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Preface to "Marine Phenolics: Extraction and
Purification, Identification, Characterization and
Applications”

Phenolic compounds are a highly diverse class of ubiquitous secondary metabolites produced
by various organisms playing different biological roles. They have numerous types of demonstrated
bioactivities, including antioxidant, antimicrobial, anti-inflammatory, antitumoral,
immunomodulator, neuroprotective, cardioprotective, and antidiabetic activities. Marine organisms
produce a vast collection of unique phenolic structures that are far less studied than those from
terrestrial sources. Emerging extraction and purification techniques can be applied to obtain novel
bioactive marine phenolics useful for food, nutraceutical, cosmeceutical, and pharmaceutical
applications. This book provides updated information from recent studies on the progress in
different aspects of marine phenolics. The chemical characterization, elucidation of structures,
evaluation of biological properties, and efficient extraction and purification technologies of marine
phenolics are discussed here. Engineers, biotechnologists, and chemists can benefit from the exciting
ideas discussed in each of the chapters of this Book, whether to develop new products or open new
research lines. The first chapter surveys the main types of phenolic compounds found in marine
sources and their reputed bioactive properties. The second chapter focuses on the extraction,
purification, and potential applications of seaweed phenolics. Chapter 3 investigates the phenolic
compounds in eight seaweeds using advanced chromatographic techniques. The potential of six
common Chilean seaweeds to obtain anti-hyperglycemic polyphenol extracts is explored in Chapter
4. Emerging technologies that have been applied to extract marine phenolic are reviewed in Chapter
5. In Chapter 6, the structural diversity, extraction, and purification of phlorotannins of the edible
brown seaweed Ascophyllum nodosum is reported. Chapter 7 describes how to apply microwave-
assisted extraction to obtain Fucus vesiculosus phlorotannin concentrates with superior ability to
inhibit the alfa-glucosidase activity, a key enzyme in starch digestion. Finally, ultrasound-assisted

extraction (UAE) of phlorotannins from 11 brown seaweed species is investigated in Chapter 8.

Herminia Dominguez, José Ricardo Pérez-Correa
Editors
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Abstract: Phenolic compounds from marine organisms are far less studied than those from terrestrial
sources since their structural diversity and variability require powerful analytical tools. However,
both their biological relevance and potential properties make them an attractive group deserving
increasing scientific interest. The use of efficient extraction and, in some cases, purification techniques
can provide novel bioactives useful for food, nutraceutical, cosmeceutical and pharmaceutical
applications. The bioactivity of marine phenolics is the consequence of their enzyme inhibitory effect
and antimicrobial, antiviral, anticancer, antidiabetic, antioxidant, or anti-inflammatory activities.
This review presents a survey of the major types of phenolic compounds found in marine
sources, as well as their reputed effect in relation to the occurrence of dietary and lifestyle-related
diseases, notably type 2 diabetes mellitus, obesity, metabolic syndrome, cancer and Alzheimer’s
disease. In addition, the influence of marine phenolics on gut microbiota and other pathologies is
also addressed.

Keywords: bromophenols; simple phenolics; flavonoids; phlorotannins; seawater; algae; seagrass;
health benefits; biological activity

1. Introduction

The occurrence of dietary and lifestyle-related diseases (type 2 diabetes mellitus, obesity, metabolic
syndrome, cancer or neurodegenerative diseases) has become a health pandemic in developed countries.
Global epidemiological studies have shown that countries where seaweeds are consumed on a regular
basis have significantly fewer instances of obesity and dietary-related diseases [1]. Among marine
metabolites with biological properties, phenolic compounds have attracted great interest. However,
compared to those found in terrestrial sources, their study is recent and challenging in different
aspects. Some families of phenolic compounds have been reported in both terrestrial and marine
organisms but others, such as bromophenols and phlorotannins, are exclusively found in marine
sources. The natural production of phenolic compounds in marine organisms has been associated with
external factors, particularly with environmental stressing conditions, such as desiccation, salinity,
UV radiation, nutrients availability, and temperature [2-5]. Variability and dependence with species,
seasonality and environmental conditions occur for macroalgae [6-8] and seagrass [9-11] and with the
growing conditions on microalgae [12].

Different extraction strategies have been successfully used, from conventional solvent extraction
with water or with organic solvents to alternative techniques using either greener solvents or
intensification tools to enhance yields and rates [13]. Enzymatic-assisted hydrolysis provided

Mar. Drugs 2020, 18, 501; doi:10.3390/md 18100501 1 www.mdpi.com/journal/marinedrugs
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higher extraction rate and extraction yields, with lower time and cost, but appeared less effective
for polyphenols because the extraction of other fractions such as proteins and saccharides was
enhanced [14,15]. Ultrasonication aided in the disruption of marine algal biomass and the enhanced
extraction of components [3,16-18]; hence, it can also be applied as a pretreatment [17]. However,
degradation of bioactives could occur due to sonication induced effects such as high temperatures
and radical’s generation. Cleaner and efficient polyphenol extraction processes using safer solvents
are increasingly demanded. Supercritical CO, extraction complies with these requirements and offers
advantages derived from the tunablity of the solvation power by modifying pressure and temperature;
however, due to its apolar character it requires the addition of polar modifiers. Most studies have been
reported with crude solvent extracts; therefore, the properties cannot be ascribed to a single compound,
and the synergistic effects among the components should be considered. Depending on the final use,
a series of fractionation stages, would be required, because more active fractions can be obtained by
purification of crude extracts [19,20].

The most basic phenolics quantification relies on the colorimetric Folin-Ciocalteu assay,
but modern analytical tools have contributed to the provision of information on the complex
structure of marine phenolics [21,22], usually with chromatographic, IR spectroscopic and
NMR methods [9,10,23,24]. Advanced and coupled techniques such as HPLC-DAD-ESI/MS and
UPLC-ESI-QTOF/MS analyses [5,7,20,25,26], LC-ESI-MS/MS [27], RRLC-ESI-MS [28], UPLC [29],
UPLC-MS [25], UPLC-MS/MS TIC [4], 'D and D NMR techniques (*C-NMR, COSY, TOCSY, NOESY,
HSQC) [24], are required to unveil the highly diverse and complex chemical structure of marine
phenolics. The development of strategies for simultaneous determination and quantification of the
different phenolic subclasses is needed [20]. Particularly interesting has been the identification of
phlorotannins, which show an extremely large diversity and complexity, regarding the number
or monomeric basic units, distribution of hydroxyl groups and structural conformations of
isomers [7,25,29]. In addition, their combination with preconcentration, and hydrolysis allowed
simultaneous determination of phenolics in minutes [28]. Biological resources including seaweed may
contain toxic compounds, such as heavy metals, and the evaluation of toxicity is required prior to
focusing on any other activity [30,31].

Abundant reviews of the bioactive properties of marine phenolics can be found [32-36]. Most of
them have been focused on seaweeds, but other marine organisms deserve interest as potential
worldwide distributed and ubiquitous sources of phenolic compounds. Furthermore, the extensive
variety of biological activities with potential to improve human and animal health, as well as the
possibility of using these compounds for the formulation of novel products, configurates the food and
feed applications as an efficient route of administration to maintain health and for preventing and
treating different diseases. This review presents an overview of the major phenolic compounds found in
marine sources and discusses their relevant biological properties in relation to lifestyle related diseases.

2. Marine Phenolics: Sources and Phenolic Composition

2.1. Families of Phenolic Compounds Identified in Marine Sources

Marine organisms are a rich source of phenolics that include bromophenolic compounds, simple
phenolic acids and flavonoids as well as phlorotannins. Figure 1 shows the basic structure of some
key classes of the marine phenolics identified. Examples of each class were selected based on their
biological relevance in the reported studies.
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Figure 1. Examples of the families of phenolic compounds found in marine sources: bromophenols,
simple phenolic acids and flavonoids, different types of phlorotannins (fucols, phlorethols,
fucophlorethols, fuhalols, carmalols and eckols, as well as phloroglucinol monomeric unit).

Bromophenolic compounds have been found in several macroalgae (red, green and brown) and
cyanobacteria. They can be transferred through the food chain from macroalgae to invertebrate grazers
to fish. Since some of them have toxic properties similar to those of anthropogenic contaminants,
their characterization is needed [37]. The lack of reports regarding the industrial production of
commercially available bromophenols (hydroxylated and methoxylated bromodiphenyl ethers) suggest
that they should come from natural sources and from biotransformation of natural and anthropogenic
compounds [38]. Red algae are the major source of natural marine bromophenols [39], but other
organisms such as fish, shrimps and crabs ingest them through the food chain. Cade et al. [38]
found polybrominated diphenyl ethers (PBDEs) at higher concentration in finfish than in shellfish.
Among shellfish, bivalves (clams and mussels) tended to have higher levels of hydroxylated and
methoxylated PBDEs than other types of seafood. Koch and Sures [40] have compiled information on
the concentrations of tribromophenols in aquatic organisms, ranging from 7 to 1600 ng/g algal ww,
0.3 to 2360 ng/g crustacean ww, 0.9 to 198 ng/g mollusks dw, 3.7 to 230 ng/g fish ww.
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Phenolic acids and flavonoids have also been found in marine sources. Among phenolic
acids, there are two major groups, hydroxycinnamic acids and hydroxybenzoic acids, whereas
flavonols, belonging to flavonoids is the most abundant group of compounds identified in marine
organisms [20,41,42]. Phlorotannins, exclusively found in brown seaweeds, are complex polymers of
phloroglucinol (1,3,5-trihydroxybenzene). This structurally heterogeneous group presents a complex
chemical composition, diverse linkage positions and a degree of polymerization (126 Da-650 kDa) [21]
which determine its biological properties. The structural classification is based on the inter-monomeric
linkages: fucols possess only aryl-aryl linkages, phlorethols aryl-ether linkages, fuhalols possess
only ether linkages and additional OH groups in every third ring, fucophlorethols possess aryl-aryl
and aryl-ether units, carmalols are derived from phlorethols and possess a dibenzodioxin moiety,
and eckols that possess at least one three-ring moiety with a dibenzodioxin moiety substituted by a
phenoxyl group at C-4 [43-45].

2.2. Sources

2.2.1. Seawater

The most abundant phenolic compounds found in seawater are sinapic acid, catechin, myricetin,
kaempherol and protocatechuic acid (found at 0.8-2.8 nM/L), whereas vanillic acid, coumaric acid,
ferulic acid, and rutin are below 0.5 nM/L [46]. In a recent study on the presence of free phenolic
compounds in Antarctic sea water, Zangrando et al. [42] concluded that the release from phytoplankton
could be the origin of phenolics in seawater, since diatoms produce exudates that contain phenolic
compounds. Other possible but less plausible sources could be the intrusion of circumpolar deep water
that may transport oceanic lignin; the melting of glaciers, which contain lignin that can be degraded in the
snow; photooxidation in water; the photochemical and microbiological degradation of lignin contained
in dissolved organic material. These authors have found vanillin, vanillic acid, acetovanillone and
p-coumaric acid, both in the dissolved and particulate fractions in seawater samples, with syringic acid,
syringaldehyde and homovanillic acid at residual concentrations. Bidleman et al. [37] also reported
the presence of the bromophenol lanosol (2,3-dibromo-4,5-dihydroxybenzyl alcohol) in seawater.

2.2.2. Microalgae

Microalgae conform a highly ecologically diverse group of unicellular eukaryotic organisms;
they are the most important primary source of biomass in aquatic ecosystems. They are able to produce
a wide variety of commercially interesting compounds, such as lipids, carbohydrates, phenolics,
carotenoids, sterols, vitamins, and other bioactives [47]. Microalgae offer advantages over terrestrial
sources derived from their metabolic diversity and adaptive flexibility, the efficient photosynthesis and
high growth rate, the possibility of large scale cultivation, simple nutritional requirements, and their
ability to accumulate or secrete metabolites [48]. Microalgae can grow in different habitats such as
fresh water, saltwater and marine environments. They can even grow on industrial wastewaters [49].
The valuable bioactives with pharmaceutical, food, feed, and cosmetic applications [50,51] from
microalgae could be relevant regarding the higher profitability of the cultivation processes and
could complement the energetic application [47]. In fact, the extraction of phenolic compounds from
microalgae biomass does not interfere with already established processes such as biofuel production [27].

Microalgae produce protective antioxidant compounds in response to stress damage caused by UV
radiation, temperature variation, excessive light, and others. In some cases, these are not influencing
factors. Gomez et al. [52] observed that the accumulation of phenolic compounds in some microalgae
was independent of the illumination condition. The production of flavonoids and polyphenols could be
favored with the adequate control of selected variables of the culture process [12]. Non-natural factors,
such as CuO nanoparticles, can induce the production of phenolics in Nannochloropsis oculata [53],
lowering growth rates as well as chlorophyll and carotenoids content. Moreover, CuO nanoparticles
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damaged the membrane as well as increased the activity of antioxidant endogenous enzymes, such as
catalase, ascorbate peroxidase, polyphenol oxidase and lactate dehydrogenase.

Some phenolics in marine microorganisms are released into the environment to form metal
complexes in order to acquire micronutrients or to sequester toxic metals, and their presence can
stimulate the growth of diatoms. Catechin, sinapic acid, apigenin, quercitrin, kaempferol, epicatechin,
gentisic acid, syringic acid, chlorogenic acid, vanillic acid, ferulic acid, caffeic acid, protocatechuic acid,
coumaric acid, rutin and gallic acid have been reported in the exudates from diatoms [42,54,55].

Data in Tables 1-3 summarize the phenolic compounds reported in marine organisms and their
in vitro antioxidant characteristics, which could be used as a preliminary indication of potential
bioactivities. Phenolic compounds can be efficient antioxidants acting with different mechanisms,
as scavengers of singlet oxygen and free radicals, reducing agents, chelating agents, inhibiting
specific oxidative enzymes or can act by mixed mechanisms. Assays to determine the reducing
and antiradical properties against 2,2-diphenyl-1-picrylhydracil (DPPH), as well as 2,2’-azino-bis
(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS), superoxide and hydroxyl radicals, are usually
preferred to screen the most active extracts from natural sources. Data in Table 1 confirm that phenolic
acids, and particularly hydroxycinnamic acids, are the major families identified in microalgae.

Considering the diversity of phenolic compounds found in marine organisms, and the influence
of composition on the activity, the selection of the extraction solvent is important and should be
chosen with care, either individually or in mixtures [3,17]. Some examples are cited to illustrate
this fact. In a comparative study, acetone provided the highest phenolic content in extracts from
Isochrysis galbana, Tetraselmis sp. and Scenedesmus sp. The highest radical scavenging activity was
observed in the acetone extract of I. galbana, the maximum Fe (II) chelating capacity in the hexane
extract of Scenedesmus sp. and the in vitro inhibition of acetylcholinesterase in the water and ether
extracts of both microalgae. Whereas the antiradical properties of the polar extracts can be ascribed
to phenolics, in the non-polar extracts the activity could be due to fatty acids or to other lipophilic
components [56]. Aqueous and methanolic extracts provided higher phenolic yield and reducing
power from Nannochloropsis gaditana than acetone, dichloromethane or hexane; however, acetone
provided the highest DPPH radical scavenging activity and cytotoxicity against human lung cancer
cells (A549) [57]. Moreover, the methanolic extracts of Chaetoceros curvisetus, Thalassiosira subtilis and
Odontella aurita were more active than those in acetone and in hexane [58].

In some cases, a linear relationship between phenolic content and antioxidant and biological
properties has been established. Phenolic content is correlated with DPPH radical scavenging
activity [18,59] and also with antitumoral properties [56]. Solvent extracts from Nannochloropsis oceanica
showed reducing and antiradical properties and those from Skeletonema costatum and Chroococcus turgidus
showed chelating ability; both properties are correlated with the phenolic content [59]. However,
this correlation was found to be insignificant in other extracts, suggesting that these might not be major
contributors to the antioxidant capacities [60]. Safafar et al. [49] reported that phenolic compounds
were the major contributors to the antioxidant activity in microalgal extracts, but also carotenoids
contributed to the DPPH radical scavenging activity, ferrous reduction power (FRAP), and ABTS-radical
scavenging capacity activity. Maadame et al. [3] did not find correlation between the antioxidant
capacities and the phenolic and carotenoids content in ethanolic extracts [57]. The low phenolic content
(0.3-20 mg GAE/g DW) in microalgal extracts [48,56,58] could suggest that other compounds could be
responsible for the observed activities, such as carotenoids, fatty acids, sterols, vitamins as well as
other compounds such as micosporine-like aminoacids (MAAs) [61]. The TEAC (Trolox equivalent
antioxidant capacity) values and antiproliferative activities of phytoplankton extracts show a strong
positive correlation with the amount of the total carotenoids and micosporine-like aminoacids, but were
negatively correlated with the amounts of phenolic compounds [18].
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2.2.3. Macroalgae

Bromophenols

Among the halogenated secondary metabolites synthesized by seaweeds, brominated ones are
more usual due to the availability of chloride and bromide ions in seawater; iodine and fluorine are less
frequent. Whereas iodination can be found in brown algae, bromine or chlorine metabolites are more
abundant in red and in green seaweeds [98]. The most abundant bromophenolic compounds found in
macroalgae are bromophenols and their transformation products bromoanisoles, hydroxylated and
methoxylated bromodiphenyl ethers and polybrominated dibenzo-p-dioxins [2,37]. Other brominated
compounds have also been identified in macroalgae, such as brominated sesquiterpenes [99].

Some bromophenols identified in seaweeds are shown in Tables 2 and 3. Specifically,
2,4,6-tribromophenol is widely distributed, coming from environmental contaminants, pesticides
and from marine organisms, which produce it as a defense against predators and
biofouling. Machado et al. [100] found bromoform (1.7 mg/g), dibromochloromethane (15.8 pg/g),
bromochloroacetic acid (9.8 ug/g) and dibromoacetic acid (0.9 pg/g) in Asparagopsis taxiformis,
and Bidleman et al. [37] found bromoanisols at more than 1000 pg/g in Ascophyllum nodosum,
Ceramium  tenuicorne, Ceramium virgatum, Fucus radicans, Fucus serratus, Fucus wvesiculosus,
Saccharina latissima, Laminaria digitata, and Acrosiphonia/Spongomorpha sp. The presence of these
compounds can be associated with off-flavors. Among the bromophenols identified in prawn
species, probably obtained from marine algae and bryozoan from the diet, are 2-and 4-bromophenol,
2,4-dibromophenol, 2,4,6-tribromophenol and 2,6-dibromophenol. The latter confers an iodoform
off-flavor at 60 ng/kg and it was found in prawn, reaching more than 200 ug/kg in the eastern king
prawn. This off-flavor can be reduced by handling and processing [101]. Kim et al. [102] reported that
3-bromo-4,5-dihydroxybenzaldehyde exerted antioxidant effects in skin cells subjected to oxidative
stress, by increasing the protein and mRNA levels of glutathione synthesizing enzymes, enhancing the
production of reduced glutathione in HaCaT cells and protecting cells against oxidative stress via the
activation of the NF-E2-related factor.

Their extraction can be achieved with organic solvents, ie., methanol or
methanol-dichloromethane [37], but yields can vary with other factors. Seasonal variations
and different profiles among species, locations and environmental conditions have been observed [40],
their production being induced by environmentally stressing conditions, such as the presence of
herbivores and the elevated levels of light and salinity [2].

Simple Phenolics

The presence of benzoic and cinnamic acids has been reported, particularly in brown seaweeds,
which also present flavonoids [20,103]. Brown seaweeds present higher contents of benzoic and
cinnamic acids (1 mg/g) than red (0.2 3 mg/g) and green (0.01-0.9 mg/g) seaweeds [26,104,105]. Higher
values (1-9 mg/g) have been reported for gallic acid in green and red seaweeds [106]. These authors
reported catechin content up to 14 mg/g in red seaweeds and up to 11.5 mg/g in green ones, whereas in
brown seaweeds reached up to 11 mg/g. Phloroglucinol derivatives are the major phenolics in brown
seaweeds, and flavonoids account for 35% of the total, the most abundant being gallic, chlorogenic
acid, caffeic acid, ferulic acid [20].

The phenolic levels correlated positively with elevated irradiance exposure and temperature and
their content differs among different parts of the seaweed. Extracts of the thallus were more active
than extracts of the receptacles, and the solvent was also important, the best being acetone, ethanol,
and water. The drying stage should also be optimized, since degradation may occur, i.e., dried material
provided lower yield and less active extracts than frozen ones [24].
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Phlorotannins

These are structural components of the cell wall in brown algae, and also play a function in
macroalgal chemical defense comparable to those of secondary metabolites, such as protection from
UV radiation and defense against grazing [4]. The species and cultivation conditions affect the
composition. Lopes et al. [7] found five and six ringed phloroglucinol oligomers in wild grown and
aquaculture-grown F. vesiculosus, trimers and tetramers in extracts from Fucus guiryi, F. serratus and
F. spiralis. Fucophlorethols are dominant in Fucus sp, exhibiting molecular weights ranging from 370
to 746 Da, and relatively low degree of polymerization (3—6 phloroglucinol units, PGU). Moreover,
isomers of fucophlorethol, dioxinodehydroeckol, difucophlorethol, fucodiphlorethol, bisfucophlorethol,
fucofuroeckol, trifucophlorethol, fucotriphlorethol, tetrafucophlorethol, and fucotetraphlorethol
were identified.

Heffernan et al. [21] reported that most low molecular weight (LMW) phlorotannins presented
4-16 monomers of phloroglucinol. The level of isomerization differed among macroalgal species and
F. vesiculosus showed up to 61 compounds with 12 PGU. Species-specific phenolic profiles, with varying
degrees of composition, polymerization and isomerization have been described and the antiradical
activity observed was not only due to higher phlorotannin concentrations but to their geometric
arrangement and the position of the free hydroxyl groups [4]. F. vesiculosus low molecular weight
fractions were predominantly composed of phlorotannins between 498 and 994 Da (4-8 PGUs),
in P. canaliculata most structures presented 9-14 PGUs, whereas in H. elongata most phlorotannins were
composed of 8-13 PGU.

The influence of the solvent has been reported in a number of studies either as extractant or as
fractionation medium, i.e., Murugan and Iyer [129] found higher ferrous ion chelation and growth
inhibition of MG-63 cells by methanolic and aqueous extracts from Caulerpa peltata, Gelidiella acerosa,
Padina gymnospora, and S. wightii. However, the higher extraction of phenols and flavonoids was found
with chloroform and ethyl acetate, as well as the DPPH radical scavenging and growth inhibitory
activities in cancer cells. Aravindan et al. [130] selected dichloromethane and ethyl acetate fractions
from Dictyota dichotoma, Hormophysa triquerta, Spatoglossum asperum, Stoechospermum marginatum and
P. tetrastromatica for their high levels of phenolics, antioxidants and inhibitors of pancreatic tumorigenic
cells (MiaPaCa-2, Panc-1, BXPC-3 and Panc-3.27) growth. The use of intensification techniques can
enhance the extraction yields. Kadam et al. [16] reported that under ultrasound-assisted extraction
of A. nodosum in acidic media, the extraction of high molecular weight phenolic compounds was
facilitated. However, other bioactives were also solubilized in a short time and crude solvent extracts
contained several non-phenolic components, such as carbohydrates, amino acids and pigments.
Further purification strategies have been tried, i.e., a multistep scheme with successive precipitation of
lipophilic compounds and further chromatographic fractionation [24], solvent partition and membrane
fractionation [21], solvent partition and column chromatography [19,22], adsorption, washing and
further elution [131], or chromatography and then membrane processing by ultrafiltration and
dialysis [132].
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Kirke et al. [118] reported that low molecular weight phlorotannin fractions (<3 kDa) from
F. vesiculosus in powder form remained stable under storage for 10 weeks, when exposed to temperature
and oxygen. Although, when suspended in an aqueous matrix, this fraction underwent oxidation
when exposed to atmospheric oxygen and 50 °C, and both the DPPH radical scavenging activity and
the content of phlorotannins with 6-16 PGUs decreased.

Since other compounds found in the crude seaweed extracts could be responsible for the biological
activities, the correlation between phenolic content and antioxidant properties was not always found
in seaweed extracts. These relationships should also consider the type of activity assayed since
some of them share the same mechanisms [151]. Furthermore, not only the phenolic content is
determinant, but also their structure. In brown seaweeds, the classical correlation of phenolic
content and radical scavenging has been established with the antiradical properties and molecular
weight. Phlorotannin-enriched fractions from water and aqueous ethanolic extracts of A. nodosum
and Pelvetia canaliculata contain predominantly larger phlorotannins (DP 6-13) compared to F. spiralis
(DP 4-6) [25]. The 3.5-100 kDa and/or >100 kDa fractions from the cold water and aqueous ethanolic
extracts showed higher phenolic content, radical scavenging abilities and ferric reducing antioxidant
power (FRAP) than the <3.5 kDa, which could enhance their activity after a reverse-phase flash
chromatography fractionation [152]. In a study on F. vesiculosus, Bogolitsyn et al. [22] concluded that
the highest radical scavenging activity was observed for average molecular weights from 8 to 18 kDa
and the activity decreased with increasing molecular weight from 18 to 49 kDa. This effect has been
ascribed to the formation of intramolecular and intermolecular hydrogen bonds between hydroxyl
groups, causing conformational changes in phlorotannin molecules and, therefore, mutual shielding
and a decrease in the availability of active centers. Ascophylllum nodosum purified oligophenolic fraction
was more active than the crude fraction as ABTS scavengers, and the fraction containing phenolic
compounds with a MW >50 kDa was the most active and showed higher correlation with the content
of phenolic compounds [132]. Whereas the radical scavenging activity and reducing power showed
correlation, particularly in brown seaweeds, the chelating properties did not, and were higher in green
seaweed extracts, because the major activity could come from the saccharidic fraction [13]. The FRAP
activity displayed a stronger correlation with the phlorotannin content than the radical scavenging
capacity, as well as the phenolic content, molecular weight and structural arrangement [4]. However,
other authors did not find any significant correlation between the total phenolic content of the extracts
and the inhibition of red blood cell hemolysis and lipid peroxidation [153], or the antioxidant activity
(DPPH and -carotene bleaching assays) [154].

2.2.4. Seagrasses

Compared to algae, seagrasses are scarcely exploited [11,33]. The worldwide distributed Zostera
genus produces large amounts of leaf material. This is not utilized, representing an abundant waste
which could be proposed to recover valuable compounds and therefore compensate the costs of
cleaning beaches and shorelines used for recreational purposes [10].

Seagrasses are a rich source of (poly)phenolics, including simple and sulfated phenolic
acids, such as zosteric acid, and condensed tannins [33,83]. Rosmarinic acid and caffeic acid
(0.4-19.2 mg/g) were the major phenolic components in leaves and roots-rhizomes of eelgrass
(Zostera marina L.), and higher concentrations have been found during spring in the younger leaves
and roots-rhizomes [9,78]. Rosmarinic acid was also reported as an active phenolic in the methanolic
extracts from detritus of Z. noltii and Z. marina (2.2-18.0 and 1.3-11.2 mg/g, respectively) [10]. Extraction
yields, seasonally dependent for the two species, vary in the range of 9.3-19.7% (g/g dw) for Z. noltii,
and 9.6-31% for Z. marina; near 85% of the rosmarinic acid was recovered from the crude methanolic
extract using ethyl acetate [10]. Chicoric acid was the major compound in Ruppia sp, with 30 mg/g;
twice the total flavonoid content [81]. High concentrations of phenolics in methanolic Zostera extracts
correspond to higher growth inhibition of the toxic red tide dinoflagellate A. catenella [23]. In sc-CO,
extracts with ethanol or methanol cosolvents, the phenolic content and radical scavenging capacity
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correlated well with the cytotoxicity on tumoral cell lines; this high activity might be due to the
high content of phenylpropanoids [155]. The supercritical CO, extraction of phenolic compounds
from Zostera marina residues using 20% ethanol as co-solvent enhanced the solubilization of polar
compounds (chicoric, p-coumaric, rosmarinic, benzoic, ferulic and caffeic) [29,155], reaching phenolic
contents comparable to those found in the ethanolic and methanolic Soxhlet extracts; the DPPH
radical-scavenging activities were also similar.

2.2.5. Sponges

Despite being a rich source of highly bioactive compounds [93], there are few studies in the literature
regarding the extraction and identification of polyphenols in sponges. Methanol and dichloromethane
were normally used for extraction, while new phenolic compounds have been identified using
HRAPCIMS, HRESIMS and NMR. Bisabolenes are particularly interesting polyphenolic compounds
found in sponges. These phenolics are characterized by a C-7 absolute stereochemistry. All sponge
bisabolenes possess a unique 7S configuration, while other marine and terrestrial bisabolenes possess
a 7R configuration [91]. (S)-(+)-curcuphenol, a member of this family commonly found in sponges,
presents several biological activities [91].

3. Bioactive Properties of Marine Phenolics

Epidemiological, clinical and nutritional studies strongly support the evidence that dietary
polyphenols play important roles in human health. Their regular consumption has been associated
with a reduced risk of different chronic diseases, including cardiovascular diseases (CVDs), cancer
and neurodegenerative disorders [156]. Marine polyphenols have also attracted much attention
because, similar to other polyphenols, they are bioactive compounds with potential health benefits in
numerous human diseases due to their enzyme inhibitory effect and antimicrobial, antiviral, anticancer,
antidiabetic, antioxidant, or anti-inflammatory activities; however, most of the findings are based on
in vitro assays and animal testing on rodents.

Studies demonstrating the multi-targeted protective effect of marine phenolics, focused on the
most prevalent diseases such as type 2 diabetes mellitus, obesity, metabolic syndrome, Alzheimer’s
disease and cancer, are included in this section. In addition, the influence of marine phenolics on gut
human microbiota and other infectious have been also addressed (Tables 4-10).

3.1. Type 2 Diabetes Mellitus

Type 2 diabetes mellitus (T2DM) is one of the most common non-communicable diseases in
the world, which can be attributed to hyperglycemia characterized by a high glucose concentration
circulating in the blood, and has a marked impact on the quality of life [157]. This disease leads to higher
risk of premature death and is associated with several health problems such as vision loss, kidney
failure, leg amputation, nerve damage, heart attack and stroke [158]. Due to its chronic nature, T2DM is
also associated with several comorbidities such as metabolic syndrome (MetS), overweight and obesity,
hypertension, non-alcoholic hepatic steatosis, coronary disease, and neuropathy, among others [159].

Phlorotannins of edible seaweeds are involved in various antidiabetic mechanisms: inhibition
of starch-digesting enzymes a-amylase and x-glucosidase, protein tyrosine phosphatase 1B (PTP1B)
enzyme inhibition, modulation of glucose-induced oxidative stress and reduction in glucose levels
and lipid peroxidation, among others [160,161]. There are a few recent reviews that summarize the
huge number of in vitro studies along with minor number of in vivo studies focused in evaluating the
antidiabetic activity of polyphenols [35,36,160,162] or bioactive components of seaweeds [161,163]. Key
in vitro studies along with the recent in vivo studies about antidiabetic activity of marine polyphenols
are detailed below (Table 4).

Alpha-amylase, located in the pancreas, and «-glucosidase, at the brush border of intestinal
cells, are two key enzymes involved in carbohydrate metabolism [164]. These enzymes break down
carbohydrates into monosaccharides that are absorbed into the bloodstream, resulting in a rise in
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blood glucose following a meal. Oral glucosidase inhibitor drugs are the common clinical treatment
for T2DM; however, long-term use can result in side effects such as renal tumors and hepatic
injury [164]. Hence, looking for alternative natural products with no side effects is an active research
area. Most brown seaweeds belonging to the genus Ecklonia and family Lessoniaceae have been reported
to exhibit antidiabetic activities [160]. Five isolated phlorotannins from E. cava, fucodiphloroethol
G, dieckol, 6,6’-bieckol, 7-phloroeckol, phlorofucofuroeckol-A, have shown a marked «-glucosidase
inhibition with 19.5 uM, 10.8 uM, 22.2 uM, 49.5 uM and 19.7 uM, respectively, as well as some x-amylase
inhibitory effect with IC5( values of >500 uM, 125 uM, >500 uM, 250 uM and >500 uM, respectively [165].
Phlorotannins extracted from A. nodosum [166,167], Alaria marginata and Fucus distichus [168] are also
able to inhibit q-amylase and x-glucosidase, while those of F. vesiculosus [160] and L. trabeculate [103]
inhibit «-glucosidase activity, and L. trabeculate [103] inhibits lipase activity (Table 4). Generally,
seaweed extracts and isolated compounds exhibited more inhibitory potency towards x-glucosidase
compared to x-amylase (see ICsp values in Table 4), which is desirable since high inhibition of
a-amylase activity has been suggested to cause abnormal fermentation of undigested carbohydrates
by the colonic microbiota [169]. This promising inhibitory activity towards the enzymes involved in
the digestion of carbohydrates has led to the development of polyphenol-rich extracts from seaweeds
as alternative drugs to treat T2DM. Catarino et al. [120] obtained crude extracts and semi-purified
phlorotannins from F. vesiculosus containing fucols, fucophlorethols, fuhalols and several other
phlorotannin derivatives, tentatively identified as fucofurodiphlorethol, fucofurotriphlorethol and
fucofuropentaphlorethol. These extracts showed the potential to control the activities of x-amylase,
pancreatic lipase, and particularly «-glucosidase, for which a greater inhibitory effect was observed
compared to the pharmaceutical drug acarbose (IC50~4.5 — 0.82 pug/mL against 206 j1g/mL, respectively).
Park et al. [170] isolated minor phlorotannin derivatives from E. cava that effectively inhibited the
activity of a-glucosidase, with ICsy values ranging from 2.3 to 59.8 uM; they obtained the kinetic
parameters of the receptor-ligand binding by a fluorescence-quenching study. In the same line,
Lopes et al. [8] isolated phlorotannins from four edible Fucus species (F. guiryi, F. serratus, F. spiralis
and F. vesiculosus). These were chemically characterized using mass spectrometry-based techniques
(HPLC-DAD-ESI/MS and UPLC-ESI-QTOF/MS). The isolated phlorotannins showed inhibitory
activity against x-amylase and a-glucosidase, being particularly important in the activity of the
latter, with IC5( values significantly lower (between 2.48 and 4.77 ug/mL) than those obtained for
the pharmacological inhibitors acarbose and miglitol (between 56.43 and 1835.37 ug/mL). F. guiryi
and F. serratus were the most active of the tested Fucus species. In addition, xanthine oxidase activity,
an enzymatic system usually overexpressed in diabetes and responsible for producing deleterious free
radicals, was also inhibited, related with the antioxidant activity associated to phlorotannins [8].

Protein tyrosine phosphatase 1B (PTP1B) is a major negative regulator of insulin signaling
and is localized on the cytoplasmic surface of the endoplasmic reticulum in hepatic, muscular and
adipose tissues. Due to its ubiquity in the insulin-targeted tissues and its role in insulin resistance
development [142], inhibition of PTP1B activity would be a target for the treatment of T2DM and obesity.
Ezzat et al. [171] reviewed the in vitro studies focused on evaluating the inhibitory activity of PTP1B
marine polyphenols. Xu et al. [172] studied the inhibitory activity of a marine-derived bromophenol
compound (3,4-dibromo-5-(2-bromo-3,4-dihydroxy-6-(ethoxymethyl)benzyl)benzene- 1,2-diol) isolated
from the red alga Rhodomela confervoides in insulin-resistant C2C12 myotubes. This bromophenol has the
ability to inhibit PTP1B activity (ICsq 0.84 uM), permeate into cells and bind to the catalytic domain of
PTP1B in vitro, activate insulin signaling and potentiate insulin sensitivity in C2C12 myotubes as well as
enhance glucose uptake. Similarly, 3-bromo-4,5-bis(2,3-dibromo-4,5-dihydroxybenzyl)-1,2-benzenediol
isolated from the red alga Rhodomela confervoides was able to activate insulin signaling and
prevent palmitate-induced insulin resistance by intrinsic PTP1B inhibition (IC5 2.0 uM). Moreover,
this compound also activated the fatty acid oxidation signaling in palmitate-exposed C2C12
myotubes [173].
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Glycated insulin is commonly found in T2DM patients and is less effective in controlling glucose
homeostasis and stimulating glucose uptake than non-glycated insulin [174]. Non-enzymatic protein
glycation is an irreversible modification between reducing sugars and primary amino groups and
leads to the production of advanced glycation end-products (AGEs) [175], whose accumulation
causes various diabetic complications such as nephropathy, retinopathy and atherosclerosis as
well as stimulates the development of neurodegenerative diseases such as Alzheimer’s disease
(AD) [176]. The inhibition of AGEs formation is another approach being explored in managing
hyperglycemia using seaweeds. Crude phlorotannins contained in the Japanese Lessoniaceae exhibited
an inhibitory effect on the formation of fluorescence bound AGEs (ICs( 0.43-0.53 mg/mL), and among
the purified phlorotannins (phlorofucofuroeckol-A, eckol, phloroglucinol, fucofuroeckol A, dieckol
and 8,8’-bieckol), phlorofucofuroeckol A showed the highest inhibitory activity (ICsq 4.1-4.8 X 102 M)
against fluorescent AGEs formation, being about 15 times more active than the reference drug
aminoguanidine hydrochloride [177]. Further studies carried out with methanolic extracts from brown
algae Padina pavonica, Sargassum polycystum, and Turbinaria ornata, rich in phlorotannins, inhibited the
glucose-induced protein glycation and formation of protein-bound fluorescent AGEs (ICs( 15.16 ug/mL,
35.25 pg/mL and 22.7 ug/mL, respectively). Furthermore, brown algal extracts containing phlorotannins
exhibited protective effects against AGEs formation in Caenorhabditis elegans (a species of
nematode) with induced hyperglycemia [178]. From five phlorotannins isolated from E. stolonifera,
only phlorofucofuroeckol-A inhibited, in a dose-dependent form, the induced non-enzymatic insulin
glycation of D-ribose and D-glucose (ICsp 29.50 uM and 43.55 uM, respectively) [179]. These authors
used computational analysis to find that phlorofucofuroeckol-A interacts with the Phel in insulin
chain-B, blocking D-glucose access to the glycation site of insulin.

The need to secrete increasing amounts of insulin to compensate for progressive insulin resistance
and the hyperglycemia-induced oxidative stress lead to an eventual deterioration of pancreatic
B-cells [180]. Lee et al. [181] confirmed the protective effect of octaphlorethol A, a novel phenolic
compound isolated from Ishige foliacea, against streptozotocin (STZ)-induced pancreatic 3-cell damage
investigated in a rat insulinoma cell line (RINm5F pancreatic 3-cells). Thus, octaphlorethol A reduced
the intracellular reactive oxygen species (ROS) and generation of thiobarbituric acid reactive substances
(TBARSs), extensively produced by STZ-treated pancreatic -cells. The oxidative stress involved
in diabetes-associated pathological damages reduces antioxidant enzyme activities (catalase (CAT),
superoxide dismutase (SOD), and glutathione peroxidase (GPx)), and octaphlorethol A treatment
increased the enzyme activity due to its antioxidant potency. The phlorotannins isolated from E. cava,
6,6-bieckol, phloroeckol, dieckol and phlorofucofuroeckol inhibited high glucose-induced ROS and
cell death in zebrafish. Particularly, the antioxidant activity of dieckol significantly reduced heart rates,
ROS, nitric oxide (NO) and lipid peroxidation generation in high glucose-induced oxidative stress.
Dieckol also reduced overexpression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2
(COX-2)[182]. A recent study addressed the efficacy of an extract of the red seaweed Polysiphinia japonica
on preserving cell viability and glucose-induced insulin secretion in a pancreatic 3-cell line, Ins-1,
treated with palmitate [183]. However, the tested extract contained, in addition to polyphenols,
other components such as carbohydrates, lipid and proteins; hence, the described bioactivities may not
be due only to polyphenols.

Glucose uptake and disposal mainly occurs in the skeletal muscle, playing an important role
in the energy balance regulation [184]; marine polyphenols are also involved in this mechanism.
Lee et al. [185] confirmed that octaphlorethol A from Ishige foliacea increased glucose uptake in skeletal
muscle cells (differentiated L6 rat myoblast). Furthermore, this compound increased glucose transporter
4 (Glut4) translocation to the plasma membrane, in a process depending on the protein kinase B
(Akt) and AMP-activated protein kinase (AMPK) activation, a therapeutic target for treatment of
hyperglycemia, which is associated with insulin resistance [186].
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Since postprandial blood glucose is a stronger predictor of cardiovascular events than fasting
blood glucose in T2DM [193], polyphenol-rich extracts from seaweeds have been evaluated for their
postprandial effect. After oral administration of soluble starch with dieckol (100 mg/kg bw), isolated
from E. cava, a significant reduction in the postprandial blood glucose level in both normal mice
and STZ-induced diabetic mice [187] were observed. Likewise, a phlorotannin constituent of E. cava
(2,7”-phloroglucinol-6,6"-bieckol) inhibited a-glucosidase and x-amylase activities (ICs, values of 23.35
and 6.94 uM, respectively), which was more effective than that observed with the positive control
acarbose (ICsq values of 130.04 and 165.12 uM, respectively). In addition, this phlorotannin alleviated
postprandial hyperglycemia in diabetic mice treated with 10 mg/kg bw [188]. A randomized cross-over
trial carried out by Murray et al. [189] evaluated the impact of a single dose of a polyphenol-rich
seaweed extract from F. vesiculosus on postprandial glycemic control in 38 healthy adults. Neither low
(500 mg) nor high (2000 mg) doses of the polyphenol-rich brown seaweed affected the postprandial
blood glucose and insulin levels in healthy volunteers.

The in vivo chronic treatment with polyphenol-rich extracts from seaweeds showed an important
activity in the attenuation of T2DM. The antidiabetic activity of dieckol isolated from brown seaweed
E. cava was evaluated in a T2DM mouse model (C57BL/Ks]-db/db). Dieckol was administrated daily at
doses of 10 and 20 mg/kg bw for 14 days. Results showed a significant reduction in blood glucose
and serum levels as well as body weight, when compared to the untreated group [190]. Furthermore,
reduced TBARs and increased activity of antioxidant enzymes (SOD, CAT and GPx) in liver tissues,
as consequence of the antioxidant potency of phlorotannins, and increased levels of AMPK and Akt
phosphorylation in muscle tissues, which play a vital role in the glucose homeostasis, were observed in
the dieckol treated group. Another recent study showed the capacity of a polyphenol-rich extracts from
the brown macroalgae Lessonia trabeculata to attenuate hyperglycemia in high-fat diet and STZ-induced
diabetic C57BL/6] rats treated for 4 weeks (200 mg/kg bw/day). Lower fasting blood glucose and insulin
levels, as well as a better serum lipid profile and antioxidant stress parameters compared with the
diabetic control group, were observed [103]. Similarly, a water-ethanolic extract of green macroalgae
E. prolifera rich in flavonoids showed antidiabetic activity, by improving oral glucose tolerance and
insulin sensitivity, decreasing fasting blood glucose levels and protecting kidney and liver from high
sucrose—fat diet on STZ-induced diabetic mice treated with 150 mg/kg bw/day of the assayed extract for
4 weeks. This flavonoid-rich fraction revealed a hypoglycemic effect as confirmed by activation of the
IRS1/PI3K/Akt and inhibition of the c-Jun N-terminal kinases (JNK)1/2 insulin pathway in liver [191].

In pre-diabetic human subjects, the efficacy and safety of a dieckol-rich extract from E. cava
was evaluated by the development of a double-blind, randomized, placebo-controlled clinical trial.
The daily consumption of 1500 mg of the dieckol-rich extract decreased postprandial glucose, insulin,
and C-peptide levels after 12 weeks, but there was no significant difference between the supplemented
and placebo groups [192].

Strong evidence regarding the antidiabetic activity of several marine polyphenols have been
obtained (Table 4). They are involved in different and complementary mechanisms (Figure 2), although
most of the studies are in vitro or in vivo with animals, not with humans as desirable.
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Figure 2. Mechanisms of action of marine phenolics.

3.2. Obesity

Obesity—defined as the excessive or abnormal accumulation of body fat in the adipose tissue,
energy imbalance, and lipogenesis—results from modern lifestyles characterized by high intakes
of fat, sugar, and calories, in addition to poor exercise and physical activity [194]. The molecular
mechanism of obesity mediated by cytokines, adiponectin, and leptin has been correlated with
increasing inflammation and oxidative stress, and leads to the development of metabolic diseases
including certain types of cancer, hyperglycemia, T2DM, high blood pressure, as well as liver, heart,
and gallbladder diseases [195-197]. Consequently, researchers have been exploring functional materials
of plant origin that contain antioxidants and other properties to combat obesity and its comorbidities,
as an alternative to conventional approaches such as surgery and antiobesity drugs.

Pancreatic lipase is a key enzyme for triglyceride absorption in the small intestine, which
hydrolyses triglycerides into glycerol and fatty acids. Pancreatic lipase inhibitors hinder fat digestion
and absorption and are a potential therapeutic target for the treatment of diet-induced obesity in
humans. In an ongoing search for new pancreatic lipase inhibitors from natural sources, polyphenols
isolated from seaweeds have repeatedly shown inhibitory activity against this enzyme, such as a
methanolic extract of the marine brown algae E. bicyclis. Bioassay-guided isolation of this methanolic
extract using a pancreatic lipase inhibitory test led to the identification of six known phlorotannins:
eckol, fucofuroeckol A, 7-phloroeckol, dioxindehydroeckol, phlorofucofuroeckol A, and dieckol.
Among them, fucofuroeckol and 7-phloroeckol showed the most potent inhibitory effect on pancreatic
lipase activity (ICsy values of 37.2 and 12.7 uM, respectively) [198]. More recently, Austin et al. [199]
evaluated the inhibitory lipase activity of a polyphenol-rich extract from the edible seaweed A. nodosum.
This crude extract showed higher inhibitory activity than the known commercial product, Orlistat.
Additionally, a phlorotannin-enriched fraction obtained from the crude extract was even more potent
than the un-purified extract. Although the purified extract also contained polysaccharides such as
alginate that might contribute to the total inhibitory lipase activity, apparently these were less effective
than phlorotannins (Table 5).

Obesity is related to adipogenesis, which is the process of pre-adipocyte differentiation into
adipocytes. This process plays a central role in keeping lipid homeostasis and energy balance,
by storing triglycerides (TG) and releasing free fatty acids in response to changing energy demands.
Adipogenesis is regulated by multiple processes, including pre-adipocytes proliferation, differentiation,
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as well as fatty acid oxidation and synthesis, which are controlled by several factors [196,200].
Thus, the inhibitory effect of adipocyte differentiation and proliferation has been suggested to be an
important strategy for preventing or treating obesity. Dieckol from E. cava [201], phloroglucinol, eckol,
dieckol, dioxinodehydroeckol, and phlorofucofuroeckol A from E. stolonifera [202] and 6,6’-bieckol,
6,8-bieckol, 8,8’-bieckol, dieckol and phlorofucofuroeckol A from E. bicyclis [203] exhibited antiobesity
activity by suppressing the differentiation of 3T3-L1 pre-adipocytes cells in a dose-dependent manner.
These phlorotannins were able to down-regulate the expression of the proliferator activated receptor
gamma (PPARy) and the CCAAT/enhancer-binding protein alpha (C/EBP«x) [201-203]. The activation
of C/EBP« promote differentiation of preadipocytes through cooperation with PPARY resulting in
transactivation of adipocyte-specific genes such as fatty acid binding protein (FABP) and fatty acid
synthase (FAS). Sterol regulatory element-binding protein 1 (SREBP1) is the earliest transcription factor,
which also appears to be involved in adipocyte differentiation, and increases the expression of several
lipogenic genes, including acyl-coA carboxylase (ACC) and FAS. Therefore, over expression of these
transcription factors can accelerate adipogenesis. In this sense, dieckol, moreover, down-regulated the
expression of the SREBP1 and that of the FABP4 by AMPK activation [201], the latter also related to
the obesity control. In addition, 6'6’-bieckol down-regulated the sterol regulatory element binding
protein-1c (SREBP-1c), the FAS and the ACC [203]. Similarly, Kong et al. [204] characterized the
antiadipogenic activity of triphlorethol-A, eckol and dieckol isolated from E. cava in differentiating
3T3-L1 pre-adipocytes by measuring glycerol release level and adipogenic-related gene expression.
These phlorotannins increased the glycerol secretion and reduced the glucose consumption level of
adipocytes. In addition, phlorotannins down-regulated the expression of PPARy, C/EBP«, SREBP-1c,
as well as FABP4, FAS, acyl-CoA synthetase-1 (ACS1), fatty acid transport protein-1 (FATP1) and leptin.
FATP1 has been reported to take part in fatty acid utilization along with FABP4 [205]. Leptin is a
hormone related to food intake and body weight reduction. Obese subjects present leptin resistance,
i.e., despite this enzyme being found in high levels in these subjects, it is unable to exercise any
anorexigenic effect [206]. Phlorotannins also increased mRNA expression of hormone-sensitive lipase
while they suppressed perilipin and tumor necrosis factor alpha (TNF«x) expressions. Kim et al. [207]
demonstrated that an extract containing eckol, dieckol and phlorofucofuroeckol-A from E. cava
inhibited adipogenesis in 3T3-L1 adipocytes, shown by the significant reduction in glucose utilization
and TG accumulation without showing cytotoxicity. This suppressive effect may be mediated by
decreasing the expression levels of C/EBPa, SREBP-1c, adipocyte fatty acid binding protein (A-FABP),
FAS and adiponectin (Table 4). Karadeniz et al. [208] also confirmed the antiadipogenic effect of
triphlorethol-A, eckol and dieckol isolated from E. cava on 3T3-L1 pre-adipocytes, by reducing lipid
accumulation and suppressing the expression of adipogenic differentiation markers. Considering that
adipocytes and osteoblasts are derived from a common mesenchymal stem cell precursor, molecules
that lead to osteoblastogenesis inhibit adipogenesis and vice versa. Thus, these authors also observed
that the isolated phlorotannins successfully enhanced the osteoblast differentiation evaluated in
MC3T3-E1 pre-osteoblasts, by increasing the alkaline phosphatase activity along with raising the
osteoblastogenesis indicators and intracellular calcification. These results showed the potential of the
selected phlorotannins for mitigating obesity and osteoporosis, which are closely related [208].

A complete study developed by Choi et al. [209] demonstrated that dieckol, a major phlorotannin
in E. cava, suppressed lipid accumulation in 3T3-L1 cells, high-fat diet-fed zebrafish and mice
(15 mg/kg bw/day and 60 mg/kg bw/day for 11 weeks). Furthermore, the findings suggested
that dieckol was able to inhibit early adipogenic events by suppressing cell cycle progression,
and played an important role in regulating AMPK«, ERK, and Akt signaling pathways to inhibit lipid
accumulation. Recently, Ko et al. [210] demonstrated that the treatment of 3T3-L1 pre-adipocytes
with 5-bromo-3,4-dihydroxybenzaldehyde isolated from the red alga Polysiphonia morrowii could
inhibit intracellular lipid accumulation and TG levels by downregulating protein expression of
adipogenic-specific factors such as PPARy, C/EBP«, SREBP-1, FABP4, FAS, leptin, and adiponectin
through phosphorylation of AMPK and ACC (Table 5).
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Visceral obesity is characterized by chronic local and systemic inflammation [195]. It is
well established that an increase in pro-inflammatory cytokines may be related to enlarged
adipose tissue, and dysregulation of lipid metabolism, ultimately leading to insulin resistance.
Thus, a phlorotannin fraction from the brown alga Fucus distichus decreased mRNA expression
of acute and chronic inflammatory biomarkers via TRL attenuation in RAW 264.7 macrophages.
Additionally, F. distichus fractions decreased lipid accumulation in 3T3-L1 adipocytes up to 55%
and increased free glycerol concentrations, by increasing in adiponectin and uncoupling protein
1 (UCP-1) and decreasing in leptin mRNA expression [211]. Compared with lean adipocytes,
hypertrophic adipocytes had higher expression of inflammatory cytokines (e.g., TNFe, interleukin
(IL)-1B) and of receptors for advanced glycation end-products (RAGEs) and RAGE ligands (e.g., AGE,
HMGBI, S100b, free fatty acids (FFAs)) [212]. Choi et al. [213] demonstrated the antiobesity effect
of pyrogallol-phloroglucinol-6,6-bieckol (PPB) contained in E. cava by reducing the expression of
RAGE and the secretion of ligands in a mouse model of diet-induced obesity that consumed PPB
(2.5 mg/kg bw/day) for 4 weeks. In addition, this phlorotannin reduced the number of activated
macrophages and inflammatory cytokine levels (TNFa and IL-1f3).

The regulatory effect of marine phenolics on lipid metabolism has also been evaluated. Typically,
dyslipidemia of obesity consists of increased fasting plasma TG and FFAs, decreased HDL-cholesterol
(HDL-C) and normal or slightly increased LDL-cholesterol (LDL-C). Yeo et al. [214] demonstrated
that oral administration of polyphenol extracts of the marine brown algae E. cava and dieckol
effectively suppressed body weight gain and reduced total cholesterol (TC), TG and LDL-C levels
in high-fat diet-induced obese mice treated with 1.25, 2.5 and 5.0 mg extract/mouse or 0.5, 1.0 and
2.0 mg dieckol/mouse for 4 weeks. The antihyperlipidemic effect was related to the inhibition of
3-hydroxyl-methyl glutaryl coenzyme A (HMGCoA) reductase activity, which is involved in the
metabolic pathway that produces cholesterol and other isoprenoids. Likewise, Park et al. [215]
confirmed the antiobesity activity of a polyphenol-rich fraction of the brown alga E. cava in high
fat diet-induced obese mice. Oral administration of a polyphenol extract (200 mg/kg bw/day)
for 8 weeks was effective in reducing body weight gain, body fat, and hyperglycemia, as well as
in improving glucose tolerance. The mRNA expression of inflammatory cytokines (TNF-« and
IL-1) and macrophage marker gene (F4/80) was decreased in treated obese mice. These authors
compared the efficacy of E. cava from different areas in Korea: that from Gijang was consistently more
effective than that from Jeju due to its higher amounts of polyphenols and richness in 8,8’-bieckol,
the major component in Gijang extract. In agreement with Park et al. [215], a later study developed by
Eo et al. [216] reported that the treatment with a polyphenol-rich extract of E. cava containing dieckol,
2,7”-phloroglucino-6,6’-bieckol, pyrogallo-phloroglucinol-6,6’-bieckol and phlorofucofuro-eckol A
(100 mg/kg bw/day or 500 mg/kg bw/day, 5 times a week for 12 weeks) was able to reduce body weight
gain, adipose tissue mass, plasma lipid levels (TC and TG), hepatic fat depositions, insulin resistance and
plasma leptin/adiponectin ratio of diet-induced obese mice. Moreover, polyphenol supplementation
selectively ameliorated hepatic protein levels associated with hepatic lipogenesis (SREBP-1¢, PPAR«,
FAS, and LPL), fatty acid B-oxidation (p-ACC and CPT1A), inflammation (TNF-«, IL-13 and NFkB)
as well as enhancing the antioxidant defense system by activating the AMPK and SIRT1 signaling
pathway (Table 4). Ding et al. [217] demonstrated the strong effect of diphlorethohydroxycarmalol,
the most abundant bioactive compound in Ishige okamurae, against high-fat levels in diet-induced
obese mice through in vivo regulation of multiple pathways. Oral administration of this polyphenol
(25 and 50 mg/kg bw/day for six weeks) significantly reduced adiposity and body weight gain and
improved lipid profile (lowered TG and LDL-C and increased HDL-C levels). This compound reduced
hepatic lipid accumulation, by the reduction in expression levels of the critical enzymes for lipogenesis
(SREBP-1c, FABP4, and FAS). In addition, diphlorethohydroxycarmalol reduced the adipocyte size
and the expression levels of key adipogenic-specific proteins and lipogenic enzymes such as PPARy,
C/EBPo, SREBP-1c, FABP4, and FAS, which regulate the lipid metabolism in the epididymal adipose
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tissue. Finally, diphlorethohydroxycarmalol stimulated the phosphorylation of AMPK and ACC in
both liver and epididymal adipose tissue.

Clinical trials also have demonstrated the potential of marine phenolics to prevent obesity.
The efficacy of a polyphenol-rich extract from E. cava (low dose-72 mg/day or high dose-144 mg/day)
was tested in 97 overweight adults enrolled in a randomized, double-blind, placebo-controlled clinical
trial with parallel-group design. Results demonstrated that the polyphenol-rich extract consumed for
12 weeks lowered body fat and serum lipid levels (TC and LDL-C) [218].

All these data together highlight the potential of marine phenols in the prevention and treatment
of obesity (Table 5, Figure 2), although more studies, especially clinical trials, would reinforce their use
in the management of obesity.
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3.3. Metabolic Syndrome.

Metabolic syndrome (MetS) is not a disease but a metabolic disorder that includes hypertension,
obesity, glucose dysregulation and dyslipidemia [219]. A person has MetS when three or more
of the following five cardiovascular risk factors have been diagnosed: (i) central obesity (waist
circumference: men >102 cm; women >88 cm); (ii) elevated TG (>150 mg/dL); (iii) diminished
HDL-C (men <40 mg/dL; women <50 mg/dL) (or treated for dyslipidemia); (iv) systemic hypertension
(>130/>85 mm Hg) (or treated for hypertension); (v) elevated fasting glucose (>100 mg/dL) (or treated
for hyperglycemia) [220]. MetS appears to be two times more frequent in women than in men,
and menopause contributes to its rapid acceleration [221]. A recent study examined prospectively
the association between habitual dietary iodine and seaweed consumption and the incidence of MetS
among 2588 postmenopausal women 40 years or older in the Korean Multi-Rural Communities Cohort
(MRCohort) [222] for an average time of 2.85 years (between 2 and 4 years). Results showed an
inverse association between seaweed consumption with MetS incidence. The unmeasured bioactives
of seaweed, such as polysaccharides, peptides, carotenoids and polyphenols, make it difficult to
understand the real involvement of marine phenolics in the observed effects (Table 6).
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The aforementioned in vitro and in vivo studies have evidenced the involvement of marine
phenolics in regulating lipid metabolism, hyperglycemia and obesity; these studies were reviewed by
Gomez-Guzman et al. [227]. Additionally, hypertension, which is a strong independent risk factor
for stroke and coronary heart disease, is also a cardiovascular risk factor in patients with MetS [228].
Angiotensin-I converting enzyme (ACE) is a zinc-containing metalloproteinase that catalyzes the
conversion of angiotensin I to angiotensin II, a potent vasoconstrictor involved in the pathogenesis
of hypertension. ACE also facilitates the degradation of the vasodilator bradykinin. This enzyme
has a crucial role in the control of blood pressure and its inhibition has become a major target for
hypertension control. Seca et al. [229] recently reviewed several marine polyphenols that have been
reported to inhibit ACE activity. A bioactive fraction of the brown algae Sargassum wightii with optimal
antioxidant and ACE inhibition activities (ICsy 56.96 pg/mL) was characterized by Vijayan et al. [223].
An in vivo study evaluated the efficacy of a polyphenol-rich extract from E. cava as well as its major
component (pyrogallol-phloroglucinol-6,6-bieckol) for improving blood circulation in diet-induced
obese and diet-induced hypertension mouse models [224]. After four weeks of administering 70 mg
and 500 mg of extract/kg bw or 2.5 mg of phenol/kg bw, the study found a reduction in blood pressure
and in serum lipoprotein levels in the obese and hypertension mouse models. A reduced expression
of adhesion molecules and endothelial cell death as well as a reduction in excessive migration and
proliferation of vascular smooth cells was also observed (Table 6).

Invivo studies with animals supplemented with diet-induced MetS have also evidenced
the potential of seaweed polyphenols to prevent metabolic disorders. An ethanolic extract from
U. lactuca enriched in phlorotannins was tested against hypercholesterolemia and other risk factors
involved in CVD. Treatment of hypercholesterolemic mice with U. lactuca extract (250 mg/kg body
weight) for 4 weeks revealed a cardioprotective effect by improving heart oxidative stress, plasma
biochemical parameters, and index of atherogenesis. Additionally, a reduction in gene expression of
proinflammatory cytokines (TNFea, IL-13 and IL-6) in the heart of U. lactuca-supplemented animals
was also observed [225]. Kappaphycus alvarezii, a red seaweed, was tested as a food supplement to
prevent diet-induced MetS in rats. Rats were randomly divided and fed for 8 weeks with control
diet or high-fat/high-carbohydrate diet supplemented with 5% (w/w) algae. Kappaphycus-treated rats
showed normalized body weight and adiposity, lower systolic blood pressure, improved heart and liver
structure, and lower plasma lipids [226]. The hypotensive activity of marine polyphenols, in addition
to their antidiabetic, antilipidemic and antiobesity activities, turns this group of compounds into allies
to combat MetS and related cardiovascular complications (Table 6 and Figure 2).

3.4. Neurodegenerative Diseases

Seaweed-derived phenols have been described to possess neuroprotective properties [230].
Although this pathology has been less explored than those described above, knowing the role
of phenolic constituents of seaweed as neuro-active compounds has gained tremendous interest
in the last decade. Alzheimer’s disease (AD) is the most common form of irreversible dementia,
and its neuropathological hallmarks are characterized by amyloid plaques and neurofibrillary
tangles composed of aggregated amyloid-f peptides (Af) and microtubule-associated protein tau,
respectively [231]. Although the exact mechanisms of AfB-induced neurotoxicity are still unclear,
it has been reported that pathological deposition of Af leads to cholinergic dysfunction, glutamate
excitotoxicity, beta-amyloid aggregation, oxidative stress, apoptosis and neuro-inflammation, inducing
the progressive degeneration of cognitive functions in AD patients (Figure 2).

AD development has been linked with an impaired cholinergic pathway which is caused by
upregulation of acetylcholinesterase (AChE) and butyrylcholinesterases (BChE) as well as rapid
depletion of acetylcholine (AChE) [232]. In addition, BACE-1 (B-site amyloid precursor protein
cleaving enzyme 1) is the major 3-secretase for generation of A} by neurons [233] and its inhibition
could block one of the earliest pathologic events in AD. The activity of some phlorotannins, in particular
eckols from E. cava [234] and E. bicyclis [235], showed an inhibitory effect against AChE and BChE
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activities, higher than the currently used anti-AD drugs. Recently, aqueous extracts of some seaweeds
(G. beckeri, G. pristoides, Ulva rigida and Ecklonia maxima), composed mainly by phloroglucinol, catechin
and epicatechin 3-glucoside, showed high antioxidant potency, inhibitory activity of AChE and BChE
enzymes and A(3 aggregation [236] (Table 7). The study by Olasehinde et al. [237] revealed that
aqueous-ethanolic extracts of G. pristoides, E. maxima, U. lactuca and G. gracilis containing phlorotannins,
flavonoids and phenolic acids exhibited a strong inhibitory activity of BACE-1, AChE and BChE
enzymes, as well as hampered A aggregation. Choi et al. [234] showed that phlorofucofuroeckol
isolated from E. cava also reduced BACE-1 activity (ICsp values in Table 7).

Table 7. Effect of marine phenolics in the prevention of Alzheimer’s disease (AD).

Compounds/Marine Source Test Model Outcome Ref.
Inhibition of AChE and BChE activities
In vitro: assays of AChE, BChE and (IC50 16.0-96.3 uM and
Phlorotannin-rich extract from E. cava BACE-1 activities 0.9-29.0 uM, respectively)
(dieckol, 6,6’-bieckol, 8,8'-bieckol, eckol - Inhibition of BACE-1 activity [234]
and phlorofucofuroeckol-A) In vitro: Jurkat clone E1-6 cells (GSK3p (18.6-58.3% at 1 uM)
activity at 50 uM) Inhibition of GSK3 activity
(14.4-39.7% at 50 M)
Phlorotannin-rich extract In vitro: assays of AChE and Inhibition of AChE and BChE activities [235]
from E. bicyclis (eckols) BChE activities (ICsp 2.78 and 3.48 ug/mL, respectively) -
I . High antioxidant potency
Aq.ueous‘ exffracts of ‘Gfucllurm bECkE”.’ . Inhibition of AChE and BChE activities
Gelidium pristoides, U. rigida and E. maxima In vitro: assays of AChE and (ICs 49.41 and 52.11 pg/mL, respectivel 1236]
composed by phloroglucinol, catechin and BChE activities 50 % for E m;\%nu) s respectively, ?
epicatechin 3-glucoside Inhibition of AB aggregation
Inhibition of AChE and BChE activities
Aqueous-ethanolic extracts from E. maxima, (ICs0 1.74-2.42 and
G. pristoides, Gracilaria gracilis, In vitro: assays of AChE, BChE and 1.55-2.04 mg/mL, respectively) 2371
and Ulova lactuca containing phlorotannins, BACE-1 activities Inhibition of BACE-1 activity N
flavonoids and phenolic acids (ICs0 0.052-0.062 mg/mL)
Inhibition of AB aggregation
Increased the cell viability and attenuated
glutamate excitotoxicity
Phlorofucofuroeckol isolated from E. cava In vitro: Glutamate-stimulated PC12 cells Inhibited the apoptosis in a [238]
(10 uM of phenol) caspase-dependent manner
Regulated the production of ROS and
attenuated mitochondrial dysfunction
Reduced the Ap-induced ROS
In vitro: AB-induced neurotoxicity in accumulation in HT-22 cells
HT-22 cells (10 ug/mL) Ameliorated the reduction in dendritic
Phloroglucinol isolated from E. cava — spine density [239]
In vivo: 5XFAD mice, model of AD (acute, —
1.2 pmol of phenol bilaterally delivery) Attenuated the impairments in
cognitive dysfunction
In vitro: AP oligomer-induced oligomIe):-ei‘r/\?ir::ce:dt:zuArEtoxicity
Eckmaxol from E. maxima neurotoxicity in SH-SY5Y cells Inhibition of GSK3p and ERK [240]
(5-20 uM of phenol) X X
signaling pathway
E. cava rich in phlorotannins (eckol, In vitro: AB 25-35-induced damage in Inhlb‘;‘:\?er(:{iﬁngﬂaz;:gz\ ea]:\fi)’mes [241]
8,80-bieckol and dieckol) PC12 Cells (1-50 uM of phenol) P g Abp .
neurotoxicity on the brain
. L . Inhibition of AChE activity in the brain
Phlorotannin-rich fraction In vivo: scopolamine-induced amnesic Improved the status antioxidant
mice (50 and 100 mg/kg bw/day of extract ) [242]

from Ishige foliacea

orally administered for 6 weeks)

Prevented the memory impairment via
regulation of ERK-CREB-BDNF pathway

AD: alzheimer’s disease; AChE: acetylcholinesterase; BChE: butyrylcholinesterase; BACE-1: beta-site amyloid
precursor protein cleaving enzyme 1; Ap: amyloid-f peptides; GSK3f: glycogen synthase kinase 33; ROS: reactive
oxygen species; ERK: extracellular signal-regulated kinase; BDNF: brain-derived neurotrophic factor.

Glutamate is an important neurotransmitter responsible for memory, learning and cognitive
function. However, excessive glutamate release from the presynaptic terminals has also been suggested
as a mechanism for increased AP production via NMDA receptor-mediated Ca®* influx [243].
Hence, administering biological active compounds capable of protecting the brain cells against
glutamate excitotoxicity may be an appealing therapeutic intervention. Phlorofucofuroeckol isolated
from E. cava increased cell viability in glutamate-stimulated PC12 cells, attenuating glutamate
excitotoxicity. Kim et al. [238] showed that phlorofucofuroeckol inhibits glutamate-induced
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apoptotic cell death in a caspase-dependent manner, regulates the production of ROS and attenuates
mitochondrial dysfunction.

No drug has been developed yet to combat A3 aggregation, although some marine phenolics have
shown the ability to attenuate Af-induced neurotoxicity in AD models. Phloroglucinol isolated from
E. cava reduced ROS generation caused by Af-induced neurotoxicity in HT-22 cells. Yang et al. [239]
have shown that phloroglucinol ameliorated the reduction in dendritic spine density induced by
Ap treatment in rat primary hippocampal neuron cultures. Administration of phloroglucinol to the
hippocampal region attenuated the impairments in cognitive dysfunction 5XFAD mice, an animal
model of AD [239]. Eckols from E. cava demonstrated it is able to inhibit glycogen synthase kinase 33
(GSK3p3), which inhibits the biosynthesis of amyloid precursor proteins and is related to the formation
of hyperphosphorylated tau and the generation of Ap [234]. Likewise, eckmaxol isolated from
Ecklonia maxima also prevented A3 oligomer induced neurotoxicity in SH-SY5Y cells, via the inhibition
of glycogen synthase kinase 33 (GSK3p) and the ERK signaling pathway [240]. Neurodegenerative
disorders are often characterized by a wide range of diverse and intertwined neuro-inflammatory
processes, leading to primary or secondary central nervous system damage. A recent study showed
that eckols, 8,8’-bieckol and dieckol, were able to inhibit TNFe«, IL-1f3 and prostaglandin E2 (PGE2)
production at protein level, related to the down-regulation of proinflammatory enzymes, iNOS and
COX-2, through the negative regulation of the NF-kB pathway in A5 35-stimulated PC12 cells,
preventing the neurotoxicity on the brain. Especially, dieckol showed strongest anti-inflammatory
effects via suppression of p38, ERK and JNK [241]. Um etal. [242] assessed the neuroprotective activity of
a phlorotannin-rich fraction from Ishige foliacea on mice with scopolamine-induced memory impairment.
A supplementation of 50 and 100 mg/kg of the phlorotannin-rich fraction for 6 weeks improved the
memory impairment symptoms of the rodents, reduced AChE activity in their brain and improved
their antioxidant status by decreasing lipid peroxidation levels and increasing glutathione levels and
SOD activity. Additionally, the phlorotannin-rich supplementation up-regulated the expression levels
of: brain-derived neurotrophic factor (BDNF), tropomyosin receptor kinase B, phosphorylated ERK
and cyclic AMP-response element-binding protein (CREB). Therefore, the phlorotannin-rich fraction
prevented the memory impairment via regulation of the ERK-CREB-BDNF pathway.

In summary, marine phenolics show potential to prevent or delay the consequences of AD (Table 7
and Figure 2), although it is still a little explored pathology and more in vitro studies need to be
undertaken. In addition, the blood-brain barrier represents a challenge for the bioavailability of these
compounds, and although there are a few studies confirming that dietary polyphenols may cross
the blood-brain barrier [244], it is necessary to confirm the results derived from in vitro models in
in vivo studies.

3.5. Cancer

Cancer represents a group of diseases related to the abnormal proliferation of any of the different
kinds of cells in the body with the potential to spread to other parts of the body [245]. The side effects
of antineoplastic drugs and chemotherapy motivate the search for natural products that could be used
as new therapeutic agents with more efficacy, specificity and without adverse effects. Among the
bioactive compounds present in marine sources, polyphenols have been demonstrated to have potent
anticancerogenic activity, which has been recently reviewed [36,246,247]. An association of dietary
seaweed intake (gim, miyeok and dashima) with single-nucleotide polymorphisms (SNPs; rs6983267,
rs7014346, and rs719725) and colorectal cancer risk in a Korean population has been established.

Colorectal cancer risk and c-MYC rs6983267 association was derived from an analysis of 923 patients
and 1846 controls [248]. Furthermore, an inverse association between dietary seaweed intake (gim,
miyeok, and dashima) and colorectal cancer risk was observed, suggesting that dietary seaweed may
have a positive benefit as a chemotherapeutic or chemopreventive agent for colorectal cancer risk
associated with the rs6983267 genotype. Although phenolic compounds are not the only bioactives
present in the consumed dietary seaweeds, it is well known that they can contribute to preventing
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or slowing down carcinogenic processes through the different mechanisms that are discussed next
(Table 8 and Figure 2).

Polyphenol-rich extracts, as well as isolated phlorotannins and bromophenols, have been
extensively described as inhibitors of cancer cell proliferation (Table 8). Aqueous extracts derived
from brown Cystoseira crinita showed a significant antiproliferative activity against colon (HCT15)
and breast (MCF7) human tumor cell lines, and these were associated with the total phenolic content
and the antioxidant activity of the extracts [249]. Likewise, a phlorotannin-rich extract from A. nodosum
inhibited the viability of colon carcinoma HT29 cells [250]. Montero et al. [127] evaluated five purified
hydroalcoholic extracts of S. muticum from the North Atlantic coast. Their results revealed that the
S. muticum sample with the highest level of total phlorotannins presented the highest antiproliferative
activity against HT29 adenocarcinoma colon cancer cells (IC50~53-58 pg/mL after 24 h of treatment).
Phlorotannins isolated from the brown alga E. maxima (phloroglucinol, eckol, 7-phloroeckol and
2-phloroeckol) showed antiproliferative activity in HeLa, H157 and MCEF?7 cancer cell lines, with eckol
being the most bioactive tested phlorotannin (ICsy < 50 pg/mL against HeLa and MCEF?7 cells after 24 h
of treatment) [251]. Namvar et al. [252] evaluated the antiproliferative activity against five human
cancer cell lines (MCF-7, MDA-MB-231, HeLa, HepG2, and HT-29) of seaweed alcoholic extracts of red
(Gracillaria corticata), green (Ulva fasciata) and brown (Sargassum ilicifolium). All the extracts showed
a dose-dependent antiproliferative activity against all the cancer cell lines, although G. corticata had
the greatest inhibition activity against MCF-7 cell line (ICsy value of 30 ug/mL after 24 of treatment).
Lopes-Costa et al. [253] reported that phloroglucinol not only reduced the growth of two colorectal
cancer cell lines (HCT116 and HT29), but also intensified the activity of 5-fluorouracil, one of the most
commonly used chemotherapeutic drugs to treat colorectal cancer. Two polybrominated diphenyl ethers,
3,4,5-tribromo-2-(2’,4’-dibromophenoxy)-phenol and 3,5-dibromo-2-(2’,4’-dibromophe-noxy)-phenol,
which were isolated from Dysidea sp., an Indonesian marine sponge, showed antiproliferative activity
against PANC-1 cells under glucose-starved conditions. The first bromophenol might act by inhibiting
complex II in the mitochondrial electron transport chain [254].

There are many studies focusing on the isolation of seaweed extracts rich in bioactive compounds,
along with their chemical characterization and antiproliferative activity. Zenthoefer et al. [24]
determined the cytotoxic potential of different extracts from F. vesiculosus L. against human pancreatic
cancer cells (Panc89 and PancTU1) and the most active extract (ICsy value of 72 ug/mL against Panc89 and
77 ug/mL against PancTUT1 cells after 72 h of treatment) was characterized by H-1—NMR spectroscopy,
identifying two chemical structures belonging to the phlorotannin group. Bernardini et al. [255] explored
the chemical composition of French Polynesian P. pavonica extract by spectrophotometric assays (total
phenolic compounds, tannin content and antioxidant activity) and GC-MS analysis to obtain extracts
with improved antiproliferative and pro-apoptotic activities against two osteosarcoma cell lines, SaOS-2
and MNNG. Likewise, extracts of three brown marine macroalgae Dictyota dichotoma, P. pavonica and
Sargassum vulgare were tested for improving their antioxidant, antimicrobial and cytotoxic activities on
human colon carcinoma LS174 cells, human lung carcinoma A549 cells, malignant melanoma FemX
cells and chronic myelogenous leukemia K562 cells [256]. Sevimli-Gur and Yesil-Celiktas [155] extracted
detached leaves of Posidonia oceanica and Zostera marina with CO,, with ethanol as co-solvent, to obtain
phenolic acids with cytotoxic properties on breast, cervix, colon, prostate and neuroblastoma tumor
cells. Z. marina extract showed the best ICs, values of 25, 20 and 8 pg/mL after 48 h in neuroblastoma,
colon and cervix cancer cell lines, respectively. In the same line, optimized extraction, preliminary
chemical characterization, and evaluation of the in vitro antiproliferative activity of phlorotannin-rich
fraction from brown seaweed, Cystoseira sedoides, was developed by Abdelhamid et al. with promising
results (ICsy value of 78 pg/mL after 72 h of treatment) [257]. Another recent example was carried
out by Abu-Khudir et al. [258], who evaluated the antioxidant, antimicrobial and cytotoxic effect of
crude extracts of the Egyptian brown seaweeds, Sargassum linearifolium and Cystoseira crinita, against
a group of cancer cells—the latter with a strong cytotoxic activity against MCE-7 cells (ICsy value of
18 pg/mL after 48 h). They observed an increased mRNA and protein expression of the pro-apoptotic
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Bax and the marker of autophagy Beclin-1, a reduced expression of the anti-apoptotic Bcl-2, as well
as revealed the ability of these extracts to induce apoptosis and autophagy in MCF-7 cells. Finally,
Premarathana et al. [259] carried out a preliminary screening of the cytoxicity activity on a mouse
fibroblast (1.929) cell line of twenty-three different seaweed species in Sri Lanka (Table 8). Crude
extracts of brown and red seaweed species showed high mortality rate compared to green seaweeds
and Jania adherens showed a remarkable cytotoxic effect on L929 cell line (51% cell viability compared
with control after 24 h).

Activation of apoptosis, programmed cell death, is an important target in cancer therapy.
Namvar et al. [252] demonstrated the ability of an alcoholic extract from the red seaweed
Gracillaria corticata to induce apoptosis in human breast cancer cells (MCF-7), as well as
Sargassum linearifolium and Cystoseira crinite, as already mentioned [258]. Dieckol suppressed ovarian
cancer cell (SKOV3) growth by inducing caspase-dependent apoptosis via ROS production and the
regulation of Akt and p38 signaling pathways [260]. A phlorotannin-rich extract from E. cava, mainly
composed of dieckol, was assessed in terms of cisplatin responsiveness, and in its effects on A2780
and SKOV3 ovarian cancer cell lines, as well as on a SKOV3-bearing mouse model [261]. They found
that dieckol may improve the efficacy of platinum drugs for ovarian cancer, by enhancing cancer
cell apoptosis via the ROS/Akt/NFkB pathway and reducing nephrotoxicity. Phlorofucofuroeckol
A, a phlorotannin present in the brown alga E. bicyclis, exhibited antiproliferative and proapoptotic
properties in human cancer cells (LoVo, HT-29, SW480 and HCT116) by activating the transcription
factor 3 (ATF3)-mediated pathway in human colorectal cancer cells [262]. Park et al. [263] showed that
an ethanolic extract of Hizikia fusiforme decreased the viability of BI6F10 mouse melanoma cells and
induced apoptosis through activation of extrinsic and intrinsic apoptotic pathways and ROS-dependent
inhibition of the PI3K/Akt signaling pathway. No chemical characterization of the tested extract was
carried out, and other bioactive compounds present in the extract, apart from polyphenols, could have
contributed to the observed effect.

Metastasis is an important cellular marker of cancer progression and has been associated with an
increase in the activity of matrix metalloproteinases (MMPs), which are needed to degrade connective
tissues. A polyphenol-rich extract of E. cava showed a potent inhibitory effect on the metastatic
activity of A549 human lung carcinoma cells, including the suppressions of migration and invasion.
This polyphenol-rich extract down-regulated MMP-2 activity through the inhibition of the PI3K/Akt
signaling pathway [264]. Phloroglucinol, isolated from the brown alga E. cava, diminished the
population of breast cancer cell lines (MCF7, SKBR3 and BT549) in tumors, by inhibiting KRAS and its
downstream PI3K/Akt and RAF-1/ERK signaling pathways. Furthermore, phloroglucinol increased
sensitization of breast cancer cells to conventional therapy (chemotherapy and ionizing radiation) [265].
The same research group also confirmed the effectiveness of phloroglucinol against metastasis of breast
cancer through downregulation of SLUG by the inhibition of PI3K/Akt and RAS/RAF-1/ERK signaling
pathways [266]. Phloroglucinol was also effective against metastasis of breast cancer cells, drastically
suppressing their metastatic ability in lungs, and extending the survival time of mice. In agreement
with in vitro data, phloroglucinol also exhibited breast anticancer activity at 25 mg/kg bw, either by
decreasing tumor growth or by suppressing the metastatic ability of breast cancer cells that spread to
the lungs, contributing in both cases to an increase in survival time in mice [266].

Angiogenesis has a crucial role in tumor growth and metastasis and is also related to an aggressive
tumor phenotype where vascular endothelial growth factor (VEGF) is the most important component.
Qi et al. [267] demonstrated that bis(2,3-dibromo-4,5-dihydroxybenzyl) ether treatment repressed
angiogenesis in human endothelial cells (HUVECs) and in zebrafish embryos via inhibiting the
VEGEF signal systems. Dieckol modulated the expression of key molecules that regulate apoptosis,
inflammation, invasion, and angiogenesis. Daily administration of dieckol isolated from E. cava
(40 mg/kg for 15 weeks) to rats with N-nitrosodiethylamine(NDEA)-induced hepatogenesis regulated
xenobiotic-metabolizing enzymes and by modulating Bcl-2 family proteins induced apoptosis
via the regulation of mitochondrial release of cytochrome c and the activation of caspases [268].
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Anti-inflammatory activity of dieckol was associated with inhibition of the nuclear factor-kappa B
(NF-«kB) and COX2. In addition, dieckol treatment inhibited invasion by decreasing proliferating cell
nuclear antigen (PCNA) expression and angiogenesis by changing MMP-2 and MMP-9 activities and
VEGF expression. Li et al. [269] found that dieckol exhibited antiangiogenic activity by inhibiting
the proliferation and migration of EA.hy926 cells through mitogen-activated protein kinase (MAPK),
extra-cellular signal regulated kinase (ERK) and p38 signaling pathways (Table 8).

The antioxidant activity of phlorotannins and bromophenols offers a complementary mechanism
to mitigate cancerous processes as observed in a few studies already discussed. Zhen et al. [270]
associated the protective effects of eckol against PM2.5-induced cell damage on human HaCaT
keratinocytes with a reduced ROS generation, ensuring the stability of molecules, and maintaining
a steady mitochondrial state. In addition, eckol protected cells from apoptosis by inhibiting the
MAPK signaling pathway. An interesting study carried out by Zhang et al. [271] investigated the
in vivo antitumor effect and the mechanisms involved in a sarcoma 180 (S180) xenograft-bearing
animal model supplemented with low-dose (0.25 mg/kg), middle-dose (0.5 mg/kg) and high-dose
(1.0 mg/kg) of eckol. The pro-apoptosis and antiproliferation activities of eckol were manifested by
the increased TUNEL-positive apoptotic cells, the upregulated Caspase-3 and Caspase-9 expression,
and the downregulated expression of Bcl-2, Bax, EGFR and p-EGEFR in eckol-treated transplanted S180
tumors. Eckol stimulated the mononuclear phagocytic system, recruited and activated DCs, promoted
the tumor-specific Thl responses, increased the CD4+/CD8+ T lymphocyte ratio, and enhanced
cytotoxic T lymphocyte responses in the eckol-treated animals; this suggests its potent stimulatory
property on innate and adaptive immune responses.

Despite the promising anticancer activity described for marine phenolics, no human studies have
been conducted to directly confirm their efficacy against cancer. DNA damage results in an increased
rate of genetic mutations that often lead to the development of cancer [272]. The anticancerogenic
activity of seaweeds was indirectly verified in a clinical trial. A modest improvement in DNA damage
was observed in an obese group after consuming 100 mg/day for 8 weeks of a (poly)phenol-rich extract
of the brown algae A. nodosum.

In summary, there are many in vitro studies—in addition to in vivo studies—using animal models
that demonstrate the potential of marine polyphenols to block carcinogenic mechanisms (Table 8 and
Figure 2). Given the prevalence of this pathology, the next step would be to test their efficacy in
human trials.
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3.6. Human Gut Microbiota

The human intestine contains an intricate ecological community of dwelling bacteria, referred to
as gut microbiota, which plays a pivotal role in host homeostasis. Multiple factors could interfere with
this delicate balance, including genetics, age, antibiotics, as well as environmental factors, particularly
diet, thus causing a disruption of microbiota equilibrium (dysbiosis). Growing evidence supports
the involvement of gut microbiota dysbiosis in gastrointestinal and extra-intestinal cardiometabolic
diseases, namely obesity and diabetes [273]. Even though, seaweeds and microalgae are excellent
sources of prebiotics such as fucoidans, alginates, carrageenans and exopolysaccharides that can be
partially fermented. We will focus next on marine polyphenol studies that explore their influence on
gut microbiota (Table 9).

Table 9. Effect of marine phenolics in human gut microbiota.
Compounds/Marine Source Test Model Outcome Ref.
In vivos rats fed for 8 weeks on Improved the cardiovasculay iver and metabolic
Food supplement from Kappaphycus alvarezii ~ high-carbohydrate, high-fat diet, alone or [226]

supplemented with 5% (w/w) algae

Modulated the balance between Firmicutes and
Bacteroidetes in the gut

Polyphenol-rich extracts from brown
macroalgae L. trabeculate

In vivo: high-fat diet and STZ-induced
diabetic rats (200 mg/kg/day bw of phenol
for 4 weeks by gavage)

Attenuated the hyperglycemia in diabetic rats
Increased the short-chain fatty acid contents in
fecal samples
Enhanced the abundance of Bacteroidetes, Odoribacter
and Muribaculum
Decreased the abundance of Proteobacteria as well as
Firmicutes/Bacteroidetes ratio

[103]

Water-ethanolic extract of green macroalgae
Enteromorpha prolifera rich in flavonoids

In vivo: STZ-induced diabetic rats
(150 mg/kg/day bw of phenol for 4 weeks
by gavage)

Showed the antidiabetic activity on diabetic mice
Modulated the balance between Firmicutes and
Bacteroidetes in the gut and increased the abundance
of the Lachnospiraceae and Alisties bacteria involved in
the prevention of T2DM

[191]

Water-soluble compounds from
Nitzschia laevis extract

In vivo: high-fat diet obese mice
(50 mg/kg/day bw of extract for 8 weeks
by gavage)

Prevented obesity in mice
Protected the gut epithelium and positively reshaped
the gut microbiota

[274]

Several studies showed that polyphenol-rich extracts had a positive effect on regulating the
dysbiosis of the microbial ecology in rats. The red seaweed K. alvarezii tested as a food supplement
demonstrated its capacity to improve cardiovascular, liver, and metabolic biomarkers in obese rats.
Kappaphycus also modulated the balance between Firmicutes and Bacteroidetes in the gut, which could
serve as a potential mechanism to reverse MetS through selective inhibition of obesogenic gut bacteria
and promote healthy gut bacteria [226]. Polyphenol-rich extracts from L. trabeculate attenuated
hyperglycemia in high-fat diet and STZ-induced diabetic rats [103], as aforementioned. Higher
Bacteroidetes, Odoribacter and Muribaculum abundances, lower Proteobacteria abundances, as well as
a reduced Firmicutes/Bacteroidetes ratio, were observed in the polyphenol supplemented group in
comparison with untreated diabetic rats. In addition, rats supplemented with polyphenols showed
higher amounts of short-chain fatty acids in fecal samples compared with the un-supplemented
diabetic group. In their study discussed above, Yan et al. [191] showed the antidiabetic activity of a
water-ethanolic extract of the green macroalgae E. prolifera. This extract, which was rich in flavonoids,
significantly modulated the balance between Firmicutes and Bacteroidetes and increased the abundance
of the Lachnospiraceae and Alisties bacteria involved in the prevention of T2DM. Guo et al. [274]
demonstrated the efficacy of administering 50 mg/kg/day for 8 weeks of a Nitzschia laevis extract
in preventing obesity in mice fed with a high-fat diet. This extract protected the gut epithelium
and positively reshaped the gut microbiota composition against the damaging effect of a high-fat
diet. The Nitzschia laevis extract was a mixture of bioactive compounds, including carotenoids
and polyphenols; therefore, the specific functional ingredient(s) of this product and their potential
synergistic effect (if any) are yet to be defined.
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3.7. Infectious Diseases

Apart from the dietary and lifestyle-related diseases, marine phenolics are involved in the
prevention of other pathological processes due to their multiple bioactivities (enzyme inhibitory effect
and antimicrobial, antiviral, anticancer, antidiabetic, antioxidant, and anti-inflammatory activities,
among others). Special attention should be focused on infectious diseases caused by bacteria, viruses,
and fungi that continue to grow despite the development of antibiotics in the 1940s. In the western
world, the issue is not the availability of antimicrobial treatments, but the developed immunity of
microorganisms to pharmaceutical drugs and disinfectants. Natural products are an important source
of new drugs. Approximately 80 antibacterial drugs, which were approved from 1981 to 2014, either
were natural products or directly derived from them [275]. Therefore, bacterial and fungal infections
and the emerging multidrug resistance are driving interest into fighting these microorganisms with
natural products, which have generally been considered complementary to pharmacological therapies,
and marine phenolics can be an appealing alternative (Table 10).

Lopes et al. [131] found that in vitro phlorotannin purified extracts from ten brown algal
species, collected along the Portuguese west coast, were shown to be less effective against fungi
and Gram-negative bacteria than Gram-positive bacteria. F. spiralis and C. nodicaulis were the
most effective species (MIC = 3.9 mg/mL), followed by C. usneoides, S. vulgare (MIC = 7.8 mg/mL),
and C. tamariscifolia (MIC = 31.3 mg/mL) against Trichophyton rubrum. Likewise, C. nodicaulis extracts
were the most effective against C. albicans (MIC = 7.8 mg/mL). Cystoseira sp, and F. spiralis were the
most active against Staphylococcus and against M. luteus (with minimum inhibitory concentration
(MIC) values of 2.0-3.9 mg/mL). These effects could be related to their content in phlorotannins
of the purified extracts, although their microbial activity is not truly relevant considering the MIC
values. Rajauria et al. [276] reported that aqueous methanolic extracts isolated from the Irish brown
seaweed H. elongata showed the highest antimicrobial activity against the Gram-positive bacteria
L. monocytogenes and E. faecalis, and against the Gram-negative P. aeruginosa and S. abony. These authors
related the antimicrobial activity with their polyphenol content and antioxidant activity.

Steele et al. [83] reported a “pseudo-induction” of plant phenolic acids (p-hydroxybenzoic acid,
p-coumaric acid and vanillin) caused by changing the pattern of rearrangements of resources in plant
tissues as a response of turtlegrass Thalassia testudinum to infection with Labyrinthula sp. The eelgrass
Zostera marina possesses defensive mechanisms possibly associated with surface metabolites for surface
protection and fouling control against marine epiphytic yeasts. The major constituents of eelgrass leaf
surfaces and whole tissues were rosmarinic acid, p-coumaric acid, caffeic acid, ferulic acid, zosteric acid,
apigenin-7-sulfate, luteolin-7-sulfate, diosmetin-7-sulfate (the most abundant) and their desulfated
forms, as well as kaempferol-7,4’-dimethylether-3-O-sulfate. Papazian et al. [5] confirmed the existence
of a selective chemical defense system in eelgrass which involved surface-associated phenolics and
fatty acids to control growth and settlement of the microfouling yeasts Cryptococcus fonsecae and
Debaryonyces hansenii. In addition, the antioxidant and cytotoxic capacities of desulfated flavonoids
were enhanced compared to their sulfated compounds [5].

Free phenolic acid extracts from Nannochloropsis sp. (chlorogenic, gallic, protocatechuic,
hydroxybenzoic, syringic, vanillic and ferulic acids) and Spirulina sp. (chlorogenic, hydroxybenzoic,
protocatechuic and gallic acids) were efficient in reducing the mycelial growth rates of Fusarium.
Moreover, synthetic mixtures of phenolic acids from both microalgae were less efficient than the
natural extracts (ECsy values of 49.6 pg/mL and 33.9 pg/mL for Nannochloropsis and Spirulina
phenolic acid extracts, respectively) to inhibit fungal growth, indicating that no purification is
required [27]. Maadame et al. [50] evaluated the antimicrobial activities of nine marine microalgae from
Moroccan coastlines (Nannochloropsis gaditana, Dunaliella salina, Dunaliella sp., Phaeodactylum tricornutum,
Isochrysis sp., Navicula sp., Chaeotoceros sp., Chlorella sp. and Tetraselmis sp.). Ethanolic extracts of
the selected microalgae were evaluated against bacteria (Escherichia coli, Pseudomonas aeruginosa and
Staphylococcus aureus), yeast (Candida albicans) and fungus (Aspergillus niger). Tetraselmis sp. and
Nannochloropsis gaditana extracts exhibited an inhibitory effect against the three types of bacteria while
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extracts from Dunaliella salina, Phaeodactylum tricornutum and Isochrysis sp. showed inhibitory activity
only against the first two strains. Tetraselmis sp. was the most active of all the marine microalgae tested
with MIC of 2.6 to 3.0 pg/mL of extract, indicative of high antimicrobial activity. All the tested extracts
modestly inhibited the growth of Candida albicans, although N. gaditana showed the highest activity
with MIC of 4.0 mg/mL of extract. None of them were able to inhibit Aspergillus niger. The observed
antimicrobial activities were linked to fatty acid, carotenoid, and phenolic content of the extracts.

Sushanth and Rajashekhar [59] found that the extracts of four marine microalgae
(Chaetoceros calcitrans, Skeletonema costatum, Chroococcus turgidus and Nannochloropsis oceanica) possessed
effective inhibitory activity against Staphylococcus aureus, Streptococcus pyogenes and Bacillus subtilis.
A hexane extract of Chroococcus turgidus showed significant inhibition activity against Escherichia coli,
followed by an ethanol extract of Skeletonema costatum against Streptococcus pyogenes. Antifungal
activity was found only in Skeletonema costatum and Chroococcus turgidus (Table 10).

Recently, Besednova et al. [277] have reviewed the activity of marine algal metabolites as promising
therapeutics for the prevention and treatment of human immunodeficiency virus infection and
acquired immunedeficiency syndrome (HIV/AIDS), discussing some studies focused on phlorotannins.
Diphlorethohydroxycarmalol isolated from Ishige okamurae exhibited inhibitory effects on HIV-1 reverse
transcriptase (RT) and integrase (ICsy values of 9.1 uM and 25.2 uM, respectively), although it did
not show an inhibitory activity against HIV-1 protease [278]. Specifically, 6,6’-bieckol isolated from
E. cava showed a strong inhibition against HIV-1 induced syncytia formation, lytic effects and viral
p24 antigen production [279]. In addition, 6,6"-bieckol selectively inhibited the activity of HIV-1 RT
enzyme and HIV-1 entry. Another compound of this group, 8,4’"-dieckol isolated from E. cava [280],
also showed similar results as those reported by Artan et al. [279]. Therefore, there is enough evidence
to support the antimicrobial activity of marine phenolics, which encourages the research community
to continue exploring their application through the development of animal and human studies.
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4. Conclusions

Marine organisms represent a widely available and renewable source of bioactives, many of them
found exclusively in this environment. Phenolics are among the most active families, but contrarily to
those found in terrestrial sources, marine phenolics are much less studied. Advances in the analysis of
their complex and diverse structure are desirable. These tools allow their characterization, needed both
for commercialization and for the study of the structure activity relationships. Classical reverse phase
(RP) chromatography is the most used approach but slightly ineffective since the hydrophobic stationary
phase of RP columns weakly retain these compounds that, in addition to the close polar nature among
the extensively isomerized phlorotannins, make their right resolution difficult. Thus, MS™ coupled to
chromatographic techniques is widely used based on their mass-to-charge ratio (17/z) and fragmentation
patterns (1m/z of precursor and product ions, respectively). Quadrupole time-of-flight (qTOF) and triple
quadrupole (QqQ) analyzers have been widely used to this aim. Given the high complexity of marine
phenolics, MS™ spectrums help only partially to identify the polymerization degree and structure of
phlorotannins. Coupling NMR and tandem mass spectrometry (MS") with liquid chromatography is
another strategy used to identify and characterize the chemical structure of this group of compounds.
No less important are the advances in clean and efficient extraction methods, as well as the fractionation
and purification strategies, which can promote the rational utilization of these compounds as bioactive
components in functional foods, nutraceuticals and medicines. This is especially relevant since other
compounds (carbohydrates, pigments, or toxic heavy metals) can be co-extracted with marine phenolics.
Among the isolation techniques assayed, classical solid-liquid extraction using organic solvents is
the most studied method. Alternatively, pressurized hot liquid extraction (PHLE) is a more recent
option to obtain pure phlorotannins and bromophenols extracts, with lower environmental impact
than solid-liquid extraction, but difficult to scale up to industrial production.

Although deficiencies in polyphenol intake do not result in specific diseases, adequate consumption
of polyphenols could confer health benefits, especially related to the prevention of non-communicable
diseases. The reviewed studies have revealed the multi-targeted protective effect of marine phenolics
against the most prevalent diseases, such as T2DM, obesity, metabolic syndrome, Alzheimer’s, or cancer,
along with infectious diseases, among others. The modulatory activity of human gut microbiota has
been also described, although few studies are currently available, and it would be desirable to expand
them to address this aspect in depth.

Many studies have demonstrated the involvement of polyphenols in various multifactorial
mechanisms underlying several diseases, due to their enzyme inhibitory effect along with their
antidiabetic, antiobesity, antihypertensive, anti-inflammatory, anticancer, antimicrobial, or antiviral
activities. This is an important difference compared to the available drugs used to treat most of
the diseases, i.e., the ability of marine phenolics intervening in multiple pathways involved in the
pathological processes. This reinforces their consideration in the pharmaceutical and cosmeceutical
industries as drug substitutes. This step must be supported by the development of human studies since
current understanding on the bioactivity of marine phenolics is almost exclusively based on the data
available from the in vitro assays or cellular and animal models; hence, they cannot be extrapolated
without reliable human clinical data.

The majority of the reported clinical trials aimed to ascertain the effect of marine phenolics on
obesity and diabetes and there is not one on cancer or Alzheimer’s. Regarding the polyphenol types,
phlorotannins bioactivity was much more explored than bromophenols; particularly eckols and their
derivatives have shown to be promising. Therefore, it is essential to design clinical trials to confirm the
current knowledge about the bioactivity of marine phenols, rule out adverse effects, and study their
metabolism and bioavailability for their study is almost un-existent so far.

In conclusion, marine organisms represent an important polyphenol source with promising
beneficial properties to ameliorate the prevalent non-communicable diseases such as diabetes, obesity,
cancer, and neurodegenerative pathologies.
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Abbreviatures
A2780 Human ovarian carcinoma cell line
A549 Adenocarcinomic human alveolar basal epithelial cell line
AB Amyloid-beta peptides
ABTS 2, 2’-Azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
ACC Acetyl-CoA carboxylase
ACE Angiotensin-I converting enzyme
AChE Acetylcholinesterase
ACh Acetylcholine
ACSL1 Adipose acyl-CoA synthetase 1
AD Alzheimer’s disease
A-FABP Adipocyte fatty acid binding protein
AGEs Advanced glycation end-products
AIDS Acquired immunedeficiency syndrome
Akt Protein kinase B
AMPK AMP-activated protein kinase
ASE Ascorbic acid equivalents
ATE3 Transcription factor 3
B16F10 Murine melanoma cell line
BACE-1 Beta-site amyloid precursor protein cleaving enzyme 1
BCBM B-Carotene bleaching
BChE Butyrylcholinesterases
BDNF Brain-derived neurotrophic factor
BT549 Human triple negative breast cancer cell line
C2C12 Mouse myoblast cell line
C8166 Human cancer cell line
CA Chelating ability
CAA Antioxidant assay for cellular antioxidant activity
CAT Catalase
CEM-SS Human lymphoblastic leukemia cell line
CLPAA Cellular lipid peroxidation antioxidant activity assay
COsy Homonuclear correlation spectroscopy
GC-MS Gas chromatography-mass spectrometry
Glut4 Glucose transporter 4
C/EBP«x CCAAT/enhancer-binding protein alpha
COX-2 Cyclooxygenase-2
CPT1A Carnitine palmitoyltransferase I
CVD Cardiovascular disease
DNA Deoxyribonucleic acid
DPPH 2,2-Diphenyl-1-picrylhydrazyl
El-6 Human Jurkat clone cell line
EA hy926 Human umbilical vein endothelial cell line
ERK Extracellular signal-regulated kinase
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FABP4
FAS
FATP1
FemX
FFAs
FRAP
GAE
Glut4
GPx

GR
GSK3p
H157

H9
HCT-15
HCT-116
HDL-C
HeLa
HepG2
HIV-1
HMGCoA

HPLC-DAD-ESI/MS

HSQC
HT-22
HT29
HUVEC
1L

Ins-1

IR

IRS1
JNKs
K562

L6

1929
LC-ESI-MS/MS
LDL-C
LMW

LoVo

LPIA
1S174
MAPK
MC3T3-E1
MetS
MMPs
MNNG
NBT
MCE-7
MDA-MB-231
MIC
NFkB
NMR
Neuro 2A
NO
NOESY

Fatty acid binding protein 4

Fatty acid synthase

Fatty acid transport protein-1

Human malignant melanoma cell line
Free fatty acids

Ferric reducing antioxidant power

Gallic acid equivalents

Glucose transporter 4

Glutathione peroxidase

Glutathione reductase

Glycogen synthase kinase 33

Human oral squamous cell carcinoma cell line
Human embryonic stem cell line

Human colon adenocarcinoma cell line
Human colon cancer cell line
HDL-cholesterol

Human cervical cervix cancer cell line
Human hepatocellular carcinoma cell line
Human immunodeficiency virus-1
3-Hydroxyl-methyl glutaryl coenzyme A
High performance liquid chromatography-Diode array—Electrospray
ionization-Mass spectrometry
Heteronuclear single-quantum coherence spectroscopy
Mouse hippocampal neuronal cell line
Human colon adenocarcinoma cell line
Human umbilical vein endothelia cells
Interleukin

Rat insulinoma cell line

Infrared spectroscopy

Insulin receptor substrate 1

c-Jun N-terminal kinases

Human myelogenous leukemia cell line
Rat skeletal myoblast cell

Mouse fibroblasts cell line

Liquid chromatography-Electrospray ionization-tandem Mass spectrometry

LDL-cholesterol

Low molecular weight

Human colon cancer cell line derived from supraclavicular lymph node
metastasis

Lipid peroxidation inhibition assay
Human colon adenocarcinoma cell line
Mitogen-activated protein kinase
Mouse osteoblastic cell line

Metabolic syndrome

Matrix metalloproteinase

Human osteosarcoma cell line
Superoxide anion scavenging test
Human breast adenocarcinoma cell line
Human breast adenocarcinoma cell line
Minimum inhibitory concentration
Nuclear factor kappa B

Nuclear magnetic resonance

Mouse neuroblastoma cell line

Nitric oxide

Nuclear overhauser spectroscopy
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iNOS
ORAC
PANC-1
Panc89
PancTU1
PC12
PC3
PCNA
PGE2
PGU
PIBK
PPARYy
PTP1B
RAGE
RAW 264.7
RINm5F
ROS

RP

RRLC-ESI-MS

RT
Sa0S-2
SKBR3
SK-N-SH
SKOV3
SOD
SREBP1
SREBP-1¢
SRSA
STZ
SW480
3T3-L1
T2DM
TAA
TBARs
TC
TEAC
TG
TLR
TNFax
TOCSY
UCP-1
UPLC

UPLC-ESI-QTOF/MS
UPLC-MS
UPLC-MS/MS-TIC

VEGF
VERO
VSMC

Inducible nitric oxide synthase

Oxygen radical absorbance capacity

Human pancreatic carcinoma cell line

Human pancreatic carcinoma cell line

Human pancreatic carcinoma cell line

Rat neuronal cell line

Human prostate cancer cell line

Proliferating cell nuclear antigen
Prostaglandin E2

Phloroglucinol units

Phosphoinositide 3-kinase

Proliferator activated receptor gamma

Protein tyrosine phosphatase 1B

Receptor for advanced glycation end-products
Murine macrophage cell line

Rat insulinoma cell line (pancreatic 3-cells)
Reactive oxygen species

Reducing power

Rapid resolution liquid chromatography coupled to mass spectrometry detection
with negative ion electrospray ionization
Reverse transcriptase

Human osteosarcoma cell line

Human breast cancer cell line

Human neuroblastoma cell line

Human ovarian carcinoma cell line
Superoxide dismutase

Sterol regulatory element binding protein 1
Sterol regulatory element binding protein -1c
Superoxide radical scavenging assay
Streptozotocin

Human colon cancer cell line

Mouse adipocyte cell line

Type 2 diabetes mellitus

Total antioxidant capacity

Thiobarbituric acid reactive substances

Total cholesterol

Trolox equivalent antioxidant capacity
Triglycerides

Toll-like receptor

Tumor necrosis factor alpha

Total correlation spectroscopy

Uncoupling protein 1

Ultra-performance liquid chromatography
Ultra-performance liquid chromatography-Electrospray
ionization-Quadrupole-time-of-flight high definition-Mass spectrometry
Ultra-performance liquid chromatography-Mass spectrometry
Ultra-performance liquid chromatography-tandem Mass spectrometry—Total ion
chromatogram

Vascular endothelial growth factor

Green monkey kidney cell line

Human vascular smooth muscle cell line
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Abstract: Seaweeds have attracted high interest in recent years due to their chemical and bioactive
properties to find new molecules with valuable applications for humankind. Phenolic compounds
are the group of metabolites with the most structural variation and the highest content in seaweeds.
The most researched seaweed polyphenol class is the phlorotannins, which are specifically synthesized
by brown seaweeds, but there are other polyphenolic compounds, such as bromophenols, flavonoids,
phenolic terpenoids, and mycosporine-like amino acids. The compounds already discovered
and characterized demonstrate a full range of bioactivities and potential future applications in various
industrial sectors. This review focuses on the extraction, purification, and future applications of
seaweed phenolic compounds based on the bioactive properties described in the literature. It also
intends to provide a comprehensive insight into the phenolic compounds in seaweed.

Keywords: seaweed polyphenolics; polyphenolics extractions; phlorotannins; bromophenols;
flavonoids; phenolic terpenoids; polyphenolics bioactivities

1. Introduction

Recently, organisms living in aquatic habitats have been gaining more interest as the target of
studies by numerous scientific groups that have mainly studied their pharmaceutical and biomedical
properties, such as the antioxidant, anti-inflammatory, anti-fungal, anti-bacterial, and neuroprotective
activity of their large diversity of bioactive compounds [1-5].

Seaweeds are considered the sea vegetables and the basis of life in the aquatic habitats,
and they have been employed as fertilizer, human food, and animal feed from ancient to modern
times [6,7]. Seaweeds are classified into three main groups, Chlorophyta (green seaweeds), Rhodophyta
(red seaweeds), and Phaeophyceae (brown seaweeds), according to their composition of pigments,
and their composition of metabolites differs vastly [8].

Seaweeds are commonly exposed to harsh environmental conditions, and the damage effects on
them are not visible; consequently, the seaweed produces a large range of metabolites (xanthophylls,
tocopherols, and polysaccharides) to protect from abiotic and biotic factors, such as herbivory and sea
mechanical aggression [9-15]. Note that seaweed metabolites content and diversity is subject to
abiotic and biotic factors, such as species, life stage, size, age, reproductive status, location, depth,
nutrient enrichment, salinity, light intensity exposure, ultraviolet radiation, intensity of herbivory,
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and time of collection; thus, the full exploitation of algal diversity and complexity requires knowledge of
environmental impacts and an understanding of biochemical and biological variability [16,17]. Likewise,
seaweeds have nutraceutical and pharmaceutical compounds, such as phenols and chlorophylls [6].

Phenolic compounds are found in land plants and in seaweeds [18,19]. Polyphenols synthesized
by seaweeds, as one of the largest and most widely distributed groups of seaweed phytochemicals, have
gained special attention due to their pharmacological activity and array of health-promoting benefits,
as polyphenols play a significant role in the high variety of seaweed biological activities [2,8,14].

Seaweed phenolic compounds are metabolites that are chemically characterized as molecules
containing hydroxylated aromatic rings [14,15,20]. These phytochemicals show a wide variety of
chemical structures, from simple moieties to high molecular polymers. The biogenetically primary
synthetic pathways that produce these phytochemicals are the shikimate or the acetate pathways [21-23].

Seaweeds are a valuable source of polyphenolic compounds such as phlorotannins, bromophenols,
flavonoids, phenolic terpenoids, and mycosporine-like amino acids. In the brown seaweeds,
the phlorotannins are the major polyphenolic class found only in the marine brown seaweeds.
On the other hand, the largest proportion of phenolic compounds present in green and red seaweeds
are of bromophenols, flavonoids, phenolics acids, phenolic terpenoids, and mycosporine-like amino
acids [24-27]. These molecules are considered secondary metabolites, as they are protective agents that
are produced in response to different stimuli and are defense mechanisms of the seaweeds against
herbivory and UV radiation [4].

Phenolic compounds are very difficult to isolate quantitatively at an industrial scale due to their
structural similarity and tendency to react with other compounds [14]. However, these compounds
possess chemical properties that enable their extraction and purification, allowing highly purified
extracts to be obtained at a lab scale [28].

Most phenolic compounds possess a broad variety of biological activities, as anti-diabetic,
anti-inflammatory, anti-microbial, anti-viral, anti-allergic, anti-diabetic, antioxidant, anti-photoaging,
anti-pruritic, hepatoprotective, hypotension, neuroprotective and anticancer properties [14,27,29-40].
Most of the bioactivities are related to the interaction of phenolic compounds with proteins (enzymes
or cellular receptors) [41].

These wide-range bioactivities make seaweeds candidates for the development of products or
ingredients used in industrial applications as pharmaceuticals, cosmetics, functional foods, and even
in bioactive food packaging films to maintain the quality of food products [37,39,42—-44].

Simple phenolic compounds can act as an intermediate in the biosynthesis of many polyphenolic
secondary metabolites, being also an essential precursor for the industrial synthesis of many other
organic substances. Inclusively, salts of benzoic acid are used as industrial food preservers [15,35].

This review aims to present a comprehensive insight into the seaweed phenolic compounds,
providing important information about the current and potential status of these compounds from their
origin to extraction and isolation methodology, highlighting the potential activities and commercial
applications of these compounds in various industries or the potential to become new products.

2. Phenols Found in Seaweeds

Structurally, phenolic molecules are characterized by the presence of an aromatic ring with one
or more hydroxyl groups, with structures ranging from simple molecules, such as hidroxycinnamic
acids or flavonoids, to more complex polymers, which are characterized by a wide range of molecular
sizes (126-650 kDa) [45-51]. The name “phenol” refers to a substructure with one phenolic hydroxyl
group; cathecol and resorcinol (benzenediols) are characterized by two phenolic hydroxyl groups;
and pyrogallol and phloroglucinol are characterized by three hydroxyl groups (benzenetriols) [48].

2.1. Phenolic Acids

Phenolic acids (PAs) are bioactive compounds involved in several functions, including nutrient
absorption, protein synthesis, enzymatic activity, photosynthesis, and allelopathy. These are regularly
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bound to other molecules, such as simple and/or complex carbohydrates, organic acids, and other
bioactive molecules such as flavonoids or terpenoids [52-54]. These PAs are formed by a single
phenol ring and at least a functional carboxylic acid group, and they are usually classified depending
on the number or carbons in the chain, which is bound to the phenolic ring. Accordingly, these
phenolic acids are classified as C6-C1 for hydroxybenzoic acid (HBA; with one carbon chain attached
to the phenolic ring), C6-C2 for acetophenones and phenylacetic acids (two carbon chains attached to
the phenolic ring), and C6-C3 for hydroxycinnamic acids (HCA) (3 carbon chains attached to the phenol
ring) [52-54].

HBAs includes gallic acid, p-hydroxybenzoic, vanillic, and syringic acids and protocathecins,
among others, in which there are variations in the basic structure of the HBA, including the hydroxylation
and methoxylation of the aromatic ring [52-54]. Although these can be detected as free acids, they
occur mainly as conjugates [52-54]. For example, gallic acid and its dimer ellagic acid may be esterified
with a sugar (usually glucose) to produce hydrolysable tannins [52-54].

Hydroxycinnamic acids (HCA) are trans-phenyl-3-propenoicacids, differing in their ring
constitution [52]. These HCA derivatives include caffeic (3,4-dihydroxycinnamic), ferulic (3-methoxy
-4-hydroxy), sinapic (3,5-dimethoxy-4-hydroxy), and p-coumaric (4-hydroxy) acids, with a wide
distribution of these compounds as conjugates, mainly as esters of quinic acid (chlorogenic acids
[CGA]) [52-54]. Additionally, depending on the identity, number, and position of the acyl residue, this
acids can be subdivided in several groups: (1) mono-esters of caffeic, ferulic, and p-coumaric; (2) di-, tri-,
and tetra-esters of caffeic acids; (3) mixed di-esters of caffeic—ferulic acid or caffeic—sinapic acids; and (4)
mixed esters of caffeic acid with dibasic aliphatic acids, such as oxalic or succinic [52-54]. Furthermore,
cinnamic acids can condense with molecules other than quinic acid, including rosmaric and malic, with
aromatic amino acids and choline, among others [52-54].

In seaweeds, there are some studies that have proven the presence of the PAs. However, these
studies are scarce and mainly in phenolic characterization without any bioactivities studied [52-55].
In green seaweeds, coumarins have been identified in species such as Dasycladus vermicularis, as well
as some vanilic acid derivatives in the green macroalgae Cladophora socialis [56]. In brown seaweeds,
HBAs, rosmarinic acid, and quinic acid derivatives have been characterized in Ascophyllum nodosum,
Bifurcaria bifurcata, and Fucus vesiculosus [57]. In addition, Pas has been characterized in the genus
Gracilaria, as well as benzoic acid, p-hydroxybenzoic acid, salicylic acid, gentisic acid, protocatechuic
acid, vanillic acid, gallic acid, and syringic acid [58-60].

2.2. Phlorotannins

Of all the seaweed phenolic metabolites, the main attention has been focused on tannins due to
their interesting bioactive properties [49].

Phlorotannins (Figure 1) can be found within the cell in vesicles called physodes, which are
located both in the periphery of the cell and in perinuclear regions, where they are formed [48,49,61].
Phlorotannins are oligomers of phloroglucinol, which is restricted to brown seaweeds, where they
exert functions as primary and secondary metabolites [48]. The monomeric unit of phlorotannins,
phloroglucinol, is assumed to be formed through the acetate—-malonate (polyketide) pathway, in
the Golgi apparatus [48,61]. Two molecules of acetyl-CoA, in the presence of carbon dioxide, are
converted into malonyl-CoA. The polyketomethylene precursor formed by 3 malonyl-CoA blocks
is subjected to a “Claisen type” cyclization reaction, forming a hexacyclic ring system, which is not
thermodynamically stable. Then, this molecule undergoes tautomerization, forming a more stable
molecule of phloroglucinol [62,63]. The phloroglucinol residues bind through C-C and/or C-O-C
residues to form polymeric molecules of phloroglucinol, which results in molecules ranging between
10 and 100 kDa whose heterogeneity is attributed to the variability of structural linkages between
phloroglucinol and the hydroxyl groups present [62,63]. As such, phlorotannins can be subdivided
into six groups, according to the nature of the structural linkage: (1) phloretols (aryl-ether bonds);
(2) fucols (aryl-aryl bonds); (3) fucophloretols (ether or phenyl linage); (4) eckols (dibenzo-1,4-dioxin
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linkages); (5) fuhalols (ortho-/para- arranged ether bridges containing an additional hydroxyl group on
one unit), and (6) carmalols (dibenzodioxin moiety) [48,62,63].

Additionally, the binding of monomers to the phloroglucinol ring can take place at different
positions within each class, leading to the formation of structural isomers in addition to
the conformational isomers [62,63]. As the structural complexity increases, it is necessary to use other
criteria for classification. As such, compounds for each class can be classified as linear phlorotannins
(in which C-C/C-O-C oxidative couplings have two terminal phloroglucinol residues) or branched
phlorotannins, if they are bound to three or more monomers [62,63].

Figure 1. Chemical structures of phlorotannins: (A) Phloroglucinol; (B) Tetrafucol A; (C) Tetraphlorethol
B; (D) Fucodiphlorethol A; (E) Tetrafuhalol A; and (F) Phlorofucofuroeckol.

2.3. Bromophenols

Bromophenols (BP) (Figure 2) are secondary metabolites with ecological functions, such as chemical
defense and deterrence, with studies revealing a wide variety of beneficial ecological activities [33,61].
BP are common to all major algal groups [61]; they were first isolated from the red algae Neorhodomela
larix (formerly known as Rhodomela larix) [64] and thereafter identified and isolated from all taxonomic
groups of marine macroalgae, such as red [64—66], green [67-69], and brown algae [70-73].

Bromophenols are characterized by the presence of phenolic groups with varying degrees of
bromination. Many seaweed species contain haloperoxidases, which are capable of halogenating
organic substrates in the presence of halide ions and hydrogen peroxide. The bromoperoxidase activity,
isolation, and characterization of haloperoxidases have been demonstrated from seaweed [33,74],
but information regarding the biosynthesis of bromophenols is limited [74]. Bromoperoxidases
can brominate phenol, resulting in the formation of bromophenols; however, the precursor of such
bromophenols is still not established, with some authors suggesting tyrosine as a precursor for such
formation [75].
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Compared to phlorotannins, less is known about bromophenols due to the limited quantity of
these compounds in the seaweeds, with a consequently lower isolation and bioactive characterization.
More work is needed to isolate and chemically characterize this group of molecules. Yet, there are
already some studies correlating the isolated compound with bioactivities and mechanisms of action [33].
Some of these studies have been conducted with synthetic bromophenols developed from the chemical
characterization of the seaweed bromophenols that are mainly identified in red seaweeds [76,77].
The bromophenols are vital for the seaweed and seafood flavor, namely 2-bromophenol, 4-bromophenol,
2,4-dibromophenol, 2,6-dibromophenol, and 2,4,6-tribromophenol [72].

OH OH
OH
Br Br. Br
Br Br
Br Br
A B C

Figure 2. Chemical structures of bromophenols: (A) 2,4-bromophenol; (B) 2,6-bromophenol;
(C) 2,4,6-tribromophenol.

2.4. Flavonoids

Flavonoids (Figure 3) are phenolic compounds structurally characterized by heterocyclic oxygen
bound to two aromatic rings, which then can vary according to the degree of hydrogenation [46,51].

These compounds are widely distributed in terrestrial plants, with over 2000 compounds reported,
which have been subdivided into major categories such as flavones, flavanol, flavanones, flavonols,
anthocyanins, and isoflavones [51]. There are many studies on the flavonolic content in terrestrial
plants, but flavonoid content studies in algae are scarce [45]. Some studies report that seaweeds are
a rich source of catechins and other flavonoids. Flavonoids such as rutin, quercitin and hesperidin,
among others, were detected in several Chlorophyta, Rhodophyta, and Phaeophyceae species [48]
and compounds restricted to several macroalgae have been identified, such as hesperidin, kaempferol,
catechin, and quercetin [78]. Isoflavones, such as daidzein or genistein, are present in red macroalgae
Chondrus crispus and Porphyra/Pyropia spp. and in brown seaweeds, such as Sargassum muticum
and Sargassum vulgare. A high number of flavonoid glycosides have been found in the brown
macroalgae Durvillae antarctica, Lessonia spicata, and Macrocystis pyrifera (formerly known as Macrocystis
integrifolia) [48]. There are already studies that support the presence of flavonoids C-glycosides in
the green seaweed Nitell Hookeri [79].

Itis a little hard to have a full understanding of the bibliography of this phenolic compound’s class
in the seaweed, due to the scarce bibliographic support about the seaweed flavonoids, but there are
also contradictions between the studies done, where the isolation and characterization of the seaweed’s
flavonoids need to be more explored. For example, the work of Yonekura-Sakakibara et al. [80] states
that in general, algae (micro and macro-algae) do not present flavonoid content, due to the lack of
two primary enzymes for the main flavonoid biosynthesis; however, the genes encoding enzymes of
the shikimate pathway were described in algae [80,81]. However, the work of Goiris et al. [82] reveals
the presence of flavones, isoflavones, and flavonols in various microalgae evolutionary lineages, such
in Rodophyta, Chlorophyta and Ochrophyta.

This also happens in the seaweed flavonoid biosynthesis, where there is the need to research to
have a full understanding of the seaweed cell mechanism to produce these specific phenolic compounds.
There are some studies that try to explain the flavonoid synthesis by the shikimate—acetate pathway [83].
Yonekura-Sakakibara et al. [80] explain that the p-coumaroyl-CoA, derived from the phenylpropanoid
pathway (with tyrosine biosynthesized by the shikimate pathway), and malonyl-CoA, from
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the acetate—malonate (polyketide) pathway (identical to the phlorotannins pathway), are converted into
naringenin chalcone by the chalcone synthase, and spontaneously, the naringenin chalcone is catalyzed
by the chalcone isomerase into naringenin. The naringenin is the primary and initial precursor of the all
flavonoids synthetized. Afterwards, naringenin is converted into dihydrokaempferol by the flavanone
3-hydroxylase, and there, the enzymatic mechanism transforms this molecule into the diverse flavonoid
molecules, such as catechins, flavonols, anthocyanidin, flavones, and others [80].

The quantitative measurement of flavonoid content is a recurrent analysis that is used mainly
as a part of biochemical characterization (together with phenolic content analysis) of the seaweeds
extracts in the bibliography analyzed. However, there is a lack on the studies about the flavonoid
characterization, isolation, and their specific bioactivity analysis, in the bibliography analyzed.
There are only suppositions by the high content of flavonoids present in the sample analyzed
and the bioactivity analyzed [35,78,84-87]. From the recent studies using various seaweeds species,
the data obtained support the presence of the flavonoid compounds, with various extraction techniques,
and these extracts have antioxidant and radical scavenging activity positively correlated with flavonoid
concentration [12,88,89]. However, the study of Abirami and Kowsalya [90] did not detect flavonoids
in Ulva lactuca (Chlorophyta) and Kappaphycus alvarezii (Rhodophyta). The detection of flavonoids
and respective differences can be derived by the geographical location, time of harvest/collection, season
of collection, and the methodology employed in the laboratory [12]. The study from Yoshie et al. [91]
reveals the presence of catechin, epicatechin, epigallocatechin, catechin gallate, epicatechin gallate, or
epigallocatechin gallate in Acetabularia ryukyuensis, Ecklonia bicyclis, Padina arborescens, Padina minor,
Neopyropia yezoensis (as Porphyra yezoensis), Gelidium elegans, and Portieria hornemannii (as Chondrococcus
hornemannii). However, this work did not detect flavonoids in Undaria pinnatifida, Monostroma nitidum,
Caulerpa serrulata, Caulerpa racemosa, Valonia macrophysa, Chondrus verrucosus, and Actinotrichia fragilis.

OH

C D

Figure 3. Main classes of flavonoids found in algae: (A) Flavones; (B) Flavonols; (C) Flavanones;
(D) Flavan-3-ol.

2.5. Phenolic Terpenoids

Phenolic terpenoids (Figure 4) have been detected and characterized in brown and red
seaweeds [61]. Brown seaweed phenolic terpenoids have been mainly characterized as
meroditerpenoids, which are divided in plastoquinones, chromanols and chromenes, and these
are found almost solely in the Sargassaceae. These meroditerpenoids consist of a polyprenyl chain
bound to a hydroquinone ring moiety [92].
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Diterpenes and sesquiterpenes were identified and isolated in Rhodomelaceae, and a macrolide
formation under secondary cyclization was reported for the red seaweed Callophycus serratus
(bromophycolides) [93].

Even though these compounds have been identified and isolated, the pathways for their formation
have yet to be identified, as there is no evidence that these compounds follow the same biosynthesis
pathway as other terpenes and terpenoids. Meroditerpenoids are partially formed from mevalonic
acid pathways [94], but further studies on biosynthesis pathways should be pursued.

OH

o) HsC X H
o CHs

A B C

Figure 4. Main classes of phenolic terpenoids found in algae: (A) Chromene; (B) Chromanol;
(C) Plastoquinone.

2.6. Mycosporine-Like Aminoacids (MAA)

Mycosporine-like amino acids (MAA) (Figure 5) are a group of UV-absorbing compounds that
are present in a wide range of aquatic organisms, whose main function is to reduce UV-induced
cellular damage [61,95-98]. These compounds were first identified in fungi, with a role in UV-induced
sporulation. Thereafter, a wide range of MAAs have been found in a diverse variety of aquatic
organisms, including Cyanobacteria, micro-, and macro-algae [96]. These compounds were detected in
Rhodophyta spp., and there is still some debate on the detection of MAAs in seaweeds belonging to
green and brown seaweed species [61].

Geographically, these compounds are found ubiquitously, occurring in a wide range of
environments. Intracellularly, these compounds are found distributed in the cell cytoplasm [96].

Figure 5. Mycosporine-like amino acids (MAA); (A) Aminocyclohexenone; (B) Aminocyclohexeniminone.

These compounds are water soluble, with low molecular weights (<400 Da). The chemical structure
is based on a ciclehexenone or cyclohexenine ring, with amino acid substituents. The conjugated
bonds within the molecule result in broadband absorptions of different wavelengths, according to
the substituents in the chemical structure. Evidence suggests that most of the MAAs are synthesized
via the Shikimate pathway [96,97].
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2.7. Non-Typical Phenolic Compounds

Non-typical phenolic compounds (Figure 6) have been characterized in macro-algal species [61].
Colpol was found in the brown seaweed Colpomenia sinuosa [99]. Phenylpropanoid derivatives, such as
tichocarpols, were identified in the red macroalgae Tichocarpus crinitus [100]. Lignin, a polymerized
hydroxicinnamyl alcohol, commonly identified and thought to be restricted to vascular plants, was
also identified in red seaweed Calliarthron cheilosporioides [101].

OH OH
R
Br Br
OH HO

HsCO

A B
Figure 6. Other phenolic compounds in algae: (A) Colpol; (B) Tichocarpol.
3. Phenolic Compounds Extractions and Purification Methodologies

For seaweed phenolic compounds investigation, from the pre-treatment to their characterization,
there are many methodologies that could be employed (Figure 7). Initially, it is necessary to select
the target seaweed species and then locate and identify the compounds to be extracted—intracellular
or extracellular—in order to define the strategies to perform the extraction, isolation, and assessment of
the phenolic compound bioavailability and bioactivities [36,42,102-105]. To develop bio-based products
with seaweed phenolic compounds, it is pivotal to develop practical and efficient analytical methods.

Purification, quantification
and characterization

[ Seaweed } — [ Pre- } — [Extraction}
Treatment

Washing — Soxhlet [ HPLC
Drying — Maceration — TLC
Milling or — Percolation [ RP-HPLC
griding

t—  Microwave — LC-MS
Pre-extraction assisted

t— Ultrasounds —  GC-MS
assisted

— Subcritical — MALDI-TOF-MS

— Supercritical — UHPLC-ESI-MS

— Accelerated — gNMR

L. Enzymatic

Figure 7. Schematic representation of possible methodologies for seaweed phenolic compounds quest.
3.1. Pre-Treatment

Seaweed pre-treatment is recommended, such as a washing step to remove stones, sand, epiphytes,
or other impurities. Therefore, the algal biomass could be used fresh, dried—air drying or at 3040 °C
with aeration during 3-5 days—or freeze drying [106]. Freeze-dried is a better option because it
guarantees the integrity of the biomolecules and allows better extraction yields [107].
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Furthermore, a milling or grinding process is suggested to reduce the particle size, which is going
to increase the exposure area between the seaweed biomass and the solvent used for extraction [108].
This will consequently increase the extraction yield.

Usually, a pre-extraction process is required to avoid the co-extraction of pigments or fatty
acids [48] with low polar solvents—n-hexane [109], n-hexane:acetone [110], n-hexane:ethyl acetate [111],
or dichloromethane [112]—which have been shown to be effective to extract phenolic compounds.

For example, an efficient pre-treatment using acetone:water (7:3) was applied to the brown
seaweed Fucus vesiculosus before the extraction of phlorotannins [113].

3.2. Extraction

The further step is to select an extraction method, since these methodologies are widely variable.

Traditional extraction techniques include Soxhlet, solid-liquid, and liquid-liquid extractions.
Commonly, in the cited methodologies, organic solvents are used (e.g., hexane, petroleum ether,
cyclohexane, ethanol, methanol, acetone, benzene, dichloromethane, ethyl acetate, chloroform).
Nevertheless, nowadays, the solvent applied in the extraction methods should be non-toxic and low
cost [114]. From an industrial point of view, ethanol is preferred as a solvent for the extraction due to
its lower cost [106].

Maceration is a classical method in which the compounds are extracted by submerging the seaweed
biomass in an appropriate solvent/solvent mixture [115].

The classical Soxhlet extraction method provides several advantages because it is a continuous
process, the solvent can be recycled, and it is less time and solvent consuming than maceration
and percolation techniques [116]. However, the extract is constantly being heated at the boiling
point of the solvent, and this can damage thermolabile compounds and affect further analysis [45].
Nevertheless, the mentioned extraction methods are not efficient and environmental friendly, due to
the high quantities of organic solvent required [23].

With technological advances, these methods have evolved over time to improve the extraction
efficiency and sustainability. Currently, ultrasounds and microwave-assisted extraction are low-cost
technologies that are feasible at a large scale [117]. These techniques cause a physical effect that leads
to cellular membrane disruption and facilitates the liberation of the target compounds [118].

Ultrasound-assisted extraction uses acoustic cavitation to disrupt the cell walls, leading to
the reduction of size particle and consequently enhancing the contact between the solvent and the target
compound [119].

Still, microwave-assisted extraction involves the utilization of microwave radiation to heat solvents
in contact with a sample. Since the algal cell wall is highly susceptible to microwave irradiation, it is
reported the rapid internal heating causes cell disruption, leading to the release of target compounds
to the cold solvent [120].

Pressurized fluids can also be applied as extraction agents that lead to the development of several
techniques, such as subcritical water extraction, supercritical fluid extraction, and accelerated solvent
extraction [114].

The correct selection of the extraction solvent, temperature, pressure, static time, and number
of cycles are variables that influence directly the total phenolic yield and rate [121]. Further research
shows that the total phenol yield increases with the subcritical water extraction method (or pressurized
hot water extraction) under higher temperatures; temperatures of 100 °C and 200 °C were tested [122].
This phenomenon could be explained by the increase of mass transfer due to the higher solubility
of the cellular membrane, which is caused by the increment of temperature [123]. In this study,
the cited trend was verified in all the seaweeds under study, namely Sargassum vulgare, Sargassum
muticum, Porphyra/Pyropia spp., Undaria pinnatifida, and Halopithys incurva [122]. However, the increase
of the temperature could also lead to the polymerization or the oxidation of some phenolic substances.

The supercritical liquid is characterized by being environmentally friendly, because it uses
supercritical carbon dioxide instead of an organic solvent. This methodology is currently the most
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employed technique for phenolic compounds extraction, and it is defined by the supercritical state,
which occurs when a fluid is above critical temperature and pressure—for example, when it is between
the state transition (e.g., gaseous and liquid state) [124]. This extraction is commonly performed at low
temperatures, so it is suitable for compounds susceptible to high temperatures. This methodology
presents several advantages, because supercritical fluids have a lower viscosity and higher diffusion
rate than liquid solvents. For this reason, the mass transfer is faster, and the extraction is more
efficient [124]. In opposition, as this method involves carbon dioxide, this technique is only applicable
to compounds that are lipid soluble and with low polarity.

Relative to accelerated solvent extraction, it also enhances the extraction speed, has low solvent
requirements, and is possible to achieve the highest phenolic compounds extraction yield in comparison
with conventional approaches. Thus, it is not suitable for bulk extraction [114].

Extraction using enzymes is not feasible at an industrial scale due to the high cost of the necessary
enzymes. Nevertheless, it retains several advantages due to the high selectivity of the enzymatic
extraction methods [114].

Enzymes can also be applied to promote cell wall disruption, and extraction using enzymes is
an advantageous technique due to the selectivity of the degraded compounds, which is important
for fragile and unstable substances. In some cases, enzymes are capable of converting insoluble
compounds in water into water-soluble ones [25]. For instance, an enzymatic hydrolysate rich in
polyphenols was extracted from the brown seaweed Ecklonia cava, in which it obtained a polyphenol
yield of 20% with the enzyme Celluclast (Novo Nordisk, Bagsvaerd, Denmark) [125].

Usually, after the extraction process, seaweed extracts are concentrated using a rotary
evaporator [58].

3.3. Purification, Quantification, and Characterization

Following the extraction process, it is necessary to proceed to the isolation and quantification of
the target phenolic compound. Several methodologies could be applied, according to the typology of
the compound to be isolated.

Generally, the analysis of phenolic compounds is affected by their source, the extraction
and purification techniques employed, the sample particle size, the storage conditions, and the presence
of interfering substances in extracts such as fatty acids or pigments [22].

Classically, the quantification of phenolic content is performed by colorimetric methods, namely
Folin-Ciocalteu, Folin—Denis, or Prussian blue assays [14]. The most applied assay for phenolic
compounds assessment is Folin-Ciocalteu—the redox reaction with the reagent Folin-Ciocalteu allows
the spectrophotometric quantification assessment of phenolic compounds. However, the disadvantage
of this technique is in the interference of non-phenolic reducing substances [21].

Nowadays, the isolation of phenolic compounds is made through preparative chromatography
techniques, namely column chromatography, high-pressure liquid chromatography (HPLC), or
thin-layer chromatography (TLC). Nevertheless, these chromatographic techniques have evolved in
order to be also used for the separation, isolation, purification, identification, and quantification of
distinct phenolic compounds [14].

HPLC, coupled with appropriate detectors, is a very efficient automated analytical methodology
that allows the separation, purification, and characterization of a wide range of chemical samples [126].
It presents several advantages because it is a quick method, it requires a low amount of extract sample,
and the equipment is easy to operate [48]. Moreover, further research reports that by the HPLC technique,
it was possible to identify and quantify nine phenolic compounds (gallic acid, 4-hydroxybenzoic acid,
catechin hydrate, epicatechin, catechin gallate, epicatechin gallate, epigallocatechin, epigallocatechin
gallate, and pyrocatechol) in brown edible seaweeds (Phaeophyceae)—Eisenia bicyclis (formerly known
as Eisenia arborea f. bicyclis), Sargassum fusiforme (formerly known as Hizikia fusiformis), Saccharina
japonica (formerly known as Laminaria japonica), Undaria pinnatifida—and in red edible seaweeds,
(Rhodophyta)—Palmaria palmata and Pyropia tenera (formerly known as Porphyra tenera) [103].
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The reversed-phase liquid chromatography (RP-HPLC), in which the analysis requires a non-polar
stationary phase and a polar hydro-organic mobile phase [126], increases the retention with
the hydrophobicity of the solutes, the hydrophobicity of the stationary phase, and the polarity
of the mobile phase [127,128]. Thus, the separation is accomplished through the partitioning process
and the adsorption of the compounds [129]. Still, the identification and quantification of phlorotannins
is usually performed by RP-HPLC with methanol/acetonitrile and water (buffer) solvent combinations
and the detection in the UV range of the spectrum [16]. For instance, in a study conducted with
the red seaweed Rhodomela confervoides, the RP-HPLC method provided bromophenols’ identification
and characterization (3-bromo-4, 5-dihydroxy benzoic acid methyl ester and 3-bromo-4,5-dihydroxy-
benzaldehyde) [130].

Alternatively, thin-layer chromatography is a methodology for compound identification
and isolation in which the stationary phase is an adsorbent layer of fine particles. Overall, the layer is
placed on a closed chamber, and the extract sample is applied on the lower side of the layer. Inside of this
chamber is the mobile phase, which is characterized by a mixture of solvents. Then, the distance covered
is marked for the calculus of the retention factor (Rf), enabling the compound identification [131].
In fact, using this method in a dichloromethane/methanol/water (65:35:10, v/v/v) solvent system,
researchers isolated phlorotannins (phlorofucofuroeckol, dieckol, and dioxinodehydroeckol) from
Ecklonia stolonifera (Phaeophyceae) [132].

The coupling of liquid or gas chromatography with mass spectrometry also enabled
the characterization of phenolic compounds [62,133]. Liquid chromatography-mass spectrometry
(LC-MS) allowed the analysis of phlorotannins with different degrees of polymerization, from
three brown seaweeds—Durvillaea antarctica, Lessonia spicata, and Macrocystis integrifolia (currently
known as Macrocystis pyrifera) [134]. For instance, gas chromatography-mass spectrometry (GC-MS)
allowed the identification of coumarin and flavones on crude extracts of Padina tetrastromatica
(Phaeophyceae) [135]. However, this methodology is not appropriate for non-volatile compounds.

Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) is
also a technique that provides the identification and structural characterization of biomolecules [136].
Previous research used this technique in order to detect the presence of phloroglucinol derived from
the brown seaweed Sargassum wightii [137]. Merged with the previous technique, ultrahigh performance
liquid chromatography—electrospray ionization tandem mass spectrometry (UHPLC-ESI-MS) provides
relevant information for phenolic compounds characterization relative to their size and isomeric
variations [48]. Through this technique, a team of researchers was able to identity and characterize 22
phlorotannins from Fucus spp. [138].

Recently, quantitative nuclear magnet resonance (NMR) has shown the efficiency for metabolites
identification and quantification [139,140]. In general, NMR spectrum is derived from the measurement
of Fourier transformation signals and translated to radio-frequency impulses. Thus, in comparison
with other spectroscopy methods, NMR has a lower mass sensitivity [141].

This method was applied after optimized accelerated solvent extraction, and it was possible to
observe the phenolic profile of Ulva intestinalis (Chlorophyta) [142].

4. Seaweed Phenolic Compounds and their Bioactivities

The characterization of some phenolic extracts showed interesting results (Figure 8). The correlation
between the specific compound and bioactivity potential is commonly achieved (Figure 9); however,
there are some phenolic-enriched extracts that have interesting properties but have not been chemically
characterized. In this topic, we describe the compounds isolated and their multi-role activity, focusing
on recent studies, so there is a long road toward the development of a final product or solution.
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Seaweed

Extraction and Isolation

Phlorotannins Bromophenols  Flavonoids Phenolic MAA

terpenoids

Anti-tumor
Algicidal
Anti-allergy
Anti-cholesterol
Anti-diabetic
Antifouling
Antifungal
Antimalarial
Anti-microbial
Anti-obesity
Antioxidant
Antithrombotic
Antiviral
Immunomodulatory
Wound-healing
Neuroprotector
Photoprotector
Anti-inflammatory

Figure 8. Biological activities from the different seaweed phenolic compounds reported in the literature.
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Figure 9. Seaweed phenolic compounds’ mechanisms of action.
4.1. Green Seaweeds

Bromophenols and flavonoids of green seaweeds (Figure 10) have antioxidant activities. In fact,
species such as Ulva clathrata, Ulva compressa (formerly known as Enteromorpha compressa), Ulva
intestinalis, Ulva linza, Ulva flexuosa, Ulva australis (formerly known as Ulva pertusa), Capsosiphon
fulvescens, and Chaetomorpha moniligera were tested and proven to have high radical scavenging
activities [143,144]. These findings will allow the development of new products in drug, cosmetics, or
food industries.

Furthermore, the phenolic fraction of Ulva clathrata has an anti-tumoral effect [145], and this was
also verified in Ulva flexuosa species [146]. The phenolic extract of the last not only showed cytotoxicity
against breast ductal carcinoma cell line, but also antibacterial activity. This proves the interest of
phenol of green seaweeds for human health.
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In more recent studies, the C. socialis phenolic compounds, such as 2,3,8,9-tetrahydroxybenzo
[c]chromen-6-one, 3,4,3’,4’-tetrahydroxy-1,1’-biphenyl, and cladophorol have been identified with
interesting antibacterial activity against methicillin-resistant Staphylococcus aureus [147].

Figure 10. Examples of green seaweeds (Chlorophyta): (A)—Dasycladus vermicularis; (B)—Ulva clathrata;
(C)—Ulva compressa; (D)—Ulva intestinalis; (E)—Ulva lactuca; (F)—Ulva linza [148].

4.1.1. Bromophenols

Bromophenols found in green seaweeds revealed interesting properties, such as
the 5'-hydroxyisoavrainvilleol isolated from the Awrainvillea nigricans, which is cytotoxic to KB
cells and demonstrated promising anti-microbial activity [68]. Another promising bromophenol from
the same genus, from the species A. rawsoni, was isolated—the rawsonol—which had an inhibitory effect
in HMG-CoA reductase activity, as it was a rate-controlling enzyme of the mevalonate pathway that
produces cholesterol molecules [149]. The study of Estrada et al. [150] identified other bromophenols,
isolated from Cymopolia barbata, with antibacterial activity against Staphylococcus aureus and Pseudomonas
aeruginosa; the compound was a brominated monoterpenoid quinol.

4.1.2. Flavonoids

Other phenolic compounds present in green seaweeds, the flavonoids compounds, have been
investigated from a medical perspective, such as the anti-diabetic area. Actually, a research on Ulva
prolifera revealed that flavonoids-rich extracts under 3 KDa molecular weight promoted the decrease of
fasting blood glucose, augmentation of oral glucose tolerance, and protection against liver and kidney
injury with reduced inflammation in diabetic mice [151,152]. The mechanism of action also showed
a modulation of the intestinal microbiome by the growth of the bacteria Lachnospiraceae sp. and Alisties
sp. in overall abundance, which has a clear influence on the release of intestinal hormones that have
a direct positive impact on insulin release and resistance [151].

Caleurpa spp. (Chlorophyta) have various flavonoids, such as kaempferol and quercetin.
These flavonoids have been correlated with antioxidant activity [153]. Caulerpa corynephora has
the same concentration of the rutin hydrate as the brown seaweed Undaria pinnatifida [35].

80



Mar. Drugs 2020, 18, 384

4.2. Red Seaweeds

The ecological function of the phenolic compounds in red seaweeds (Figure 11) has been barely
investigated, but they probably have multipurpose actions in cell life, as antioxidants, chelating
and defense against herbivory agents, as well as cofactors or hormones [154]. However, there is not
always information on the bioactivity of the phenolics isolated, because some assays do not occur with
purified groups of phenolic compounds but with an extract enriched in polyphenolics [154].

For instance, Farideh Namvar and colleagues [155] studied the effect of Kappaphycus alvarezii
polyphenol-rich extract (ECMES) on cancer cell lines. The concentrations applied in this study did not
demonstrate a cytotoxic effect on the normal cells, though it was cytotoxic to the MCF-7 cancer cell line.
These results suggest that the ECME’s active substance might target cancer-associated receptors, cancer
cell signaling molecules, or gene expression of the MCF-7 breast cancer cells that triggers mechanisms
causing cancer cell death [155].

Phenols that are applied in food and drugs have been obtained from red seaweeds; the advantages
of their bioactivities will be discussed further in Section 5 of this review.

The red seaweed has been characterized with different phenolic compounds, such bromophenols,
flavonoids, phenolic terpenoids, and mycosporine-like amino acid.

Figure 11. Examples of red seaweeds (Rhodophyta): (A)—Asparagopsis armata; (B)—Chondrus cispus;
(C)-Mastocarpus stellatus; (D)—Palmaria palmata; (E)—Solieria chordalis; (F)—Pterocladiella capillacea;
(G)—Porphyra umbilicalis; (H)—Hypnea musciformis [148].

4.2.1. Bromophenols

From red seaweeds, phenolic compounds identified as bromophenols and benzoic acids have been
the most researched, from isolation to conducting an extensive characterization [154]. Bromophenols
are phenolic compounds that are prominently found in red seaweeds, with bromine substituent
indistinct degrees [33].

Bromophenols isolated from Symphyocladia latiuscula have antioxidant activity against the DPPH
assay. These phenolic compounds have various and diverse high brominated groups mainly based
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in the 3,4-dihydroxy-2,5,6-tribromobenzyloxy [33,102,156]. The same occurred with the Polysiphonia
stricta (formerly known as Polysiphonia urceolata), revealing that the antioxidant power of red seaweeds
depends on brominated units and degrees of brominating of the molecules [33,102,156]. Isolated red
seaweeds bromophenols are mainly studied in the oncology, diabetic, and microbial fields, to observe
their properties.

One of the main research studies of the red seaweeds bromophenolic compounds is the study
of the compounds of the oncology area, with a lot of studies with isolated compounds having
demonstrated interesting characteristics, as we demonstrate in this topic.

The 3-bromo-4,5-dihydroxy benzoic acid methyl ester and 3-bromo-4,5-dihydroxy-benzaldehyde
bromophenols isolated from Rhodomela confervoides demonstrated high potential against KB, Bel-7402
(Human papillomavirus-related endocervical adenocarcinoma), and A549 cancer cell lines [157].

In addition, the bis(2,3-dibromo-4,5-dihydroxybenzyl) ether has demonstrated apoptotic activity
against K562 human myelogenous leukemia cells [76], as has the lanosol butenone (Colensolide A)
isolated from Vidalia colensoi (formely Osmundaria colensoi), revealing selectivity against leukemia
cells [77,157]. The bis(2,3-dibromo-4,5-dihydroxybenzyl) ether showed anti-angiogenesis effects in vitro
and in vivo (zebrafish embryos) by reducing the HUVEC (human umbilical vein endothelial cells) cells’
proliferation, migration, and tube formation; however, it did not decrease the preformed vascular tube.
Overall, it indicates a potential for further studies for cancer prevention and novel therapies, due to
the unique structure that is different from the current anti-angiogenesis therapeutic agents [158].

The bis(2,3-dibromo-4,5-dihydroxybenzyl) methane isolated from R. confervoides demonstrated
activity against the BEL-7402 (Human papillomavirus-related endocervical adenocarcinoma) cancer
cell line, inhibiting the cell adhesion to fibronectin and collagen as well as cell migration and invasion,
demonstrating an interesting anti-metastatic activity that can be developed to understand how it
can be applied in oncologic therapeutic and compound selectivity [159]. From this seaweed, 8
bromophenols have been isolated that have been assayed against various cancer cell lines, such as
HCT-8 (human colon cancer), Bel7402, BGC-823 (stomach cancer), A549 (adenocarcinomic human
alveolar basal epithelial cell), and A2780 (human ovarian cancer), with only four compounds
demonstrating activity against the cancer cell lines tested: 2,3-dibromo-4,5-dihydroxyphenylethanol,
2,3-dibromo-4,5-dihydroxyphenylethanol sulfate, 3-bromo-4,5-dihydroxyphenylethanol sulfate,
and 3-bromo2-(2,3-dibromo-4,5-dihydroxybenzyl)-4,5-dihydroxyphenylethanol sulfate [160].

The bromophenols also show interesting results regarding their anti-diabetic and anti-obesity
medical aspects. The bromophenols extracted from S. latiuscula, such as the 2,3,6-tribromo-
4,5-dihydroxybenzyl methyl ether and its derivates, inhibit x-glucosidase, which improves insulin
sensitivity and glucose uptake [161]. In this species, there were also various bromophenolic
compounds isolated (2,2’,3,6,6"-pentabromo-3’,4,4’ ,5-tetrahydroxydibenzyl ether, bis(2,3,6-tribromo-
4,5-dihydroxyphenyl)methane, and 2,2’,3,5’ ,6-pentabromo-3’,4,4’,5-tetrahydroxy diphenylmethane)
that demonstrated aldose reductase inhibitory activity, via an enzyme in the polyol pathway, which
is responsible for fructose formation from glucose and has an important role in the development of
diabetes [162].

Bromophenol derivatives based on 2,3-dibromo-4,5-dihydroxybenzyl units and highly brominated
isolated from Rhodomela confervoides demonstrate activity against PTP1B (Protein tyrosine phosphatase
1B), which is a negative regulator of the insulin signalling pathway, and the compounds demonstrated
a substantial decrease of the blood glucose in diabetic rats [163].

Ko et al. [66] isolated the 5-bromo-3,4-dihydroxybenzaldehyde from Polysiphonia morrowii
and studied the effect and mechanism of action of this compound in adipogenesis and the differentiation
of 3T3-L1 preadipocytes, demonstrating that this bromophenol targets the peroxisome
proliferator-activated receptor-y expression levels and also the CCAAT/enhancer-binding proteins
o and sterol regulatory element-binding protein 1. However, the main mechanism is under
the AMP-activated protein kinase signal pathway, inhibiting the adipogenesis, in vitro assay. So, there
is a need to develop further work to understand if the effect can be replicated in vivo.
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The study of Mikami et al. [164] revealed that the n-butyl 2,3-dibromo-4,5-dihydroxybenzyl ether,
isolated from the red seaweed Odonthalia corymbifera, demonstrated inhibition against the glucose
6-phosphate dehydrogenase, which is a key enzyme in the formation of reduced nicotinamide adenine
dinucleotide phosphate (NADPH). This compound is an important factor in the biosynthesis of fatty
acid and cholesterol and a factor intrinsic to cancer cells lines” growth. These studies used bacterial
and yeast glucose 6-phosphate dehydrogenase enzymes, so there is a long road to understand its effect
in humans, but the assay has proven the bioactive potential of the bromophenolic compound.

Researchers have proven the antimicrobial action of these molecules. For instance, bromophenols
isolated from R. confervoides, by Xu et al. [165], were tested against various bacteria species, such as
Staphylococcus aureus, Staphylococcus epidermidis, Escherichia coli, and Pseudomonas aeruginosa. The results
were the most promising against the Staphylococcus species, and the best bromophenol in the assay was
bis (2,3-dibromo-4,5-dihydroxybenzyl) ether, without effect against only one Escherichia coli strain.

In addition, the lanosol methyl ether, lanosol butenone, and rhodomelol isolated from the Vidalia
colensoi (formerly known as Osmundaria colensoi) demonstrated anti-bacterial and anti-fungal activities
against various pathogens, such as various Halomonas species, Pseudomonas sp., Vibrio alginolyticus,
Vibrio harveyi, Klebsiella pneumoniae, Propionibacterium acnes, Staphylococcus aureus, Alternaria alternata,
and Candida albicans. These effects proved to be bactericidal and bacteriostatic or fungicidal
and fungistatic, demonstrating the dose-dependent curve for effect against the pathogen. These results
prove the multi-performance of the red seaweeds bromophenols against terrestrial and aquatic
microbes [166].

The bis(2,3-dibromo-4,5-dihydroxybenzyl) ether demonstrated anti-fungal activity against various
phytopathogenic fungi, such as Botritys cinerea, Valsa mali, Fusarium graminearum, Coniothyrium
diplodiella, and Colletotrichum gloeosporioides, and it did not demonstrate activity against Alternaria mali
and Alternaria porri, indicating that the research of bromophenols applications can pass also to control
pathogens in the food and contribute to high food security [167].

The S. latiuscula bromophenol 2,3,6-tribromo-4,5-dihydroxybenzyl methyl ether had demonstrated
anti-viral effect against various types of herpes simplex type 1. This assay was performed in mice with
anti-viral activity at a dosage of 20 mg/kg for 6-10 days, without the presence of major secondary
effects observed. The behavior of the anti-viral activity was comparable with acyclovir, in the skin
lesions and the concentration of the virus particles in the brain [168].

The bromophenols isolated from Polysiphonia morrowii, the 3-bromo-4,5-dihydroxybenzyl methyl
ether (BDME) and 3-bromo-4,5-dihydroxybenzaldehyde (BD), demonstrated anti-viral activity against
the infectious hematopoietic necrosis virus (IHNV) and infectious pancreatic necrosis virus (IPNV), which
are two aggressive fish pathogenic virus. The study of Kim et al. [169] demonstrated that the BDME has
an effect against the two viruses; however, the BD only has an effect against IHNV. It ought to be noted
that the anti-viral effect is lower than the control used (ribavirin).

These molecules, isolated from the red seaweeds, have other interesting activities. For example,
3,5-dibromo-4-hydroxyphenylethylamine, 2,2’,3,3’-tetrabromo-4,4’ 5,5 -tetrahydroxydiphenylmethane,
2,3-dibromo-4,5-dihydroxybenzyl  alcohol,  2,3-dibromo-4,5-dihydroxybenzyl —methyl ether,
2,2’ 3-tribromo-3’ 4,4’ 5-tetrahydroxy-6’-hydroxymethyldiphenylmethane, and 3-bromo-4-(2,3-dibromo
-4,5-dihydroxybenzyl)-5-methoxymethylpyrocatechol, isolated from Odonthalia corymbifera, had been
assayed against a fungal pathogen that affects the rice plants (Magnaporthe grisea). The bromophenols
demonstrated efficiency in reducing the disease impact in the wild rice plants, with comparable results of
rice genetic modified to be resistant to this pathogen [170].

In addition, 2,3,6-tribromo-4,5-dihydroxybenzyl alcohol and bis-(2,3,6-tribromo-4,5-dihydroxybenzyl)
ether, extracted from S. latiuscula, act as multitarget ligands promoting neuroprotection [161].
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4.2.2. Flavonoids

The flavonoid isolation from Acanthophora specifera demonstrates a mixture of chlorogenic acid
(69.64%), caffeic acid (12.86%), vitexin-rahmnose (12.35%), quercetin (1.41%), and catechol (0.59%) [171].
The flavonoid-enriched extract has demonstrated antioxidant activity [172].

The study of Saad et al. [173] demonstrated a flavonoid-enriched extract from Alsidium corallinum
containing flavonoids such as luteolin 5,7,3’ 4’ tetramethy] ether, quercetin 3,7 dimethylether 4’ sulfate,
and catechin trimethyl ether, which can be useful tools against the kidney dysfunction provoked by
potassium bromate; this assay was done in mice.

4.2.3. Phenolic Terpenoids

Davytetal. [174] isolated 11 sesquiterpenes from Laurencia dendroidea (formerly known as Laurencia
scoparia) and studied the anthelmintic activity with moderate results against the parasite stage of
Nippostrongylus brasiliensis. Meroditerpenes of the Callophycus serratus and Amphiroa crassa had been
demonstrated in the initial stages of studying antimalarial activity [175].

A chromene-based molecule isolated from Gracilaria opuntia has been assayed and proved to have
antioxidant and also anti-inflammatory activity in in vitro assays [176].

4.2.4. Mycosporine-Like Amino Acid

This class of phenolic compounds is exclusive from red seaweeds and can be found in
various species, such as Asparagopsis armata, Chondrus crispus, Mastocarpus stellatus, Palmaria palmata,
Gelidium spp., Pyropia spp. (formerly known as Porphyra spp.), Crassiphycus corneus (formerly known
as Gracilaria cornea), Solieria chordalis, Grateloupia lanceola, and Curdiea racovitzae (Rhodophyta). Various
MAAs have already been isolated—likewise, the palythine, shinorine, asterina-330, porphyra-334,
palythinol, and usujirene. These types of compounds have a high antioxidant and photoprotection
activity, and also anti-proliferative activities in the HeLa cancer cell line (human cervical adenocarcinoma
cell line) and HaCat (human immortalized keratinocyte). This was already passed from the studies to
the final product production [177-184]. Recent studies indicate that MA As can have other important
bioactivities, such as anti-inflammatory, immunomodulatory, and wound-healing properties [185-187].
So, these compounds are a natural alternative to the synthetic UV-R filters in the sunscreens. Thus,
MAAs seem to be driven and focused to a specific area that permitted studying and rapidly obtaining
a product that can be applied in humans.

4.3. Brown Seaweeds

Brown seaweeds (Figure 12) also have a polyphenols group of high interest: the phlorotannins,
which are found in neither green nor red seaweeds. As other phenols, phlorotannins have strong
antioxidant effects, especially phloroglucinol, eckol, and dieckol, which can be extracted from
Ecklonia cava. Moreover, these molecules revealed effectiveness in protecting DNA against hydrogen
peroxide, which induces damage [188]. Other phenolic compounds isolated from brown seaweeds are
bromophenols, flavonoids, and phenolic terpenoids, which have been the least studied due to the high
quantity of phlorotannins.

Polyphenols obtained from F. vesiculosus, at concentrations that were not cytotoxic, inhibited both
HIV-1-induced syncytium formation and HIV-1 reverse transcriptase enzyme activity [189]. HIV-1 is
not the only virus that is susceptible to Phaeophyceae seaweeds’ phenolics; murine norovirus (MNV)
and feline calicivirus (FCV) are other examples [190,191].
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Figure 12. Examples of brown seaweed (Phaeophyceae): (A)—Ascophyllum nodosum; (B)—DBifurcaria
bifurcata; (C)—Colpomenia sinuosa; (D)—Treptacantha baccata; (E)—Fucus vesiculosus; (F)—Leathesia marina;
(G)—Padina pavonica; (H)—Sargassum muticum; (I)—Sargassum vulgare; (J)—Undaria pinnatifida [148].

4.3.1. Phlorotannins

Contrasting the recent developments in other phenolic compounds classes from seaweeds, early
research of isolation and characterization was performed in phlorotannins accumulated by brown
seaweeds. Phlorotannins are the most studied group of phenolic compounds from algae [45].

Their antioxidant power is 2 to 10 times higher when compared to ascorbic acid or
tocopherol [192,193], demonstrating a hypothesis to treatments of inflammatory diseases [194].
Additionally, it was proven that phlorotannins can be applied as a protective agent against the toxicity
of drug/antibiotics in humans, without the drugs losing their power, diminishing the damage from
drug-based toxicity, such as gentamicin [195].

These research studies occur mainly in cell lines and model organisms, so in the future, the studies
must be advanced to the next phase of trials in humans; with safeguards, they could be applied in
commercial products.

One of the principal areas of study using phlorotannins is the oncology area. It was demonstrated
that dioxinodehydroeckol, dieckol, and phlorofucofuroeckol, isolated from Ecklonia cava, have
anti-proliferative, anti-tumor, anti-inflammatory, anti-adipogenic, and anti-tumorigenic activities.
These properties are mainly against breast cancer cell lines MCF-7 and MDA-MB-231, SKOV-3
(ovarian cancer line), HelLa (cervical cancer cell line), HT1080 (fibrosarcoma cancer cell line),
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A549 (adenocarcinomic human alveolar basal epithelial cell), and HT-29 (human colon cancer cell
line) [196-200]. The dieckol demonstrated a high anticancer activity against the non-small-cell lung
cancer line A549 [201]. Eckol inhibited the proliferation of SW1990 pancreatic cells induced by Reg3A
(a pancreatic inflammation upregulated protein with pro-growth function) [202]. Dieckol isolated
from E. stolonifera induced apoptosis in human hepatocellular carcinoma Hep3B cells, demonstrating
potential to be a new therapeutic agent to treat liver tumor, but more research is needed in order to
develop a secure form to be effective and safe, consequently, full understanding of the mechanism of
action that has reported by Yoon et al. is needed [203].

Other assays in radiotherapy observed the radio-protective effects of dieckol, triphlorethol-A,
and eckol from Ecklonia genus to y-irradiation; thus, the phlorotannins can have multiple roles in
protection from radiation aggression or use in radiotherapy. Mainly, the mechanism of action is
the radical scavenging and reducing pro-apoptotic molecules, but dieckol has an impact on the increase
of the enzyme manganese superoxide dismutase that prevents DNA damage and lipid peroxidation,
accelerating the hematopoietic recovery [204-208]. This radiation-induced protection has also been
proven with eckol (Ecklonia genus) in the intestinal stem cells damaged by gamma irradiation, although
the mechanism of this effect was not fully understood [204].

Several studies also reported the anti-diabetic properties of the phenolics of brown
seaweeds [209,210]. Ascophyllum nodosum [36], Fucus distichus [211], and Padina pavonica [212] are
species that produce phlorotannins, which were proven to have this effect. Other in vivo investigations,
testing eckol and dieckol from Ecklonia cava [213,214], Ecklonia stolonifera, and Eisenia bicyclis (formerly
known as Ecklonia bicyclis) [215], demonstrated the effects of oral administrations of these phenols
in diabetic models in alleviating the postprandial hyperglycemia, suggesting a reduction in insulin
resistance in those animals [214]. Octaphlorethol A isolated from Ishige foliacea has also shown
anti-diabetic activity in type 2 diabetes. The mechanism of action studied by Lee et al. [216] elucidates
the clinical applications of this phlorotannin as a new drug candidate for the treatment of type 2 diabetes.

The compound isolated from Sargassum patens, 2-(4-(3,5-dihydroxyphenoxy)-3,5-dihydroxyphenoxy)
benzene-1,3,5-triol (DDBT), suppresses in high quantity the hydrolysis of the amylopectin by human
salivary and pancreatic o; with these results, it can be beneficial as a natural nutraceutical to prevent
diabetes [217].

From the study of Oh et al. [218], the dieckol isolated from E. cava attenuates the leptin resistance
in the brain, and furthermore, it can cross the blood-brain barrier, which demonstrates dieckol as
a potential treatment for obesity.

The 6,6'-bieckol compound isolated from E. cava demonstrated an inhibition for
the high-glucose-induced cytotoxicity in human umbilical vein endothelial cells (HUVECs)
and insulinoma cells, showing it can be a potential therapeutic agent against the hyperglycemia-induced
oxidative stress. This problem results in diabetic endothelial dysfunction [219,220].

These molecules have also shown anti-microbial effects. Dieckols (8.4""’-dieckol, 6.6”-dieckol
and 8.8’-dieckol) extracted from the species E. cava are inhibitors of the human immunodeficiency
virus (HIV-1) reverse transcriptase, with 8.8’-dieckol being the most effective against reverse
transcriptase [221-223].

The dieckol (isolated from E. cava) can interfere in the viral replication mechanism of SARS-CoV,
more concretely in SARS-CoV 3CL protease trans/cis-cleavage with a high association rate with
a dose-dependent effect on 3CL protease hydrolysis [224]. Additionally, this compound demonstrates
a potential against the influenza A virus neuraminidase, the most promising target, because it is
a critical role for viral life cycle [225]; however, the phlorofucofuroeckol was also the best phlorotannin
in the assay, equal to dieckol. Even further, these compounds have synergy with oseltamivir to enhance
the inhibitory effects.

In recent docking studies by Gentile et al. [226] of the chemical structure of heptafuhalol A,
8,8-bieckol, 6,6’-bieckol, and dieckol, compounds already isolated and characterized from E. cava, it
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was found that they are the most active inhibitors from the marine origin of the SARS-CoV-2 protease,
revealing great potential to be further investigated against SARS-CoV-2.

Eckol, dieckol, 8,8"-bieckol, 6,6’-bieckol, and phlorofucofuroeckol-A from E. bicyclis demonstrated
anti-viral activity against human papilloma virus [227].

Dieckol and phlorofucofuroeckol-A, both extracted from E. bicyclis, were demonstrated to have
potent anti-viral action [190]. Moreover, phlorotannins extracted from the Eisenia/Ecklonia genera, such
as eckol, dieckol, fucofuroeckol-A, 8,8’-Bieckol, and phlorofucofuroeckol-A, also exhibited anti-fungal
activity [228] and anti-bacterial activity against Methicillin-resistant Staphylococcus aureus and other
bacteria that are pathogenic not only in humans but also in plants [229-231].

According to several studies, these compounds also have potential to be applied in
the treatment of bone diseases. Arthritis is one of the most prevalent chronic diseases; it is
commonly characterized by the degradation of the cartilage matrix in bones joints. The dieckol
and 1-(3’,5’-dihydroxyphenoxy)-7-(2”,4”,6”-trihydroxyphenoxy) 2,4,9-trihydroxydibenzo-1,4-dioxin
(isolated from E. cava) demonstrated a reduction of the inflammatory response and cell differentiation
in an in vitro assay, demonstrating potential to minimize the impact of arthritis symptoms [232].

Phlorofucofuroeckol A isolated from E. cava promotes osteoblastogenesis, which can be
used in bone remodelling and reduce osteoporosis-related complication, mainly age-related bone
disorders [233].

Other than these, dieckol extracted from E. cava demonstrated an interesting bioactivity related to
chronic diseases, because it demonstrated anti-neuroinflammatory properties that can be essential to
auto-inflammatory diseases [234]. This was also proven with dieckol extracted from E. stolonifera [235],
demonstrating potential for therapeutic application in hepatotoxicity. Still, more studies are needed to
develop this area. However, in the study of Lee and Jun [236], the 8,8’-bieckol from E. cava demonstrated
a high inhibitory effect against 3-Secretase and acetylcholinesterase, which are the principal factors
for the development of the Alzheimer’s disease, with interesting docking assays to advance this
compound even further as a drug candidate for the therapeutics of Alzheimer’s disease. Furthermore,
Wang et al. [237] demonstrated in vitro the potential of eckmaxol, isolated from E. maxima, as
a therapeutic multi-action mechanism to treat the neurotoxicity that develops in the Alzheimer’s disease.

The study of Seong et al. [238] focused on the action of phlorotannins in the mechanisms
of anti-depressant and anti-Parkinson’s disease. Dieckol and phlorofucofuroeckol-A (isolated from
Ecklonia stolonifera) demonstrated high inhibition against the monoamine oxidases and demonstrated full
agonists with high potency at the dopamine 3 and 4 receptors, proving that these compounds can have
a multi-role intervention in the potential treatment of psychological disorders and Parkinson’s disease.

These molecules have other potential biomedical properties.  Dioxinodehydroeckol
and phlorofucofuroeckol A extracted from E. stolonifera present an anti-allergenic effect [239].
Phlorofucofuroeckol-B isolated from Eisenia arborea also demonstrates an anti-allergy effect with
the inhibition of histamine release [111]. More importantly, dieckol from E. cava demonstrates
suppressing the immunoglobulin E-mediated mast cell and the passive anaphylactic reaction,
diminishing the type I allergic responses; however, it was needed a relatively high dosage to
suppress the hypersensitivity, so more studies are needed to fully understand it [240].

Lee et al. [241] demonstrated the suppression mechanism of action of dieckol (isolated from
E. cava) in liver fibrosis, proving the potential of dieckol to be further evaluated to treat chronic liver
inflammation provoked by alcohol abuse, metabolic diseases, viral hepatitis, cholestatic liver diseases,
and autoimmune diseases.

Hypertension is one of the most common cardiovascular problems that origins/develops into
other dangerous diseases in the world, where the angiotensin-converting enzyme (ACE) plays a major
role in augmenting health risks. The work of Jung et al. [242] and Wijesinghe [243] demonstrated that
phlorofucofuroeckol A (isolated from E. stolonifera) and dieckol (isolated from E. cava) have a high
inhibition against the ACE in in vitro assays, ameliorating the hypertension symptoms and the risk of
development of more life-risking treats. One explanation that was proposed is that the closed-ring
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dibenzo-1,4-dioxin moiety can be essential for the bioactivity as well as the molecule polymerization
level [242].

Fucophlorethol C isolated from Dactylosiphon bullosus (formerly known as Colpomenia bullosa) has
a lipoxygenase inhibition activity, in soybean, with comparable power to the nordihydroguaiaretic
acid (obtained from Zygophyllaceae plants), which is the most well-known inhibitor. This inhibitor
is expected to suppress various lipoxygenase-related diseases, such as psoriasis, asthma, rhinitis,
and arthritis [244].

Phlorotannins can act as an anti-UVB protective agent; dioxinodehydroeckol (isolated from E.
cava) demonstrated a protection on the HaCat cells, reducing the apoptosis provoked by UVB [245].
Additionally, phlorotannins are being researched as whitening and/or anti-wrinkling agents for
cosmeceuticals, such as dieckol, dioxinodehydroeckol, eckol, eckstolonol, phlorofucofuroeckol A,
and 7-phloroeckol (isolated from various brown seaweeds). These have shown promising inhibition of
tyrosinase and hyaluronidase [5,246-251]. In addition, the 7-phloroeckol (isolated from E. cava) has
proven that it can be a hair growth promoter agent by the study of Bak et al. [252].

Although more research needs to be done, these phlorotannins can be a key for natural biomarkers
for various applications [253]. Hydroxytrifuhalol A, 7-hydroxyeckol, diphloroethol, fucophloroethol,
and dioxinodehydroeckol can be applied as food biomarkers, because after intake, they can be detected
by plasma or urine samples. Having a short half-life, they are considered a good short-term biomarker.

The molecules could also be applied in the control of the algal blooms, as the phlorofucofuroeckol
isolated from Ecklonia kurome demonstrated a high algicidal activity comparable to epigallocatechin [254].
In the swine’s diseases, the dieckol, 7-phloroeckol, phlorofucofuroeckol, and eckol isolated from E. cava
demonstrated high activity against porcine epidemic diarrhoea virus (PEDV), but it is not known
whether the compound interacts in the viral entry or in viral replication [255].

4.3.2. Bromophenols

In terms of brown seaweeds’ bromophenols compounds isolated and their respective
bioactivity analysis, the information is generally weak, having less research published, and being
mainly about the brown seaweed Leathesia marina (formerly known as Leathesia nana) [33].
Various bromophenols identified in red seaweeds also appear in brown seaweeds, such as
bis-(2,3-dibromo-4,5-dihydroxy-phenyl)-methane [256].

The studies of Xu etal. [257] and Shi et al. [258] isolated various bromophenol compounds from L. marina
and conducted assays against various cancer lines in vitro and in mice. Some of the cancer lines were A549
(lung adenocarcinoma), BGC-823 (stomach cancer), MCE-7 (breast cancer), Bel7402 (hepatoma), and HCT-8
(human colon cancer), with five of the compounds showing cytotoxic effects against various cancer cell
lines. For example, 6-(2,3-Dibromo-4,5-dihydroxybenzyl)-2,3-dibromo-4,5-dihydroxybenzyl methyl ether,
bis(2,3-dibromo-4,5-dihydroxybenzyl) ether, and 3-bromo-4-(2,3-dibromo-4,5-dihydroxybenzyl)-5-methoxy
methylpyrocatechol presented the best results in anti-tumor activity. Additionally, the bromophenols
from L. marina demonstrated a growth inhibition of Sarcoma 180 tumors in vivo (mice), demonstrating
a potential for further investigation.

On the other hand, (+)-3-(2,3-dibromo-4,5-dihydroxy-phenyl)-4-bromo-5,6-dihydroxy-1,3-dihydroiso
-benzofuran, isolated from L. marina, demonstrated an inhibitory activity against thrombin in
invitro and invivo assays [70,259]. The compound reveals a potential to treat cardiovascular
diseases, where thrombin can play a key role in the development of the diseases, such as
thrombosis and thromboembolism, due to thrombin being a proteinase that plays a key role in
the procoagulant factors.

4.3.3. Flavonoids

The work of Agregan et al. [57] identified flavonoids in Ascophyllum nodosum, Bifurcaria bifurcata,
and Fucus vesiculosus, which are mainly acacetin derivatives, gallocatechin derivatives, and hispidulin.
This work demonstrates that the isolation work of the seaweeds’ flavonoids is only beginning, and some
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of the flavonoid’s structures are comparable with terrestrial plants, such as oregano (Folium origani
cretici) or basil (Ocimum basilicum).

The myricetin isolated from Turbinaria ornata demonstrated attenuating the effect of
rotenone-induced neuronal degeneration in Drosophila melanogaster. This result demonstrates that this
flavonoid can have a positive impact on Parkinson’s disease in the muscular coordination and memory
of the fly model used [260].

4.3.4. Phenolic Terpenoids

Meroditerpenoids have been isolated and characterized from the Treptacantha baccata (formerly
known as Cystoseira baccata), all of the compounds isolated have a bicycle (4.3.0) nonane ring;
mainly, they have antifouling activity against algal settlements and mussel phenol oxidase, but
they appear to be non-toxic and non-bactericidal for the larvae of sea urchins and oysters [261].
Nine tetraprenyltoluquinol-based meroterpenoids isolated from Halidrys siliquosa present antifouling
properties and some have also demonstrated anti-bacterial activity [262].

Thus, meroditerpenoids isolated from Stypopodium flabelliforme have been assayed against
the NCI-H460 (human lung cancer cell line) presenting a moderate response [263]. Meroditerpenoids,
such as epitaondiol and stypodiol, isolated from Stypopodium flabelliforme demonstrated anti-bacterial
activity against Enterococcus faecalis. These compounds demonstrated anticancer activity against
Caco-2 (human epithelial colorectal adenocarcinoma), SH-SY5Y (neuroblastoma), and RBL-2H3 (Rat
Basophilic Leukemia cells), and they especially affected the cancer line RAW.267 (Abelson murine
leukemia virus-induced tumor), but the potential to be used as therapeutic is interesting, because they
appear to be non-toxic against non-cancer cell line V79 [264]. It can be used as a selective anticancer
drug, so there is more research to be done to fully understand the mechanism and how this unique
characteristic can be explored. The epitaondiol from Stypopodium zonale has been assayed against
human metapneumovirus with a prominent viricidal activity [265].

Zonarol, a sesquiterpene from Dictyopteris undulata, provides neuroprotection by protecting
the neuronal cells from the oxidative stress, which is one of the main mechanisms of the phenolic
compounds, so this is a candidate to be further studied to see if it is positively applicable as
neurodegenerative diseases therapeutic [266].

Ali et al. [267] isolated plastoquinones, sargahydroquinoic acid, sargachromenol acid,
and sargaquinoic acid from Sargassum serratifolium and demonstrated that these compounds have
activity against protein tyrosine phosphatase 1B, so these compounds can be further explored for
the prevention and treatment of type 2 diabetes.

5. Seaweed Phenolics: Commercial and Potential New Applications

The phenolic compounds that have been isolated from seaweeds are scarce, and further research
will enlarge the biochemical library and improve the chance to discover new potential compounds to
different industries or areas, so this area is still evolving along the road from isolation to application.
This subtopic will describe the work done on the bioactivities described above and potential
novel applications.

The major problem of these compounds to be inserted in real commercial applications is mainly
the compound concentration in seaweed, due to the low extraction efficiency and seaweed biomass
availability [15,45,105]. The solution goes through seaweed aquaculture that already exists but at a low
level [268].

Although the seaweeds’ polyphenols are a target of ongoing research, the in vivo effects are
scarce and unclear to their correspondence in vitro, which can be explained by the diversity of
the methodology used [45].

Until now, the bioavailability of seaweeds has not been completely reinvestigated. More studies
and research are needed in this field. Most of the seaweed phenolic pharmaceutical and biomedical
bioavailability studies have been supported in mouse-model systems. Proof of the protecting effects of
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seaweed phenols against other diseases has been derived from animal experiments and in vitro studies.
Consequently, new research studies are needed to examine and fully understand their bioavailability
in humans (percentage of the substance that enters in the human circulation system and has an active
effect) [45].

Phenolic compounds are the most researched seaweed compounds and are already applied in
commercial solutions (e.g., cosmetic products). Normally, the phenolic compounds are not isolated,
because the commercial products of seaweed extracts have a considerable quantity of phenols.

5.1. Food Applications

The antioxidant potential of these compounds could be seen as a natural and non-harmful food
stabilizer and preservative, attracting interest in food industries. However, there is a need to take into
account that oxidized phenolic compounds can react with amino acids to form insoluble complexes,
which may inhibit proteolytic enzymes and thus decrease the nutritive values of a food product [269].
An investigation demonstrated a negative correlation between the phenolic content of the seaweeds
Ulva lactuca, Hypnea charoides, and Hypnea japonica (phenolic content 38.8% + 0.5%, 16.9% =+ 1.0%,
and 16.3% =+ 0.03%, respectively) and the digestibility and amino acid bioavailability of 85.7% + 1.9%,
88.7% =+ 0.7%, and 88.9% + 1.4%, respectively [269]. This is likely to be a greater issue in brown
seaweed species, as they are typically higher in phenolic content, including catechins, flavonoids,
and phlorotannins [19,270].

Nevertheless, the restrictions of the synthetic ingredients in the food industry can be the turning
point for the exploitation of seaweed compounds as safe alternatives [45], as they also have anti-microbial
activities against major food spoilage and food pathogenic microorganisms [271]. Extracts that have
seaweed phenolic antioxidants have been applied as enhancers of the oxidative stability and to conserve
or increase the intrinsic quality and nutritional value of foods [272,273].

Their antioxidant potential is useful in the food industry, not only as nutraceutical compounds
for functional food products, in which they are of indubitable valuable for improving health (as food
supplements), but also to extend the shelf-life period when applied in processed food (functional
foods) [11,274]. Additionally, the antimicrobial potential from the seaweed phenolics demonstrates
that they can be useful in the food industry [275].

Moreover, bromophenols from Ulva lactuca and Pterocladiella capillacea were studied as “marine
flavor” agents in farmed fish and other aquatic organisms, because the farming final products can
have different flavor from the wild catch, and this can be inserted as a feed ingredient or a seaweed
bromophenol-enriched sauce [276].

Seapolynol™ (Botamedi Inc, Seoul, Korea) is a food supplement that has been approved by
the European Food Safety Authority [277]. This supplement is based on dieckol and other polyphenols
from E. cava; it has been tested and showed promising results as an anti-hyperlipidemic [278]
and cardioprotective agent against doxorubicin-induced cardiotoxicity [279].  Furthermore,
Seapolynol™ affected the sensitivity of insulin in type 2 diabetes and could play a key role in
the prevention of metabolic disorders [280-282]. However, these assays were performed in mice.

5.2. Cosmetic Applications

The lack of toxicity of phlorotannins when compared with other natural antioxidants, and their
effects in prevention the loss of skin elasticity of aged skin, is attracting the attention of researchers to
develop novel natural cosmeceutical and pharmaceutical formulations [34,231,283].

Currently, some seaweed extracts containing the respective phenolic compounds, namely
phlorotannins, are present in cosmetics, such as skin care and anti-aging products. Seaweeds
are already used for this purpose; for instance, in Saccharina japonica (formerly known as Laminaria
japonica), its extract (dasima extract produced Natural Solutions, in South Korea) is the ingredient
utilized in facial masks, and it has anti-inflammatory, antioxidant, and anti-microbial effects. Ecklonia
cava is an anti-inflammatory, antioxidant, anti-bacterial, and UV-protecting agent; furthermore, it is
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also anti-bacterial specifically against Propionibacterium acnes, which is a bacteria that causes acne. Thus,
these phlorotannins are included in various cosmetic formulations as well [284-287].

The cosmetic industry is one of the main areas that drives the insertion of seaweed phenolic
compounds in commercial applications, such as natural UV screening (Helioguard® 365, produced
by Mibelle Biochemistry in Buchs, Switzerland; Aethic Sovée® produced with Photamin, phenolic
extracted from seaweeds, produced by AETHIC® in London, UK from Porphyra umbilicalis) [95,288-290],
or an anti-aging agent (ECKLEXT® BG, produced by NOF Group, product obtained by phlorotannins
enriched-extraction of Ecklonia kurome, harvested in Japan) [291]. An Asparagopsis armata extract
containing MAAs is integrated in lotions with anti-aging properties [292].

Another part of cosmetics is the formulation of bioactive extracts for their incorporation in
commercial formulas. The Natural Solution produces two registered extracts based on seaweeds that
have phenolic compounds as active ingredients [293]:

- Ulva compressa (formerly known as Enteromorpha compressa) Extract (Green Confertii Extract-NS
by Natural Solution in Flemington, NJ, USA) contains flavonoids, tannins, polysaccharides,
and acrylic acid as active compounds. It displays an antioxidant effect and anti-allergic effect
and acts as an anti-microbial, antioxidant, and anti-allergic agent [294].

- Fucus vesiculosus Extract (Bladderwrack Extract-NS by Natural Solution) contains fucoidan
and phlorotannins as active compounds and acts as an anti-aging, antioxidant, anti-fungal,
and anti-bacterial agent [295].

At last, there are new studies and developments in this area focusing on new phenolic compounds
and cosmetic utilizations, with a view to patent the new compounds and formulations [296-298].

For this wide range of bioactivities and properties, the usage of natural anti-aging products
derived from seaweeds is gaining reputation and attracting researchers’ consideration [34].

5.3. Pharmaceutical and Biomedical Applications

Seaweeds have been used for centuries as a normal medicine for diverse health diseases in folk
medicine [299]. This attribute was considered as early as 300 BC in Asian cultures, and the Celtic,
British, and Roman populations located near the sea used them for 1000 years for healing wounds,
as vermifuge, or as anthelmintic, so the modern search in pharmaceutical and biomedical areas is
evolving and in continuous progression [300,301].

Seaweed’s phenols have a wide range of possible applications in the pharmaceutical and biomedical
areas due to their various bioactivities. Phenols, mostly the phlorotannins, have an outstanding
antioxidant power due to their ability as chelating agents with reactive oxygen species and consequently
preventing oxidative stress and cell damage [4,5]. Therefore, the scavenging of oxidants is important
to control various diseases; thus, phenolic compounds of seaweeds are extremely valuable as a natural
source of antioxidant agents.

Phenolic compounds are being researched for their application in human health to ameliorate or
cure some of the main disease problems nowadays, such as cardiovascular, diabetes, neurodegenerative,
and mental disorders [4,5].

Free radicals’ occurrence against macromolecules (e.g., membrane lipids, proteins, enzymes, DNA,
and RNA) plays a pivotal role in several health disorders such as cancer, diabetes, neurodegenerative,
and inflammatory diseases. Therefore, antioxidants may have a beneficial effect on human health by
preventing free radical damage [33].

5.3.1. Cardiovascular Disease

It was demonstrated that a flavonoid-enriched diet improves endothelial function and lowers
the blood pressure [302]. Phlorotannins have a positive effect on the amelioration of hypertension [27].
A compound isolated from Saragassum siliquastrum, the sargachromenol D, demonstrated high potential
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to be a new drug for blood pressure control in severe hypertension in instances where it cannot be
controlled by conventional combinatorial therapy [303].

Phlorotannins have been explored in the last decade by companies to obtain new products.
The main targets of phlorotannin supplements in cardiovascular diseases are the arteriosclerosis
prevention and the increase of protective high-density lipoprotein cholesterol (HDL-C). The products
containing phlorotannins are HealSea™ (produced by Diana Naturals in Rennes, France), IdAlg™
(produced by Bio Serae in Bram, France), and Seanol™ (produced by LiveChem in Jeju-do, South
Korea and distributed by Simple Health, Maitland, USA) [45,304].

5.3.2. Neurodegenerative and Mental Disorders

Some of the identified seaweed bromophenols can be included in schizophrenia and Parkinson’s
disease therapies [161], because they can be used as a multitarget ligand to neurosensors. Furthermore,
phlorotannins have neuroprotection action and may be the key to the treatment of neurodegenerative
diseases [31].

Extracts of Eisenia bicyclis inhibited 3-amyloid cleavage enzyme activity [305]. This potentiality was
also demonstrated using phlorotannins of other brown seaweeds, such as Ishige foliacea, Ecklonia maxima,
and E. cava, proving that they could be useful for Alzheimer’s disease treatment [31,234,237,306].

5.3.3. Anticancer Properties

The phenolic compounds and their by-products can play significant roles as anticancer metabolites,
performing in different parts of the evolution of cancer such as proliferative signalling, metastasis, cell
cycle, resistance to cell death, evasion, angiogenesis, and the evasion of growth suppressors [8,307-309].

Chemotherapy is one of the main therapeutic approaches for cancer treatment, and there are
already various natural anticancer molecules isolated—for example, the clinically used camptothecin
and taxol [310].

The phenolic compound has a promising cytotoxicity against various cancer cells lines,
and the selectivity of the compounds against cancer cell lines needs to be considered, as demonstrated
in Section 4. This issue is one of the major problems for the current anticancer drugs [33]. Therefore,
the phenolic compound can be cytotoxic to normal cell lines, such as the human embryo lung fibroblast
(HELF), because the compounds can have low selectivity and can be counter-productive in their
application, so a full batch of assays is needed to have a secure anticancer compound available. For this
case, chemical modification can be needed to enhance the molecule selectivity [33,130,311], and more
research will be necessary until a commercial product is released.

Ganesan and colleagues have proven the antioxidant effectiveness of Euchema sp., Kappaphycus
sp., Hydropuntia edulis (formerly known as Gracilaria edulis), and Acanthophora spicifera extracts [312].
In this way, Hypnea musciformis, H. valentiae, and Jania rubens extracts were found to have this potential
and others for carcinogenesis reduction and inflammatory diseases prevention [11].

5.3.4. Diabetes

Bromophenols present anti-diabetic effects [33,161] that could be used in the research
and development of a novel class of anti-diabetic drugs or in supplements and functional food products.

Red seaweeds’ bromophenols anti-diabetic effects were demonstrated by Matanjun
and colleagues [313] using the species Odonthalia corymbifera and Symphyocladia latiuscula. More
recently, this property was also confirmed in other Rhodophyta species, such as Laurencia similis [314],
Rhodomela confervoides [163], and Grateloupia elliptica [315].

Polyphenols have these effects by inhibiting hepatic gluconeogenesis and reducing the activity
of digestive enzymes such as x-amylase, x-glucosidase, lipase, and aldose reductase [125,210].
A commercial formulation of A. nodosum and F. vesiculosus phlorotannins, InSea2™ (Rimouski, QC,
Canada), promotes a 90% reduction of the postprandial blood glucose, reducing the peak insulin
secretion by 40% [316]. This leads these molecules to be considered as a potential natural alternative
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to the existing anti-diabetic drugs that have undesirable side effects [210]. Beyond their possible
incorporation in pharmacological formulations, these molecules may also be seen as novel compositions
for functional food or nutraceutical products.

5.3.5. Anti-Microbial Function

The research for novel anti-microbial agents has been a “long-distance run” for many years, because
the discovery of new effective drugs did not keep the pace of increasing anti-microbial resistance,
especially bacteria. One problem is the lack and limitation of compounds in screening libraries [317,318].
This new research phase based in blue biotech can be fundamental to the improvement of these chemical
libraries, and their extension with novel biomolecules. Initial studies had proven to be useful due to
a real increment of reports of phenolic compounds with promising anti-microbial activities [33].

Purified phenolic extracts were found to have powerful antimicrobial effect against bacteria,
fungi [37], and virus [221], revealing their potential for their use in pharmacotherapy.

In this field, there was not a clear passage from the assay to applications, but there is some patent
work with phlorotannins-based anti-bacterial agents [319].

There is one patent comprising 6,6’-bieckol from E. cava for HIV-1 pharmaceutical composition,
demonstrating interest to further explore the commercial use of phlorotannins from this species [320].

5.3.6. Tissue and Bone Regeneration

Tissue and bone engineering is a new biomedical area where the phlorotannins are recently
being tested [321]. This area focuses on the regeneration of damaged tissues, bones, or organs where
biomedical scaffolds, cells, and growth factors are combined to obtain success [322]. The scaffolds
used in regenerative applications need to provide biocompatibility, biodegradability, and appropriate
mechanical properties for successful application [323-325].

A study by Im et al. [321] demonstrated that the insertion of phlorotannins on the fish
collagen/alginate biocomposite obtained a better result in the cell proliferation. In the in vitro
assay, this new mixture showed better results in calcium deposition and osteogenesis, demonstrating
that this product with phlorotannins is a potential biomaterial for the bone tissue growth.

At the commercial level, Seanol® (E. cava phenolic extract produced by Botamedi Inc., Seoul,
Korea) was evaluated as an ingredient in hydrogels for bone regeneration with the ability to promote
the anti-bacterial activity and to enhance the bone mineralization [326].

5.3.7. Anti-Inflammatory

The symptoms of inflammation embrace the occurrence of inflammatory cells or mediators in
the specific or non-specific location of tissue affected by adverse stimuli, as well as wounds, allergies,
irritantions, or infections [327]. Various phenolics extracts and compounds already demonstrated
the power to reduce inflammation—for example, Carpodesmia tamariscifolia (as Cystoseira tamariscifolia),
Treptacantha nodicaulis (as Cystoseira nodicaulis), Treptacantha usneoides (as Cystoseira usneoides) and Fucus
spiralis phlorotannin-purified extracts, and Neoporphyra dentata (as Porphyra dentata) flavonoid-enriched
extract (containing catechol, rutin and hesperidin) [37,328]. Two different studies revealed that
phlorotannins purified extracts were able to significantly reduce the levels of nitric oxide (NO) in
mouse (RAW 264.7) macrophage cells previously exposed to a lipopolysaccharide from Salmonella
enterica [37,328]. The investigation conducted by Katarzyna Kaztowska and colleagues demonstrated
the anti-inflammatory effect of methanolic extract of the phenolic fraction of N. dentata, containing
catechol, rutin, and hesperidin, which suppressed NO production via NF-kappaB-dependent iNOS
(inducible nitric oxide synthase) gene transcription [328].

Another anti-inflammatory effect was observed in an E. cava phlorotannins extract through
the arachidonic-dependent pathway by the downregulation of prostaglandin E2 [329].
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In short, the anti-inflammatory mechanisms of action are correlated with the modulation of
NO levels, which could be by direct scavenging and/or by decreasing NO production through
the inflammatory signaling cascade or by inhibiting the enzymes involved in NO production [37,328,329].

5.3.8. Other Medical Applications

Phlorotannin complements show sleep-promoting properties in mice as demonstrated in Section 4
of this review. In human trials, it prevents waking up after falling sleep in adults with sleep
disturbances [330].

In a new assay, for caffeine sleep disruption problems, the effects of phlorotannin complements
were analyzed against a sedative-hypnotic drug zolpidem (ZPD) in mice. The phlorotannin complement
attenuated the effect of the caffeine sleep disruption effects, with identical results as the ZPD assay.
Furthermore, phlorotannins did not change the delta activity during the non-rapid eye movement sleep,
unlike ZPD, which decreased the delta activity, which is a negative symptom of taking ZPD. Thus, this
study suggests that phlorotannins can be applied to relieve transitory insomnia symptoms [330].

In the treatment of wounds, there are not many studies, although the work of Park et al. [331]
demonstrated the potential of phlorotannins extracted from E. cava to be incorporated in polyvinyl
alcohol hydrogel for wound healing after application.

Additionally, investigations showed that dietary phenols are recognized as xenobiotics in humans,
and although their absorption is very low in the small intestine (about 5-10%), they revealed prebiotic
action [332]. Once they reach the gut, phenols may modify and produce variations in the microflora
community by exhibiting prebiotic effects and antimicrobial action against pathogenic intestinal
microflora [152,333,334].

5.4. Feed and Animal Health

Seaweed’s polyphenolic compounds have been demonstrated to be bioavailable for animals
from the colon [335]. These phenolic compounds can be absorbed either directly in the upper
digestive tract in untouched form or in the lower intestine after alteration by bacteria in the digestive
tracts [336,337]. A study by Nagayama et al. [231] identified a possible application of phlorotannins
extracted from Ecklonia kurome as anti-bacterial drugs that can be a natural substitute for the recently
banned feed antibiotics.

Phlorotannins perform as prebiotics for both ruminant and monogastric animals while the dosage
is given at low doses, under 5% in the animal diet. Phlorotannins might be involved in the feed of
poultry and pigs only at low levels, commonly up to 5-6% in growing animals and never above 10%
to prevent the over-dosage that causes negative effects in animal health. Using the recommended
dosage, there is an escalation in productivity (increase in animal growth and milk production),
quality (enhanced meat quality), and safety (decrease in shedding of pathogenic microorganisms;
phlorotannins are more effective than the condensed tannins from terrestrial plant sources) of animal
products due to phlorotannins. An amelioration of the immune system and rise in the anti-oxidative
status of the animals were also observed [231,338-345].

Ascophyllum nodosum holds high amounts of phenolic compounds (mainly phlorotannins) that are
insoluble in the digestive tract of animals [344,346]. Wang et al. [344] demonstrated that the A. nodosum
extract contained a considerable concentration of phlorotannins (up to 500 g/mL), which reduced
fermentation in mixed feed and barley grain feed in an in vitro assay. The effects were linear
with the phlorotannins concentration. The A. nodosum based meal improved the slowly degraded
protein fraction and protein degradability, and it was further beneficial to the feed digestibility when
complementing low-quality feed diets [347].

Tasco® (Dartmouth, Nova Scotia, Canada) from Acadian Seaplants is one of the A. nodosum-based
feeds in the feed market [348], where various studies have been conducted to prove that phlorotannins
enhance animal health [339,343,345,349].
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5.5. Agriculture

The seaweed phenolic compounds that are identified in some commercial seaweed extracts can
be a protection factor against plant diseases [350] because of their anti-microbial activity. Another
potential role of polyphenols is the protection of plant organisms from damages caused by free radicals
and other oxidants [336,351].

This field is in evolution, and normally, it is mainly explored using brown seaweeds because of
the knowledge regarding phlorotannins. The commercialization of a solution with phenolic compounds
as a stimulant for mycorrhizal and rhizobial symbiosis is already a patented work, which can happen
as fertilization or treatment based mainly in the Fucus and Ascophyllum genus [352]. Another patent is
based on liquid fertilizer with an active plant disease protection effect [353].

Some extracts produced by Maxicrop, Acadian Seaplants, and algae have a high content of
humic-like polyphenols or polyphenols, which have been derived mainly from brown seaweeds in this
type of industry [354]. One example is the A. nodosum analyzed from Norway and Nova Scotia that
has 15-25% of extractable polyphenols with high molecular weight [355].

5.6. Other Applications

Phlorotannins can substitute bisphenol A (BPA), a very toxic substance, in the vinyl esters.
The material designed and tested by Jaillet et al. [356] demonstrated a high thermal stability
and thermomechanical properties, so this phlorotannins-based material can be applied as a substitute
of BPA-based material in thermoset networks for composites. There is a long way to go before these
compounds can be applied, but this demonstrates the potential of phlorotannins and the phenolic
compounds of seaweeds.

6. Conclusions and Future Perspectives

The phenolic compounds discovered in seaweeds are an extensive and diverse group that are
divided in four major classes and specific groups of terpenoids, where the predominant bioactivity of
all is the anti-oxidative activity.

The phlorotannins represent the phenolic class in a more advanced stage of research with
commercials products already available in diverse areas. However, the major compounds isolated
are from the Ecklonia genus, indicating that research is approaching seaweeds with more biomass
available, and so, the hypothesis of exploring these products commercially is more feasible. Therefore,
the range of studies of phenolic compounds is wide, with the exception of only MAAs, which have
focused on UV protection with large success. This bioactive compound can be applied in a wide range
of industries such as food and feed, biomedical and pharmaceutical, agriculture, and electronics.

From the bibliography analyzed, this review demonstrates a good index of new developments
in the pharmaceutical area and in other areas by using seaweed phenolics, but there is long road to
understanding the major parts of the compounds already isolated, and there are other seaweeds that
can be targeted for studies due to the easy seaweed cultivation.

We also demonstrate that the extractions and isolation methods are still being developed in order
to be more ecological and intuitive to perform, with better quality, purity, and quantity of the phenolic
compound extracted. So, the seaweed phenolics can be key players in the future in different areas that
can help the practices of humankind be greener through being supported by natural compounds that
were very difficult to obtain until the developments of the last decade.
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Abstract: Seaweed is an important food widely consumed in Asian countries. Seaweed has a diverse
array of bioactive compounds, including dietary fiber, carbohydrate, protein, fatty acid, minerals and
polyphenols, which contribute to the health benefits and commercial value of seaweed. Nevertheless,
detailed information on polyphenol content in seaweeds is still limited. Therefore, the present work
aimed to investigate the phenolic compounds present in eight seaweeds [Chlorophyta (green), Ulva sp.,
Caulerpa sp. and Codium sp.; Rhodophyta (red), Dasya sp., Grateloupia sp. and Centroceras sp.; Ochrophyta
(brown), Ecklonia sp., Sargassum sp.], using liquid chromatography electrospray ionization quadrupole
time-of-flight mass spectrometry (LC-ESI-QTOF-MS/MS). The total phenolic content (TPC), total
flavonoid content (TFC) and total tannin content (TTC) were determined. The antioxidant potential
of seaweed was assessed using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging assay,
a 2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) free radical scavenging assay and a
ferric reducing antioxidant power (FRAP) assay. Brown seaweed species showed the highest total
polyphenol content, which correlated with the highest antioxidant potential. The LC-ESI-QTOF-MS/MS
tentatively identified a total of 54 phenolic compounds present in the eight seaweeds. The largest
number of phenolic compounds were present in Centroceras sp. followed by Ecklonia sp. and
Caulerpa sp. Using high-performance liquid chromatography-photodiode array (HPLC-PDA)
quantification, the most abundant phenolic compound was p-hydroxybenzoic acid, present in
Ulva sp. at 846.083 + 0.02 ug/g fresh weight. The results obtained indicate the importance of seaweed
as a promising source of polyphenols with antioxidant properties, consistent with the health potential
of seaweed in food, pharmaceutical and nutraceutical applications.

Keywords: seaweeds; polyphenols; antioxidant potential; LC-ESI-QTOF-MS/MS; HPLC-PDA

1. Introduction

Seaweed has been utilized as a food for humans for centuries, and the current global market is
valued at more than USD 6 billion per annum with an annual volume of approximately 12 million tonnes
in 2018 [1,2]. Seaweeds (macroalgae) are classified into three major groups including Chlorophyta
(green algae), Rhodophyta (red algae) and Ochrophyta (brown algae) based on their color. Itis estimated
that 1800 different green macroalgae, 6200 red macroalgae, and 1800 brown macroalgae are found in
the marine environment [3]. Like plants, they have chlorophyll for photosynthesis but also contain
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other pigments which may be colored red, blue, brown or gold. Seaweeds are used in many countries
as a source of food especially in East Asia, seaweeds are associated with different Japanese, Koreans
and Chinese cuisines [4]. Seaweed is considered an excellent source of bioactive compounds with
positive health effects, including carotenoids, phenolics, chitosan, gelatin, polyunsaturated fatty acids,
various vitamins and minerals [5]. Recent interest in seaweed has focused on seaweed natural bioactive
compounds in the functional food, pharmaceutical and cosmeceutical industries [6]. Among these
bioactives, polyphenols, which are defined as the compounds containing one or more aromatic rings
bearing hydroxyl groups, have attracted considerable attention [7]. Polyphenols have been shown to
exhibit antioxidant, antimicrobial, antidiabetic, anti-inflammatory and anticancer properties in in vitro
and in vivo studies [8], and are categorized into subclasses of phenolic acids, flavonoids, stilbenes, and
lignans, depending on the chemical structure [9].

A promising bioactive property of polyphenols relates to their antioxidant activity and redox
potential, allowing them to reduce the reactive oxygen species (ROS) that are involved in a range of
human disorders [10]. Strong antioxidant properties of various edible seaweeds have been reported,
particularly with seaweeds with high polyphenol content, which can be as high as 20-30% of the dry
weight of some brown seaweeds [11,12]. Several phenolic compounds are abundant in a range of
species of seaweed, including gallic acid, protocatechuic acid, caffeic acid and epicatechin, with these
species showing potential as functional foods [13]. Antioxidants in food can exhibit their activity by
donating hydrogen atoms, providing electrons and chelating free metals [14]. Antioxidant compounds
have been successfully extracted from seaweeds and commercialized for their health benefits or for
their ability to prolong the shelf-life of food through their antioxidant potential [15,16].

Total phenolic, flavonoid and tannin contents in seaweed can be indirectly measured
using assays for total phenolic content (TPC), total flavonoid content (TFC) and total tannin
(TTC), respectively. The antioxidant activities of seaweed can be quantified using various
assays based on different mechanisms, including 2,2-diphenyl-1-picrylhydrazyl (DPPH) and
2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assays based on free-radical scavenged
by antioxidant compounds, and ferric reducing of antioxidant power (FRAP) assay based on the
reducing capacity of antioxidants [17]. However, TPC and other colorimetric methods neither
separate, nor quantify, individual compounds. High-performance liquid chromatography coupled
with electrospray ionization-quadrupole-time of flight-mass spectrometry (LC-ESI-QTOF-MS/MS) has
been a standard method to isolate and characterize phenolic compounds based on their molecular
weight [18]. High-performance liquid chromatography photodiode array (HPLC-PDA) has been used
to quantify various bioactive compounds in seaweed extracts [19].

The objectives of the current study were: (1) to extract phenolic compounds from a range of
seaweeds; (2) quantify the total phenolic and antioxidant capacities of seaweed extracts using different
assays and (3) apply LC-ESI-QTOF-MS/MS and HPLC-PDA to characterize and quantify individual
phenolic compounds.

2. Results and Discussion

2.1. Polyphenol Estimation (TPC, TFC and TTC)

The polyphenol content was measured as TPC, TFC and TTC (Table 1). Brown seaweed Ecklonia sp.
showed significantly higher TPC (1044 + 2.5 ug GAE/gs+,) and TTC (167 + 23.2 ug CE/gs.,) contents
than other seaweed (p < 0.05). The presence of higher total phenolics in brown seaweed Ecklonia sp.
compared to green seaweed Ulva sp. and red seaweed Porphyra sp. was previously observed by
Garcia-Casal, et al. [20]. The significant higher total phenolic and tannin content in brown seaweed
Ecklonia sp. is proposed to be related to the presence of phlorotannins, which are restricted to brown
algae, in special vesicles (physodes) within the cells [21]. Phlorotannins are highly complex compounds
formed by the polymerization of phloroglucinol, which has already been characterized by LC-MS in
previous studies [22,23] and supported by our current study. The highest total flavonoid content was
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found in red seaweed Grateloupia sp. (54.4 + 0.74 ug QE/g¢ ) (p < 0.05) as compared to brown and green
seaweeds. However, compared to previous studies [24], the total flavonoid content of red seaweed we
found was relatively low compared with that of brown and green seaweed. The inconsistency might
be explained by Chan, et al. [25], who reported that the total flavonoid content of seaweeds is impacted
by sunlight, climate, region and extraction solvent.

Table 1. Phenolic content estimated in the seaweeds investigated in this study.

Samples. TPC (ug GAE/g)  TFC (ug QE/g) TTC (ug CE/g)
Green seaweeds
Ulva sp. 14.80 + 0.54 4 9.80 + 1.96 d¢ -
Caulerpa sp. 430+0454 0.73 +0.08 f 3.31+7.02°
Codium sp. 229 +0.26 4 1.11+0.63 -
Red seaweeds *

Dasya sp. 260.15 +2.25 ¢ 29.96 + 0.48 24.90 + 3.46 P
Grateloupia sp. 524.56 + 0.46 © 54.43 +0.74 2 -
Centroceras sp. 4931 +2.174 4255 +0.52° 445 +437°

Brown seaweeds *
Ecklonia sp. 1044.36 + 2.54 2 13.87 + 1.18 4 166.87 +23.24 2
Sargassum sp. 2227 +0.15¢ 3.88 + 0.27 562 +0.01°

The data are shown as mean =+ standard error (n = 3); the superscript letters (a—f), indicate the means within a column
with significant difference (p < 0.05) using a one-way analysis of variance (ANOVA) and Tukey’s test. Data of
seaweed is reported on a fresh weight basis. *: total polyphenol content of brown seaweeds was significantly higher
than green and red seaweeds; total flavonoid content of red seaweeds was significantly higher than green and brown
seaweeds (p < 0.05). The phenolic content, as measured by total phenolic content (TPC), total flavonoid content
(TFC), total tannin contents (TTC). GAE stands for gallic acid equivalents, QE stands for quercetin equivalents and
CE stands for catechin equivalents.

Regarding seaweed groups, brown seaweeds presented statistically higher TPC and TTC values
than green and red seaweeds (p < 0.05). This is in agreement with previous research which reported
that brown seaweed had a higher total phenolic content than red and green seaweeds [26]. In addition,
a study conducted by Cox, Abu-Ghannam and Gupta [24] also indicated that the total tannin content
of brown seaweeds was significantly higher than that of green and red seaweed, which is explained by
the presence of the unique polyphenolic components of phlorotannin in brown seaweed [27].

2.2. Antioxidant Activities (ABTS, DPPH and FRAP)

The antioxidant activities were determined using ABTS, DPPH and FRAP assays (Table 2.).
The brown seaweed Ecklonia sp. had a significantly higher level of antioxidant potential than other
seaweeds (958 + 0.4 ug AAE/g; ., for ABTS, 510 + 3.4 ug AAE/gs ., for DPPH and 170 + 2.0 ug AAE/g¢ .
for FRAP, p < 0.05). The result was consistent with a previous study where phlorotannins were
successfully isolated from Ecklonia sp. and exhibited strong DPPH radical scavenging activity [28].
In the present work, although Ulva sp., Caulerpa sp. and Codium sp. exhibited ABTS radical scavenging
activities, no DPPH radical scavenging activities were detected. This might be due to limitations of
the DPPH assay [29]. Firstly, unlike water-soluble ABTS*, hydrophobic DPPH must be performed in
organic solvent, which interferes with the hydrogen atom transfer reaction by disturbing the release of
hydrogen atoms. Secondly, DPPH reacts rapidly, mainly through single electron transfer, with ascorbic
acid and simple phenols with no ring adducts, but slowly with complex phenolic compounds with
side chains and ring adducts. Therefore, the application of organic solvent and the complex structure
of phenolic compounds in seaweed might lead to underestimation of DPPH scavenging activities.
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Table 2. Antioxidant activities detected in the seaweeds investigated in this study.

Samples ABTS (ug AAE/g) DPPH (ug AAE/g) FRAP (ug AAE/g)
Green seaweeds
Ulva sp. 14.24 + 0934 - 4.10 + 1.45b¢
Caulerpa sp. 20.93 +2.62 ¢ - 0.53 +0.05¢
Codium sp. 10.05 + 6.65 4 - 1.07 +0.62 €
Red seaweeds
Dasya sp. 179.63 = 9.3 ¢ 12.71 +0.83 27.39 + 1.47 b
Grateloupia sp. 243.06 + 3.78 19.12 + 0.64 P 35.05 + 1.54 P
Centroceras sp. 2791 +3.79 4 6.30 +0.73° 1.86 £1.15¢
Brown seaweeds *
Ecklonia sp. 957.85 + 0.36 2 510.32 + 3.38 2 170.03 £ 2.04 2
Sargassunt sp. 42,62 +3.094 13.71 + 5.67 P 4.76 +0.48 b

The data are shown as mean + standard error (n = 3); the superscript letters (a-d), indicate the means within a
column with significant difference (p < 0.05) using a one-way analysis of variance (ANOVA) and Tukey’s test. Data
of seaweed is reported on a fresh weight basis. *: Antioxidant capacities of brown seaweeds are significantly higher
than that of green and red seaweeds (p < 0.05). DPPH stands for 2,2-diphenyl-1-picrylhydrazyl, ABTS stands for
2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid and FRAP stands for ferric reducing antioxidant power assay.
AAE stands for ascorbic acid equivalents.

Within the seaweed groups, brown seaweed species presented significantly higher antioxidant
properties for all assays than green and red seaweed species (p < 0.05). This result was in accordance
with a previous study, which also found brown seaweed had higher ABTS radical scavenging activity
than red or green seaweeds [30].

The relationship between TPC and antioxidant potential of all three type of (green, red and brown)
seaweeds was confirmed by performing a regression model between the values of TPC and each
antioxidant assay. Results showed a significant positive correlation between TPC and antioxidant
activity (12 = 0.926 for ABTS, 2 = 0.714 for DPPH and 1> = 0.899 for FRAP, p < 0.05). A positive
correlation between total phenolic content and antioxidant assay results was also supported by previous
studies, suggesting that phenolics are the major contributor to the excellent antioxidant properties of
seaweeds [21,30].

2.3. LC-ESI-QTOF-MS/MS Characterization of The Phenolic Compounds

LC-MS has been widely used for the characterization of the phenolic profiles of different plant and
marine samples [31]. A qualitative analysis of the phenolic compounds from different seaweed extracts
were achieved by LC-ESI-QTOF-MS/MS analysis in negative and positive ionization modes (Table S1,
Figures S1 and S2-Supplementary Materials). Phenolic compounds present in eight different seaweeds
were tentatively identified from their m/z value and MS spectra in both negative and positive ionization
modes (M — H]7/[M + H]") using Agilent LC-MS Qualitative Software and Personal Compound
Database and Library (PCDL). Compounds with mass etror < + 5 ppm and PCDL library score more
than 80 were selected for further MS/MS identification and m/z characterization purposes.

In the present work, LC-MS/MS enabled the tentative identification of 54 phenolic compounds,
including 22 phenolic acids, 17 flavonoids, 11 other polyphenols and 4 lignans (Table 3).
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2.3.1. Phenolic Acids

Phenolic acids have been reported as the most abundant phenolic compounds in red, green and brown
algae [21]. In the present work, four sub-classes of phenolic acid were detected, including hydroxybenzoic
acids, hydroxycinnamic acids, hydroxyphenylpentanoic acids and hydroxyphenylacetic acids.

Hydroxybenzoic Acids Derivatives

Six hydroxybenzoic acid derivatives were detected in six out of eight seaweeds. The typical
neutral losses of CO; (44 Da) and hexosyl moiety (162 Da) were observed in phenolic acids [32].
Compound 2 with [M — H]™ m/z at 169.0138 was only detected from red seaweed Centroceras sp., and
characterized as gallic acid based on the product ion at 125 m/z, corresponding to the loss of CO,
(44 Da) from precursor ion [32]. Gallic acid was also previously reported as abundant in the brown
seaweed Himanthalia elongate [33]. p-Hydroxybenzoic acid (Compound 5 with [M — H]~ ion at m/z
137.0240) present in Ulva sp., Caulerpa sp. and Centroceras sp. was identified and confirmed by MS?
experiments (Figure 1). In the MS? spectrum of m/z 137.0240, the product ion at m/z 93 was due to the
loss of a CO;, (44 Da) from the parent ion [32]. This is consistent with p-hydroxybenzoic acid also being
found in seaweeds from the Danish coastal area [34].

4-Hydroxybenzoic acid 4-O-glucoside (Compound 3, m/z 299.0778), protocatechuic acid
4-O-glucoside (Compound 4, m/z 315.0719) and ellagic acid glucoside (compound 6, 1m/z 463.0518)
were identified in Sargassum sp., Centroceras sp., Grateloupia sp. and Ecklonia sp. in both modes.
The molecular ions of 4-hydroxybenzoic acid 4-O-glucoside, protocatechuic acid 4-O-glucoside and
ellagic acid glucoside produced the product ions at m/z 137, 153 and 301, respectively, indicating the
loss of hexosyl moiety (162 Da) from precursor ions [32].
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Figure 1. The LC-ESI-QTOF-MS/MS characterization of p-hydroxybenzoic acid; (a) A chromatograph of
p-hydroxybenzoic acid (Compound 5, Table 3), Retention time (RT = 32.906 min) in the negative mode
of ionization [M — H]" tentatively identified in Ulva sp.; (b) Mass spectra of p-hydroxybenzoic acid with
observed/precursor of m/z 137.0240 in Ulva sp.; (¢) MS/MS spectrum of p-hydroxybenzoic acid reflecting
the product ion of m/z 93, confirmation via online LC-MS library and database; (d) Fragmentation
of p-hydroxybenzoic acid in negative mode [M — H]~, with observed/precursor of m/z 137, showing
product ion of m/z 93 due to the loss of a CO, (44 Da).

Hydroxycinnamic Acids and Other Phenolic Acid Derivatives

Thirteen hydroxycinnamic acids derivatives, two hydroxyphenylpentanoic acids and one
hydroxyphenylacetic acid were tentatively identified in our study.

Compound (7) was identified as 3-sinapoylquinic acid based on the precursor ion [M — H]~ at
myz 397.1144, with product ions at m/z 223 (sinapic acid ion) and m/z 179 (sinapic acid — COO) in
Centroceras sp. and Ecklonia sp., which was previously characterized in extracts of arnica flower [35].
Cinnamoyl glucose (Compound 8) was also found in Codium sp. and Ulva sp. The presence of
cinnamoyl glucose was confirmed by a [M — H]~ m/z at 309.0992, which yielded product ions at m/z
147, m/z 131 and m/z 103, indicating the expected loss of hexosyl moiety (162 Da), C¢H19Og (178 Da)
and C7H;¢Oy7 (206 Da), respectively [36].

Compound (9), having a precursor ion [M — H]™ m/z at 341.0882, was tentatively characterized
as caffeoyl glucose and was present in Ecklonia sp. and Centroceras sp. The MS? analysis showed the
productions at m/z 179 [M — H — 162] and m1/z 161 [M — H — 180], consistent with losses of hexosyl moiety
and further loss of HyO [37]. Compound 14 was tentatively characterized as caffeoyl tartaric acid found
in Grateloupia sp. and Centroceras sp. based on [M — H]~ m/z at 311.0403. The identification was further
supported by the MS? spectrum, which exhibited typical product ion at m/z 161, formed by the neutral
loss of 150 mass units as a result of tartaric acid fission [38]. To the best of our knowledge, caffeoyl
tartaric acid and caffeoyl glucose were previously reported primarily in fruit samples such as grape,
however, it was the first time that they were reported in seaweeds [39]. For caffeic acid 3-O-glucuronide
found in Caulerpa sp. (Compound 10 with [M — H]™ m/z of 355.0671), MS/MS fragmentation yielded
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the predominant ion at m/z 179 after the loss of glucuronide moiety (176 Da), indicating the presence of
caffeic acid ion [37].

Compound 11 was tentatively characterized as chlorogenic acid, and only found in Centroceras sp.
and Caulerpa sp. based on [M — H]™ m/z at 353.0862, and identification was further supported by
the MS? spectrum. The identity of chlorogenic acid was confirmed by the product ions at n/z 253
[M —H -100], 190 [M — H — 163] and 144 [M — H — 209], corresponding to the loss of three H;O and
HCOOH,; three HO and C¢Hs50,; HO and CyH1;0g, respectively [40]. Chlorogenic acid was also
present in the green seaweed Capsosiphon fulvescens from Korea, according to previous research [41].

Four hydroxycinnamic acid derivatives (Compound 12, 13, 15 and 17) were detected in Caulerpa sp.
in both ionization modes, and were tentatively identified as caffeic acid, caffeic acid 4-sulfate, isoferulic
acid 3-sulfate and ferulic acid, according to the precursor ions [M — H]~ at m/z 179.0350, 258.9929,
273.0086 and 193.0513, respectively. The identification of caffeic acid was confirmed by the product
ions at m/z 151 [M — H — 28], m/z 143 [M — H — 36] and m/z 133 [M — H — 46], representing the loss of
CO, two H,O units and HCOOH, respectively, from the precursor ion [40]. In the MS? experiment of
caffeic acid 4-sulfate, the spectra displayed the product ions at m/z 179, (presence of caffeic acid ion) and
at m/z 135, corresponding to the loss of SO3 (80 Da) and further loss of CO, (44 Da) from the precursor
ion [42]. The similar cleavage was observed in the MS? spectra of isoferulic acid 3-sulfate, which
displayed the product ions at m/z 193 [M — H — SO3] and m/z 149 [M — H — SO3 — CO;], consistent
with the presence of isoferulic acid ion (193 Da) and further loss of CO; [42], while the product ions at
m/z 178 (M — H — 15, loss of CH3), m/z 149 (M — H — 44, loss of CO,) and m/z 134 (M — H — 59, loss of
CHjz and H,O) identified ferulic acid [43]. According to a previous study, caffeic acid and ferulic acid
were also found in some seaweeds [33,34].

Sinapic acid (Compound 16) were detected in both positive (ESI*) and negative (ESI”) modes
in Ulva sp. Caulerpa sp. and Grateloupia sp. with an observed [M — H]~ m/z at 223.0621. In the MS?
spectrum of sinapic acid, the product ions at m/z 205, 179 and 163 were due to the loss of H,O (18 Da),
CO; (44 Da) and two CH,O units (60 Da) from the parent ion, respectively, which was comparable
with the fragmentation rules of sinapinic acid [42].

Coumaric acid (compound 18 with [M — H]™ m/z at 163.0406), yielding a main product ion at
myz 119, which corresponded to loss of CO; (44 Da), was found in Caulerpa sp. [43]. The presence of
coumaric acid in marine seaweeds was also previously reported [34].

Three other phenolic acid derivatives were also detected, including two hydroxyphenylpentanoic
acid derivatives and one hydroxyphenylacetic acid derivative. To our best knowledge, this is the first
time these other phenolic acid derivatives have been reported in seaweeds. Phenolic acids are the
predominant polyphenol compounds found in different seaweeds, which were characterized by using
LC-MS in previous studies, and displayed remarkable antioxidant potential [44,45].

2.3.2. Flavonoids

Flavonoid is the main class of phenolic compounds responsible for the antioxidant and free radical
scavenging properties observed in seaweed [24]. In the present study, a total of 17 flavonoids were
tentatively identified, which were further divided into anthocyanins (03), flavanols (03), flavonols (03),
flavone (01) and isoflavonoids (07).

Anthocyanins, Flavanols and Flavonols Derivatives

Anthocyanins are naturally occurring pigments that belong to the subclass of flavonoids,
which were previously reported in brown Irish seaweeds [46]. In our study, three anthocyanin
derivatives were detected only in the red seaweeds Grateloupia sp. and Centroceras sp., in positive
ionization mode. This is the first time all of these anthocyanins derivatives have been reported
in seaweeds.

Three flavanols (Compound 26, 27 and 28) were detected in all seaweeds except Centroceras sp.
and Codium sp. Compound (26) showing precursor ion [M — H] ™ at m/z 305.0668 in negative mode,
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was the most widely distributed flavanol and was identified as gallocatechin presenting in Caulerpa sp.,
Ulva sp., Dasya sp., Ecklonia sp. and Sargassum sp. The presence of gallocatechin derivatives in brown
seaweed ascophyllum nodosum was reported by Agregan, Munekata, Franco, Dominguez, Carballo and
Lorenzo [44] based on the production [M — H]™ ion at m/z 305. In MS/MS experiment, the product ion
at 261 [M — H — 44] was due to the loss of CO; and at m/z 219 [M — H — 86] was caused by the loss of
C30; and H,O [43]. 3’-O-methylcatechin (Compound 27 with [M — H] m/z of 303.0886) was identified
in Grateloupia sp. in the present study, with the product ions at m/z 271 (M — H — 32, loss of CH30H)
and my/z 163 (M — H — 140, loss of CH3OH and C¢H50,) [47]. Catechin (isomer) was proposed as
compound (28), from Caulerpa sp., with a precursor ion [M — H]~ m/z of 289.0731. The MS? spectrum
showed the product ions at m/z 245, m/z 205, and m/z 179, indicating the loss of CO, (44 Da), flavonid A
ring (84 Da) and flavonid B ring (110 Da) from the precursor ion, respectively [32].

Three flavonols were detected in negative mode in Centroceras sp., Caulerpa sp. and Ecklonia sp.
3,7-dimethylquercetin detected in Centroceras sp. was assigned for compound (31) based on the
observed [M — H]™ m/z of 329.0674. The further identification of 3,7-dimethylquercetin was achieved
by comparing the previous study, which characterized the same compound from Ipomoea batatas leaves
and showed the product ions at m/z 314, m/z 299 and m/z 271, corresponding to the loss of CHj (15 Da),
two CHj (30 Da) and two CHj plus CO unit from the precursor ion, respectively [48].

Rhoifolin (Compound 32 with [M — H]™ m/z at 577.1588) was the only flavone identified in
Centroceras sp. with the product ions at m/z 413 (M — H — 164) and m/z 269 (M — H — 308), representing
the loss of rhamnose moiety and H,O (164 Da) and hexosyl moiety plus rhamnose moiety (308 Da)
from the parent ion [49]. This is the first time that all of the flavonols and flavone derivatives identified
in the current study have been reported in seaweeds.

Isoflavonoids Derivatives

Isoflavonoids derivatives (a total of seven) were the most diverse flavonoids identified in seaweeds.
Sativanone (Compound 33) was only detected in Ecklonia sp. in negative mode with [M — H]™ m/z
at 299.0918. The identity was confirmed by comparing the previous study which characterized
sativanone in Dalbergia odorifera using LC-MS/MS, and the spectrum displayed the product ions at
myz 284 (M — H — 15, loss of CHj from B-ring) and at m/z 269 (M — H — 30, loss of two CH3) and at
myfz 225 (M — H - 74, loss of two CH3 and a CO;) [50]. Compound 37 with [M — H]" m/z at 267.0666
exhibited characteristic fragment ions at m/z 252 [M — H — CH3], m/z 224 [M — H — CH3 — CO] and m/z
180 [M — H — CH3 — CO - CO,] was identified as dalbergin [50]. To the best of our knowledge, this is
the first time that isoflavonoids derivatives were identified and characterized in seaweeds. Flavonoids
in different seaweeds with high antioxidant potential have already been reported, which are promising
as functional food ingredients or dietary supplements for daily intake [51].

2.3.3. Other Polyphenols

Eleven other polyphenols found were classified as hydroxybenzaldehyde (01), hydroxycoumarins
(02), phenolic terpenes (03), tyrosol (02) and other polyphenols (03).

Hydroxybenzaldehydes, hydroxycoumarins and hydroxyphenylpropenes Derivatives

p-Hydroxybenzaldehyde (Compound 40 with [M — H]™ at m/z 121.0295, RT = 15.921 min) was
the only hydroxybenzaldehyde presenting in Dasya sp., Ecklonia sp. and Codium sp. The MS?
spectrum of p-hydroxybenzaldehyde displayed the product ions at m/z 92 and my/z 77, indicating the
loss of CHO (29 Da) and CO; (44 Da) [52]. The presence of p-hydroxybenzaldehyde in Irish brown
seaweed Himanthalia elongate was also previously reported by Rajauria, Foley and Abu-Ghannam [9].
Two hydroxycoumarins derivatives (Compound 41 and 42) were discovered. Urolithin A with [M — H]~
my/z at 227.0341 was assigned as compound 41, from Grateloupia sp. MS/MS identification by product
ions at m/z 198 (M — H — 29, loss of CHO) and 182 m/z (M — H — 45, loss of COOH) [53]. Scopoletin
with [M — H]~ m/z at 191.0352 was proposed as compound 42 found in Codium sp., Grateloupia sp. and

125



Mar. Drugs 2020, 18, 331

Sargassum sp., and was identified by the neutral loss of CHj (15 Da) and CO, (44 Da), resulting in
product ions at m/z 176 and m/z 147, respectively [54].

Phenolic Terpenes Derivatives

Rosmanol (Compound 43), showing as precursor ion at [M + H]* at m/z 347.1843, was detected in
Dasya sp., Ulva sp., Grateloupia sp., Ecklonia sp. and Codium sp. The product ions at m/z 301 and m/z 231
came from the loss of a unit of HO and CO (46 Da), and cleavage of molecules pentene, water, and
carbon monoxide [55]. Carnosic acid (Compound 45), identified based on [M — H]~ m/z at 331.1912,
was found in Ecklonia sp. Dasya sp., Codium sp. and Sargassum sp. The molecular ion of carnosic acid
(m/z 331.1912) produced the major fragment ion at m/z 287 and m/z 269, corresponding to the loss of
CO;, and further loss of H,O from the parent ion [56]. Hermund, et al. [57] also confirmed the presence
of carnosic and carnosol as synergistic antioxidants with radical scavenging activity in brown seaweed
Fucus vesiculosus.

Tyrosols and Other Polyphenols Derivatives

Compounds (46) were present in Centroceras sp., Dasya sp., Grateloupia sp., and Sargassum, and
was tentatively identified as hydroxytyrosol 4-O-glucoside based on the observed [M — H] ™ ions at m/z
315.1091. In the MS? spectrum of hydroxytyrosol 4-O-glucoside, the typical loss of hexosyl moiety
(162 Da) was observed from precursor, resulting in product ions at m/z 153 [52]. Compound 47 with
[M — H]™ m/z at 319.1200 was only detected from Caulerpa sp., and characterized as 3,4-DHPEA-EDA
based on the product ions at m/z 301, m/z 275 and m/z 195, corresponding to loss of H,O (18 Da),
CO; (44 Da) and C5Hg(CHO); (124 Da) from the precursor ion [58]. This is the first report of the
presence of these tyrosol derivatives in seaweed, while 3,4-DHPEA-AC was previously reported by
Gomez-Alonso, et al. [59] in Cornicabra olive oil variety.

Three other polyphenols derivatives were detected, including compound (49) with [M — H]™ at
myz 125.0242, which was proposed as phloroglucinol appearing in brown seaweed Ecklonia sp. and
Sargassum sp. The identity was confirmed by the MS? spectrum, which produced a major fragment
ion at m/z 97, resulting from the loss of CO (28 Da) from the precursor ion [9]. The presence of
phloroglucinol in Irish brown seaweed Himanthalia elongate was previously reported by Rajauria, Foley
and Abu-Ghannam [9] according to the precursor and product ions, and further confirmed by the UV
spectrum and retention time using phloroglucinol standard.

2.3.4. Lignans

Lignans were minor components present in the seaweeds. In the present study, a total of four
lignans were shown to be present in seven out of eight seaweeds.

Lignans Derivatives

Compounds 52 detected in Centroceras sp. and Sargassum sp. was tentatively characterized as
arctigenin according to the precursor ions at [M — H]™ m/z 371.1509. Fragmentation of arctigenin
yielded product ions at m/z 356, m/z 312 and m/z 295, corresponding to the loss of CHj (15 Da),
unit of CH3 and CO; (59 Da), and unit of CHj3, CO, and OH (76 Da), respectively [60]. Compound
54 (deoxyschisandrin) displaying the [M + H]" m/z at 417.2286 and was found in Ecklonia sp. and
confirmed by the characteristic ions at m/z 402 [M — H — CH3], m/z 347 [M — H — CsHj], m/z 316
[M — H - CsH;p — OCHj3] and m/z 301 [M — H — CsH;p — OCHj3 — CH3] [61]. Lignans are abundant in
seaweeds, however, the lignans in the present study have not previously been reported in seaweeds [62].
Previously, it was reported that lignans are abundant in seaweeds with various health-promoting
properties, including antioxidant, anti-inflammatory and antitumor activities [62,63]. In addition,
some epidemiological studies have proposed the therapeutic potential of lignans in chronic diseases,
such as cardiovascular disease, type 2 diabetes and cancers [64,65].
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The screening and characterization of polyphenolic compounds showed that some of the
polyphenols presented in these seaweeds have strong antioxidant potential. Hydroxycinnamic acid
derivatives, hydroxybenzoic acids and their derivatives, protocatechuic acid, anthocyanins, flavonoids
and their derivatives, hydroxybenzaldehydes, hydroxytyrosol, phloroglucinol and quercetin derivatives
are regarded as potential compounds showing considerable free radical scavenging capacity [66—71].
The presence of these antioxidant compounds indicates that seaweeds can be good sources of
polyphenols and could be utilized in food, feed, and pharmaceutical industries.

2.4. HPLC Quantitative Analysis

The quantitative analysis of targeted phenolic compounds was performed based on peak area
computation using the calibration of corresponding standards and the result are presented as pg/g fresh
weight of seaweeds (Table 4.). In total, seven polyphenols were targeted to quantify by HPLC-PDA,
including six phenolic acids (gallic acid, caftaric acid, chlorogenic acid, caffeic acid, p-hydroxybenzoic
acid and coumaric acid) and one flavonoid (catechin).

Table 4. Quantification of targeted phenolic compounds by high-performance liquid chromatography

(HPLC) in seaweeds.
Structure . Concentration Seaweed
No. Compound Name Formula RT (min) (1885w Samples
1 Gallic acid C7HgOs5 9.685 138.887 + 0.02 Centroceras sp.
2 Chlorogenic acid C16H1809 15.004 122.706 + 0.01 Centroceras sp.
3 Caffeic acid CyHgOy4 18.274 612.824 + 0.02 Caulerpa sp.
4 Caftaric acid C13H1209 24.532 19.667 + 0.01 Centroceras sp.
5 p-hydroxybenzoic acid CyHO3 32.906 846.083 + 0.02 Ulva sp.
6 Coumaric acid CoHgO3 33.797 505.387 + 0.03 Ulva sp.
7 Catechin C15H140¢ 64.081 29.469 + 0.03 Caulerpa sp.

RT = stands for “retention time”.

The most abundant targeted phenolic compound was p-hydroxybenzoic acid (Compound 5),
which was present in Ulva sp. with the concentration of 846.0 + 0.02 ug/gs., The p-hydroxybenzoic
acid content of eight green and red seaweeds in South Africa was previously reported as ranging
from 0.51 + 0.01 to 13.53 + 0.03 pg/g dry weight (d.w.) [72], which was significantly lower than that of
Ulva sp. in the present study. Gallic acid (Compound 1), chlorogenic acid (Compound 2) and caftaric
acid (Compound 4) were detected in Centroceras sp. with the concentration of 138.9 + 0.02 ug/gs.w.,
122.7 + 0.01 pg/gs ., and 19.7 + 0.01 ug/g.y., respectively. Coumaric acid (Compound 6) was quantified
in Ulva sp. with concentrations of 505.4 + 0.03 pg/g¢,,. Caffeic acid (Compound 3) and catechin
(Compound 7) were present in Caulerpa sp. with a concentration of 612.9 + 0.02 ug/gs,, and
29.5 + 0.03 pg/gy ., respectively. Concentrations of gallicacid, chlorogenic acid and caffeic acid in brown
seaweed Himanthalia elongate were also previously reported, being measured as 96.3 + 3.12 ug/gq.w.,
38.8 £ 1.94 ug/gq.w and 44.4 + 2.72 ug/g 4 w., respectively [33]. About10 marine-derived pharmaceutical
drugs were approved by the Food and Drug Administration (FDA), and 30 candidates were in different
stages of clinical trials for application in a number of disease areas [73]. The presence of these abundant
polyphenols provide evidence for seaweeds as a good source of antioxidants for application in food
and pharmaceutical industries, while further toxicity, pharmacological and clinical studies are needed.

3. Materials and Methods

3.1. Chemicals and Reagents

Unless otherwise stated, all chemicals used for extraction, characterization and antioxidant
assays were analytical grade and purchased from Sigma-Aldrich (Castle Hill, NSW, Australia).
Gallic acid, quercetin, catechin, ascorbic acid, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,4,6-tripyridyl-
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s-triazine (TPTZ), aluminum chloride, iron (III) chloride, vanillin, potassium persulfate and
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) were purchased from Sigma-Aldrich
(Castle Hill, NSW, Australia). Sulfuric acid 98% was from RCI Labscan (Rongmuang, Thailand)
and sodium carbonate anhydrous was from Chem-Supply Pty Ltd. (Adelaide, SA, Australia).
Analytical-grade methanol, ethanol, hydrochloric acid, anhydrous sodium acetate and hydrated sodium
acetate were from Fisher Chemical (Waltham, MA, USA). Acetic acid solution and acetonitrile, which
comprised the mobile phases for HPLC and LC-MS, were from Sigma-Aldrich (St. Louis, MO, USA)
and LiChrosolv (Darmstadt, Germany), respectively. The HPLC reference standards including gallic
acid, caftaric acid, chlorogenic acid, caffeic acid, p-hydroxybenzoic acid, coumaric acid and catechin,
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Water was deionized to reach a resistivity
of 18.2 MQ/cm using a Millipore Milli-Q Gradient Water Purification System (Darmstadt, Germany)
and was filtered through a 0.45 pum type Millipak® Express 20 Filter (Milli-Q, Darmstadt, Germany).

3.2. Sample Preparation and Extraction of Polyphenols

Eight seaweeds which were identified as Chlorophyta (green; Ulva sp., Caulerpa sp. and Codium sp.),
Rhodophyta (Red; Dasya sp., Grateloupia sp. and Centroceras sp.) and Ochrophyta (Brown; Ecklonia sp.
and Sargassum sp.) were freshly collected from Brighton Beach in March 2019, VIC, Australia. Seaweeds
were morphologically identified to the genus level. Classifications for Rhodophyta and Chlorophyta
were verified using cytochrome ¢ oxidase subunit I (COI-5P) and Elongation factor Tu 1-Escherichia coli
(strain K12) tufA sequence data, respectively, following the protocol of Saunders and Kucera [74].

Extracts were prepared by modifying the previous studies [75,76], 2 g of each seaweed was
grounded and mixed with 10 mL of 80% ethanol followed by homogenization using an Ultra-Turrax®
T25 homogenizer (Rawang, Selangor, Malaysia) at 10,000 rpm for 20 s. Then, incubation was carried
out in a shaking incubator (ZWYR-240, Labwit, Ashwood, VIC, Australia) at 120 rpm at 4 °C for 16 h.
Then, all the samples were centrifuged (Hettich Rotina 380R, Tuttlingen, Germany) at 10,000 rpm
for 10 min. The supernatant was collected and stored at —20 °C for further analysis. For HPLC and
LC-MS analysis, the extracts were filtered through a 0.45 um syringe filter (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

3.3. Estimation of Polyphenols and Antioxidant Assays

For polyphenol estimation, TPC, TFC and TTC were measured, while for antioxidant potential,
three different antioxidant assays, including DPPH, FRAP, and ABTS, were performed using the
method of Feng, et al. [77]. The data were obtained by the Multiskan® Go microplate photometer
(Thermo Fisher Scientific, Waltham, MA, USA).

3.3.1. Total Phenolic Content (TPC)

The total phenolic content of seaweed was determined using the Folin-Ciocalteu’s method [13]
with some modifications. Twenty-five microliters of standards and samples (supernatant), 25 uL of
25% (v/v) folin reagent solution and 200 uL water were added to the wells in a 96-well plate (Corning
Inc., Corning, NY, USA) and incubated at 25 °C for 5 min. Then, 25 pL of 10% (w/w) sodium carbonate
was added and further incubated for 1 h at 25°C. The absorbance was measured at 765 nm against a
blank using a Multiskan® Go microplate photometer (Thermo Fisher Scientific, Waltham, MA, USA).
The calibration curve was plotted using a gallic acid standard ranging from 0 to 200 ug/mL in ethanolic
solution and the results were presented as microgram equivalents of gallic acid equivalents (GAE) per
gram =+ standard error (SE) on the basis of fresh weight (f.w.) (y = 0.0059x + 0.0593, RZ =0.9996).

3.3.2. Total Flavonoid Content (TFC)

The total flavonoid content was measured by aluminum chloride colorimetry according to Chan,
Matanjun, Yasir and Tan [25], with some modifications. Methanolic quercetin standards and samples
(80 uL) were added to the 96-well plate. Then, 80 uL of 2% (w/v) aluminum chloride (diluted with
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analytical grade ethanol) and 120 uL 50 g/L sodium acetate was added the wells in the plate followed
by the incubation at 25 °C for 2.5 h in the dark. The calibration curve was plotted using quercetin
standards ranging from 0 to 50 pug/mL and the results are presented as microgram equivalents of
quercetin equivalents (QE)/gs.. + SE (y = 0.0195x + 0.0646, R2 =0.999).

3.3.3. Total Tannins Content (TTC)

Total tannin content was measured by modifying the method of Rebaya, et al. [78]. Sample/standard
(25 pL of supernatant or standard), 150 uL 4% (w/v) methanolic vanillin solution and 25 uL 32%
(y/v) sulfuric acid (diluted with methanol) were mixed in a 96-well plate and incubated at room
temperature for 15 min. The absorbance was measured at 500 nm wavelength against a blank using
the microplate reader. The calibration curve was plotted by catechin methanolic solution ranging from
0 to 1000 pg/mL and the results are presented as microgram equivalents of catechin (CE)/g¢., + SE
(y = 0.0005x + 0.0578, R? = 0.9854).

3.3.4. 2,2-diphenyl-1-picrylhydrazyl (DPPH) Assay

DPPH radical scavenging activities of different extracts were determined based on Chan et al. [25]
with some modifications. Quantities of 40 uL samples/standards and 260 pL of 0.1 mM methanolic
DPPH were added to a 96-well plate. The reaction mixture was incubated for 30 min in the
dark at room temperature, and the absorbance was measured under 517 nm wavelength against
a blank. The standard curve was plotted by ascorbic acid aqueous solution ranging from 0 to
50 pg/mL and the results are expressed as the microgram equivalents of ascorbic acid (AAE)/g¢ ., + SE
(y = —0.0089x + 0.5988, R? = 0.9708).

3.3.5. Ferric Reducing Antioxidant Power (FRAP) Assay

The ferric reducing capabilities of the samples were measured using the FRAP method described
by Matanjun, et al. [79], with slight modifications. The FRAP reagent was freshly prepared by mixing
300 mM acetate buffer, 10 mM TPTZ solution and 20 mM ferric chloride in the ratio of 10:1:1 (v/).
20 pL samples/standards were added into the 96-well plate and mixed with 280 uL FRAP reagent.
The mixture was incubated at 37 °C in the plate reader for 10 min before absorbance was measured
at 593 nm. A standard curve was generated using ascorbic acid aqueous solution ranging from
0 to 50 ug/mL and the results are expressed as the microgram AAE/gs., + SE (y = 0.009x + 0.403,
R? = 0.9819).

3.3.6. 2,2’-Azino-bis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) assay

The antioxidant activities of seaweeds were also measured by an ABTS assay according to
Matanjun, Mohamed, Mustapha, Muhammad and Ming [79], with some modifications. ABTS* was
prepared by mixing 5 mL of 7 mM ABTS solution and 88 uL of 140 mM potassium persulfate solution,
and the mixture was placed in the dark for 16 h to allow free radical generation. The stock solution
was further diluted with 45 mL analytical-grade ethanol while the absorbance of the dye was fixed
at approximately 0.7 at 734 nm. Quantities of 10 pL of sample/standards and 290 uL prepared dye
solution were added into a 96-well plate followed by incubation at room temperature for 6 min and
the absorbance was measured at 734 nm wavelength. The standard curve was plotted using ascorbic
acid aqueous solution ranging from 0 to 200p/mL and the results are expressed as the microgram
AAE/ggy,. % SE (y = -0.0042x + 0.6923, R? = 0.9962).

3.4. LC-ESI-QTOF-MS/MS Characterization of Phenolic Compounds

LC-ESI-QTOF-MS/MS analysis was performed with an Agilent 1200 series HPLC (Agilent
Technologies, Santa Clara, CA, USA) equipped with an Agilent 6520 Accurate-Mass Q-TOF LC-MS
(Agilent Technologies, Santa Clara, CA, USA) via an electrospray ionization source (ESI). The separation
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was achieved by a Synergi Hydro-RP 80 A, LC Column (250 mm x 4.6 mm, 4 um) (Phenomenex, Lane
Cove, NSW, Australia) at room temperature and the sample temperature was set at 10 °C. LC-MS/MS
analysis were performed by modifying the method of Chao et al [66]. The mobile phase consisted of
water/acetic acid (98:2, v/v; eluent A) and acetonitrile/acetic acid/ water (50:0.5:49.5, v/v/v; eluent B).
The gradient profile was described as follows: 10-25% B (025 min), 25-35% B (25-35 min), 35-40% B
(35-45 min), 40-55% B (45-75 min), 55-80% B (75-79 min), 80-90% B (79-82 min), 90-100% B (8284 min),
100-10% B (84-87 min), isocratic 10% B (87-90 min). A volume of 6 puL was injected for each standard
or sample and the flow rate was set at 0.8 mL/min. Nitrogen gas nebulization was set at 45 psi with a
flow rate of 5L/min at 300 °C and the sheath gas was set at 11 L/min at 250 °C. The capillary and nozzle
voltage were set at 3.5 kV and 500 V, respectively. A complete mass scan ranging from m/z 50 to 1300
was used, MS/MS analyses were carried out in automatic mode with collision energy (10, 15 and 30 eV)
for fragmentation. Peak identification was performed in both positive and negative modes while the
instrument control, data acquisition and processing were performed using MassHunter workstation
software (Qualitative Analysis, version B.03.01) (Agilent Technologies, Santa Clara, CA, USA).

3.5. HPLC-PDA Quantitative Analysis of Individual Phenolic Compounds

The quantitative measurement of individual phenolic compounds present in seaweed samples
was performed with an Agilent 1200 HPLC equipped with a photodiode array (PDA) detector by
adopting the protocol of Peng et al. [68]. The same column and conditions were used as described above
in LC-ESI-QTOF-MS/MS, except for a sample injection volume of 20 pL. The compositions of extracts
were detected under A 280 nm, 320 nm, and 370 nm by PDA detector simultaneously with 1.25 scan/s
(peak width = 0.2 min) spectral acquisition rate. The targeted phenolic compounds were quantified
based on linear regression of external standards peak area against concentration. Data acquisition and
analysis were performed by MassHunter workstation software—version B.03.01 (Agilent Technologies,
Santa Clara, CA, USA).

3.6. Statistical Analysis

All analyses were performed in triplicates and the results are presented as mean + standard error
(n = 3). Data were analyzed using Tukey’s one-way analysis of variance (ANOVA) by Minitab® 19 for
windows (Minitab, NSW, Australia). A significant difference was considered at the level of p < 0.05
using Tukey’s HSD test.

4. Conclusions

Brown seaweed species showed significantly higher polyphenolic content and potential antioxidant
capacity than green and red seaweeds. The antioxidant properties varied across different species.
Application of LC-ESI-QTOF-MS/MS enabled the isolation and identification of 54 phenolic compounds
present in seaweeds. Quantitative analysis of targeted compounds was achieved by calibration
of standards using HPLC-PDA. Seven targeted compounds were quantified in seaweeds, with
p-hydroxybenzoic acid being the most abundant. This is the first report that applied different
antioxidant assays to estimate the antioxidant potential and applied LC-MS technique to isolate and
characterize the polyphenols in some abundant Australian seaweed species. The presence of the
various polyphenols with antioxidant potential was identified. Further toxicity, pharmacological and
clinical studies should be explored before the application of these Australian seaweeds as ingredients
in food, nutraceuticals and pharmaceutical products.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/6/331/s1,
Table S1: Characterization of phenolic compounds in seaweeds by using LC-ESI-QTOF-MS/MS. Figure S1: Base
peak chromatogram (BPC) for characterization of phenolic compounds of seaweeds. Figure S2. Extracted ion
chromatogram and mass spectrum of “Vanillic acid 4-sulfate” detected in three different seaweeds.
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Abstract: The increment of non-communicable chronic diseases is a constant concern worldwide,
with type-2 diabetes mellitus being one of the most common illnesses. A mechanism to avoid
diabetes-related hyperglycemia is to reduce food digestion/absorption by using anti-enzymatic
(functional) ingredients. This research explored the potential of six common Chilean seaweeds
to obtain anti-hyperglycemic polyphenol extracts, based on their capacity to inhibit key enzymes
related with starch digestion. Ethanol/water hot pressurized liquid extraction (HPLE), which is an
environmentally friendly method, was studied and compared to conventional extraction with acetone.
Total polyphenols (TP), antioxidant activity, cytotoxicity and inhibition capacity on x-glucosidase and
a-amylase were analyzed. Results showed that the Durvillaea antarctica (cochayuyo) acetone extract
had the highest TP content (6.7 + 0.7 mg gallic acid equivalents (GAE)/g dry seaweed), while its
HPLE ethanol/water extract showed the highest antioxidant activity (680.1 + 11.6 umol E Trolox/g dry
seaweed). No extract affected cell viability significantly. Only cochayuyo produced extracts having
relevant anti-enzymatic capacity on both studied enzymes, showing a much stronger inhibition
to a-glucosidase (even almost 100% at 1000 pg/mL) than to x-amylase. In conclusion, from the
Chilean seaweeds considered in this study, cochayuyo is the most suitable for developing functional
ingredients to moderate postprandial glycemic response (starchy foods), since it showed a clear
enzymatic inhibition capacity and selectivity.

Keywords:  seaweed polyphenols; hypoglycemic effect; starch digestion; enzyme
inhibition; cochayuyo

1. Introduction

Seaweeds or macroalgae are the most important benthic organisms in coastal marine ecosystems.
According to their specific pigments, algae are classified into three divisions. The first group is the
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so-called brown algae or Ochrophyta (Phaeophyceae class), whose pigmentation varies from brown
yellow to dark brown and produces a large amount of protective mucus. Red algae or Rhodophyta is
the second largest group of algae and is found in various media. Finally, green algae or Chlorophyta
is less common than brown and red algae. Its pigmentation varies from greenish yellow to dark
green [1]. Besides its chemical composition, seaweeds have been studied as sources of a variety
of compounds with potential biological activities such as antitumoral, antidiabetic and antioxidant,
among others. These bioactive compounds are synthesized according to the level of maturity and
capacity of the plant to interact with environmental conditions such as radiation, water pressure and
salinity, which make them particularly attractive [2]. For example, phlorotannins (the polyphenols
found in brown algae) comprise oligomers or polymers of phloroglucinol (1,3,5-trihydroxybenzene)
with different antioxidant activities [3-5]. Moreover, it has been shown that these polyphenols from
algae have significant in vitro inhibitory activities against x-glucosidase and x-amylase. This might
have a potential application to control type-2 diabetes, since the inhibition of these enzymes would
reduce the severity of postprandial hyperglycemia by delaying starch hydrolysis [6,7]. As an example,
Sargassum patens, a brown alga of the Noto peninsula in the Ishikawa prefecture of Japan, contains
2-(4-(3,5-dihydroxyphenoxy)-3,5-dihydroxyphenoxy) benzene-1,3,5-triol DDBT, a phlorotannin with
an inhibiting effect on the enzymes that hydrolyze carbohydrates (IC5p 3.2 pg/mL for x-amylase
inhibition) [8]. The topography, waves, and exposure to wind of the benthic habitats of continental
Chile favor the growth of seaweeds, where approximately 440 species have been identified [9]. Thus,
Chilean seaweeds are an interesting source of new compounds with different applications.

Currently, the screening of the inhibitors of x-amylase and «-glucosidase of natural origin has
received attention because this would avoid the side effects of commercial inhibitors for treating
type-2 diabetes [10]. Extracts of natural plants with inhibitory a-glucosidase activity, such as tea and
raspberry, are recommended as substitutes for synthetic drugs [11]. In addition to their anti-enzymatic
activities, plant polyphenols are also capable of capturing free radicals and therefore act as antioxidants.
It has been postulated that in diabetic patients, antioxidants help to prevent vascular diseases, the
destruction of pancreatic cells and the formation of reactive oxygen species [12]. Seaweeds have recently
gained significant interest as a sustainable source of various bioactive natural compounds, including
polyphenols, carotene, lutein, astaxanthin, zeaxanthin, violaxanthin and fucoxanthin (pigments) [13].
Conventional processing technologies, based on organic solvent extraction at low pressures and
temperatures, offer a simple approach for isolating such compounds; they have been used for a long
time and are still widely applied. The main factors that should be considered to achieve an effective
solid-liquid conventional extraction are the polarity of the compounds of interest, the characteristics
of the solvent (toxicity, volatility, polarity, viscosity and purity) and the possible formation of other
compounds during the extraction process. In addition, the yield, selectivity and contamination with
undesired compounds are the usual performance indices used to compare different options. However,
conventional techniques suffer from several limitations, such as being time-consuming and requiring
large amounts of polluting or toxic solvents [14].

Alternative, faster and more efficient/selective techniques have been developed in the recent
decades. Hot pressurized liquid extraction (HPLE), also known as accelerated solvent extraction, is a
green alternative technique that has been widely applied to recover bioactive compounds from plant
matrices. In this method, the extraction occurs at elevated temperatures and pressures (below the
critical point of the solvent), normally in the ranges of 50-200 °C and 35-200 bar, respectively. Under
these conditions, the viscosity and surface tension of the solvent are significantly reduced, whereas the
solubility and mass transfer of the solute are greatly enhanced. Consequently, HPLE is fast, reduces
the solvent consumption and allows for an efficient usage of green solvents such as water and ethanol
for the extraction of a variety of compounds by changing their solvation dielectric constants (polarity)
to values similar to those of organic solvents [15].
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The objective of this research was to explore the potential of common seaweeds present in southern
Chile to obtain anti-glycemic polyphenol rich extracts for functional food development. HPLE was
applied and compared with an acetone conventional extraction method.

2. Results and Discussion

2.1. Cytotoxicity Assay

The growing interest in plant-derived compounds for commercial human applications requires
the assessment of their possible toxicity. Cytotoxicity studies in cell lines can be considered as a first
step in the development of pharmaceutical, cosmetic or food products; toxicity levels (minimal or
no toxicity) should be verified [16]. In this test, HT-29 cells, the human colon adenocarcinoma cell
line expressing the characteristics of mature intestinal cells, such as enterocytes or mucus-producing
cells [17] were used. As seen in Figure 1, the incubation with extracts at low concentrations (1 and 10
ug/mL) did not reveal significant changes in the MTT conversion rates associated with cell viability.
Nothogenia sp. and M. laminarioides extracts negatively affected the cellular metabolism of HT-29 cells at
24 and 48 h, respectively, at the maximum concentration evaluated (1000 pg/mL); however, no extract
decreased the cell viability in the same way as the positive control (DMSO) that reduced viability
to 17.1 + 1.6% and 18.4 + 1.4% at 24 and 48 h of exposure, respectively. In general, no statistically
significant differences were observed between the type of extract (ethanol and acetone) or between the
incubation times (24 and 48 h). According to Galindo et al. [18], a cytotoxic effect can be considered
when the viability is less than 75%. None of the seaweed extracts reduced the cellular viability to that
level, so they may be considered to not be cytotoxic.
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Figure 1. HT-29 cell viability at different dry extracts concentrations: (A) the ethanolic extract at 24
h incubation; (B) the ethanolic extract at 48 h incubation; (C) the acetone extract at 24 h incubation;
(D) the acetone extract at 48 h incubation. Each point represents the mean of viable cells + SD (1 = 2).
The dashed line is the cell viability using the positive control (DMSO 16.7%). The 100% viability was
assigned to the cell culture without extracts.

The diversity of compounds derived from algae can generate different actions; these can stimulate
growth or apoptosis. Nothogenia sp. and Pyropia sp. extracts slightly decreased cell viability at higher
concentrations, therefore, they could be analyzed from a chemotherapeutic perspective. Seaweed
extracts could also be used as antitumoral agents. Using different cell types can show different
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responses towards a specific compound or plant extract. Some authors indicate that polyphenols are
toxic to certain types of cancer cells that proliferate rapidly but are nontoxic to others [19,20].

2.2. Total Polyphenol Content and Antioxidant Capacities

Both the species and extraction method significantly affect (p < 0.05) the total polyphenol content
(TP) of the extracts (Table 1). The seaweed with the highest TP was D. antarctica (cochayuyo), whose
acetone and ethanol extracts contained 7.4 + 0.2 and 6.7 + 0.7 mg gallic acid equivalents (GAE)/g dry
seaweed, respectively, followed by Pyropia sp., whose acetone and ethanol extracts contained 6.2 + 0.2
and 4.8 + 0.3 mg GAE/g, respectively. In most cases, conventional extraction with acetone yielded
higher values of TP (10%—20%) than HPLE with ethanol (p < 0.05). Acetone, being a dipolar compound,
has an intermediate polarity and solubilizes solutes with a similar relative polarity. Wang et al. [21,22]
found that acetone (70%) was the most suitable solvent to recover algae polyphenols. Nonetheless,
acetone is a toxic solvent not permitted for human consumption. However, HPLE with ethanol (50%)
allowed for seaweed extracts that are of food grade, which is mandatory for future applications such
as nutraceuticals and functional food ingredients.

Table 1. Antioxidant activity of the seaweed extracts.

Total Polyphenolsmg pmollblli)'{"’/}gl Dry ORAC
i T

Species ype GAE/g Dry Seaweed Seaweed umol ET/g Dry Seaweed
Ethanol Acetone Ethanol Acetone Ethanol Acetone
Durvillaea antarctica Brown 74+02b 6.7+0.7% 485+42?2 278+22* 680.1+11.6% 647+00?
Gelidium sp. Red 32+03% 34022 4804 47:02¢ 2778+155% 69+05°¢
Lessonia spicata Brown 33+02° 38+01% 66+07% 107+06% 4483+3342 213+13P
Nothogenia sp. Red 48+03" 60+03% 54+03% 69+01° 371.6+123% 181+09°
Mazzaella laminarioides Red 19+01°2 31+01°2 22+01° 7.05+08P 208.1+104¢ 87+0.6¢
Pyropia sp. Red 22+£00° 31£01° 65+£04% 106+092 4553342  307+292

Different letters indicate the statistically significant differences for the Tukey multiple range test with 95% confidence,
into each column.

Two complementary methods were applied to determine the antioxidant activity of the extracts:
the oxygen radical absorbance capacity (ORAC) test, which corresponds to an electron transfer model,
and the DPPH assay that determines the transfer of hydrogen atoms.

Statistically significant differences were observed among the species studied (p < 0.05), with brown
seaweed extracts being the ones with the highest antioxidant activities in both extraction methods.
The high antioxidant activity of brown species could be due mainly to their content of phlorotannins,
whose phenolic ring can eliminate the reactive species of oxygen [23-26].

Ethanol D. antarctica extracts presented the highest antioxidant activity, both in the ORAC (680.1
+ 11.0 umol ET/g dry seaweed) and DPPH (48.5 + 4.2 umol ET/g dry seaweed) assays (Table 1).
Thus, HPLE with ethanol is a feasible food grade alternative to conventional extraction since it allows
obtaining polyphenol extracts with higher antioxidant activity (p < 0.05). It is worth mentioning that the
TP extraction yields differed only between 10-20%. Contrarily, for the antioxidant activity, the HPLE
extracts presented two and 10 times higher DPPH and ORAC values, respectively, as compared to the
extracts obtained using acetone. The advantage of using HPLE with ethanol is clear; the antioxidant
capacity is associated with the potential benefic effect of polyphenols on human health, and above all
because ethanol is a food grade solvent.

The major compounds contributing to the overall antioxidant activity in seaweeds are frequently
phenolic compounds and polysaccharides; they may be found alone or associated with other
components such as polyphenols, amino acid, protein, lipids, and sometimes polysaccharide
conjugates [27] (Jacobsen et al., 2019). Since some seaweed polyphenol compounds may be conjugated
with different types of sugars, the chemical structure of these conjugated compounds makes them more
soluble in alcoholic solvents compared to acetone. This may explain the higher antioxidant activity of
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our extracts. The higher solubility of sugars can be associated with the dielectric constant of ethanol
(24.55 at 25 °C), which is closer to water (78.54 at 25 °C) than acetone (20.7 at 25 °C) [28].

2.3. Anti-Enzymatic Activities

One of the strategies to manage type-2 diabetes is through the inhibition of enzymes such as
a-amylase and a-glucosidase. The selective inhibition of these enzymes reduces the hydrolysis
of carbohydrates and the rate of glucose uptake into the bloodstream [29]. The ability of the
seaweed extracts to inhibit the activity of x-amylase and a-glucosidase at different concentrations
was determined.

The x-amylase activity did not decrease significantly with any of the ethanol seaweed extracts
within the concentration range studied (Figure 2). Acetone extracts of D. antarctica and Gelidium sp.
inhibited the activity of this enzyme, although to a lesser extent than acarbose. The acetone extract of
D. antarctica (2000 ug of dry extract/mL) decreased the -amylase activity to 56.6 + 2.0% and Gelidium
sp. to 77.9 + 2.1%. In contrast, acarbose (concentration > 1000 pg/mL) decreased the enzyme activity
to 37.5 + 0.4%.
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Figure 2. Percentages of the x-amylase activity under different concentrations of ethanol (A) and
acetone (B) extracts (ug/mL). The points represent the average enzymatic activity (%) + standard
deviation (n = 3).

Like o-amylase inhibitors, «-glucosidase inhibitors can slow down the breakdown and absorption
of dietary carbohydrates [30]. The acetone and ethanol extracts of D. antarctica and the acetone extract
of L. spicata were the most effective inhibitors of x-glucosidase (Figure 3). The D. antarctica acetone
extract almost completely inhibited the enzymatic activity (to 0.7 + 0.3%), followed by the acetone
extract of L. spicata (to 1.2 + 0.3%) and by the ethanol extract of D. antarctica (to 3.1 + 0.4%); all of
them to a concentration of 1000 g dry extract/mL. These extracts were much more effective than the
commercial enzymatic inhibitor acarbose (1000 pg/mL), which reduced the enzymatic activity only to
40.4 + 1.1%. The ethanol and acetone extracts of Gelidium sp., M. laminarioides and Nothogenia sp. did
not show any significant inhibitory effect against «-glucosidase in the concentration range assessed
(1, 10, 100, 1000 png dry extract/mL). In general, the differences in the inhibition capacity among the
extracts would be derived from their compositions, which in turn is the result of the seaweed species
and extraction methods used.

141



Mar. Drugs 2020, 18, 353

A 120 B 120

X 100 T 100

g z

2 80 2 80

] ]

] ]

© ©

g 60 @ 60

© ©

s z

8 40 8 40

S S

=] =3

) )

& 20 & 20

0 " N " N 8 n 0 "
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Concentration (pg/mL) Concentration (pg/mL)

—o—Acarbose +{3-D. antarctica - Gelidium sp. —o—Acarbose + @3- D. antarctica =& Gelidium sp.
=x=L spicata =% M. laminarioides =O Nothogenia sp. =x=L spicata =% M. laminarioides =O Nothogenia sp.
~-+=Pyropia sp. ~+=Pyropia sp.

Figure 3. Percentages of x-glucosidase activity under different concentrations of ethanol (A) and
acetone (B) extracts (ug/mL). Points represent the average enzymatic activity (%) + standard deviation

(n=23).

The IC5 values for the a-glucosidase (Table 2) of acetone extracts of D. antarctica and L. spicata
(the only two seaweed species that generated inhibition higher than 50%) were 466 and 479.21 pg/mL,
respectively, and both were lower than the ICsy of acarbose (797.9 ug/mL). Hence, D. antarctica and L.
spicata have an effective inhibitory effect on the activity of x-glucosidase. Brown algae were better
inhibitors of «-glucosidase than red algae such as Gelidium sp., M. laminarioides and Nothogenia sp.
Likewise, other authors found that the water extract of Laminaria digitata, a member of the Laminariaceae
family and a brown seaweed, was effective in inhibiting a-glucosidase [11].

Table 2. The IC50 values (ug extract/mL) of brown seaweeds for x-glucosidase inhibition.

Species Extract Type
Ethanol Acetone
D. antarctica 4734 +09b 466 +132
L. spicate 5317.6 + 0.75 © 4792 +1.7°¢
Acarbose 797.85 +1.14

Different letters indicate the statistically significant differences for the Tukey multiple range test with 95% confidence.

The diversity and abundance of some compounds may hamper the interactions with the enzyme
at a molecular level; however, it is possible that the purification of extracts may enhance the enzymatic
inhibitory activity. Therefore, our crude algae extracts were not as effective in inhibiting these enzymes
as the pure polyphenols of vegetable origin (IC5y ~ 5 ng/mL) [14] or purified polyphenol extracts from
pomegranate extracts (ICsy of 278 pg/mL) or black tea (ICsq of 64 ug/mL) [31].

Several reports have been published on the established enzyme inhibitors, such as acarbose,
miglitol, voglibose and nojirimycin, and their favorable effects on blood glucose levels after food
intake [32,33]. This fact is attributed to their capacity to diminish the assimilation of sugars, both
monosaccharides and more complex carbohydrates. It seems appropriate to ingest the potent inhibitors
of a-glucosidase and a-amylase to control the release of glucose from saccharides in the intestine.
However, the complete inhibition of both enzymes could result in the poor absorption of nutrients.
Inhibitors should be administered in doses that allow all carbohydrates to be digested. Otherwise,
undigested carbohydrates will enter the colon and, as a result of bacterial fermentation, will lead
to side effects such as flatulence. The most adequate inhibitors should delay the digestion and
absorption of carbohydrates without overloading the colon with them [34]. It has been proposed that
the administration of products presenting the moderate inhibition of x-amylase and strong inhibition of
a-glucosidase is an effective therapeutic strategy that could decrease the availability of monosaccharides
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for absorption in the intestine [35-37]. Hence, the consumption of some of our seaweed extracts may
be a preferred alternative for modulating the glycemic index of some food products.

The enzymatic inhibition capacity (x-amylase and x-glucosidase) of seaweed extracts followed the
same trend as their antioxidant activities. The ethanol and acetone extracts of D. antarctica, the species
with the highest average antioxidant activity (ORAC and DPPH), presented the highest a-glucosidase
inhibition activity. Consequently, antioxidant activity indices can be used to optimize the design of the
extraction process.

3. Materials and Methods

3.1. Chemicals and Cell Culture

All the chemicals and cell culture reagents were obtained from Sigma Chemical Co. (Saint Louis,
MO, USA) unless stated otherwise. The cell lines were obtained from The Institute of Biochemistry
and Microbiology UACh (Valdivia, Chile).

3.2. Seaweed Collection and Identification

Six species (4 red and 2 brown) were harvested in September 2017 from Corral port at “Region
de los Rios” South of Chile. The red species collected were: Gelidium sp., Mazzaella laminarioides
(Luga cuchara), Nothogenia sp. (Chascuo) and Pyropia sp. (Luche); the brown species were: Durvillaea
antarctica (cochayuyo) and Lessonia spicata (huiro negro) (Figure 4). All of them were morphologically
identified by taking into account taxonomical characteristics such as the shape of the thallus, the number
of pyrenoids, the presence/absence of marginal teeth, and the thickness of the cross section. The six
seaweeds were identified by Ph.D (c). M. Palacios (Algae Ecophysiology Laboratory of the Universidad
Austral de Chile, Valdivia, Chile), an experienced researcher on Sub Antarctic macroalgae taxonomy.

Figure 4. Macroalgae used in this study. The red macroalgae species (A) Pyropia sp., (B) M. laminarioides,
(C) Gelidium sp., (D) Nothogenia sp.; and the brown macroalgae species (E) D. antarctica and (F) L. spicata.
(Photograph by Mauricio Palacios- IDEAL Center).

3.3. Cytotoxicity Assays

To ensure the safety of the extracts as edible products, the cytotoxicity was assessed according
to Lordan et al. [11]. The HT-29 cell line (ATTC number: HTB-3) from human colon carcinoma was
maintained in Dulbecco’s modified Eagle’s medium (DMEM), containing 10% fetal bovine serum (FBS),
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50 U/mL penicillin, 50 mg/mL streptomycin and 2 mM L-glutamine. The cells were cultured at 37 °C
with 5% CO, in a humidified incubator. The cells in exponential growth were used.

The seaweed extracts were prepared like enzymatic assays and the stock solution was diluted
with the culture medium to give the desired concentrations. For each assay, the HT-29 cells were
seeded and acclimated for 24 h before treatment in a DMEM culture medium without phenol red,
for which 100 pL of HT-29 cells were added per well (50,000 cells/well). Subsequently, 2 mL of
increasing concentrations of algae extract were added (between 1 and 1000 mg seaweed extract/mL),
done in triplicate; a positive control was used, that of a high concentration of DMSO (16.7% as
a final concentration). Each microplate was incubated at 37 °C with 5% CO, for 24 and 48 h.
The MTT (3(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolic) from Sigma-Aldrich (cat # M2128; Saint
Louis, MO, USA) was used to evaluate the effect of different concentrations of extracts on the cells.
The MTT reagent (5 mg/mL) was added 4 h before the end of the treatment. Then, a lysis buffer
(50% dimethylformamide and 20% SDS) was added, homogenized and finally incubated 10-15 min
to subsequently record its absorbance at 545 nm. Cell survival was determined using the MTT
(3(4,5-dimethyl-2-thiazoyl)-2,5-diphenyltetrazolic) assay, which measures the change in metabolic
activity, proportional to the number of viable cells.

3.4. Polyphenol Extraction Methods

The collected seaweed samples were quickly washed in cold water to remove sand and other
particles; they were immediately frozen and stored in vacuum-packed bags at =80 °C prior to freeze
drying. Two methods of extraction for each of the seaweeds were employed: HPLE with ethanol/water
(50%) and conventional extraction (at atmospheric conditions: 20 °C-14.69 psi) with acetone/water
(60%) at atmospheric pressure. For both extraction methods, freeze-dried seaweed material was mixed
using a 1:32 wy/v ratio with the respective extraction solvent, ethanol (50% v/v) and acetone (60%). HPLE
were carried out in an accelerated solvent extractor (Thermo Scientific™ Dionex™ ASE™ 150, Waltham,
MA, USA) at 120 °C and 1500 psi. Each sample was subjected to one cycle of extraction of 20 min and
using 150 mL of washing solvent. After extraction, water—ethanol (50%) extracts were transferred to an
amber PET bottle and stored at —20 °C. Using a conventional water/acetone (60%) extraction, each
seaweed sample was extracted for 1 h on a thermoregulatory rotary shaker at 100 rpm at 30 °C. Then,
the mixture was centrifuged for 5 min at 6000 rpm and 20 °C, and the supernatant was transferred to
a 50 mL flask wrapped in aluminum. A volume of water was added to the remaining solid, stirred
manually and centrifuged. The washed supernatant was transferred to the previous flask and adjusted
to 50 mL with a 60% water-acetone solution. Finally, the extract was transferred to an amber PET
bottle and stored at —20 °C.

3.5. Total Polyphenol Content

The total polyphenol content of the extracts was determined using the Folin-Ciocalteau (FC)
method, with gallic acid as the standard. In brief, 0.5 mL of the sample or solvent blank was diluted in
3.75 mL of distilled water. Subsequently, 0.25 mL of the FC reagent was added and homogenized. Then,
0.5 mL of the sodium carbonate solution (10% w/v) was added, and it was homogenized for 1 h at room
temperature. The absorbance of the reaction product was measured at 765 nm (UV spectrophotometer
1240, Shimadzu, Kyoto, Japan). The total polyphenol content was calculated as a mg of gallic acid
equivalents (mg GAE) per gram of dry seaweed, using an absolute standard curve of calibration in the
range of 0.01-0.1 mg GAE/mL (r?). Each extract was analyzed in duplicate.

3.6. Free Radical Scavenging Using DPPH Radical

The quantification of the anti-radical activity, 2,2-diphenyl-1-picrylhydracil (DPPH) of the extracts,
was carried out by the method of Tierney et al. [38] with minor modifications. Prior to each batch
of analysis, a working solution of DPPH (0.048 mg/mL) was prepared by diluting a stock of 0.238
mg/mL prepared in methanol. In addition, three serial dilutions of the samples were performed with
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the extraction solvent, at concentrations in the range of 0.025-15 mg/mL. For the analysis, 0.5 mL of
DPPH solution was added to microtubes with 0.5 mL of the extract’s dilutions. After homogenizing,
the tubes reacted for 30 min at room temperature. Absorbance was measured at 520 nm on a UV 1240
spectrophotometer (Shimadzu, Kyoto, Japan). Likewise, the serial dilutions of Trolox were measured as
the reference standard, and from which a standard curve was determined. The results were expressed
in pmol equivalent of Trolox (ET)/g dry seaweed.

3.7. Free Radical Scavenging by Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC method was carried out based on the procedure described by Caor and Prio [39], with
minor modifications. The reaction was carried out in a 75 mM phosphate buffer (pH 7.4), in a 96-well
microplate. Then, 45 uL of the sample and 175 uL of fluorescein were deposited at 108 nm. This mixture
was incubated for 30 min at 37 °C; after that time, 50 pL of the AAPH solution was added to 108 mM.
The microplate was immediately placed in the dual-scan microplate spectrofluorometer (Gemini XPS,
San Jose, CA, USA) for 60 min; fluorescence readings were recorded every 3 min. The microplate was
automatically shaken before and after each reading. For the calibration curve, Trolox was used at 6,
12, 18 and 24 uM. All reactions were carried out in triplicate. The area under the curve (AUC) was
calculated for each sample by integrating the relative fluorescence curve (r> > 0.99). The net AUC of
the sample was calculated by subtracting the AUC of the blank. The regression equation between the
net AUC and Trolox concentration was determined, and the ORAC values were expressed as umol
Trolox equivalents/g of dry seaweed (ET/g) using the standard curve established previously.

3.8. Inhibition of a-Amylase Activity

The ability of each extract to inhibit x-amylase activity was measured using the method described
by Nampoothiri et al. [40] and adapted by Lordan et al. [11]. For the preparation of the samples, each
extract was dried by aeration (using an aeration pump). After solvent evaporation, each dry sample
was re-suspended in DMSO and filtered, obtaining a stock solution of 10 mg of dry seaweed extract/mL.
From this stock, the assay dilutions were made: 0.01-2 mg/mL phosphate buffer (pH 6.9). Then, 100 L
of each sample dilution and 1% starch solution in 20 mM sodium phosphate buffer (pH 6.9 with 6
mM sodium chloride) were incubated in microtubes at 25 °C for 10 min in a water bath. A volume of
100 pL of porcine pancreatic x-amylase (0.5 mg/mL) was added to each tube and the samples were
incubated at 25 °C for another 10 min. Then, 200 uL of dinitrosalicylic acid reagent were added and the
tubes incubated at 100 °C for 5 min in a water bath. Subsequently, 50 uL of each reaction mixture was
transferred to wells of a 96-well microplate and diluted by adding 200 pL of water to each well and the
absorbance was measured at 540 nm in a microplate reader. The enzymatic activity was determined

as follows:
E tic activity (%) — Absorbance of extract 100 1
HEYmAtc actionty o) = Absorbance o f control

where the control is the enzyme-substrate reaction in the absence of inhibitors. The effect of the
pharmacological inhibitor, acarbose, was also determined.

3.9. Inhibitions of a-Glucosidase Activity

The ability of each extract to inhibit x-glucosidase activity was measured using the method
described by Nampoothiri et al. [40] and adapted by Lordan et al. [11]. The samples were prepared
with the same methodology as the x-amylase activity assay. The inhibitory effect of each extract was
measured at concentrations from 0.1 to 1000 ug/mL in 100 mM sodium phosphate buffer (pH 6.9).
A volume of 50 uL of the extract solution and 50 pL of the 5 mM p-nitrophenyl-a-p-glucopyranoside
(PNPG) solution (in a phosphate buffer) was mixed in a 96-well microplate and incubated at 37 °C for
5 min. Then, a phosphate buffer (100 puL) containing 0.1 U/mL of u-glucosidase (from S. cerevisiae) was
added to each well. The absorbance at 405 nm was recorded for 15 min using a microplate reader at 37
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°C. The effect of the commercial inhibitor on the x-glucoside activity was also determined, and the
data were processed as in the previous assay.

The IC5( value was also calculated, representing the concentration of the extract that caused 50%
enzyme inhibition, which was calculated by linear regression analysis. That value was determined
only when the inhibition was higher than 50%.

3.10. Statistics

All the data points were mean values of at least two or three independent experiments. Where
appropriate, the data were analyzed by a one-way analysis of variance (ANOVA) followed by Tukey’s
Multiple Comparison test. The software employed for the statistical analysis was STATGRAPHICS
Centurion XV.II (Old Tavern Rd, The Plains, VA, USA).

4. Conclusions

Extraction is the first step in studies regarding plant bioactive compounds and plays a significant
role in the final outcome. Currently, there is growing demand for sustainable extraction methods of
bioactive compounds from plant sources. HPLE is a green method that allows obtaining food-grade
plant extracts that have specific healthy properties. Using this technology, we were able to produce
extracts of D. antarctica and L. spicata that showed higher antioxidant capacities than the extracts from
red and green algae. From the extracts that we obtained in this study, only three (of two species)
strongly inhibited o-glucosidase and one appreciably inhibited a-amylase. From the six species under
study, D. antarctica stood out as particularly useful for developing an antihyperglycemic agent given its
enzyme inhibition profile: the strong inhibition of a-glucosidase and moderate inhibition of x-amylase.
The seaweed considered in this study showed no cytotoxicity under the tested conditions.
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Abstract: Natural phenolic compounds are important classes of plant, microorganism, and algal
secondary metabolites. They have well-documented beneficial biological activities. The marine
environment is less explored than other environments but have huge potential for the discovery of
new unique compounds with potential applications in, e.g., food, cosmetics, and pharmaceutical
industries. To survive in a very harsh and challenging environment, marine organisms like several
seaweed (macroalgae) species produce and accumulate several secondary metabolites, including
marine phenolics in the cells. Traditionally, these compounds were extracted from their sample
matrix using organic solvents. This conventional extraction method had several drawbacks such
as a long extraction time, low extraction yield, co-extraction of other compounds, and usage of a
huge volume of one or more organic solvents, which consequently results in environmental pollution.
To mitigate these drawbacks, newly emerging technologies, such as enzyme-assisted extraction
(EAE), microwave-assisted extraction (MAE), ultrasound-assisted extraction (UAE), pressurized
liquid extraction (PLE), and supercritical fluid extraction (SFE) have received huge interest from
researchers around the world. Therefore, in this review, the most recent and emerging technologies
are discussed for the extraction of marine phenolic compounds of interest for their antioxidant and
other bioactivity in, e.g., cosmetic and food industry. Moreover, the opportunities and the bottleneck
for upscaling of these technologies are also presented.

Keywords: marine phenolics; emerging technologies; extraction

1. Introduction

Phenolic compounds are secondary metabolites produced by plants, microorganisms, and algae.
The marine environment is an excellent source of bioactive compounds, and this includes phenolic
compounds. There are many theories about why marine plant (seaweeds) tissues produce and
accumulate phenolic compounds, and one of the most widely accepted theories states that phenolic
compounds are produced as a defense mechanism to protect from biotic and abiotic factors. To adapt
and survive in a very competitive and challenging marine environment, seaweeds (macroalgae) need
to produce defense mechanisms from their metabolic pathways that protect them against the harsh
environment and biological agents like UV protectant, anti-herbivory, and antioxidant [1]. The most
pronounced environmental stress is that seaweeds often grow in intertidal locations where they
are exposed to a frequently changing environment with high fluctuation of sunlight and oxygen,
demanding from them a strong antioxidative defense system [1,2]. Nevertheless, the type and
level of compounds vary from species to species, e.g., the geographic location, the growing season,
and the environmental stress [3,4]. For instance, phlorotannins are phenolic compounds that are
exclusively found in brown seaweeds [5], which grow in the mentioned harsh environments, and their
concentration is highly variable across the different seasons [6,7].
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Several types of phenolic compounds were isolated and characterized from brown, green, and red
seaweed. Both the type and composition of the phenolic compounds vary across the different genera of
seaweed [8]. The most commonly reported phenolic compounds are simple phenolic compounds like
gallic acid, epicatechin, epigallocatechin, catechin gallate, protocatechuic acid, hydroxybenzoic acid,
chlorogenic acid, caffeic acid, and vanillic acid [9,10]. Several flavonoids like quercetine, hesperidin,
myricetin, and rutin were also reported in marine seaweeds [10-13] (Figure 1). Phlorotannins
are the most commonly reported complex phenolic compounds in several brown seaweed species.
Phlorotannins are oligomers of a phloroglucinol (1,3,5-trihydroxy benzene) monomer unit, with a large
molecular size ranging from 126 Da to several thousand Da. Depending on the nature of the linkage
between the aromatic units, there are four different classes of phlorotannins. When the linkage between
the phloroglucinol unit is aryl-ether (C-O-C), they are called phloroethols and fuhalols; those with
phenyl linkage (C-C) are fucols; fucophloroethols have both phenyl and aryl-ether linkages, and ecols
with a benzodioxin linkage [14] (Figure 2). As secondary metabolites, phlorotannins play a series of
recognized roles in the cell, such as anti-herbivory defense, antifouling activity, and UV protectants [15].
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Figure 1. Chemical structures of some commonly reported seaweed phenolic and flavonoid compounds.
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Marine phenolics show several biological activities [16], such as antioxidants [10,17],
anti-inflammation [18-20], antimicrobial [21-23], anticoagulant [24], plant growth promoters [25],
anticancer agents [26,27], angiotensin I-converting enzyme (ACE) inhibiting activity [28], antidiabetic [29],
and antiproliferative [30]. To get all these benefits of the marine phenolics and use them in different
delivery systems, such as food, pharmaceuticals, and cosmetics, the compounds need to be extracted
from the sample matrix, characterized, and purified. Traditionally, marine phenolic compounds were
extracted from marine resources using organic solvents. However, this extraction method had several
drawbacks, including the use of a large volume of solvents, long extraction time, low extraction
yield, degradation of extracted compounds, and difficulty of separating the extract from the solvent.
In order to mitigate these challenges, several newly emerging technologies were used to extract
phenolics from marine resources. Therefore, this review aimed to summarize the most frequently used
emerging and sustainable technologies in the extraction of marine phenolics from seaweed. Moreover,
the opportunities and challenges are discussed for the upscaling of these technologies.

2. Traditional Extraction of Marine Phenolics

Traditional extraction, commonly known as solvent extraction or solid-liquid extraction (SLE),
is the most commonly and frequently used extraction technique. SLE can be done in several ways,
such as; refluxing using soxhlet; boiling the sample and solvent with or without stirring for a
certain duration; or maceration with continuous stirring (often for long duration, and sometimes
even overnight). Several kinds of solvents and a mixture of solvents with wide polarity ranges are
used to extract marine phenolics. The solvents include methanol, ethanol, acetone, ethyl acetate,
trichloromethane, a mixture of water and organic solvents like ethanol, acetone, and acetonitrile,
and methanol, at different mixing ratios [31-36]. When a mixture of solvents like water and ethanol is
used, the extraction yield of phenolic compounds is reported to be higher than each of the solvents
used individually, due to different optimums of extractability of compounds of different polarities,
for the different solvents in a mix [37]. However, conventional extraction methods usually involve the
use of a large volume of solvents, longer extraction time, and high temperature. Such harsh extraction
conditions lead to the possibility of oxidation and hydrolysis of the phenolic compounds. Moreover,
the upscaling of this technology at an industrial level would be difficult, owing to practicality, energy,
economic, and environmental considerations [38]. Thus, to overcome the challenges associated with
the method, several newly emerging extraction technologies were introduced.

3. Emerging Technologies for Extraction of Marine Phenolics

The newly emerging technologies could be based on the energy/mechanism they use for the
extraction, such as ultrasound-assisted extraction (UAE); microwave-assisted extraction (MAE);
based on the use of biological agents such as enzymes, enzyme-assisted extraction (EAE); based on the
use of new type of solvents like pressurized solvent extraction (PLE); and supercritical fluid extraction
(SEE). There are also less frequently used technologies, such as pulsed electric field-assisted extraction
(PEF) and ohmic heating, where an electrical current is passed through the material and generates
heat. Moreover, in recent years, there are new types of solvents, which are increasingly used for the
extraction of phenolic compounds, and these solvents include, ionic liquids and deep eutectic solvents
utilizing the different melting points of the constituents. Additionally, two or more of these methods
were also used in combination [39,40]. Recent advances in the use of these extraction methods to
extract marine phenolics from seaweeds are discussed below.

3.1. Enzyme-Assisted Extraction (EAE)

EAE offers several advantages, as compared to conventional extraction methods, including low
operation temperature and the use of environment-friendly solvent. EAE is not a new extraction
method to recover bioactives from a marine organism, however, ever-increasing research in the
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extraction process optimization and intensification coupled with a constant study in the discovery of
new robust enzymes makes it an emerging technology.

Phenolic compounds can exist in several forms in the plant, microorganism, and algal material,
such as in free soluble form or as insoluble complex forms [41]. Most marine phenolic compounds
either make a complex with other macromolecules like protein and carbohydrate, or inside the cell,
surrounded by a thick cell wall polysaccharide like alginate. Some phenolics are, however, easily
accessible when located in the outer cell walls in physodes [8,42]. The discovery and application
of cell wall degrading enzymes are based on their ability to degrade polysaccharides like alginate.
For instance, phlorotannins, the most abundant form of phenolic compounds in brown seaweeds,
usually form a covalent bond with proteins to produce a protein—polyphenol complex. To release these
bound phenolic compounds, and make them available for extraction, an enzyme that is capable of
hydrolyzing the protein—polyphenol bond is required [41]. In recent years, several novel enzymes
were discovered from marine organisms. Most of the enzymes are cell wall polysaccharides degrading
enzymes like alginate-lyases, glucuronan-lyases, carrageenases, laminarinases, and agarases [43].
When such structural and cell wall polysaccharides are degraded, the contents of the cell, including the
phenolic compounds are released into the extraction medium, and thus increases the extraction yield.
Some recently discovered enzymes had a higher activity, as compared to the commercially available
enzymes. Thua et al. [44] used extracts from enzyme-active bacterial isolate, which was obtained from
decaying Ascophyllum nodosum for EAE of phenolic compounds from Fucus vesiculosus. They reported
that the yield of phenolic compounds extracted, even at a low temperature of 28 °C, was higher than
all three types of commercial enzymes (cellulase, proteases, and xylanase) used in the study. From the
three commercial enzymes studied, xylanase yielded the best phenolic compounds (35.7 mg PGE/g dry
weight (DW)), whereas enzyme active bacterial isolate yielded 44.8 mg PGE/g DW. However, most of
such enzymes are isolated and tested at laboratory scale and are not currently available for industrial
applications [45]. Thus, this research indicated that new types of robust and efficient enzymes are yet to
be discovered from the marine environment and more integrated research is needed to accomplish this.

Although there is a problem in attacking specific cell wall polysaccharides, nonspecific enzymes
that can degrade the polysaccharide and protein are available in large quantities for use in labs, pilots,
and even at an industrial scale. Several researchers reported the use of such enzymes to recover
marine phenolics from seaweed (Table 1). As shown in Table 1, the yield of phenolic compounds
was affected by different factors, including the type of enzyme used, the enzyme concentration,
temperature, the pH of the media, and the treatment duration. The type of enzymes used for the
extraction process is very important. Generally, when comparing the yield of phenolic compounds
produced by carbohydrases and proteases, most reports showed that those treated with carbohydrases
had higher phenolic compounds [39,46,47]. The reason could be the differences in their attacking
targets. Carbohydrases attack the cell wall polysaccharides and release the cell contents into the
extraction medium to increase the extraction yield of the phenolic compounds. In contrast, proteases
attack the protein and increase the concentration of protein in the extraction medium, which might
subsequently react with phenolic compounds to form a protein-polyphenol complex in the extraction
medium. The produced complex eventually makes aggregates and precipitates, and thereby results in
a possible reduction of the phenolic compounds extraction yield [48]. Therefore, a careful selection of
enzymes and optimizing the extraction parameters is a fundamental part of EAE. EAE is reported by
itself or with the combination of other types of extraction technologies like UAE, MAE, PLE, and SFE.
When EAE is combined with PLE and SFE, the pretreatment of biomass, together with the enzyme
degrades the cell wall, and subsequently, the phenolic compounds are easily available for extraction by
the solvents [48].
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3.2. Ultrasound-Assisted Extraction (UAE)

Ultrasound-assisted extraction is an emerging potential technology that can accelerate heat and
mass transfer and was successively used in extraction. Ultrasound waves alter the physical and
chemical properties after interaction with the exposed material. The cavitational effect of the ultrasound
waves facilitates the release of extractable compounds, and furthermore, enhances the mass transfer by
disrupting the plant cell walls. UAE is a clean method that avoids the use of a large quantity of solvent,
along with cutting down in the working time. Ultrasounds are successfully employed in the extraction
field [49,50], and is well-known to have a significant effect on the rate of various processes in the
chemical and food industry. Much attention is given to the application of ultrasound for the extraction
of natural products that typically need hours or days to reach completion with conventional methods.
With the use of ultrasound, full extractions can now be completed in minutes, with high reproducibility,
reducing the consumption of solvent, simplifying manipulation and work-up, and yielding higher
purity of the final product. This also eliminates post-treatment of wastewater and consumes only a
fraction of the fossil energy normally needed for a conventional extraction method like the Soxhlet
extraction, maceration, or steam distillation. Several classes of food components like aromas, pigments,
polyphenols, and other organic and mineral compounds were extracted and analyzed efficiently from
a variety of matrices, such as oils from garlic, phenolics from citrus peel and wheat bran, aromas from
tea, and lycopene/pigment from tomatoes [49].

In more detail, the UAE is based on cavitation, i.e., the creation, growth, and sudden implosion
(collapse) of bubbles with tremendous energy release from each of them, sometimes referred to as
hot spots [51,52]. In the bulk solvent, the bubble collapse is symmetrical, but near to the surface, it is
asymmetrical and generates a high-speed jet of liquids. In the case of cavitation in an extraction system,
the jet hits the surface of the sample matrix and provides a continuous circulation of new solvents
at the surface, producing deep penetration of solvent into the sample particle, continuous solvent
mixing, and sometimes particle size reduction. The deep penetration of the solvent coupled with size
reduction, enhances the extraction efficiency of the phenolic compounds [53]. UAE is used to extract
phenolic compounds from marine resources. Several researchers extracted phenolics from brown
algae (Phaeophyceae); Ascophyllum nodosum [54], Laminaria japonica, Fucus vesiculosus [55], green algae
(Chlorophyceae); Codium tomentosum [39], and the red alga (Rhodophyceae); Laurencia obtusa [56] (Table 2).
The extraction yield of phenolic compounds using UAE could be significantly affected by several
experimental parameters. The parameters include the ultrasound energy/power, the sample-to-solvent
ratio, a combined ratio of different solvents, the extraction temperature, time, and the particle size of
the sample. To investigate the effect of each parameter, and the combination of two or more parameters
on the extraction efficiency of marine phenolics using UAE, several statistical models were evaluated.

In their optimization study for extraction of phenolic compounds from red seaweed L. obtusa using
UAE, Topuz et al. [56] determined the optimum extraction conditions of solvent—seaweed ratio, 24.3:1;
extraction temperature, 45.3 °C; and the extraction time of 58 min, to recover a maximum yield of
TPC 26.2 mg GAE/g seaweed. Dang et al. [57] also optimized the UAE of phenolic compounds from
brown seaweed Hormosira banksii, using response surface methodology, and reported that the optimum
conditions for maximum phenolic content were temperature, 30 °C; time, 60 min; and power, 150 W.
According to this study, the application of UAE at the optimal conditions increased the yield of TPC by
143%, as compared to the conventional extraction method. In another study, Vazquez-Rodriguezetal. [58]
optimized the extraction parameters, namely, extraction temperature (50-65 °C), ultrasound power
density (1.2-3.8 W cL 1), solvent/seaweed ratio (10-30 mL g~1), and ethanol concentration (25-100%
ethanol in water), to recover phlorotannins from brown seaweed Silvetia compressa. They reported a
maximum of 7.3 mg PGE/g dry seaweed at (X1 = 50 °C, X2 =3.8 W cL™!, X3 = 30 mL g~! seaweed
meal, and X4 = 32.3%). Moreover, the study showed that the ultrasound power density was the most
influential parameter for the extraction of the phlorotannins.
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3.3. Microwave-Assisted Extraction (MAE)

Microwave heating or microwave-assisted extraction (MAE) is used extensively to extract valuable
materials from plant and animal resources. In details, microwave heating is generated by dipole
rotation of a polar solvent and ionic condition of dissolved ions and this rapid volumetric heating
leads to effective cell rupture, releasing the compounds into the solvent. MAE is used to extract
phenolic compounds from several seaweed species (Table 3). Yuan et al. [59] applied microwave
irradiation at 110 °C for 15 min, to extract phenolic compounds from four economically important brown
seaweed species Ascophyllum nodosum, Laminaria japonica, Lessonia trabeculate, and Lessonia nigrecens.
They also conducted the conventional method, agitation at room temperature for 4 h, for comparison.
They found a TPC concentration of 139.8, 73.1, 74.1, and 107.1, GAE mg/100 g dry weight of each
seaweed, respectively, which were much higher than the TPC obtained through the conventional
extraction technique of 51.5, 38.5, 49.8, and 78.1 GAE mg/100 g DW, respectively, for the same set of
seaweed samples.

The advantage of MAE over the conventional method, is getting a higher amount of TPC at
a very short time, at a temperature, as high as 110 °C, which normally degrades and reduces the
yield of phenolic compounds. Manusson et al. [60] conducted a comparison study of MAE extraction
with conventional solid-liquid extraction of phloroglucinol from several brown seaweed species,
and reported that the yield of polyphenols using MAE increased up to 70%, as compared to SLE.
According to this study, the high amount of phenolic compounds in MAE, as compared to SLE is due to
the accessibility of up to 40% of cell-wall bound polyphenols by MAE, which was not possible with SLE.
Li et al. [61] optimized MAE of phenolic compounds from green seaweed species Caulerpa racemose,
using an L1g(3)® orthogonal experimental array. In this study, a maximum of 67.9 mg GAE/100 g dried
sample was obtained at optimum conditions of microwave power, 200 W; ethanol concentration, 60%;
extraction time, 40 min; extraction temperature, 50 °C; and solvent-to-material ratio, 40 mL/g. In general,
the efficiency of MAE was affected by several factors, including the microwave power, the type of
solvents, the composition of solvents used, extraction time, temperature, and the sample-to-solvent
ratio. Microwave power was found to be effective in increasing the extraction yield. However, too much
power, on the contrary, would result in overheating of the system and lead to the degradation of
heat-labile compounds such as polyphenols. The effect of temperature was also observed to be similar
to microwave power. Another important factor affecting the yield of MAE is the type of solvent used
in the extraction process. Water is a good solvent to absorb the microwave energy, and distribute
the energy evenly in the extraction medium. However, the solubility of phenolic compounds in
water is low, as compared to other organic solvents like ethanol. To overcome such problems, several
researchers tested a mixture of water and ethanol in different mixing ratios. Several studies optimized
the extraction parameters using statistical models, so that they could get the maximum polyphenol
compounds with a possible combination of extraction parameters [26,27,61-64].
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3.4. Pressurized Liquid Extraction (PLE)

Pressurized liquid extraction (PLE) is also known as accelerated solvent extraction (ASE) or
subcritical water extraction (SWE), when the solvent used is only water in a temperature range of
boiling point of water (100 °C) and critical temperature of water (374 °C). This is a newly emerging
technology for the extraction of marine phenolics. This technology has several advantages over
many other extraction technologies. This extraction takes a very short time, uses a relatively lower
amount of solvents, and hence requires minimum consumption of solvent, and since the extraction
is conducted in the absence of light and oxygen, the degradation of phenolic compounds is very
low [67]. For SWE, we can easily modify the polarity of water by tuning the extraction temperature.
For instance, increasing the temperature of water from room temperature to 200-250 °C, reduces the
dielectric constant of water, which is a measure of the polarity of water from 80 to 30-25. This value is
close to the dielectric constant of those of organic solvents like ethanol and methanol. These properties
of water, at subcritical conditions, would enable water to extract some of the organic compounds that
are otherwise not extractable by water at normal conditions. Thus, this could make SWE, the greenest
process of all PLEs [68].

In recent years, several researchers reported the extraction of phenolic compounds from a variety
of seaweed species, using SWE (Table 5). Different solvents such as ethanol, hexane, ethyl acetate,
acetone, and a mixture of different solvents, like water and ethanol at different ratios, were used to
extract marine phenolics from seaweed [69]. The extraction yield of phenolic compounds using PLE
is affected by numerous factors, including temperature, pressure, the type of the solvent, the ratio
between the sample and solvent, the extraction time, and the particle size of the sample. Among these
factors, the temperature is by far the most influential one determining the extraction yield. Increasing
the temperature reduces the viscosity and surface tension, and increases the diffusivity of the solvent,
which consequently increases the mass transfer of the solvent into the sample matrix, to enhance the
extraction yield. However, high extraction temperature might not always favor the extraction yield.
High temperatures could potentially lead to decomposition of heat-sensitive compounds like phenolics
and hence reduce the yield [70]. Pangestuti et al. [71] investigated the effect of temperature (120-270 °C),
solid-to-liquid ratio (1:150 to 1:50), and static extraction time of 10 min, on total phenolic content
of tropical red seaweed Hypnea musciformis extracts, obtained using SWE. In this study, the authors
observed that increasing the solid-to-liquid ratio, increased the TPC at all extraction temperatures.
Similarly, increasing temperature, also linearly increased the TPC content until it reached 210 °C,
and after 210 °C, the TPC started to decline. The possible reason mentioned in this study for the
reduction of TPC at higher temperatures was the thermal degradation of the phenolic compound
beyond 210 °C. The maximum TPC reported in this study was 39.75 + 0.2 mg GAE/g dried seaweed
and this was recorded at solid-to-liquid ratio of 1:50 and a temperature of 210 °C. In another study,
Gereniu et al. [72] studied pressurized hot water extraction (PHWE) of Kappaphycus alvarezii at different
temperatures (150 to 300 °C) and pressure (1 MPa to 10 MPa), and reported the maximum TPC content
at 270 °C and 8 MPa.

The type of solvent or mixture of solvents and their polarity is another type of very important parameter
that significantly affect the yield of phenolic compounds. Otero, Lopez-Martinez, and Garcia-Risco [69]
applied four different solvents that had wide polarity ranges, like hexane, ethyl acetate, ethanol, and
ethanol:water (1:1), to extract phenolic compounds from brown alga Laminaria ochroleuca, using PLE.
They reported that PLE extract with ethanol:water (1:1, v/v) showed the highest 173.7 mg GAE/g extract
TPC, whereas the hexane extract showed the least TPC, with only 6 mg GAE/g extract. This indicated that
careful selection of solvent is very important in PLE to get the best possible extraction yield and quality of
phenolic compounds.
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3.5. Supercritical Fluid Extraction (SFE)

A supercritical fluid is any substance that is kept at a temperature above its critical point (Tc)
and critical pressure (Pc). When a substance is kept at such conditions, it has different physical and
thermodynamic properties. The physical properties like viscosity, diffusibility, dielectric constant,
density, and surface tension, all significantly change, compared to the substance at its standard
atmospheric conditions. Moreover, we can tune these physical properties by changing the temperature
and pressure. The most commonly used supercritical fluid in the food, pharmaceutical, and cosmetic
industries is carbon dioxide (ScCO;). This is because carbon dioxide has a low critical temperature
(31.4 °C) and pressure (73.8 bar), is not toxic, is easily available at high purity, and it is very easy
to separate the gas from the extract [74]. ScCO; can be used as the only solvent to extract marine
phenolics or in a combination of organic solvents as entrainer. Several researchers reported the
extraction of phenolic compounds from marine resources using ScCO, [75-79]. Different extraction
conditions were reported like temperature (30-60 °C) [76], pressure (10-37.9 MPa) [79,80], extraction
time, (60—240 min) [77,79], CO; flow rate (6.7-56.7 g/min) [77,80], and the use of different types of
co-solvents in several compositions with respect to CO, (0.5-12%, w/w) [79,81] (Table 4).

In SFE, controlling the above extraction parameters is very important to maximize the extraction
yield and minimize the operation cost. Understanding the interaction of temperature and pressure is
a fundamental part of the SFE, as both affect the physical properties, like viscosity, diffusivity, and
density of the solvent, ScCO,. For instance, increasing extraction pressure, increases the density of
the solvent and the solvating power of the ScCO,, which then easily penetrates the sample matrix
to facilitate the extraction rate. However, too high a pressure is not good, because it might result
in compacting the extraction bed, and it could restrict the flow of CO,, reduce the diffusivity of the
solvent, and create channels within the extraction bed, which subsequently reduce the extraction
yield [82]. The effect of temperature is inconsistent, especially when we are dealing with the solute that
is in the form of a single compound. In such cases, increasing temperature increases the volume of the
solvent, and decreases the density and solvating power of the solvent, which subsequently reduces
the extraction yield. On the contrary, low extraction temperature reduces the vapor pressure of the
solute and volume of the solvent, while increasing the density and solvating power, which results in
a higher extraction yield. This unique phenomenon is called the “crossover effect”. Depending on
the nature of the solute, the crossover region of the compound in the extraction curve varies [83].
This phenomenon might not be applicable for plant material, where the solute is in the form of a
crude extract with several kinds of phenolic compounds. Therefore, conducting several extraction
experiments is required to understand the effect of the temperature and pressure, and their interaction
effect on the overall extraction yield.

Increasing the flow rate of CO,, enhances the mass transfer of the solvent into the sample matrix
to facilitate the extraction of the phenolic compound. The increase in mass transfer can consequently
shorten the time needed for the extraction. However, a very high flow rate could negatively affect
extraction efficiency by flowing around the sample matrix and limiting the mass transfer [84]. Most of
the time, SFE of phenolic compounds is conducted in the presence of co-solvents like ethanol, because the
solubility of phenolic compounds in ScCO, is low, compared to nonpolar compounds. Enma et al. [79]
observed an increase in the yield of phenolic compound extraction from Sargassum muticum by 1.5 times,
as compared to pure ScCO,, when they used ethanol as a co-solvent at 10% (w/w). They also investigated
other solvent flow rates (ranging from 0.5-10%), but only 10% of ethanol showed the highest result.
Therefore, careful selection and optimization of the solvent flow is important.
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SFE is used less frequently for the extraction of marine phenolics from seaweeds, compared to
other emerging technologies reviewed in this paper, and the number of publications is very limited.
However, the technology is used extensively for the extraction of phenolic compounds from plant
materials. More details and a comprehensive review on the application of supercritical fluid for
extraction of phenolic compounds from several types of terrestrial plant materials, were presented
by Katarzyna at al. [89]. Some information in these studies could be extrapolated for optimizing the
extraction of marine phenolics.

3.6. Other Emerging Technologies

The need for an efficient, green, and sustainable method to recover plant and marine bioactives
has encouraged researchers to develop several new techniques, with some of them still in development
stages. These techniques are based on the energy sources they use for extraction, such as pulsed electric
field extraction (PEF), ohmic heating [90], and the use of a centrifugal field for the case of centrifugal
partition extraction (CPE) [81]. Based on the use of surfactants to facilitate the extraction (SME) and
based on the type of extraction medium they use, such as extraction using a new type of “designer
solvents”; including, ionic liquids (IL), deep eutectic solvents (DES), and natural deep eutectic solvents
(NDES).

In PEF applications, high voltages (kV range) are applied in pulses of short duration (nano or
micro-seconds) with the main objective of causing electro-permeabilization and destroying the cell
membranes to accelerate the extraction rate [91]. PEF is used extensively for the extraction of phenolic
compounds from terrestrial plants [92-94]. There is very limited information on the application of PEF
marine resources, however, since the method is proven to be effective for the extraction of phenolic
compounds from land plants, it should also be replicated for the extraction of marine phenolics,
including seaweeds.

CPE is a multi-stage liquid-liquid extraction technique conducted under a centrifugal field.
The extraction of the specific components is based on its partition coefficients between the two liquid
phases [95]. This technique is used most frequently for the purification of phenolic compounds
from marine resources [96-98]. However, Anaélle et al. [81] used CPE to extract bioactive phenolic
compounds from brown seaweed Sargassum muticum, and compared the yield and activity of the
extracts with two green techniques, SFE and PLE. The result of their study showed that the total
phenolic content of the CPE extract was higher than both the PLE and SFE extracts. The concentration
of the total phenolic compounds in CPE was twice that of PLE, which gave the second-highest
concentration. This study indicated that more studies are needed to explore such kind of alternative
techniques, optimize the operation conditions, and apply to other seaweed species.

The use of surfactants in surfactant-mediated extraction (SME) is also a promising, newly emerging
technology for the extraction of phenolic compounds [99]. Surfactants can form monomolecular layers
on the surface of a liquid, decreasing the interfacial tension between two liquids, allowing the miscibility
of two liquid. This could enable SME to be used in the isolation of compounds with a wide range of
polarities and complex chemical structures [100]. Yilmaz et al. [100] have conducted a comparative
study of SME with EAE and PLE, for isolation of total phenolic compounds and phlorotannins
from brown seaweed Lobophora variegata. They reported that the yield of both total phenolics and
phlorotannins were higher for SME, than EAE and PLE.

ITonic liquids (ILs) are types of simple molten salts, containing a relatively large organic cation
and an inorganic anion, which are liquid at or near room temperature. Compared to common
organic solutions, ionic liquids have potential advantages like a low melting point, broad liquid
temperature, negligible vapor pressure, and extended, specific, solvent properties [101]. In recent
years, ILs-based extraction techniques were used for the extraction of phenolic compounds from plant
materials [102-104]. However, the use of ILs-based extraction of phenolic compounds from the marine
resources like seaweeds is scarce [86,105].

161



Mar. Drugs 2020, 18, 389

95'8%

5602 09/6'9/09 (0T:08) ToreM PUOPIY
cree 09/€°01/0TT (02:08) 191EM [OURLIH sipuysajul vajn
0FF0Z 09/€°01/021 REAAYY
08zl 09/6'9/09 (0T:08) 1o3EM PU0OY
6206 09/€°01/0TT (0Z:08) 193eM [oUR} sipaids snong
; R 09/€°01/021 I91eM
[88] juepxonuy NMW M@M 09/6'9/09 (02:08) 191eMm :U0}OY parepmod/patip azaa1]
e 09/€°01/02T (0Z:08) 123M :[OURY}T “vapInILYUL) VHIRI]
g6'sqT 09/€°01/021 RV
9299 09/6'9/09 (0T:08) 1o3EM PU0OY
Ma 09/€°01/0Z1 (07:08) To1eM :[ouelly ‘wnsopou winjjAydoosy
3/A0d Sw 02 09/€°01/0TT 193eM
9¢e's 57/6'9/06 (0€:02) 193eM JOURYIN
9LY §2/6'9/00T (0Z:08) 19¥em :oueyrg op8o4f wingpod
€610 62/6'9/06 (0€:02) 19yeM [OURYIRN
. . . R “S1119048 VLIV[I0VID)
[£8] juepxonuy oNN - salo .o\ 00T Ao.NAowv HESS. oueng paropmod/patip azaa1g
€6'C 67/6'9/06 (0€:0£) Tovem :[OUCIIIN DopSip vLvIY
61 62/6'9/001 (02:08) 10¥eM :[ouey)g HURSIP VLUIIY]
0408 G/6'9/06 (0€:0£) ToveM [OURIRIN .,
96'SL §2/6'9/001 (0Z:08) To3eM [oURYYT SNJD.L10S NN
SERYAN (1:1) 193eM [oue
€8 . — foueyyg (war 00g>)
SATOROL .
[69] noeorg i 0zt 0T/01/09T°0¢T08 Aueoy [Ayg parpmog/ponip ozoary P10 DHDUIIDT
9 Quexap
9jeI0qOION[FRI})}
ma . (wri o12)
UePIXonu < -C-] -
[98] juepIxonuy /a5 Sw 769G 41 g/s/sLt EE_ONMMM\AM«M%%\’ 1Aing-1 poISpMOg/paLIp 7991 vorodyl vuriyvg
4101 (s9pA4d> uondenX® €) 0g/-/002 :
[cs8] juepIxonuy 840 - (597945 uondeLX® €) 6/-/0ST ESIIVY (Wwi ¢:0) pa1opmog SISU]HYD DID]IVID)
90T (s9PA> wondEIY® €) G/-/00T /(D6 08) P3WP UBAQ
18] juepIxonuy 8101 61 0/ 0L/0z1 (gese (urt 052) oy wnssySn
T pue ‘G/:G7) I9yem jJouelig paropmod/patip azaa1] : S
JoeIX] Y} ma (Tw/3) oney (uru (321G ap1IeJ/AId/AdIM)
dUIFIY : QuWILL/(edIA) 2InSSA1J/(D ) JUIA[OS UOTPRIIXT : y adAy paameag

jouopedriddy  8/avo Sw) ppaix

pmbry

oS

armjeradua] vonderXy

paameag ayj Jo djeys

‘soffouayd aurrewr jo (1) uondenxa pmbiy pazumssai °g a[qer,

162



Mar. Drugs 2020, 18, 389

Deep eutectic solvents (DESs) as a system formed from a mixture of two or more Lewis acids
and bases or Bronsted-Lowry acids and bases that has the lowest freezing point, compared to its
starting constituents. The formation of DES results from the complexation of a halide salt, which acts
as hydrogen-bond acceptor and a hydrogen-bond donor (HBD). The physical structure of some DESs is
thought to be similar to that of the ILs. However, generally, DESs are different in terms of the source of
the starting ingredients and the chemical formation process. Hence, the applications of their chemical
characteristics are different in many ways [106]. DESs were used extensively for the extraction of
phenolic compounds from terrestrial plants [107-110]. They have already found an application in the
extraction of hydrocolloids from the red seaweed Kappaphycus alvarezii [111]. However, unlike ILs,
to the best of our knowledge, there is no single published article on the use of DESs for the extraction
of marine phenolics. Therefore, as these solvents are considered “green”, more research is needed to
utilize the potentials of their unique properties for the extraction of phenolic compounds from marine
resources for a sustainable future.

3.7. Combination of Different Emerging Technologies

A combination of two or more emerging technologies was applied to enhance the extractability of
marine phenolics from seaweeds. Thus far, several researchers reported the use of a combination of
the emerging technologies, MAE with PLE, UAE with EAE, MAE with EAE, EAE with SFE, and a
combination of UAE with MAE. In a recent study, Garcia-Vaquero et al. [40], combined UAE with
MAE, for the extraction of bioactive compounds from Ascophyllum nodosum. They reported a 30.3%
and 10.2% increase of phenolic compounds yield, when a combination of the two methods was used at
the same time, as compared to UAE and EAE alone, respectively.

A combination of two different extraction methods might not always result in the high content
of phenolic compounds. Sanchez-Camargo et al. [48] pretreated Sargassum muticum with different
carbohydrases and proteases, to evaluate the effect of phlorotannins extraction, using PLE. The total
phenolic contents of all PLE extracts, which were pretreated with enzymes, were lower than the extracts
obtained with PLE alone. As described by the authors, the possible reason for the lower result in the
total phenolic content of enzyme-pretreated samples is that when the algal cell wall is degraded by
proteases or carbohydrases, intracellular contents like proteins are released in the extraction medium.
The released proteins bind to phenolic compounds to form complexes, i.e., polyphenols—protein,
which further leads to aggregation and eventually precipitation. Therefore, careful selection of the
extraction methods to use them in a combined extraction systems is crucial to minimize the cost of
extraction and increase the extraction yield and quality of the extracts.

4. Opportunities and Challenges with Emerging Technologies

Although the newly emerging technologies show promising opportunities in terms of increasing
the extraction efficiency of phenolic compounds, minimizing the extraction time, improving the
quality of the extracts, and minimization of the generation of hazardous waste and its associated
impact on the environment, the new technologies also have some challenges, especially in terms of
industry applications. If we consider EAE, the most commonly available enzymes are nonspecific
enzymes like carbohydrases and proteases, which could result in the co-extraction of other components.
This could be solved by using specific enzymes like alginate-lyases, glucuronan-lyases, carrageenases,
laminarinases, and agarases, specifically targeting the cell wall polysaccharides; alginate, glucuronic
acid, laminarian, and agars, respectively. However, most of these enzymes are under laboratory
research stage, produced in lower quantity, and have high prices. Thus, further biotechnological
and bioengineering techniques, like cloning, are required to produce these enzymes in large quantity,
and at a reasonable price, to use them at an industrial level. Technologies like PLE and SFE require
state-of-the art equipment like high-pressure pumps, stainless steel extraction vessels, pipes, fittings,
valves, pressure regulators, condensers, and process control systems. Therefore, upscaling these
technologies would require very high equipment fixed capital and make the technologies expensive
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to implement at an industrial level. However, once the equipment is installed, the use of cheap and
widely available solvents, like CO, and water, and the possibility of recycling the solvents would make
the operational costs relatively low. Moreover, the sustainable nature of these processes creates more
opportunities to use them at the industrial level.

Similarly, UAE and MAE also have challenges and opportunists, when we consider them for
upscaling, and there are some success as well as failure stories on trials for upscaling for extraction of
phenolic compounds from other kinds of biomasses. These success stories can be reproduced here
for upscaling of phenolics from marine biomass. The authors refer to the work by Belwal et al. [112],
which recently published a comprehensive review of scholarly articles on the scaling up of emerging
technologies for extraction process, such as EAE, MAE, PEE, PLE SFE, and UAE. In this review
work, several lessons learned from the successes and failures stories were critically evaluated and
presented to show the opportunities and possible challenges associated with the non-conventional
extraction methods. Nevertheless, the opportunities associated with these technologies far outweighed
the challenges, especially considering when their impact on the environment, and this makes them
preferable and a more applicable technology for a sustainable future.

5. Conclusions

Phenolics are a diverse group of compounds found in seaweeds with several biological activities
that attract interest from the food, pharmaceutical, and cosmetic industries. To benefit from the
marine organisms and more specifically the seaweeds as a potential source of unique and diverse
phenolic compounds, extraction plays a crucial role, especially when it is green. Traditional extraction
involves the use of organic solvents and requires a longer extraction time. The newly emerging
technologies avoid the challenges associated with conventional extraction methods and are considered
to be green. They are not only green, but perform better in terms of maximizing the extraction yield,
as compared to the conventional methods. A combination of these methods further increase the yield.
These techniques act differently to extract the phenolic compounds, depending on their energy source
and the extraction mechanism. Some generate heat during the extraction process, which might degrade
the phenolic compounds, some others require further purification and cleaning steps. Some of the
emerging technologies were tested and upscaled to extract interesting compounds from terrestrial
plants, however, more attention is needed to study the phenolics of seaweeds. In most of the extracts
reviewed in this study, the phenolics are reported as the total phenolic content. Information regarding
the individual phenolics content of seaweed extracts obtained using emerging extraction technologies
is very scarce. Such information is important to understand the influence of each emerging extraction
technologies on the individual phenolic contents. Thus, in future, researchers working this area should
consider including this important information.
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Abstract: Phenolic components from the edible brown seaweed, Ascophyllum nodosum, have been
associated with considerable antioxidant activity but also bioactivities related to human health.
This study aims to select and identify the main phlorotannin components from this seaweed
which have been previously associated with potential health benefits. Methods to enrich phenolic
components then further select phlorotannin components from ethanolic extracts of Ascophyllum
nodosum were applied. The composition and phenolic diversity of these extracts were defined
using data dependent liquid chromatography mass spectroscopic (LC-MS") techniques. A series of
phlorotannin oligomers with apparent degree of polymerization (DP) from 10 to 31 were enriched
by solid phase extraction and could be selected by fractionation on Sephadex LH-20. Evidence
was also obtained for the presence of dibenzodioxin linked phlorotannins as well as sulphated
phlorotannins and phenolic acids. As well as diversity in molecular size, there was evidence for
potential isomers at each DP. MS? fragmentation analyses strongly suggested that the phlorotannins
contained ether linked phloroglucinol units and were most likely fucophlorethols and MS? data
suggested that the isomers may result from branching within the chain. Therefore, application of these
LC-MS" techniques provided further information on the structural diversity of the phlorotannins
from Ascophyllum, which could be correlated against their reported bioactivities and could be further
applied to phlorotannins from different seaweed species.

Keywords: phlorotannins; Ascophyllum; seaweed; health benefits; isomers; LC-MS"; diversity; phenolics

1. Introduction

Phlorotannins are dehydro-polymers of phloroglucinol units particularly associated with brown
seaweeds (Phaeophyceae) [1-3]. They appear to play a defensive role in the seaweeds, protecting
against herbivory [4-6] and UV-B radiation e.g., [7]. Their levels vary with season, developmental
stages and abiotic stresses [8-11] and it has been suggested that there is balance between a structural
role in the algal cell wall and these protective roles [12]. They exist in structurally different forms
depending on how the phloroglucinol units are interlinked [2]. If the phloroglucinol units are only
linked by phenyl -C-C bonds, they are termed fucols; if they are only linked by -C-O-C- aryl ether
bonds, they are termed phlorethols and if both linkages are present they are termed fucaphlorethols.
Some phlorotannins also have dibenzodioxin linkages and these are generally termed as eckols.
The type of inter-linkages of phlorotannins vary notably between species as is suggested by their
names, Fucus species are rich in fucols and fucophlorethols and Ecklonia species notably contain eckols.
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Molecular size or the degree of polymerization of phlorotannins also varies greatly between species
and may also be affected by biotic and abiotic stresses [2].

The phlorotannins have considerable antioxidant activity e.g., [13-15] and have been mooted as
food-grade additives to prevent spoilage [16]. They have also been associated with specific health
beneficial effects in related to disease states such as inflammation [17], cancers [18], diabetes [19]
and hyperlipidemia associated with cardiovascular issues [20], which may be independent of their
antioxidant activity. They have also been suggested to have valuable antimicrobial effects [21],
with some efficacy against viruses e.g., [22]. The link between phlorotannin structure and activity has
not particularly been well defined as many studies use extracts with varying extents of enrichment.

Their potential bioactivities are particularly relevant as brown seaweeds are generally edible and
have formed part of the food culture of humans across the world, but notably in the Far East [23].
The edible brown seaweed Ascophyllum nodosum is common around the coasts of the UK and reaches
high abundance around Scotland. Our previous work indicated that phlorotannins from Ascophyllum
can inhibit digestive enzymes and thereby could modulate glycemic responses or reduce calorie intake
from fats [18,24,25]. In this paper, we report on the enrichment and fractionation of phlorotannins
and related phenolics from Ascophyllum nodosum and apply a series of liquid chromatography mass
spectrometric (LC-MS") methods to define their structural diversity.

2. Results and Discussion

2.1. Fractionation of Phenolic Material Using Solid Phase Extraction (SPE) and Sephadex LH-20

The total phenol content (TPC) of the Ascophyllum extract was mainly retained in the SPE-bound
fraction with an overall recovery of ~90% of applied material in the fractionation (see Supplementary
Data; Figure S1). The reasonably high TPC in the unbound material may be due to non-phenolic
material that cross-reacts with the non-specific Folin reagent [26]. In the Sephadex LH-20 fractionation,
the majority of the phenolic material was recovered in the first 80% acetone fraction and >80% of the
total in the fractions released by acetone. The requirement for higher concentrations of acetone for
release of bound material has been noted before [24]. Once again, the TPC in the unbound material
may be due to non-phenolic material that cross-reacts with the non-specific Folin reagent.

2.2. Liquid Chromatography Mass Spectrometric (LC-MS") Analysis

Using the LC-MS data acquired on the LCQ Fleet MS system, the SPE bound sample was enriched
in later eluting UV-absorbing peaks (Figure 1A) whereas the unbound fraction was essentially devoid
of these peaks. The MS spectrum across the retention time of the UV peaks from 12-21 min (Figure 1B)
gave a set of m/z signals in negative mode which were characteristic of phlorotannins. These could
be thought of as two series of m/z values that differ by 124 amu, an extension unit mass equivalent
to phloroglucinol minus 2 H atoms, which have been noted previously in our laboratory [18,24,25],
or indeed as a single series that differ by 62 amu (124 divided by 2). If the m/z values from 621, 745, 869,
993, 1117, 1241, 1365 and 1489 were single charged then they could arise from successive phloroglucinol
additions to a phloroglucinol dimer with 1/z [M — H]- of 249 (such as diphlorethol) and working on
this basis, the signals at m/z 621 and 745 could be pentaphloroethol and hexaphloroethol structures and
the major signal noted at 17/z 1117 could be a nonaphloroethol derivative (see Figure 2) [2]. However,
if we assume singly charged ions then the possible nature of the m/z series at 683, 807, 931, 1055, 1179,
1303 etc. is not apparent unless all the signals were from double charged species. However, it was not
possible to confirm the charge status of the ions as the resolution of the Fleet LCQ MS cannot discern
this in normal mode function.
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Figure 1. Profiles of the fractions from the SPE procedure. (A) UV profiles, (B) MS spectra from 12-21
min for each sample. Blue bracket in (A) represents area for MS spectra in (B). Arrows show 124 amu
differences between peaks. FSD = full scale deflection.

The phlorotannin series outlined above is based on a phlorethol structure, oligomers of
phloroglucinol attached through aryl ether (-C-O-C) bonds but the addition of phloroglucinol units
(124 amu) to achieve this series could also be achieved through phenyl (-C-C-) linkages (see Figure 3).
In fact, this series of m/z values could arise from phloroglucinol units linked by all phenyl linkages (called
fucols), all aryl ether linkages (called phlorethols) or a mixture of both (called fucophlorethols) [2,15].
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Figure 3. Structures of difucol, diphlorethol and trifucotetraphlorethol. These structures are discussed
in the text. Fragmentation at the positions noted with blue arrows would produce THB containing
fragments with neutral losses of 142 amu = THB, 266 amu = PG-THB, 390 amu = 2PG-THB and 514 amu
= 3PG-THB respectively from right to left.

It was notable that these “phlorotannin” MS signals were approximately 4-fold enriched in the
bound fraction obtained after SPE (see FSD in Figure 1B). Also, the bound acetone fractions from
the Sephadex LH-20 separation also showed this enrichment in UV-absorbing peaks between 12 and
21 min (Figure 4A). However, in this case, the enrichment was less apparent as the phlorotannins
were spread over the three acetone fractions and there was a dilution factor inherent in the procedure.
However, these UV peaks contain the same set of m/z signals characteristic of phlorotannins (Figure 4B)

and these are sufficient at this stage to follow the enrichment of these phlorotannin species.
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Figure 4. Profiles of the fractions from the Sephadex LH-20 procedure. (A) UV profiles, (B) MS spectra
from 12-21 min for each sample. FSD = full scale deflection.

2.3. Differences between Positve and Negative Mode MS Data

Using the Fleet LCQ MS system, the MS profiles of the phlorotannin peaks in the SPE bound
sample were different in negative and positive mode (Figure 5A, panels A-C). In general, intensities
were lower in positive mode but there were qualitative differences in the ionization of different peaks.
For example, the major peak in negative mode is at 17.46 min and the MS profile largely matches
the UV profile (compare panel A and B). In positive mode, it is notable that the later eluting major
UV peaks (e.g., RT = 16.8 and 17.4) have lower relative MS intensity then the negative mode data.
The negative mode MS data across RT 10-21 min showed the series of major peaks that differ by
62 amu (panel D). The positive mode MS data over the same retention range showed a series beginning
at m/z 747 that increased by 124 amu through 871, 995, 1119, etc. However, there was also a minor
series of m/z signals that began at 1180 (in grey) and also increased by 124 amu. When the MS data
under specific phlorotannin peaks was examined, the situation became clearer. The spectra under the
MS peaks shown in bold in Figure 5A are shown in negative mode then positive mode in Figure 5B.
The MS peak at ~14.8 in positive mode had three main signals at /z 1243, 1491 and 1739. In negative
mode, the same peak gave the corresponding m/z [M — H]~ signals at 1241, 1489 and 1737 but also had
strong signals at 620, 746 and 868 which were effectively half the values of the other signals. The other
major peak at RT 15.6 showed a similar picture. Therefore, in both examples, the negative mode
MS spectra contained m/z signals that are effectively half the m1/z value of the positive mode signals.
This disparity can be explained if the phlorotannins ionise mainly as singly charged ions in positive
mode (i.e., as m/z [M + H]* ions) but they have a propensity to ionise as doubly charged ions (i.e.,
as [M — 2H]?" ions) in negative mode. In fact, this can be neatly illustrated by the co-chromatography
of peaks with base peaks at m/z [M — H]?~ values against [M + H]* ions in the SPE bound sample (see
example in Figure S2).
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Figure 5. (A) MS properties of phlorotannin peaks in negative and positive mode. The top panel
shows the UV spectra of the SPE bound sample from 10-21 min, the next shows the MS spectra in
negative mode from 10-21 min and the third panel shows the MS spectra in positive mode from
10-21 min. The fourth panel shows the MS spectrum over 10-21 min in negative mode and the last
panel shows the same in positive mode. FSD = full scale deflection. The peaks denoted in bold green
were examined further (Figure 5B). (B). MS spectra of selected phlorotannin peaks in negative and
positive mode. Examples of negative and positive MS spectra of specific peaks labelled in bold in

Figure 5A. Green arrows denote 1/z signals

discussed in the text.
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As noted above, operating in normal full scan mode, the Fleet MS system cannot discriminate
between single and double charged ions. Therefore, we re-examined the samples using the FT-MS
detector of an LTQ Orbitrap XL system that has sufficient resolution to differentiate 0.5 amu isotope
spacing, as observed in double charged ions.

2.4. Re-Examination of Data Using the LTQ-Orbitrap XL FT-MS System

When analyzed on the LTQ-Orbitrap XL system in ESI negative mode, the major peak at RT
17.8 showed revealed ions that differed by 0.5 amu, indicating that they are double charged ions (i.e.,
mfz [M — 2H]?", Figure 6). As a double charged ion, the true mass would be twice as high at 2234,
and this suggests that the main UV peak at RT 17.8 actually contained an oligomer of 18 phloroglucinol
(PG) units rather than the nonaphloroethol suggested before. In fact, all of the m/z values in the
negative mode series from m/z 621 upwards were doubly double charged which indicates that they are
all double the MW than first suggested by the original LCQ-Fleet MS data. It also confirms that the
original observed peak spacing of 62 amu observed upon the LCQ-Fleet MS system, when accounting
for the ions being double charged, in fact represents a single series of ions with peak spacing of 124 amu,
corresponding to phloroglucinol minus 2 H atoms. Peaks for all the ion species with apparent double
charged [M — 2H]%" ions from m/z 621 through to m/z 1429 were identified in the MS profiles of the
SPE bound samples (see Figure S3). At least two main peaks were apparent for each 1/z species which
suggests the presence of isomers of the different oligomers of each DP.
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Figure 6. The phlorotannin peaks yield doubly charged MS signals in negative mode. The top panel
(A) shows the MS spectra across 12-21 min of the SPE bound sample and the second panel shows the

MS spectra of the main UV peak. The third panel (B) shows the zoom spectra across the n1/z 1116 peak.

For quantification, we summed the areas for the major putative isomer peaks but ignored other
small peaks which may be due to in-source fragmentation within the MS spectra of other oligomers.
The relative abundance of these putative phlorotannin oligomers from DP 10 to 24 are shown in
Figure 7. Plotted against DD, the oligomers of DP 11-18 were the most abundant with a drop-off at DP
> 18. In fact, although some peaks areas for m/z values for phlorotannin oligomers >24 DP could be
discerned, they were not significantly above baseline values. However, there were indications that
phlorotannins of larger DP were present in the region between RT 19-21 min where triple charged
m/z signals could be discerned (see Supplementary Data, Figure S4) that suggested the presence
of oligomers of up to DP 31 (e.g., a triple charged ion at 1281.42 yields an estimated MW of 3846).
However, these were in much lower abundance and did not yield MS? data. Previously, the presence
of triple charged phlorotannin species has been indicated [27] and the distribution and range of DP
noted in our work fits in the range noted by this group.
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Figure 7. Relative abundance of phlorotannin oligomers in the SPE bound fraction.

It is important to note that as well as having more intense signals, the negative mode data
with its double and triple charged ions actually allowed the detection of molecular species with
MWs > 2000 amu that would not have been detected in positive mode. The positive mode analysis
would have been limited to the detection and quantification of phlorotannins with DP = 16 PG units
(m/z [M + H]* = 1987). This also explains why the later eluting phlorotannins noted above had such
poor MS spectra in positive mode as their signals were effectively outside the detectable MS range of
100-2000 m/z. Indeed, Tierney et al. [28] reported that phlorotannins from Ascophyllum had a lower
DP range, with a maximum of 16 PG units. Although they applied a dialysis step which may have
altered the MW range, they crucially used an MS detector which limited detection at DP 16 (i.e., a m/z
value = 1987). However, a previous paper by this group [29] detected phlorotannins of up to DP 20 in
low molecular weight extracts of Ascophyllum nodosum by using direct infusion of SPE-purified extracts
into a Q-Tof Premier mass spectrometer with detector mass range of m/z 100 to m/z 3000.

The MS data obtained on the LTQ-Orbitrap XL system also provided evidence for the presence
of other phlorotannin components. For example, there was a peak at RT = 12.96 (see Figure 1B,
bound sample, bold blue peaks), which preceded the cluster of phlorotannin oligomers. This gave
m/z [M — H]~ = 591.2 with fragmentation yielding MS? fragments of 511 & 385 and an accurate mass
of 591.0075 derived a molecular formula of CpsH;5016S at < 1 ppm error (Table 1). The neutral
loss of 80 amu can be assigned to loss of a sulphate group (SO3) to a compound with formula m/z
[M — H]~ of C»4H;15013, which matches with diphlorethohydroxycarmalol (Pub Chem 16075395),
a phlorotannin component noted in the brown seaweed, Ishige okamurae [30]. The presence of this
diphlorethohydroxycarmalol derivative was suggested but not confirmed in our previous studies
of Ascophyllum [23,24]. In fact, a peak attributable to diphlorethohydroxycarmalol itself (RT = 14.48;
m/z [M — H]~ = 511.0506, predicted formula of Cy4H;50;3 and sole MS? fragment at 385; Table 1).
was also present later in the separation. There was also evidence for the presence of a component
with m/z = 246.9914, MS? = 203, 121, with a predicted formula Cj,H;Og, that matched with the dimer,
dibenzodioxin-1,3,6,8-tetraol, which has been reported previously in Fucus species e.g., [27]. These three
phlorotannin components contain a dibenzodioxin-ring structure which has not been noted previously
in Ascophyllum. There were also other components which appeared to be sulphated phenolic acids and
another whose MS and MS? properties matched with a DOPA-sulphate-like component. However,
confirmation of the identity of these components requires further isolation and characterization by
techniques such as 2D NMR. It was notable that all these components were enriched by the SPE
procedure but were greatly reduced by the selection of the phlorotannin oligomers on Sephadex LH-20.
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Table 1. MS properties of phenolic components from Ascophyllum nodosum.

Exact Mass Formulae

_HI- 2 . .
RT mfz [M — H] MS as[M - HI- Putative Identity
1.78 191.0195 173,111 * C¢H;0; Citric acid
259,231, 215, 196, Dihydroxyphenylalanine

3.37 276.0184 179, 150, 135 CoH1oO7NS (DOPA)-sulphate (PC 178810)
Dibenzodioxin-1,3,6,8-tetraol

573 246.9914 203,121 C1oH;04 (PC 14309075)

7.45 277.0924 185, 167, 141, 97 C11Hy70g Unknown

9.08 318.0284 300, 276, 238, 192 C11H12NSOg Unknown

8.93 216.9809 173,137, 97 CyH504S Hydroxybenzoic acid sulphate

9.89 230.9967 187,151 CgH;04S Phenolic acid sulphate
Diphlorethohydroxycarmalol

12.96 591.0075 511, 385 CosHy50465 sulphate

14.48 511.0506 385 CauHysO1s Diphlorethohydroxycarmalol

(PC 16075395)

RT = retention time. All formulae were derived at <2 ppm error. * major fragments are in bold. PC = Pub Chem
reference number.

2.5. Structural Information from MS? Fragmentation Data

Different collision energies were assessed to maximize the yield of MS? fragments and to increase
the likelihood of providing useful structural data for the phlorotannin structures. The NCE of 45%
applied in our standard MS? method often only provided weak fragmentation spectra and overall,
better fragmentation required an NCE of 65% which was adopted for further analyses. The higher
energies required for effective fragmentation probably reflect the stable nature of the phlorotannin
oligomers. Fragmentation data was available for all peaks corresponding to phlorotannin oligomers up
to DP = 23 at m/z [M — 2H]?~ = 1427, which did not provide MS? data as it was below the MS™ minimum
trigger intensity (Table 2). The fragmentation data for the phlorotannins was characterized by several
common factors. Firstly, as all the target m/z values were double charged, there were fragments greater
than the m/z [M — 2H]?>~ value. Secondly, often the major fragment resulted from the m/z [M — 2H]?
value minus H,O (neutral loss of 18 amu). Overall, the MS? data gave fragments and neutral losses
previously noted in reports of phlorotannin structures [31-36]. Notably, the neutral losses obtained
through fragmentation showed patterns between the different phlorotannin structures with repeated
neutral losses being observed (Table 2), which could largely be assigned to the loss of a fixed numbers
of phloroglucinol (PG) groups or PG groups + H,O. It was also notable that major fragments noted for
different phlorotannin components that differed by 124 amu in full scan MS, also generated fragment
ions that differed by 124 amu, suggesting that a consistent fragmentation mechanism was occurring.
Other undefined fragmentations in Table 1 could arise through ring fission events within PG units.
It was also notable that major fragments noted for different phlorotannin components that differed by
124 amu also differed by 124 amu, which suggests that a consistent fragmentation mechanism was
occurring. Other undefined fragmentations in Table 2 could arise through ring fission events within
PG units [28,29,34].
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Table 2. MS? fragmentation properties for the phlorotannins of DP 10-23.

Phlorotannin MS Properties Phlorotannin MS Properties
M :"ZHZ_ Z;‘i“ DP  MS? NL 2}1\;[2— NE:]‘;:“I ™ :"Z_Hz_ S/‘ic DP MS?2 NL 2%2_ Neutral Loss
621 1241 10 1097 144 PG+H,0 683 1365 11 1117 248 2PG *
993 248 2PG* 975 390 2PG-THB
831 410 UK 851 514 3PG-THB
603 638 18 4PG-THB 664 701 18 ?
495 746 125 6PG 610 755 72 ?
477 764 144 6PG+H,O 477 888 205 7PG+H,0
247 994 373 8PG 371 994 311 8PG
229 1012 391 8PG+H,O 355 1010 327 7PG-THB
229 1136 453 IPG+H,O
745 1489 12 1345 144 PG+H,0
1223 266 PG-THB 807 1613 13 1469 144 PG+H,0O
975 514 3PG-THB 1223 390 2PG-THB
727 762 18 5PG-THB 955 658 ?
72 817 72 7 788 825 8 7
477 1012 267 8PG+H,O 725 888 81 7PG+H,0
229 1260 515 10PG+H,O 477 1136 329 9IPG+H,O
353 1260 453 10PG+H,0
869 1737 14 1471 266 PG-THB
1223 514 3PG-THB 931 1861 15 1700 161 ?
975 762 5PG-THB 1595 266 PG-THB
851 887 18 7PG+H,0* 1347 514 3PG-THB
787 950 81 ? 1099 762 5PG-THB
477 1260 391 10PG+H,O 912 949 18 ?
353 1384 515 11PG+H,O 849 1012 81 8PG+H,O
477 1384 453 11PG+H,O
993 1985 16 1595 390 2PG-THB 355 1506 575 11PG-THB
1223 762 5PG-THB
974 1011 18 8PG+H,O * 1055 2109 17 1929 180 ?
911 1074 81 ? 1719 390 2PG-THB
848 1137 144 9PG+H,O 1469 640 5PG+H,O
477 1508 515 12PG+H,0 1223 886 6PG-THB
353 1632 639 13PG+H,0 1036 1073 18 ?
973 1136 81 9IPG+H,0
1117 2233 18 1985 248 2PG* 831 1278 223 10PG+ 2H,0
1719 514 3PG-THB 477 1632 577 13PG+H,O
1451 782 ? 353 1756 701 14PG+H,0O
1223 1010 7PG-THB
1098 1135 18 9IPG+H,O0* 1179 2357 19 1825 532 ?
1089 1144 28 ? 1595 762 6PG+H,O
1035 1198 81 ? 1223 1134 8PG-THB
709 1524 407 ? 1160 1197 ?
477 1756 639 14PG+H,0 1151 1206 27 ?
337 1896 779 ? 973 1384 205 11PG+H,0
601 1756 577 14PG+H,0
1241 2481 20 1967 514 3PG-THB 479 1878 699 14PG-THB
1719 762 5PG-THB 355 2002 823 15PG-THB
1489 992 8PG
1222 1259 18 10PG+H,0* 1303 2605 21 1805 800 ?
1159 1322 81 ? 1595 1010 7PG-THB
955 1526 285 ? 1284 1321 18 ?
727 1754 513 13PG-THB 1275 1330 27 ?
477 2004 763 16PG+H,O 1221 1384 81 11PG+H,O
355 2126 885 16PG-THB 955 1650 347 ?
831 1774 471 14PG+2 H,O
1365 2729 22 1967 762 5PG-THB 479 2126 823 16PG-THB
1719 1010 7PG-THB 365 2240 937 ?
1451 1278 ?
1337 1392 27 ?
1283 1446 81 ? 1427 2853 23 None
955 1774 409 ?

727 2002 637 15PG-THB

477 2252 887 18PG+H,0
The MS signals in bold are the predominant fragments and those underlined as the next more abundant, other MS?
signals are more minor. NL = neutral loss. ?s denote undefined neutral losses that probably arise by cross ring
fragmentations as noted previously [27]. (-THB) denotes the presence of a tetrahydroxybenzene unit in the neutral
loss. * denotes that the NL differs by one amu from expected value.

Another important finding was the commonality of fragmentations that could be explained by the
presence of a tetrahydroxylbenzene structure in the neutral loss (also called O-phloroglucinol moieties
previously e.g., [34]. For example, a neutral loss of 514 amu was noted in the MS? spectra of many
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of the phlorotannin species (Table 2) and this could arise if the phlorotannin molecule fragmented at
an ether bond and formed a phloroglucinol with an extra hydroxyl group linked to a trimer of PG
units (i.e., 3PG + THB = 374 + 140; see Figure 3). In fact, this neutral loss (514 amu) is the same as the
molecular weight of tetrafuhalol, a trimer of phloroglucinol units linked to a tetrahydroxybenzene
unit [2], an example of another type of phlorotannin found in other brown seaweeds. Indeed, neutral
losses consistent with one PG unit attached to one THB unit (i.e., 266 amu) up to 16 PG units attached
to a THB group (i.e., 2126 amu) were indicated in the MS? fragments of the phlorotannins (Table 2).
The only fragments missing from this series were those which represent 9, 10 and 12 PG units linked
to a THB group and a THB group itself. THB-containing neutral losses were present in the MS? of
every phlorotannin at each DP examined (Table 2) and since they can only occur at -C-O-C- ether
linkages [31-34], this strongly suggests that the phlorotannins in Ascophyllum are fucophlorethol-type
components. Certainly, evidence of at least one aryl ether bond in the oligomers means that they
cannot be fucol oligomers, which are composed of only phenyl linked PG units. The possibility that
cleavage of C-C phenyl bonds requires more energy than cleavage of C-O-C ether bonds has been
discussed previously [2,34] and this may explain the preponderance of cleavages at ether bonds.

2.6. Structural Information from MS? Fragmentation Data

Further information was sought by acquiring MS® fragmentation data from the MS? fragments
for each phlorotannin species. Once again, application of 45% NCE as defined in our original method
did not provide strong and consistent compound fragmentation, therefore the NCE was increased to
65% for each MS? target. Using the [M — 2H]?~ ion at 1/z 1116.6 as an example (Figure 8), there was a
major and a minor peak at m/z 1116.6 at RT 17.7 and RT 16.3 respectively which may represent isomers
(Figure 8A). Indeed, the presence of 2 or 3 isomers for each phlorotannin signal was noted previously
(Figure S3) and the different chromatographic behaviour of these apparent isomers suggests structural
differences. The different peaks gave different MS? patterns. The more abundant isomer gave m/z 1098
as the predominant fragment whereas the less abundant isomer gave mainly m/z 1098 and 1089 but
with other MS? products in more equal amounts. Once again, both isomers gave MS? products greater
than the original target m/z value (e.g., m/z values of 1223, 1719 and 1949) due to their double charged
nature. Similarly, the major and minor isomers of the other phlorotannin peaks gave different MS?
patterns (results not shown).

The MS® fragments obtained by fragmentation of the dominant MS? signal at m/z 1098 for the
two m/z 1117 isomers are shown in Figure 8B. As expected, many of these MS® fragments were also
found as minor fragments in the MS? spectra. It was noticeable that the MS® products of the m/z 1098
MS? fragment for the different isomers were also different. The more minor isomer at RT 16.3 gave a
simpler MS? pattern than the isomer at RT 17.8. The major isomer gave MS? products for m/z 1098
which were spread across apparent losses of 1, 2, 3, 4 and 5 PG units whereas the MS? products
from the m/z 1098 MS? fragment from the minor isomer gave a major neutral loss of H,O to m/z 1080
with smaller amounts of fragments resulting from losses of apparent 2, 4 and 5 PG units (see arrows,
Figure 8B). The different pattern of losses at the MS? level suggest that these apparent phlorotannin
isomers differ in their inter-linkages. For example, the major isomer seems to break into smaller
fragments which could mean a more branched structure, perhaps with more ether bonds. However,
confirmation of such differences would require purification of the isomers and further studies, perhaps
using 2D-NMR approaches.
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Figure 8. MS? and MS® data of major phlorotannin isomers at 712/z 1116.6. (A) The top panel shows the
MS profile between RT = 21-21 min, the second panel shows the profile for base peak at m/z 1116.6 and
the bottom two panels show the MS spectra at the two peaks at 17.75 min and 16.35 min respectively.
(B) The top panel shows the MS? fragments from the main MS? peak (11/z 1098) derived from the major
m/z 1116.6 peak at RT = 17.75. The bottom panel shows the MS? fragments from the main MS? peak
(m/z 1098) derived from the minor 1/z 1116.6 peak at RT = 16.35.

MS? fragmentation data from the other notable MS? fragments from the n1/z 1116.6 isomers could
yield further information, but due to their lower ion intensities, MS3 fragmentation data was not
obtainable. The MS? product of m/z 1719 gave a single product ion at m/z 892 which suggests a clean
fragmentation with a neutral loss of 827. However, the MS® DDA of the MS? product at m/z 1223 gave
multiple MS? ions. Given that the intensities of these MS? products varied in abundance between
the two isomers, this further suggests differences in structure. Overall, the MS? evidence (Table 2)
strongly suggested that the phlorotannin oligomers were fucophlorethols as they contained aryl ether
linkages [2]. Due to the three-way symmetry of the phloroglucinol molecule, -C-C- phenyl linkages are
always effectively meta-orientated [15]. However, PG units attached through aryl ether bridges can
occur at hydroxyls at ortho, meta or para positions on the rings so the possibilities for different isomeric
structures are large especially as the DP increases. For example, extending from a diphorethol structure
to a triphlorethol structure can produce structurally discernible triphlorethol A and B isomers [2]
depending on the positioning of the “new” aryl ether bond. Also, branching can also occur within fucol
type phlorotannins composed of only phenyl linkages if one of the PG units has 3 rather than 2 linkages
to other PGs [2,15]. Indeed, other studies have reported multiple apparent isomers of phlorotannin
oligomers from Ascophyllum [28,29,31] and other brown seaweeds [37]. In fact, the presence of only
two (perhaps three maximum) major isomers as noted in this paper seems unusual compared to the
70 apparent isomers for a DP 10 oligomer reported in one study [29]. However, it is also possible that
some of the isomers noted result from in-source fragments of larger phlorotannins, or from a greater
number of different charge states being generated in ESI and higher MS scan ranges, which might
be more apparent under the different MS conditions used in each study. Indeed, it is also possible
that our chromatographic procedure did not separate all these different putative isomers, but the
chromatographic conditions used similar C18 reverse phase conditions. It also seems particularly
unlikely that our extraction procedure would have so drastically influenced isomer diversity.

3. Conclusions

The biosynthetic pathway by which brown seaweeds produce phloroglucinol via the
acetate-malonate pathway, also known as the polyketide pathway, is understood, in a process
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which involves a specific polyketide synthase-type enzyme [37]. However, the mechanisms by which
phloroglucinol groups are combined in such a controlled manner, especially to yield the diversity of
phlorotannin structures found in different species [2], and the extent that the oligomers extend are less
well understood. The LC-MS" techniques used here have yielded useful information of the possible
structural diversity of the phlorotannin oligomers in Ascophyllum, and further advances could be made,
especially if ion-tree based fragmentation methods [38] could also be employed. However, the level of
complexity for the major phlorotannin component (m/z [M — 2H]?~ = 1117; apparent MW 2234; possible
fucaphlorethol of DP 18) highlighted in this paper illustrates the daunting extent of data interpretation
required to make inferences of overall structure. Also, MS-based analyses are inherently limited by
their mass range and cannot deal with the high molecular weight phlorotannin species known to be
present in brown seaweeds [2,15]. However, the molecular range could be extended by using other
MS systems with higher MW ranges such as MALDI-TOF, as described previously e.g., [32]. Further
work could focus effort on the main phlorotannin oligomers as these are most likely to be those most
associated with specific bioactivities noted for the phlorotannin samples. In addition, future work
could use these techniques to examine phlorotannins from different species of brown seaweed and
begin to correlate their structural diversity with potential biological effectiveness.

4. Materials and Methods

4.1. Materials and General Methods

Dried and milled Ascophyllum nodosum powder was obtained from Hebridean Seaweeds in 2017
and stored at —20 °C until use. The ASCO extract was prepared from this dried powder using a
propriety hydro-ethanolic extraction procedure carried out by Byotrol plc. The extract was filtered then
reduced in volume by rotary evaporation until it could be freeze dried to a powder. The freeze-dried
extract was soluble at 10% (w/v) in ultra-pure water.

Total phenol content (TPC) was assessed using the Folin-Ciocalteu method [24]. The TPC of the
original extract was 0.394 + 0.18 g GAE/g DW. It should be noted that the Folin method is not totally
specific and these values probably over-estimate the yield of phenolic components.

4.2. Solid Phase Extraction

The method used was developed and scaled up from that reported previously [18]. In brief,
a SPE unit (Strata C18-E GIGA tube, 10 g capacity & 60 mL volume; Phenomenex Ltd., Macclesfield,
UK) was washed with 2 x 50 mL volumes of acetonitrile (ACN) containing 0.1% formic acid (FA) then
equilibrated with 3 X 50 mL of UPW containing 0.1% FA.

The FD extract was dissolved at 5% (w/v) in UPW containing 0.1% FA and applied to the SPE
unit, the unbound fraction was recovered, then the SPE unit was washed with 2 X volumes of UPW
+ 0.1% (v/v) FA, collected as the wash fraction. The bound fraction was obtained by eluting the unit
with 2 volumes of 80% ACN + 0.1% (v/v) FA. The unit was then re-equilibrated for further use by
washing with UPW + 0.1% (v/v) FA. At this stage, it was noted that the eluted fraction was cloudy so
this bound-RW (rewash) fraction was also collected. The fractions were tested for total phenol content.
Aliquots of each fraction were completely dried by speed vacuum concentration for LC-MS" analysis.

4.3. Fractionation on Sephadex LH-20

A portion of the Ascophyllum extract was fractionated using Sephadex LH-20 applying a
technique [23] well-known to select for phlorotannin-like components (https://www.users.miamioh.
edu/hagermae/). In brief, a 25 mg/mL solution of the FD material in UPW was produced and then
5 mL was added to 5 mL ethanol and mixed well. This solution was added to 5 mL of a slurry of
Sephadex LH-20 in 50% ethanol and mixed well for 10 min at room temperature. After centrifugation
at 2500x g for 5 min at 5 °C, the unbound fraction was removed, and 5 mL of 50% ethanol added.
The centrifugation procedure was repeated to give the wash fraction then similarly with 50% acetone
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and then two washes with 80% acetone to provide the bound fractions. The total phenol contents were
measured as before, and aliquots of each fraction completely dried by centrifugal evaporation in a
Speed Vac prior to LC-MS" analysis.

4.4. Liquid Chromatography-Mass Spectrometry (LC-MS") Analysis

The samples were first analyzed on an LCQ Fleet Ion Trap mass spectrometer (Thermo Scientific
Ltd., Hemel Hempstead, UK) attached to an HPLC system consisting of an Accela 600 quaternary
pump and Accela photodiode array detector (PDAD) and autosampler. Spectra were collected in
wavelength/absorbance mode 200-600 nm (1nm filter bandwidth and wavelength step, 1 s filter rise
time, 10 Hz sample rate). Additionally, three UV channel set points were employed (A: 280 nm, B:
365 nm, C: 520 nm, 9 nm bandwidth, 10 Hz sample rate). Samples (20 uL injection volumes) were
eluted on a Synergi Hydro C18 2.0 mm x 150 mm, 4 um particle size column (Phenomenex Ltd.,
Macclesfield, UK) applying mobile phase A, HPLC grade water + 0.1% FA, and mobile phase B, HPLC
grade Acetonitrile + 0.1% FA, at a flow-rate of 0.3 mL/min. The gradient was as follows: 0-2 min hold
2% B, 2-5 min 2-5% B, 5-25 min 5-45% B; 25-26 min 45-100% B, 26-29 min hold 100% B, 29-30 min
100-2% B, 30-35 min hold 2% B for HPLC equilibration. Mass spectra were collected with a primary
full scan event (11/z 80-2000, profile mode) and a secondary data-dependent analysis (DDA) MS/MS
scan (centroid mode) for the top three most intense ions. Helium was applied as a collision gas for
collision-induced dissociation at a normalized collision energy (NCE) of 45%, a trapping window
width of 2 (+/—1) m/z was applied, an activation time of 30 ms and activation Q of 0.25 were applied,
only singly charged ions were selected for DDA, isotopic ions were excluded. The Automatic Gain
Control was set to 1 X 104, scan speed to 0.1 s, the following settings were applied to ESI: Spray voltage
—-3.5kV (ESI-) and +4.0 kV (ESI+); Sheath gas 60; Auxiliary gas 30; Capillary voltage at —35 V (ESI-)
+35 V (ESI+); Tube lens voltage —100 V (ESI-) and +100 V (ESI+); Capillary temperature 280 °C;
ESI probe temperature 100 °C.

Selected samples were separated using the same chromatographic conditions and PDA set points,
but with a Thermo Dionex U3000 UHPLC-PDA (Thermo Fisher Scientific UK), coupled to a Thermo
LTQ-Orbitrap XL mass spectrometry system capable of full scan accurate mass FT-MS (30,000 FWHM
resolution defined at m/z 400), as well as DDA at MS? and MS? levels. The Orbitrap XL applied
identical settings as the LCQ-Fleet, but with a scan speed of 0.1 s and 0.4 s and AGC of 1 x 10> and
5 % 10° for the LTQ-IT and FT-MS respectively. For selected samples, in addition to full scan accurate
mass FT-MS and LTQ-IT MS?, LTQ-IT MS? data were also collected in DDA mode for the top three
most intense ions detected in each MS? scan. MS? and MS? data were collected at collision energies of
45% and 65% NCE.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/448/s1,
Figure S1. Recovery of TPC after fractionation by Solid Phase Extraction and Sephadex LH-20; Figure S2.
Co-chromatography of m/z [M — H]~ peaks at 745 and m/z [M + H]* peaks at 1491 in SPE bound samples.
Figure S3. Peak areas of even DP phlorotannin oligomers from DP10-24. Figure S4. Evidence for triple charged
phlorotannin species.
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Abstract: Microwave-assisted extraction (MAE) was carried out to maximize the extraction of
phlorotannins from Fucus vesiculosus using a hydroethanolic mixture as a solvent, as an alternative to
the conventional method with a hydroacetonic mixture. Optimal MAE conditions were set as ethanol
concentration of 57% (v/v), temperature of 75 °C, and time of 5 min, which allowed a similar recovery of
phlorotannins from the macroalgae compared to the conventional extraction. While the phlorotannins
richness of the conventional extract was slightly superior to that of MAE (11.1 + 1.3 vs. 9.8 + 1.8 mg
PGE/g DWextract), both extracts presented identical phlorotannins constituents, which included,
among others, tetrafucol, pentafucol, hexafucol, and heptafucol structures. In addition, MAE showed
a moderate capacity to scavenge ABTS** (ICsy of 96.0 + 3.4 ug/mL) and to inhibit the activity of
xanthine oxidase (ICsp of 23.1 + 3.4 pg/mL) and a superior ability to control the activity of the key
metabolic enzyme x-glucosidase compared to the pharmaceutical drug acarbose.

Keywords: brown seaweeds; phlorotannins; microwave-assisted extraction; response surface
methodology; antioxidant; antiradical activity; xanthine oxidase; x-glucosidase

1. Introduction

Seaweeds are claimed to be a sustainable and rich source of bioactive compounds,
holding huge application potential in distinct fields. Among seaweeds’ bioactive compounds,
phlorotannins—i.e., phenolic compounds typical from brown macroalgae—are one of the most promising,
since they have been related to numerous beneficial biological properties, including antioxidant [1-3],
anti-inflammatory [4,5], antibacterial [6], anticancer [7], and antidiabetic [8] activities. While not fully
elucidated, the bioactivity of phlorotannins is accepted as being largely dependent on their structure.

Chemically, these compounds consist of dehydro-oligomers or dehydro-polymers formed through
the C-C and/or C-O-C oxidative coupling of phloroglucinol (1,3,5-trihydroxybenzene), which may
occur in a wide range of molecular sizes and in different assemblages [9,10]. According to the number
of hydroxyl groups and the nature of the structural linkages between phloroglucinol units, they are
classified in four groups: phlorethols and fuhalols (containing ether linkages), fucols (containing aryl
linkages), fucophlorethols (containing both aryl-aryl and ether linkages), and eckols and carmalols
(containing dibenzodoxine linkages) [11].

Fucus vesiculosus is a widespread species, which is naturally found along the coastlines of the
North Sea, the western Baltic Sea, and the Atlantic and Pacific oceans [12]. Phlorotannins-rich extracts
obtained from F. vesiculosus have been described for their promising antioxidant, anti-inflammatory,
and antitumor activities among other things, granting them great potential for application in the food,
cosmetic, and pharmaceutical industries [12].
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As for tannins in general, the extraction of phlorotannins is traditionally performed by the
conventional solvent extraction method [8,12,13], using hydroacetonic mixtures, although some
authors have also resorted to hydroethanol and hydromethanol mixtures [14-16]. Due to their
peculiar characteristics including chemical complexity, susceptibility to oxidation, and interaction
with other components of the matrix, the extraction of phlorotannins is a challenging process and the
structures found in crude extracts and in purified fractions may depend on the extraction conditions
applied [11,17,18].

In addition to the traditional solid-liquid extraction at room temperature, advanced methods
such as supercritical fluid extraction (SFE) [19,20], pressurized liquid extraction (PLE) [21],
microwave-assisted extraction (MAE) [12,22], and ultrasound-assisted extraction (UAE) [23,24] have
been previously used for recovery of phlorotannins from seaweeds. Nowadays, MAE is one of
the techniques that allow fast and large extraction of bioactive compounds, including phenolic
compounds [12], showing several advantages over other methods. Among others, it allows the rapid
heating of aqueous samples with non-ionizing electromagnetic radiation, a lower solvent use, a greater
selectivity for the family of compounds of interest, a higher level of automation, a superior efficiency,
and lower extraction times [22]. Since several variables influence the extraction of phlorotannins,
the optimal operating extraction parameters may be estimated with a statistical optimization method.
The response surface methodology (RSM) makes use of the quantitative data of an appropriate
experimental design to determine and simultaneously solve the multivariate equation. In order to
minimize the number of experiments, this methodology relies on a mathematical model where all the
interactions that occur between the test variables are taken into account [25]. This type of approach
enables a considerable reduction in the cost and execution time in experimental projects with more than
two variables [26]. One of the RSM models most used for experimental planning is the Box-Behnken
design (BBD). The main advantage of this experimental design is that the experiments are not carried
out under extreme conditions—i.e., the combinations between the different factors are never in their
higher or lower levels, since this type of combination usually gives unsatisfactory results [27]. As far
as we know, previous studies focusing on the extraction of phlorotannins by MAE have already been
applied in seaweeds from the Saccharina, Carpophyllum, and Ecklonia genera, but no study has been
performed with Fucus genus yet.

In this context, this study aimed to optimize the extraction process of phlorotannins from
F. vesiculosus using the MAE technique and a green solvent—namely, ethanol. In addition, it was
intended to elucidate the potential biological capacity of the resultant extracts, particularly with respect
to their ability to act against oxidative events and to control the activity of a-glucosidase (i.e., a key
enzyme in diabetes control). All the data were compared with those obtained by the conventional
method using hydroacetonic mixtures.

2. Results

2.1. Single-Factor Experiment on MAE

Taking into account the different variables that could mainly affect the phlorotannins extraction,
preliminary single-factor experiments were performed to specify the selected factors in the BBD
experiment. Different concentrations of ethanol were tested in the range of 0% to 100% (v/v). According
to Figure 1A, the total phlorotannins content (TPhC) recovered from F. vesiculosus increased almost
proportionally between 20% and 60% ethanol (1.23 £ 0.03 to 1.59 + 0.03 mg PGE/g DWjga), with the
maximum yield obtained for this last concentration. In turn, the use of ethanol above 60% resulted in
a decrease in the TPhC to approximately 1.40 mg PGE/g DW,jgq.. Based on this, the concentration
of ethanol used to study the next variable was 60%. Moreover, considering these results, an ethanol
concentration range between 40% and 80% was selected for the BBD experiment.
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Figure 1. Effect of (A) ethanol concentration, (B) solvent-solid ratio, (C) temperature, and (D) irradiation
time on the recovery of phlorotannins from F. vesiculosus in the single-factor experiments. Data represent
the mean + SEM and the results are expressed in mg of phloroglucinol equivalents/g of dried algae
(mg PGE/g DW,jgae). Different letters represent statistical significance (one-way ANOVA followed by
Tukey’s post hoc test; p < 0.05).

The effect of different solvent—solid ratios on the TPhC recovered from F. vesiculosus was tested in
the range of 40 to 160 mL/g, as for our previous study [8]. As represented in Figure 1B, the variation in
this parameter did not significantly influence the TPhC, which accounted for approximately 2.7 mg
PGE/g of DWaigae from 60 to 160 mL/g. Yet, given that a maximum point was achieved at 100 mL/g
(2.90 £ 0.09 mg PGE/g DW,jgze), this solvent-solid ratio was selected for the following factor study
and for the BBD experiment as well.

It is expected that temperature affects the extraction process of thermolabile compounds such
as phlorotannins. Taking this into account, different temperatures were selected between 25 and
150 °C. As represented in Figure 1C, a linear increase in the recovery of TPhC was obtained between
25 and 100 °C (1.89 £ 0.10 to 2.98 + 0.24 mg PGE/g DW,g,e). However, temperatures of extraction
above 100 °C—namely, 125 and 150 °C—caused a decrement of the phlorotannins recovery (TPhC
of 2.57 £ 0.28 and 0.878 + 0.251 mg PGE/g DW,g,, respectively). Hence, for the analysis of the next
variable, the temperature was set at 100 °C, which presented the maximum TPhC yield. Additionally,
for the BBD experiment, the interval chosen was 75-125 °C.

Moreover, based on the literature data for other algae [12,22], the influence of the irradiation
time was considered for the interval of 1 to 25 min. As depicted in Figure 1D, while the raising of the
irradiation time up to 3 min caused an increase in the amount of TPhC (maximum 3.10 + 0.17 mg
PGE/g DW,jgae), the opposite tendency was registered for longer extraction periods, reaching levels
of 2 mg PGE/g of DWaigae for 20 min of extraction time. Based on these results, the irradiation time
interval selected for the BBD experiment was 1-5 min.
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2.2. Analysis of the Response Surface Methodology

2.2.1. Fitting the Model

The experimental values obtained for TPhC, represented in Table 1, were fitted to a quadratic
polynomial model (Equation (1)). This equation allowed the determination of the optimal conditions
for the extraction process in order to obtain the maximum phlorotannins recovery and also to
determine the different correlations, which are related to the independent variable interactions and
respective responses.

Table 1. Experimental TPhC values obtained from the Box-Behnken design matrix.

Independent Variables Experimental TPhC

Extract No. X X X (mg PGE/g DW,jgyc)
1 40 125 3 1.17 £ 0.39
2 60 100 3 2.58 +0.36
3 80 125 3 1.61 +0.20
4 60 75 5 3.09 +0.34
5 80 100 5 1.99 + 0.35
6 60 125 1 2.37 +0.25
7 80 75 3 2.16 + 0.54
8 60 100 3 2.58 +0.36
9 40 100 1 2.60 +0.23
10 40 100 5 1.95+0.37
11 60 125 5 0.85+0.22
12 60 75 1 2.52 +0.21
13 40 75 3 242 +0.24
14 60 100 3 2.58 +0.36
15 80 100 1 2.35+0.33

X1—ethanol concentration (%); X,—temperature (°C); X3—time (min); TPhC—total phlorotannins content.
All values are expressed as mean + SD of mg of phloroglucinol equivalents/g of dried algae (mg PGE/ g DWajgae)-

The experimental data allowed the determination of the coefficients of the model, which were
evaluated for statistical significance using a statistical analysis of variance (ANOVA) and are listed in
Table 2. Accordingly, the independent variables with a higher impact on TPhC were the temperature
(X2, p <0.001) and time (X3, p < 0.01), while the ethanol concentration revealed no effect. Moreover,
significant interactive effects between the ethanol concentration and temperature (X; Xy, p < 0.05) and
between the temperature and time (X, X3, p < 0.001) were observed. The variables ethanol concentration
and temperature also showed a significant quadratic effect on TPhC (p < 0.01, for both).

TPhC = 2.58 — 0.004X7 — 0.52X, — 0.24X3 — 0.36X12 — 0.38X52 — 0.0001X32+

0.17X1 X5 + 0.073X1 X3 — 0.36X>X;3. )

The statistical analysis revealed a high F-value (43.77) and, simultaneously, a low p-value (p < 0.001),
meaning that the model is significant. Furthermore, the coefficient of multiple determination (R?) for
the response TPhC was 0.99 and the adjusted determination coefficient (RzAdj) was 0.96. The similarity
of these values suggests that there is a good correlation between the observed and predicted values
for TPhC. Taking this into account, the fitted model may be assumed as trustworthy and capable of
predicting the TPhC response.
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Table 2. Regression coefficients and results of the ANOVA analysis of the model.

Parameter Regression Coefficient
Bo 2.58 ***
X —-0.004
Xo —0.52 ***
X3 —0.24 **
X1Xo 0.17*
X1X3 0.073
X X5 —0.52 #**
XX, —0.36 **
X)Xy —0.38 **
X3X3 —0.0001
R? 0.9
R? Adj 0.96
Model F-value 43.77
Model p-value <0.001

Bo—constant coefficient; X;—ethanol concentration (%); X,—temperature (°C); X3—time (min). *, **, *** represent
statistical significance with p < 0.05, 0.01, and 0.001, respectively.

2.2.2. Effect of the Independent Variables on TPhC

The effects of the independent variables and their mutual interactions on TPhC can be visualized
on the three-dimensional response surface plots and two-dimensional contour plots shown in Figure 2,
respectively. Each plot demonstrates the effects of two independent variables on the target response,
while the third variable is maintained at its zero level.
A Etoh (%) ) T (°c) B Emt:c(%)m . f(rtlin)

P 0 s gy g w5 0 _ ‘ v }

S ——F

“ 50

TPhC

Figure 2. Response surface and contour plots for the total phlorotannins content (TPhC, expressed as
mg of phloroglucinol equivalents/g of dried algae ie, mg PGE/g DWyjgae) from F. vesiculosus extracts
with respect to (A) ethanol concentration (%, X;) and temperature (°C, X5); (B) ethanol concentration
(%, X1) and time (min, X3); and (C) temperature (°C, X) and time (min, X3). The third variable of each
graph was kept at its zero level.
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According to the results of the regression coefficient shown in Table 2, the interaction between
the ethanol concentration and temperature, and temperature and time, revealed a significant effect
on the TPhC (p < 0.05 and p < 0.001, respectively). As observed in Figure 2A, this increased in the
range of temperatures between 125 and 75 °C and of ethanol between 50% and 60%. In addition,
both independent variables, ethanol concentration and temperature, had a significant quadratic effect
(p < 0.01, for both). Figure 2B also demonstrated an increase in TPhC for short time extractions (1 to
5min) and a quadratic effect for ethanol concentrations between 50% and 70%. Moreover, a higher level
of TPhC was obtained at lower temperatures (75 °C) and for a longer time interval (5 min) (Figure 2C).
In addition, the quadratic effect of temperature was also registered in this figure.

2.2.3. Optimization and Validation of the Models

The optimal MAE conditions for the extraction of phlorotannins from F. vesiculosus were estimated
according the quadratic polynomial model (Equation (1)). The settled conditions were ethanol
concentration at 57% (v/v), temperature at 75 °C, and time at 5 min, with a theoretical maximum value
of TPhC of 3.01 + 0.25 mg PGE/g DW,jgae. These conditions were tested to validate the adequacy
of the model prediction, and the experimental value of 3.16 + 0.06 mg PGE/g DW4,e Was obtained,
thus demonstrating a good correlation between the experimental and predicted values, confirming the
appropriateness of this model, which is trustworthy and precise.

2.3. Comparison between MAE and Conventional Solvent Extraction

To conclude on the feasibility of using MAE and ethanol as an alternative extraction method
for the extraction of phlorotannins from F. vesiculosus, the TPhC (mg PGE/g DW,jg,¢) was compared
to that of an extract obtained by conventional extraction under optimized conditions, as previously
established by our group for this macroalgae species [8]—i.e., a solvent-solid ratio of 70 mL/g with
70% acetone and 1% glacial acetic acid at room temperature for 3 h. Moreover, the extracts’ richness in
phlorotannins and their potential to hamper oxidative events and the activity of x-glucosidase (a key
metabolic enzyme in the control of diabetes) were compared.

2.3.1. Phlorotannins

Using optimal conditions, it was possible to recover similar amounts of phlorotannins with the two
methods (3.16 + 0.06 mg PGE/g DW g, versus 2.94 + 0.28 mg PGE/g DW g, for MAE and conventional
extraction, respectively). On the other hand, when comparing the phlorotannins richness of both
extracts, it is possible to conclude that the MAE had a slightly lower concentration of phlorotannins
(Table 3), suggesting that, compared to the conventional extraction using hydroacetone, the application
of MAE at 75°C and ethanol concentration of 57% can further facilitate the co-extraction of non-phenolic
components—most likely, lipophilic compounds such as fatty acids, sterols, and pigments (in particular,
fucoxanthin—i.e., the characteristic pigment from brown algae). Nevertheless, the individual
phlorotannins detected by UHPLC-DAD-ESI-MS" were, in general, coincident between the two
extracts (Table 3).

2.3.2. Bioactive Potential

The bioactive capacity of the two extracts was evaluated for their capacity to act as antioxidant and
antidiabetic agents—namely, through the ability to scavenge radicals (ABTS** and O,°”), inhibit the
activity of xanthine oxidase, and control the activity of x-glucosidase. Consistent with the phlorotannins’
superior richness in conventional extract compared to MAE, in general the latter was less active (Table 4).
Despite this, it is worth mentioning that this extract had a promising potential to hamper the activity
of xanthine oxidase and, in particular, of x-glucosidase, for which the IC5y was 115 times lower than
that of the commercial drug acarbose.
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Table 3. Phlorotannins from F. vesiculosus extracts obtained under optimized MAE and conventional
extraction conditions.

RT (min) [M -HI]~ MS? Main Fragments Probable Compound CONV  MAE
1.3 317 225,165,207, 125, 249, 153 Phlorotannin derivative D D
1.9 497 479, 331, 461, 435, 395, 165 Tetrafucol D D
2.5 247 203,121, 81 Dibenzodioxine-1,3,6,8-tetraol D D
27 621 603, 455, 585, 331, 529, 559, 577 Pentafucol D D
44 745 727,455, 579,709, 289, 701, 683 Hexafucol D D
5.3 623 495, 477, 605, 577, 601, 496 Phlorotannin derivative D D
6.2 869 851, 579, 455, 833, 785, 703 Heptafucol D D
6.4 479 461, 433, 315, 389, 435, 401 Fucofurodiphlorethol D D
10.0 363 345,257,319, 138, 182 Phlorotannin derivative D D
11.0 637 619, 496, 593, 601, 591, 335 Pentafuhalol D D
11.7 497 451, 479, 437, 453, 336, 335, 461 Tetrafucol D D
11.8 529 485, 511, 471, 467, 493, 403, 389, 373 Hydroxytetrafuhalol D D
129 635 575,617,557, 335, 466, 273, 531, 229 Phlorotannin derivative D D
13.3 587 507, 523, 505, 383, 277, 229 Unidentified D D
13.5 723 679,701, 405, 714, 497, 678, 331 Unidentified D D
14.2 635 575, 617, 557,335, 466 Phlorotannin derivative D D
14.8 587 507 Unidentified D D
14.8 507 277,461, 439, 489, 479, 382, 229, 275, 231 Phlorotannin derivative D D
15.0 950 904 Unidentified D D
16.4 603 585, 559, 543, 567, 269, 523, 313 Fucofurotriphlorethol D D
18.5 610 225, 538, 299, 592, 226, 486 Unidentified ND D
19.9 771 753,727,761,725,749, 610 Phlorotannin derivative ND D

Total Phlorotannins (mg/gextract) V) 11.1+1.3 9.8+1.8

RT—Retention time; CONV—Conventional solvent extraction; MAE—Microwave-assisted extraction; D—detected;
ND—not detected. V) Determined by 2,4-dimethoxybenzaldehyde assay (DMBA).

Table 4. Antioxidant activity and inhibition of a-glucosidase of F. vesiculosus extracts obtained by
optimized MAE and conventional methodologies.

ICs0 (ug/mL)

Sample
ABTS** 0Oy~ Xanthine Oxidase «-Glucosidase
MAE 95.99 + 3.40 527.30 + 47.78 23.07 + 3.40 6.86 + 0.70
Conventional 62.55 +1.93 457.18 + 23.97 6.36 +2.20 1.73 £0.13
Reference compound * 5.07 +£0.25 5.07 +0.77 0.05 + 0.005 789.93 + 41.08

MAE—Microwave-assisted extraction. ICs5p was determined as the concentration at which ABTS** and O,°~ were
inhibited by 50%. All values are expressed as mean + SD. * Trolox was used as a reference compound for ABTS**,
gallic acid for O,°~, allopurinol for xanthine oxidase, and acarbose for a-glucosidase.

3. Discussion

Since MAE has several advantages compared with regular stirring—namely, allowing the rapid
heating of aqueous samples with non-ionizing electromagnetic radiation; a lower extraction time
and solvent quantities; and, in turn, a higher level of automation, allied to a superior selectivity and
efficiency [22]—one of the main aims of this work was to maximize the recovery of phlorotannins from
F. vesiculosus using the MAE technique combined with a greener solvent—namely, ethanol.

According to the preliminary single factor experiments, solvent-solid ratio was shown to have
neglectable effect on the recovery of phlorotannins, contray to the ethanol concentration in the
range of 0-100%, the temperature in the range of 25-150 °C, and the time in the range of 1-25 min.
Concerning the effect of ethanol concentration, the maximum TPhC was obtained for an ethanol
concentration of 60% (v/v), which is slightly higher than that settled in the optimization performed by
He and colleagues [22] (55% v/v) for the MAE of phlorotannins from Saccharina japonica. Moreover,
despite Magnusson et al. [12] pointed that water is a better solvent than ethanol for recovering
phlorotannin with MAE, our data, combined with those of others, suggest that hydroethanolic
mixtures are, in fact, more appropriate.

193



Mar. Drugs 2020, 18, 559

Afterwards, a maximum TPhC was herein obtained for the extraction temperature of 100 °C,
which is higher than that established by He et al. [22] (60 °C) for Saccharina japonica but lower than that
described by Magnusson et al. [12] (160 °C) for Carpophyllum flexuosum, Carpophyllum plumosum and
Ecklonia radiata, using the same technique. Such differences can be explained by the thermolability
of these compounds, as well as the differences in the phlorotannins profiles that probably occur
between these seaweed species. In turn, the effect of time on MAE revealed that the maximum
TPhC could be achieved within 3 min, which is in agreement with the work previously described by
Magnusson et al. [12].

According to the BBD model, the predicted optimal conditions of extraction were set as ethanol
concentration of 57% (v/v), temperature of 75 °C and a time of 5 min. The ethanol concentration was
similar to that obtained in the preliminary single factor experiments (60% v/v) and to that described by
He et al. [22] (55% ©/v) for the macroalgae Saccharina japonica. In turn, the optimal temperature was
lower than that established in the preliminary experiments (100 °C), while the extraction time was
superior. These differences could be explained by the interactive effects between variables that are
not considered when performing the single-factor experiments. Indeed, the results gathered from
the BBD experiment allowed to conclude that the main interactions between the different variables
were temperature versus time, followed by ethanol concentration versus temperature. This could be
because the variables ethanol concentration and temperature revealed a quadratic effect. In the case of
ethanol concentration, it is clear that the presence of water and ethanol provides a polar medium more
suitable for the phlorotannin extraction than just ethanol [28]. Regarding temperature, the optimal
temperature for the extraction process was set at 75 °C. To the best of our knowledge, there is no previous
data focusing on the extraction of phlorotannins from F. vesiculosus using MAE, thus hampering the
comparison of data. Naturally, the optimal conditions obtained for the MAE were quite distinct than
those established by Catarino et al. [8] for the conventional solvent extraction using hydroacetonic
mixtures (acetone of 70% (v/v), solvent-solid ratio of 70 mL/g at temperature 25 °C and time of 3 h).
Nonetheless, it must be noted that the herein set conditions for MAE allowed the recovery of identical
amounts of phlorotannins than conventional solvent extraction (3.16 £ 0.06 mg PGE/g DW,g,e versus
2.94 + 0.28 mg PGE/g DW,jg,e, respectively), hence indicating that the use of MAE associated to green
solvents may serve as a good alternative to the extraction of phlorotannins from F. vesiculosus. In fact,
despite the lower concentration, the phlorotannin constituents from MAE were, in general, concordant
with those from the conventional extract (as demonstrated through UHPLC-MS analysis). Regardless
several non-identified compounds, it was possible to detect tetrafucol, dibenzodioxine-1,3,6,8-tetraol,
pentafucol, hexafucol, heptafucol, fucofurodiphlorethol, pentafuhalol, hydroxytetrafuhalol and other
distinct phlorotannin derivatives (m/z at 317, 623, 363, 635, 507 and 771) that were previously reported
by other authors for this macroalgae species [8,29].

As phenolic compounds, phlorotannins’ most characteristic biological effect is their antioxidant
activity. Indeed, several authors have proven this capacity using different approaches—namely,
through anti-radical systems such as DPPH, ORAC, O,°~, and NO* [30-33] and biological systems
including H,O, and #-BHP-induced oxidative stress [15,34] in different cell lines, and even in vivo
studies on rats [30]. Overall, our findings revealed a dose-dependent activity observed for both MAE
and conventional phlorotannin extracts (data not shown) with the later always showing lower ICs
values than the former, which is in agreement with the superior concentration of phlorotannins found in
conventional rather than in MAE extract. These observations agree with previous studies supporting the
evidence that the phlorotannins content of the extracts is correlated with their antioxidant capacity [32].
Nevertheless, the results gathered in this study suggest that MAE may hold antioxidant potential both
through enzymatic and antiradical mechanisms, although further assays may be needed.

In addition to the antioxidant properties of phlorotannins, promising anti-diabetes effects have also
been demonstrated for these compounds via the inhibition of key enzymes, prevention of the formation
of advanced glycation end products, improving insulin sensitivity and others [34-36]. As responsible
for the hydrolysis of carbohydrates into monomers of glucose, x-glucosidase constitutes an important
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target enzyme for the control and prevention of diabetes. Indeed, our results demonstrate that both
MAE and conventional extracts of F. vesiculosus strongly inhibited the activity of x-glucosidase, with ICsq
values remarkably inferior to that of acarbose, which is a pharmaceutical drug currently used to prevent
the development of diabetic symptoms. Previous works showed that F. vesiculosus phlorotannin extracts
or their purified fractions were able to strongly interfere with the activity of this enzyme [8,36,37].
Notably, consistent with the lower phlorotannin concentrations, MAE revealed lower inhibitory
potential compared to the conventional extract. Nevertheless, this effect was still approximately
115 times stronger than that of acarbose, meaning that MAE combined with hydroethanolic solvent
may represent a fast and safer method to obtain extracts that could help the regulation of diabetes.
In any case, further elucidation of phlorotannins’ stability through the GI tract and/or bioactivity of
metabolites will be required to sustain the in vivo effects.

4. Materials and Methods

4.1. Materials

Ground F. vesiculosus from July 2017 was purchased from Algaplus Lda (Aveiro, Portugal).
Acetone, ethanol, acetonitrile HPLC grade, hydrochloric acid, and glacial acetic acid were acquired
from Fisher Chemical (Pittsburgh, PA, USA). The enzymes o-glucosidase from Saccharomyces
cerevisiae (EC No.—3.2.1.20) and xanthine oxidase from bovine milk (EC No.—1.17.3.2), together with
2,4-dimethoxybenzaldehyde (DMBA), phloroglucinol, 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid)diammonium salt (ABTS-NHy), nitrotetrazolium blue chloride (NBT), phenazine methosulfate
(PMS), 4-nitrophenyl «-D-glucopyranoside (pNPG), allopurinol, ascorbic acid, and formic acid, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Potassium persulfate, potassium di-hydrogen
phosphate, potassium hydroxide, sodium di-hydrogen phosphate 1-hydrate, and gallic acid were
acquired from Panreac (Barcelona, Spain). 3-nicotinamide adenine dinucleotide (3-NADH), trolox,
3,5-dinitrosalicylic acid (DNS), acarbose, and 4-nitrophenol were purchased from Acros Organics
(Hampton, NH, USA) and dimethylsulfoxide (DMSO) were acquired from Honeywell Riedel-de
Haén (Charlotte, NC, USA), and xanthine were purchased from AlfaAesar (Ward Hill, MA, USA). All
reagents were of analytical grade or of the highest available purity.

4.2. Methods

4.2.1. Single-Factor Experiments Using Microwave-Assisted Extraction (MAE)

The method development for the extraction of seaweed phlorotannins by MAE was based on the
work of He et al. [22]. The extraction process was performed by systematically varying one condition
at a time—namely, the concentration of ethanol (0%, 20%, 40%, 60%, 80%, 100% (v/v)), the solvent-solid
ratio (40, 60, 80, 100, 120, 140 and 160 (mL/g)), the extraction temperature (25, 50, 75, 100, 125 and
150 °C), and the irradiation time (1, 3, 5, 10, 15, 20 and 25 min). When one variable was not studied,
it was kept constant. The constant values for irradiation time, solvent-solid ratio, temperature and
microwave power were 20 min, 40 mL/g, 60 °C and 400 W, respectively, and samples were heated
to the target temperature within a 2 min ramp. The extract was recovered by filtration through
cotton to remove the solid residues, followed by a G4 glass filter, and was maintained at —20 °C until
analysis. Experiments were performed with a focused microwave system with an Ethos MicroSYNTH
Microwave Labstation (Milestone Inc.) using an 80 mL reactor at atmospheric pressure, and samples
were stirred under constant agitation throughout the extraction process.

4.2.2. Experimental Design for the Optimization of Phlorotannins Microwave-Assisted Extraction

An RSM based on a three-level-three-factor Box-Behnken experimental design (BBD) was
employed in this study to optimize the phlorotannin extraction process considering the effects of
solvent concentration (%, v/v, X1), temperature (°C, X3), and extraction time (min, X3). The factor levels
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of these three variables were coded as —1 (low), 0 (central point or middle), and +1 (high), respectively,
according to the single-factor tests outlined bellow (Table 5).

Table 5. Independent variables and their levels used in BBD.

. Levels
Symbols Independent Variables _
-1 0 +1
X1 Solvent concentration (%, v/v) 40 60 100
X, Temperature (°C) 75 100 125
X3 Time (min) 1 3 5

A total of 15 different experiments, including three replicates at central point (Table 1),
were conducted in a randomized order. Using the response surface methodology, the experimental
design and analysis of variance (ANOVA) were carried out in the statistical software JMP, version 10.0.0,
to generate the following second-order polynomial equation (Equation (2)) that represents the total
phlorotannins content (TPhC) as a function of the coded independent variables:

k k k
Y =po+ Z B1X1 + Z BiX? + Z BijXiX;, )
i1 im1

izj=1

were Y is the predicted response; fy is the constant coefficient; f;, fii;, fij are the linear, quadratic and
interactive coefficients of the model, respectively; and X; and X; are the coded independent variables.

The model adequacy was evaluated using the coefficient of determination (R?) and the lack-of-fit
test represented at 5% level of significance, accordingly. Three-dimensional response surface plots and
two-dimensional contour plots were used for the visualization of the effects of independent variables
and their mutual interactions in the responses. To validate the accuracy of the models, experiments
were carried out at the optimal conditions predicted for TPhC, and the obtained experimental data
were compared to the values predicted by the corresponding regression model.

4.2.3. Extraction of Phlorotannins under Optimal MAE and Conventional Solvent Extraction

The MAE extract was prepared following the optimal conditions determined through the response
surface method. A total of 10.8 g of macroalgae (corresponding to 1.08 L hydroethanolic mixture) were
used, with 60 mL in each microwave flask. The conventional solvent extraction of F. vesiculosus was
performed according to the optimal conditions established by Catarino et al. [8]. Briefly, 11 g of dried
algal powder (DWg,e) was dispersed in 770 mL of 70% acetone solution with 1% of glacial acetic acid,
and incubated for 3 h at room temperature under constant agitation. The combined mixture obtained
with MAE, or by conventional solvent extraction method, was filtered through cotton to remove the
solid residues and then through a G4 glass filter. Afterwards, the extract solvents were removed by
rotary evaporation. The dried extracts were resuspended in DMSO and subsequently stored at —20 °C
until further analysis.

4.2.4. Characterization of Phlorotannins

The TPhC was estimated according to the 2,4-dimethoxybenzaldehyde (DMBA) colorimetric
method previously described [9]. Briefly, equal volumes of the stock solutions of DMBA (2%, m/v)
and HCI (6%, u/v), both prepared in glacial acetic acid, were mixed prior to use (work solution).
Afterwards, 250 pL of this solution was added to 50 uL of each extract in a 96-wells plate and the
reaction was incubated in the dark, at room temperature. After 60 min, the absorbance was read at
515 nm in an automated plate reader (Biotek Instrument Inc., Winooski, VT, USA) and the phlorotannins
content was determined by using a regression equation of the phloroglucinol linear calibration curve
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(0.06-0.1 mg/mL). The results were expressed as mg phloroglucinol equivalents per g of dried algae
(mg PGE/g DW,g,c) OF per g of dried extract (mg PGE/g DWextract)-

In addition, the identification of individual phenolic compounds in the extracts was performed by
UHPLC-DAD-ESI/MS analysis, after defatting with n-hexane, as previously described [13], and filtration
through a nylon filter of 0.22 um (Whatman™, Buckinghamshire, UK). The analysis was carried out in
an Ultimate 3000 (Dionex Co., San Jose, CA, USA) apparatus consisting of an autosampler/injector,
a binary pump, a column compartment, and an ultimate 3000 Diode Array Detector (Dionex Co.,
San Jose, CA, USA), coupled to a Thermo LTQ XL (Thermo Scientific, San Jose, CA, USA) ion trap
mass spectrometer equipped with an ESI source. The LC separation was conducted with a Hypersil
Gold (ThermoScientific, San Jose, CA, USA) C18 column (100 mm length; 2.1 mm i.d.; 1.9 um particle
diameter, end-capped) maintained at 30 °C and a binary solvent system composed of (A) acetonitrile
and (B) 0.1% of formic acid (v/v). The solvent gradient started with 5-40% of solvent (A) over
14.72 min, from 40-100% over 1.91 min, remaining at 100% for 2.19 more min before returning to
the initial conditions. The flow rate was 0.2 mL/min and the UV-Vis spectral data for all peaks were
accumulated in the range of 200-700 nm while the chromatographic profiles were recorded at 280 nm.
Control and data acquisition of MS were carried out with the Thermo Xcalibur Qual Browser data
system (ThermoScientific, San Jose, CA, USA). Nitrogen of above 99% purity was used, and the gas
pressure was 520 kPa (75 psi). The instrument was operated in negative mode with the ESI needle
voltage set at 5.00 kV and an ESI capillary temperature of 275 °C. The full scan covered the mass range
from mj/z 100 to 2000. CID-MS/MS experiments were performed for precursor ions using helium as the
collision gas with a collision energy of 25-35 arbitrary units. All solvents were LC-MS grade.

4.2.5. Antioxidant Properties

ABTS** Discoloration Assay

The total antioxidant activity of both crude extracts was measured using an adaptation of the
ABTS®* discoloration assay based on the procedure described by Catarino et al. [13]. A stock solution of
ABTS** was prepared by reacting the ABTS-NH,4 aqueous solution (7 mM) with 2.45 mM of potassium
persulfate in the dark at room temperature for 12-16 h to allow the completion of radical cation
generation. This solution was then diluted with distilled water until its absorbance reached 0.700 + 0.05
at 734 nm. Afterwards, 50 pL of each sample were mixed with 250 uL of the diluted ABTS** solution in
a 96-well microplate. The mixture was then allowed to react for 20 min in the dark, at room temperature
and the absorbance was then measured at 734 nm in an automated plate reader (Biotek Instrument
Inc., Winooski, VT, USA). The percentage of inhibition of ABTS** was calculated using the Equation
(3) described by Yen and Duh [38]:

AAc - AAe

o o : _
Jo ABTS®" scavenging = AA.

%100 3)
where Ac is the absorbance of the control (without extract addition) and Ae is the absorbance of the
extract. Ascorbic acid was used as the reference compound. The concentration of the extract/standard
able to inhibit 50% of ABTS®** (ICs5y) was then calculated by plotting the percentage of inhibition against
the plant extract concentrations.

Superoxide Scavenging Assay

In a 96-well plate, 75 uL of nitroblue tetrazolium (NBT) (0.2 mM), 100 uL of 3-NADH (0.3 mM),
75 uL of each crude extract, and 75 uL of phenazine methosulfate (PMS) (15 pM) were mixed and
incubated for 5 min at room temperature. The absorbance was then measured at 560 nm in an
automated plate reader (Biotek Instrument Inc., Winooski, VT, USA). Gallic acid was used as the
reference compound. The ICs value for superoxide scavenging activity was determined by plotting
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the percentage of inhibition of superoxide radical anion generation in the presence of the crude extract
and calculated using Equation (3).

4.2.6. Enzymatic Assays

a-Glucosidase Inhibition Assay

The inhibition of a-glucosidase was measured according to the method previously described
by Neto et al. [39]. In short, 50 pL of different extract concentrations (0-0.006 mg/mL in 50 mM of
phosphate buffer, pH 6.8) were mixed with 50 uL of 6 mM 4-nitrophenyl-D-glucopyranoside (pNPG)
dissolved in deionized water. The reaction was started with the addition of 100 pL of «-glucosidase
solution and the absorbance was monitored at 405 nm every 60 s for 20 min at 37 °C. Blank readings
(no enzyme) were then subtracted from each well and the inhibitory effects towards the a- glucosidase
activity was calculated as follows:

AAbs. — AAbs,

%o inhibition = AAbs,

x100 4)
where AAbs, is the variation in the absorbance of the negative control and AAbs, is the variation in the
absorbance of the extract. Acarbose was used as a positive control of inhibition.

Xanthine Oxidase Assay

The inhibition of xanthine oxidase activity was carried out following the method described by
Pereira et al. [40], with slight modifications. Briefly, in a 96-well plate 40 pL of extract (concentrations
of 02 mg/mL) was mixed with 45 uL of sodium dihydrogen phosphate buffer (100 mM, pH 7.5)
and 40 pL of enzyme (5 mU/mL). After 5 min of incubation at 25 °C, the reaction was started with
the addition of 125 pL of xanthine (0.1 mM dissolved in buffer), and the absorbance at 295 nm was
measured every 45 s over 10 min at 25 °C. The inhibitory effects towards xanthine oxidase activity
were calculated using Equation (4). Allopurinol was used as a positive control of inhibition.

4.2.7. Statistical Analysis

All the data were expressed as the mean + standard deviation (SD) of three similar and independent
experiments performed in duplicate. The JMP and Minitab software were used to construct the BBD
and to analyze the results. Data from single-factor experiments and BBD were analyzed using ANOVA
(p < 0.05), followed by Tukey’s post hoc test.

5. Conclusions

In this work, a single-factor experimental approach followed by a response surface methodology
was carried out for the determination of the optimal conditions that maximize the extraction of
phlorotannins from F. vesiculosus using microwave-assisted extraction combined with hydroethanolic
mixtures as a solvent, as a greener approach to the conventional methods that usually make use of
acetone. The optimal conditions were settled on as ethanol concentration at 57% (v/v), the temperature
at 75 °C, and time at 5 min. When compared to the yield of extraction obtained under optimized
conditions for conventional solvent extraction with hydroacetonic solvent, MAE extraction allowed the
recovery of similar amounts of phlorotannins (2.94 + 0.28 mg PGE/g DWjgae, versus 3.16 + 0.06 mg
PGE/g DWgjgae, respectively). Likewise, the UHPLC-MS analysis revealed that both extracts presented
a very similar phenolic profile, allowing the identification of 10 possible phlorotannins and seven other
phlorotannin-derivatives. The two extracts were evaluated for their antioxidant properties through
ABTS®** and O,°~ scavenging assays and for their ability to inhibit the enzymatic activity of xanthine
oxidase and a-glucosidase. In general, the conventional extract revealed better results than MAE
extract, most likely due to its higher phlorotannin richness, although they both exhibited exceptional
inhibitory activity against x-glucosidase, showing better results than the commercial antidiabetic
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pharmaceutical drug. In a wider perspective, the investigation of the applicability of seaweeds such as
F. vesiculosus could lead to the development of nutraceuticals and pharmacological applications to treat
a wide spectrum of disorders and/or diseases.
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Abstract: This study investigates ultrasound assisted extraction (UAE) process parameters
(time, frequency and solvent) to obtain high yields of phlorotannins, flavonoids, total phenolics
and associated antioxidant activities from 11 brown seaweed species. Optimised UAE conditions
(35 kHz, 30 min and 50% ethanol) significantly improved the extraction yield from 1.5-fold to 2.2-fold
in all seaweeds investigated compared to solvent extraction. Using ultrasound, the highest recovery of
total phenolics (TPC: 572.3 + 3.2 mg gallicacid equivalent/g), total phlorotannins (TPhC: 476.3 + 2.2 mg
phloroglucinol equivalent/g) and total flavonoids (TFC: 281.0 + 1.7 mg quercetin equivalent/g)
was obtained from Fucus vesiculosus seaweed. While the lowest recovery of TPC (72.6 + 2.9 mg
GAE/g), TPhC (50.3 + 2.0 mg PGE/g) and TFC (15.2 + 3.3 mg QE/g) was obtained from Laminaria
digitata seaweed. However, extracts from Fucus serratus obtained by UAE exhibited the strongest
1,1-diphenyl-2-picryl-hydrazyl (DPPH) scavenging activity (29.1 + 0.25 mg trolox equivalent/g) and
ferric reducing antioxidant power (FRAP) value (63.9 + 0.74 mg trolox equivalent/g). UAE under
optimised conditions was an effective, low-cost and eco-friendly technique to recover biologically
active polyphenols from 11 brown seaweed species.

Keywords: ultrasound assisted extraction; conventional extraction; polyphenols; phlorotannin;
macroalgae; antioxidant capacity

1. Introduction

The consumption of seaweeds is a long tradition in many Asian countries and recently has also
increased in Europe and North America [1]. Many seaweed species contain significant quantities
of compounds such as polyphenols, polysaccharides, carotenoids, fibres, minerals, trace elements,
proteins and amino acids [2-4]. Moreover, brown seaweeds are good sources of polyphenolic
compounds such as phlorotannins, flavanols and catechins [5]. Phlorotannins are a specific group
of polyphenols produced by brown seaweeds that have gained recognition for their broad range of
potential biological properties which are beneficial to humans [5-7]. The potential beneficial biological
properties of polyphenols include antioxidant, antimicrobial, antiviral, anticancer, anti-inflammatory
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and antidiabetic activities [8]. These phenolic compounds are not only being explored for their
biological activities but also for their potential to prevent several chronic diseases such as cancer,
cardiovascular diseases, obesity and diabetes [9]. Due to their nutritional and health benefits, algal
polyphenols are increasingly being investigated for their possible use in nutraceuticals, functional
foods, cosmetic, and pharmaceutical applications [10].

The increasing interest in utilising brown seaweeds as a sustainable biosource material for bioactive
recovery has fuelled the development of new extraction/pre-treatment technologies. Fucus vesiculosus
or bladderwrack is rich in sulphated polysaccharides (such as fucoidan) as well as polyphenols
(such as phlorotannins). The species is reported to have the highest phlorotannin (6% DW) and
fucoidan (up to 20% DW) contents among Fucus species [2]. However, it has been mainly investigated
to produce fucoidan, while its high phenolic content including phlorotannins has not been exploited to
date. The recovery of polysaccharide is mainly carried out using acidic water as a solvent, while its
phenolic content is either unextracted and stays in the residue or removed during purification,
if co-extracted. Extraction of polyphenolic compounds is a huge challenge as they are embedded
deeply within the seaweed matrix. Traditional polyphenol extraction from seaweeds has relied on
methods that require high energy consumption, long extraction periods, low yields and the use of
potentially toxic chemical agents and solvents [11]. A range of solvents both chlorinated (chloroform,
chlorobenzene, carbon tetrachloride, tetrachloroethylene) and non-chlorinated (methanol, ethanol,
acetone) are used for extraction of these compounds. However, toxicity, low yield of extracts and
prevalence of residues in the target compound have always been a concern. Extraction of these
compounds at a commercial scale requires high extraction yields as well as intact biological activities,
which are difficult to achieve using conventional extraction methods [4]. Therefore, to address these
shortcomings, and to facilitate the transition towards more environmentally sustainable extraction
technologies, there is a need to develop new, safe, effective and affordable extraction technologies,
which give maximum product yield, minimum presence of residues and enable attainment of clean
label status. Recently, several greener and cleaner extraction technologies were investigated which
have greater extraction efficiency and lower carbon footprints [12].

Novel extraction technologies also referred to as cold extraction techniques such as ultrasound,
due to the comparatively low temperatures employed during the process, have minimal impact on
the stability of the target compounds, have high potential to reduce or eliminate the use of toxic
chemicals, increase process efficiency and enhance yield and quality of the target products [13,14].
Ultrasound technology can be used either as a pre-treatment or in combination with other safe
organic solvents to disrupt cell membranes to enable better extractability [13]. Thus, the motive to
develop a sustainable extraction process has led to more research on ultrasound assisted extraction
(UAE), owing to decreased levels of solvent consumption, shorter duration of extraction and reduced
operational costs [15]. Ultrasound involves various physical and chemical phenomena including
compression rarefaction, vibration, pressure, shear forces, microjets, agitation, cavitation and radical
formation. However, the main driving force for extraction is acoustic cavitation, which involves
creation, expansion and implosive collapse of micro bubbles, formed due to a series of compression
and rarefactions in molecules, generated by ultrasound waves [13]. The ability of ultrasound to cause
cavitation, for extraction and processing applications, depends on UAE process parameters such as
frequency and sonication intensity within the range of 10~1000 W/cm?. Other process parameters which
influence extraction include time, temperature, pressure applied during the process and properties
of the extraction solvent (e.g., viscosity and surface tension) [13]. Several methods for extraction
of phenolic content from seaweed have been investigated, however, limited data are available on
the effect of UAE conditions to extract phenolic compounds from a range of seaweeds and the
resultant biological properties of the macroalgal extracts. Therefore, this study aims to (1) optimise
UAE process parameters (time, frequency, solvent ) to obtain high extraction yields and recovery
of phlorotannins and total phenols from F. vesiculosus (2) assess the damage caused by ultrasound
on algal cell surfaces using scanning electron microscopic (SEM) analysis and (3) investigate the
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extraction efficiency of optimised UAE conditions and conventional solvent extraction techniques to
obtain phenolic constituents (phlorotannins, flavonoids and total phenolic compounds) from 11 brown
macroalgae species widely available in Ireland.

2. Results and Discussion

2.1. Effect of Ultrasound on Extraction Yield, Total Polyphenols and Phlorotannin Content

F. vesiculosus brown seaweed was used as the raw material for optimisation of UAE conditions
(time, frequency and solvent) to obtain high recovery of total polyphenol and phlorotannin content.
Figure 1 shows the effects of ethanol concentration (30%, 50% and 70% v/v), ultrasound frequency
(0 kHz or control, 35 kHz and 130 kHz) and UAE treatment time (10 and 30 min) on extraction yield
(%). There was a statistically significant interaction observed between ultrasonic frequency and solvent
type (p < 0.001). No statistical differences were observed within each extraction treatment by applying
these conditions for 10 or 30 min. Further statistical analyses were performed to elucidate the effects of
different solvents at each US frequency on the yield of extracts as shown in Figure 1. Irrespective of
extraction solvents, application of ultrasound significantly improved the extraction yield from 78.7% to
201.8% with respect to the controls. Considerable variations in extraction yield were observed between
controls and treatments. Among the controls, the highest extraction yield (16%) was recorded for 30%
ethanol, while the lowest yield (8%) was recorded from 70% ethanol. Interestingly, the yield started to
decrease as the concentration of ethanol increased which is in agreement with previously reported
findings [16,17]. Among the UAE treatments investigated, both the highest (33.8%) and the lowest
(20.5%) extraction yields were observed at 130 kHz US frequency and 30 min extraction time but at
different ethanol concentrations (30% and 70%, respectively) (Figure 1). Therefore, ultrasonic frequency
of 35 kHz which is less energy intensive and provides similar extraction yields for the same treatment
time, was considered as the best frequency to recover high yields of extract from F. vesiculosus.

Similar findings were reported in other studies using other innovative extraction technologies.
He et al. [18] observed that phlorotannin yields from Saccharina japonica increased with ethanol
concentration over the range of 40-50% for microwave-assisted extraction. The same authors reported
a reduction in the yields of compounds extracted when using ethanol concentrations above 50% due
to an increased extraction of other less polar components. Another study on optimisation of the
extraction variables on the yields of crude extracts from Ascophyllum nodosum, also observed that
ethanol concentration had a significant effect on the yield of extract obtained, and that lower ethanol
concentrations enhanced the extraction yield, suggesting that most of the extractable compounds were
high in polarity [19].

Table 1 summarises the recovery of total polyphenols and phlorotannins extracted as well as
retained (unextracted) in the residue of F. vesiculosus seaweed after ultrasound treatment. There was a
statistically significant (p < 0.001) influence of the interaction solvent X ultrasonic frequency X extraction
time on the recovery of bioactive compounds. The influence of the extraction time (10 and 30 min)
on the recovery of TPC and TPhC for each extraction condition is shown in Table 1. Extraction using
50% ethanol yielded more polyphenols and phlorotannins in control samples while 30% ethanol
generated more in treated samples, irrespective of US treatments frequencies. As shown in Table 1,
values of TPC and TPhC obtained in treated samples were in the range of 422.7-579.7 mg GAE/g and
327.2-471.5 mg PGE/g, respectively, of dried extract, while the control samples exhibited values in
the range of 306.8-358.5 mg GAE/g and 222-286.2 mg PGE/g, respectively. Among the treatments,
samples treated with 35 kHz US frequency in 30% ethanol for 10 min yielded the lowest amount of TPC
(422.7 + 4.4mg/g) and TPhC (327.2 + 7.2 mg/g). Samples treated with 130 kHz US frequency in 30%
ethanol for 30 min yielded the highest amount of TPC (579.7 + 9.2 mg/g) and TPhC (471.5 + 7.5 mg/g),
however these values were statistically similar (p > 0.05) with the values obtained from the samples
treated with 35 kHz US frequency in 50% ethanol for 30 min (TPC: 571.1 + 10.0 mg/g and TPhC:
462.6 + 2.1 mg/g) (Table 1). As 35 kHz US frequency utilises less energy compared to 130 kHz in the
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same extraction time (30 min) and yields were statistically similar for TPC and TPhC values, 35 kHz US
frequency, 50% ethanol and 30 min were considered the optimum conditions for recovery. Interestingly,
TPhC contributed 70.6-87.9% to both the lowest and highest TPC amounts. Moreover, control samples
exhibited a strong solvent and time effect. All the control samples showed lower TPC values at 10 min
treatment time compared to 30 min treatment time. Control samples extracted with 50% ethanol
contained the highest TPC at 30 min, while the lowest TPC content was observed for 70% ethanol at
10 min. Compared to the control, ultrasound treatment significantly improved the extraction efficiency
of TPC and TPhC, irrespective of treatment time and solvent used. The extraction efficiency calculated
by using Equation (1) (Equation (1)) revealed that the highest extraction efficiency (70.3%) of TPC was
achieved at 130 kHz for 30 min in 30% ethanol, while the lowest efficiency (32.2%) was observed at
130 kHz for 30 min in 50% ethanol (Table 1). The highest extraction efficiency (89.6%) of TPhC was
achieved at 130 kHz in 30% ethanol for 30 min, while the lowest efficiency (28.1%) was observed at
130 kHz for 30 min in 50% ethanol. Though the extraction efficiencies for TPC and TPhC were higher
at 130 kHz for 30 min in 30% ethanol compared to 35 kHz for 30 min in 50% ethanol (selected optimum
conditions), extraction at 35 kHz is less energy intensive and yielded statistically similar (p > 0.05) TPC
and TPhC to 130 kHz (Table 1), and was thus considered the best condition for extraction. Similar
results were obtained in a study by Kadam et al. [20], in which the effects of ultrasound amplitude
(22.8-114 pm), extraction time (5-25 min) and acid concentration (0-0.06 M HCl) on total phenolics,
fucose and uronic acids from A. nodosum were investigated. The authors reported that the highest
recovery of phenolics and fucose were observed at 114 um ultrasound frequency, 0.03 M HCl solvent
concentration and 25 min extraction time.

(Vt - VC)

C

Extraction efficiency (%) = % 100 1)
where Vi = values of TPC or TPhC obtained after US treatment and V. = values of corresponding
controls of TPC or TPhC.
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Figure 1. Effects of ultrasound assisted extraction (UAE) conditions (solvent concentration
(30%, 50% and 70% ethanol), ultrasonic frequency (control, 35 kHz and 130 kHz) and UAE treatment
time (10 and 30 min)) on the extract yield obtained from F. vesiculosus. Different letters indicate statistical
differences (p < 0.05) on the yields of seaweed extract obtained using different solvents at each US
frequency: control (m-n), 35 kHz (o-p) and 130 kHz (q-s). ¢ columns with similar letters are not
significantly different (p < 0.05) treated for 10 min; ABC columns with similar letters are not significantly
different (p < 0.05) treated for 30 min. The extraction yield is calculated by using following formula:
Extraction yield (%) = (weight of dry extract / weight of dry sample) x 100.
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Ultrasound treatment was found to be more effective in extracting phlorotannin as the acoustic
cavitation generated by ultrasound enhanced the release of these compounds from the matrix. It was
noted that the duration of treatment affected TPhC in ultrasound treated samples; 30 min resulted in
extraction of higher TPhC values in all treated and control samples compared to 10 min, except for
UAE conditions (130 kHz, 30 min and 70% ethanol) which resulted in lower TPhC values. Ultrasound
treatments showed better extraction yields compared to control in all cases. It was also observed that
the extraction time influenced the amount of TPC and TPhC recovered.

While testing the residues of the control and ultrasound treated samples, the opposite trend
was observed. The TPC values in the dried treated residue samples ranged from 125.2 to 218.1 mg
GAE/g while TPhC values ranged from 97.4 to 144.6 mg PGE/g. Likewise, TPC and TPhC values
in the dried control residue samples ranged from 232.7 to 272.8 mg GAE /g and 125.4 to 179.9 mg
PGE/g, respectively. TPC and TPhC values were higher in all extracts compared to residues, indicating
that the solvents enabled extraction of most of the phenolics and phlorotannins from the seaweed
samples. Samples that showed the highest (579.7 + 9.2 mg/g) and the lowest (422.7 + 4.4 mg/g) TPC
in the extracts retained the lowest (125.2 + 1.1 mg/g) and the highest (218.1 + 2.8 mg/g) phenolic
content in their respective residues. Similarly, samples that showed the highest (471.5 + 7.5 mg/g)
and the lowest (327.2 + 7.2) TPhC in the extracts retained the lowest (TPhC: 97.4 + 2.9 mg/g) and
the highest (TPhC: 144.7+ 2.3 mg/g) phlorotannins in their respective residues. While summing the
TPC and TPhC values of respective extracts and residues, total polyphenols and total phlorotannins
(total in seaweed) varied significantly (p < 0.05) in control as well as treated samples. Total polyphenols
(extract + residue) ranged from 573.6 + 6.8 to 591.3 + 9.2 mg/g in control samples, and ranged from
607.4 +9.1t0704.9 + 9.6 mg/g of dried extract in treated samples. Similarly, total phlorotannins (extract
+ residue) in control samples ranged from 382.1 + 7.5 to 427.7 + 7.1 mg/g, and ranged from 456.4 + 4.4
to 568.9 + 9.9 mg/g of dried extract (Table 1) in treated samples. Variations in total polyphenols and
phlorotannins (extract + residue) content may be caused by the non-specific nature of extraction
solvents, ultrasound frequencies and spectrophotometric tests for TPC and TPhC. During extraction,
other polar compounds (such as sugars, proteins) may be released along with polyphenols [21] which
may be detected and quantified along with TPC and TPhC.

2.2. Scanning Electron Microscopic Analysis

Scanning electron microscopy (SEM) was used to investigate the impact of the extraction treatments
on the structure of the treated macroalgal cells. Figure 2 shows the microscopic structure of F. vesiculosus
biomass prior to extraction (Figure 2a), seaweed residue of control sample (50% ethanol, 30 min,
no ultrasound (Figure 2b)) and treated sample after UAE under optimum conditions (35 kHz, 50%
ethanol, 30 min (Figure 2c)). It can be observed in the SEM images that the cell surface of the initial
seaweed biomass is intact and surrounded by other impurities and residual materials, while the cell
surfaces of the control samples (without ultrasound treatment) appear to be smooth with an increased
number of pores that allowed diffusion of bioactive compounds to the media. The impact of the
optimised UAE conditions (35 kHz, 50% ethanol, 30 min) on the macroalgal biomass are more evident
in Figure 2c. The cell surfaces of treated samples exhibit an increased porosity that facilitated the
extraction of higher yields of TPC and TPhC compared to control samples (Table 1). Previously,
Rodriguez-Jasso et al. [22] and Garcia-Vaquero et al. [23] reported similar findings when evaluating the
efficiency of MAE, UAE and UMAE (ultrasound-microwave assisted extraction) to generate extracts
from F. vesiculosus and A. nodosum seaweed.
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Figure 2. SEM images of F. vesiculosus (a) untreated samples (intact and dried macroalgae), (b) control
samples (50% ethanol, 30 min, no ultrasound) and (c) UAE treated samples (35 kHz, 50% ethanol, 30 min).
Scale bars: 300 um (magnification 150x), 200 um (magnification 250x) and 50 um (magnification: 1000x).

2.3. Comparison of Optimised UAE Conditions and Conventional Solvent Extraction

2.3.1. Extraction Yield and Phenolic Constituents

UAE efficiency for the extraction of phenolic compounds was further evaluated by applying the
optimised UAE conditions (35 kHz, 50% ethanol, 30 min) on 11 seaweed species and comparing the
yields obtained to conventional solvent extraction. Extracts recovered from all 11 seaweeds using both
UAE and solvent extraction techniques were analysed for extraction yield, TPC, TPhC, total flavonoid
content (TFC) and antioxidant capacity (Table 2 and Figure 3).

Table 2. Extraction yield (%) obtained from selected seaweed species using UAE and conventional
solvent extraction techniques.

Seaweed Species Extraction Yield (%)

UAE Conventional
Pelvetia caniculata 20.5+0.35h 14.0+0.28e
Fucus vesiculosus 351+033b 11.2+029¢
Laminaria saccharina 309+041d 170+ 047 ¢
Laminaria hyperborea 36.9+0.11a 193+021a
Fucus spiralis 252 +0.50 f 14.7 + 0.45 de
Ascophyllum nodosum 244 +031f 127 £0.15f
Fucus serratus 204+0.19h 105+0.12¢
Himanthalia elongata 23.4+030g 150+0.264d
Halidrys siliquosa 29.0+£0.25e 14.5 + 0.31 de
Laminaria digitata 294+0.16e 184 +021b
Alaria esculenta 33.0 £0.06 ¢ 172+ 0.09 ¢

Results are expressed as average + standard deviation (n = 6). Different letters indicate statistical differences (p <
0.05) between the yield of extracts obtained from multiple seaweed species by using UAE (lowercase letters) and
conventional extraction conditions (italic letters). The extraction yield is calculated by using following formula:
extraction yield (%) = (weight of dry extract / weight of dry sample) x 100.
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Figure 3. Total polyphenol (a), total phlorotannin (b) and total flavonoid (c) content from 11 seaweed
species obtained using UAE (grey bars) and conventional solvent extraction (white bars) technologies.
The statistical differences in bioactive compounds extracted using UAE or conventional solvent
extraction technologies for each seaweed are represented as * p < 0.05, ** p < 0.01 and *** p < 0.001.
Different letters indicate statistical differences (p < 0.05) in the yields of bioactive compounds between
seaweed obtained by UAE (uppercase letters) or conventional solvent extraction (lowercase letters).
TPC (total phenolic content), TPhC (total phlorotannin content) and TFC (total flavonoid content) are
expressed as mg gallic acid equivalents (GAE)/g dried weight extract, mg phloroglucinol equivalents
(PGE)/g dried weight extract and mg quercetin equivalents (QE)/g dried weight extract, respectively.
Abbreviation of seaweed species are as follows: PC (Pelvetia caniculata), FV (Fucus vesiculosus), LS
(Laminaria saccharina), LH (Laminaria hyperborea), FSp (Fucus spiralis), AN (Ascophyllum nodosum), FSe
(Fucus serratus), HE (Himanthalia elongata), HS (Halidrys siliquosa), LD (Laminaria digitata) and AE
(Alaria esculenta).
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UAE extraction yields were statistically (p < 0.05) higher than the yields obtained from conventional
solvent extraction for all seaweed studied. The yields obtained from conventional extraction were in
the range of 10.5%-19.3%, while yields obtained using UAE were in the range of 20.4-36.9% (Table 2).
Ultrasound improved the extraction yield 1.5-2.2 fold in all tested seaweeds. Statistical differences were
also observed for the yields obtained between different seaweed species even for the same extraction
conditions (Table 2). With UAE, the highest extraction yield was obtained from Laminaria hyperborea
(36.9%), while the lowest yield (20.4%) was obtained from F. serratus. Compared to solvent extraction,
the highest increase in yield (3.1-fold) using UAE was obtained from F. vesiculosus, while the lowest
increase in yield (1.5-fold) was obtained from Pelvetia caniculata, indicating an extraction yield variation
between seaweed species. Extraction yield varies with composition, type and quantity of compounds
present in seaweed. Previously, Farvin et al. [24] conducted an extraction study involving 16 seaweeds
species using ethanol and water. They observed variation in extraction yields which was attributed to
the polarities of compounds present. They also reported that the F. vesiculosus extracts obtained using
water were more viscous and difficult to extract by passing through a filter, and thus had the lowest
yield. Similar findings were reported in a study by Bixler et al. [25] which investigated ultrasound
for extraction of phenolic compounds from Laminaria japonica using an ionic liquid as solvent. They
observed that ultrasound enhanced the extraction yield, by acting as a driving force for dispersing the
solvent into the solid samples.

As shown in Figure 3, the levels of TPC, TPhC and TFC extracted using UAE and conventional
solvent extraction technologies varied significantly for all 11 seaweeds investigated. UAE enhanced
the recovery of bioactive in all 11 seaweeds investigated compared to conventional solvent extraction.
The highest recovery of TPC (572.3 + 3.19 mg GAE/g), TPhC (476.3 + 2.19 mg PGE/g) and TFC
(281.0 + 1.65 mg QE/g) was recorded from F. vesiculosus, while the lowest recovery (TPC: 72.6 +
2.92 mg GAE/g; TPhC: 50.3 + 2.01 mg PGE/g; and TFC: 15.2 + 3.30 mg QE/g) was obtained from
Laminaria digitata seaweed using optimised UAE conditions. Solvent-led extraction yielded values
ranging from 28.7 to 310.1 mg GAE/g for TPC, from 19.0 to 292.0 mg PGE/g for TPhC and from 8.1
to 138.4 mg QE/g for TFC in the 11 seaweeds investigated. The values of TPC (1.3—4.1-fold), TPhC
(1.2-3.8-fold) and TFC (1.3-2.1-fold) obtained from UAE treated samples were higher than the values
obtained using convention solvent extraction. The highest values of TPC, TPhC and TFC were observed
in F. vesiculosus while the highest increase of TPC (4.1-fold), TPhC (3.8-fold) and TFC (2.1-fold) was
obtained from Fucus serratus seaweed. The highest and the lowest values of TPC, TPhC and TFC
were recorded in F. vesiculosus and L. digitata while values of extraction yield recorded the highest and
the lowest in L. hyperborea and F. serratus seaweeds, respectively. Due to the high value of phenolic
constituents and extraction yields obtained from Fucus species, it can be considered a good source of
phenolics compared to other seaweed species investigated. Holdt et al. [2] observed that genus Fucus
accumulates the highest amount of phlorotannins (up to 12% dry weight). The quantity accumulated
depends on the geographical location, season, solar exposure and salinity.

2.3.2. Antioxidant Capacity Determination

The antioxidant capacity of seaweed extracts recovered from UAE and conventional solvent
extraction were analysed using 1,1-diphenyl-2-picryl-hydrazyl (DPPH) and ferric reducing antioxidant
power (FRAP) assays (Figure 4). The extract from F. serratus obtained by UAE had the strongest DPPH
free radical scavenging activity (29.1 + 0.25 mg TE/g) and the highest FRAP value (63.9 + 0.74 mg TE/g),
while the extract obtained from L. digitata had the weakest free radical scavenging activity
(5.2 £0.15mg TE/g) and the lowest FRAP value (7.8 + 0.30 mg TE/g) (Figure 4a). However,
for conventional solvent extraction, the extract from H. elongata had the strongest DPPH free radical
scavenging activity (20.7 + 0.10 mg TE/g) while the extract from Pelvetia caniculata exhibited the highest
FRAP value (42.0 + 1.20 mg TE/g). However, similar to the results observed for UAE, the extract
from L. digitata obtained by conventional solvent extraction showed the weakest DPPH free radical
scavenging activity (2.5 + 0.09 mg TE/g) and the lowest FRAP value (4.4 + 0.11 mg TE/g) (Figure 4b).
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It is likely that that ultrasound facilitated the release of phenolic compounds from the seaweed which
exhibited a strong antioxidant capacity. Compared to conventional extraction, UAE increased the
DPPH scavenging capacity from 23.6% to 146.4% and reduced the power (FRAP) from 16.6% to
86.7% in the 11 seaweeds investigated. The highest enhancement in DPPH scavenging capacity and
FRAP reducing power was observed for F. serratus seaweed. However, the lowest increase in DPPH
scavenging capacity was recorded for F. vesiculosus, while the lowest enhancement in FRAP reducing
power was recorded in Alaria esculenta seaweed.
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Figure 4. Antioxidant capacity measured as 1,1-diphenyl-2-picryl-hydrazyl (DPPH) activity (a) and
ferric reducing antioxidant power (FRAP) (b) of 11 seaweed extracts obtained from UAE (grey bars)
and conventional solvent extraction (white bars) techniques. The statistical differences in antioxidant
activity extracted by using UAE or conventional solvent extraction for each seaweed are represented as
*p <0.05,** p <0.01 and *** p < 0.001. Different letters indicate statistical differences in the antioxidant
activity among seaweed species obtained by UAE (uppercase letters) or conventional solvent extraction
(lowercase letters). DPPH and FRAP: expressed as mg trolox equivalent (TE)/g of dry weight extract.
Abbreviation of seaweed species are as follow: PC (Pelvetia caniculata), FV (Fucus vesiculosus), LS
(Laminaria saccharina), LH (Laminaria hyperborea), FSp (Fucus spiralis), AN (Ascophyllum nodosum), FSe
(Fucus serratus), HE (Himanthalia elongata), HS (Halidrys siliquosa), LD (Laminaria digitata) and AE
(Alaria esculenta).

Overall, the extracts recovered from UAE treated seaweeds showed higher antioxidant
activity compared to extracts from conventional solvent extraction. Similar results were obtained
by Kadam et al. [26], who studied extraction of laminarin from A. nodosum and L. hyperborea,
with conventional solvent extraction and UAE. They reported that the antioxidant activity and
total phenolic content were higher in samples treated with ultrasound. The combined ferric reducing/
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antioxidant power (FRAP) value of antioxidants in the sample is proportional to the antioxidant
potential [27]. A study by Dang et al. [28] reported that when UAE and conventional extraction
was performed for extraction of phenolic compounds from Hormosira banksii algae, UAE was more
effective than conventional solvent extraction to TPC and antioxidant capacity in terms of ABTS,
DPPH and FRAP. They reported that ABTS, DPPH and FRAP values using UAE were higher (166.8%,
154.6% and 150.6%, respectively) compared to conventional extraction techniques employed. They
also reported that the TPC levels in UAE samples were 142.6% higher than conventionally extracted
samples, indicating that ultrasound is effective for extraction of bioactive compounds, as well as giving
a good quality extract.

3. Materials and Methods

3.1. Chemicals

Vanillin, ethanol, methanol, ferric chloride, aluminum chloride, sodium nitrite, sodium carbonate
and sodium hydroxide chemicals were purchased from Fisher Scientific (Loughborough, UK).
Reagents and standards including 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox),
1,1-diphenyl-2-picryl-hydrazyl (DPPH), 2,4,6-tripyridyl-s-triazine (TPTZ), Folin-Ciocalteau reagent,
gallic acid, phloroglucinol, quercetin and catechin were purchased from Sigma-Aldrich Chemical Co.
(Steinheim, Germany). All other chemicals used were of analytical grade and were purchased
from Sigma-Aldrich.

3.2. Seaweed Biomass

The 11 seaweeds used in this study were Fucus serratus, Fucus vesiculosus, Fucus spiralis,
Himanthalia elongata, Halidrys siliquosa, Laminaria digitata, Laminaria saccharina, Laminaria hyperborea,
Ascophyllum nodosum, Alaria esculenta and Pelvetia caniculata. All seaweeds were harvested
(Quality Sea Veg., Co. Donegal, Ireland) and washed to remove any debris and epiphytes attached.
Seaweed samples were dried using an air circulating oven following industry practices (50 °C, 9 days),
and milled to 1 mm particle size using a hammer mill (Christy and Norris, Chelmsford, UK). The samples
were stored at room temperature in dark conditions prior to use.

3.3. Ultrasound assisted Extraction (UAE) Procedures

F. vesiculosus seaweed was selected for optimisation of UAE conditions to recover high yield of
phenolic compounds with antioxidant properties. Dried and milled seaweed samples were mixed
with aqueous ethanolic solutions (30%, 50% and 70% v/v) at a ratio of 1:10 (w/v) for phlorotannins
and phenolics extraction. The UAE treatments were performed using an ultrasonic water bath
(Fisher Bioblock Scientific, Pittsburgh, PA, USA) at 35 and 130 kHz for 10 and 30 min. Control samples
were also treated following the same procedures while omitting the use of ultrasound. All the extraction
procedures were performed in duplicate. After the treatment, control and ultrasound treated samples
were centrifuged at 3000x g for 15 min at 20 °C. The supernatants and residues (pellet) were collected
separately and ethanol was evaporated under vacuum. The remaining aqueous fraction of supernatants
and residues were freeze-dried and stored at —20°C prior to subsequent analyses.

The most effective optimised UAE conditions (35 kHz, 30 min, 50% ethanol) were further tested on
the other 10 seaweed species and the efficiency of UAE was compared to conventional solvent extraction.

3.4. Conventional Solvent Extraction

Solvent extraction was carried out on all 11 seaweed species to compare the efficiency of
conventional solvent extraction with the optimised UAE conditions determined in this study. Seaweed
samples were extracted following the method described by Li et al. [29] with minor modifications.
Briefly, samples were mixed with 50% ethanol (1:15, w/v) and extracted in a shaking water bath
(20 °C, 200 rpm and 4 h). The supernatant was filtered through Whatman #1 filter paper (Whatman
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International Limited, Maidstone, UK). The macroalgal pellets were re-extracted following the same
procedure, and both supernatants were pooled together. Ethanol was evaporated under vacuum and
the remaining aqueous fraction was freeze-dried and stored at —20 °C for further analyses.

3.5. Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) was used to investigate the effect of ultrasound on
F. vesiculosus surface characteristics. Dried seaweed samples and pellets from the extraction conditions
achieving high extraction yields (35 kHz, 50% ethanol, 30 min) and control (no ultrasound, 50% ethanol,
30 min) were collected and prepared as described by Garcia-Vaquero et al. [23]. The images were
recorded using a SEM Regulus 8230 (Hitachi Ltd., Tokyo, Japan).

3.6. Phenolic Composition and Antioxidant Capacity Analysis

All the extracts were analysed for total phenolic content (TPC), total phlorotannin content (TPhC),
total flavonoid content (TFC) and antioxidant capacity using 1,1-diphenyl-2-picryl-hydrazyl (DPPH)
activity and ferric reducing antioxidant power (FRAP) assays.

3.6.1. Total Phenolic Content (TPC) and Total Phlorotannin Content (TPhC)

The amount of TPC and TPhC in the extracts was determined as outlined by Rajauria et al. [7].
Briefly, 100 pL of sample or standards (gallic acid and phloroglucinol for TPC and TPhC, respectively)
was mixed with 2 mL of 2% Nap;COs, and left to stand for 2 min before adding 100 uL of Folin-Ciocalteau
reagent (1:1, v/v). The solutions were mixed and incubated for 30 mins at room temperature in dark
conditions. The absorbance of the reaction was read at 720 nm using a spectrophotometer (UVmini-1240,
Shimadzu, Kyoto, Japan). All the measurements were done in triplicate. The TPC was expressed as
mg gallic acid equivalent per gram (mg GAE/g) dried extract and the TPhC was expressed as mg
phloroglucinol equivalents per gram (mg PGE/g) dried extract.

3.6.2. Total Flavonoid Content

The total flavonoid content (TFC) was determined using the method described by [30] with
slight modifications. Briefly, 250 uL of each extract or standard solution was mixed with 1.475 mL
distilled water and 75 pL sodium nitrite (5%) solution followed by the addition of 150 pL aluminum
chloride hexahydrate (10%) after 6 min, and then mixed. After 5 min, 0.5 mL of sodium hydroxide
(1 M) solution was added to the reaction mixture and the absorbance against blank was determined at
510 nm. Quercetin was used as a reference compound and the results were expressed as mg quercetin
equivalents per gram (mg QFE/g) dried extract.

3.6.3. DPPH Radical-scavenging Assay

The DPPH free radical scavenging activity was conducted as per the method reported by
Sridhar and Charles [31]. Briefly, 700 pL of sample or standard was mixed well with 700 pL of 100 uM
DPPH methanolic solution in a test tube. The reaction mixture was incubated at room temperature
in the dark for 20 min and read against a blank of methanol (without DPPH solution) at 515 nm
using a UV-Vis spectrophotometer. Samples were prepared in triplicate. Trolox standard was used
to generate a standard curve and results were expressed as mg trolox equivalents (TE)/g dry weight
extract. The inhibition percentage of scavenging of DPPH was calculated using Equation (2).

. . X (Aconfrol - Asample)
DPPH radical scavenging capacity (%) :A—Xloo ()
control

where “Acontrol” is the absorbance of the control (DPPH solution without sample/standard), “Agample”
is the absorbance of the test sample (DPPH solution plus test sample/standard).
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3.6.4. Ferric Reducing Antioxidant Power (FRAP) Assay

The total antioxidant reducing power of seaweed extracts and standard was measured using
the ferric reducing antioxidant power (FRAP) assay as reported by Benzie and Strain [32]. Preheated
2.5 mL FRAP reagent (300 mM acetate buffer, pH 3.6; 10 mM 2,4,6-Tri(2-pyridyl)-s-triazine in 40 mM
hydrochloric acid and 20 mM Iron(Ill) chloride hexahydrate in the ratio of 10:1:1, v/v/v) at 37 °C was
mixed with 83 uL of samples or standard and incubated in dark at room temperature for 10 min. Trolox
was used as a standard and the absorbance of the standard or samples was recorded at 593 nm against
a reagent blank containing FRAP reagent only. The results were expressed as mg trolox equivalents
(TE)/g dry weight extract.

3.7. Statistical Analysis

All the experiments were carried out in triplicate. Results are expressed as mean =+ standard deviation.
Statistical analysis was performed using SPSS version 24.0 (IBM, Armonk, NY, USA). The effects of
ultrasound frequency, extraction time and solvents on the recovery of total polyphenols, total phlorotannins
and associated antioxidant activities were analysed using ANOVA and the differences analysed further
by Student’s t-tests and Tukey’s HSD post-hoc tests. In all cases, differences were considered statistically
significant at p < 0.05.

4. Conclusions

UAE was found to be more effective than conventional solvent extraction for extraction of bioactive
compounds compared. It was observed that ethanol concentration, ultrasound frequency and duration
of extraction influenced extraction yield and the phenolic compounds obtained. The optimised UAE
treatment based on extraction yield, total phenol and total phlorotannin content recovered was found
to be 35 kHz for 30 min with 50% ethanol. UAE resulted in higher extraction yield of extracts and
higher values of TPC, TPhC and TFC and antioxidant capacities for all 11 seaweeds studied compared
to conventional solvent extraction. It was also noted that the response to the extraction technique was
species specific. The TPC obtained using UAE was highest for F. vesiculosus but the largest enhancement
of extraction (4.1-fold) was achieved for F. serratus seaweed. Likewise, despite the highest extract
yield and polyphenolic concentration observed for F. vesiculosus, the highest antioxidant capacity was
recorded for F. serratus, using UAE, which indicates that there is no direct relationship between phenolic
content and antioxidant activities. It is recommended that a full profiling of phenolic compounds in
the extract should be carried out prior to its utilisation for commercial applications.

Author Contributions: V.U. and K.C. performed the experiments and analysed the data. G.R. designed and
supervised the work and wrote and revised the manuscript. M.G.-V. performed the statistical treatment of the
data. A.K]. collaborated in the design of the work and analysed the data. B.K.T., C.O. and J.O. provided funds
and revised the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research work was supported by Science Foundation Ireland (SFI). Grant numbers: [16/RC/3889]
and [14/1A/2548].

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

References

1.  Mouritsen, O.G.; Dawczynski, C.; Duelund, L.; Jahreis, G.; Vetter, W.; Schroder, M. On the human consumption
of the red seaweed dulse (Palmaria palmata (L.) Weber & Mohr). J. Appl. Phycol. 2013, 25, 1777-1791.

2. Holdt, S.L.; Kraan, S. Bioactive compounds in seaweed: Functional food applications and legislation. ]. Appl.
Phycol. 2011, 23, 543-597. [CrossRef]

3. Wang, L, Park, YJ.; Jeon, Y.J.; Ryu, B. Bioactivities of the edible brown seaweed, Undaria pinnatifida: A review.
Aquaculture 2018, 495, 873-880. [CrossRef]

4. Bordoloi, A.; Goosen, N. Green and integrated processing approaches for the recovery of high-value
compounds from brown seaweeds. Adv. Bot. Res. 2019. [CrossRef]

215



Mar. Drugs 2020, 18, 250

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Gomez-Guzman, M.; Rodriguez-Nogales, A.; Algieri, F.; Gdlvez, ]. Potential role of seaweed polyphenols in
cardiovascular-associated disorders. Mar. Drugs 2018, 16, 250. [CrossRef]

Namvar, F; Mohamad, R.; Baharara, J.; Zafar-Balanejad, S.; Fargahi, F.; Rahman, H.S. Antioxidant,
antiproliferative, and antiangiogenesis effects of polyphenol-rich seaweed (Sargassum muticum).
BioMed. Res. Int. 2013, 2013. [CrossRef]

Rajauria, G.; Foley, B.; Abu-Ghannam, N. Identification and characterization of phenolic antioxidant
compounds from brown Irish seaweed Himanthalia elongata using LC-DAD-ESI-MS/MS. Innov. Food Sci.
Emerg. Technol. 2016, 37, 261-268. [CrossRef]

Audibert, L.; Fauchon, M.; Blanc, N.; Hauchard, D.; Ar Gall, E. Phenolic compounds in the brown seaweed
Ascophyllum nodosum: Distribution and radical-scavenging activities. Phytochem. Anal. 2010, 21, 399-405.
[CrossRef]

Déléris, P.; Nazih, H.; Bard, ].M. Seaweeds in human health. In Seaweed in Health and Disease Prevention,
1st ed.; Fleurence, J., Levine, 1., Eds.; Elsevier: London, UK, 2016; Chapter 10; pp. 319-367.

Fernando, L.S.; Kim, M.; Son, K.T.; Jeong, Y.; Jeon, Y.J. Antioxidant activity of marine algal polyphenolic
compounds: A mechanistic approach. J. Med. Food 2016, 19, 615-628. [CrossRef]

Soria, A.C.; Villamiel, M. Effect of ultrasound on the technological properties and bioactivity of food: A review.
Trends Food Sci. Technol. 2010, 21, 323-331. [CrossRef]

Tierney, M.S.; Smyth, T.].; Hayes, M.; Soler-Vila, A.; Croft, A.K.; Brunton, N. Influence of pressurised liquid
extraction and solid-liquid extraction methods on the phenolic content and antioxidant activities of Irish
macroalgae. Int. |. Food Sci. Technol. 2013, 48, 860-869. [CrossRef]

Tiwari, B.K. Ultrasound: A clean, green extraction technology. TrAC Trends. Anal. Chem. 2015, 71, 100-109.
[CrossRef]

Kadam, S.U.; Tiwari, BK; Alvarez, C.; O'Donnell, C.P. Ultrasound applications for the extraction, identification
and delivery of food proteins and bioactive peptides. Trends. Food Sci. Technol. 2015, 46, 60-67. [CrossRef]
Chemat, F.; Rombaut, N.; Sicaire, A.G.; Meullemiestre, A.; Fabiano-Tixier, A.S.; Abert-Vian, M. Ultrasound
assisted extraction of food and natural products. Mechanisms, techniques, combinations, protocols and
applications. A review. Ultrason. Sonochem. 2017, 34, 540-560. [CrossRef]

Rajauria, G.; Jaiswal, A K.; Abu-Ghannam, N.; Gupta, S. Antimicrobial, antioxidant and free radical-scavenging
capacity of brown seaweed Himanthalia elongata from western coast of Ireland. J. Food. Biochem. 2013, 37, 322-335.
[CrossRef]

Wang, T.; Jonsdottir, R.; Olafsdéttir, G. Total phenolic compounds, radical scavenging and metal chelation of
extracts from Icelandic seaweeds. Food Chem. 2009, 116, 240-248. [CrossRef]

He, Z.; Chen, Y.; Chen, Y,; Liu, H,; Yuan, G.; Fan, Y.; Chen, K. Optimization of the microwave-assisted
extraction of phlorotannins from Saccharina japonica Aresch and evaluation of the inhibitory effects of
phlorotannin-containing extracts on HepG2 cancer cells. Chin. ]. Oceanol. Limnol. 2013, 31, 1045-1054.
[CrossRef]

Liu, X.; Luo, G.; Wang, L.; Yuan, W. Optimization of antioxidant extraction from edible brown algae
Ascophyllum nodosum using response surface methodology. Food Bioprod. Proc. 2019, 114, 205-215. [CrossRef]
Kadam, S.U.; Tiwari, B.K.; Smyth, T.J.; O’'Donnell, C.P. Optimization of ultrasound assisted extraction of
bioactive components from brown seaweed Ascophyllum nodosum using response surface methodology.
Ultrason. Sonochem. 2015, 23, 308-316. [CrossRef]

Brglez Mojzer, E.; Knez Hrnéi¢, M.; ékerget, M.; Knez, Z.; Bren, U. Polyphenols: Extraction methods,
antioxidative action, bioavailability and anticarcinogenic effects. Molecules 2016, 21, 901. [CrossRef]
Rodriguez-Jasso, R.M.; Mussatto, S.I; Pastrana, L.; Aguilar, C.N.; Teixeira, J.A. Microwave-assisted extraction
of sulfated polysaccharides (fucoidan) from brown seaweed. Carbohydr. Polym. 2011, 86, 1137-1144.
[CrossRef]

Garcia-Vaquero, M.; Ummat, V.; Tiwari, B.; Rajauria, G. Exploring Ultrasound, Microwave and
Ultrasound-Microwave Assisted Extraction Technologies to Increase the Extraction of Bioactive Compounds
and Antioxidants from Brown Macroalgae. Mar. Drugs 2020, 18, 172-186. [CrossRef] [PubMed]

Farvin, K.S.; Jacobsen, C. Phenolic compounds and antioxidant activities of selected species of seaweeds
from Danish coast. Food Chem. 2013, 138, 1670-1681. [CrossRef] [PubMed]

Bixler, H.J.; Porse, H. A decade of change in the seaweed hydrocolloids industry. J. Appl.Phycol. 2011, 23,
321-335. [CrossRef]

216



Mar. Drugs 2020, 18, 250

26.

27.

28.

29.

30.

31.

32.

Kadam, S.; O'Donnell, C.; Rai, D.; Hossain, M.; Burgess, C.; Walsh, D.; Tiwari, B. Laminarin from Irish brown
seaweeds Ascophyllum nodosum and Laminaria hyperborea: Ultrasound assisted extraction, characterization
and bioactivity. Mar. Drugs 2015, 13, 4270-4280. [CrossRef]

Benzie, LE,; Szeto, Y. Total antioxidant capacity of teas by the ferric reducing/antioxidant power assay.
J. Agric. Food Chem. 1999, 47, 633-636. [CrossRef]

Dang, T.T.; Van Vuong, Q.; Schreider, M.J.; Bowyer, M.C.; Van Altena, I.A.; Scarlett, C.J. Optimisation of
ultrasound-assisted extraction conditions for phenolic content and antioxidant activities of the alga Hormosira
banksii using response surface methodology. J. Appl. Phycol. 2017, 29, 3161-3173. [CrossRef]

Li, Y;; Fu, X;; Duan, D.; Liu, X.; Xu, J.; Gao, X. Extraction and identification of phlorotannins from the brown
alga, Sargassum fusiforme (Harvey) Setchell. Mar. Drugs 2017, 15, 49. [CrossRef]

Liu, S.C; Lin, ].T.; Wang, C.K.; Chen, H.-Y; Yang, D.]. Antioxidant properties of various solvent extracts
from lychee (Litchi chinenesis Sonn.) flowers. Food Chem. 2009, 114, 577-581. [CrossRef]

Sridhar, K.; Charles, A.L. In vitro antioxidant activity of Kyoho grape extracts in DPPH and ABTS assays:
Estimation methods for EC50 using advanced statistical programs. Food Chem. 2019, 275, 41-49. [CrossRef]
Benzie, LE; Strain, J.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]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
[

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

217






MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Marine Drugs Editorial Office
E-mail: marinedrugs@mdpi.com
www.mdpi.com/journal /marinedrugs







MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +4161 683 77 34

/
Fax: +41 61 302 89 18 mI\D\Py
/

www.mdpi.com ISBN 978-3-0365-0265-6



	Blank Page

