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Abstract

:

Seaweed oligosaccharides have attracted attention in food, agricultural, and medical applications recently. Compared to red and brown seaweeds, fewer studies have focused on the biological activity of green seaweed’s oligosaccharides. This study aimed to produce bioactive ulvan oligosaccharides via enzymatic hydrolysis from green seaweed Ulva lactuca. Ulvan, a water-soluble polysaccharide, was obtained by hot water extraction. Two isolated marine bacteria, Pseudomonas vesicularis MA103 and Aeromonas salmonicida MAEF108, were used to produce multiple hydrolases, such as ulvanolytic enzymes, amylase, cellulase, and xylanase, to degrade the ulvan extract. An ultrafiltration system was used to separate the enzymatic hydrolysate to acquire the ulvan oligosaccharides (UOS). The characteristics of the ulvan extract and the UOS were determined by yield, reducing sugar, uronic acid, sulfate group, and total phenols. The FT-IR spectrum indicated that the ulvan extract and the UOS presented the bands associated with O-H, C=O, C-O, and S=O stretching. Angiotensin I converting enzyme (ACE) inhibition and antioxidant activities in vitro were evaluated in the ulvan extract and the UOS. These results provide a practical approach to producing bioactive UOS by microbial enzymatic hydrolysis that can benefit the development of seaweed-based products at the industrial scale.
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1. Introduction


Seaweed is nutritious biomass and is widely distributed in the sea’s intertidal zone. It can be categorized into three major groups, Rhodophyta (red), Phaeophyta (brown), and Chlorophyta (green) algae. Ulva sp. is a common green seaweed occurring in the intertidal zone and eutrophicated coastal area [1]. Both farming and harvesting are being applied to collect Ulva. For example, over 1 thousand tonnes of fresh weight Ulva sp. were cultivated on South African abalone farms in 2007 [2]. Approximate 2.01 thousand tonnes of Ulva sp. were reaped for aquaculture feeds in 2013 [3], and approximately 32.9 thousand tonnes of green seaweeds (including 2.37 thousand tonnes of Ulva) were produced (farmed and wild) in 2019 [4]. In dried seaweed, carbohydrate is the most abundant constituent, generally followed by ash, protein, and then lipid [5]. Ulva sp. contains high amounts of polysaccharides (15–65%), and it also has 4–44% protein, 0.3–1.6% lipid, and 11–55% ash in the dried biomass [6]. Four common cell wall polysaccharides in Ulva sp. are ulvan, cellulose, alkali-soluble linear xyloglucan, and glucuronan. Ulvan, the major cell wall polysaccharide, showed 8–29% in the dried biomass [7,8].



Ulvan is composed of a repeating linkage of disaccharides, for example, ulvanobiuronic acids as the primary one followed by ulvanobioses [9,10]. The ulvanobiuronic acids are designed as type A: ulvanobiuronic acid 3-sulfate (A3s), which is glucuronic acid linked to O-3-sulfate rhamnose, and type B: ulvanobiuronic acid 3-sulfate (B3s), which is iduronic acid linked to O-3-sulfate rhamnose [11]. On the other hand, the ulvanobioses are designed as ulvanobioses U3S, which is a xylose linked to O-3-sulfate rhamnose and ulvanobioses U2’S,3S, which is an O-2-xylose linked to O-3-sulfate rhamnose [12]. Ulvan has several biological activities, such as antioxidant, antiviral, anticoagulant, antihyperlipidemic, immunomodulatory activities, and anti-proliferative towards cancer cells [6,13,14]. The structure and composition of ulvan plays an essential role in its biological functionality. For example, a low molecular weight fraction of ulvans has a stronger antioxidant activity [15], immunomodulatory activity [16,17], and antihyperlipidemic effect [18]. In addition to polysaccharides, marine oligosaccharides are potential resources for food, cosmetic, medical fields. For polysaccharide degradation and oligosaccharide production, chemical and physical treatments are common methods applied in seaweeds [19]. Chemical hydrolysis has advantages of low processing cost and simplicity in operation, such as acid and alkali hydrolysis [20]. However, using acid or base to hydrolyze the seaweed polysaccharides, it is possible to acquire by-products (e.g., 5-HMF or furfural) and non-specific oligomers at the end of the process [21]. Compared to those processes, enzyme treatment has mild conditions to degrade polysaccharides. To further boost the yield of specific and bioactive products from seaweeds, enzymatic hydrolysis is a potential treatment in which enzymes can target the complex structure of seaweeds specifically [19,22].



To the best our knowledge, there are few studies on bioactivities of ulvan oligosaccharides than red and brown seaweed oligosaccharides. There has been no previous report to use the ulvan-degrading enzymes derived from Pseudomonas vesicularis and Aeromonas salmonicida for ulvan oligosaccharides production. This study aimed to produce bioactive ulvan oligosaccharides from Ulva lactuca by exploiting the multiple enzymes from isolated marine bacteria cultures. In addition, chemical characteristics, molecular weight distribution, and functional groups of ulvan extract and mixed ulvan oligosaccharides were determined. Furthermore, we showed the antioxidant activities and inhibitory ability of angiotensin I converting enzyme (ACE) of the ulvan oligosaccharides. We provide an economic, promising process for producing bioactive ingredients from seaweeds at an industrial scale.




2. Materials and Methods


2.1. Seaweed


Ulva lactuca was cultivated and bought from Ho-Ping island, Keelung, Taiwan. The biomass samples were washed with tap water and then dried with air at 30 °C for 24 h before being ground into powder (40 mesh). The seaweed powder was stored at −20 °C.




2.2. Marine Bacteria


Two marine bacteria, Pseudomonas (P.) vesicularis MA103 and Aeromonas (A.) salmonicida MAEF108, were isolated from the seawater from the coast in Keelung, Taiwan as indicated in Wu et al. [23]. Previous studies have shown that these two marine bacteria, MA103 and MAEF108, could produce different hydrolases to degrade seaweed polysaccharides, such as agar, carrageenan, and fucoidan (data not shown). Thus, both strains were investigated for the ulvan degradation in this work.




2.3. Production of Ulvan Extract


The ulvan extract was made from Ulva lactuca based on the procedure built by Alves et al. [24] with slight modifications. The Ulva powder (21.0 g) was suspended in distilled water (700 mL) and extracted at 110 °C for 75 min. The extract was centrifuged at 10,000× g at 15 °C for 20 min to remove the residues, and the supernatant was filtered through a filter paper (0.5 μm pore size) (47 mm; Pall Corp., Ann Arbor, NY, USA). Furthermore, the filtrate was concentrated (2×) by ultrafiltration using a 30 kDa polyethersulfone (PES) membrane for recovering the high molecular weight fraction of polysaccharides (Vivaflow 50, Vivascience, Hannover, Germany). The retentate was diafiltered with deionized water during the ultrafiltration and crude ulvan concentration was obtained. To purify the polysaccharides, the concentrated fraction was mixed with 95% ethanol in a ratio of 1:6 at 4 °C for 12 h, and the precipitate was collected and frozen at −80 °C. Finally, the purified ulvan extract was acquired after lyophilization.




2.4. Collecting Ulvan-Degrading Enzymes from Marine Bacteria


The ulvan extract (0.15 g) was added into 50 mL of modified marine medium (marine broth 2216:40.3 g/L; tris (hydroxymethyl) aminomethane: 1.0 g/L; sodium chloride: 6.0 g/L; sodium nitrate: 1.0 g/L; monopotassium phosphate: 0.1 g/L) and sterilized (121 °C/20 min). 2% (v/v) (1.0   ×   106 CFU/mL) of P. vesicularis MA103 and A. salmonicida MAEF108 was inoculated individually in the medium; the culture was incubated at 26 °C at 100 rpm for 1–4 days to produce multiple hydrolases. To prepare the crude enzyme solution from MA103 or MAEF108, the culture broth was centrifuged (12,000× g) at 4 °C for 30 min and filtered (0.22 μm) (33 mm; Millex-GS, Millipore, Bedford, USA).




2.5. Enzymes Activity Assays


Measurements for the activities of amylase, xylanase, cellulase, and ulvanolytic enzyme were accomplished accordingly to previous reports with slight modifications [11,25,26]. The substrate solution for ulvanolytic enzyme was 6 g/L and the ulvan extract in 100 mM Tris-HCl (pH 9.0) with 25 mM CaCl2 (Panreac). Substrate solutions for amylase, xylanase, and cellulase were 0.4 g soluble starch, 0.4 g birchwood xylan, and 1.0 g carboxymethyl cellulose sodium in 10 mM Tris-HCl (pH 7.0), respectively. In the tests, 0.05 mL crude enzymes solution of MA103 or MAEF108 was added into 0.45 mL substrate solution to proceed the hydrolysis. Reactions of amylase and ulvan lyase were conducted at 40 °C for 40 and 30 min, respectively. Reactions of cellulase and xylanase were conducted at 37 °C for 10 min. After hydrolysis, 0.5 mL of DNS reagent (1 g/L 3,5-dinitrosalicylic acid (Panreac), 300 g/L potassium sodium tartrate (Panreac), and 16 g/L sodium hydroxide (Panreac)) was added, mixing thoroughly, and the mixture was boiled for 10 min to end the enzyme reaction. Finally, 1 mL of deionized water was added to the mixture. The amount of reducing ends was monitored by measuring the absorbance at 546 nm [27]. D-glucose, D-xylose, D-rhamnose were used to make standard curves for evaluating enzymes hydrolysis. One unit (U) of enzyme activity corresponds to the formation of l μmol of monosaccharides/min [28].




2.6. Production of Mixed Ulvan Oligosaccharides


The ulvan extract (1%, w/v) was mixed with crude enzymes solutions from both P. vesicularis MA103 (10%, v/v) and A. salmonicida MAEF108 (5%, v/v), and incubated at 37 °C for 24 h to produce ulvan hydrolysate. In our preliminary results, we tested different hydrolysis times and the highest reducing sugars in the hydrolysate were obtained at 24 h onwards (data not shown). To purify the oligosaccharides from the ulvan hydrolysate, ultrafiltration (3 kDa membrane) was used to collect a low molecular weight fraction of saccharides, which was named ulvan oligosaccharides (UOS).




2.7. Proximate Analysis and Chemical Composition Analyses


The proximate composition of Ulva lactuca was analyzed based on Pádua et al. [29]. The amount of carbohydrate was estimated by subtracting moisture, ash, protein, and lipid contents from 100%. The total sugar content was determined by the phenol-H2SO4 assay [30] using D-rhamnose (Panreac) as a standard (0–0.1 mg/mL). The colorimetry of total sugar content was tested on absorbance at 480 nm. The reducing sugar content was measured by the DNS assay [27] using D-rhamnose as a standard (0–1.0 mg/mL). The colorimetry of reducing sugar content was tested on absorbance at 546 nm. The sulfate content of polysaccharides was estimated by turbidimetric method [31], using Na2SO4 (Panreac) as a standard (0–2.0 mg/mL). Barium chloride-gelatin reagent was prepared by following steps. Firstly, 0.5 g of gelatin (Difco) and 100 mL of deionized water were mixed with stir thoroughly at 60 °C. Secondly, the gelatin solution was cooled at 4 °C for 16 h. Finally, 0.5 g of BaCl2·2H2O (Panreac) into gelatin solution was added and mixed evenly. The colorimetry of sulfate content was tested on absorbance at 360 nm. The analysis of uronic acid content was tested as described [32], using glucuronic acid (Sigma) as a standard (0–0.5 mg/mL). The colorimetry of uronic acid content was tested on absorbance at 530 nm. Total phenols content was analyzed with the colorimetrical method [33], using gallic acid (Sigma) as standard (0–2.5 mg/mL). The colorimetry of total phenols content was tested on absorbance at 735 nm.




2.8. Fourier Transform Infrared Spectroscopy (FT-IR)


To evaluate the chemical structure of the ulvan extract and the UOS, samples were analyzed by Fourier transform infrared spectroscopy (FT-IR) (Tensor 27, Bruker Optics, Ettlingen, Bruker, Germany), as described by Cerqueira et al. [34]. Pre-dried sample (105 °C/16 h) was mixed with KBr (Panreac) (1:99, w:w) and then formed into a disk under vacuum condition by manual pressing. The FT-IR spectrum were recorded using at least 16 scans with 8 cm−1 resolution in the spectral range of 4000–400 cm−1.




2.9. Molecular Weight Distribution


The molecular weight distribution of the UOS was analyzed by high-performance size exclusion chromatography (HPSEC) [35]. The HPSEC system is equipped with a column of Asahipak GS-320 HQ (7.5 × 300 mm, Shodex, Munich, Germany; Shodex) at 30 °C, pump (L-2130, Hitachi, Tokyo, Japan), and refractometer index detector (RI-930, Jasco, Tokyo, Japan). Samples (20 μL) were carried with deionized water containing 0.02% NaN3 at a flow rate of 0.4 mL/min. The standard curve for measuring the molecular distribution is built by 2 mg/mL of Pullulan P-50 (47,100 Da), Pullulan P-20 (21,100 Da), Pullulan P-10 (9600 Da), Pullulan P-5 (6100 Da), maltoheptaose (1153 Da), maltohexaose (990.86 Da), maltopentaose (828.72 Da), maltotetraose (666.58 Da), and maltotriose (504.44 Da).




2.10. Antioxidant Activity


2.10.1. DPPH Free Radical Scavenging Activity


DPPH radical scavenging activity for the ulvan extract and the UOS was measured as described in Zhang et al. [36] with slight modifications. 100 μL of the ulvan extract or the UOS was mixed with 100 μL of 0.1 mM DPPH (Sigma) (DPPH was dissolved in anhydrous methanol), respectively. The mixtures were mixed and then incubated in the dark environment at 26 °C for 30 min prior to absorbance measurement at 517 nm. Ascorbic acid (Panreac) was used as a positive control in the test of DPPH radical scavenging activity. DPPH radical scavenging activity is calculated as follow:


  DPPH   radical   scavenging   activity   ( % ) =   1 −     S − B    C    × 100  



(1)




where S is the absorbance of the sample (sample + DPPH) at 517 nm, B is the absorbance of the blank (sample + anhydrous methanol) at 517 nm, and C is the absorbance of the control (deionized water + DPPH) at 517 nm.




2.10.2. Fe2+ Chelating Activity


Measurement of Fe2+ chelating activity for the ulvan extract and the UOS was accomplished as indicated in Dinis et al. [37] with slight modifications. 200 μL of the ulvan extract or the UOS was mixed with 20 μL of FeCl2·4H2O (2 mM) (Panreac) and incubated for 30 s. 40 μL of ferrozine (5 mM) (Panreac) was added into the mixture to react for 20 min, and the absorbance at 562 nm was measured. Ethylenediaminetetraacetic acid (EDTA) (Panreac) was used as a positive control. The Fe2+ chelating activity is determined by the following equation:


  Fe  2 +    chelating   activity   ( % ) =   1 −  S C    × 100  



(2)




where S is the absorbance of the sample group at 562 nm, and C is the absorbance of control group (deionized water) at 562 nm.




2.10.3. Reducing Power


Reducing power for the ulvan extract and the UOS was determined as described in Wang et al. [38] with slight modifications. 250 μL of the ulvan extract or the UOS was mixed with 250 μL of phosphate buffer (0.2 M, pH 6.6) and 250 μL of K3Fe(CN)6 (1%, w/v) (Panreac), and incubated at 50 °C for 20 min. After cooling, 250 μL of trichloroacetic acid (10%, w/v) (Panreac) was added to the mixture to terminate the reaction. The mixture was centrifuged at 900 × g for 5 min if any precipitation was observed. The supernatant solution was mixed with 500 μL of deionized water and 100 μL of FeCl3 (0.1%, w/v) (Panreac), and left in the dark for 10 min. Finally, the absorbance was measured at 700 nm, and ascorbic acid was used as a positive control.





2.11. Angiotensin I-Converting Enzyme Inhibitory (ACEI)


The ACE inhibitory activity was determined based on the reduced percentage of the peak area of hippuric acid (HA) by using reversed-phase high-performance liquid chromatography (RP-HPLC) method [39]. The RP-HPLC system was equipped with a column of Luna C18 (4.6 × 250 mm, Phenomenex, Torrance, CA, USA), pump (model L-7100, Hitachi, Tokyo, Japan), and UV/Visible detector was monitored at 228 nm (UV/Visible detector 118, Gilson Medical Electronics, Villiers-le-Bel, France). The column was eluted with 50% (v/v) methanol (Panreac) containing 0.1% (v/v) trifluoroacetic acid (TFA) (Panreac) at a flow rate of 0.8 mL/min.



15 mM Hippuryl-L-histidyl-L-leucine (HHL) (Sigma) and 53.2 mU/mL rabbit lung ACE (Sigma) were prepared in 100 mM sodium borate buffer (pH 8.3) containing 300 mM NaCl, respectively. 75 μL of the ulvan extract and the UOS was mixed with 75 μL of rabbit lung ACE solution individually, and the mixture was incubated 37 °C for 10 min. Next, 75 μL of 15 mM HHL solution was added to the mixture and then incubated it in a water bath at 37 °C/100 rpm for 30 min. Afterward, the enzymatic reaction was terminated by adding 250 μL of 1 M HCl. Prior to RP-HPLC analysis, each reacted sample was filtered through a 0.22 μm filter. Finally, 10 μL filtrate was injected into the column for HA analysis. The ACE inhibitory activity (%) is calculated using the following equation:


  ACE   inhibition   ( % ) = (   C − A   C − B   ) × 100  



(3)




where A refers to the absorbance of the reaction mixture (sample), B refers to the absorbance when the stop solution was added before the reaction occurred (blank), and C refers to the absorbance of the buffer (control).




2.12. Data Analysis


Data were expressed as means ± SD. Moreover, all measurements were replicated three times. The data were analyzed by one-way analysis (ANOVA), and Duncan’s multiple range test was applied to the result, where p < 0.05 indicates the significant differences.





3. Results and Discussion


3.1. Proximate Analysis of Ulva Lactuca


The structural composition of seaweeds is affected by harvested season, location, and species [40]. Powder of Ulva lactuca contained 11.4% of moisture, 32.4% of ash, 10.8% of crude protein, 0.3% of crude fat, and 45.1% of carbohydrates (Table 1). In dry matter, Ulva lactuca contained 50.9% of carbohydrates. The proximate analysis showed that carbohydrates were the main component in dried Ulva lactuca. This result was similar to previous reports [29,41], indicating that 67.32–70.31% and 54.90% of carbohydrates were contained in the dry Ulva lactuca, respectively. Like other seaweeds, the carbohydrate content of Ulva lactuca varies with harvested season, source, and physiological maturity [42].




3.2. Marine Bacteria Enzymes Degrading the Ulvan Extract from Ulva


Our previous research indicated that Pseudomonas vesicularis MA103 and Aeromonas salmonicida MAEF108 could produce different enzymes to degrade polysaccharides into oligosaccharides [43]. In this study, we aimed to collect the crude enzymes from these two strains for degradation of ulvan. The marine bacteria Pseudomonas vesicularis MA103 and Aeromonas salmonicida MAEF108 were cultivated the modified marine broth added with the ulvan extract, and the crude microbial enzymes were collected for the activities of ulvanolytic enzyme, amylase, cellulase, and xylanase (Figure 1).



Figure 1A shows the changes in enzyme activity during the incubation of MA103. Amylase and xylanase’s performances were better after three days of culture, 3.78 U/mL and 2.72 U/mL, respectively. Cellulase showed higher activity (3.92 U/mL) on day two. During the whole period of incubating MA103, ulvanolytic enzyme could be detected. Finally, the crude enzyme solution of MA103 induced-3 days was chosen, with total enzyme activity of 10.06 U/mL. On the other hand, Figure 1B shows the changes in enzyme activities in the MAEF108 culture. Cellulase was indicated the highest activity in two days of culturing, 3.23 U/mL. Activities of ulvanolytic enzyme, amylase, and xylanase had no significant change during incubation of MAEF108. Thus, the crude enzyme solution of MAEF108 induced-2 days was selected, with total enzyme activity of 4.81 U/mL. The enzyme activities changed during MA103 and MAEF108 cultivation for enzyme production. This phenomenon has been observed when MA103 and MAEF108 were cultivated in a different medium for hydrolases production. It was speculated that the changes in enzyme activities during the cultivation of these two marine bacteria might relate to the cell activity and the substrate composition during cultivation.



Converting seaweed polysaccharides to oligosaccharides is a potential process to increase algal products’ application in food, agricultural, and other biochemical fields. Enzyme-assistant extraction is considered a valuable technique to acquire bioactive compounds from seaweeds [22]. Using multiple enzymes to extract bioactive compounds from plants or algae may be a proper strategy because the complex cell wall can hinder single enzyme hydrolysis [44]. Research shows that ulvan polysaccharides could be depolymerized by microbial enzymatic hydrolysis. Coste et al. [45] reported that the isolated Alteromonas sp. could grow with ulvan as a sole carbon source and produce ulvan lyase, which can degrade ulvan polysaccharides to oligosaccharides. He et al. [46] indicated that the ulvan of Ulva ohnoi could be degraded into oligosaccharides by the ulvan lyase produced from the isolated Alteromonas sp. KUL17. Our study displayed that two isolated marine bacteria Pseudomonas vesicularis MA103 and Aeromonas salmonicida MAEF108, could produce multiple hydrolytic enzymes that benefit the ulvan degradation. The limitations for large-scale production of oligosaccharides via enzymatic processes could be the high cost of enzyme production and purification [47]. In this study, we saved the step for the chromatographic purification of enzymes to reduce the cost. In addition, in the long run, to conduct the seaweed biorefinery concept in the process of oligosaccharide production might further reduce the production cost [48].




3.3. Chemical Characteristics of Ulvan and Ulvan Oligosaccharides (UOS)


Ulvan is the major water-soluble sulfated polysaccharide in Ulva sp. [7,14]. The chemical characteristics and sugar composition of ulvan would be different due to extraction steps [49,50]. In this study, the ulvan was extracted by hot water and purified by ultrafiltration and ethanol precipitation. The yield and chemical composition of the ulvan extract and the UOS are shown in Table 2.



The yield of the ulvan extract by our procedure was 15.89%, and the ulvan extract contained reducing sugar (3.05%), uronic acid (30.22%), and total phenols (0.11%), and the ratio of sulfate to total sugar of ulvan was 0.44. The uronic acid contents of ulvan extracts were reported in 9.2–23.8% with different extraction cascading processes [50].



The crude enzyme solutions of marine bacteria MA103 and MAEF108 were observed to degrade the ulvan extract to the UOS, and the yield of the UOS was 4.69% (Table 2). The UOS was determined to have reduced sugar, uronic acid, and total phenols at 7.17, 2.54, and 0.73%, respectively, with a ratio of sulfate to total sugar of the UOS was 1.78. Our data indicated that the total phenol of the UOS was higher than the ulvan extract. According to Rioux and Turgeon [5], the cell wall model of seaweed is quite complex in that polysaccharides, phenolic compounds, and iodide are interacted and arranged together. Thus, we surmised that enzyme hydrolysis could likely help to expose phenolic compounds from the inner structure to the outside. Fleita et al. [51] indicated that some red seaweed polysaccharides samples were measured higher total phenolic content after the enzymatic hydrolysis. In addition, we observed that the reducing sugar of the UOS was higher than the ulvan extract. The reducing sugar content is commonly considered the indicator for hydrolysis efficiency [52,53]. Our result suggested that the crude enzymes could hydrolyze the ulvan extract due to the increase of reducing sugar content in the UOS.




3.4. Molecular Weight Distribution


The HPSEC chromatograms of UOS hydrolyzed from ulvan extract by the crude enzymes were shown in Figure 2. The peak at the retention time of 16.38 min (around 24 kDa) was observed for the ulvan without hydrolysis in the HPSEC chromatogram (Figure 2A).



As shown in Figure 2B, the predominant peaks for the UOS were eluted at 16.70 min, 20.25 min, and 25.87 min, which their molecular weights were approximately 24 kDa, 6 kDa, and 800 Da. The molecular weight distribution was mainly located at around 800 Da with its relative ratio of 82% based on the peak area. The UOS was filtered through a 3 kDa membrane to remove the sugars at higher molecule weights. Although the UOS were collected after ultrafiltration (3 kDa cut-off membrane), some samples at around 24 and 6 kDa were observed. This result was reproducible, even when the filtration step for the UOS production was repeated. We speculated that pore size at 3 kDa for the cutoff membrane in the ultrafiltration might not be efficient enough to filter out the samples higher than 3 kDa completely, possibly owing to the linear shape of the oligosaccharides. Some marine bacteria can produce specific enzymes to target and degrade seaweed cell wall structures [54]. For instance, 5 kDa oligosaccharides were obtained by hydrolyzing ulvan with the crude lyase isolated from Alteromonas sp. [45]. The purified ulvan lyase gained from Alteromonas sp. can degrade ulvan into oligosaccharides of the degree of polymerization (DP) 8, 6, 4, and 2 [46], or DP 4 and DP 2 [55]. The molecular weight of oligosaccharides is one of the important characteristics for its biological activities. For example, the molecular weight of chitooligosaccharides is considered as a critical factor for its biological activities, such as antioxidant, antimicrobial, and anti-tumor activities [56]. Thus, the molecular weight distribution of the UOS was determined in this study.




3.5. FT-IR Analysis


The FT-IR spectrum of ulvan extract (blue line) is shown in Figure 3. The bands for stretching vibrations were shown at about 3384 cm−1, 2937 cm−1, 1636 cm−1, 1401 cm−1, 1258 cm−1, 1053 cm−1 and 849 cm−1. The O-H stretching vibration band was shown at 3600–3000 cm−1 [57]. In the C-H vibration range, the wavenumber was near 2927 cm−1 [58]. The carboxylate group was shown at two bands that about 1632–1597 cm−1 (asymmetric stretching) and 1448–1400 cm−1 (symmetric stretching) [59]. C-O bonds’ wavenumber ranges from 1200 to 1000 cm−1 representing the C-OH and C-O-C stretching in sugar ring and glycosidic bond [60]. The sulfate group was considered as the basis of biological activity in seaweed polysaccharides and oligosaccharides [61]. The S=O stretching vibration band showed at 1260–1240 cm−1 [62]. Overall, several characteristic peaks O-H, C-H, C=O, C-O, and S=O were identified in the ulvan extract via FT-IR.



The FT-IR spectrum of UOS (orange line) was shown stretching vibrations at about 3369 cm−1, 1640 cm−1, 1420 cm−1, 1385 cm−1, 1150 cm−1, 1119 cm−1 and 625 cm−1 (Figure 3). The sulfate groups of the UOS vibrated at 1385 cm−1 (asymmetric stretching) and 1150 cm−1 (symmetric stretching), according to Oliveira et al. [63]. Like the ulvan extract, UOS also exhibited O-H bonds, C=O (symmetry and asymmetry), C-O, and S=O. The results demonstrated that enzymatic hydrolysis would not remove the specific functional groups when polysaccharides were degraded to oligosaccharides.




3.6. Antioxidant Activities


3.6.1. DPPH (2,2-Diphenyl-1-Picrylhydrazyl) Radical Scavenging Assay


DPPH assay is used to evaluate the sample’s radical scavenging ability and assess whether it is a radical-scavenging antioxidant [64]. As shown in Figure 4A, the positive control vitamin C (0.01 mg/mL) of DPPH scavenging ability was 73.86%. The result suggested that the scavenging activity of the UOS was a dose-dependent manner from 1.25 mg/mL to 10 mg/mL. At the same concentration 10 mg/mL, the ulvan extract (52.46%) demonstrated better DPPH scavenging ability than the UOS (27.27%). Cheng et al. [65] indicated that the uronic acid content of different tea polysaccharides conjugate fractions would affect their antioxidant properties. Furthermore, high uronic acid content in polysaccharide fractions had been demonstrated the greater free radical scavenging activities [66]. In DPPH assay, DPPH would lose absorbance by combining an odd electron from hydrogen or electron-donating compounds via hydrogen atom transfer or single electron transfer [67]. Uronic acid, one of units on the ulvan and the UOS, contains hydrogen groups. From our results, we observed that the ulvan extract had higher uronic acid content (30.22%) than the UOS (2.54%). As a result, it was likely due to the higher uronic acid content that the ulvan extract could express stronger DPPH scavenging ability than the UOS in this study.




3.6.2. Fe2+ Chelating Assay


The ferrous ion chelating abilities of ulvan extract and UOS are shown in Figure 4 (B). The effect of UOS on ferrous ion chelating assay displayed a dose-dependence manner from 0.625 mg/mL to 5.0 mg/mL. Furthermore, the ferrous ion chelating effect of the UOS (10 mg/mL) was 97.98%, and the positive control EDTA (0.1 mg/mL) was 93.06%. The result indicated that the UOS had a remarkable ability to chelate ferrous ions. On the other hand, the ulvan extract had a lower chelating ability that was 4.62% at 20 mg/mL. Overall, the UOS demonstrated a significant chelating ability on ferrous ion than the ulvan extract. The reason might relate to the ratio of sulfate group and total sugar content in saccharides. In this study, the sulfate/total sugar ratio of the ulvan oligosaccharides (1.78) is higher than ulvan (0.44). The sulfate to total sugar ratio of seaweed polysaccharides could affect their antioxidant activities [16]. Biological compounds with the specific functional group of negative charges may have a strong ability in chelating ferrous ions, such as chitosan oligosaccharides and fucoidan oligosaccharides [68]. The sulfated polysaccharide from Gracilaria caudata (red seaweed) had a strong chelating ability when 0.1 mg/mL was tested, and its chemical composition had the lowest total sugar/sulfate ratio compared to other sulfated polysaccharides [69]. In addition, Dinis et al. [37] indicated that lipid peroxidation could be inhibited by reducing metal ion catalysts (e.g. iron) with chelating agents. Compounds with sulfate group of negative charge might be able to stick to ferrous ion and reduce the formation of a ferrozine–ferrous complex in this assay. Based on our results and references, the ratio of sulfate to total sugar of the UOS might play an important role on its performance of ferrous ion chelating ability.




3.6.3. Reducing Power Assay


The result of Figure 4 C was indicated that the UOS displayed the dose-independent effect on reducing power assay. The absorbance of the ulvan extract and the UOS were 0.17 at 10 mg/mL and 0.11 at 2.5 mg/mL, respectively. Both saccharides obtained from Ulva sp. did not show great reducing power than the positive control (Vitamin C). The reducing power of vitamin C was 1.08 at 0.1 mg/mL. Similarly, Wang et al. [38] pointed out that the sulfated polysaccharides from brown seaweed Laminaria japonica displayed poor reducing powder, compared to Vitamin C and butylated hydroxyanisole (BHA). In the reducing power assay, the sample’s reducing capability was ascribed to the presence of reductones [38]. In other words, reductones can react with the free radicals and donate hydrogen atoms that breaks free radical chains and exerts antioxidant activities [70]. In this study, the ulvan extract and the UOS were not showing higher reducing power than vitamin C, possibly because of the lack of reductone groups. However, further structure characterization of the ulvan extract and the UOS needs to be conducted to confirm the functional groups for evaluating the reducing power assay.





3.7. ACE Inhibition


Bioactive peptides, sulfated polysaccharides, and polyphenols are natural ACE inhibitors from bio-resources [39,71,72]. Seaweed is a potential source for producing ACE inhibitors, such as its protein hydrolysates, peptides [73,74,75], and polyphenols (e.g., fucoxanthin and phlorotannin) [76,77]. However, very few oligosaccharides from seaweed origins have been reported to possess ACE-inhibition. Most researches for marine oligosaccharides on ACE-inhibition are the chitooligosaccharides, generated from hydrolysis of chitosan [78]. Chaki et al. [79] reported that sodium alginate oligosaccharides could reduce blood pressure, although the oligosaccharides did not show any ACE inhibitory activity. To our knowledge, this is the first study to demonstrate the UOS with ACE inhibitory activity.



As shown in Table 3, UOS expressed a higher inhibitory efficiency ratio (IER) (6.43) than the ulvan extract (0.48). In addition, UOS showed an ACE inhibition of 81.86, 50.18, and 38.78%, at a concentration of 12.5 mg/mL, 8.0 mg/mL, and 6.0 mg/mL respectively, indicating a dose-dependent manner. It has been reported that sugar-like molecules were likely to bind a tunnel directed toward the active site of ACE and then inhibited the enzyme activity [80]. In this study, the bioactive UOS, containing > 80% oligosaccharides at an average molecular weight of 800 Da, was demonstrated antioxidant and ACE-inhibiting activities. Song et al. [81] indicated that the konjac oligosaccharide with a molecular weight of 666 Da exhibited inhibition activity on ACE in a dose-dependent manner; in addition, half deacetylated chitooligosaccharides in the molecular weight of 1000 to 5000 Da showed its ACE-inhibition activity, indicating the potential of oligosaccharides for ACE-inhibition. However, based on our data, we could not rule out the possibility that the oligosaccharides at 6 kDa and 24 kDa might possess antioxidant and ACE-inhibition activities. Further purification and bioactivity investigations for the UOS will be needed for confirmation. Oligosaccharides have been demonstrated for several applications, such as food and cosmetic products; furthermore, they also can be used as prebiotics and dietary fibers for bacterial and animal feeds [47]. The research for ulvan oligosaccharides and its applications remains limited. In this study, we offered the results for the biological activities of the UOS. Further characterizations of the UOS need to be investigated to promote the potential applications for the UOS.





4. Conclusions


Much attention has been drawn to explore valuable substances from seaweeds with bioactive activities. We extracted polysaccharides from green seaweed Ulva lactuca and produce the ulvan oligosaccharides (UOS) by using crude enzymes solutions from two isolated marine bacteria, which would reduce the cost of enzymes for enzymatic hydrolysis. To best our knowledge, this is the first paper to demonstrate the bioactive UOS can be produced from Ulva lactuca via multiple hydrolases. In addition, the chemical compositions of ulvan extract and UOS were investigated, and our FTIR data indicated that both ulvan extract and UOS had hydroxyl group, sulfate group, and other functional groups. Finally, the biological functions were evaluated for ulvan extract and the UOS in terms of antioxidant and ACE-inhibiting activities. As compared with the ulvan extract, UOS exhibited greater ACE inhibition and ferrous ion chelating ability. Overall, this research provided a practical, environmentally friendly, and low-cost approach to prepare UOS with biological activities.
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Figure 1. The enzyme activities of the crude enzyme solution from (A) P. vesicularis MA103 and (B) A. salmonicida MAEF108. 
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Figure 2. HPSEC chromatograms of UOS hydrolyzed from ulvan extract by the crude enzymes at 37 °C for (A) 0 h, and (B) 24 h. The samples (20 μL) were carried with ddH2O containing 0.02% NaN3 at a flow rate of 0.4 mL/min. Column: Asahipak GS-320 HQ (7.5 × 300 mm, Shodex, Munich, Germany; Shodex) at 30 °C. Refractometer index detector (RI-930, Jasco, Tokyo, Japan). 
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Figure 3. FT-IR chromatogram of ulvan extract (blue) and UOS (orange). (Sample:KBr = 1:99; wave range: 400–4000 cm−1). 
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Figure 4. Antioxidant activities of (A) DPPH scavenging activity, (B) ferrous chelating activity, and (C) reducing powder on ulvan extract and ulvan oligosaccharides (UOS). DPPH assay: absorbance was measured at 517 nm. Ferrous ion chelating assay: absorbance was measured at 562 nm. Reducing power assay: absorbance was measured at 700 nm. Bars with different letters are statistically different (p < 0.05). 
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Table 1. The proximity analysis of dried Ulva lactuca.






Table 1. The proximity analysis of dried Ulva lactuca.





	Components
	Content (%, Ulva Powder)
	Content (%, Dry Weight)





	Moisture
	11.4 ± 0.0
	-



	Ash
	32.4 ± 0.3
	36.6



	Crude protein
	10.8 ± 0.7
	12.1



	Crude fat
	0.3 ± 0.1
	0.4



	Carbohydrate 1
	45.1
	50.9







1 Carbohydrate = 100% - (% of moisture + ash + crude protein + crude fat). Values are expressed as mean ± standard deviation (n = 3).
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Table 2. The yield, the chemical compositions, and sulfate/total sugar ratio of ulvan extract and ulvan oligosaccharides (UOS).
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Sample

	
Yield (%) 1

	
Sulfate/Total Sugar 2

	
Chemical Composition (g/100 g)




	
Reducing Sugars

	
Uronic Acid

	
Total Phenols






	
Ulvan extract

	
15.89 ± 0.96

	
0.44

	
3.05 ± 0.32

	
30.22 ± 1.88

	
0.11 ± 0.01




	
UOS

	
4.69 ± 0.76

	
1.78

	
7.17 ± 0.09

	
2.54 ± 0.22

	
0.73 ± 0.03








1 yield (%) = (lyophilized ulvan or UOS (g)/Ulva powder (g))   ×   100. 2 Sul/TS: sulfate/total sugar (average of triplicate). Values are expressed as mean ± standard deviation (n = 3).
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Table 3. ACE inhibition on ulvan extract and ulvan oligosaccharides (UOS).






Table 3. ACE inhibition on ulvan extract and ulvan oligosaccharides (UOS).











	Sample
	Sample Conc. (mg/mL)
	Inhibition (%)
	IER (%/mg/mL) *





	Ulvan extract
	50.0
	18.41  ±  5.21 d
	0.48  ±  0.16



	
	25.010.0
	14.71  ±  6.73 d

0
	 

 



	UOS
	12.5
	81.86  ±  2.12 a
	6.43  ±  0.14



	
	8.0
	50.18  ±  2.14 b
	



	
	6.0
	38.78  ±  0.51 c
	







* IER (inhibitory efficiency ratio) = (inhibition (%)/sample conc. (mg/mL)). a–d Different superscript letters in the same row indicate significant differences (p < 0.05). Values are expressed as mean ± standard deviation (n = 3).
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