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ABSTRACT: High molecular weights of seaweed polysaccharides usually limit their bioavailability. Fermentation of 

polysaccharides can reduce their molecular weight and improve their bioactivity, which effectively increase their 

application in food industry. In this study, Lactobacillus plantarum was used to ferment Sargassum fusiforme 

polysaccharides (SFP). The structure of fermented polysaccharide was characterized. Results showed that 

fermentation drastically reduced the average molecular weight of SFP by 75.2%. The percentage of reducing sugars 

and uronic acid gradually increased with time during fermentation. The functional groups of the fermented 

polysaccharides did not change, but the apparent morphology changed from rough and porous to smooth and 

fragmented. Fermented SFP exhibited better anti-photoaging activity in UVB-irradiated HaCaT cells. Specifically, it 

increased cell viability and hydroxyproline level. Additionally, it promoted the gene expression of Pro-collagen I α1 

synthesis while inhibiting matrix metalloproteinases (MMP-1, MMP-3, MMP-9) and pro-inflammatory cytokines 

(IL-1β, TNF-α). These findings suggested that fermentation could enhance the anti-photoaging activity of seaweed 

polysaccharide, and could be developed as an alternative method for degrading polysaccharides. 
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1. Introduction 

Skin photoaging, primarily induced by ultraviolet (UV) radiation, has become a significant 

dermatological concern due to increasing environmental stressors and lifestyle changes. UV exposure triggers 

the overproduction of reactive oxygen species (ROS), leading to collagen degradation and impaired skin 

barrier function [1]. Effective strategies to mitigate these effects are urgently needed. Marine resources, 

particularly seaweeds, are rich sources of bioactive compounds, of which polysaccharides are one of the most 

extensively studied [2]. Seaweed polysaccharides exhibit diverse biological activities, including 

anti-inflammatory [3, 4], anti-tumor [5-7], and immunomodulatory activity [8-12]. Notably, their potential in 

combating skin photoaging has attracted growing interest [13, 14].  
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Sargassum fusiforme (SF) is a species of brown alga that belongs to the Sargassum genus. It is found in 

China, Japan, and South Korea. Its main components are alginic acid, fucoidan and laminaran[15]. 

Polysaccharides account for 20%-70% of SF's dry weight and are one of its most important bioactive 

components. Research has shown that SF polysaccharides exhibit various pharmacological activities, 

including antioxidant and anti-ageing properties, as well as the ability to enhance the immune system. SF 

polysaccharides also demonstrate potential in the prevention and treatment of cancer, helping to regulate the 

immune system and acting as hypoglycaemic and hypolipidaemic agents to aid in the management of diabetes 

and its complications[16]. However, the practical application of seaweed polysaccharides is greatly limited by 

its high molecular weight and low bioavailability [17]. 

There are many ways to process polysaccharides, such as acid hydrolysis, enzymatic hydrolysis, and 

ultrasonic-assisted degradation. However, acid hydrolysis requires high temperature and strong acid, as well 

as the problem of easy detachment of sulfate sites, which can affect the activity of polysaccharides[18]. Enzyme 

hydrolysis also faces problems. Firstly, enzymes are prone to deactivation and have high specificity, and pH 

and temperature optimization are required during the experimental process, greatly increasing the application 

cost[19]. Secondly, ultrasound assisted extraction of polysaccharides requires high instrument conditions and 

costs, making it difficult to apply on a large scale. And the degree of structural damage is high, making it prone 

to sugar chain breakage[20]. In this study, to address these limitations, we adopted fermentation technology as a 

powerful strategy for degrading polysaccharides. Because this process utilizes microbial metabolism to 

degrade and transform polysaccharides under mild conditions, avoiding the need for harsh chemical 

treatments or high energy consumption [21]. Recent studies have shown that fermentation reduces the 

molecular weight of polysaccharides. The molecular weight of yam polysaccharides fermented by 

Saccharomyces cerevisiae was significantly reduced by 6.1 times. Meanwhile, the metabolites during 

fermentation enhanced their antioxidant capacity [22]. Microbial enzymes produced during fermentation 

selectively cleave polysaccharide chains, result in low molecular weight fragments with improved bioactivity 

[23, 24]. Therefore, fermentation is a highly efficient and environmentally friendly way to enhance the 

functionality of seaweed polysaccharide. However, the changes in structural and bioactivity during 

fermentation remain unclear.  

In this study, Lactobacillus plantarum was employed to ferment Sargassum fusiforme polysaccharides 

(SFP), the changes in the structure and anti-photoaging activity during fermentation were studied. Our 

findings will provide a promising approach to improve the solubility and bioactivity of polysaccharides.                                                                                                                          

2. Materials and methods 

2.1 Materials and chemicals 

Sargassum fusiforme was collected in March 2024 from the coastal region of Wenzhou, Zhejiang 

Province, China. The harvested seaweed samples were meticulously rinsed with distilled water to remove 

impurities, followed by sun-drying to reduce moisture content. The dried samples were then ground into a fine 

powder using a commercial grinder (Model FW135, Tianjin Taisite Instrument Co., Ltd., Tianjin, China) and 
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sieved through a 40-mesh standard sieve to ensure uniform particle size. Ultra-micro powder production for 

subsequent analysis was achieved through micronization of the powder using the XDW-6BI ultra-micro 

pulverizer (Jinan Tatsu Micro Machinery Co. Ltd., Jinan, Shandong Province, China). The raw materials used 

in this study were mixed samples from a single batch, which was harvested from the same plot of land during 

the same harvest period. Subsequent experiments were conducted using samples of this mixed powder to 

ensure consistent growing, harvesting, storage, and transportation conditions. 

Dextran standards with average molecular weights of 3.33, 4.66, 12.6, 63.3, 126, and 556 kDa, 

respectively. as well as monosaccharide standards (glucose, fucose, galactose, arabinose, xylose, fructose, 

galacturonic acid, and glucuronic acid), were procured from Sigma-Aldrich Chemical Co. (St. Louis, MO, 

USA). Cell culture reagents employed included Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine 

serum (FBS), penicillin-streptomycin, phosphate-buffered saline (PBS), and 

trypsin-ethylenediaminetetraacetic acid (EDTA) solution, were purchased from Gibco Biotechnology Co., 

Ltd. (Grand Island, NY, USA). While gene primers were commercially synthesized at Sangon Biotech Co., 

Ltd. (Shanghai, China). All remaining chemicals were analytical-grade reagents. 

2.2 Strains and cultures 

Lactobacillus plantarum (LP) was extracted from traditional Chinese fermented foods. It was stored in 

Lactobacilli MRS Broth (MRS) containing glycerol (150 mL/L) at -80 ℃. The strain was firstly activated by 

dropping 100 μL of the culture into 2 mL of liquid MRS medium, and then transferred to a solid MRS colony 

counting plate and incubated at 37 ℃ for 24 h. The colonies were picked and inoculated into 2 mL of liquid 

MRS medium, and then continued to be incubated for 24 h. After that, the cells were collected by 

centrifugation (7000×g, 10 min, 4 ℃) (Centrifuge 5424R, Eppendorf, Guangzhou, China). 

2.3 Extraction and fermentation of polysaccharides from Sargassum fusiforme 

Sargassum fusiforme crude polysaccharide (named SFP) was prepared using our previously reported 

method [25]. Briefly, the obtained Sargassum fusiforme polysaccharides were lyophilized and dissolved and 

configured into three different concentration groups: 1%, 2% and 3% (w/v), respectively. Autoclave 

sterilization was performed at 105 ℃ for 15 min. After cooling at room temperature, 3.5 log CFU/mL of LP 

cell cultures were inoculated into the Sargassum fusiforme polysaccharide solution. Anaerobic fermentation 

was carried out at 37 ℃ for 1, 2 and 3 days. The supernatant was collected by centrifugation (7000 × g, 15 min, 

4 ℃), and the supernatant was dialyzed through a 3 kDa dialysis bag for 48 h. The supernatant was collected 

by centrifugation (7000 × g, 15 min, 4 ℃). Finally, the dialysate was collected, evaporated and concentrated 

and lyophilized to obtain fermented Sargassum fusiforme polysaccharides (FSFPs). The polysaccharide 

sample fermented at 1% concentration group for 1 day was named FSFP-11, The polysaccharide sample 

fermented at 1% concentration group for 2 days was named FSFP-12. By such naming rules, The FSFPs were 

named FSFP-11 (1%, 1 day), FSFP-12 (1%, 2 days), FSFP-13 (1%, 3 days), FSFP-21 (2%, 1 day), FSFP-22 

(2%, 2 days), FSFP-23 (2%, 3 days), FSFP-31 (3%, 1 day), FSFP-32 (3%, 2 days), and FSFP-33 (3%, 3 days), 

respectively. All fermentations were carried out independently in triplicate. 
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2.4 The pH determination during fermentation 

The pH values of the Sargassum fusiforme polysaccharides samples were measured at 0, 12, 24, 36, 48, 

60 and 72 hours of fermentation, respectively, using an FE28-Standard pH meter (Mettler Toledo, Shanghai, 

China). The pH changes were monitored to assess the acid production by Lactobacillus plantarum during 

fermentation. 

2.5 Colony-forming unit counting (CFU) 

Fermented polysaccharide solution was serially diluted with sterile saline to obtain proper concentration 

(C1). The number of bacterial colonies (N1) was measured by spot sampling on MRS solid medium plates, 

with three replicates for each dilution concentration. Three replicates were set up for each dilution, and the 

sample volume was 10 μL. Fermented stroke physiological saline solution (FSPSS) was set up as a control. 

Depending on the number of fermentation days, these FSPSS were named FSPSS-1, FSPSS-2 and FSPSS-3, 

respectively. Mean colony counts were expressed as a log CFU/mL formula calculation (1). 

log⁡𝐶𝐹𝑈/𝑚𝐿:⁡ log⁡(
𝑁1

𝐶1×0.01⁡
)                                                  (1) 

2.6 Chemical composition and structure of Sargassum fusiforme polysaccharides 

2.6.1 Chemical composition 

The dinitrosalicylic acid (DNS) method quantified reducing sugar content, employing glucose 

calibration standards [26]. Carbazole-sulfuric acid colorimetry quantified glycuronic acid, with glucuronic acid 

serving as the calibration standard [27], glucuronic acid constitutes the predominant glycuronic acid in 

Sargassum fusiforme polysaccharides [28]. Barium sulfate turbidimetry quantified sulfate content, with 

potassium sulfate serving as the calibration standard [29]. The total phenol content was determined by the 

Folin-Ciocalteu assay using gallic acid as the standard [30]. Protein content was measured using the Bradford 

assay, standardized on bovine serum albumin [31]. 

2.6.2 Average molecular weight 

Polysaccharide molecular weights were determined through HPGPC analysis, using a previous method with 

some modifications [32]. The HPGPC system (Shimadzu LC-20A, Shimadzu Instrument Co., Ltd., Tokyo, 

Japan) was equipped with two TSK-GEL columns connected in series: a G-3000PWXL column (7.8 mm × 

300 mm, 7 µm) and a G-6000PWXL column (7.8 mm × 300 mm, 13 µm), both from Tosoh Corporation, 

Tokyo, Japan. The mobile phase was 0.02 M potassium dihydrogen phosphate (KH2PO4), delivered at a flow 

rate of 0.5 mL/min. A Waters 2414 refractive index detector (Waters Co. Ltd., Milford, MA, USA) facilitated 

detection at a column-oven maintained temperature of (35 ± 1) ℃. Prior to analysis, the polysaccharide 

samples were dissolved in 0.02 mol/L KH2PO4, filtered through a 0.22 µm membrane, and injected into the 

system at a volume of 25 µL. The calibration curve constructed from dextran standard (3.33, 4.66, 12.6, 63.3, 

126, and 556 kDa, respectively) can calculate the average molecular weight of polysaccharides. 
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2.6.3 Monosaccharide composition 

Ion chromatography (IC) was used for the determination of monosaccharide components in 

polysaccharides and the analytical method was as previously described with some modifications [33]. An ion 

chromatography system equipped with an electrochemical detector (Dionex ICS-3000, Dionex Corp., 

Sunnyvale, CA) was used for analysis, with a CarboPac chromatographic column ™ PA20 (3 mm × 150 mm), 

column temperature box maintains a constant temperature of 30 ℃. The mobile phase is a mixture of ultrapure 

water and NaOH solution (see supplementary materials for gradient program), with a constant flow rate of 0.5 

mL/min. The sample was treated with acid hydrolysis, and 20 mg of polysaccharide sample was taken. A 2 

mol/L trifluoroacetic acid solution was added and subjected to sealed hydrolysis at 105 ℃ for 6 hours. Then, 

the residue was dissolved in methanol and evaporated again under reduced pressure at 60 ℃ (repeated 5 

times). After reconstitution with ultrapure water, it was filtered through a 0.22 µm microporous membrane. 

Inject 15 µL of sample solution into the chromatography system. Establish calibration curves based on 

monosaccharide standards (fucose, arabinose, galactose, glucose, xylose, galacturonic acid, glucuronic acid), 

and calculate the mole percentages of each monosaccharide through peak area integration. 

2.6.4 Scanning Electron Microscope (SEM) analysis 

The morphology and microstructure of polysaccharides were characterized by a scanning electron 

microscope (Merlin, Carl Zeiss AG, Oberkohen, Baden-Wurttemberg, Germany) to characterize the 

morphology and microstructure of polysaccharides. SEM structural analysis of lyophilized polysaccharides 

employed gold-sputtered specimens imaged at 100℃ under vacuum. The stage was observed under an 

acceleration voltage of 5 kV. The magnifications of the micrographs were 500 and 2000 times, respectively. 

2.6.5 Fourier Transform Infrared Spectrometer (FTIR) spectra analysis 

The samples were placed on the surface of an infrared ATR element and the infrared beam was passed 

through the ATR element to detect the polysaccharide functional groups. A FTIR spectrophotometer 

(Tensor27, Bruker GmbH, Bergisch Gladbach, Germany) was used to detect wavelengths in the range of 4000 

cm-1 to 500 cm-1. 

2.7 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical activity assay 

The DPPH radical scavenging activity of polysaccharide was determined according to the method 

reported by Yamaguchi with some modifications [34]. The assay was conducted in a 96-well plate. The 

treatments applied were as follows: A1 (Control): 100 µL water + 100 µL DPPH radical solution (0.1 mmol/L 

in ethanol). A2 (Sample): 100 µL sample + 100 µL DPPH radical solution (0.1 mmol/L in ethanol). A3 

(Blank): 100 µL sample + 100 µL anhydrous ethanol. Following a 30-minute incubation period, absorbance 

readings were taken at 517 nm. The results were used to calculate the DPPH scavenging activity by the 

equation (2). 

𝑆𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔⁡ 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦⁡ (%):⁡ (1 −
𝐴2−𝐴3

𝐴1
) × 100⁡                                  (2) 
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2.8 Anti-photoaging activity of Sargassum fusiforme polysaccharides 

2.8.1 Cell Culture and UVB Irradiation 

The human keratinocyte-forming cell line was obtained from the Cell Resource Center of Peking Union 

Medical College Hospital, Chinese Academy of Medical Sciences, and was transferred to 25 cm² culture 

flasks and cultured in DMEM containing 10% fetal bovine serum, 100 U/mL penicillin, and 100 µg/mL 

streptomycin in a humidified incubator at 37 ℃ with 5% CO₂, and the medium was changed three times a 

week. The method of UV irradiation was based on the method previously reported by our research group with 

a simple modification, 4 mJ/cm2 UVB irradiation was applied to the cells [35].  

2.8.2 Cytotoxicity determination of polysaccharide samples 

The effect of SFP and FSFPs (FSFP-11, FSFP-12, FSFP-21, FSFP-22, FSFP-31, FSFP-32, respectively) 

on the viability of photoaged HaCaT cells were determined using the 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. HaCaT cells were cultured for 

24 h, rinsed with PBS, and then inoculated into 96-well plates at a ratio of 2 × 104 cells per well. After 24 h of 

incubation at 37 ℃, the medium was discarded, the cells were rinsed with PBS, and then cultured for 24 h in 

medium containing different concentrations of hyaluronic acid (positive control) (125, 250 and 500 µg/mL, 

respectively) and samples. After removal of the culture medium, cell viability was measured by MTT assay. 

Cell viability was detected by Cell Proliferation and Cytotoxicity Detection Kit (G020-1, Nanjing Jiancheng 

Bioengineering Institute, Nanjing, China). 

2.8.3 Determination of cell viability 

The cell viability experiments were performed in the same way as in section 2.8.2, except that after 24 h 

of sample medium incubation, the medium was discarded, the cells were rinsed with PBS, and the cells were 

subjected to 4 mJ/cm2 of UVB radiation in a skin photo-aging apparatus (HOPE-MED 8101) (after UVB 

irradiation, cells were incubated with DMEM instead of PBS for 24 h at 37 ℃). After removing the culture 

medium, the cell viability was detected by MTT assay. Cell viability was detected by cell proliferation and 

cytotoxicity assay kit (G020-1, Nanjing Jiancheng Bioengineering Institute).  

2.8.4 Determination of hydroxyproline (HYP) Level 

HaCaT cells were seeded in 12-well plates at a concentration of 2.5 × 105 per well and treated as 

described in this section. Cell-free culture supernatants were collected and HYP levels were measured using 

the HYP Assay Kit (A030-1-1, Nanjing Jiancheng Bioengineering Institute, Nanjing, China). The positive 

control group was treated using hyaluronic acid (HA). 

2.8.5 Determination of MMP-1, MMP-3, MMP-9 

The levels of MMP-1, MMP-3, and MMP-9 were measured using MMP-1, MMP-3, and MMP-9 

ELISA kits, following the manufacturer’s instructions. The kits were purchased from NeoBioscience 

Technology Co., Ltd (Shenzhen, Guangdong, China). 
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2.8.6 Determination of pro-Inflammatory cytokines 

The effects of SFP and FSFP-11 on the levels of pro-inflammatory cytokines, including IL-1β and 

TNF-α, were investigated by ELISA kits. The kits were purchased from NeoBioscience Technology Co. Ltd. 

2.8.7 Content of pro-collagen I α1 content in HaCaT Cells 

The effects of SFP and FSFP-11 on pro-collagen I α1 content in photodamaged HaCaT cells were 

investigated by ELISA kit. HaCaT cells were cultured in 6-well plates at a concentration of 6 × 105 cells per 

well and processed as described in Section 2.8.2. Detection was performed using a kit purchased from 

NeoBioscience Technology Co. Ltd. 

2.9 Quantitative reverse transcription-polymerase chain reaction (qRT‒PCR) analysis 

Following the protocol in Section 2.8.1, HaCaT cells (seeded at 5×10⁵ density) underwent PBS rinsing 

twice prior to harvesting, with subsequent total RNA extraction using Trizol reagent (15596026, Invitrogen, 

CA, USA), followed by cDNA synthesis from isolated RNA via RevertAid™ First Strand cDNA Synthesis 

Kit (K1622, Thermo Scientific) on a Bio-Rad T100™ Thermal Cycler for downstream qPCR analysis. 

Quantitative PCR amplification was performed with PowerUp™ SYBR™ Green Master Mix (Thermo Fisher 

Scientific, MA, USA) on a CFX Connect™ Real-Time PCR System (Model CFD3120, Bio-Rad, CA, USA), 

detecting transcriptional levels of: MMP-1, MMP-3, MMP-9，TNF-α, IL-1β，Pro-collagen Iα1. Using 

GAPDH as endogenous control (primer sequences in Table 1) The fold change in gene expression was 

calculated by the 2–ΔΔCT method. 

Table 1 Primer sequences of related genes 

Gene Primer（5’-3’） 

MMP-1 Forward       CGCACAAATCCCTTCTACCC 

Reverse       AACAGCCCAGTACTTATTCCC 

MMP-3 Forward       TTACTAGCAAGGACCTCGT 

Reverse       GTATCCAGCTCGTACCTCA 

MMP-9 Forward       AACCAATCTCACCGACAGGCA 

Reverse       CAGGCCCCAGAGATTTCGACT 

TNF-α Forward       TCGAACCCCGAGTGACAAGCC 

Reverse       TTATCTCTCAGCTCCACGCCAT 

IL-1β 

Pro-collagen I α1 

Forward       AGAATGACCTGAGCACCTT 

Reverse       CACATAAGCCTCGTTATCCCA 

Forward       ATAGATGAGGCAAACATCGT 

Reverse       TTGTCCCAGAAACATGCCTA 

2.10 Statistical analysis 

Triplicate experimental datasets underwent statistical processing with outcomes expressed as arithmetic 

mean ± SD. Data analysis was performed using one-way ANOVA with SPSS 27 software (IBM, New York, 

NY, USA). Statistical significance was analyzed at the level of P < 0.05. 
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3. Results and discussion 

3.1 Active bacterial count and pH value 

The bacterial count and pH value of FSFPs were measured after inoculation with Lactobacillus 

plantarum at different concentrations of Sargassum fusiforme polysaccharides. After 1 day, the 1% 

concentration group reached the highest bacterial count (7.46 log CFU/mL), while the 2% and 3% groups had 

lower counts (7.25 and 7.01 log CFU/mL, respectively) (Fig. 1). This trend might be due to substrate 

inhibition at higher concentrations, which could overwhelm the bacterial enzyme system and reduce 

metabolic efficiency. Conversely, lower concentrations allowed more efficient utilization of polysaccharides, 

enhancing bacterial growth and acid production. Bacterial growth eventually slowed down in all groups, likely 

due to lactic acid accumulation. 

The pH value showed a significant drop after 1 day of fermentation (Fig. 2). The 1% group showed the 

most pronounced decrease, from 6.68 to 4.42, while the control group (physiological saline) dropped from 

7.15 to 3.32. The saline group's limited bacterial growth, due to the absence of a carbon source, resulted in 

minimal lactic acid production. However, the lack of buffering agents in saline caused a sharp pH decline even 

with low acid levels [36]. During post-fermentation (1-3 days), pH levels stabilized among all samples. 

 

Fig. 1. Bacterial count (log CFU/mL) during fermentation of Sargassum fusiforme polysaccharides at different concentrations 

(1%, 2%, and 3%, respectively). 



Z.T. Sun et al. / Food Science and Human Wellness 16 (2027) 

 

 
Fig. 2. Changes in pH values at 72 h of fermentation. 

3.2 Chemical composition and structure 

3.2.1 Chemical composition 

As shown in Table 2, SFP and FSFP contain polyphenols, proteins, reducing sugars, sulfate groups and 

glycuronate. Since Sargassum fusiforme is a brown seaweed whose chemical composition is mainly 

polysaccharides, the natural content of polyphenolic substances is relatively low，Li et al. isolated 42 brown 

algae polyphenols from Sargassum, but these polyphenols had low polymerization degrees (2-10 units) and 

were extracted in very small quantities, making it difficult to establish a clear relationship between them and 

biological activity[37]. There was a significant decrease in proteins after fermentation, except for the FSFP-31 

group, while reducing sugars and sulfate groups increased to different degrees. This might be due to the fact 

that microorganisms might degrade proteins during the fermentation process, resulting in a decrease in protein 

content, whereas the fractions with higher concentrations might maintain the dynamic equilibrium of proteins 

[38]. Enzymes secreted by microorganisms decompose polysaccharides into monosaccharides or 

oligosaccharides, leading to an increase in reducing sugar content. Sulphate lyase secreted by microorganisms 

released sulfate groups from polysaccharides, leading to an increase in the content of free sulfate groups [39]. 

At the same concentration, the percentage of glycuronate in the samples increased gradually with the 

extension of fermentation time. Glycuronate is usually present at specific positions in polysaccharides, which 

is relatively stable in structure, and is not easily degraded by microorganisms. This might be because the 

microorganisms preferentially consumed other readily utilizable carbon sources (e.g., glucose, arabinose, etc.) 

during the fermentation process, whereas the glycuronate might gradually accumulate at the later stages of 

fermentation [40, 41]. 

Table 2 Chemical compositions of SFP and FSFPs 

Sample Total phenol（%） 
Protein 

（%） 

Reducing sugar

（%） 

Sulfate 

（%） 
Glycuronate（%） 

SFP 0.88 ± 0.01a 1.85 ± 0.05a 3.68 ± 0.23d 6.10 ± 0.42d 46.61 ± 0.98e 

FSFP-11 0.67 ± 0.06c 1.63 ± 0.03c 4.36 ± 0.33abc 9.83 ± 0.41c 48.32 ± 0.64d 

FSFP-12 0.69 ± 0.04c 1.45 ± 0.04e 4.12 ± 0.26bcd 9.27 ± 0.30cd 51.56 ± 0.74c 

FSFP-21 0.87 ± 0.05a 1.72 ± 0.05b 4.18 ± 0.35bcd 10.86 ± 0.32b 48.88 ± 0.66d 

FSFP-22 0.83 ± 0.01ab 1.54 ± 0.03d 4.31 ± 0.42ab 9.78 ± 0.29c 51.21 ± 1.03c 

FSFP-31 0.81 ± 0.03b 1.80 ± 0.03a 4.83 ± 0.32a 12.35 ± 0.43a 53.06 ± 0.78b 
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FSFP-32 0.84 ± 0.01ab 1.63 ± 0.03c 3.86 ± 0.25cd 9.33 ± 0.52cd 63.34 ± 0.93a 

Note: Different letters indicate significant difference. 

 

3.2.2 Average molecular weight distribution 

The effect of fermentation on the average molecular weight of polysaccharides from Sargassum 

fusiforme is shown in Table 3 and Fig. 3. After fermentation with Lactobacillus plantarum, the average 

molecular weight of polysaccharides significantly decreased. The average molecular weight of the FSFP-12 

(fermented after 2 days at 1% SFP) decreased the most by 4.03 times. It might be due to the action of 

polysaccharide-degrading enzymes secreted by the microorganisms during fermentation, which hydrolyze the 

glycosidic bonds of polysaccharides and break down large molecular polysaccharides into smaller fragments, 

resulting in a decrease in average molecular weight. Plant-derived lactobacilli produce organic acids during 

the fermentation, leading to a decrease in pH value, which would help to degrade polysaccharide. 

Table 3 The average molecular weights of SFP and FSFPs. 

Sample Average MW (kDa) 

SFP 140.04 

FSFP-11 130.72 

FSFP-12 32.43 

FSFP-21 139.70 

FSFP-22 11.39 

FSFP-31 136.59 

FSFP-32 91.41 

 
Fig. 3. GPC spectra of SFP and FSFPs 

3.2.3 Monosaccharide compositions of SFP and FSFPs 

As can be seen in Fig. 4, SFP consisted of seven monosaccharides, including fucose, arabinose, 

galactose, glucose, xylose, galacturonic acid and glucuronic acid. Among them, glucuronic acid is the most 

abundant component in the monosaccharide composition. This is consistent with the results in chemical 

composition. The monosaccharide composition of most FSFPs remained unchanged after fermentation. 
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However, significant changes were observed in the molar ratios of these monosaccharides. Specifically, the 

molar ratio of glucuronic acid increased with prolonged fermentation time. Conversely, the molar ratios of 

other monosaccharides and galacturonic acid decreased. This shift likely reflects the metabolic preferences of 

microorganisms during fermentation. Some easily metabolized monosaccharides (e.g., glucose, arabinose) 

were preferentially utilized, while other less metabolizable sugars (e.g., glucuronic acid) accumulated, leading 

to higher molar ratios. 

 

Fig. 4. Monosaccharide composition of SFP and FSFPs   

3.2.4 SEM analysis 

From Fig. 5, the surface morphology characteristics of SFP and FSFPs at 500 x and 2000 x can be 

observed. After fermentation, the surface morphology of SFP changed. The surface pores of the 

polysaccharide become smaller, becoming somewhat dense and smooth. The reason might be that during the 

fermentation, enzymes secreted by microorganisms (such as cellulase, pectinase, etc.) hydrolyzed glycosidic 

bonds [42], making the main chain and substituents of polysaccharides more easily to be degraded, ultimately 

disrupting their rough surface structure and reducing the pores on the polysaccharides surface. 
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Fig. 5. SEM spectra of SFP and FSFPs 

3.2.5 FTIR analysis 

As shown in Fig. 6, Fourier transform infrared spectroscopy showed that SFP and FSFPs had similar 

characteristic absorption peaks. This indicates that fermentation did not change the main functional groups of 

SFP. The broad absorption peak at 3347 cm-1 is attributed to O-H stretching vibrations, likely originating from 

the hydroxyl groups of the polysaccharide. The short absorption peak of 2928 cm-1 usually comes from the 

asymmetric stretching vibration of -CH₂-. These two characteristic functional groups are both characteristic 
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absorption peaks of polysaccharides. The C=O stretching vibration usually exhibits an absorption peak in the 

range of 1550-1650 cm-1. So the absorption peak at 1593 cm-1 is attributed to C=O stretching vibrations, 

suggesting the presence of carboxyl groups in the samples [43-45], Meanwhile, the peak at 1420 cm-1 is 

associated with C-O bending vibrations, indicating the presence of uronic acid [46]. As the carboxyl group in 

uronic acid produces C-O-related vibrations, which are consistent with the results of monosaccharide 

composition and chemical composition. The characteristic absorption peaks at 1256 cm-1 and 818 cm-1 are 

generated by the stretching vibration of S-O and C-O-S bonds, respectively. The S-O bond vibration indicates 

the presence of sulfate groups in the sample, and the C-O-S bond stretching vibration further confirmed the 

connection between sulfate groups and sugar rings, indicating the presence of sulfates in the Sargassum 

fusiforme polysaccharides. The characteristic peak of β - glycosidic bond usually appears around 890-920 

cm-1, so the weak absorption peak at 900 cm-1 is a typical characteristic peak of β - glycosidic bonds. The 

absorption peak near 1035 cm-1 is related to the stretching vibration of C-O, especially the vibration of C-O-C 

or C-OH, which is also one of the main characteristic peaks of carbohydrates. The above results indicated that 

SFP and FSFPs are typical β-type polysaccharides containing uronic acid and sulfate groups. Therefore, 

fermentation only destroyed the glycosidic bonds of Sargassum fusiforme polysaccharides and did not affect 

the functional groups. 

 

Fig. 6. FT-IR spectra of SFP and FSFPs 

3.3 DPPH radical scavenging activity 

Fig. 7 demonstrates a significant enhancement in the DPPH radical scavenging activity of Sargassum 

fusiforme polysaccharides after fermentation. Notably, FSFPs group exhibited better DPPH radical 

scavenging activity compared with SFP. This enhancement is likely attributed to the microbial 

fermentation-induced cleavage of glycosidic bonds, resulting in the conversion of long-chain polysaccharides 

into smaller, more soluble, and biologically active low-molecular-weight fragments. These fragments 

exhibited increased efficiency in reacting with free radicals. However, original fermentation concentration of 

SFP at 2% and 3% (Fig.8b and Fig.8c) did not showed higher activities than SFP at 1%. This may be 
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associated with increased molecular density, stronger intermolecular interactions, and competitive inhibition 

among polysaccharide molecules, which collectively impair their ability to bind and scavenge DPPH radicals. 

 

Fig. 7. DPPH radical scavenging abilities of SFP and FSFPs (a), FSFP-11 and FSFP-12 (b), FSFP-21 and FSFP-22 (c), 

FSFP-31 and FSFP-32 

3.4 The anti-photoaging abilities of SFP and FSFPs 

3.4.1 Toxicity in HaCaT cells 

A cell survival rate above 70% indicates no significant toxicity [47]. As shown in Fig. 8, all experimental 

groups (without UVB radiation) exhibited cell survival rates exceeding 80%, indicating that SFP and FSFPs 

did not have significant toxicity. Notably, FSFP-11, with the highest DPPH radical scavenging activity, 

significantly enhanced cell survival rates at all tested concentrations (P < 0.001). This effect may be attributed 

to its ability to scavenge free radicals and mitigate oxidative stress. These findings highlight FSFP-11's dual 

role in protecting cells and stimulating growth, underscoring its potential for safe and effective applications. 

 

Fig. 8. Toxicity of SFP and FSFPs on HaCaT cells. ***P < 0.001. 
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3.4.2 Survival rate of HaCaT cells 

Photoaging, characterized by structural and functional damage to skin tissues, results from prolonged UV 

radiation exposure. This study evaluated the anti-photoaging potential of SFP and FSFPs by using 

UVB-irradiated HaCaT cells. Fig. 9 demonstrated that UVB exposure significantly reduced cell viability in 

the model group compared to the control group (P < 0.001), confirming successful establishment of the 

photoaging model. Treated with HA, FSFP-11, FSFP-21, FSFP-31, and FSFP-32 significantly enhanced cell 

survival (P < 0.001), while SFP showed no notable effect, indicating that fermentation markedly improved the 

anti-photoaging activity of Sargassum fusiforme polysaccharides. 

At 250 μg/mL, FSFP-11 exhibited the strongest anti-photoaging activity (P < 0.001). However, at 500 

μg/mL, cell viability declined in all groups except SFP, FSFP-22, and FSFP-31. This reduction likely stems 

from the samples exceeding cellular tolerance limits, increasing oxidative stress and inflammatory responses, 

thereby diminishing their protective effects against photoaging [48, 49]. 

 
Fig. 9. Effects of SFP and FSFPs on cell viability of photoaged HaCaT cells. **P < 0.01, ***P < 0.001 

3.4.3 Hydroxyproline (HYP) levels in HaCaT cells 

Hydroxyproline (HYP), located between collagen and elastin, stabilizes collagen's triple helix, enhancing 

skin elasticity and moisture [50]. Post-irradiation, the model group exhibited a significant HYP secretion drop 

(P < 0.001) compared to the control group, confirming successful photodamage modeling and inhibited 

collagen synthesis. FSFP-11, and FSFP-32 groups showed higher HYP levels (P < 0.001), compared with the 

SFP group. This indicates that fermented polysaccharides could effectively enhance collagen synthesis and 

resist photoaging than non-fermented polysaccharides. FSFP-11, in particular, outperformed both the control 

and positive groups, showing a 46.2% HYP increase over the model group, highlighting its superior 

anti-photoaging activity. Therefore, FSFP-11 was selected for further study. 
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Fig. 10. Effects of SFP and FSFPs on HYP levels in HaCaT cells. **P < 0.01, ***P < 0.001 

 

 

3.4.4 MMP-1, MMP-3 and MMP-9 levels 

The MMP (matrix metalloproteinase) family comprises zinc- and calcium-dependent proteases that 

degrade extracellular matrix (ECM) components, playing critical roles in tissue remodeling [51], wound 

healing, and angiogenesis [52]. Specifically, MMP-1 overexpression degrades collagen, leading to wrinkle 

formation [53], while MMP-3 targets proteoglycans, fibronectin, laminin, and type IV collagen, and activates 

other MMPs like MMP-1 and MMP-9 [54]. MMP-9 primarily degrades type IV collagen and gelatin [55]. These 

enzymes are pivotal in skin disease progression and are potential therapeutic targets.  

In our study, UVB irradiation significantly increased the levels of MMP-1, MMP-3 and MMP-9 (P < 

0.001) in the model group, successfully establishing a photoaging model. FSFP-11, SFP and HA all 

significantly inhibited MMP-1 (P < 0.001). Notably, FSFP-11 exhibited a stronger inhibitory effect on 

MMP-1 than the positive control, indicating its potential for anti-photoaging activity. Furthermore, FSFP-11 

exhibited the strongest inhibitory effects on MMP-3 and MMP-9. At a concentration of 250 μg/mL, inhibition 

rates of 38.8% and 48.1% were observed for MMP-3 and MMP-9, respectively. The overall inhibitory effect 

on all three MMPs was optimal at this concentration. This may be because FSFP-11 interacts more effectively 

with cell surface receptors or signaling molecules, thereby significantly inhibiting MMP expression. 

3.4.5 IL-1β and TNF-α levels 

Skin diseases are closely linked to pro-inflammatory factors, which play a pivotal role in the 

pathogenesis of inflammatory skin conditions by mediating inflammatory responses, immune modulation, and 

tissue damage. IL-1β is a central regulator of inflammatory responses, particularly in autoinflammatory 

diseases [56]. It is synthesized as an inactive precursor (pro-IL-1β) and requires cleavage by inflammasomes 

and caspase-1 to become active [57]. IL-1β not only induces the expression of other pro-inflammatory factors 

like TNF-α [58] but also promotes tissue destruction by upregulating matrix metalloproteinases (MMPs) during 
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chronic or excessive inflammation [59]. TNF-α, a 157-amino acid protein that functions as a homotrimer, exists 

initially as a transmembrane precursor (tmTNF) [60] UV radiation activates the NF-κB and AP-1 signaling 

pathways, leading to TNF-α expression and release [61].  

In our study, UV irradiation significantly upregulated IL-1β levels in the model group compared to the 

control group, indicating irradiation-induced damage to HaCaT cells. Both FSFP-11 and SFP significantly 

reduced the IL-1β levels at 125 μg/mL and 500 μg/mL, respectively. Notably, FSFP-11 exhibited the strongest 

anti-inflammatory activity, reducing IL-1β levels by 70.8% at 500 μg/mL compared to the model group. This 

suggests that fermented Sargassum fusiforme polysaccharide (FSFP-11) is more effective in inhibiting IL-1β 

secretion and mitigating inflammatory damage in HaCaT cells indicating its potent anti-photoaging activity. 

As shown in Fig. 11d, UVB irradiation significantly increased TNF-α levels in the model group 

compared to the control group (P < 0.001). Pretreatment with SFP, FSFP-11, and HA significantly reduced 

TNF-α levels (P < 0.001). Notably, FSFP-11 at 125 µg/mL decreased TNF-α levels by 46.0%. These results 

demonstrate that FSFP-11 effectively mitigated photoaging by suppressing pro-inflammatory cytokine 

secretion. Moreover, FSFP-11 showed better inhibition effects on TNF-α level, compared with SFP, 

suggesting that fermentation could enhance the anti-inflammatory properties of Sargassum fusiforme 

polysaccharides. 

3.4.6 Pro-collagen I α1 levels 

Pro-collagen I α1 is essential for maintaining the skin's structural integrity, elasticity, and mechanical 

strength. UV irradiation activates matrix metalloproteinases (MMPs), which degrade collagen and elastin 

fibers and reduce Pro-collagen I α1 synthesis by regulating the TGF-β/Smad signaling pathway [62]. Thus, 

Pro-collagen I α1 level could reflect the photoaging resistance. 

Fig. 11f shows that the model group secreted significantly less pro-collagen Iα1 than the Control group 

(P < 0.001), indicating that UV radiation severely impairs HaCaT cells' ability to synthesize and secrete 

pro-collagen I α1, further confirming its detrimental effect on skin collagen metabolism. In contrast, the 

sample groups treated with SFP, FSFP-11, and HA exhibited significantly higher Pro-collagen I α1 secretion 

than the model group, demonstrating their ability to counteract UV-induced collagen synthesis inhibition. 

Notably, the pro-collagen I α1 levels in the Sample group were 2.3 to 3 times higher than those in the control 

group, suggesting these treatments not only repaired UV-induced damage but also enhanced collagen 

synthesis. Importantly, FSFP-11 showed a stronger pro-collagen I α1 synthesis capacity than SFP, indicating 

that fermentation could enhance the anti-photoaging activity of Sargassum fusiforme polysaccharides. 
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Fig. 11. The levels of anti-photoaging and anti-inflammatory indexes in cells 

(a) MMP-1 level, (b) MMP-3 level, (c) MMP-9 level, (d) TNF-α level, (e) IL-1β level, (f) Pro-collagen I α1 level. *P < 0.05, 

**P < 0.01, ***P < 0.001 

3.5 Effect of SFP and FSFPs on the gene expression of MMP-1, MMP-3, MMP-9, TNF-α, IL-1β and 

Pro-collagen I α1 

As shown in Fig.12a-c, photodamage assessment revealed marked upregulation of MMP-1, MMP-3, and 

MMP-9 in UVB-exposed models (P < 0.001), implicating enhanced matrix metalloproteinase activity in 

photoaging-associated extracellular matrix degradation. Compared with the model group, FSFP-11 

significantly downregulated the gene expression levels of MMP-1, MMP-3, and MMP-9 in HaCaT cells (P < 

0.001). Under the intervention of FSFP-11 at a dose of 250 µg/mL, the relative gene expression levels of 

MMP-1, MMP-3, and MMP-9 in HaCaT cells were reduced by 47.1%、58.8% and 67.2%, respectively, 

compared to the model group.  

As shown in Fig.12e, the gene expression level of IL-1β in the model group was significantly higher than 

that in the control group, indicating that UVB irradiation triggered cellular inflammatory responses. 

Compared with the model group, both FSFP-11 and SFP down-regulated the gene expression level of IL-1β in 

HaCaT cells. Under the intervention of 250 and 500 µg/mL doses, FSFP-11 decreased IL-1β by 41.2% and 

51.3%, respectively, compared with the model group. SFP decreased by 30.4% and 34.3%, respectively, 

compared with the model group. The relative gene expression level of IL-1β in HaCaT cells by FSFP-11 was 

better than that of SFP. This indicated that fermentation-treated polysaccharides could enhance 

anti-inflammatory activity. Based on the above results, the anti-photoaging activity of FSFP-11 was further 

verified by results in the expression of photoaging-related genes. 

As shown in Fig.12, in HaCaT cells, UV irradiation treatment significantly down-regulated the gene 

expression of Pro-collagen I α1, whereas FSFP-11 and SFP could promote their expression levels. Moreover, 
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FSFP-11 could better up-regulate the gene expression compared with an equal dose of SFP. Thus, these results 

further suggested that FSFP-11 had better anti-photoaging activity. 

 

Fig. 12. Effects of SFP and FSFPs on the gene expressions in photoaged HaCaT cells 

(a) MMP-1 level, (b) MMP-3 level, (c) MMP-9 level, (d) TNF-α level, (e) IL-1β level, (f) Pro-collagen I α1 level. *P < 0.05, 

**P < 0.01, ***P < 0.001 

 

4. Conclusions 

This study compared the structural characteristic and anti-photoaging activities of Sargassum fusiforme 

polysaccharides before and after fermented with Lactobacillus plantarum. During fermentation, some of the 

glycosidic bonds in SFP broke down, resulting in a significant reduction in molecular weight (75.2%) and an 

altered ratio of monosaccharide compositions (an increase in glucuronic acid and a decrease in fucose). 

However, the polysaccharide's main functional group structural characteristics remained unchanged. 

Therefore, SFP and FSFPs have a similar primary structure; both are β-type sulfated polysaccharides 

containing sulfate groups and glucuronic acid. This structural feature gives both materials high anion density 

due to the synergistic action of the carboxylate and sulfate groups. Additionally, the surface morphology of the 

FSFPs changed after fermentation. The pores on the polysaccharide surface became smaller and more densely 

packed, resulting in a smoother surface. In vitro experiments using UVB-irradiated HaCaT cells showed that 

fermented polysaccharides showed better anti-photoaging activities, compared with non-fermented 

polysaccharide. Fermented polysaccharides significantly increased cell viability and collagen synthesis (the 

levels of HYP and pro-collagen I α1), and reduced collagen degradation by decreasing the levels and gene 

expressions of MMP-1, MMP-3, and MMP-9. Additionally, fermented polysaccharide FSFP-11 effectively 

inhibited the production and gene expressions of IL-1β and TNF-α. These findings suggest that fermentation 
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could enhance the anti-photoaging activity of seaweed polysaccharides, and could be a developed as a 

prospect way to degrade polysaccharide. Future studies could use a combined analysis strategy that integrates 

metabolomics and transcriptomics with an in-depth analysis of polysaccharide structure to systematically 

elucidate the molecular mechanism by which fermentation enhances the anti-photoaging activity of 

Sargassum polysaccharides. 
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