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Abstract

:

Large-scale strandings of Sargassum spp. seaweeds occur annually on the beaches of the Caribbean islands and cause major environmental, health, and economic problems. In order to support an approach of valorisation of algae, an exhaustive characterisation of the composition of these seaweeds has been performed by analysing the contents in alginates, structural carbohydrates (fucans and glucans), minerals, proteins, lipids, mannitol, polyphenols, and heavy metals. Nine batches were collected at different harvesting sites over the years 2021 and 2022, to estimate the spatial and temporal variation in Sargassum composition. A batch of floats was harvested and analysed to estimate the differences in composition between floats and whole algae. Samples collected during the same year (floats or entire plant, freshly collected or stored) showed no significant differences in composition. However, slight differences were observed between batches collected in the two years. Some samples showed significant amounts of heavy metals, especially arsenic. A detailed structural carbohydrates analysis was carried out and discussed with literature data. As the nitrogen content of algae is an interesting parameter for food or agronomic uses, protein analysis enabled us to calculate a new nitrogen–protein conversion factor, specific to these algae species.
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1. Introduction


Sargassum fluitans (Børgesen) Børgesen and natans (Linnaeus) Gaillon seaweeds were first observed in the 16th century by explorers during their journey to discover the “New world” [1]. These brown algae belong to the order Fucales and the family Sargassaceae. They are pelagic, meaning that these seaweeds are never bound to the seabed, but float on the ocean surface all along their life, and are displaced by ocean currents [2]. This particularity allows Sargassum to develop on the high seas, where few algae can grow. Initially living in the Sargasso sea off the American coast, circular marine currents probably held Sargassum algae in place [3]. However, since 2011, huge Sargassum strandings have been observed every year on the coasts of the Gulf of Mexico. They have especially been sighted off the coast of Brazil, where their growth is favoured by the ideal climatic conditions and the high concentration of micronutrients [4,5]. The global context of ocean acidification could also contribute to their development [6]. These seaweeds grow each year from April onwards and are then transported by ocean currents along the coast to the Caribbean Sea. Thus, massive amounts of pelagic Sargassum algae regularly invade the Caribbean coasts including Guadeloupe and the Dominican Republic. Unfortunately, there are no signs of this phenomenon abating anytime soon [7,8]. The agglomeration of these seaweeds on the coasts forms vast expanses several hundred meters long and a few tens of centimetres high. The presence of massive Sargassum mats on the Caribbean coasts has major environmental impacts, including the darkening of the coastal seabed and the death of seaweeds and coral reefs attached to it. Local economies, which are heavily dependent on revenues from tourism, shipping, and fishing [9,10,11], are greatly destabilised by such massive Sargassum strandings. A report from the French Agency for Food, Environmental, and Occupational Health & Safety (ANSES) estimates that fishing vessels are deprived of an average of 22 days of sea trips each year. As for tourism, hotels estimate a loss of 40% to 50% of their turnover since the stranding of the Sargassum [12]. Furthermore, because of the accumulation of thick beds of algae on the beaches, without contact with air, Sargassum seaweeds decompose mostly anaerobically releasing toxic gases such as hydrogen sulphide and ammonia. This leads to highly unpleasant smells, which in high concentrations, can result in health problems (fainting, nausea, headache) [13,14].



To deal with this invasion of seaweed strandings, local authorities have been forced to collect Sargassum every year and transport it to spreading zones where it can be fully decomposed and absorbed by soils. Actions have been taken to mitigate adverse effects and efforts have been made to develop forecasting models to predict seasonal Sargassum events in the tropical Atlantic [15], all of which have helped to better manage Sargassum deposits.



Since no solution has been found to avoid seaweed strandings, inhabitants have had to harvest Sargassum each year. This means that finding a way to exploit this freely available and abundant biomass is an important challenge to the local population in the Caribbean. Opportunities in this direction have been identified with the valorisation of Sargassum compounds: some examples are alginates and cellulose as texturing agents for the food industry [16,17]; fucoidans as an immunostimulant [18]; and mannitol and polyphenols in cosmetics for their hydrating and antioxidant properties [19]. Whole Sargassum has been used in animal feed, as bio-based materials, or in civil construction [17,20,21,22,23]. Some studies have shown that for other species of Sargassum (Sargassum linearifolium or fusiforme for example), extracts can have antimicrobial, antioxidant, or antitumor effects [24,25]. Hydrochars from Sargassum muticum could also be used for the recovery of water pollutants [26].



To realize these applications, it is necessary to precisely determine the chemical composition of the seaweeds before developing a local economy based on Sargassum biorefinery. Particular attention must be paid to the composition variation between different harvest zones and years to ensure the economic viability of any valorisation project in the long term. In this context, this study proposes a new analytical approach to investigate the spatial and inter-annual variability in the composition of stranded Sargassum. Several studies have already analysed some chemical compounds from Sargassum spp., usually harvested over a period of one to several years [27,28,29,30]. The originality of this work lies in the comprehensive analysis of all the main families of organic compounds and heavy metals in Sargassum spp. seaweeds. This study may help to identify future sustainable uses for the different molecules isolated from Sargassum.




2. Materials and Methods


2.1. Sargassum Sampling


Nine batches of Sargassum harvested during two different years and in 7 different locations (6 beaches and one port) were studied. The samples were composed of a mix of the three morphotypes Sargassum natans I, natans VIII, and fluitans III, which were not separated due to the harvesting method [12]. Almost all the batches were collected during the summer, which is the period of high seaweed stranding. The different harvesting locations on the same or a nearby island allowed us to check the consistency in the algae composition of each of the samples from the same location. The batches of Sargassum spp. were collected at different sites in Guadeloupe (Figure 1a) or Dominican Republic (Figure 1b) from June 2021 to July 2022 during different seasons (Table 1).



The letters used to name the batches describe the harvest location and harvest conditions, the plant part studied and the conditions of storage, followed by the harvest year. Sargassum was collected on different beaches in Guadeloupe (Gosier, Vieux Habitants, Bouillante, Plage des galets, Capesterre) and in the Dominican Republic (Punta Cana) allowing us to investigate the impact of the geographical zone of stranding. A batch was collected in a seaport (Saint Felix) to investigate the impact of human pollution on Sargassum composition. The impact of Sargassum storage was explored by comparing fresh Sargassum to that stored for one month in an open area under sunlight in Capesterre. The composition of floats was also investigated by comparing the whole Sargassum to floats from the “Plage des galets”.



All the batches were washed with 30 times their volume of fresh water to remove sand, dirt, and sea salt. The samples were then roughly dried under sunlight to prevent decomposition during shipping. All further analyses were performed on these dry samples.



In this study, a general analysis scheme was developed. Figure 2 shows the different analysis protocols for the 9 batches of Sargassum covering a wide range of analytical techniques. This analysis protocol has been designed to answer a number of questions, such as the presence or absence of lignin, as reported in several previous studies, and the correct nitrogen/protein conversion factor to be used in the study of Sargassum.




2.2. Grinding/Screening


The raw biomass was ground using an MF 10 Basic grinder (4000 rpm, grid: 500 µm) (IKA-Werke, Staufen im Breisgau, Germany). The ground Sargassum samples were then sieved (AS 200 Basic sieve shaker, Retsch, Haan, Germany) for 10 min with two sieves with mesh sizes of 800 and 200 µm. The fraction between 200 and 800 µm was collected for further analysis, in accordance with the Sluiter procedure for carbohydrate analysis [31]. One part of the sample was ground again, sieved with a 100 µm mesh size sieve, and stored for mannitol analysis according to the protocol described by Cameron et al. and Zubia et al. [19,32].




2.3. Moisture


Moisture content was determined following the French Standards NF EN ISO 18134-2 procedure [33]. Sargassum samples were dried in an oven at 105 ± 2 °C in an air atmosphere to a constant weight and the percentage of moisture was calculated from the mass loss. Dried samples were stored in a desiccator for further analysis. All the results were adjusted for moisture content and most results are expressed in percentage of the dried weight (%DW).




2.4. Ash


Ash contents were determined following the French Standards NF EN ISO 18122 method [34]. Dried Sargassum samples were calcinated in an oven at 575 ± 10 °C for 8 h. The ash content was then calculated by subtracting the mass loss.




2.5. Carbon, Hydrogen and Nitrogen (CHN)Analysis


Carbon, hydrogen, and nitrogen contents of each Sargassum batch were determined at the Laboratoire de Chimie de Coordination (LCC, Toulouse, France) using a 2400 series II flash combustion analyser (Perkin Elmer, Waltham, MA, USA). Each analysis was performed in duplicate on 10 mg samples.




2.6. Proteins Analysis


2.6.1. Total Protein Content


The protein content was determined by nitrogen titration, according to the French Standards NF EN ISO 3188 (Kjeldahl method) [35]. Ground and sieved Sargassum samples (1 g) were mineralised in 12.5 mL of sulfuric acid (96%) at 400 °C for 1 h in the presence of copper and potassium sulphate catalysts (K2SO4, CuSO4). The generated ammonium ions were titrated using a Kjeltec 8400 analyser unit (FOSS, Hillerød, Denmark) and converted into ammonia by adding NaOH (40%) solution. Ammonia was then distilled by steam distillation, collected in a boric acid solution (1%), and titrated against HCl (0.200 N) with methyl red and bromocresol green indicator. The Kjeldahl nitrogen content (%NKjeldahl) was calculated from the following formula (Equation (1)):


  %   N   Kjeldahl   =  100 ×        V   HCl   −   V   Blank     ×   C   HCl   ×   M   N       m   sample    ( 100 − % moisture )     



(1)




where VHCl is the equivalent volume of HCl injected during titration, CHCl is the concentration of HCl, MN is the molar mass of nitrogen, msample is the mass of the sample, and %moisture is the moisture content of each sample. The Kjeldahl protein content is obtained by multiplying the organic nitrogen content by the factor 6.54, as explained in Section 4.2.




2.6.2. Amino Acids


Total Amino acid contents were determined following the Commission Directive 9864EC of 3 September 1998 [36]. Crude Sargassum samples (msample = 0.250 g) were hydrolysed in an acidic solution (HCl, 6 N) of phenol (1 g·L−1) at 103 °C for 23 h. The pH of the solution was then adjusted to 2.20 by adding NaOH (1 M and 7 M) and the volume was made up to Vsample = 100 mL by adding a buffer. After filtration (PTFE filter; 0.45 μm), the sample was analysed by HPLC (Biochrom 20+ amino-acid analyser, Biochrom Ltd., Cambridge, UK) equipped with a PEEK 200 × 4.6 mm column (8–9 µm cationic sulphonated polystyrene beads) and a precolumn system (10 cm) packed with a sodium-based cation exchange resin. The different amino acids were titrated after reacting with ninhydrin and detected by photometry: at 440 nm for proline and 570 nm for the other amino acids.



Prior to hydrolysis, cystein and methionin were oxidised by an aqueous solution of phenol (1 g·L−1) and performic acid for 24 h at 0 °C to form cysteic acid and methionine sulphone. The unreacted oxidant was then decomposed by adding an excess of sodium metabisulphite. Then cysteic acid and methionine sulphone were hydrolysed and analysed as previously described.



The concentration of each amino acid (CAA) was determined for each using a standard range. The amino acid content was then calculated using the following formula (Equation (2)):


  % A A =   100 ×   C   A A   ×   V   s a m p l e         M   A A   −   M     H   2   O     ×   m   s a m p l e   × ( 100 − % m o i s t u r e )    



(2)




where MAA is the molecular weight of the amino acid, MH2O is the molecular weight of water, and %moisture is the moisture content of the sample.



The molecular weight of water was subtracted from each amino acid’s molecular weight to compensate for the addition of water during hydrolysis.



The nitrogen content of the amino acid was calculated using the following formula (Equation (3)):


    % N   A A   = 100 ×     ∑  i        n   i     M   N   × %   A A   i       ( M     A A   i     −   M     H   2   O   )       % A A    



(3)




where ni is the number of nitrogen atoms in the amino acid and MN is the atomic weight of nitrogen.





2.7. Lipids Analysis


2.7.1. Total Lipid Content


The total lipid content was determined by the Folch method [37]. Lipids from Sargassum samples were extracted twice with CHCl3/MeOH (seaweed/solvent ratio: 1/10 w/v) in 2:1 v/v. The extract was then de-mixed by adding NaCl (5%) solution (1:5 v/v) and the organic layer (lower phase) was collected. All the volatile molecules present were then removed by vacuum treatment to obtain the lipid extract. Lipid yields were determined gravimetrically. Extract samples were stored at 4 °C in sealed glass containers for further experiments.




2.7.2. Fatty Acids Profile


The fatty acid composition was determined from the obtained total lipid extract using the Folch method as described in Section 2.7.1. To each lipid extract sample, 50 µL of pentadecanoic acid (C = 10.05 mg·mL−1) was added as an internal standard for FAME (Fatty Acid Methyl Esters) quantification. The extract was then dissolved in methyl tert-butyl ether (MTBE) and derivatised following the French Standard NF EN ISO 12966-3 procedure [38]. Fatty acids were transformed into the corresponding methyl esters by trimethyl sulfonium hydroxide (TMSH, 2M) in methanol (MeOH). Samples were analysed using GC 3900 gas chromatography/flame ionisation detection (GC/FID) (Varian Medical Systems, Palo Alto, CA, USA) with a column (WCOT- silica fused CP-Select CB for FAME, Agilent, dimensions 50 m, 0.25 mm, 0.25 μm). The injector was maintained at 250 °C and the oven was programmed to 185 °C for 30 min, followed by heating to 250 °C at the heating rate of 15 °C·min−1 and held for 10 min. The carrier gas was helium with a flow rate of 1.2 mL·min−1 inside the column. The injected volume was 1 µL with a split mode of 1:100. FAME was identified by comparing with a mixture of standards (Supelco 37 Component FAME Mix, Sigma Aldrich, Saint-Louis, MO, USA). Results were expressed quantitatively as pentadecanoic acid equivalents, which were then used to calculate the fatty acid content in the dry seaweeds, as well as their proportion in the lipid extracts.





2.8. Structural Carbohydrates


2.8.1. Glucan, Fucan


Structural carbohydrate content was determined following the Sluiter procedure (or NREL (National Renewable Energy Laboratory) protocol) [31]. Starting from ground and sieved Sargassum, the extractable compounds were first removed using the Fibertech 1020 (FOSS A/S, Hillerød, Denmark) extraction system. Two extractions were performed, first with boiling deionised water and then with boiling ethanol (technical grade, 96%), both for 1 h (Figure 3). Extracts were stored at −20 °C for further analysis. The solid residue obtained at the end of the extraction was dried at 60 °C. A known weight (300 mg) of the solid residue was added into 4.92 g (3.00 mL) of H2SO4 (72%) at 30 °C and stirred manually every five minutes using a PTFE rod for 1 h. The concentration of H2SO4 was then lowered to 4% by adding 84.00 mL of water. The mixture was heated at 121 °C in an autoclave for 1 h. The resulting solution was filtered, whereupon, an acid-insoluble residue (AIR) and a filtrate were obtained. The latter was neutralised to pH 5–6 by adding solid CaCO3 followed by filtration through a 0.22 µm cellulose filter to remove CaSO4 precipitate. Structural carbohydrates were measured in the filtrate by HPIC: HPIC ICS 3000 Dionex chromatograph with a Carbopac PA1 column (D = 4 mm; L = 250 mm) and a Dionex PAD detector (Dionex Corporation, Sunnyvale, CA, USA). The mobile phase was an aqueous solution of NaOH (1 mM) and the flow rate was 1.0 mL·min−1. Standard curves for each carbohydrate were prepared using glucose–fucose mixture solutions in two concentration ranges of 0.10–1.00 g·L−1 and 0.50–5.00 g·L−1. The glucan and fucan contents were calculated by multiplying the glucose and fucose content by 0.90 and 0.89, respectively, to compensate for the addition of one molecule of water during the hydrolysis step [31].




2.8.2. Spectroscopic Analysis of the Acid-Insoluble Residue


Solid samples of lignin, lignin AIR, sodium alginate, alginate AIR, and Sargassum AIR were analysed by IR spectroscopy using Perkin SPE 263 IR spectrometer (PerkinElmer, Waltham, MA, USA). To identify the composition of this residual matter, IR and UV spectroscopy were performed and the spectra of Sargassum AIRs were compared with those of different pure commercial products (sodium alginate and lignin Organosolv) and their AIRs. The samples were prepared by mixing them with KBr and pressing them into disks. Spectra were recorded with 64 scans in the wavenumber range from 4000–400 cm−1 with a resolution of 4 cm−1.



UV-visible spectroscopy was performed with a UV 1800 spectrophotometer (Shimadzu, Kyoto, Japan) in the wavelength range between 220 and 400 nm. Solutions of lignin, lignin AIR, sodium alginate, alginate AIR, and Sargassum AIR were prepared by dissolving the corresponding solids in 1 M NaOH for 1 h followed by filtration. A 1 M NaOH solution was used as the blank.




2.8.3. Alginates


The alginate content was determined following the protocol reported by Perez et al. [39]. A dried sample of Sargassum was washed (1:5 w/v) with 5% formaldehyde in water overnight at room temperature and stirred (1:50 w/v) three times with 2.0 N H2SO4 for 4 h at 30 °C. After a quick wash with deionised water, the sample was extracted (1:50 v/w) three times using 4% Na2CO3 for 2 h at 50 °C. The liquid phase was collected and the pH was adjusted to seven with 2 N HCl. Alginates were then precipitated by adding a 10% CaCl2 solution (1:1 v/v). After centrifugation at 10,000× g for 10 min at room temperature using a 6–16K refrigerated centrifuge (Sigma-Aldrich, Saint-Louis, MO, USA), the residues were collected and suspended in deionised water (1:20 w/v) and the pH of the solution was adjusted to two by adding 0.2–2.0 N HCl. The mixture was then stirred for 3 h at room temperature, after which it was centrifuged (10,000× g, 10 min). The residue was collected and suspended in deionised water (1:20 w/v) and solid NaOH was added to raise the pH to 10. Absolute ethanol (1:2 v/v) was then added to the resulting mixture, which was then stirred for 6 h in an ice bath. Finally, the solution was centrifuged (10,000× g, 10 min) and a white/brown solid was collected. The yield was calculated from the mass of the dried solid.





2.9. Mannitol


The mannitol content was determined following the protocol adapted from Cameron et al. [32]. 100 mg of crushed and sieved seaweed sample (<125 µm) was stirred in 5 mL of 0.1 N H2SO4, after which 5.00 mL of 0.100 N HIO4 was added. The resulting mixture was stirred for exactly 1 min and 20 mL of 4 N H2SO4 and 2.5 g of KI were added. The iodine formed was titrated with 0.250 M Na2SO3 solution.




2.10. Polyphenols


The Total Phenolic Contents (TPC) of the different Sargassum samples were determined by the Folin–Ciocalteu test in the aqueous or ethanolic extract obtained in NREL analysis. Briefly, in each well of a 96-well plate, 20 µL of a sample or Gallic Acid (GA) standard (10–80 mg·L−1) was added, followed by the addition of 10 µL of Folin–Ciocalteu reagent. After shaking for 10 s, 170 µL of 2.36% Na2CO3 was added and the absorbance was read at 760 nm after 45 min incubation at 45 °C. Readings were performed in eight wells for each sample, and four wells for each concentration of GA using a SPECTROstar nano (BMG Labtech, Ortenberg, Germany) spectrometer.




2.11. Elemental Analysis


As, Cd, Co, Cr, Cu, Hg, Ni, Pb, and Zn concentrations were determined by iCAP Q ICP-MS (Thermo Scientific, Waltham, MA, USA) at the AETE-ISO platform (OSU OREME/Université de Montpellier, France). A total of 100 mg of dried seaweed was mixed with 3 mL of 65% nitric acid and 1 mL of 35% H2O2. The samples were then heated in an open container at 150 °C for 2 h, followed by heating in a closed container overnight at the same temperature. After drying at 85 °C, the samples were resuspended in 10 mL of 1% (v/v) HNO3 in ultrapure water. The protocol was validated by analysing a certified reference sample.




2.12. Statistical Analysis


The compositions of the samples were statistically analysed for each of the components. All analyses were performed in triplicate (except for CHN analysis which was done in duplicate), and the mean and standard deviation (SD) values are reported. Significant variations between samples were analysed by one-way analysis of variance (ANOVA) except for heavy metal and CHN analyses. To check the normality of the residual data, the Shapiro–Wilk test with a significance level of alpha = 0.05 was employed. Additionally, homoscedasticity was assessed using Levene’s test on the median with alpha = 0.05. For multiple comparisons, Tukey’s HSD (Honestly Significant Difference) test was used. Statistical analysis was performed with XLSTAT 2014.5.03 software.





3. Results


The main results of the analyses are presented (Table 2) and discussed in detail in the following sections.



3.1. Proximate Analysis


The data in Table 2 show that there is little variation in the carbon and hydrogen contents between the different batches: the carbon contents varied from 36.82 to 38.89% for samples from Bouillante and Plage des Galets, respectively; for hydrogen, a variation from 5.39 to 6.59% was seen for samples from Le Gosier and Saint-Félix, respectively. However, nitrogen contents showed higher relative variations (0.86% for floats from Plage des Galets to 1.39% for stored Sargassum from Capesterre), which is mainly attributed to differences in protein content.




3.2. Proteins


The organic nitrogen content and protein content are reported in Table 2. The total amino acid (after removing the molar mass of one molecule of water from the molar mass of each free amino acid) for each batch of Sargassum is also included.



The variation in the total quantity of amino acids in the different batches is highlighted (Mean: 5.27%, SD: 0.79%). The floats (MGbfn22) had lower amino acid contents than the other batches. However, the amino acid profiles presented in Figure 4 indicate a similar amino acid composition in all batches including the float batch.



For all the batches, a similar variation was observed between total amino acid and Kjeldahl nitrogen contents (Table 2). A good correlation (Figure 5a) between total amino acid and Kjeldahl Nitrogen with a negligible intercept (b = 0.07%) compared to the amino acid titrated (between 3.86% and 6.32%) was indeed found (R2 = 0.9621). However, a poor correlation (Figure 5b) between total amino acid and total nitrogen from CHN analysis was observed (R2 = 0.7762).




3.3. Lipids


The total lipid content and the fatty acids profiles of the different batches are reported in Table 2 and Table 3. Gravimetric measurements showed that the total lipid content represents only a small proportion of the Sargassum (1.10% DW at most) and there is considerable variation in lipid content (Mean: 0.71%, SD: 0.30%) between the different batches. Lower lipid contents were observed for the late-season Sargassum batch (GBbwn22) and those in the floats (MGbfn22).



The percentage of free fatty acids and triglycerides in the dry matter of the Sargassum was seen to be very low (a FAME content of 0.03% to 0.34%). The majority of the fatty acids are saturated (49.42–74.93%), with the most present fatty acid being palmitic acid (35.11–57.33%).




3.4. Structural Carbohydrates


Structural carbohydrates were the principal components of Sargassum (24.84–30.42%) (Table 2). Glucan was the most important carbohydrate polymer (14.59–22.00%), followed by fucan (8.21–12.63%). The weight percentages of acid-insoluble residue after hydrolysis are given in Table 2. It is seen that AIR represents an important fraction of the Sargassum with little variation between the different batches (23.2–26.4%).



Infrared spectra in the range 1800 to 950 cm−1 are shown in Figure 6a for Sargassum AIR, commercial sodium alginate/lignin Organosolv, and their respective AIRs. A band at 1710 cm−1 indicating the presence of non-conjugated C=O bonds, and a band at 1620 cm−1 characteristic of conjugated C=O bonds, were present in all the studied products, except in commercial alginates. In commercial sodium alginate, a band at 1600 cm−1 corresponding to the asymmetric vibration of carboxylate groups was observed. This band was accompanied by another band at 1415 cm−1, corresponding to the symmetric vibration of carboxylate groups [40]. The three bands characteristic of lignin, at 1505 cm−1 (C=O stretching, conjugated with aromatic ring), 1450 cm−1 (C-H deformation in methyl and methylene groups), and 1420 cm−1 (aromatic C-H plane deformation) were observed both in commercial Organosolv lignin and lignin after hydrolysis [41].



UV-vis absorption spectra in the wavelength range from 220 to 400 nm of all the studied products are shown in Figure 6b. Commercial alginates did not present any absorption maximum in this wavelength range. Two absorption peaks at 244 nm and 293 nm were observed in Organosolv lignin and AIR Organosolv lignin samples. Alginates AIR and Sargassum AIR showed an absorption maximum of 264 nm. A peak at 333 nm was also detected in Sargassum AIR.



Alginate contents in the different Sargassum samples are summarised in Table 2. The highest alginate content of 30.19% DW is seen in seaweeds harvested at Bouillante in January 2022; this is significantly higher (p < 0.05) than those observed for the other samples from that year. No significant differences in alginate content were noted between the other samples. The storage duration and the part of the plant studied (floats or whole plant) seem to have had no effect on the alginate content.




3.5. Mannitol


The mannitol contents of the different Sargassum samples ranged from 1.60% to 2.80% DW (Table 2). No significant differences (p < 0.05) were found between the samples harvested from different locations and during different years, or between Sargassum freshly harvested (MCbwn22) or stored for a month (MCbws22). However, the floats (MGbfn22) contained significantly less mannitol than the whole plant (MGbwn22) (1.60 and 2.53%, respectively).




3.6. Polyphenols


The TPC values measured in the aqueous extracts prepared following the NREL protocol are presented in Table 2. TPCs ranged from 7.45 to 11.02 mg·g−1 GAE and showed significant differences (p < 0.05) within the same year. The floats had significantly fewer polyphenols than the whole plant. However, there were significant differences between the freshly harvested batch of algae and that which was stored for several weeks.




3.7. Elemental Analysis


Table 4 shows the concentrations in Na, Mg, S, and Ca and As, Cd, Co, Cr, Cu, Hg, Ni, Pb, and Zn in Sargassum samples. For Na, Mg, Ca, and S, the contents ranged from 1–12 g·kg−1 DW; the values did not vary much between batches. Concerning heavy metals, the samples showed similar elemental compositions. However, for some elements (Cr, Cu, Pb, Zn, As), one or more batches had concentrations that were 2 to 10 times higher than the others. For example, batches GFpwn22 and MGbwn22 had arsenic concentrations about four times higher (86 and 89 mg·kg−1, respectively) than the other batches (16–19 mg·kg−1), while GVbwn21 and GBbwn22 had concentrations of arsenic twice as high (48 and 53 mg·kg−1, respectively). The same trend was seen for zinc (48 and 59 mg·kg−1 for GLbwn21 and DPbwn21, up to 10 times higher), chromium (2 mg·kg−1 for GFpwn22, 3 to 4 times higher), or lead (1.5 mg·kg−1 for MGbfn22, 2 to 8 times higher). Mercury, on the other hand, was present in concentrations thirty times lower than the other metals.





4. Discussion


For the potential commercial exploitation of Sargassum seaweeds, it is important to know their composition and to check whether there are variations in composition depending on the area of collection or when they were collected. The average composition of the nine seaweed batches is shown in Figure 7. In accordance with previous studies [28,42], the main components of seaweed are carbohydrates, followed by ash. The high standard deviation reported for structural carbohydrates originates from an interannual variation; this aspect will be discussed in greater detail in the following sections.



Many of the variations observed between batches in this study can be attributed to differences in morphotype composition. Indeed, the batches of Sargassum spp. were made up of the natans I, natans VIII, and fluitans III morphotypes. The proportion of these three morphotypes can vary over time at the same stranding site and similarly over the same period at different sites [43,44,45,46]. Studies by Davis et al. and Ortega-Flores et al. have shown that differences in composition between these three morphotypes may occur in structural polysaccharides, mannitol, and heavy metals contents for example [47,48].



4.1. Proximate Analysis


The obtained nitrogen, carbon, and hydrogen contents in dried Sargassum are similar to those reported for batches analysed in the same year (C = 34.15%, H = 3.23%, N = 1.41%) [49] but very different from batches analysed in 2019 (C = 27.41%, H = 3.13%, N = 1.71%) [27]. These differences point to the significant yearly variation in the composition of algae.



In addition, the observed C/N ratios are very high (27–41) indicating low nitrogen content. This low nitrogen content could be a hindrance to the rapid degradation of the algae when they are spread [50].




4.2. Protein


In order to determine the protein content in the samples, three different methods were used and compared: amino acid determination, organic nitrogen by the Kjeldahl method, and total nitrogen by CHN analysis. Amino acid determination is a direct method to estimate the protein content and has been recommended by the Food and Agricultural Organisation of the United Nations [36]. The observed amino acid contents in this study (between 4.4% and 6.3%) were slightly higher than those reported by Milledge et al. (2020) (4.2%). Similarly to Milledge et al. in 2020, lower relative contents of histidine and tyrosine were measured in this study [27]. A very low tryptophan content (0.04% DW) has also been reported by Milledge et al. indicating that this amino acid is present in negligible amounts in Sargassum algae. Therefore, this amino acid has not been determined in this work. The amino acid determination method is long and expensive and tends to slightly underestimate the protein content due to the degradation of amino acids during hydrolysis [51]. Using this method, an estimated organic nitrogen %NAA content in the amino acids of the Sargassum was obtained to be in the range of 14.6% to 15.5% (excluding the float batch). The inverse of this nitrogen rate yields the nitrogen–protein conversion factor (Nprot) for Sargassum [52]. The Nprot value obtained in this study is 6.54, which is higher than the value of 4.56 reported by Angell et al. for brown algae [53].



The Nprot value of this study was subsequently used to determine the protein content from the total organic nitrogen determined by the Kjeldahl method. In this way, the protein content of Sargassum was estimated to be in the range of 5.6–7.7% and was lower (4.8%) only in the floats. The Kjeldahl method has many advantages over the amino acid method in that it is fast and affordable, extremely accurate, and does not underestimate the protein content as the amino acid method does. Indeed, in this method, all the organic nitrogen is converted into ammonium and then titrated. However, this method has two disadvantages: first, it requires prior knowledge of the protein–nitrogen conversion factor, which must be estimated by determining the amino acid profile of the sample. Secondly, in this method, all “Kjeldahl” nitrogen including proteic and non-proteic, and ammonium ions, are titrated. The high correlation found between the total amino acid rate and the organic nitrogen rate (Figure 5a; y = 0.0017x + 0.0007; R2 = 0.9621) confirmed that the estimated Kjeldahl nitrogen originated exclusively from proteins and not from a non-proteic source. Since the intercept of this correlation was negligible compared to the nitrogen rate in each batch (between 0.9% and 1.2%), we can estimate the nitrogen content using this method without risking significant bias due to a non-proteic nitrogen source. Using this method, Mohammed et al. [54] reported %NKjeldahl content of 0.75% and Gordillo Sierra et al. [55] reported 1.20%. These contents are comparable to the values proposed in this study (0.74–1.18%). Using the two methods described above, no clear inter-annual variation was detected in protein levels.



The third method to estimate the protein content of Sargassum is to use the total nitrogen value of Sargassum obtained in CHN analysis and multiply it by the previously determined nitrogen–protein conversion factor. However, unlike the Kjeldahl method, which only determines the organic nitrogen (excluding nitrogen bonded with oxygen such as nitrates/nitrites, or another nitrogen) [35], the CHN analysis includes the total nitrogen content, both organic and inorganic. Indeed, when using this method, a lack of correlation was observed between the rate of amino acid and total nitrogen (Figure 5b; y = 0.0017x + 0.0018, R2 = 0.7762); thus, the CHN analysis did not allow to estimate the protein content in Sargassum.



The implementation of three methods has brought complementary information for measuring protein content in Sargassum. The protein content of Sargassum is of the same order of magnitude as that of legumes [56]. These proteins can be valorised as high added-value compounds in the medical field [57].




4.3. Lipids


The total lipid content of the Sargassum was low; both floats (MGbfn22) and late season Sargassum (GBbwn22) had lower lipid contents than the other batches, while no difference was found in general between samples from 2021 and 2022. The total lipid contents found in this study were similar to those reported by Gordillo et al. in 2022 (1.33%) [55], on Sargassum harvested in the same year, and extracted using the same method (April 2021). Ginneken also reported similar rates for samples harvested in 2011, using the same method [58]. However, Milledge et al. have reported higher contents (3.58%) [27]. These differences may be due to the different extraction solvents MTBE/MeOH. In the same way, Mohammed et al. found a much lower lipid content (0.01%) when using petroleum ether as the extraction solvent [54]. Thus, it may be useful to share a common lipid extraction method between studies so that results can be compared.



In accordance with the previous reports of Milledge et al. [27] and Ginneken et al. [58], the majority of fatty acid found in all batches was palmitic acid. However, the contents of polyunsaturated fatty acids measured in this study (4.51–22.33%) were lower than those of Milledge et al. (29.3%) and Ginneken et al. (31%). Docosahexaenoic acid (DHA) was not found in any of the batches in this study, whereas this acid has been described in the lipid profiles reported by both Milledge et al. (6.44%) and Ginneken et al. (13%). Auto-oxidation of DHA during drying by direct exposure to sunlight could explain why no DHA was observed in the lipid fraction [59]. This phenomenon has already been observed with Porphyra umbilicalis and Ulva fenestrate seaweeds, which presented an important diminution of fatty acid content, especially PUFAs, when stored under light exposure compared to dark storage [60]. The effect of temperature could also involve the degradation of sensitive lipids, and it has been shown that the storage at ambient temperature of Laminaria digitata and Palmaria palmata seaweeds leads to the oxidation of PUFAs [61].



Quantification of the fatty acid contents by adding pentadecanoic acid as an internal standard allowed us to confirm that fatty chains represented only a small amount of the total lipids. Indeed, many metabolites may have been extracted along with the fatty chains by chloroform. It has been reported that chloroform maceration (50 °C, 24 h) on Sargassum muticum resulted in a low extraction yield (2.1%) and mainly resulted in the extraction of chlorophylls (426.8 µg·g−1 DW) and xanthophylls (1105.1 µg·g−1 DW) [62]. Chlorophylls were also extracted from Sargassum natans (chlorophyll a: 538 ng·mg−1 DW; chlorophyll c: 42 ng·mg−1 DW) and Sargassum fluitans (chlorophyll a: 439 ng·mg−1 DW; chlorophyll c: 37 ng·mg−1 DW) [63]. The presence of chlorophylls could also explain the green colour of the lipid extracts when using the Folch method.



Despite the low lipid content, it would be interesting to recover the lipidic fraction as part of a biorefinery. To preserve PUFAs, particularly DHA, it is essential to minimise any oxidation process that would alter their properties.




4.4. Structural Carbohydrates


Structural carbohydrates are major constituents of Sargassum [64]. Structural glucose content can be attributed to cellulose and laminarins, while structural fucose is associated with fucoidans. As was previously observed by Machado et al. [45], a low variability in structural carbohydrate content was found with respect to harvest site or storage. Furthermore, floats also showed the same structural carbohydrate content as the rest of the algae. However, a slight difference in glucan and fucan content was noted between Sargassum collected in 2021 and 2022. The 2021 batches showed a slightly lower glucan content but a somewhat higher fucan content than the 2022 batches. Other studies have reported lower contents of structural carbohydrates in Sargassum; Del Rio et al. reported 15.32% structural carbohydrates (10.18% glucan, 1.64% xylan, 2.69% galactan, 2.42% mannan, 6.00% fucan) in Sargassum muticum [65]. In 2021, Aparicio et al. reported similar contents in Sargassum spp. (Glucan 10.4%, Galactan 4.34%, Fucan 6.77%) [66], which was also confirmed by Bonilla Loaiza et al. in the following year (glucan 11.64%, galactan 0.99%, fucan 3.18%) [67].



Alginates also constitute a significant portion of structural carbohydrates and showed a similar trend to those observed for glucan and fucan carbohydrates. No difference was observed between the floats and whole algae. In addition, the harvesting site and the storage of the algae did not influence the alginate content. However, for all the batches, the alginate contents in 2021 were higher than in 2022, showing a significant annual variability in the alginate content of Sargassum algae. Values of alginate contents reported in this study are in-between those reported by Mohammed (17% for Sargassum spp., Trinidad island) [54] and Rhein–Knudsen (30%, for Sargassum natans, Ghana) [68].



As polysaccharides form the main fraction of Sargassum, they are the compounds of choice for adding value to this seaweed. Alginates can be easily extracted at a larger scale to be used as thickeners [69,70] and as an extracting agent for the depollution of water [71]. However, it is important to keep in mind that Sargassum alginates need to be treated to eliminate the heavy metals they contain.



Moreover, sulphated polysaccharides such as fucoidans have shown hepatoprotective and cytoprotective activities [72,73], while laminarins have anti-tumour, anti-inflammatory and anti-coagulant properties [74,75].




4.5. Acid-Insoluble Residue


Following the hydrolysis of the Sargassum, an acid-insoluble residue was recovered. This residue constitutes a significant mass fraction of the Sargassum, and has therefore, already been described by other authors; AIR contents ranging from 25 to 32% have been reported [49,65,66,67,76]. Alzate-Gavira et al. [76] and Olguin-Maciel et al. [49]. considered this fraction to be lignin or a “lignin-like” material. Indeed, based on the National Renewable Energy Laboratory (NREL) analytical procedure [31], the AIR is considered to be lignin, in the form of klason lignin [77]. However, it can be noted that this protocol was designed to analyse lignocellulosic materials, which is not the case of Sargassum. Therefore, it is not clear as to whether the AIR of Sargassum should be considered as lignin. Currently, no lignin has been found in brown algae, and the lignin-like compounds reported in the literature are controversial [78].



Before hydrolysis, infrared and UV-visible spectra of lignin samples showed characteristic bands (1520 cm−1, 1450 cm−1, 1420 cm−1; 293 nm; 244 nm). These bands have also been described in the literature and have reportedly been observed in hydrolysed lignin [41,79]. However, these bands were not observed in the spectra of Sargassum AIR. When comparing Sargassum AIR with alginate and alginate AIR samples, the infrared band at 1600 cm−1 that appeared in the spectrum of commercial alginates was not found in AIR alginates; this result is attributed to the acid treatment of the sample. However, the presence of a band at 1620 cm−1 in the spectra of both AIR alginates and Sargassum AIR indicates the possible presence of alpha-beta unsaturated ketone, a likely product of the degradation of alginates during hydrolysis. Furthermore, an absorbance peak at 264 nm was observed in the UV-Vis absorption spectrum of AIR alginates, which was not found in the spectrum of commercial alginates. This further confirms the hypothesis of alginate degradation. Previous works have reported similar degradation processes for alginates under different conditions (gamma irradiation) [80,81], where the observed absorption maximum at 265 nm was attributed to degraded alginate species. Finally, the similarities between the UV-Vis and IR spectra of AIR alginates and AIR Sargassum also indicate that the residue obtained after hydrolysis in the NREL protocol was not lignin, but constituted by degraded alginates.




4.6. Mannitol


The mannitol contents in the different batches were found to be lower than those reported by Davis et al. who reported values between 0.12 and 0.7% DW depending on species [47]. Borines et al. have noted a higher concentration (5.04% DW) [82]. Mannitol is one of the most abundant products of photosynthesis in brown algae and is mainly used in carbon storage as a soluble carbohydrate [83]. The observed difference in mannitol concentration between the floats and the other batches might be explained by its washing out of the cell tissues. Indeed, the floats batch was directly harvested in “Plage des Galets” and not separated from whole seaweeds; this means that the original plants were degraded enough to be separated from their floats [84]. It has been reported that the proportion of mannitol varied according to the time of year, with a maximum in winter during the growth phase of the algae [19]. However, in this study, no significant difference in mannitol was observed for the batch harvested in January (GBbwn22) as compared to the other batches.



It is worth noting that the method developed by Cameron et al. (1948) for mannitol determination [32] does not require prior extraction and is found to be efficient for the direct and rapid analysis of raw algae. Moreover, this method uses a correction coefficient to consider the co-oxidation of compounds other than mannitol. The mannitol content of Sargassum seaweed is relatively low; however, as mannitol is a sweetener that is frequently used in the medical and food sectors [85], in a biorefinery context it is possible to add value to a mannitol-containing fraction.




4.7. Polyphenols


Phlorotannins are secondary algae metabolites with interesting properties as antitumor and antioxidant activities [86]. The TPCs found in this study were generally higher than those reported in the literature: Saldarriaga-Hernandez et al. found a TPC in the range 0.2 to 3.11 mg·g−1 GAE depending on the extraction method, while Davis et al. reported 1.20 to 3.11 mg·g−1 PGE and Paredes-Camacho et al. 4.35 mg·g−1 GAE for washed algae [28,47,87]. Only Milledge et al. reported a higher value with 29.5 mg·g−1 PGE for a mixture of natans and fluitans [27]. Indeed, drying treatment of the biomass by sunlight could involve variability in the TPCs. On one hand, it has been reported higher TPCs content after freeze-drying than oven-drying or solar-drying treatment in Australian Sargassum, Sargassum fusiforme, and Sargassum muticum, explained by the degradation of polyphenols because of the irradiation and the temperature [88,89,90]. On another hand, Sargassum duplicatum seems to provide better TPC after a sun-drying and oven-drying than a freeze-drying treatment [91]. Moreover, no significant TPC variation was found in Durvillaea antarctica depending on the drying treatment [92]. Since no clear effect of the drying treatment of Sargassum on the TPCs has been established, the solar-drying method leads to TPCs comparable with previous studies.



In seaweeds, phlorotannins play several physiologic roles: studies have shown that in addition to their structural function at the beginning of algae growth, phlorotannins also have antimicrobial and defence properties against herbivores, UV and oxidative stress [86,93]. Thus, they are more present during the warmer seasons. However, several other physicochemical parameters in the growth of seaweeds could induce inter-annual and inter-species variations [93,94]. The higher TPC values in this study may be due to oxidative stress from partial dehydration of the algae on the beach before harvesting and during drying.




4.8. Elemental Analysis


In general, the contents of heavy metals measured in this study were within the same ranges as described by Ortega-Flores et al. (2022) who analysed results from 12 different studies [48]. However, the chromium concentration was higher than those found in other works [47,95].



Alginates are known to chelate heavy metals and other divalent or trivalent ions through their carboxylate groups, forming “egg boxes”. However, the capacity of absorption is modulated by the pH (the alginic acid formed has a much lower absorption coefficient), the presence of other metals, and the affinity of alginates for the different metal species present [96,97]. Another site for metal uptake could be sulphonate groups of fucoidans, which are present in large quantities in the cell walls of brown algae [48].



No link between pollution of the harvesting areas and the detected heavy metal contents in the batches was found. For example, the Saint-Felix harbour might be considered polluted due to anthropogenic discharges linked to fishing vessels [98]. However, it showed metal concentrations similar to other batches, except for arsenic or chromium. The batches from “Plage des Galets” also showed high contents of arsenic or lead despite lower levels of apparent pollution sources. This lack of correlation may be due to the absorption kinetics of seaweeds. Interestingly, work on Sargassum thunbergii showed that accumulation was visible only after three days of contact with a solution containing metal ions [99]. The variation in heavy metal content in the algae would therefore be due to pollution encountered by the floating mats during their growth and movement.



The high heavy metal content hinders the valorisation of the algae. In this regard, both national and international regulations have defined limits to the concentration of metals in algae for certain uses, such as fertiliser or animal feed. For example, European Commission Regulation (EU) 2019/1869 of 7 November 2019 sets limits of 10 mg·kg−1 for arsenic, 10 mg·kg−1 for lead, and 0.1 mg·kg−1 for mercury in complete feeds entirely from seaweed (%DW = 88%) in the European Union [100]. All the batches studied (Table 4) exhibit an arsenic content that is too high to be used as animal feed.



The implementation of a seaweed biorefinery process would make it possible to generate high added-value fractions free of heavy metals. Indeed, when alginates are extracted, their transformation into alginic acid and then into sodium alginate would enable toxic cations to be replaced by sodium ions.





5. Conclusions


This study was carried out to determine the variation in composition of various batches of Sargassum spp. seaweeds depending on the area and year of harvest. In accordance with previous works, it was shown here that the seaweeds are mainly composed of alginates (17.75–30.19% DW), glucan (14.59–22.00% DW), minerals (14.48–19.86% DW) and fucan (8.21–12.63% DW). They have low contents of lipid, mannitol, and polyphenol (0.40–1.10% DW, 1.95–2.80% DW, and 7.45–11.02 mg·g−1 GAE, respectively). Fatty acid profiles of the Sargassum lipid extracts showed that the major fatty acid is palmitic acid. In addition, there are great similarities between the different batches of algae. By using this analytical method, the nitrogen/protein conversion factor was determined to be 6.54, which is specific to Sargassum spp., and is quite different from values proposed in previous studies. It also has been identified that the acid-insoluble residue was not lignin but a degradation product of alginates. Finally, high contents of toxic heavy metals were found in the Sargassum, with some batches exceeding European standards for animal feed. The concentration of these metals does not seem to depend on the location of harvest (localised pollution).



This study has shown that structural carbohydrates (glucan, fucan, alginates) show little variation depending on where they are collected; although there was a greater difference depending on harvesting year. The other analytes, present in smaller quantities, show greater variability in their levels, which can vary up to a factor of four (lipids). Analysis of the floats showed a composition similar to that of the rest of the algae. Seaweed storage in the spreading zone did not seem to alter their composition. In summary, the variability in the composition of the algae does not appear to be a hindrance to their future exploitation but the presence of high levels of heavy metals can hinder their use in certain applications (materials, animal feed, fertilisers, etc.), except for energy recovery. A solution could lie in the choice of processes used in the biorefinery to separate them from the fractions of interest.
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Figure 1. Localities in the Caribbean where the different batches of Sargassum seaweed were collected: Guadeloupe (a) and Dominican Republic (b). (Map background: d-maps.com). 
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Figure 2. Graphical abstract of the characterisation scheme showing all the analytic steps of each protocol implemented in this study for the analysis of ashes, structural carbohydrates, alginates, mannitol, crude lipids, fatty acids profiles, polyphenols, mannitol, heavy metals, organic nitrogen (Kjeldahl), amino acids profiles, and CHN content. 
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Figure 3. Schematic representation of the NREL protocol, consisting of water and an ethanol extraction, used to determine the polyphenol content by Folin’s method, followed by acid hydrolysis, which gives a filtrate in which depolymerised structural carbohydrates are analysed by HPLC-DAD, and a residue, analysed by IR and UV-visible spectrometry. 
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Figure 4. Relative amino acid profiles (%) of the nine Sargassum batches represented with different colors for each batch. Standard deviations are represented on the histogram for each value. 
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Figure 5. Linear regression between %AA and %NKjeldahl (a) and %AA and %NCHN (b). 
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Figure 6. Infrared (a) and UV-vis (b) spectra of commercial alginate, commercial alginate AIR, Sargassum AIR, lignin Organosolv, and lignin Organosolv AIR. Dashed lines correspond to similar wavenumber or wavelength peaks between different samples. 
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Figure 7. Average composition of the nine seaweed batches (Mean ± SD). 
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Table 1. Description of the nine batches of Sargassum seaweeds. XX: sampling area, b/p: harvested on a beach/port; w/f: whole plant/floats; n/s: native/one-month stored; 2X: year of sampling.
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	Sample Code
	Location of Harvest
	Harvest Date





	DPbwn21
	Dominican Republic, Punta Cana
	October 2021



	GLbwn21
	Guadeloupe, Le Gosier
	September 2021



	GVbwn21
	Guadeloupe, Vieux Habitants
	June 2021



	GBbwn22
	Guadeloupe, Bouillante en mer
	January 2022



	GFpwn22
	Guadeloupe, Saint Felix seaport
	July 2022



	MGbwn22
	Marie Galante, Plage des Galets
	June 2022



	MGbfn22
	Marie Galante, Plage des Galets
	June 2022



	MCbwn22
	Marie Galante, Capesterre
	June 2022



	MCbws22
	Marie Galante, Capesterre
	June 2022










 





Table 2. Overall composition of the nine Sargassum batches (Mean ± SD). All the results pertaining to Sargassum composition except TPC are in %DW of the seaweed. Exponent letters on each line express the significant differences observed in ANOVA analyses. Exponent letters refer to Tukey’s HSD test.
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	DPbwn21
	GLbwn21
	GVbwn21
	GBbwn22
	GFpwn22
	MGbwn22
	MGbfn22
	MCbwn22
	MCbws22





	Proximate analysis
	
	
	
	
	
	
	
	
	



	Dry matter (%)
	83.30 ± 0.15
	82.21 ± 0.10
	84.80 ± 0.06
	82.59 ± 0.19
	86.23 ± 0.29
	87.45 ± 0.20
	85.80 ± 0.11
	86.09 ± 0.40
	85.69 ± 0.12



	Mineral matter
	15.49 ± 0.41
	16.18 ± 0.57
	14.81 ± 0.25
	19.86 ± 0.53
	14.48 ± 0.64
	14.79 ± 0.40
	17.06 ± 0.25
	16.99 ± 0.39
	18.55 ± 0.73



	C
	38.75 ± 0.02
	37.28 ± 0.13
	37.44 ± 0.16
	36.82 ± 0.33
	37.10 ± 0.13
	38.89 ± 0.03
	35.53 ± 0.07
	37.22 ± 0.01
	37.86 ± 0.08



	H
	6.28 ± 0.17
	5.39 ± 0.03
	5.47 ± 0.04
	5.88 ± 0.09
	6.59 ± 0.16
	5.94 ± 0.02
	5.41 ± 0.09
	5.41 ± 0.02
	5.88 ± 0.05



	N
	1.10 ± 0.10
	0.98 ± 0.01
	1.13 ± 0.11
	1.25 ± 0.05
	1.01 ± 0.02
	1.00 ± 0.06
	0.86 ± 0.08
	1.13 ± 0.05
	1.39 ± 0.02



	Proteins
	
	
	
	
	
	
	
	
	



	Kjeldahl organic Nitrogen
	0.95 ± 0.01
	1.01 ± 0.01
	0.98 ± 0.01
	1.18 ± 0.01
	0.97 ± 0.01
	0.86 ± 0.01
	0.74 ± 0.01
	1.05 ± 0.01
	1.17 ± 0.01



	Kjeldahl Proteins
	6.19 ± 0.06 e
	6.59 ± 0.05 c
	6.38 ± 0.02 d
	7.69 ± 0.08 a
	6.30 ± 0.02 de
	5.58 ± 0.08 f
	4.80 ± 0.02 g
	6.88 ± 0.02 b
	7.64 ± 0.06 a



	Total amino acids
	5.27 ± 0.05 cd
	5.40 ± 0.07 c
	5.20 ± 0.14 cd
	6.11 ± 0.05 ab
	5.05 ± 0.22 d
	4.37 ± 0.07 e
	3.86 ± 0.04 f
	5.88 ± 0.10 b
	6.32 ± 0.14 a



	Nitrogen in AA (%)
	15.40 ± 0.06
	15.47 ± 0.02
	15.46 ± 0.02
	15.47 ± 0.04
	15.21 ± 0.42
	14.58 ± 0.07
	14.04 ± 0.02
	15.39 ± 0.04
	15.41 ± 0.03



	N/Protein conversion factor (Nprot)
	6.49 ± 0.03
	6.46 ± 0.01
	6.47 ± 0.01
	6.46 ± 0.02
	6.58 ± 0.18
	6.86 ± 0.03
	7.12 ± 0.01
	6.50 ± 6.50
	6.49 ± 0.01



	Lipids
	
	
	
	
	
	
	
	
	



	Total lipid content
	0.50 ± 0.05 c
	0.81 ± 0.01 b
	0.58 ± 0.01 c
	0.28 ± 0.16 d
	1.05 ± 0.07 a
	1.10 ± 0.02 a
	0.40 ± 0.01 cd
	0.63 ± 0.08 bc
	1.03 ± 0.06 a



	Total FAME
	0.14 ± 0.01
	0.22 ± 0.01
	0.14 ± 0.01
	0.03 ± 0.01
	0.32 ± 0.01
	0.34 ± 0.01
	0.10 ± 0.01
	0.16 ± 0.01
	0.28 ± 0.01



	Carbohydrates
	
	
	
	
	
	
	
	
	



	Glucan
	17.26 ± 0.64 bcd
	14.59 ± 2.37 cd
	15.94 ± 3.31 d
	16.94 ± 0.66 bcd
	19.74 ± 0.69 abc
	22.00 ± 0.40 a
	20.68 ± 1.17 ab
	20.44 ± 0.92 abc
	20.83 ± 1.86 ab



	Fucan
	8.99 ± 0.21 de
	10.25 ± 0.11 bc
	11.28 ± 0.29 b
	12.63 ± 0.26 a
	8.21 ± 0.01 e
	8.42 ± 0.60 e
	9.55 ± 0.12 cd
	9.22 ± 0.56 cde
	9.23 ± 0.64 cde



	AIR
	23.8 ± 1.4 ab
	24.8 ± 0.5 ab
	25.1 ± 0.1 ab
	25.8 ± 1.4 ab
	23.4 ± 0.5 b
	26.4 ± 0.3 a
	23.7 ± 1.0 b
	25.9 ± 0.7 ab
	23.2 ± 1.5 b



	Alginate content
	25.83 ± 6.89 ab
	23.05 ± 1.14 ab
	25.45 ± 1.28 ab
	30.19 ± 1.80 a
	17.75 ± 0.44 b
	17.88 ± 1.57 b
	19.00 ± 4.32 b
	19.21 ± 1.40 b
	17.82 ± 3.24 b



	Mannitol
	2.47 ± 0.09 ab
	2.24 ± 0.07 abc
	2.00 ± 0.27 bcd
	1.95 ± 0.08 cd
	2.80 ± 0.20 a
	2.53 ± 0.43 ab
	1.60 ± 0.08 d
	2.18 ± 0.15 bc
	2.14 ± 0.09 bc



	TPC

(mg/g GAE)
	10.79 ± 0.33 ab
	10.75 ± 0.31 ab
	8.12 ± 0.47 cd
	8.08 ± 0.22cd
	9.95 ± 0.20 b
	11.02 ± 0.29 a
	8.70 ± 0.29 c
	7.45 ± 0.22 d
	8.20 ± 0.36 cd










 





Table 3. Fatty acids profile of the Sargassum batches. Each fatty acid is expressed as relative percentage of total FAME content. Proportion of FAME relative to total lipids and dry weight is also expressed (Mean ± SD). n.d.: non-detected.
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	DPbwn21
	GLbwn21
	GVbwn21
	GBbwn22
	GFpwn22
	MGbwn22
	MGbfn22
	MCbwn22
	MCbws22





	C12:0
	0.44 ± 0.07
	0.76 ± 0.44
	0.58 ± 0.11
	1.04 ± 0.43
	0.83 ± 0.85
	0.45 ± 0.17
	1.68 ± 0.64
	0.58 ± 0.47
	0.67 ± 0.34



	C13:0
	0.20 ± 0.07
	n.d.
	0.04 ± 0.06
	n.d.
	0.13 ± 0.01
	0.21 ± 0.03
	0.12 ± 0.10
	0.11 ± 0.09
	0.04 ± 0.07



	C14:0
	1.82 ± 0.20
	3.85 ± 0.21
	3.36 ± 0.06
	2.15 ± 0.87
	3.78 ± 0.20
	3.57 ± 0.13
	2.98 ± 0.20
	2.97 ± 0.12
	3.22 ± 0.42



	C14:1n-5
	0.31 ± 0.08
	0.15 ± 0.13
	0.06 ± 0.10
	0.27 ± 0.46
	0.09 ± 0.08
	0.08 ± 0.07
	0.42 ± 0.03
	0.32 ± 0.01
	0.14 ± 0.12



	C16:0
	35.11 ± 4.04
	55.57 ± 2.18
	53.22 ± 1.14
	37.97 ± 4.92
	46.09 ± 2.47
	41.09 ± 0.73
	41.33 ± 2.08
	57.33 ± 2.49
	48.75 ± 0.70



	C16:1n-7
	2.74 ± 0.37
	7.39 ± 0.12
	5.65 ± 0.16
	2.09 ± 0.46
	5.47 ± 0.26
	6.38 ± 0.15
	4.79 ± 0.11
	3.11 ± 0.21
	4.49 ± 0.08



	C17:0
	0.44 ± 0.16
	n.d.
	0.40 ± 0.34
	0.50 ± 0.86
	0.57 ± 0.50
	0.54 ± 0.07
	0.69 ± 0.60
	0.59 ± 0.12
	0.51 ± 0.06



	C17:1
	0.06 ± 0.05
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	n.d.
	0.04 ± 0.06
	0.07 ± 0.07



	C18:0
	6.79 ± 0.93
	2.57 ± 0.27
	3.74 ± 0.07
	11.74 ± 3.93
	3.86 ± 0.40
	3.02 ± 0.23
	8.69 ± 0.96
	5.39 ± 0.29
	3.99 ± 0.05



	C18:1n-9t
	0.56 ± 0.04
	n.d.
	0.10 ± 0.18
	n.d.
	0.40 ± 0.05
	0.29 ± 0.06
	n.d.
	0.09 ± 0.16
	n.d.



	C18:1n-9
	24.57 ± 1.38
	16.56 ± 0.06
	18.84 ± 2.22
	14.61 ± 2.10
	17.15 ± 0.76
	17.32 ± 1.66
	19.80 ± 3.77
	12.30 ± 0.46
	16.63 ± 0.60



	C18:2n-6t
	0.34 ± 0.06
	1.13 ± 0.14
	0.61 ± 0.54
	n.d.
	0.71 ± 0.65
	1.00 ± 0.88
	1.31 ± 0.11
	0.55 ± 0.15
	0.84 ± 0.12



	C18:2n-6
	15.89 ± 1.12
	3.38 ± 3.42
	5.40 ± 0.11
	12.15 ± 6.15
	6.38 ± 0.36
	7.87 ± 0.35
	10.68 ± 0.05
	5.39 ± 0.66
	6.06 ± 0.10



	C18:3n-6
	n.d.
	n.d.
	n.d.
	n.d.
	0.16 ± 0.01
	0.26 ± 0.01
	n.d.
	n.d.
	0.11 ± 0.19



	C20:0
	0.42 ± 0.38
	0.39 ± 0.33
	0.20 ± 0.35
	n.d.
	0.48 ± 0.08
	0.34 ± 0.02
	0.36 ± 0.31
	0.39 ± 0.34
	0.28 ± 0.24



	C18:3n-3a
	6.11 ± 4.38
	n.d.
	1.41 ± 0.32
	n.d.
	3.37 ± 0.64
	3.91 ± 0.14
	0.96 ± 0.02
	3.27 ± 2.69
	2.74 ± 0.31



	C22:0
	2.36 ± 0.26
	7.98 ± 0.03
	5.90 ± 0.13
	n.d.
	9.66 ± 0.30
	12.76 ± 0.24
	4.03 ± 0.08
	6.36 ± 0.30
	10.54 ± 0.19



	Saturated
	49.42 ± 6.5
	71.39 ± 3.57
	67.92 ± 1.56
	71.78 ± 4.00
	66.27 ± 2.13
	62.74 ± 1.51
	62.05 ± 3.71
	74.93 ± 3.45
	68.93 ± 0.60



	Mono-

unsaturated
	28.24 ± 0.94
	24.11 ± 0.03
	24.65 ± 2.04
	16.96 ± 1.76
	23.12 ± 0.56
	24.21 ± 1.40
	25.01 ± 3.64
	15.86 ± 0.35
	21.33 ± 0.48



	Poly-

Unsaturated
	22.33 ± 5.56
	4.51 ± 3.56
	7.42 ± 0.82
	12.15 ± 6.15
	10.61 ± 1.58
	13.04 ± 0.64
	12.95 ± 0.09
	9.21 ± 3.28
	9.75 ± 0.42



	FAME/

Total lipid (%)
	17.04 ± 1.62
	37.24 ± 1.90
	27.40 ± 2.77
	11.79 ± 6.97
	30.19 ± 2.19
	31.09 ± 0.99
	24.00 ± 1.17
	25.24 ± 3.34
	26.8 ± 1.74



	Total

%DW
	0.138 ± 0.013
	0.216 ± 0.011
	0.137 ± 0.002
	0.033 ± 0.005
	0.317 ± 0.090
	0.342 ± 0.009
	0.096 ± 0.004
	0.159 ± 0.006
	0.276 ± 0.008










 





Table 4. Concentration of different elements in Sargassum samples (µg·kg−1 DW for Hg, mg·kg−1 DW for other elements).
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	DPbwn21
	GLbwn21
	GVbwn21
	GBbwn22
	GFpwn22
	MGbwn22
	MGbfn22
	MCbwn22
	MCbws22





	Na
	13,182 ± 509
	7819 ± 83
	5528 ± 116
	6835 ± 116
	9066 ± 322
	6833 ± 182
	17,001 ± 273
	8227 ± 215
	8808 ± 191



	Mg
	8229 ± 260
	10,010 ± 128
	11,244 ± 258
	11,802 ± 198
	8991 ± 256
	9799 ± 50
	15,111 ± 118
	11,181 ± 234
	11,400 ± 260



	S
	14,609 ± 766
	14,692 ± 429
	14,806 ± 388
	15,260 ± 579
	14,317 ± 708
	14,888 ± 469
	16,380 ± 393
	16,213 ± 288
	17,299 ± 595



	Ca
	44,315 ± 805
	55,616 ± 868
	62,398 ± 298
	63,698 ± 180
	43,208 ± 1253
	48,415 ± 67
	53,980 ± 377
	59,024 ± 1044
	60,833 ± 1378



	Cr
	0.595 ± 0.007
	0.592 ± 0.015
	0.857 ± 0.001
	0.903 ± 0.015
	2.222 ± 0.025
	0.571 ± 0.011
	0.916 ± 0.020
	0.506 ± 0.002
	0.737 ± 0.012



	Co
	1.096 ± 0.010
	0.457 ± 0.006
	0.824 ± 0.003
	1.224 ± 0.014
	0.686 ± 0.015
	0.662 ± 0.006
	0.517 ± 0.007
	0.593 ± 0.004
	0.611 ± 0.014



	Ni
	5.806 ± 0.087
	5.277 ± 0.037
	4.497 ± 0.041
	5.061 ± 0.057
	6.582 ± 0.139
	5.391 ± 0.073
	5.496 ± 0.045
	4.104 ± 0.033
	4.223 ± 0.047



	Cu
	4.361 ± 0.087
	4.134 ± 0.018
	10.650 ± 0.171
	9.762 ± 0.060
	4.236 ± 0.069
	3.516 ± 0.006
	3.322 ± 0.044
	2.362 ± 0.018
	2.495 ± 0.022



	Zn
	6.726 ± 0.040
	3.726 ± 0.031
	59.419 ± 0.917
	47.667 ± 0.202
	5.337 ± 0.025
	4.786 ± 0.098
	14.180 ± 0.060
	2.860 ± 0.036
	3.401 ± 0.078



	As
	48.280 ± 0.065
	53.223 ± 0.434
	16.764 ± 0.476
	17.597 ± 0.184
	85.979 ± 1.026
	89.379 ± 0.674
	19.062 ± 0.254
	17.968 ± 0.188
	17.719 ± 0.374



	Cd
	0.660 ± 0.004
	0.587 ± 0.028
	0.694 ± 0.003
	0.849 ± 0.018
	0.765 ± 0.004
	0.739 ± 0.003
	0.471 ± 0.006
	0.598 ± 0.006
	1.182 ± 0.021



	Pb
	0.232 ± 0.002
	0.712 ± 0.005
	0.388 ± 0.005
	0.488 ± 0.011
	0.440 ± 0.004
	0.348 ± 0.006
	1.551 ± 0.004
	0.534 ± 0.008
	0.394 ± 0.005



	Hg
	8.790 ± 1.034
	7.687 ± 0.904
	10.568 ± 1.243
	11.157 ± 1.313
	6.278 ± 0.739
	4.514 ± 0.531
	4.86 ± 0.572
	4.434 ± 0.522
	6.872 ± 0.809
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