
IR AR T

VEGLH /%= (1—%) X 100 (2)

s mAIRIERITIVER &2;  mo NI EHVER & .
1.3.5  Fedbmi i/ VEMUR FE e i M

I3 AIFRELO.5 g IR AR B4 R 73 110 mL2 55
TR, ETF60 CHI00 C4&M4 FREELBFE, k=R
100 r/mine 3 MIFAEEE15. 304 60+ 90, 12048t B
SN, FBAERREALTE (360 W. 10 min) J&, il RO
(1200 r/min, 10 min) , W Li&EWR, %1341 7%
MBI & &, THEBRE, IR X 7 58 R
R
1.3.6 LA K/ VERUR BT A AT A
1.3.6.1  DPPHH H & FRAE /il &

7F-Shen DongyuZ: " 7t 1) Hefitkh RS VEAB S, XA
FE S DPPH H HI 3535 B A8 71 HEAT I o % 100 pL A7 A
SEVERAI100 pL 0.1 mmol/L DPPH Z. VA MR & 15], it
I B30 min G 7ES517 nm KA @ OGFE . il R 5K
THEBE T IDPPH H 3455 KR E /) :
A,—A4,
AO

o A RFFIEE S AW S DPPH H 2 2 REIR G
WEIROEE s A R IRE IS To K OB IR A L)

DPPH H H 375 % /% = (1—

) X100 (3)

W HeJE s A ADPPH H B3 Z BRI 75 AR IR S VB AR &
W IEE .
1.3.6.2  ABTSFHE T H tH2EIE kR A 710 &

S P SR IURE S Y ABTSBH 257 H th 5
B ST 5E . 447 mmol/L ABTS W 52.45 mmol/L
K,S, OB W FR G, HELEE 16 hf515 R ABTSHH
BT R TR fENERT, JEH0.2 mol/LBER #h 4%
M (phosphate buffered saline, PBS) ¥ ABTSFHE T
2 AR FE20 £, SRJEHE20 p A U RE 5 7 v AN
200 uL ABTSPH & 7 H 2R PRE S5, B RN
6 minf&, MEHAET34 nm KA OGS . @Rt R
HEE R IMABTSPHES 7 H HH 2SS PR BE

o . A,—A
ABTSFH &1 A H3EiE R /% = "A LX100 (4)
0

s A RFFIRE S5 ABTSPH & 7 H LR
TRE G IROERE : ANABTSIH S [ H R 5B
HEE .

137 TREREERI RSB S I 18 W A R PR 5T

%% Wang Qiang 2™ [y )77k, B B At
TR IR T A0 3 v G UK P 5 R RAERE B vt FE AR 0 1 T 2
BB T . HERIRREN0.32 g B R A BEA0.2 g5 AL
W1 100 mL2 &K, B E AR SR HN3.2 g/L,
I pHIE 2 1.2, BAIZRICH] . FREL1.64 g NaCl.
0.21 g CaCl,. 0.30 gfEWifig. 0.30 gfERERI0.95 gHEh A
50 mL PBS, J5HAAMMNEREpHIE R E7.4. 15
B E Wi A R, 5 AR EUE 2 AR . X
EABMRTEE T20 mLERL B HEbBH, REET
37 CHEEAKBH, 120 t/minZ M FRE%2 he 25,
10 mLEL B A=), MANE13 mLE G+,
1E37 C%M TR (120 t/min, 2h) , 0. 15,
30, 60, 12047 #FHLS mLZ MK T #h 785 mLZEMil .
Ja, W mAEAERGE LIRS, 7512 000 r/min &0
10 min, B_EJER, %1341 50k &,
K F pH-statiZ:ll 72 /N BBy B s e il 25 IR R (free fatty
acid, FFA) BEHUEHL", (ERLG 0 it A2 R i
NAENE, HERRE AR RpH 7.0, B FEE AL
IR THEFFARE, AT

R XeX
FRAREHR/ %= M 109 (5

e Vgt )R AR ORLVE FE SR AN AR R/L
CHEEAENVERI IR/ (mol/L) + M ZETCHF I ~F
By 7, (gimol) 5 m Ay ARE S Hh i A 1 /g o
14 Hmabse

HHSLKRRDPEL3 R, 4RUxEsRR. FH
SPSS Statistics 24.08K 5§ F AT K 2 5 200, FFR
FHOrigin 202 1A% £t B3 2 SR 347 rT AL A T b 3



XA TR BREl=z 2024, Vol.45, No.01 185

2 SBR540% 12r-C O W/O/WHL kAt 14
—=—Zeta L7
9 4-8 N
2.1 OSAVEM . Bk Al VEZ & X W/0/W 5L £l | L&
VEREINE SOEA = 5
OS A S M I 7 b 5 42 40 R 5 e 37 £ 8L 420 A 3'F}(T TW(T 16
A 10 50 5 SR B2 A ~ T o Y000 25 T 50 A0 7 L7, 0L 0
KA 5 A BRI MOSAVE M 4 55, I HZetaHi {3 41 56 VEURITL/%
Bt H g i SR I PR . A E I OSATE 40-D  OMIREERG = KEE - 0.60
B (L0%RI15%) KA aiEzmm, maesleirs o4s
SARERRKE, I F B R K . i — 2 4 T o
IOSASEHY & BERT, FLIRHRIE 34 K 2k 5 A L, g1 1=
T A T 2 T AL T2 I OS AV IA BN RIS, 1015
ATV E £ 00\ X L Y003 T 140 RS S IR AN, Zeta LA ol b Bl Bl B g
TE—8~—18 mVX B NARI . 4 Ik 128 I 2 A\ S Dot OSATEM TN /%
ME30% T, FLIBOR 0% A 3.62 pm 3 1 #6.86 pm . 401 E o BRIk 1060
G Uk % o B 8 R T DALV R T, S e BT YA —e KA Joas _
Pk AR M AR REIR 4R T OB . oL oS
Zhu QiaomeiZ5 T ¢ 445 5 th 32 W HR 85 19 /K A P B e P "
W, BT WIOIW LI RS K . SR R VEVR I 100
(RS (0.5%~2%) %t FLBRIAR A W R, (Hid% 0.00
MIVE (4%) SRR TIEE FF. HE—5 iRl A5 1 /%
3 PR VR I R/ 5 AR BRI R 8 N I
W, 4B E2D~FRTR. OSAER R k7 I i 2 - 106
BB K 43 JRE (OB I ARASL 7K 375 R A2 s H 7 o 548 Sl {042
BNk LAE0.30~0. 45X ) B Hi FEAK . AT, 4OSATEH =l 1o,
VR IEEF30%H , K433 BE SR B0, 3 AT A T AL
VAE AV TARE B rp RS 58, ML ke, B T Y 70 10 s 20 a0 ¥
TEE L MOSATM A B, AT S BURE R K (1155 4 B VL
yranh . BEMAEEIRE NER TR N, B 2 OSAJcH. WilkFIVESR A W/O/WEE (A~C) Tty
LTRSS HEN PSR, T B B A A0 B B Wede (D~F) SMEFEIRIGE W
Fig.2  Effects of OSA starch, selenium-enriched peptides, and VE
5.4 O W/O/WHLKIAE —e— Zetatfi  __ 4 concentration on the physicochemical properties of W/O/W
20k 1s o emulsion (A-C) and microcapsules (D-F)
15 L,z 22 WA FIROSANER W AIVER) B3 4%
=10k 5 W3R, OSAVERMERKIEEREM, 34 5
st 1= SR e VE 4L 18 36 LTV SR, (R REAES0%
oo 15-:]-;WJ;W40 FE AT, TR K 16 388 R B OS A VA VAR 5 11 489 i 26 TR
OS AV R I /% 2 0 5 AR AN AR (A 3 . OS ATE R A MK AR I 3
R ST PG, I FEE S BT 7 B 1 57 T P 7
2rB 8 WoWRE 14 B PIAKAIZS 5 5 AN KM e S b 3, i % S AL
18 A Z v P KR B J 2 B AR, LA 74 380 0 i e
| ,& A IR R, OS AVERHA I 42
g T BB, 7E K MR B T SRR A, PR
1= T KR R T R TR . AT, £ 10
—20

P T T OSAVER B T-ShACHFiT, 76 75 A B O UM P4 P 7
WA 7% SRR AT S RN TR A, T S8 kA



186 2024, Vol.45, No.0I

E6miltl =

FH T JER A S R AT BRI B W BORT VB B S 0 R
g, VER MR JLPREFALE (~50%) , Ak
{1 L A Z A AR o X AT RE S P T Al A 9 B B K A
Yo, BAPISEYE, T8 0 IR A5 W B S vk AR P KA B
T, AP PRI R I LT A I S BE A Y T FLA A OS A
VER A L R AR AR s, 2 )R R A W/O/W L
AR, FEEMARERK,

100 - mRTiTiIN O VE
80+
L ok
% 60
40}
i
20}
0
20
OSA{/I)rﬁJ\{"jJIJE/%
100 Ok ©VE
80
®
t-*: 60
5 4or
20+
0 1
5 20 30
ﬁ@ﬂi&ﬁbﬂg/%
100 Ok  BVE
80 -
®
ﬁ 60
o 4o
201
0 1 ]
0.5 15 2.0 4.0

VENJD /%

P13 OSABEHT. ARIVERIN FA LB I
Fig. 3  Effects of OSA starch, selenium-enriched peptides, and VE

concentration on the encapsulation rate

23 FLBAUR BRI S 1)

Kt % B U8 ATSEM 43 ) W 2 ik / VB 3t 4 2
IW/O/W LI FI R T O TE A . El4A L BArdlA
W/O/W FLIE AR B 7K 73 ORI 6 5 BB S . &5
AN AL T KR N &R, B F Florence 5 VK7, &
B % L B B W/O/W ST, I HA VR T 184 %
(1) s 2 B 8T 43 UG R I AL I &, W RLAR L
(13.94+6.58) um. KE4C. DAMIKERSEME . %k
TR EL S, fHEIM MR BRI, FAEH T ET
BRFBGR MG, TR TR, HEMEE, AKX
WA R (K55 BENINEE, AT 2R
IYEEE 2D, I EGE P A A A s R T I AR
bt REEH .

Id 4 W/O/Wﬂi& (A) ?ﬂf‘f&ﬂﬁ%)ﬁ!ﬂ& (B) ML Wi BEEI 1%
TR K500 (C) . 2000 £ (D) MSEMIE
Fig.4  Optical microscopic images of W/O/W emulsion (A) and
microcapsule dispersion (B), and SEM images of microcapsules (C X
500, and D x 2 000)

24 TURZRINERAE

WIESAFTZR, AL E RS V) R 1) 2 R 3
FTIR BRI H 2 PR BERS (OSATERY) i 78 [ e fIE R i
g O—HR MRS 721 (3300 cm ') A 45 4
ﬂﬁﬂtﬁc OIf I 4EIRAIE (1 147 cm ™ 'A1993 cm™ ")
MIEL 743 cm™ ' Ab2R UG AT GE U KT 846 K73 7 H 3 =R fY
C=Off4i Rz . XAl B AT VE S Ak K 20 4 i 1
1578 cm™ 'F12 800~3 000 cm "&b [ IR AT U 3 531 3k o7 v
Pk fraz TLATs R0 Jlig I 0 K B B v C—H A 45 i 3, 1 40
S (R B 3 2Rt BT R B S e o 5 3 26 (1 5
SRR DAIF S5 96 it A 40 O A S T e S A 2 P
EISBH 2 MR IR A AT E L 5E0E (20=9.2°F1
20.0°) , FRILH VR OBR e 45 R, T R
R A3 PR145 N5 L e 5 40 I I S S

A SRALEHE P %

ik

4000 3500 3000 2500 2000 1500 1000 500
P /em™!

AR ALV B 2

Fl5 P35 HIMFTIR (A) FIXRD (B) [#
Fig. 5 FTIR spectra (A) and XRD patterns (B) of microcapsules

2.5 PIREEAFRETED M

il ke B 8 AR e o R O 93 AN B 1) SR B



XA LR

E6mill=

2024, Vol.45, No.01 187

N25~150 C, #Ak B i TR B B KRS A
KIER: 2) H2MBIN150~400 C, IR FE B g i R
PET R, AT RER S TREBUKRME .. TRSER
Bz 3) HT R R — DA, oS Ok B T
Fhmidk—B R, HAX TSR 2M B v P2k . 6 ART
N, WIRBELG, fE277 CLAA MBS N T2,
BRI AR R IR B A, X R IR RS 32 = O
TR Ra e P, TAE400 “C AT IRk BB IH N T %
WEBE R T RESE M 2L . WE6B. CHar, 1E60 ‘CKAK &
o, TR AT ST A TR A R e 5 Bl I [R] RE K (AN
0~120 min) T E, (HGHR AL IS At k4 2k %6 i 3%
R F RIFHE ML, PISLRESE Tl kAR R E R, &)
TR ER £ 120 min 5 5 #4512k 3R T LFAR T,
LI N15%, X 0] e BT Uk 2 2 WE BE M TE KIS VR PR
BT RR, TR BELE B P AIR . TE100 C2E SR
AR, T PR A R R o o I ) ZE KT N, 7E120 min
JEk L (32.840.5) %, 1R FEAY IS Ik B 2 I
BRI S BN T LR FEA LR %S, #£120 min
JEREFAN (15.024.2) %, 5 EACT R E 3 000
Jok o FLAT K LE T 46 960 min P 45 2% 1T B8 & BT R A ik
Ji BE T /b B (A R ER R BT S8, 1T RS 250 4 AR K LT
AR S5 b, SR BRI B T B 1 PR R
F, %E2% 7 HAE R PR, 1 TRk #vda et

A

10 -

< 80 —e— ik
= 60
uﬂgﬂ
=
= 40 -
&
oot
0 1 1 1 1 1 1 ]
100 200 300 400 500 600 70
L/ C
20r B —
—=— R
sk —e—Tififik
g
sté'{'lo -
®
R;:

1 1 ]l
60 90 120
I 8] /min

1
0 15 30

40 C YRR —e— ik

i 1'5 3'0 6IO 9'0 1&0
I} 1] /min
K6 PR IRk TGAIMZ (A) PLEILAE60 Tk (B) i
100 CTHA (C) HhZ ik ALk

Fig. 6 TGA curves (A) of free and encapsulated selenium-enriched

peptides and its mass loss rates in water at 60 ‘C (B) and air at 100 °C (C)

2.6 BTG R STEATE

i K AV E ol o BB A2 EU B IE S B 3 s [ P 4R
PG o Ll A e b S0 i ARV IE P4 2 8 R 9 b o B ok
43 XTDPPHH HEFMABTSH &1 H 1 2E7Ekkpe /1, F LA
PGB EENYE (BT o mETARTR, WKATVESS
DPPH H Hi 375 BR R0 51 N93%M131.2%, K H 3 T4
JK %5, DPPHH HZEIERFE N45.50%. MR FEXDPPH
H B TERR 8 ST PR S R R el . ABTSPFH & F
H B S SRR S ie R AL 45 5 (|T7B) , = #F X
ABTSPHES T H B HEIEBRR K /NF R : VE> TR % >
WK R FEAL S, PFP IS M AT T T A R
A tiE .

100FA

D ®
oS O
T T

IS
(=)
T

DPPH [ H1 55 2%/ %
(3%
(=}
T
o

(=)

il ik VE diE 4
415

60 B

I
3
T

— N W
[\S] N (=)}
T T T

ABTSPH & H A5 bR /%

T fik VE (U4
15
NEFEEARFRFRRESTEE (P<0.05) .
7  DPPHFIhJE (A) FIABTSHHE 1AL (B) isERMIL
VAN PR R HT AL 15
Fig.7  Antioxidant activity of microcapsules evaluated by DPPH

(=)

radical (A) and ABTS cation (B) radical-scavenging assays

2.7 BN AME AL S 45 R
BEISANAFAR Qi LA EE) TlikeE
RRADL VP O OR BE 2R o U 5 AR K E 120 mindH 465
TREEMNN31.92%, BEKTIEFLBFIHR RO E RS
THRER, 2HR70.21%M72.14% . FERA T 1
JELERT 15 min N2 228050, 1H30 min i il Ik ) 40 2k 22 2k
AARFEAAS, AT RESL B T2 58 A e b 2 (1 A g i 38 A
BB, X 5T CKMAE R T Hfae it
MR R —5. BT, OSAEM KA Fit, £
THI FLAT PG, 5 M TR R0, WAl IR R TBGEE 31 1 o e
YER . MfEB T (EI8B) , RiT30 minpy, ik %E
FRVAT JBK 453 2% SR R T R, 17730 min 5 £ B R I HT k17
%o VB MK LE 120 min Y AR B RAUN8%, [FIFEE %



188 2024, Vol.45, No.0I

E6miltl =

XA LR

BT 0l 8 2 AT B o A BT 4 [0 B T Ay 00 S SV A B
B, WAL T A BT B v B AR K OR B R AL, I
F R S 2 ORI A, AR AR
— J5 T A] B2 B TAE R 5 T Al A R B OSAVE R K
AR FAL, MGG 55— 75 T AE T A
TAH, I BN KA P AR R e R ik . R, i —2B
PG TR I AL I R P FRARR IR, 45 R N8 Chr
o TENEWIBGIIAER T, WA 22 8 v H i FIFFA, il
JB2HE FTW/O/W FLIK (1 FF AR JECIH 26 bl 25 T A0 1) it A2 35 &2
WA G T g . EHEAR T 8120 min)g,
W/O/W LK I FFARE R N27.6%, KTk #EHFFAR
. (40.3%) o TR EEEHT A BUTE KIS UR R, 20
BEM OB WA, BT mRe RN, o B b
TEMAHFI AN K AR FLET,  RIUE AR B T W/O/W LR, TR 22
(11 5 T 077 ol Ak TR AR K, S BT v D I D7 P R T
2, A, WAKA R R A S AR, XS A
HHHAE B ZE N KA SR AR L, TR R AN LR A R
rH AR K R B AR 3 T L — 3

100% A —— YR FE —— W/O/WHLTK
—e— fififikc
20 1 1 1
0 30 60 90 120
I 8] /min
80 B T
—— W/O/WHLK
60 - —e—Tififik
N
w40
S
20F
Ad —e
0 1 1 1 ]
0 30 60 90 120
B[] /min
50-C = TREE —— W/O/WHLK
< 40
30l
%r 30
¥ o0l
% 20
s
=10k
0 1 1 1 1
0 15 30 60 120

I [6]/min
AR B IBH AL B B MO0
B CAUR R FLIFFAR R .
Pl 8 PRSI it S e i Rt P AR g i £ R
Fig. 8  Retention rate of selenium-enriched peptides during in vitro

simulated digestion

28 HTLENESR

LT S — PRI B R B B SRR RS, R
TR AR R AR R E AR IR SUE B, WwiC
(FERASMZE) « W5S (HEMLEY) . W3C (5
FTHN AT . W5C (A& « WIS (H
BRYBD - WIW (AL« W2S (BE BEFIERD |
W2W (G5 FA S FANERY)D RIW3S (E K4 b iEy)
JRD o AE AR B R SRAR A7 TE 2 N AT Ak,
X AP AT AR B A ) e A T R % S B R A — 8 SR
FRE. DR, HE—2 R A T S VT A B 2 Ak % il ik
WK R RE 7, AH R RS B EI9OAFT N . Al IR RE
it AU R R IR T AR B (W3S) 5 A RS Fl
HHERALY) (W2W) . BEMLEY (WSS) | i)
(WIW) o Horr, A AN Ao B <00 5 ZRIE T A A
& (W5S) FIBRALY (WIW) P50 T i ZE Ak Al ik ke
AL A (W5S) FTRAY) (WIWD [rmm Ri{E &
FRRAK, REAS NN TR, X5ANE G
BRI, Bk — b ) R A I K A R
PR HEATPCA (H9B) . Al AE S IPCL 5 PC2 1 Bt
TTRR R IA H83.1%, KWL AEME A AR Mok 5 it £ 2245
Bo FJRAE & 1SR X I A O SR, TR A S
T JOK B SO X S AT BN 0 G, HF X IOE S, B
ARFR R B R, 3 7R THI ol B 3 A i 0 JOR ) 4 1k A<k
HA B, FaR g BAE s 1 R F AL fe s X fiff ik
A NAN 0 0 SR AT A ROEHE, 32 v AN AT AR JBE vk
SRR

44 B
/./J\'\ ‘m}ﬂ(
2_/// ) - B
9] / : o
S 2
\

|
5

PCl1
P9 K SRR R BT kT (A) FIPCAPE (B)
Fig. 9 Radar (A) and PCA plots (B) of electronic nose analysis of

selenium-enriched peptides and microcapsules



XA TR =17

2024, Vol.45, No.01 189

3.6 #®

AW FUIE I LA - T RE A T B AN F AR
S PEI BT CRAPERRRAN SR IEYEVE) AL R i 3
AR BRI ABLREY: HOSAWER . WikMVE
TNy BN 15% - 5%F10.5%, i il 2% 1) Bk e 3 (¥
JRANVE [ 60 A H0GE B 5 et AU BEAE IRV BT
GFE) oy, JF BARE T WE AN, BA B
IKE L . TGAR IR 52 11 73 Bir 45 SR R WA R 7E i e 38
R &R BA R R AR E N, REEIRITE B BUNE AL,
DR FLIR HPIRS IF (8 HL i 32 IpHAE AN B 22 A g AR T
TRFFHIL70% HOAT IR O] B 2 o i Ak 2 2R AR AR AR AU 18
BrBr, fEHACEEME AT, FLUBES M HIOR, FRAR TR
BN, Ak OR B SR IRAET A, AR N IRET R, T
S AR 45 R AR IE SR JE A0 mT B IR B B 1 7 kS 2
RAF I EHEAE o R A SR 78 45 18 AT il IR A il
FromA T LL R HAE 2 Ty e 6 AR IR I O A e R
T, iR NATTH H R R Al TR AR, T AT
B ERE T R IR SR

Sk -

[1] LIU K, CHEN Y Y, PAN L H, et al. Co-encapsulation systems for
delivery of bioactive ingredients[J]. Food Research International,
2022, 155: 111073. DOI:10.1016/j.foodres.2022.111073.

[2] MISRA S, PANDEY P, MISHRA H N. Novel approaches for co-
encapsulation of probiotic bacteria with bioactive compounds,
their health benefits and functional food product development: a
review[J]. Trends in Food Science & Technology, 2021, 109: 340-351.
DOI:10.1016/j.tifs.2021.01.039.

[3]  MCCLEMENTS D J. Nano-enabled personalized nutrition: developing
multicomponent-bioactive colloidal delivery systems[J]. Advances
in Colloid and Interface Science, 2020, 282: 102211. DOI:10.1016/
j.€is.2020.102211.

[4] SILVA M P, FARSONI E G, GOBATO C F, et al. Simultaneous
encapsulation of probiotic and guaran acute accent a peel extract for
development of functional peanut butter[J]. Food Control, 2022, 138:
109050. DOI:10.1016/j.foodcont.2022.109050.

[5S]  SILVA M P, MARTELLI-TOSI M, MASSARIOLI A P, et al. Co-
encapsulation of guaran acute accent a extracts and probiotics
increases probiotic survivability and simultaneously delivers bioactive
compounds in simulated gastrointestinal fluids[J]. LWT-Food Science
and Technology, 2022, 161: 113351. DOI:10.1016/j.1wt.2022.113351.

[6] SULTANA M, CHAN E S, PUSHPAMALAR J, et al. Advances
in extrusion-dripping encapsulation of probiotics and omega-3 rich
oils[J]. Trends in Food Science & Technology, 2022, 123: 69-86.
DOI:10.1016/j.tifs.2022.03.006.

[71  RASHIDINEJAD A, BAHRAMI A, REHMAN A, et al. Co-
encapsulation of probiotics with prebiotics and their application in
functional/synbiotic dairy products[J]. Critical Reviews in Food
Science and Nutrition, 2022, 62(9): 2470-2494. DOI:10.1080/1040839
8.2020.1854169.

[8] YANG M, LIU J B, LI Y J, et al. Co-encapsulation of egg-white-
derived peptides (EWDP) and curcumin within the polysaccharide-

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

based amphiphilic nanoparticles for promising oral bioavailability
enhancement: role of EWDP[J]. Journal of Agricultural and Food
Chemistry, 2022, 70(16): 5126-5136. DOI:10.1021/acs.jafc.1c08186.
SUN Y, TANG W T, PU C F, et al. Improved stability of liposome-
stabilized emulsions as a co-encapsulation delivery system for vitamin
B,, vitamin E and beta-carotene[J]. Food & Function, 2022, 13(5):
2966-2984. DOI:10.1039/d1f003617c.

DU, FIMGET, BRELIE, 5. AEWE TEAN Ik I SU R R D). A SR,
2021, 42(15): 346-355. DOI:10.7506/spkx1002-6630-20200428-368.
HAMZA R Z, AL-HARBI M S, EL-SHENAWY N S. Ameliorative
effect of vitamin E and selenium against oxidative stress induced
by sodium azide in liver, kidney, testis and heart of male mice[J].
Biomedicine & Pharmacotherapy, 2017, 91: 602-610. DOI:10.1016/
j-biopha.2017.04.122.

ABD EL-HACK M E, MAHROSE K, ARIF M, et al. Alleviating the
environmental heat burden on laying hens by feeding on diets enriched
with certain antioxidants (vitamin E and selenium) individually or
combined[J]. Environmental Science and Pollution Research, 2017,
24(11): 10708-10717. DOI:10.1007/s11356-017-8690-5.

YAO Z, ZHANG Y L, LI H Y, et al. Synergistic effect of Se-
methylselenocysteine and vitamin E in ameliorating the acute
ethanol-induced oxidative damage in rat[J]. Journal of Trace
Elements in Medicine and Biology, 2015, 29: 182-187. DOI:10.1016/
j-jtemb.2014.08.004.

ADITYA N P, ADITYA S, YANG H, et al. Co-delivery of
hydrophobic curcumin and hydrophilic catechin by a water-in-oil-
in-water double emulsion[J]. Food Chemistry, 2015, 173: 7-13.
DOI:10.1016/j.foodchem.2014.09.131.

HUANG H, BELWAL T, AALIM H, et al. Protein-
polysaccharide complex coated W/O/W emulsion as secondary
microcapsule for hydrophilic arbutin and hydrophobic coumaric
acid[J]. Food Chemistry, 2019, 300: 125171. DOI:10.1016/
j-foodchem.2019.125171.

SHEN Y X, ZHANG N, TIAN J L, et al. Advanced approaches for
improving bioavailability and controlled release of anthocyanins[J].
Journal of Controlled Release, 2022, 341: 285-299. DOI:10.1016/
jjeonrel.2021.11.031.

KAIMAINEN M, MARZE S, JARVENPAA E, et al. Encapsulation
of betalain into W/O/W double emulsion and release during in vitro
intestinal lipid digestion[J]. LWT-Food Science and Technology,
2015, 60(2): 899-904. DOI:10.1016/j.1wt.2014.10.016.

ANDRADE J, CORREDIG M. Vitamin D; and phytosterols affect
the properties of polyglycerol polyricinoleate (PGPR) and protein
interfaces[J]. Food Hydrocolloids, 2016, 54: 278-283. DOI:10.1016/
j-foodhyd.2015.10.001.

VELDERRAIN-RODRIGUEZ G R, ACEVEDO-FANI A,
GONZALEZ-AGUILAR G A, et al. Encapsulation and stability
of a phenolic-rich extract from mango peel within water-in-oil-in-
water emulsions[J]. Journal of Functional Foods, 2019, 56: 65-73.
DOI:10.1016/j.jf£.2019.02.045.

YU HIJ, WANG HT, SU W T, et al. Co-delivery of hydrophobic
astaxanthin and hydrophilic phycocyanin by a pH-sensitive water-
in-oil-in-water double emulsion-filled gellan gum hydrogel[J].
Food Hydrocolloids, 2022, 131: 107810. DOI:10.1016/
j-foodhyd.2022.107810.

QIN X S, LUO Z G, LI X L. An enhanced pH-sensitive carrier based
on alginate-Ca-EDTA in a set-type W-1/0/W-2 double emulsion
model stabilized with WPI-EGCG covalent conjugates for probiotics



190 2024, Vol.45, No.0lI

E6miltl =

XA LR

[22]

[23]

[24]

[25]

[26]

[27]

colon-targeted release[J]. Food Hydrocolloids, 2021, 113: 106460.
DOI:10.1016/j.foodhyd.2020.106460.

TANG XY, WANG Z M, MENG H C, et al. Robust W/O/W emulsion
stabilized by genipin-cross-linked sugar beet pectin-bovine serum
albumin nanoparticles: co-encapsulation of betanin and curcumin[J].
Journal of Agricultural and Food Chemistry, 2021, 69(4): 1318-1328.
DOI:10.1021/acs.jafc.0c05212.

JIN Q W, LI X B, CAI Z X, et al. A comparison of corn fiber
gum, hydrophobically modified starch, gum arabic and soybean
soluble polysaccharide: interfacial dynamics, viscoelastic response
at oil/water interfaces and emulsion stabilization mechanisms[J].
Food Hydrocolloids, 2017, 70: 329-344. DOI:10.1016/
j-foodhyd.2017.03.005.

YAN C, MCCLEMENTS D J, ZHU Y, et al. Fabrication of osa
starch/chitosan polysaccharide-based high internal phase emulsion
via altering interfacial behaviors[J]. Journal of Agricultural and
Food Chemistry, 2019, 67(39): 10937-10946. DOI:10.1021/acs.
jafc.9b04009.

REZVANKHAH A, EMAM-DJOMEH Z, ASKARI G. Encapsulation
and delivery of bioactive compounds using spray and freeze-drying
techniques: a review[J]. Drying Technology, 2020, 38(1/2): 235-258.
DOI:10.1080/07373937.2019.1653906.

YANG W, LI J Z, REN D D, et al. Construction of a water-in-oil-
in-water (W/O/W) double emulsion system based on oyster peptides
and characterisation of freeze-dried products[J]. International
Journal of Food Science and Technology, 2021, 56(12): 6635-6648.
DOI:10.1111/ijfs.15354.

SHEN D Y, BEGUM N, SONG H L, et al. In vitro and in vivo
antioxidant activity and umami taste of peptides (< 1 kDa) from
porcine bone protein extract[J]. Food Bioscience, 2021, 40: 100901.
DOI:10.1016/j.fbi0.2021.100901.

[34]

B BRI UK 11 7 S T R k) i T 1 R 17 L S [ D],
L H RS, 2022,

WANG Q, WEI H H, DENG C F, et al. Improving stability and
accessibility of quercetin in olive oil-in-soy protein isolate/pectin
stabilized O/W emulsion[J]. Foods, 2020, 9(2): 123. DOI:10.3390/
foods9020123.

BLRR. K GARTEIKEE E T Be < 45 M MAbT 1 U FL v PR
ARHFFLDL. AT T E LR B, 2020.

ZHAO S J, TIAN G F, ZHAO C Y, et al. Emulsifying stability
properties of octenyl succinic anhydride (OSA) modified waxy
starches with different molecular structures[J]. Food Hydrocolloids,
2018, 85: 248-256. DOI:10.1016/j.foodhyd.2018.07.029.

ZHU Q M, QIU S, ZHANG H W, et al. Physical stability,
microstructure and micro-rheological properties of water-in-oil-in-
water (W/O/W) emulsions stabilized by porcine gelatin[J]. Food
Chemistry, 2018, 253: 63-70. DOI:10.1016/j.foodchem.2018.01.119.
FLORENCE A T, WHITEHILL D. The formulation and stability of
multiple emulsions[J]. International Journal of Pharmaceutics, 1982,
11(4): 277-308. DOI:10.1016/0378-5173(82)90080-1.

MU H Y, SONG Z X, WANG X, et al. Microencapsulation of
algae oil by complex coacervation of chitosan and modified starch:
characterization and oxidative stability[J]. International Journal
of Biological Macromolecules, 2022, 194: 66-73. DOI:10.1016/
j.ijbiomac.2021.11.168.

LI X X, ZHANG P F, CHEN L, et al. Structure and colon-targeted
releasing property of resistant octenyl succinate starch[J]. Food
Research International, 2012, 47(2): 246-252. DOI:10.1016/
j-foodres.2011.06.031.



