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Abstract
The increasing interest in bioactive compounds from seaweed is demanding the characterization of local species, in order to 
know their suitability for different biotechnological or food applications. The present work aimed to characterize eight mac-
roalgal species: Codium decorticatum, Ulva rigida, Bifurcaria bifurcata, Halopteris scoparia, Chondracanthus acicularis, 
Gelidium corneum, Halopithys incurva and Porphyra linearis. The species were collected in May, June and September 2022 
and February 2023 in the Southeastern Bay of Biscay and microbiological and biochemical analyses were made, includ-
ing pigments, mineral, metals, and protein and ash contents characterization. Concerning microorganisms, results showed 
that pathogenic or indicator microorganisms were only detected at low densities. Furthermore, the washing or freezing of 
macroalgae showed an almost total reduction of the studied microorganisms in both cases. Regarding pigments, H. scoparia 
stands out for the chlorophyll and fucoxanthin content and P. linearis for its β-carotene, lutein and phycobilins content. For 
minerals, maximum values were found in B. bifurcata and H. incurva. Additionally, according to European regulations, 
the recommended limits for both Hg and Cd metals were not exceeded. Finally, regarding proteins, the highest values were 
found mainly in the red macroalgae studied, which highlighted the use of seaweed as a natural protein source. These find-
ings provide data about the characteristics of common seaweed regarding some bioactive compounds and their potential 
biotechnological applications.
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Introduction

Seaweeds (marine macroalgae) contain bioactive com-
pounds that have demonstrated therapeutic properties for 
health and disease management (e.g. anticancer, antiobes-
ity or antiviral), as well as certain nutrients that give them 
some nutritional benefits (Ioannou and Roussis 2009; 
Andrade et al. 2013). These bioactive metabolites with 
great potential have gained interest in different sectors of 
the industry, such as food, cosmetics, textile, agriculture 
and pharmaceutical (Shahnaz and Shameel 2009; Wells 
et al. 2017). Those compounds include proteins, amino 
acids, polysaccharides, and fatty acids as well as other sec-
ondary bioactive components such as phenolic compounds, 

vitamins, and pigments (Alisha et al 2019; Cherry et al. 
2019; Siddique et al. 2022).

Seaweeds are an important source of proteins, which, 
together with peptides, show interesting bioactivities, with 
multiple applications as food and pharmaceutical com-
pounds (Thiviya et al. 2022). The main protein types can be 
identified as enzymes, glycoproteins, lectins or phycobilipro-
teins (Echave et al. 2022). Furthermore, they also contain 
considerable quantities of pigments, which, besides exhibit-
ing biological properties with potential benefits for human 
health, such as antioxidant, anticancer, anti-inflammatory, or 
biomedical applications, among others (Freitas et al. 2022), 
are a promising alternative in the pharmaceutical, agricul-
ture, and textile sectors (Alisha et al. 2019) and as an artifi-
cial food coloring (Cikos et al. 2022).

In aquatic systems, seaweeds provide habitat struc-
ture and food for biological communities and among epi-
phytic microbes of seaweed, bacteria are very abundant. Extended author information available on the last page of the article
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Seaweed-associated bacterial communities not only vary 
among species, but also display temporal and spatial varia-
tions (Løvdal et al. 2021; Kalvaitienė et al. 2023) and bacterial 
communities could include pathogens such as Vibrio strains 
(Egan et al. 2013). The density of microorganisms on the fresh 
edible seaweed may serve as an indicator for the food quality 
and safety of the edible seaweed. The shelf life and sensorial 
quality of the seaweed could be affected negatively by high 
bacterial counts. Moreover, for some pathogens, consumption 
of relatively small amounts may be sufficient to cause severe 
health problems in humans. Thus, it is important to cover all 
basic information concerning essential characterization, not 
only to improve the multiple benefits, but also to know the 
possible weaknesses that could be present concerning seaweed 
(Mendes et al. 2022). One of these weaknesses is related to the 
lack of protocols regulating the use of those marine organisms. 
It is known that seaweeds accumulate contaminants from sur-
rounding waters. Consequently, for the correct evaluation of 
seaweeds, it is necessary to know the possible risks concerning 
the presence and possible high concentrations of microorgan-
isms, metals or iodine (Spillias et al. 2022), avoiding the gen-
eralization for the different species, which must be analyzed 
individually (Timoner et al. 2020).

The Basque Coast (NE Iberian Peninsula) is a habitat of 
approximately 372 macroalgal taxa (Gorostiaga et al. 2004). 
However, in this area, most of the macroalgal studies have 
been focused on the ecophysiology of species (Quintano 
et al. 2013, 2019), the effects of climate change or pollu-
tion on communities (Díez et al. 2012; Borja et al. 2013; 
Muguerza et al. 2017; Arriaga et al. 2024), or taxonomy 
(Secilla et al. 1997). In fact, although composition plays a 
significant role in determining the value of seaweed spe-
cies from a nutritional and pharmaceutical point of view, it 
has not received enough research attention yet. This lack of 
detailed information delays the development as well as the 
potential utilization of these species, especially for gastro-
nomic uses. In this context, this work aimed to analyze and 
characterize in detail eight local species from the southeast-
ern Bay of Biscay, specifically the chemical (mineral and 
metals), biochemical (pigments, proteins and ash compo-
sition) and microbiological analyses (for human consump-
tion). The goal is to provide a complete and comprehen-
sive profile of these species, given special attention to the 
profitability of the compounds analyzed and their possible 
industrial approaches.

Material and methods

Study area, sampling collection and procedure

The studied area of the Southeastern Bay of Biscay (Canta-
brian Sea), located in the northeast of the Iberian Peninsula 

(Fig. 1), is an open coast due to its exposure to the strong 
waves mainly coming from the northwest, and west-north-
west (Díez et al. 2003; Galparsoro et al. 2010) that are 
responsible for the erosion of the coast. It is dominated by 
rocky substrata (Chust et al. 2011), suitable for macroalgal 
colonization, and it becomes sandy areas in deeper waters. 
Biogeographically, the area belongs to the warm sub-regions 
of the North-east Atlantic Ocean (Van den Hoek and Bree-
man 1990). The temperature used to be between 12 °C in 
winter and 22 °C in summer (Borja et al. 2000), although 
it has increased at a rate of 0.15 and 0.25 °C per decade, 
mainly at the surface (Chust et al. 2022; Laurenns-Balparda 
and Seoane 2024). The values of salinity are between 34 and 
35.6 in the latest years (PdE 2024).

Based on previous studies on the distribution and diver-
sity of macrophytes along the Basque coast (Gorostiaga et al. 
2004), eight common species were selected because they are 
easily found in the area, considering their abundance, sea-
sonality and place in the bathymetric range, being possible 
candidates in the zone if future uses would be considered. 
Furthermore, these species could show significant potential 
uses due to their biological properties, previously reported. 
The selected macroalgae were two species of class Ulvophy-
ceae (Phylum Chlorophyta): Codium decorticatum (Wood-
ward) M. Howe and Ulva rigida C. Agardh; two species of 
class Phaeophyceae (Phylum Heterokontophyta): Bifurcaria 
bifurcata R.Ross and Halopteris scoparia (Linnaeus) Sau-
vageau; and four species of phylum Rhodophyta: Chond-
racanthus acicularis (Roth) Fredericq, Gelidium corneum 
(Hudson) J.V. Lamouroux, Halopithys incurva (Hudson) 
Batters and Porphyra linearis Greville.

Samples were collected by hand in May, June and Septem-
ber 2022 and February 2023. For each species, approximately 
60 g were collected in the lower intertidal zone of Lemoiz, 

Fig. 1   Map of the study area and sampling points. 1: Laredo, Canta-
bria (43º24′35.28’’ N, 3º24′58.07’’ W). 2: Lemoiz, Basque Country 
(43º25259.993 N, 2º5222.1 W). Images obtained from Google Earth 
Pro
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Basque Country (43°25′59.99″ N, 2°52′21″ W), except C. 
decorticatum and G. corneum, which were collected in 
Laredo, Cantabria (43°24′35.28"N, 3°24′58.07″ W) (Fig. 1) 
in the subtidal zone. The macroalgal collection involved select-
ing separate thalli along the sampling point to ensure a repre-
sentative sampling of each beach and species. Samples were 
transported (30 min approximately) to the laboratory inside 
labelled plastic bags and kept in cooler boxes for macroalgal 
preservation and to prevent potential alterations that could 
affect the results. Once in the laboratory and before analyses, 
samples were washed with freshwater to remove epiphytes and 
other impurities. Then, samples were separated and taxonomi-
cally identified, confirming and supporting their identifica-
tion and scientific nomenclature by experts and the databases 
AlgaeTraits (AlgaeTraits 2024) and AlgaeBase (Guiry and 
Guiry 2024). For each species, three replicates were randomly 
selected (from the 60 g of collected biomass) for the pigment 
analyses, and one replicate for the microorganism analyses. 
The remaining biomass was freeze-dried and homogenized 
for metal analyses (one replicate) and protein and ash analyses 
(two replicates each). The freeze-dried process was conducted 
in the Freezone plus 12 L, which was conducted from −40 to 
21 °C for 50 h, and maintained until the total freeze-dry state 
in 3 to 5 days.

Pigment extraction

Lipophilic pigments (chlorophylls and carotenoids) were 
extracted and analyzed by High-Performance Liquid Chro-
matography (HPLC) following Zapata et al. (2000), with 
modifications and the equipment detailed in Seoane et al. 
(2009). For each species, three randomly selected replicates 
of around 0.015 g each were analyzed and the quantification 
of the pigments was made based on commercial standards. 
For the pigments that were not calibrated with commercial 
standards, molar extinction coefficients were used (Jeffrey 
et al. 1997).

For the extraction of hydrophilic pigments (PBP), three 
randomly selected replicates (0.2–0.5 g each) from each 
species were cryogenized and, under low light conditions, 
ground with a Retsch Mixer Mill MM 400. The resulting 
powders were added in a Falcon tube with 5 mL of 0.1 M 
potassium phosphate buffer pH 7. The samples were centri-
fuged at 4 °C, 5000 rpm for 15 min. The supernatant was 
used for phycobiliprotein determinations measuring the 
absorbance at 455, 564, 592, 618 and 645 nm to quantify 
phycoerythrin (R-PE) and phycocyanin (R-PC) content. The 
two following equations of Beer and Eshel (1985) were used:

R-PE =

[(

A564 − A592

)

−

(

A455 − A592

)

x0.2
]

x0.12 = mg mL−1

R-PC =

[(

A618 − A645

)

−

(

A592 − A645

)

x0.51
]

x0.15 = mg mL−1

Concentrations of all pigments were transformed to mg 
g−1 dry weight (DW) with the relation DW WW−1 (wet 
weight), which is the result of the drying process of mac-
roalgae for 24 h at 60 °C in a drying oven.

Microbiological parameters

Total mesophilic aerobes, halophiles, Staphylococcus 
aureus, sulfite-reducing clostridia, Clostridium perfringens, 
Vibrio cholerae, enterobacteria, coliforms and Escherichia 
coli microbiological parameters were determined for each 
species. Analyses were carried out directly (< 24 h from 
collection) to minimize the risk of microbial alterations. One 
replicate of 25 g of each species was transferred into ster-
ile Stomacher bags and homogenized with both 225 mL of 
alkaline-saline Vibrio enrichment broth (alkaline-peptone 
water [APSW], Merck) for the detection of enteropathogenic 
Vibrio cholerae, or with 225 mL of peptone saline water 
(PSW, Merck) for all other quantifications. For V. cholerae 
detection, fresh macroalgal samples were incubated for 6 h 
at 41.5 °C. Detection of Vibrio in enrichment broth was 
carried out following ISO 21872–1:2017 (Annex 1). The 
aerobic mesophiles microorganisms were estimated accord-
ing to ISO 4833–1:2013 (Annex 1) and aerobic halophilic 
mesophiles were enumerated by supplementing the culture 
medium with 2% NaCl (w/v). Enterobacteria, coliforms, 
Escherichia coli, Staphylococcus aureus and Clostridium 
perfringens were enumerated following ISO 21528–2:2017, 
ISO 4832:2006 (reviewed and confirmed in 2021), ISO 
16649–2:2011, ISO 6888–1:2022 and ISO 15213–2:2023, 
respectively (Annex 1). Finally, sulphite-reducing clostridia 
were determined by using sulfite polymixin sulfadiazyne 
(SPS) agar (Condalab) incubated for 24 h at 37 °C in 
anaerobiosis.

In addition, B. bifurcata, H. scoparia and H. incurva were 
selected to analyze how common processing treatments, 
such as freezing and washing, affect microbial counts. For 
this purpose, microbiological quantifications for aerobic 
mesophiles, aerobic halophilic mesophiles and enterobacte-
ria, previously detailed, were repeated after two treatments: 
fresh washed (W) and frozen unwashed (FR), and the results 
were compared with fresh unwashed control samples (F). 
The washes were performed with a gentle tap water wash (1 
min), and the frozen samples were stored in a conventional 
freezer (−20 °C) for approximately 1 month.

Mineral and metal analysis

Elemental analysis of Al, As, Ca, Cd, Co, Cr, Cu, Fe, Hg, 
K, Mg, Mn, Mo, Na, Ni, Pb, Sb, Si, Sn and Zn was carried 
out by ICP-MS (NexIon200, Perkin Elmer) for each spe-
cies. One replicate (0.1–0.2 g) of freeze-dried biomass for 
each species were digested in a microwave oven as described 
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by Bartolomé et al. (2010). Then, the samples were sipped 
with a peristaltic pump to the nebulization system (Meinhard 
nebulizer) and simultaneously, through a parallel line a con-
tinuous flow of internal standard solution (Ge, Sc and Y), 
was mixed and measured to overcome measurement drifts. 
The calibration set was measured three times and the six 
blanks were prepared and measured to estimate detection 
limits. However, the samples were measured only once.

Protein composition

The protein analyses of the macroalgae were analyzed 
according to the Association of Official Analytical Chem-
ists (AOAC) Official Methods (Cunniff 1995).

Protein content was measured by a modification of the 
Kjeldahl method using a conversion factor for nitrogen to 
protein of 4.59 (Kjeldahl 1883; Cruz 2013). For each spe-
cies, two replicates (approximately 0.2 g each) of freeze-
dried biomass were digested by sulphuric acid in the pres-
ence of a catalyst for 3 h at 400 °C. Then, ammonia was 
distilled in a vessel containing boric acid and an acidimetric 
indicator. Finally, the titration was carried out with 0.1 N 
standardized hydrochloric acid.

Due to the sampling size limitation, C. acicularis was 
not measured.

Ash composition

The ash composition of the macroalgae were analyzed 
according to the Association of Official Analytical Chem-
ists (AOAC) Official Methods (Cunniff 1995).

For ash determination, two replicates (approximately 0.4 
g each) of freeze-dried biomass were incorporated in a con-
ventional muffle for each species. The temperature of the 
muffle was slowly increased until reaching 650 °C, a tem-
perature that was maintained for 6 h to ensure the constant 
weight was gained. Ash content was finally weighed.

Due to the sampling size limitation, C. acicularis was 
not measured, and for U. rigida and G. corneum, only one 
replicate was analyzed.

Data analysis

The differences in the pigment profiles of the studied species 
and the effect of the sample-treatment on the microorganism 
content of the macroalgae were statistically tested. Statisti-
cal analyses were done using PAST 3.26 (Paleontological 
Statistics software package for education and data analy-
sis). After validating the normality and homogeneity of vari-
ances, differences in the pigment profiles of the studied spe-
cies were analyzed with a one-way PERMANOVA, with an 
a priori chosen significance level of α = 0.05. Furthermore, 
in order to know the specific differences among pigments 

between all studied species, a non-parametric Kruskal–Wal-
lis test was carried out. For the pigments Chl c, Neox and 
Fuco, the Mann–Whitney test was performed, instead of 
Kruskal–Wallis, since they were present just in two species 
(a two-sample comparison). On the other hand, the effect of 
sample-treatments (washed, fresh or frozen; W, FR and F) 
on microorganisms from B. bifurcata, H. scoparia and H. 
incurva was evaluated by comparing W-FR, W–F and FR-F 
with a Wilcoxon test (α = 0.01), analyzing all the data from 
the studied species together. Microorganisms, mineral, met-
als and protein and ash composition quantification were not 
subjected to statistical analysis as they were done for basic 
characterization purposes.

Results

Pigments profile

The pigment analyses showed the usual pigment profile of 
each taxonomic group (Table 1), showing significant differ-
ences in the overall pigment-content (p < 0.05) among the 
studied species (Annex 2). Additionally, these differences 
were also observed for some of the pigments individually. 
Regarding chlorophylls, both Chl a and b showed significant 
differences (p < 0.05) among the studied species (Annex 3) 
For Chl a, the highest values were found in C. decorticatum 
and H. scoparia (Phaeophyceae, Heterokontophyta) with 
5.09 ± 0.65 and 5.41 ± 1.03 mg g−1 DW, respectively. In 
contrast, C. acicularis showed the lowest values (0.17 ± 0.10 
mg g−1 DW). Concerning Chl c, no significant differences (p 
< 0.05) were observed among the studied species (Annex 3). 
Moreover, in line with the literature, they were just present 
in the green and brown macroalgae, respectively.

Concerning carotenes, α- and β-carotene were found in 
the present study, the latter showing significant differences 
(p < 0.05) among studied species (Annex 3). All the ana-
lyzed species shared β-carotene, except C. decorticatum 
(Table 1), with P. linearis the one which showed the highest 
values (0.34 ± 0.24 mg g−1 DW) and C. acicularis the lowest 
(0.01 ± 0.01 mg g−1 DW). Regarding xanthophylls, lutein 
and violaxanthin showed significant differences (p < 0.05) 
among the species that contained these pigments (Annex 3) 
(Table 1). Lutein was the dominant xanthophyll found in P. 
linearis and H. incurva (Rhodophyta), being also the ones 
which showed maximum values of this pigment, 0.85 ± 0.13 
and 0.32 ± 0.12 mg g−1 DW, respectively. For fucoxanthin 
and violaxanthin, the highest results were observed in H. 
scoparia (Phaeophyceae, Heterokontophyta) (2.22 ± 0.45 
and 0.21 ± 0.03 mg g−1 DW, respectively).

Regarding phycobiliproteins, phycocyanin (PC) and 
phycoerythrin (PE) were only found in the red macroalgae, 
being the values of PE higher than PC (Table 1), ranging PE 
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concentrations from 0.10 ± 0.07 mg g−1 DW in C. acicula-
ris to 10.89 ± 0.7 mg g−1 DW in P. linearis. Furthermore, 
Both PC and PE showed significant differences (p < 0.05) 
among red seaweed studied (Annex 3), being the highest 
abundances of both pigments detected in P. linearis, with 
concentrations of 3.32 ± 0.3 and 10.89 ± 0.7 mg g−1 DW, 
respectively.

Microbiological parameters

Direct analysis (< 24 h from collection) of microbiologi-
cal parameters revealed considerable differences among 
the different macroalgae (Table 2). The highest number of 
mesophilic and halophilic bacteria was detected in P. linearis 
(1.2 × 105 and 1 × 105 CFU g−1, respectively), followed by C. 
acicularis and U. rigida (above 104 CFU g−1). In contrast, the 
lowest counts corresponded to B. bifurcata (below 103 CFU 
g−1). Regarding pathogenic microorganisms or indicators of 
contamination, they were detected but always at low densi-
ties (Table 2). Enterobacteria was enumerated in most mac-
roalgae, with the highest counts in U. rigida (1.3 × 103 CFU 
g−1), but coliforms and E. coli only appeared, close to their 
detection limit, in P. linearis and U. rigida and C. acicula-
ris, respectively. In the case of sulfite reducing clostridia, 
they were found in low numbers in P. linearis, C. acicularis 
and H. incurva, whereas C. perfringens was present in U. 
rigida and C. acicularis. Among other potential pathogens, 
S. aureus was only observed in C. acicularis (15 CFU g−1) 
and H. incurva (10 CFU g−1) and, in no case, V. cholerae 
was detected.

On the other hand, when evaluating how algae washing 
(1 min under running water) and freezing (−20 °C) affect 
microbial determinations, significant differences (p < 0.01) 
were shown among F-W and F-FR treatments (Annex 4), 
while FR-W shown there are not significant differences 
among treatments (Fig. 2). A generalized reduction of both 

mesophilic and halophilic microorganisms was observed and 
enterobacteria were no longer detected in both treatments 
(Fig. 2). In addition, no other indicator microorganisms or 
potential pathogens were recorded, except for 5 CFU g−1 of 
sulfite-reducing clostridia in washed samples of H. incurva 
and H. scoparia.

Mineral and metal accumulation

Despite values being variable among the species for all 
the elements, the average concentrations determined in the 
species of this study were in increasing order as follows: 
Sn < Sb < Cd < Hg < Mo < Co < Cr < Pb < Ni < Cu < As 
< Zn < Mn < Si < Al < Fe < Mg < Na < K < Ca. The lowest 
ranges were for Sn (0.04—0.09 µg g−1 DW), Sb (0.06—0.1 
µg g−1 DW) and Hg (0.07—0.19 µg g−1 DW) and the high-
est for the macroelements Ca (1941—111,697 µg g−1 DW), 
K (134,086—65,059 µg g−1 DW) and Na (13,174—48,589 
µg g−1 DW). H. incurva, followed by B. bifurcata were the 
species that accumulated the highest quantities, while U. 
rigida accumulated the least (Table 3). On the other hand, 
other interesting elements, from a nutritional point of view, 
are present in high quantities in some of the studied species. 
Fe, Mg reached up to 14,480 and 38,247 µg g−1 DW in B. 
bifurcata and U. rigida, respectively.

Protein content

The protein content of the macroalgae is presented in 
Table 4. The lowest protein content was found in green 
macroalgae U. rigida (2.95% DW) and brown macroalgae 
B. bifurcata (3.15% DW), whereas the highest was found in 
red macroalgae, ranging from 11.22% DW in H. incurva to 
16.27% DW in P. linearis. 

Table 2   Enumeration of microorganisms in fresh samples of the selected species. Values expressed in CFU g−1 (n = 1). ND: non-detected. (-): 
not analyzed. < 5: below of limit detection

Chlorophyta Phaeophyceae Rhodophyta

U. rigida C. decor-
ticatum

B. bifurcata H. scoparia G. corneum P. linearis C. acicularis H. incurva

Total mesophilic aerobes 1.8 × 104 - 9.8 × 102 2.7 × 103 - 1.2 × 105 4.1 × 104 2.9 × 103

Halophiles 1.7 × 104 - 6.6 × 102 2.6 × 103 - 1 × 105 5.1 × 104 5.3 × 103

S. aureus  < 5 -  < 5  < 5 -  < 5 15 10
Sulfite reducing clostridia  < 5 -  < 5  < 5 - 15 15 5
C. perfringens 5 -  < 5  < 5 -  < 5 5  < 5
V. choleae ND - ND ND - ND ND ND
Enterobacteria 1.3 × 103 - 20 90 - 40 300 40
Coliforms  < 5 -  < 5  < 5 - 5  < 5  < 5
E. coli 10 -  < 5  < 5 -  < 5 5  < 5
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Ash content

The ash content of the macroalgae is presented in Table 4. 
As far as ash content is concerned, the higher values were 
found in U. rigida, C. decorticatum and H. scoparia, 58.29, 
47.16 and 56.33% DW, respectively, and the lowest val-
ues in G. corneum and P. linearis, 13.6 and 24.58% DW, 
respectively.

Discussion

The studied species were widely available for collection 
in the Basque Coast, although they appear to have specific 
seasons when they are most easily found. It is known that 
the biochemical and microbiological profile of seaweed is 
influenced not only by taxonomic groups, but also by biotic 
and abiotic factors such as life cycle, season, geographical 
location or depth. Therefore, although our working hypoth-
esis in this study focused on differences in the basic micro-
biological, chemical, protein, ash, and pigment composition 
according to species, it is emphasized that the conditions 

(and sampling strategy) in which these species were col-
lected should be considered when discussing present find-
ings and comparing them with other studies.

Pigment profile

The differences among the pigment values of each analyzed 
species emphasize the importance of the characterization 
of the seaweed species as well as from different areas or 
periods of the year. In this context, among chlorophylls, H. 
scoparia, which in the results of the present study increased 
up to 5.41 ± 1.03 mg g−1 DW, is slightly lower when com-
pared with data from Nunes et al. (2020) (8.15 mg g−1 DW). 
This discrepancy is due to the changes in sunlight hours and 
temperature, which drive shifts in photosynthetic activity, 
leading to adjusting pigment levels to optimize light absorp-
tion and protect against environmental changes (Cikos et al. 
2022). In this case, algae increased chlorophyll levels pro-
duction in the high irradiance months in which they were 
collected (Madeiran Archipelago in the 2017 spring).

Regarding carotenoids, something similar occurs with 
the β-carotene quantities found in the present study. For 
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Fig. 2   Comparison of microorganism content after washing ( ) and 
freezing ( ) with respect to non-treated fresh samples (■). 1: Com-
parison taking into account the three selected algae and all the micro-
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deviation (CFU g−1). Significant differences between treatments are 
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P. linearis, the species with the highest β-carotene levels 
among those analyzed (0.34 ± 0.24 mg g−1 DW), con-
versely to the reported by Osório et al. (2020) and Schubert 
et al. (2006). For instance, Schubert et al. (2006) showed 
that Porphyra perforata showed 49.5% β-carotene of the 
total carotenoid content, whereas in the present study 
25.5% β-carotene of the total carotenoid was obtained 
for P. linearis. These differences might be attributed to 
two main aspects: the differences in pigment profile, even 
among species of the same genus, or the nature of the 
pigment. Carotenoids not only serve as light-harvesting 
pigments, but also function as photoprotective pigments 
(Esteban et al. 2009) Their activation under high irradi-
ance levels may explain the differences observed when 
comparing the environmental conditions of the Gulf of 
Mexico (Schubert et al. 2006) with present results.

Furthermore, among carotenoids, it is important to men-
tion fucoxanthin, a pigment that has been deeply studied due 
to its multiple applications in the cosmetic, food nutraceuti-
cal, and pharmaceutical industries (Salido et al. 2024). In 
line with the literature, it was present in both Phaeophyceae 
studied species H. scoparia and B. bifurcata. These values 
also varied from those reported by other authors. For H. 
scoparia, Nunes et al. (2020) reported a six times lower 
value if compared with those observed in this study. In this 
case, these differences could be attributed not only to the 
nature of the pigments or environmental factors, but also to 
the extraction methods because they significantly influence 
the extraction efficiency, purity, and economic viability of 
the process, as reported by Leong et al. (2022).

Concerning phycobiliproteins, as expected, all the Rhodo-
phyta species studied contained both PE and PC. However, 

Table 3   Mineral and metals analyzed for the selected species. Concentrations expressed in µg g−1 DW (n = 1). Detection limits were estimated 
from the average of six blank samples plus three times the standard deviation. (-): not analyzed

LoD Chlorophyta Phaeophyceae Rhodophyta

U. rigida C. decorticatum B. bifurcata H. scoparia G. corneum P. linearis C. acicularis H. incurva

Al 0.33 98 - 1211 578 - - 249 877
As 0.002 3.9 18.4 53 13 8.4 18.4 8.2 12
Ca 34,577 - 19,041 54,492 - - 33,120 111,697
Cd 0.002 0.06 0.1 0.05 0.1 0.2 0.1 0.02 0.2
Co 0.005 0.2 - 1.2 0.9 - - 0.6 1.4
Cr 0.02 0.4 0.5 1.8 1.4 3.8 0.1 0.4 1.3
Cu 0.04 4.5 1.9 4.7 5.4 6.0 4.6 4.2 5.2
Fe 0.7 147 - 14,481 1580 - - 979 4312
Hg 0.05 0.1 0.2 0.05 0.07 0.2 0.2 - 0.06
K 0.3 20,103 - 64,642 24,411 - - 13,086 65,059
Mg 0.1 38,247 - 6241 9842 - - 9798 8148
Mn 0.01 11 - 74 102 - - 50 165
Mo 0.002 0.08 - 0.4 0.4 - - 0.13 0.9
Na 0.25 48,589 - 14,374 34,048 - - 43,284 13,174
Ni 0.1 1.3 2.5 3.2 6.3 4.4 0.6 1.4 6
Pb 0.03 0.78 0.54 2.8 5.7 6.5 0.5 1.8 7
Sb 0.002 - 0.1 0.1 0.06 0.07 0.1 0.03 0.08
Si 0.25 - - 228 390 - - 88 486
Sn 0.004 0.09 0.06 0.04 0.05 0.04 0.07 - 0.05
Zn 0.025 16.4 6.6 28 61 104 32 26 51

Table 4   Protein and ash composition for the selected macroalgal species. Data are expressed in percentage (%) DW of mean ± standard devia-
tion (n = 2). (-): not analyzed

Chlorophyta Phaeophyceae Rhodophyta

U. rigida C. decorticatum B. bifurcata H. scoparia G. corneum P. linearis C. acicularis H. incurva

Protein content 2.95 ± 0.64 6.75 ± 0.01 3.15 ± 0.45 7.21 ± 0.95 13.45 ± 0.98 16.27 ± 0.15 - 11.22 ± 1.36
Ash content 58.29 47.16 ± 1.64 24.58 ± 3.68 56.33 ± 1.42 13.6 16.63 ± 0.84 - 37.71 ± 0.85
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they showed marked differences between them, with P. lin-
earis the one showing the highest values. As 470–660 nm 
range light harvesting pigments, PBP are more active and 
absorbs sunlight at low irradiances when the primary pig-
ments are less efficient. In this sense, the highest PE and PC 
values showed in P. linearis (10.9 ± 0.7 and 3.3 ± 0.3 mg 
g−1 DW, respectively) could be explained by the fact this 
species was collected in February while the other three red 
algae were collected in summer seasons when the irradiance 
rise considerably in the zone of study. Moreover, consider-
ing comparisons with the results obtained in the literature, 
in the present research this species showed considerably 
high amounts if compared with other authors (Munier et al. 
2013; Ji et al. 2023). Cotas et al. (2020) propose Gracilaria 
gracilis, with 7 mg g−1 DW PE, as a novel industrial source 
of PBP, which ranges between 50–146 € per mg, depend-
ing on the purity. In this sense, P. linearis, which showed 
higher values, could be proposed as a valuable source of 
PBP. However, although there are good yields for PBP from 
P. linearis and G. gracilis, other aspects could be taken into 
account, such as organisms that exhibit better yields, like 
cyanobacteria (Hemlata and Fatma 2009; Ji et al. 2023), or 
the instability of phycobiliproteins when exposed to adverse 
conditions (e.g. temperature or light) (Nowruzi et al. 2022), 
which is a critical aspect for industrial applicability. There-
fore, further research focusing on the need for strategies to 
protect these pigments from degradation, the improved yield 
and extractions of phycobiliproteins from red macroalgae is 
needed (Cotas et al. 2020).

The study of seaweed pigments is essential and has been 
extensively researched due to their biological properties and 
their key role in photosynthesis. Macroalgae could be an 
excellent source for obtaining these pigments (Cikos et al. 
2022), but harvesting them directly from nature is often nei-
ther feasible nor sustainable, and production costs remain 
high. For instance, in the case of chlorophyll extraction at 
an industrial scale, it is still more cost-effective to extract 
them from spinach or alfalfa (Chen and Roca 2018), as their 
production is significantly cheaper. For fucoxanthin, which 
is widely known for its antioxidant properties (Leong et al. 
2022) it has already been commercialized, among others, 
by Algatech in Israel. However, the product they commer-
cialize, FucoVital, which is associated with supporting liver 
health, uses the pigment extracted from microalgae, which is 
more efficient. For phycobiliproteins, although other organ-
isms, like cyanobacteria, generally show a higher yield, P. 
linearis could serve as a source due to its high PE and PC 
content. In this context, regarding resource optimization, 
several studies point out the lack of further research that 
might help improve the production of pigments from mac-
roalgae, focusing on the innovation of bioengineering tech-
niques as well as the implementation of low-cost strategies 
for production (Leong et al. 2022).

Microbiological parameters

Most microorganisms in environmental samples are not 
detected when cultivation procedures are used, including 
pathogen microorganisms (Atlas and Bartha 1998). Moreo-
ver, methods of detection of pathogens are laborious and 
time-consuming, and it is difficult or costly to determine 
the presence of a specific pathogen. Detection of pathogens 
associated with fecal contamination is, therefore, a multifac-
eted challenge, which can be overcome by using fecal bio-
logical indicators to approximate many potential pathogens.

In the case of the food industry, Spain lacks specific regu-
lations on microbiological analyses and maximum allowed 
limits for seaweed. The regulations of other countries do 
specify these requirements and, although there are differ-
ences among them, France stands out as the first European 
country to do a detailed evaluation of microbial limits in 
the consumption of macroalgae as food. Analyzing our data 
based on the requirements of the French Food Safety Agency 
(CEVA 2020), both coliforms and S. aureus are below the 
recommended limit, < 10 and < 102 CFU g−1 DW, respec-
tively. However, some other limits have been exceeded, such 
as that of C. perfringens which was detected in U. rigida and 
C. acicularis (5 CFU g−1) and whose maximum allowed 
limit is < 1 CFU g−1 DW. For aerobes mesophiles, whose 
limit is < 105 CFU g−1 DW, only P. linearis exceeded it in 
the fresh sample (1.2 × 105 CFU g−1) (CEVA 2020).

Nevertheless, the data seem to indicate that pre-treatment, 
such as washing or freezing, could contribute to lowering 
this number under the recommended French limit. It is 
crucial to carry out standardized protocols and guidelines 
that establish maximum levels and treatments for microbial 
pathogens to ensure the safety of the product for consumers.

Mineral and metal content

Consuming seaweed may be linked to the transfer of high-
risk metals to humans and, due to this different regulations 
establish some limits for this consumption. In Europe, the 
only requirement established by the European Union Recom-
mendation (EU) 2018/464 of the Commission of 19 March 
2018 recommends controlling the presence of arsenic, cad-
mium, lead, and mercury in seaweed, halophilic plants, and 
products based on seaweed. However, there is only a limit 
value for Cd and Hg. For Cd, this value has a maximum 
content of 3 μg g−1 dry weight (DW) in European Regula-
tion No 915/2023 (European-Comission 25 April 2023). For 
Hg, the limit value has a maximum content of 0.01 mg kg−1 
(European-Commission 19 March 2018). However, this reg-
ulation does not specify whether the content refers to fresh 
or dry weight of the macroalgae. Apart from this, France is 
the only European country that has a specific assessment 
of maximum levels of metals (inorganic arsenic, cadmium, 
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lead, tin and mercury) authorized in algae for human con-
sumption (CEVA 2020).

Regarding the results of the present study and based on 
the European Regulations previously detailed, both Hg and 
Cd are below the recommended limits, 0.01 and 3 mg kg−1 
(= μg g−1), respectively, assuming these limits as DW. For 
the total As, highly variable values were shown, ranging 
from 3.8 to 53.3 μg g−1 DW. However, as previously com-
mented,, the present As includes both organic and inorganic 
forms and knowing that each form has distinct effects on 
human health, they should be analyzed separately in order 
to know their risk. In the case of Pb, H. scoparia, G. cor-
neum and H. incurva are the species that showed the highest 
results, with values of 5.7, 6.5 and 6.6 μg g−1 DW, respec-
tively. These values could indicate a health hazard associated 
with the consumption of certain seaweed from the Basque 
Country, if compared to the hazard limits established by 
French regulations (5 μg g−1 DW). However, Rivas et al. 
(2022) showed that gentle depuration with tap water was 
effective in significantly reducing these elements. Further-
more, continuous monitoring heavy metals with high-risk 
potential in seaweed is deemed necessary to safeguard 
human health (Mendes et al. 2022).

In addition to the associated risks of metals, miner-
als have nutritional properties, such as iron (Fe), which is 
essential for almost all living organisms and plays a crucial 
role in a diverse range of metabolic processes (Abbaspour 
et al. 2014). Besides, Fe in seaweed is notably higher than in 
other vegetable sources (Norziah and Ching 2000) due to its 
metabolic system, which can directly absorb elements from 
the seawater. The report by Moreiras et al. (2013) identi-
fies soybeans and lentils as legumes and vegetables with 
the highest iron content, providing 9.7 and 7.1 mg of Fe, 
respectively. These values are comparable to those found in 
the species studied (Table 3). In fact, concerning resource 
optimization, both B. bifurcata and H. incurva could serve 
as valuable new sources of Fe due to the high record they 
showed in the present study, posing seaweed could be con-
sidered a source of Fe and including it in our daily dietary 
food is feasible to increase Fe intake, as also García-Casal 
et al. (2007) described.

Furthermore, Mg is also an interesting mineral with ben-
eficial nutritional properties, due to it serves as a cofactor 
in numerous enzymatic reactions and plays a crucial role in 
regulating biochemical pathways in the human body. How-
ever, although Mg is in high quantities in the studied species, 
especially for U. rigida, H scoparia and C. acicularis, the 
concentrations are significantly higher in many vegetables, 
whole grains, nuts and legumes.

In addition to Fe and Mg, other macroelements like Ca, K 
and Na, were present in high amounts for most of the studied 
species. K levels in the analyzed species (37,460.2 µg g−1 
DW on average) were higher than those found in spinach 

(Rohani-Ghadikolaei et al. 2012). Besides, these high K con-
centrations are directly related to the ratio Na/K, which has 
nutritional significance, since a balanced Na/K ratio is cru-
cial for hypertensive and K-deficient individuals. In the pre-
sent study, the Na/K ratio ranges from 0.2 in H. incurva to 
3.3 in C. acicularis, so including the studied species, which 
exhibit low Na/K ratios, in the diet could contribute to a 
balanced sodium–potassium ratio, offering an alternative to 
other foods with excessively high ratios(Kumar et al. 2011).

Protein composition

The results of this study are in good accordance with the lit-
erature, which suggests that proteins represent less than 15% 
of dry-weight in seaweed (D'Armas et al. 2019; Babich et al. 
2022; Bass et al. 2023). Moreover, along with the present 
work, other studies (Fleurence 1999; Mateus et al. 2024), 
also indicate that Rhodophyta, compared to Chlorophyta and 
Phaeophyceae, is the richest in protein content, which can 
be attributed to the presence of PBP (Sanz et al. 2023), an 
exclusive pigment from red macroalgae, besides cryptomon-
ads and cyanobacteria (Glazer 1994).

In this context, regarding resource optimization, while 
legumes, nuts, and animal protein origin generally exhibit 
the highest protein content, red seaweed could serve as an 
interesting alternative source. Specifically, as this study 
showed, G. corneum, P. linearis, and H. incurva contain 
protein levels of 13.45%, 16.27%, and 11.22%, respectively, 
which are comparable to the 12.7 g (100 g)−1 protein content 
of eggs or 11.7 g (100 g)−1 of oats (Ortega Anta et al. 2021). 
In this sense, incorporating seaweed proteins into our daily 
diet could offer a convenient option for easily obtaining these 
high-quality proteins (Cermeño et al. 2020). However, pro-
tein content varies considerably throughout the year depend-
ing on different factors such as the availability of nutrients 
(carbon, nitrogen and phosphorus), which bioavailability 
is regulated by environmental factors such as temperature, 
light, salinity, and water motion (Rawiwan et al. 2022). It is 
essential to identify which seasons or harvest places are most 
interesting for a given species and thus direct its use in the 
food industry (Samarathunga et al. 2022).

Ash content

As far as ash content is concerned, these results agree with 
the results obtained by other authors where ash content 
ranges from 19 to 56% (Sánchez-Machado et al. 2004; Neto 
et al. 2018). These amounts are generally much higher than 
terrestrial vegetables (Rupérez 2002; Sánchez-Machado 
et al. 2004). This high content could be explained by the 
accumulation of essential minerals, which can be due to 
the presence of anionic carboxyl, sulphate, and phosphate 
in their cell wall (Davis et al. 2003). The cell wall content 
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depends on the species and the month and harvesting areas 
(Samarasinghe et al. 2021; Premarathna et al. 2022), since 
they vary according on factors such as water composition 
and environmental conditions.

Conclusion

The macroalgal uses may be a promising alternative for 
many purposes, including, among others, pharmaceuticals, 
cosmetics, and food industries. However, variations in bio-
availability and biochemical composition among species 
influence their suitability for different applications, high-
lighting the need for targeted research to optimize their 
potential for the different fields. In this study, none of the 
studied species produced adequate quantities of pigments to 
surpass other sources, except for phycobiliproteins, which 
could be extracted from P. linearis due to its good yield. 
Concerning microbiological analysis, washing the mac-
roalgae (1 min under the tap water) and freezing (−20 ºC) 
affects microbial determinations, showing in both cases a 
generalized reduction (60–100%) of microorganisms. Hence, 
the use of both procedures is encouraged to reduce micro-
bial levels, even when the limits allowed for human health 
are exceeded in fresh samples. In the analysis of minerals, 
Fe stands out for its high concentrations, surpassing typi-
cal high-Fe sources, making seaweed a potentially valuable 
source of human nutritional enrichment. Moreover, the con-
centration of both Hg and Cd metals does not exceed the 
recommended limits by European Regulations (European-
Commission 19 March 2018; European-Comission 25 April 
2023). However, the concentration of both As and Pb metals 
could show a potential risk for human use at higher con-
sumption rates since the detected limits exceed the recom-
mended limit by the French Food Safety Agency (CEVA 
2020). Regarding proteins, the analysis highlighted the gen-
eral elevated protein content, mainly in Rhodophyta, which 
emphasized the use of seaweed as a natural protein source 
for human consumption.

The assessment carried out herein provides new data 
on the main characteristics of common seaweed along the 
Basque Coast. However, it would be valuable to extend the 
analysis to seasonal and geographical contexts to explore 
additional potential variations. Furthermore, whereas some 
macroalgal species show great potential for some com-
pounds, their large-scale extraction from the natural envi-
ronment is neither sustainable nor viable. Therefore, it is 
also crucial to focus research efforts on developing meth-
odologies for large-scale extraction and cultivation that 
ensure the continuous availability of algae biomass, focus-
ing on the challenges of scaling up these processes, the tar-
get species and closing the gap between laboratory research 
and industrial implementation to achieve sustainable and 

commercially efficient production. In this context, consid-
ering the previous knowledge about their potential to be 
cultivated, this study identifies P. linearis and C. acicula-
ris (Mouga et al. 2025), and the two studied Chlorophyta 
species as ideal candidates for cultivation in this area. Fur-
thermore, in this sense, the use of seaweed as a source of 
bioactive and food/feed components is promising within the 
framework of the sustainable blue economy, not only due 
to the variety of key components that can be exploited, but 
also as a way to promote the CO2 neutral processes in the 
industry.
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