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Abstract: The red seaweed group (Rhodophyta) is one of the phyla of macroalgae, among the
groups Phaeophyceae and Chlorophyta, brown and green seaweeds, respectively. Nowadays,
all groups of macroalgae are getting the attention of the scientific community due to the bioactive
substances they produce. Several macroalgae products have exceptional properties with nutraceutical,
pharmacological, and biomedical interest. The main compounds studied are the fatty acids, pigments,
phenols, and polysaccharides. Polysaccharides are the most exploited molecules, which are already
widely used in various industries and are, presently, entering into more advanced applications from
the therapeutic point of view. The focuses of this review are the red seaweeds’ compounds, its
proprieties, and its uses. Moreover, this work discusses new possible applications of the compounds
of the red seaweeds.

Keywords: rhodophyta; bioactive compounds; polysaccharides; fatty acids; pigments; phenols;
applications

1. Introduction

In the last decade, there was an increasing search for new natural compounds of marine biodiversity,
including microalgae, seaweeds, and invertebrates, to discover novel bioactive compounds. There is
still a long way to go to discover the applications of these new natural compounds because they need to
be cost efficient and economically viable from an ecological point of view. Seaweeds live in a complex
and dynamic ecological location that can be denominated an extreme environment because the biotic
and abiotic factors can have wide and rapid fluctuations, and the seaweeds needs to adapt rapidly.
The main factors are temperature, salinity, light, pollutants, and nutrients. So, as sessile organisms,
macroalgae are naturally forced to adapt to these changing environmental conditions. Then, they are
able to produce a large variety of primary and secondary metabolites to respond to the surrounding
environment so some of these molecules are not found in other organisms, with the specific exceptions
of microalgae and some bacteria that produce identical molecules [1–4].

Due to the wide diversity of the compounds they produce, seaweeds are currently seen as
promising organisms for providing new biologically active compounds for the development of novel
food (nutraceutical), cosmetic (cosmeceutical), and pharmaceutical products [2,5].

Cosmeceutical compounds are substances that add a therapeutic value on cosmetics, while
nutraceutical compounds are those that are added to food products and enhance their benefits.
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The regular consumption of nutraceutical products can be considered a dietary supplement with no
harmful effects on human health. Previous researches showed that metabolites and phytochemicals
extracted from seaweeds have positive effects on human health, thus decreasing symptoms of chronic
diseases such as cancer, arthritis, diabetes, autoimmune, ocular, and cardiovascular diseases [6–8].
Although their effects are mild when compared to those of pharmaceutical products, they are considered
safe, and ingestion through the daily diet as a supplement is responsible for their long-term physiological
health benefits [6].

Nowadays, the interest in nutraceuticals food products is increasing due to its health beneficial
properties and consumer awareness. On a research level, their potential as a treatment for chronic
diseases is being investigated on a large-scale basis [9–11].

Seaweeds are rich in some health-promoting molecules such asω-3 fatty acids, essential amino
acids, vitamins A, B (B1, B2, B9,B12), C, D, E, K, essential minerals (calcium, iron, iodine, magnesium,
phosphorus, potassium, zinc, copper, manganese, selenium, and fluoride) and also in dietary fibers [12–15].

One of the problems related to seaweed consumption is the quality of the algal biomass and the
necessary quantity to prevent environmental pressures of its growing demand [16]. The seaweed global
market is a sector in expansion, with an annual growth rate of 8.9%. Currently, it is evaluated on USD
11.7 billion and the previsions indicate that by 2024 it will reach the value of USD 22.13 billion [17,18].
With the FAO (Food and Agriculture Organization of the United Nations) reporting four species/genus
of Rhodophyta being intensively cultivated, Porphyra spp., Eucheuma spp., Kappaphycus alvarezii,
and Gracilaria spp., with nearly 18.5 thousand tonnes produced in 2016, 85% of cultivated seaweed was
from China and Indonesia. These seaweeds are cultivated for the hydrocolloid and food industry [19].

Cultivation can be an option for providing a reliable, harmless, and sustainable seaweed biomass.
Thus, with the focus on the characterization of the natural variability of the compounds and culture
systems’ optimization, seaweed aquaculture has been done with several species, such as Kappaphycus
alvarezii (Rhodophyta) and Saccharina latissima (Phaeophyceae) [20,21]. On the other hand, there is
also the possibility of exploring the potentialities of wild macroalgae, that may have rapid growth
rate or have a high and consistent biomass in the wild, which happens with Ascophyllum nodosum
(Phaeophyceae) (Figure 1a) and Gracilaria gracilis (Rhodophyta) (Figure 1b).

Red seaweeds (Rhodophyta) are the group of seaweeds with the potential to be one of the main
groups to obtain natural compounds in the future by cultivation methods, not only in phycocolloid
industry, which already happens nowadays, but in pigments and others industries, such as the substitute
of animal-based gelatin with seaweed polymers, or textile industry for natural pigments [19]. Moreover,
the current methods to extract and purify some of the compounds already discovered are costly and
economically unviable for scale-up; however, the biopolymers (polysaccharides) produced by red
seaweeds that are already applied in various industries, such as pharmaceutical, food, and biomedical
industries, are an exception to this fact. Still, the research in this area is conducted to obtain more
efficient and ecological extraction methods [21,22].

Rhodophyta polysaccharides, agar and carrageenan, are some of most studied and commercially
applied compounds extracted from seaweeds, and, due to commercial pressure, the extraction and
purification methods are already advanced in the terms of cost efficiency and economic feasibility.
For example, agar and carrageenan are generally applied in the food and pharmaceutical industries as
multifunctional ingredients, such as stabilizers, emulsifiers, and homogenizers, and this particularity
promoted the growth in the seaweed aquaculture, mainly in Asia [18,21].

This review aims to present a comprehensive analysis and description of bioactive compounds,
isolated from red seaweeds, providing relevant information about the current and potential applications
of those compounds.

2. Fatty Acids

Algae are known to be a valuable resource of lipids [21], and phylum Rhodophyta is characterized
for having a large diversity of essential fatty acids (EFAs), particularly the species that belong
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to the orders Gigartinales, Corallinales and Gracilariales. These groups are particularly rich in
eicosapentaenoic acid (20:5ω-3) and arachidonic acid (20:4ω-6), but also in linoleic acid (18:2ω-6),
a-linolenic acid (18:3ω-3) and stearidonic acid (18:4ω-3), although in a lower amount [23].

It has been demonstrated that the lipids extracted from algae, namely polyunsaturated fatty
acids (PUFAs) have an essential role on the good functioning of the human body [24]. There is a
high potential for the lipid extraction industry to grow. Lipids have widespread applications, such
as food and dietary supplements and pharmaceutical [6,21]. However, total lipid content is present,
on average, in seaweeds in concentrations between 0.60% and 4.15% [15].

In the industry, the most common extraction method is the mechanical press or hexane leaching.
In order to enhance the lipids extraction yields and to be environmentally friendly, new methods
have been developed, including ultrasound-assisted extraction, microwave-assisted extraction,
and supercritical fluid extraction. Currently, none of the mentioned processes proved to be feasible at
an industrial scale nowadays, but they are gaining new interest due to the depletion of fossil fuels,
which has given rise to a demand for alternatives, of which seaweeds are a possibility. The actual
techniques of fatty acid extraction have disruptive pros and cons when compared with microalgae
(mainly because of the lack of fatty acids in great quantity), but they can be used to produce bioethanol
and bio-oil from wet macroalgae with a viable condition [25,26].

2.1. PUFAs

Seaweeds are known as a low-energy, low-caloric food, and an explanation for this is the low
content in lipids. Besides that, in recent years, interest in the lipid composition of marine algae
has raised considerably because a big part of seaweed lipid content is constituted by ω-3 and
ω-6 PUFAs, specifically α-linolenic (18:3ω-3), octadecatetraenoic (18:4ω-3), arachidonic (20:4ω-6),
and eicosapentaenoic (20:5ω-3) acids [27–29]. Indeed, algae are essentially the only organisms able to
produce long-chain PUFAs, ranging from 14 to 24 carbons, due to the presence of specific enzymes
responsible for desaturation processes [29,30]. Thus, the intake of long chain EFAs, such as omega-3
and omega-6, which are abundant in most red algae [31], is mainly done by diet. PUFAs are all the fatty
acids that contain more than one unsaturation (double bond) in their backbone and include the EFAs.
EFAs, mainly eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), play an important role
in immunomodulation, in brain development, and in other physiological functions, such as cellular
signaling, the regulation of transcription factors, and in the treatment and prevention of some cancer,
ocular, cardiovascular, neurodegenerative, and autoimmune diseases [27].

The health benefitingω-6/ω-3 ratio in macroalgae allows their use in the formulation of functional
foods and nutraceuticals [29], with the influence of these fatty acids in human gene expression being
known. Indeed, a dietary balanced intake of these EFAs is crucial for health and disease prevention.
The omega 6/omega 3 (ω-6/ω-3) fatty acid ratio is an important parameter to evaluate the benefits
from PUFAs. Previous studies reported that an omega 6/omega 3 (ω-6/ω-3) fatty acid ratio range
of 3/1 to 5/1 reduces the risk of breast, prostate, colon and renal cancers. Other cases reported that
the omega 6/omega 3 (ω-6/ω-3) fatty acid ratio of 2/1 to 3/1 can suppress inflammation in patients
with rheumatoid arthritis. For instance, a ratio of 5/1 had a beneficial effect in patients with asthma.
In addition, a fatty acid ratio of 10/1 had been reported adverse consequences [32,33].

Different methods for PUFAs’ extraction and isolation are reported in the literature, the enzyme
assisted extraction, supercritical fluid extraction, and ultrasound-assisted extraction [22].

2.2. Sterols

Sterols are steroids whose molecule has a hydroxyl group at the C3 position and a branching side
chain at the C17 position. Most of the sterols present in red algae are cholesterol and its derivatives,
such as desmosterol, cholesta-4,6-dien-3-ol, and cholest-5-ene-3,7-diol [34–36]. These compounds
are constituents of membranes and are precursors of plant and animal hormones. It has been
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demonstrated that they have many bioactivities, antioxidant, antiviral, anti-fungal, and anti-bacterial
properties [7,8,37,38].

The sterols extraction commonly performed with a conventional solid–liquid extraction method
can be conducted with a single solvent or a mixture of solvents (chloroform–methanol, hexane,
methylene chloride, or acetone). Solid–liquid extraction is frequently used to extract only free sterols.
The gains of supercritical carbon dioxide (CO2) extraction comprise its nonexistence of toxicity, chemical
inertness, low cost, and ready availability. Nevertheless, this advanced extraction method is not
frequently applied [7].

Phytosterols extracted from algae have widespread applications, for example, therapeutic steroids
have an application on pharmaceutical production but also have nutraceutical applications through
the properties of anti-cholesterol additives in foods [24].

Cholesterol is present in very low quantities in seaweeds, except in Porphyra sp. (Figure 1c),
in which it can account for up to 8.6% of total sterols [39]. Regarding the red seaweed species,
cholesterol is normally the main compound, with the highest cholesterol and total phytosterol content
being reported so far for Osmundea pinnatifida (Figure 1d) in a study in the Portuguese coast, performed
by Lopes et al. [7,40].

3. Terpenes

Terpenes are a non-polar compound class, classified as hydrocarbons constituted by isoprene
units, and are included on the biggest class of secondary metabolites [41,42].

Terpenoids are a modified class of terpenes with different functional groups and an oxidized
methyl group present or not at various positions. Thus, terpenoids are classified according to the
number of carbon units. Within this variation, terpenoids hold several bioactivities with therapeutic
and nutraceutical application [41].

Seaweeds comprise a wide range of halogenated biomolecules [43], and it has been reported that
the genus Laurencia (Rhodophyta) synthetizes a high variety of sesquiterpenoid, such as 4-hydroxy-
1,8-epiisotenerone, 9-hydroxy-3-epi-perforenone A, and 3-epi-perforenone [44]. These bioactive
molecules have an important role in biological interactions, exhibiting antimicrobial, and cytotoxic
potential [45–47].

Plocamium and Chondrococcus also exhibit polyhalogenated monoterpenes with therapeutic
potential, likewise antimicrobial, anti-tubercular, and anti-tumor [48–50].

Sphaerococcus coronopifolius has yielded many interesting brominated cyclic diterpenes demonstrating
the biological activities of these compounds. Some of them have already demonstrated antibacterial
activity against Gram-positive bacteria [51] and antibacterial activity against multidrug-resistant and
methicillin-resistant bacteria Staphylococcus aureus strains [52,53]. Still. mainly the terpernoids found in
red seaweeds have demonstrated a high antitumor bioactivity [8,54–56]. Most of terpenoids with the
variation in their structures are biologically active and are used worldwide for illnesses treatment [41].

4. Mycosporine-Like Amino Acid

The red seaweeds (Rhodophyta) are also producers of some small water-soluble secondary
metabolites named mycosporine-like amino acids (MAAs). These water-soluble nitrogenous molecules
have a high molar extinction coefficient in the ultraviolet region, establishing their photoprotective
role in addition to their antioxidant and osmoprotectant action [37,57–59]. Given this, MAAs are
often associated with skin photoprotection effectiveness. An extract of Asparagopsis armata (Figure 1e)
containing these molecules is already incorporated in some lotions with anti-aging properties [60].
Moreover, recent studies indicated that MAAs must have other important bioactivities, such as
anti-inflammatory, immunomodulatory and antioxidant properties [61].

Although these molecules are promising candidates for many possible pharmaceutical and
cosmetic applications, the environmental conditions (e.g., UV radiation levels, inorganic nitrogen
availability, among others) may contribute to oscillations in MMAs’ seaweed composition [57,62].
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Therefore, the biochemical characterization of seaweed MAAs must be performed to ensure the
bioactive properties. These molecules are colorless, neutral, water-soluble ampholytes, and they share
the same chemical structure but differ in the substituents and/or presence of amino acids. The basic
structure is a cyclohexanone or a cyclohexenimine chromophore [63]. Chrapusta et al. [63] stated that a
better understanding of their physicochemical stability under the influence of various physicochemical
stresses is needed because there is a general lack of information and the literature data indicate that
MAAs do not have a common pattern.

Furthermore, due to the presence of chiral centers [61], these compounds are not easy to synthesize,
which means that their commercial utilization depends on red seaweed (Rhodophyta) feedstock. There
is an aquaculture method to increase the MAA content, such as increasing the irradiation with different
visible light/UVR sources, and treatment with nitrate compounds. Such methods will make the
seaweeds produce more photoprotective compounds [61].

An aqueous methanol extraction of lyophilized Dulse (Palmaria palmata) tissue, attached with
a reverse-phase HPLC (high-performance liquid chromatography) allows for the separation and
identification of the highly polar MAAs, such as, palythine, shinorine, asterina-330, porphyra-334,
medium polarity palythinol, and the low polarity usujirene in the present study [64].

Previous studies reported MAAs’ presence in red seaweeds (Rhodophyta), namely Chondrus crispus
(Figure 1f), Palmaria palmata, Gelidium spp., Pyropia spp. (formerly known as Porphyra spp.), Crassiphycus
corneus (formerly known as Gracilaria cornea), Asparagopsis armata, Solieria chordalis, Grateloupia lanceola,
and Curdiea racovitzae [64–66].
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Figure 1. Seaweeds with potential: (a) Ascophyllum nodosum (Phaeophyceae) on rockyshore; (b) Gracilaria
gracilis in Cabo Mondego beach, Figueira da Foz, Portugal; (c) Illustration of Porphyra sp.; (d) Osmundea
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5. Proteins

Seaweeds synthesize a variety of proteins, in which its composition, structure, and bioactive
potential evaluation is not much very exploited and elucidated [67]. Red algae present a high content
of protein, around 35% to 47% [6,68], which is higher in comparison with terrestrial plants resources,
for example, soybean has a protein content with average values between 30% and 40% dry weight
(dw) [69].

The ratio between essential amino acids and non-essential amino acids (EAAs/NEAAs) evaluates
the allocation of essential and non-essential amino acids on macroalgae proteins. Rhodophyta species
present many essential amino acids [70].

In red algae the EAA/NEAA ratio is 0.98–10.2 (EAA/NEAA) [71]. Moreover, brown algae
(Phaeophyceae), for example, Ascophyllum nodosum, present a lower EEA/NEAA ratio of 1–1.06 [70].

Thus, the inclusion of edible seaweeds on a daily diet is considered to be a nutraceutical food
since the protein values are similar or superior to legumes and soybean, 30–40% dw [72].

Proteins and amino acids synthesized by red seaweeds also have great pharmaceutical potential
as they have been reported to have multiple bioactivities [70,73–79]. Illustratively, pepsin, which
digests from Pyropia yezoensis (formerly known as Porphyra yezoensis), has been reported to have an
angiotensin-converting enzyme (ACE) inhibitory effect, anti-mutagenic, blood sugar reducing, calcium
precipitation inhibition, decrease of cholesterol levels, antioxidant, and improved hepatic function
activities [67].

The improvement of seaweed protein extraction methods could enhance the protein content [80].
Protein extraction methods comprise conventional as well as novel extraction technologies, such

as enzyme-assisted and microwave-assisted extraction [81]. The content and biodisponibility of protein
is dependent on the extraction method, for example, the hydrolysis with a blend of cellulase and
xylanase improved the yield of protein extraction in Palmaria palmata [80]. Other studies revealed
that the protein extraction using P. palmata, using osmotic shock, high share force, and alkaline and
polysaccharide treatments has presented a better protein recovery [67]. The digestibility of seaweed
proteins is inhibited due to their entrapment in the cellular matrix [42].

The literature reports the presence of amino acids such as glutamic acid, taurine, threonine,
arginine, alanine, and aspartic acid in the seaweeds Chondrus crispus, Gracilaria sp., Osmundea pinnatifida,
and Porphyra sp. [70]. In this context, Vieira et al. [70] recorded particularly higher values of the
EAA/NEAA ratio on the Portuguese coast of Gracilaria sp., presenting values between 1.47 and 1.74
(EAA/NEAA ratio) and C. crispus between 1.58 and 1.10 (EAA/NEAA ratio).

Some unusual amino acids present on seaweeds, such as laminine and kainoids, have been
investigated for their potential to treat neurophysiological disorders, such as epilepsy, Alzheimer’s,
and Parkinson’s diseases [75].

In general, essential amino acids represent 25–50% of the total amino acids in seaweed dry
weight [68].

6. Pigments

Seaweeds pigments’ composition is distinctive from specific algal taxa. Red seaweeds are
characterized by the presence of phycobiliproteins and carotenoids [82].

Pigments are polar compounds associated with phycobilisomes, which are a regulatory protein
complex, with the function of light harvesting and have a pivotal role on photosynthesis by performing
light harvesting [20,83–85].

Phycobilins are a designation of open chain tetrapyrroles (four pyrrole derivative compound)
present as photosynthetic accessory pigment that can absorb light from visible radiation, which is
poorly absorbed by the chlorophyll, thus permitting the seaweeds living in deep-water [86].

The chromophore is the part of a molecule responsible for the color (not absorbed by the
chromophore) and giving the color to the molecules specifically [87].
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Carotenoids are a family of natural pigments extensively present in the seaweeds, mainly in
brown seaweeds, of which the principal function is their contribution to the light-harvesting process,
the filtering of deleterious light radiations and the antioxidant activity. Chemically, the carotenoids can
be classified between carotenes (pure hydrocarbons) or xanthophylls (oxygenated carotenes). Carotenes
and xanthophylls are classic tetraterpenoids. Carotenoids are biosynthesized in plastids that present
their own organelle membrane and behave in a lipophilic environment with other biomolecules [88].

Additionally, pigments act as photoprotective agents, due to their role in the seaweed antioxidant
defensive mechanism preventing the reactive oxygen species (ROS) effect induced by the UV radiation
and other abiotic factors [82,83,89].

A study conducted by Zepeda et al. [90] verified that the light quality will cause modifications
on the seaweed growth rate and pigment synthesis. By using different LED light treatments, it was
possible to correlate the antioxidant activity with pigment concentration. More light intensity leads
to a higher pigment biosynthesis. This type of defense response is related to the species’ ecology,
as a survival mechanism under the environmental conditions of its wild habitat [90]. For instance,
in the wild it is expected that tropical seaweeds have a higher content of pigments due to the higher
incidence of UV light underlying the direct path of solar radiation throughout the atmosphere [83].
Seaweed farming could support the optimization of seaweed pigment yield through the regulation of
light type and intensity, in order to have a lower or higher yield of pigments. This will allow a wide
range of future applications of red seaweed compounds or extracts for various industries [90].

Currently, the extraction and purification methodologies are evolving in order to be more efficient
and cost-effective because the pigment separation techniques are especially expensive.

6.1. Phycobiliproteins

Phycobiliproteins (PBPs) are a family of light-harvesting pigment–protein complexes. These
compounds can efficiently transmit light energy to chlorophyll a, and thus algae are capable of undergoing
photosynthesis [91,92]. From their light absorption properties and types of bilins, Phycobiliproteins
are divided into four main groups: phycoerythrins (λmax 540–570 nm), phycocyanins (λmax

610–620 nm), phycoerythrocyanins (λmax 560–600 nm), and allophycocyanins (λmax 650–655 nm) [93].
Phycobiliproteins from red seaweeds form complexes between proteins and covalently bound
phycobilins, which act as chromophores (the light-capturing part). Phycobiliproteins are the most
important compounds in the phycobilisomes of red algae [94,95].

Cyanobacteria and seaweeds that belong to phylum Rhodophyta are the main resources to extract
phycobilins. This compound has pharmaceutical potential, due to its antioxidant activity [21,96]. It also
has potential in the food industry as a nutraceutical compound and on cosmetic industry as a colorant [96].

In general, high quantities of phycobiliproteins could be extracted fast from seaweed through the
water extraction method [97,98].

6.1.1. Phycoerythrin

Phycoerythrin is a major associate pigment in the phylum Rhodophyta, so the red color is due
to its high concentration in the seaweed. The difference of the several absorption wavelengths of
phycoerythrin can be used for the spectroscopy identification of which type of phycoerythrin is present
in the seaweed, which is a quick detection method of the pigment [63–65]. However, R-phycoerythrin
(R-PE) extraction needs to have a purifying process, which is expensive and laborious [91].

Usually, red seaweeds are able to grow in deep seawater largely due to their high quantity
of phycoerythrins, which have efficient absorption of light wavelength from 450 to 570 nm [99].
Phycoerythrins are divided into three main groups: B-phycoerythrin (λmax = 565 nm, 546 nm, and a
shoulder at 499 nm), C-phycoerythrin (λmax = 565 nm), and R-phycoerythrin (λmax = 565 nm, 498 nm,
and a shoulder/peak at 540 nm). R-phycoerythrin is the most abundant phycobiliprotein found in
red algae [100]. Gracilaria gracilis can be proposed as a novel industrial source of phycobiliproteins,
namely phycoerythrin, since the concentration produced could vary between 3.6 mg/g and 7 mg/g dw
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according to the season and the C. crispus have a content of 528 mg/kg dw [3,101]. Gelidium amansii
collected in South Korea have recorded 53 µg/g dw of phycoerythrin [102].

The sales price of R-PE ranges from about €50 mg/L to about €146 mg/L depending on the purity
level of the molecule [91].

The process of phycoerythrin extraction and purification can be expensive and time consuming, so
the current challenge is to reduce costs and time. Nguyen et al. [91] applied with success the ion-exchange
chromatography to purify the phycoerythrin derived from G. gracilis and Grateloupia turuturu, reducing
time and costs. This technique is cost efficient and economically viable because phycoerythrin is
extracted with a nitrogen and phosphate buffer and purified in an ion-exchange chromatography based
on the work of Munier et al. [103].

Phycoerythrin has recently entered as an ingredient in food, medical, and cosmetic industries as a
natural colorant and is used as fluorescent markers in biomedical research [82,91].

6.1.2. Phycocyanin

A blue-colored light-harvesting pigment found in seaweeds is phycocyanin. Phycocyanin is a
conjugate polypeptide chain [87,92,104] with a chromophore phycobilin.

In the last 20 years, research performed with microalgae to phycocyanins large-scale purification
processes achieved significant improvements, however, this process is unstable, limiting its industrial
feasibility [103,105].

The phycocyanins extraction techniques include the cell disruption by mechanical
(e.g., ultra-sonification and bead mill) or non-mechanical methods (chemical osmosis and a repeated
freeze–thaw cycle). The non-mechanical procedure is used in laboratory scale but is not feasible applied
to the industry, and further research needs to be done in order to scale-up these techniques [92].

The main task to be done relatively to the phycocyanin extract, is the purification methods that
are the main target of studies about phycocyanin. Chromatographic methods are the most used
because they can be applied to industrial production and they are currently the most effective methods.
The ion-exchange chromatography is supported in the electrostatic interaction force between the
charged solute and the ion-exchange solvent. Due to the negative charge of phycocyanin in a weakly
acidic medium, it is extensively purified by anion-exchange chromatography [92].

Francavilla et al. [3] demonstrated that the less abundant phycobiliprotein in G. gracilis is
phycocyanin, displaying a concentration that fluctuated from 3 mg/g dry weight in January to 0.7 mg/g
dry weight in October. Pina et al. [101] analyzed the C. crispus collected in Spain with a present value
of 149 mg/kg dw. Sukwong et al. [102] extracted 56 µg/g dw of phycocyanin from G. amansii.

Studies have demonstrated the effectiveness of these molecules at improving the immune system in
the human body and promoting the regeneration of animal blood cells [92]. In fact, they are being widely
used in the fields of molecular biology, immunology, cytology, and molecular diagnoses [79,96,106].

Several studies are being carried out on the bioactivities of phycocyanin, including in vitro anticancer
activity, chemotherapy sensitiveness, photosensitized tumor suppressor activity, anti-inflammatory effect,
anti-oxidative, and anti-irradiative effects. The immunomodulatory function of phycocyanin promotes
cell growth and has a neuroprotective effect [92,107,108]. All these properties make phycocyanin an
interesting biomolecule and an effective ingredient for novel functional food products, and also for
cosmetics and pharmaceuticals [92,96].

6.1.3. Allophycocyanin

Allophycocyanin is a phycobiliprotein located at the core of the phycobilisome. The allophycocyanin is
isolated and purified and is used in the spectrophotometric analysis due to the trimer of allophycocyanin
having an unusual absorption maximum at 650 nm with a shoulder at 620 nm, while the monomer has
an absorption maximum at 615 nm [109].
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Allophycocyanin extraction has low yields because allophycocyanin is a minor constituent of
phycobiliproteins [110,111]; therefore, it is challenging to achieve a high purity level due to presence of
other proteins that are co-extractables.

The mentioned challenge could be overcome with the development of efficient methods of
extraction and purification. Thus, the chemical/enzymatic cell disruption extraction method proved to
be the best method to extract allophycocyanin with a high purity [112].

Francavilla et al. [3] extracted between 3.5 mg/g dry weight and 1.5 mg/g dry weight of
allophycocyanin from G. gracilis (samples from January and October, respectively). Dumay and
Morançais [113] report that the allophycocyanin can vary between 0.5 and 5.28 mg/g dw.

This phycobiliprotein have reported to exhibit antioxidative [114], anti-inflammatory [96],
antitumor [115], anti-enterovirus [116], and hepatoprotective [117] properties.

6.2. Carotenoids

Carotenoids are other pigments produced by algae. In red seaweed, the main carotenoids present
are α and β-carotenoids.

In less quantity, other carotenoids can be found, such as antheraxanthin, cryptoxanthin, lutein,
violaxanthin, and zeaxanthin [82,84].

When compared to other secondary pigments present in the red seaweeds, carotenoids are the
most extensively investigated. Several methodologies have been developed for carotenoid extraction,
such as the supercritical fluid extraction [118]. These methods are under investigation nowadays to be
more cost-effective and to obtain a quality product [118].

Like other pigments present in red seaweed, carotenoids are also biologically active compounds,
possessing an antioxidative [88,119], anti-inflammatory [119,120], and antitumor properties [121],
and diminish the risk of ophthalmological diseases in humans [122,123]. Recently, carotenoids have
gained interest due to their antioxidant action. In this context, carotenoids could be used to reduce the
incidence of some chronic diseases. Moreover, carotenoids are thought to protect cells from oxidative
stress by quenching single oxygen damage with various mechanisms [38,124].

Red algae do not own an exclusive carotenoid profile. Modifications of carotenoid composition
are related to the presence or absence of specific minor carotenoids but mainly in the xanthophyll
that represents the major carotenoid. Schubert et al. [125] did a wide screening of red algae carotenoids
that demonstrated that Gigartinaceae have more content of lutein, the same result as the Gelidiales.
The Gracilariales have more content of zeaxanthin and Corallinales the main carotenoid is antheraxanthin.

Currently, algal carotenoids are already incorporated in daily products, such as food coloring,
feed additives (e.g., aquaculture), components of cosmetics, and pharmaceuticals [1,24].

7. Phenolic Compounds

Phenolic compounds are chemically characterized as molecules containing hydroxylated aromatic
rings, having the hydroxyl group attached directly to the phenyl, substituted phenyl, or another
aryl group [126]. The ecological function of phenolic compounds in red algae has been barely
investigated; however, in other organisms they are known as antioxidants, hormones, cofactors,
or defense compounds. In general, phenolic compounds are detected at low concentrations in the
genus Gracilaria. Among the few phenolics already identified, there are bromophenols and benzoic
acids [127]. Bromophenols are phenolic compounds found in red algae, with bromine substituent
indistinct degrees [128]. The bromophenols already identified in the genus Gracilaria are simple
bromophenols with just one benzene ring, such as 2-bromophenol, 4-bromophenol, 2,4-dibromophenol,
2,6-di-bromophenol, and 2,4,6-tribromophenol [129]. The biosynthesis of these compounds has not
been completely understood yet, but tyrosine may be the precursor [129].

They act as intermediates in the biosynthesis of many secondary metabolites, being also important
precursors for the industrial synthesis of many other organic substances. Inclusively, the salts of
phenolic acids are used as industrial food preservers. Some of these compounds have already been
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identified in the genus Gracilaria, such as benzoic acid, p-hydroxybenzoic acid, salicylic acid, gentisic
acid, protocatechuic acid, vanillic acid, gallic acid, and syringic acid [34,130,131]. Most phenolic
compounds possess a broad variety of biological activities, as the bromophenols have anti- diabetic,
antioxidant, and anticancer properties [128].

Farideh Namvar and colleagues [132] investigated the effect of Kappaphycus alvarezii (formerly
known as Eucheuma cottonii)-polyphenol-rich extract (ECME). The concentrations used in this study
did not show a toxic effect on the normal cells; however, it was cytotoxic to the MCF-7 cancer cell line.
This suggests that the ECME’s active substance may affect cancer-associated receptors, cancer cell
signaling molecules, or the gene expression of the cancer cells that triggers mechanisms causing cancer
cell death [132].

8. Polysaccharides

Polysaccharides are the main constituent element of seaweed cell wall, representing 40–50% of
its dry matter [68]. However, the environmental and ecological conditions play a pivotal role on the
biosynthesis of these compounds. For instance, when seaweeds grow in an environment characterized
by calm waters, there is a lower production of polysaccharides. The main function is to protect from
dryness and physical aggression from biotic and abiotic factors, such as rough waters and waves [133].
The polysaccharides flow as a structural carbohydrate in the cell wall and in the intercellular spaces [76].

The structure and rheological of the polysaccharides are dependent on species, life-stage, growth,
environment, and the extraction method [134].

Due to polysaccharides quantity on seaweed weight and its widespread applications, the market
value of polysaccharides-based products is high based on their technological features [68].

The polysaccharides in the red seaweed are mainly sulphated galactans. Much like the agar,
carrageenan, and porphyran, this type of polysaccharide presents a main structure base of galactose
units with a variation at the level of sulphation of the galactose units [135]. This sulphation level can
modify the bioactivity of the polysaccharide, such as antioxidant, anti-tumoral, or the treatment of
hypertension [135,136].

8.1. Agar

Agar is a phycocolloid composed mainly of agarose and agaropectin units. Agar is a sulphated
polysaccharide, composed of α (1-4)-3, 6-anhydro-L-galactose and β 9(1-3)-D-galactose residues [137].

Agar is mainly extracted from Gelidium sp. and Gracilaria sp. [137,138]. Moreover, it is the most
used phycocolloid compound derived from red seaweeds. The utilization of this phycocolloid is
mainly in commercial and scientific (biotechnological) areas, such as adhesives, suppositories, capsules,
textile printing/dyeing, and bacteriology assays [77,135].

According to the molecular composition and purity degree, the agar quality can be distinct.
Additionally, the agar quality and its content depend on the species of red algae; species that belong
to the genus Gelidium, Gracilaria, and Pterocladiella are considered the most productive seaweeds.
Additionally, the physiochemical property is closely related to environmental parameters, the growth
and reproductive cycle of the seaweed used as its source. Although agar is used at a commercial level
outside the hydrocolloid industry, it is recently used in medicinal and pharmaceutical applications
against cancer cells, since it can promote the apoptosis of these cells in vitro [139].

Previous studies demonstrated that agar obtained from cold-water extraction of Gracilaria species
shows anti-tumoral activity. Moreover, hydrolysates of agar (agaro-oligosaccharides) have been
demonstrated to have activity against glycosidase and antioxidant ability [140].

Besides, agar extracted from Gelidium is better quality and is easily extracted with boiling water.
The gelling ability of agars from Gracilaria sp. can also be enhanced by an alkali pre-treatment
to convert α-L-galactose-6-sulfate into 3,6-anhydro-α-L-galactose. This process reduces the sulfate
content, improving the gelling properties as evidenced by higher gel strength, gelling and melting
temperatures, and viscosity [141].
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The high-quality agar (agarose) is used in molecular biology for separation techniques like
electrophoresis, immunodiffusion, and gel chromatography. It is known for the manufacturing of
capsules for industrial application and it is also used as a medium for cell culture [135].

The medium quality agar is used in biotechnological and research areas, like in biological culture
media as the gel substrate, whereas the low-quality agar is used in food products like candies, fruit
juice, frozen foods, bakery icing, or meringues. Agar industrial application also includes paper coating,
adhesives, textile printing dyeing, impressions, or casting [77].

The commercial form of agar approved for food industry by the Food and Drugs Administration
(FDA) and the European Food Safety Agency (EFSA), in Europe is coded E-406 by the Commission
Regulation No 257/2010 [142,143].

They are also important and are used in the field of medicine and pharmaceuticals as a bulking
agent, an anticoagulant agent, laxatives, capsules, and tablets [143].

G. gracilis is the third largest species of the phylum Rhodophyta that is used mainly for the
production of agar with the first two species belonging to Gelidium genus [18,144]. So, the genera more
used by the agar extraction industry are Gelidium, Gracilaria, and Pterocladiella [145].

8.2. Carrageenan

Carrageenan is a phycocolloid with a defining characteristic of alternated galactose and
3,6-anhydrogalactose sugars linked by alternate α-1,3 and β-1,4 glycosidic linkages [146,147]. There
are different types of carrageenan, which are present in different species of Gigartinales (Rhodophyta).
Carrageenans can be classified as λ (lambda), κ (kappa), and ι (iota) according to the number of
sulphated groups of the galactose unit, where number, chemical location, and arrangement of these
groups defines carrageenan function and property [148].

Intrinsic carrageenans hold a complex hybrid chemical constitution that differs according to the
environmental and ecological conditions to which the seaweed is exposed. Generally, carrageenans
are composed by a combination of galactans that could possess several types of carrabiose [149,150].
Thus, seaweeds do not produce these flawless and clean carrageenans, but, instead, they produce a full
variety of hybrid configurations of carrageenan that are also dependent on the species life cycle [151].

The carrageenan extraction technique will primarily control the purity of the carrageenan extract.
When carrageenans are manufactured by the alcohol extraction technique, they hold nearly 90%
of anhydrous carrageenan, 8% moisture, and 2% inorganic salts (mainly chlorides), whereas those
extracted by the gel press technique contain about 77% anhydrous carrageenan, 8% moisture, and up
to 15% inorganic salts [152].

This hydrocolloid has a molecular weight variable within 30 and 5000 kDa but the median
molecular weight of carrageenans is between 200 and 800 kDa [146,152]. This hydrocolloid does not
have nutritional value, because the human body does not possess enzymes to metabolize carrageenan
and it is not digested by the human digestive tract, meaning that it is regarded as dietary fiber [146].

The commercial forms of λ-, κ- and ι-carrageenans were approved for the food industry by
the Food and Drugs Administration (FDA) and the European Food Safety Agency (EFSA) [146,152].
Other types of carrageenans are not approved for the food industry but are used in biomedical and
pharmaceutical studies and the R&D of new products, therapeutics, and technologies [146,152].

In the food industry, the carrageenan application is regulated by the Commission Regulation (EU)
No 231/2012 in Europe, which states that commercial carrageenan (E 407) fundamentally involves
potassium, sodium, magnesium, and calcium sulphate esters of galactose and 3,6-anhydrogalactose
polysaccharides [152]. In the opposite direction, the poligeenan, a degraded ι-carrageenan with typical
molecular weight of 10–20 kDa, has not been authorized in food applications inside of the European
Union area, because the poligeenan is also known as an artificial product derived from carrageenan that
is associated with adverse effects [146,153]. So, more studies and the development of methodologies
are needed to give security to this type of degraded carrageenan.
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Carrageenans are water-soluble polymers, their solubility being determined by the type of
carrageenan, temperature, pH, and the counter ion in the dissolving solution, κ-carrageenan being
the most soluble. The sodium salt of κ-carrageenan is soluble in cold water, but the potassium salt is
soluble only by heating. ι-carrageenan has an intermediate solubility [154]. All types of carrageenan
are insoluble in organic solvents including alcohols and ketones [155].

Carrageenans are one of the main natural texturizing agents used in food applications (dairy
products, jellies, pet foods, sauces) that are considered safe food additives [148,154]. When used in
food products, carrageenan has the EU additive E numbers E407 or E407a when present as “processed
eucheuma seaweed” [152].

They are also used in pharmacological formulations, cosmetics, as biomedical polymer compounds,
or as lubricant [148,154,156]. Overall, carrageenans principal functions in industry are as a gelling,
stabilizing, and viscosity-building agent.

In the last decades, the biological potential of carrageenans has been explored. It has been proven
that carrageenans have anticoagulant and antithrombotic properties, with λ-carrageenan showing
higher anticoagulant potential than κ-carrageenan [157]. Carrageenans have also been shown to
selectively inhibit many enveloped virus [158], having antioxidant properties [159] and anti-tumor
potential [160,161].

The carrageenans are extracted from different species of the Gigartinales (Rhodophyta), depending
on the type of carrageenan necessary. Kappa (κ)-carrageenan is extracted from Kappaphycus alvarezii
(commercial identified as “cottonii”), while iota (ι)-carrageenan is generally extracted from Eucheuma
denticulatum (commercial identified as “spinosum”). The other commercial carrageenan, the lambda
(λ)-carrageenan is extracted from species belonging to the Gigartina and Chondrus genera (commercial
identified as “Irish moss”) [161].

8.3. Porphyran

Porphyra sp. (Rhodophyta) is characterized by the presence of porphyran, an anionic polysaccharide.
The mentioned compound is a galactose, highly substituted by the 6-O-sulfation of L-galactose units
and the 6-O-methylation of D-galactose units.

Historically, countries of East and Southeast Asia are the biggest consumers of seaweeds, due to
the culture of eating sushi. In this market, seaweeds belonging to Pyropia/Porphyra genus are known by
“Nori” and it is, usually, commercialized as a dry product [73,162,163].

There are different techniques to this compound extraction, such as hot water extraction, radical
degradation, and ultrasonication [164].

Porphyrans have been reported to have the following properties: hypolipidemic, anti-cancer,
and anti-inflammatory in humans. The anti-inflammatory properties could be confirmed by the
inhibition of nitric oxide (NO) production in macrophages and by blocking NF-B activation in the
mouse macrophages of RAW264.7 cells that were stimulated with porphyrans [165].

A previous study demonstrated porphyrans’ antioxidant activity in mice by preventing
hyperlipidemia [166].

Additionally, another group of research presented a study in which lipid synthesis in HepG2
cells was repressed, which reduced the secretion of apolipoprotein B100 by the action of porphyrans,
demonstrating its hypolipidemic effect [167].

Research from Kwon and Nam shows that porphyrin is not toxic for cells, otherwise it is toxic for
cancer cells being an inductor of cell death depending on the dose [168].

9. Vitamins

Vitamins are micronutrients that play an essential role in metabolic paths as an enzyme co-factor
precursor. In this context, there are some essential vitamins that the human body is not able to produce,
being mandatory to get those vitamins through food sources.
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Most of terrestrial plants are unable to synthetize vitamin B12.Thus, seaweeds such as Porphyra
umbilicalis and Crassiphycus changii (formerly known as Gracilaria changii) (Rhodophyta) have high
quantities of vitamins, especially vitamin C, and also contain all the essential and non-essential vitamins.
Red seaweeds are also an important resource rich in vitamin A (carotenoids) [69].

The interaction between prokaryotes, which synthesize vitamin B12 and the seaweed surface,
promotes this vitamin level present in the macroalgae. Vitamin B12 content is reported to be higher in
microalgae such as Chlorella (Chlorophyta) and Spirulina (Cyanobacteria), presenting 33.3 and 15.3 g/kg
of fresh weight, respectively. In contrast, Porphyra sp. presents 1 g/kg fresh weight of vitamin B12.
Castillejo et al. [169] tested seven seaweed and two microalgae, despite the low levels of vitamin B12 in
Porphyra when compared to microalgae. This quantity would be enough to suppress the vitamin B12

daily need of a person when added to a smoothie. The active vitamin B12 coenzymes comprised about
60% of total vitamin B12 in Nori and Chlorella (Chlorophyta) supplements. This evidence shows the
utilization of seaweed as a vitamin B12 supply.

It is important to take into consideration that the process of drying or the lyophilization can change
the seaweed vitamin bioavailability. For example, air-dried Pyropia tenera has produced biologically
inactive B12. In opposition, the lyophilization process might have improved nutritional quality due to
the presence of active vitamin B12 [169].

Kendel et al. [170] demonstrated that Grateloupia turuturu (harvested in French Atlantic Coast) has
α-tocopherol (vitamin E) and phytonadione (vitamin K1), proving the high nutraceutical power.

10. Minerals

The fact that macroalgae are so rich in diverse minerals essential for human health makes seaweed
an important resource to be applied as nutraceuticals. Iron (Fe) and Iodine (I) are the main mineral
compounds prevalent in seaweeds. Commonly, seaweeds hold a similar mineral concentration
of seawater.

However, seaweed composition in minerals is variable in response to biotic and abiotic factors.
Minerals perform a structural role and are linked to several metabolic pathways as cofactors of

different catalytic metalloenzymes [14].
A correct consumption of minerals is important to maintain a good diet nutritionally. Thus, it will

help to avoid illnesses related to nutritional deficiency, cardiovascular problems, degenerative diseases,
and cancer [171,172].

The inclusion of iodine in diet is fundamental to the synthesis of thyroid hormones—thyroxine
and triiodothyronine—that have a key role on the regulation of physiological processes of human
beings [173].

Additionally, just like the iodine, the iron plays a key role on the cellular functions, significantly in
the oxygen transportation and as a constitutional part of several enzymes involved in DNA synthesis
and electron transport [174,175].

Zinc (Zn) is an essential mineral that has a structural role in metalloenzymes and takes part in
DNA and RNA synthesis, gene expression, and cell division [14,176].

Manganese (Mn) is also necessary to the good function of several metabolic processes that request
large energy quantities, such as protein, lipid, and carbohydrate metabolism. Thus, this element occurs
at brain, retina, liver, pancreas or kidneys. Moreover, it is needed for the pathways that help blood
clotting and hemostasis [177].

Minerals are fundamental for the good performance of the human body, and Palmaria palmata
(Rhodophyta) could be a good iron resource because it contains 800 mg/kg dw. In the European Union,
the recommended iron uptake dosage is 14 mg/day [14,15].

Iodine content in P. palmata (collected in the North Atlantic area) can be near 293 µg/g dw, and in the
Porphyra sp. (collected in Japan) it was only 16 µg/g dw. The worldwide dosage intake recommendation
for iodine is the 0.15 mg/day [14,178,179].
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Zinc is present in a reasonable quantity in red seaweeds, such as C. crispus (Denmark) 74 mg/kg
dw, Porphyra spp. (France) 82 mg/kg dw, and Gracilaria spp. collected in Greece, which have 95 mg/kg
dw of zinc content, the recommended dosage being 10 mg/day [14,180].

The higher content of the trace mineral manganese is reported to occur in red seaweeds, especially
in C. crispus (Denmark), P. palmata (Spain), and Gracilaria spp. (Denmark) that have 653, 233,
and 502 mg/kg dw, respectively, where the dosage recommended in Europe is 2 mg/day [14,124,180].

These values will be different due to the differences in the concentrations of minerals in seawater.

11. Conclusions and Futures Perspectives

Seaweeds are turning into one of the most attractive natural sources for the attaining of
compounds, having a high potential for the development of novel therapeutic and nutraceutical
products. Seaweed present advantages over other sources of bioactive compounds due to their cost,
feasibility, and environmentally friendly production processes, as well their high extraction yield
and, most importantly, the availability of biomass in natural ecosystems. Some of the compounds
synthetized by seaweeds are extensively used in food applications for many properties to enhance
food quality. For instance, seaweeds are applied as a functional ingredient in commercial usage as
a stabilizer, emulsifier, thickening agent, texture modifier, phytochemicals (enriched with vitamins),
and as dietary fiber.

Currently, one of the main goals is to guarantee that wild seaweed species and seaweeds produced
in aquaculture have a similar or higher concentration of biomolecules in order to ensure feedstock
for extraction and ecological sustainability. There are some species from phylum Rhodophyta whose
feasibility potential is higher, such as Gracilaria gracilis, Kappaphycus alvarezii and Pyropia/Porphyra spp.

Seaweed aquaculture will be highlighted in the next years to answer this growing market and its
high demand.

The road to the future should pass by the biomolecules identification and an attempt to replicate
in an aquaculture system. For instance, it is what happens with seaweed used for agar and carrageenan
extraction or more simply for direct unmanufactured food.

The extraction methods need to be optimized to be more ecofriendly and cost-effective, with a
high purity level to support the industries that want to work with these biomolecules and to obtain
more than one compound from seaweed biomass to create add-value products.

This review was a compendium that will support the comprehension of what are the main
compounds extracted from red seaweeds, its extraction methods, and the most targeted species under
study. Further research indicates that future investigation will be focused on improving seaweed
farming methodologies and the optimization of biomolecules extraction methods.
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14. Mišurcová, L.; Machů, L.; Orsavová, J. Seaweed minerals as nutraceuticals. Adv. Food Nutr. Res. 2011, 64,
371–390. [CrossRef]

15. Shannon, E.; Abu-Ghannam, N. Seaweeds as nutraceuticals for health and nutrition. Phycologia 2019, 58,
563–577. [CrossRef]

16. Jung, K.A.; Lim, S.R.; Kim, Y.; Park, J.M. Potentials of macroalgae as feedstocks for biorefinery.
Bioresour. Technol. 2013, 135, 182–190. [CrossRef] [PubMed]

17. Custódio, M.; Villasante, S.; Cremades, J.; Calado, R.; Lillebø, A.I. Unravelling the potential of halophytes
for marine integrated multi-trophic aquaculture (IMTA)- A perspective on performance, opportunities and
challenges. Aquac. Environ. Interact. 2017, 9, 445–460. [CrossRef]

18. FAO. The State of World Fisheries and Aquaculture 2018—Meeting the Sustainable Development Goals; FAO: Rome,
Italy, 2018; ISBN 978-92-5-130562-1.

19. Ferdouse, F.; Holdt, S.L.; Smith, R.; Murúa, P.; Yang, Z. The global status of seaweed production, trade and
utilization. FAO Globefish Res. Program. 2018, 124, 120.

20. Barry, A.N.; Starkenburg, S.R.; Sayre, R.T. Strategies for optimizing algal biology for enhanced biomass
production. Front. Energy Res. 2015, 3, 1–5. [CrossRef]

21. Michalak, I.; Chojnacka, K. Algae as production systems of bioactive compounds. Eng. Life Sci. 2015, 15,
160–176. [CrossRef]

22. Michalak, I.; Chojnacka, K. Algal extracts: Technology and advances. Eng. Life Sci. 2014, 14, 581–591.
[CrossRef]

http://dx.doi.org/10.3390/md18010017
http://dx.doi.org/10.1002/9781119977087
http://dx.doi.org/10.3390/md11103754
http://dx.doi.org/10.1146/annurev.arplant.56.032604.144052
http://dx.doi.org/10.1007/s00217-013-2116-5
http://dx.doi.org/10.1111/1541-4337.12396
http://dx.doi.org/10.1002/9781118412893.ch9
http://dx.doi.org/10.3389/fphar.2018.00777
http://www.ncbi.nlm.nih.gov/pubmed/30127738
http://dx.doi.org/10.31989/ffhd.v2i6.90
http://dx.doi.org/10.1111/nure.12091
http://www.ncbi.nlm.nih.gov/pubmed/24697280
http://dx.doi.org/10.3390/md17110637
http://dx.doi.org/10.1201/b19970
http://dx.doi.org/10.1016/B978-0-12-387669-0.00002-8
http://dx.doi.org/10.1016/B978-0-12-387669-0.00029-6
http://dx.doi.org/10.1080/00318884.2019.1640533
http://dx.doi.org/10.1016/j.biortech.2012.10.025
http://www.ncbi.nlm.nih.gov/pubmed/23186669
http://dx.doi.org/10.3354/aei00244
http://dx.doi.org/10.3389/fenrg.2015.00001
http://dx.doi.org/10.1002/elsc.201400191
http://dx.doi.org/10.1002/elsc.201400139


Life 2020, 10, 19 16 of 23

23. Galloway, A.W.E.; Britton-Simmons, K.H.; Duggins, D.O.; Gabrielson, P.W.; Brett, M.T. Fatty acid signatures
differentiate marine macrophytes at ordinal and family ranks. J. Phycol. 2012, 48, 956–965. [CrossRef]

24. Ibañez, E.; Herrero, M.; Mendiola, J.A.; Castro-Puyana, M. Extraction and characterization of bioactive
compounds with health benefits from marine resources: Macro and micro algae, cyanobacteria,
and invertebrates. In Marine Bioactive Compounds; Hayes, M., Ed.; Springer: Boston, MA, USA, 2012;
Volume 9781461412, pp. 55–98. [CrossRef]

25. Halim, R.; Danquah, M.K.; Webley, P.A. Extraction of oil from microalgae for biodiesel production: A review.
Biotechnol. Adv. 2012, 30, 709–732. [CrossRef]

26. Michalak, I. Experimental processing of seaweeds for biofuels. Wiley Interdiscip. Rev. Energy Environ. 2018, 7,
1–25. [CrossRef]

27. Gonçalves, A.M.M.; Marques, J.C.; Gonçalves, F. Fatty acids’ profiles of aquatic organisms: Revealing the
impacts of environmental and anthropogenic stressors. In Fatty Acids; Catala, A., Ed.; IntechOpen: London,
UK, 2017. [CrossRef]

28. De Alencar, D.B.; Diniz, J.C.; Rocha, S.A.S.; Pires-Cavalcante, K.M.S.; De Lima, R.L.; De Sousa, K.C.;
Freitas, J.O.; Bezerra, R.M.; Baracho, B.M.; Sampaio, A.H.; et al. Fatty acid composition from the marine
red algae Pterocladiella capillacea (S. G. gmelin) Santelices & Hommersand 1997 and Osmundaria obtusiloba
(C. agardh) R. E. Norris 1991 and its antioxidant activity. An. Acad. Bras. Cienc. 2018, 90, 449–459. [CrossRef]

29. Kendel, M.; Wielgosz-Collin, G.; Bertrand, S.; Roussakis, C.; Bourgougnon, N.; Bedoux, G. Lipid composition,
fatty acids and sterols in the seaweeds ulva armoricana, and solieria chordalis from brittany (france): An analysis
from nutritional, chemotaxonomic, and antiproliferative activity perspectives. Mar. Drugs 2015, 13, 5606–5628.
[CrossRef] [PubMed]

30. Monroig, Ó.; Tocher, D.R.; Navarro, J.C. Biosynthesis of polyunsaturated fatty acids in marine invertebrates:
Recent advances in molecular mechanisms. Mar. Drugs 2013, 11, 3998–4018. [CrossRef] [PubMed]

31. Pereira, H.; Barreira, L.; Figueiredo, F.; Custódio, L.; Vizetto-Duarte, C.; Polo, C.; Rešek, E.; Aschwin, E.;
Varela, J. Polyunsaturated fatty acids of marine macroalgae: Potential for nutritional and pharmaceutical
applications. Mar. Drugs 2012, 10, 1920–1935. [CrossRef] [PubMed]

32. Zárate, R.; el Jaber-Vazdekis, N.; Tejera, N.; Pérez, J.A.; Rodríguez, C. Significance of long chain
polyunsaturated fatty acids in human health. Clin. Transl. Med. 2017, 6, 25. [CrossRef]

33. Simopoulos, A.P. The importance of the ratio of omega-6/omega-3 essential fatty acids. Biomed. Pharmacother.
2002, 56, 365–379. [CrossRef]

34. Xu, T.; Sutour, S.; Casabianca, H.; Tomi, F.; Paoli, M.; Garrido, M.; Pasqualini, V.; Aiello, A.; Castola, V.;
Bighelli, A. Rapid screening of chemical compositions of gracilaria dura and hypnea mucisformis (rhodophyta)
from corsican lagoon. Int. J. Phytocosmetics Nat. Ingredients 2015, 2, 8. [CrossRef]

35. De Andrade Tomaz, A.C.; de Miranda, G.E.C.; de Souza, M.D.F.V.; da Cunha, E.V.L. Analysis and
characterization of methyl esters of fatty acids of some Gracilaria species. Biochem. Syst. Ecol. 2012,
44, 303–306. [CrossRef]

36. Santos, S.A.O.; Vilela, C.; Freire, C.S.R.; Abreu, M.H.; Rocha, S.M.; Silvestre, A.J.D. Chlorophyta and Rhodophyta
macroalgae: A source of health promoting phytochemicals. Food Chem. 2015, 183, 122–128. [CrossRef]

37. Oren, A.; Gunde-Cimerman, N. Mycosporines and mycosporine-like amino acids: UV protectants or
multipurpose secondary metabolites? FEMS Microbiol. Lett. 2007, 269, 1–10. [CrossRef]

38. Christaki, E.; Bonos, E.; Giannenas, I.; Florou-Paneri, P. Functional properties of carotenoids originating from
algae. J. Sci. Food Agric. 2013, 93, 5–11. [CrossRef] [PubMed]

39. Ledesma-Hernandez, B.; Herrero, M. Bioactive Compounds from Marine Foods: Plant and Animal Sources;
Ledesma-Hernandez, B., Herrero, M., Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2013. [CrossRef]

40. Lopes, G.; Sousa, C.; Bernardo, J.; Andrade, P.B.; Valentão, P.; Ferreres, F.; Mouga, T. Sterol profiles in
18 macroalgae of the Portuguese coast. J. Phycol. 2011, 47, 1210–1218. [CrossRef] [PubMed]

41. Perveen, S. Introductory Chapter: Terpenes and Terpenoids. In Terpenes and Terpenoids; Perveen, S., Ed.;
IntechOpen: London, UK, 2018. [CrossRef]

42. Øverland, M.; Mydland, L.T.; Skrede, A. Marine macroalgae as sources of protein and bioactive compounds
in feed for monogastric animals. J. Sci. Food Agric. 2019, 99, 13–24. [CrossRef] [PubMed]

43. Faulkner, D.J. Marine natural products. Nat. Prod. Rep. 2001, 18, 1–49. [CrossRef] [PubMed]
44. Wright, A.D.; Goclik, E.; König, G.M. Three New Sesquiterpenes from the Red Alga Laurencia perforata. J. Nat.

Prod. 2003, 66, 435–437. [CrossRef]

http://dx.doi.org/10.1111/j.1529-8817.2012.01173.x
http://dx.doi.org/10.1007/978-1-4614-1247-2_2
http://dx.doi.org/10.1016/j.biotechadv.2012.01.001
http://dx.doi.org/10.1002/wene.288
http://dx.doi.org/10.5772/intechopen.68544
http://dx.doi.org/10.1590/0001-3765201820160315
http://dx.doi.org/10.3390/md13095606
http://www.ncbi.nlm.nih.gov/pubmed/26404323
http://dx.doi.org/10.3390/md11103998
http://www.ncbi.nlm.nih.gov/pubmed/24152561
http://dx.doi.org/10.3390/md10091920
http://www.ncbi.nlm.nih.gov/pubmed/23118712
http://dx.doi.org/10.1186/s40169-017-0153-6
http://dx.doi.org/10.1016/S0753-3322(02)00253-6
http://dx.doi.org/10.15171/ijpni.2015.08
http://dx.doi.org/10.1016/j.bse.2012.02.006
http://dx.doi.org/10.1016/j.foodchem.2015.03.006
http://dx.doi.org/10.1111/j.1574-6968.2007.00650.x
http://dx.doi.org/10.1002/jsfa.5902
http://www.ncbi.nlm.nih.gov/pubmed/23044813
http://dx.doi.org/10.1002/9781118412893
http://dx.doi.org/10.1111/j.1529-8817.2011.01028.x
http://www.ncbi.nlm.nih.gov/pubmed/27020199
http://dx.doi.org/10.5772/intechopen.79683
http://dx.doi.org/10.1002/jsfa.9143
http://www.ncbi.nlm.nih.gov/pubmed/29797494
http://dx.doi.org/10.1039/b006897g
http://www.ncbi.nlm.nih.gov/pubmed/11245399
http://dx.doi.org/10.1021/np020274v


Life 2020, 10, 19 17 of 23

45. Suzuki, M.; Takahashi, Y.; Mitome, Y.; Itoh, T.; Abe, T.; Masuda, M. Brominated metabolites from an Okinawan
Laurencia intricata. Phytochemistry 2002, 60, 861–867. [CrossRef]

46. Brito, I.; Cueto, M.; Díaz-Marrero, A.R.; Darias, J.; San Martín, A. Oxachamigrenes, New Halogenated
Sesquiterpenes from Laurencia obtusa. J. Nat. Prod. 2002, 65, 946–948. [CrossRef]

47. Iliopoulou, D.; Roussis, V.; Pannecouque, C.; De Clercq, E.; Vagias, C. Halogenated sesquiterpenes from the
red alga Laurencia obtusa. Tetrahedron 2002, 58, 6749–6755. [CrossRef]

48. Fuller, R.W.; Cardellina, J.H.; Kato, Y.; Boyd, M.R.; Brinen, L.S.; Clardy, J.; Snader, K.M. A Pentahalogenated
monoterpene from the red alga portieria hornemannii produces a novel cytotoxicity profile against a diverse
panel of human tumor cell lines. J. Med. Chem. 1992, 35, 3007–3011. [CrossRef]

49. Darias, J.; Rovirosa, J.; San Martin, A.; Díaz, A.-R.; Dorta, E.; Cueto, M. Furoplocamioids A−C, novel
polyhalogenated furanoid monoterpenes from plocamium cartilagineum. J. Nat. Prod. 2001, 64, 1383–1387.
[CrossRef]

50. Blunt, J.W.; Copp, B.R.; Munro, M.H.G.; Northcote, P.T.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep.
2003, 20, 1–48. [CrossRef] [PubMed]

51. Etahiri, S.; Bultel-Poncé, V.; Caux, C.; Guyot, M. New bromoditerpenes from the red alga Sphaerococcus
coronopifolius. J. Nat. Prod. 2001, 64, 1024–1027. [CrossRef] [PubMed]

52. Smyrniotopoulos, V.; Vagias, C.; Rahman, M.M.; Gibbons, S.; Roussis, V. Ioniols I and II, tetracyclic diterpenes
with antibacterial activity, from Sphaerococcus coronopifolius. Chem. Biodivers. 2010, 7, 666–676. [CrossRef]
[PubMed]

53. Smyrniotopoulos, V.; Vagias, C.; Rahman, M.M.; Gibbons, S.; Roussis, V. Structure and antibacterial activity
of brominated diterpenes from the red alga Sphaerococcus coronopifolius. Chem. Biodivers. 2010, 7, 186–195.
[CrossRef] [PubMed]

54. Rodrigues, D.; Alves, C.; Horta, A.; Pinteus, S.; Silva, J.; Culioli, G.; Thomas, O.; Pedrosa, R. Antitumor and
antimicrobial potential of bromoditerpenes isolated from the red alga, Sphaerococcus coronopifolius. Mar. Drugs
2015, 13, 713–726. [CrossRef] [PubMed]

55. Smyrniotopoulos, V.; Vagias, C.; Bruyère, C.; Lamoral-Theys, D.; Kiss, R.; Roussis, V. Structure and in vitro
antitumor activity evaluation of brominated diterpenes from the red alga Sphaerococcus coronopifolius.
Bioorg. Med. Chem. 2010, 18, 1321–1330. [CrossRef]

56. Pec, M.K.; Aguirre, A.; Moser-Thier, K.; Fernández, J.J.; Souto, M.L.; Dorta, J.; Diáz-González, F.; Villar, J.
Induction of apoptosis in estrogen dependent and independent breast cancer cells by the marine terpenoid
dehydrothyrsiferol. Biochem. Pharmacol. 2003, 65, 1451–1461. [CrossRef]

57. Carreto, J.I.; Carignan, M.O. Mycosporine-like amino acids: Relevant secondary metabolites. chemical and
ecological aspects. Mar. Drugs 2011, 9, 387–446. [CrossRef]

58. Wada, N.; Sakamoto, T.; Matsugo, S. Mycosporine-like amino acids and their derivatives as natural
antioxidants. Antioxidants 2015, 4, 603–646. [CrossRef]

59. Conde, F.R.; Churio, M.S.; Previtali, C.M. The deactivation pathways of the excited-states of the mycosporine-like
amino acids shinorine and porphyra-334 in aqueous solution. Photochem. Photobiol. Sci. 2004, 3, 960–967.
[CrossRef]

60. Ingredients & Formulas | SEPPIC. Available online: https://www.seppic.com/ingredients-formulas (accessed
on 23 January 2020).

61. Lawrence, K.P.; Long, P.F.; Young, A.R. Mycosporine-like amino acids for skin photoprotection. Curr. Med.
Chem. 2018, 25, 5512–5527. [CrossRef] [PubMed]

62. Briani, B.; Sissini, M.N.; Lucena, L.A.; Batista, M.B.; Costa, I.O.; Nunes, J.M.C.; Schmitz, C.; Ramlov, F.;
Maraschin, M.; Korbee, N.; et al. The influence of environmental features in the content of mycosporine-like
amino acids in red marine algae along the Brazilian coast. J. Phycol. 2018, 54, 380–390. [CrossRef] [PubMed]

63. Chrapusta, E.; Kaminski, A.; Duchnik, K.; Bober, B.; Adamski, M.; Bialczyk, J. Mycosporine-like amino acids:
Potential health and beauty ingredients. Mar. Drugs 2017, 15, 326. [CrossRef] [PubMed]

64. Yuan, Y.V.; Westcott, N.D.; Hu, C.; Kitts, D.D. Mycosporine-like amino acid composition of the edible red alga,
Palmaria palmata (dulse) harvested from the west and east coasts of Grand Manan Island, New Brunswick.
Food Chem. 2009, 112, 321–328. [CrossRef]

65. Reef, R.; Kaniewska, P.; Hoegh-Guldberg, O. Coral skeletons defend against ultraviolet radiation. PLoS ONE
2009, 4, e7995. [CrossRef]

http://dx.doi.org/10.1016/S0031-9422(02)00151-6
http://dx.doi.org/10.1021/np010580t
http://dx.doi.org/10.1016/S0040-4020(02)00687-7
http://dx.doi.org/10.1021/jm00094a012
http://dx.doi.org/10.1021/np010297u
http://dx.doi.org/10.1039/b207130b
http://www.ncbi.nlm.nih.gov/pubmed/12636082
http://dx.doi.org/10.1021/np0002684
http://www.ncbi.nlm.nih.gov/pubmed/11520219
http://dx.doi.org/10.1002/cbdv.200900026
http://www.ncbi.nlm.nih.gov/pubmed/20232335
http://dx.doi.org/10.1002/cbdv.200800309
http://www.ncbi.nlm.nih.gov/pubmed/20087985
http://dx.doi.org/10.3390/md13020713
http://www.ncbi.nlm.nih.gov/pubmed/25629386
http://dx.doi.org/10.1016/j.bmc.2009.12.025
http://dx.doi.org/10.1016/S0006-2952(03)00123-0
http://dx.doi.org/10.3390/md9030387
http://dx.doi.org/10.3390/antiox4030603
http://dx.doi.org/10.1039/b405782a
https://www.seppic.com/ingredients-formulas
http://dx.doi.org/10.2174/0929867324666170529124237
http://www.ncbi.nlm.nih.gov/pubmed/28554325
http://dx.doi.org/10.1111/jpy.12640
http://www.ncbi.nlm.nih.gov/pubmed/29505096
http://dx.doi.org/10.3390/md15100326
http://www.ncbi.nlm.nih.gov/pubmed/29065484
http://dx.doi.org/10.1016/j.foodchem.2008.05.066
http://dx.doi.org/10.1371/journal.pone.0007995


Life 2020, 10, 19 18 of 23

66. Bedoux, G.; Hardouin, K.; Burlot, A.S.; Bourgougnon, N. Bioactive components from seaweeds: Cosmetic
applications and future development. In Advances in Botanical Research; Bourgougnon, N., Ed.; Academic
Press: Cambridge, MA, USA, 2014; Volume 71, pp. 345–378. [CrossRef]

67. Harnedy, P.A.; Fitzgerald, R.J. Bioactive proteins, peptides, and amino acids from macroalgae. J. Phycol. 2011,
47, 218–232. [CrossRef]

68. Torres, M.D.; Flórez-Fernández, N.; Domínguez, H. Integral utilization of red seaweed for bioactive
production. Mar. Drugs 2019, 17, 314. [CrossRef]

69. Ganesan, A.R.; Tiwari, U.; Rajauria, G. Seaweed nutraceuticals and their therapeutic role in disease prevention.
Food Sci. Hum. Wellness 2019, 8, 252–263. [CrossRef]

70. Vieira, E.F.; Soares, C.; Machado, S.; Correia, M.; Ramalhosa, M.J.; Oliva-teles, M.T.; Paula Carvalho, A.;
Domingues, V.F.; Antunes, F.; Oliveira, T.A.C.; et al. Seaweeds from the Portuguese coast as a source of
proteinaceous material: Total and free amino acid composition profile. Food Chem. 2018, 269, 264–275.
[CrossRef]

71. Abirami, R.G.; Kowsalya, S. Phytochemical screening, microbial load and antimicrobial activity of
underexploited seaweeds. Int. Res. J. Microbiol. 2012, 3, 328–332.

72. Murata, M.; Nakazoe, J. Production and Use of Marine AIgae in Japan. Japan Agric. Res. Q. JARQ 2001, 35,
281–290. [CrossRef]

73. Bhatia, S.; Sharma, K.; Bera, T. Structural characterization and pharmaceutical properties of porphyran.
Asian J. Pharm. 2015, 9, 93–101. [CrossRef]

74. Aditya, T.; Bitu, G.; Mercy Eleanor, G. The role of algae in pharmaceutical development. Res. Rev. J. Pharm.
Nanotechnol. 2018, 4, 82–89.

75. Smit, A.J. Medicinal and pharmaceutical uses of seaweed natural products: A review. J. Appl. Phycol. 2004,
16, 245–262. [CrossRef]

76. Pereira, L. Seaweeds as source of bioactive substances and skin care therapy—cosmeceuticals, algotheraphy,
and thalassotherapy. Cosmetics 2018, 5, 68. [CrossRef]

77. Pal, A.; Kamthania, M.C.; Kumar, A. Bioactive compounds and properties of seaweeds—A review. OALib
2014, 1, 1–17. [CrossRef]

78. Ara, J.; Sultana, V.; Qasim, R.; Ahmad, V.U. Hypolipidaemic activity of seaweed from Karachi coast.
Phyther. Res. 2002, 16, 479–483. [CrossRef]

79. Urbano, M.G.; Goi, I. Bioavailability of nutrients in rats fed on edible seaweeds, Nori (Porphyra tenera) and
Wakame (Undaria pinnatifida), as a source of dietary fibre. Food Chem. 2002, 76, 281–286. [CrossRef]

80. Joubert, Y.; Fleurence, J. Simultaneous extraction of proteins and DNA by an enzymatic treatment of the cell
wall of Palmaria palmata (Rhodophyta). J. Appl. Phycol. 2008, 20, 55–61. [CrossRef]

81. Bleakley, S.; Hayes, M. Algal proteins: Extraction, application, and challenges concerning production. Foods
2017, 6, 33. [CrossRef]

82. Stengel, D.B.; Connan, S.; Popper, Z.A. Algal chemodiversity and bioactivity: Sources of natural variability
and implications for commercial application. Biotechnol. Adv. 2011, 29, 483–501. [CrossRef] [PubMed]

83. Zubia, M.; Freile-Pelegrín, Y.; Robledo, D. Photosynthesis, pigment composition and antioxidant defences in
the red alga Gracilariopsis tenuifrons (Gracilariales, Rhodophyta) under environmental stress. J. Appl. Phycol.
2014, 26, 2001–2010. [CrossRef]

84. Takaichi, S. Carotenoids in algae: Distributions, biosyntheses and functions. Mar. Drugs 2011, 9, 1101–1118.
[CrossRef] [PubMed]

85. Sydney, E.B.; Schafranski, K.; Barretti, B.R.V.; Sydney, A.C.N.; Zimmerman, J.F.D.A.; Cerri, M.L.;
Mottin Demiate, I. Biomolecules from extremophile microalgae: From genetics to bioprocessing of a
new candidate for large-scale production. Process Biochem. 2019, 87, 37–44. [CrossRef]

86. Mysliwa-Kurdziel, B.; Solymosi, K. Phycobilins and phycobiliproteins used in food industry and medicine.
Mini Rev. Med. Chem. 2017, 17, 1–30. [CrossRef]

87. Sidler, W.A. Phycobilisome and phycobiliprotein structures. In The Molecular Biology of Cyanobacteria;
Bryant, D.A., Ed.; Springer: Dordrecht, The Netherlands, 1994; pp. 139–216. [CrossRef]

88. Viera, I.; Pérez-Gálvez, A.; Roca, M. Bioaccessibility of Marine Carotenoids. Mar. Drugs 2018, 16, 397.
[CrossRef]

http://dx.doi.org/10.1016/B978-0-12-408062-1.00012-3
http://dx.doi.org/10.1111/j.1529-8817.2011.00969.x
http://dx.doi.org/10.3390/md17060314
http://dx.doi.org/10.1016/j.fshw.2019.08.001
http://dx.doi.org/10.1016/j.foodchem.2018.06.145
http://dx.doi.org/10.6090/jarq.35.281
http://dx.doi.org/10.4103/0973-8398.154698
http://dx.doi.org/10.1023/B:JAPH.0000047783.36600.ef
http://dx.doi.org/10.3390/cosmetics5040068
http://dx.doi.org/10.4236/oalib.1100752
http://dx.doi.org/10.1002/ptr.909
http://dx.doi.org/10.1016/S0308-8146(01)00273-4
http://dx.doi.org/10.1007/s10811-007-9180-9
http://dx.doi.org/10.3390/foods6050033
http://dx.doi.org/10.1016/j.biotechadv.2011.05.016
http://www.ncbi.nlm.nih.gov/pubmed/21672617
http://dx.doi.org/10.1007/s10811-014-0325-3
http://dx.doi.org/10.3390/md9061101
http://www.ncbi.nlm.nih.gov/pubmed/21747749
http://dx.doi.org/10.1016/j.procbio.2019.09.012
http://dx.doi.org/10.2174/1389557516666160912180155
http://dx.doi.org/10.1007/978-94-011-0227-8_7
http://dx.doi.org/10.3390/md16100397


Life 2020, 10, 19 19 of 23

89. Álvarez-Gómez, F.; Korbee, N.; Figueroa, F.L. Effects of UV radiation on photosynthesis, antioxidant capacity
and the accumulation of bioactive compounds in gracilariopsis longissima, hydropuntia cornea and halopithys
incurva (Rhodophyta). J. Phycol. 2019, 1273, 1258–1273. [CrossRef]

90. Zepeda, E.; Freile-Pelegrín, Y.; Robledo, D. Nutraceutical assessment of Solieria filiformis and Gracilaria cornea
(Rhodophyta) under light quality modulation in culture. J. Appl. Phycol. 2020, 2020, 1–11. [CrossRef]

91. Nguyen, H.P.T.; Morançais, M.; Déléris, P.; Fleurence, J.; Nguyen-Le, C.T.; Vo, K.H.; Dumay, J. Purification of
R-phycoerythrin from a marine macroalga Gracilaria gracilis by anion-exchange chromatography. J. Appl.
Phycol. 2019, 2019, 1–9. [CrossRef]

92. Yu, P.; Wu, Y.; Wang, G.; Jia, T.; Zhang, Y. Purification and bioactivities of phycocyanin. Crit. Rev. Food Sci.
Nutr. 2017, 57, 3840–3849. [CrossRef]

93. Dumay, J.; Morançais, M.; Munier, M.; Le Guillard, C.; Fleurence, J. Phycoerythrins: Valuable proteinic
pigments in red seaweeds. In Advances in Botanical Research; Bourgougnon, N., Ed.; Academic Press:
Cambridge, MA, USA, 2014; Volume 71, pp. 321–343. [CrossRef]

94. Adir, N. Elucidation of the molecular structures of components of the phycobilisome: Reconstructing a giant.
Photosynth. Res. 2005, 85, 15–32. [CrossRef]

95. Mullineaux, C.W. Phycobilisome-reaction centre interaction in cyanobacteria. Photosynth. Res. 2008, 95,
175–182. [CrossRef]

96. Eriksen, N.T. Production of phycocyanin—A pigment with applications in biology, biotechnology, foods and
medicine. Appl. Microbiol. Biotechnol. 2008, 80, 1–14. [CrossRef] [PubMed]

97. Lee, D.; Nishizawa, M.; Shimizu, Y.; Saeki, H. Anti-inflammatory effects of dulse (Palmaria palmata) resulting
from the simultaneous water-extraction of phycobiliproteins and chlorophyll a. Food Res. Int. 2017, 100,
514–521. [CrossRef] [PubMed]

98. Sampath-Wiley, P.; Neefus, C.D. An improved method for estimating R-phycoerythrin and R-phycocyanin
contents from crude aqueous extracts of Porphyra (Bangiales, Rhodophyta). J. Appl. Phycol. 2007, 19, 123–129.
[CrossRef] [PubMed]

99. Wang, L.; Wang, S.; Fu, X.; Sun, L. Characteristics of an R-Phycoerythrin with Two γ Subunits Prepared from
Red Macroalga Polysiphonia urceolata. PLoS ONE 2015, 10, e0120333. [CrossRef] [PubMed]

100. Malairaj, S.; Muthu, S.; Gopal, V.B.; Perumal, P.; Ramasamy, R. Qualitative and quantitative determination of
R-phycoerythrin from Halymenia floresia (Clemente) C. Agardh by polyacrylamide gel using electrophoretic
elution technique. J. Chromatogr. A 2016, 1454, 120–126. [CrossRef]

101. Pina, A.L.; Costa, A.R.; Lage-Yusty, M.A.; López-Hernández, J. An evaluation of edible red seaweed
(Chondrus crispus) components and their modification during the cooking process. LWT Food Sci. Technol.
2014, 56, 175–180. [CrossRef]

102. Sukwong, P.; Sunwoo, I.Y.; Nguyen, T.H.; Jeong, G.T.; Kim, S.K. R-phycoerythrin, R-phycocyanin and ABE
production from Gelidium amansii by Clostridium acetobutylicum. Process Biochem. 2019, 81, 139–147. [CrossRef]

103. Munier, M.; Morançais, M.; Dumay, J.; Jaouen, P.; Fleurence, J. One-step purification of R-phycoerythrin from
the red edible seaweed Grateloupia turuturu. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 2015, 992, 23–29.
[CrossRef]

104. Holzwarth, A.R. Structure-function relationships and energy transfer in phycobiliprotein antennae.
Physiol. Plant. 1991, 83, 518–528. [CrossRef]

105. Zhang, Y.M.; Chen, F. A simple method for efficient separation and purification of c-phycocyanin and
allophycocyanin from Spirulina platensis. Biotechnol. Tech. 1999, 13, 601–603. [CrossRef]

106. Xia, A.; Jiang, S.; Zhu, J.; Shen, Y.; Lu, Z.; Huang, W. Two-photon fluorescence from recombinant green
fluorescent protein. Guang Pu Xue Yu Guang Pu Fen Xi 2001, 21, 435–437.

107. Pardhasaradhi, B.V.V.; Mubarak Ali, A.; Leela Kumari, A.; Reddanna, P.; Khar, A. Phycocyanin-mediated
apoptosis in AK-5 tumor cells involves down-regulation of Bcl-2 and generation of ROS. Mol. Cancer Ther.
2003, 2, 1165–1170.

108. Jaiswal, P.; Singh, P.K.; Prasanna, R. Cyanobacterial bioactive molecules—An overview of their toxic
properties. Can. J. Microbiol. 2008, 54, 701–717. [CrossRef]

109. MacColl, R. Allophycocyanin and energy transfer. Biochim. Biophys. Acta Bioenerg. 2004, 1657, 73–81.
[CrossRef]

http://dx.doi.org/10.1111/jpy.12899
http://dx.doi.org/10.1007/s10811-019-02023-0
http://dx.doi.org/10.1007/s10811-019-01947-x
http://dx.doi.org/10.1080/10408398.2016.1167668
http://dx.doi.org/10.1016/B978-0-12-408062-1.00011-1
http://dx.doi.org/10.1007/s11120-004-2143-y
http://dx.doi.org/10.1007/s11120-007-9249-y
http://dx.doi.org/10.1007/s00253-008-1542-y
http://www.ncbi.nlm.nih.gov/pubmed/18563408
http://dx.doi.org/10.1016/j.foodres.2017.06.040
http://www.ncbi.nlm.nih.gov/pubmed/28873715
http://dx.doi.org/10.1007/s10811-006-9118-7
http://www.ncbi.nlm.nih.gov/pubmed/19396349
http://dx.doi.org/10.1371/journal.pone.0120333
http://www.ncbi.nlm.nih.gov/pubmed/25781487
http://dx.doi.org/10.1016/j.chroma.2016.05.063
http://dx.doi.org/10.1016/j.lwt.2013.08.006
http://dx.doi.org/10.1016/j.procbio.2019.03.023
http://dx.doi.org/10.1016/j.jchromb.2015.04.012
http://dx.doi.org/10.1111/j.1399-3054.1991.tb00129.x
http://dx.doi.org/10.1023/A:1008914405302
http://dx.doi.org/10.1139/W08-034
http://dx.doi.org/10.1016/j.bbabio.2004.04.005


Life 2020, 10, 19 20 of 23

110. Bermejo, R.; Talavera, E.M.; Alvarez-Pez, J.M.; Orte, J.C. Chromatographic purification of biliproteins
from Spirulina platensis. High-performance liquid chromatographic separation of their α and β subunits.
J. Chromatogr. A 1997, 778, 441–450. [CrossRef]

111. Su, H.N.; Xie, B.B.; Chen, X.L.; Wang, J.X.; Zhang, X.Y.; Zhou, B.C.; Zhang, Y.Z. Efficient separation and
purification of allophycocyanin from Spirulina (Arthrospira) platensis. J. Appl. Phycol. 2010, 22, 65–70. [CrossRef]

112. Tavanandi, H.A.; Vanjari, P.; Raghavarao, K.S.M.S. Synergistic method for extraction of high purity
Allophycocyanin from dry biomass of Arthrospira platensis and utilization of spent biomass for recovery of
carotenoids. Sep. Purif. Technol. 2019, 225, 97–111. [CrossRef]

113. Dumay, J.; Morançais, M. Proteins and Pigments. In Seaweed in Health and Disease Prevention; Fleurence, J.,
Levine, I., Eds.; Elsevier: Amsterdam, The Netherlands, 2016; pp. 275–318. [CrossRef]

114. Li, W.; Su, H.N.; Pu, Y.; Chen, J.; Liu, L.N.; Liu, Q.; Qin, S. Phycobiliproteins: Molecular structure, production,
applications, and prospects. Biotechnol. Adv. 2019, 37, 340–353. [CrossRef]

115. Reddy, M.C.; Subhashini, J.; Mahipal, S.V.K.; Bhat, V.B.; Reddy, P.S.; Kiranmai, G.; Madyastha, K.M.;
Reddanna, P. C-Phycocyanin, a selective cyclooxygenase-2 inhibitor, induces apoptosis in lipopolysaccharide-
stimulated RAW 264.7 macrophages. Biochem. Biophys. Res. Commun. 2003, 304, 385–392. [CrossRef]

116. Shih, S.R.; Tsai, K.N.; Li, Y.S.; Chueh, C.C.; Chan, E.C. Inhibition of enterovirus 71-induced apoptosis by
allophycocyanin isolated from a blue-green alga Spirulina platensis. J. Med. Virol. 2003, 70, 119–125. [CrossRef]

117. Nagaraj, S.; Arulmurugan, P.; Rajaram, M.G.; Karuppasamy, K.; Jayappriyan, K.R.; Sundararaj, R.;
Vijayanand, N.; Rengasamy, R. Hepatoprotective and antioxidative effects of C-phycocyanin from Arthrospira
maxima SAG 25780 in CCl 4-induced hepatic damage rats. Biomed. Prev. Nutr. 2012, 2, 81–85. [CrossRef]

118. Poojary, M.M.; Barba, F.J.; Aliakbarian, B.; Donsì, F.; Pataro, G.; Dias, D.A.; Juliano, P. Innovative alternative
technologies to extract carotenoids from microalgae and seaweeds. Mar. Drugs 2016, 14, 214. [CrossRef]

119. Galasso, C.; Corinaldesi, C.; Sansone, C. Carotenoids from marine organisms: Biological functions and
industrial applications. Antioxidants 2017, 6, 96. [CrossRef]

120. Di Tomo, P.; Canali, R.; Ciavardelli, D.; Di Silvestre, S.; De Marco, A.; Giardinelli, A.; Pipino, C.; Di Pietro, N.;
Virgili, F.; Pandolfi, A.β-Carotene and lycopene affect endothelial response to TNF-α reducing nitro-oxidative
stress and interaction with monocytes. Mol. Nutr. Food Res. 2012, 56, 217–227. [CrossRef]

121. Gori, T.; Münzel, T. Oxidative stress and endothelial dysfunction: Therapeutic implications. Ann. Med. 2011,
43, 259–272. [CrossRef]

122. Guedes, A.C.; Amaro, H.M.; Malcata, F.X. Microalgae as Sources of Carotenoids. Mar. Drugs 2011, 9, 625–644.
[CrossRef]

123. Gao, S.; Qin, T.; Liu, Z.; Caceres, M.A.; Ronchi, C.F.; Chen, C.-Y.O.; Yeum, K.-J.; Taylor, A.; Blumberg, J.B.;
Liu, Y.; et al. Lutein and zeaxanthin supplementation reduces H2O2-induced oxidative damage in human
lens epithelial cells. Mol. Vis. 2011, 17, 3180–3190.

124. Parjikolaei, B.R.; Bruhn, A.; Eybye, K.L.; Larsen, M.M.; Rasmussen, M.B.; Christensen, K.V.; Fretté, X.C.
Valuable Biomolecules from Nine North Atlantic Red Macroalgae: Amino Acids, Fatty Acids, Carotenoids,
Minerals and Metals. Nat. Resour. 2016, 7, 157–183. [CrossRef]

125. Schubert, N.; García-Mendoza, E.; Pacheco-Ruiz, I. Carotenoid composition of marine red algae. J. Phycol.
2006, 42, 1208–1216. [CrossRef]

126. Swanson, B.G. Tannins and Polyphenols. In Encyclopedia of Food Sciences and Nutrition; Caballero, B., Ed.;
Academic Press: Cambridge, MA, USA, 2003; pp. 5729–5733. [CrossRef]

127. Torres, P.; Santos, J.P.; Chow, F.; dos Santos, D.Y.A.C. A comprehensive review of traditional uses, bioactivity
potential, and chemical diversity of the genus Gracilaria (Gracilariales, Rhodophyta). Algal Res. 2019, 37,
288–306. [CrossRef]

128. Liu, M.; Hansen, P.E.; Lin, X. Bromophenols in Marine Algae and Their Bioactivities. Mar. Drugs 2011, 9,
1273–1292. [CrossRef]

129. Whitfield, F.B.; Helidoniotis, F.; Shaw, K.J.; Svoronos, D. Distribution of Bromophenols in Species of Marine
Algae from Eastern Australia. J. Agric. Food Chem. 1999, 47, 2367–2373. [CrossRef]

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

131. Souza, B.W.S.; Cerqueira, M.A.; Martins, J.T.; Quintas, M.A.C.; Ferreira, A.C.S.; Teixeira, J.A.; Vicente, A.A.
Antioxidant Potential of Two Red Seaweeds from the Brazilian Coasts. J. Agric. Food Chem. 2011, 59,
5589–5594. [CrossRef]

http://dx.doi.org/10.1016/S0021-9673(97)00577-3
http://dx.doi.org/10.1007/s10811-009-9427-8
http://dx.doi.org/10.1016/j.seppur.2019.05.064
http://dx.doi.org/10.1016/B978-0-12-802772-1.00009-9
http://dx.doi.org/10.1016/j.biotechadv.2019.01.008
http://dx.doi.org/10.1016/S0006-291X(03)00586-2
http://dx.doi.org/10.1002/jmv.10363
http://dx.doi.org/10.1016/j.bionut.2011.12.001
http://dx.doi.org/10.3390/md14110214
http://dx.doi.org/10.3390/antiox6040096
http://dx.doi.org/10.1002/mnfr.201100500
http://dx.doi.org/10.3109/07853890.2010.543920
http://dx.doi.org/10.3390/md9040625
http://dx.doi.org/10.4236/nr.2016.74016
http://dx.doi.org/10.1111/j.1529-8817.2006.00274.x
http://dx.doi.org/10.1016/B0-12-227055-X/01178-0
http://dx.doi.org/10.1016/j.algal.2018.12.009
http://dx.doi.org/10.3390/md9071273
http://dx.doi.org/10.1021/jf981080h
http://dx.doi.org/10.1016/j.foodchem.2012.10.078
http://dx.doi.org/10.1021/jf200999n


Life 2020, 10, 19 21 of 23

132. Namvar, F.; Mohamed, S.; Fard, S.G.; Behravan, J.; Mustapha, N.M.; Alitheen, N.B.M.; Othman, F.
Polyphenol-rich seaweed (Eucheuma cottonii) extract suppresses breast tumour via hormone modulation and
apoptosis induction. Food Chem. 2012, 130, 376–382. [CrossRef]

133. Cotas, J.; Figueirinha, A.; Pereira, L.; Batista, T. The effect of salinity on Fucus ceranoides (Ochrophyta,
Phaeophyceae) in the Mondego River (Portugal). J. Oceanol. Limnol. 2019, 37, 881–891. [CrossRef]

134. Rhein-Knudsen, N.; Ale, M.T.; Ajalloueian, F.; Yu, L.; Meyer, A.S. Rheological properties of agar and
carrageenan from Ghanaian red seaweeds. Food Hydrocoll. 2017, 63, 50–58. [CrossRef]

135. Cardozo, K.H.M.; Guaratini, T.; Barros, M.P.; Falcão, V.R.; Tonon, A.P.; Lopes, N.P.; Campos, S.; Torres, M.A.;
Souza, A.O.; Colepicolo, P.; et al. Metabolites from algae with economical impact. Comp. Biochem. Physiol.
Part C Toxicol. Pharmacol. 2007, 146, 60–78. [CrossRef]

136. Makkar, F.; Chakraborty, K. Antioxidative sulphated polygalactans from marine macroalgae as angiotensin-I
converting enzyme inhibitors. Nat. Prod. Res. 2018, 32, 2100–2106. [CrossRef]

137. Hemmingson, J.A.; Furneaux, R.H.; Murray-Brown, V.H. Biosynthesis of agar polysaccharides in Gracilaria
chilensis bird, McLachlan et Oliveira. Carbohydr. Res. 1996, 287, 101–115. [CrossRef]

138. Michel, C.; Macfarlane, G.T. Digestive fates of soluble polysaccharides from marine macroalgae: Involvement
of the colonie microflora and physiological consequences for the host. J. Appl. Bacteriol. 1996, 80, 349–369.
[CrossRef]

139. Chen, H.M.; Zheng, L.; Yan, X.J. The preparation and bioactivity research of agaro-oligosaccharides. Food
Technol. Biotechnol. 2005, 43, 29–36.

140. Fernández, L.E.; Valiente, O.G.; Mainardi, V.; Bello, J.L.; Vélez, H.; Rosado, A. Isolation and characterization
of an antitumor active agar-type polysaccharide of Gracilaria dominguensis. Carbohydr. Res. 1989, 190, 77–83.
[CrossRef]

141. Arvizu-Higuera, D.L.; Rodríguez-Montesinos, Y.E.; Murillo-Álvarez, J.I.; Muñoz-Ochoa, M.;
Hernández-Carmona, G. Effect of alkali treatment time and extraction time on agar from Gracilaria
vermiculophylla. J. Appl. Phycol. 2008, 20, 515–519. [CrossRef]

142. Mortensen, A.; Aguilar, F.; Crebelli, R.; Di Domenico, A.; Frutos, M.J.; Galtier, P.; Gott, D.; Gundert-Remy, U.;
Lambré, C.; Leblanc, J.; et al. Re-evaluation of agar (E 406) as a food additive. EFSA J. 2016, 14, e04645.
[CrossRef]

143. Imeson, A. Food Stabilisers, Thickeners and Gelling Agents; Imeson, A., Ed.; Wiley-Blackwell: Oxford, UK, 2009.
[CrossRef]

144. Kumar, P.; Ramakritinan, C.M.; Kumaraguru, A.K. Solvent extraction and spectrophotometric determination
of pigments of some algal species from the shore of Puthumadam, southeast coast of India. Int. J. Ocean.
Oceanogr. 2010, 4, 29–34.

145. Imeson, A. Agar. In Food Stabilisers, Thickeners and Gelling Agents; Imeson, A., Ed.; Wiley-Blackwell: Oxford,
UK, 2009; pp. 31–49. [CrossRef]

146. McKim, J.M.; Baas, H.; Rice, G.P.; Willoughby, J.A.; Weiner, M.L.; Blakemore, W. Effects of carrageenan on cell
permeability, cytotoxicity, and cytokine gene expression in human intestinal and hepatic cell lines. Food Chem.
Toxicol. 2016, 96, 1–10. [CrossRef]

147. Pereira, L.; Gheda, S.F.; Ribeiro-Claro, P.J.A. Analysis by Vibrational Spectroscopy of Seaweed Polysaccharides
with Potential Use in Food, Pharmaceutical, and Cosmetic Industries. Int. J. Carbohydr. Chem. 2013, 2013, 1–7.
[CrossRef]

148. Blakemore, W.R.; Harpell, A.R. Carrageenan. In Food Stabilisers, Thickeners and Gelling Agents; Imeson, A.,
Ed.; Wiley-Blackwell: Oxford, UK, 2009; ISBN 9781444314724. [CrossRef]

149. Amimi, A.; Mouradi, A.; Givernaud, T.; Chiadmi, N.; Lahaye, M. Structural analysis of Gigartina pistillata
carrageenans (Gigartinaceae, Rhodophyta). Carbohydr. Res. 2001, 333, 271–279. [CrossRef]

150. Amimi, A.; Mouradi, A.; Bennasser, L.; Givernaud, T. Seasonal variations in thalli and carrageenan
composition of Gigartina pistillata (Gmelin) Stackhouse (Rhodophyta, Gigartinales) harvested along the
Atlantic coast of Morocco. Phycol. Res. 2007, 55, 143–149. [CrossRef]

151. Pereira, L.; Amado, A.M.; Critchley, A.T.; van de Velde, F.; Ribeiro-Claro, P.J.A. Identification of
selected seaweed polysaccharides (phycocolloids) by vibrational spectroscopy (FTIR-ATR and FT-Raman).
Food Hydrocoll. 2009, 23, 1903–1909. [CrossRef]

http://dx.doi.org/10.1016/j.foodchem.2011.07.054
http://dx.doi.org/10.1007/s00343-019-8111-3
http://dx.doi.org/10.1016/j.foodhyd.2016.08.023
http://dx.doi.org/10.1016/j.cbpc.2006.05.007
http://dx.doi.org/10.1080/14786419.2017.1363756
http://dx.doi.org/10.1016/0008-6215(96)00057-2
http://dx.doi.org/10.1111/j.1365-2672.1996.tb03230.x
http://dx.doi.org/10.1016/0008-6215(89)84148-5
http://dx.doi.org/10.1007/s10811-007-9258-4
http://dx.doi.org/10.2903/j.efsa.2016.4645
http://dx.doi.org/10.1002/9781444314724
http://dx.doi.org/10.1002/9781444314724.ch3
http://dx.doi.org/10.1016/j.fct.2016.07.006
http://dx.doi.org/10.1155/2013/537202
http://dx.doi.org/10.1002/9781444314724.ch5
http://dx.doi.org/10.1016/S0008-6215(01)00152-5
http://dx.doi.org/10.1111/j.1440-1835.2007.00457.x
http://dx.doi.org/10.1016/j.foodhyd.2008.11.014


Life 2020, 10, 19 22 of 23

152. Younes, M.; Aggett, P.; Aguilar, F.; Crebelli, R.; Filipič, M.; Frutos, M.J.; Galtier, P.; Gott, D.; Gundert-Remy, U.;
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