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Fig.1 Basic chemical structure of anthocyanins
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Fig.2 UPLC analysis of purified anthocyanins (a) and primary (b) and secondary (c¢) mass spectrometry identification
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Fig.3 Effects of heating temperatures on the stability of anthocyanins (a), and degradation dynamic curves
of anthocyanin at different heating temperatures (b)
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Table 1 Non-linear fitting parameter table
= EIC k/[mol/(L-s)] ¢/(mmol/L.) FA& P1a

60 0.0034 + 0.0004* 0.9728 + 0.0014* 56.229 0.0070

70 0.0036 + 0.0002" 0.9682 + 0.0015" 47.354 0.0010

80 0.0040 = 0.0001° 0.9650 + 0.0015" 47.021 0.0010

90 0.0042 + 0.0002¢ 0.9626 + 0.0016" 47.087 0.0010

100 0.0051 + 0.0001° 0.9551 + 0.0016¢ 40.869 0.0014

2 6 — 1 P AR AN R R R A 25 5 (P<0.05) .

G JE B TR AR R AR MR 5] 4 By
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Na*Fll Ca™ Y INAAE— £ 2 L E I RAE T R A0t
JE R A R B TR K R i R AR AR R
TERRPE AT T BRI A BUE , 780 $g 391 %8 46
HRA—E P AR, SR, 250 ] R F

5min I, &8 8 FAAEMEHE T LT = MR
W% Na Fl Ca” ¥R LR HI N, ALK RO R BT
[ 248 T 2 5 3 40 mmol/L ), Na*fll Ca>4H f%
BTN RER T5% A7, BRIk LS 11k
TR MR, SR, 6T 3 IR B R 3 5 L
W TR T B E S, H& R & AT
B RO R AR, I, S A B =A™ i
TN s 72 v R 0 sl B 5 TR 46 R S Y
Fefih

HE— 20 % 4 8 B T AETE T AETF R 1O B Rl
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Fig.4 Stability of anthocyanins under different heating time (a), temperature (b), ionic strength (c)

R2 ABEREBFHRETMHRMIFELEMUSSHR

Table 2 Non-linear fitting parameters of anthocyanins heated in ionic environment

222 5 X, k/[mol/(L-s)] ¢/(mmol/L) FA& P14
TS Im 0.0042 + 0.0002° 0.9626 + 0.0015* 47.0872 0.0010
2 20 mmol/L Na* 0.0072 + 0.0003" 0.9783 + 0.0016" 143.7760 0.0001
A2 20 mmol/L Ca* 0.0075 + 0.0002" 0.9744 + 0.0027" 128.8980 0.0001

T« Al — S AR AN [ 7 B RN A 5 22 57 (P<0.05)

23 REMEEEFHESZRENEMW

B AL T R S EE e bR, £ 32
T 375 ST ) €8 22 A0 8 A6 5 RIS W L
a b EEER Hh L EACER SE LT E R, 3]
FE S SE B o (AR R EOTE o EHHK, 3
WIAE i 2L 0 BTR o B/ IR i 2t (8 BTR 07
RFE W b7 (R, 10 R b 3 R
b AE /N AR FRE R R L et b B
{14 75 Ak AT LA T R il 5 Bl A Ao 38R 43 i 5 Ak BT
H RO,

WA &R B FAATER, HEFKIERN L
B b 5 in A4 BsF [] R o #8052 IE AR DG G &R
Wi o o A B ) R IR B A B = b A R AR T
ROKEWN o [HEH 2 TREGESE, HmPaRE A
100 °C., fin At 18] 4 30 min B, 4655 2 KI5 AR
A0y LEA b AEH 3 5 M 22.08+0.87,9.72+0.39
AN % 27.18+0.54 Fil 21.29+0.52, 1fi o« {H M

24.34+0.43 N[5 23.14+0.29, YA HGE EH E
JNFAET[E] R 40 min B, 6 R KEW D L {E M
22.33+0.49 i & 28.44+0.42,b" { M 5.75+0.23
B 18.42+0.38 0" {H T B % 23.36£0.46, {67
RO BH AT, M —IF R IIRA A RO a,
o {H A 3G KB AE /I U L0635 A i, Jf B
b™ A 32 U B S M R S 1 e A 0 AR

ESBEFMENT, £FZKERKRDY
B AR AL 5 WA 4 8 B A TR B S A ) Y AR A
OB LA b B A R B [ B e
BN @ AT BT R o 6N HR R0 B st [ 4
WIS B & B IR E 3w L 28
Tt o (A b E B R BT, 2 Naifk
BE ETHE] 40 mmol/L i, L* fH T+ & 28.44+1.03,
a fEFN b H 5 F B ZE 21.53+0.08 1 16.88+
0.82, 4 Ca*} 40 mmol/L B} ,L" {4 27.13+0.70,
a {EAT b S 5N 22.71+0.65 A1 17.19+£0.45, M
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RN, WA 0] GE S NN AR, BT X
L ZHAN]
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DPPH [ HH 305 B 2% T 940 2 1 19 1R Sk
PLEALER, © A o R BIIE T R 09 & ik R
DPPH H 7B BREE I R IEM KR, A Sa
TRl DU B A s R E B 4 JE S T I AF AR
EHRZPUA B W, H KA Bk B
BT, FEA K& DPPH H i 535 R WA %
R4k, U R LR X AR T R PR
o, TEE Sb G BT A AE  JLH 2 Ca? P
IR TAETF £ 1 DPPH H M 3T R, I A XF
Wi £ A ] 8 20 min B FAa 02 bAh, 2k
ek R0 AR ] R B IS 5 B (<30 mmol/
L) T ,Na'%t £ K DPPH [ i L35 B R (19 52 i)
T Ca™,

AN TR AR B A 4 R B T AR R AR R IR R
B ¥ H L bR EE 1 &l 5d~5f ii7s , F1 DPPH H
HY 0 R — A, JC S 1 e 3l B ) L5 e o
K, TE 100 CHEINA Na* (7675 2 1 Br F U 50%
Fedy . BEE AR E] A3 0, A Ca> 4145 A H
FERFRRIETEE TR, 1F 40 min B
TR B B TR TS A Ca¥ i 2
FI L PR AE S8 Natdl &, X Ul CaXf 1675 R
(T M — s BB EVE

B 6 AR, 0 B[R] A0 42 B 6 A
HRAEIRRESI WS, R A &8 8 TAA7E T e
TRV R 0 5 68 ) B bl Ik B | R
B[] 0 4 J 2 75 B I B N 2 R R, AR
B AR T, et o) X 46 75 R IR R & 198 R
RE I TC W E R (AR A, BRI 4R
T EREAR T AL T X WAR R WA AR ST, AR
I Na*Xf 16 Z 0 5 A8 1 B BEIRAE FH 5, 32 [
T R BTG, FIAE s A, 4
G TS (AR R A i T RE s, T3

®3 FRLBEHTRESERETNK

Table 3 Chromaticity changes of anthocyanins under

different treatment conditions

& m S

I

®

a

b

60-0-30
70-0-30
80-0-30
90-0-30
100-0-30
90-0-0
90-0-10
90-0-20
90-0-30
90-0-40
Na*'60-20-30
Na*70-20-30
Na*80-20-30
Na*90-20-30
Na*100-20-30
Na*90-20-0
Na*90-20-10
Na*90-20-20
Na*90-20-30
Na*'90-20-40
Na*90-0-30
Na*90-10-30
Na*90-20-30
Na*'90-30-30
Na*'90-40-30
Ca*60-20-30
Ca*70-20-30
Ca*80-20-30
Ca**90-20-30
Ca*100-20-30
Ca*90-20-0
Ca*90-20-10
Ca*90-20-20
Ca*90-20-30
Ca*90-20-40
Ca*90-0-30
Ca*90-10-30
Ca*90-20-30
Ca*90-30-30
Ca*90-40-30

22.08£0.87*
23.28£0.32°
23.99+0.25¢
25.17+0.24"
27.18+0.54°
22.33+0.49"
24.14+£0.47¢
25.52+0.54"
26.76£0.23°
28.44+0.42°
25.01£0.39°
25.56+0.36"
26.27+0.17"
27.19+0.67°
27.76£0.35°
22.33+0.49¢
24.14+£0.47¢
25.52+0.54"
26.76+£0.23°
28.44+0.42°
26.31£0.12*
22.81+0.84"
26.81+0.14*
27.47+0.41°
28.44£1.03*
24.25+0.75¢
24.57+0.75¢
26.55+0.71"
27.48+0.75"
29.62+0.58°
24.70£0.45"
27.86+0.73*
28.37+0.65°
28.64+1.07°
28.58+£0.50"
26.31+0.12*
27.23+0.99°
26.44+0.43°
26.71+1.10°
27.13+0.70*

24.34£0.43*
24.54+0.32"
24.55+0.22*
23.78£0.47"
23.14+0.29°
25.47+0.14*
24.88+£0.31*
24.55+0.28"
24.18+0.44"
23.36£0.46°
22.61+0.39*
22.79+0.36"
22.72+0.19°
22.31+0.26*
21.21+1.04"
25.47+0.14"
24.88+0.31"
24.55+0.28"
24.18+0.44"
23.36+0.46°
24.41+0.17*
23.93+0.21*
22.71+0.09"
22.72+0.04*
21.53+£0.08"
22.73+0.19°
22.52+0.08"
21.95+0.39"
21.82+0.66%
21.26+0.38"
23.36+0.40"
22.08+1.02%
22.89+0.56™
21.63+£0.39"
21.16+0.93°
24.41£0.17"
22.70+0.26"
22.41+0.43"
22.62+0.40"
22.71£0.65"

9.72+0.39*
11.84+0.21"
15.47+0.36°
17.70+0.73"
21.29+0.52°
5.75+0.23¢
11.59£0.35
15.22+£0.34¢
17.20+0.16"
18.42+0.38"
8.60+0.24°
10.86+0.12
14.08 £0.20°
16.63+0.16"
20.24+1.37*
5.75+0.23¢
11.59+0.35
15.22+0.34¢
17.20+0.16"
18.42+0.38"
17.74£0.11
21.26+0.19
17.20+0.09*
17.20+£0.03*
16.88£0.82"
8.97+0.13"
10.88+0.14¢
13.57+0.65¢
16.27+0.66"
20.18+0.18°
4.79+0.28¢
13.55+0.75¢
14.11+0.19°
15.70+0.43"
16.83+0.89°
17.74£0.11*
17.07+0.20"
17.13+£0.20"
17.10+£0.03"
17.19£0.45"

T FEA S99 a=b—c T ra RRMPGRE (C),b KR E Tk E
(mmol/L) ,¢ 7R AT ] (min) , 41 60-0-30 7 Jo & F- ¥ £, 60
CHAF T A AL BE 30 min ; [7]— 81 TR TEAS NG 7 REFOR AT W2
P25 5+ (P<0.05) .



150

hOE B

2025 45 2 )

I:] ENIESS
121 77) I ANa*
-iJu)\Ca

g
o
£
Jé{.boyoaaa aaa a@aaga aaga g b
& = 7
$£ 2 o8|
A 5]
il
H % 06H
J; ?3\‘
A g 0.4 H
[Se
B o o2f
=
&
A o004 A
60 70 80 90 100
i
Temperature/C

(a) AR ] 30 min, B T4 & 20 mmol/L,
ATV (60~100 °C) F AE# % (19 DPPH i bR R &

-

o

o
1

[_1/mANa*
2 inxca

©
(3]
T

©
o
T

DPPH [ 1 338 B %
3

DPPH radical scavenging rate/%
oo
(3]

~
o
T

~
o

20
AT
Ton concentration/(mmol/L)

()RS ) 30 min, SR EE 90 °C,

TR ES - He B (0~400 mmol/L) 4675 Z (19 DPPH % 145 R &

S o8r CIxmesr

% 0.7} V2 inANa*

B a I /A Ca?
%~ oosl a 2 a a a
w200 b [F]b b [|bab [Fp b,
2051
oz
= S o04f
{0 —

<
E 5 03+
& 2 02}

=

& o1}

a

0.0
0 10 20 30 40
i i)
Time/min

(e) AR EE 90 °C, 8 ¥ & 20 mmol/L , AN R it 44 i 1]

(0~40 min) F 7E75 2 19 F1 i R B4

R 105¢ C I AmaT

i 2 mana*
. E100F [ /nACa?
Mo 2 2, a . a a
& = go5 2 ¢ hee
g
s (5]
B Z o090}
H 3
I — 085}
T .2
& Eosof
=z

= 075

=

0.70 LL &2
0 10 20 30
i [R]
Time/min

(b) IR 90 °C, B 7 HJE 20 mmol/L,
ANTR] A 6] (0~40 min) T 4£ 7 2 (19 DPPH 35 B % &

. 08r C & mes+
IS 72 Na*
[ [ 2+
3 0.7} 5 a _ a a -Dﬂ;\Ca
B = 06 aa a a . a
&g d ¢ b
2 o5H
= g 04
T —
E ,§ 0.3 H
EF o2
Q; “1
2 0.1H
=
0.0HY
60 70 80 90 100
Temperature/C

() A [E] 30 min, 27 % 20 mmol/L,
ANTFRLEE (60~100 °C) R AET 2 1Y 5 I R B B 1#

75
[ J/mANa*

70} /) in\Cca?*

65

60

55 H

50 H

DPPH [ i 563 4 %

DPPH radical scavenging rate/%

45|

ANy

40U
10 20 30 40

BT RIE
Ion concentration/(mmol/L)

(£) JnAA 18] 30 min, AR 90 °C, R IR] B 9k i
(0~400 mmol/L) £ 75 2 M3 [ H L3 bR A

T« R EEAS ) 5 B R At 25 1 22 5 (P<0.05)
5 AERE.AEMHEE NREEFRERLETESEN DPPH BB EBKRE (a~c)ME B HEFRE (d-f)
Fig.5 DPPH radical scavenging rate (a—c) and hydroxyl radical scavenging rate (d—f) of anthocyanins

under different temperature,

4 J5URE 1 AR AR,
25 BEMEREBEFNEETEERANIT

Bl Ta~T7f N GE X £ H B EF R 2

heating time and ion intensity

M, A6 7T 28BS Ah -] LW KO i T 1) e R T WA
e K4 AR AT LG IX 535 nm FTEE ARG X 280 nm
ek, ULIHZ i A FE A AL T R IE KR BB 8



25 2

BEAEEE T ERLFERTRG YR

151

=
®

o
3

o
o
T

Reducing power/%
o <)
~ o

[_1mANa*
22 nca*

2r AT
2 maNa*
10} [ PiPNetiy
L o8t 7 %7 2 I+
HInEnn
EEiE B N %
o BRI .
A N |
e 0N |
nn |
&0 70 80 20 100
LEE
Temperature/C

(a) AT 8] 30 min, & T & 20 mmol/L,

O FF A ERAE IR 530 nm B4R AE 6 16 437 B 25 0
PTELBE B3 Ik A WE AL WROR BEE A TR R X
A RE A B Ry R A IR T AR S AN B A A A A
FEG LB BRI A 5 BUR ML AL 2k 45
AL BEE RS AR, TR AL 7h WERE, TE
&8 B AR, YR B TR ] 70 CRL LR 7R

e g

TRV (60~100 °C) F £ %
1A 5 RE g 1R

E 6

1057 C I #mess
1.00 22 maNat
0.95}a ab b I i ACa*
S ool
= g 085 |2 2 X
N 3 osof / / %
}ﬁj g .70 H / % /
= oesf % % %
& o60f n o
055 é é é
050 L 7 7 0
’ 0 10 20 30 40
s i)
Time/min

(b) I #AGE BE 90 °C, B F ¥ £ 20 mmol/L,

AT 8] (0~40 min) FAET %

H 34 I BE ) &

o
w
[

20
T
Ton concentration/(mmol/L)
(c) AT ] 30 min, AR 90 °C,
AN [ 8 ¥ JEE (0~400 mmol/L) T AETF %
1Y) 38 Ji BE 7 14

TE VB PR AN ] 7 B R A 35 1 22 57 (P<0.05) o
AEBRE (a) ARMARE (D) MAEBEFRE(C)REBETESENERREN

Fig.6 The reducing ability of anthocyanins under different temperature (a), heating time (b), ionic strength (c)

070
065
0.60
© 055
=
=050
5
Z 045
< o0 —MC
—90C
0351 oo
ovso 1 1 L
400 450 500 550 600
W

Wave length/nm
(a) AN IS 7 B AE 75 287 Wi Bt il 28 A
HI2E50 (UV) IX A

35¢

U3

Absorbance

0 325
i8S

Wave length/nm

275

250

(d)IMA 20 mmol/L. Na*f 467 AT

B s B2 AR AR A ] IO (VIS) X

350

WSt

Absorbance

(b)) AN T 7 B A6 28 9 ¥ i 3l 32 72 Ak

U3

Absorbance

350 400

300

IS

Wave length/nm

] L% (VIS) X A

0.60
0.55
0.50
045F
040
035 —60C
—T
030} —80°C
—907C
025} ——1o0C
0.20 - L - 4
400 450 500 550 600
8N

Wave length/nm
(e) A 20 mmol/L Ca* 976+ 2 1 W
Fif I 5 8 AR i 58 A0 (UV) IX

340 nm Ab H B TR YR IG  3X
1) 285 ¥4 76 5 T T B R

B Tg~T71 2 i At 8] %t 46 75 R H Bk
W), FEAS R IFEAET [a] R 4675 F LA 58 Sh—n] DLk
W i T 1 i R AL I8 AR SR E 530 nm T 280
nm A7, WA &R TAAAE T, N 0 min B

nREEm TR R

Zilioh2

06
05
S o4
®g
£+
X g 03} —eoc
= —7c
—80C
02f —90C
——100C
04 ; i i ;
400 450 500 550 600
WK

Wave length/nm

(e)MA 20 mmol/L Na*f) 46 7 2 % bifi i % 22 1k

M AN (UV) IXE
351
30f
& 2sf
5
-~
R 3 20t
X 2z —60C
< —70 T
15f —a80C
—90TC
——100°C
10t
250 275 300 325 350
SN

Wave length/nm
(HIA 20 mmol/L. Ca™ W7 K IF
i I B2 A2 AR Y 7T IO (VIS) IX



152

2025 45 2 )

50 45+ 0.7
540
40p
07F 0.6
35k
o
< 06F o ©
= © 301 S 05t
" us B
= os) K525 K2
= 32 —— 11340 min = 2 ) 3
= g —— 410 min = 2L 20f — o min = Z04F ko min
< 04l ——/m#k20 min < —— In#10 min < —— 410 min
' —— 114430 min 1.5} —— k20 min —— 420 min
—— Jj14440 min —— IN#430 min 03F  —— /30 min
03k 10} — n#k40 min —— In#440 min
400 450 S0 50 60 05— 5 . ; 4 8l 5 0 : '
260 280 300 320 340 400 450 500 550 600
v = i
ek Pk i8S
Wave length/nm Wave length/nm Wave length/nm
(g) A eEs 1 f A 75 R (h) AT ¥ I £ 7 IR () HA 20 mmol/L Na*ff) 4675 F
B i A 8] 39 58 A0 (UV) XA i o A ] (3 7T DL 5% (VIS ) X & Bt in R e [6] £ 56 41 (UV) IX &
35 0.7 35
3.0 06 3.0
o 25f © o 25}
] 2 o5F =
e g g
= 20} = = 20}
R £ ‘ £ £ n £ £
= —— 440 min X 2 04p ——/Mi0mn X 2 —— 1ii#40 min
= 15F —/#10min = —— I#410 min = 15r  —f#t0mn
—— 1114420 min —— n#420 min —— 14420 min
—— D430 min 03} —Mm#30min —— 11430 min
108 — ka0 min —— Ii#k40 min 10— misao min
05 R \ . i 02 \ : s 05 s A ) )
250 275 300 325 350 400 450 500 550 600 250 275 300 325 350
e P WK

Wave length/nm
(H)JMA 20 mmol/L. Na*f4£3 R IH i

Bt Jin A4 B (] 4 BT L (VIS) X &

Wave length/nm
(K)IA 20 mmol/L. Ca* 167 KKK
Wit FA s [a] £ 52 41 (UV) X P

Wave length/nm
(DA 20 mmol/T, Ca* LT IR W
it FA S ] £ 0T DO (VIS) X

7 AMBEF . MAN 20 mmol/L Nar#nfm A 20 mmol/L Ca*By1EE =R K b #4i8 & (a~f) Fam # 6t iEl (g~1)
T UV-VIS EiE
Fig.7 UV-VIS spectra of anthocyanin solutions without ion, with 20 mmol/L. Na* and 20 mmol/L. Ca* as a function

of heating temperature (a—f) and heating time (g-1)

1675 22 BRI e 0 B S5 R AR B U] 7 4 7
AR B WG | I FL AR R A 48 R A
(18 W WA i vy B AT, 3K 10 A 4R 8 fin B 2 (8 25 A1
W SR (B S BE ) | 52 A 46 7 3 A e T X e B
TARSCHT 2518

Bl 8 J& B FomEEXAE T R E R M, A
Pl b m] DU ) 4 J 8 1 AR W e 06 1 oy 82 A
Na*s{ Ca™ Y520 N IMREAR, R0, 48 Wk ik
B — 7 AL, W von AT {37 B A A AR I F R B . 1d
e R FE ) NatFil Ca> X AE T R RZ W4/, Fil Na*
FALG A CaJ5 , W 114 /85 BE T B 58 kg W ., 136 )
B EH AT RE S Ca 8 G, T B0 o PR AIG , 20 €8 ik
59, 3% 5 OEBEHT S R8T SEEKRIEE
HERWBOEISENA L, FHTREAEST5
SEE T RAETAER MR E R E % A AR
WA P RE S R R 20 & J8 B 78 KU WP OB ik

BB A BRI 065 BRI R 1A
A A B,
2.6 HTFHHhEEH

Y77 M A 22 (RMSD ) AT LA Sz Bt 2 45 J2: 75 b T
AR, 8] 9a SZAETE E 4 FAHXT TG 4544
JEF 57 B /) RMSD, 1T LLE H A6 T 1 90 °C (363
K) 19 MD #4805 B v kg 2 A0 X T W) 46 A0 8 1 A8
1t [RIEPREH: 0 ns AR [RIFAEE T A9 100 ns IHI 5
FIH PyMOL 47 A # Ak AL 31 (] 10), AT L%
B 7R 30 ns, &8 B T AN  AEH RS 1
SR TR, ZJEH RMSD B IR 6 Fli
INEBET A TRE . NEL10 el LUE H, 0T
B A A G X8 LU AU T AT R, SR R AR
TAME, E AR E 45 A RMSD f945 4, Nahin A
i) RMSD {8 kb JC 25 + 41 19 RMSD {5 , Bt EH A
Na*Ji5 1675 2 MRS M 22 252 003X 5 AR SC 2 11 4



W5 2y

BEAE BT ERILE R R 153

0.9
(
0.8 F

0.7

06

493

W e
Absorbance

05— FmyT
—— 10 mmol/L Na*
04F  ——20mmolL Na*
—— 30 mmol/L Na*
0.3} —— 40 mmol/L Na*
. .
400 450 500 550 600
Pk
Wave length/nm
(a)
0.8

(=)
o

e
Absorbance
o
(¢,

— AT
04F 10 mmoliL Ca?*

—— 20 mmol/L Ca®*
0.3} —— 30 mmoliL Ca®*

—— 40 mmol/L Ca®*
0'2 1 1 1 1

400 450 500 550 600
WK
Wave length/nm
(c)

8 MAARRERE Nat(a.b)FinNREKE

4.0 ’—
35
o 3.0
Q
=5
RE 25)
=2 — M
= 20} —— 10 mmol/lL Na*
—— 20 mmol/L Na*
15| —30mmolLNa®
[ ——40 mmol/L Na*
1.0 1 1 1
250 275 300 325 350
i3IS
Wave length/nm
(b)
40
35}
o, 30F
8
= g
0 £ 25
= 2 -
= g — AT
< 20} —— 10 mmollL Ca**
—— 20 mmol/L Ca**
15L —30mmolL Ca*
—— 40 mmol/L Ca®*
1'0 1 1 1
250 275 300 325 350
a3
Wave length/nm
(d)

Ca*(c.d)W B HRA®EH UV-VIS Ei%

Fig.8 UV-VIS spectra of anthocyanin solutions with different concentrations Na*(a, b) and Ca*(c, d)

0.35
0.30 F
y 0.25
il
E 2020
=&
R =
RE 0.15
0.10
T
0.05 —— J1140 mmol/L Na*
’ —— /1140 mmol/L Ca?*
000 1 1 1 1 I
20 40 60 80 100
I 7]
Time/ns
(a)

—— N A40 mmol/L Na*
—— JIIA40 mmol/L Ca®*
0,36 1 1 1 1 J
20 40 60 80 100
i A
Time/ns
(b)

B9 #BFEHNTFTERMEFHRETH RMSD fE (a)#1 Rg & (b) (90 C)
Fig.9 RMSD (a) and Rg (b) of anthocyanin molecules in thermal and ionic environments (90 °C)

BB R AE T R ASE VE BRI W 5T 4 R — B, Ca™
IR (¥ RMSD B 37 591 25 11 i 52 #8 A7 e 3 o
VLW Ca> A5 A6 7 2 0 45 I 1 19 32 3 i 2 1
I, 5UEAET R RAERBRT, EFRWERAE
HA W] RE R e R PR T

[ %242 (Rg) T TN AL R0 T 45 1Y
B, & 9b WA, 70 ns ZJE Y5> B AR
L PR YERFTE 0.41 nm A7 8 THE , BEUIAEIX
ZIRIREN T A AR RIEAE, 7E Na Al
CaWITEHI T IEH R Rg B aH 5 T8 T 4H



154 hoE g

o 2025 4E45 2 #

ALK, WA ETE 0.41 nm BT, Na™#H7E 55 ns
TEA A TG T FESRJE # T 45, X Ui Na* X 167

RIS AA —E R ER, M Ca ] & 1
PRI 42

() BEALL AT

(b)100 ns A JNE 1

B 10 #%BFHESFHEK

Fig.10  Molecular conformation of anthocyanins

2.7 XM

M 4 ATLUE Y, AR 518 R R
RZR ) LT EA b" S M) 0 35 IEAH G X &R (P<0.01),
R R A 5 fe 71 2 3 U R (P<0.05),
BORE R E RS AT RRER, SIERGER
ETRE, SEOGME TR, MM & s Mg o
. Na 567 ZIE WA R o FIE R AR ) 24k
FERAHLE KR (P<0.01), 51K Z 1 DPPH 15 BR %
HEEAMNELR (P<0.05), WAL —ELH
P, Natik BB, 1R R 9348 J5LRE 71 i DPPH
FEVE BRI, o FEAIL, Ca>S5EHE RIB MK A
¥ S PR R ORA R BE ) 2 U OE E R
(P<0.05), BDVEWeE R Ca2ib BE A REARMA R AT
FALRE ST R UL, Ak R 4 R B AE R Y 4
BEARAEH 10 DPPH [ LW PR R, B A HR
iR DL MR B RE T, e s A T R PR Ak
TPE I A BT R s g n

3 %Hig

AR S S AR AU ) S AT IR S T A
T AR R DL R 4 S Ah B B OR AR T R
Rt @ MPTEAL R, 45 SR Ik
T R (R 252 AR T R R E T, RBUET R
(O B R T B, LI Mot o RS — R g 8h 1%
BE AL, 4 I B - X AE T 25 00 B A A A 52 ) v vk
(4 J@ B F X6 R IR AT — 2 AL EE
It B Ca> X AETT R MBI FR A8 Nat K, IR 5 4
BT M H R L EM b (E3m o H T

(e) A 40 mmol/L Na* (d)40 mmol/L. Ca*

x4 MABRENEREBEFUESRERRE MENLTEN
M N FESHEIEXES
Table 4 Correlation analysis of heating temperature
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R Na*k B Ca™ R &

L 0.984 %% 0.658 0.434

a’ 0.823 -0.970** -0.676
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DPPH # k% —-0.847 —0.890* -0.825
sawmAFnE -0.852 -0.790 —0.953*
& A -0.910* —(0.985%* -0.928%*

k 0.956* 0.930* 0.880*

c —0.981** 0.920%* 0.854
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Effects of Temperature and Metal Ions on the Stability of Anthocyanins from Black Rice
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Abstract The study focused on black rice anthocyanins, investigated the effects of temperature and metal ions (Na*,
Ca’) on the thermal stability, antioxidant capacity, and color of anthocyanins by simulating typical thermal processing
environments  (heating temperature 60-100 °C, heating time 0—40 min, ion concentration 0-40 mmol/L) using methods
such as color difference meter, UV -—visible spectrophotometer, and fluorescence spectrophotometer. The results indicated
that under the influence of temperature and metal ions, the stability of anthocyanins decreased. When anthocyanin solu-
tions were treated at 100 C for 40 min with Na* and Ca’' concentrations reaching 40 mmol/L, the retention of antho-
cyanins dropped to approximately 75%. As the temperature and metal ion concentration increase, the L™ and 6" values of
the anthocyanin solution increased, while the @ value decreased, indicating a reduction in the substituents or chro-
mophore groups of anthocyanins, with a blue shift in the UV characteristic peak at 530 nm, although the UV character-
istic absorption peak of anthocyanins remained at a wave length of 280 nm. Prolonged heat treatment (over 30 min) sig-
nificantly reduced the antioxidant activity of anthocyanins. The degradation of anthocyanins followed first—order reaction
kinetics, with an activation energy E, of approximately 12.30 kJ/mol. The effects of temperature and metal ions accelerat-
ed the degradation rate of anthocyanins, with a retention rate of about 79.8% after heating at 100 C for 30 min. Molec-
ular dynamics simulation results confirmed the impact of metal ions, particularly Ca®>*, on the stability of anthocyanins.
Correlation analysis results indicated a highly significant negative correlation between Na* and the reducing capacity of
the anthocyanin solution system, while Ca®* showed a significant negative correlation with the hydroxyl radical scavenging
rate of the anthocyanin solution system.

Keywords black rice anthocyanin; temperature; metal ion; antioxidant activity; first order reaction kinetics; molecular

dynamics; correlation analysis



