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025 W 7K T RN RS R AE — R L BRI T
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LRP [T RERF XS 5 1 FA RS IL R, B FF
Tk — BRI
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1.1 R 5iF

TR (TP 5 ), iU KA R AR E
P A B\ R B B E R R, KT R, T 65
CHNMET 2T, K5 R Z DRk LS B
=M.

BT BR R (FA, 4l =95% ) , Bl b7 T8 %1 28 7 5
Folin—Phenol 17 , 1t 5% Hii s 16 ¥ RH 47 & A R A
A 5 /N BRI i B A i Raw264.7 , 5005 14 38 4E
R A BR A E M 5 4 K% 3% 5L (Dulbecco’s
modified eagle medium,DMEM), 3% [& Hyclone 2y
Ay WEIR AL 2 M (Phosphate—buffered saline,
PBS,pH 7.4), 3% E Hyclone 2 & ; Jifi 2 1L 35 , B Ml
WMEHFEY TEMEBARNA; IEZ
(Lipopolysaccharide , LPS), Jb 5t 18 B4 ik Bl £ A
PR 2N ) 5 A% BT R, a0 56 DH SE R AT BR A A
48 fLF1 96 LI A 3E FEAR , 321 Corning /A F ;
W R VP A0 T VT AR T AR, A s AR
ARG R T 1, 1- K23 3L ) (DPPH) ,
At 5 i 3k TR A A R W) 5 37 B 4 (BUER
Tt 500 u), L EM A RHECARAE
12 NE5E&

A360 BVS AT UL A3 GG EE T B AN (1
) 47 BRZA 7] ;SCIENTZ-12N/A ¥ 5 TR AL, 7 0%
B Z W RN R AR A7 FR 2 7] ; SUNRISE A5 i€ it
WEAL, PEAA (dbat) RHEA BRZA A Thermo
Scientific Nicolet 6700 {i B 42 6 21 4p S i AL
e m AR BRA F] s DAWN HELEOS-11 £
A EE OGO /8 I 8 3% (I BL £ Optilab T-
rEX 7R 247064, 35 [ Wyatt 242+
1.3 REHE
1.3.1 LRP WIS Yi 51N
T eSO LRP, 5 sk A B sl o AR & R R
52K (B 1:10) 1RG5 )5, B b
10 min, FFRAWE T 90 CHOKIE IR 2 h, 7
PELE RS LA 4 500 v/min B0 10 min, 705 ©
HW 1) WA TE K B AR B h
30%, T 4 CHr & 3 h LAUUVETE R , I 38 o il 4
Bouf i ERY SE Az Bk 25, A BV WCT 4 500 r/min B
A 10 min, FFICVE , AkZE 0] FIF WA JoK £
ZIRBI BN T5% , Ik Se i B L LLUTTE 28, T

4 500 r/min %3 B .0> 10 min, {3 B IE . HUTEY
Hon /b B R B K B 3,45 °C 25 We 4 LA Bk 25 5%
B OB X R AR Y AT B e R T AR B T
PR AR ED A LRP, 43 51 R F 2R 1 Bk R 7 DNS
PRSI LRP S HE 5 R R &, 15 3 H
ZEE YRy 0 (50.66%) .

1.3.2 LRP-FA E5WHl &R LK LRP-
FA E5WH& 5% L SO0k A ssh, %
Bt 1 4 1Y FA 7K % (1 mg/mL) #1 LRP 7K % (2
mg/ml)#% — & LB &, 777 pH FIES 3 IS
fE R FE 30 min, SEFELE AU, B 10 mL 1R A WFE
B ZE BN T, T 190 mL 2518 K (AR 200
mL) HET 4 h, BUE T 44N, K ] Folin—Cio-
calteu NI 5E FA ¥ B | B A] 315358 b ik & P Y
liFEd FA Wi, JF DA FR A R & i iE 8 FA
JF . X T LRP B FA 454 & C(mg/g) %0 X
()T,

C(mg/g)="1""a (1)

M
L m——IR AR R P BRIME FA BT &
(mg) ;my TRA R R P iiE A FA T (mg) ;
M—IRG R PEING LRP Bl (g).,
1) KB EE RS NaCl H AN Y pH,
LI LRP-FA i N 4:1, % 2E ¥ (0,15,30,
45,60 C) X FA &5 & B 52,

2) pH{E AN NaCl, Pk LRP-FA i &
41, 7€ 30 CF %% pH 1 (3,4,5,6,7) % FA
SR,

3) LRP-FA Fiig b AU NaCl H AN
pH, 7EJEE 30 C'F %%< LRP-FA Jii& 1 (8:1,4:1,
2:1,1:1,1:2)4F FA 254 B2

4) Bk AT pH, TEIRE 30 CHI
LRP-FA Jis It 4:1 B4 T, %% NaCl ¥k %
(0,25,50,100,200 mmol/L)XF FA &54 H 540
1.3.3  LRP-FA & & Wil #& 0 m I 3 6 7E 2R
N ELEE R EMZ ., KA Box-Behnken i
% it e i (A) \pH (B) \LRP-FA Jit fi [t
(Y, X/X5)3 A R A7 00 R 50 %, A
Kt W 1,

1.3.4  LRP-FA &5 90 il & S BRALRRAE 5 B

1) LRP-FA & &0l 4 A4 m B i ik
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Table 1 Response surface experimental factors
and levels
B %
o AGRAFC)  BoH) O CRPFA
JE )

-1 0 5 1:1

0 15 6 2:1

1 30 7 4:1

e R fEE 0 °C,pH 7 1 LRP-FA i LR
2:1 &M TNIRG 30 min, MERKIRGREE S
BEHTAR (500 u) N, BEHTASE T8 A R 22 K )
PR B PR BT, R IR 4 h B AT AN, RS
48 h, F 2 & T AR AE B 280 nm Ak A I ' 2 Sy
0 P2k, XBEATE NI IEAT B2 v Ok T Wi gk
THEBIRED A LRP-FA K59 R4l FA 4554,
¥ LRP A1 FA B8R BT W BIR &, 43
LRP&FA iRA W 1

2) HAMEERR FH 1 mg/mL 1 LRP,
FA LRP-FA & & ¥ A &% LRP&FA Y& & ¥ i /K %
W, R 20 A, LAZR IR L AR 2, TR K 190~
400 nm 1 Fl N334

3) fEHEMZLAME 3% (Fourier transform in-
frared spectrometer, FTIR) 4§ W 1 mg FEM S
200 mg KBr ¥y RAEWFR IR S WFIE , & THLA
LR AL b il W R R A £L A1
AR P B L 4 000~400 em™, 49 $ U AL
32, PR 4 em™

4) gy R A A R AR BHERE (5
-7 22 K I - 22 A 8 O O'6 HIUH IR ) 22 48 (High
performance size exclusion chromatography cou-
pled with multi —angle laser light scattering and
refractive index detection, HPSEC -MALLS-RI) il
FERE i B 231 R0 AR SRR ARER 10 mg B
A 1 mL 0.2 mol/L i F2 445 W% i ), T 8 000
r/min B0 5 min, B EE RGN, @SR EN .6
W% HE Aglient PL aquagel —-OH #E i 2 3% 41 (300
mm x 7.8 mm,8 wm); FEIAH 0.2 mol/L ff fR 4 ;
W 0.7 mL/min ; A5 20 pl; AR 30 °C,
1.3.5 LRP-FA & RGE I

1) HAEMEIES B 10 mL 19 LRP-FA &

B YK W (2 mg/mL) T & T 42 (500 uw) P, B I%
FHAT 190 mL ZE B K 1 Be bt o B R B A [v)
I B2 (0,25,37,100 °C) KB T FEENT 4 h, WE
BTN FA W B, JF % 200 mL SRR 1A
HFEg FA Bt , FA ff 2925005 2 FA i 5 20
mg B AW FA BRI G A

2) WALREE M B 10 mlL MR AL
B WAL S A OE S 20 mg AW T 1S
mL B0 TIRA BT 37 CHIRFE IR (¥ 3£ 150
r/min) 53 B % 10 min, 2 h #1 1.5 h J5 KRG
WG A HTAE (500 u) 12T 190 mL ZE 1K
TE VKK H BT 4 h 5 DU 2 3B AT AN FA v
B, IF 4 200 mL SVAFIHAE B FA TR, FA fi#f
BRI FA B 5 20 mg AW P B FA i
N EONER A o= A

1.3.6 LRP-FA & &%) DPPH H 1 35 bR fig
FrE A S BUAS [6) e A RE SR AR 1.0 mL T

10 mL B ZXE T, I A 4.0 mL. DPPH # ¥
(0.2 mmol/L), TR21JG T2 #5630 min, LA
CBERZE, T 517 nm AL 5E WOGME K 56
R 3 AR bR E2” . DPPH H H
FUE R S(%) A (2)HH A

A —(A -A
S(%):M x100 (2)
AO
Ay 1.0 mL 7&48 /K 5 4.0 mL. DPPH

WRIRA I, TIK 517 nm bW 618 ;A ——
1.0 mL #:W 5 4.0 mL. DPPH B WIR &5, TIHK
517 nm 4 AW EAE ;A ——1.0 mL BE 5 4.0 mL
CEERA)E , TR 517 nm ABIROLME
1.3.7  LRP-FA & &Y 1 B Wi 4 A 0380 M4

Z 7% Yi FFP gk i NO A R DT
LRP-FA & &Y B A0 MR Bs v, Jrikms
Ul

1) NO brefERIZIE 258+ /KB 50,

25,12.5,6.25,3.125 mmol/L 4 V. fil§ B& #h 7% 0, 4%
100 pL T 96 LR, BAL A 100 pL 4%
B DS I s R4k i FL o 25 1, R LA A
3AATAL IRA) G #E 10 min, R FHEEAR Y T )%
£ 540 nm b HEATREIN , DL AR () FIE A R 40
W JE (X, mmol/L) £ 57 b i 1 28 7 F2 y = 20.528x
+0.0503(R*=10.999)
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2) IEH RAW264.7 4Ly NO 73 il
RAW264.7 2 Jfl # B 22 e B - 2x10° cells/mL, []
48 fLEFLINA 500 wL i &, F 37 CH
5%CO, TH 3G IR/ TR 37 24 h, 40 i BE ) 55
EREFRW, IF ] PBS i Bk AR 5 AL A 200
pe/mL LRP -FA 200 pg/mL. LRP 5§ 500 ng/mlL
LPS [ JCJif 25 103 55 7% 5 500 wL, LAAS 4 iy
LRz, LS A 20 R B 1 LR xR AL g2
A5 5 AT AL, 48 LRI % 24 h J5 B 100 pL
W 2 NO A B (mmol/L) , 4k 22 855 57 24 h
J& B E

3) LPS %S RAW264.7 401 NO 43 il &

RAW264.7 40 Mi 4% iR Iy ki e Wi BE s, RRAL
JA 500 ng/ml LPS 1 200 wg/ml. LRP-FA (1§
LRP) (% Jc i 25 1LV 85 37 56 500 L, I3t Jo il
BN 25 N IR AL AT LPS %) B 4H (500 ng/mlL) , B
HALHE S A FATHL, 48 fLAR¥EFE 24 h F1 48 h )5,
A3 1100 L B W E NO B it (mmol/L) .
1.4 HELE

T2 50 B S 1 DLV S48 45 U I 227 2R (n=3
8¢ n=5) , A RIEIEAE 0.05 7K 1Y 5 %k 22 Sl i
SPSS 19.0 44 -% F Duncan (D) #4750 ¥71 . % H
Design—Expert 8.0 {447 i i [ 4347 .

2 HERE5HMH

21 LRP-FAE&¥WHEHNEERRSH
WFFEMR L pH . Bt b DL S vk BE X LRP A

FA 45 & R 25 5L I E 1 s, T EER

TE R — NG 7, IR T TS A R R

AT RE A PR e L 2 1 55 SR E TP, 7E 0~60 C

100

o
=
T

=3
S
T

iz
<z

HI
Ry

'S
=l
T

Binding amount/mg- g™
S

El

I
Temperature/C
(a)

T FA G55 i Bl B 0 TS TR R (P<
0.05), 46 JEAF] 60 CJa ,FA 454 8% 2= 3.60
mg/g, HIULULIHE ST GES 5 LRP Ml FA Z [H] /)
FHEAER . 7300, 2B Th i 2R R 2Z (8] (14 B 7K A
HAERA R T FA REGHAIE B>, 7] 58 FHL A FA
5 LRP Z M A3 45 & . pH AR fL & 3 3L
LRP 5 FA 45— 10 1 LA 22, DATTT 52 I — 3%
2 () B PR B A PO FA 2545 R pH {H (3~7)
%) T v 1 32 7 48 0 (P<0.05 ) , 25 IR ] i 2 bl 2
pH B 38 K, e 5 )8/ H A A R RS R
AFT LRP 5 FA 454 pH{E R 6 1 7 By FA
SEA B #2255 (P>0.05) , 76 Rk 41 F Y &5
G INF] 70.184 mg/g, M I # f AH BLAE ] )
2 5% LRP 5 FA W45 G, dRAF T 281
T B

UL, 20 5 2 By W TR & Lo A9 )2 52 ) 7 2
MEAEHWEZE N R, £ FA 5 LRP B ol
1:2~1:8 LN, BEH FA & EFEMK, 000
LRP 454 1 FA i /> (P<0.05) ;34 FA 5 LRP i
W 20 1~1:2 1, ATBER FA A 1Ay A >,
FHFA 5 LRP MG T . R/ & NaCl
(25 mmol/L) J5 ,FA %54 & &£ B 3% T B (P<
0.05), HBEE NaCl ¥ B2 (1) Fh 5 b 2 4l 4 AR 46
B (~15 mglg), ERIFWTH FA 2545 270D, 0]
AEIH T LRP 5 FA Z [a] &5 4E 8 551>, DL 2
VSRR ORI, S T ARAR AR = FA 455 i,
RA R Z P REIN NaCl, £ 0~30 °C(0 °CLA
T TIENT) pH 5~7 DL M LRP-FA Jii & [t
| O R <5 = o B VAT W o v o A
SeR7/kiE- U

—

=

S
1

TDD
o0 -
2 80
=
i £
4 g 60
HO o«
N
o0
=]
< 40
=
/m
20 "
3 4 5 6 7
pH
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Fig.1

BEpH RELMERES LRP B FA B S EM XN

Effect of temperature, pH, mass ratio and salt concentration on the binding rate of ferulic acid

to lotus root polysaccharide

22 MNERELERSE RS
e RS S mh I, S PEIEE pH Ml LRP-

FA it L7288, DL FA 4565 hma{E & =

2R =KF B me B s, Bt S AR IR 2 B
ﬁo

*2 MEmRBETSER
Table 2 Response surface experimental design and results
e oma pmam A 2R ke oma pmm A TR
Y # (AI°C) (B) R (DImg-¢g™) 2 A5 (AI°C) (B) R (DImg-¢g™)
(CIX :X5) (CIX:X5)

1 0 5 2:1 100.72 £ 4.45 10 15 5 1:1 48.98 + 1.45
2 30 6 4:1 33.38 + 1.45 11 15 6 2:1 88.52 + 1.14
3 15 6 2:1 88.59 + 3.82 12 15 5 4:1 51.92 + 1.85
4 15 7 1:1 9297 + 1.18 13 15 6 2:1 83.59 + 1.45
5 30 7 2:1 64.73 + 1.59 14 7 2:1 106.07 + 3.18
6 15 6 2:1 80.69 + 3.43 15 6 4:1] 95.01 = 1.34
7 30 5 2:1 29.84 + 1.91 16 6 1:1 100.86 + 6.54
8 30 6 1:1 52.13 + 0.64 17 15 7 4:1 55.73 + 3.88
9 15 6 2:1 80.77 = 2.19
S I A 8 0 R T pH> 1L

D = 84.43-27.834+11.00B-7.36C+7.384 B—
3.224 C-10.05BC-0.57A*-8.52B°~13.51 >

W 22T (3 3) BB, AR 3 (P <
0.0001), H 2RI b 25 ) 3R W2 A8 R BR 4% #L 5
me) A A2 4k, AT DL SR XT LRP-FA & & Wil £
T UEAT A TR R pH R i LR FA 2
HSEAEWEE(P<0.001), HEES pH ZE LU
KopH 5B W Z BAFEAI B2, Rl By FAE
HEWT, S2m LRP 1Y FA 455 BT R . RS

AT AR O e K FA 256 5 E A
&N . IE 0°C,pH 7,LRP-FA Jfi& It 1:
2, TEMRMET I FA 455 BB E 4 106.79 mg/
g, 3 WEIE 56 (1) SEIE S 110.22 mg/g, 578 i
WA 25 4 3.11%.,

2.3 LRP-FA EA4YIRIBLIFIE

230 BAMDGIGRRE W R A b 3 AT
1 TP 240~380 nm YL N, 1 K 2 80 B 7E IE
T B PN A W0 i E 9 IGE |, £ i i AR 3R A
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Table 3 Variance analysis of regression model

I E KRR 75 Am B L EEh FA& P1a
A 9402.16 9 1 044.68 89.85 < 0.0001
ACRE) 6193.87 1 6 193.87 532.69 < 0.0001
B(pH 1) 968.81 1 968.81 83.32 < 0.0001
CUmE) 433.68 1 433.68 37.30 0.0005
AB 217.97 1 217.97 18.75 0.0034
AC 41.60 1 41.60 3.58 0.1005
BC 403.75 1 403.75 34.72 0.0006
A? 1.39 1 1.39 0.12 0.7396
B 305.66 1 305.66 26.29 0.0014
c 768.97 1 768.97 66.13 < 0.0001
*E 81.39 7 11.63
PN 19.30 3 6.43 0.41 0.7525
Yk £ 62.10 4 15.52
i 9 483.55 16
(EI S RREG I SURFIEMEAE S A S80S 2 933 e Ab 0 C—H 1 457 50 18 o

P A s 50, Wi 2 R LRP AXAE B 190~
220 nm i [l P9 EL AT 5 i RO, 5 R Rk ik
FRBAT P FA B AR AE W g0 1 BRAE I 312
nm (m—m" BUEE KT ) 288 nm  (m—m" Wy AL Y R
i) A1 218 nm (w—m" ARIRAYERE ) H 3 AN FFE
W AR LRP&FA RS Y OGE R d, AHLL T
RAY ,LRP-FA 59 FA M FFIEIEIH 2% IE
27 LRP 5 FA B9AHBEAEH

232  FTIR ##4F  fE 3 &R ,LRP B A £ 4
LR AF 02 4045 3 394 em™ Ah A —OH 1 45 3%
25
=
= 2
<

20 250 300 350 400
i8S
Wavelength/nm
B2 LRP.FARHEEAWMRBESYRILII LR
Fig.2 UV spectra of lotus root polysaccharide,

acid and their complexes and mixtures

ferulic

1411 em™ Zb A -CH, 222 W I 1% . LRP&FA &
AW FTIR B B 1 517 em™ Ab H 30 6 38 0 i g
)& R C=C W43 ,1 276 cm™ Fi1 1 029 cm™
Ab Bl C-0-C PR B Ml , 1 122 em™ Fff i
14 D8 Je T T 5 1 25 i — A 4 BR 2,617 em™ Ab
U A & T 07 B AL G T T A M g C-H 5,
LRP-FA E &% 5 LRP&FA IRG W) 2 5 RIIE
DL i R siim A%, HEI LRP 5 FA B AH B AR
BT B Re A R

140

120
[ LRP&FA

\

% w0 N T

8 v\a‘\f‘ I W
g 3 sl LRP ‘11\1 i
W E \ \\/\A f%‘f/

Z 60 — __LRPEA o

E

=

40

%2000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber/cm™
3 LRP X LRP-FA £E&MMREWH FTIR ik &
Fig.3 FTIR spectra of lotus root polysaccharide,
LRP-FA complexes and mixtures
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233 SrFaEsa it R HPSEC-MALLS-
RI % LRP fil LRP-FA & & 91004 T &0 1
252043 B R B B IRD Y LR T R AN R 4 TR
LRP H1 6 Nk, Horb fe i 7 B it A 1704
ku( i 7.3%) 1043 F A 20 10°,104,10°
P FXF S AR, AHELZ T, LRP-FA 254+
Iy TR T 100 ku 2% B A A 8

19.5%, KT 10 ku 5% . FA 2564 LRP
144 43 7 B 191.8 ku A0 = 297.4 ku, 1%
— 25 Li FM R R -8, UL T LRP 5
FA Z 8 A EAE . LRP-FA Z &% &4 51
JTEAR T 10 ku 2047, BEWA TG B FA F27E, IRtk
AW ORI B 35  sh A (0.2 mol/L
i P M s ) v 34 LA B AR E T

*4 LRP X LRP-FAEG¥HMSTFRES

Table 4 The molecular weight distribution of lotus root lotus polysaccharide, and ferulic acid complexes

o 4 AR % % B 18] /min 2 F & H X4 %
LRP 7.146~8.956 1.704x10°(+0.791%) 7.3
8.956~11.430 1.896x10°(+0.843%) 31.4
11.430~12.214 3.066x10*(+2.883%) 8.6
12.214~13.994 1.291x10*(+3.988%) 22.7
13.994~14.748 6.419x10°(£3.176% ) 11.8
14.778~17.131 8.550x10°(+2.953%) 18.3
LRP-FA 7.358~8.926 1.632x10°(+0.829%) 11.8
8.926~11.430 1.954x10°(+0.803% ) 46.4
11.430~12.365 3.070x10%*(+2.398%) 153
12.365~13.994 3.322x10%*(+3.320%) 12.8
13.994~16.377 3.173x10%(£2.271%) 10.5
17.131~21.264 5.829x10%(£3.441%) 3.3

2.4 LRP-FA E&6¥MBEEM

% I8 3] LRP-FA &AW 1T, W25 hn T2 ke
ER IR R el OE Sk e P (R v = ]
A3 BT HAE VS RAIGR (0 °C) P79 = i (25 °C) (T 1k
PR (37 C) AN T3 (100 °C) R B FA f# 55 5%,
LERANPE 4 PR, 0 CIRIEA Rl TR 2 A YRR
FE L FA 254 1.03% ., B I B (038 8 T 5 FA

100

80

S
g
L
% =
S 60 |
A=
=
R <
g'g 0} &
w
)
Aa
20} b
a
0 : : :
0 25 37 100
g

Temperature/C

(a)

i B R B F R (P<0.05) , HLAE 100 CrRiR & F
[ it B9 20k 89.33% , BRASIKEH T RAL G W)
ES B AT I8 AL e, KR EE AL, H &
b P T8 T Ak e L A T T R T R T
A R 2 R K W A1 7 B 2 S b iy 261 & i
PR FND o, I B AT S R0 TR 6 P, H

AL, R R 0 T AR R A X T A B
30
M_;~20-
%10-
i
5.
=Y H i

H
[EEPRIERIA L
Simulated digestive system

(b)

B 4 LRP-FA E8¥HREME TR
Fig.4 Stability evaluation of LRP-FA complex
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Non-covalent Interactions between Lotus Root Polysaccharides and Ferulic Acid

and Their Complex Properties

Liu Qiulan', Zou Xiaoqin', Yi Yang'*, Wang Hongxun®, Sun Ying'?
(‘School of Food Science and Engineering, Wuhan Polytechnic University, Wuhan 430023
’Hubei Key Laboratory for Processing and Transformation of Agricultural Products ,
Wuhan Polytechnic University, Wuhan 430023
School of Life Science and Technology, Wuhan Polytechnic University, Wuhan 430023)

Abstract This work aimed to investigate the non—covalent interaction between lotus root polysaccharide (LRP) and fer-
ulic acid (FA), as well as the physicochemical and functional properties of LRP-FA complex. Based on single factor ex-
periment and response surface experiment using the FA binding amount as evaluation index, the preparation conditions of
LRP-FA complex were optimized. The results showed that, after 30 min low—speed mixing at temperature 0 °C and pH 7
with the FA-LRP mass ratio of 1:2, the binding amount of FA to LRP was 110.22 mg/g. The interaction increased the
average molecular weight of LRP from 191.8 ku to 297.4 ku. According to the effect of experimental factors on the FA
binding amount and the spectral analysis of LRP-FA complex, it was found that the non-covalent interaction between
LRP and FA mainly depended on hydrogen bonding. Low temperature was beneficial to maintain the stability of LRP-FA
complex, and its FA dissociation rate was lower than 25% by the simulated digestion of mouth, stomach and small in-
testine. Tthe complex had a better DPPH free radical scavenging activity compared with LRP (P<0.05), however, their
stimulating abilities on the NO production of macrophages showed no significant difference (P>0.05). The results provide
ideas for improving the functional activity of LRP and the bioavailability of FA.

Keywords lotus root polysaccharide; ferulic acid; non-covalent complex; stability; activity



