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Abstract: Low molecular weight fucoidan (LMWF) was experimentally confirmed to be readily absorbed through oral
administration and was scientifically validated to exhibit multifunctional biological activities, particularly hypoglycemic

effects, as evidenced by its therapeutic efficacy in diabetic nephropathy and atherosclerosis management. In this study, the
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inhibitory effects of LMWF on a-amylase and a-glucosidase were systematically investigated through enzymatic reaction
kinetic assays, and Lineweaver-Burk double reciprocal plots were generated to elucidate the inhibition mechanism of
LMWEF on these enzymes. LMWF was applied in the development of low glycemic index (GI) food products, in which the
optimal formulation ratio and critical processing parameters were systematically determined through single-factor
experiments and orthogonal array testing, thereby establishing an innovative pathway for the functional utilization of
marine-derived LMWF in diabetic-friendly food preservation and nutritional enhancement applications. Results
demonstrated that UF (Fucoidan from Undaria pinnatifida Suringar) and EUF obtained by enzymatic degradation of UF
(Enzymatic degradation of UF, EUF) exerted significant inhibitory effects on both a-amylase and a-glucosidase, and the
effects of EUF were observed to be stronger than that of UF, which indicated that the activity of fucoidan was enhanced
after degradation. The IC;, of EUF on a-amylase and a-glucosidase were determined as 9.188, 1.118 mg/mL, respectively,
suggesting that the inhibitory ability of EUF on a-glucosidase was significantly stronger than that on a-amylase. The
inhibitory type of EUF on a-amylase was identified as anticompetitive inhibition in reversible inhibition, and the inhibitory
type on a-glucosidase was characterized as a mixture of competitive and noncompetitive inhibition in reversible inhibition.
The optimal formula of low-GI milk powder was established as: skim milk powder: whole milk powder=1:0, the addition
of inulin was 0.4%, EUF was 0.005%, isomaltulose was 0.7%, in combination with homogenization pressure of 500 Pa. The
formulated milk powder exhibited a GI value of 28.12 along with favorable sensory properties and high nutritional value.
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AE 360 nm | IO EEE, $5 IR E T T S AR
T,
1.2.3 Sy FENE S5k HBESEPY iy rknga ek
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0.22 um 7K AR 3E R i 38 5 #2 HPGPC Ik 45 14 1L
M, Jo SR ILLR B B TR], filbsuEIhZ . ¥ UF. EUF B
A% 10 mg/mL BYFE SR, 3 0.22 pm 4 FLIE IR 5
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Fig.1 Production process of low-GI milk powder
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Table 1 Formula of low-GI milk powder
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Table 2 Factor level design of orthogonal experiment

KT A Fk; ~ BEUF C Eiﬁﬁﬂﬁ@# D ¥IFiE S
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1 0.2 0.003 0.3 500
2 0.4 0.005 0.5 600
3 0.6 0.007 0.7 700
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Table 3 Sensory evaluation criteria of low-GI milk powder
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Table 4 Composition content of UF and EUF

T B (%) TR (%)
UF 54.37+0.51° 20.60+0.56*
EUF 71.36+0.51° 18.35+0.28"

TE: /NG PR B 22 5%, 'S TR BAR AL ] 22 52, Horp gy
7(H3 EJ?*?%’%KWT?E () JC . 5 0E, AN R RE e W H i) B AT 2 22 S
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Fig.2 Molecular weight results of UF and EUF
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Table 5 Molecular weight distribution of UF and EUF ? 0.5t : éggouz/gélnﬁl‘
FEdh Mp(kDa) Mn(kDa) Mw(kDa) é 0.4 100 ug/mL
UF 65.5 76.8 86.1 >
EUF 48 633 74.7 g 03
% 0.2
2.3 UF 5 EUF 3 a- ;@ EBR0IIHI2E B 5347 2o ‘
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inhibition kinetics

E: (a)~(d) 7358 UF B89 o-3E R B2 | EUF /9 o-3E Ky
BRI 262 | UF 09 o-3E B #6317 #a % | BUF 1Y a-3iE
s E I PAE ey SR

|
_

% 6 UF 5 EUF X} o-JER BRI G 31 22550

Table 6 Kinetic parameters of UF and EUF on a-amylase inhibition

R B (pg/mL) eI TE ZHL EEES KICHBK,, (mmol/L) RRFHEFEV, . (mmol/min/mg)
0 y=6.4263x+0.3006 0.9974 6.4263 21.3782 3.3267
1000 y=11.066x+5.1390 0.9996 11.066 2.1533 0.1946
UF 500 ¥=9.9196x+3.9930 0.9960 9.9196 2.4842 0.2504
100 y=8.8636x+2.8172 0.9996 8.8636 3.1462 0.3550
1000 y=17.973x+5.5550 0.9974 17.9730 3.2355 0.1800
EUF 500 y=14.553x+4.0239 0.9952 14.5530 3.6166 0.2485
100 y=11.657x+2.8308 0.9715 11.6570 4.1179 0.3533
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Table 7 Kinetic parameters of UF and EUF on a-glucosidase inhibition

FE S e (ug/mL) TR HoE FAL FEES A G 4K, (mmol/L) FRRNGEZEV, (mmol/min/mg)
0 y=43.777x+35.337 0.9815 67.5294 1.9110 0.0283
1000 y=102.13x+69.951 0.9968 141.1783 2.0182 0.0143
UF 500 y=73.78x+52.655 0.9925 97.5708 1.8530 0.0190
100 y=51.077x+36.968 0.9946 49.2339 1.3318 0.0271
1000 y=79.163x+56.829 0.9899 122.2131 2.1505 0.0176
EUF 500 y=067.498x+51.738 0.9757 121.7011 2.3330 0.0193
100 y=60.568x+44.412 0.9754 104.1153 2.3443 0.0225
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ketone sugar alcohols on sensory evaluation and GI values
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Table 8 Results of orthogonal experiment

N ABky CREHM DHR
1 1 1 1 1 30.33+0.26"
2 1 2 2 2 29.66+0.12°
3 1 3 3 3 30.56+0.15"
4 2 1 2 3 30.16+0.50°
5 2 2 3 1 28.12+0.23f
6 2 3 1 2 30.29+0.17%¢
7 3 1 3 2 31.59+0.15
8 3 2 1 3 31.30+0.11%
9 3 3 2 1 31.05+0.20"°
K, 89.92 9148 90.99 88.93

K, 88.31 88.47 90.36 90.74

K, 93.18  91.46 90.06 91.74

k, 29.97  30.49 30.33 29.64
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Fig.11 Sensory evaluation and centrifugal stability of different

groups in orthogonal experiment

b, B T A A XU 1R L R AR AN I AR A5 H i
GI (E#BOE T HALH 51, PRS2 1, BI2gHasim
H: 0.4%., EUF @501 0.005% ., 522 ZF P B8
H 0.7% FNIFTE ST 500 Pa /5 MAK G ZLBHO T4
A
3 g

A AT FH T 2 R i il 25 1 LMWE A AE 2R 2L
S HAm AR TYRIAC, e AL 59045 31 B T L
K 125, BOBERRZL S5 4N FL i Lb ) 1:0. 25k
I 0.4% . EUF JRIIEL 0.005% ., 5727 ZF b
W& 0.7% FI G E J1 500 Pa, 7EBLA1F T 7=
i GL{E>N 28.12, HEA A1 BCE Rtk s
EOEER RN S Nk E N YDA ) W W D= S O [
LMWF JS 205 5 1 HA ks A 188 s

FRW TS, i T LKA RS A A 52, FHTi AT e i b 45
Uk, HABGEEFRNE. AUl Rt s
SEAh R EINZ AR Es 5072 g AT s
g R i) A= TS e PR, [RIEE XS LMWF #E17 6 3R],
A W) Tl 22 MR 3808, RISt )™ R 2%
FARAL TR

© The Author(s) 2025. This is an Open Access article
distributed under the terms of the Creative Commons Attribution
License (https://creativecommons.org/licenses/by-nc-nd/4.0/).

S ik
[1] LIUJJ, GURUNG R L, LIU S, et al. Associations of young
onset age and genetic risk of beta cell dysfunction with glycaemic
progression in individuals with type 2 diabetes[J]. Diabetes &
Metabolism, 2021, 47(6): 1-23.
[2] DUANY S, SUN HW, YAO Y M, et al. Serum concentra-
tions of per-/polyfluoroalkyl substances and risk of type 2 diabetes: A
case-control study[J]. Science of the Total Environment, 2021, 787:
147476.
[3] SHAN X D, LIU X, HAO J I, et al. In vitro and in vivo hypo-
glycemic effects of brown algal fucoidans[J]. International Journal
of Biological Macromolecules, 2016, 82: 249-255.
[4] MAK W, HAMID N, LIU T, et al. Fucoidan from New
Zealand Undaria pinnatifida: Monthly variations and determination
of antioxidant activities[J]. Carbohydrate Polymers, 2013, 95(1):
606—614.
[5] SVETIANA E, ROZA S, MIN K S, et al. Fucoidans from
brown seaweeds Sargassum hornery, Eclonia cava, Costaria costa-
ta: structural characteristics and anticancer activity [J]. Applied bio-
chemistry and biotechnology, 2011, 164(6): 841-850.
[6] WUQQ,ZHANG M, WU K, et al. Purification and character-
istics of fucoidanase obtained from Dendryphiella arenaria TM94
[J]. Journal of Applied Phycology, 2011, 23(2): 197-203.
(7] T 5. 2 RAEAME 0 LB S5 A 2 M) 5 1
[D]. K. KR K5 2017. [ WEI X Q. Purification, chain struc-
ture and bioactivities of fucoidan[D]. Wuhan: College of Chemistry
and Molecular Sciences, Wuhan University, 2017. |
[8] HES, PENG W B, ZHOU H L, et al. A combination of deep-
sea water and fucoidan alleviates T2DM through modulation of gut
microbiota and metabolic pathways[J]. Pharmaceuticals, 2023,
16(3): 1-20.
[9] NAZIA T, FAZLURRAHMAN K, GYUN K M, et al. Inhibi-
tion of polymicrobial biofilms of Candida albicans-Staphylococcus
aureus/Streptococcus mutans by fucoidan—gold nanoparticles[J].
Marine Drugs, 2023, 21(2): 1-16.
[ 10 ] KENTARO K. The public health impact of hypertension and
diabetes: a powerful tag team for the development of chronic kidney
disease[J]. Hypertension research: official journal of the Japanese
Society of Hypertension, 2023, 46(2): 339340 .
[11] SUNLJ, WANG Y Y, MIAO M. Inhibition of a-amylase by
polyphenolic compounds: Substrate digestion, binding interactions
and nutritional intervention[J]. Trends in Food Science & Technolo-
gy, 2020, 190-207.
[12] MAPENGO C R, EMMAMBUX M N. Processing technolo-
gies for developing low GI foods — a review[J]. Starch - Sti rke,
2022, 74: 7-8.
[13] 0OJO 0, 0JO O O, WANG X H, et al. The effects of a low GI
diet on cardiometabolic and inflammatory parameters in patients
with type 2 and gestational diabetes: a systematic review and meta-
analysis of randomised controlled trials[J]. Nutrients, 2019, 11(7):
1-17.
[14] ARPITA D, ARUNKULAR P, KUMAR Y S, et al. Shelf -
life, nutritional and sensory quality of cereal and herb based low gly-


https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.scitotenv.2021.147476
https://doi.org/10.1016/j.ijbiomac.2015.11.036
https://doi.org/10.1016/j.ijbiomac.2015.11.036
https://doi.org/10.1016/j.carbpol.2013.02.047
https://doi.org/10.1007/s12010-011-9178-2
https://doi.org/10.1007/s12010-011-9178-2
https://doi.org/10.1007/s12010-011-9178-2
https://doi.org/10.1007/s10811-010-9588-5
https://doi.org/10.1038/s41440-022-01114-9
https://doi.org/10.1038/s41440-022-01114-9
https://doi.org/10.1038/s41440-022-01114-9
https://doi.org/10.1038/s41440-022-01114-9

%464 % 12

2 3%, % LMWF X o-SERYBEA o AR ET BRI 3 )27 S HAEAR G FUB RN <111 -

caemic index foods for managing diabetes[J]. Journal of Food Pro-
cessing and Preservation, 2021, 46(1): 1-12.
[15] LAIJT, XIE F, ZHENG W Y. Realization of meal replace-
ment powder based on low GI food[J]. MEDS Chinese Medicine,
2021, 3(2): 88-91.
[16] F3k, X068, BIG4R, . AW 5 RIILHBAT otk
#em [J]. + B4, 2019(1): 38-40. [ SANG Y, LIU Z L, ZHOU
X J, et al. Effects of camel milk and probiotics in regulating dia-
betes[J]. China Dairy Cattle, 2019(1): 38—40. ]
[17] G4, #a A, R LML Y kR (1]
BIRFIR, 1999(2): 118. [ BAIJ, MAN Q Q, LIU G. Experimen-
tal study on blood glucose regulation by compound milk powder[J].
Acta Nutrimenta Sinica, 1999(2): 118. |
[ 18] WANG Q, SONG Y, HE Y, et al. Structural characterisation
of algae Costaria costata fucoidan and its effects on CCI(,)-in-
duced liver injury [J]. Carbohydr Polym. 2014, 107, 247-254. ].
[19] HE S, CHOI D N, TANG W Y, et al. ZIF-8@SiO, based
novel dispersive solid-phase filter extraction technique for the purifi-
cation of laminarin and fucoidan from undaria pinnatifidalJ]. Mi-
crochemical Journal, 2022, 180: 1-8.
[20] #sh, Ih4eF, Bsrde, . — APkl A M K BEIR R AR
BAC % A8 6 7 ik AT R [J]. A e A3, 2021, 46(4): 250-255.
[ YANG J, SUN Y F, GAO H L, et al. Study on rapid determina-
tion of sulfated polysaccharides in microbial fermentation system
[J]. Food Science and Technology, 2021, 46(4): 250-255. ]
[21] skmm, EbbA, Gk, F. %5 oA £ 30 R 2 2 B
8 & 4 5 R [J/OL]. & o6 5 & 8 Tk, 1-10 [2025-03-25]. doi:
10.13995/j.cnki.11-1802/ts.040079. [ ZHANG T T, DONG Y S,
HOU H B, et, al. Enzymatic hydrolysis of polysaccharides of Den-
drobium devonianum and its application in fermented wine[J/OL].
Food and Fermentation Industries, 1—10 [2025-03-25]. doi:10.13995/
j.cnki.11-1802/ts.040079. ]
[22] YANGIJC, LI H, WANG X L, et al. Inhibition mechanism of
o-amylase/a-glucosidase by silibinin, its synergism with acarbose,
and the effect of milk proteins[J]. Journal of agricultural and food
chemistry, 2021, 69(36).
[23] ixsEm. 3, 5- A A KA (DNS) kil & Aok T3& R A4S
F o9& T[], k255, 2014,26(1): 57-60. [ JIANG J L.
Optimum condition for determining reducing sugar content in
Schisandra by DNS method [J]. Strait Pharmaceutical Journal, 2014,
26(1): 57-60. ]
[24] %3, BT BRI a- KB Bfe o-F 2485 809 39
AR AL AR GL KA P AR [D]. Lk BisEERS,
2021. [ PANY. Inhibitory effect of blueberry leaf polyphenols on a-
amylase and a-glucosidase and its application in low GI[D]. Shang-
hai: Shanghai Ocean University, 2021. ]
[25] E3&, K3, HiE4E, . SRR A FARE BT AL
[J]. 45 B 48 i1, 2024, 22(1): 45-50. [ WANG X, ZHANG Y
L, YANG J Y, et al. Formula optimization of bamboo shoot based
meal replacement powder with high dietary fiber[J]. World Bam-
boo and Rattan, 2024, 22(1): 45-50. |
[26 ] XIAO J, BAI X Q, LIAO L, et al. Hydrogen sulfide inhibits
PCSK9 expression through the PI3K/Akt-SREBP-2 signaling path-
way to influence lipid metabolism in HepG2 cells[J]. International
Journal of Molecular Medicine, 2019, 43(5): 2055—2063.
[27] HAAS M J, NAEM E, ALMDALLALEH S, et al. The effect
of black seed (Nigella sativa) extract on lipid metabolism in HepG2
cells[J]. BBA - Molecular and Cell Biology of Lipids, 2022, 1867
(8):1-9.
(28] EmE, 5 —WA, 30, . A7 % B xR By A du
HepG2 %n e H 4B H 4 F 69 Fww [J]. £ & T 1, 2022,43(9):
161-165. [ WANG R X, FANG Y M, GUO N, et al. Effects of
lemon peel polyphenols on glucose consumption in insulin-resistant
HepG?2 cells[J]. The Food Industry, 2022, 43(9): 161-165. ]

[29] #ps, @E &, 3807, 5. BIEH ARSI 2K 40 3k 35 7
£ T HepG2 w2 AR B Mt Fe st ZRMed Foa ], PEAPE
243 8 % %,2023,30(4): 94-99. [LIU Z, TIAN X F, TAN X N,
et al. Effects of Gupi Xiaoji decoction on amino acid metabolism
and energy metabolism of HepG2 cells under co-culture of hep-
atoma stellate cells[J]. Chinese Journal of Information on Tradition-
al Chinese Medicine, 2023, 30(4): 94-99. |

[30] X6, £Aefh, G4, 5. BRI S FRARE
HepG2 #m M #E AR 34 69 BB A AL BF 7 (1], S P A RS %
R(EF R, 2023,52(1):43-47. [ WANG R, YUAN Y Q, ZENG
M, et al. Effects of crude flavones of Pueraria lobata onthe im-
provement of glycometabolism in insulin-resistant HepG2 cells and
underlying mechanism [J]. Acta Medicinae Universitatis Scientiae et
Technologiae Huazhong, 2023, 52(1): 43-47. ]

[31] KIMK T, RIOUX L E, TURGEON S L. Alpha-amylase and
alpha-glucosidase inhibition is differentially modulated by fucoidan
obtained from Fucus vesiculosus and Ascophyllum nodosum[J].
Phytochemistry, 2014, 98: 27-33.

[32] SMINA C S, LALITHA P, NAGABHUSHANA H, et al.
Terminalia bellirica dried fruit and seed extract offers alpha-amy-
lase inhibitory potential in tackling diabetes[J]. Applied Nanosci-
ence, 2020, 10: 4325-4339.

[33] TOKO F R, NGENGE T A, YAYA G A J, et al. In Vitro
evaluation of a-amylase and a-glucosidase Inhibition of 2,3-
Epoxyprocyanidin C1 and other constituents from Pterocarpus eri-
naceus Poir[J]. Molecules, 2022, 28(1): 1-15.

[34] AUDERY K H S, LU J, ZHOU W B. Structural dependence
of sulfated polysaccharide for diabetes management: fucoidan from
Undaria pinnatifida inhibiting a-glucosidase more strongly than a-
amylase and amyloglucosidase[J]. Frontiers in Pharmacology, 2020,
11: 1-9.

[35] &3, 20 A, £3%, F. EHT L0 0 BA o-H 5
M B ey R Sh A F AT R J]. RAR =4 5 74, 2022,
34(4):579-587. [PANY, LIU X L, WANG Y, et al. Inhibitory ef-
fect of polyphenols from blueberry leaves on the activity of a-amy-
lase and a-glucosidase in vitro[J]. Natural Product Research and
Development, 2022, 34(4): 579-587. ]

[36] SHEN HY, WANG J, AO J F, et al. Inhibitory kinetics and
mechanism of active compounds in green walnut husk against a-glu-
cosidase: spectroscopy and molecular docking analyses[J]. LWT,
2022, 172: 397-407.

[37] Z&m, ARM, &HE, 5. B ARSI o- S b B
IR 4E A 1], & s At 52, 2023, 44(22): 192-199. [ LI Z P, ZHOU
CY, PAN S T, et al. Inhibitory effects of two polysaccharides from
highland barley on the activity of pancreatic a-amylase[J]. Food
Science, 2023, 44(22): 192-199. ]

[38] PENG W, TANG C, L1Y, et al. Inhibitory effects of various
ratios of polysaccharides/alkaloids from rhizome of Coptis chinen-
sis franch on a-glucosidase[J]. Tropical Journal of Pharmaceutical
Research, 2016, 15(2): 307-312.

[39] GAYATHRI J, KASIPANDI M, LYDIA M A, et al. Under-
standing the bioaccessibility, a-amylase and a-glucosidase enzyme
inhibition kinetics of Allmania nodiflora (L.) R. Br. Ex Wight
polyphenols during in vitro simulated digestion[J]. Food Chem-
istry, 2022, 372: 1-10.

[40] LAKSHMANA S S, RAGHU C, ARJUN H A, et al. In vitro
and in silico inhibition properties of fucoidan against-amylase and a-
D-glucosidase with relevance to type 2 diabetes mellitus[J]. Carbo-
hydrate Polymers, 2019, 209: 350—355.

[41] &2, RAM, RA, 5. Fhr £ 4 F AR BAH BRI
£ Bt R 5 I K ,2020,41(19):212-218,224. [ XIANG C,
RONG Y, CHI M, et al. Advances in research on biological activity
and mechanisms of inulin[J]. Food Research and Development,
2020,41(19):212-218,224. |


https://doi.org/10.1016/j.phytochem.2013.12.003
https://doi.org/10.1007/s13204-020-01549-x
https://doi.org/10.1007/s13204-020-01549-x
https://doi.org/10.1007/s13204-020-01549-x
https://doi.org/10.3390/molecules28010001
https://doi.org/10.3389/fphar.2020.00001
https://doi.org/10.7506/spkx1002-6630-20230105-035
https://doi.org/10.7506/spkx1002-6630-20230105-035
https://doi.org/10.7506/spkx1002-6630-20230105-035
https://doi.org/10.4314/tjpr.v15i2.12
https://doi.org/10.4314/tjpr.v15i2.12
https://doi.org/10.1016/j.carbpol.2019.01.039
https://doi.org/10.1016/j.carbpol.2019.01.039
https://doi.org/10.12161/j.issn.1005-6521.2020.19.037
https://doi.org/10.12161/j.issn.1005-6521.2020.19.037

	1 材料与方法
	1.1 材料与仪器
	1.2 实验方法
	1.2.1 低分子量褐藻聚糖硫酸酯的制备
	1.2.2 样品组成测定
	1.2.3 分子量测定
	1.2.4 对两种关键消化酶的体外抑制动力学分析
	1.2.4.1 对α-淀粉酶的抑制动力学分析
	1.2.4.2 对α-葡萄糖苷酶的抑制动力学分析

	1.2.5 低GI乳粉工艺流程
	1.2.6 操作要点及工艺条件
	1.2.7 原料配比优化
	1.2.8 单因素实验
	1.2.9 正交试验
	1.2.10 理化指标测定
	1.2.10.1 还原糖的测定
	1.2.10.2 体外模拟消化测定

	1.2.11 产品稳定性
	1.2.12 感官评价分析

	1.3 数据处理

	2 结果与分析
	2.1 UF、EUF样品组成分析
	2.2 分子量分析
	2.3 UF与EUF对α-淀粉酶的抑制类型分析
	2.4 UF与EUF对α-葡萄糖苷酶的抑制类型分析
	2.5 低GI乳粉制备单因素实验结果
	2.6 正交试验结果

	3 结论
	参考文献

