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0.887, UPP = CM-UPP 34 4 2 & 25 M) 5F B CM-UPP 77 % 5% 09 AL E M4, R SME XIS AW UPP.CM-UPP 3
X - S A B AP F) LA AR MK R, UPP A= CM-UPP 69 3% & #7451 4 69.01%.76.82%; B AF % ¥ext o-#) #) 4 H 8
I 2% -2 £ 4 ,UPP F= CM-UPP #9 1Cs 152 %1 % 3.467.0.503 mg/mL. % Lk, % F RALIE A AL 4542 % UPP 89
PRI e o A A

KR B R BT AN, TEMRAL MR e A

Study on Carboxymethylation Modification and Hypoglycemic Activity of Undaria pinnatifida
Polysaccharide
LI Can,ZHANG Huihui, LIU Huiping*,ZHANG Xin, MA Xiaoxiao, WANG Bing, LIU Ying,ZHANG Xiaojing
(College of Food Science and Engineering, Tianjin University of Science & Technology, Tianjin 300457,
China)

Abstract: A polysaccharide with a homogeneous component was purified from a polysaccharide with an alco-
hol precipitation concentration of 65% and named Undaria pinnatifida polysaccharide (UPP). The carboxy-
methylation modification process of UPP, as well as the physicochemical properties and hypoglycemic activity
in vitro of the polysaccharides before and after modification were studied. The modified polysaccharide was ob-
tained and named carboxymethylated UPP (CM-UPP) by the response surface optimization experiment based
on a single factor test. Fourier transform infrared spectra, thermogravimetry, and X-ray diffraction were used to
characterize the two polysaccharides. The results showed that the content of protein and polyphenol in UPP was
lower, and that of total sugar was (93.94+0.47)%. The optimum condition for carboxymethylation modification
was as follows: Chloroacetic acid concentration of 1.46 mol/L, reaction temperature of 65 ‘C , NaOH concentra-
tion of 20%, and degree of substitution of 0.887. Both UPP and CM-UPP were amorphous structures, and CM-
UPP had stronger thermal stability. Activity tests in vitro showed that the inhibition of UPP and CM-UPP on a-
amylase was not dose - dependent, and the highest inhibitory rates of UPP and CM-UPP were 69.01% and
76.82%. The inhibition of a-glucosidase by the two polysaccharides showed a dose-effect relationship, and the
IC5o values of UPP and CM-UPP were 3.467 mg/mL and 0.503 mg/mL. In summary, carboxymethylation modifi-
cation can improve the hypoglycemic ability in vitro of UPP. It provides a theoretical foundation for the further
development of UPP.
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1.1 AR

AT S i RGBT MK A IR AR . 4R
DE-52 . Sephadex G-100: %ij ik 6 #%22 #] ; 500 Da i #7
48 R BEBRE S AR LTS AR L A K TR e
(dinitrosalycilate, DNS) . & My A I 3 1) 43 | Bl < U5 4
2 2% 1P ER 5 (phosphate buffered saline, PBS) a-JiE
BT O AR, S Umg) - WA (7.5 Ulmg) L5
FRFRHARA A B H O IKESIR S AL

W OTEIR | LR R IR KT R AL TR AR By
B BRI 5 AT PETEAT | A- A3 R B -D - e 4 2 A
(4-nitrophenyl 3-D-glucopyranoside , pNPG ) : [ 765 JJi It
AR A RS B BT AR5 S o Bl
1.2 U5

LHNAT WAL (UV-2550PC) « H A 13 Y
A B W] Z I RE EE AR X (Synergy HTX) + 32 [E 1A 5
IEFA B T PEE BT (Q50) : £ E TA A% GRFF
AT BRTTAT AR 5 L2048 6142 (1850) - L [ 2
o FACES A R 2 7 X -G e AT 4% ( H A Rigaku Ul-
tima IV) : ] NN BAAER A BRA A
1.3 ik
1.3.1 ZWEsifk

SEHTIR I i CaCl, ¥ R 3 U Y S48 b e I
BRUIVERT B 4 4 Z B 5 (UPP-45 ,UPP-55, UPP-
65.UPP-75) , H:tht UPP-65 20 43[4 ifi b 200 S 4 i,
K H DEAE-52 £F 4 Z 4 Ml Sephadex G-100 i — 2
alifk, UPP-65 #43. # UPP-65 I #i (10 mg/mL) [ #£
F| DEAE-52 £F4E Z 4 (1.6 emx40 em) |, I F# 4li 7k
FZR B R B2 BE 1Y) NaCl %% (0.1.0.3.0.5.,0.7 mol/L)
PL 1.6 mL/min (4900 38328 25 e B0 o SR FH R 3 - T 7 A
DUAE 53 v (%) Z2 08 B i, Hh 8 Al K U B0 Y b 7 B
SRR PR R Sl K R R i — 2P alidk . R Al
IRV e i, SR J5 ¥ VR T4, LA 10 mg/mL F) ¥ &5 7
Sephadex G-100 a3 4E FAE, PERE N 4K, 45040
0.6 mL/min, 4 mL/ , 75 2 P8 M ith £ | W08 o e 480 R A5
4li fk, 2 Wi 315 44 B UPP (Undaria pinnatifida polysac-
charide) .
1.3.2  JEARALS 20 B

LA %60 5 R A o L SR FH 2R T - R V5 U - UPP
B SRS B2l DL ZUE I R A A v it , SR FH ) 2 2k
E R N R R R 2 03, DA LT AR O bR
it R FH 25 T 5 1 0 o 2 T 0, DA A b
bR UE A, SR 3, 5- A K R R D E 8 R
S, T S PG ) ) S B iU
1.3.3  BARPE KA

P 2 BERE SR EC R 1 mg/mL AOVE IR, X BRZH ol 2%
7K 75 190~500 nm 38 [ 9 HEA 742G 44
1.3.4 R IATAEW S

UPP 3R B B AL B T Yu Z5070 7 e T8 0k,
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¥ UPP(200 mg) 5 5% P (20 mL) IR A4 30 min J5
T — 72 W B () NaOH ¥ W (10 mL) , 78 = 3 N e
1.5 ho SRJG A — & & 0 5 BN SE C BR R WL, 75—
SEMRE TP 3 he WG RVIRAG WS HI ==, FHVKES
PR pH (2 P, I 4E 500 Da i@ M 4% b FH 28 18K
BN 72 h, TEZRWRAR 52 VR T 15 8] CM-UPP,
1.3.5 3 W R Ak B g (degree of carboxymethylation
substitution, DS) (] &

PR S M 1) 32 F AL JBROAR B2 00 2 6 1 Shi S50
0 77 B R AT B B, TR RS () A4 FRUAS 0 T 18 %o JRE i AT
CM-UPP(¥4 1 mg/mL) & HZE R (25 mL) N, A
NaOH # ¥ (0.25 mol/L) #h £ & 1 mL, 88 J5 45 il A
0.1% 75 {0 R 7% W (5 mL) A AR R (1 mL) , 7K 15 i #4
0.5 h JG & H 25, N 30% L FRER VAT, 145 H.9€
WA NI B 2B 1E 570 nm 2L E W OGEEE . DS
(V)R AR .

v = 162m

76 — 80m

A Y R F SAAB I s m Ry R o F
FES A T O BERR I L g3 162 S 2 JOK A 2 b
PTG EE IR T, g/mol; 76 ) £ BEMR BE JRK T i , g/mol
80 &7 CH,COONa B 5 B 557 () ¥4 il £ , g/mol
1.3.6 KR
1.3.6.1 S LR J3 X BRUAR B 11 5 i)

FREL 200 mg UPP 5 20 mL S#EER AT 30 min,
JIIA 10 mL 20% 9 NaOH AR % N Hedk 1.5 he i
A 4 mL SEREEVERE R, ARG FINA 6 mL 54 & TR
% (0.5.1.0.1.5.2.0.2.5 mol/L) , 65 “CHit $% 3 h, 15 F3%
A0 Z2 0 i 0 e OB, it e S R SRR
1.3.6.2  J2 Jof jlat & X HRUAR BE 11 5 i

PR B 200 mg UPP 5 20 mL 5 15 B IR & it $F
30 min, il A 10 mL 20% [ NaOH ¥ 75 = i T 45
1.5 he JMA 4 mL 5N EEAEREE R, 885 FEA 6 mL
1.5 mol/L S L FRIE ., 76— 72 ]V i % (45 .55 6575 .
85 °C) T HiEHE 3 h, 75 F¥R W I Ak 205 5 I U
i e AR S TR
1.3.6.3  NaOH e & Xt AR /) 52 1

PR HL 200 mg UPP 5 20 mL 5 4 B iR & 4% £
30 min, A 10 mL — & ¥ & (15% . 20% . 25% . 30% .
35%) 1) NaOH ¥, 75 FHEFE 1.5 he A 4 mL
SENEEAE R RGP 6 mL 1.5 mol/L 5 LR
W, 65 CHEHE 3 h, 15 23R W Ak 205 )5 I U
W2 feHE NaOH W
1.3.7 g TR B i

M5 B R 56 45 3, SR ] Box-Behnken J5HR 1%
TR BRI SG , B SRR E N IR \NaOH
X R P LA IR B4 5% i A o 22 W 1) SR AR AR R

&M IR AR IR 1,
®1 MEEREEERNAFE

Table 1 Factors and levels of response surface test

K%
LSS - — 5
A B TRHE(mol/L) B W IRJE/C € NaOH ¥R JE /%
-1 1.0 55 15
0 1.5 65 20
1 2.0 75 25

1.3.8  HHM-LL IG5 47

FRICHMREAR (1.0 mg) FITHE1) KBr #3K(150.0 mg),
e B R R A B T AR RO 7R
4 000~400 cm 5 Fl N4 16 U0, 23 HE3H0 4 em 119,
1.3.9 #HEHHT

PRI 5.0 mg Z WK K HE i B TR A BT A
SAARERHA T, LA N, 3, ECH 20 mL/min, 3 E )
AL FIEE SRR 23 3R 25 “CFI 600 °C, L) 10 “C/min
1) S B SR A T BRI 3
1.3.10  X-BAii g mtr

43 HIEL 50 mg UPP HI CM-UPP #£ 5 , 1 2% 1 JE°F
J5 BT XSRS ARG AR 2T X SR, H
%A 20, AL 5°~90°, 3 2°/min,
1311 ARAMREE I % 1 1 55
L30T oY Tl Ay 40 ol 352 0

HRAE Xu ZE20f4 77 ¥ 5 UPP Fil CM-UPP X a-3E
93 TV 00 1) 5 o LABRT S IR AR Ay B P X B, 25
AN TR e B B B 1) Z2 VA WS - T R B R (25 L,
40 U/mL)IR2),37 ‘CHEE 10 min Ji5, LA 1% i) A] %
PEVERIE W (25 L, 0.1 mol/L PBS ¥R Il ) , 1R A1 &
F 99 CHUZKIBH , SV 15 min Jo R E A HI EE i, 7
RIS 50 wL DNS &R N, & F 95 CHRIZK IR K iR
5min A5, VKK IFRERE, A 750 wL Z858K
T 540 nm AW E WG o - VERSBEID IR (Y, %) 1T
=R/ W (1

A - A,
le(l— 1 )x 100

0

oA FRFERUR R JE W 5 A, Fm o-TEH
it B2k PBS V5 W H5 52 SC I I O B 5 A Fm RRTR
Bl PBS VG A SR G
1.3.11.2 oo~ 2 A 1 T %) 400 ) 35 000

HRAE Chen SFRUM J7 75 1 220X o7 28 1 1 il
ARG . AR ot R BHAAE XS R, A 150 pl AN
WP B Y 2 B TS o 4 B T A (50 L,
0.8 UmL) iR~ ,37 CHH 10 min. il A pNPG &
(100 L, 0.9375 mmol/L) , 37 ‘C JZ Jif 20 min J5 Jil A
Na,CO5 IF T (500 L, 1 mol/L) {5 1k K21 , F 405 nm Ab
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WS WG IE o o= 260 W5 1T BT 1626 (Y5, %) TH R K
mr,
Al - Az
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A Ay R RN R RO BE 5 Ay R o= A B
TR R PBS Ji5 51 300 1 WO B 5 Ay R FE R
#24 PBS J5 H 2 LI ROLRE
1.4 HdEab e
P A W E FE AR AR 3 UCFATARER, R SPSS16.0
R EIE G VAT A B, BT AT B0 2 DS S (L
WEX R, 8 Origin2018 F1 Graphpad Prism 8 % €]
LHES R,

Y,=|1-

)x 100

2 BRHMW
2.1 ZHE et
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FEZHTUER 2 & 1 R o

(A) 457

4.0r1
351

. S
NaClif i

10.8

3or {06
25¢

207 10.4
15¢f
1.0
051

0

Wt

10.2

NaCl#¢ £/ (mol/L)

- 10
0 20 40 60 80 100 120
BEL

4.0
35¢F
3.0F
2.5
2.0
151
1.0
0.5F

(A)DEAE-52 #7445 (B) Sephadex G-100 4%,
B 1 UPP-65 Rt gh & B
Fig.1 Elution curve of UPP-65

BT AT, AR 1 APl esE k4 .
IR X —41 5> 20k, I8 i Sephadex G-100 7 4 B
Jie i BEAEE— P Al AR B = B R T R 1S B 22 b
(UPP) T e 225 31150 .
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Table2 Results of basic chemical composition determination of UPP
%

190031 0.03+0.01

93.94+0.47 -

EAEU
0.97+0.26

T = FOR 2R AT TR Y

H 2% 2 WAL, Ak 5 i 2 4L o b S s H
TR JEMEAEAE , B 5 500 (93.94+0.47) % . HE &
AR e YA, 43 1 (0.97£0.26) % i (0.03+
0.01)% , KW Z 05 & e /b . UPP RUBHEEIR & 42
i, #(1.90+0.31) %, FZEA4fLJ5 1 2 05 0 ik 20
2.3 AN SHE

UPP [R5 G I 2 s .

0.81
0.6
= 04t
R
=S
0.2
0 L
200 300 400 500
P /mm

B2 UPPREIMLIERR
Fig.2 Ultraviolet spectrum analysis of UPP

& 2 T, 2 ZE 260 nm AT 280 nm 4b 3
TCH BRI, S UPP R & 5% 2 A /b et (A% R
FEA, X —45 15 UPP A2l 2 78 /Y 26 14 2
B R 2 A — B
2.4 FARZERISE BT

241 A OTRUER IR PRI Y 52 e
A LR ER IR T LA A 200 ULIET 3.
107
0.8}
%
=
0.6F
0.4 ' ' ' ;
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A OBRUTE (mol/L)
B3 SZBRENZPAECRRENZT

Fig.3 Effect of chloroacetic acid concentration on

carboxymethylation substitution

3 A, YA BRI E /N T 1.5 mol/L I, i
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A SR LRG0, UL T2 3 n {F 3 2 3k )
1.5 mol/L J , U BB M T K o AERPERI IR SE v, 220
MR L TR R AR X, A S 5 L
W A2 WS L, ELI B Y 5 O TR 2 B ORI P 1
5, AF TR BT, B R E R SEA
B A I 2 B N 3 BORA UL AR Ik s &
FRHIE N 1.5 mol/L Zr A7 AT Wa B T A3 5L

242 SRR FREAL U A 52 )
S5 07 ik B R 4R FR A IO A 52 i LT 4
1Lop
0.8t
i
et
=
0.6}
0.4 : : : '
45 55 65 75 85

SN BE/°C
B4 REREXRPECRKENZM

Fig.4 Effect of reaction temperature on carboxymethylation

substitution

P Pl 4 B] N O 2 0 S TR A R TR R CM-
UPP W B, 24 S iR AT 65 “CH, B It 2
o7 I T = i T, AR 65 CHYBUR I B i, 2 5 B
TR o 3R R OA I T AR X T S 2 FR M 5 R S i S
I, AR SIS Y S T A3, LR B o v, B R
M 23 BEEARG , JHL I PR ] 8 2 I 0 3R BE T e U/ N s (]
JRE AN FIFBEE ALY BT 2, DR 6 2 I 3R
k65 “CAEATHEA TR O AR B 1 T T o
2.4.3  NaOH ¥ X2 H SEAL IO BE 1 52 M

NaOH ¥ X #2 B SRR s DL I S

1.0

T E

04 1 1 1 ]
15 20 25 30 35
NaOH# /%
Bl 5 NaOH iR Exi#k B 2L ER R0
Fig.5 Effect of NaOH concentration on carboxymethylation

substitution

H A 5 AT, NaOH ¥ %k 15%~35% B, 411
B B S K S /)N, NaOH MR B2 R 209% BF, B Qs

Koo B R R B B4R SR AR I by 2 A UG R
NaOH ¢ B 12K AT, 2 WL 00 25 o AL AR BE AR, 2R %
PR . AR B A s ), ) A SA R S
LIRSt £ | AT R R A RIS, AR BU R
BE RN I HEATR, PR IE R B NaOH ¥R 28 20% 2247
HEA TR O T A T T
2.5 MR SR B
2.5.1 W R G A5 SR A Hr

e R A e gt B0y ALk B, A Desin - Ex-
pert10.0 SR F i i [k — 25 Ak UPP 2 H 64k i )
IVE - LR FN araa NEAE

®3 MORERERIT

Table 3 Design of response surface test

- A AR B R C NaOH

S W/ (mol/L)  JRE/C Ve FE 1% Y HUCRE
! 13 65 20 0.890
2 1.0 75 20 0.636
3 1.0 65 15 0.627
4 1.0 55 20 0.566
> 13 75 25 0.711
6 20 65 25 0.608
! = 65 20 0.889
8 1.5 55 15 0.654
9 1.5 65 20 0.890
10 15 75 15 0.624
H = 65 20 0.884
12 1.0 65 25 0.700
13 2.0 55 20 0.559
14 L5 55 25 0.605
15 = 65 20 0.881
16 20 75 20 0.547
17 2.0 65 15 0.653

] FH Design-Expert 10.0 %% 4 X328 56 %0 b 9847 %
Je I IE LA, 15 8 B 2 W2l H 7 #R R ¥=0.89-
0.0204+0.017B+8.25%103C-0.0214B-0.034C+0.034BC—-
0.1642-0.1582-0.084C2,
2,52 JFEAHTA IR ZT R RIS

XIRERIPEAT J7 22500, A5 SR W3 4.

2 4 A%, B8 F (R 912.89, P<0.000 1,255
] A A5E AU B bk 3 HA RO B R, AHOC R 2L R2 A
M IE B2 FREL R20 43978 0.999 1 1 0.998 1, Fon it
TR F A - T R R AL AR B K0 25 5 5 o B 4
RESB/N, ARSI ERE, h FETH,3 AR
RN AL U B FE B R ASB>C, RIVE 4T
WS> R IR >NaOH ¥
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Table 4 Variance analysis

kUG CEA BmE By F{E P WEM
HETRY 0.27 9 0.03 912.89 <0.0001  **

A 3.28x1073 1 3.28x107 9885 <0.0001  **

B 2.25%1073 2.25x107%  67.63 <0.0001  **

C 5.45%1074 5.45x10*  16.41  0.004 9 ok

AB 1.68%x1073 1.68x103  50.65  0.000 2 *ok

3.48x1073  104.89 <0.0001  **
4.62x107°  139.34 <0.000 1  **
0.10 3073.86 <0.0001  **
0.10 301490 <0.0001  **

BC 4.62x1073
A? 0.10

1

1

1

AC 3.48x1073 1
1

1

B? 0.10 1
1

c 0.03 0.03 898.45 <0.0001  **
Fg2% 232x10% 7 3.32x10°°
AU 1.66x10* 3 5.52x10°5  3.30  0.1393 ARE
it 6.68x10° 4 1.67x10°°

JEvill 0.27 16

IR A 35 (P<0.01) o

2.5.3 W [T AR R AT

25 PR 228 AR A mi o T Al 6 e

SN 51 AT s T S T el T
DU JE TR TR 0 BH TR A e e e, RO AE fe AL 55
XA 3 AR R B Z [ 35945 s AR o i 1 1 &

1.4
~_>"1.2 A

&e, 1510 %@W@&
V3

>
Ko, 1555 o
B 6 &EEIZEIERITE B RN HIm L &

Fig.6 Response surface plots of effects of interaction among

various factors on degree of substitution

AT LU S e 45 DR 28 6 4 R Ak BBOA R B2 1 5 ity
T B, 52 M B A ) o, T T R 1 45 R o
LTRHE S5 NaOH ¥ ¥ \NaOH ¥ J¥ 55 52 I i 22 18]
F) 4 S5 e 4R R A R R | 2 B R 2 2 R 38 ELAE
e S 3, 158 L R MR BE 5 s o T8, B 22 ) 1R — 4 25 e 4%
AL IRE |, 22 B S8 £ R vk 3 5 1 vy i 1 22 BRI
WEWRT AR EN T EER, 5% 4 PR
ZTE R —B,
2.5.4  BEIREAS A BT

AR A M 7 T A5 R R AR U B L 4
HAOTRAE 1.462 mol/L Wl FE 65.682 “C .NaOH ¢
¥ 20.383% , IL B3 B IEAL HUFC S o 0.888, 7E SEFRIA
ol PR B I I A S BRHE 1.46 mol/L S I i
B 65 “C \NaOH ¥ &£ 20% , | & 1E 21 &2 3 vkt
UPP SR H 34L& 1M, 15 212 S U B 0.887, 5K
AT 5 TN A 3R AH 22 8 /0 , 156 B FH O ASE 280 133000 2 H
FEALBUC B AT 1T
2.6 LLAMEIEE T

UPP Fll CM-UPP [P L 21 A 61E 50 B WAL 7.

CM-UPP

1419.98

~
n =y
o =N
I

o =
I3 o

UpPP

~
«
]
I
=)
o

4000 3600 3200 2800 2400 2000 1600 1200 800 400
WA fem™!

E 7 UPP#1 CM-UPP HJLISMSEIEE
Fig.7 Infrared spectra of UPP and CM-UPP

& 7 AIH1, UPP H 3 405.78 cm™ HUER T O—H fi
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Yi¥R5h ;2 928.37 .1 432.32 em™! WAL L T C—H
ARSI C—H PR3 ;1 640.55 em™ H1EL T ¢—=0
i ai 4 20, DL B o 2200 09 e AF W ST 0EERel, 1 200~
1 000 em™ S 4 A IR i C—O—C BE T IR A P 3
FEA 0 UPP W& A I B

5] A-CH,COOH J& , CM-UPP W& & 45 L) | £ 0
) LA AR W A1, 7E 1 730.51 e AE 3G 0T 397 B9 W i
U, e WTRERE IR & s 3G nvel, Jf H 1 604.99 em™ 4b Ky
C=0 45 IRFN LI K 1 419.98 em™! Y C—H 25 il 4k
SR EE A sk, 20 UPP 2 F 3k s shn,
2.7  #EE 3T (thermo-gravimetric analysis, TGA)

UPP Fl CM-UPP [¥) TGA & UL& 8.

(a) 120

100 |
s 80f e
& 60} 5
5 e
B 40t 5 =

il
20t
0 1 1 1 1 1
0 100 200 300 400 500 600
TR

(b) 120 110

100
S 80Ff §
& =
R 60t ]
i =
B 4ol =

il
20
0

0 100 200 300 400 500 600
R/

(a)UPP; (b)CM-UPP,
8 UPP 1 CM-UPP i TGA B4k
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