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Abstract

The invasive brown macroalga Rugulopteryx okamurae has rapidly expanded across the
Mediterranean–Atlantic region, generating severe ecological impacts. Nevertheless, the
considerable amount of biomass available creates opportunities for valorisation within
circular bioeconomy frameworks. This study provides an integrated characterization of the
chemical profile and bioactivities of freshly collected floating biomass of R. okamurae from
southern Portugal. Proximate composition was determined, and lipophilic (hexane) and
hydrophilic (water) extracts were analyzed by GC–MS and spectrophotometric methods.
Antioxidant activity was assessed using complementary radical-scavenging, reducing
power, and metal-chelation assays, and enzyme inhibition was evaluated against targets
associated with neurodegenerative, metabolic, and dermatological disorders. The lipophilic
fraction was dominated by long-chain alkanes (≈101 mg/g extract) and sterols, particularly
fucosterol (≈43 mg/g extract), but exhibited low radical-scavenging capacity (no EC50

reached in DPPH or ABTS assays), and no relevant enzyme inhibition. In contrast, the water
extract contained measurable phlorotannins (6.61 mg PGE/g extract) and showed moderate
antioxidant (ABTS: EC50 = 5.17 mg/mL; FRAP: EC50 = 0.78 mg/mL) and enzyme inhibition
activities (BChE: IC50 = 5.17 mg/mL; tyrosinase: IC50 = 0.78 mg/mL). Compared with
previous studies on R. okamurae, this work applies a systematic fractionation of biomass
from southern Portugal into polar and non-polar fractions and, for the first time, correlates
the resulting detailed chemical profiles with multiple bioactivities. This approach revealed
a clear functional differentiation between fractions, with bioactivity being mainly associated
with polar metabolites. Overall, these findings highlight the value of structured extraction
strategies for biomass valorisation and support the sustainable management of R. okamurae.
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1. Introduction
Marine macroalgae are widely acknowledged as versatile biological resources owing

to their capacity to yield structurally diverse metabolites with broad biotechnological rele-
vance, underpinning applications across the food, pharmaceutical, cosmetic and bioenergy
sectors [1–3]. Among them, Rugulopteryx okamurae (E.Y. Dawson) I.K. Hwang, W.J. Lee
& H.S. Kim (Dictyotales, Phaeophyceae), originally described as Dilophus okamurae, has
drawn considerable attention both for its invasive nature and for its potential as a source of
high-value bioactive compounds [4–6].

Rugulopterix okamurae is native to the northwestern Pacific (Japan and Korea). It was
first detected in European waters in 2002 in the lagoon of Thau (France), although without
producing blooms. In 2015, it was recorded near the Strait of Gibraltar, exhibiting large
biomass accumulations along the coast. Since then, it has expanded rapidly along the
Spanish Mediterranean and Atlantic coasts, the Azores archipelago, and the southern
Portuguese mainland, including the Algarve [4–6]. Its pronounced ecological plasticity,
rapid growth, and capacity to generate extensive biomass accumulations have caused severe
disruption of native benthic communities and rising socioeconomic costs, particularly in
coastal regions heavily reliant on tourism and small-scale fisheries.

In response to its rapid expansion, R. okamurae was included in the European Union’s
list of invasive alien species in 2022 [4]. In Portugal, a national management framework
has since been established to coordinate monitoring, removal, and biomass valorisation
efforts, particularly in regions where ecological impacts are most pronounced [6]. These
regulatory measures reflect increasing recognition of the ecological and socioeconomic
risks associated with this species and highlight the need for sustainable management and
utilization strategies. In this context, biotechnological valorisation has emerged not only
as an economic opportunity but also as a management strategy that converts problematic
biomass into useful products, including biofertilizers, bioenergy, bioplastics, and bioactive
extracts [7]. This approach is consistent with circular bioeconomy principles and with EU
policy directives that promote nature-based solutions for invasive species management [8,9].
However, effective valorisation depends on robust, site-specific chemical and bioactivity
data to identify the most relevant metabolite classes and the most suitable functional
applications. Without such evidence, management-oriented utilization strategies remain
largely speculative.

Rugulopterix okamurae contains a diverse array of primary and secondary metabolites,
including polysaccharides, fatty acids (FA), proteins, polyphenols, fucoxanthin, terpenoids,
alginates, and essential minerals, and displays relevant bioactivities, such as antioxidant
and anti-inflammatory, e.g., [4–6,10–15]. However, comprehensive studies linking chemical
composition and bioactivity in Portuguese populations remain scarce. Previous studies
have addressed specific aspects of R. okamurae, including its nutritional potential as cattle
feed and its effects on methane mitigation using Azorean biomass [12], as well as the opti-
mization of extraction conditions for antioxidant and anti-inflammatory extracts [13] and
the characterization of its lipidic fraction [14], both using biomass collected in the Algarve.
To date, no study has investigated R. okamurae from Portugal using an integrated framework
that combines proximate composition, detailed gas chromatography–mass spectrometry
(GC–MS) profiling of lipophilic compounds, quantitative analysis of water-extractable
phlorotannins, and a broad panel of enzyme inhibition assays. The present work addresses
this gap by providing a structured chemical and bioactivity characterization of floating
summer biomass from southern Portuguese waters. By systematically differentiating hy-
drophilic and lipophilic fractions, this work seeks to establish correlative links between
chemical composition and multi-target bioactivity profiles. Proximate composition and pig-
ment levels were determined, and hydrophilic and lipophilic extracts were obtained using
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water and hexane, respectively. These extracts were evaluated for total phenolic content and
antioxidant properties using complementary assays targeting radical scavenging and metal
chelation. Enzyme inhibitory activity was assessed against acetylcholinesterase (AChE)
and butyrylcholinesterase (BChE), α-glucosidase, α-amylase, pancreatic lipase, tyrosinase,
and elastase. The lipophilic extract was profiled by GC–MS, while the hydrophilic extract
was characterized for phlorotannin content. Given the well-documented seasonal and
intra-population variability in macroalgal metabolite profiles, the present study should be
interpreted as a detailed chemical and bioactivity snapshot of summer floating biomass
from southern Portugal rather than an exhaustive species-wide characterization.

2. Materials and Methods
2.1. Chemicals

The following compounds and standards were obtained from Sigma-Aldrich (Darmstadt,
Germany): 1,1-diphenyl-2-picrylhydrazyl (DPPH); 2,2′-azinobis(3-ethylbenzothiazoline-6-
sulfonic acid) (ABTS); fatty acid methyl ester (FAME) standards (Supelco® 37 Component
FAME Mix); acetylcholinesterase (AChE, EC 3.1.1.7) from electric eel; butyrylcholinesterase
(BChE, EC 3.1.1.8) from horse serum; acetylthiocholine iodide; butyrylthiocholine io-
dide; lipase (EC 3.1.1.3); elastase (EC 3.4.21.36); tyrosinase (EC 1.14.18.1); α-glucosidase
(EC 3.2.1.20) from Saccharomyces cerevisiae; α-amylase (EC 3.2.1.1) from porcine pancreas;
5,5-dithiobis(2-nitrobenzoic acid) (DTNB); galanthamine; pyridine (≥99.5% purity); N,O-
bis(trimethylsilyl)trifluoroacetamide (99% purity); trimethylchlorosilane (99% purity); tetra-
cosane (99% purity); palmitic acid (≥99% purity); stigmasterol (95% purity); sclareol (98%
purity); phytol (≥97% purity); δ-tocopherol (≥90% purity); 2,4-dimethoxybenzaldehyde
(DMBA, 98% purity); and phloroglucinol (≥99% purity). Merck (Darmstadt, Germany)
supplied the Folin–Ciocalteu phenol reagent and the solvents used for chemical analyses,
including ethanol, methanol, chloroform, acetone, methanol/acetyl chloride (20:1), sulfuric
acid, and phenol, as well as Bradford reagent. Additional reagents and solvents were
purchased from VWR International (Leuven, Belgium).

2.2. Collection of Biomass

Biomass was collected in July 2023 from the intertidal zone (approximately 30 cm
vertical extent) at Praia de Alvor (Portimão, southern Portugal; 37.1213◦ N, 8.5984◦ W). In
the laboratory, the samples were rinsed sequentially with freshwater and distilled water
to remove organic and inorganic debris, then frozen, freeze-dried for three days, ground
into a fine powder, and stored at −20 ◦C until analysis. Sampling was restricted to floating
biomass collected in summer; therefore, its biochemical profile may differ from that of
attached thalli, stranded material, or biomass collected in other seasons.

2.3. Proximate Composition

Biomass was analyzed for moisture, ash, protein, carbohydrate, and lipid contents.
Moisture was determined by oven-drying fresh samples at 90 ◦C for 96 h, and the weight
loss was expressed as a percentage of the initial fresh weight (FW). Ash content was
determined by incinerating dried biomass in pre-weighed crucibles at 525 ◦C for 5 h in
a muffle furnace and expressed as a percentage of dry weight (DW). Total protein was
quantified from freeze-dried biomass (250 mg), extracted three times with 5 mL of 80%
ethanol at 80 ◦C for 30 min, followed by centrifugation at 5000 rpm for 10 min. The pooled
supernatants were analyzed using the Bradford method [16], with absorbance measured
at 595 nm and bovine serum albumin (BSA) as the standard. Lipids were extracted using
a modified Bligh and Dyer method [17]. Briefly, freeze-dried biomass (8 mg) was pre-
hydrated with distilled water and sequentially extracted with methanol and chloroform.
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After phase separation by centrifugation, the chloroform layer was collected and evaporated
under a fume hood, and lipid content was expressed as a percentage of DW. Carbohydrates
were estimated by difference, as the residual fraction obtained after subtracting ash, protein,
and lipid contents from 100% DW. This proximate approach provides an indirect estimate,
does not distinguish between soluble sugars and structural polysaccharides, and may
accumulate analytical error from the quantified fractions. Energy content was estimated
using Atwater factors (4 kcal/g for proteins and carbohydrates, and 9 kcal/g for lipids) [18].

2.4. Pigments

Chlorophyll a, chlorophyll c, and total carotenoids were quantified using a modified
acetone extraction method. Briefly, 20 mg of freeze-dried biomass was ground with 1 mL of
90% (v/v) acetone and sterilized sea sand to aid tissue disruption. After homogenization,
the mixture was centrifuged at 10,000 rpm for 20 min at room temperature (RT, approx.
20 ◦C). The supernatant was collected and, if needed, adjusted to 1 mL with 90% acetone.
Absorbance was measured from 400 to 750 nm using a Thermo Scientific GENESYS 50
UV–Vis spectrophotometer (Waltham, MA, USA). Pigment concentrations were calculated
using specific absorption wavelengths and equations described by Bai et al. [19].

Chlorophyll a (mg/g) = [(11.85 E664 − 1.54 E647 − 0.08 E630) × V]/(1000 × W)

Chlorophyll c (mg/g) = [(24.52 E630 − 7.60 E647 − 1.67 E664) × V]/(1000 × W)

Ex = Ax − A750

where V is the extract volume (mL), W is the sample weight (g), and Ax is the absorbance
at x nm.

2.5. Total Phenolics Content (TPC)

TPC was determined as previously described [20]. Briefly, 20 mg of freeze-dried
biomass was ground in a mortar and extracted three times with 1 mL of 80% methanol.
The extracts were incubated overnight at 4 ◦C, after which the solvent was evaporated. The
dried residue was then reconstituted in 80% methanol to a final concentration of 10 mg/mL.
For the assay, 20 µL of extract was mixed with 100 µL of Folin–Ciocalteu reagent in a 96-well
microplate and incubated for 10 min at room temperature. Subsequently, 100 µL of sodium
carbonate solution (75 g/L) was added. After 90 min of incubation at room temperature,
absorbance was measured at 725 nm. Phloroglucinol was used for calibration, and the
results were expressed as mg phloroglucinol equivalents (PGE)/g extract DW.

2.6. Preparation of the Extracts

Hydrophilic and lipophilic compounds were sequentially extracted from freeze-dried
algal biomass by solid–liquid extraction, as previously described [21,22]. Briefly, the
biomass was first extracted overnight with distilled water (1:40, w/v) under constant stirring
at room temperature. The residual biomass was then subjected to a second extraction with
n-hexane under the same conditions to recover apolar metabolites. Both extracts were
filtered through Whatman No. 4 filter paper to remove suspended particles. The aqueous
extract was freeze-dried and reconstituted in distilled water to obtain a stock solution of
50 mg/mL. The hexane extract was evaporated under reduced pressure and re-dissolved
in dimethyl sulfoxide (DMSO) to a final concentration of 100 mg/mL. All extracts were
stored at −20 ◦C until analysis.
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2.7. Chemical Profiling of the Extracts
2.7.1. Gas Chromatography-Mass Spectrometry (GC-MS) Analysis

The lipophilic hexane extract was analyzed by GC–MS after derivatisation of hydroxyl
and carboxyl groups to their corresponding trimethylsilyl (TMS) ethers and esters, as
previously described [23]. Briefly, approximately 20 mg of extract and 0.3 mg of tetracosane,
used as an internal standard, were dissolved in 250 µL of pyridine. Then, 250 µL of
N,O-bis(trimethylsilyl)trifluoroacetamide and 50 µL of trimethylchlorosilane were added,
and the samples were derivatised at 70 ◦C for 30 min. GC–MS analysis was performed
using a GCMS-QP2010 Ultra system (Shimadzu, Kyoto, Japan) equipped with a DB-1 J&W
capillary column (30 m × 0.32 mm i.d.; 0.25 µm film thickness), with helium as carrier gas
at a linear velocity of 40 cm/s, following previously reported conditions [23]. The oven
temperature program was as follows: 80 ◦C for 5 min, increased at 2 ◦C/min to 260 ◦C, then
at 2 ◦C/min to 285 ◦C, with a final hold of 8 min. The injector temperature, transfer-line
temperature, and split ratio were set at 250 ◦C, 290 ◦C, and 1:50, respectively. Compounds
were identified as TMS derivatives by comparison of their mass spectra with commercial
libraries (Wiley 275, NIST14, and NIST17) and published data [24,25]. Quantification was
based on external calibration curves prepared with representative standards (stigmasterol,
palmitic acid, phytol, sclareol, and δ-tocopherol), using the internal standard for response
normalization. Results are expressed as mg/g extract and represent the mean of three
concordant GC–MS injections.

2.7.2. Phlorotannins Quantification (DMBA Assay)

Phlorotannin content in the water extract was quantified using a DMBA-based spec-
trophotometric assay, as previously described [25]. In a 96-well plate, 50 µL of the water
extract was mixed with 250 µL of a working solution consisting of a 1:1 mixture of DMBA
(2%, w/v) and hydrochloric acid (6%, v/v) prepared in glacial acetic acid. After incubation
for 60 min at RT in the dark, absorbance was recorded at 520 nm using a Thermo Scientific
Multiskan™ FC microplate reader (Waltham, MA, USA). Quantification was performed
using a linear calibration curve of phloroglucinol (98% purity) (1.1–21.3 µg/mL). Results
were expressed as mg phloroglucinol equivalents (PGE) per g of extract. All measurements
were performed in quintuplicate, and background absorbance from solvents and sample
color was subtracted.

2.8. Evaluation of the In Vitro Antioxidant Properties of the Extracts

Extracts were initially screened at 10 mg/mL. Absorbance was measured using a
Biochrom™ EZ Read 400 microplate reader (Cambridge, UK), and antioxidant activity
was expressed as percentage inhibition relative to the negative control containing the
corresponding solvent. When inhibition exceeded 50% at 10 mg/mL, at least nine serial
concentrations were tested to determine the half-maximal effective concentration (EC50,
mg/mL). Results are therefore presented as percentage inhibition and, when applicable, as
EC50 values.

2.8.1. Radical-Scavenging Activity (RSA) on DPPH

DPPH radical scavenging activity was evaluated as previously described [26]. Briefly,
22 µL of extract was mixed with 200 µL of DPPH solution in ethanol (120 µM) in flat-bottom
96-well microplates and incubated in the dark at room temperature for 30 min. Absorbance
was then measured at 492 nm. Butylated hydroxytoluene (BHT, 1 mg/mL) was used as the
positive control.
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2.8.2. RSA on ABTS

The RSA against the ABTS radical was evaluated as described by Pereira et al. [26].
A stock solution of ABTS•+ (7.4 mM) was obtained by reacting equal amounts of ABTS
with potassium persulphate (2.6 mM), in darkness and RT (≈20 ◦C), for 12–16 h. The
ABTS•+ solution was then diluted with ethanol to obtain an absorbance of 0.7 at 734 nm.
For the assay, the extracts (10 µL) were mixed with 190 µL of ABTS•+ in 96-well flat-bottom
microtitration plates and incubated in darkness at RT for 6 min. Absorbance was read at
734 nm using BHT (1 mg/mL) as the positive control.

2.8.3. Ferric Reducing Antioxidant Power (FRAP)

The ability of the extracts to reduce Fe3+ to Fe2+ was assayed by mixing 50 µL of the
samples with 50 µL of potassium ferricyanide (1% in water) and 50 µL of distilled water
in 96-well flat-bottom microtitration plates [26]. The mixture was incubated in darkness
at 50 ◦C for 20 min. Then, 50 µL of 10% TCA (trichloroacetic acid in water) and 10 µL of
ferric chloride solution (FeCl3, 0.1% in water) were added. After 10 min of incubation at RT
(≈20 ◦C), the absorbance was measured at 700 nm. An increase in the absorbance of the
reaction mixture indicated increased reducing power. Results were expressed as inhibition
(%) relative to the positive control (BHT) at 1 mg/mL.

2.8.4. Copper Chelating Activity (CCA)

CCA was determined by the method described previously [26]. Briefly, 30 µL of
the samples were mixed in 96-well microplates with 200 µL of 50 mM sodium acetate
buffer (pH 6), 6 µL of pyrocatechol violet (4 mM in water) and 100 µL of copper sulphate
(50 µg/mL in water). The absorbance was measured at 620 nm using EDTA (1 mg/mL), a
synthetic metal chelator, as a positive control.

2.8.5. Iron Chelating Activity (ICA)

ICA was determined by measuring the formation of the Fe2+ ferrozine complex [26].
The extracts (50 µL) were mixed with 200 µL of distilled water and 30 µL of iron (II) chloride
solution (FeCl2, 0.1 mg/mL in water) in 96-well microplates. After 30 min of incubation
at RT (≈20 ◦C), 12.5 µL of ferrozine solution (40 mM in water) was added. The change
in color was measured in a microplate reader at 562 nm, using EDTA (1 mg/mL) as a
positive control.

2.9. Enzyme Inhibition

Enzyme inhibitory activity was initially evaluated at an extract concentration of
10 mg/mL. Absorbance was measured using a Biochrom™ EZ Read 400 microplate reader,
and inhibition was expressed as a percentage relative to the negative control containing
the corresponding solvent. When inhibition exceeded 50% at 10 mg/mL, the half-maximal
inhibitory concentration (IC50) was determined by testing a dilution series of the extract.

2.9.1. Inhibition of AChE and BChE

The inhibitory effects of the extracts on AChE and BChE were assessed using the
Ellman method [27]. Briefly, 20 µL of each extract was mixed with 140 µL of 0.02 M sodium
phosphate buffer (pH 7.0) and 20 µL of enzyme solution (10 U/mL of AChE or BChE in
buffer) in 96-well microplates, and incubated at RT (≈20 ◦C) for 15 min. The reaction was
initiated by adding 10 µL of the substrate (acetylthiocholine or butyrylthiocholine iodide,
4 mg/mL in buffer) along with 20 µL of DTNB (1.2 mg/mL in ethanol). Enzymatic activity
was monitored at 450 nm by measuring the formation of the yellow 5-thio-2-nitrobenzoate
anion, resulting from the reaction of DTNB with thiocholine. Galantamine (1 mg/mL) was
used as a positive control [7].
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2.9.2. Inhibition of Tyrosinase

The inhibitory activity against tyrosinase (from Saccharomyces cerevisiae) was evaluated
according to the method described previously [27] using L-tyrosine as the substrate. In
96-well microplates, 70 µL of each extract was mixed with 30 µL of tyrosinase solution
(333 U/mL in phosphate buffer, pH 6.5) and incubated at RT (≈20 ◦C) for 5 min. Then,
110 µL of L-tyrosine (2 mM in buffer) was added, followed by a 30 min incubation at RT.
Absorbance was measured at 492 nm using a microplate reader. Arbutin (1 mg/mL) was
used as a positive control.

2.9.3. Inhibition of α-Amylase

The α-amylase inhibitory activity was evaluated following the method described by
Harboub et al. [27]. In 96-well microplates, 40 µL of each extract was mixed with 40 µL of
α-amylase solution (100 U/mL in 0.1 M sodium phosphate buffer, pH 7.0) and 40 µL of
0.1% starch solution (prepared in the same buffer). After incubation at 37 ◦C for 10 min, the
reaction was stopped by adding 20 µL of 1 M HCl, followed by 100 µL of iodine solution
(5 mM I2 + 5 mM KI in distilled water). Absorbance was measured at 580 nm. Acarbose
(10 mg/mL) was used as a positive control.

2.9.4. Inhibition of α-Glucosidase

The inhibitory activity against α-glucosidase (from Saccharomyces cerevisiae) was eval-
uated according to the method described by Harboub et al. [27]. In 96-well microplates,
50 µL of each extract was mixed with 100 µL of enzyme solution (1.0 U/mL in 0.1 M
sodium phosphate buffer, pH 7.0) and incubated at 25 ◦C for 10 min. Subsequently, 50 µL
of p-nitrophenyl-α-D-glucopyranoside (pNPG, 5 mM in the same buffer) was added, and
the mixture was incubated for 5 min at 25 ◦C. Absorbance was measured at 405 nm and
acarbose (10 mg/mL) was used as a positive control.

2.9.5. Inhibition of Lipase

The inhibitory activity against porcine pancreatic lipase was assessed following the
method described by McDougall et al. [28], adapted to 96-well microplates. Briefly, 20 µL
of each extract was mixed with 200 µL of Tris-HCl buffer (100 mM, pH 8.2), 20 µL of
enzyme solution (10 mg/mL), and 20 µL of 4-nitrophenyl dodecanoate (5.1 mM in ethanol)
as substrate. After incubation at 37 ◦C for 10 min, absorbance was measured at 410 nm.
Orlistat (1 mg/mL in absolute ethanol) was used as a positive control.

2.9.6. Inhibition of Elastase

The inhibitory activity against porcine pancreatic elastase was evaluated according to
the method described by Azmi et al. [29], adapted for 96-well microplates. Briefly, 50 µL
of the extracts were mixed with 100 µL of Tris-HCl buffer (0.2 M, pH 8.0) and 25 µL of
substrate solution (N-Succinyl-Ala-Ala-Ala-p-nitroanilide, 10 mM in buffer). The mixture
was incubated at RT for 15 min, followed by the addition of 25 µL of elastase solution
(0.3 U/mL in buffer). After 15 min incubation at RT, absorbance was measured at 410 nm.
Ascorbic acid (10 mg/mL) was used as a positive control.

2.10. Statistical Analysis

Results are presented as mean ± standard error of the mean (SEM) of at least three
replicates; the exact number of replicates is indicated in each case. The replicate numbers
indicated throughout the manuscript refer to technical replicates and repeated analyses
of extracts prepared from pooled biomass, as specified for each assay. Statistical analyses
were performed using one-way ANOVA followed by Tukey’s HSD test when significant
differences were detected (p < 0.05). All analyses were carried out using the XLSTAT
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statistical package (v.2015.6.01.23865, Addinsoft, New York, NY, USA). EC50 (half maximal
effective concentration) and IC50 (half maximal inhibitory concentration) values were
calculated using GraphPad Prism v5.0.

3. Results
3.1. Proximate Composition of the Biomass

The proximate composition of R. okamurae biomass is presented in Table 1. Moisture
content was 82.5% and ash represented 18.8% of DW. Total lipids accounted for 5.26%
DW, while protein content was 98.6 mg/g DW (9.86%). Total carbohydrates, calculated by
difference, were 660.8 mg/g DW (66.1%). Based on the proximate composition, the biomass
provided 351 kcal/100 g DW.

Table 1. Proximate composition (moisture, ash, total lipids, proteins and carbohydrates) of biomass
from Rugulopterix okamurae collected in Southern Portugal.

Element Content (%)

Moisture 82.5 ± 0.8
Ash 18.8 ± 8.2
Lipids 5.26 ± 0.6
Proteins 9.86 ± 0.1
Carbohydrates 66.1 ± 2.1
Energy * 351

Values represent the mean ± standard error of mean (SEM) of three replicates (n = 3). * kcal/100 g.

3.2. Pigments

Chlorophyll a was the predominant photosynthetic pigment (4.92 ± 1.45 mg/g DW),
whereas chlorophyll c was detected at lower levels (0.70 ± 0.34 mg/g DW). Total carotenoid
content was 1.20 ± 0.07 mg/g DW.

3.3. Total Phenolics

Total phenolic content was 0.66 ± 0.02 mg GAE/g DW.

3.4. Chemical Characterization of the Lipophilic Extract by GC-MS

Most compounds were identified as their trimethylsilyl derivatives, except for linear
diterpenes and alkanes, which required no derivatisation. Table 2 lists the identified
metabolites, grouped into major chemical families along with their quantified levels (mg/g
extract, DW).

Table 2. Compounds identified and quantified in Rugulopterix okamurae lipophilic (hexane) extract by
gas chromatography-mass spectrometry (GC-MS) analysis.

RT (min) Name Contents (mg/g Extract, DW)

Long chain fatty acids 7.29 ± 0.31

Saturated fatty acids (SFA) 5.83 ± 0.22

12.6 Octanoic acid 0.26 ± 0.01
16.0 Nonanoic acid 0.10 ± 0.01
30.7 Tetradecanoic acid 0.83 ± 0.06
33.2 Pentadecanoic acid 0.47 ± 0.06
35.6 Hexadecanoic acid 2.93 ± 0.18
40.2 Octadecanoic acid 0.75 ± 0.03
44.2 Eicosanoic acid 0.45 ± 0.06
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Table 2. Cont.

RT (min) Name Contents (mg/g Extract, DW)

Unsaturated fatty acids (MUFA) 1.16 ± 0.05

35.0 9-Hexadecenoic acid 0.26 ± 0.03
39.5 9-Octadecenoic acid (oleic acid) 0.90 ± 0.03

Esterified 0.39 ± 0.04

63.4 Palmitic acid hexadecyl ester 0.39 ± 0.04

Medium chain fatty acids 1.42 ± 0.10

Saturated 0.16 ± 0.02

6.0 Hexanoic acid 0.16 ± 0.02

Unsaturated 0.32 ± 0.03

7.0 2-Methyl-4-pentenoic acid 0.19 ± 0.02
8.2 2-Hexenoic acid 0.14 ± 0.02

Diacids 0.95 ± 0.07

7.8 Ethanedioic acid (oxalic acid) 0.06 ± 0.01
14.4 Butanedioic acid 0.03 ± 0.01
15.1 2-Methyl-2-butenedioic acid 0.86 ± 0.04

Short-chain fatty acids 0.20 ± 0.02

6.1 2-Hydroxyisobutiric acid 0.07 ± 0.01
6.2 2-Hydroxyacetic acid 0.13 ± 0.02

Sterols 45.9 ± 1.43

58.2 Cholesterol 0.89 ± 0.16
62.7 Fucosterol 43.3 ± 1.25
63.0 Campesterol 1.75 ± 0.34

Linear diterpenes 0.73 ± 0.11

30.4 Neophytadiene 0.44 ± 0.08
38.9 Phytol 0.29 ± 0.06

Alkanes 101 ± 1.94

17.5 Alkane 1 1.85 ± 0.12
20.7 Alkane 2 0.17 ± 0.01
22.7 Alkane 3 0.14 ± 0.02
22.9 Alkane 4 0.21 ± 0.02
23.8 Alkane 5 16.4 ± 0.54
26.7 Alkane 6 0.14 ± 0.02
28.5 Alkane 7 0.28 ± 0.04
28.7 Alkane 9 0.44 ± 0.03
29.2 Alkane 10 0.56 ± 0.03
29.5 Alkane 11 26.1 ± 0.85
33.7 Alkane 12 0.67 ± 0.11
34.6 Alkane 13 23.0 ± 0.74
38.7 Alkane 14 0.69 ± 0.04
39.3 Alkane 15 15.4 ± 0.40
43.1 Alkane 16 0.67 ± 0.09
47.6 Alkane 17 6.60 ± 0.28
51.3 Alkane 18 3.51 ± 0.16
55.4 Alkane 19 2.08 ± 0.11
59.9 Alkane 20 1.32 ± 0.10
64.7 Alkane 21 0.82 ± 0.10
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Table 2. Cont.

RT (min) Name Contents (mg/g Extract, DW)

Others 1.25 ± 0.13

11.4 Benzoic acid 0.08 ± 0.01

30.1 6,10,14-trimethyl-2-
pentadecanone 0.72 ± 0.03

55.2 γ-Tocopherol 0.42 ± 0.17
Total 155 ± 5.04

Values are expressed as mean ± standard error of the mean (SEM) from three independent measurements (n = 3).

Figure 1 shows the relative contribution of each family to the overall lipophilic profile.
The extract contained mainly alkanes, fatty acids (FA), sterols, terpenoids, monoglycerides,
and a small number of minor compounds. Alkanes represented the most abundant family
in this extract; however, due to the high similarity of fragmentation patterns, it was not
possible to assign precise structures to the 21 individual alkanes detected.

Figure 1. Major families of lipophilic compounds identified in the hexane extract of Rugulopterix
okamurae collected in Southern Portugal.

FA accounted for 5.72% of the total lipophilic content (Table 1). Approximately 67% of
these were SFAs, dominated by hexadecanoic acid (32.8%) and tetradecanoic acid (9.3%).
MUFA represented 23% of total FA content, with oleic acid being the most abundant
(10.1%). Sterols were also major constituents of the hexane extract. Fucosterol was the
dominant sterol (43.3 ± 1.25 mg/g extract, DW), accounting for 27.8% of all quantified
lipophilic compounds. Other sterols, such as campesterol, were also present at lower levels.
Terpenoids were present in smaller amounts, notably the linear diterpenes neophytadiene
and phytol. Other minor metabolites included 6,10,14-trimethyl-2-pentadecanone and
γ-tocopherol (vitamin E).

3.5. Phlorotannin’s Content in the Hydrophilic Extract

The water extract of R. okamurae was analyzed to determine its phlorotannin content,
and results were expressed as phloroglucinol equivalents (PGEs). The extract contained
6.61 ± 0.69 mg PGEs/g extract (DW).
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3.6. In Vitro Antioxidant Properties of the Extracts

Results on the antioxidant properties of R. okamurae extracts are summarized in Table 3.
Overall, the hydrophilic extract displayed higher antioxidant activity than the lipophilic
(hexane) extract in most assays assessing radical scavenging and reducing power. The
highest response was observed in the ABTS assay, where the water extract showed the
lowest EC50 value (5.17 mg/mL). In the FRAP assay, the hydrophilic extract was again more
active, with an EC50 of 0.78 mg/mL. In contrast, metal-chelating activity was greater in the
hexane extract, which recorded the lowest EC50 value in the CCA assay (8.14 mg/mL).

For the same column, different letters are significantly different (Multiple Comparisons
of Means: Tukey Contrast, 95% family-wise confidence level).

3.7. Enzymatic Inhibitory Properties of the Extracts

The enzyme inhibitory activity of the water and hexane extracts of R. okamurae is
presented in Table 4. The water extract showed the strongest effect against BChE, with
an IC50 of 5.17 mg/mL, and also inhibited tyrosinase, with an IC50 of 0.78 mg/mL. No
relevant inhibitory activity was observed for either extract in the other enzyme assays.
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Table 3. Radical scavenging on DPPH and ABTS radicals, ferric reducing antioxidant power (FRAP), and metal-chelating activities on copper (CCA) and iron (ICA)
of hexane and water extracts from Rugulopterix okamurae. Results are expressed as antioxidant activity (% activity) at the concentration of 10 mg/mL, and as EC50

values (half-maximal effective concentration, mg/mL).

DPPH ABTS FRAP ICA CCA

Sample 10 mg/mL EC50 10 mg/mL EC50 10 mg/mL EC50 10 mg/mL EC50 10 mg/mL EC50
Water
extract 21.3 ± 5.10 b nr 57.9 ± 3.89 b 5.17 ± 0.01 b 82.4 ± 4.33 b 0.78 ± 0.02 49.1 ± 9.50 b nr 34.8 ± 1.1 nr

Hexane
extract 9.01 ± 2.20 c nr 35.4 ± 2.13 c nr 42.9 ± 10.2 c nr na nr 84.0 ± 12.3 8.14 ± 0.01

BHT 82.5 ± 0.45 a 0.02 ± 0.00 94.1 ± 1.23 a 0.01 ± 0.00 a 100 ± 3.51 a nt nt nt nt nt
EDTA nt nt nt nt nt nt 95.7 ± 0.35 a 0.11 ± 0.00 91.1 ± 0.23 0.12 ± 0.00

Values represent the mean ± standard error of mean (SEM) performed six times (n = 6). na: no activity; nt: not tested; nr: not reached. BHT: Butylated hydroxytoluene; EDTA:
ethylenediamine tetraacetic acid. For the same column, different letters are significantly different (Multiple Comparisons of Means: Tukey Contrast, 95% family-wise confidence level).

Table 4. Enzymatic inhibitory activity of water and hexane extracts of Rugulopterix okamurae. Results are expressed as percentage inhibition at 10 mg/mL and as IC50

values (half maximal inhibitory concentration; mg/mL).

AChE BChE Tyrosinase Amylase Glucosidase Lipase

Sample 10 mg/mL IC50 10 mg/mL IC50 10 mg/mL IC50 10 mg/mL IC50 10 mg/mL IC50 10 mg/mL IC50
Water extract 15.4 ± 4.94 b nr 57.9 ± 3.89 b 5.17 ± 0.01 b 82.4 ± 4.33 b 0.78 ± 0.02 49.1 ± 9.50 b nr 34.8 ± 1.1 b nr na nr
Hexane
extract 23.0 ± 4.08 b nr 35.4 ± 2.13 c nr 42.9 ± 10.2 c nr na nr 84.0 ± 12.3 a 8.14 ± 0.01 b na nr

Galanthamine 82.5 ± 0.45 a 0.02 ± 0.00 94.1 ± 1.23 a 0.01 ± 0.00 a 100 ± 3.51 a nt nt nt nt nt nt nt
Acarbose nt nt nt nt nt nt 95.7 ± 0.35 a 0.11 ± 0.00 91.1 ± 0.23 a 0.12 ± 0.00 a nt nt
Orlistat nt nt nt nt nt nt nt nt nt nt 96.4 ± 0.12 0.03 ± 0.00
Arbutin nt nt nt nt 100 ± 2.41 a 0.15 ± 0.01 nt nt nt nt nt nt

Values represent the mean ± standard error of mean (SEM) performed six times (n = 6). na: no activity; nt: not tested; nr: not reached. AChE: acetylcholinesterase, BChE:
butyrylcholinesterrase. For the same column, different letters are significantly different (Multiple Comparisons of Means: Tukey Contrast, 95% family-wise confidence level).
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4. Discussion
4.1. Proximate Composition of the Biomass

The determination of proximate composition is essential to assess the nutritional
quality, biochemical variability, and biotechnological potential of macroalgal biomass, as it
provides a baseline framework for comparing populations and evaluating suitability for
downstream applications.

The moisture content of R. okamurae (82.5%) was lower than the value reported for
the same species collected in the Azores [13]. This difference likely reflects environmental,
seasonal and geographic influences, including local hydrodynamic conditions, exposure
regimes, and water retention capacity, while remaining within the range typically described
for Phaeophyceae. Ash content (18.8%) was consistent with previously reported values
for R. okamurae from different locations, suggesting a broadly similar mineral composition
across populations [4].

Total protein content in R. okamurae is known to be variable and generally falls within
the low-to-moderate range when compared with other macroalgae [30]. In this work,
protein levels were slightly lower than those reported for the same species from other
regions [4], potentially reflecting environmental or seasonal effects. Nevertheless, R. oka-
murae is characterized by a high-quality amino acid profile, with essential amino acids,
particularly leucine, phenylalanine, and valine, accounting for approximately 32% of the
total amino acid composition [31].

Previous studies on R. okamurae have mainly reported soluble carbohydrate contents as
major constituents, reaching about 60–75% of biomass [31,32], although much lower values
(7.9–8.8%) have also been described, likely due to differences in extraction and analytical
methods [33–35]. In the present work, carbohydrates were estimated as total carbohydrates
by difference, rather than by direct extraction of soluble sugars. Therefore, the value
obtained here (66.1%) is not directly comparable with previously reported soluble carbohy-
drate levels [31–34]. This result is, however, consistent with the upper range previously
reported for this species and likely reflects the contribution of structural polysaccharides
that are not captured in soluble carbohydrate assays. Overall, these findings highlight the
need to clearly distinguish between soluble and total carbohydrate determinations when
comparing biochemical profiles across studies.

Based on proximate composition and Atwater conversion factors, the biomass yielded
351 kcal/100 g DW, representing the theoretical gross energy of its organic fraction. This
value reflects the contribution of proteins, lipids, and carbohydrates estimated by differ-
ence, while excluding the mineral fraction. However, in brown macroalgae, a substantial
part of the carbohydrate pool corresponds to structural polysaccharides such as alginates
and fucoidans, which have limited digestibility [36]. In R. okamurae, this interpretation is
supported by recent work demonstrating successful alginate extraction, with a reported
yield of 18.0% [11], suggesting that a relevant fraction of the biomass is present as struc-
tural rather than readily digestible carbohydrate. Therefore, the calculated value likely
overestimates metabolizable energy. Although caloric values for R. okamurae have not
been previously reported, macroalgae are generally regarded as low-energy foods on a
fresh-weight basis because of their high water and mineral contents, together with the
prevalence of poorly digestible polysaccharides [36]. Accordingly, the value obtained here
should be interpreted primarily as a theoretical biochemical estimate for dry biomass rather
than a direct nutritional indicator. Future studies should incorporate digestibility assays or
in vitro simulations to better estimate biologically available energy.
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4.2. Pigments

The quantification of chlorophylls and carotenoids provides insight into both the
physiological status of R. okamurae and its potential as a source of bioactive pigments. The
pigment levels obtained in this work were markedly higher than those reported by El
Madany et al. [37] for Moroccan populations of R. okamurae (chlorophyll a: 0.264 mg/g DW;
chlorophyll c: 0.065 mg/g DW; carotenoids: 0.021 mg/g DW), despite the use of comparable
extraction conditions. These differences are therefore more likely explained by biological
and ecological factors than by methodology. In the present study, biomass was collected
floating at the water surface during summer, whereas El Madany et al. [37] analyzed
attached thalli collected in spring from shallow subtidal habitats. Seasonal timing, light
exposure, hydrodynamic conditions, and biomass physiological status likely contributed to
the higher pigment concentrations observed here.

Overall, the pigment profile suggests a well-developed and responsive photosynthetic
apparatus in R. okamurae, consistent with its ability to cope with fluctuating coastal con-
ditions and sustain high productivity. These findings also highlight the strong influence
of environmental context on pigment allocation, emphasizing the need for caution when
comparing biochemical data across regions and seasons.

From a biotechnological perspective, the relatively high chlorophyll and carotenoid
contents suggest that floating summer biomass may represent a physiologically enriched
material. Brown algal carotenoids, including fucoxanthin, are known for their antioxidant
and photoprotective properties and may have applications in nutraceutical, cosmetic, and
functional food sectors [38]. However, this potential remains preliminary and requires
compound-specific characterization, safety assessment, and techno-economic validation.
Therefore, these results should be viewed mainly as a physiological baseline supporting
future valorisation studies of R. okamurae biomass.

4.3. Total Phenolics

The assessment of TPC provides insight into the allocation of secondary metabolites in
R. okamurae. The value obtained in this study is below the range commonly reported for this
species (approximately 3–9 mg/g DW) [4], supporting the view that R. okamurae is relatively
poor in phenolic compounds compared with other brown macroalgae. By contrast, the
higher TPC values reported by El Madany et al. [37], using ethyl acetate, methanol, and
chloroform for the extraction procedure, highlight the strong effect of extraction selectivity,
since phenolics, particularly phlorotannins, are more efficiently recovered with solvents of
intermediate polarity.

The lower TPC observed in this work likely reflects the quantification of a readily
extractable polar fraction, while underestimating phenolics bound to the cell wall matrix or
associated with structural polysaccharides and proteins. Accordingly, extraction strategy
strongly influences the apparent phenolic yield. In contrast, other brown macroalgae,
including Fucus, Sargassum, and Cystoseira spp., often show TPC values above 50 mg/g−1

DW [39,40], indicating marked interspecific differences that may relate to ecological roles
such as herbivore deterrence, UV protection, and oxidative stress mitigation.

Overall, these results show that phenolic accumulation is highly species-dependent
and strongly influenced by both ecological conditions and extraction methodology. Al-
though R. okamurae does not appear phenolic-rich under the conditions tested, optimized
extraction strategies may still enable recovery of relevant bioactive phenolic fractions.

4.4. Chemical Characterization of the Lipophilic Extract by GC-MS

The GC–MS analysis of the hexane extract provides a more detailed characterization of
the lipophilic metabolites of R. okamurae. In the present extract, alkanes were the dominant
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chemical family. Long-chain alkanes of biological origin have attracted increasing interest
for their potential biotechnological applications, particularly as precursors for advanced
biofuels, biolubricants, and biodegradable materials [41,42]. More broadly, long-chain n-
alkanes (C27–C33) have been reported in aquatic plants and some algal taxa, although their
occurrence is often influenced by environmental conditions and, in some cases, may also
reflect terrestrial inputs [43]. In other organisms, these compounds have been associated
with functions such as surface hydrophobicity, desiccation tolerance, and antifouling
capacity [44], although such roles remain untested in R. okamurae.

The identification of individual alkanes in the present study is constrained by overlap-
ping mass fragmentation patterns, and higher-resolution analytical approaches, such as
GC × GC or HRMS, would be required to confirm their composition and origin. Available
evidence for R. okamurae remains limited. For instance, a recent study on FA profiling
reported the presence of n-pentadecane in this species, but at relatively low levels and
without taxonomic relevance [45]. Similarly, a recent work highlighted the scarcity of data
on volatile compounds in R. okamurae, although aliphatic hydrocarbons were identified as
the main volatile class in one study, with pentadecane as the predominant compound [46].
Therefore, although alkanes were prominent in this particular hexane extract, this should
not yet be considered a general biochemical feature of the species. Their broader relevance
in R. okamurae requires further confirmation through targeted studies.

The FA profile observed here is broadly consistent with previous reports for R. oka-
murae, particularly in the predominance of saturated FA and the relevance of palmitic and
myristic acids. In the study by Guil-Guerrero et al. [45], palmitic acid was consistently
the major FA, while myristic acid was also among the main saturated components; oleic
and arachidonic acids were likewise recurrent constituents. The recent lipidomic study of
Algarve beach-cast biomass further confirmed palmitic, oleic, arachidonic, and eicosapen-
taenoic acids as major lipophilic constituents [14]. In the present work, hexadecanoic acid
(32.8%), tetradecanoic acid (9.3%), and oleic acid (10.1%) followed the same general pattern,
supporting the consistency of these compounds as relevant components of the lipophilic
fraction of R. okamurae.

However, some differences were also evident. Compared with Guil-Guerrero et al. [45],
our extract showed a stronger predominance of saturated FA and a lower relative contri-
bution of PUFA. Likewise, compared with the Algarve lipidomic study [14], our hexane
extract contained a higher proportion of SFA and, beyond FA, was strongly marked by
sterols, particularly fucosterol, whereas the previous work also highlighted carotenoids
and terpenoids among the relevant lipophilic metabolites. These differences likely reflect
both biological and methodological factors, including sample origin, biomass condition,
collection period, and especially the extraction approach, since the present work analyzed a
hexane extract rather than a total lipid fraction. Overall, the comparison confirms palmitic,
myristic, oleic, and arachidonic acids, together with fucosterol, as recurrent lipophilic
constituents of R. okamurae, while underscoring that their relative abundance is sensitive to
extraction strategy and sampling context.

Sterols were other relevant components of the lipophilic extract, with fucosterol emerg-
ing as the most abundant compound, a finding fully consistent with its well-established role
as the predominant sterol in brown macroalgae [22]. The high abundance of fucosterol in R.
okamurae suggests that this species may serve as a valuable natural source of this bioactive
sterol, which has been widely associated with anti-inflammatory, cholesterol-modulating,
and dermo-protective effects [47]. The presence of additional sterols, such as campesterol,
further highlights the biochemical richness of the species.

Minor terpenoid components, including neophytadiene and phytol, were also detected.
Although present in low amounts, these compounds are noteworthy because of their
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reported bioactivities and relatively limited occurrence in nature [22,48–50]. Their presence
further supports the chemical diversity of R. okamurae. Overall, the lipophilic profile
expands current knowledge of the species’ composition and highlights sterols, terpenoids,
and tocopherols as compound families of potential biotechnological interest, reinforcing
the value of detailed chemical characterization within future biorefinery approaches.

4.5. Phlorotannin’s Content in the Hydrophilic Extract

The quantification of phlorotannins in the aqueous extract of R. okamurae provides
new biochemical information for this species, since previous studies had not reported
quantitative values for water-extractable phlorotannins. Although their presence had been
suggested previously, reported yields were low and mostly obtained from ethanol–water
systems optimized for alginate and mannitol recovery, where phlorotannins were consid-
ered secondary components [51]. Their detection in a purely aqueous extract indicates that
R. okamurae contains a highly polar, water-soluble phlorotannin fraction that may have
been underestimated before. This likely reflects methodological rather than biological
differences, as phlorotannins are difficult to detect with conventional F–C assays and HPLC
approaches. Overall, these results confirm phlorotannins as a measurable component of
the chemical profile of R. okamurae and highlight the importance of the extraction strategy
for their detection.

When considered in the broader context of brown macroalgae, the phlorotannin
content of R. okamurae falls within the lower range reported for Phaeophyceae. Fucales are
typically characterized by high phlorotannin levels, whereas several Dictyotales, including
Padina pavonica, usually contain lower amounts [25]. The value obtained here is consistent
with this pattern, suggesting that phlorotannin biosynthesis in R. okamurae may be less
pronounced than in other brown algae.

Given the ecological roles of phlorotannins in herbivore defense, UV protection, and
cell wall reinforcement [25], the relatively modest levels detected here may reflect a species-
specific ecological strategy. However, this interpretation should be made cautiously, as the
present dataset is based on biomass collected at a single site and during a single season,
and therefore represents only a spatial and temporal snapshot of the biochemical profile of
R. okamurae. Environmental conditions, growth stage, and seasonal variation are all known
to influence phlorotannin accumulation in brown algae and may have contributed to the
values observed in this study.

4.6. Antioxidant Properties

The evaluation of antioxidant activity is important to assess the redox-protective ca-
pacity of R. okamurae biomass and its potential as a source of oxidative stress–modulating
compounds. In this study, antioxidant activity was assessed using complementary spec-
trophotometric assays based on different reaction mechanisms.

Reports on the antioxidant activity of R. okamurae remain limited. The ABTS activity
observed here was higher than that reported for Moroccan populations, in which lower ac-
tivities were found for ethyl acetate, methanol, and chloroform extracts [37]. This difference
may reflect variations in biomass condition, season, and ecological context, as the material
analyzed here consisted of freshly collected floating summer thalli. Other studies have also
reported antioxidant activity for R. okamurae using ABTS, DPPH, or FRAP assays [13,47],
although direct comparison is constrained by differences in extraction procedures, data
normalization, and reporting formats.

The antioxidant activity detected likely results from the combined contribution of
several metabolite classes. Carotenoids are well known for their capacity to quench reactive
oxygen species [52], and the relatively high pigment levels found here may have played
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a major role in the observed activity. Although TPC was modest, low phenolic content is
consistent with the general profile of R. okamurae, and even small amounts of phlorotannin-
derived compounds may still contribute. In addition, the lipophilic fraction contains
compounds of recognized antioxidant relevance, including fucosterol, γ-tocopherol, and
minor terpenoids [53].

Overall, the antioxidant activity of R. okamurae appears to reflect a multifactorial chem-
ical profile, with pigments and lipophilic metabolites likely making the main contribution,
while phenolics play a secondary role. These findings support further exploration of this in-
vasive species as a source of multifunctional antioxidant fractions, although future studies
should address extraction standardization and mechanistic validation.

4.7. Enzymatic Inhibition

The in vitro enzyme inhibition assays provide exploratory information on the capac-
ity of R. okamurae extracts to interact with selected enzymatic targets under controlled
conditions. Overall, inhibition was modest across extracts. The water extract showed com-
paratively higher activity against BChE and moderate tyrosinase inhibition, although the
effects remained limited. Since BChE is a relevant target in neurodegenerative research [54],
these results may be of biochemical interest, but they do not indicate pharmacological
relevance without further validation.

The comparatively higher activity of the water extract suggests a contribution from
polar constituents. Water-soluble phlorotannins are plausible candidates, as they have
been reported to inhibit both cholinesterases and tyrosinase [55,56]. However, this asso-
ciation remains correlative, particularly given the low inhibition observed. Other polar
metabolites present in this complex fraction, including low-molecular-weight phenolics,
peptides, organic acids, or polysaccharide-associated compounds, may also contribute
weakly or additively.

By contrast, the lipophilic extract showed minimal inhibition. This is consistent
with its composition, dominated by long-chain alkanes, which are generally considered
metabolically inert [57], and saturated fatty acids, which typically show low affinity for
cholinesterases and tyrosinase [58]. Although fucosterol was also detected and has been
reported to inhibit AChE and BChE [59], its effect in the crude extract was likely limited
by low intrinsic potency and matrix-related constraints. Overall, the enzyme inhibition
observed in R. okamurae appears to be mainly associated with the polar metabolome, while
remaining modest at the crude extract level.

4.8. Valorisation Constraints, Scalability and Strategic European Context

The bioactive profile of R. okamurae supports its consideration as a biomass resource
for valorisation, particularly for the recovery of antioxidant-rich and enzyme-interacting
fractions. In practical terms, these results suggest potential for uses in ingredient-oriented
sectors such as nutraceuticals, cosmetics, or other non-food bioactive formulations, al-
though this remains at an early stage. At the European level, valorisation is increasingly
regarded as a complementary route for managing invasive biomass, with the dual aim of
reducing ecological burden and creating circular-economy opportunities, provided that
secondary impacts are avoided [4].

More broadly, invasive macroalgae are often discussed as “blue growth” resources
because their harvesting may simultaneously contribute to impact mitigation and provide
feedstock for value-added products [7]. For R. okamurae, however, the step from laboratory
evidence to industrial use remains limited. Recent assessments highlight the absence of
pilot-scale integration of collection, processing, and valorisation, the uneven maturity of
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different applications, and the lack of techno-economic and life-cycle assessment (LCA)
data needed to judge real feasibility [4].

A major limitation is biomass variability, since macroalgal composition changes with
season, origin, and environmental conditions. Accordingly, the present dataset, based on
floating summer biomass from a single site in southern Portugal, should be interpreted
as context-specific rather than representative of the species as a whole, which may limit
the generalization of the biochemical profile reported here. Future work should therefore
include multi-site and multi-season sampling, together with the definition of chemical or
bioactivity markers for quality standardization.

A further limitation concerns biomass supply stability. Although invasive blooms
may provide abundant feedstock, the availability of R. okamurae is inherently depen-
dent on environmental conditions and invasion dynamics and may decrease markedly if
those conditions shift. Therefore, valorisation should be considered a flexible and adap-
tive complement to management, rather than a strategy based on guaranteed long-term
biomass availability.

Scale-up is further constrained by extraction yield, solvent choice, energy demand,
purification requirements, and operational factors such as collection, transport, drying,
stabilization, and storage [4]. In this context, biorefinery approaches may offer a more
realistic route forward by linking the recovery of higher-value fractions to bulk applications
such as biomaterials or bioenergy, thereby improving overall process viability [60].

Regulatory requirements also remain a practical barrier for market-oriented products.
Relevant EU frameworks require attention to safety, compositional reproducibility, and
intended use, which means that extraction strategies should be aligned from the outset
with the regulatory destination of each product stream [6]. Overall, although valorisation
is a promising complement to management strategies for R. okamurae, progress toward
practical deployment will depend on broader spatiotemporal profiling, bioassay-guided
fractionation, mechanistic validation, and pilot-scale studies supported by techno-economic
and LCA assessment.

5. Conclusions
This study provides a structured chemical and bioactivity characterization of R. oka-

murae biomass from southern Portugal, highlighting functional differences between polar
and non-polar fractions. The combination of systematic fractionation, chemical profiling,
and multi-target in vitro screening enabled a comparative assessment of how extraction
polarity shapes bioactivity patterns. The limited activity of the lipophilic extract and the
comparatively stronger responses in the polar fraction suggest a greater contribution of
hydrophilic metabolites to the antioxidant and enzyme-inhibitory effects observed under
the present conditions. However, as these results are based on crude extracts and in vitro
assays, they should be interpreted as indicative of bioactive potential rather than evidence
of specific applications. Further work is needed to isolate active compounds, clarify mecha-
nisms of action, assess matrix effects, and validate bioactivity in relevant in vivo models.
In addition, since the analyzed biomass was collected at a single site and season, the results
are context-dependent and may not fully represent the variability of the species across its
distribution range. Overall, this study establishes a methodological framework for linking
extraction polarity to chemical composition and bioactivity in invasive macroalgae, and
provides baseline data to support future targeted valorisation strategies.
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