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Sargassum spp., a predominant seaweed speciesin Taiwan's coastal waters, exhibits a broad spectrum of bioactivities. In 
the present study, we investigated four Sargassum species viz., S. crassifolium, S. siliquosum, S. hemiphyllum,and  
S. hemiphyllum var. chinense for various bioactivities. From the four species, we made eight fucoidan extracts, namely SC,
SCH, SS, SSH, SH, SHH, SHC, and SHCH with or without a compressional puffing pretreatment. The compressional-
puffing process increased the extraction yield of fucoidan and decreased levels of impurities (proteins and polyphenols).
Among the eight fucoidans, SS (IC50 DPPH 0.46±0.01 mg/mL; IC50 ABTS•+ 0.09±0.00 mg/mL; FRAP value 67.4±0.9
μmol/g extract, vitamin C equivalent) and SHC (IC50 DPPH 0.53±0.17 mg/mL; IC50 ABTS•+ 0.11±0.00 mg/mL; FRAP
value 55.1±0.6 μmol/g extract, vitamin C equivalent) displayed the highest antioxidant activity; SS (36.4±10.1% at 5 mg/mL
for 𝛼-amylase; 96.3±0.2% at 1 mg/mL for 𝛼-glucosidase) and SHC (35.0±2.2% at 5 mg/mL for 𝛼-amylase; 96.5±0.2% at
1 mg/mL for 𝛼-glucosidase) showed the strongest 𝛼-amylase and 𝛼-glucosidase inhibitory activities; SH, SHH and SHC had
the most potent anti-inflammatory activity; and SHH had a greatest protective effect against damage to pancreatic cells.
Hence, SS, SH, SHH, and SHC may be effective health-promoting agents for nutraceutical products.

Keywords:  Antidiabetic, Anti-inflammation, Antioxidant, Brown algae, Carbohydrate-digesting enzymes, Pancreatic cells, 
Reactive oxygen species (ROS), Seaweed 

Fucoidans are fucose-enriched sulfated polysaccharides 
(FCSPs), a polysaccharide category with varying 
proportions of monosaccharide composition and non-
carbohydrate fractions (mainly acetyl and sulfate 
groups)1. Fucoidan exhibits various bio properties, 

including antioxidant, antibacterial, antiviral, anti-
inflammatory, anticancer, anticoagulant, antiadipogenic, 
antithrombotic, and neuroprotective properties2. 
Recently, studies have found that the efficacy of 
fucoidan extracts may be related to factors such as 
seaweed species, growing conditions, location, the 
physicochemical characteristics of extracts, the 
extraction method, and analytical techniques, 
including solvent concentration and extraction time3. 
Gaining a better insight into the fucoidans 
production using different species of Sargassum and 
different extraction techniques and determining 
their bio characteristics becomes exceedingly 
more important.  
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Abbreviation: ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FCSPs, fucose-
enriched sulfated polysaccharides; SC/SCH; SS/SSH; SH/SHH;
and SHC/SHCH (Sargassum crassifolium; S. siliquosum; S. hemi-
phyllum; and S. hemiphyllum var. chinense without/with compressional-
puffing pretreatment, respectively). 
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Pretreatment methods aid in mass transfer by 
degrading the cell matrix of plant biomass. It has been 
claimed that several cutting-edge pretreatment 
methods, such as mechanical disruption (ball milling, 
high-pressure homogenization, and hydrodynamic 
cavitation), ultrasound, microwaves, and pulsed 
electric fields, can also improve the yield and quality 
of the extracts4. Compressional-puffing pretreatment 
is more effective and simpler than the rotational 
puffing procedure, which uses high mechanical and 
explosive pressure on materials and thus increases the 
extraction yields of fucoidan from S. glaucescens5, 
phenolic compounds from Pinus morrisonicola6, and 
bioactive compounds from Aloe vera7.  
 

Reactive oxygen species (ROS) are usually 
available as superoxide anion (O2•–), hydroxyl radical 
(•OH), and hydrogen peroxide (H2O2), which are often 
used as biomarkers of inflammation, carcinogenesis, 
ischemia/reperfusion, and diabetes mellitus8,9. 
Although antioxidant-driven defense techniques can 
restore oxidative damage, oxidation-induced damage 
cannot be eliminated, and antioxidants are also 
necessary. Certain synthetic antioxidants are 
potentially hazardous to human health10. Therefore, 
there is a need for potent, safe, and low-cost 
antioxidants derived from naturally occurring 
compounds. 
 

Diabetes mellitus is a disease that is delineated by 
abnormalities in insulin levels. Stable blood glucose 
levels can be regulated by blocking the activity of 
carbohydrate-digesting enzymes, such as α-amylase, 
α-glucosidase, and DPP-4 (dipeptidyl peptidase-4)11. 
Antidiabetic medication, also reported as sodium/ 
glucose co-transporter-2 (SGLT2) inhibitors, has 
loweredblood sugar levels in diabetics. However, the 
side effects and cost-effectiveness of synthetic drugs 
have raised concerns. Pro-inflammatory cytokines, 
involving tumor necrosis factor alpha (TNF-α) and 
interleukins (IL-1 & IL-6), are generated by adipose 
tissue and attached to adipocytes. Elevation of 
glucose uptake in adipocytes promotes fat 
accumulation, exacerbating metabolic dysfunction, 
i.e., insulin resistance, a hallmark of diabetes. 
Emerging data show a strong relationship between 
inflammatory responses and the development of  
type 2 diabetes. Polysaccharides extracted from 
seaweeds possess anti-inflammatory and antidiabetic 
properties12.  

The predominant seaweed speciesin Taiwan's 
coastal waters is Sargassum species, which are 

widespread brown algae with several varieties. 
Sargassum species (brown algae) have opted for the 
current studies because they are an anatomically 
diverse group compared to other macroalgae 
(seaweed) and thus exhibited a broad spectrum of 
bioactivities in previous studies3,13-15. The present 
study hypothesizes that the efficacy of seaweed 
extracts depends not only on seaweed species but also 
on their habitat, growth, and extraction conditions. 
Weexplored four Sargassum species, commonly 
grown in coastal areas of Taiwan for their fucoidan 
extracts with differing efficacy to provide diverse 
bioactivities such as antioxidant, 𝛼-glucosidase, and 
𝛼-amylase inhibitory, anti-inflammation, and 
pancreatic beta cells protective properties3,14,16,17. To 
the extent of theauthor’s knowledge, detailed studies 
are lacking concerning the inhibition of 𝛼-amylase 
and 𝛼-glucosidase applies to desirable bioactivity, 
anti-inflammation activity, and the protection of 
pancreatic  cells caused by crude extracts of 
fucoidan obtained from different Sargassum species 
and from compressional-puffing-pretreatment. We 
studied the health-promoting effects of crude extracts 
of fucoidan. Further, we used compressional puffing 
treatment for economical extraction of high-quality 
fucoidan.  

 
Materials and Methods 
 

Chemicals and Materials 
Samples of Sargassum crassifolium, S. siliquosum, 

S. hemiphyllum and S. hemiphyllum var. chinensewere 
sampled from Penghu Islands, Taiwan. The samples 
were water-washed, dried, packed in aluminum foil 
stacks, and stored until use at 4°C. L-fucose, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT), dimethyl sulfoxide (DMSO), 2,2'-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid)(ABTS), 2,2-
diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tripyridyl-s-
triazine (TPTZ), FeCH3, α-amylase, α-glucosidase, 
streptozotocin (STZ), Bradford reagent, BSA (bovine 
serum albumin) were obtained from Sigma-Aldrich 
(St. Louis, USA). DMEM medium, RPMI medium, 
trypsin/EDTA, penicillin, streptomycin, and fetal 
bovine serum (FBS) were obtained from Gibco 
Laboratories (Grand Island, USA). The other 
reagents, unless otherwise specified, were purchased 
from Sigma-Aldrich. 

 

FTIR spectroscopy 
The technique of Shih et al.18 was used to do the 

FTIR analysis. In a nutshell, KBr (w/w, 1:50) and dry 
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Sargassum powder (less than 100 mesh) were blended 
and ground uniformly. The translucent pellets of KBr 
were prepared at 500 kg/cm2 pressure under 
vacuumized conditions. A Horiba FT-730 spectrometer 
(Horiba, Kyoto, Japan) generated the FTIR spectra. 
The absorbance was measured using 60 scans between 
400 and 4000 cm-1 with a resolution of 16 cm-1 using 
KBr pellet alone as a background.  

 

Compressional-puffing procedures 
The dried macroalgal sample (weight: 2.7 g, 

moisture content: 12.9%) was puffed by the procedure 
outlined in our prior work5. To put it briefly, the 
temperature for the compressional puffing conditions 
was set at 220°C, and the algae sample was 
automatically fed to the chamber. The detachable 
cylindrical chamber automatically moved up  
and down thrice when the chamber attained the 
desired temperature. This compressed the sample 
mechanically to a force of about 5 kg/cm2, and then it 
immediately opened to cause puffing by releasing the 
steam pressure fast. Each process required a total 
reaction time of around 10s. At a temperature of 
220°C, the pressure level within the chamber was 
18.3 kg/cm2. 

 

Analytical techniques  
According to Huang et al.14, thephenol-sulfuric 

acid method was employed to quantify thetotal 
reducing sugar level using galactose (standard). The 
fucose contentwas estimated corresponding to a 
previously described method19 where, as a sugar 
standard, L-fucose was used. Using galactose as 
areference, 3,5-dinitrosalicylic acid colorimetry was 
used to measure the amount of reducing sugar in the 
algal extracts20. The sulfate content of the extracts 
was estimated by hydrolyzing it with a 1N HCl 
solution at 105°C for 5 h. The sample's ion 
chromatographic analysis was performed with a 
Dionex ICS-1500 utilizing an IonPac AS9-HC 
column at a flow rate of 1 mL min-1 at 30°C with 
conductometric detection to determine the sample's 
sulfate content, where K2SO4 was used as the 
standard, and 9 mM Na2CO3 was used as the eluent. 
Bradford’s assay calculated the amount of protein in 
the extracts with BSA (standard). Polyphenols were 
examined using the Folin-Ciocalteu analytical 
technique, with gallic acid as the reference21. 

 

Polysaccharide extraction method  
Crude fucoidan extractsfrom S. crassifolium,  

S. siliquosum, S. hemiphyllum, and S. hemiphyllum 
var. chinense were performed using the following 

method. Fifteen grams of algal sample was mixed and 
shaken with 150 mL 95% ethanol to separate 
pigments, lipids, and other impurities, later, it was 
centrifuged at 970×g for 10 min. The biomass sample 
was mixed again with 150 mL distilled water, and the 
polysaccharide was extracted for 1 h at 85°C and  
120 rpm. The mixture was centrifuged for 10 min at 
3870 g to separate the supernatant. To precipitate 
alginate, a 2% CaCl2 (w/v) solution was mixed with 
the supernatant and shaken at 120 rpm for 1 h. The 
treated sample was centrifuged @ 3870 ×g for 10 min, 
and the supernatant was then ultrafiltrated at a speed 
of 300×g for 10 min using a membrane with an 
MWCO of 100 kDa to remove calcium and protein. 
The retentate was collected to further precipitate 
alginic acid, and 95% ethanol was mixed with the 
biomass extract, bringing 20% of the final ethanol 
concentration. Finally, the fucoidan extract was 
precipitated from the supernatant, which was 
centrifuged at 9170 g for 30 min by 95% ethanol 
blending to obtain a 50% final ethanol concentration. 
The obtained fucoidan extract was collected via 
centrifugation at 9170g for 30 min and freeze-dried. 
The extraction yield was derived using the equation 
given below:  

 

Extraction yield (%) =  
  100

wt.)(drySample

wt.)(drysolidExtracted
  …(1) 

 

DPPH radical-scavenging activity  
DPPH radical-scavenging activity was quantified 

as per protocol22 where, 50 μL of sample solution was 
blended with 150 μL of freshly made, 0.1 mM DPPH 
solution (in methanol). The mixture was briskly 
shaken for 1 min beforeincubatingat room 
temperature (25oC)for 30 min in the dark. Later, all 
the sample’s absorbance was read at 517 nm by 
means of a microplate reader (SPECTROstar Nano; 
Germany), and the activity of radical scavenging 
efficiency was determined using the below equation: 

 

DPPH radical-scavenger (%) =  
  100

controlA

sampleA1


  …(2) 

 

where, sample A denotes various test sample 
absorbance, and control A denotes absorbance of 
blank sample. 

 

ABTS cation radicalscavenging activity  
The samples scavenging activity against the 2,2'-

azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) 
cation radical was assessed using a previously 
demonstrated technique23. The ABTS•+ solution 
combined 88 μL of 140 mM potassium persulfate 
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with 5 mL of a 7 mM ABTS solution. A 95% ethanol 
diluted the solution until itreached0.70±0.05 
absorbance at 734 nm. For the activity assay, 100 μL 
of sample solution was blended with a diluted 100 μL 
ABTS•+ solution. After 6 min of incubation at room 
temperature, the absorbance was determined at  
734 nm using an ELISA equipped with a microplate 
reader (SPECTROstar Nano; Germany). Similarly, 
the blank was kept adding distilled water replacing 
thesample. The ABTS•+ scavenging activity was 
determined as follows: 
ABTS cation radicalscavenger (%) =  

  100
controlA

sampleA1


  …(3) 

 
 

where, sample A denotes the absorbance of various 
testing samples, and control A represents 
theabsorbance of blank. 

 
Frap (ferric reducing antioxidant power) assay  

This assay was performed as per Hsiao et al.24 
method. To make the FRAP solution, 10 μL of acetate 
buffer (300 mM) was added until pH 3.6 was attained. 
The resulting solution was mixed with 1 mL of 20 mM 
FeCl3ꞏ6H2O and was further blended with 1 mL of  
10 mM TPTZ (in 40 mM HCl). Testing samples  
(50 μL) of varying concentration were prepared and 
mixed with freshly prepared warm (37°C) FRAP 
solution (450 μL), and was incubated for 30 min in 
the dark, where acetate buffer (450 μL) was used as a 
blank. Using a microplate reader (SPECTROstar 
Nano; BMG Labtech, Germany), the absorbance was 
measured at 593 nm. Finally, the FRAP values were 
assessed using vitamin C (standard) and expressed as 
μmol of vitamin C/g of dried sample. 

 

Inhibition study of α-amylase  
The α-amylase inhibitory activity of 

polysaccharides was determined using the previously 
reported method18. A 20 μL of α-amylase solution  
(2 U/mL in 0.02 M pH 6.9 sodium phosphate buffer) 
were added with 40 μL of negative control sample 
(distilled water) and incubated for 60 mins at ambient 
temperature. Later, 20 μL of 1% soluble potato starch 
solution (in 15 min heated 0.02 M & pH 6.9 of 
sodium phosphate buffer) was filled in each tube, later 
40 μL of DNS (dinitrosalicylic acid) solution was 
added before incubating them at 100°C for 8 min. 
Centrifugation of the above mixture at 12,000 ×g for  
5 min, 780 μL of distilled water was added, and the 
absorbance was determined using amicroplate reader 
at 540 nm. The inhibition rate was estimated with 
respect to negative control having 100% activity. 

Inhibition study of α-glucosidase  
The inhibitory activity of α-glucosidase on 

extracted polysaccharides was measured using the 
previously described methods18. A 72 μL of α-glucosidase 
(1 U/mL in 0.1 M & pH 6. 9 of maleate buffer) was 
mixed with an equal amount of sample or negative 
control (distilled water) in a test tube and later, it was 
incubated for 30 min at 37°C. Later, 144 μL of 
maltose (2 mM) or sucrose (20 mM) substrate was 
added in each tube. The resulting mixture was 
incubated for 20 min. at 37°C and centrifuged for 5 min 
at 12,000 ×g, then the reactions were finally halted by 
adding 576 μL of 1M Na2CO3. Finally, the absorbance 
was measured using amicroplate reader (SPECTROstar 
Nano; Germany) at 405 nm. The inhibition ratewas 
determined with respect to the negative control having 
100% activity.  

 

Cell culture  
RAW 264.7 cell lines (BCRC No. 60001) of 

Murine macrophage and Rat insulinoma cell lines 
RIN-m5F (BCRC No. 60410) used in this study were 
procured from the BioSource Collection and Research 
Center of the Food Industry Research and 
Development Institute (FIRDI, Hsinchu, Taiwan). 
The Murine macrophage cell lines RAW 264.7 were 
grown at 37°C in a humid environment with 5% CO2 
in DMEM supplemented with 10% FBS and 100 U/mL 
penicillin-streptomycin solution, whereas Rat insulinoma 
cell lines RIN-m5F (BCRC No. 60410) were grown at 
same incubation condition using RPMI added with 
100 U/mL solution of penicillin-streptomycin and 
10% FBS. These two cells were maintained by 
changing the media for 2-3 days.  

 

Measurement of nitrite oxide in culture media  
Nitrite oxide (NO) in the culture media was 

measured using a previously described protocol24. In a 
nutshell, RAW 264.7 cells (2 × 105 cells/mL) were 
incubated for 24 h at 37°C with 5% CO2 in a 96-well 
flat-bottom plate. The old culture media was changed 
with a new medium encompassing LPS (1 μg/mL) or 
checked samples at varied concentrations. After a  
24 h incubation period, the nitrite content in the 
culture supernatant was assessed by mixing 50 μL of 
each cultured supernatant with Griess reagent  
(100 μL) and mixed well before 10 min incubation at 
room temperature, followed by this the absorbance 
was measured using a microplate reader (SPECTROstar 
Nano; BMG Labtech, Germany) at 540 nm, and the 
quantity of nitrite was standardized using NaNO2 at  
0-100 μM concentrations.  
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Cytotoxicity analysis 
According to Hsiao et al.24, MTT assay was used to 

test the cytotoxicity of extracted polysaccharides. 
Cells were grown using 5% CO2 in a wet environment 
for 24 h at 37°C. Following the medium decantation, 
the cells were subjected to different concentrations of 
the test substances in a serum-free medium. Upon 
24 h of treatment, the cells were washed using PBS, 
and MTT reagent (0.1 mg/mL) was applied. After 
2-3 h of incubation, DMSO was added and mixed
well through pipetting to dissolve the formazan.
The absorbance was determined using a microplate
reader (SPECTROstar Nano, BMG Labtech,
Germany) at 570 nm. The MTT reduction percentage
served as a measure of the cell's viability.

Quantification of IL by ELISA 
As per the protocol described by Hsiao et al.24,  

IL-6 was quantified using ELISA. RAW 264.7 cells 
were cultured in the medium with 5% CO2 for 24 h at 
37°C in a humid atmosphere. After that,the old media 
was decanted, and various sample concentrations 
were used to treat cells in a serum-free medium for 
24 h. Later, the supernatant was collected, and IL-6 
concentration was determined per the manufacturer’s 
protocols in ELISA Max kits (BioLegend, San Diego, 
USA).  

Statistical assessment 
Experimental data are shown as the mean and 

standard deviation of triplicates (n=3). The ANOVA 
(one-way), the student’s t-test, and the Duncan 
multiple-range test were used to compare data across 
groups. If the p-value was less than 0.05, statistical 
findings were deemed significant. 

Results and Discussion 
FT-IR analyses of Sargassum spp. 

The FT-IR results of the four Sargassum species 
viz., S. crassifolium, S. siliquosum, S. hemiphyllum 
and S. hemiphyllum var chinense are shown in Fig. 1.  
 

According to Huang et al.14, the peaks at 3401 and 
2940 cm-1 specifically correspond to the stretching of 
O-H and C-H, respectively. The scissoring water
vibration and the in-plane ring vibrations of OCH,
CCH, and COH are specific for polysaccharides
shown by the peaks at 1621 and 1421 cm-1,
respectively14. The signal observed at 1320 cm−1

denotes the C–O stretching vibrations of the
saccharide structure (mannuronic acid)25. The sulfate
group's S=O asymmetric stretching vibration gave rise
to the bands approximately 1230 cm-114. The IR bands

about 1080 and 1025 cm-1 reflect the saccharide 
structure of guluronic acid26. The major peaks at 
890 and 805 cm-1 corresponded to anomeric CH of 
β-galactopyranosyl residues and sulfation on C2 of 
the 3,6-anhydro-L-galactose27. Between 620 and 
580 cm-1, additional sulfate IR bands are detected. All 
above peaks are ascribed for symmetric and 
antisymmetric O=S=O deformations24. Given that 
Sargassum is a significant source of complex 
carbohydrates, our findings verified that these signals 
might be primarily ascribed to polysaccharides 
(alginate and sulfated polysaccharides). In contrast to 
the other three Sargassum spp., S. siliquosum 
displayed clear FT-IR signals for alginate. 

Preparation of fucoidan crude extracts from compressional 
puffing-pretreated Sargassum  

Eight crude extracts of fucoidan were used in the study, 
including SC (S. crassifolium without compressional 
puffing pretreatment), SCH (S. crassifolium with compres-
sional puffing pretreatment), SS (S. siliquosum without 
compressional puffing pretreatment), SSH (S. sili-
quosum with compressional puffing pretreatment), SH 
(S. hemiphyllum without compressional puffing pretreatment), 
SHH (S. hemiphyllum with compressional-puffing 
pretreatment), SHC (S. hemiphyllum var. chinense 
without compressional-puffing pretreatment), and 
SHCH (S. hemiphyllum var. chinense with 
compressional-puffing pretreatment). The extraction 
yields of fucoidan extracts for SC, SCH, SS, SSH, 
SH, SHH, SHC and SHCH were found to be 
1.29±0.03, 2.28±0.01, 0.91±0.05, 1.56±0.01, 1.84±0.02, 
3.07±0.05, 1.71±0.05, and 3.70±0.08 g/100 g, 
respectively in dry basis (Table 1), which showed that 
the compressional-puffing pretreatment enhanced the 
extraction yield up to 2.16-fold higher (3.70/1.71 = 

 

Fig. 1 — FT-IR spectra for (A)S. crassifolium;(B)S. siliquosum; 
(C) S. hemiphyllum; and (D) S. hemiphyllum var. chinense.
[Absorption bands at 3401, 2940, 1621, 1421, 1320, 1230, 1080,
1025, 890, 805, 620 and 580 cm−1 are indicated]
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2.16) in the SHC and SHCH group. Total sugar, 
reducing sugar, protein, polyphenols, fucose, and 
sulfate contents of SC, SCH, SS, SSH, SH, SHH, 
SHC, and SHCH are presented in Table 1. In general, 
the overall sugar content of the extracts rose, while 
the reduced sugar content decreaseddue tothe 
compressional-puffing treatments. Proteins and 
polyphenols in fucoidan extract are considered to be 
impurities3. Our data suggested that compressional-
puffing pretreatment decreased the protein content 
and reduced the polyphenols content of extracts. 
Fucose and sulfate are recognized as the most 
important components of fucoidan24. Generally, 
compressional-puffing pretreatment did not affect the 
fucose and sulfate contents in fucoidan extracts. In 
addition, these data revealed that fucoidan extracts 
from S. hemiphyllum and S. hemiphyllum var. chinense 
had more fucose content than those from the other 
two brown algal species. Moreover, fucoidan extracts 
from S. siliquosum had the least sulfate content 
compared to the other three brown algal species. In 
summary, compressional-puffing pretreatment can 
effectively augment the extraction yield of fucoidan. 
Compressional-puffing pretreatment does not affect 
the critical components, such as fucose and sulfate, in 
fucoidan. Compressional-puffing pretreatment seems 
to decrease impurities, such as proteins and 
polyphenols. Most importantly, fucoidan extracts 
from S. hemiphyllum and S. hemiphyllum var. Chinese 
had higher fucose and sulfate contents than the other 
brown algal species, indicating that their biological 
activities warrant further investigation.  

Antioxidant activities of fucoidan crude extracts from 
compressional puffing pretreated Sargassum  

To determine the antioxidant activities of SC, SCH, 
SS, SSH, SH, SHH, SHC  and  SHCH,  the  following  

Table 2 — Antioxidant activities of fucoidan extracts of  
Sargassum spp. 

Fucoidan 
extracts 

DPPH ABTS•+ FRAP
IC50 mg/mL* Vit. C equivalent (μmol/g extract) 

SC 1.39±0.08e 0.15±0.00e 47.6±1.7bc 
SCH 1.71±0.04f 0.20±0.00h 42.0±1.5a 
SS 0.46±0.01b 0.09±0.00b 67.4±0.9e 
SSH 0.94±0.04c 0.16±0.00f 49.9±0.4c 
SH 1.13±0.05d 0.10±0.01c 56.3±3.0d 
SHH 0.98±0.03c 0.17±0.00g 46.3±0.4b 
SHC 0.53±0.17b 0.11±0.00d 55.1±0.6d 
SHCH 1.87±0.05g 0.26±0.00i 41.3±0.4a 
Vit. C 0.013±0.000a 0.005±0.000a -
[*Concentrations of crude fucoidans from Sargassum species can
scavenge half of ABTS•+ or DPPH free radicals. Values are means ±
S.D. (n = 3), and a-i data in the same column with different superscript
letters are substantially different (P <0.05)]
 

methods were used in the current study: 2,2-diphenyl-
1-picrylhydrazyl (DPPH), 2,2′-azino-bis-(3-ethylbenzo-
thiazoline-6-sulphonic acid) diammonium salt (ABTS), 
and ferric reducing antioxidant power (FRAP) assays. 
As the data presented in Table 2, in general, compres-
sional puffing pretreatment slightly reduced the 
antioxidant activities of fucoidan extracts, yet all 
these fucoidan extracts exhibited antioxidant 
activities. In addition, biological activity experiments, 
such as inhibition of carbohydrate-digesting enzymes, 
anti-inflammation, and protection of pancreatic 
β cells, were conducted. 

Inhibition assays against α-glucosidase and α-amylase of 
fucoidan crude extracts 

The inhibitory activities against carbohydrate-
breaking enzymes (α-amylase and α-glucosidase) of 
SC, SCH, SS, SSH, SH, SHH, SHC and SHCH were 
estimated, andthe outcomes are provided (Table 3). 
For 𝛼-amylase inhibition, the observed results 
suggested that SS, SH, SHH and SHC had higher 
𝛼-amylase inhibitory activity than the other fucoidan 
extracts. For the inhibition of 𝛼-glucosidase, the 

Table 1 — Chemical compositions for fucoidan extracts from Sargassum spp. SC, SCH, SS, SSH, SH, SHH, SHC and SHCH 
Fucoidan 
extracts 

Extraction 
yield (%) 

Total 
sugar (%) 

Reducing 
sugar (%) 

Protein 
(%) 

Total phenolic 
content (%) 

Fucose 
(%) 

SO4
2- 

(%) 
SC 1.29±0.03b 27.5±1.7a 4.67±0.70cd 1.10±0.23a 1.81±0.08b 40.7±1.5a 20.4±1.2b 
SCH 2.28±0.01f 42.2±0.5bc 3.53±0.12a 1.30±0.03a 1.24±0.14a 38.7±2.5a 27.4±1.7d 
SS 0.91±0.05a 42.8±1.5bc 5.73±0.64e 2.91±0.15c 3.34±0.11e 44.7±2.5b 15.4±1.2a 
SSH 1.56±0.01c 48.6±0.8d 3.73±0.31bc 2.07±0.35b 1.63±0.08b 40.7±1.5a 15.0±0.9a 
SH 1.84±0.02e 39.6±5.2b 4.33±0.12bcd 1.86±0.46b 2.50±0.19c 51.0±1.7c 23.2±1.3c 
SHH 3.07±0.05g 46.3±3.0cd 5.07±0.12de 1.94±0.07b 1.83±0.08b 50.0±1.7c 25.7±1.1cd 
SHC 1.71±0.05d 41.8±2.6bc 5.87±0.12e 4.19±0.25d 2.75±0.13d 53.0±2.0c 24.4±0.9c 
SHCH 3.70±0.08h 52.2±1.4de 4.27±0.12abc 1.26±0.07a 1.09±0.04a 51.7±1.2c 25.4±2.5cd 
[SC, Sargassum crassifolium without compressional puffing pretreatment; SCH, S. crassifolium with compres-sional puffing 
pretreatment; SS, S. siliquosum without compressional puffing pretreatment; SSH, S. sili-quosum with compressional puffing 
pretreatment; SH, S. hemiphyllum without compressional puffing pretreatment; SHH, S. hemiphyllum with compressional-puffing 
pretreatment; SHC, S. hemiphyllum var. chinense without compressional-puffing pretreatment; and SHCH, S. hemiphyllum var. chinense 
with compressional-puffing pretreatment)Values are means ± SD (n=3). a-h data in the same column with distinct superscript letters 
which are significantly different (P <0.05)] 
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observed results suggested that SS, SSH and SHC had 
higher 𝛼-glucosidase inhibitory activity than the other 
fucoidan extracts. In general, compressional-puffing 
pretreatment decreased the activity of carbohydrate 
degrading enzymes (𝛼-amylase and 𝛼-glucosidase) 
inhibitory activities of the fucoidan extracts. In 
addition, among these extracts, SS and SHC showed 
the best 𝛼-amylase and 𝛼-glucosidase inhibition.   

Anti-inflammatory activity of fucoidan crude extracts 
The anti-inflammatory activities of fucoidan 

extracts (SC, SCH, SS, SSH, SH, SHH, SHC and 
SHCH) were tested by assessing their effects in LPS-
induced RAW264.7 macrophages via NO production 
and IL-6 production. At 10-200 μg/mL concentrations, 
none of these extracts markedly affected the viability 
of RAW264.7 cells in the presence of 1 μg/mL LPS 
(Fig. 2A). As illustrated in Figure 2B, when 
RAW264.7 cells were treated with 1 μg/mL LPS, the 
NO production was increased from 3.60±0.39 μM to 
23.7±2.1 μM. Whereas, LPS-induced NO production 

was significantly reduced when the RAW264.7 cells 
were treated with 1 μg/mL LPS in the presence of 
various concentrations of SC, SCH, SS, SSH, SH, 
SHH, SHC and SHCH, especially SH and SHH 
treatments resulted in a marked reduction of LPS-
induced NO production. As presented in Fig. 2C, it 
was observed that when RAW264.7 cells were treated 
with 1 μg/mL LPS, the IL-6 production increased from 
0.00±0.00 ng/mL to 2.07±0.09 ng/mL. Furthermore, 
when RAW264.7 cells were treated with 1 μg/mL 
LPS in various concentrations of SC, SCH, SS, SSH, 
SH, SHH, SHC and SHCH, IL-6 production was 
significantly decreased. Notably, SH and SHC 
effectively reduced LPS-induced IL-6 biosynthesis. 
Taken together, most of the fucoidan extracts 
investigated herein exhibited anti-inflammatory 
activity; SH, SHH, and SHC showed greater anti-
inflammation activity compared with the other three 
fucoidan extracts.  
Attenuation of STZ-induced cytotoxicity in RIN-m5F cells by 
crude extract 

The MTT assay was adopted for vitality 
determination of RIN-m5F cells after the cell’s 
treatment with various STZ doses for 24 h to 
determine the cytotoxic effect of STZ on RIN-m5F 
cells. As illustrated in Fig. 3A, at 5 mM concentration, 
STZ reduced the RIN-m5F cells' vitality to 
approximately 42.1%±2.9% to 44.3%±1.2%. Thus, 
the concentration of 5 mM for STZ was used in 
further cellular experiments. Pretreatment of RIN-m5F 
cells with different concentrations (0-200 μg/mL) of 
SC, SCH, SS, SSH, SH, SHH, SHC and SHCH, after 
the cell treatment with 5 mM STZ for 24 h, revealed 
that SHH could significantly mitigate STZ-induced 
cell cytotoxicity and vitality of cells, were reversed 
from 54.3%±4.4% to 68.1%±2.0% and 69.0%±2.3% 

Table 3 — Inhibitory activities against α-amylase and  
α-glucosidase for SC, SCH, SS, SSH, SH, SHH, SHC and SHCH 

Fucoidan 
extracts 

α-amylase inhibition1 
(%) 

α-glucosidase inhibition2 
(%) 

SC 15.1±3.13,ab 47.3±3.8b 
SCH 22.1±7.3b 29.3±0.6a 
SS 36.4±10.1d 96.3±0.2e 
SSH 23.7±2.5bc 92.1±1.2d 
SH 41.4±5.9d 58.7±0.7c 
SHH 34.6±10.9cd 58.5±1.6c 
SHC 35.0±2.2cd 96.5±0.2e 
SHCH 11.8±1.2a 29.1±3.4a 
[1For the 𝛼-amylase inhibition, 5 mg/mL concentration was used 
for SC, SCH, SS, SSH, SH, SHH, SHC and SHCH, whereas 2for 
α-glucosidase inhibition, 1 mg/mL concentration was used. 
Values are mean ± SD (n = 3); a-e Data in the same column with 
different superscript letters are substantially different (P <0.05)] 

Fig. 2 — Effects of various concentrations of SC, SCH, SS, SSH, SH, SHH, SHC and SHCH on cell viability, LPS-induced 
NO production, and IL-6 production in RAW 264.7 macrophages. (A) cell viability; (B) NO production; and (C) IL-6 production. 
[Values and mean ± SD (n = 3). Bars having symbols ✽P <0.05, ☆P <0.005, and★P <0.001 are substantially different compared with the
vehicle (only LPS)] 
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at SHH concentrations of 12.5 and 25 μg/mL, 
respectively (Fig. 3B). As a result, SHH may help 
protect pancreatic cells from oxidative damage.  

The compressionalpuffing process has been 
investigated in numerous studies, and the findings 
have demonstrated that the compressional puffing 
process aids the extraction of bioactive components 
from plant tissues. Huang et al.5 applied the 
compressionalpuffing process to extract bioactive 
compounds from seaweed. Compressional puffing 
was able to break down the cellular structure of the 

seaweed, which facilitated the subsequent extraction 
of various compounds. Furthermore, compared with 
other pretreatments, such as ion-liquid, ultrasonic-, 
and microwave-assisted pretreatments, compressional-
puffing provides several advantages such as a simple 
operating procedure, reactant-saving, less pollution, 
and the ability for continuous production, as well as 
enhancing the extraction yield. Chiang et al.6,28 
successfully utilized the compressional-puffing 
process to pretreat P. morrisconicola and extract 
phenolic compounds. Similarly, Jhang et al.7 
pretreated A. vera with compressional puffing, which 
facilitated the extraction of antioxidant compounds 
from A. vera. In the present study, eight fucoidan 
extracts were obtained, namely SC, SCH, SS, SSH, 
SH, SHH, SHC and SHCH, extracted from four 
different species of Sargassum species both with and 
without compressional-puffing pretreatment. The 
results showed that the compression-puffing process 
effectively increased the extraction yield of fucoidan, 
increased the total sugar content, and decreased the 
protein and polyphenols contents (as impurities) 
(Table 1). These results are found to be in line with 
those of earlier investigations3,5. 

 

The principal seaweed colloids among red seaweed 
(Osmundea pinnatifida,Grateloupia turuturu,and 
Gracilaria gracilis), brown seaweed (Sargassum 
muticum and Saccorhiza polyschides), and green 
seaweed (Codium tomentosum) present in Buarcos 
Bay (Figueira da Foz, Portugal) were identified by 
Rodrigues et al.26 using FT-IR methods. The researchers 
discovered that Gracilariagracilis and O. pinnatifida 
mostly produced agar, but G. turuturu was connected 
to carrageenan seaweed producers. Moreover, the 
primary polysaccharides in Saccorhiza polyschides 
and S. muticum were alginates and fucoidans. Similar 
to the findings of Rodrigues et al.26, alginate and 
sulfated polysaccharides were found to be the most 
prevalent colloids in S. crassifolium, S. siliquosum,  
S. hemiphyllum and S. hemiphyllum var. chinense 
(Fig. 1). Interestingly, S. siliquosum exhibited obvious 
alginate FTIR signals compared to the other three 
Sargassum spp., which is a novel discovery.  
 

In brown seaweed species, the fucose and sulfate 
contents are considered the most significant elements 
that influence the bioactivities of fucoidan29. Herein, 
we obtained fucoidan extracts from four different 
species of Sargassum and found that their fucose  
and sulfate contents varied (Table 1). Therefore,  
the biological activities of fucoidans extracted  

 

Fig. 3 — Effects of SC, SCH, SS, SSH, SH, SHH, SHC, SHCH,
and streptozotocin (STZ) on the cell viability of RIN-m5F cells:
(A) RIN-m5F cells were treated with different concentrations
(0-20 mM) of STZ for 24 h, and measured the cell viability.
Results have been given as mean ± SD of three individual tests.
[Bars with symbols ☆P <0.005 and★P <0.001 significantly differ
from the control]. (B) RIN-m5F cells were pretreated with various
concentrations (0-200 μg/mL) of SC, SCH, SS, SSH, SH, SHH,
SHC, and SHCH, then treatment with 5 mM STZ for 24 h, and
measured the cell viability. [Bars with the symbol ✽P <0.05 are
significantly different compared with the vesicle (only STZ)] 
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from different Sargassum species require in-depth 
examination. The development of cancer, 
atherosclerosis, respiratory illnesses, inflammation, 
and ischemia/reperfusion are all believed to be 
significantly influenced by oxidative stress8,30. Thus, 
it may be highly advantageous to develop antioxidant 
agents from naturally occurring sources. Table 2 
shows the DPPH, ABTS and FRAP antioxidant 
activities of SC, SCH, SS, SSH, SH, SHH, SHC and 
SHCH. The analyses revealed that compression-
puffed samples (SCH, SSH, SHH and SHCH) had 
lower antioxidant activities than non-puffed samples 
(SC, SS, SH and SHC). Although fucoidan's 
antioxidant activity has been established, the 
connection between its chemical structure and 
antioxidant capacity has not yet been conclusively 
demonstrated. Several reasons restrict the activity of 
fucoidans. The primary reason is the large structural 
diversity of these polysaccharides, which has 
prevented the establishment of a structure-activity 
relationship. The secondary reason is that many 
sulfated polysaccharides contain several other 
molecules (sometimes impurities). These latter 
molecules may have their own activities31. Moreover, 
previous research demonstrated that it is difficult to 
entirely remove the impurities such as proteins, 
phenolic chemicals, and alginic acids that may be 
present in crude fucoidan extracts1,3. In the present 
study, we also found that polyphenols were 
coextracted using our extraction method (Table 1). 
Although the amount of coextracted polyphenols was 
tiny, the possibility that these compounds may have 
contributed to the observed antioxidant activity 
cannot be excluded. These results were similar to 
previous findings1,31. Among these fucoidan extracts, 
SS (fucoidan extract from S. siliquosum) and SHC 
(fucoidan extract from S. hemiphyllum var. chinense) 
showed the most potent DPPH, ABTS, and FRAP 
activities, suggesting that these two species  
(S. siliquosum and S. hemiphyllum var. chinense) 
maybe a viable resource for extracting fucoidan with 
a superior antioxidant capacity. 
 

Dietary starch is the primary source of glucose in 
the blood, which is broken down via hydrolysis. In 
general, intestinal absorption and starch breakdown 
are primarily mediated by the enzymes α-amylase and 
α-glucosidase, respectively. Limiting the activity of 
these enzymes has been proposed to dramatically 
reduce gastrointestinal rises in blood glucose after a 
mixed carbohydrate diet and may therefore represent 

a crucial technique in managing hyperglycemia, 
particularly in individuals with type II diabetes32. 
Gunathilaka et al.33 recommended that there is 
tremendous potential for developing novel 
antidiabetic medication and nutraceuticals using 
marine brown algae extracts. Cho et al.34 showed that 
sulfate-rich fucoidan obtained from Undaria 
pinnatifida hindered α-amylase. The authors 
anticipated that the inhibitory capacity of sulfate-rich 
fucoidan was due to better mobility and higher 
diffusion offered by their lower viscosity. In the 
current study, SS and SHC had the greatest 𝛼-amylase 
and 𝛼-glucosidase inhibitory activities compared with 
the other fucoidan extracts (Table 3). In SS and SHC, 
no significant correlations were found due to 
variations in the sulfate content. Therefore, further 
examination of physicochemical properties such as 
viscosity in SS and SHC is needed. However, it can 
be found that the IC50 of 𝛼-glucosidase inhibitory 
activities for SS and SHC were 0.52 ± 0.00 and 0.52 ± 
0.00 (mg/mL), respectively. This data is superior to a 
hydroethanolic extract from Ecklonia arborea (0.65 ± 
0.00 mg/mL) reported previously35. Previously, we 
also found that SS and SHC had the highest 
antioxidant activities (Table 2). Hence, fucoidan 
extracts with a high antioxidant activity could also 
possess high 𝛼-amylase and 𝛼-glucosidase inhibitory 
activities. The generation of ROS may harm cells and 
tissues when they interact with cellular components 
such asDNA, proteins, and lipids. Consequently, there 
may be a reduction in insulin sensitivity, an increase 
in insulin resistance, and an impairment of insulin 
signaling, all of which are characteristics of diabetes. 
In addition to its role in the pathophysiology of 
diabetes, oxidative stress also aids in the growth of 
diabetic complications such as neuropathy, 
nephropathy, and retinopathy. The prevention and 
treatment of diabetes and its accompanying 
consequences may thus benefit from lowering 
oxidative stress, which may be a key therapeutic 
approach. Furthermore, it is reasonable to suppose 
that S. siliquosum and S. hemiphyllum var. chinense 
could be good resources for the extraction of fucoidan 
with promising antihyperglycemic properties.  
 

The NO is an inflammatory mediator triggered by 
inflammatory cytokines or bacterial LPS in various 
cell types, including macrophages36. According to 
Wang et al.16, fucoidan was isolated from S. siliquosum 
and used by the authors as an anti-inflammatory agent. 
It contains a (1→3)- or (1→4)-linked L-fucose residue 
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backbone. The LPS-induced RAW264.7 macrophages' 
ability to produce TNF- was inhibited by a low 
dosage of S. siliquosum fucoidan (0.25-0.5 μg/mL). 
However, an increase in fucoidan concentration can 
enhance the inflammatory response. It has been found 
that the molecular weight of fucoidan also impacts its 
anti-inflammatory properties. For instance, murine 
cytotoxic T cells are more prevalent when high-
molecular-weight fucoidan produced from 
Cladosiphon okamuranus is used37. Whereas the 
concentration of fucoidan in the present study ranged 
from 10-200 μg/mL, likely due to the different 
extraction methods, the anti-inflammatory activity of 
fucoidan was also observed (Fig 2 B and C). In 
addition, Fig. 2B denotes that compared to the 
control, LPS significantly induced NO production in 
RAW 264.7 macrophages. Among the tested fucoidan 
extracts, LPS-induced NO production was shown to 
be significantly attenuated following treatments with 
SC, SCH, SS, SSH, SH, and SHH. SH and SHH 
markedly reduced LPS-induced NO production. By 
reducing their gene expression, fucoidan can dramatically 
reduce inflammatory intermediaries and cytokines in 
LPS-stimulated RAW 264.7 macrophages38. In Fig. 2C, 
it is evident that compared to the control, LPS was 
shown to dramatically increase IL-6 synthesis in 
RAW 264.7 macrophages. Among the fucoidan 
extracts examined in this study, LPS-induced IL-6 
production was significantly mitigated by SC, SCH, 
SS, SSH, SH, SHH, SHC, and SHCH. SH and SHC 
were both shown to have a notable influence on the 
reduction of LPS-induced IL-6 production. Therefore, 
it can be inferred that SH, SHH and SHC (fucoidans 
extracted from S. hemiphyllum, compressional-puffed 
S. hemiphyllum, and S. hemiphyllum var. chinense, 
respectively) had more potent anti-inflammation 
activity, suggesting that the Sargassum species  
(S. hemiphyllum and S. hemiphyllum var. chinense) 
and the high fucose contents in SH, SHH and SHC 
(Table 1) may play an important role in extracting 
fucoidan with a capacity of promoting human health 
by modulating the immune system.  
 

STZ is a D-glucopyranose derivative of N-methyl-
N-nitrosourea (MNU), which causes diabetes. Due to 
its toxic impact on pancreatic cells, STZ is frequently 
employed in experimental animal models to cause 
diabetes mellitus. In addition, it is also known to have 
broad-spectrum antibacterial activity. Increased ROS 
and/or reactive nitrogen species generation, which 
causes oxidative stress, significantly mediates this 

pathogenic impact29. Therefore, agents with antioxidant 
activity could confer a protective effect in cells 
against STZ-induced pancreatic  cell damage. 
Previous studies used RIN-m5F pancreatic  cells and 
explored the effects of rice husk silica liquid (RHSL) 
after STZ stimulation. As a result, the authors found 
that RHSL has reduced STZ-induced ROS-mediated 
apoptosis in RIN-m5F cells39. However, only a few 
studies have been conducted on the alleviating ability 
of fucoidan in STZ-induced damage in RIN-m5F 
cells. All fucoidan extracts investigated herein 
exhibited antioxidant activities (Table 2), hence their 
ability to protect pancreatic β cells was measured. 
Figure 3B shows that SHH significantly mitigated 
STZ-induced cytotoxicity in RIN-m5F cells. In Table 1, 
it can be seen that SHH has a relatively high fucose 
content and a high sulfate content, which indicates 
that high fucose and sulfate contents in SHH could 
contribute, at least in part, to the protective effect 
against STZ-induced pancreatic  cell damage. 
However, further study is necessary for the 
exploration of the precise underlying mechanisms that 
are involved. 

In summary, our findings indicate SHH (fucoidan 
extracted from compressional-puffed S. hemiphyllum) 
could find various commercial applications as a 
naturally occurring and safe agent capable of 
protecting pancreatic β cells. Overall, no correlation 
was found between the structure data and biological 
activities in the present study. Since they are extracts 
and not pure molecules, it is impossible to attribute 
the observed biological action to a specific structure. 
Each extract contains several fragments that might 
interact with other compounds or operate together 
synergistically. Future work is warranted to evaluate 
the biological functions in different extract fractions 
of fucoidan and to give complete insight into the 
relationship between structure and biological 
activities.  
 
Conclusions 

In the present investigation, four species of 
Sargassum were pretreated with or without 
compressional puffing, and eight fucoidan extracts 
were obtained. Comparisons of the puffing-pretreated 
samples with the non-puffed samples revealed the 
former type had a higher extraction yield of fucoidan, 
higher total sugar content, and lower impurities 
(proteins and polyphenols). Further analyses of 
biological activity showed that, in general, fucoidan 
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extracts obtained from Sargassum siliquosum, 
S. hemiphyllum and S. hemiphyllum var. chinense 
exhibited various promising biological activities. 
Among the eight fucoidan extracts tested, SS and 
SHC showed the best antioxidant activity; SS and 
SHC had the most potent 𝛼-amylase and 𝛼-glucosidase 
inhibitory activities; SH, SHH, and SHC possessed 
the strongest anti-inflammation activity; and SHH had 
a superior protective effect in pancreatic  cells. 
Hence, SS, SH, SHH, and SHC could have the 
potential as health-promoting agents in several 
different industries.  
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