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Abstract

:

Lactobacillus is a recognized probiotic and has been widely used in food and medicine. As a new type of low-temperature resistant Lactobacillus, the fermentation products of Dellaglioa algida have multiple physiological activities. This study focuses on the exopolysaccharide (EPS) produced by Dellaglioa algida. The composition of the EPS is analyzed by FTIR, UV, GPC, HPLC, NMR, and SEM, and its antioxidant and immune activities are explored. The experimental results show that the EPS is a polymer composed of nine monosaccharides such as rhamnose, glucose, and mannose, connected by  α - and  β -glycosidic bonds, with an average molecular weight of   2.163 ×  10 4    Da. When the EPS concentration reaches 100 μg/mL, the scavenging activities of DPPH and ABTS+ are 60.0% and 51.2%, respectively. The EPS promotes the secretion of NO by regulating the iNOS/NO pathway, reduces oxidative damage, and reduces the secretion of inflammatory factors such as IL-6, IL-1 β , and TNF- α , and downregulates the mRNA expression of inflammatory factors, thereby alleviating the cell inflammation stimulated by the cold-resistant bacteria Pseudomonas fluorescens and Pseudomonas fragi. By virtue of these properties, the EPS produced by Dellaglioa algida fermentation has the potential to act as an antioxidant and immunomodulator.
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1. Introduction


As a well-known bacterium recognized for its food safety properties, Lactobacillus and its metabolites have been widely studied [1,2,3,4,5]. Exopolysaccharides (EPSs), produced during the growth and metabolism of Lactobacillus, vary in structure and function across different species, contributing to their physiological diversity [6]. For example, the EPS of Lactobacillus delbrueckii OLL1073R-1 enhances the antiviral ability of pig intestinal epithelial cells [7]; Lactobacillus rhamnosus SHA113’s EPS shows anti-gastric-ulcer activity in mice [2]; Lactobacillus plantarum L-14’s EPS has anti-inflammatory effects in RAW264.7 cells [4]; Lactobacillus plantarum SN35N’s EPS inhibits influenza A and feline calicivirus [5]; and Lactobacillus plantarum LRCC5310’s EPS prevents rotavirus-induced diarrhea [8]. These findings highlight the diverse bioactivities and potential applications of Lactobacillus’s EPSs in food and medicine, warranting further investigation into their composition and bioactivity.



Conventional Lactobacillus species and their EPSs have been extensively studied over the past few decades. For example, the EPS from Lactobacillus plantarum EI6, isolated from the ocean, contains five monosaccharides and promotes wound healing [9]. Similarly, the acidic EPS (EPS-LP2) from Lactobacillus plantarum DMDL 9010 has antioxidant and immunomodulatory properties, reducing oxidative damage in RAW264.7 cells and inhibiting inflammatory factors [10]. However, these EPSs may not perform effectively in extreme conditions, such as low-temperature food and pharmaceutical storage [11,12]. In contrast, the EPS from psychrophilic bacteria can serve as bioprotectants, with a 97.91% survival rate for neutrophilic Escherichia coli at −80 °C and bioadsorption abilities [13]. Lactobacillus algidus, a psychrophilic species isolated from vacuum-frozen beef, has been renamed Dellaglioa algida (Del. algida) in 2020 [14]. It is the only psychrophilic Lactobacillus in its genus, thriving in cold environments [15]. Although recent studies have explored its gene sequencing, metabolism, and biofilm inhibition effects [14,15,16,17], the EPSs produced by Del. algida remain largely unstudied, including their composition, bioactivities, and potential relationships.



Research on EPSs from conventional Lactobacillus primarily focuses on their biological properties, such as antioxidation and immunoregulation in RAW264.7 cells, while the relationship between their composition and these effects remains unexplored. In contrast, studies on non-Lactobacillus EPSs have identified links between composition (e.g., monosaccharides and functional groups) and biological activities. For instance, the EPS of tea tree polysaccharides, rich in rhamnose and glucose, shows immunoregulatory and antioxidant effects [18], and the EPS from Bacillus licheniformis demonstrates antioxidation due to specific functional groups identified by FTIR [19]. However, such studies on Lactobacillus’s EPSs, particularly for the psychrophilic and high-potential Del. algida, are lacking.



Motivated by the above observations, the issue of biological activities consisting of the antioxidation and immunoregulation of the EPS produced by Del. algida is investigated in this paper, where its composition is analyzed in-depth to find the relation with biological activities. The Nuclear Magnetic Resonance spectroscopy (NMR), Fourier transform infrared spectroscopy (FTIR), ultraviolet spectroscopy (UV), scanning electron microscope (SEM), GPC (gel permeation chromatography), and high-performance liquid chromatography (HPLC) methods are utilized to analyze the composition of the EPS to predict its biological activities. To find the antioxidation activities of the EPS, experiments assessing the free radical scavenging of DPPH, ABTS+, hydroxyl, and superoxide anion are performed. Two kinds of cold-adapted pathogenic bacteria, i.e., Pseudomonas fluorescens (P. fluorescens) and Pseudomonas fragi (P. fragi) [20], are utilized to stimulate the RAW264.7 cells to evaluate the immunoregulation activity of the EPS. The analysis results of the antioxidation and immunoregulation effects of the EPS produced by Del. algida provided in this paper can be utilized as a reference for the production or transportation of foods and medicine in cold environments.




2. Materials and Methods


2.1. Strains and Culture Conditions


In this paper, the utilized strains consisted of Del. algida for the EPS production and P. fluorescens and P. fragi for stimulating RAW264.7 cells for the immunoregulation activity analysis, where the culture conditions were as below.



Del. algida was cultured in a de Mann–Rogosa–Sharpe (MRS) medium for 24 h under the stir-free condition to obtain a seed liquid, where the culture method was mainly from [16]. The activated seed liquid of Del. algida was inoculated into the liquid MRS culture medium with a bacterial load of 1% (v/v), and then they were activated twice at 20 °C for 24 h.



P. fluorescens and P. fragi were activated using a Tryptone Soy Broth (TSB) culture medium for 24 h to obtain their seed liquid via a shaker at 180 rpm/min under 28 °C. The activated seed liquid was inoculated into the TSB culture medium with an inoculation quantity of 1% (v/v), which was activated for 18 h at 28 °C for further experiments. The activated bacterial solution was centrifuged for 5 min at 4 °C under 8000× g, which was sterilely filtrated using a low-protein binding cellulose acetate filter with an aperture diameter of 0.22 μm to obtain cell-free supernatant (CFS).




2.2. Extraction and Purification of the EPS


The experimental method from [21,22] was used with considerable modifications. The strain stored at −80 °C was activated and further inoculated into 500 mL of MRS medium with a pH of 5.7 at an inoculation volume of 1%; then, it was cultured at 20 °C under 60 rpm for 24 h. The cultured fermentation broth was centrifuged at 5000× g for 20 min at 4 °C to remove the bacterial cells, where three volumes of pre-cooled 95% ethanol were added to the obtained CFS. After placing it overnight in a refrigerator at 4 °C, a polysaccharide precipitate was obtained by centrifuging at 9500× g for 60 min. The extract’s precipitate was dissolved in 100 mL of distilled water, where the same-volume trichloroacetic acid (TCA) of 10% was inserted. By continuously stirring for 4 h in an ice bath, the protein precipitate could be removed via centrifuging at 9500× g for 60 min at 4 °C. Then, pre-cooled 95% ethanol with a volume three times larger was added, and one could obtain the extract’s precipitation by centrifuging under the same conditions for 60 min. The extract was dissolved in water and put into a dialysis bag of 14,000∼8000 Da to dialyze for 48 h. The distilled water was replaced every 8 h, and then the crude EPS was obtained by freeze-drying.



To further remove nucleic acids and proteins, the extracted crude EPS was dissolved in 50 mM Tris-HCl and 10 mM MgSO4·7H2O until the final concentration was 5 mg/mL with a pH of 7.4–7.5. Then, the DNAse type-I was added until the final concentration was 2.5 μg/mL, and they were reacted at 37 °C for 6 h. After that, the protease extracted from Streptococcus with a final concentration of 50 μg/mL was used, which was kept at 37 °C for 18 h. The TCA with a final concentration of 12% was added; then, the solution was stirred at room temperature for 30 min and centrifuged at 4 °C and 10,000× g for 20 min to remove protein precipitates. The pH of CFS was adjusted to 4.0∼5.0 with 10 mM sodium hydroxide solution and put into a dialysis bag of 14,000∼8000 Da. Then, it was placed in multiple volumes of distilled water and dialyzed at 4 °C, where the deionized water was replaced every 8 to 12 h, and the total duration of the dialysis was three days. Then, after freeze-drying, one could obtain the freeze-dried powder of the EPS produced by Del. algida.




2.3. Composition Analysis of EPS


In this paper, for the composition analysis of the EPS produced by Del. algida, the average molecular weight and the monosaccharide components were determined; then, the EPS was analyzed via UV full-wavelength scanning, FTIR, and scanning electron microscope (SEM).



2.3.1. Average Molecular Weight Measurements


For the measurements of the average molecular weight of the EPS, the GPC method was utilized. The EPS lyophilized powder was dissolved in the deionized water, whose concentration was 1.00 mg/mL, the loading quantity was 40.0 μL, and the mobile phase was distilled water with a current flow of 1.00 mL/min.




2.3.2. Monosaccharide Components’ Analysis


The experimental method from [23,24], which is known as HPLC, was used. First, 5 mg of EPS sample (±0.05 mg) was added into a clean chromatography bottle, where 1 mL of 2 M trifluoroacetic acid (TFA) solution was inserted to be heated at 121 °C for 2 h. Then, nitrogen was blown through to dry, and methanol was supplemented for cleaning and blow drying, which was repeated 2–3 times. Sterile water was included to dissolve, which was further transferred to a chromatography bottle for testing. Then, an appropriate amount of supernatant was taken, and it was further spun to concentrate or blow-dry with nitrogen. The used HPLC system was a Thermo ICS5000 ion chromatography system (ICS5000, Thermo Fisher Scientific, Waltham, MA, USA) with an electrochemical detector for analyzing and detecting monosaccharide components, where a Dionex™ CarboPac™ PA20 (150 × 3.0 mm, 10 μm) liquid chromatography column was used. The injection volume was 5 μL, mobile phase A was 0.1 M NaOH, and mobile phase B was 0.1 M NaOH with 0.2 M NaAc. The flow rate was 0.5 mL/min, and the column temperature was 30 °C. The elution gradient was as follows: 0 min A/B (95:5 v/v, 30 min A/B (80:20 v/v), 30.1 min A/B (60:40 v/v), 45 min A/B (60:40 v/v), 45.1 min A/B (95:5 v/v), and 60 min A/B (95:5 v/v).




2.3.3. UV Full-Wavelength Scanning and FTIR Analysis


The extracted EPS of 1 mg was weighed and then dissolved in 1 mL of deionized water for analysis via full-wavelength scanning. Due to the existence of the end absorption of the UV–vis spectrophotometer (Hitachi, Tokyo, Japan), it was difficult to observe the absorption peak of the EPS. Thus, the wavebands of 260 nm and 280 nm were observed to find whether the absorption peak existed, and then to determine whether the extracted EPS contained nucleic acids and proteins.



The main structural groups of the EPS were characterized using FTIR [25], where an EPS sample of 2 mg and KBr of 20 mg were pressed into pieces. Then, the FTIR spectrum was analyzed within a frequency range of 4000∼400 cm−1.




2.3.4. Scanning Electron Microscope (SEM) Analysis


The EPS of 1 mg was weighed and then stuck on conductive tape for spray gold sealing after natural drying. Then, an SEM (Quanta GEG250, FEI, Hillsboro, OR, USA) was utilized to observe the microscopic morphology of the EPS samples.




2.3.5. NMR Analysis


1H and 13C NMR spectra of EPS were obtained on a Bruker AMX-600 MHz, Waltzbach, Germany spectrometer at 50 °C. The sample was exchanged with D2O twice, and after freeze-drying the EPS, it was dissolved in 700 μL of D2O for the 1H and 13C NMR spectral analysis.





2.4. Antioxidation Activities of EPS


In this paper, the antioxidation activities of the EPS were evaluated by its effects on eliminating free radicals, including ABTS+, DPPH, hydroxyl (HO·), and superoxide anion (  ·   O 2 −    ).



2.4.1. ABTS+ Free Radical Scavenging Assay


The experimental method from [26,27] was used. We mixed 0.2 mL of freshly prepared ABTS+ solution at a concentration of 7.4 mmol/L with 0.2 mL of 2.6 mmol/L K2S2O8 solution [24,25,26] and incubated in the dark at room temperature for 12 h to obtain the ABTS+ working solution. Then, we diluted it 50 times with methanol (A734nm = 0.7 ± 0.02), took 0.8 mL of the diluted ABTS+ working solution and mixed it with 0.2 mL of the sample (0–1000 mg/L), shook it for 10 seconds, and let it stand for 6 minutes. Then, we measured the absorbance at a wavelength of 734 nm, using ascorbic acid as a reference (0–1000 mg/L), with anhydrous ethanol and the ABTS+ working solution as the blank group. The radical scavenging assays of ABTS+ were computed by


  α = [ 1 −     A 1  −  A 2    A 3    ] × 100 %  



(1)




where  α  (%) represents the ABTS+ radical scavenging rate,   A 1   is the absorbance of the sample, and   A 2   and   A 3   are the absorbance values of the blank.




2.4.2. DPPH Free Radical Scavenging Assay


The experimental method from [26,27,28] was used. We vigorously mixed the freshly prepared 0.002% methanol solution of DPPH (2 mL) with the sample (2 mL, 0–1000 mg/L) and stored it in the dark at 37 °C for 20 min [24,25]. Then, we used ascorbic acid as the reference (0–1000 mg/L), measured the absorbance (at 515 nm), and calculated the DPPH radical scavenging rate using the following equation:


  β = [ 1 −     B 1  −  B 2    B 3    ] × 100 %  



(2)




where  β (%) represents the DPPH radical scavenging rate,   B 1   is the absorbance of the sample, DPPH,   B 2   is the absorbance of the sample and anhydrous ethanol, and   B 3   is the absorbance of DPPH and anhydrous ethanol.




2.4.3. Hydroxyl (HO·) Radical Scavenging Assay


The experimental method from [26,28,29] was used. We added 50 μL of PBS (20 mM, pH 7.4), 25 μL of 1,10-phenanthroline (2.5 mM), 25 μL of FeSO4, and 25 μL of H2O2 (20 mM) sequentially into the corresponding wells of a 96-well plate and mixed thoroughly. Then, we added 100 μL of the polysaccharide solution or ascorbic acid solution at different concentrations: 0.2 mg/mL, 0.4 mg/mL, 0.6 mg/mL, 0.8 mg/mL, and 1.0 mg/mL. After mixing, we incubated at 37 °C for 1 h, with each concentration gradient performed in triplicate. After incubation, we measured the UV absorbance of the reaction solution at 536 nm. Then, the radical scavenging assays of HO· could be computed with the following:


  γ = [    C −  C 1     C 2  −  C 1     ] × 100 %  



(3)




where  γ (%) represents the hydroxyl radical scavenging activity, C is the absorbance of the sample,   C 1   is the absorbance of blank control 1, and   C 2   is the absorbance of blank control 2. In the blank control 1, there was no polysaccharide solution or ascorbic acid solution added, which was replaced with the same volume of distilled water. In the blank control 2, there was no polysaccharide solution, ascorbic acid solution, or H2O2 solution added, which was replaced with the same volume of distilled water.




2.4.4. Superoxide Anion (  ·   O 2 −    ) Scavenging Assay


We added 50 μL of PBS (pH 8.0) and 25 μL of catechol (1.5 mM, dissolved in 10 mM HCl), mixed well, then added 100 μL of different concentrations of EPS solution and ascorbic acid solution [28,29], with concentration gradients of 0.02 mg/mL, 0.04 mg/mL, 0.06 mg/mL, 0.08 mg/mL, and 0.10 mg/mL. We mixed again and let it stand at room temperature for 30 min, then measured the absorbance at 325 nm UV. Each concentration gradient was tested in three parallel experiments. The radical scavenging assays of   ·   O 2 −     could be computed by the following equation:


  ϕ = [ 1 −    D −  D 2    D 3    ] × 100 %  



(4)




where  ϕ  (%) represents the superoxide radical scavenging activity; D is the absorbance of the sample;   D 1   stands for the absorbance of blank control 1; and   D 2   refers to the absorbance of blank control 2. In the blank control 1, there was no EPS or ascorbic acid solution added, which was replaced with the same volume of distilled water. In the blank control 2, the EPS or ascorbic acid solution was added, while there was no catechol solution added, which was replaced with the same volume of distilled water.





2.5. Immunoregulation Activities of EPS


In this paper, the immunoregulation activities of the EPS produced by Del. algida were evaluated by the anti-inflammatory abilities of a widely utilized RAW264.7 cell inflammation model, which was stimulated by the CFS of cold-adapted pathogenic Pseudomonas, including P. fluorescens and P. fragi.



2.5.1. Inflammation Model of RAW264.7 Cells


The RAW264.7 cells with a logarithmic growth phase were utilized, where the cell concentration was adjusted to 1.0 × 105 cells/mL. The cell suspension was inoculated into a 96-well flat-bottomed microplate with 100 μL per well, and it was cultured at the conditions of 37 °C and 5% CO2 atmosphere for 2 h while awaiting the adherence of the RAW264.7 cells [30].



After the adherence of the RAW264.7 cells, the CFS of Pseudomonas with a cell culture fluid was supplemented, including volumes of 0, 1, 2, 4, 8, and 10 μL, respectively, and they were cultured for 12 h. Then, 10 μL of CCK-8 was added in each well to incubate for 20 min, and absorbance was measured by a multifunctional microplate reader (Tecan, Männedorf, Switzerland) with a wavelength of 450 nm. The survival rate and the inhibition rate of cells were calculated, where the concentration with a survival rate of about 50% was utilized for further experiments.




2.5.2. The Effect of EPS on Cell Activity


After the adherence of the RAW264.7 cells (cf. Section 2.5.1), the EPS with a concentration of 5 mg/mL with the cell culture fluid was supplemented, including volumes of 0, 1, 2, 4, 8, and 16 μL, respectively, and they were cultured for 12 h. Then, 10 μL of CCK-8 was added in each well to incubate for 20 min, and absorbance was measured by a multifunctional microplate reader with a wavelength of 450 nm. The survival rate and the inhibition rate of cells were calculated, where the previous concentration with a survival rate of less than 100% was selected as the high-dose group, and the 0.5-time concentration of the high-dose group was selected as the low-dose group for further experiments.




2.5.3. Effects of EPS on NO Secretion of Inflammatory RAW264.7 Cells


After the adherence of the RAW264.7 cells (cf. Section 2.5.1, where a 24-well flat-bottomed microplate with 1000 μL per well was used instead of the 96-well one), 40 μL of the inactivated CFS of Pseudomonas, the EPS with final concentrations of 50 μg/mL and 100 μg/mL were included, respectively, then they were cultured for 12 h. The supernatant of the cell culture was obtained, and the content of NO (nitric oxide) was measured via the multifunctional microplate reader. The culture cells were incubated for 20 min in a cell culture chamber at 37 °C using 5 μM DAF-FM DA DAF-FM DA (3-Amino,4-aminomethyl-2′,7′-difluorescein, diacetat). After washing cells with PBS three times, the fluorescence intensity was recorded using an inverted fluorescence microscope (Olympus, Tokyo, Japan).




2.5.4. Effects of EPS on ROS Secretion of Inflammatory RAW264.7 Cells


The cells were treated with EPS and Pseudomonas CFS, then the culture medium containing the CFS of Pseudomonas and EPS was eliminated. Then, 10 μM of diluted 2′7′-diacetyl dichlorofluorescein in 100 μL was added, and it was incubated in the dark for 30 min at 37 °C. The cells were washed twice via a serum-free culture medium of cells to fully remove the excess probes. Under the conditions of an excitation wavelength of 502 nm and an emission wavelength of 530 nm, the fluorescence intensity was measured using a multiscan spectrum (BioTek Synergy2, Winooski, VT, USA), and the fluorescence intensity was recorded using a inverted fluorescence microscope. Then, the relative ROS (reactive oxygen species) levels of cells can be measured.




2.5.5. Effects of EPS on Cytokines Secretion of Inflammatory RAW264.7 Cells


After adherence of the RAW264.7 cells (cf. Section 2.5.1, where a 24-well microplate with 1000 μL per well is used instead of the 96-well one with 100 μL per well), the inactivated CFS of Pseudomonas of 40 μL, and the EPS with final concentrations of 50 μg/mL and 100 μg/mL are included, respectively, and they are cultured for 12 h. After centrifuging, the CFS of the culture supernatant of cells is obtained and they are stored at −80 °C for later experiments. Finally, the ELISA approach is adopted to measure the secretion of the cytokines including IL-6 (interleukin-6), TNF- α  (tumor necrosis factor- α ), IL-1 β  and iNOS (inducible nitric oxide synthase).




2.5.6. Effects of EPS on mRNA Expression of Inflammatory RAW264.7 Cells


After adherence of the RAW264.7 cells (cf. Section 2.5.1, where a 24-well microplate with 2 mL per well was used instead of the 96-well one with 100 μL per well), 80 μL of the inactivated CFS of Pseudomonas, the EPS with final concentrations of 50 μg/mL and 100 μg/mL were included, respectively, and they were cultured for 12 h. The culture solution was removed, and the cells were washed three times with PBS. The Trizol method was utilized, where a Trizol reagent was added in each well to extract the RNA of cells after shaking and digesting for 5 min. The extracted RNA was reverse-transcribed to cDNA. Then, the real-time PCR analysis by a real-time PCR system (QuantStudioTM 6Flex, Waltham, MA, USA), where the primers were designed from the NCBI and synthesized by Harbin Ruibiotech Co., Ltd., Harbin, China, and its sequences can be found in Table 1.





2.6. Data Analysis


The data obtained correspond to at least three independent trials and are presented as mean values with standard deviations, where the statistical significance with the consideration of p < 0.05 was analyzed via software including GraphPad Prism 7 and Origin 2018.





3. Results


3.1. Composition Analysis of EPS Produced by Del. algida


3.1.1. Average Molecular Weight of EPS


In this paper, the molecular weight of the EPS produced by Del. algida was measured via the GPC approach, where its map is shown in Figure 1. One can find that there existed two heteropolysaccharide components, and the average value of   M w   of the EPS was 2.163 × 104 Da, which was within the range of heteropolysaccharides produced by the EPS.




3.1.2. Monosaccharide Components of EPS


The monosaccharide components were measured via HPLC quantitative analysis, and the results are shown in Table 2. It can be seen that the EPS produced by Del. algida in this study was a heteropolysaccharide composed of nine monosaccharide components, including rhamnose, fucose, galactose, glucose, xylose, mannose, ribose, galacturonic acid, and glucural, where the percentage of each monosaccharide component is shown in Figure 2. The galactose and glucuronic acid components in the EPS represented the highest content, accounting for 29.32% and 38.08% of the monosaccharides, respectively. As shown in Figure 3, the EPS also contained a small amount of fucose and xylose, accounting for 0.52% and 0.82% of the monosaccharides, respectively, and the molar ratio of rhamnose and glucose was 0.18:1. Obviously, the monosaccharide components contained in EPS were relatively complex, indicating that the EPS is likely to have complex/novel structures and diverse physiological activities [31]. The EPS may have beneficial physiological effects such as anti-inflammation, and the monosaccharide content is related to its anti-inflammatory effect and requires to be developed and utilized in the future.




3.1.3. FTIR and UV Analysis of EPS


FTIR is an effective method for detecting the characteristic structure of biopolymers [32] and was used to detect the characteristic groups in the EPS to determine their kind. The Fourier transform infrared spectrum of the EPS in the range of 4000–400 cm−1 is shown in Figure 4; the sample had a relatively complex absorption peak in the wave-number range of 3500–1000 cm−1. In previous research, the characteristic absorption peak of hydroxyl was generally in the wave-number range of 3200–3600 cm−1. In this study, we found that EPS had an obvious absorption peak at 3315 cm−1, which was caused by C-H stretching. The existence of absorption peaks generated by vibration verified that the EPS produced by Del. algida was a glycan sample. In addition, there was a strong absorption peak at 1661 cm−1, which may be the stretching vibration absorption peak of the amide bond or peptide amine bond and also may be the bending vibration absorption peak of the C-N bond in proteins and peptides.



The absorption peaks in the wave-number fingerprint region below 1500 cm−1 are highly characteristic and can reflect the structural characteristics of different compounds. The EPS produced by Del. algida in this study had an absorption peak at 1060 cm−1 in the fingerprint area. Research has shown that the absorption peak of the polysaccharide at 1000–1200 cm−1 is generated by C-O-C or C-O stretching, and the absorption peak at that wave number is the C=O or C-O stretching absorption peak in the carboxyl group. The EPS had a strong absorption peak at 667 cm−1 in the fingerprint area, which should correspond to the C-O-C stretching absorption peak. The FTIR analysis results proved that the EPS produced by Del. algida contained most of the characteristic absorption peaks related to EPS [33].



The 1 mg/mL EPS solution produced by Del. algida was analyzed by UV full-wavelength scanning in the range of 190–400 cm−1. From Figure 5, it can be seen that the extracted samples did not have absorption peaks at 260 nm and 280 nm, which indicated that there were no nucleic acids and proteins, and that the extraction of extracellular polysaccharides was better [34]. The main visual observation of the UV absorption of the sample at 260 nm and 280 nm highlighted the presence of a large number of nucleic acids and proteins within the sample. The UV scanning spectra at less than 200 nm showed the condition of the end absorption [35], and the results showed that there was no protein and nucleic acid and other impurities within the EPS, so subsequent experiments could be carried out.




3.1.4. SEM and NMR Analysis of EPS


In Figure 6, it can be seen that the EPS extracted from the lyophilized Del. algida CFS appeared as a milky-white, cottonlike loose powder, with a light texture, low density, no noticeable odor, and it dissolved easily in water. Figure 7 shows the SEM observations of Del. Algida EPS at different magnifications. In Figure 7, the microstructure of EPS at different magnifications shows various irregular shapes, with most appearing as smooth, porous spheres. Additionally, there were compact rod-like, filamentous, and sheetlike structures, indicating that this EPS possessed characteristics of stabilizers, plasticizing film materials, thickeners, and adsorbents. Thus, the Del. algida CFS has the potential to be developed as a raw material for polymer materials.



By combining NMR with techniques such as FTIR, UV, and HPLC, the main components of a compound can be identified and its structure analyzed to determine the elemental composition, making this method applicable to analyses in biology and materials science. In this section, NMR technology was used to analyze the glycosidic bond configurations of the monosaccharides in EPS. The 1H NMR spectrum of EPS is shown in Figure 8, which is primarily used to determine the glycosidic bond configuration of EPS molecules. The anomeric region ( δ  4.5–5.5 ppm) signals are commonly used to identify the anomeric configurations of sugar residues in polysaccharide molecules. Based on different anomeric forms, they can be classified as  α - or  β -structures. Typically,  α -pyranose shows signals greater than  δ  5.0 ppm, while  β -pyranose rarely exceeds  δ  5.0 ppm. In the anomeric region ( δ  4.5–5.5 ppm) of the 1H NMR spectrum of the EPS, three distinct signal variations were detected, indicating that the structure of the EPS mainly consisted of three monosaccharide residues and possibly contained both  α - and  β -glycosidic bonds. The absorption peak changes in the  δ  3.34–4.33 ppm region were caused by H-2 to H-6. A large absorption peak at  δ  1.2–1.4 ppm was likely due to the presence of CH2 groups and longer carbon chains.



As shown in Figure 9, in the 13C NMR spectrum of the EPS, the type and configuration of glycosidic bonds in the EPS are usually analyzed based on the signals of anomeric carbons. Generally, the signals for C-2 to C-6 appear with chemical shifts in the  δ  60–75 ppm range, while the anomeric proton signals for C-1 exhibit chemical shifts in the  δ  97–105 ppm range. Chemical shifts in the  δ  97–102 ppm range indicate  α -glycosidic bonds, while shifts in the  δ  102–105 ppm range correspond to  β -glycosidic bonds. The absorption peak signals in the range of  δ  60.92–80.44 ppm are primarily caused by C-2 to C-6. Multiple large absorption peaks appeared in the range of  δ  98.15–103.87 ppm, where the peaks at  δ  98.15 ppm and  δ  101.31 ppm indicated the presence of two  α -glycosidic bonds in the EPS structure, while the peaks at  δ  102.14 ppm,  δ  102.87 ppm, and  δ  103.87 ppm indicated the presence of three  β -glycosidic bonds. A strong signal peak at  δ  174.87 ppm may have been due to the carboxyl group of uronic acid, which was consistent with the presence of uronic acid in the monosaccharide composition. The signal peaks at  δ  22.28 ppm and  δ  60.92 ppm corresponded to rhamnose and -OCH3 residues, aligning with the detection of rhamnose in the monosaccharide composition, further confirming the presence of rhamnose in the EPS. Therefore, the EPS may have good potential for immunoactivity.





3.2. Antioxidation Activities of EPS In Vitro


The existence of various redox reactions in living organisms yields certain harmful radicals such as ABTS+, DPPH, superoxide anion radicals, and hydroxyl radicals. Thus, experiments for the antioxidant activities of the EPS in vitro were carried out to determine if the EPS had the ability to scavenge such harmful radicals, which was a possible way to speculate their functions within the biological organism.



ABTS+ free radicals are the determination of the antioxidant activity of natural compounds using a common and convenient model, by measuring the ABTS+ radical scavenging ability in a comprehensive evaluation of the antioxidant activity of the EPS. As shown in Figure 10A, the EPS exhibited varying degrees of antioxidant activity in a dose-dependent manner at all concentrations.



DPPH is a nitrogen-centered radical that is stable in organic solvents and is purple when dissolved in ethanol, with a maximum absorption peak of 517 nm. When the single electron of DPPH is captured, its color becomes lighter and luminosity decreases, where the extent of the decrease in absorbance is proportional to the concentration of the EPS, corresponding to the antioxidant capacity of polysaccharide samples [36]. Figure 10B shows the DPPH radical scavenging activity of the EPS, where the scavenging activity of the EPS on DPPH showed a dose-dependent relationship, and the scavenging activity of EPS could be up to 60.0% when the concentration of EPS reached 10 mg/mL. As a positive control, ascorbic acid could almost scavenge more than 75.0% of DPPH at a concentration of 0.625 mg/mL.



Hydroxyl radical is a reactive oxygen radical with strong oxidability, which can damage organisms and be toxic to cells [37]. Figure 10D shows that both ascorbic acid and the EPS produced by Del. algida had a hydroxyl radical scavenging activity, where the antioxidant properties of the EPS differed greatly from ascorbic acid with the same concentration, and the hydroxyl radical scavenging activity of EPS at 1 mg/mL was similar to that of ascorbic acid at 0.2 mg/mL.



Figure 10C shows that both the ascorbic acid and the EPS produced by Del. algida had a scavenging activity against superoxide anion radicals, which increased with the concentration of ascorbic acid and EPS. The EPS had a greater difference in antioxidant activity than the same concentration of ascorbic acid, where the antioxidant activity of 0.1 mg/mL EPS was similar to the antioxidant activity of 0.02 mg/mL ascorbic acid.




3.3. Immunoregulation Activities of EPS Produced by Del. algida


3.3.1. Effects of Pseudomonas and EPS on Cell Activity


Figure 11A,B demonstrates the effect of different contents of P. fluorescens CFS on the survival and inhibition rate of RAW264.7 cells. From Figure 11A, when the concentration of CFS reached 0.01%, the survival rate decreased significantly as compared to the CK group. The supplement of P. fluorescens CFS had a significant inhibitory effect on the survival of RAW264.7 cells, where the inhibition rate reached 19.67%, as shown in Figure 11B. When the concentration further increased, the survival rate decreased more obviously. Specifically, at a concentration of 0.10%, the survival rate was only 55.77%, while the inhibition rate was as high as 67.89%, resulting in a large number of deaths in clusters of cells. When the concentration of CFS was 0.08%, the inhibition rate was up to 59.97%, thus 0.04% of P. fluorescens CFS was selected for the later experiments.



Figure 11C,D demonstrates the effect of P. fragi CFS on the survival and inhibition rate of RAW264.7 cells under various contents. From Figure 11C, when the concentration of the CFS reached 0.01%, the survival rate decreased significantly as compared to the CK group. Thus, the addition of P. fragi CFS had a significant inhibitory effect on the survival of RAW264.7 cells. As shown in Figure 11D, the inhibition rate reached a maximum of 20.06%, but it did not change significantly with a content of 0.02%. As the concentration further increased, the survival rate decreased more obviously. At the CFS concentration of 0.10%, the survival rate was only 14.66% while the inhibition rate was as high as 71.23%, yielding death in clusters of a large number of cells. When the CFS concentration was 0.04%, both survival rate and inhibition rate were around 50%. Therefore, the concentration of CFS of P. fragi was selected to be 0.04% for the later experiment.



Figure 12 shows the effect of different concentrations of EPS produced by Del. algida on the survival and inhibition rate of RAW264.7 cells. From Figure 12A, when the EPS concentration was 50–800 μg/mL, there was no significant effect on cell survival. At an EPS concentration of 800 μg/mL, the inhibition rate of the cells increased significantly as compared to the CK group, as shown in Figure 12B. Such a phenomenon of a significant increase in the inhibition rate may be due to the osmotic pressure change of the cells caused by the high concentration of EPS, leading to the limitation of cell growth.




3.3.2. Effect of EPS on Inflammatory RAW264.7 Cells


Figure 13 shows the effect of the EPS produced by Del. algida on the survival and inhibition rate of RAW264.7 cells infected with Pseudomonas CFS. As shown in Figure 13A, the survival rate of RAW264.7 cells significantly decreased after Pseudomonas CFS infection as compared to the CK group, and the results were consistent with the experimental results in Section 3.3.1. When P. fluorescens CFS was supplemented, the survival rate of EPS-L group had a tendency to increase but the result was not significant, while the EPS-L group had a significantly increased survival rate of cells after infection. When adding P. fragi CFS, both EPS-L and EPS-H groups showed a significant increase in the survival rate of infected cells. In Figure 13B, one can find a significant increase in the inhibition of cell activity after infection with the Pseudomonas CFS as compared to the CK group, which was also in agreement with the results in Section 3.3.1. When P. fluorescens CFS was added, the inhibition rate of the EPS-L group showed a decreasing trend, but the results were not significant, while the EPS-H group had a significantly reduced inhibition rate of the cells after infection. When P. fragi CFS was supplemented, both the EPS-L group and the EPS-H group showed a significant decrease in the inhibition rate of infected cell activity.




3.3.3. Effects of EPS on NO Secretion of Inflammatory RAW264.7 Cells


Fluorescence microscopy was used to determine the fluorescence intensity of the NO probe [38], and the results are shown in Figure 14 and Figure 15. Compared with the CK group, the NO secretion of the group stimulated by Pseudomonas CFS was significantly reduced, indicating that P. fluorescens and P. fragi would have the effect of decreasing the NO secretion ability of RAW264.7 cells. Both EPS-L and EPS-H groups were able to significantly promote the secretion of NO by RAW264.7 cells, and it was dose-dependent. However, after P. fragi stimulation by 0.02% EPS, the amount of NO increased without significance, which indicated that the 0.02% EPS was not enough to stimulate the cells to produce more NO.




3.3.4. Effects of EPS on ROS Secretion of Inflammatory RAW264.7 Cells


After the fluorescence microscopy observation, the amount of ROS produced by RAW264.7 cells after different concentrations of EPS treatment stimulated by Pseudomonas CFS was determined using an inverted fluorescence microscope. As shown in Figure 16 and Figure 17, the amount of ROS secreted by RAW264.7 cells after stimulation by Pseudomonas CFS obviously increased, which proved that the oxidative damage of cells was increased by the stimulation of Pseudomonas CFS. After the treatment with the EPS, the amount of ROS secreted by RAW264.7 cells decreased significantly, indicating that the EPS could reduce the oxidative damage of cells and had a certain antioxidant effect in the cell. However, after stimulation with P. fragi, the amount of ROS decreased after the 0.02% EPS treatment without significance.




3.3.5. Effects of EPS on Cytokines Secretion of Inflammatory RAW264.7 Cells


The cytokines secreted by RAW264.7 cells after stimulation by Pseudomonas fluorescence and P. fragi were measured to evaluate the role of the EPS in immunoregulation.



TNF- α  is an important immunoregulation factor that mediates the immune response to bacterial infection [39]. Figure 18 shows the effect of different concentrations of EPS on the secretion of TNF- α  by RAW264.7 cells stimulated by P. fluorescens and P. fragi. It can be seen that RAW264.7 cells stimulated by Pseudomonas secreted significantly higher amounts of TNF- α  compared with the CK group; thus, P. fluorescens and P. fragi stimulated the RAW264.7 cells to produce more TNF- α . RAW264.7 cells stimulated by P. fluorescens and P. fragi with added EPS decreased in TNF- α , but the decreasing trend was not obvious.



Figure 19 shows the effects of different concentrations of EPS on the iNOS of RAW264.7 cells stimulated with Pseudomonas. There was a significant decrease in the amount of iNOS secreted by RAW264.7 cells stimulated with P. fluorescens and P. fragi as compared to the CK group. Thus, the stimulated cells had reduced metabolic vitality and were no longer able to carry out immunoregulation through self-regulation of the iNOS/NO pathway. Also, the result confirmed that the reason for the decrease in NO production in the previous section may be due to the decrease in iNOS secretion. After the EPS treatment, the secretion of iNOS increased significantly.



Figure 20 shows the effect of different concentrations of EPS on the secretion of IL-6 by RAW264.7 cells stimulated by P. fluorescens and P. fragi. One can find that the secretion of IL-6 by RAW264.7 cells stimulated by Pseudomonas increased significantly compared with the CK group. Thus, Pseudomonas CFS led to an increase in the level of cellular IL-6, which had an effect on the immune system of RAW264.7 cells. The EPS-L group stimulated by P. fluorescens showed an increase in IL-6 without significance, while the EPS-H group showed a significant decrease in IL-6 secretion.



Figure 21 shows the effect of different concentrations of EPS on IL-1 β  in RAW264.7 cells stimulated by P. fluorescens and P. fragi, where the secretion of IL-1 β  in RAW264.7 cells increased significantly as compared to the CK group. Thus, P. fluorescens and P. fragi CFS led to the release of IL-1 β , resulting in the disruption of the immune system.




3.3.6. Effects of EPS on mRNA Expression of Inflammatory RAW264.7 Cells


To further discuss the immunoregulation effects of the EPS on RAW264.7 cells stimulated by Pseudomonas CFS, the mRNA expression of TNF- α , COX-2 (cyclooxygenase-2), IL-1 β , IL-6, and iNOS, which are involved in immunoregulation, was measured in this study.



Figure 22A shows the effect of different concentrations of EPS on the mRNA expression of TNF- α  in RAW264.7 cells stimulated by P. fluorescens and P. fragi CFS. The expression of TNF- α  in stimulated RAW264.7 cells increased significantly as compared to the CK group, while it decreased significantly after the treatment of different concentrations of EPS. Thus, the EPS can play an immunoregulation role on cells by regulating the expression of TNF- α  to reduce the secretion of TNF- α . Figure 22B shows the mRNA expression of COX-2 in RAW264.7 cells stimulated by the CFS of P. fluorescens and P. fragi at different concentrations of EPS. The expression of COX-2 in stimulated RAW264.7 cells increased significantly as compared to the CK group, while the expression decreased significantly after treatment with different concentrations of EPS.



Figure 22C shows the effect of different concentrations of EPS on the mRNA expression of IL-1 β  in RAW264.7 cells stimulated by the CFS of P. fluorescens and P. fragi. It can be seen that the expression of IL-1 β  in treated RAW264.7 cells increased significantly as compared to the CK group, while it decreased significantly after the treatment with different concentrations of EPS. Thus, the EPS can play an immunoregulation role on cells by regulating the expression of IL-1 β  to reduce the secretion of IL-1 β . Figure 22D shows the effect of different concentrations of EPS on the mRNA expression of IL-6 in RAW264.7 cells stimulated by P. fluorescens and P. fragi. The expression of IL-6 in treated RAW264.7 cells increased significantly as compared to the CK group, while the expression decreased significantly after the treatment with different concentrations of EPS.



Figure 22E shows the mRNA expression of iNOS in RAW264.7 cells stimulated by the CFS of P. fluorescens and P. fragi at various concentrations of EPS. It can be seen that the expression of iNOS in stimulated RAW264.7 cells significantly decreased as compared to the CK group, while the expression significantly increased with the EPS treatment at different concentrations.






4. Discussion


Non-single polysaccharides may potentially generate a more diverse range of functional activities. Specifically, polysaccharides isolated by [40] from Lactobacillus in Chinese sauerkraut were measured using HPLC, which revealed the presence of four distinct absorption peaks. The molecular weights of the three main heteropolysaccharides were 6.4 × 105 Da, 2.0 × 105 Da, and 1.4 × 104 Da, respectively, while there also existed a little polysaccharide with the possible properties of antioxidation and anti-inflammation. The molecular weight of the EPS produced by Del. algida is quite significant in finding relations between its composition and functional activity. Although the components of the EPS are influenced by different types of bacteria and growth environments, the molecular weight of the EPS is commonly within the range of   1.0 ×  10 4    Da to   6.0 ×  10 6    Da [41,42]. Therefore, the in-depth exploration of the EPS produced by Del. algida in this study not only provides a direction for the isolation of new types of active polysaccharides but also likely offers references for exploring the physiological activities and functional effects of polysaccharide-like substances.



The diversity of monosaccharide components commonly results in polysaccharides having different physical/chemical properties and physiological activities [18,19,43]. In recent studies, Ref. [44] found that the polysaccharide produced by Lactobacillus plantarum KX041, which was composed of rhamnose and glucose, had antioxidant effects. Also, Ref. [40] found that the polysaccharide EPS-NA produced by Lactobacillus coryneformis NA-3 was composed of  α -rhamnose,  α -mannose,  α -galactose, and  α -glucose, which had the ability to scavenge hydroxyl and superoxide radicals and to inhibit the formation and dispersion of Bacillus cereus and Salmonella typhimurium biofilms; Ref. [45] found that the monosaccharide component of the EPS produced by Lactobacillus reuteri had percentage relations following galactose > rhamnose > glucose, where the percentage of monosaccharide component was related to the anti-inflammatory activity of the EPS. The galactose content of the EPS enhanced its anti-inflammatory effect on macrophages, while the existence of rhamnose and the ratio of rhamnose to glucose components may be important indicators that polysaccharides have antioxidant and anti-inflammatory properties.



The EPS extracted from the Del. algida CFS exhibited a microstructure extremely similar to that of the EPS from Leuconostoc lactis L2 [46] and Lactobacillus plantarum KF5 [43], as reported in published studies, though not identical. The main reason for these differences is that psychrophilic bacteria have a more active metabolism. Although Del. algida, Leuconostoc lactis L2, and Lactobacillus plantarum KF5 all belong to the Lactobacillus genus, the differences in strains lead to variations in metabolic pathways and products. Furthermore, different morphologies can greatly influence functionality. For example, spherical EPSs are more suitable as adsorbents, sheetlike EPSs can be used as plasticizers, and fibrous EPSs have potential as stabilizers and thickeners.



The antioxidant properties of the EPS produced by Del. algida are very significant for living organisms [36,37,47]. The EPS produced by Del. algida had different scavenging activities for various free radicals, indicating that it did have a certain extent of antioxidant properties, but it was quite small as compared to the ascorbic acid under the same concentration. The antioxidant ability of ascorbic acid was 10 times that of the EPS, which may be due to the existing enolized hydroxyl groups of high reducing properties within ascorbic acid instead of ordinary hydroxyl groups [48]. Although the antioxidant activity of the EPS produced by Del. algida was not completely superior to that of ascorbic acid, it can still be utilized as one of the natural sources of safe antioxidants.



In this paper, the immunoregulation activities of the EPS produced by Del. algida were evaluated by the anti-inflammatory abilities of a widely utilized the RAW264.7 cell inflammation model, which was stimulated by cold-adapted pathogenic Pseudomonas, including P. fluorescens and P. fragi. Pseudomonas is a small gram-negative bacterium that can secrete a number of different toxins [49,50]. Pseudomonas exotoxin (PE) binds to cell surface receptors, leading to the ingestion of the toxin into the cell and inhibiting protein synthesis [50,51]. For humans, PE is an exogenous protein expressed by Pseudomonas and is highly immunogenic. Therefore, it is necessary to examine relevant inflammatory factors to understand the regulatory mechanisms of the immunogenicity of Pseudomonas.



NO is a key factor in immunoregulation [52], not only as a virulence factor to kill invading bacteria or viruses and other pathogens but also as an important signaling molecule to guide the apoptosis of cancer cells. Therefore, NO plays an important role in the immunoregulation of the body, and it is also an important indicator of whether the cells are undergoing immunoregulation [53]. From the above results, it is suggested that EPS can stimulate the secretion of NO by RAW264.7 cells, improve the immunoregulation activity of macrophages, and increase the sensitivity of the macrophage immune response. Reactive oxygen species (ROS) are important indicators of cellular oxidative damage [54]. Studies have shown that an increase in ROS levels within the body can lead to excessive oxidative stress, which induces and triggers inflammation, resulting in the production of more free radicals. This causes further oxidative stress, creating a vicious cycle that leads to irreversible damage to the body [55]. The 0.02% EPS could not reduce the secretion of ROS by RAW264.7 cells and alleviate the oxidative damage of cells [56]. Macrophages play the most important role in immunity as a front line of defense for the immune system since they have the ability to remove foreign pathogens, phagocytose certain cellular debris and detritus, and release immune factors for the immune response [57]. RAW264.7, as a mouse monocyte-macrophage, can simulate the front-line immune defense by releasing cytokines in response to stimuli from invading external substances [58].



Based on the above observation, the EPS reduces oxidative damage to the cells by the release of NO to decrease cellular inflammation, which ultimately leads to a decrease in the pro-inflammatory factor TNF- α  in the RAW264.7 cells. iNOS, i.e., inducible nitric oxide synthase, not only assists RAW264.7 cells in fighting against foreign pathogens in immunoregulation but is also an important messenger molecule, which is activated and plays a role in inducing the production of large amounts of NO after cells are stimulated or damaged [59]. The EPS may increase the sensitivity of RAW264.7 cells to immunoregulation through the iNOS/NO pathway and enhance the ability of RAW264.7 cells to respond to immunity; thus, it can regulate the immune activity of RAW264.7 cells [60]. IL-6 is also an important factor in immunoregulation, which is a key part of the body acting on a variety of cells. It not only participates in the inflammatory response but also assumes an important role in information transmission [61]. IL-6 can be activated by TNF- α , and the increase in IL-6 content is interrelated with inflammation, infection, and even the occurrence of tumors in the organism [39]. The 0.02% EPS was not able to reduce the amount of IL-6 secreted by RAW264.7 cells and regulate the immune activity. IL-1 β  is a pro-inflammatory factor that not only promotes inflammation but also induces the release of other pro-inflammatory factors, yielding the aggravation of the inflammatory process in the body [61,62]. The secretion of IL-1 β  decreased significantly after the addition of EPS, which indicated that the EPS could inhibit the secretion of IL-1 β  to regulate the immune system.



COX-2 is an inducible enzyme with quite low expression in the normal state [39,58,59]. However, when the body is stimulated by inflammation, the increase in its expression in the inflammatory cells means that the body cells produce tissue damage [61]. The EPS could act as an immunomodulator by down-regulating the expression of COX-2. The EPS could play an immunoregulation role in RAW264.7 cells by regulating the expression of IL-6 to reduce the secretion of IL-6.



As an inducible nitric oxide synthase, the mRNA expression of iNOS is crucial for interpreting whether an EPS increases NO secretion for immunoregulation through the iNOS/NO pathway [62,63,64]. Therefore, this study measured the expression level of iNOS to determine whether the increase in cellular NO secretion was related to the iNOS/NO pathway, thereby further analyzing and predicting the possible mechanisms through which EPS exerts its anti-inflammatory effects. The EPS increased the iNOS expression by up-regulating the expression of iNOS, regulating the iNOS/NO pathway, and promoting the secretion of NO to play a role in immunoregulation.



Overall, the secretion of TNF- α , IL-6, and IL-1 β  of RAW264.7 cells stimulated by P. fluorescens and P. fragi CFS increased, which indicated that P. fluorescens and P. fragi would lead to the secretion of more pro-inflammatory factors. The authors of [65] verified that the immunomodulatory effects of the EPS from flocculating bacteria were derived from cytokines such as TNF- α  secreted by the mouse intestine. The secretion of iNOS was reduced, which would affect the ability of cells to secrete NO, as well as lead to the disruption of the immune system and the generation of inflammatory reactions. After EPS intervention, the secretion of TNF- α , IL-6, and IL-1 β  in RAW264.7 cells was reduced, while it was not significant for TNF- α . Hence, the EPS inhibited the secretion of inflammatory factors by RAW264.7 cells after stimulation by P. fluorescens and P. fragi, increased the secretion of iNOS, and promoted the secretion of NO, which further played a role in immunoregulation.




5. Conclusions


This study conducted a preliminary characterization of the EPS produced by a newly discovered psychrophilic Lactobacillus, namely, Del. algida, and investigated its antioxidant and immunomodulatory activities. The current results indicated that the EPS of Del. algida had a complex structure with a large molecular weight, consisting of nine monosaccharides linked by  α - and  β -glycosidic bonds, and exhibited an irregular microscopic appearance. It showed strong antioxidant capabilities, effectively scavenging free radicals in vitro, including DPPH, ABTS+, hydroxyl radicals, and superoxide anions. Additionally, the EPS exerted immunomodulatory effects by regulating the NO pathway, reducing oxidative damage, and decreasing the secretion of inflammatory factors, thereby alleviating inflammation in cells stimulated by psychrophilic pathogens (such as P. fluorescens and P. fragi). In conclusion, the EPS of Del. algida holds potential as an antioxidant and immunomodulator, providing valuable insights for the application of probiotic fermentation products.
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Figure 1. Molecular weight analysis of the EPS produced by Del. algida. 
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Figure 2. Analysis of monosaccharide composition of the EPS produced by Del. algida. 






Figure 2. Analysis of monosaccharide composition of the EPS produced by Del. algida.



[image: Fermentation 10 00491 g002]







[image: Fermentation 10 00491 g003] 





Figure 3. Pie chart of monosaccharide percentages of the EPS produced by Del. algida. 
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Figure 4. FTIR analysis of the EPS produced by Del. algida. 
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Figure 5. Ultraviolet full-wavelength scanning of EPS produced by Del. algida. 
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Figure 6. Appearance of lyophilized EPS produced by Del. algida. 
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Figure 7. SEM observations of EPS produced by Del. algida at different multiples, where subfigures (A–F) stand for the SEM images at 1200-, 2500-, 5000-, 20,000-, 40,000-, and 80,000-time magnifications, respectively. 
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Figure 8. 1H NMR spectra of EPS produced by Del. algida. 
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Figure 9. 13C NMR spectra of EPS produced by Del. algida. 
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Figure 10. Antioxidant capacity of the EPS produced by Del. algida in vitro, where subfigures (A–D) are the scavenging capacity of ABTS+, DPPH, superoxide anion, and hydroxyl. 
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Figure 11. Effects of Pseudomonas on the survival rate and inhibition rate of RAW264.7 cells, where subfigures (A,B) are the effects of P. fluorescens on the survival rate and inhibition rate, respectively, while subfigures (C,D) are the effects of P. fragi on the survival rate and inhibition rate, respectively. * p < 0.05, ***   p < 0.001  , #   p < 0.05  , ##   p < 0.01  , ###   p < 0.001  , ns:   p > 0.05  , where * represents the significant difference compared with the blank CK group and # represents the significant difference compared with the 0.01% group. 
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Figure 12. Effects of different concentrations of EPS on the survival rate and inhibition rate of RAW264.7 cells, where subfigures (A,B) show the effects of different concentrations of EPS on the survival rate and inhibition rate of RAW264.7 cells, respectively. *   p < 0.05  , ns:   p > 0.05  . 
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Figure 13. Effects of EPS on the survival rate and inhibition rate of RAW264.7 cells stimulated by Pseudomonas, where subfigures (A,B) are the survival rate and inhibition rate, respectively. The CK, PB, EPS-L, and EPS-H groups stand for blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. ***   p < 0.001  , #   p < 0.05  , ###   p < 0.001  , ns:   p > 0.05  , where * represents the significant difference compared with the blank CK group, and # represents the significant difference compared with the 0.01% group. 
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Figure 14. Effects of EPS on the secretion of NO by inflammatory RAW264.7 cells stimulated by Pseudomonas (400×), where subfigures (A–D) are the CK, PB, EPS-L and EPS-H groups, respectively, stimulated by P. fluorescens, and subfigures (E–H) are the CK, PB, EPS-L and EPS-H groups, respectively, stimulated by P. fragi. 
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Figure 15. Effects of EPS on NO content of inflammatory RAW264.7 cells stimulated by Pseudomonas, where subfigures (A,B) refer to P. fluorescens and P. fragi. The CK, PB, EPS-L, and EPS-H groups stand for the blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. *   p < 0.05  , ##   p < 0.01  , ###   p < 0.001  , ns:   p > 0.05  , where * represents the significant difference compared with the blank CK group, and # represents the significant difference compared with the PB group. 
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Figure 16. Effects of EPS on ROS secretion of inflammatory cells stimulated by Pseudomonas (400×), where subfigures (A–D) are the CK, PB, EPS-L and EPS-H groups, respectively, stimulated by P. fluorescens, and subfigures (E–H) are the CK, PB, EPS-L and EPS-H groups, respectively, stimulated by P. fragi. 
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Figure 17. Percentage of ROS secreted by EPS in inflammatory RAW264.7 cells stimulated by Pseudomonas, where subfigures (A,B) stand for using P. fluorescens CFS and P. fragi CFS, respectively. The CK, PB, EPS-L, and EPS-H groups stand for the blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. ***   p < 0.001  , ###   p < 0.001  , ns:   p > 0.05  , where * represents the significant difference compared with the blank CK group, and # represents the significant difference compared with the PB group. 
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Figure 18. Effects of different concentrations of EPS on the secretion of TNF- α  by RAW264.7 cells stimulated by Pseudomonas, where subfigures (A,B) stand for using P. fluorescens CFS and P. fragi CFS, respectively. The CK, PB, EPS-L, and EPS-H groups stand for the blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. ***   p < 0.001  , **   p < 0.01  , ns:   p > 0.05  , where * represents the significant difference compared with the blank CK group. 
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Figure 19. The effect of the EPS at different concentrations on the secretion of iNOS by RAW264.7 cells stimulated by Pseudomonas, where subfigures (A,B) stand for using P. fluorescens CFS and P. fragi CFS, respectively. The CK, PB, EPS-L, and EPS-H groups stand for the blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. ***   p < 0.001  , #   p < 0.05  , ##   p < 0.01  , ###   p < 0.001  , where * represents the significant difference compared with the blank CK group, and # represents the significant difference compared with the PB group. 
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Figure 20. Effects of different concentrations of EPS on IL-6 secretion of RAW264.7 cells stimulated by Pseudomonas, where subfigures (A,B) stand for using P. fluorescens CFS and P. fragi CFS, respectively. The CK, PB, EPS-L, and EPS-H groups stand for the blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. ***   p < 0.001  , #   p < 0.05  , ##   p < 0.01  , ###   p < 0.001  , ns:   p > 0.05  , where * represents the significant difference compared with the blank CK group, and # represents the significant difference compared with the PB group. 
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Figure 21. Effects of different concentrations of EPS on IL-1 β  secretion of RAW264.7 cells stimulated by Pseudomonas, where subfigures (A,B) stand for using P. fluorescens CFS and P. fragi CFS, respectively. The CK, PB, EPS-L, and EPS-H groups stand for the blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. *   p < 0.05  , **   p < 0.01  , #   p < 0.05  , ##   p < 0.01  , where * represents the significant difference compared with the blank CK group and # represents the significant difference compared with the PB group. 
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Figure 22. Effects of different concentrations of EPS on mRNA expression of inflammatory factors in RAW264.7 cells stimulated by P. fluorescens and P. fragi, where subfigures (A–E) stand for TNF- α , COX-2, IL-1 β , IL-6, and iNOS, respectively. The CK, PB, EPS-L, and EPS-H groups stand for the blank group, Pseudomonas CFS treatment group, low-dose group, and high-dose group, respectively. **   p < 0.01  , ***   p < 0.001  , #   p < 0.01  , ##   p < 0.01  , ###   p < 0.001  , ns:   p > 0.05  , where * represents the significant difference compared with CK in the blank group and # represents the significant difference compared with the PB group. 
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Table 1. Primer sequence.
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	Primer Name
	Primer Sequence (5’ to 3’)





	COX-2-F
	TGAGTACCGCAAACGCTTCT



	COX-2-R
	CAGCCATTTCCTTCTCTCCTGTT



	iNOS-F
	TCTAGTGAAGCAAAGCCCAACA



	iNOS-R
	CCTCACATACTGTGGACGGG



	TNF- α -F
	GATCGGTCCCCAAAGGGATG



	TNF- α -R
	CCACTTGGTGGTTTGTGAGTG



	IL-6-F
	TGGTCTTCTGGAGTACCATAGC



	IL-6-R
	TGTGACTCCAGCTTATCTCTTGG



	IL-1 β -F
	TGCCACCTTTTGACAGTGATG



	IL-1 β -R
	TGATGTGCTGCTGCGAGATT



	 β -actin-F
	CACTGTCGAGTCGCGTCC



	 β -actin-R
	TCATCCATGGCGAACTGGTG










 





Table 2. The monosaccharide content of the EPS produced by Del. algida.
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	Monosaccharide
	Content (μg/mg)
	Monosaccharide
	Content (μg/mg)





	Fuc
	1.0316
	Fru
	0



	Ara
	0
	Rib
	1.5462



	Rha
	3.4620
	Gal-UA
	2.4371



	Gal
	58.6263
	Gul-UA
	0



	Glc
	19.7670
	Glc-UA
	76.1418



	Xyl
	1.6417
	Man-UA
	0



	Man
	35.2810
	
	
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2024 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).








Check ACS Ref Order





Check Foot Note Order





Check CrossRef













media/file13.jpg





media/file4.png
Response value (nC)

Response value (nC)

100

8§-Fuc
10 -Gk

42-
44

40+

< -Na

@-Cal

30+

43-Fru

OB Y8uun

=3 Glc-UA

18 50 10 150 200 250 © 300

Time(min)
A HPLC analysis of standard substances
800

e
350

400

700
60.0
500
0o
300

200 -

- Gal

- Glc-UA

A%

18 50 10 150 200 250 300

Time(min)

B HPLC analysis of EPS

350






media/file39.jpg
Pseudomonas fiorescens B o Pseudomonss fragl

T

TK P8

K PB  EPSL






media/file18.png
2212196395-C13.2. 1. 1r

7. 5% 10°

— .
—i
Lo an
EAT T
oo 14
D
AT
i
L .

.-r.ox 10°
.-a. 5x10°
-—E.OX 10°
;5. 5% 10°
-5.ox 10%
;4. 5x10%
.-4.0x 10°
-3. 5x10%

L3, 0 10°

H | i | . | - 2.5 10°

L2, 0% 10%

i . | | 1 L . . - 1. 5% 107

1.0 10°

5. 0 107

-0.0

-5, 0% 10%

-1 0% 10°

-1, 5% 107

-2, 0% 10°






media/file21.jpg
>

survival rate (%)

o

survival rate (%)

o St 4P Ao AT B T T Tyrm———y
150} .
E
CK 001 00z 003 008 010 TK 001 00z 004 008 0.0
Concentration(%) Concentration(%)

o S 47 1 AT ot 4 7 1 AT
150} o .
100} s =
| 3
o

CK 001 002 008 008 010
Concentration(%)

TK 001 002 008 008 0.0

Concentration(%)






media/file44.png
IL-<1 mRNA/B-actin

TNF-a. mRNA/B-actin

B 4 ™ ’ lucres )
£ ) frag
< 3}
S =
@ ‘f -
E T
o
< 1F -
@)
(&
0 L 1 1 1
d"‘?% Qf-':. +Q?2 :CQQ\
"o < <&

mmm P fluorescens

3L == P fluorescens
P.fragi ; —
P -
2 T
1 -
0 1 1 1 1
& & Q,
mmm P fluorescens
25 B L. P f.'agr
20
15 -
-
10
]
0 T 1 1 1
‘o <o 2R
E 8

N

INOS mRNA/B-actin
N =

D 15F
P.fragi
=
©
© 282
="
< T
(44 T -+
=
T
=
0 e | |
EE &
mmm P flyorescens
P fragi
-
d-"QQ;‘.o}v'cDg‘
&






media/file26.png
survival rate (%)

150

mmm P flyorescens

P.fragi
prare s
100 =
50
0 | [ | ] 1
ot R GJQ* ot LN Q‘
&8 &L

inhibition ratio (%)

60}
40
20}
0
S

mmm P flyorescens

P fragi

sy

—T—
.|.

T

E RN 2
(3 Q?






media/file7.jpg
ce(a.u.)

-Eps|

4000

350

3000

2500 2000

Wavenumbers (cni™)

1500

50





media/file28.png





media/file10.png
Ultraviolet (UV) spectra of EPS

Abs

0.2F

0.1

200 220 240 260 280 300 320
Wavelength(nm)





media/file45.png





media/file11.jpg





media/file6.png
0.52% Fuc
1.73% Rha
29.32% Gal
9.89% Glc
0.82% Xyl
17.65% Man
0.77% RIib
1.22% Gal-UA
38.08% Glc-UA

Total=100%





media/file36.png
Pseudomonas fluorescens B Pseudomonas fragi
130 140}

ns ns

4o T
I'.L

120}

|
-
=)
o
T

v

Cas

-

[=]

o

T
Y
o
=
T

TNF-o. pg/mL
:
L

'

TNF-a. pg/mL

o
o

[=1]
o

1 1
CK PB EPS-L EPS-H

of ta—le

PB EPS-L EPS-H





media/file15.jpg
-

s

coar

Leoeior

s oar

o

o

o

-

o





nav.xhtml


  fermentation-10-00491


  
    		
      fermentation-10-00491
    


  




  





media/file2.png
1500
1000 :
S
E
o 5004
c
a }
" O“W
o
-500~—
'1mTTI]TIITIIIllllll]llllllllllllll
01234567891 12 1415 17 19 2122 2425 27 20 3132
Retention Time
A: EPS map determined by GPC method
Distribution Plots
14 100
90
1.2-
80
1- 70
= 08- —60
3 50
3 06-
z0 40
0.4 19
20
0.2
10
0 T T T T 17717 T T T 1 110
1000 10000 100000
MW

B: Molecular weight distribution of polysaccharides





media/file23.jpg
inhibition ratio (%)

CK 8 100 200 400 80
Concentration{ugimL)

survival rate (%)

The St R of £75 1 RANZ0HT

CK 80 100 20 400 80
Concentration{ugimL)





media/file24.png
inhibition ratio (%)

The Inhibition Ratio of EFS on RAW264.7

CK

50 100 200 400

Concentration(pg/mL)

800

survival rate (%)

15

8

L

g

The Survival Rate of EFS on RAW264.7

ns

CK

50 100 200 400 800
Concentration(ug/mL)






media/file29.jpg
-
TP

EPSL

Peoutomonas gt
3

|[Ifum
3.::35: 909 ON

EsH

EPsL

"8

T —

3

£l

(quitoun) watuog ON

Sox

ool

02s|

%





media/file1.jpg
H

Response (mV)
§ . 8 8

§

FEEaE)

A: EPS map determined by GPC method

Oistribution Plts

HEY

10000
1

B: Molecular weight distribution of polysaccharides





media/file12.png
< lcm >






media/file9.jpg
Abs

Ultraviolet (UV) spectra of EPS

1
200 220 240 260 280 300 320

Wavelength(nm)






media/file42.png
Pseudomonas fluorescens

i

*

I E

CK PB EPS-L EPS-H

B 600 Pseudomonaijfragf
550 i n

= 500

£ = 4

o 450 'F Ajl,

D)

= 400 ,I! {I:v
350
scc [ ] [ ] 1

CK PB EPS-L EPS-H






media/file38.png
iINOS ng/mL

Pseudomonas fluorescens

15
10} o S
" 1
T e |
0 CIK P.B EPIS-L EP...'-‘.-H

iINOS ng/mL

15

-
f=
—

(=]

Pseudomonas fragi

it

e

CK

PB

EPS-L

EPS-H






media/file17.jpg
ALK}

sehimsohd

£

W

Ea s s e
R

TR R e R R R R R R

o
e
fascio
o0
o0
-
o0
-
o0
w0
-
o
-

-

-

soar





media/file30.png
NO Content (umol/mL)

0.25

0.20

0.15

0.10

0.05

l

F

CK

Pseudomonas fluorescens

i

PB

i

EPS-L

EPS-H

NO Content (umol/mL)

I_ Pseudomonas fragi
0.25 o

0.20p

ns

0.15}

0.10F e

0.05

0.00

T

CK PB EPS-L

EPS-H






media/file35.jpg
Peoudomonss fuorescons

Foeadamonas fragl
130f 8 140f i

2" ] v 2 R

B : z

2 F | el .

w 100f '

£ [ﬁ] £ 1
L) K L K

P8 EPSL EPSH

PE EPSL EPSH






media/file27.jpg





media/file3.jpg
Responsevalue (nC)

£ £ ED EQ EQ Eg o

T
A HPLC analysis of standard substances

0 £ ED ED ED e )
Time(min)

B HPLC analysis of EPS





media/file22.png
>

survival rate (%)

!

survival rate (%)

150

:

The Survival rate of P, fluorescens on RAW264.T

CK 001 002 004 008 010

Concentration(%)

150

100

The Survival Rate of P, fragl on RAW264.7

ns

CK 001 002 004 008 0.10

Concentration(%)

inhibition ratio (%)

O

inhibition ratio (%)

The Inhibition Ratio of 2. fluorescens on RAW264.7
80 -
60 _
40F
201 ;
0

80

60

20

CK 0.01 0.02 004 008 0.10

Concentration(%)

The Inhibition Ratio of 2. fragd on RAWZE4, 7

*kKE

CK 001 002 004 008 0.10

Concentration(%)





media/file19.jpg
‘Scavenging activtity(%)

‘Scavenging activtity(%)

1000k o Ascorbic acid B‘. 100.0p o~ Ascorbic acid
€
= L e
g g w0
o £
29 £
wis| § oren
o
20 40 60 8 100 5 ©25 125 250 500 1000
Concentration(ugimt) Concentraton(ugimL)
D
500 Aecomc o 1s00f = Ascomic aa
- EPS g - EPS
«l g
100
300 ?,
200 g
5 s
100 H
07 8 OH
. .
I I

Concentration{ug/mL)

Concentration{ug/mL)






media/file40.png
Pseudomonas fluorescens
HH

N
o

)
(=]

b¥

IL-6 pg/mL

e

Pseudomonas fragi

Mt

.l.+.n
= e

IL-6 pg/mL
O

M
(=]

T

-
(5]

%))

CK PB EPS-L EPS-H

EPS-L EPS-H






media/file33.jpg
Feoudomonas Tuorescans

EPSL EPSH

3

Feoudomonas Tagi

EPSL EPSH





media/file32.png





media/file14.png
HY

B

H-'v'

E

HY

‘Q.___ = - 1 o = ——

mag O| WD | mode| det 00 pm | HV mag O| WD | mode| det

2000 kv 1200x |13.3mm| SE |ETD Quanta FEG 12000 kV| 2500 x [13.4 mm. SE |ETD
-t 2.

-
\ ‘

= W iE - SER L = -
mag O| WD Hmode| det 30 pym | HV mag O WD  mode| det
0 00 KV

5000|134 mm SE |ETD| Quanta FEG 2000 kV| 20000 % 133 mm| SE ETD|

P

-
50 pm

Quanta FEG

| mag O WD  mode det 3 pm | HV mag 0O, WD |mode det
2000 kv 40000 % 133 mm| SE ETD {Quanta FEG (2000 kVIS0D00x 13.4mm SE ETD

5 pm
Quanta FEG

1 pm
Quanta FEG






media/file41.jpg
IL1p nglL.

‘Pseudomonas fluorescens

s

B g Peeudormonas fagl

550 E—

3

PE  EPSL EPSH

oK PE






media/file37.jpg
INOS ngimL.

INOS ngimL.

sssssssssssss






media/file16.png
6. 010

5. 5% 1010

5. 03¢ 1010

-4, 5% 1010

4, 0% 1010

L3, 51010

3. 0% 10t

2. 51010

2. 0% 10t

1. 5% 101

1.0 1010

5. 0% 10%

-5, 0 10%

ws
=
-
=
]

L L

m

m
2

a ]

2312196395-H L. 1. 1r

R

—0

i

f1 (ppm)





media/file20.png
Scavenging activtity(%)

Scavenging activtity(%)

80.0

60.0

40.0

20.0

-~ Ascorbic acid
& EPS

ABTS

20 40 60 80 100
Concentration(ug/mL)

50.0

- -~ Ascorbic acid
a2 EPS

0,

20 40 60 80 100
Concentration(pg/mL)

B

Scavenging activtity(%)

Scavenging activtity(%)

100.0

80.0

60.0

40.0

20.0

150.0

100.0

50.0

-o- Ascorbic acid

DPFH

62.5 125 250 500 1000
Concentration{ag/mL)
- -8 Ascorbic acid
& EPS
kL
F
OH

20 40 60 80
Concentration{pg/mL)

100






media/file5.jpg
0.52% Fuc
1.73% Rha
29.32% Gal
9.89% Glc

mm 0.82% Xyl
17.65% Man
0.77% Rib
1.22% Gal-UA
38.08% Glc-UA

Total=100%





media/file31.jpg





media/file25.jpg
survival rate (%)

= Piuoroscens| B

0] Py —
Piragi Piragi
i 2 40}
S g
c
s
£ 20|
]
£
E R F R R,
quazf“ c,q Qg OQ@‘?@Q





media/file0.png





media/file8.png
Transmittance (a. u.)

3315

1661

1060

697

4000

3500

3000

2500 2000

Wavenumbers (cm })

1500





media/file43.jpg
TNF- MRNA/-actin

COX-2 mRNA/B-Actin
)

1L mRNA/B-actin

F ]
F 10f
H
3
£ 4
H
]
o

— P uorescens
P

INOS mRNA/B-actin






media/file34.png
ROS (%)
8

CK

Pseudomonas fluorescens
HHH

PB EPS-L EPS-H

oo

ROS (%)

200

-
n
o

-
(=]
o

n
o

Pseudom