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Effects of Pectin with Different Esterification Degrees on
the Gastrointestinal Stability of Cyanidin-3-O-Glucoside

LI Yan'?, LI Dajing?, ZHOU Cunshan', HE Weiwei’, XU Yayuan®>, DAI Zhuqing?, ZHANG Zhongyuan®"

(1.College of Food and Biological Engineering, Jiangsu University, Zhenjiang 212013, China;
2.Institute of Agricultural Products Processing, Jiangsu Academy of Agricultural Sciences, Nanjing 210014, China)

Abstract: This study investigated the interaction between pectin and cyanidin-3-glucoside (C3G), as well as its impact on
the gastrointestinal stability of C3G, using high-ester and low-ester pectin from different sources. Experimental results on
aggregation and binding behavior indicated that low-ester pectin was less prone to aggregate formation and contained abun-
dant free carboxyl groups, primarily binding to C3G through strong electrostatic interactions. The binding rate of C3G with
low-ester pectin was significantly higher than that of high-ester pectin, which relied predominantly on hydrogen bonds.
Among the samples, low-ester citrus pectin exhibited the highest binding rate, reaching 66.80%. Physicochemical analysis
revealed that low-ester pectin formed a composite with C3G characterized by smaller particle size, more negative zeta
potential, and a denser, more uniform structure, with C3G effectively encapsulated within the pectin network. In contrast,
high-ester pectin primarily formed loose aggregates by adsorbing C3G onto its surface. /n vitro gastrointestinal digestion
simulations revealed that the low-ester pectin-C3G complex exhibited high stability. After intestinal digestion, the total
C3G content in low-ester citrus pectin-C3G group increased by 65.58% compared to the control group, significantly
enhancing the gastrointestinal stability of C3G. In summary, low-ester pectin improves the gastrointestinal stability of C3G
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more effectively by binding and encapsulating it within the aggregated pectin structure through electrostatic interactions.

Key words: high-ester pectin; low-ester pectin; anthocyanins; interactions; gastrointestinal stability
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A, R GO AH EAE X AE O BA B iy 1E
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C3G. Wang FE" i), HAT & U2 UNHRENR &5 b
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1.1 #MHRI5EE

= FE 51 SR 5 e (High-ester apple pectin, HAP,
DE=68%) . =1 i /47 5% )i (High-ester citrus pectin,
HCP, DE=64%~70%) . fIX fi5 % 5 53 & ( Low-ester
apple pectin, LAP, DE=38%~44%) . IG5 +H 47 5L i
(Low-ester citrus pectin, LCP, DE=10%) & Herb-
streith & Fox 23 Al K 4745 28 -3-O- A M 11 (C3G)
(=Z98%) B HRBHEA R 7 Jok Ll Jok

CREN ., AL PR Rk . SAEALENSE Al
FE 25 2GRl AT BR A 75 BE(=99%)  _LiRERATHiL

T AALBHE B A B E; B & (=250 U/mg) .
JERRF(8<USP)  fHEEBRFIAER; [HEL(=60%) i
YRR RN B A SCERASFERUERH S M2 s FH 2%
Bk,

Cary Eclipse 206G 0OGE T S EZEHEHOR
HiA R F]; 50 mL 30 kDa ABERT 15 [ 2R TT4E A5
Zetasizer Nano ZES G KK FE AL ThoR AN
BHMYZSA R F]; Synergy NEO2 4 IhAEBFFRYL 35
FEA AL 2545 BR 2N ;5 Nicolet iS50 18 HL 4T b SGig
12 ZEEFEERCANF; Ultra 55 SR T BiMss 4=
ESE2 a5 /=i
1.2 XFEE
1.2.1 R REWRFEHNE =% Zhao " Iy
R M. % HAP,. HCP., LAP £l LCP LA 15 mg/
mL 4T pH4.0 25 mmol/L ZFREh S ik b, IF7E
4 C A NP R, Bl e F LA R 2 1 Wk F)
0.005~15.000 mg/mL ¥)—FRINUSE . B EEHEM T 4
A R, LAH & 4 mg/mL BYEEIR W, B3I S uL B8
VR T 5 mL RIRHEW T, 5 AL 30 min JS7EE
Tk B A5 T 1 he (2GS0 THE SR
TE 339 nm YR K T RIRE D EE 286 & 5t
Y% (350~500 nm) , A S N R e 4 il B 43S 142
S 1 nm A1 5 nm, FIEEE T 240 nm/s BF 1555/1545
PEABAE X TR B (X BV E 1], I e v 5 ARk
JE BB N4y B TERERLG, PSR BRI AE Ak Al
PR R I R AR
1.2.2 H-C3G EHaWtile SHASHELH ST
BT EERVEIE 1Y, ¥ HAP. HCP. LAP F1 LCP 4
FhILE A C3G 43 BIESf#T pH4.0 25 mmol/L ZFgER
DRI, % 12 h BRER S8 g . B SEARRR 2R
SN C3G W TR A, RS /S C3G 1ok
K 0.25 mg/mL, HIES C3G BT 1:5,
1:3.1:1.3:1 F1 5:1, A& LY pH4.0 25 mmol/L
ZIRERGE MRS C3G IRGH TN, IRG)/5H
F 4 °C %3 100 v/min FRIRKIEST 2 h, BT 4 C ¥
BErpIE T 18 h, FEEDG.

1.23 S55FmWiE =% Koh &' 1 ik /&
WEESHY C3G. BRIE-C3G & 58T 30 kDa HU#E
WA, FHEEEYE—R S, 7F 4 °C 5000xg 2514
0 30 min, Z5 B 7ERIE Y C3G il B e g
BINTS, IFE N0 C3G B3 B0 AME, i
C3GURAE R T 45625, W pH s 22150
A SR, B 1 mL B9 C3G 5 4 mL
pH1.0 25 mmol/L KCI-HC1 ¥ # A1 4 mL pH4.5
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400 mmol/L CH;COONa-HCl #E R TIR A, IR e
))& VA5 30 min, i G AR L AE 510 nm(4,,,,) F
700 nm ABIFEW GRS . 4554 IR AU

OD = (OD510 nm OD700 nm)le.O - (ODsw nm OD700 nm)pH4.5

OD x Mw x DF x 1000

I C3GE H#(ng/mL) =
exL

C,-C
FEER (%) = Ty x 100

i, OD: WOGEE{H; Mw: C3G 43 TH(449.2 g/
mol); DF: FifAl1(5); 6: C3G BE/RIEEERE(26900 L/
mol-cm); L: JGHERE(0.645 cm); C,: 45 FAXTERZH Ui 25
C3G & it (ng/mL) ; C: SE S0 4H Ui B8 C3G & B
(pg/mL)

1.2.4 KIARRN CHLAL A HANKORLEE F AN A3 s SR
R-C3G A Wkite Fn CHLAZIST, RiAR AR S 3 4y
5T, LA nm MEAA . [N 630 nm. 8L
B 173°09 He/Ne BOGERUEA TN o ¥ 1.2.2 i
£ IRIL-C3G FESLERMRE 10 5514 25 °C 444
TFHEATIGE, R TR 1.33, DU PR ERASAE 1
FZE IR

1.2.5 AP WOGHE K 200 pL il & 4 g SR
BE-C3G E-5WIH T 96 fLAR, 1 FH 4= Th BB b
AXAE 300~800 nm P EEHEA T, iSRG AL

1.2.6 fHHEIFLLANGRE i A B 020415
SEHL ATR-FTIR 3HT0, MR 1 C3G=5:1 %
RTHE S, At 128 IR IRBOGHE, 8 7% 500~
4000 cm™' BVEFE, 53 HERA 4 ecm™ s XFEERE S UE
AT530T, I LSS ARG

1.2.7 HEAiasE  HBEHIB 7 BRI R K-C3G
B EYMIOREE R B R 1 C3G=5:1 B
PURTERS , IRTE S ARG G50 L, RS b — 24
)2, IFFE 10.0 kV 1IN LR T AR, BUORAEE 2000
1%, BEBEE T BB R I T ESCR 4 .
1.2.8 BfaEM =% Koh & L5 ik,
PEFEIRNZ : C3G=5:1 ME & WA TIARIMSILE 151
k. X T B AL, 11 2 mL JK-C3G 284 hn
1 mol/L HC1 ##75 pH & 2.0 LIAFE I, B R85 &4, 4R
JEIREY AN 0.1 mL B & A BHARK (40 mg/mL
B I BHAMAE 0.1 mol/L HCL HY), SR H B T
100 r/min BIPR B /K H LA 37 C CE 1 h, 4595
FERE S B T KR HE L Bl C3G &g X+
/NI, BSERE 2 mL BRI EAT B WAk, SRS
%N 1 mol/L NaHCO, ¥4 77 pH 2 5.7, ¥R &M &
T 37 °C 100 r/min $& % 7K ¥ H 20 min, SRS DA
1 mol/L NaOH LI pH & 7.0, #RJE00 1 mL -
AR-ER S (2 mg/mL EEEFT 12 mg/mL AT ER7 %
7E 0.1 mol/L NaHCO; 1), #4547 M 100 r/min
P /KE ., 78 37 °C TAORFE 2 he IATHEALEE A,
A 40 pL 4 6 mol/L HCI il g it . /KIS IRTE RIS

T B AR HEBR 22 M52 . &% Wang 55U 1907
2, BELE A s, IS LR & W E T 30 kDa i
VR B, ARSI ES C3G, FH pH 78 221 52 i
B C3G frim. 7% Ryu ' ik, 5540 B b
J&, BRI pH /R 2875082 5 C3G & &,
1.3 HiELE

A S /0 T IR E R, &R EME
HRMEZE RN, KA RIET (IRAS 4.4.3) 3047 80K
2 J7 2247 #7 (analysis of variance, ANOVA) FI X35
(Duncan) £ 5 H 5, 24 P<0.05 IfFRoR 2503, R
JH Origin2024 HIVEEIRE .
2 FERESH
2.1 REEMBEITH

TR T T R LABE AR 25 A al 3 SR AR T A,
HAF RS E 5/ F s G RCER . A
SCS DAVETE AE RED, WS T IR R AT, 45
AN 1 s . SRIREEARMH VB P, FEE He
BERIEEIN, 175 nm/Lass nm AR TRIREANAE, SR EAT LA
FARE SIS SATAE, I TE R ERAES . IR i
B I — 2 BEBT, 105 0n/Tsss am TR R REEE S, 154
A SR FR 3k 22 (A AR /K AR ELAE ), 4120 1 S Pasi
LK IS A 3R 1) SRAEAAR DT, 5 R 31, HAP . HCP,
LAP. LCP PUFf 5 5 1y Iifs 5L 58 42 o3 0 e B 4353 ol
0.23 . 0.25. 0.70 F1 0.51 mg/mL, =555 B HA A%
M AR AR, AH LUARER SR 25 5 SR A . X/
LS PR, S BRS04 434 T B B s e T
BREBORIR L, X — SR ERS SR T 43 ] B KA
FH, [BIETHISS T A B AR, TS 5155 & R4y
TFHEH R I EREE
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Fig.l  Lyj3 1m/I3g3 nm O pyrene in different pectin solutions

22 C3G EREMEEITH

7 pH4.0 55141, AR S C3G #E 4 C 4%
P FIBSMEE 18 h 54 &3, WE 2 frs, C3G
5 RS54SR N 3.42%~66.80%. BH S8 A
C3G ¥R HUIE I, C3G 5 4s & 3551 n
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Ja B E R #aF . HAP. HCP il LAP —Fh i
TESRIE :C3G=5:1 B, C3G 51K 454 ik 3 B
K, 53R 32.13%., 27.74% F1 53.97%; 1lij LCP 1ESR
JE:C3G=1:1 B, LG R B K, I 66.80%, i
J& W SRR Le A a3, — 35 i 4h A 380, (HJT i
FE2 5 (P>0.05), PR EBERR IEEILE 2254
K, 5680 s BN 225, 7T RR 2 AN R IR Y
I LEA B EEIEASAHR], X 2 TR A G Bl
AEFRPR,

» HCP
K2 ARSES C3G a3
Fig.2 Binding rates of different pectins with C3G

T ARFIRE F R R MR B LB 51 T, ARSI S
C3G MSEAFAH BEEF(P<0.05); RNaEl/NG FHRE LR F—
PR BEAEAR TR LU 2 T 5 C3G A AR EES
(P<0.05); ¥ 3. & 7 [l

ASA] e B2 0 SR B AR TR T R AR A AR, A
BRI FIN, Sl DR RAN G e e, et iy
FEPA 58 4 B R 5 0 24 R B2 T H e I T SR AR TR EE (A
HAP>0.23 mg/mL . HCP>0.25 mg/mL . LAP>0.70 mg/
mL. LCP>0.51 mg/mL) B, 5 7K AH B AE I Fl & g2
BRBNER S A T R AR A . AR T IR
B, B ARRCH RS TN, AT F45E C3G A i Boy
Z, 8RR T H GRS = T IRAEHE B, A
ReAEINERAE, (TS | ASE S0 T EERY
7, GG ARSI, TAEE SR BE R, SRR 71H]
KA W IR, 45 G S BB AR IRAE AR P, RHAS:
TY5 C3G MgsE, SRS RBTRE IR, R
AT RFN C3G L5GAT HATER—3L, 2 IEH
FRBSE—FPEEE I W, S5/ T g &AM
A5G RIER AT A I, 5 R S G5 BT A
EUINMBCR . SeEfe R b, INEs RIS C3G &
B B R B SE AR (P<0.05), 33X 5 HAR = i i FRL e 2%
BE R Z R PR AR R R O, B B s 1 i AH B4R
HH, FFET DRSS S A0 . X —45R] 5 Koh
SO B ) SRS Ay e A HR AT A X E e S A L

LM A0 — 2k, 55 Shi 25RO DA g v LR M R N

{IRHEE AL O SRS S 16 AT A BAE R R i 25 1o A0 —
o MEA, mlE SR R ) B R AN, S Ta g
kLS A0S C3G BIAREAE, S5 2UIR A 45
G
2.3 RIR-C3G RAEWRRZM B

AL T ASIRIBRAGEE L S AN [R] e 3 SR e 55

C3G 1F 4 C &M FIREME 18 h Ja A~ EHpkitefn
AR LR, AN 3 oo Bl SRS BT Eh il e 1%
i, BE-C3G B & Wnkits o/ Na i K, HAP 7
S C3G=1:3 BPhifs]N, 24 503.17 nm, HCP ., LAP
1 LCP SRR AE S : C3G=1:1 I}, P hifR /N, 4y
H A 541.10, 418.80 Fl1 172.53 nm. i A A BE T

EALEE AT BES R R A C3G 43 T HUHES, MG
BORIARANFRY, R Bt R : C3G=1:5) A,
2 LLEY R i B RIE A7 A8, B S Pkifsig e, Hr
LCP-C3G Hhifefe kK, A 2631.33 nm. FEZE A H
BEREEN, HS C3G Z Ml EEAH B AE RN, 43
(Al &5 A B Sk B, DT 30 & W1 - B R0 0,
NP B BE 2R Y, B AW kiR
WO, X AT AESE A T AR B DA AR R 2, B
-C3G & A W 89 343 k7 43 B e T SR e 2R 4 B9k
2324 A IRER RIS S C3G TEAE AW iIkifs
A R ZZHUINT SRR, 7T HE (IR SR AT 3R 1Y
TR, 5 C3G oA s YA EAE .

3000 s Hpg:C3G=1:5

= K :C3G=1:3
= AR C3G=1:1
2500+ & %H’I:CSGZ?):}

ZH—=z

2 IR C3G=5
£ 1000 | » k3

Gl

i\i

500

7777777777777

HAP HCP LAP

B3 RHE-C3G AR A
Fig.3 Particle size and potential of pectin-C3G

& 3 ATLIE Y, AR R IRE-C3G B &
RN R IUE, B R TR TR R IR B
ERAEHCY, [F— R IR, Bifi B 5 L A5 1
o, BE-C3G E-5 ¢ B iEAE R, EEIZH T
SRR BE A P= AR T 2 G f B e, SRR R
AT, AU L2 BRI -C3G B8 Ak
A2 5(P>0.05), AT ReRFE & B SR IR 5
ReHEARAR, TE R T AR, BHIE TR ILAY BI04,
{IRHR R -C3G E G W00 & FA 26 % v 1 v iR A
K-C3G 5% . Jiang 250U T4l B LB, JL-F
WA BREL R S C3G IR E G )e, H
RN HABRE S, o 302 PIRER IR GalA 4514
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A RERIL, WL EIE R By, (25
CHNIETE R
24 RIE-C3G KLIMNRULRT RSE 7

L HNA] IR G AN 4 R, C3G i BA 2-
IRERTT R S5 A4 1 — ST AT A ), e s
5 C3G AR -C3G B &YW+ 400~600 nm H. A5 4%
fEM IR, RSB | A RGEA SR IZ RS CREYE
FBl, (RS 381 10 ey sfon, RIDIZ AC0Gs i B 1, 2 HH SR
il C3G ZMIfEAEAHEAEH, F:30 C3G A i
Fo3AR K AEAR, X — i R s K AR B AR
(8] m-m HEHEIR S P27, FESS R M A4, C3G 4k
FIEOAEGEPIE XA OB AL P B IR U s
SPfiF RS B S SR LH e B N, C3G E L
SIS B ESSUN, IS R4 S R B
BRI R e s, 2L T B 2 ER
TN A RESE C3G WS R gE A v, AT AR
kA sz K 43 s2 B0, S5 gl C3G S TRAH
kb, FEHIE : C3G=5:1 B, HAP-C3G #ll HCP-C3G Y
5 R SGEE 43 B4 0 0.644 F1 0.511, LAP-C3G #l
LCP-C3G 114 ¢ KW 6 3 43 B B hin 1.108 Fi1 1.346,
IR SR e LA 381 50 R ) 338 Ceu s, YA PRI AT iR SR e
5 c3G AHEBMAEAEAPY, X 5Zimas 6%,
AR FHL S 45 R —3 . Luo 500 pFgy 4l i1,
R AN s, FER AL R RIS, TR B R R L & iy
o, AT LMERESRE S C3G Z Al i AR B AR, MG
R B0 I (AR . Fernandes 5P 5 HY, DIFE
1= PR L P R AL RN EE A I S A AREE 09 SR T
VBT RAEAE R B 2P R 4 Aa L, SR B

251

2.0

MI'S_
R
X0t
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SEAIAEAE A, SECE I A G . IEAh, SRR
MIIMAEAS C3G BRI F SR S MRS A (A, O TE
BEAIG, 3XFHH C3G 43F 1T REMK e SR e i & P2,
Hop, B :C3G=5:1 i}, HAP-C3G 1 HCP-C3G 11
T R K53 B 6.5 nm A1 7.5 nm, LAP-C3G
i1 LCP-C3G 114 f K G I 43 5 B AR 8.5 nm I
15.5 nm. FHLLT C3G, RB-C3G M54 AT DL I
YRR E R A ERE, (R B R e B B, BEEHEES
T BRSO G R AN AR TR I
Sl AR, RS C3G BISE&Z8 T C3G /Y
BASTAR, PRl mIAT (B R 2 7 RS s
2.5 RER-C3G HEMTHRIIMNEE DR
FTIR YGi% n] LI a3 4G A B A 9= Sy a7 & A0
B SR AT SRS AT C3G Z B RAHEAEA, I 5 BoR
TR 55 C3G g5 A HiJE 1 FTIR Y6, I8GE
oA 500~4000 cm™' . X+ C3G, 1640~1440 cm™" [}
T B 7N 5 55 e B 48 C=C 3k A1 A9 16 4 AR B4,
1260 cm " &b 14 W W e % i C-O-C 3k A1 1% 181 4 P
1, 1230 em ™ b A4 I LI I PRl ke BR ) A 4R PR
Bl UL BERT I JE T IR ERISA L A4 0 L RUERAE
IINARNR )G, 25 B E 2L C=C FLHAT SR 2R
w5, UEW] C3G 5 as &0, XA, 7F
3700~3000 cm ™' A —H 58 19 R Wb, J2 B T -OH
P AR IR SIS R AYE, 2935 ecm ™! [T A S C-
H EHFIAH T | 1750 cm ™ A 1600em ™! Ak (% 185 53 531]
J& COO Fi1 COOH MHLfhHR BN KR, 1220 cm™
F1 1010 em™ 4b 14 W W 43531 55 R BiR 19 C-O hif
FONE Mg 21 A 240, HAP, HCP. LAP. LCP 43 %I 1E
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20F — K C3G=1:3
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Fig.4 Ultraviolet absorption visible spectrum of pectin-C3G
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