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Abstract

:

This study was aimed at investigating the effect of low polarity water (LPW) on the extraction of bioactive compounds from Fucus vesiculosus and to examine the influence of temperature on the extraction yield, total phenolic content, crude alginate, fucoidan content, and antioxidant activity. The extractions were performed at the temperature range of 120–200 °C with 10 °C increments, and the extraction yield increased linearly with the increasing extraction temperature, with the highest yields at 170–200 °C and with the maximum extraction yield (25.99 ± 2.22%) at 190 °C. The total phenolic content also increased with increasing temperature. The extracts showed a high antioxidant activity, measured with DPPH (2,2-Diphenyl-1-picrylhydrazyl) radicals scavenging and metal-chelating activities of 0.14 mg/mL and 1.39 mg/mL, respectively. The highest yield of alginate and crude fucoidan were found at 140 °C and 160 °C, respectively. The alginate and crude fucoidan contents of the extract were 2.13% and 22.3%, respectively. This study showed that the extraction of bioactive compounds from seaweed could be selectively maximized by controlling the polarity of an environmentally friendly solvent.
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1. Introduction


The marine environment is endowed with a variety of untapped resources, which could be exploited for the production of bioactive compounds used for foods, pharmaceuticals, and cosmetics. Among marine organisms, brown seaweeds are known to contain different kinds of bioactive compounds such as pigments, proteins, phenolic compounds, and omega-3 fatty acids [1]. The Fucus vesiculosus Linnaeus (1753), popularly known as bladder wrack, is an edible brown seaweed that is widely distributed in the intertidal areas of many cold and warm temperate regions in the Northern Hemisphere, including the western Baltic Sea, the Atlantic coasts of North America and Europe, and the western Mediterranean. Fucus vesiculosus consists of a holdfast, a small stipe, and flattened dichotomously-branched blades with several pairwise air bladders, which keep them afloat in a vertical position when submerged [2,3]. Fucus vesiculosus contains several interesting bioactive compounds such as phenolic compounds, protein, carotenoid pigments such as fucoxanthin, and polysaccharides such as alginate and fucose, containing a sulfated polysaccharide known as fucoidan. Due to the presence of these compounds, this seaweed has been used for food and feed in Europe since the 17th century, as well as in traditional medicine in China [3]. The main bioactive compounds in F. vesiculosus are phenolic compounds (phlorotannins) and polysaccharides (fucoidan). Studies reported that this brown seaweed accumulates phlorotannins up to 12% of its dry weight depending on the harvest season, geographic origin, solar exposure, and salinity of the water [1]. Phlorotannins are complex phenolic compounds found in brown seaweeds. They are oligomers of phloroglucinol (1,3,5-trihydroxy benzene) monomer units. Phlorotannins’ primary role in brown seaweeds is to provide a protective or defense system for the cell from the environment (e.g., sun) and herbivores. They also have several biological activities such as antioxidant, anticoagulant, anticancer, and antidiabetic ones [4].



Fucoidan is a sulfated polysaccharide with a basic structure comprised of a sulfated fucose backbone, but it also contains small quantities of other sugars, such as xylose, uronic acids, and galactose [5]. The composition and structure of fucoidans depend on the geographic origin, the harvest/extraction season, species type, growth stage, and extraction method [6]. The molecular size of fucoidan has been reported to vary significantly among the different species and extraction methods. Different molecular sizes, from the smallest sizes of 43 kDa to large sizes up to 1600 kDa, have been reported [5]. Fucoidans have been reported to possess several biological activities such as antioxidant [7], anticoagulant [8], antitumor [9], anti-inflammatory [10], and neuroprotective ones [11].



The extraction of bioactive compounds from seaweed is mainly performed using traditional solvent extraction (SLE). This extraction method has several drawbacks including the use of a large amount of organic solvent, acids, and alkaline, a long extraction time, and selectivity problems. Moreover, since SLE is conducted in an open system, the important compounds are exposed to oxidation. To mitigate these problems, several studies have reported the application of emerging green extraction technologies for the extraction of bioactive compounds from different seaweed species. These technologies include ultrasound-assisted extraction [12], microwave-assisted extraction [13], enzyme-assisted extraction [14], pressurized liquid extraction [15], natural deep eutectic solvents [16,17] and supercritical carbon dioxide extraction [18]. Among these green extraction technologies, pressurized liquid extraction, also known as subcritical water extraction or low polarity water (LPW) extraction (LPWE), has drawn considerable attention from researchers due to the extraordinary physical properties of LPW. LPW is kept between its boiling point (100 °C) and critical temperature (374 °C), at a sufficiently high pressure to keep it in liquid form. Water at these conditions has a low dielectric constant, low viscosity, high dissociation constant (Kw), and low surface tension, which are comparable to some common organic solvents, such as ethanol and methanol. The polarity of water can be tuned by changing the extraction temperature. For instance, increasing the temperature from room temperature to 200 °C could reduce the dielectric constant from 88 to 33, similar to that of organic solvents such as ethanol and methanol [19]. In addition, by increasing the temperature, the viscosity and surface tension of the water decrease while the diffusivity increases, allowing deep penetration of the solvent into the matrix, thus enhancing the efficiency and speed of the extraction process [19,20]. So far, some attempts have been made to extract bioactive compounds from several seaweed species, including red seaweed [21,22], green seaweeds [23], and several brown seaweeds [24,25]. However, to the best of our knowledge, there is no reported study on the use of LPW and the influence of the extraction temperature on the extraction of bioactive compounds from the Nordic seaweed F. vesiclulosus. Therefore, this study aimed to investigate the influence of LPW on the extraction of bioactive compounds from Nordic seaweed F. vesiclulosus. Therefore, the influence of the different extraction temperatures on the extraction yield, total phenolic content (TPC), crude alginate and fucoidan content, and antioxidant activity from F. vesiculosus using LPWE was studied. The results were evaluated using a correlation matrix.




2. Results and Discussion


2.1. Extraction Yield


The extraction yield is shown in Figure 1. The extraction yield increased with increasing the extraction temperature, with the highest yields found at the temperatures from 170–200 °C with no significant difference between the yields at these temperatures, but with the maximum at 190 °C with a 25.99 ± 2.22% extraction yield. The effect of temperature above 200 °C could not be evaluated, due to the instrument’s maximum temperature limitations. The reason for increasing yield could be associated with the increase in the hydrolysis of the seaweed with increasing temperature. Reports from several studies demonstrated that temperature is an important factor involving pressurized liquids. Increasing temperature disrupts matrix interactions between analytes and samples, which are caused by hydrogen bonding, van der Waals forces, and dipole interactions. This facilitates deeper penetration of the solvent into the sample matrix [26]. Furthermore, increasing temperature decreases the viscosity of the solvent, which consequently improves the penetration of the solvent into the sample matrix. This phenomenon increases the diffusion of the analyte into the solvent medium and improves the extraction yield [27]. Ibañez et al. [28] also reported that increasing temperature could facilitate the extraction yield, by increasing both the solubility and mass transfer rates. However, very high temperatures could have a negative impact on the yield. At very high temperatures, the produced hydrolysates could be further decomposed into smaller molecules or organic acids that consequently decrease the extraction yield [29]. Nevertheless, temperature has a significant effect on the extraction yield.




2.2. Crude Alginate and Fucoidan Content


Figure 2a,b show the crude alginate and fucoidan contents of the extract at different extraction temperatures. The alginate content of the extract increased between 120 °C to 130 °C. The 130–150 °C extractions were not significantly different, but with decreasing alginate yield at higher temperatures. The maximum alginate extracted was (2.08 ± 0.12%) at 140 °C. Alginates are polysaccharides, consisting essentially of d-mannuronic (M) and L-glucuronic (G) acid units linked with (1→4) bonds, arranged as homopolymeric (M or G) or heteropolymeric (MG) forms. In the presence of divalent cations, such as Ca2+, the G-blocks form “egg-box” junctions and facilitate the formation of gel between the two opposite chains [30]. However, when the temperature increases, it could lead to the depolymerization of the longer molecular size polymer into smaller groups, which may not interact with Ca2+ during the precipitation of alginate using CaCl2 from the extract solution. Furthermore, previous reports showed that F. vesiculosus alginates are very sensitive to high temperatures, and their polymeric structure drastically reduces even with a slight change in treatment temperatures [31]. Thus, the optimal extraction temperature for maximizing the yield of alginates is at about 130–150 °C.



Similar to alginate, the yield of crude fucoidan content also increased with increasing temperature with highest yield for fucoidan recorded at 150–170 °C with the maximum average recorded (12.52 ± 0.24%) at 160 °C. Hereafter, the yield started to decrease, reaching a low yield similar to that at 120 °C when the temperature was 200 °C. A similar trend has been reported on the extraction of fucoidan from S. japonica, using subcritical water extraction [24]. Increasing the temperature of LPW resulted in increasing the dissociation constant of water (Kw). The increase in Kw derives the formation of hydronium (H3O+) and hydroxide ion (HO−) in the reaction system [19]. Hydroxide ions and protons interfere with the hydrogen bonds between the different polysaccharides, and increase the extraction yield by releasing them into the solution [32]. The increasing temperature could also create a higher mass transfer rate and solvent diffusion, while lowering surface tension and viscosity made more polysaccharides dissolve in the extraction medium [12]. The reason for the decreasing of fucoidan content at higher temperatures could be explained by the degradation of the fucoidan extracted at the earlier stages of the extraction conditions. Different previous studies documented that a high extraction temperature or longer extraction time could affect the extraction yield of fucoidan from several brown seaweed species [33,34]. A slightly higher fucoidan yield, 13.56%, was reported by Saravana et al. [24] extracted from S. japonica using subcritical water at an optimized temperature of 127 °C. Rodríguez-Jasso et al. [35] reported 16.5% for F. vesiculosus extracted using an autohydrolysis technique at a temperature of 180 °C. Fucoidans are fucose-rich sulfated polysaccharides located at the fibrillar cell walls and intercellular spaces of brown seaweeds, so degrading the cell wall structure first will expose the intracellular fucoidans to diffuse into the extracting medium [33]. As described above, the alginate content started to decrease after 150 °C, indicating the degradation of the cell wall structure and exposing the intracellular fucoidan to be extracted by the LPW. Nevertheless, by tuning the temperature, the extraction conditions can be optimized to get the maximum yield of fucoidan, as demonstrated here.




2.3. Total Phenolic Content


The total phenolic content of the extracts is shown in Figure 3. TPC increases linearly, with an increasing extraction temperature in the range of 120–150 °C. In the temperature range 120–150 °C, the TPC increased by a factor of two with every 10 °C increment of temperature. However, the TPC started to decrease after a 190 °C extraction temperature. The reason for increasing the TPC of the extracts with temperature could be explained mainly by the change in the dielectric constant of water at higher temperatures, which subsequently decreases the polarity of water that is comparable to most common organic solvents. Several studies reported that high content of phenolic compounds can be extracted using fewer polar solvents than polar solvents [3]. Most phenolic compounds have lower solubility in water than in organic solvents, such as methanol or ethanol at ambient temperature. The reason for this is their differences in polarity. Water has a higher polarity than methanol and ethanol at room temperature. However, as in the case of this study, the polarity of water can be fine-tuned by controlling the temperature and pressure at subcritical conditions. The polarity of water could be equivalent with most of the organic solvents, such as ethanol and methanol at a temperature close to 200 °C. The high amount of TPC at high temperature could also be due to less inhibiting interaction between phenolic compounds and proteins during the extraction, or even by breaking hydrogen bonds between phenolic compounds-protein complexes [36]. Therefore, it is possible to modify the polarity of subcritical water by tuning the temperature and pressure, so that water can be used instead of environmentally unfriendly organic solvents to extract low polar components from F. vesiculosus, which are otherwise difficult to extract using water at ambient conditions. Different research works from Pangastuti et al. , Gereniu et al. [15] Saravana et al. [24], and many others on the extraction of phenolic compounds from seaweed all reported a similar trend. We have also conducted a conventional extraction of total phenolic compounds for comparison purposes, and the TPC was 36.9 ± 0.30 mg for GAE/g of dried seaweed. The extraction showed a higher result because the extraction was conducted for a total of 48 h. However, the values of conventional extraction are different from those reported by Obluchinskaya et al. [17] who reported 5–200 mg phloroglucinol per g of dry raw material (mg/g d.m.), for F. vesiculosus extracts obtained using several organic solvents that they used for their analysis. As mentioned, the TPC of algae is influenced by several abiotic and biotic factors such as the species, plant stage, size, age, reproductive status, location, depth, nutrient enrichment, salinity, light intensity exposure, ultraviolet radiation, intensity of herbivory, and time of collection. Therefore, the full exploitation of algal diversity and complexity requires knowledge of environmental impacts, and an understanding of biochemical and biological variability [36].




2.4. Phlorotannin Content


The phlorotannin content of the extracts is depicted in Figure 4. The highest and the lowest phlorotannin contents were registered for the extract obtained at 150 and 200 °C with 392.21 ± 44. 19 and 37.59 ± 1.05 µg PGE/g DW, respectively. After reaching its highest level at 150 °C, it starts to decrease beginning from 160 °C. There is no significant difference (p > 0.05) between low-temperature extracts (120 °C) and high-temperature extracts (170–200 °C). At low temperatures, the polarity of water is relatively high and the solubility of phlorotannin is low. This could be the reason for the low phlorotannin content at 120 °C. Even though the polarity of water decreases with increasing temperature, at high temperatures the thermal decomposition of the phlorotannin is high. Thus, this could the possible reason for its lower content in the temperature range of 160–200 °C. The reason for the decreasing trend with increasing temperature could be due to the thermal decomposition of phlorotannin [37]. Caterino et al. [3] reported higher values (2.92 ± 0.05 mg PGE/g DW) for F. vesiculosus extracted using aqueous acetone (67% v/v) and analyzed with the DMBA assay. Amarante et al. [38] also reported higher values (3.16 ± 0.06 mg PGE/g DW) for F. vesiculosus extracted using optimized microwave-assisted extraction conditions temperature of 75 °C and aqueous ethanol (57% v/v) as the extracting solvent. On the other hand, Ferreira et al. [37] reported lower values (0.226 mg PGE/g DW), as compared to the highest values found in this study, for the same seaweed species extracted at 120 °C. The observed differences in the phlorotannin content of the current and previous studies could be due to several factors, including the harvest season of the seaweed, the geographical location, the method, and the solvent used for the extraction.




2.5. Individual Phenolic Compounds


The individual phenolic contents of the extract are depicted in Figure 5. Six different kinds of phenolic compounds were detected in the extracts. The amount of the phenolic acids varied from 3.0 mg/g LE–7.80 mg/g LE. Both the type and amount of the phenolic acids varied considerably with the extraction temperature. Caffeic and gallic acids were detected in all extraction conditions, with caffeic acid having a relatively constant amount in all extracts, whereas gallic acid showed the highest content in the extract obtained at 140 °C. Chlorogenic acid was not detected in the extracts obtained at lower temperatures, however, it was detected in all extracts starting from an extraction temperature of 150 °C. This might be due to the solubility of chlorogenic acid in water at a higher temperature. Similarly, protocatechuic and vanillic acids were not detected in the temperature range 130–160 °C, which could be due to their low solubility at the relatively high polarity of water in the temperature range 130–160 °C [39]. The polarity of water significantly changes at a higher temperature. The polarity can be measured in terms of dielectric constant, which means a high dielectric constant corresponds to a high polarity and vice versa. The dielectric constant of water decreased by more than half between room temperature (25 °C and 200 °C), which is from 80–37. At higher temperatures, the dielectric constant of water decreases, as does the polarity of water, making water behave similar to those of organic solvents such as ethanol or methanol. All the six phenolic acids found in the current study have, also, been reported by Farvin and Jacobsen [40] in the water extracts of F. vesiculosus using the conventional solvent extraction method. However, except for gallic and gentisic acids, the concentration of all other phenolic acids in the current study was found to be higher than those reported by Farvin and Jacobsen [40]. In a recent study, Sanches-Bonet et al. [41] have reported 12 different kinds of phenolic acids. The phenolic acids detected by their study, but not in our current study, include coumaric acid, catechin, epicatechin, rutin, and ferulic acid. The reason for the observed differences could be due to several conditions, such as the geographic location, the extraction and analysis methods, the harvest season, and the age of the tissue [30,42].




2.6. Antioxidant Activity


2.6.1. DPPH Radicals Scavenging Activity


The antioxidant activity of F. vesiculosus, as measured by DPPH radicals scavenging activities, is shown in Table 1. The antioxidant activity was expressed in IC50 values, meaning that the lower the IC50 value was, the higher the antioxidant activity. The highest antioxidant activity registered in this study was by the extracts obtained at 160 °C with 0.14 mg DE/mL, but it was only significantly different from the lowest DPPH recorded for the extract recovered at 120 °C with 0.23 mg/mL. Different values of DPPH radical scavenging activities have been reported by several researchers. André et al. [43] reported a lower DPPH value for water extracts of F. vesiculosus obtained at 100 °C. The current result is higher than each of the 10 different brown seaweed species from the Brittany coasts, extracted using dichloromethane and methanol (1:1, v/v), as reported by Zubia et al. [44]. Similarly, both Agregán et al. [45] and Agregán et al. [46] reported a lower DPPH radical scavenging activity for F. vesiculosus extracts extracted using water and ethanoic water (50:50, v/v), respectively. However, Farvin and Jacobsen [40] and Wang et al. [47] reported higher DPPH values (IC50 values between of 8.3 and 10.7 µg/mL) for water and 70% acetone extracts of the same seaweed species, respectively. The observed differences in DPPH scavenging values could be attributed to several factors, including the type of extraction method, the seaweed species, the harvesting season, and the locations. Reactive oxygen species are responsible for the initiation of lipid oxidation in food systems, pharmaceuticals, cosmetic products, and, even, in a living system. In this regard, the high radical scavenging activity of the extract could contribute to replacing synthetic antioxidants.




2.6.2. Metal-Chelating Activity


The metal-chelating activity of the extracts is shown in Table 1. The highest and lowest MC activity were found at 130 °C and 200 °C with IC50 values of 1.39 mg/mL and 23.05 mg/mL, respectively, with the highest being significantly different from 180–200 °C. High metal-binding activities of polysaccharides from seaweeds such as alginate, fucoidan, agar, and carrageenan have been reported. However, at high temperatures, the big molecular size of polysaccharides has already been degraded into smaller sugar molecules, and there will not be enough metal-chelating species left in the extract. This might be the reason for the observed low MC activity with increasing temperature. The current results are lower than those reported by Sumampouw et al. [48] who reported 1.1 mg/mL for F. vesiculosus, obtained at optimum extraction conditions using PLE. On the other hand, Wang et al. [47] reported 95% of metal-chelation activity for water extracts of F. vesiculosus, at a concentration of 5 mg/mL. In addition, Wang et al. [49] reported that F. vesiculosus extracts are not good metal-chelating agents, rather they are potent free radical scavengers and primarily of chain-breaking antioxidants. The antioxidant activity of the seaweed extracts depends on the content of the free radical scavenging species and metal-chelating species present in the extract. Conversely, the content of these antioxidants depends on, among other things, the harvest season seaweed, the extraction method, and the solvent. Thus, there is no common comparison ground to reach a conclusion on the variations of the different bioactivities.





2.7. Correlation Matrix


To understand the interaction among the extraction temperatures, TPC, alginate content, fucoidan content, and antioxidant activity, a Pearson correlation was calculated on the mean values of each parameter. Figure 6b shows the correlation plot, and the color intensity on the left side of the graph indicates the strength of the correlation. The darker the red color is, the stronger the positive correlation, and the darker the blue color indicates a stronger negative correlation. The asterisks on the ellipse show the p-values of the significant correlations. The TPC showed strong significant positive correlation with temperature (r = 0.95, p ≤ 0.001). However, there was no significant correlation between extraction temperature and both alginate and fucoidan contents (p > 0.05). The DPPH radical scavenging activity showed a significant negative correlation (r = −0.72, p ≤ 0.05) with temperature and TPC (r = −0.69, p ≤ 0.05). The negative correlation of DPPH radical scavenging activity with TPC is in agreement with previous studies by Silva et al. [50], Sánchez-Bonet et al. [41], Farvin and Jacobsen [40], and Balboa et al. [42]. However, it is in disagreement with other previous studies such as Díaz-Rubio et al. [51], Agregán et al. [45], and Jimenez-Escrig et al. [52]. This result may indicate that other co-extracted compounds such as peptides, protein, and polysaccharides contributed to the radical scavenging activity of the extracts [53]. The MC showed a strong positive correlation with extraction temperature (r = 0.81, p ≤ 0.01) and with TPC (r = 0.85, p ≤ 0.05). The TPC analysis method based on FC reagent is influenced by the presence of other reducing agents such as proteins and sugars [54]. Thus, the positive correlation between MC and TPC may not be due to the high level of TPC, but rather be due to other reducing agents. Moreover, reducing agents such as protein and peptides have long been reported to possess metal-chelating activities [55,56,57,58]. Furthermore, the negative correlation (r = −0.28) between TPC and phlorotannin content of the extracts supports the argument that the TPC analysis based on the FCR method is influenced by other reducing agents and leads to an overestimation of the TPC values. There is a weak positive correlation (r = 0.15) between DPPH and phlorotannin content, indicating the contribution of phlorotannin to the DPPH radical scavenging activity of the extracts.



To further investigate how TPC is correlated positively with MC, and which specific phenolic acid is responsible for the MC activity of the extract, Pearson correlation coefficients were calculated on each phenolic acid, DPPH, and MC activity. Figure 6b shows the correlation plots. As shown in Figure 6, the MC is positively correlated with all phenolic acids, except with gallic acid. However, only the correlation between caffeic acid and MC is positive and very strong (r = 0.92, p ≤ 0.001). Several studies reported that caffeic acid is a very strong metal chelator [59,60,61,62]. Sørensen et al. [63] reported the highest MC activity of caffeic acid as compared with other hydrocinnamic acids, such as ferulic and coumaric acid. Caffeic acid is a hydrocinnamic acid with an o-hydroxyl (catechol) group. This group is a preferred binding site for metals and leads a strong chelating activity for caffeic acid [64]. Different studies reported a positive correlation between several phenolic acids, such as caffeic and chlorogenic acids, and DPPH radical scavenging activities. However, in the current study, DPPH only correlated positively with the content of genestic acid (r = 0.66, p ≤ 0.05) (Table S1). To explain the origin of this contradictory finding as well as to understand and identify which classes of compounds are responsible for the metal-chelating and radical scavenging activity, further studies on purification and fractionation of the crude extract are required.





3. Materials and Methods


3.1. Sample Preparation


Brown seaweed F. vesiculosus was harvested in May 2020 from Bellevue Beach, (55°46′17.4″ N 12°35′48.4″ E), Denmark. After harvesting the seaweed, it was immediately taken to the laboratory, rinsed with tap water to remove the sand and epiphytes attached to the seaweed, and immediately frozen in a −40 °C freezing room. The time from harvesting to freezing took approximately 2 h. The frozen seaweed was freeze-dried in a Christ Freeze Dryer Beta 1–8 (Osterode am Harz, Germany) for 2 days, then powdered with a Waring blender (Göteborg, Sweden), and sieved to remove large particles. The powdered seaweed was stored at −20 °C in a freezer, after being purged with nitrogen to avoid oxidation.




3.2. Pressurized Liquid Extractions


The extraction was performed using accelerated solvent extractor ASE (ASE 350, Dionex, Sunnyvale, CA, USA). For each experiment, 1 g of dried seaweed powder and 2 g of Ottawa sand were mixed and loaded into a 10 mL extraction cell equipped with a glass fiber filter on its bottom. Each experiment used a maximum operating pressure of 10 bar, 60% cell volume for rinsing, and purge time of 100 s. The extraction temperature was 120–200 °C, with a 10 °C increment. The extraction time was 5 min for all extraction conditions. The time needed for equilibration of the extraction conditions ranged from 6 to 9 min, so the total extraction time including equilibration time varied from 11 to 14 min. For each extraction, the condition the extraction was performed at was at least in duplicate. After completion of the extraction, the samples were stored at −20 °C in a freezer before characterization.



For the measurement of the extraction yield, an aliquot of each extract was transferred into falcon tubes, frozen overnight at −20 °C, and freeze-dried in a freeze dryer (Christ Freeze Dryer Beta 1–8, Osterode am Harz, Germany). Finally, the extraction yield was determined using the following equation:


   Extraction   yield =     Mass   of   dried   extract     ( g )       Mass   of   Seaweed     ( g )     × 100   











For comparison, conventional solvent extractions were also done with a modified method. One gram of the dried seaweed was submerged with 25 mL of 80% (v/v) ethanol in a water solution. This mixture was agitated on a shaker board (Heidolph Unimax 2010, Schwabach, Germany) at a speed of 150 rpm for 24 h in dark conditions and at room temperature. Afterward, the mixture was centrifuged (Sigma 4K15) at 2800 rpm for 10 min. The supernatant of this mixture was separated, and the extraction was repeated on the residue for an additional 24 h. Finally, the supernatants from the two extractions were pulled together and kept at −20 °C in a freezer until needed for further analysis.




3.3. Total Phenolic Compounds (TPC)


TPC was determined with a Folic-Ciocalteu assay, based on the method from Farvin and Jacobsen [40]. Briefly, 100 µL of the appropriately diluted extract was mixed with 750 µL of Folin–Ciocalteu reagent (10% v/v in water) in a 1.5 mL plastic microcuvette. After incubating the mixture for 5 min in the dark and at room temperature, 750 µL of sodium carbonate (Na2CO3, 7.5% w/v in water) was added. This solution was thoroughly mixed and incubated for 90 min more. Finally, the absorbance of this mixture was measured at 725 nm using a spectrophotometer (Shimadzu UV mini 1240, Duisburg, Germany). The TPC value of each extract was measured in triplicate and reported as a mean ± standard deviation. The TPC was calculated as milligrams of gallic acid equivalents (mg GAE) per 100 g of dry seaweed, based on a six-point standard curve of different gallic concentrations.




3.4. Phlorotannins Quantification (DMB Assay)


The phlorotannin content of the extracts was quantified using a method reported by Montero et al. [65]. Briefly, 50 µL of each diluted extract was mixed with a 250 µL DMBA reagent in a 96-well microplate. The DMBA reagent was prepared by mixing 2% (w/v) 2,4-methoxybenzaldhyde (DMBA) in glacial acetic acid and 6% (v/v) HCl in glacial acetic acid, just prior to use. The reaction mixture was incubated at room temperature in the dark for 60 min. Finally, the absorbance was read at 515 nm using a microplate reader BioTek Eon Microplate Spectrophotometer (Winooski, VT, USA). A calibration curve was made using phloroglucinol (0.98–62.5 µg/mL), and the result was reported as a microgram of phloroglucinol equivalent per gram of dried seaweed (µg PGE/g DW).




3.5. DPPH Radical Capacity Scavenging


For the determination of the DPPH radical scavenging capacity of the extracts, a method reported by Hermund et al. [54] was adopted. Briefly, an aliquot (100 µL) of extract at a concentration of 0.05–0.5 mg/mL was transferred into a 96-well microtiter plate. Then, 100 µL of DPPH (0.1 mM in ethanol) was added to each well. These mixtures were incubated for 30 min at room temperature in dark conditions. Afterwards, the absorbance of each mixture was measured at a wavelength of 517 nm in a BioTek Eon Microplate Spectrophotometer (Winooski, VT, USA). Effective concentrations for 50% inhibition (IC50) were calculated with Origin 2019b software, using a dose–response model.




3.6. Metal-Chelating Capacity


The method for measuring metal-chelating ability was based on Hermund et al. [54]. In brief, 100 μL of antioxidant extracts with concentrations of 0.5 to 10 mg/mL were pipetted into a 96-well microtiter plate, followed by the addition of 110 μL distilled water and 20 μL ferrous chloride solution (0.5 mM). After 3 min of incubation, 20 μL ferrozine solution (2.5 mM) was added to each well. The plate was incubated for 10 min in the dark at room temperature. Finally, the absorbance was measured at 562 nm in a BioTek Eon Microplate Spectrophotometer (Winooski, VT, USA). Effective concentrations for 50% chelating activity (IC50) were calculated with Origin 2019b software, using a dose–response model.




3.7. Phenolic Acid Identification


For the determination of individual phenolic acid in the extracts, a method reported by Farvin and Jacobsen [40] was used with minor modification. Briefly, the freeze-dried extracts were dissolved in deionized water at a concentration of 10 mg/mL. Aliquots of this were filtered using a syringe filter 0.22 µm before injection into an HPLC column (Prodigy 5 µm ODS-3 100 Å). The equipment consisted of an Agilent 1100 series HPLC (Agilent Technologies, Santa Clara, CA, USA) and a diode array detector (Agilent G1315A, Santa Clara, CA, USA).



Two types of mobile phases were used for this analysis: phosphoric acid in deionized water with a pH value of 3 (A) and a 1:1 mixture of methanol and acetonitrile (B). The gradient elution analysis program was as follows: 0–2 min, 5% (B); 2–20 min, increasing to 40% (B); 20–35 min, increasing to 100% (B); and 35–37 min, decreasing to 5% (B), with 3 min of post time at a flow rate of 0.9 mL/min. The injection volume of the sample was set at 20 µL, and the column was maintained at 25 °C. Detection with the diode array detector was done at four different wavelengths, i.e., 235, 255, 280, and 325 nm, with a reference wavelength of 360 nm. Quantification and identification of each phenolic acid were done by producing a calibration curve by injecting phenolic acid mixture standards with a concentration of each phenolic acid from 5.21 to 166.67 µg/mL. The limit of quantitation for all individual compounds, linearity range, and R2 is indicated in the supplementary file.




3.8. Isolation of Alginate and Fucoidan


The isolation of alginate and fucoidan was performed using the method described by [24] Briefly, 10 mL of each extract was mixed with an equal volume of CaCl2 (1% w/w) and kept in a refrigerator at 4 °C overnight. Then, the precipitated alginate was separated from the supernatant by centrifugation at 15,000× g for 15 min, followed by freeze-drying. To isolate the fucoidan, three volumes of absolute ethanol were added to the supernatant, which is obtained during the alginate precipitation step, and kept in the refrigerator at 4 °C overnight, followed by centrifugation. The pellet was first washed with ethanol and then with acetone, before it was freeze-dried. The alginate and fucoidan yields were calculated using the following equation:


   Alginate   yield =       Mass   of   Crude   alginate     ( g )     Mass   of   Seaweed     ( g )     × 100   










   Crude   fucoidan   yield =     Mass   of   Crude   fucoidan     ( g )     Mass   of   Seaweed     ( g )     × 100   












3.9. Statistical Analysis


The experimental values in this study were presented as ± deviation (SD). To determine the presence of significant difference in means of different treatments, a one-way ANOVA followed by a post hoc analysis by Tukey’s method were performed using statistical analysis software (Origin 2019b), where p < 0.5 was considered significant. The Pearson correlation analysis was also performed using the same software.





4. Conclusions


The marine environment is endowed with a large potential for the discovery of bioactive compounds. Fucus vesiculosus has a wide variety of bioactive compounds, which can be exploited for different purposes. To get the best out of this potential, the selection of efficient and green extraction methods plays a significant role. In this study, LPWE has shown a promising result for the extraction of phenolic compounds and polysaccharides. The extraction temperatures have shown a clear influence on the extraction yield, with the optimal being 200 °C for TPC, 130–150 °C for alginate, and 150–170 °C for fucoidan yield, and on the antioxidant activity of the extracts. By manipulating the extraction temperature, it is possible to selectively maximize the yield of targeted extracts. Moreover, the study showed that different antioxidant properties of the extract (DPPH radical scavenging (160 °C) or metalchelating activity (130 °C)) could selectively be obtained by manipulating the extraction temperature. The concentrations and bioactivity of this low polarity water-environment-friendly extraction showed as good/improved results, compared to the conventional solvent methods. However, further characterization and purification of the extracts are required to better understand the nature of the extracts, and how this influences antioxidant activity.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/md20040263/s1, Figures: Chromatograms for all tasted phenolic acids and standards; Table S1: The R2, limit of quantification, and linearity range all tested phenolic acids.





Author Contributions


Conceptualization, A.T.G., C.J. and A.S.M.; writing—original draft preparation, A.T.G.; writing–review and editing, C.J., A.S.M. and S.L.H. All authors have read and agreed to the published version of the manuscript.




Funding


This work has received funding from the European Union’s Horizon 2020 research and innovation program under the Marie Sklodowska-Curie grant agreement no. 713683 (COFUNDfellowsDTU).




Acknowledgments


A.T.G. is grateful for the grant they have received for their postdoc study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Holdt, S.L.; Kraan, S. Bioactive Compounds in Seaweed: Functional Food Applications and Legislation. J. Appl. Phycol. 2011, 23, 543–597. [Google Scholar] [CrossRef]

	



Da Costa, E.; Domingues, P.; Melo, T.; Coelho, E.; Pereira, R.; Calado, R.; Abreu, M.H.; Domingues, M.R. Lipidomic Signatures Reveal Seasonal Shifts on the Relative Abundance of High-Valued Lipids from the Brown Algae Fucus vesiculosus. Mar. Drugs 2019, 17, 335. [Google Scholar] [CrossRef]

	



Catarino, M.D.; Silva, A.M.S.; Mateus, N.; Cardoso, S.M. Optimization of Phlorotannins Extraction from Fucus vesiculosus and Evaluation of Their Potential to Prevent Metabolic Disorders. Mar. Drugs 2019, 17, 162. [Google Scholar] [CrossRef]

	



Getachew, A.T.; Jacobsen, C.; Holdt, S.L. Emerging Technologies for the Extraction of Marine Phenolics: Opportunities and Challenges. Mar. Drugs 2020, 18, 389. [Google Scholar] [CrossRef]

	



Fletcher, H.R.; Biller, P.; Ross, A.B.; Adams, J.M.M. The Seasonal Variation of Fucoidan within Three Species of Brown Macroalgae. Algal Res. 2017, 22, 79–86. [Google Scholar] [CrossRef]

	



Flórez-Fernández, N.; López-García, M.; González-Muñoz, M.J.; Vilariño, J.M.L.; Domínguez, H. Ultrasound-Assisted Extraction of Fucoidan from Sargassum Muticum. J. Appl. Phycol. 2017, 29, 1553–1561. [Google Scholar] [CrossRef]

	



Koh, H.S.A.; Lu, J.; Zhou, W. Structure Characterization and Antioxidant Activity of Fucoidan Isolated from Undaria Pinnatifida Grown in New Zealand. Carbohydr. Polym. 2019, 212, 178–185. [Google Scholar] [CrossRef]

	



Wang, W.; Chen, H.; Zhang, L.; Qin, Y.; Cong, Q.; Wang, P.; Ding, K. A Fucoidan from Nemacystus Decipiens Disrupts Angiogenesis through Targeting Bone Morphogenetic Protein 4. Carbohydr. Polym. 2016, 144, 305–314. [Google Scholar] [CrossRef]

	



De Yan, M.; Lin, H.Y.; Hwang, P.A. The Anti-Tumor Activity of Brown Seaweed Oligo-Fucoidan via LncRNA Expression Modulation in HepG2 Cells. Cytotechnology 2019, 71, 363–374. [Google Scholar] [CrossRef]

	



Park, H.Y.; Han, M.H.; Park, C.; Jin, C.Y.; Kim, G.Y.; Choi, I.W.; Kim, N.D.; Nam, T.J.; Kwon, T.K.; Choi, Y.H. Anti-Inflammatory Effects of Fucoidan through Inhibition of NF-ΚB, MAPK and Akt Activation in Lipopolysaccharide-Induced BV2 Microglia Cells. Food Chem. Toxicol. 2011, 49, 1745–1752. [Google Scholar] [CrossRef]

	



Jin, W.; Liu, B.; Li, S.; Chen, J.; Tang, H.; Jiang, D.; Zhang, Q.; Zhong, W. The Structural Features of the Sulfated Heteropolysaccharide (ST-1) from Sargassum Thunbergii and Its Neuroprotective Activities. Int. J. Biol. Macromol. 2018, 108, 307–313. [Google Scholar] [CrossRef] [PubMed]

	



Dang, T.T.; Van Vuong, Q.; Schreider, M.J.; Bowyer, M.C.; Van Altena, I.A.; Scarlett, C.J. Optimisation of Ultrasound-Assisted Extraction Conditions for Phenolic Content and Antioxidant Activities of the Alga Hormosira Banksii Using Response Surface Methodology. J. Appl. Phycol. 2017, 29, 3161–3173. [Google Scholar] [CrossRef]

	



Abdelhamid, A.; Lajili, S.; Elkaibi, M.A.; Ben Salem, Y.; Abdelhamid, A.; Muller, C.D.; Majdoub, H.; Kraiem, J.; Bouraoui, A. Optimized Extraction, Preliminary Characterization and Evaluation of the in Vitro Anticancer Activity of Phlorotannin-Rich Fraction from the Brown Seaweed, Cystoseira sedoides. J. Aquat. Food Prod. Technol. 2019, 28, 892–909. [Google Scholar] [CrossRef]

	



Sabeena, S.F.; Alagarsamy, S.; Sattari, Z.; Al-Haddad, S.; Fakhraldeen, S.; Al-Ghunaim, A.; Al-Yamani, F. Enzyme-Assisted Extraction of Bioactive Compounds from Brown Seaweeds and Characterization. J. Appl. Phycol. 2020, 32, 615–629. [Google Scholar] [CrossRef]

	



Gereniu, C.R.N.; Saravana, P.S.; Getachew, A.T.; Chun, B.-S. Characteristics of Functional Materials Recovered from Solomon Islands Red Seaweed (Kappaphycus alvarezii) Using Pressurized Hot Water Extraction. J. Appl. Phycol. 2017, 29, 1609–1621. [Google Scholar] [CrossRef]

	



Obluchinskaya, E.D.; Pozharitskaya, O.N.; Zakharova, L.V.; Daurtseva, A.V.; Flisyuk, E.V.; Shikov, A.N. Efficacy of Natural Deep Eutectic Solvents for Extraction of Hydrophilic and Lipophilic Compounds from Fucus vesiculosus. Molecules 2021, 26, 4198. [Google Scholar] [CrossRef]

	



Obluchinskaya, E.D.; Daurtseva, A.V.; Pozharitskaya, O.N.; Flisyuk, E.V.; Shikov, A.N. Natural Deep Eutectic Solvents as Alternatives for Extracting Phlorotannins from Brown Algae. Pharm. Chem. J. 2019, 53, 243–247. [Google Scholar] [CrossRef]

	



Saravana, P.S.; Getachew, A.T.; Cho, Y.-J.; Choi, J.H.; Park, Y.B.; Woo, H.C.; Chun, B.S. Influence of Co-Solvents on Fucoxanthin and Phlorotannin Recovery from Brown Seaweed Using Supercritical CO2. J. Supercrit. Fluids 2017, 120, 295–303. [Google Scholar] [CrossRef]

	



Zakaria, S.M.; Kamal, S.M.M. Subcritical Water Extraction of Bioactive Compounds from Plants and Algae: Applications in Pharmaceutical and Food Ingredients. Food Eng. Rev. 2015, 8, 23–34. [Google Scholar] [CrossRef]

	



Rodríguez-Meizoso, I.; Jaime, L.; Santoyo, S.; Señoráns, F.J.; Cifuentes, A.; Ibáñez, E. Subcritical Water Extraction and Characterization of Bioactive Compounds from Haematococcus pluvialis Microalga. J. Pharm. Biomed. Anal. 2010, 51, 456–463. [Google Scholar] [CrossRef]

	



Pangestuti, R.; Getachew, A.T.; Siahaan, E.A.; Chun, B.-S. Characterization of Functional Materials Derived from Tropical Red Seaweed Hypnea Musciformis Produced by Subcritical Water Extraction Systems. J. Appl. Phycol. 2019, 31, 2517–2528. [Google Scholar] [CrossRef]

	



Trigueros, E.; Sanz, M.T.; Alonso-Riaño, P.; Beltrán, S.; Ramos, C.; Melgosa, R. Recovery of the Protein Fraction with High Antioxidant Activity from Red Seaweed Industrial Solid Residue after Agar Extraction by Subcritical Water Treatment. J. Appl. Phycol. 2021, 33, 1181–1194. [Google Scholar] [CrossRef]

	



Santoyo, S.; Plaza, M.; Jaime, L.; Ibañez, E.; Reglero, G.; Señorans, J. Pressurized Liquids as an Alternative Green Process to Extract Antiviral Agents from the Edible Seaweed Himanthalia Elongata. J. Appl. Phycol. 2010, 23, 909–917. [Google Scholar] [CrossRef]

	



Saravana, P.S.; Tilahun, A.; Gerenew, C.; Tri, V.D.; Kim, N.H.; Kim, G.-D.; Woo, H.-C.; Chun, B.-S. Subcritical Water Extraction of Fucoidan from Saccharina japonica: Optimization, Characterization and Biological Studies. J. Appl. Phycol. 2018, 30, 579–590. [Google Scholar] [CrossRef]

	



Bordoloi, A.; Goosen, N.J. A Greener Alternative Using Subcritical Water Extraction to Valorize the Brown Macroalgae Ecklonia Maxima for Bioactive Compounds. J. Appl. Phycol. 2020, 32, 2307–2319. [Google Scholar] [CrossRef]

	



Mustafa, A.; Turner, C. Pressurized Liquid Extraction as a Green Approach in Food and Herbal Plants Extraction: A Review. Anal. Chim. Acta 2011, 703, 8–18. [Google Scholar] [CrossRef]

	



Pangestuti, R.; Getachew, A.T.; Siahaan, E.A.; Chun, B.S. Characteristics of Functional Materials Recovered from Indonesian Mangroves (Sonneratia alba and Rhizhophora mucronata) Using Subcritical Water Extraction. E3S Web Conf. 2020, 147, 03013. [Google Scholar] [CrossRef]

	



Ibañez, E.; Herrero, M.; Mendiola, J.A.; Castro-Puyana, M. Extraction and Characterization of Bioactive Compounds with Health Benefits from Marine Resources: Macro and Micro Algae, Cyanobacteria, and Invertebrates. In Marine Bioactive Compounds: Sources, Characterization and Applications; Springer: New York, NY, USA, 2012; pp. 55–98. [Google Scholar]

	



Getachew, A.T.; Chun, B.S. Influence of Pretreatment and Modifiers on Subcritical Water Liquefaction of Spent Coffee Grounds: A Green Waste Valorization Approach. J. Clean. Prod. 2017, 142, 3719–3727. [Google Scholar] [CrossRef]

	



Catarino, M.D.; Silva, A.M.S.; Cardoso, S.M. Phycochemical Constituents and Biological Activities of Fucus Spp. Mar. Drugs 2018, 16, 249. [Google Scholar] [CrossRef]

	



Truus, K.; Vaher, M.; Taure, I. ALGAL BIOMASS FROM Fucus vesiculosus (Phaeophyta): Investigation of the mineral and alginate components. Proc. Estonian Acad. Sci. Chem. 2001, 50, 95–103. [Google Scholar]

	



Hahn, T.; Lang, S.; Ulber, R.; Muffler, K. Novel Procedures for the Extraction of Fucoidan from Brown Algae. Process Biochem. 2012, 47, 1691–1698. [Google Scholar] [CrossRef]

	



Ale, M.T.; Mikkelsen, J.D.; Meyer, A.S. Important Determinants for Fucoidan Bioactivity: A critical review of structure-function relations and extraction methods for fucose-containing sulfated polysaccharides from brown seaweeds. Mar. Drugs 2011, 9, 2106–2130. [Google Scholar] [CrossRef] [PubMed]

	



Rodriguez-Jasso, R.M.; Mussatto, S.I.; Pastrana, L.; Aguilar, C.N.; Teixeira, J.A. Chemical composition and antioxidant activity of sulphated polysaccharides extracted from fucus vesiculosus using different hydrothermal processes. Chem. Papers 2013, 68, 203–209. [Google Scholar] [CrossRef]

	



Rodríguez-Jasso, R.M.; Mussatto, S.I.; Pastrana, L.; Aguilar, C.N.; Teixeira, J.A. Extraction of Sulfated Polysaccharides by Autohydrolysis of Brown Seaweed Fucus vesiculosus. J. Appl. Phycol. 2013, 25, 31–39. [Google Scholar] [CrossRef]

	



Mekinić, I.G.; Skroza, D.; Šimat, V.; Hamed, I.; Čagalj, M.; Perković, Z.P. Phenolic Content of Brown Algae (Pheophyceae) Species: Extraction, Identification, and Quantification. Biomolecules 2019, 9, 244. [Google Scholar] [CrossRef]

	



Ferreira, R.M.; Ribeiro, A.R.; Patinha, C.; Silva, A.M.S.; Cardoso, S.M.; Costa, R. Water Extraction Kinetics of Bioactive Compounds of Fucus vesiculosus. Molecules 2019, 24, 3408. [Google Scholar] [CrossRef]

	



Amarante, S.J.; Catarino, M.D.; Marçal, C.; Silva, A.M.S.; Ferreira, R.; Cardoso, S.M. Microwave-Assisted Extraction of Phlorotannins from Fucus vesiculosus. Mar. Drugs 2020, 18, 559. [Google Scholar] [CrossRef]

	



Galanakis, C.M.; Goulas, V.; Tsakona, S.; Manganaris, G.A.; Gekas, V. A Knowledge Base for The Recovery of Natural Phenols with Different Solvents. Int. J. Food Prop. 2012, 16, 382–396. [Google Scholar] [CrossRef]

	



Sabeena Farvin, K.H.; Jacobsen, C. Phenolic Compounds and Antioxidant Activities of Selected Species of Seaweeds from Danish Coast. Food Chem. 2013, 138, 1670–1681. [Google Scholar] [CrossRef]

	



Sánchez-Bonet, D.; García-Oms, S.; Belda-Antolí, M.; Padrón-Sanz, C.; Lloris-Carsi, J.M.; Cejalvo-Lapeña, D. RP-HPLC-DAD Determination of the Differences in the Polyphenol Content of Fucus vesiculosus Extracts with Similar Antioxidant Activity. J. Chromatogr. B 2021, 1184, 122978. [Google Scholar] [CrossRef]

	



Balboa, E.M.; Conde, E.; Moure, A.; Falqué, E.; Domínguez, H. In Vitro Antioxidant Properties of Crude Extracts and Compounds from Brown Algae. Food Chem. 2013, 138, 1764–1785. [Google Scholar] [CrossRef] [PubMed]

	



André, R.; Guedes, L.; Melo, R.; Ascensão, L.; Pacheco, R.; Vaz, P.D.; Serralheiro, M.L. Effect of Food Preparations on in Vitro Bioactivities and Chemical Components of Fucus vesiculosus. Foods 2020, 9, 955. [Google Scholar] [CrossRef] [PubMed]

	



Zubia, M.; Fabre, M.S.; Kerjean, V.; Lann, K.L.; Stiger-Pouvreau, V.; Fauchon, M.; Deslandes, E. Antioxidant and Antitumoural Activities of Some Phaeophyta from Brittany Coasts. Food Chem. 2009, 116, 693–701. [Google Scholar] [CrossRef]

	



Agregán, R.; Munekata, P.E.S.; Franco, D.; Carballo, J.; Barba, F.J.; Lorenzo, J.M. Antioxidant Potential of Extracts Obtained from Macro- (Ascophyllum nodosum, Fucus vesiculosus and Bifurcaria bifurcata) and Micro-Algae (Chlorella vulgaris and Spirulina platensis) Assisted by Ultrasound. Medicines 2018, 5, 33. [Google Scholar] [CrossRef]

	



Agregán, R.; Barba, F.J.; Gavahian, M.; Franco, D.; Khaneghah, A.M.; Carballo, J.; Ferreira, I.C.F.R.; da Silva Barretto, A.C.; Lorenzo, J.M. Fucus vesiculosus Extracts as Natural Antioxidants for Improvement of Physicochemical Properties and Shelf Life of Pork Patties Formulated with Oleogels. J. Sci. Food Agric. 2019, 99, 4561–4570. [Google Scholar] [CrossRef]

	



Wang, T.; Jónsdóttir, R.; Ólafsdóttir, G. Total Phenolic Compounds, Radical Scavenging and Metal Chelation of Extracts from Icelandic Seaweeds. Food Chem. 2009, 116, 240–248. [Google Scholar] [CrossRef]

	



Sumampouw, G.A.; Jacobsen, C.; Getachew, A.T. Optimization of Phenolic Antioxidants Extraction from Fucus vesiculosus by Pressurized Liquid Extraction. J. Appl. Phycol. 2021, 33, 1195–1207. [Google Scholar] [CrossRef]

	



Wang, T.; Jónsdóttir, R.; Liu, H.; Gu, L.; Kristinsson, H.G.; Raghavan, S.; Ólafsdóttir, G. Antioxidant Capacities of Phlorotannins Extracted from the Brown Algae Fucus vesiculosus. J. Agric. Food Chem. 2012, 60, 5874–5883. [Google Scholar] [CrossRef]

	



Silva, A.; Rodrigues, C.; Garcia-Oliveira, P.; Lourenço-Lopes, C.; Silva, S.A.; Garcia-Perez, P.; Carvalho, A.P.; Domingues, V.F.; Barroso, M.F.; Delerue-Matos, C.; et al. Screening of Bioactive Properties in Brown Algae from the Northwest Iberian Peninsula. Foods 2021, 10, 1915. [Google Scholar] [CrossRef]

	



Díaz-Rubio, M.E.; Pérez-Jiménez, J.; Saura-Calixto, F. Dietary Fiber and Antioxidant Capacity in Fucus vesiculosus Products. Int. J. Sci. Food Nutr. 2009, 60, 23–34. [Google Scholar] [CrossRef]

	



Jiménez-Escrig, A.; Jiménez-Jiménez, I.; Pulido, R.; Saura-Calixto, F. Antioxidant Activity of Fresh and Processed Edible Seaweeds. J. Sci. Food Agric. 2001, 81, 530–534. [Google Scholar] [CrossRef]

	



Habeebullah, S.F.K.; Alagarsamy, S.; Arnous, A.; Jacobsen, C. Enzymatic Extraction of Antioxidant Ingredients from Danish Seaweeds and Characterization of Active Principles. Algal Res. 2021, 56, 102292. [Google Scholar] [CrossRef]

	



Hermund, D.B.; Heung, S.Y.; Thomsen, B.R.; Akoh, C.C.; Jacobsen, C. Improving Oxidative Stability of Skin-Care Emulsions with Antioxidant Extracts from Brown Alga Fucus vesiculosus. JAOCS J. Am. Oil Chem. Soc. 2018, 95, 1509–1520. [Google Scholar] [CrossRef]

	



Torres-Fuentes, C.; Alaiz, M.; Vioque, J. Affinity Purification and Characterisation of Chelating Peptides from Chickpea Protein Hydrolysates. Food Chem. 2011, 129, 485–490. [Google Scholar] [CrossRef]

	



Canabady-Rochelle, L.L.S.; Selmeczi, K.; Collin, S.; Pasc, A.; Muhr, L.; Boschi-Muller, S. SPR Screening of Metal Chelating Peptides in a Hydrolysate for Their Antioxidant Properties. Food Chem. 2018, 239, 478–485. [Google Scholar] [CrossRef]

	



Nwachukwu, I.D.; Aluko, R.E. Structural and Functional Properties of Food Protein-Derived Antioxidant Peptides. J. Food Biochem. 2019, 43, e12761. [Google Scholar] [CrossRef]

	



Walters, M.E.; Esfandi, R.; Tsopmo, A. Potential of Food Hydrolyzed Proteins and Peptides to Chelate Iron or Calcium and Enhance Their Absorption. Foods 2018, 7, 172. [Google Scholar] [CrossRef]

	



Nardini, M.; D’Aquino, M.; Tomassi, G.; Gentili, V.; Di Felice, M.; Scaccini, C. Inhibition of Human Low-Density Lipoprotein Oxidation by Caffeic Acid and Other Hydroxycinnamic Acid Derivatives. Free Rad. Biol. Med. 1995, 19, 541–552. [Google Scholar] [CrossRef]

	



Gülçin, I. Antioxidant Activity of Caffeic Acid (3,4-Dihydroxycinnamic Acid). Toxicology 2006, 217, 213–220. [Google Scholar] [CrossRef]

	



Almajano, M.P.; Carbó, R.; Delgado, M.E.; Gordon, M.H. Effect of PH on the Antimicrobial Activity and Oxidative Stability of Oil-in-Water Emulsions Containing Caffeic Acid. J. Food Sci. 2007, 72, C258–C263. [Google Scholar] [CrossRef]

	



Yesiltas, B.; Sørensen, A.D.M.; García-Moreno, P.J.; Anankanbil, S.; Guo, Z.; Jacobsen, C. Modified Phosphatidylcholine with Different Alkyl Chain Length and Covalently Attached Caffeic Acid Affects the Physical and Oxidative Stability of Omega-3 Delivery 70% Oil-in-Water Emulsions. Food Chem. 2019, 289, 490–499. [Google Scholar] [CrossRef] [PubMed]

	



Sørensen, A.D.M.; Durand, E.; Laguerre, M.; Bayrasy, C.; Lecomte, J.; Villeneuve, P.; Jacobsen, C. Antioxidant Properties and Efficacies of Synthesized Alkyl Caffeates, Ferulates, and Coumarates. J. Agric. Food Chem. 2014, 62, 12553–12562. [Google Scholar] [CrossRef] [PubMed]

	



Medina, I.; Undeland, I.; Larsson, K.; Storrø, I.; Rustad, T.; Jacobsen, C.; Kristinová, V.; Gallardo, J.M. Activity of Caffeic Acid in Different Fish Lipid Matrices: A Review. Food Chem. 2012, 131, 730–740. [Google Scholar] [CrossRef]

	



Montero, L.; Herrero, M.; Ibáñez, E.; Cifuentes, A. Separation and Characterization of Phlorotannins from Brown Algae Cystoseira Abies-Marina by Comprehensive Two-Dimensional Liquid Chromatography. Electrophoresis 2014, 35, 1644–1651. [Google Scholar] [CrossRef] [PubMed]








[image: Marinedrugs 20 00263 g001 550] 





Figure 1. Extraction yield at different temperatures starting from 120 °C to 200 °C of Fucus vesiculosus, using LPW extraction. Different letters indicate significant differences between the different extraction temperatures. 






Figure 1. Extraction yield at different temperatures starting from 120 °C to 200 °C of Fucus vesiculosus, using LPW extraction. Different letters indicate significant differences between the different extraction temperatures.



[image: Marinedrugs 20 00263 g001]







[image: Marinedrugs 20 00263 g002 550] 





Figure 2. The crude alginate content (a) and crude fucoidan (b) content of the extracts. The alginate fucoidan content was represented as percentage of the dried F. vesiculosus. The different letters on the top of each bar indicate the significant differences (p < 0.05) among the different extraction temperatures. 
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Figure 3. Total phenolic content (TPC) of the extracts at different extraction temperatures (120–200 °C). The different letters on the top the bars indicate the presence of significant differences (p < 0.05) among the different extraction temperatures. 
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Figure 4. Phlorotannin contents of the extracts. The y-axis represents the phlorotannin content in terms of phloroglucinol equivalent (PGE). Bars with different small letters on top are significantly different (p < 0.05). 
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Figure 5. The concentration of the individual phenolic acid identified in each extract, obtained at different extraction temperatures (120–200 °C). The error bars indicate the standard deviations of at least two replicates. 
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Figure 6. (a). Correlation plot indicating interaction among temperature, TPC, alginate and fucoidan contents, DPPH radical scavenging activity, and metal-chelating (MC) activity. The intensity of the color shows the strength of the correlation, with the red and blue colors for positive and negative correlations, respectively. The asterisks on the ellipses of the upper triangular matrix show the significance of the correlation at different p-values. The different numbers on the lower triangular matrix shows the correlation coefficient (r-values). The intensity of the font color of the r-values fades with a decrease in the r-values. (b) shows the correlations among the different phenolic acids (GA-gallic acid, GEA-genestic acid, CHA-chlorogenic acid, VA-vannilic acid, CA-caffeic acid, PA-protocatechuic acid) and the DPPH and MC values. 
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Table 1. DPPH and radical scavenging and metal-chelating (MC) activity of the F. vesiculosus extracts at different extraction temperatures.
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	Extraction Temperature (°C)
	DPPH IC50

(mg/mL)
	MC IC50

(mg/mL)





	120
	0.23 ± 0.08 a
	2.45 ± 0.03 cd



	130
	0.19 ± 0.00 ab
	1.39 ± 0.04 d



	140
	0.19 ± 0.08 ab
	1.50 ± 0.06 d



	150
	0.20 ± 0.01 ab
	1.56 ± 0.11 d



	160
	0.14 ± 0.02 b
	1.69 ± 0.15 d



	170
	0.18 ± 0.02 ab
	4.55 ± 0,19 cd



	180
	0.17 ± 0.04 b
	6.35 ± 0.40 c



	190
	0.14 ± 0.02 b
	12.09 ± 1.23 b



	200
	0.17 ± 0.03 ab
	23.05 ± 3.79 a







Note: Values are mean ± SD (n = 3), and values followed by different letters in the same column are significantly different (p < 0.05).
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