o228 F 12
2022 4 12 H

S 2 = T S

Journal of Chinese Institute of Food Science and Technology

Vol. 22 No. 12
Dec. 2 02 2

FLERANERAH:

-

O,

RIS TE MR R

WOk

(I kFLLAFEE %R 7 M 510640)

WE AMELFBOANE  RA-RAKE F 2t st RS AR A EFH RS F RGO (WP)Fof i G &
B (BSA)5 Bt A AR LM P ZR O AT Bt AR R Hoa, S REV . Fim WP Fo BSA a4 847 4) 3 E 203k 4
AERAER P WP b E o F a9 R P AE AL T BSA, Rl ot , ik 2 303569 pHAE T B s E ey A%t £
pH3.0 B #ELF Lo He ¥ MR K, L F B-WP LE5He ¥ ik 299h, AR M2 BRI RLFALR =
EiE AR, AT Bty a4E A F 5 WP o BSA K A& # & LXK WP F» BSA & £ 88 5% A8 A= B4 28R 75 5 P 4
IRBL W B FE M K SR, A R BUE AR O MM R A M A AR E Bk L A stk L W e A B K

SR E R R MK AR R AR A,

KEIR MR, Ao BATH,; LA AFRME
DOI: 10.16429/j.1009-7848.2022.12.010

NERS

W52 0, 2% (Betalain) /& —Fh & ZUKBE MG
FRAFTE TR OB CERARL L) LAl N R 2
ZRAEY P, Hoh TR SR B AR ) 2 B R
R 2R S B Al N R KO R B R Y Rl
ORE TWIERT Y, A KGR, 7-2
AP, HFitm 1, 7- M5 H stk
A, SRR R 322 AL TSR 4L 3R (Betacyanin)
FIEH 3 8% % (Betaxanthin) P K28, i dl 40 &
0 E W M EE SR AT (Betanin, Bt, 43 13X
CoHaosN,013)1, B LLH S DA L1 S AR A B2 B Y
T3, A5 T L A o Sk £ 60 1 o R pl )z IR
M UK kR R AE R A P, BT
R SR L1 & 2 o #E P H B A RS B 0 Rl
JEUO-2E % i RUSMSE R T ARSI IE N BT
KW, BARTIERLLT BRI 2 A fa Frtk, (H2 H
by U TR DG AR R A R E
Bl [ N AN AR Y A T R
A% Sk ok 3 B SR AT B RS M SR T, B LY
REW o oy e R T TS L0 B P B OR |
U e At A B 2 09 R BR W A B BE A1 X pH (B A
W s B, ELTE G L Al BE S I AR ARG 3
A, 3 BERR ] TR SE LT AR AT & R

A W) R Gy ¥ 5 TS LD A ELAE R AR AP

1009-7848(2022)12-0094-10

Wi BHE . 2021-12-11
E—FE. E, &, Bitg
BIEEE. M E-mail: ¢95216@163.com

AR — A R 4F 0y BB R R iR . fE B
KOrF IR e AN, 202 T A M A 22 T
T EA W R T AR A0, R R
5Ny A AR R BRI oy 1 RIS A
HRETHFSE Rz — HATX E AR S EH =
45607 BT B B i TR A RS
RISRELH A BEAE R b . ASCRHIFLEA
H L3 2 (Whey Protein, WP) Fl4: I ¥ 14 &
1 (Bovine Serum Albumin, BSA)Z) %l 5 & 5% 21
TAERT, WF5E A U 52 & W b 2L AR 20 0 X iR
LLH AR E PR 2 I, JF P66 (MEFS) A
AR e 21 50 6% (FTIR) LA B — 6556 33% (CD) 43
Mt SR 20 5 FL0 8 R4 003 F 8 e AR AL
i, FLE B SRR 2 S W R S5 F R Sk B

1 #MRERE
1.1 KFENEE
FHSRLLH A TE F R, AW HOR G BT
THRAARAA; FEED, 2 whkilila RS
EIRY e I 7 e 2 N = R R 3
3% AR 2, E 25 B A2l A BRA
Nicolet 1S50 — Nicolet Continuum 7 {# B i
AR e 21 A 3% AL, Thermo Fisher Scientific 23 A ;
F-7000 53 F5E6AL,  H 3z @ B AR 24 Al 5 Chiras-
can B 7] — (46354, HE Applied Photophysics
O\ ) B G PXSI-226 AUEFit, B R AL



2286 H12W

FLE G 3T L R AR R 95

ey A R E] 722N A LA T, gAY
LB 22 A28 B A PR A W) 5 FDU-2110 ¥ VR T 4
BL A 5 dE QIR RHEE A IRA A
1.2 RKEH*
1.2.1  #F0E T B
12,101 X R RE R FRIGE
W EER A (BOE T pH6.3 19 PBS 2 il
5 %) W R 2.5 mg/mL B Bt W, #F 50,
100,150 mg ZLiE & (1 (WP) A4 1L i 1 & A
(BSA) 73 5% T ik PBS 28 vhifi v, 45 21 it £ ok
FE5350°4 0.5,1.0, 1.5 mg/mL B3 F FRIA R . BFIC
U1 Bt i VORI B WRCTE R R AR R 1
1IRA IRBEIR 20 min L HIR & 780, R )5, 4>
A AR A IR (35,45,55,65,75 °C) R Kk 3
h, AT DL 43 60 BE I A S5 R W i K 535
nm b Kb BT | J5 RO RE TSRS L0 AR B
R DRI AR BUSBR A XTI, & 3
YRS BOF- I ME

KB A EP TR A RERR R A
AU,

ORI (% )=A/Ax100 (1)

2 A——E S8 A B S R W
AR LA A R T R OG
1.2.1.2 RIA] pH B 407 T B S 20 1 0 e i J e

1 0.1 mol/LL Na,HPO, #1 0.1 mol/L. NaH,PO, &

V00T ) BV, S A B AN R R A Y pHL EL, R 2L
B pH {E43 %14 1.0,3.0,5.0,7.0,9.0 A9 2% b, B
WOE B FH SR LT WP H1 BSA 23 91V T bR 25 uh
W, DABRAS 0 500 08 2.0 mg/mL 9 Bt %
R 1.0 mg/mL B2 B W, BCAF Y Bt I
FVEE BT WOE I N RARFLE 1 1R G, iR
Pz 20 min, (IR G 7850, 985, 7E 65 C N HDE
PR 5 b, BERE 1 h I A LR SR LT AR A
DI F1 BT 09 Bt W R 25 A IR B4 i
23 BOFEIE
1.2.2 B
1.2.2.1 FESE  H pH 6.3 19 PBS 28 M v fift
FHSRLLAT R BEYR % 10 min, U B SE L0 B & f 7t
W BE 4N 1.0,2.0,3.0,4.0,5.0 mg/mL, F I3k
PBS 2% i %5 i 35 = () WP A1 BSA, DI 3| i &
W A 1 mg/mL B WP & W 1 0.5 mg/

mL [ BSA %,

HE BC A 1 B 7 ORI AR 1) 0V AR R IR T 4%
RABUE 11 IRE, IR 20 min ffi IR &
g7 BAFE R WP BT 0.5 mg/ml, BSA
4 I3 2 9 8 R 0.25 mg/mLL, Bt Y 5T & e 40 5
0.5,1.0,1.5,2.0,2.5 mg/mL, 7EIE 4 C TG
FE, 45 M o R BGE 20 B 5 T VR TR LN i
TRk B —20 °C, ¥ B Il B AIK T =40 °C, VR T 48 |,
732 Bt—pro [EARES
1.2.2.2  FotiEmat W 1.2.2.1 55 FE S 3 mL
T 1em A3 @b, 2O KM UL K
280 nm, & % K 300~540 nm, i & F1 & 5 (6 Bk
BETE YN 2.5 nm, A E 240 nm/s, B E 700
V., [F, PLEA 2243 90 8 Ad=15 nm F1 AA=60 nm
DU i 1 ) 28 5 60615 . R Origin 9.0 #4%F
Paie
1.2.2.3  fHHE AL A G B 1.2.2.1 7
LR HE TR 1 mg FEA S 100 mg KBr iR 4,
BRI 40 5 4533 B R S, RA2S 11 KBr 2R3
BT I 22 Aok AT 0 — A b B LA
FE RS, E P BCA 4 000~500 cm™, £ 4 32
W, 2K A Omnic B2 B 858
1224 =gl B 1.2.2.0 75 1 mL A&,
s o — S S B 2 1 B VR B & 0.1 mg/mlL, B
300 pL T 1 mm FF S A, 3R A U
190~260 nm, 14 # FF 60 nm/min , Y61 4> HEK 0.2
nm, W B BF ] 0.25 s, 6354 98 1.0 nm, 85 F14 3
W, K H Pro—Data Viewer Il CDNN #4434 & H
JOT G 2 R B LR R
123 geit*#0r  RH SPSS 26.0 it kit
Frgeit2a o b, X #Age e M e SR B I8 38 T 22
BT, B E KR P<0.05,

2 H#HR5iTiE

21 HEM
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ReR A, N S 2 PR A2 AT A A IR S B, A
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Fig.1 Effects of different concentrations of milk protein

on the retention of Bt at different temperatures
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(2 £%,

2.1.2  AN[F] pH {E F& AT B L0 i B A A
W55 125196 BH | IS0 201 14 B i R A0 — sl
s ] A RUR R pH 45 14 T B a3 R
fitt o B AT,

In(C/Cy)=—kt (2)
t1,=In0.5/k (3)
K Co—E 20 /W0 4 i VR (mg/

mL) ;i—— N ] (h)  C—— I 20 B S 21 45 Y
ﬁ%?ﬁﬁi(mg/mL);k—ﬁ%ﬁﬁ;tm ﬂéﬁ/ﬁﬁ
(h),

WA (2) B IUA 18 AN pH E 4 14
TESRLLH MHE B E S YRR S 1 S
W1, R pH & FEatr k HEAZAGY
I YEANTE . RS pH (E A3 BSR40 &
HEAZGYHIREM E 2R TG LTHm B,
& WX S 20 A R AR R G 5 S 4 K, 7 pH
5.0 B 45 20 RE i B R e M de A | B SR 4 4 A9 2 22 1)
A, Be-WP 28 Y0 ik 2.99 h, X 2
H ISR 21 7 TR P v W in A s 4% R T I
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Table 1 Kinetic parameters for degradation of Bt and
Bi—pro under different pH values at 65 °C
pH1E  # & k/h™ R? F 2 1,h

1.0 Bt 0.8496¢ 0.9555 0.82¢
Bt-WP  0.5419" 0.9282 1.28"
Bt-BSA  0.6816 0.9281 1.02¢

3.0 Bt 0.5010' 0.9739 1.38
Bt-WP  0.3733' 0.9580 1.86'
Bt-BSA  0.4708 0.9737 1.47

5.0 Bt 0.3584" 0.9968 1.93"
Bt-WP  0.2314° 0.9877 2.99°
Bi-BSA  0.3632" 0.9920 191"

7.0 Bt 0.6175° 0.9882 1.12°
Bt-WP  0.4355* 0.9782 1.59%
Bt—-BSA  0.5458¢ 0.9878 1.27¢

9.0 Bt 0.9908* 0.9453 0.70
Bt-WP  0.5978' 0.9203 1.16
Bt-BSA  0.8815" 0.9391 0.79"

TE A — 5 @35 1 22 S5 th R [R/NVE PR R0R (P<0.05) .

SELTAF S WK o B 22 57 2 BT A 3
AR , T 7 INFAE/INES S5 TS T T ) B 5 R A
22 EL 5] 25 W 1) B2 ik ) % 26 SR A RN, A A B
(1) Schiff B , M A5 8 43Hi 5 20+ 500 AR ™, i 3%
M EAETE pH 5.0 T i 2 X 5 & 4R
T 7E pH=5.0 2o 47 B B i i 38 | e /DAH— 30, b
HbEIESRLA MR A E R E S Y5 BIER L %
fift A5 20 A RO, WP X EER L R R LT
BSA,X 5 2.1.2 W& R —3,

22 RiEHWBERIETESEAREKE

221 LIANEIES AR A FTIR S o
W& A S Bt—pro & & 98] 19 A1 B AE H A1 8
1T 25 A AR AR Yo VR T J5 1 B B T
Bt—-WP Bt-BSA [ FTIR &3k anf& 2 s, i
IR Bt 76 BE M 1145 (<1 548 em™) oK H BLIG
M im A WP Fl BSA J& 48 3 #E 1 545.18 em ™' Al
1 545.73 cm™ Ab R BB, HEWIE AL Bt—pro 2 &
Y. ZEZ AW WP EER T4 (1 600-1 700 em™)
f s (B B 1 650.23 em™ 2 = 1 650.16 cm™,
P i I A5 1 D (P62 B DA 1543.96 em™ B & 1 545.18
em™, F£MH Bt 5 WP kAA/EHF3 C=0 .N-H .C-
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Fig.2 The FTIR spectra of WP and BSA in absence
and presence of Bt
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2221 FFSRLLH & o H BB KOG 1
s H B S A AR (Trp) (g &R (Tyr)
FIZE TN 2 R (Phe ) 5% 561 HA IR SZEOEHER, 788
R 280 nm Ab , H 15T Y RSO 3 EHGR T
Trp A1 Tyr, W] HR 45 5 0 B 1) 42 Ak ok A W WP
1 BSA 265 Bt KAMEAEH, 55 WP 1 BSA
P8 52 19 25 Ak L B e P A 30 P 355 1 e A%

P 280 nm 4b WP Al BSA #7566 & B itk
mE 3 FrR, WP EKIOERIFIER (M) TE
329 nm Fffif ,BSA 9 A, 7€ 338 nm [, 7€ Bt fil
AZJ5 WP Hl BSA B 205 B 34 i & FeAIK, HLFE
Bt V& FE 34, WP 1928 5 FE M 3 827.96 % &
1 69220,BSA (972G EE I 9 899.83 F % 4 062.81,
Ul I RIS 21H 1 AE WP F BSA 5 B P I
PEECHERING I WP BSA 23 5 #1 Bt & EVEH .
AN, BEE Bt W EE A3 I, WP B A A 329 nm
2T %) 335 nm,BSA 1 A, M\ 338 nm Z1.# 3| 342
nm, ZEAIMG R WP Al BSA 1 Trp Fl Tyr 585
BF I 7 R B A 1 R A AR A
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Fig.3 Effect of Bt on the fluorescence intensity of WP(a) and BSA(b)

2222 FIESRLLH XA H B EHE K 7 2L 5 e
8 33 Stern—Volmer J5 2 7] JI K Bt 5 & 1 i AH &
Y R K 2 720,

FyF = 1+K[Q] = 1+K 70 [(] (4)

. Fy A BN AR 500 S £1 4 s Y ¢
G5 B F——8 NP K 50 S 20 I 96 5

Y Stern —=Volmer % K & % (L/mol) ; [Q]
—— RIS MR (mol/L) s re—— A AFTESE K
R0 0 F ¥ 9 Far, — Mk 107 s;
K——"W K53 F R K3 5 4 [ L/ (mol/s) ],

AN TE) R (308.15,318.15,328.15 K) R )
Stern—Volmer FE S50 UL 2, WA 15 Bt
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A HAE B Stern—Volmer J5 2 £ B 4 1) 26 1 56
R, R B — WS BB B R HLHIR, 37
VI 3 il 4 AN OE R, S BOHAE KR B KSY
Ry AN T NP = 0% L i B R e R T 1)
HHEAE R OB S50, HAE KR Ky Bl il
Ji£ [ T e 10T R AR, /E WP R BSA 5 Bt A EAE

T AR v R R T R R K B Ky (EL% TR
i, 2 HH Bt 3 2o #2575 0 I 2O 19 2 14 05 1Y)
A5 9 G AT A R, WP il BSA 5 Bt JE &
B, BSA 5 Bt& G KB FEE K, IE KT
e BR 3™ HIHE 2R L [2x10" L/ (mol/s)], Ui BH Bt—
BSA &G Win A i,

*2 AREIBET Bt-pro B R & #

Table 2 Quenching constants of Bt—pro at different temperatures

T/K = )2 7 A2 R? Kq/L-mol K/x10" L-mol™-s™
Bt-WPp 308.15 Fy/ F=0.16814[(Q]+0.98587 0.99939 168.14 1.68
318.15 Fo/ F=0.15885[(1+0.97347 0.99797 158.85 1.59
328.15 Fy/ F=0.15873[(]+0.95162 0.99284 158.73 1.59
Bt-BSA 308.15 Fo/ F=0.22908[(]+0.91097 0.99893 229.08 2.29
318.15 Fo/ F=0.22759[(Q1+0.91067 0.99890 227.59 2.28
328.15 Fo/ F=0.22214{(]+0.90983 0.99966 222.14 222

2223 WA HSEARMSGEE, 456100
MBI T 22 S5 B Bt 5 WP BSA Z [i]
R KL Ry o S 0K AR 2 330 (5) 3 B 19
EHRLE 3 MNEE TS Bt &84 4w 5K,
MG (n)

le (Fo—F)/F] = 1gKa + nlg [Q]

K K—Bt SEA ML &% 8 n
Bt 58 I 25 A 0 8K

lg[ (Fo—F)/F)FN 1| Q9 XUk % [ )51 il £ 4n 7 4
Jiw, AR 10 il 2 R AR R A
AL BN S AR IR 3,

M3 AT bR T R E AR
Bt 1945 & 5 80K, P12 800800 | 23 WL T = R )

(5)

0.0 -

= 308.15K
® 318.15K
A 328.15K

02

04

lg[ (Fo=F)/F]

-0.6 -

-0.8 -

1.0 L . L
-0.1 00 01 02

03 014 015 016 0{7 I
lg[Q]
(a)Bt 5 WP 1 F 0 B0 5

THEABRSHEOHFMLE S, HEE R 308.15K
B, 259 Bt-WP (19 K, {8 = T Bt-BSA, i itk 5%
F WP X Bt 945 &M 158 T BSA, X5 WP
REA RAW S Bt 09 B AE FHZ5 R — 3%, Ah
T ER B O 25 5 00 5 80 n (EX7E | BT, 29 Bt
5 WP 1 BSA # HA — 45560 B Bt 5§ WP
FIBSA b e B btk 11 E &
WIS 2E B UHIWT K A TR LS Bt
/NG TR R A SRR T, ilad Vant® Hoff 24
(6) (7). (8) AT Ty 2 S 55 i Wi B i g
AL (AG) K78 (AH) FR S (AS)PH, Hih | 24
AH>0 H AS>0 i}, s K A B AR H 5 24 AH<0 H.
AS<O B, Ry fEte fy Ma e ; 2 AH<0 H

[ [= 30815k
00 |e 31815K

A 328.15K

lg[ (Fo=F)/F]

-0.1 010 Oil O‘.Z 013 0{4 015 0{6 017 I
1¢[Q]
(b)Bt 5 BSA 1B H 1) XU 45 il £&

E 4 Bt 5Z&BREEERR X%

Fig.4 Double logarithmic curve of Bt—pro interaction
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AS>0 i, i B A ELAE T 24 AH>0 H AS<O B
Sh i, g R K AR B AR PN,

AG = -RTInK, (6)
AH =d(AGIT)/ d(1/T) (7)
AG = AH-TAS (8)

A T4 %R B (K) s K——5 18 A ¢
B 285 6 H B R—— AR $108.314 J/(mol - K) ], 24
AR AN KIS SN ) AH FITAS BB AVEH S

i % 3 ", Bt—-WP il Bt-BSA [y AH /)N
T 0, H AS KT 0, 3EW] Bt 5 WP [z BSA #94>
FIEVEH 1 EZ R HE LA TAER- . 1ok, Bt-
WP il Bt-BSA ) AH {& 4> %] 2} =2.4 kJ/mol
=21 kJ/mol , % 8] Bt 5 P 8 1 BT 0 455 J
AR R AG 35 R B, 2B B 5 W Fp AR
Z MBS GAVE R B R BT

£33 FAREBETBtproWEEGEH . HEENARRNZESYH

Table 3 Binding constants, binding sites and thermodynamic parameters of Bt—pro at different temperatures

T/K K/L-mol™ n AH/K]J - mol™ AS/J-mol™- k™! AG/kJ - mol™
Bt-WP 308.15 153.61 1.05 0.99903 -12.90
318.15 139.00 1.06 0.99944 2.4 33.42 -13.05
328.15 121.72 1.13 0.99782 -13.10
Bt-BSA 308.15 146.97 1.26 0.99807 -12.78
318.15 144.65 1.26 0.99802 -2.1 34.74 -13.16
328.15 135.73 1.29 0.99673 -13.40

223 HESRLH 5 E E RO BRI R SO
W Bt 58 F A AR R R LSO K 5
JIi7R o 4 AA=15 nm B[R] 25 98 635 B Ry Tyr 5% 3
JE Bl 4 B3 R 855 A8 4k, AA =60 nm B 7533 & 4 Trp
B KL T Rl A S5 i A8 AR Al Sa e BT, Y
AA=15 nm B [5 2 8 B0 B 3 W3 B ik
JE P RN AR 10T Tyr 58 35 9 98 5 3 34 10 B A1
WP #l BSA [ A 3% 42185 (WP M 292.78 nm
A7 % 294.02 nm; BSA: M 286.21 nm 74 F] 287.01
nm) , 7 B Tyr 5% 5 49 5 7K PR 55 | A M AR 5% | Tyr
B BEBE B B9 Z W R 85 R . aniEl 5b5d T
7N, 24 AA=60 nm B}, B & H 5T Trp 5% 3L 19 26 6

1200

= (0 mg/mL Bt
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P R AL H (WP M 274.69 nm 2 F) 277.04 nm;
BSA : )\ 279.66 nm 7% £ 283.20 nm) , it W Fifi & Bt
FIINA, Trp 55 JE i B0 K P 08055, AR 1 32 i 1 o
Tyr 5% H1 Trp 4 J8 Bl 30 B4 458 1) 22 £k 3¢ W] 7
EHBRMEEYE Bt 256 2 AW

2.2.4  HSRLLE 58 B TAE AR R O

EAREAR Ok, SRR ERE AR
JGHEME BT, 38 i B g T DU i TR R B
pro B ARG . J5 WP Fil BSA 4045 F 24 i 2 7Y
KR4k, #E— 1 F Bt 5 WP Fl BSA A4 AH B4
., M 6 fZE 4 al i WP 7E 92 nm Ml — IE
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=0 mg/mL Bt
3500 — =0.5mgmL Bt
= = =1.0 mg/mL Bt
fyl 3000 | — - 1.5mgmL Bt
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Fig.5 Synchronous fluorescence spectra of the interaction between Bt-pro at 15 nm (a, ¢) and 60 nm (b, d)
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Effect of Milk Proteins on the Thermal Stability of Betanin

Lu Xia, Hu Fei"
(School of Food Science and Engineering, South China University of Technology, Guangzhou 510640)

Abstract The effects of whey protein (WP) and bovine serum albumin (BSA) on the thermal stability of betanin (Bt)
at different temperatures were investigated. Fluorescence spectroscopy, circular dichroism, and Fourier transform infrared
spectroscopy were used to study the interaction between WP/BSA and Bt. The results showed that WP and BSA inhibited
the degradation of Bt content and the protection provided with WP was better than with BSA. Additionally, the change of
pH also affected the thermal degradation of Bt. The half-life (¢,,) of the compound was the longest at pH 5.0, and the
tin of Bt=WP was up to 2.99 h. The fluorescence analysis showed that Bt led to a static quenching of WP/BSA. Further,
the interaction was a spontaneous process with electrostatic interactions being the main force. Synchronous fluorescence
spectra presented alterations in microenvironment of Trp and Tyr residues of WP/BSA, respectively, upon interaction with
Bt. Circular dichroism and Fourier transform infrared spectroscopy analysis indicated that characteristic peak positions of
amide I, II band and the secondary structures of WP/BSA was changed upon conjugation with Bt.

Keywords betanin; complex; thermal stability; spectral analysis; mechanism



