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Abstract: Macroalgae are rich in bioactive compounds with potential therapeutic appli-
cations, including antioxidant, antimicrobial, and nutritional properties. In this study,
the biochemical composition of three seaweed species—Ulva sp., Gracilaria multipartita,
and Sargassum muticum—was analysed, focusing on their mineral content and macronu-
trient profile. The ash, protein, fibre, lipid, and carbohydrate contents ranged from (dw)
26.56 to 33.53 g/100 g, 10.13 to 18.43 g/100 g, 0.11 to 0.19 g/100 g, 5.83 to 10.88 g/100 g,
and 42.48 to 53.27 g/100 g, respectively. The findings indicate that the species studied
are excellent sources of essential minerals, particularly magnesium, potassium, calcium,
sodium, and trace elements, such as iron, zinc, copper, and manganese. Sargassum muticum
exhibited the highest mineral content and thus holds significant promise for further ex-
ploration in biomedical and therapeutic contexts. FTIR, FT-RAMAN, and FT-NIR analysis
highlight the presence of proteins, lipids, carbohydrates, including cell wall phycocolloids,
and phenolic compounds. These results underscore the potential of macroalgae as natural
sources of bioactive compounds for health-related applications, highlighting their value
beyond traditional dietary supplementation.

Keywords: proximal composition; mineral content; nutritional profile; FT-NIR; FTIR-ATR;
FT-RAMAN

1. Introduction
The oceans are a crucial source of oxygen for the planet, primarily due to the presence

of cyanobacteria, microalgae, and seaweeds. Through photosynthesis, these organisms play
a vital role in the global oxygen cycle and are responsible for approximately 50 per cent
of the Earth’s oxygen production, a figure that highlights their importance in maintaining
the balance of atmospheric gases. Seaweeds are macroscopic marine algae that mainly
inhabit coastal habitats, from the intertidal zone to depths of 250 m [1]. They are primary
producers and complex multicellular organisms, which exhibit a relatively simple structure
compared to terrestrial plants [2]. Seaweeds belong to two different kingdoms, namely,
Archaeplastida (green and red algae) and Stramenopila (brown algae). Based on their
dominant colour, green, red, or brown, they are grouped into three taxonomic groups,
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Chlorophyta (class Ulvophyceae), Rhodophyta, and Ochrophyta (class Phaeophyceae),
respectively [3,4].

Seaweeds are well-known for their high nutritional value [5], the carbohydrate, protein,
lipid, and ash content of which varies between approximately 33 and 75%, 10 and 15%,
1.5 and 4%, and 3 and 47% respectively, while the dry weight varies between 10 and
20% [5,6]. However, their chemical composition can vary depending on the species, life
cycle phase, geographical, area and environmental conditions [7], such as the concentration
of dissolved gases (CO2 and O2), light intensity, mineral content (salinity and nutrients),
temperature, ultraviolet radiation, various pollutants, pathogenic agents (fungi, viruses,
and bacteria) and herbivory [2]. In order to adapt to these environments, the cells of
these organisms produce bioactive compounds that often have beneficial effects on human
health [8,9]. These organisms are therefore being studied for their abundance of compounds
with diverse biological properties, including primary and secondary metabolites [10].

The high concentration of minerals in algae is also worth mentioning, including both
macro nutrients, such as calcium (Ca), phosphorus (P), magnesium (Mg), sulphur (S),
sodium (Na), chloride (Cl), and potassium (K), and micro minerals, including iron (Fe), zinc
(Zn), copper (Cu), iodine (I), selenium (Se), manganese (Mn), chromium (Cr), molybdenum
(Mo), fluorine (F), boron (B), cobalt (Co), silicon (Si), aluminium (Al), arsenic (Ar), tin (Sn),
lithium (Li), and nickel (Ni) [11]. Seaweeds normally contain these elements in quantities
between 15 and 25 per cent of their dry weight. Normally, the Na/K ratio is low, which has
been shown to confer benefits to humans, such as reducing hypertension [12].

Ulva spp. (Chlorophyta, Ulvophyceae, Ulvales, Ulvaceae) is a cosmopolitan taxon [13],
commonly known as sea lettuce, forming a frond or blade and a small disc that allows it
to attach to the substrate (Figure 1) [14]. The genus is found in a wide variety of coastal
environments, including tidal pools, intertidal rocks and reefs, brackish water, and even
freshwater, where nutrient concentrations are high [15]. Ulva spp. is a rich source of
essential polysaccharides, including ulvans, and oligosaccharides, which can account for
approximately 40 per cent of its dry weight (dw) [6].
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Figure 1. From left to right, Ulva sp., Gracilaria multipartita, and Sargassum muticum, in January 2024,
Portugal.

Gracilaria spp. (Rhodophyta, Florideophyceae, Gracilariales, Gracilariaceae) is one of
the most valuable marine red algae in the world [16]. Nutritionally rich, the Gracilaria genus
contains proteins, vitamins, carotenoids (including beta-carotene, lutein, and zeaxanthin),
pigments, dietary fibre, and omega-3 and omega-6 fatty acids [16,17]. It is regarded as
a source of agar, a phycocolloid used in the manufacture of consumer products, includ-
ing food, pharmaceuticals, and cosmetics, among others [18,19]. Gracilaria multipartita
(Clemente) Harvey 1846 (Figure 1) is a European species that grows in high temperatures
and light, with a high mineral content [20,21]. This species has been underrepresented in
the literature, with very little information available on its nutrient and mineral content,
except for the species’ agar content [22].



Appl. Sci. 2025, 15, 4212 3 of 24

Sargassum spp. (Ochrophyta, Phaeophyceae, Fucales, Sargassaceae) contains polysac-
charides, proteins, polyphenols, lipids, sterols, carotenoids, and other bioactive compounds
with therapeutic properties [23]. Studies have demonstrated that brown seaweeds possess
protein values ranging from 5 to 15% of their dry weight, with an average ash content
between 13 and 30% of the dw [24]. The species Sargassum muticum (Yendo) Fensholt
1955 (Figure 1) is characterised by numerous spherical aerocysts, which serve to maintain
the organism’s vertical position in the water column and facilitate its growth towards the
surface, where it forms floating masses [2,13]. The seaweed is native to the north-west
Pacific region, from China to Japan and south-east Russia [25,26], and it is an invader in
Europe and North America [27].

Fourier transform infrared spectroscopy (FTIR), near-infrared spectroscopy (NIR),
and Raman spectroscopy are powerful analytical techniques for many different natural
products, including macroalgae. These methods provide valuable insights into the bio-
chemical composition and structural characteristics of algae biomass, helping with species
identification, quality control, and research into bioactive compounds, as they enable key
macromolecules, such as lipids, proteins, and carbohydrates, to be analysed [28]. FTIR and
NIR are particularly effective for studying functional groups and molecular vibrations, pro-
viding critical information on the quality of algal biomass. FTIR spectroscopy is commonly
used to analyse the polysaccharide content, such as carrageenan in red and alginate in
brown seaweeds, and identifying characteristic functional groups, such as sulphate esters
and carboxylate ions. NIR spectroscopy has been used for a rapid and non-destructive
assessment of the moisture, protein, and carbohydrate content of macroalgae. Raman
spectroscopy complements these methods by providing detailed structural information,
proving especially valuable for studying pigments and cell wall components under stress
conditions induced by variations in light or nutrient availability [28,29].

NIR, FTIR, and Raman are therefore complementary spectroscopic techniques for
characterising seaweed biomass [30]. Together, these spectroscopic techniques facilitate
advances in macroalgal research for their characterisation or differentiation [29,31–35].

While previous studies have extensively analysed the nutritional composition of
various algae species, our research provides new data specific to algae species collected
in Portugal in 2024. This is of key interest as the composition of seaweed can vary greatly
depending on environmental conditions and location. Additionally, the characterisation
of Gracilaria multipartita is relatively novel, with very limited data available regarding its
nutritional and mineral composition. Hence, our hypothesis is that the studied species of
seaweeds from central Portugal exhibit an interesting nutritional and mineral composition
for the food sector and that the algae species collected from different locations exhibit
significant variations due to environmental factors.

The aims of this paper are to characterise the nutritional and mineral composition
of Ulva sp., Gracilaria multipartita, and Sargassum muticum from Buarcos and San Marcos
beaches in central Portugal, to assess differences between taxa, and, for the latter, regional
variations. We also aim to evaluate the effectiveness of vibrational spectroscopy techniques
(NIR, FTIR, and Raman) in identifying and differentiating the biochemical profiles of the
algae species.

2. Materials and Methods
2.1. Experimental Layout
2.1.1. Sampling Collection

The biomass of three species of seaweed was collected in January 2024, at low tide,
on the rocky, sandy beach of Buarcos in Figueira da Foz (40◦10′17.22′′ N–8◦53′40.98′′ W),
Portugal. Later, in February 2024, the species Sargassum muticum was collected on the
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San Marcos beach, near Peniche, Portugal (39◦19′01′′ N, 9◦21′02′′ W) (Figure 2). The quan-
tities of the four collected samples were, in fresh weight, 597 g of Ulva sp., 1650 g of
G. multipartita, 2150 g of S. muticum (Buarcos), and 1334 g of S. muticum (San Marcos).
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Both Buarcos and San Marcos beaches are located on the Atlantic coast of central Por-
tugal, where winters are relatively mild with occasional showers. San Marcos experiences
average winter air temperatures between 10 ◦C and 16 ◦C, with water temperatures around
14 ◦C. To the north, Buarcos is cooler, with average air temperatures ranging from 8 ◦C to
15 ◦C and water temperatures around 13 ◦C during the same period.

2.1.2. Sample Preparation

The raw material was quickly taken to the laboratory in dark bags, where the samples
were first washed with seawater at room temperature to prevent the loss of mineral salts
as a result of thermal shock and to remove most of the debris, sand, and epiphytes. To
determine the initial moisture and prepare the biomass for subsequent analysis, seaweeds
were dried in an oven (FD115, Binder, Tuttlingen, Germany) at 60 ◦C for 24 h. The samples
were then powdered (A10 basic, IKA, Staufen, Germany) and stored in sterile airtight bags
before weighting. The seaweeds were then stored at −20 ◦C until further use.

2.2. Chemical Analysis
2.2.1. Determination of Moisture and Dry Matter Content

The moisture content (residual moisture) was determined by drying the samples
according to the official AOAC standard method [36]. Approximately 1.0 g of the sample
was weighed for porcelain capsules and dried in an oven (UL 60, Memmert, Büchenbach,
Germany) at 103 ± 2 ◦C for 24 h until it reached a constant weight. The results were
expressed as a percentage of the moisture in dry weight (dw).

2.2.2. Determination of Ash and Organic Matter Content

The ash content was obtained by subjecting the samples from the determination of the
second moisture content to complete incineration in a muffle furnace (L15 C6, Nabertherm,
Lilienthal, Germany) at a temperature of 550 ± 50 ◦C for 7 h [36]. When the furnace reached
a stable temperature, the capsules were removed and placed in the desiccator to cool. The
results of the ash in the dry matter were expressed as a percentage in g/100 g.
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2.2.3. Determination of Crude Fat Content

The crude fat (CF) content of the algae samples was determined using a Soxtec system
HT and the 1043 extraction unit (Foss Tecator, Höganäs, Sweden). Petroleum ether was
used as the solvent in the crude fat extraction process [36]. A quantity of approximately
2.5 g of the dry sample was weighed and placed in the extraction apparatus. Then, 50 mL
of petroleum ether were poured into a previously weighed aluminium beaker, which was
used as a solvent to extract the fat from the samples and placed in the equipment. Once the
extraction process was complete, the crude fat content of the samples was obtained, and
the solvent was recovered for reuse. The results were expressed as a percentage of CF, as
follows (Equation (1)):

CF(%) =
W2 − W1

S
× 100 (1)

where W1 represents the weight of the empty flask (g), W2 is the weight of the flask with
the extracted fat (g), and S is the weight of the sample (g).

The following equation was used to determine the percentage of crude fat in dry matter
(CFDM) (Equation (2)). The same adjusted formula was used to calculate the percentage of
crude fibre and crude protein in dry weight.

CFDM(%) =
CF
DM

× 100 (2)

where CF represents the percentage of crude fat and DM the percentage of dry matter.

2.2.4. Determination of Crude Fibre Content

The crude fibre (CFi) content of the samples was determined using the Weende method
combined with the Fibertec 1020 System M6 Hot Extractor extraction unit (Foss Tecator,
Höganäs, Sweden). A quantity of approximately 1.0 g of celite and a similar quantity of the
sample were weighed into previously weighed crucibles, which were introduced into the
hot extraction unit equipped with boiling columns. The samples were then hydrolysed with
150 mL of sulphuric acid (H2SO4, 0.26 N) for 30 min after the temperature reached boiling
point. After washing off the acid with boiling distilled water, a second hydrolysis was
performed with a basic sodium hydroxide solution (NaOH, 0.32 N) for 30 min. Finally, a
Kitasato pump was used in a vacuum filtration system to wash with acetone (NP-2029/1983,
1983). The crucibles were heated in an oven (UL 60, Memmert, Germany) at 103 ± 2 ◦C for
two hours and then weighed (W1). The crucibles were then incinerated in a muffle furnace
at 550 ± 5 ◦C for 3 h and then weighed (W2). The CFi was calculated using Equation (3):

CFi (%) =
W1 − W2

S
× 100 (3)

where W1 represents the weight of the crucible after drying (g), W2 is the weight after the
crucible was incinerated (g), and S is the weight of the sample (g).

2.2.5. Determination of the Total Nitrogen and Crude Protein Content

Total nitrogen (TN) and crude protein (CP) were determined through the Kjeldahl
method [37] using an estimated conversion factor for seaweeds of 5.00 [38]. Approximately
0.5 g of each sample was digested with 12 mL of sulphuric acid (H2SO4), and two Kjeltabs
catalyst tablets were employed to enhance both the speed of digestion and the boiling point
for 60 min at 420 ◦C in a digestor system (DS6 1007 Digester, Tecator, Höganäs, Sweden). In
the next step, the samples were automatically distilled with Na hydroxide (NaOH) under
alkaline conditions (UKD 139 Semi-Automatic Kjeldahl Distillation unit, Velp, Usmate
Velate, Italy). The distillate resulting from the distillation process was collected in a 4% boric
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acid solution and titrated with 0.1 mol/L of hydrochloric acid (HCl). The total nitrogen
content (TN) was determined using Equation (4).

TN(%) =
(Vs − Vw)× 0.1 × 14.008

10 × S
× 100 (4)

where Vs represents the volume of hydrochloric acid (HCl) used to titrate the samples (mL),
Vw is the volume of HCl used to titrate the blank test (mL), 0.1 is the molarity (mol/L) of
the HCl used in the titration, 14.008 is the molecular weight of nitrogen, and S is the weight
of the samples.

To ascertain the crude protein content (CP), Equation (5) was used.

CP (%) = TN × 5.00 (5)

where TN is the total nitrogen content and 5.00 is the conversion factor used for
seaweeds [38].

2.2.6. Determination of Carbohydrates

The carbohydrate content was determined through subtraction, as stated by Maclough-
lin et al. [39], using Equation (6). The carbohydrate content of the samples was calculated
in dry matter (CHDM):

CHDM (%) = 100 – (ADM + CPDM + CFDM + CFiDM) (6)

where ADM is the percentage of the ash in dry matter, CPDM is the percentage of the crude
protein in dry matter, CFDM is the percentage of the crude fat in dry matter, and CFiDM is
the percentage of the crude fibre in dry matter.

2.2.7. Determination of Energy

Energy is an essential component acquired through human and animal nutrition, as it
is needed for all kinds of processes and body functions [40,41]. The energy content of a diet
can be determined using the following formulae [42] (Equations (7) or (8)):

Energy (kcal) = (CH × 4) + (CP × 4) + (CF × 9) + (CFi × 2) (7)

Energy (kJ) = (CH × 17) + (CP × 17) + (CF × 37) + (CFi × 8) (8)

CH stands for carbohydrate content in percentage, CP is the percentage of the crude
protein, CF is the percentage of the crude fat, and CFi is the percentage of the crude fibre.

To determine the energy in dry matter, the values of all of the nutrients used were
previously converted into dry matter.

2.3. Mineral Analysis
2.3.1. Samples’ Digestion

Each capsule containing the previously determined ash samples was placed on a
manual hotplate with 3 mL of hydrochloric acid (HCl, 20%) until they reached their boiling
point. The preparation of samples for the dilutions consisted of filtering the residue with a
Whatmann n◦ 41 filter paper and boiling ultra-pure water into previously prepared 50 mL
volumetric flasks.

2.3.2. Determination of Mineral Content Through Flame Atomic Absorption Spectrometry

The macrominerals (Ca, K, Mg, and Na) and microminerals (Fe, Zn, Cu, and Mn)
in the ash samples obtained earlier were quantified through flame atomic absorption
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spectrometry (iCE 3000, Thermo Fisher Scientific, Waltham, MA, USA) using specific
wavelength detection. The respective wavelengths were 422.7, 766.5, 285.3, 589.0, 248.3,
213.9, 324.8, and 279.5 nm. Phosphorus (P) absorbance readings were determined using
molecular absorption spectrophotometry (Evolution 300 LC, Thermo Fisher Scientific,
Waltham, MA, USA) at a wavelength of 470 nm. The results are expressed in milligrams
per gram (mg/g).

2.4. Vibrational Spectroscopic Techniques

In this study, Fourier transform near-infrared spectroscopy (FT-NIR), Fourier transform
infrared spectroscopy with attenuated total reflectance (FTIR-ATR), and Fourier transform
Raman spectroscopy (FT-Raman) were used to differentiate between samples. The objective
was to evaluate and compare these techniques to determine which one is the most effective
at distinguishing the samples and providing deeper insight into their characteristics.

2.4.1. FT-NIR Spectroscopy

FT-NIR analyses spectral data by measuring the absorption of light from the sam-
ple in the near infrared region, including overlapping fundamental vibrations and their
combinations. The near-infrared spectra of the samples were obtained with a near-
infrared spectroscope (MPA, Bruker Optik GmbH, Ettlingen, Germany). The samples
were measured with a spectral resolution of 4 cm−1, with 64 scans in the wavenumber
from 12,000 cm−1 to 4000 cm−1. The background was performed before each sample was
analysed. A glass cell designed for spectroscopy, which was 2 cm in diameter, was used,
and measurements were performed in transmission mode.

2.4.2. FTIR-ATR Spectroscopy

FTIR-ATR was used to quickly and accurately identify the different samples using
a diamond crystal. A small portion of the material was carefully placed directly on the
FTIR-ATR (ALPHA, Bruker Optik GmbH, Ettlingen, Germany) and, between each analysis,
the crystal was thoroughly cleaned with isopropanol to remove any residual sample. The
spectra were taken with 128 scans per sample with a resolution of 2 cm−1 and a spectra
acquisition region between 4000 cm−1 and 400 cm−1. The background spectrum was
recorded before each sample was analysed to ensure accurate measurements.

2.4.3. FT-Raman Spectroscopy

FT-Raman spectroscopy is an analytical technique used to identify molecular structures
and characterise materials based on their vibrational energy modes. The Raman spectra
of the samples were acquired using an FT-Raman spectrometer (Bruker Optik GmbH,
Ettlingen, Germany). The spectra acquisition region ranged from 4000 cm−1 to 100 cm−1,
allowing for a wide range of vibrational modes to be analysed. A resolution of 4 cm−1

was used, with 64 scans per sample, according to the methodology previously defined
for plant material [43]. A specific sample holder was used to place the solid samples,
which was designed to ensure proper alignment and stability during the analysis, allowing
for accurate spectral data collection. After each measurement, the sample holder was
thoroughly cleaned to prevent contamination from previous analyses, ensuring consistent
results across all measurements.

In this case, no additional depigmentation treatment was applied to the samples before
the FT-Raman analysis, as the objective was to compare the three techniques using the
material in the same unaltered state.
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2.5. Multivariate Analysis

A standardised biplot was generated from the principal component analysis (PCA)
to examine the overall correlation between algae species and chemical data. This biplot
il-lustrates the standardised component scores alongside the projections of the standardised
variables. The PCA with analytical data was performed using Statistics® software, version 7.0.

For PCA with spectral data, various mathematical transformation techniques were
applied, including standard normal variate transformation (SNV), multiplicative scatter
correction (MSC), Savitzky–Golay first and second derivatives, and combinations of these
methods. The analysis of the spectra was performed using Unscrambler® X software,
version 10.5.46461.632 (CAMO Software AS, Oslo, Norway).

These approaches allowed for the identification of key spectral and chemical features,
facilitating a deeper understanding of the factors that distinguish algae species.

For the nutritional composition, a one-way analysis of variance (ANOVA), followed
by Tukey’s HSD post hoc test, were used to assess significant differences between samples.
Statistical significance was determined at a p-value < 0.05. Results are presented as mean
± standard deviation. Statistical analyses were conducted using SPSS Statistics® 29 (IBM
Corporation, New York, NY, USA).

3. Results and Discussion
3.1. Nutritional Analysis

The nutritional composition, with measurements of moisture, ash, protein, fat, fibre,
carbohydrates, and energy, is shown in Table 1.

Table 1. Nutritional composition (g/100 g dw) of the samples of three species of seaweed of Ulva sp.,
Gracilaria multipartita, and Sargassum muticum from Buarcos beach and S. muticum from San Marcos
beach. The results are expressed as mean values ± standard deviation. Different letters (a,b,c,d)
represent statistical differences between species.

Nutritional Composition
Taxon

Ulva sp.
(Buarcos)

G. multipartita
(Buarcos)

S. muticum
(Buarcos)

S. muticum
(San Marcos)

Moisture (g/100 g dw) 7.58 ± 0.03 a 6.07 ± 0.30 b 7.77 ± 0.10 a 5.56 ± 0.10 c

Dry Matter (g/100 g) 92.42 ± 0.03 c 93.93 ± 0.30 b 92.23 ± 0.10 c 94.44 ± 0.10 a

Ash (g/100 g dw) 33.53 ± 0.09 a 26.56 ±0.02 d 28.42 ± 0.06 c 30.17 ± 0.30 b

Organic Matter (g/100 g dw) 66.47 ± 0.09 c 73.44 ± 0.02 b 71.58 ± 0.06 d 69.83 ± 0.30 a

Crude Protein (g/100 g dw) 18.05 ± 0.10 a 18.43 ± 0.07 a 10.25 ± 0.35 b 10.13 ± 0.07 c

Crude Fat (g/100 g dw) 0.11 ± 0.00 b 0.14 ± 0.00 ab 0.19 ± 0.01 a 0.19 ± 0.05 ab

Crude Fibre (g/100 g dw) 5.83 ± 0.02 b 6.17 ± 0.35 b 10.88 ± 0.20 a 6.24 ± 1.34 b

Carbohydrates (g/100 g dw) 42.48 ± 0.15 c 48.70 ± 0.41 b 50.33 ± 0.74 b 53.28 ± 1.11 a

Energy (kcal/100 g dw) 254.77 ± 0.09 c 282.15 ± 1.37 a 265.68 ± 0.07 b 267.79 ± 2.44 b

Energy (kJ/100 g dw) 1079.72 ± 0.39 c 1195.89 ± 5.94 a 1123.51 ± 0.36 c 1134.81 ± 10.84 b

dw—dry weight.

All of the seaweed species harvested from Buarcos beach exhibited a high moisture
content, including 89.5% for Ulva sp., 95.5% for Gracilaria multipartita, and 91.7% for
Sargassum muticum, whereas S. muticum from San Marcos had a lower moisture content
of 86.87%.

The second moisture content and dry matter of the samples were determined after
drying. Among the Buarcos species, S. muticum (7.77 ± 0.10 g/100 g) had the highest
second moisture value, followed by Ulva sp. (7.58 ± 0.03 g/100 g) and G. multipartita
(6.07 ± 0.30 g/100 g), while the moisture content of the S. muticum from Buarcos was



Appl. Sci. 2025, 15, 4212 9 of 24

higher than that of the sample from San Marcos (5.56 ± 0.10 g/100 g). This seaweed
therefore showed the greatest dry matter, with a value of 94.44 ± 0.10 g/100 g.

As for the organic matter, the highest value was found in G. multipartita
(73.44 ± 0.02 g/100 g dw), which was significantly higher than all of the other species,
whereas Ulva sp. had the lowest value (66.47 ± 0.09 g/100 g dw). Regarding the ash content,
Ulva sp. had the significantly highest value (33.53 ± 0.09 g/100 g dw), while S. muticum
(Buarcos) and G. multipartita had lower amounts of ash, with 28.42 ± 0.06 g/100 g dw and
26.56 ± 0.02 g/100 g dw, respectively. Additionally, for S. muticum from San Marcos, a
significantly different ash content was found (30.17 ± 0.30 g/100 g dw) when compared to
the sample from Buarcos (28.42 ± 0.06 g/100 g dw).

According to the studies by Taboada et al. [44] and Tirgui et al. [45], the ash content
of wild species of Ulva sp. ranged from 14 to 31 per cent in dry weight (dw), with the
maximum value close to our result. As for S. muticum, Rodrigues et al. [37] presented a
lower value than ours (22.94%). Furthermore, the higher ash content in the San Marcos
species indicates lower organic matter (OM) content compared to the Buarcos sample. The
lack of data on G. multipartita from the Portuguese coast in previous studies precludes any
comparison. However, studies with other species of the same genus, such as Gracilaria
gracilis collected from Buarcos beach, have reported ash contents ranging from 18.96% [46]
to 24.8% [37]. Thus, G. multipartita seems to contain greater ash content than G. gracilis.
The ash content of seaweeds varies between locations due to differences in environmental
factors, such as salinity, temperature, nutrient availability, and the presence of minerals,
such as heavy metals in the water, making seaweeds’ biomass less suitable for further
biorefinery development [47].

The crude fat (CF) content is always very low, revealing a range between 0.11 g/100 g dw
for Ulva sp. and 0.19 ± 0.01 g/100 g dw for S. muticum from Buarcos, with the latter
showing minimal differences compared to the San Marcos sample (0.19 ± 0.05 g/100 g dw).
Meanwhile, the fat content for G. multipartita was 0.14 ± 0.00 g/100 g dw. The CF content
in macroalgae is naturally minimal. Several studies stated higher fat content, namely,
those by Soares et al. [48], Kumari et al. [49], and Paiva et al. [50], who reported a range
between 0.23 and 2.0 g/100 g. Despite these variations, the low-fat content in seaweeds is
well-documented, and fluctuations are likely due to environmental conditions.

The crude fibre content of the three species exhibits a range of values, with the lowest
observed at 5.83 + 0.02 g/100 g, followed by 6.17 ± 0.35 g/100 g dw, 6.24 ± 1.34 g/100 g dw,
and 10.88 ± 0.20 g/100 g dw for the Ulva sp., G. multipartita, and S. muticum species from
San Marcos and Buarcos, respectively, with the latter’s values being significantly higher
than those of the other three samples. The CFi values presented by Paiva [51] (52.20%) and
Milinovic et al. [52] (14–18% in dry weight) for red seaweeds and 22–32% dw for brown
seaweeds are much higher than the concentrations found in this study. A similar pattern
was observed for Ulva sp., with the crude fibre value indicated by Milinovic et al. [52] (21%)
and Patarra et al. [53] (41.16%) being higher than that of the present study. These discrep-
ancies may be due to potential inaccuracies or methodological errors in the procedure used
to quantify crude fibre [54].

The crude protein content of the samples ranged from 10.13 ± 0.07 g/100 g dw in
S. muticum (San Marcos) to 18.43 ± 0.07 g/100 g dw in G. multipartita (Buarcos), closely
followed by Ulva sp., with a protein content of 18.05 ± 0.10 g/100 g dw. Despite being
harvested in different regions, the two populations of S. muticum exhibit minimal variation
between them and have a comparable protein value. The proportion of crude protein
present in macroalgae varies considerably depending on the species. Red and green algae
typically exhibit high levels of CP, ranging from 3 to 47 per cent [55,56] and 10 to 30 per
cent [2,57], respectively. In contrast, brown macroalgae generally display a relatively
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lower proportion of CP, ranging from 5 to 15 per cent [37,58]. The findings of this study
corroborate the claims made by the aforementioned authors, indicating that the green
Ulva sp. (18.05 ± 0.10 g/100 g) and the red G. multipartita (18.43 ± 0.07 g/100 g) exhibited
higher CP values than the brown S. muticum from San Marcos (10.13 ± 0.07 g/100 g) and
Buarcos (10.25 ± 0.35 g/100 g). It can thus be concluded that green and red macroalgae have
the potential to serve as an alternative source of protein for human food and animal feed.
In addition, there are seasonal shifts in the protein content, with macroalgae containing
higher amounts of protein during the late winter and early spring and lower amounts
during the late summer and early autumn periods [56,59].

The carbohydrate (CH) content of the seaweeds ranged from 42.48 ± 0.15 g/100 g
to 53.27 ± 1.11 g/100 g in dw for the species Ulva sp. and S. muticum from San Marcos,
respectively. The findings of this study indicate that the sample from San Marcos contains
a significantly higher amount of carbohydrates than all of the other samples from Buarcos.

Finally, the energy values (kJ/kcal) of the taxa analysed showed small differences be-
tween samples. G. multipartita (1195.75 ± 5.94 kJ/100 g dw and 282.12 ± 1.37 kcal/100 g dw)
had the highest energy value, followed by S. muticum from Buarcos (1134.75 ± 10.84 kJ/100 g dw
and 267.79 ± 2.44 kcal/100 g dw) and S. muticum from San Marcos with the lowest
values (1122.74 ± 0.36 kJ/100 g dw and 265.51 ± 0.07 kcal/100 g dw) and Ulva sp.
(1079.72 ± 0.39 kJ/100 g dw and 254.77 ± 0.09 kcal/100 g dw), which presented the lowest
values. Thus, G. multipartita provides the highest energy value for an adult but was closely
followed by S. muticum, whereas Ulva sp. shows significantly less carbohydrates and
energy content.

Table 2 shows the main results obtained for the mineral composition. The results
support previous studies showing that the mineral content of macroalgae varies depending
on the taxon, and it can also change within the same species due to factors like its location,
environmental conditions, health, and life cycle [60].

Table 2. Mineral composition (mg/g dw) of samples of three species of seaweed, Ulva sp., Gracilaria
multipartita, and Sargassum muticum, from Buarcos beach and S. muticum from San Marcos beach.
The results were expressed as mean values ± standard deviation. Different letters (a,b,c,d) represent
statistical differences between the samples.

Mineral Composition
Taxon

Ulva sp.
(Buarcos)

G. multipartita
(Buarcos)

S. muticum
(Buarcos)

S. muticum
(San Marcos)

Macronutrients (mg/g dw)
Potassium (K) 7.05 ± 0.53 c 36.94 ± 1.02 b 15.04 ± 0.42 c 86.19 ± 9.06 a

Sodium (Na) 73.80 ± 0.45 a 64.07 ± 5.96 a 73.52 ± 6.93 a 29.36 ± 3.82 b

Calcium (Ca) 8.99 ± 0.56 b 17.55 ± 0.95 a 21.22 ± 1.48 a 11.05 ± 1.33 b

Magnesium (Mg) 15.47 ± 0.96 ab 7.89 ± 0.21 c 13.6 ± 0.41 b 17.21 ± 0.86 a

Phosphorus (P) 1.13 ± 0.00 c 2.17 ± 0.07 a 1.07 ± 0.02 c 1.57 ± 0.09 b

Trace elements (µg/g dw)
Iron (Fe) 221.21 ± 6.86 b 238.61 ± 9.00 b 279.52 ± 5.65 a 116.30 ± 6.68 c

Zinc (Zn) 8.37 ± 0.81 bc 9.63 ± 0.43 b 28.90 ± 1.10 a 5.60 ± 0.34 c

Manganese (Mn) 1.04 ± 0.16 c 8.68 ± 0.96 b 71.06 ± 1.08 a 3.69 ± 0.14 c

Copper (Cu) 20.76 ± 1.39 ab 22.28 ± 0.78 a 20.20 ± 0.17 ab 17.86 ± 0.19 b

Na+/K+ ratio 10.50 1.74 4.90 0.34
dw—dry weight.

The K content of the San Marcos brown macroalga revealed the highest concentration
(86.19 ± 9.06 mg/g dw), being the most prevalent mineral among the macrominerals
examined and even surpassing Na concentration. The concentration of K is much lower in
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the other taxa and lower than the concentration of Na. The results also show that Na was the
highest in Ulva sp. (73.80 ± 0.45 mg/g dw), followed by S. muticum (73.52 ± 6.93 mg/g dw)
and G. multipartita (64.07 ± 5.96 mg/g dw). S. muticum from San Marcos was the species
with the lowest Na content (29.36 ± 3.82 mg/g dw). Seaweeds therefore have a very diverse
Na:K ratio, with the lowest Na:K ratio value being obtained in S. muticum (4.9 mg/g dw)
and Ulva sp. (10.5 mg/g dw). The World Health Organisation (WHO) recommends a Na
intake of less than 2000 mg per day and a K intake of more than 3510 mg per day, i.e., a
Na:K ratio of ≤1.0, which is considered optimal for maintaining cardiovascular health [61].
The best result was thus obtained for S. muticum from San Marcos, which presents a value
of less than 1, as recommended by the WHO [61]. The ratio between the elements Na
and K provides a means of counterbalancing the effects of modern Western diets, which
are characterised by high intake of Na and low intake of K, concerning hypertension and
associated cardiovascular diseases [62].

The Na concentration was significantly higher than that reported by several authors
cited by Circuncisão et al. [63], and it was only comparable to that of the brown seaweed
Undaria pinnatifida. In the literature, concentrations of Na ranged from 11 to 24 mg/g in
Ulva spp. and from 10 to 16 mg/g in Gracilaria spp., while in Sargassum spp., 27 mg/g was
found [64]. The two S. muticum harvesting sites differed significantly, with the San Marcos
sample being closer to the values reported by Thadhani et al. [64], who also registered a
large variation between sites. Conversely, the K concentration in Buarcos was lower than
those reported in the literature [63,64]. Thus, all of the samples from Buarcos had very
high Na content. Environmental conditions, such as temperature and salinity, may be a
contributing factor, as algae tend to absorb more Na from water with higher salinity [65].

The highest concentrations of Ca were observed in S. muticum (21.22 ± 1.48 mg/g dw),
while the lowest levels were detected in Ulva sp. (8.99 mg/g dw). The Mg values were
higher in the San Marcos species, which exhibit a concentration of 17.21 ± 0.86 mg/g dw,
and in Ulva sp. (15.47 ± 0.96 mg/g dw). The lowest Mg value obtained was found in the
G. multipartita from Buarcos (7.89 ± 0.21 mg/g dw). Furthermore, P was the least repre-
sentative of the macronutrients, with values ranging from 1.07 ± 0.02 to 2.17 mg/g dw in
S. muticum from Buarcos to 2.17 ± 0.07 mg/g dw observed in G. multipartita.

Ca and P, the two main minerals in the human body, along with Mg, Na, and K, make
up a significant proportion of the chemical constituents of algae [62,65]. Regarding Ca and
P, our results align with those reported by Circuncisão et al. [63] and Thadhani et al. [64].
Among the Buarcos species, the highest Mg values were found to be lower in the green
and brown algae compared to the red macroalgae [66], as observed by Rodrigues et al. [37].
Seaweeds are rich in these minerals, making them valuable food sources of essential
nutrients. There is strong evidence that Ca from seaweeds enhances bone density, muscle
strength, and nerve function [67,68].

Brown macroalgae are also an excellent source of Mg, as noted by MacArtain et al. [69].
Mg is crucial for numerous biochemical reactions in the human body, including energy
production and muscle function [69], while P is essential for DNA and RNA formation,
energy production, and bone health in humans. In seaweeds, P is necessary for energy
transfer and storage [70].

In this study, Fe, Zn, Mn, and Cu were the most important trace elements in the
four types of macroalgae analysed. The levels of Fe and Zn varied significantly between
sites for S. muticum but were within the values reported in the literature [63]. Fe was the
most common trace element, with the highest levels found in the three Buarcos species,
ranging from 221.21 to 279.52 µg/g dw. The lowest levels of Fe were found in the brown
seaweed from San Marcos, with 116.30 µg/g dw. Fe is essential for the functioning of numer-
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ous proteins, including enzymes and haemoglobins in blood cells, and it is indispensable
for the binding and transportation of oxygen through the tissues [71,72].

As for Zn and Mn, the highest levels were found in the species from Buarcos beach,
with Zn ranging from 8.37 to 28.90 µg/g dw and Mn from 1.04 to 71.06 µg/g. S. muticum
from Buarcos had the highest levels of Zn and Mn, which were significantly higher than
those of the other samples. Lastly, G. multipartita had the highest level of Cu (22.8 µg/g dw),
while the brown algae from San Marcos had the lowest (17.86 µg/g dw). The Cu levels
in our study were higher than those reported by Circuncisão et al. [63] and Thadhani
et al. [64]. High levels of Cu in seaweeds can indicate pollution in marine environments, as
seaweeds can accumulate heavy metals from their surroundings [73]. However, Cu levels
are below the maximum concentration allowed for human consumption in the European
Union, which has set a maximum limit of 1 mg/day dry weight in seaweed [56].

The mineral content of seawater is therefore crucial to the growth and nutritional value
of seaweeds, as it directly influences the accumulation of essential minerals in seaweed
biomass, making it a rich source of nutrients for various applications [74].

3.2. Data Analysis

The PCA biplot in Figure 3, with two principal components (PC1 and PC2), accounts
for 73.7 per cent of the total variance observed. The distribution of the samples in the PCA
plot suggests a distinct differentiation of nutrients among the samples. Principal component
1 (PC1) shows a positive correlation with protein, Cu, Na, and Fe and a negative correlation
with carbohydrates, fat, and K. In contrast, principal component 2 (PC2) is positively correlated
with ash, fibre, and Mg and negatively correlated with P, Zn, Ca, and Mn.
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Figure 3. Projection of the algae analysed and the analytical parameters measured in the space defined
by the first two principal components. UB—Ulva sp., GMB—Gracilaria multipartita, SMB—Sargassum
muticum from Buarcos beach, SMSM—Sargassum muticum from San Marcos beach.

Ulva sp. is strongly associated with ash, Cu, and Na content, while S. muticum from
Buarcos is associated with higher fibre content and, to a lesser extent, with ash content,
suggesting its potential use in dietary fibre supplements. G. multipartita is linked to higher
Zn, Mn, and P content, highlighting its role as a source of trace elements. S. muticum from
San Marcos is strongly correlated with carbohydrate, fat, and K content, indicating that its
value is suitable for applications requiring energy-dense biomaterials. This analysis could
be useful for bioresource applications, such as identifying species with specific nutritional
profiles for food or industrial uses. Regional variations (UB—Ulva sp., GMB—Gracilaria
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multipartita, SMB—Sargassum muticum, all from Buarcos beach; SMSM—Sargassum muticum
from San Marcos beach) may reflect environmental influences, which should be further
investigated in future work [75].

The results show a clear difference between the samples, whether due to taxonomic
differences or environmental conditions. The S. muticum sample from San Marcos appears
to have been exposed to less nutrient-rich waters, resulting in lower protein and mineral
content compared to the Buarcos sample.

3.3. Label Analysis

Seaweeds offer a variety of nutrients in concentrations that can meet nutritional
needs, even allowing for some nutritional claims. However, there are no data on the
daily intake of seaweed for the Portuguese population or other European countries. In
contrast, the average daily intake of seaweed in Asian countries is about 8 g of seaweed
dry matter [37,60]. Table 3 shows a label with the contribution of analysed nutrients in the
macroalgae to the recommended daily intake for an adult.

Table 3. Contributions of the macroalgae samples Ulva sp., Gracilaria multipartita, and Sargassum
muticum from Buarcos and S. muticum collected from San Marcos to the recommended daily intake
(RDI) for an adult.

Nutritional
Composition

Adult Daily
Reference Value

taxa

Ulva sp.
(Buarcos) G. multipartita (Buarcos) S. muticum (Buarcos) S. muticum

(San Marcos)
Nutrient/8 g %RDI Nutrient/8 g %RDI Nutrient/8 g %RDI Nutrient/8 g %RDI

Energy (kcal) 2000 20.38 1.02 21.24 1.13 21.24 1.06 21.42 1.07
Energy (kJ) 8400 86.37 1.02 89.81 1.13 89.81 1.06 90.78 1.07

Total Lipids (g) 70 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Carbohydrates (g) 260 3.40 1.31 3.89 1.50 4.02 1.55 3.74 1.44

Sugars (g) 90 N.D. N.D. N.D. N.D. N.D. N.D. N.D. N.D.
Proteins (g) 50 1.44 2.88 1.47 2.94 0.82 1.64 0.81 1.62
Fibre (g) > 25 0.47 1.88 0.49 1.96 0.87 3.48 0.50 2.00
Salt (g) < * 6 1.48 0.25 1.28 0.20 1.47 0.25 0.59 0.10

Minerals Adult daily
Reference Value mg/8 g %RDI mg/8 g %RDI mg/8 g %RDI mg/8 g %RDI

Ca (mg) 800 71.90 9.00 140.40 17.50 169.70 21.20 88.40 11.10
P (mg) 700 9.02 1.30 17.40 2.50 8.50 1.20 12.56 1.80
K (mg) 3500 56.40 1.60 295.50 8.40 120.30 3.40 689.48 19.70

Mg (mg) 375 123.70 33.00 62.82 16.80 109.00 29.10 137.70 36.70
Fe (mg) 14 1.90 13.60 2.24 16.00 1.80 12.60 0.93 6.60
Na (mg) 2000 590.40 29.50 512.50 25.60 588.20 29.40 234.90 11.70
Zn (mg) 10 0.08 0.80 0.23 2.30 0.07 0.70 0.04 0.45
Cu (mg) 1 0.18 17.80 0.16 16.20 0.20 16.60 0.14 14.30
Mn (mg) 2 0.07 3.50 0.57 28.40 0.01 0.40 0.03 1.48

* The Recommended Dose Intake (RDI) of salt is <6000 mg; N.D.—not determined.

Firstly, all seaweeds are extremely low in calories, with 8 g a day providing just
1.02–1.13% of the recommended daily intake (RDI). Algae are also very low in fat, with 8 g
representing 0.01 to 0.02% of the RDI [76]. As for carbohydrates, proteins, and fibres, the
concentrations are equally low in all taxa. Polysaccharides act as dietary fibres, promoting
gut health by serving as prebiotics for beneficial gut bacteria. Despite representing a
relatively small proportion of the daily nutrient intake, seaweed contains a considerable
amount of minerals, largely due to the high availability and diversity of these elements in
the ocean [69] and a healthy, low concentration of salt.

In spite of the variations between the taxa analysed, as far as trace elements are
concerned, values of Mg, Ca, and Fe are exceptionally high, representing very interesting
dietary sources of these elements. However, the high concentrations of sodium and copper
in all taxa could be worrying in terms of cardiovascular health risks in the case of the former
and bioaccumulation of heavy metals in the case of the latter [11].

As stated above, Sargassum muticum from Buarcos has higher levels of Ca, Fe, Na, and
Cu than the biomass harvested from San Marcos beach. For instance, 8 g of dried seaweed
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from Buarcos provides the recommended daily intake (%RDI) of these minerals for an adult,
with concentrations of 21.20%, 12.60%, 29.40%, and 16.60%, respectively. With regard to Mg,
our findings also indicated that the RDI of Mg in S. muticum from San Marcos (36.7%) was
higher than in all of the Buarcos species. Furthermore, Rodrigues et al. [37] confirmed that
the S. muticum species is also capable of providing substantial quantities of Mg (40.1%), as
we did in our study (36.7%). K was another crucial mineral found in the brown macroalgae
of San Marcos, with 8 g providing 19.7 per cent of the recommended daily intake for an
adult. Among the Buarcos species, the highest values for the recommended daily intake
of sodium and magnesium were observed in Ulva sp. (29.5% and 33.0%), followed by
S. muticum (29.4% and 29.1%) and G. multipartita (25.6% and 16.8%) in 8 g of dried algae.
The values for P, Zn, and Mn are very low in RDI. P was the most prevalent in G. multipartita
(2.30%), exhibiting a higher of RDI percentage than the other seaweeds. Mn and Zn are the
trace elements with the highest concentration in brown seaweeds, but they represent only
1.48 per cent and 0.45 per cent of the RDI, respectively.

Seaweeds are therefore ultiparti as a valuable source of nutrients and minerals for
human health. These compounds are essential for the growth, survival, and adaptation of
seaweeds to various environmental stressors, playing a critical role for algae and enabling
them to withstand adverse environmental conditions [77].

3.4. Spectroscopy Analysis
3.4.1. FT-NIR

The FT-NIR spectra obtained from the algae samples analysed are represented in
Figure 4. The bands shown in the FT-NIR region contain information about the hydrogen-
containing organic constituents (e.g., N-H, C-H, O-H) present in the sample. The NIR
region encompasses wavelengths between 12,500 and 4000 cm−1 [78–80].
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Figure 4. FT-NIR spectra of selected macroalgae samples Gracilaria multipartita, Ulva sp., and Sargas-
sum muticum (from Buarcos and San Marcos).

The most crucial signature of the near-infrared (NIR) spectra was the sensitive region
of 6000–5500 cm−1, combined with the bands situated around 4350–4250 cm−1 within a
broad band at 5775 cm−1, and two small sharp bands at 4330 and 4257 cm−1. The combined
bands depict the absorption of saturated fatty acids, with C-H groups adjacent to C=C
double bonds [81].

There are broad absorption regions around 5174 cm−1 and 6923 cm−1. These findings
indicate the presence of alcohols and organic acids, both containing O-H functionality,
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the second most important signature after the C-H bond, while the O-H bond is highly
influenced by C-H that are typical of hydrocarbon mixtures [79].

Furthermore, the absorption bands at 4760–4450 cm−1 and the sensitive region at
4000–3800 cm−1 (peak at 3983 cm−1) are due to aromatic C-H groups, appearing as com-
bined bands [46,48]. The ester group C=O also makes a weak appearance as the second
overtone at around 4650 cm−1; however, there is an overlap of aromatic C-H features [81].

Figure 5 represents the score plot of the PCA performed on all samples (left side).
PC1 and PC2 account for 96% of the total variation and can discriminate between different
genera of algae samples.
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Figure 5. Principal component analysis to discriminate between the different samples analysed
using FT-NIR spectral information (left side) and the corresponding loadings of spectral information
(right side) using the Savitzky–Golay derivate transform with 15 smoothing points. GMB—Gracilaria
multipartita, UB—Ulva sp., SMB—Sargassum muticum from Buarcos beach, SMSM—S. muticum from
San Marcos beach.

PC1 discriminates between the three different species G. multipartita, Ulva sp., and
S. muticum and explains 83 per cent of the total variance. PC2, which explains 13 per cent
of the total variance, is responsible for the clear distinction between S. muticum from San
Marcos and Buarcos. This analysis therefore highlights the variations between species, with
G. multipartita, Ulva sp., and S. muticum separated, while S. muticum collected in different
sites shows distinct differentiation.

The most important region for discriminating between samples for PC1 and PC2 is
the region between 6500 cm−1 and 4000 cm−1 (Figure 5, right side). Another promising
region for PC2, accounting for 13 per cent of the total variation and effectively distinguishes
S. muticum species collected in different regions, is the peak at 5174 cm−1. This peak cor-
responds to the water absorption band of the first and second vibrational overtones of
the -OH stretch and is also associated with carbohydrates, starch, and proteins. Support-
ing the above, the different taxa and locations are clearly identified through the FT-NIR
spectral analysis.

3.4.2. FTIR-ATR

The algae samples were also analysed using FTIR-ATR spectroscopy as a rapid method
for chemical characterisation. The spectra obtained (Figure 6) are similar to those obtained
by other authors who have analysed algae and plant material [82,83].
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Figure 6. FTIR-ATR spectra of species of macroalgae samples selected: Gracilaria multipartita, Ulva sp.,
and Sargassum muticum (from Buarcos and San Marcos).

The most characteristic bands were seen in the spectral range of 1700~800 cm−1

and 3500~2800 cm−1 due to the absorbance of the peptide backbone and the methyl and
methylene groups [31]. The 1200–950 cm−1 regions of the spectra were associated with
the stretching (C-O-C) vibrations of the polysaccharides [84], with a most intense band
at 1024 cm−1. This band exhibited varying intensities from G. multipartita, followed by
S. muticum and a smaller peak in Ulva sp. These features were attributed to different
polysaccharide components: agar in red algae, guluronic acid, which is part of alginate
acid in brown algae, and glycosidic C-O-C vibrations form (1,4)-β-D-mannans, which is the
primary component of the skeletal cell wall polysaccharides in green algae [85]. The more
pronounced peak in G. multipartita indicates a high concentration of phycocolloids, which
in this species corresponds to high agar content. In the brown seaweeds, the presence of
alginate was also confirmed by a peak at 1320 cm−1, corresponding to the C-O stretching
vibrations in this linear copolymer of β-D-mannuronic acid and α-L-guluronic acid [86].

The medium intensity absorbance peaks around 1517 cm−1 (associated with N-H
and C-H stretching) and 1649~1606 cm−1 (linked to C=O) can be attributed to the amide
II and amide I groups, respectively, which are characteristic of protein groups [84]. The
Amide I band (~1649 cm−1) provided a robust marker for protein quantification. Its higher
intensity in G. multipartita compared to Ulva sp. suggests higher protein content in the red
seaweed [77,87], which is consistent with our biochemical analysis.

The peaks in the 1600–1500 cm−1 range corresponded to aromatic compounds (such
as flavonoids, phenolic acids, and polyphenols) and are linked to antioxidant properties
and secondary metabolites [84]. These peaks were more pronounced in G. multipartita,
suggesting that it is a potential source of bioactive compounds in response to oxidative
stress and UV damage.

The band at 1415 cm−1 was associated with hydroxyl deformation, carbon–oxygen
stretching of phenolic hydroxyl groups, and symmetrical C-H bending vibrations in CH2

or CH3 groups [88], with greater intensity in G. multipartita.
The peaks in the 1320–1200 cm−1 region indicate polysaccharide structures in

S. muticum attributed to C-H bending vibrations in sugars [37], indicating the presence
of mannuronic acid, another key component of the alginate commonly found in brown
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seaweeds [89]. The presence of alginate in S. muticum was also confirmed by a peak at
1320 cm−1, corresponding to the C-O stretching vibrations.

The anomeric region (950–700 cm−1) includes a significant peak at 930 cm−1 in red
seaweeds, which is attributed to 3,6-anhydro-L-galactose, a key component of agar in
Gracilaria species [37]. In biological samples, the peak at 2910 cm−1 is often related to CH2

stretching vibrations in lipids or long-chain fatty acids [90]. Finally, the band centred at
3420 cm−1 is assigned to the —OH groups (water, phenolic, alcoholic, and carboxylic),
present in the cell wall of the algae [91].

Figure 7 presents the principal component analysis (PCA) plot showing the distribu-
tion of samples from different species and locations based on PC1 and PC2, which together
explain 91 per cent of the total variance. To perform this spectral analysis, baseline correc-
tions, the standard normal variate (SNV), and a derivative Savitzky–Golay transformation
with 15 smoothing points were applied.
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Figure 7. Principal component analysis to discriminate between different samples analysed using
FTIR-ATR spectral information (left side) and the corresponding loads of spectral information (right
side) using derivative Savitzky–Golay transformation with 15 smoothing points. GMB—Gracilaria
multipartita, UB—Ulva sp., SMB—Sargassum muticum from Buarcos, SMSM—S. muticum from San Marcos.

The PCA score plot highlights a clear differentiation between species, with some level
of similarity observed between the two groups of S. muticum (SMB and SMSM), possibly
due to their shred taxon. PC1, which accounts for 62 per cent of the total variance, is
the primary axis distinguishing GMBU (located on the far right) from the other groups,
primarily SMB and SMSM. Meanwhile, PC2, which explains 29 per cent of the total variance,
separates UB (located in the upper region of the biplot) from the other species.

Figure 7 (right side) depicts the PCA loadings with the Savitzky–Golay derivative for
two principal components (PC-1 and PC-2). This plot shows variations in the spectral data,
highlighting the differences and trends taken by the two principal components where the
most representative regions for achieving the differentiation between species are between
the 1600–600 cm−1 wavenumber regions. These findings are crucial for the development of
future calibrated models to predict algae nutrient composition.

3.4.3. FT-RAMAN

While Raman spectroscopy often complements FTIR by providing more detailed vibra-
tional data, the samples in this study gave weaker Raman signals compared to FTIR-ATR
due to their dark colour. The FT-Raman spectra obtained from the algae analysed are
presented in Figure 8.
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Figure 8. FT-Raman spectra of the species of macroalgae samples selected: Gracilaria multipartita,
Ulva sp., and Sargassum muticum (from Buarcos and San Marcos).

The sharp and well-defined band at 1529 cm−1 is attributed to C=C in the plane band
attributed to carotenoids [92,93] and is particularly abundant in S. muticum from S. Marcos
beach, closely followed by S. muticum from Buarcos. This is not surprising given the high
content of fucoxanthin in this taxon.

The large band at 1156 cm−1 in Raman is typically associated with C–O–C stretching
vibrations of glycosidic bonds in polysaccharides, such as cellulose, pectins, agar, algi-
nate, fucoidan, ulvan, or other phycocolloids. This is corroborated by the small band at
1088 cm−1, which is a specific polysaccharide signature and, in G. multipartita, indicates the
presence of agar. Furthermore, the 966 cm−1 band can also be linked to S=O stretching in
sulphated polysaccharides [93,94].

In FT-RAMAN, the wavenumber of 1608 cm−1 is again characteristic of C=C stretch-
ing vibrations in aromatic rings, which in algae is often associated with phenolic com-
pounds, flavonoids, and aromatic amino acids present in proteins [94]. The wavenumber at
1277 cm−1 also indicates the C-H bending or C-C stretching of phenolic compounds. The
small band at 1009 cm−1 is often associated with amide linkages and C-N spatial stretching
in proteins and peptides. The band at 2924 cm−1 is commonly associated with the C-H
stretching vibrations in aliphatic hydrocarbons, which indicates the presence of methylene
(CH2) and methyl (CH3) groups. The Raman bands at 1340 and 1346 cm−1 have been
assigned to CCH, COH, and OCH deformations in the plane of pyranoid rings with CH2

and CH3, a contribution of galactose and fucose, respectively [94]. The small bands at
1445 cm−1, 1388 cm−1, and 1277 cm−1 are commonly attributed to the presence of lipids
and fatty acids [30].

Figure 9 shows the PCA plot, where the samples of different species and locations are
distributed according to two principal components that together explain 99% (97% for PC1
and 2% of PC2) of the total variation. Although PC2 makes a much smaller contribution,
Ulva sp., separated by both PC1 and PC2, indicates distinct characteristics compared to the
other species. The two S muticum samples show only a slight separation between locations
along the PC1, suggesting some degree of chemical similarity between them.
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Figure 9. Principal component analysis for discrimination of the different samples analysed using
FT-Raman spectral information (left side) and FT-Raman absorption spectra of data processed with
Savitzky–Golay derivative (right side). GMB—Gracilaria multipartita, UB—Ulva sp., SMB—Sargassum
muticum from Buarcos, SMSM—S. muticum from San Marcos.

Despite the higher values observed for the variation explained by PC1+PC2, the peaks
that contribute most to discrimination in the PCA are located at 1529 cm−1 and 1156 cm−1

for PC1 and at 1156 cm−1 and 2924 cm−1 for PC2 (representing only 2 per cent of the total
variance) (Figure 9, right side). This weak contribution from the spectral regions, combined
with the low signal strength, indicate that for the same material, FT-Raman spectroscopy
appears to be the least effective technique for distinguishing between the algae species
studied. In this case, additional pre-treatment may be necessary as long as it does not
interfere with the analysis of this matrix or its chemical composition. This will be the aim
of future research in this area.

As with the FT-NIR and FTIR-ATR analyses, the PCA analyses for FT-Raman highlight
the differences between species, with little overlap observed between the same species
collected in different regions. This emphasises the importance of geographical distribution
and environmental factors in the chemical composition of species.

4. Conclusions
The growing interest in the unique characteristics of seaweed and its bioactive com-

pounds has led to its recognition as a valuable superfood across various industries. The find-
ings of this study indicate the high nutritional value of seaweeds, particularly with regard
to protein. Specifically, Ulva sp. and Gracilaria multipartita had more than 18 per cent protein.
Regarding dietary fibre, the values obtained in this study were lower than those previously
reported in the literature, ranging from 5.83 ± 0.02 g/100 g dw to 6.24 ± 1.34 g/100 g dw.
Another key attribute of these macroalgae is their extremely low fat content, measuring less
than 0.19 ± 0.01 g/100 g dw, a characteristic that is highly sought after by health-conscious
consumers, particularly women and the elderly. Additionally, these seaweeds exhibit
rich mineral content, including potassium, sodium, calcium, magnesium, phosphorus,
iron, zinc, manganese, and copper, which play significant roles in human health. For
instance, potassium levels ranged from 7.05 ± 0.53 mg/g dw in Ulva sp. (Buarcos) to
86.19 ± 9.06 mg/g dw in Sargassum muticum (San Marcos), while iron levels ranged from
116.30 ± 6.68 µg/g dw in S. muticum (San Marcos) to 279.52 ± 5.65 µg/g dw in S. muticum
(Buarcos). Spectroscopic analyses (FTIR-ATR, FT-Raman, and FT-NIR) further revealed
the complex biochemical composition of these macroalgae, encompassing sugars, lipids,
proteins, aromatic phenolic compounds, carotenoids, structural polysaccharides, and sul-
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phated polysaccharides. These components underscore the potential use of seaweeds
for applications in various sectors, including food, feed, pharmaceuticals, cosmetics, and
other industries.
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