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Abstract: The optimization of bioactive compound extraction from Fucus vesiculosus us-
ing ultrasound-assisted extraction (UAE) via sonotrode was investigated to maximize
phenolic recovery and antioxidant activity while promoting a sustainable process. Op-
timal conditions (40% v/v ethanol in water, 38 min, 36% amplitude) were selected to
maximize phenolic recovery while considering environmental and energy sustainability
by optimizing extraction efficiency and minimizing solvent and energy usage. HPLC-
ESI-QTOF-MS analysis tentatively identified 25 phenolic compounds, including sulfated
phenolic acids, phlorotannins, flavonoids, and halophenols, with some reported for the
first time in F. vesiculosus, underscoring the complexity of this alga’s metabolome. The
antioxidant activity of the optimized extract was evaluated through FRAP (143.7 pmol
TE/g), DPPH (ECs¢ 105.6 pg/mL), and TEAC (189.1 umol Trolox/g) assays. The optimized
process highlights F. vesiculosus as a valuable source of natural antioxidants, with potential
applications in biotechnology, cosmetics, and food industries.

Keywords: brown seaweeds; Box-Behnken design; chlorophenols; bromophenols; antioxidant
capacity; sulfated phenols

1. Introduction

Seaweeds are a diverse group of macroscopic, multicellular, photosynthetic aquatic
organisms comprising thousands of species. They are categorized into three taxonomic
groups based on the pigmentation of their tallus: Phaeophyta (brown algae), Chlorophyta
(green algae), and Rhodophyta (red algae) [1]. Fucus vesiculosus, a brown alga, belongs to
the family Fucaceae, which encompasses five genera: Ascophyllum, Fucus, Pelvetia, Pelve-
tiopsis, and Silvetia [2]. Among these, the genus Fucus has the widest global distribution,
predominantly found in high-salinity waters at depths of 0.5-4 m in the Northern Hemi-
sphere, including the Baltic Sea, North Sea, Pacific and Atlantic Oceans, and the Canary
Islands [2,3]. F. vesiculosus is characterized by a root-like holdfast, a slender stipe, and flat
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forked blades. Its blades have multiple pairs of air bladders (vesicles) that enable the plant
to float vertically underwater [4].

Brown macroalgae, including F. vesiculosus, are notable for their high content of unique
phenolic compounds called phlorotannins (PTs). Additionally, they can be a source of
phenolic acids, flavonoids, phenolic terpenoids and mycosporine-like amino acids [5,6].
These algae are also sources of pigments (e.g., fucoxanthin) and bioactive polysaccha-
rides, including fucoidans, laminarans, and alginates [7]. Phlorotannins, specifically, are
oligomers of phloroglucinol (1,3,5-trihydroxybenzene) linked in various ways, with molec-
ular sizes ranging from 126 Da to 650 kDa [8]. Depending on the linkages, phlorotannins
are classified into several types: fuhalols, phlorethols, fucols, fucophlorethols, eckols, and
carmalols [1]. These compounds contribute to cell wall biosynthesis and serve as defense
mechanisms, acting as herbivore deterrents, digestive inhibitors, and antibacterial and
antifouling agents [2,9].

Sulfated metabolites, particularly sulfated phenolic derivatives, are frequently found
in seaweeds and marine organisms. These compounds often function as precursors to bioac-
tive substances, with diverse ecological roles [10,11]. Sulfation enhances the hydrophilic
nature and aqueous solubility of molecules, thereby increasing their bioavailability. It may
also influence the pigmentation of seaweed biomass by stabilizing complexes with other
chromophores. Furthermore, it is hypothesized to play a role in the neutralizing of toxic
compounds and in the modulation of plant growth processes [12,13]. Interestingly, it can
also be found in terrestrial plants [14].

In contrast, bromophenols are uniquely marine, as bromination occurs predominantly
in organisms with access to bromides in seawater. This process is facilitated by the enzyme
vanadium bromoperoxidase, which catalyzes the bromination of organic substrates in the
presence of bromide ions and hydrogen peroxide [15]. These brominated molecules are
thought to be responsible for the typical sea-like taste and flavor of seafood [16]. Struc-
turally, bromophenols are categorized into simple bromophenols, bromophenol derivatives,
and highly brominated mono- and bis-phenols [17] that contain one or more phenolic
rings, bromine, and different substituent radicals [1]. While primarily associated with
red seaweeds [18], bromophenols have also been detected in brown algae such as Padina
arborescens, Sargassum siliquastrum, and Lobophora Variegata [15].

These phenolic compounds demonstrate a wide range of health benefits, including
antioxidant, antimicrobial, anti-inflammatory, and anticancer properties. They also exhibit
anti-diabetic, antihypertensive, antihyperlipidemic, and anti-obesity effects [19-21].

The abundance of phenolic compounds in F. vesiculosus extracts is influenced by en-
vironmental factors such as temperature, season, pollutants, and sunlight, impacting the
richness of the extract [22]. Extraction conditions, such as drying temperature, solvent
choice, and extraction method, also play a significant role. Low drying temperatures
(835-50 °C) help preserve phenolic compounds, compared to higher temperatures (>65 °C),
which can cause degradation. Solvent polarity significantly impacts phenolic extraction
yield, with ethanol being preferred for its low toxicity [23]. Pre-treatment with low-polarity
solvents like hexane, acetone, or dichloromethane reduces interference from pigments and
fatty acids. While traditional extraction methods (e.g., soxhlet, maceration, percolation)
have limitations, non-traditional methods such as ultrasound, microwave, and supercritical
fluid extraction offer improved efficiency and environmental benefits [4,22,24]. Ultrasound-
assisted extraction, in particular, disrupts cell walls using mechanical waves, enhancing
compounds release [25]. This technique leverages acoustic cavitation—the creation, expan-
sion, and collapse of microbubbles caused by ultrasonic waves—to drive extraction through
phenomena like compression, rarefaction, pressure, agitation, and radical formation [26].



Mar. Drugs 2025, 23, 40

30f17

In addition, ethanol-water mixtures are less toxic and more sustainable compared to pure
organic solvents.

This study aims to optimize the recovery yield of phenolic compounds while min-
imizing energy consumption, extraction time, and the use of organic solvents, thereby
improving the sustainability of the procedure. To achieve this, a solid-liquid extraction
model assisted by low-amplitude ultrasound (20-40%) was developed and optimized using
Box-Behnken statistical design. Furthermore, chemical profiling via HPLC-ESI-QTOF-MS
of the extract confirmed the presence of 25 phenolic compounds, including well-known
phenolic compounds such as phlorotannins, as well as 11 compounds reported for the
first time in F. vesiculosus, such as sulfur-containing phenols and halophenols (bromo-
and chlorophenols). Additionally, the antioxidant activity of the extract was evaluated,
underscoring its potential applications in the food industry.

2. Results and Discussion
2.1. Fitting the Model

The sonotrode UAE parameters were optimized using a Box-Behnken experimental
design, detailed in Table 1.

Table 1. Natural and coded (in parenthesis) values of the extraction conditions and the experimental
results for TPC obtained for the Box-Behnken experimental design.

Independent Factors Dependent Factor
No X1 X2 X3 TPC (mg GAE/g Dry Seaweed)
1 10 (1) 2(-1) 30 (0) 1.70 £ 0.12
2 10 (-1) 21 (0) 20 (—1) 1.68 £ 0.07
3 10 (—1) 21 (0) 40 (1) 252 £0.13
4 10 (-1) 40 (1) 30 (0) 239 £0.15
5 50 (0) 2(-1) 20(-1) 2.20 £ 0.09
6 50 (0) 2(-1) 40 (1) 2.46 £0.20
7 50 (0) 21 (0) 30 (0) 2.63 +0.14
8 50 (0) 21 (0) 30 (0) 272 £0.16
9 50 (0) 21 (0) 30 (0) 270 +£0.13
10 50 (0) 40 (1) 20 (-1) 2,62 £0.17
11 50 (0) 40 (1) 40 (1) 2.93 £ 0.09
12 90 (1) 2(-1) 30 (0) 0.71 £ 0.06
13 90 (1) 21 (0) 20 (—1) 0.95 + 0.11
14 90 (1) 21 (0) 40 (1) 143 +£0.17
15 90 (1) 40 (1) 30 (0) 2.34+0.18

X1-3: Ethanol/water (v/v), time (min.) and amplitude (%). TPC: Total phenolic content. GAE: Gallic acid equivalents.

Experimental TPC values ranged from 0.71 &+ 0.06 to 2.93 £ 0.09 mg GAE/g dry
seaweed. The highest TPC recovery was achieved using 50% ethanol as the solvent with
an extraction time of 40 min at 40% amplitude. In contrast, the lowest recovery was
observed when 90% ethanol was used as the solvent, with a time of extraction of 2 min and
30% amplitude.

The data presented in Table 1 were used to analyze the combined effects of
ethanol/water ratio, extraction time, and amplitude on TPC recovery during UAE.

Table 2 details the model’s regression coefficients and the analysis of variance
(ANOVA) results. The model was evaluated according to the significance of the regression
coefficients, quadratic correlation coefficients (R?), and lack of fit. Following the ANOVA
test, the model was recalculated, excluding the non-significant terms with a significance
level of p > 0.05.
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Table 2. Estimated regression coefficients of the adjusted second-order polynomial equation (Equation 1)
and analysis of variance (ANOVA) of the model.

TPC (mg GAE/g d.w.)
Regression Coefficients
Effect p-Value
0 1.9933 0.0000 *
Linear
B1 —0.6492 0.0033 *
B2 0.9211 0.0016 *
B3 0.5372 0.0048 *
Crossed

p12 0.4711 0.0112*

13 —0.1781 0.0710

323 0.0276 0.6377

Quadratic

p11 0.9069 0.0008 *

22 —0.0005 0.9863

33 0.1402 0.0328 *

R? 0.9942

p model 0.0025 *
p lack of fit 0.1945
* Significant at o« < 0.05; 1 = ethanol-water ratio (v/v), 2 = time, 3 = amplitude.

Significant interactions affecting the TPC response variable included the linear effects
of ethanol /water ratio (31), time ((32), and amplitude ([33), as well as the crossed interaction
between ethanol/water ratio and time (312), the quadratic effect of ethanol/water ratio
(B11), and the quadratic effect of amplitude (333).

The ANOVA test confirmed the validity of the model, indicating a significant regres-
sion model (p < 0.05) and a non-significant lack of fit for the response variable (p > 0.05).

2.2. Analysis of Response Surfaces

The optimal extraction conditions were identified by analyzing the response surface
plots that illustrate the interactions between % EtOH (X1) and time of extraction (X2) as
well as % amplitude (X3) (Figure 1). The 3D surface plots were used to represent each pair
of variables, with the remaining variable held constant at its central level.

The surface response plots for TPC indicated that the highest responses were achieved
with 36-40% amplitude and 35—40 min of extraction (Figure 1a), 30-40% amplitude and
20-60% ethanol (Figure 1b), and 30-60% ethanol with sonication for 3540 min (Figure 1c).
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Figure 1. Response surface plots showing combined effects of process variables for TPC (mg GAE/g

dry seaweed.): amplitude (%)-time (min) (a), amplitude (%)% EtOH (b), and % EtOH-time (min)
(c); GAE: Gallic acid equivalents.
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2.3. Optimization of Sonotrode Parameters

Determining the optimal conditions is the final step after analyzing the 3D plots of the
RSM. The optimal conditions to maximize the extraction of phenolic compounds from F.
vesiculosus are summarized in Table 3. The model’s accuracy was validated by comparing
the predicted values with the experimental results.

Table 3. Optimal extraction and predicted and empirical values of the model are expressed as the
mean £ SD (n = 3).

Parameter Optimal Conditions
Ethanol (%) 40
Time (min) 38
Amplitude (%) 36
Results
TPC predicted value (mg GAE/g d.w.) 3.01+0.14
TPC empirical value (mg GAE/g d.w.) 2.89 £0.24
Coefficient of variation (%) 6.19
Yield of extraction (mg dry extract/g dry algae) 2452 £9.1

TPC: Total phenolic content. GAE: Gallic acid equivalents.

The optimal extraction conditions were 40% ethanol/water (v/v), 38 min of extraction,
and 36% amplitude. Ethanol was demonstrated to be inefficient when used pure or in high
concentration, probably due to the solvation provided by the water on the mixture and
phlorotannins’ polarity, as they are generally more soluble in water [27,28]. The optimal
extraction time chosen was the shortest duration that provided maximum efficiency in the
extraction of the antioxidant compounds, aiming to achieve an environmentally friendly
process that is both fast and energy-efficient in comparison with traditional methodologies.
The accuracy of the mathematical model was verified through the extraction of bioactive
compounds from F. vesiculosus dry material, using the optimal conditions. The experimen-
tal values obtained were not significantly different from the predicted values, showing
coefficients of variation lower than 10 for TPC assay (briefly, any significant difference
p < 0.05 between predicted and experimental data was noticed).

Regarding the optimization of the extraction of bioactive compounds from F. vesiculosus
using UAE, Golshany et al. [28] focused on the extraction of phlorotannins, reporting a
yield of 9.54 mg of phloroglucinol equivalents (PGE)/g d.w. using water as the solvent and
a 10 min treatment at a sonication power of 33%. Their study compared the effectiveness
of low sonication power (33% the lowest tested value) against higher intensity levels of
66.5% or 100%, finding no significant differences in the phlorotannin recovery yields. In
this case, sonicaction power was expressed as a percentage of the 1200 W available as the
total ultrasonic power. Similarly, Ummat et al. [26] found that although the application of
ultrasound significantly improved the extraction yield of phenolic compounds (35 kHz and
130 kHz), higher US frequencies did not significantly improved the extraction yields. They
reported optimum yields of 571.1 mg GAE/g of dry F. vesiculosus extract using 35 kHz
US frequency in 50% ethanol for 30 min. Consistent with these findings, and aiming to
innovate within the field, we investigated the effect of low amplitude sonication (ranging
from 20 to 40%) in the extraction of phenolic compounds from F. vesiculosus. However,
our statistical analysis revealed significant differences in the phenolic recovery yield at
these low amplitudes, with the optimal range identified between 36 and 40% amplitude. In
contrast, Garcia-Vaquero et al. [24] obtained yields of 316.33 mg dry F. vesiculosus extract/g
d.w. using UAE at 100% amplitude for a duration of 10 min. with 50% ethanol as the solvent.
And Obluchinskaya et al. [29] optimized phlorotannin extraction from F. vesiculosus using
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NADES as the solvent, achieving an optimal yield of extraction of 137.3 mg PGE/g d.w.
with 30% water as the solvent, 22.8 min of extraction, and sonication in a bath at 42 kHz.

Considering these results, the variability in the recovery rates of dry material, TPC,
and other significant phytochemicals across different studies is remarkable. This variation
may be attributed not only to the impact of technological treatments but also to the initial
concentration of these bioactive compounds in the biomass, as it is well established that the
levels of bioactive compounds in macroalgae can be significantly affected by factors such
as geographical location and the season in which they are harvested [30].

2.4. HPLC-ESI-TOF-MS Tentative Profiling of Phenolic Compounds in the Optimized F.
vesiculosus Extract

Phenolic compounds were characterized using a non-targeted mass spectrometry
approach through LC-ESI-QTOF-MS analysis in negative ionization mode. They were
tentatively identified based on their experimental and calculated m/z values, retention
times, mass error (ppm), scores (%), molecular formulas, predominant in-source fragment
ions, and isotopic distribution.

In total, 25 phenolic compounds were tentatively identified, including 2 phenolic acids,
15 phlorotannins, 1 flavonoid, and 7 halophenols (Table 4). To the best of our knowledge,
this is the first research article describing halophenols and sulfated phenolic compounds in
the brown seaweed F. vesiculosus.

Table 4. Characterization of phenolic compounds in F. vesiculosus extract using LC-ESI-QTOF-MS.

Retention mlz Exp. m/z Calc. Molecular Proposed
Peak No. Time (min) [M-HI- IM-H]~ Formula Error (ppm) Score Fragments Compound
Phenolic acids and derivatives
203.0029 (-CO,), 123.0428 (-CO;, Vanillic acid
1 1.101 246.9944 246.9912 CgHgO,5 13 9223 80), 121 1594, 108.0213 pien T
3 2.206 233.0119 233.0120 CsHi9065 —0.4 85.44 153.0521 (-503), 123.0462 Hydrs‘fﬁazms"l
Phlorotannins
479.0722 (-H,0), 353.0290(-1PGU,
2 173 497.072 497.072 Cp4H18012 ~11 99.99 -H,0, -1), 339.0494, 230.0214 (2PGU,  Fucodiphloroethol
-H,0, +1), 139.0032, 124.0742
727.0961 (-H,0), 709.0927 (-2H,0), Fuconhlorethal
B 585.0652, 477.0439 (-2 PGU, -16/-2 ucophloretho!
4 3212 745.1027 745.1041 C36HpsOng 19 86.13 PGU, 110, £2), 4550212, 33,0500, o oo T
267.0306, 229.0145, 165.0181
727.0924 (-H,0), 709.0813 (-2H, 0),
621.0874 (-1PGU, +2), 603.0735
5 3.402 745.1021 745.1041 C36Ha6O18 —27 97.96 (-1PGU, -H,0. +2), 537.0646, Fuﬁol’hlore;}l“’l
453.0399, 411.0307, 353.0197, examer
245.0097, 165.0190, 139.0041
603.0768 (-H,0), 585.0658 (-2H,0),
_ 559.0663, 477 (-1PGU, -H,0), Fucotriphlorethol
6 35 621.0878 621.088 CaoH22015 03 99.01 353.0272, 335.0200, 229.0137 (:3PGU, isomer I
-H,0), 139.0058
603.0775 (-H,0), 585.0636 (-2H,0),
B 477.0457 (-1PGU, -H,0),339.0500,  Fucotriphlorethol
7 3.84 621.0879 621.088 CaoH2015 02 99.96 245.0087, 229.0143 (-30GU, -H,0, +4), isomer IT
139.0042
727.0924 (-H,0), 601.0630 (-1PGU,
-H,0), 583.0519 (-1PGU, -2H,0), .
8 5.401 745.1033 745.1041 C36HpO1s ~11 82.9 477.0485 (-2PGU, -16/-2PGU, -H,0, F‘;‘C"Phlor‘g}"l
+2), 461.0493, 353.0289, 335.0193, examer
245.0081, 229.0141, 139.0038
727.0910 (-H,0), 709.0802 (-2H,0), Fuconhlorethol
_ 601.0621 (-1PGU, -H,0), 583.0531, ucophloretho
9 5.645 745.1020 745.1041 C36HpsO18 2.8 95.71 477,048 (2PGU, 16 /25U, -T,0, o o TV
+2), 339.0496, 229.0128
851.1092 (-H,0), 833.1029 (-2H,0),
725.0798 (-1PGU, -H,0), 707.0670 Fuconhlorethol
_ (-1PGU, -2H,0), 619.0766 (-2PGU, ucophloretho
10 6.948 869.1188 869.1201 CypHz00m 15 99.99 $2), 6010629 (APGU, 16/-3PGU, heptamer
“H,0, +2), 461.0506, 353.0299,
335.0214, 245.0108, 229.0146, 139.0029
851.1093 (-H,0), 833.0983
(-2H,0),725.0778 (-1PGU, -H,0),
11 7.233 869.1198 869.1201 CypH300 -03 81.55 707.0662 (-1PGU, -2H,0), 477.0472, Fu}fOPhlorEﬂI“’I
427.9290, 367.0085, 339.0498, eptamer
245.0094, 229.0132
975.1302 (-H,0), 869.1177 (-PGU),
12 8.057 993.1396 993.1362 CygH340y4 2.2 93.17 851.1154 (-PGU, -H,0), 603.0748, F“gggﬁ‘ge[“’l
461.0552, 229.0147
975.1277 (-H,0), 849.0968 (-1PGU, .
13 8.409 993.1406 993.1362 CygH34004 44 81.64 -H,0), 635.0671, 601.0621, 461.0542, F“f)‘c’g‘:l“;rr‘f?"l
353.0300, 247.0234, 229.0155
975.1270 (-H,0), 849.0989 (-1PGU,
-H,0), 831.0840, 745.1002, 711.1008, Fucophlorethol
14 8.607 933.1369 993.1362 CygH34004 0.7 99.87 6050814, 477.0471, 353.0313, oph orelt
245.0103, 229.0139
511.0480 (-SO3), 385.0163 (-1PGU, Diphlorethohydro
15 9.385 591.0070 591.0081 Cp4Hi0165 ~1.9 100 -SO3, +1), 245.0124, 229.0139, xycarmalol

139.0042

sulphate
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Table 4. Cont.
Retention m/z Exp. m/z Calc. Molecular Proposed
Peak No. Time (min) M-H]- [M-H]~ Formula Error (ppm) Score Fragments Compound
12231504 (11,0, 11174472 (IPGU,
+2),1099.1378 (-1PGU, -H,0, +2), ucophloretho
16 9.509 1241.1735 1241.1683 CeoHO30 18 87.32 A87.1115, 3931337, 3533300, g
257.0666, 229.0140
1099.1375 (-H,0), 975.1223 (-PGU,
17 9.745 1117.1542 1117.1522 Cs4H350y7 18 100 -H,0), 835.1108, 601.0684, 353.0303, ~ Fucophlorethol
245.0073, 229.0148
Flavonoids
19 10.883 317.0298 317.0297 [S e 03 100 178.9658 Myricetin
Halophenols
18 10.618 376.8174 376.8330 C7Hg04SBr> 296.8598 (-SO3), 245.0122, 96.9615 Lanosol sulfate
20 10.883 476.7614 - 396.8675 (-503) Dibromophenol
. sulfate

21 10.883 454.8676 374.8629 (-SO3) Dibromophenol
sulfate )
2 10932 154.9906 154.9900 C,H50,Cl 39 100 - Z-Chlorebenzoic
23 10.957 332.9717 332.9721 C16HgO4Cly -12 99.57 154.9906, 111.0001 Dichlorophenol
24 10.957 392.9803 - - - - - Trichlorophenol

25

10.957

488.9576

Tetrachlorophenol

2.4.1. Phenolic Acids

Two phenolic acids were identified in this study, both of which were sulfated deriva-
tives. Compound 1 (rt = 1.101), with [M-H]~ m/z 247, was tentatively characterized as
Vanillic acid 4-sulfate (CgHgO7S) based on the formula score and the mass fragmenta-
tion pattern (Figure 2a). As we can observe, the MS/MS spectra of the peak reports one
fragment with m/z 203, which may correspond to the loss of the carboxylic acid group
(—44 uma), and a fragment 123, corresponding with the leakage of the sulfated residue
from the molecule (—80 uma), which is consistent with the previous literature [31]. Vanillic
acid 4-sulfate has previously been identified in other seaweeds such as Ulva sp. [31,32],
Sargassum sp., and Centroceras sp. [32], but not in F. vesiculosus. Compound 3 (rt = 2.206),
with m/z 233, was tentatively identified as hydroxy tyrosol sulfate (CgH19OgS). As we
can see in Figure 2b, the MS/MS spectra of the molecule reveal a fragment with m/z 153,
corresponding to that of the hydroxytyrosol molecule after the release of the sulphated
residue (—80 uma). Furthermore, ion m/z 123 is characteristic of the fragmentation of hy-
droxytyrosol by MS spectrometry, and the mass spectra correlates with the characterization
of the molecule in other matrixes [33]. This is the first time that hydroxy tyrosol sulfate
has been reported in seaweeds. However, Norskov et al. identified tyrosol 4-sulfate in
some of the red and brown seaweeds they analyzed in their research [31], and Zhong et al.
identified hydroxytyrosol 4-O-glucoside in Centroceras sp., Dasya sp., Grateloupia sp., and
Sargassum sp. algae [32].

2.4.2. Phlorotannins

Fourteen phlorotannins with a number of phloroglucinol monomeric units (PGUs) rang-
ing from 4 to 10 have been detected in this study. All of them had previously been identified
in E. vesiculosus. Peak 2, with an m/z value of 497 and a molecular formula of Co4H15015, was
identified as fucodiphlorethol, a tetramer. The mass spectrum showed fragmentation ions at
m/z 353, corresponding to a loss of 1PGU and water, and m/z 230, corresponding to a loss of
2 PGU and water. Additionally, a fragment at mm/z 124 corresponding to phloroglucinol was
observed, according to the previous literature [29,34,35]. Peaks 4 (rt = 3.212), 5 (rt = 3.402),
8 (rt = 5.401), and 9 (rt = 5.645) were identified as phloroglucinol hexamers with an m/z of
745 and a molecular formula of C3sH¢O13. Based on bibliographic data and fragmentation
patterns, these compounds likely correspond to different fucophlorethol isomers. These
phlorotannins showed fragment losses of one or more PGU through the leak of ether bonds,
with losses of 124 and 166 Da observed, consistent with the data and results of previous
studies [29,34]. Due to the structural complexity and diversity of phlorotannins, further
analytical techniques are required to confirm these identifications. Peaks 10 and 11 (m/z
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869) were tentatively identified as fucophlorethol heptamers (C42H30O51). Their fragmenta-
tion patterns were similar, displaying fragment ions at m/z 725, corresponding to the loss
of phloroglucinol and water (166 Da) via ether bond cleavage. The same fragmentation
pattern was observed for compounds 12, 13, and 14, with an m/z of 933 and a molecular
formula of C4gH34054 tentatively identified as fucophlorethol octamers. Peaks 16 and
17, with m/z 1241 and 1117, respectively, were characterized as fucophlorethol decamer
(Ce0Ha203p) and fucophlorethol nonamer (Cs4H33077), respectively [28,29,34-36].
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Figure 2. (a) Peak MS/MS spectra of tentatively identified vanillic acid sulfate, showing fragment
ions m/z 247, m/z 203, and m/z 123 and presumed fragmentation pattern of the molecule. (b) Peak
MS/MS spectra of tentatively identified hydroxytyrosol sulfate, showing fragment ions m/z 233, m/z
153, and m/z 123 and presumed fragmentation pattern of the molecule.

Peak 15 (rt = 9.385 min) gave m/z = 591 and a molecular formula of Cp4H1601¢S with
a score of 100%. This formula was tentatively identified as Diphlorethohydroxycarmalol
sulphate, with fragmentation yielding fragments of 511 (related to the leakage of SO3) and
385 (additional loss of PGU, +1), according to the work developed by Allwood et al. (2020),
in which they could identify this molecule in Ascophyllum nodosum [36]. To our knowledge,
this molecule has not been described before in F. vesiculosus.

2.4.3. Flavonoids

One flavonoid has been identified in the extract. Peak 19 (rt= 10.883) with m/z= 317
and a molecular formula of C;5H;9Og was tentatively characterized as Myricetin, which
was previously identified in other brown seaweeds such as Turbinaria ornate but not in F.
vesiculosus [37].

2.4.4. Halophenols

Seven halophenols were detected in the F. vesiculosus extract: three brominated phe-
nols and four chlorinated phenols. Halogenated compounds are relatively straightforward
to identify by mass spectrometry due to the distinctive isotopic patterns of bromine and
chlorine. Chlorine isotopes (masses 35 and 37) display a characteristic natural abundance
ratio of 3:1, while bromine isotopes (masses 79 and 81) show a 1:1 ratio. Molecules contain-
ing two bromine atoms can be identified by their characteristic molecular ion abundance
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pattern, which appears in a 1:2:1 ratio at two-mass-unit intervals [38—40]. Molecules with
two or more chlorine atoms can be easily identified as well, thanks to their isotope patterns.
Molecules with two chlorine atoms present an isotope pattern 9:6:1, molecules with three
chlorine atoms have one of 27:27:9:1, and with four chlorine atoms this is 54:81:18:3:1 [40].

As shown in Figure 3 in red, the HRMS of Peak 18 reveals two ion fragments containing
two bromine atoms each: one ion with m/z 375, 377, and 379, and a fragment with m/z 295,
297, and 299. The neutral loss of 80 uma between these fragments suggests the detachment
of a sulfate group (SO3), because the number of bromine atoms in the molecule remains
unchanged. This specific loss of SOj3 is typical of compounds where sulfate is attached to
carbon via oxygen (-C-O-SOsH) [14].
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Figure 3. HRMS spectra of Peak 18, with the proposed molecule of lanosol sulfate indicating the m/z
of the fragments (in red), and MS/MS spectrum (in blue).

In the MS/MS spectrum of the Peak 377 (Figure 3 in blue), no additional brominated
fragments were observed to support further structural elucidation. A fragment with m/z
243, 245, and 247 might indicate the loss of SO3 and C3H30O. Furthermore, the increase in
intensity of an ion 96.9615 may correspond to SO4H, indicating the presence of sulfated
molecules in the spectrum. No information about the molecular ion 377 was found in the
literature. But given that ions at m/z 377 and 297 may differ by a sulfate group, the tentative
molecular formula for the 297 fragment was proposed as C;H¢O3Br,, based on HRMS data
(observed m/z 294.8890, calculated for C;HgO3”?Br,: 294. 8605). This molecular formula
corresponds to the bromophenol lanosol (2,3-dibromo-4,5-dihydroxybenzyl alcohol), a com-
pound that is well documented and has previously been identified in red seaweeds such as
Odonthalia corymbifera [41], Osmundaria colensoi [42], and Vertebrata lanosa (formerly Polysi-
phonia lanosa) [43,44]. Therefore, the compound eluting at a retention time of 18.618 min. is
tentatively assigned the molecular formula C;HgOgSBr», corresponding to lanosol sulfate
(a bromophenol not previously reported in seaweeds to our knowledge, although similar
molecules such as lanosol-4,7-disulfate have been identified in V. lanosa [44]). It should be
noted that the unambiguous characterization of the molecule requires additional analytical
techniques, such as NMR spectroscopy.

Peaks 20 and 21 with m/z 477,479, and 481 and 455, 457, and 459, respectively, coeluted
at a retention time of 10.883 min., and may correspond to sulfated bromophenols. As can be
observed in Figure 4, HRMS and the MS/MS spectra of the 479 ion show losses of —80 uma
without altering the isotopic pattern of the fragments, which may correspond to the loss of
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SO3. Furthermore, a fragment that may correspond with the loss of a bromine atom from
the structure of the molecule with m/z 376, showing an ion with m/z 295 and 297 with
a fragmentation pattern 1:1, can be observed. Due to the complexity of the spectra, it is
difficult to differentiate among the fragments that may correspond to the fragmentation of
a single molecule from the fragments corresponding to different molecules. Furthermore,
there are very few research articles describing the identification of halophenols through
mass spectrometry. This makes it very difficult to be accurate in the tentative identification
of these kinds of molecules.
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Figure 4. HRMS and MS/MS spectra at retention time of 10.883, indicating the proposed fragments
for Peak 20 (in red) and the tentative fragments for Peak 21 (in blue).
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Additionally, at a retention time of 10.932 (peak 22), an ion with m/z = 154.9906
and 156.9874 (isotopic pattern 3:1) that may correspond to chlorobenzoic acid can be
observed. In addition, at a retention time of 10.957, various ion fragments corresponding
to chlorophenols with different numbers of chlorine atoms in their molecules appear on
the mass spectrum: one dichlorophenol (Peak 23), one trichlorophenol (Peak 24), and one
tetrachlorophenol (Peak 25), with their characteristic isotopic patterns (Figure 5) [40].

2.5. Antioxidant Activity of F. vesiculosus Extract

The antioxidant activity of the extract was evaluated using the FRAP, DPPH, and
TEAC assays. Results are presented in Table 5.

Table 5. Antioxidant activity of F. vesiculosus extract.

Antioxidant Assay Results
FRAP (mmol TE/g d.w.) 143.7 £5.8
DPPH (ECs) pg d.w./mL) 105.6 + 3.2
TEAC (mmol Trolox/g d.w.) 189.1 + 6.5

These findings are comparable to results reported in previous studies, although certain
variations are observed. For example, Duan et al. obtained F. vesiculosus extracts using
ultrasound-assisted extraction and various solvents including water, methanol, ethanol,
acetone, and ethyl acetate. The best results were obtained using methanol as a solvent,
with FRAP and TEAC values of 101.24 mmol TE/g d.w. and 217.6 mmol TE/g d.w.,
respectively. Ethanolic and aqueous extract yielded comparable outcomes, with FRAP
values of 108.2 and 111.7 mmol TE/g d.w. and TEAC values of 177.8 and 171.9 mmol TE/g,
respectively [45]. Coelho et al. [19] obtained an aqueous F. vesiculosus extract through solid
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liquid extraction aided by heating up to 121 °C. This extract, used at a concentration of
250 mg/mL, achieved a 20.8% inhibition of oxidation. This inhibition is notably lower than
the antioxidant activity suggested by our result, further highlighting the efficiency of our
extraction method using ultrasounds and a mixture of ethanol-water as the solvent.
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Figure 5. HRMS of compound 23, tentatively identified as chlorobenzoic acid (a), compound 24,
dichlorophenol (b), compound 25, trichlorophenol (c), and compound 26, tetrachlorophenol (d).

On the other hand, Agregén et al. reported an aqueous F. vesiculosus extract obtained
with ultrasounds with an ABTS value of 1046.79 mmol TE/g, an ECsy of 4.19 mg ex-
tract/mL, and FRAP value of 51.66 mmol TE/g extract [46]. While their ABTS results
significantly surpassed the TEAC value observed in our study, and the ECsy was also better,
the FRAP value reported by Agregédn et al. was considerably lower, possibly reflecting
differences in compound solubility and extraction efficiency. Meanwhile, Getachew et al.
prepared an F. vesiculosus extract using accelerated solvent extraction (ASE), and the optimal
extracts presented ECs values of 140 mg/mL for their F. vesiculosus extracts [4]. Finally,
Sumampow et al. prepared ethanolic extracts through the pressurized liquid extraction
(PLE) of F. vesiculosus with an ECsg of 92.6 mg/mL [47].

The differences in the antioxidant activity of the extracts underscore the variability of
results stemming from differences in extraction methods, solvents, assay conditions, and
possible synergistic effects among the compounds present in the extracts [19]. Additionally,
it is important to highlight the variability in the concentrations of secondary metabolites,
which are influenced by harvesting season and location [23]. Nevertheless, the observed
antioxidant capacity of the F. vesiculosus extract is attributed to the phenolic compounds
present, with phlorotannins standing out as the most abundant compounds in this alga.
These compounds possess a high number of hydroxyl groups available to donate electrons
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or hydrogen atoms, thereby neutralizing free radicals that drive the oxidation of other
molecules or biological structures [35].

3. Materials and Methods
3.1. Reagents and Plant Material

Folin—Ciocalteu (F-C) reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tri (2-
pyridyl)-1,3,5-triazine (TPTZ), gallic acid, and trolox were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Ethanol, hexane, water and methanol HPLC grade, glacial acetic acid,
iron chloride hexahydrate, and sodium carbonate were purchased from VWR (Darmstadt,
Germany). LC-MS grade methanol and water, acetonitrile, and sodium acetate were
purchased from Merck KgaA (Darmstadt, Germany).

F. vesiculosus food-grade dry material was purchased from Bidah Chaumel (Murcia, Spain).
It was ground to an average particle size of 0.8 mm and stored at —20 °C until extraction.

3.2. Extraction of Phenolic Compounds from F. vesiculosus Algae Using Sonotrode

Firstly, before extraction, F. vesiculosus dry and ground material were defatted by
extraction with n-hexane in a ratio of 1:2 m/v under sonication for 20 s at 20% amplitude.
After centrifugation, the pellet of defatted algae was allowed to dry at ambient temperature
until stable weight. Then, 10 g of dry deffated F. vesiculosus material was extracted with
100 mL of an ethanol/water solution using a SONICS Vibra Cell ultrasonic processor
(Sonics & Materials, Inc., Newtown, CT, USA) with a probe 13 mm in diameter. The extracts
obtained for each run of the model were centrifuged at 14000 rpm for 15 min and the
supernatant was transferred to 100 mL volumetric flasks and brought to volume with the
appropriate solvent to proceed with the evaluation of the total antioxidant content using
the Folin-Ciocalteu method.

3.3. Experimental Design

The optimization of the ultrasound-assisted extraction (UAE) of antioxidant com-
pounds from F. vesiculosus was performed through a Box-Behnken design (BBD). It in-
cluded 15 experimental runs in which the independent variables were ethanol % (v/v)
(X1), extraction time (min) (X»), and amplitude (%) (X3), assayed at three levels (-1, 0, 1).
Ultrasound was applied in a continuous mode through the extraction process.

Afterwards, total antioxidant content (TPC) was measured in the extracts (n= 3) in
order to be considered as a dependent variable in response surface methodology (RSM).
In this design, the dependent variable was fitted to a second order polynomial model
equation (Equation (1)), in which Y means the response variable, TPC values; Xi and Xj
are the independent factors that influence the response; and By, f;, Bi;, and B;; are the
regression coefficients of the model (interception, linear, quadratic, and interaction terms).
The adjustment of the model was evaluated through an analysis of variance (ANOVA) test,
taking into account the coefficients, p-values, and lack of fit of the regressions.

Equation (1) is the second order polynomial equation for RSM.

3 3 2 3
Y=B+Y BiXi + Y BuiXi*+ Y. Y. BiXiX; 1)
i=1 i=1

i=1j=i+1

3.4. Total Phenolic Content Assay (TPC)

The F-C method was assayed to determine the TPC of the extracts [48]. Briefly, 400 L
of sample, standard, or 80% methanol blank was mixed with 800 puL of 10% (v/v) F-C
reagent in test tubes. Then, 3200 pL of 700 mM Na,CO3 was added and incubated in the
dark at room temperature for 2 h. Finally, the absorbance was measured using a Jenway
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spectrophotometer (Jenway, Felsted, UK) at 765 nm. Gallic acid was used as a standard
and the results were expressed as mg gallic acid equivalents (mg GAE)/g dry seaweed.

3.5. HPLC-ESI-TOF-MS Analysis

The analyses were carried out on an ACQUITY UPLC system (Waters Corporation,
Milford, MA, USA) coupled to an electrospray ionization (ESI) source operating in negative
mode and a time-of-flight (TOF) mass detector (Waters Corporation, Milford, MA, USA).
The separation of the compound was achieved through an ACQUITY UPLC BEH Shield
RP18 column (1.7 mm, 2.1 mm X 100 mm; Waters Corporation, Milford, MA, USA) at 40 °C,
using the gradient and mobile phases described by Martin Garcia et al. [49]. The data were
processed in MassLynx 4.1 software (Waters Corporation, Milford, MA, USA).

3.6. Antioxidant Capacity Assays
3.6.1. Ferric-Reducing Antioxidant Power

The FRAP assay was executed based on Benzie and Strain’s protocol, with slight
modifications [50]. The FRAP reagent was composed of a mixture containing 10 volumes of
a 300 mmol/L acetate buffer (pH = 3.6), one volume of 10 mM TPTZ in acidic solution, and
one volume of 20 mM FeCls. Trolox was used as the standard. In each test, 3 mL of FRAP
reagent was combined with 480 pL of either solvent (blank), standard Trolox, or sample
solution in triplicate. Absorbance measurements were recorded at A = 593 nm. Results
were presented in terms of mmol trolox equivalents/g of dry extract (mmol TE/g d.w.).

3.6.2. DPPH Assay

A modified approach to the method described by Brand-Williams [51] was applied to
evaluate the extract’s radical scavenging capability. In brief, 100 uL of solvent (blank) or
sample was combined with 3900 pL of 60 uM DPPH solution. The mixtures were incubated
in the dark at ambient temperature for 30 min, after which absorbance was measured at
515 nm. The inhibition percentage (I1%) was calculated using the following formula:

1% = [(AppPH — Ablank) — (As-DPPH — Asblank)]/ (ADPPH — Aplank) X 100 ()

where Apppy is the absorbance of the DPPH solution, Apjank represents the absorbance
of methanol replacing DPPH, A; pppy denotes the absorbance of the DPPH solution with
sample, and Ag pjank is the absorbance of methanol with sample.

The ECgq value, defined as the extract concentration needed to achieve 50% DPPH rad-
ical inhibition, was determined from a calibration curve created with extract concentrations
ranging from 0.5 to 61 ug/mL.

3.6.3. Trolox Equivalent Antioxidant Capacity (TEAC) Assay

The TEAC assay followed the methodology of Re et al. [52]. A reaction betweena 7 mM
ABTS solution and 2.45 mM potassium persulfate over 16 h yielded the ABTS+ radical
cation, detectable at 734 nm (A = 734 nm). The absorbance was adjusted to 1.1 (£ 0.02).
Then, 2850 uL of the ABTS+ solution was mixed with 150 uL of either solvent (blank),
standard, or sample. Results were expressed as umol Trolox equivalents per gram of dry
extract (umol TE/g d.w.).

3.7. Statistical Analysis

The software Statistica v.7.0 package (StatSoft, Tulsa, OK, USA) was used for the
experimental design, data analysis, and model building. The statistical significance of the
model, lack of fit, and regression terms were evaluated based on the ANOVA. The results
are expressed as the mean =+ standard deviation (SD).
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4. Conclusions

This study provides novel insights into the optimization of low-amplitude ultrasound-
assisted extraction (UAE) using ethanol-water as a green solvent for phenolic compounds
from F. vesiculosus, in comparison with existing studies focused on the extraction of
phlorotannins, or that used other kinds of green solvents such as NADES. The optimal ex-
traction conditions were determined to be a 40% ethanol/water mixture (v/v), an extraction
time of 38 min, and an amplitude of 36%. These parameters achieved maximum efficiency
in phenolic compound recovery and antioxidant activity, striking a balance between process
effectiveness and environmental sustainability.

HPLC-ESI-QTOEF-MS analysis tentatively identified 25 phenolic compounds, including
2 sulfated phenolic acids, 15 phlorotannins, 1 flavonoid, and 7 halophenols. Notably, 11
of these compounds, such as vanillic acid 4-sulfate, hydroxy tyroxol sulfate, sulfated
diphlorethohydroxycarmalol, and lanosol sulfate, were reported for the first time in F.
vesiculosus. This profiling highlights the chemical complexity and richness of secondary
metabolites in this species, emphasizing its potential as a source of unique bioactive
compounds. In addition, antioxidant assays (FRAP, DPPH, and TEAC) confirmed the high
antioxidant capacity of the optimized extract, comparable to or surpassing values reported
in previous studies.

In conclusion, this study provides an efficient and reproducible method for the ex-
traction and characterization of bioactive compounds from F. vesiculosus, underscoring the
potential of this brown alga as a natural source of antioxidants. The combination of ad-
vanced extraction and analytical techniques enhances its applicability in biotechnological,
cosmetic, and food industries, promoting its valorization within a circular and sustainable
economy framework.

These findings pave the way for future research aimed at validating the biological
and functional properties of the identified compounds and optimizing their extraction for
industrial-scale applications.

Author Contributions: Conceptualization, V.V. and A.M.G.-C.; methodology, L.G.-M., A.S.-M.,,
JM.D.L.T.-R. and A.B.; software, L.G.-M., A.B. and A.M.G.-C.; validation, A.M.G.-C. and V.V,; for-
mal analysis, AM.G.-C. and L.G.-M,; investigation, L.G.-M., A.S.-M., JM.D.LT.-R. and A.B; re-
sources, AM.G.-C., V.V. and A.B; data curation, L.G.-M., A.5.-M. and ]. M.D.LT.-R.; writing—original
draft preparation, L.G.-M.; writing—review and editing, A.M.G.-C. and V.V,; visualization, L.G.-M.,
JM.D.1T.-R. and A.B.; supervision, A.M.G.-C. and V.V,; project administration, V.V, AM.G.-C., A.B.,,
JM.D.LT-R. and L.G.-M.; funding acquisition, A.M.G.-C., V.V. and A.B. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was supported by the PRIMA program, under the BioProMedFood project
(“Bio-protective cultures and bioactive extracts as sustainable combined strategies to improve the
shelf-life of perishable Mediterranean food”; Project ID: 1467; Reference Number: 2019-SECTION2-4;
CUP: J34119004820005). The PRIMA program is supported by the European Union H2020 program

and innovation program.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.



Mar. Drugs 2025, 23, 40 15 0f 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Jang, H.; Lee, J.; Park, Y.-K,; Lee, J.-Y. Exploring the Health Benefits and Concerns of Brown Seaweed Consumption: A
Comprehensive Review of Bioactive Compounds in Brown Seaweed and Its Potential Therapeutic Effects. J. Agric. Food Res. 2024,
17,101215. [CrossRef]

Catarino, M.D.; Silva, A.M.S.; Cardoso, S.M. Fucaceae: A Source of Bioactive Phlorotannins. Int. J. Mol. Sci. 2017, 18, 1327.
[CrossRef]

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

Getachew, A.T.; Holdt, S.L.; Meyer, A.S.; Jacobsen, C. Effect of Extraction Temperature on Pressurized Liquid Extraction of
Bioactive Compounds from Fucus Vesiculosus. Mar. Drugs 2022, 20, 263. [CrossRef] [PubMed]

Cotas, J.; Leandro, A.; Monteiro, P.; Pacheco, D.; Figueirinha, A.; Gongalves, AM.M.; Jorge, G.; Pereira, L. Seaweed Phenolics:
From Extraction to Applications. Mar. Drugs 2020, 18, 384. [CrossRef] [PubMed]

Ruiz-Medina, M.A.; Sansén, M.; Gonzéalez-Rodriguez, AM. Comparative Study of Antioxidant Potential in Air-Dried Brown
Macroalgae of the Canary Islands. LWT 2024, 206, 116549. [CrossRef]

Circuncisao, A.R.; Ferreira, S.S.; Silva, A.M.S.; Coimbra, M.A.; Cardoso, S.M. Fucus Vesiculosus-Rich Extracts as Potential
Functional Food Ingredients: A Holistic Extraction Approach. Foods 2024, 13, 540. [CrossRef] [PubMed]

Golshany, H.; Yu, Q.; Fan, L. Comparative Extraction and Antioxidant Potential of Bioactive Compounds from Fucus Vesiculosus:
Kinetic Modeling and UPLC-Q-TOF-MS Phenolic Profiling. Food Biosci. 2024, 57, 103575. [CrossRef]

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

Kurth, C.; Welling, M.; Pohnert, G. Sulfated Phenolic Acids from Dasycladales Siphonous Green Algae. Phytochemistry 2015, 117,
417-423. [CrossRef]

Li, Y;; Rarova, L.; Scarpato, S.; Cigek, S.S.; Jordheim, M.; Stenclové, T.; Strnad, M.; Mangoni, A.; Zidorn, C. Seasonal Variation of
Phenolic Compounds in Zostera Marina (Zosteraceae) from the Baltic Sea. Phytochemistry 2022, 196, 113099. [CrossRef]
Correia-da-Silva, M.; Sousa, E.; Pinto, M.M. Emerging Sulfated Flavonoids and Other Polyphenols as Drugs: Nature as an
Inspiration. Med. Res. Rev. 2014, 34, 223-279. [CrossRef] [PubMed]

Wekre, M.E.; Holmelid, B.; Underhaug, J.; Pedersen, B.; Kopplin, G.; Jordheim, M. Characterization of High Value Products in
the Side-Stream of Laminaria Hyperborea Alginate Production—Targeting the Phenolic Content. Algal Res. 2023, 72, 103109.
[CrossRef]

Supikova, K.; Kosinova, A.; Vavrusa, M.; Koplikova, L.; Frangois, A.; Pospisil, J.; Zatloukal, M.; Wever, R.; Hartog, A.; Gruz, J.
Sulfated Phenolic Acids in Plants. Planta 2022, 255, 1-12. [CrossRef] [PubMed]

Chung, H.Y.;; Ma, W.C.].; Ang, P.O.; Kim, ].S.; Chen, F. Seasonal Variations of Bromophenols in Brown Algae (Padina Arboroscens,
Sargassum Siliquastrum, and Lobophora Variegata) Collected in Hong Kong. J. Agric. Food Chem. 2003, 51, 2619-2624. [CrossRef]
[PubMed]

Hofer, S.; Hartmann, A.; Orfanoudaki, M.; Ngoc, H.N.; Nagl, M.; Karsten, U.; Heesch, S.; Ganzera, M. Development and
Validation of an HPLC Method for the Quantitative Analysis of Bromophenolic Compounds in the Red Alga Vertebrata Lanosa.
Mar. Drugs 2019, 17, 675. [CrossRef]

Carpena, M; Pereira, C.5.G.P; Silva, A.; Barciela, P; Jorge, A.O.S.; Perez-Vazquez, A.; Pereira, A.G.; Barreira, ].C.M.; Oliveira,
M.B.P.P; Prieto, M.A. Metabolite Profiling of Macroalgae: Biosynthesis and Beneficial Biological Properties of Active Compounds.
Mar. Drugs 2024, 22, 478. [CrossRef]

Peng, Z.; Wu, Y.; Fu, Q.; Xiao, J. Free and Bound Phenolic Profiles and Antioxidant Ability of Eleven Marine Macroalgae from the
South China Sea. Front. Nutr. 2024, 11, 1459757. [CrossRef]

Coelho, M.; Duarte, A.P,; Pinto, S.; Botelho, H.M.; Reis, C.P,; Serralheiro, M.L.; Pacheco, R. Edible Seaweeds Extracts: Characteri-
zation and Functional Properties for Health Conditions. Antioxidants 2023, 12, 684. [CrossRef] [PubMed]

Ummat, V.; Sivagnanam, S.P.; Rameshkumar, S.; Pednekar, M.; Fitzpatrick, S.; Rai, D.K.; Padamati, R.B.; O’Donnell, C.; Tiwari, B.K.
Sequential Extraction of Fucoidan, Laminarin, Mannitol, Alginate and Protein from Brown Macroalgae Ascophyllum Nodosum
and Fucus Vesiculosus. Int. J. Biol. Macromol. 2024, 256, 128195. [CrossRef] [PubMed]

Maéximo, P; Ferreira, L.M.; Branco, P.; Lima, P; Lourengo, A. Secondary Metabolites and Biological Activity of Invasive Macroalgae
of Southern Europe. Mar. Drugs 2018, 16, 265. [CrossRef]

Bogolitsyn, K.; Parshina, A.; Mamatmyrodov, K.; Popov, N. Recovery of Bioactive Complex from Brown Algae by Alternative
Extraction Approaches. Bioresour. Technol. Rep. 2024, 26, 101810. [CrossRef]

Quitério, E.; Grosso, C.; Ferraz, R.; Delerue-Matos, C.; Soares, C. A Critical Comparison of the Advanced Extraction Techniques
Applied to Obtain Health-Promoting Compounds from Seaweeds. Mar. Drugs 2022, 20, 677. [CrossRef]


https://doi.org/10.1016/j.jafr.2024.101215
https://doi.org/10.3390/ijms18061327
https://doi.org/10.3390/md18080389
https://www.ncbi.nlm.nih.gov/pubmed/32726930
https://doi.org/10.3390/md20040263
https://www.ncbi.nlm.nih.gov/pubmed/35447936
https://doi.org/10.3390/md18080384
https://www.ncbi.nlm.nih.gov/pubmed/32722220
https://doi.org/10.1016/j.lwt.2024.116549
https://doi.org/10.3390/foods13040540
https://www.ncbi.nlm.nih.gov/pubmed/38397517
https://doi.org/10.1016/j.fbio.2024.103575
https://doi.org/10.3390/molecules24183408
https://doi.org/10.1016/j.phytochem.2015.07.010
https://doi.org/10.1016/j.phytochem.2022.113099
https://doi.org/10.1002/med.21282
https://www.ncbi.nlm.nih.gov/pubmed/23553315
https://doi.org/10.1016/j.algal.2023.103109
https://doi.org/10.1007/s00425-022-03902-6
https://www.ncbi.nlm.nih.gov/pubmed/35562552
https://doi.org/10.1021/jf026082n
https://www.ncbi.nlm.nih.gov/pubmed/12696947
https://doi.org/10.3390/md17120675
https://doi.org/10.3390/md22100478
https://doi.org/10.3389/fnut.2024.1459757
https://doi.org/10.3390/antiox12030684
https://www.ncbi.nlm.nih.gov/pubmed/36978932
https://doi.org/10.1016/j.ijbiomac.2023.128195
https://www.ncbi.nlm.nih.gov/pubmed/38008143
https://doi.org/10.3390/md16080265
https://doi.org/10.1016/j.biteb.2024.101810
https://doi.org/10.3390/md20110677

Mar. Drugs 2025, 23, 40 16 of 17

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Garcia-Vaquero, M.; Ravindran, R.; Walsh, O.; O’doherty, J.; Jaiswal, A.K.; Tiwari, B.K.; Rajauria, G. Evaluation of Ultrasound,
Microwave, Ultrasound-Microwave, Hydrothermal and High Pressure Assisted Extraction Technologies for the Recovery of
Phytochemicals and Antioxidants from Brown Macroalgae. Mar. Drugs 2021, 19, 309. [CrossRef] [PubMed]

Sanchez-Bonet, D.; Garcia-Oms, S.; Belda-Antoli, M.; Padrén-Sanz, C.; Lloris-Carsi, ]. M.; Cejalvo-Lapefia, D. RP-HPLC-DAD
Determination of the Differences in the Polyphenol Content of Fucus Vesiculosus Extracts with Similar Antioxidant Activity. J.
Chromatogr. B Anal. Technol. Biomed. Life Sci. 2021, 1184, 122978. [CrossRef] [PubMed]

Ummat, V.; Tiwari, B.K.; Jaiswal, A K.; Condon, K.; Garcia-Vaquero, M.; O'Doherty, ].; O’'Donnell, C.; Rajauria, G. Optimisation of
Ultrasound Frequency, Extraction Time and Solvent for the Recovery of Polyphenols, Phlorotannins and Associated Antioxidant
Activity from Brown Seaweeds. Mar. Drugs 2020, 18, 250. [CrossRef] [PubMed]

Gil-Martinez, L.; Mut-Salud, N.; Ruiz-Garcia, J.A.; Falcon-Pifieiro, A.; Maij6-Ferré, M.; Bafios, A.; De la Torre-Ramirez, ].M.;
Guillamén, E.; Verardo, V.; Gémez-Caravaca, A.M. Phytochemicals Determination, and Antioxidant, Antimicrobial, Anti-
Inflammatory and Anticancer Activities of Blackberry Fruits. Foods 2023, 12, 1505. [CrossRef] [PubMed]

Golshany, H.; Kamal, A.; Yu, Q.; Fan, L. Optimizing Phlorotannins Extraction from Fucus Vesiculosus Using Box-Behnken
Design: Unveiling Techniques for Enhanced Antioxidant Activity and Metabolic Enzyme Inhibition. Algal Res. 2024, 83, 103723.
[CrossRef]

Obluchinskaya, E.D.; Pozharitskaya, O.N.; Shevyrin, V.A.; Kovaleva, E.G.; Flisyuk, E.V.; Shikov, A.N. Optimization of Extraction
of Phlorotannins from the Arctic Fucus Vesiculosus Using Natural Deep Eutectic Solvents and Their HPLC Profiling with Tandem
High-Resolution Mass Spectrometry. Mar. Drugs 2023, 21, 263. [CrossRef] [PubMed]

Garcia-Vaquero, M.; Rajauria, G.; Miranda, M.; Sweeney, T.; Lopez-Alonso, M.; O’doherty, J. Seasonal Variation of the Proximate
Composition, Mineral Content, Fatty Acid Profiles and Other Phytochemical Constituents of Selected Brown Macroalgae. Mar.
Drugs 2021, 19, 204. [CrossRef] [PubMed]

Norskov, N.P,; Bruhn, A.; Cole, A.; Nielsen, M.O. Targeted and Untargeted Metabolic Profiling to Discover Bioactive Compounds
in Seaweeds and Hemp Using Gas and Liquid Chromatography-Mass Spectrometry. Metabolites 2021, 11, 259. [CrossRef]
[PubMed]

Zhong, B.; Robinson, N.A.; Warner, R.D.; Barrow, C.J.; Dunshea, ER.; Suleria, H.A.R. LC-ESI-QTOF-MS/MS Characterization of
Seaweed Phenolics and Their Antioxidant Potential. Mar. Drugs 2020, 18, 331. [CrossRef]

Kundisov4, I.; Colom, H.; Juan, M.E.; Planas, ].M. Pharmacokinetics of Hydroxytyrosol and Its Sulfate and Glucuronide
Metabolites after the Oral Administration of Table Olives to Sprague-Dawley Rats. J. Agric. Food Chem. 2024, 72, 2154-2164.
[CrossRef] [PubMed]

Lopes, G.; Barbosa, M.; Vallejo, F.; Gil-Izquierdo, A.; Andrade, P.B.; Valentio, P; Pereira, D.M.; Ferreres, E. Profiling Phlorotannins
from Fucus spp. of the Northern Portuguese Coastline: Chemical Approach by HPLC-DAD-ESI/MSn and UPLC-ESI-QTOF/MS.
Algal Res. 2018, 29, 113-120. [CrossRef]

Hermund, D.B.; Plaza, M.; Turner, C.; Jénsdéttir, R.; Kristinsson, H.G.; Jacobsen, C.; Nielsen, K.E. Structure Dependent Antioxidant
Capacity of Phlorotannins from Icelandic Fucus Vesiculosus by UHPLC-DAD-ECD-QTOFMS. Food Chem. 2018, 240, 904-909.
[CrossRef]

Allwood, ] W,; Evans, H.; Austin, C.; McDougall, G.J. Extraction, Enrichment, and LC-MSn-Based Characterization of Phlorotan-
nins and Related Phenolics from the Brown Seaweed, Ascophyllum Nodosum. Mar. Drugs 2020, 18, 448. [CrossRef]

Dhanraj, V.; Karuppaiah, J.; Balakrishnan, R.; Elangovan, N. Myricetin Attenuates Neurodegeneration and Cognitive Impairment
in Parkinsonism. Front. Biosci. Elit. 2018, 10, 481-494. [CrossRef]

McLafferty, EW. Mass Spectrometric Analysis: Aliphatic Halogenated Compounds. Anal. Chem. 1962, 34, 2-15. [CrossRef]
Holdsworth, D.K. Mass Spectral Analysis of Halogen Compounds. J. Chem. Educ. 1983, 60, 103-104. [CrossRef]

Vetter, W. Marine Halogenated Natural Products of Environmental Relevance. In Reviews of Environmental Contamination and
Toxicology; Springer: New York, NY, USA, 2006; Volume 188, pp. 1-57. [CrossRef]

Kurihara, H.; Mitani, T.; Kawabata, J.; Takahashi, K. Two New Bromophenols from the Red Alga Odonthalia Corymbifera. J. Nat.
Prod. 1999, 62, 882-884. [CrossRef] [PubMed]

Popplewell, W.L.; Northcote, P.T. Colensolide A: A New Nitrogenous Bromophenol from the New Zealand Marine Red Alga
Osmundaria Colensoi. Tetrahedron Lett. 2009, 50, 6814—-6817. [CrossRef]

Shoeib, N.A.; Bibby, M.C.; Blunden, G.; Linley, P.A.; Swaine, D.J.; Wheelhouse, R.T.; Wright, C.W. In-Vitro Cytotoxic Activities
of the Major Bromophenols of the Red Alga Polysiphonia Lanosa and Some Novel Synthetic Isomers. J. Nat. Prod. 2004, 67,
1445-1449. [CrossRef] [PubMed]

Jacobtorweihen, J.; Schmitt, M..; Spiegler, V. Amino Acid-Coupled Bromophenols and a Sulfated Dimethylsulfonium Lanosol
from the Red Alga Vertebrata Lanosa. Mar. Drugs 2022, 20, 420. [CrossRef] [PubMed]

Duan, X.; Subbiah, V.; Xie, C.; Agar, O.T.; Barrow, C.J.; Dunshea, FR.; Suleria, H.A R. Evaluation of the Antioxidant Potential of
Brown Seaweeds Extracted by Different Solvents and Characterization of Their Phenolic Compounds by LC-ESI-QTOF-MS/MS.
J. Food Sci. 2023, 88, 3737-3757. [CrossRef] [PubMed]


https://doi.org/10.3390/md19060309
https://www.ncbi.nlm.nih.gov/pubmed/34071764
https://doi.org/10.1016/j.jchromb.2021.122978
https://www.ncbi.nlm.nih.gov/pubmed/34656908
https://doi.org/10.3390/md18050250
https://www.ncbi.nlm.nih.gov/pubmed/32403273
https://doi.org/10.3390/foods12071505
https://www.ncbi.nlm.nih.gov/pubmed/37048326
https://doi.org/10.1016/j.algal.2024.103723
https://doi.org/10.3390/md21050263
https://www.ncbi.nlm.nih.gov/pubmed/37233457
https://doi.org/10.3390/md19040204
https://www.ncbi.nlm.nih.gov/pubmed/33916596
https://doi.org/10.3390/metabo11050259
https://www.ncbi.nlm.nih.gov/pubmed/33922209
https://doi.org/10.3390/md18060331
https://doi.org/10.1021/acs.jafc.3c06431
https://www.ncbi.nlm.nih.gov/pubmed/38232316
https://doi.org/10.1016/j.algal.2017.11.025
https://doi.org/10.1016/j.foodchem.2017.08.032
https://doi.org/10.3390/md18090448
https://doi.org/10.2741/e835
https://doi.org/10.1021/ac60181a003
https://doi.org/10.1021/ed060p103
https://doi.org/10.1007/978-0-387-32964-2_1
https://doi.org/10.1021/np980324p
https://www.ncbi.nlm.nih.gov/pubmed/10395508
https://doi.org/10.1016/j.tetlet.2009.09.118
https://doi.org/10.1021/np0305268
https://www.ncbi.nlm.nih.gov/pubmed/15387639
https://doi.org/10.3390/md20070420
https://www.ncbi.nlm.nih.gov/pubmed/35877713
https://doi.org/10.1111/1750-3841.16720
https://www.ncbi.nlm.nih.gov/pubmed/37530606

Mar. Drugs 2025, 23, 40 17 of 17

46.

47.

48.

49.

50.

51.

52.

Agregéan, R.; Munekata, P.E.; Dominguez, R.; Carballo, J.; Franco, D.; Lorenzo, .M. Proximate Composition, Phenolic Content
and in Vitro Antioxidant Activity of Aqueous Extracts of the Seaweeds Ascophyllum Nodosum, Bifurcaria Bifurcata and Fucus
Vesiculosus. Effect of Addition of the Extracts on the Oxidative Stability of Canola Oil Unde. Food Res. Int. 2017, 99, 986-994.
[CrossRef] [PubMed]

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

Ainsworth, E.A.; Gillespie, K.M. Estimation of Total Phenolic Content and Other Oxidation Substrates in Plant Tissues Using
Folin-Ciocalteu Reagent. Nat. Protoc. 2007, 2, 875-877. [CrossRef] [PubMed]

Martin-Garcfa, B.; Aznar-Ramos, M.J.; Verardo, V.; Gémez-Caravaca, A.M. Development of an Effective Sonotrode Based Extraction
Technique for the Recovery of Phenolic Compounds with Antioxidant Activities in Cherimoya Leaves. Plants 2022, 11, 2034. [CrossRef]
Benzie, LEF,; Strain, ].J. The Ferric Reducing Ability of Plasma (FRAP) as a Measure of “Antioxidant Power”: The FRAP Assay.
Anal. Biochem. 1996, 239, 70-76. [CrossRef] [PubMed]

Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a Free Radical Method to Evaluate Antioxidant Activity. LWT Food Sci.
Technol. 1995, 28, 25-30. [CrossRef]

Re, R; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant Activity Applying an Improved ABTS
Radical Cation Decolorization Assay. Free Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.foodres.2016.11.009
https://www.ncbi.nlm.nih.gov/pubmed/28865625
https://doi.org/10.1007/s10811-020-02362-3
https://doi.org/10.1038/nprot.2007.102
https://www.ncbi.nlm.nih.gov/pubmed/17446889
https://doi.org/10.3390/plants11152034
https://doi.org/10.1006/abio.1996.0292
https://www.ncbi.nlm.nih.gov/pubmed/8660627
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/S0891-5849(98)00315-3
https://www.ncbi.nlm.nih.gov/pubmed/10381194

	Introduction 
	Results and Discussion 
	Fitting the Model 
	Analysis of Response Surfaces 
	Optimization of Sonotrode Parameters 
	HPLC-ESI-TOF-MS Tentative Profiling of Phenolic Compounds in the Optimized F. vesiculosus Extract 
	Phenolic Acids 
	Phlorotannins 
	Flavonoids 
	Halophenols 

	Antioxidant Activity of F. vesiculosus Extract 

	Materials and Methods 
	Reagents and Plant Material 
	Extraction of Phenolic Compounds from F. vesiculosus Algae Using Sonotrode 
	Experimental Design 
	Total Phenolic Content Assay (TPC) 
	HPLC-ESI-TOF-MS Analysis 
	Antioxidant Capacity Assays 
	Ferric-Reducing Antioxidant Power 
	DPPH Assay 
	Trolox Equivalent Antioxidant Capacity (TEAC) Assay 

	Statistical Analysis 

	Conclusions 
	References

