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(P<0.05) (4= CP21 T4 3520%) , &RAMEE M (CP21 87 40.06%) , BEILE &K (CP21 Y 59.22%)
HoF2ARNEMARR L, PO RMERY, §50FERK (CP505. CP163) £ o sl Bt K& Pb* (700 mg/L)
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Abstract: Pectin is a highly promising biosorbent for heavy metals, however, its adsorption performance for these metals
during human digestion remains unclear. This study aimed to investigate the structural changes of Citrus pectin with
varying molecular weights during in vitro digestion and to evaluate its Pb** adsorption performance. Four Citrus pectins
(CP505, CP163, CP51, and CP21) with molecular weights of 505, 163, 51, and 21 kDa, respectively, were prepared using
enzymatic hydrolysis combined with ultrafiltration. Their digestive behaviors were analyzed through an in vitro simulated
digestion model, which included oral, gastric, and intestinal phases. Structural changes were characterized using Fourier-
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transform infrared spectroscopy (FTIR), high-performance size-exclusion chromatography coupled with multi-angle laser
light scattering and refractive index detection (HPSEC-MALLS-RI), and dinitrosalicylic acid (DNS) assays. The Pb*
adsorption capacity was determined through in vitro simulated adsorption experiments. The results indicated that, in
comparison with the oral digestion phase, the molecular weight of pectin was significantly reduced during the intestinal
digestion phase (P<0.05) (e.g., a 35.20% decrease was observed for CP21), accompanied by an increase in reducing sugar
content (a 40.06% rise for CP21) and a decrease in degree of esterification (a 59.22% reduction for CP21). Furthermore, the
smaller the initial molecular weight of pectin, the more pronounced its degradation. In experiments involving Pb*
adsorption, high-molecular-weight pectins (CP505 and CP163) achieved a removal rate of 38.03% for high-concentration
Pb** (700 mg/L) during the oral phase. In the gastric phase, CP163 and CP51 demonstrated removal rates of 68.98% and
70.20%, respectively, for 600 mg/L Pb*. During the intestinal stage, CP163 and CP51 still maintained adsorption
efficiencies of 39.05% and 39.63% for 500 mg/L Pb*". The study revealed that medium-molecular-weight pectins (CP163,
CP51) demonstrated optimal adsorption performance in the gastrointestinal phases due to moderate degradation, which
released active functional groups while maintaining structural stability. This research provides essential insights into the
behavior of pectin in the human digestive system and offers a theoretical foundation for the development of oral heavy

metal adsorbents.
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P SE M IR AEAE 2 1 o Mudugamuwa 26U F5E T
F AR H B R (7.53 g/mol) FI Bk M H 2R R
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1.2.1 FEEHIE B 200 pL ZEREZUBHRENS /K fe i
A 1% HHE SR (CP505), IREGHITE 30 °C /KA
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i DNS, 4], B 100 °C K Hn#E 10 min, 5441
ZEWRGE, HEEF/KELRZR 25 mL, £ 540 nm ¥
K Ah ) S BE (AR HE T £k : y=0.3884x—0.0086, R*=
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NaOH.
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2 ZUMEIE IR S I DALV IR A hn v,
[H] SRR AR o~ ZUBERE IR S 2=, 2L
PR AR E A TR A 7K 6l 45 100 pg /mL AARIHERL; B
HEFUPERERR S BN 60 png/mL MUBRAEISIR, MERHRS
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KSCN. 88.8g/LNaH,PO,.57.0g/LNa,SO,.175.3 g/L
NaCl, 84.7 g/L NaHCO;, 2.0 g/L JRZ& . 290 mg -
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1.2.7 ARIMEACAAR R T RIS T W R FRER
1.32 g PbCl, % T+ 1 L BB AliK b, e ) e e J32 A
1000 mg/L Po* %Wk . P AliKHREREL K 500, 600,
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AR5
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JE B PO AR BE (mg/L) ; Cox A5 FAALTHALSS 1Y
P> WA (mg/L) 5 Vy R WILG Po> W AR FH
(L); V ZRARWIE AR FUINAS [5] B BE 15 A AR 0L i {4
FU(L) .
1.3 B

JIA S =R E R, 25 R AR 22 3=
No K SPSS A TSE T . SR R 7
Z538T (ANOVA)INE 5 Duncan K375 247
XA, P<0.05 HERE ST X
2 FR57h
2.1 AR FEMBRIRSEIERK

2ok i R R S A AR BAS R o3 1 i A AR
SRRE, HOEASFEARUNER 2 fioR ., 455 RH, 5ERER
CP505 (43T 505.53 kDa) AL, Bkl & iy 3 R
Sy F BRI, SRR3R T 4 PR -T &
PSR . 5 CP505 #H bk G N % i 0.03%), £84
it it AT B S 1 S RO 5 B & 1k T (0.64%~
0.85%), X J& i T Z B ZLPHIE R G vl LA VI W SR
a e Rl Rl 7 I =% e R N SO B2 s AN K AN
B, X H/ N BEAL S I AR Sy, DTG I 17 34 S
e, 4 FERIRIIER LR 57.92%~63.90%, 2
SRS, YRR . BB AR HERR Zean 2% 1 fr
7N, SRR E S A SRR 1 BRI H SRR
B BABES b, SRR 4 Fh IR RS A% Bl 4 BRI
AL 4 BRI 2SI & 1K F 65%, 156
E RArUE GB 25533-2010€ & Sh &4 E ZAniE £
BIINGR) SRS ), H Lok T AR I8 5 10 SRR - Uk

x 100 = (2

F 1 HEFRAESLTE HPAEC (i it <
Table 1 Standard curves of monosaccharide standards

in HPAEC chromatography

HphAA R lidIERS R
Eae y=51.01576x+1.04558 0.9992

[TEpA (st y=43.66762x+2.98088 0.9998
A y=54.93964x—1.80895 0.9997
R y=62.27652x-9.3459 0.9999
Gk y=55.15039x+8.2747 0.9996
gk y=64.24709x+0.29639 0.9994

®2 AR TERRBHEEARIER
Table 2 Basic indicators of pectin with different
molecular weights

HASEbR CP505 CP163 CP51 CP21
S Fit(kDa)  505.53+4.05° 163.2249.25° 50.87+9.92° 21.52+5.64¢
WM (%) 0.03£0.01°  0.64+0.01°  0.82+0.02° 0.85+0.03"
FRILIE (%) 61.30+0.54" 57.92+0.65" 62.79+£0.30* 63.90+0.81°
5 WMl (mg/g) 0.7240.02°  0.74£0.04° 0.75£0.04° 0.51+0.03"
F 2=l (mg/g) 3.1040.08°  3.91£0.04° 4.07£0.01° 3.49+0.07°
L FLUHE (mg/g) 8.68+0.60" 5.21+0.66° 6.07+0.48° 7.53+0.26"
BRI (mg/g)  4.13£0.18*  4.52+0.27° 3.58+0.16" 3.08+0.09°
HiA B (mg/g) 3.68+0.17°  4.93+0.35° 1.38+0.11° 1.28+0.04°

LB A (%) 69.1120.59°  85.06+2.08° 87.11+5.04" 81.63+3.93°

0 F BRI HEAR IR 25 20K, Wl — 1A TR R AR Bl (R AP AR i
FEF(P<0.05), %3, F4lH,

1 1: o
12 BTREAP 2
| 30 Blh
100007 4 e 34
80001 5: HiZHH
= 6000 6: HEhs 1
4000 6

2000 1
0

VERS (nA)

0 10 20 30 40 50 60 70
S H] (min)
B 1 BARlRRAE S OIS IR

Fig.1 Chromatogram of monosaccharide standard

iR S W 3B I N (P<0.05), 38 i T 22 R FUBERERR
T A 22 SR 2 UM R R S ORI, Feae e Ui
1R, MG SR e e ZUBH IS P 1Y) & B0 25 1, R4y
FEABRKZESTZAM, 4 PR 0 IEA LS F 20 AR
T, v TS 4T X S T A R R AR Sk P
R BRF P RE AR SZ I

2.2 PDFEXHIBRREIMERGE RIS
2.2.1 WAMNEAIRR TS TEAEL AFES TR
RIEAEA S M T AL R R 4y R AR A g SR an e 3
iR SREEERAHEL, FELd D s LS, CP505
TR RFET 0.56%, CP163 FI% T 16.13%; CP51
1 CP21 43 FHEEIIG AT, X T RER TR
254G T IHARRI P RS 7, SRR AR R,
HA SR L BIE AR IR 2= 5 i S Re 14 R HEBE (2,
R, 5O iEALE RE S AR EE, Sad B iRk
i CP505. CP163. CP51 Fll CP21 43T 43 %) F F¥
T 2.73%. 14.05%. 14.24% Tl 12.17%. 58 HILE
FUAE AR L, it B i ks, CP505. CP163., CP51
1 CP21 4 F w40l FFET 17.89%. 8.17%. 2.40%
1 26.21%. BMHHEAAE S TFREIFEIL, FREH 4 PR
B AEAR SN A B P2 R A Rt . 1X 5 Ferreira-
lazarte 5502 G5B A—3, 5 R IR AE B %
A ARIE B AN AT A, (055 T B5AED o 45 2
FEALL, SR 7E B ImiHAL R T R . X ATREZA T
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Table 3 Molecular weight changes of pectin with different
molecular weights during in vitro simulated digestion

Mw(kDa)
KRIHAL 171 i H 7]
CP505  505.53+4.05° 502.70+3.32° 489.00+3.18° 401.50+1.82¢
CP163  163.2249.25" 136.70+7.75" 117.50+£9.36° 107.90+4.11°
CP51 50.87£9.92¢  78.22+3.91°  67.08+2.01"  65.47+3.92°
CP21 21.5245.64°  78.50+£3.90°  68.94+5.09°  50.87+2.54°

T

R B WSS MIANR] . Bz, FE AT S
T b I AL SE o> T = B ARR B . CP21>CP163>
CP505>CP51, 32 1] CP505 B SRAE O tbid #2rh
B m i as ke v, (A7E B amierb i ssik—2
R R T T/ N CP21 AESEAMAS ML 1L
BUK L S PR 1 5

222 RSNE SRR TPIRERE S AL BT
BHAE TR T 25 5 TE IR SRR, AR MR e AR ST
AR P o i A B AR PR R A e DA 2
AR, PRI B — 2 X RS e AR ME At
it R RS Y R TR S AT AT, S SR 2 iy
o SARMALBISRBEAH L, 2t D Ab)S, CPS0S.,
CP51. CP21 iR 5l & 8 Jo B 3570 1k, BBl I v
AUR B ST BT AR SR AR e A 538075 SR
1 CP163 [ JFObH 5 i b 35 BRAIR (P<0.05) , iX A fig
S TR H 2 B U R s sy A T =2k
FLYHEE TR SR, — LIS R SEE B s AR B T
CP163 1, HHIH AL I 54N ES FIB B — - ZUPH AR
FRUTPED), T JEORE B G2 e B0 5 1 HIs W, 5
FOME B BB, 7F B IHALBT B, RNEF 2R
BOIA RS S 2 W 3 N (P<0.05) o 5 T ALpY
BeAHLEL, B IEALEYBEAY CP505. CP163, CP51., CP21
B JERE S B BN T 28.28%. 25.36%. 16.39%,
20.22%, iX i GEJ2 FH T B I AL I IR PR PR 3 A Al SR ke
R T KSR, BRI AR EORECC), BAEH B AL B ST
B RIREARAZ 2] T R IOBE T AR I, X5 Yu
SECT IR L S 2 T A as I— 3, AL B TE AL

—=— CP505

129 e cP163 Lt
= ~-CP51 b
g 1.09 ..o CP21 PSP t
%D c C a
RPN Sty S o — — —
= 08 3 ¢ A .
4t 0.64 -~ _ e
%/ . b - i/
&2 0.27 ¢
}»éj /’\-
a
0+ b b b
Ktk g g 7
THAL

B2 RGBSR S MBI AL H I J5ORE 5 H 8 Al
Fig.2 Changes in reducing sugar content of pectin with
different molecular weights during in vitro simulated digestion

T AR FRFRFE—EE AR RN B B B2 R
(P<0.05),

Ja kAT M. BATEAREATE], CP163 F11 CP51 i J5bk
SR Ak, I CP163 1 CP51 TE/Mz i1k
7 B 43— 1 R A SR e 2R A A ke e R S 3801
CP505 i JFHE & WA B, 33X v BB J2: FH T35 431
TR BL A v BE SSAEAR S MSSRAT AL ZR Bt b 32 HoAth 25 1
SN, SPESORE S R RS R S B AR AR T CP21
PR JEOR B BN (P<0.05), X AT B T CP21
M5 R BL/IN, 2 M ARBR A2 i B, i A T
— B ERNTZIC . ZE I, S /N CP21 TR
SN AR B 2R 5 PO SR IR 1T 2 2 B o
2.2.3 RSN LR DU RS BB A SRR
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Fig.3 Changes in free monosaccharides of pectin with different molecular weights during in vitro simulated digestion
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Fig.4 Changes in infrared spectra of pectin with different molecular weights during in vitro simulated digestion
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Table 4 Changes in esterification degree of pectin with
different molecular weights during in vitro simulated digestion
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