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Abstract 37 

A high-molecular-weight polysaccharide (PSP; 2.54 × 10⁶ Da) was isolated from Spirulina 38 

platensis and characterized. PSP consisted of mannose, rhamnose, glucose, galactose, xylose, 39 

and arabinose at a molar ratio of 36.32:33.24:20.83:4.52:2.84:2.26. Structural analyses showed 40 

that PSP adopted a helical conformation, exhibited a sheet-like morphology, and remained 41 

thermally stable below 230 °C. At non-cytotoxic concentrations, PSP significantly enhanced 42 

phagocytic activity and nitric oxide (NO) production in RAW264.7 macrophages. PSP also 43 

increased the secretion of tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), together 44 

with the messenger RNA expression of inducible nitric oxide synthase (iNOS), 45 

cyclooxygenase-2 (COX-2), TNF-α, and IL-6. The strongest responses were generally 46 

observed at lower PSP concentrations, whereas the effects decreased as the concentration 47 

increased. Western blot analysis demonstrated increased phosphorylation of inhibitor of 48 

nuclear factor kappa B alpha (IκBα) and p65 after PSP treatment. Mechanistic analyses further 49 

indicated that PSP activated nuclear factor kappa B (NF-κB) signaling, suggesting that NF-κB 50 

activation contributed to PSP-mediated macrophage stimulation. Collectively, these findings 51 

establish PSP as a bioactive Arthrospira-derived macromolecular polysaccharide with marked 52 

in vitro immunomodulatory activity and support its potential development as a natural 53 

immunomodulatory agent. 54 

Keywords: Spirulina platensis; polysaccharide; RAW264.7 macrophages; immunomodulation; 55 

NF-κB signaling 56 

1 Introduction 57 

The immune system consists of both innate immunity and adaptive immunity and plays 58 

an important role in defending against pathogen infection, eliminating abnormal cells, and 59 

maintaining homeostasis (Soares et al. 2017; Rankin and Artis 2018). Innate immunity serves 60 

as the first line of defense against external stimuli. It recognizes pathogen-associated molecular 61 

patterns through pattern recognition receptors (PRRs) and induces corresponding defense 62 

responses in immune cells (Rivera et al. 2016). Macrophages are important effector cells of the 63 

innate immune system and are widely distributed in different tissues. They participate in 64 
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antigen recognition, phagocytic clearance, and the release of inflammatory mediators. Upon 65 

stimulation, macrophages can be activated and initiate multiple intracellular signaling 66 

pathways, thereby regulating immune responses (Franken et al. 2016; Christofides et al. 2022). 67 

Spirulina platensis is a cyanobacterial microorganism with high nutritional value. Because 68 

of its high protein content and various functional components, it has been widely used in foods, 69 

nutritional supplements, and functional food products (Podgórska-Kryszczuk 2024; 70 

Marjanović et al. 2024). In addition to proteins, carotenoids, and polyunsaturated fatty acids, 71 

Spirulina platensis is also rich in extracellular and intracellular polysaccharides with diverse 72 

biological activities (Spínola et al. 2024). In recent years, Spirulina platensis polysaccharides 73 

(PSP) have attracted considerable attention because of their good biocompatibility, safety, and 74 

potential health-promoting effects (Fratelli et al. 2021; Cai et al. 2022; Ai et al. 2023). Previous 75 

studies have shown that PSP possesses antioxidant (Liao et al. 2023), immunomodulatory 76 

(Hamedifard et al. 2019), and antitumor activities (Yu et al. 2018). These biological functions 77 

are closely related to their molecular weight, monosaccharide composition, glycosidic linkages, 78 

and spatial conformation (Patel et al. 2023; Fu et al. 2024). In terms of immunomodulation, 79 

PSP can interact with pattern recognition receptors on the surface of immune cells, regulate the 80 

functions of macrophages and lymphocytes, and promote the release of immune mediators, 81 

thereby enhancing nonspecific immune defense (Yin et al. 2019; Li et al. 2023; Yi et al. 2025). 82 

However, the molecular mechanisms by which PSP promotes macrophage activation have not 83 

been fully clarified, especially whether it regulates immune effector functions through key 84 

inflammatory signaling pathways. 85 

Macrophage activation involves several complex intracellular signaling pathways, among 86 

which the nuclear factor-kappa B (NF-κB) signaling pathway is an important regulator of 87 

inflammatory responses and immune functions (Dorrington and Fraser 2019). Under resting 88 

conditions, NF-κB is usually bound to its inhibitory protein IκB and retained in the cytoplasm. 89 

When cells are stimulated by lipopolysaccharide (LPS) or other immune stimuli, the IκB kinase 90 

(IKK) complex is activated, leading to the phosphorylation and degradation of IκBα. This 91 

process releases the NF-κB dimer, allowing it to translocate into the nucleus and bind to the 92 

promoter regions of target genes, thereby regulating the expression of immune-related genes 93 
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(Barnabei et al. 2021; Mussbacher et al. 2023). Activation of NF-κB can induce the 94 

transcription of several inflammation- and immunity-related genes, including inducible nitric 95 

oxide synthase (iNOS), cyclooxygenase-2 (COX-2), tumor necrosis factor-α (TNF-α), and 96 

interleukin-6 (IL-6) (Liu et al. 2017; Oeckinghaus et al. 2011; Wang et al. 2025). Nitric oxide 97 

(NO) produced by iNOS, together with inflammatory cytokines, contributes to pathogen 98 

clearance, immune cell recruitment, and host defense (Yang et al. 2023; Park et al. 2022). 99 

However, sustained or excessive activation of NF-κB may cause abnormal release of 100 

inflammatory mediators, promote chronic inflammation, and disrupt immune homeostasis. 101 

Therefore, precise regulation of NF-κB activation is important for maintaining immune balance 102 

(Chen et al. 2023). In recent years, natural polysaccharides have been reported to regulate 103 

macrophage immune functions through the NF-κB signaling pathway. Some plant- and algae-104 

derived polysaccharides can promote NF-κB p65 nuclear translocation and increase the 105 

expression of immune-related factors such as iNOS, TNF-α, and IL-6, thereby promoting 106 

macrophage activation and enhancing immune responses (Xie et al. 2019; Yang et al. 2019; 107 

Tabarsa et al. 2020). 108 

Based on this background, the present study used RAW264.7 macrophages as an in vitro 109 

model to evaluate the immunostimulatory activity of PSP and investigate its effects on 110 

macrophage immune functions. We further examined whether PSP promotes the expression of 111 

immune-related factors through regulation of the NF-κB signaling pathway. The results may 112 

provide a theoretical basis for understanding the immunomodulatory mechanism of PSP and 113 

support further investigation of PSP as a natural immunomodulatory bioactive component. 114 

 115 

2 Materials and methods 116 

2.1 Materials and reagents 117 

The fresh Spirulina platensis was provided by Gansu Kaiyuan Biotech-nology Development 118 

Center Co., Ltd. (Gansu, China).  119 
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2.2 Extraction, isolation, and purification of polysaccharides 120 

Crude polysaccharides were extracted using a water extraction method (solid-to-liquid ratio 121 

of 1:40) combined with an alcohol precipitation method (95% ethanol) at 70 °C for 120 min. 122 

Protein was removed from the crude polysaccharides using the Sevag method (chloroform:n-123 

butanol volume ratio of 4:1), and the solution was scanned over the wavelength range of 190–124 

400 nm using a UV-Vis spectrophotometer to determine the presence of proteins and nucleic 125 

acids. In the absence of absorption peaks for proteins and nucleic acids, the organic solvent in 126 

the solution was removed using a rotary evaporator. The collected solution was dialyzed and 127 

then freeze-dried to obtain the deproteinized polysaccharide, designated C-PSP. 128 

After the chromatography column was thoroughly cleaned, fixed, and wetted, Sephadex G-129 

200 medium was slowly poured along the inner wall. Following uniform packing and natural 130 

sedimentation, the column was equilibrated with distilled water overnight. Subsequently, 0.5 131 

mL of membrane-filtered C-PSP-1 solution was loaded onto the column and eluted at a flow 132 

rate of 0.2 mL min⁻¹. Fractions of 2 mL per tube were collected, and the absorbance at 490 nm 133 

was determined by the phenol-sulfuric acid method to plot the elution curve. The sugar solution 134 

corresponding to the peak apex was collected and freeze-dried to obtain Polysaccharides from 135 

Spirulina platensis (PSP). 136 

2.3 Sugar and uronic acid contents 137 

The total sugar content was determined using the phenol-sulfuric acid method. A Spirulina 138 

platensis polysaccharide solution at a concentration of 1 mg mL⁻¹ was prepared. Following a 139 

ratio of 1:1:5, 1 mL of the polysaccharide solution, 1 mL of 5% phenol solution, and 5 mL of 140 

concentrated sulfuric acid were mixed and allowed to stand for 30 min. The absorbance was 141 

measured at 490 nm, and the total sugar content of the sample was calculated based on the 142 

standard curve. 143 

The uronic acid content was determined using the sulfuric acid–carbazole method. Aliquots 144 

of 0.00, 0.10, 0.20, 0.30, 0.40, 0.50, and 0.60 mL of a 1.00 mg mL⁻¹ galacturonic acid standard 145 

solution were each transferred to 10 mL volumetric flasks and brought to volume with water. 146 

From each standard solution, 1.00 mL was transferred into a 20 mL stoppered colorimetric tube. 147 
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Under ice-bath conditions, 5.0 mL of sulfuric acid solution was added. After vortex mixing, the 148 

mixture was heated in a boiling water bath for 5 min, cooled in an ice bath, and then 100 μL of 149 

1.5 mg mL⁻¹ m-hydroxybiphenyl solution was added, followed by shaking for 5 min and 150 

ultrasonic defoaming. A control group was prepared in the same manner using 1.0 mL of water. 151 

The absorbance was measured at 524 nm. A standard curve was plotted with uronic acid mass 152 

concentration as the abscissa and absorbance as the ordinate, and the uronic acid content in 153 

PSP was calculated accordingly. 154 

2.4 Physicochemical Analysis of PSP 155 

2.4.1 Molecular Weight Determination 156 

Dextran standards (T-10, T-40, T-70, T-110, T-500, T-2000) and PSP, each precisely weighed 157 

at 2.0 mg, were dissolved in 1.0 mL of ultrapure water and filtered through a 0.22 μm aqueous 158 

membrane prior to HPLC analysis. The chromatographic conditions were as follows: column, 159 

TSK gel G4000P WXL-CP (7.8 mm × 300 mm); sample and standard concentrations, 2 mg 160 

mL⁻¹; injection volume, 20 μL; column temperature, 30 °C; refractive index detector 161 

temperature, 35 °C; mobile phase, ultrapure water at a flow rate of 0.6 mL min⁻¹. The retention 162 

times of each dextran standard and PSP were recorded. A standard curve was established by 163 

plotting the logarithm of the molecular weight of the standards (ordinate) against their retention 164 

times (abscissa), and the molecular weight of PSP was calculated based on its retention time. 165 

2.4.2 FT-IR Analysis 166 

PSP (2 mg) was mixed thoroughly with KBr, ground in a mortar, and pressed into a 167 

transparent pellet. The FT-IR spectrum was recorded over the scanning range of 500–4000 cm⁻¹. 168 

2.4.3 Monosaccharide Composition Analysis 169 

PSP and the monosaccharide standards (mannose, rhamnose, glucose, galactose, xylose, and 170 

arabinose), each precisely weighed at 5 mg, were placed in 10 mL ampoule bottles. 171 

Trifluoroacetic acid (3 mL, 2 mol L⁻¹) was added, and the ampoules were sealed with an alcohol 172 

blast burner and hydrolyzed in an oil bath at 110 °C for 4 h. The hydrolysates were concentrated 173 

by rotary evaporation at 60 °C until no organic solvent odor remained, and then redissolved in 174 
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4 mL of ultrapure water. A 400 μL aliquot of the sample solution was transferred to a 5 mL 175 

centrifuge tube, and equal volumes of 0.5 mol L⁻¹ PMP methanol solution and 0.3 mol L⁻¹ 176 

NaOH solution were added sequentially. The tube was sealed with plastic wrap and derivatized 177 

in a water bath at 70 °C for 100 min. After the reaction, 500 μL of 0.3 mol L⁻¹ HCl was added 178 

for neutralization, followed by extraction with chloroform four times. The aqueous phase was 179 

collected and filtered through a 0.22 μm aqueous membrane. The chromatographic conditions 180 

were as follows: mobile phase A, acetonitrile; mobile phase B, 0.05 mol L⁻¹ KH₂PO₄ solution 181 

(pH 6.80); flow rate, 1.0 mL min⁻¹; injection volume, 10 μL; column temperature, 25 °C; 182 

detection wavelength, 254 nm. The gradient elution program was: 0–5 min, 17%-18% A; 5–10 183 

min, 18%-19% A; 10–30 min, 19%-20% A; 30–50 min, 17% A. 184 

2.4.4 Congo Red Assay 185 

PSP solution (2 mL, 1 mg mL⁻¹) was added to a test tube and mixed by vortexing. Sodium 186 

hydroxide solution (1 mol L⁻¹) was added to achieve final NaOH concentrations of 0, 0.1, 0.2, 187 

0.3, 0.4, and 0.5 mol L⁻¹. The mixtures were allowed to stand at room temperature for 5 min, 188 

and the maximum absorption wavelength was scanned using a UV-Vis spectrophotometer over 189 

the range of 400–600 nm (Zhang et al. 2021). 190 

2.4.5 TG Analysis 191 

Thermogravimetric analysis was performed using a thermogravimetric analyzer. PSP (5 mg) 192 

was weighed and analyzed under a nitrogen atmosphere at a flow rate of 60 mL min⁻¹. The 193 

initial temperature was set at 30 °C, and the sample was heated to a final temperature of 600 °C 194 

at a heating rate of 10 °C min⁻¹ with a scanning rate of 1 °C min⁻¹ (Kumar and Jayaram 2017). 195 

2.4.6 SEM Analysis 196 

PSP (2 mg) was mounted onto double-sided adhesive tape and sputter-coated with gold. The 197 

surface morphology of the sample was observed using a scanning electron microscope at 198 

magnifications of 500× and 1000×, and images were captured after adjusting to a clear field of 199 

view. 200 
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2.5 Immunomodulatory activity 201 

2.5.1 Cell viability 202 

RAW264.7 macrophages in the logarithmic growth phase were harvested, adjusted to 1.0 × 203 

10⁵ cells mL-¹, and seeded into 96-well plates at 100 μL per well. After cell adhesion, the cells 204 

were treated with PSP at final concentrations of 25, 50, 100, 200, or 400 μg mL-¹. LPS (1 μg 205 

mL-¹) was used as the positive control, and untreated cells served as the control group. The 206 

cells were incubated in complete medium containing 15% fetal bovine serum and 1% 207 

penicillin-streptomycin at 37 °C with 5% CO₂ for 24 h. CCK-8 reagent (10 μL) was then added 208 

to each well, followed by incubation for 1 h at 37 °C. Absorbance was measured at 450 nm, 209 

and cell viability was calculated relative to the control group. 210 

2.5.2 Neutral red phagocytosis 211 

RAW264.7 macrophages in the logarithmic growth phase were adjusted to 1.0 × 10⁵ cells 212 

mL-¹ and seeded into 96-well plates at 100 μL per well. After cell adhesion, the cells were 213 

treated with PSP at final concentrations of 50, 100, or 200 μg mL-¹. LPS (1 μg mL-¹) was used 214 

as the positive control, and untreated cells served as the control group. After incubation for 24 215 

h at 37 °C, the medium was removed and 100 μL of 0.1% neutral red solution was added to 216 

each well. The cells were incubated for 1 h, washed three times with PBS, and lysed with 100 217 

μL of cell lysis buffer. After shaking in the dark for 30 min, absorbance was measured at 540 218 

nm and the phagocytic rate was calculated. Six replicate wells were used for each group, and 219 

the experiment was independently repeated three times. 220 

2.5.3 Nitric oxide secretion 221 

RAW264.7 macrophages in the logarithmic growth phase were adjusted to 2 × 10⁵ cells mL-
222 

¹, seeded into 24-well plates at 1 mL per well, and cultured for 12-16 h. The medium was then 223 

removed. The experimental groups received 2 mL of PSP at final concentrations of 50, 100, or 224 

200 μg mL-¹, the positive-control group received 2 mL of LPS (1 μg mL-¹), and the blank-225 

control group received 2 mL of complete medium. Three replicate wells were used for each 226 

group. After incubation for 24 h, the culture supernatants were collected and centrifuged. 227 
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Supernatant (50 μL) was mixed sequentially with 50 μL each of Griess reagents A and B in a 228 

96-well plate and incubated in the dark for 15 min. Absorbance was measured at 540 nm, and 229 

NO concentration was determined from the standard curve. 230 

2.5.4 Effects of PSP on the Gene Expression of Immune Regulatory Factors by RAW264.7 231 

Macrophages 232 

RAW264.7 macrophages were adjusted to 1 × 10⁶ cells mL-¹, seeded into 6-well plates, and 233 

cultured for 24 h at 37 °C with 5% CO₂. The cells were then divided into an untreated control 234 

group, an LPS group (1 μg mL-¹), and a PSP group (50 μg mL-¹) and incubated for a further 24 235 

h. Total RNA was collected at the end of treatment for quantitative real-time PCR analysis of 236 

IL-6, TNF-α, COX-2, and iNOS expression. 237 

RNA extraction. Total RNA was extracted from RAW264.7 macrophages using an RNA 238 

extraction kit according to the manufacturer's instructions. RNA that met the quality 239 

requirements was used for complementary DNA synthesis. 240 

Reverse transcription. The reverse-transcription mixture contained 2 μL of total RNA, 3 μL 241 

of 5× gDNA digester Mix, and 10 μL of Nuclease-Free Water. The reaction was performed at 242 

25 °C for 5 min, 55 °C for 15 min, and 85 °C for 5 min. The resulting complementary DNA 243 

was diluted tenfold before quantitative PCR. 244 

Quantitative PCR. Quantitative PCR was performed in 0.1-mL reaction plates using the 245 

reaction mixture shown in Table. 1 and the primers listed in Table. 2 The program consisted of 246 

pre-denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation at 95 °C for 10 s 247 

and annealing and extension at 57 °C for 20 s. Melt-curve analysis was then performed from 248 

72 to 95 °C with fluorescence recorded at 0.5 °C intervals. 249 

Relative-expression analysis. Relative gene expression was calculated using the 2-ΔΔCt 250 

method, where ΔCt = Ct(target gene) - Ct(reference gene)  and 251 

ΔΔCt = ΔCt(sample) - ΔCt(control). 252 

Component Volume (μL) 
2×Universal Blue SYBR Green qPCR Master Mix 10 μL 

Forward primer 1 μL 
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Reverse primer 1 μL 

reverse transcription product 2 μL 

Nuclease-free water 6 μL 

Table. 1 Quantitative PCR reaction mixture 253 

Primer Primer sequence (5′–3′) 

β-actin 
Forward: 5′–TGCTGTCCCTGTATGCCTCT–3′ 
Reverse: 5′–TTTGATGTCACGCACGATTT–3′ 

TNF-α 
Forward: 5′–CCCTCCTGGCCAACGGCATG–3′ 
Reverse: 5′–TCGGGGCAGCCTTGTCCCTT–3′ 

IL-6 

Forward: 5′–AGACAAAGCCAGAGTCCTTCAGAGA–
3′ 

Reverse: 5′–GCCACTCCTTCTGTGACTCCAGC–3′ 

iNOS 
Forward: 5′–GCTCGCTTTGCCACGGACGA–3′ 
Reverse: 5′–AAGGCAGCGGGCACATGCAA–3′ 

COX-2 
Forward: 5′–GGGCTCAGCCAGGCAGCAAAT–3′ 
Reverse: 5′–GCACTGTGTTTGGGGTGGGCT–3′ 

Table. 2 Primer sequences used for quantitative PCR 254 

2.5.5 Effect of PSP on the Secretion of Cytokines by RAW264.7 Macrophages 255 

RAW264.7 macrophages in the logarithmic growth phase were seeded into 6-well plates at 256 

2 × 10⁶ cells well-¹. After cell adhesion, the cells were assigned to the untreated control, LPS, 257 

and PSP groups using the treatments described in Section 2.5.4 and incubated for 24 h. The 258 

culture supernatants were collected, and IL-6 and TNF-α concentrations were determined using 259 

the corresponding ELISA kits and calculated from their standard curves. 260 

2.5.6 Western Blot Analysis of Cytokine Expression 261 

RAW264.7 macrophages were adjusted to 5 × 10⁶ cells mL-¹, seeded into 6-well plates, and 262 

cultured for 24 h at 37 °C with 5% CO₂. The cells were then assigned to an untreated control 263 

group, an LPS group (5 μg mL-¹), and a PSP group (50 μg mL-¹) and incubated for a further 24 264 

h. Three replicate wells were used for each group. After treatment, the cells were washed twice 265 

with PBS and lysed with RIPA buffer on ice. Total protein was extracted under low-temperature 266 

conditions, heat-denatured, and stored for Western blot analysis. 267 

SDS-PAGE. Protein samples (20 μg per lane) were separated using stacking and resolving 268 

gels. Electrophoresis was performed at 80 V for 30 min and then at 120 V for 120 min. 269 
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Membrane transfer. The separated proteins were transferred to a PVDF membrane at a 270 

constant current of 400 mA for 90 min in an ice-water bath. 271 

Immunodetection. The PVDF membrane was washed with TBST and blocked with non-fat 272 

milk for 2 h. The membrane was incubated with primary antibodies for 16 h and secondary 273 

antibodies for 2 h and washed four times with TBST. Protein bands were visualized using ECL 274 

reagent and recorded with an ImageQuant LAS 4000 mini chemiluminescence imaging system. 275 

The relative phosphorylation levels of IκBα and p65 were evaluated from the p-IκBα/IκBα and 276 

p-p65/p65 ratios. 277 

2.6 Statistical analysis 278 

All experiments were performed in triplicate, and the arithmetic mean of the three parallel 279 

experiments was taken as the result. Correlation analysis was performed using SPSS software. 280 

A value of p < 0.05 was considered statistically significant. 281 

3 Results 282 

3.1 Preparation of PSP 283 

As shown in Fig. 1(a), the full-wavelength scanning spectrum of C-PSP shows no absorption 284 

peaks at 260-280 nm, indicating the absence of proteins, peptides, and nucleic acids in C-PSP. 285 

C-PSP was separated and purified by Sephadex G-200 gel column chromatography, and the 286 

elution curve is presented in Fig. 1(b). Fraction A was collected, freeze-dried, and designated 287 

as PSP. 288 
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 289 

Fig. 1 Preparation of PSP 290 

3.2 Physicochemical characterization 291 

3.2.1 Molecular Weight Determination 292 

As shown in the liquid chromatogram in Fig. 2(a), the peak of PSP appeared at 8.401 min as 293 

a single, symmetrical peak. The total sugar content of PSP was determined to be 91.03 ± 0.35% 294 

by the phenol-sulfuric acid method, and no uronic acid was detected by the sulfuric acid-295 

carbazole method. Taken together, these results indicate that PSP is a neutral polysaccharide 296 

with uniform molecular weight distribution and high purity. Based on the dextran standards 297 

presented in Fig. 2(b), the molecular weight of PSP was calculated to be 2.54×10⁶ Da. 298 

 299 

Fig. 2 Purity and molecular-weight determination 300 
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3.2.2 FT-IR Analysis 301 

  The absorption peak at 3290.23 cm-¹ is attributed to the stretching vibration of hydroxyl 302 

groups (-OH); the absorption at 2928.62 cm-¹ corresponds to the C-H stretching vibration of 303 

methyl and methylene groups; the absorption peaks at 1644.94 cm-¹ and 1411.68 cm-¹ are 304 

assigned to the H-O-H bending vibration of water and the C-H bending vibration on the sugar 305 

ring, respectively; the peak at 1230.86 cm-¹ is due to the bending vibration of hydroxyl groups 306 

(-OH); and the absorption near 1046.08 cm-¹ is caused by C-O bending vibration, indicating 307 

the presence of a pyranose ring structure in the molecule. No characteristic absorption peak of 308 

carboxyl groups (-COOH) was observed in the spectrum, suggesting the absence of uronic acid 309 

in PSP (Fig. 3). 310 

 311 

 312 

Fig. 3 FT-IR spectrum of PSP 313 

3.2.3 Monosaccharide composition analysis 314 

The monosaccharide composition of PSP was analyzed by HPLC. The molar ratio of 315 

monosaccharides in PSP was mannose : rhamnose : glucose : galactose : xylose : arabinose = 316 

36.32 : 33.24: 20.83 : 4.52 : 2.84 : 2.26, confirming that PSP is a neutral heteropolysaccharide 317 

predominantly composed of mannose (Fig. 4). 318 
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 319 

Fig. 4 Monosaccharide composition of PSP 320 

3.2.5 Congo Red Assay 321 

After mixing PSP with Congo red, the maximum absorption wavelength shifted from 496-322 

504 nm, moving toward longer wavelengths, indicating a clear red shift (Fig. 5). This suggests 323 

that PSP possesses a triple-helix structure. The triple-helix structure is a highly ordered spatial 324 

conformation that confers high thermal and chemical stability to PSP [34]. 325 

 326 

Fig. 5 Congo red assay of PSP 327 
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3.2.5 TG Analysis 328 

The thermal stability of PSP was shown in Fig. 6.In the first stage, within the temperature 329 

range of 40-230°C, the mass loss of PSP was primarily attributed to free water and bound water, 330 

resulting in an 8.366% decrease in mass. The second stage, occurring between 230°C and 331 

450°C, shows a significant loss of polysaccharide mass, reaching 61.221%. The third stage, as 332 

the temperature rises from 500°C to 600°C, involves the breaking of chemical bonds and the 333 

decomposition of the substance; the thermal degradation process of the polysaccharide is 334 

essentially complete, and the loss stabilizes. In summary, PSP exhibits good thermal stability 335 

below 230°C but begins to decompose above 230°C. 336 

 337 

 338 

Fig. 6 Thermogravimetric analysis of PSP 339 

3.2.6 SEM Analysis 340 

PSP was observed by SEM(Fig. 7), As shown in the 500× magnified image , PSP exhibits a 341 

mixed morphology of irregularly stacked flakes and rods; The image at 1000× magnification 342 

further shows that the edges of PSP fragments are irregularly torn, while the surface is relatively 343 

smooth with only a small number of pits and protrusions. This layered stacking structure 344 

indicates that intermolecular interactions primarily occur via hydrogen bonds and van der 345 
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Waals forces, rather than through a crystalline structure. This is consistent with the abundant 346 

hydroxyl (-OH) vibrations observed in the FT-IR spectrum. 347 

 348 

Fig. 7 SEM images of native polysaccharide PSP 349 

3.3 Immunomodulatory activity 350 

3.3.1 Cell viability 351 

PSP at 25-200 μg mL-¹ produced RAW264.7 cell-viability values above the untreated control 352 

(p < 0.05), with the largest responses at 25 and 50 μg mL-¹ (Fig. 8). The response declined as 353 

the concentration increased, and viability at 400 μg mL-¹ was below the untreated control (p < 354 

0.05). 355 
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 356 

Fig. 8 Effects of PSP concentration on RAW264.7 cell viability 357 

3.3.2 Neutral red phagocytosis 358 

As shown in Fig. 9, PSP at a concentration of 50 μg mL-¹ significantly enhanced the 359 

phagocytic capacity of the cells, with the effect being superior to both the control group group 360 

and the LPS group (p < 0.05). At 100 μg mL-¹, PSP still exhibited a significant promoting effect, 361 

although the intensity of the effect was somewhat reduced. At 200 μg mL-¹, the phagocytic 362 

capacity was lower than that of the LPS group and showed no significant difference compared 363 

with the control group group (p > 0.05). 364 
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 365 

Fig. 9 Effects of PSP concentration on neutral red uptake by RAW264.7 macrophages 366 

3.3.3 Nitric oxide secretion 367 

As shown in Fig. 10, compared with the control group group, PSP at all tested 368 

concentrations significantly promoted NO release (p<0.05). Among them, 50 μg mL-¹ PSP 369 

exhibited the optimal effect, although its secretory promoting capacity was still weaker than 370 

that of the LPS group. The inductive effect decreased at 100 μg mL-¹ PSP and was further 371 

diminished at 200 μg mL-¹, with only a weak activation effect remaining. 372 
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 373 

Fig. 10 Effects of PSP concentration on nitric oxide release by RAW264.7 cells 374 

3.3.4 Effects of PSP on the Gene Expression of Immune Regulatory Factors by RAW264.7 375 

Macrophages 376 

The mRNA expression levels of core inflammatory enzymes (COX-2, iNOS) and pro-377 

inflammatory cytokines (IL-6, TNF-α) following PSP treatment are shown in Fig. 11. 378 

Compared with the control group group, the expression of the above genes was significantly 379 

upregulated in PSP-treated group (p<0.05). 380 
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 381 

Fig. 11 Effects of PSP on IL-6, TNF-α, COX-2, and iNOS expression in RAW264.7 cells 382 

3.3.5  Effect of PSP on the Secretion of Cytokines by RAW264.7 Macrophages 383 

As shown in Fig. 12, compared with the control group , the PSP-treated groups significantly 384 

induced the secretion of the cytokines IL-6 and TNF-α in RAW264.7 macrophages (p<0.05). 385 

Furthermore, the increased secretion of the cytokines IL-6 and TNF-α following PSP treatment 386 

is consistent with the upregulation of IL-6 and TNF-α gene expression observed in Section 387 

2.3.4. 388 

 389 
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390 

Fig. 12 Effects of PSP concentration on cytokine secretion by RAW264.7 cells 391 

3.3.6 Western Blot Analysis of Cytokine Expression 392 

As shown in Fig. 13, after PSP treatment, the p-IκBα and p-P65 bands were more distinct 393 

than those in the control group, indicating that the polysaccharide activated the phosphorylation 394 

of IκBα and also increased the phosphorylation level of p65. Data analysis revealed that, 395 

compared with the control group group, the p-IκBα/IκBα and p-P65/P65 ratios in cells were 396 

both elevated after PSP treatment (p<0.05), indicating that PSP promotes the phosphorylation 397 

of IκBα and p65. 398 

 399 

Fig. 13 Effects of PSP on NF-κB pathway proteins in RAW264.7 cells 400 

 401 

4 Discussion 402 

The absence of absorption peaks at 260-280 nm, together with the single symmetrical 403 
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chromatographic peak, indicates that PSP was effectively purified and had a uniform molecular 404 

weight distribution. PSP was composed mainly of mannose, rhamnose, and glucose and 405 

contained no detectable uronic acid, confirming that it is a mannose-rich neutral 406 

heteropolysaccharide. The compositional diversity of polysaccharides from Arthrospira is 407 

affected by the source material and by extraction and purification procedures (Cai et al. 2022; 408 

Ai et al. 2023; Fan et al. 2026). In the present study, the shift in the maximum absorption 409 

wavelength after interaction with Congo red supports the presence of an ordered triple-helical 410 

conformation (Zhang et al. 2021). The abundant hydroxyl groups detected by FT-IR, the 411 

irregular sheet-like morphology, and the thermal stability below 230 °C further define the 412 

physicochemical characteristics of PSP (Kumar Varma and Jayaram Kumar 2017). These 413 

results establish the structural basis for its macrophage-modulating activity, thereby providing 414 

a basis for elucidating the mechanism of action of this activity. 415 

PSP significantly enhanced RAW264.7 cell viability, neutral red uptake, and NO release, 416 

demonstrating activation of macrophage functions at the cellular level. The strongest responses 417 

occurred mainly at 25 or 50 μg mL-¹ and declined as the concentration increased, showing that 418 

the activity of PSP depends on an appropriate concentration range. Similar concentration-419 

dependent responses have been observed for other natural polysaccharides (Wang et al. 2024b; 420 

Jin et al. 2025). Enhanced neutral red uptake represents increased macrophage phagocytic 421 

capacity (Brown 2024), consistent with the effects reported for polysaccharides from Pueraria 422 

lobata, Polygonatum sibiricum, Sinonovacula constricta, and Cucurbita moschata (Liu et al. 423 

2018; Dong et al. 2020; Huang et al. 2021; Liu et al. 2022;). NO is an important effector 424 

molecule produced by activated macrophages and participates in immune defense and 425 

intercellular signaling (Bogdan 2015; Lundberg and Weitzberg 2022; Wu et al. 2023; Xiang et 426 

al. 2024). The response observed here is also consistent with the macrophage-activating 427 

activity previously reported for Arthrospira polysaccharides (Wu et al. 2020). Thus, the 428 

increases in cell viability, phagocytic activity, and NO release provide mutually supporting 429 

functional evidence that PSP activates RAW264.7 macrophages. 430 

The functional activation of macrophages was accompanied by coordinated molecular 431 

responses. PSP increased the messenger RNA abundance of IL-6, TNF-α, COX-2, and iNOS 432 
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and simultaneously promoted the secretion of IL-6 and TNF-α. The agreement between 433 

transcriptional induction and cytokine secretion demonstrates that the effect of PSP was 434 

transmitted from gene regulation to the production of immune mediators. IL-6 and TNF-α 435 

coordinate macrophage-dependent immune responses (Eddahri et al. 2009; Popko et al. 2010; 436 

Kwon et al. 2020), while COX-2-derived prostaglandins and iNOS-derived NO are important 437 

components of inflammatory and immune regulation (Ricciotti and FitzGerald 2011; Song et 438 

al. 2021; Wang et al. 2026). Therefore, the increased expression of these genes explains, at least 439 

in part, the enhanced NO release and cytokine production and links the observed cellular 440 

responses to a defined transcriptional program. 441 

NF-κB provides the mechanistic connection between these molecular and functional 442 

responses. In resting macrophages, NF-κB is retained in the cytoplasm by IκBα. 443 

Phosphorylation of IκBα promotes release of the NF-κB complex, whereas phosphorylation of 444 

p65 enhances its transcriptional activity and drives the expression of immune-related genes, 445 

including those examined in this study (Oeckinghaus et al. 2011; Liu et al. 2017; Xu et al. 2021; 446 

Guo et al. 2024; Hoffmann et al. 2025; Mao et al. 2025). PSP significantly increased both the 447 

p-IκBα/IκBα and p-p65/p65 ratios. These protein-level changes, together with the coordinated 448 

increases in IL-6, TNF-α, COX-2, and iNOS expression, demonstrate that activation of the 449 

classical NF-κB pathway is a central mechanism underlying the immunomodulatory activity 450 

of PSP. This interpretation is supported by related studies in which natural polysaccharides 451 

activated macrophage functions through NF-κB-associated signaling (Li et al. 2022; Zheng and 452 

Huang 2022; Li et al. 2023a; Li et al. 2024; Wang et al. 2024a; Li et al. 2025).  453 

The structural features of PSP may contribute to the initiation of this signaling chain. Its 454 

high mannose proportion indicates mannose-rich structural domains, which have been 455 

associated with macrophage recognition and downstream signaling in related polysaccharides 456 

(Li et al. 2022; Niu et al. 2023; Shang et al. 2026). Its triple-helical conformation also provides 457 

an ordered spatial structure that may facilitate the interaction of polysaccharides with immune-458 

cell receptors (Satitmanwiwat et al. 2012; Zheng and Huang 2022; Kumar et al. 2023). 459 

Accordingly, the mannose-rich composition and ordered conformation of PSP provide a 460 

plausible structural basis for the NF-κB activation and immunomodulatory responses observed 461 
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in this study. However, the receptor responsible for PSP recognition was not directly examined, 462 

and the current experiments do not establish a direct structure–receptor interaction. Because 463 

the biological evaluation was performed in an in vitro RAW264.7 macrophage model, receptor-464 

intervention experiments and in vivo studies are required to further define the upstream 465 

recognition mechanism, dose-response relationship, and biological safety of PSP. 466 

5 Conclusions 467 

PSP is a neutral heteropolysaccharide extracted from Spirulina platensis and is composed of 468 

mannose, rhamnose, glucose, galactose, xylose, and arabinose at a molar ratio of 469 

36.32:33.24:20.83:4.52:2.84:2.26. Within the tested non-cytotoxic concentration range, PSP 470 

activated NF-κB signaling, enhanced immune regulation at the transcriptional level, increased 471 

RAW264.7 macrophage viability and phagocytic capacity, and promoted the production of NO, 472 

IL-6, and TNF-α. These results demonstrate the in vitro immunomodulatory activity of PSP 473 

and establish it as a bioactive component worthy of further investigation for 474 

immunomodulatory applications. 475 

 476 

 477 

 478 

 479 
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 481 
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 483 

 484 
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