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tein, SPI) #=fLi& % % & & (Whey isolate protein, WPI) # & i, il idiH4= SPI A= WPI i =t 100:0. 70:30.

50:50. 30:70. 0:100 %] % DHQ/M & & L 44, ZAARA L ENFN, M ERILANETNR, 2R £,

SPI 5 WPI £ #Libfr st 2 &4p4dte AR R 5 A44EA, % SPL 5 WPL =tk 30:70 B, a/—\%wéia 171 2 nm,
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Abstract: To construct an efficient and stable delivery carrier for dihydroquercetin (DHQ), DHQ/dual-protein complexes
were prepared using soy protein isolate (SPI) and whey protein isolate (WPI) as matrices by adjusting the mass ratios of SPI
to WPI at 100:0, 70:30, 50:50, 30:70, and 0:100. The physicochemical properties, structural characteristics, and antioxi-
dant activities of the complexes were systematically investigated. The results showed that the blending ratio of SPI to WPI

significantly regulated the properties of the complexes. When the mass ratio of SPI to WPI was 30: 70, the particle size of
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the complex was 171.2 nm, the polydispersity index was 0.22, and the absolute value of Zeta potential was higher than

30 mV, forming a stable colloidal system. Meanwhile, the encapsulation efficiency and loading capacity of DHQ reached
96.06%+1.4% and 0.96%+0.01%, respectively. Structural characterization confirmed that DHQ could bind to the dual-pro-
tein via non-covalent interactions such as hydrogen bonds and hydrophobic interactions to form stable complexes. With the

increase of WPI proportion, the a-helix content in the complexes increased significantly, while the f-sheet content de-

creased significantly (P<0.05). Antioxidant assays indicated that the radical scavenging ability of all complexes were signif-

icantly superior to those of pure DHQ (P<0.05), and the radical scavenging rate of complexes with SPI proportion =50%

was higher than 80%. In this study, DHQ/dual-protein delivery carriers were successfully constructed by regulating the

mass ratio of SPI to WPI. The complex with SPI:WPI at 30:70 exhibited the optimal physicochemical properties and en-

capsulation performance.

Key words: dihydroquercetin (DHQ); soy protein isolate (SPI); whey protein isolate (WPI); dual-protein complex; delivery

carrier; structural characterization; antioxidant activity

&M iz 2 (Dihydroquercetin, DHQ) 51|44 4E i
PAZR, & —Fh 20 SIS L5 . DHQ
ZAFAE T TEAS P S AZR B | 5 s M A Ad Sk SR
SEZAPAE) R, JCHAEE MR LD e AR
(/N VNS SR = € ST s (AR B | oW, & N IR UL EL (P NS I

AER). MRHERAE (EU)2015/2283 S48, DHQ AJ/E
SHESEINFIHE T 495 WA= R, 2021
4F DHQ #%FE SR DA ZE 0L s HbE o e b kL,
HaT e AE A M 55 B K TG 50 77 . Wk A
PRI AS ISR AP, 2R000, DHQ /KM 2= .
R AT H AR AL, BRI T e S ok
AR B R, iR DHQ ik A 5 UAH G 3%
TS

K& 4y B 45 H (Soy isolate protein, SP1) FIZLiE
43 BS54 1 (Whey isolate protein, WPI) HH ZZFh &2 2Bk
IREEFI I EE T, B RAFry A=A . FLAk
PESEERAREME, A AMCE IR ESE W, i@ R
A B AE A | R TR ALY, RTINS
Yy KN FRUE PE S AR R RS, AT
P TR HERAR, SRR AR SRR s -
[FZH e S5fe B oAb, #E—2D gk zs R g4 | 3871
ELRE ) S e, o3 BOTE BT ) R A
TR, [FEY, SPI 5 WPI XUE HzkAAr G F&
COWER A TR s Y E AR R R S
1], £ 6 B i SRR AL S L B R TR T 1) o

4HTE N AR XT DHQ MITFSE 2 R4 TR Al
Ak IEPESSIE A B RE N TS FERIBAST BT, it R
DHQ & b ik R RUFFRARRT B =, JuHfhe= 3%
T SPUYWPI XU 152 5 1Y i R0k 6 Aty et | L)
AL MALEN RN FET UL, AR LIRS 2% (w/v)
Y SPI/WPI XUEE [ s 15 4844, Ji i 4% — 5 i ke
#ill#& DHQ/MEAE G5, REIRRE B etk
SO SRR B BT A A TE M, IRES A A T XHE AT
DHQ 5 XA HMAH BEAEMH . KRR 5 A vigFA
DHQ & il FAE R LSRR, S ShtE P O A
FIE R BT IE RGN I R R AL R S5

1 MRIERE%E
1.1 MRS5S

FLIE BB (4 =90%, 9410) 55 Hilmar
N RESEEH (L =90%, G805)  MATERIK
SEMA RN, A FE (S =98%,
B20539) . 2,2-K%&(- . (3-2, - FE I WEME-6- itk i ) —
R 1, 1- R 2- = IR PR . 8-S - 1 - SRR
AGER TR AR A R B FHADGR 2 2 4
.

UV-2550 524h 0] U435 56 1T PrekinElmer
AP BRI A BRZS F); MOS-500 [R5 %
B[ Bio-Logic 237); NS-90Z gk K Ha A 434

BRIV RKIETEAN AR BRAN Fl; Synergy HT BEARIY
ZE[E BioTek Zy7); SCIENTZ-18N ¥ THAHL T
= AR I BRAN F]; F-380 T4 066 1T

R s R B B A RS F]; IRAffinity-1S {8 B
LT AN H AR SAE S 3 HIVET; Sonifi-
er-250D M JEAEE{Y 3% Branson 23 H .

1.2 SLWHE
1.2.1 SPI-WPI-DHQ & &#¥myifil#s =it
M7, JEREEME B, FE SPTHT WPL 3 oK LA 2%
(w/v) B Sy s e g alizk b, =10 Rk 2 h,
{55 PS40 AR, 2 J5TE 4 °C 554 FKA 12he
SEABEEE SPT MR pH PET T R 12, BitFE 1.5 h )5,
PEETEE 200 W, TRIE 30%, K 5 s I1/5 s HI Bk
AR RS, G E] 8 min, SRR VKIS TR, WEL
F IS AR PE . B FHERIRRG SPL WY pH WY
E 7. ¥ WPI WA pH tiEI = 7 J&, 7000 r/min
B0 10 min KR ANEME M. B SPI A1 WPI ##% I8
i e 100:0, 70:30, 50:50, 30:70, 0:100 Ay L
PNEEIFHEHE 30 min, FHIC/K L EEHFf# DHQ, 2212
N E AP, IR R T DHQ Y B2k Ry
0.02%(w/v), #l45 SPI-WPI-DHQ E-&5%.
1.2.2 RifEH Zeta FAAZEYIME  FH pH b 7 dE4lizK
F T E G MR R R B AR M)l 0.2 mg/mL,
SRHANARLIEE K FaAS A3 BT SO 7 52 -5 i~ P ki |
Zeta AN I3 H ZR B (Polydispersity index, PDI)
1.2.3 MEEMME  PREEAIE 225 Li F ik
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FEMEAEVREE, I 2 G YRE R R AR M RS 2 175,
BEEI A 600 nm, I ERE SRS
1.2.4 AEPRMERAGENE Bl =269
FESL, T 12000 r/min 554 F B0 10 min, =R A
FHUFES DHQ AN TERE M REM . B sk
15 W JC 7K L BsHiRE 40 1% )5, F#FX T 12000 r/min
Z5F N B0 20 min, REREEFDONE, B EIEW . SR
BT BObRERTZR (y=0.0771x—0.0175, R>=0.9991 ) 1E
289 nm P FMEBOCEE I DHQ & &k, FIAS
& DHQ WX HE AW has AXT R, # UL ERIRE
JERALFR, FOB% SPI 5 WPI #E 289 nm F K T B G
ETHt. 9KE S5+ DHQ 113 * (Encapsula-
tion efficiency, EE) Fl1# 24 & (Loading capacity, LC)
LU AR

EE(%) = Cosen 100

total

& (D

W% stem
LC(%) = —2" % 100

H: Cpop BNIEFR T DHQ AU R, pg/mL;
Cyystem 2N F H L BRIF 2 DHQ Ji5 Fl 47 DHQ 1Y
W, png/mLs W o, FRRIR R L ERFE DHQ =
F 4 DHQ M, g3 W 2o/ F 1 SPT Al WPI
AT R, g
1.2.5 (HHEARFRL MG (FT-IR) KR TE
A¥15 KBr L 1:100 By 5T & b B sy oK, 2R 5
JEHI A 13 mm # R . L 4 cm™' 5943 B3R TE 400~
4000 cm ' JEBEIAULEE FT-IR Y6, I Ori-
gin 25 FRABRICIEAE B .

1.2.6 Bl @o0iE MBS SWAEMERWRE N

0.2 mg/mL, & B AL FEIA 190~260 nm, FH5H
>4 200 nm/min, YGEEA 0.1 cm, iCF=&REE IR (0,
Y61 &l (Circular dichroism spectroscopy, CD), i ]
CD Pro AR 1 o 4 B L Al o3 B AR5
TS

1.2.7 WIEZSOCFE G KME  FBRE SRS

T HATE N 0.2 mg/mL, 2R 5 FH P65 66 it

M AR S RS N IR DG . B E R IR

280 nm, B HICEEFNE VEFE A 290~450 nm, FR4E T8
A5 nme SR ANS ZECHREN AN FE &L I 2T B K
e BT 2 AW E AR ERBE] 0.4 mg/mL
J&, B 4 mL BE S A 20 uL ¥ EF 25 8 mmol/L /Y
ANS, BECHEE 15 min J&, 43P FE &S B9 & 56,
P& W R DK M 390 nm, &5 K T Bl Dl 400~
600 nm,

1.2.8 S FXf4E  ARYE WPL 5 SPI (1 = Z 19,
BEM p-Lg. Gly fR3& WPI HI SPT 5 F x4z, xf 4%
J715:Z7% Duan %51 Fll Zhang 25U 1905, HFELE
&, p-Lg. Gly & AL # >k ] HDOCK X 4%
k45 (http://hdock.phys.hust.edu.cn/), £& Pymol 2.1 2

A (2

B&IC/ N T, F-H AutoDock Tools-1.5.6 Wl 7K
Sy T BINEUR T I SR8 /Ny TR DHQ
SrFaksk BT PubChem %4#)%E, £ Chem3D if it
A . gttt g/ NMEALEE . DL DHQ AL
&, p-Lg 5 Gly Jy 32k, ¥ Grid Box Hv.0s 28 H5
(x=31.534, y=14.785, z=17.439) K T& 5 126x126x%
126, >k i AutoDock 41 Lamarckian it 1% 54 %
(S50 BRI 150, BB PPAl R RAE 2500 JT K .
B RIEARUREL 2000, 38 3 0.8, ZE4E3 0.02., JlS7
IB1T 200 RO P74 F x4, RYnss & H tHRETR ki
flegtita), i it Pymol 2.1 B4l FAL B A -2 AR 45
YEHIS

1.2.9 drEfTEME B S WhrE s e 2 i
SCRR [17] BT8R, XTER VB4 T SV E RS

1.2.9.1 DPPH F HEIERRGEIIAMIE  FHH EEA ]
0.2 mmol/L ) DPPH iHK . & GWYFE 10 155,
HY 50 uL FBRE 4y 315 150 uL DPPH TAEWRIR S
(Ag), 5 150 pL HEER A (Ag)), S5 HL 50 pL HEE S
150 pL DPPH TARRIRA s AR IR(A ), Z=iREDG
2 30 min S, FHEER SO E TG IR 517 nm 40
AR S'GRE . DHQ(20 ug/mL) FIFTERIMLAR (20 pg/mL)
it g, ARPRLAZR(3) 115 DPPH H H 315 BRAE

Iwm@m%%@%m%F@_é%ﬁ

0

)><100

X (3)
1.2.9.2 ABTS'H H KLU BREETI Il ABTS fiti
2 W T % 7 mmol/L 19 ABTS ¥A K 5 4.95
mmol/L it BRPRFPIEURFLEARFIALL 1:1 1R G, =15 T
SN 12 h, ¥ ABTS i8R B3 4E 734 nm
PG E Y 0.70£0.02 M55 ABTS TAEMK,
AL FARTEHRc A . R 10 f5 )5 AESL (50 pl)
55150 uL 354k ABTS TAERIRA (Ag), 5 150 pL
Al K IR A (Agy) . 53 B 50 pL 4k 5 150 pL
ABTS YRR IR G e FAXTRR(A,), 37 °C #ECHFH
0 min., FE 734 nm &b W &= I A R 5 0B
DHQ(20 pg/mL) FIHLIR ML ER (20 pg/mL) MO RE S
HIEAZ(4) T ABTS 1 LR HE 7.

As - A52
A,

0

AMFQ@%%%%ﬁM%@— %mo

A D

1.3 HIEAIE
A SR 3 IR, I DL EER#E2E (X=SD)
TR o KR SPSS 26.0 FAAXT BRI TH A2
BTN T o SRR F 7 2253807, Jr 22257 R
JH LSD tALH Ui, 22 A5 R AR - k.
2 GBR5SH
2.1 HIfRFN Zeta BAL
EERAE Mo E R B R E 1 R, BE
WPI LA 0% 342 100%, 5 -E PR Fn 4y 8 228
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EREAGEFY, M 205.5 nm [EZE 171.2 nm; PDI M 0.39
M2 0.22, WPLRL &8 /N, SPI AU R 4% i 35 K T
WPI(P<0.05) . 4 SPI 5 WPI ¥ Fa AN [R] LU BITR &
Bst, WPT 8 /N335 FA T 3 7 SPT IRAE AR Ss BRIE Bk
25 A2 FH, H WPI 1 p-FLERE Bk 48685
SPI R B KAZAE, HI55 SPT BRE K VE T80
WAET, [HIEt, WPT (38 5) 40t vl “Fa ke SPI 19
Z43 ¥, SPT 5 WPT [a) &0 . Bi/KVE I B Rl 52
BRI AR AR . DHQ nlaE R S5 8 P A
RS SRR AR PSR Xk, D 2B R e 2 AL
12, RALSY B R B, AR 2 L, AR
P4 XHERE WP FL T i 2 B i s I ka8, Ho452H
A3 L LS A X >30 mV, FE A Bk, S0k E] B HE R
T, REuhuiga e,

2401 A kit Wy icss 1050
- B b

200 C C b 0.45

~1604| | L 0.40
: ; =
(Z_H/ 1204 - 0.35 %\

2

804 0.30 ®

40 i ed | Fo2s

0+ - 0.20

100:0 70:30 50:50 30:70 0:100
SPI5 WP i L
K1 SPI5 WPIANJA it LAl DHQ IR & ¥ kiAe
Fig.1 Particle size and polydispersity index (PDI) of the com-

plexes formed by SPI/WPI at different mass ratios with DHQ
T e ) — 8 bR A A 5 BE 2 om Bos 2 0] HoAy 35 1 22 S+
(P<0.05); &l 2~I€1 4. 5] 10 [F],

0 1

s L
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ZetafLfil (mV)
2

|
~
=

100:0 70:30 50:50 30:70 0:100
SPI5 WPIFi & [t

El2 SPIY5 WPIL ARIFH LA DHQ JE UL A Hit Ao
Fig.2 Zeta-potential of the complexes formed by SPI/WPI
at different mass ratios with DHQ

22 B

U TR SR 52 A R R NI [ B SR AE TR
MFEARS T, S50 R 5 ks () R B AN R N
M, mnE 3 5iaR, ¥4 SPI 5 WPI LU R TR &
b, B AR F A SPI & 3N, &2 4 ¥7E 600 nm
PR OGRS B LT (P<0.05) . B —
SPI A& % (100:0) ODy, ik B i KAH , B AUk H
S PECE @R, P U E RS 5R, 33X Sk

FELFEH—E . IXEW], BEE SPL & HEAYEETE, R
Z PR F TR 5 e AR BRI FIE I R NS i
Yy, B P BRI W EE RN

0.8 1

0.71 m&

0.6 1 ]

o 0.5 4

i ‘
32 0.4 1 d
=03 H .
0.2 1
0.1 H
0

100:0 70:30 50:50 30:70 0:100
SPL5WPIJi e L,
3 SPI 5 WPIAKIR] B LA DHQ JB AL A W i i
Fig.3 Turbidity of the complexes formed by SPI/WPI
at different mass ratios with DHQ

23 EEFMLC

SPT 5 WPI i fic lb X DHQ FYf 3 (EE) fl
#ZZj(LC) HA W EEH (P<0.05) . E&Yt
DHQ Ay EE Fl1 LC 55U & 4 B x, SP1 5 WPI &
bl 30:70 B}, EE Al LC A5 KAE (96.06%+1.4%
0.96%=+0.01%) , X & H T WPI i = FLIbrEse S
SPI IR /G TEaS i B A, IR E SR A
BIE BUREZ-Te 450, ik DHQ #2441 3=

EE #1 LC. SPI 5 WPI i tb>ly 70:30 B, &2 545
Fap e SPT WA o bl i i, i 7K DX 3 HE A 25 BE AN 2,
EE il LC W&fIXTF 30:70 Bic kb . SPI 5 WPI i & b
Sk 50:50 B, 5 30:70 Bl lb & S kitE 0 PDLVRE
2R S, (R R R O R 2 T
H 5 ORI AR AN RO | 2T RS I PN SR Es A A S
BB ISR A O, 3X T BEST R A PIZISER FH Y SEFT /K
B o e e LI VA E RS SR S S E2EE S I A5 S |
AR, i /K NAZZEFANSEEE, INTTXT DHQ 1194
MR AL, H— SPI A AR (100:0) K 42 F1 PDI %

[REOESE %E%E‘R [ 1.05
100 A B . L1 00
C

KL - 095 _
o 090 S
% 60 i
" 0.85 3%
& 40 1 c c ]

c - 0.80

207 - 0.75

0+ - 0.70
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SPIS WP it £
K4 SPI5 WPIA[F B LA DHQ JE A & 4m
DHQ F {3 2482
Fig.4 Encapsulation efficiency and loading capacity of DHQ

in the complexes formed by SPI/WPI at different
mass ratios with DHQ
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R, B RO, AR5 Fa e AN 2, 255 A A5
A i WPLAKZ (0:100) B SRR AR /)N . b BE B
N ABJEERZ SPT Y ZFL NGS5 S 3%, ORIl Z
R B 7K XA, i DL R EA—ZR 6 DHQ AYA 3
BE 122 . 453 EH, il A SPT 5 WPI (iR
A HBIAT P A 52 G 2R AR n 2 A e 23, 8 i %)
DHQ ittt 52k,
2.4 FTIR it

18 L 2R e 41 AR 61% (FTIR) BRI &Y E
REH M5/ ) i 307 5P, DHQ. T A ME AW
i) FTIR Y an &l 5 s . DHQ %G s Hh £
AR AE R 4, 40 3418 em '(O-H 45 PR Sh ) |
1640 cm™' (C=0 {H1%EIR2)) . 1478 cm ' (C=C & i1 fr
3f) . 1373 cm '(-C-OH ZEJE PR 3h) F1 1264 cm ™' (%
K C-O 45 ¥R 30 ) 2. SPI Al WPI 43 i £ 1658,
1641 cm ' AL F T H BERE 145, W& FE 1535 cm ' &b
HELEE N 1157, &5 C=0 M 4E ¥k sh & N-
H /25 (th 38 sh A7 5629, XFF SPI-WPI-DHQ & &
%y, SP1 5 WPI b5 100:0 F1 70:30 B9 &5 91E
1658 cm™' 4b H BLWEREZ 147, 50:50. 30:70 F1 0:100
MIESWTE 1641 cm ' AN IREERE T 7, Bl 11 w7 %
Bk, X5 Yin " AT RARL . SR, e S
Y, 52 DHQ ##IFIEIH R T, 3B DHQ 521
KA T AREAE, NSRS T HALSE LA A LT
W ZEE RS Li P R a5ie 25, Hatoe & 3
DHQ 5 R A & AR & A2 A8 BAE AT, [F]
RS H BRI 3 A 21 S N 25 OB

3418 1640\ 1478 1373 1264
M,J\AWM DHQ
1641 1535
W WPI

- 1535

N sPI
1641 1535
W 0:100

1641 1535
30:70
535
164

50:50

1658 1535

70:30
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PEEL (em™)
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AR Sl inits
Fig.5 FTIR spectra of the complexes formed by SPI/WPI
at different mass ratios with DHQ

2.5 Bk

[R] — 55163% (CD) J&—FiE REUE SR, 1
2T FRALE R g . AEEC L S0
ERAN CD YIS UNE 6 FiR, Ui £ 7E 208 nm Hl
222 nm b EIR Y o-IRERRIE TGRS, H 222 nm
AbiZzIERE WPL 1) 5 LT A SR RS R, JEE R
o 15 BE Lo XHERE WP 5 FL =iz i K, R a-
BEUIE Bt AE N BT, iz AR LAt S AR 1 T AR R
TREEH SRR A 2. A 1 AT, 24 SPI

5 WPI Jii g Fb AN 100:0 JHELZE 0:100 B, -2 iE &5
HH 6.02%+0.61% &3 FFFZE 10.79%+0.62%( P<
0.05), T f-PrZ &Nk 37.09%+0.83% .35 K%
= 31.22%+0.54%(P<0.05) . X FTHHEE R g sh
T kAT T S, BRI RyE RS R, T e A )
FHE/INr-FREEEPY 1WA, -5 A5 T0HNE
il BB LA AR REEAS TR . (B EENE, Bl
% SPIL ZiEmy N, o- 12 E & B AR - S &
FHrs, X — S AR FT AR (2 I B2 P AL L A5
FEPEHET, b s EE S AR LT A BRHRE T, R
HAALIERE.

SPI5 WP it

JEE SRR (mdeg)
|
S

—6 1 ——100:0
- = -70:30

81 Se-- 5050
» —-=-30:70

—10 - =--=-0:100

190 200 210 220 230 240 250 260
P (nm)
K6 SPI5 WPI AR FTE: LA DHQ R &)
A i
Fig.6 CD spectra of the complexes formed by SPI/WPI
at different mass ratios with DHQ

®1 ESYPEARN RS E R

Table 1 Secondary structure content of proteins in complexes
BT olBE(%) BT (%) B-Fes (%) JEHWEIN (%)
100:0 6.02£0.61¢  37.09+0.83" 23.45+0.62° 33.44+0.31*
70:30 6.98+£0.22%  36.78+0.94° 22.98+0.38° 33.26+1.21*
50:50 7.65+0.41°  35.64+0.62° 23.47+0.34° 33.24+0.72%
30:70 9.06+£0.62°  33.17+0.54° 23.21+0.28° 34.56+0.75%
0:100 10.79+£0.62°  31.22+0.54° 24.78+0.28" 33.21+0.75%

TE: [FFUA ) 5 BERORAE i Z [ AT 522 57 (P<0.05)

2.6 MRRAINE
PR 2 16 6IE AT I B8R 5 431 PN Ui =%
M E PR G E IR IL IR IR ARALD Y, e R4+

1200
1000 - 4 SPISWPIF 1.
200 ——100:0
1 - = -70:30
% 600 - 5050
i . ——-30:70
' 400 1
200 =7
0 _»"/ =
3(')0 35'0 460 4;0
Pk (nm)
K7 SPI5 WPLR[FIFTE LA DHQ JE A &)
IRZEL LT
Fig.7 Intrinsic fluorescence spectra of the complexes formed

by SPI/WPI at different mass ratios with DHQ
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M) AH B A AR AE . ANIE 7 AT LIFR Y, SPT 5 WPI
NEV T F R S G R S B B 25 5, Fi
# SPI [ thTh &, 2 A W98 05 B R M BRI, 7
SPI 5 WPI b4 100:0 B i F k. X2 H K
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