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Chapter 13 )
The Vibrant Spectra of the Oceans: S
Unravelling the Diversity, Functions,

and Applications of Seaweed Pigments

Marta V. Freitas, Clélia Afonso, Leonel Pereira, and Teresa Mouga

Abstract Seaweeds are photosynthetic organisms that harvest sunlight and convert
it into essential energy through a highly effective biochemical process powered by
light, which in turn is captured and directed to the reactive centers by pigments.
Seaweed pigments are fundamental to the seaweed photosynthetic process and are
also responsible for their current taxonomic classification into three distinct divi-
sions. The Chlorophyta comprises the green seaweeds, which hold high levels of
both chlorophyll a and b, along with lesser amounts of 3-carotene and xanthophylls.
The Ochrophyta integrates the brown seaweeds (class Phaeophyceae), which are
particularly rich in the xanthophyll fucoxanthin, while also showing lower levels of
other xanthophylls, chlorophyll a and ¢, and f-carotene. The Rhodophyta houses
the red seaweeds, which are characterized by holding high levels of phycoerythrin,
as well as lower quantities of phycocyanin, chlorophyll a, f-carotene, and xantho-
phylls. However, regardless of their designation, seaweed species exhibit a signifi-
cant range of colors and hues that go beyond “green,” “brown,” and “red,” rendering
them visually unique, due to the relative composition and abundance of each pig-
ment within their living cells. Nowadays, science has unveiled not only the diversity
of these pigments, but also their biological function. Targeted extraction methods
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and potential end-use applications for these pigments have been researched and
developed, with the resulting product often designed to protect and promote human
health. Today, humankind acknowledges the benefits of natural products obtained
from the oceans, including those obtained from seaweed pigments. This chapter
aims to supply insight on the diversity, functions, and applications of the pigments
found in all the three divisions, thus contributing to a greater understanding of the
benefits these functional molecules can provide to humanity.

Keywords Photosynthesis - Chlorophylls - Carotenoids - Phycobiliproteins

13.1 Introduction

13.1.1 The Role of Pigments in Photosynthesis

Photosynthesis, from the Greek photo (light) and synthesis (putting together)
(Online Etymology Dictionary 2023), is the process where autotrophic organisms,
such as plants, algae, and cyanobacteria, harvest solar energy and convert it into
chemical energy to synthesize carbohydrates, essential for growth and development.
With this process, the photoautotrophs incorporate carbon dioxide and water and
release oxygen to the environment. Therefore, photosynthesis is the vital process
that upkeeps the atmospheric oxygen and balances climatic processes, being thus
considered the patron process of all life on Earth.

Seaweeds, also known as macroalgae, are photosynthetic aquatic organisms,
which, unlike terrestrial plants or seagrass, lack true roots, stems, and leaves, and a
vascular system (Pereira 2021). Being primary producers, they are fundamental in
upkeeping marine trophic chains, in providing shelter and nursery grounds for
marine life (Kasanah et al. 2022). Together with microalgae, macroalgae supply the
greatest part of the photosynthetic ability of Earth, being therefore the dominant
producers of the oxygen that we all depend on to live (Chapman 2013; Pereira
2021). In seaweeds, the metabolites that are tasked with capturing the light energy
and convert it into chemical energy are known as pigments. These pigments are
found in the living cells of photosynthetic organisms and are classified as photosyn-
thetic pigments (e.g., chlorophylls) or accessory pigments (e.g., carotenoids and
phycobiliproteins).

Seaweeds are found in seawater or brackish water, restrict to depths reachable by
sunlight so they can perform photosynthesis, but can colonize a variety of ecologi-
cal niches (Pereira 2021). Sunlight falls directly on seaweeds at specific times of the
day, or it can first interact with sediment, macrophytic components, and the water
itself as depth increases before reaching the seaweed tissues. The light spectral
composition and irradiance that reaches the seaweed is thus highly diverse and ulti-
mately determines its relative pigment composition, to ensure the photosynthetic
process remains effective. Along with a wide range of other secondary metabolites
(phenols, sterols, vitamins, among others), pigments are produced by seaweeds as a
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quick adaptation response to any abiotic changes in the environment (Talarico and
Maranzana 2000). This is a fundamental ability that allows seaweeds to adapt to
niches where abiotic changes accompany the tidal flux, such as tide pools
(Pereira 2021).

Besides being directly involved in the photosynthetic process, pigments are also
particularly effective photoprotective molecules able to shield the seaweed against
ultraviolet radiation, which can reach biologically significant depths in aquatic eco-
systems and can significantly damage the photosynthetic apparatus and hinder pho-
tosynthetic efficiency (Sen and Mallick 2021).

These seaweed pigments hold an amazing chromatic diversity, to which the
organism owns the unique colors it displays. Seaweed pigments have also been set-
tling the whole seaweed taxonomy since, at least, the last century (Pereira 2021).
Green seaweeds, with pigmentation identical to that of vascular plants, are charac-
terized by high amounts of chlorophyll @ and b and small amounts of B-carotene and
xanthophylls (lutein, neoxanthin, violaxanthin, and zeaxanthin) and thus belong to
phylum Chlorophyta. Brown seaweeds owe their color to high concentrations of
fucoxanthin, but also have low concentrations of chlorophyll a and ¢, violaxanthin,
and f-carotene and therefore belong to phylum Ochrophyta, class Phaecophyceae.
Finally, red seaweeds, which include species that are perfectly adapted to the low
light levels, found at high ocean depths, hold high content in phycobilins (in particu-
lar R-phycoerythrin and R-phycocyanin), but low content in chlorophyll a,
p-carotene, and xanthophylls (lutein and zeaxanthin), and thus belong to phylum
Rhodophyta (Pereira and Neto 2015; Bonanno and Orlando-Bonaca 2018;
Pereira 2021).

13.1.2 Diversity and Function of Pigments in Seaweeds
13.1.2.1 Chlorophylls

Chlorophylls, whose name comes from the Greek “khloros” (green) and “phullon”
(leaf), are non-polar green pigments that are key players in the photosynthetic pro-
cess, being specifically involved as light harvesters and in the energy transference
and storage processes, functioning as natural solar cells (Mandal and Dutta 2020;
Kato et al. 2020).

There are several kinds of chlorophyll, namely, chlorophyll a, chlorophyll b,
chlorophyll ¢; and c,, chlorophyll d, and chlorophyll f. All chlorophyll types are
optimized to efficiently target and use the diverse spectral components of solar
energy. Chlorophylls capture light from both ends of the electromagnetic spectrum,
namely the blue and the red region, while scattering wavelengths from the green
region. While all chlorophylls are able to absorb solar energy, not all are able to fol-
low up, by converting it into chemical energy (Mandal and Dutta 2020). In sea-
weeds, there are only three types of chlorophylls: chlorophyll a, chlorophyll b, and
chlorophyll c.
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Chlorophyll a is present in all seaweed groups (Pereira 2021), as well as in all
oxygenic photosynthetic organisms, being specifically found in the photosystem
cores and in the light-harvesting antennas within chloroplasts (Kato et al. 2020). In
fact, the reaction center of the photosystem I off all oxygenic photosynthetic organ-
isms only contain this type of chlorophyll, which has its peak absorption at wave-
lengths 430 and 664 nm (Larkum et al. 2021). Regarding its chemical structure,
chlorophyll a holds a porphyrin ring with a hetero polycyclic structure that sur-
rounds a central Mg?* ion. Around this central ion, nitrogen atoms are coordinately
positioned, and an ester linkage attaches the polycyclic structure to a long phytol
tail, being this a feature shared by all chlorophyll species (Mandal and Dutta 2020).

Chlorophylls b and ¢ can only be found in green and brown seaweeds, respec-
tively, with chlorophyll b being also found in plants. Both pigments are found only
in the light-harvesting antennas (Kato et al. 2020). While chlorophyll b has its peak
absorption at wavelengths 460 and 647 nm, chlorophyll ¢ has its peak absorption at
wavelengths 442 and 630 nm (c;), and 444 and 630 nm (c;) (Larkum et al. 2021).
Chlorophyll b shares the same molecular structure or chlorophyll a, but while the
former contains a methyl group (-CH,) in the second ring, chlorophyll b contains an
aldehydic group (-cho) instead (Mandal and Dutta 2020). Chlorophylls d and f are
only found in Cyanobacteria. Chlorophyll derivatives such as purpurin-18 a, pheo-
phytin d, and phytyl-purpurin-18 a have been studied within the scope of chloro-
phyll profile assessment in a number of commercially valuable seaweed species
from all taxonomic groups (Chen et al. 2017a).

13.1.2.2 Carotenoids

In nature, carotenoids are the most widely distributed pigments, being found in a
wide diversity of photosynthetic organisms, namely algae, plants, photosynthetic
bacteria, and several archaea and fungi (Koizumi et al. 2018; Maoka 2020). The
animal kingdom, on the other hand, lacks the capacity to produce these pigments,
likely because of the evolutionary loss of the necessary genes encoding enzymes for
carotenoid biosynthesis (Bohn et al. 2021). Carotenoids show warm colors such as
yellow, orange, red, and purple. Structurally, carotenoids are tetraterpene pigments,
where most consist of eight isoprene units with a 40-carbon skeleton and a general
structure of a polyene chain with nine conjugated double bonds and an end group at
both ends of the polyene chain (Maoka 2020).

Carotenoids form a crucial component of the light-harvesting antenna complex
within the thylakoid membrane of chloroplasts (Koizumi et al. 2018). Carotenoids
are essential compounds involved in photosynthesis and photoprotection. In photo-
synthesis, their primary role is to enhance light absorption in the blue spectrum,
effectively extending the range of light absorption (Bohn et al. 2021), as they har-
vest and transfer light energy to chlorophylls through singlet-singlet transfer. In
photoprotection, carotenoids stand as the first line of defense against oxidative dam-
age, by scavenging free radicals through energy transfer and chemical reaction
(Zhao et al. 2022). Whenever chlorophylls have any excess energy, carotenoid



13 The Vibrant Spectra of the Oceans: Unravelling the Diversity, Functions... 315

photoprotective mechanisms fall in place by absorbing this energy surplus through
triplet-triplet transfer and subsequent release by polyene vibration. Carotenoids also
have the ability to quench free radicals such as singlet oxygens that are produced by
oxygen, light, and the photosynthetic process itself (Schubert et al. 2006; Viera et al.
2018; Maoka 2020; Swapnil et al. 2021).

Carotenoids are divided into two main groups, carotenes and xanthophylls.
Carotenes are unsaturated hydrocarbons (Osério et al. 2020), existing about 50
kinds in nature (Britton et al. 2004), being a-carotene, p-carotene, and lycopene
well-known examples (Poojary et al. 2016). Carotenes, essential photosynthetic
pigments, play a crucial role in primary light absorption (Aldred et al. 2009) as well
as in the photoprotective system of seaweeds (Asada 2006; Takahashi and Murata
2008). Although various carotenes can be detected in seaweeds, depending on the
algal species, the presence of B-carotene stands out as one of the major carotenes
commonly found (Murray and Capelli 2020). Xanthophylls are similar to carotenes
but have, at least, one functional group with oxygen and have a highly diverse struc-
ture. These pigments may be present as protein complexes, fatty acid esters, glyco-
sides, and sulfates and are found in a far greater number in nature, with 800 kinds
described, until 2018 (Britton et al. 2004; Maoka 2009). Popular examples include
lutein, fucoxanthin, astaxanthin, zeaxanthin, and p-cryptoxanthin (Poojary et al.
2016; Pereira et al. 2021). Xanthophylls are essential in photo-inhibition protection,
by reducing and dissipating the energy reaching the photosynthetic reaction centers,
through non-photochemical quenching (Maoka 2020).

Carotenoids are distinctly distributed across algae taxonomical groups, and their
profile can be used for taxonomic classification (Poojary et al. 2016). Green algae
have B-carotene, lutein, violaxanthin, neoxanthin, and zeaxanthin (Quitério et al.
2021), and their synthesis share common pathways with those observed in terres-
trial plant species (Eismann et al. 2020). Brown seaweeds are especially rich in
xanthophylls, with the major compounds being neoxanthins A and B, fucoxanthin,
and violaxanthin, but they also have carotenes, especially a-carotene and p-carotene
(Yuan et al. 2018; Park and Lee 2021; Quitério et al. 2021). Fucoxanthin is the main
pigment responsible to convey brown algae their color and is one of the most abun-
dant carotenoids in nature (about 10% of natural carotenoid production) (Osério
et al. 2020). Red seaweeds usually exhibit a pattern composed of a-carotene and
[-carotene and from one to three xanthophylls: lutein, antheraxanthin, and zeaxan-
thin (Esteban et al. 2009; Quitério et al. 2021), and differences in carotenoid com-
position are found between classes within this phylum (Takaichi et al. 2016).

13.1.2.3 Phycobiliproteins

Phycobiliproteins are soluble protein pigments, brilliant colored and fluorescent,
that are found in the photosynthetic light-harvesting antenna complexes in
Rhodophyta macro- and microalgae, and also in Cyanobacteria, Cryptomonads, and
Glaucophytes (Chini Zittelli et al. 2023). These natural-soluble pigments are pro-
teins, that exhibit fluorescence emission (Qiang et al. 2021). In most red algae,
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distinct types of phycobiliproteins are assembled into supramolecular complexes
anchored to the thylakoid membrane of the algae cell, through peptide links. These
complexes, known as phycobilisomes, are highly efficient in capturing solar energy
and transferring it into photosystems and are also acknowledged for being effective
photo-protectors against high radiances, and opportune nutrient reservoirs when-
ever nitrogen and phosphorus are scarce (Sonani et al. 2016). Phycobilisomes
assume distinct forms, being usually bundled, double-barrel-shaped, semicircular,
or semiellipsoidal (Qiang et al. 2021).

Phycobiliproteins are grouped into four categories according to their absorption
properties, and the distinct color transmitted by the chromophores: phycoerythrin (1
max = 540-570 nm, red-pink), phycocyanin (4 max = 610-625 nm, blue), allophy-
cocyanin (A max = 650-660 nm, blue-green), and phycoerythrocyanin (1
max = 560-600 nm, magenta) (Sonani et al. 2016; Kannaujiya et al. 2017, 2021;
Puzorjov and McCormick 2020). These pigments are further categorized according
to their source, namely, C for cyanobacteria, R for Rhodophyta algae, and B for
algae from the order Bangiales. With the exception of phycoerythrocyanin, which is
exclusive to cyanobacteria (Dagnino-Leone et al. 2022), all abovementioned phyco-
biliproteins can be found in red algae.

Phycobiliproteins have, as main components, protein subunits o and  that form
monomeric of units. These units self-assemble and organize themselves on the thy-
lakoid membrane to form phycobilisomes, which are large protein complexes (Chini
Zittelli et al. 2023). The phycobiliproteins that compose a phycobilisome are vari-
able within and between biological species (Chini Zittelli et al. 2023), and while red
seaweeds have substantial quantities of phycoerythrin, and fair amounts of phyco-
cyanin and allophycocyanin, they do not have phycoerythrocyanin, which is a pig-
ment characteristic of Cyanobacteria (Basheva et al. 2018).

In Rhodophyta, phycobiliproteins comprise up 50% of all water-soluble proteins
(Dumay et al. 2014). These molecules are rearranged in an antenna or rod-like
structure, with a central allophycocyanin core from where the subunits phycoery-
thrin, phycocyanin, and allophycocyanin loop outward in an orderly fashion: phy-
coerythrin (the pigment with the highest energy state) stands placed in the outermost
part of the phycobilisome to capture the light energy and transmit it to an adjacent
phycocyanin which, in turn, transfer this energy to the allophycocyanin (the pig-
ment with the lowest energy state), placed next to the chlorophyll a photosystem
reaction center (Qiang et al. 2021; Chini Zittelli et al. 2023). This unidirectional and
highly effective energy capture and transport system allows red seaweeds to be
remarkably effective in harvesting a wider range of light wavelength and optimizing
the whole photosynthetic process, when compared to other seaweed groups
(Hsieh-Lo et al. 2019). In the present era, it is recognized that the function of phy-
cobiliproteins goes beyond just light absorption. Phycobilisomes also seemingly
play a crucial role as photo-protectors against intense light levels and also serves as
a nutrient source during periods of inadequate nitrogen and phosphorus supply
(Jesus et al. 2016). In seaweeds, phycoerythrin and phycocyanin are found within
the Rhodophyta phyllo (Hsieh-Lo et al. 2019).
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Phycoerythrin, the crimson pigment, derives part of its name from the Greek
word “erythros” meaning “red,” and it holds the greatest variety of chromophores
among phycobiliproteins (Dagnino-Leone et al. 2022). Phycoerythrin serves as a
photosynthetic pigment found in red macroalgae (Rossano et al. 2003), red micro-
algae (Roman et al. 2002), and cryptomonads (Van Der Weij-De Wit et al. 2006). As
stated before for all phycobiliproteins, the classification of phycoerythrin is deter-
mined by its original source, leading to R-Phycoerythrin (phycoerythrin obtained
from Rhodophyta, with a peak absorption wavelength of 545-565 nm),
C-Phycoerythrin (phycoerythrin obtained from Cyanobacteria, with a peak absorp-
tion wavelength of 540-570 nm), and B-Phycoerythrin (phycoerythrin obtained
from Bangiales, a specific family of filamentous red macroalgae, with a peak
absorption wavelength of 546-565 nm) (Fleurence 2003; Kannaujiya et al. 2021).
Additionally, these compounds exhibit slight variations in their absorption charac-
teristics, besides their origin (Mysliwa-Kurdziel and Solymosi 2016). Under condi-
tions of low light but high nutrient load, phycoerythrin stands as the primary soluble
protein produced by the cell of red algae (Glazer 1994).

Phycocyanin, the blue pigment, gets part of its name from the word “cyan” in
English, which has its origins in the Greek word “kyanos.” Phycoerythrin is catego-
rized based on its source; therefore, R-Phycocyanin is found in Rhodophyta,
C-Phycocyanin in Cyanobacteria and Cryptophyta, and B-Phycocyanin in
Bangiophyceae (Dumay and Morangais 2016). Besides being from distinct sources,
these pigments also exhibit slight variations in their absorption characteristics
(Fernandez-Rojas et al. 2014; Mysliwa-Kurdziel and Solymosi 2016).

Allophycocyanin, the blue-green pigment, derives its name from the Greek
words “allos” (other) and “kyanos” (blue). Within phycobilisomes, allophycocyanin
is located at the core, where assembled trimers (af)3 and phycocyanobilin bind to
an a or  phycobilisome subunit (Chen and Jiang 2018).

13.1.3 Prospects and Applications of Seaweed Pigments

Marine biotechnology, or blue biotechnology, pertains to the application of marine
resources and tools for a diversity of applications, namely medical, cosmeceutical,
environmental, and industrial. Blue biotechnology is a field with amazing potential
and promise, as 70% of the planet is covered by ocean, which in turn harbors 90%
of all Earth’s organisms (Thompson et al. 2017), and yet a huge slice of this biodi-
versity remains unexplored. Therefore, there is great potential in unraveling novel
natural marine products from the materials, extracts, and molecules the oceans pro-
vide (Kasanah et al. 2022), with algae, both micro and macro, being no exception to
this. However, regarding the biotechnological application of algae in industry,
research endeavors have been mainly focused on microalgae (Dufossé et al. 2005;
Begum et al. 2016; Morocho-Jacome et al. 2020; Silva et al. 2020; Chini Zittelli
et al. 2023; Sun et al. 2023; Borovkov et al. 2023), although efforts have recently
targeted a number of seaweed species from all the three groups, outlined fur-
ther below.
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Seaweeds hold a variety of bioactive compounds with diverse structures, includ-
ing natural pigments (Osdrio et al. 2020). Due to their natural properties, there is an
increasing demand for these seaweed-derived compounds, as consumers today pre-
fer natural and eco-friendly products and strive for healthier lifestyles. Consequently,
markets have started investing in and shifting toward natural-origin products, to
replace highly processed and synthetic alternatives. In terms of pigments, synthetic
colorants have traditionally been used, due to their accessibility, low cost, high
yield, and stable coloring properties (Mufioz-Miranda and Ifiiguez-Moreno 2023).
However, the development of synthetic colorants involves the inclusion of harmful
substances, like heavy metals or dyes in high concentrations, which not only pose
risks to the environment but also to human health, potentially leading to cancer
occurrences (Nawaz et al. 2020).

On the other hand, natural pigments obtained from seaweeds are known to have
biological activities with substantial relevance on a pharmaceutical and biomedical
context, such as antioxidant and free-radical scavenging activities. These promote
human health (Mufioz-Miranda and Ifiiguez-Moreno 2023) and include antioxidant,
antimicrobial (Gomes et al. 2022), antitumoral, antimutagenic, antidiabetic, anti-
obesity, photoprotective, and neuroprotective activities (Lanfer-Marquez et al.
2005; Stahl and Sies 2012; Chini Zittelli et al. 2023). Due to their notable spectro-
scopic properties, a number of these natural pigments have also been regarded as a
valuable tool in biomedical research, therapeutic science, and clinical diagnosis
(Dashwood 1997; Pagels et al. 2019; Li et al. 2019a).

Moreover, these pigments can be applied as substitute of synthetic dies and colo-
rants, which appeals to the food, cosmetic, and textile industry, among other appli-
cations. Examples include the inclusion of these pigments in food products such as
bakery, dairy, functional foods, and deserts and in cosmetic products aimed to care
and protect the skin against UV radiation and to prevent and treat hair loss (Chini
Zittelli et al. 2023).

Techniques to extract pigments from natural sources are nowadays known to be
fast and efficient, regarding yield, time, and costs (Mufioz-Miranda and Ifiguez-
Moreno 2023). However, these advantages do not seem to be seen yet in protocols
designed to obtain pigments from macroalgal biomass. Terrestrial plants, fungi,
yeasts, bacteria, and microalgae are yet the prime providers of pigments (Dufossé
2016; Mufioz-Miranda and Ifiiguez-Moreno 2023), especially carotenoids and phy-
cocyanins, on an industrial scale (Dufossé 2016). These pigments have been applied
mostly on the cosmetic and human nutrition sectors (World Intellectual Property
Organization (WIPO) 2016), and patents are regularly developed that focus espe-
cially on chlorophylls and carotenoids (World International Property Organization
2021). Specifically, regarding seaweeds, the most valuable cultivated species from
where pigments may be extracted are the green seaweeds Ulva clathrata,
Monostroma nitidum, and Caulerpa sp., the brown seaweeds Saccharina japonica,
Undaria pinnatifida, and Sargassum fusiforme, and the red seaweeds Porphyra sp.,
Eucheuma sp., Kappaphycus alvarezii, and Gracilaria sp. (Mufioz-Miranda and
Ifiguez-Moreno 2023).
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13.1.3.1 Prospects and Applications of Chlorophylls

The ability of chlorophyll to act as a solar power cell, by harvesting light energy and
store it as chemical energy, has inspired scientists to study and harness the process
to obtain chemical fuel from solar energy through chlorophyll centric technologies,
namely for hydrogen production (Mandal and Dutta 2020). The chlorophyll used to
explore this venue was chlorophyll a, although it is not obtained from seaweeds, but
rather from microalgae of the genus Spirulina (Saiki and Amao 2002; Tomonou and
Amao 2002; Himeshima and Amao 2005; Takeuchi and Amao 2005).

The activity of chlorophylls involves not only solar energy, but also electromag-
netic radiation within the visible range (Mandal and Dutta 2020) and fluorescence
properties (Padhi et al. 2021). This means this pigment has unique properties and is
an excellent and versatile biomaterial that must be considered to the benefit of
humankind.

The biological activities and health benefit effects of natural chlorophylls present
in seaweeds have been recently studied. However, studies focusing on the qualita-
tive and quantitative characterization of their chlorophyll profile are yet scarce
(Chen et al. 2017a). Chlorophyll is known for its antioxidant and antibacterial activ-
ities (Lanfer-Marquez et al. 2005; Pérez-Galvez et al. 2020). Additionally, chloro-
phylls have been clinically applied for years in photodynamic therapy of tumors and
their chemo-preventive properties are well acknowledged. Chlorophylls also show
antimutagenic activity in genotoxicity assays and are able to protect against cancer
biomarkers (Dashwood 1997).

Chlorophyll has been tested as a biomarker to screen plant health and physiologi-
cal condition and detect diseases, mostly on crops relevant to agriculture (Chaerle
et al. 2004; Tung et al. 2013; Guo and Tan 2015), but also to measure coral reef
health (Febbo et al. 2012) and survey macroalgal blooms (Lin et al. 2011).
Chlorophyll markers were also used to test the effects of environmental stress upon
plants (Peguero-Pina et al. 2008; Wang et al. 2018; Li et al. 2019b; van der
Westhuizen et al. 2020; Stefanov et al. 2023), to monitor nutrient levels in crops
(Schichtl et al. 2005; Long et al. 2013; Liu et al. 2022; Chen et al. 2023) and herbi-
cide levels both in soil (Huang et al. 2012) and water samples (Bi Fai et al. 2007).

Due to their significant fluorescent ability, chlorophylls have been considered in
the development of optical and electrochemical biosensors. Devised applications
include chlorophyll-based biosensors to assess microalgal cell viability in ballast
water (Wang et al. 2013; Li et al. 2022), to detect harmful agents (Merz et al. 1996;
Frense et al. 1998; Védrine et al. 2003; Husu et al. 2013), to measure dissolved oxy-
gen in water (Brasil Silva et al. 2017), to detect biological warfare agents in gases
(Sanders et al. 2001), and to detect chlorophyll levels in fecal matter from livestock
(Pemberton et al. 2007). Assessing herbicide levels in the environment is a very
popular application for chlorophyll-based optical sensors (Mandal and Dutta 2020).

Additionally, chlorophylls have been clinically applied for years in photody-
namic therapy of tumors, and their chemo-preventive properties are acknowledged.
Chlorophylls also show antimutagenic activity in genotoxicity assays and show
promise as anticancer agents (Dashwood 1997).
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Chlorophylls are additionally being considered as a pigment in the textile, cos-
metic, and animal feed industries (Solymosi and Mysliwa-Kurdziel 2016;
Janarthanan and Senthil Kumar 2017; Jesumani et al. 2019; Morais et al. 2021). A
synthetic formulation of chlorophyll, registered as the food additive E140, is exten-
sively used in the food industry to color foods and beverages.

Typically, chlorophyll has predominantly been sourced from microalgae and
occasionally from higher plants, in the various applications explored thus far.
However, despite not extracting chlorophyll from macroalgae, the abovementioned
examples are still referenced to illustrate the diverse array of potential applications
for chlorophylls. In seaweeds, chlorophylls and chlorophyll derivatives have been
extracted essentially for research purposes, namely from the green seaweeds
Boodleopsis verticillata, Cladophora graminea (Urrea-Victoria et al. 2023),
Halimeda macroloba (Nazarudin et al. 2020), Rhizoclonium riparium (Urrea-
Victoria et al. 2023), Ulva spp. (formerly Enteromorpha spp.) (Chen et al. 2017a),
and Ulva spp. (Lin et al. 2011; Zhu et al. 2017; Chen et al. 2017a; Nazarudin et al.
2020), the brown seaweeds Cladosiphon okamuranus (Fujii et al. 2012), Sargassum
ilicifolium (Nazarudin et al. 2020), Laminaria ochroleuca, and Undaria pinnatifida
(Chen et al. 2017a), and the red seaweeds Bostrychia spp., Catenella impudica
(Urrea-Victoria et al. 2023), Chondrus crispus (Robertson et al. 2015), Gracilaria
salicornia (Lumbessy et al. 2021), Gracilaria tenuistipitata (Torres et al. 2014),
Grateloupia elliptica (Lee et al. 2021a), Kappaphycus alvarezii (Brotosudarmo
etal. 2018), Palmaria palmata (Robertson et al. 2015), and Porphyra spp. (Robertson
et al. 2015; Chen et al. 2017a), to cite a few examples. Chlorophyll a from red sea-
weeds, identified chemically as CAS 479-61-8, has received the endorsement of the
European Food Safety Authority (EFSA) for inclusion in food processing.
Concurrently, it remains under ongoing scrutiny as a potential pigment for various
sectors including textiles, animal feed, and cosmetics (Ferreira et al. 2021; Mufioz-
Miranda and Ifiiguez-Moreno 2023).

There are two primary methods commonly used to extract chlorophylls from
seaweeds. The first method involves the use of organic solvents, such as alcoholic
or acetone-based solutions, while the second method utilizes cell disruption tech-
niques, such as mechanical or ultrasonication methods. There is, as well, a growing
interest in adopting innovative and environmentally friendly approaches to extract
chlorophyll from seaweeds. Some of these promising “green” techniques include
microwave-assisted extraction and green solvent extraction methods (Samarasinghe
et al. 2012; Zhu et al. 2017; Chen and Roca 2019; Martins et al. 2023).

13.1.3.2 Prospects and Applications of Carotenoids

Carotenoids have been the focus of investigation since the early nineteenth century
(Takaichi 2011). Today, we know these pigments are crucial for our body, but must
be acquired from dietary sources as, since as mentioned, the animal kingdom cannot
synthetize them (Gammone et al. 2015). Fruits, vegetables, and their processed vari-
ants are the most popular sources to obtain this compound (Darvin et al. 2011;
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Gammone et al. 2015). Carotenoids also enrich the nutritional content of various
other natural food sources, such as eggs, fish, algae, fungi, and yeasts (Meléndez-
Martinez et al. 2020; Rapoport et al. 2021). In the human diet, approximately 50
different carotenoids can be identified (Gammone et al. 2015).

Carotenoids have undergone extensive research and are recognized for their sig-
nificant biological activities, particularly their potent antioxidant properties in scav-
enging free radicals as their main acting mechanism (Krinsky and Johnson 2005;
Pangestuti and Kim 201 1a). Consequently, carotenoids have been extensively used
as nutraceuticals and cosmeceuticals. Carotenoids hold significant recognition in
the cosmetic industry, contributing to improved skin health by bolstering dermal
defense against UV radiation (Swapnil et al. 2021), and recent research suggests
that carotenoids also influence skin moisture, texture, and elasticity as well (Zerres
and Stahl 2020). As antioxidant agents, they work synergistically with other reduc-
ing agents like polyphenols and vitamins (C and E) (Chan et al. 2015). Carotenoids
also play a crucial role in enhancing immune defenses and reducing the risk of
chronic diseases and age-related ailments, including inflammatory diseases, cardio-
vascular disorders, bone/skin/eye conditions, diabetes, and cancer (Fiedor and
Burda 2014; Gammone et al. 2015; Kulczynski et al. 2017; Eggersdorfer and Wyss
2018; Viera et al. 2018; Ojulari et al. 2020; Dias et al. 2021; Swapnil et al. 2021;
Pereira et al. 2021). Moreover, they promote mental and metabolic well-being dur-
ing pregnancy and early life (Dias et al. 2021). However, the most noteworthy bio-
logical role carotenoids have is their innate role as a provitamin A, rendering them
effective in preventing vitamin A deficiencies (Maeda et al. 2018; Meléndez-
Martinez et al. 2020; Quitério et al. 2021). Additionally, carotenoids serve as sources
of color, odor, and taste in various contexts (Yabuzaki 2017).

Also, carotenoids have been used as feed supplements in aquaculture (Vilchez
et al. 2011; Lim et al. 2018; Nakano and Wiegertjes 2020; Elbahnaswy and
Elshopakey 2023), and vastly considered as a natural alternative pigment as food
colorant (Poojary et al. 2016). However, the current major commercial carotenoids
are chemically synthetized (Rodriguez-Amaya 2015), instead of being obtained
from natural sources, which have raised concerns regarding public health, safety,
and environment burden, among consumers. Consequently, current market trend is
to grow toward the commercialization of natural carotenoid-based products (Poojary
et al. 2016).

Terrestrial plants are one of the primary sources of natural-based carotenoids;
however, the possibility of obtained carotenoids from algae instead has garnered
attention from industry due to the advantages they offer regarding cost, scale, time,
and yield (Poojary et al. 2016). Extensive research has already been published,
which focus either on macroalgae carotenoids in general (Schubert et al. 2006), or
focus in specific taxa or species, such as the green seaweeds Caulerpa prolifera
(Hegazi et al. 1998), Caulerpa lentillifera (Balasubramaniam et al. 2020), the brown
seaweeds Padina australis (Brotosudarmo et al. 2018), Padina pavonica (Hegazi
et al. 1998), Saccharina latissima (Gevaert et al. 2002), and Sargassum polycystum
(Balasubramaniam et al. 2020), and the red seaweeds Euchema denticulatum
(Balasubramaniam et al. 2020), Gracilaria tenuistipitata (Torres et al. 2014), Jania
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rubens (Hegazi et al. 1998), Kappaphycus alvarezii (Brotosudarmo et al. 2018), and
Neopyropia yezoensis (Koizumi et al. 2018; Xie et al. 2020). It has also been sug-
gested to cultivate Ulva sp., a green macroalga with a wide array of commercial
purposes, to obtain raw material for carotenoid enrichment and production, to stra-
tegically improve its nutritional value (Eismann et al. 2020).

Various methods have been employed for carotenoid extraction, with liquid-
liquid extraction being the most common approach, followed recently by alternative
extraction procedures such as ultrasound-assisted extraction, microwave-assisted
extraction, enzymatically assisted extraction, pressurized liquid extraction, extrac-
tion methods based on electrotechnology and supercritical/subcritical fluid extrac-
tion (Singh et al. 2015; Poojary et al. 2016; Xu et al. 2017; Saini and Keum 2018).
By having a high degree of hydrophobicity, carotenoids are effectively extracted
with non-polar solvents such as n-hexane, diethyl ether, dimethyl ether, dichloro-
methane, or mixtures of organic solvents such as acetone and octane, or green/food-
grade solvents such as ethanol, limonene, and solutions of water and organic
solvents (Poojary et al. 2016). The analysis of carotenoids in seaweeds is conducted
using high-performance liquid chromatography (HPLC), in which identification is
achieved by comparing their retention times and absorption spectra with authentic
standards (Hegazi et al. 1998; Koizumi et al. 2018). Carotenoids that are extensively
researched and are worth mentioning further below are the well-known B-carotene
for its ubiquitous presence in seaweeds, and the xanthophylls fucoxanthin, for its
high presence in brown seaweeds, and astaxanthin, for its reportedly strong activity,
particularly when sourced from algae. Lutein and zeaxanthin will also be briefly
mentioned.

B-Carotene is possibly the most well-known carotene, holding several well-
documented benefits for human health, such as antioxidant, anti-inflammatory, anti-
cancer, and antiaging (Mayne 1996; Sies and Stahl 2004; Stahl and Sies 2012;
Carpena et al. 2021). This carotene has, therefore, an outstanding potential and
applicability in the food, cosmetic, and pharmaceutical industries (Phan et al. 2018;
Carpena et al. 2021). In seaweeds, research has shown that it is possible to manipu-
late p-carotene yields in the red seaweed Neopyropia yezoensis (Xie et al. 2020).
However, to date, the most efficient source to obtain f-carotene is the green micro-
algae Dunaliella salina (Barbosa et al. 2023), provided its production is properly
induced by manipulation of culture conditions (Lamers et al. 2008). Nevertheless,
the majority of its industrial production results from chemical synthesis (Ye
et al. 2008).

Fucoxanthin, a brown pigment, is one of the most abundant marine carotenoids,
is effortlessly found in brown seaweeds (Pereira et al. 2021) and has a wide range of
benefits for human health. Fucoxanthin is renowned for its ability to modulate pro-
cesses in the central nervous system. Additionally, it exhibits antioxidant, antibacte-
rial (Karpifiski and Adamczak 2019; Liu et al. 2019), antiphotoaging (Noviendri
et al. 2022), antiallergic, anticancer (P4ddua et al. 2015; Méresse et al. 2020; Ming
et al. 2021), anti-inflammatory (Yang et al. 2013), antidiabetic (Park et al. 2011),
antiobese (Ojulari et al. 2020), antiangiogenic (Pereira 2016), and antiobesity activ-
ities, while also showing potential for treating neurodegenerative diseases (Schepers
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et al. 2020; Yang et al. 2021), which makes this pigment particularly sought out by
the pharmaceutical, cosmetic, and food industries (Peng et al. 2011; Aziz et al.
2020; Ojulari et al. 2020). The main algal provider of fucoxanthin is the brown sea-
weed Undaria pinnatifida, that which produce this pigment in high quantities (Liu
et al. 2019; Garcia-Perez et al. 2022; Lourenco-Lopes et al. 2023), but other brown
species have also been looked at, such as Fucus spp. (Garcia-Perez et al. 2022;
Resende et al. 2023), Laminaria spp. (Ming et al. 2021; Garcia-Perez et al. 2022),
Ascophyllum nodosum, Bifurcaria bifurcata, Himanthalia elongata, Pelvetia cana-
liculata (Garcia-Perez et al. 2022), Sargassum spp. (Yang et al. 2013; Nomura et al.
2013; Conde et al. 2015; Garcia-Perez et al. 2022), and Sphaerotrichia divaricata
(Maeda et al. 2018). Additionally, brown algae from the genus Alaria, Ascophyllum,
Carpophyllum, Cladosiphon, Cystophora, Cystoseira, Dictyota, Ecklonia,
Ectocarpus, Eisenia, Himanthalia, Ishige, Kjellmaniella, Myagropsis, Padina,
Pelvetia, Petalonia, Saccharina, Sargassum, Scytosiphon, Sporochnus, and
Turbinaria have been targeted as well (Muradian et al. 2015), and their commercial
exploration could be an hypothesis to put forward, provided such can be done sus-
tainably by, for example, cultivating the required biomass if possible.

Astaxanthin, a red pigment, is worth mention as it has an antioxidant activity 10
times stronger than a number of other carotenoids such as p-carotene, lutein, and
zeaxanthin (O’Connor and O’Brien 1998). This pigment is known for being able to
suppress free radical production and inhibit the cellular toxicity induced by reactive
oxygen species, which thus labels it as being a super vitamin E (Miki 1991).
Astaxanthin has also great potential as a novel geroneuroprotector (compound that
slow the rate of biological aging) due to its chemical-physical properties (Schubert
et al. 2018; Sorrenti et al. 2020). Additionally, it shares many of the health benefits
previously mentioned for other carotenoid classes, namely as a promoter of cardio-
vascular health, immune response, cancer prevention, and skin health (Davinelli
et al. 2018; Fakhri et al. 2018) This renders this pigment particularly interesting, as
astaxanthin, when extracted from algae, reportedly has the strongest biological
activity when compared to that obtained from other biological sources (Ye et al.
2019). Such has been the key factor triggering the global demand for this pigment
on an aquaculture context, as astaxanthin targets a wide range of aquatic animal
health conditions, improves their survival, growth, fitness, and reproductivity, and
dramatically improves their coloration, thus boosting their market value (Lim et al.
2018; Elbahnaswy and Elshopakey 2023). In seaweeds, research has shown that the
content of astaxanthin changes according to season in the red seaweed Catenella
caespitosa (Banerjee et al. 2009). Brown seaweeds, such as Undaria pinnatifida,
Saccharina japonica (formerly Laminaria japonica), and Sargassum fusiforme
(formerly Hizikia fusiformis), are rich in astaxanthin and fucoxanthin; these sea-
weeds feature in the traditional Okinawan diet, known for its healthy aging proper-
ties (Willcox et al. 2014). However, the main source of astaxanthin among algae,
besides the commercially produced chemical counterpart, has been the green micro-
algae Haematococcus lacustris (formerly Haematococcus pluvialis) and
Chromochloris zofingiensis (formerly Chlorella zofingiensis) (Han et al. 2013).
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Lutein and zeaxanthin are carotenoids whose biotechnological potential has been
studied. Being stored in the eye macula (Murillo et al. 2019; Gomes et al. 2022),
both carotenoids have proven their usefulness as antitumoral compounds (Firdous
et al. 2015), as photoprotective agents (Gonzdlez et al. 2003), and as eye health
promoters (Stahl and Sies 2005; Ma and Lin 2010; Murillo et al. 2019; Saha et al.
2020; Becerra et al. 2020), and therefore are explored in food, cosmetics, and phar-
maceutical industries (Shi et al. 2002; Fernandez-Sevilla et al. 2010; Saha et al.
2020; Becerra et al. 2020). Either one of these carotenoids has been studied from
macroalgae such as the red seaweeds Corallina officinalis (Sajilata et al. 2008; Koo
et al. 2012), Gracilaria corticata, Grateloupia filicina (Bhat et al. 2021), and
Neophyropia yezoensis (Xie et al. 2020). However, and again similarly to other
carotenoids, the production of these pigments, namely zeaxanthin, using microalgae
instead remains an attractive venue (Becerra et al. 2020; Bourdon et al. 2021).

13.1.3.3 Prospects and Applications of Phycobiliproteins

Phycobiliproteins exhibit remarkable spectroscopic properties, including high
absorption coefficient, excitation and emission spectra, quantum yield, low interfer-
ence, quenching stability, and water solubility (Niu et al. 2013; Kannaujiya et al.
2017, 2021). These exceptional properties have led to their widespread application
and documentation in various fields, such as biomedical research, clinical diagnos-
tics, therapeutic science, and the cosmeceutical and pharmaceutical industries
(Pagels et al. 2019; Li et al. 2019a; Dagnino-Leone et al. 2020; Chini Zittelli et al.
2023). Notably, these pigments have found extensive use as photosynthesizers in
cancer therapy (Bei et al. 2002) and fluorescent sensors in flow cytometry and
immunofluorescence microscopy (Leney et al. 2018).

The primary reason for the significant commercial interest in phycobiliproteins
lies in the health benefits they offer, acting as antioxidants and free-radical scaven-
gers (Yabuta et al. 2010; Pangestuti and Kim 2011b; Nagaraj et al. 2012; Hemlata
et al. 2018), with therapeutic and nutraceutical effects (Ferndndez-Rojas et al. 2014;
Manirafasha et al. 2020; Dagnino-Leone et al. 2022). Moreover, they have demon-
strated effectiveness in neuroprotection, antibacterial (Hemlata et al. 2018), antivi-
ral (Shih et al. 2003), anti-inflammatory (Lee et al. 2017), antiallergic (Lee et al.
2021c), antitumoral (Pattarayan et al. 2017; Hao et al. 2018; Hemlata et al. 2018),
antiaging (Lee et al. 2021c) and have shown promise as agents for combating
Alzheimer’s disease. Additionally, they have been found to provide hepatoprotec-
tive and immunomodulatory benefits (Nagaraj et al. 2012; Cian et al. 2012) and are
considered as potential hypocholesterolemia agents (Sonani et al. 2016; Kannaujiya
et al. 2021).

Phycobiliproteins are considered the primary food colorants and preservatives
obtained from algae and highly regarded as an excellent green alternative to their
chemical counterparts (Chen et al. 2017b; Nowruzi et al. 2022; Dagnino-Leone
et al. 2022). Phycoerythrin has extensive applications as a natural dye in the food
and cosmetic sectors (Mysliwa-Kurdziel and Solymosi 2016; Kannaujiya et al.
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2021; Ma et al. 2022; Chen et al. 2022). For example, phycoerythrin extracted from
the microalgae Porphyridium sp. has garnered significant attention and research due
to its ability to emit a vibrant yellow fluorescence. This unique characteristic has led
to its thorough exploration and experimentation in the creation of food products
with singular visual effects. These include visually captivating cake decorations,
soft drinks, and alcoholic beverages that exhibit fluorescence under ultraviolet light
or when subjected to specific pH levels (Dufossé et al. 2005).

The potential application and market value of phycobiliproteins is determined by
their purity level, specifically the ratio of A,.x PBP/Ay, and consequently, the
potential application from all the possibilities listed above. When this ratio is greater
than or equal to 0.7, it is considered food grade, for ratios between 0.7 and 3.9, it is
categorized as reagent grade, and lastly a ratio of Amax PBP/A280 equal to or
greater than 4.0 indicates analytical grade. Both reagent and analytical grade phyco-
biliproteins are priced higher than food-grade phycobiliproteins (Hsieh-Lo et al.
2019; Qiang et al. 2021).

Within macroalgae, phycoerythrin has been studied not only from the highly
acknowledged red seaweeds Gelidium sp. (Mittal and Raghavarao 2018; Mittal
et al. 2019), Gracilaria spp. (Nguyen et al. 2020; Pereira et al. 2020; Zhao et al.
2020), Grateloupia turuturu (Munier et al. 2014, 2015; Le Guillard et al. 2015),
Palmaria palmata (Dumay et al. 2013; Lee et al. 2017), and Porphyral/Pyropia sp.
(Wang et al. 2020; Sano et al. 2020; Huang et al. 2021), but also from several other
non-commercial or otherwise less-known species (Ismail and Osman 2016; Malairaj
et al. 2016; Sfriso et al. 2018; Saluri et al. 2019; Freitas et al. 2022). However, con-
sidering the amazing diversity of red seaweeds worldwide, and the vibrant red hues
some Rhodophyta hold, this probably leaves out a great number of less known, but
potentially equally promising species. Being phycoerythrin a protein, red seaweeds
with reportedly high protein content may look particularly promising to explore as
well. Examples of such seaweeds include Chondrus crispus, Osmundea pinnatifida,
Pterocladiella capillacea, Pyropia tenera (formerly Neopyropia tenera) and
Pyropia yezoensis, besides the abovementioned Palmaria palmata and Porphyra sp.
(Pereira 2011, 2016, 2023).

The primary interest in phycobiliproteins lies not only in their high protein yield
but also in their easy-to-perform extraction methods. Typically, in macroalgae, phy-
coerythrin is studied and processed using various methods, which include grinding/
maceration (Francavilla et al. 2015; Pereira et al. 2020), often combined with
freeze-thaw techniques (Sfriso et al. 2018; Zhao et al. 2020) or liquid nitrogen
(Francavilla et al. 2013; Saluri et al. 2020). The main solvents that are often chosen
to complement these techniques are phosphate buffer (Ismail and Osman 2016;
Nguyen et al. 2017; Pereira et al. 2020; Sano et al. 2020) and distilled water (Lee
et al. 2017; Zhao et al. 2020). Less commonly applied extraction methods include
ultrasounds (Le Guillard et al. 2015; Mittal et al. 2017) and enzymatic hydrolysis
(Fleurence 2003). Separation and purification of the extracted phycoerythrin are
usually performed through chromatography techniques (Niu et al. 2010; Gu et al.
2018; Saluri et al. 2020; Zhao et al. 2020) or gel electrophoresis (MacColl et al.
1996; Galland-Irmouli et al. 2000; Malairaj et al. 2016).
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Phycocyanin is the phycobiliprotein that holds the largest market and shares the
same properties and applications of phycoerythrin. This brilliant blue colored pig-
ment presents remarkable fluorescent abilities, and it can be processed into fluores-
cent reagents, probes, and tracers. These are then applied in the context of biomedical
research and biological engineering, namely in medical diagnosis and immunology
trials (Liu et al. 2016). Phycocyanin also stands out as the most used natural blue
pigment in the food industry, being employed to color various products, such as
desserts, with a hardly comparable color, since interestingly, there are limited alter-
natives approved as natural blue food colorants (Brauch 2016). One key advantage
and distinctive feature of phycocyanin, apart from its role as a food colorant, is its
potential to promote health, being therefore labeled as a pharmaceutically active
phyco-pigment (Vinothkanna and Sekar 2020). Phycobiliprotein has an attested
nutritional value (Farag et al. 2016), nutraceutical, therapeutical (Piniella-
Matamoros et al. 2021) (113), and bioactive potential (Liu et al. 2016), especially as
anticancer agent (Jiang et al. 2017; Braune et al. 2021), and shows, as well, remote-
sensing abilities (Ogashawara 2020).

Phycocyanin is primarily obtained from the Cyanobacteria Arthrospira platen-
sis, which is by far the main source for this pigment, probably in part due to being
a highly researched and known organism (Sahin 2018; Wollina et al. 2018; Markova
et al. 2020; Araujo et al. 2021; Ragusa et al. 2021), but also due to its cosmopolitan
distribution on water and earth (Kannaujiya et al. 2021), thus being easy to obtain.
However, the microalgae Cyanidium caldarium (Eisele et al. 2000) and Galdieria
sulphuraria (Chini Zittelli et al. 2023) have also been recently considered for the
same purpose. There is an outstanding number of published research and reviews
regarding this pigment in the literature (de Morais et al. 2018; Prado et al. 2018;
Pagels et al. 2019; Morocho-Jacome et al. 2020; Braune et al. 2021; Cottas et al.
2021; Jaeschke et al. 2021; Patel et al. 2022).

In macroalgae, the Bangiophyceae species such as Pyropia haitanensis (as
Neoporphyra haitanensis) (Liu et al. 2015) and Bangia atropurpurea (Chang et al.
2011) have provided B-phycocyanin that demonstrates promising capabilities as an
antiallergic agent. Additionally, B-phycocyanin isolated from Porphyra sp. exhibits
potential as an antioxidant agent (Huang et al. 2021). As part of an effort to enhance
our understanding of R-phycocyanin’s structure and function in red macroalgae,
R-phycocyanin from Polysiphonia stricta was isolated, purified, and thoroughly
studied (Wang et al. 2014). A mix of several well-known and less-known red sea-
weed species was also recently evaluated for phycocyanin content (Freitas et al. 2022).

Extraction and purification methods that target phycocyanin are common to
those applied to phycoerythrin. However, they are seldom applied or optimized as
seaweeds are outpaced by Cyanobacteria, which remains the predominant source of
phycocyanin for the industry. Consequently, dedicated studies focused on phyco-
cyanin derived from macroalgae may face challenges in gaining recognition, trac-
tion, or support in the coming times. There are few studies use apply phosphate
buffer (Liider et al. 2001; Wang et al. 2014; Ismail and Osman 2016) to extract
phycocyanin from red macroalgae, that can be purified by chromatography (Kuddus
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et al. 2013; Wang et al. 2014; Huang et al. 2021) and electrophoresis (Huang
et al. 2021).

Compared to either phycoerythrin or phycocyanin, allophycocyanin is not exten-
sively studied, regardless of the organism. However, its distinctive blue-green color
is almost unparalleled by any other natural pigment (Mysliwa-Kurdziel and
Solymosi 2016), which would likely enhance its value as a truly unique compound.
Again, cyanobacteria are the prime source of this pigment in academic settings
(Chen et al. 2016; Soulier and Bryant 2021), and focus is given to understand struc-
tural mechanisms (Dagnino-Leone et al. 2017) and synthesis (Dagnino-Leone et al.
2020; Guo et al. 2020). In seaweeds, allophycocyanin been successfully extracted
from various Rhodophyta species using phosphate buffer (Liider et al. 2001; Ismail
and Osman 2016). Efforts have also been made to produce high-quality recombi-
nant allophycocyanin in Escherichia coli from Gracilaria chilensis, intended for
biotechnological and biomedical applications (Dagnino-Leone et al. 2020).

Examples of phycobiliprotein commercialization can be found at a commercial
level. Some companies profit from phycobiliprotein-derived natural dyes, with
microalgae being prominently featured as the source for their products. Several
companies promote their microalgae-based natural dyes for use in cosmetic prod-
ucts. Notably, phycocyanin from Arthrospira sp. and phycoerythrin from
Porphyridium sp. are used in this context. Moreover, R-Phycoerythrin is distributed
as a laboratory consumable, sourced from Pyropia tenera (as Neopyropia tenera) or
Neogastroclonium subarticulatum, specifically for biotechnological and biomedical
research purposes. Research on these pigments, obtained from macroalgae, is still
scarce. Recent studies focused on the optimization of culture conditions to manipu-
late phycobiliprotein content and production of Colaconema sp. (Lee et al. 2021b),
Halymenia floresii (Godinez-Ortega et al. 2008), Halymenia durvillei (Rula et al.
2021), Gracilaria caudata, and Laurencia catarinensis (Souza et al. 2019). Such
endeavors have, however, progressed little beyond the academic context, which may
be partly due to the challenges inherent in extraction procedures, discussed below.

13.1.3.4 Current Challenges and Perspectives

One of the primary challenges in exploring pigments derived from seaweed sources
lies in the differing cultural perspectives on seaweeds themselves. Throughout his-
tory, seaweeds have held a significant place in the cultures and traditions of Eastern
countries, serving various purposes beyond human consumption and health, as
extensively documented in the literature (Pereira 2011, 2016, 2018, 2023; Abreu
et al. 2015; Carvalho and Pereira 2015; Wells et al. 2017; Leandro et al. 2020;
Pereira and Valado 2021; Morais et al. 2021; Kalasariya et al. 2022). On the other
hand, the Western part of the world still tends to embrace a lifestyle that emphasizes
the abundance and diversity of available food options (Pereira 2023). However, this
diversity often includes highly unhealthy choices, such as the widely prevalent “fast
food,” which has become a response to the fast-paced lifestyle in the West. These
processed foods are high in calories and unhealthy fats, artificially flavored with
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synthetic additives, while lacking nutritional value and appeal. Consequently, in a
considerable portion of the Western world, food is primarily viewed and consumed
as a necessity for survival, with a number of exceptions such as countries following
a Mediterranean diet, for example. In the East, on the other hand, food consumption
and preparation are integral to the traditions of many cultures, and the act of eating
is often considered a revered and ceremonious activity.

It is no surprise that seaweeds have gained widespread recognition in Eastern
cultures, while the Western world still holds reservations about them. In many sho-
reside Western countries, scaweeds were once consumed as a last resort in times of
strife, such as warfare and poverty, so they may now be held as a gloomy reminder
of such difficult times back then. Only a few Western countries incorporate sea-
weeds into their cultural practices (Pérez-Lloréns et al. 2020), and in most places,
they are considered a relatively new and unexplored addition to a healthy diet.
Nonetheless, extensive research has already been conducted, particularly in aca-
demic settings, but the full transition to integrating seaweeds into the mainstream
industry and making them commonly available in grocery stores is yet to be
accomplished.

Seaweeds, as a food source, have not yet captured the interest of the typical
Western society, which often prefers to stick with familiar options rather than
explore new alternatives, coupled with an inherent lack of skill, dare, or imagina-
tion, in incorporating seaweeds to their daily diet. The lack of interest leads to mini-
mal demand, making industries hesitant to invest in seaweed products when it seems
people do care little about them yet. However, recently, both Eastern and Western
societies have started to reflect on their lifestyle and the potential consequences for
their health and the well-being of future generations. People have become more
conscious of the quality of their food, clothing, and other mundane choices and are
now making smarter decisions that consider not only personal health but also the
environment. There is a growing demand for higher-quality products in the market,
and individuals are actively seeking alternatives for both food and materials, reflect-
ing a shift toward a more mindful and sustainable way of living.

Seaweeds exemplify this kind of resource. In contemporary times, although
encountering skepticism, particularly from individuals entrenched in traditional
customs, seaweeds are conveniently accessible, at the very least, in large retail out-
lets and commercial spaces. Naturally, there exists a potential downside to this situ-
ation, centered around the apprehension of endangering the excessive use of native
seaweed populations. However, this issue can be mitigated by implementing effec-
tive resource management strategies and practicing sustainable cultivation of the
desired species. Besides all their benefits, numerous seaweed species have the added
advantage that can be sustainably cultivated, allowing the preservation of natural
populations, either in controlled, indoor settings or in outdoor, shored settings.
Naturally, challenges remain regarding process sustainability, cost-effectiveness,
and economic viability. The diversity of the natural pigments obtained from sea-
weeds determines their stability against a range of external conditions, such as envi-
ronmental or those applied in technological settings (Cserhati 2006).
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There are challenges also inherent to the recovery of pigments, or any other com-
pound, from a biological matrix as challenging as that of a seaweed. Their extracel-
lular material hinders the full recovery and yield of chlorophylls, whereas microalgae
pose a significantly easier endeavor (Chen et al. 2017a). Then, there are the chal-
lenges pertaining the pigments themselves. Natural pigments are highly unstable,
being particularly sensitive to temperature and light, and the biomass quickly adjusts
its pigment composition to the external conditions. While this may present an
advantage regarding the manipulation of culture conditions to obtain the desired
pigment, a hardly overlooked disadvantage lies in the fact that it is quite challenging
to preserve the quality and stability of the metabolites as soon as they are extracted
from the biomass. Processes have always taken this into consideration, but process
scale-up efforts are challenging.

The isolation of carotenoids can be performed by conventional processing tech-
nologies, such as solvent extraction. However, such methods present several limita-
tions, such as high solvent consumption and time-consuming steps, which also
result in poor efficiency and selectivity of the end product (Poojary et al. 2016).
Certain precautions need to be taken during carotene extraction to minimize degra-
dation and isomerization. Factors such as exposure to light, heat, and oxygen can
considerably reduce the efficiency of extraction. Therefore, it is essential to handle
and process the samples promptly (Rodriguez-Amaya and Kimura 2004; Rosso and
de Rosso and Mercadante 2007). Certain methodologies also have proven to be
quite costly, such as the supercritical fluid extraction methodology, or cause caro-
tene degradation, such as ultrasound-assisted extraction and microwave-assisted
extraction, that involves the use of high temperatures during the process (Poojary
et al. 2016). Alternatives to such sensitive techniques are also highly desired, and to
isolate carotenoids from micro- and macroalgae novel techniques such as micro-
waves, ultrasounds, high-pressure homogenization, pulsed electric fields, liquid
pressurization, supercritical fluids, and subcritical fluids, have been recently consid-
ered (Poojary et al. 2016). Chemical synthesis of carotenoids is currently commer-
cially made for astaxanthin, and possible to be performed for fucoxanthin although
for the latter pigment, such process is quite expensive, and therefore, the standard-
ization of the extraction and purification methods targeting algae-sourced fucoxan-
thin is a fairly appealing endeavor (Pereira et al. 2021).

Phycobiliproteins are applied in the industry in its water-soluble protein form,
and its commercial uses heavily rely on comprehensive knowledge and advanced
technology, which are still relatively limited (Mysliwa-Kurdziel and Solymosi
2016). To begin with, efforts have been made to achieve success in culture settings
in order to obtain not only macroalgae, but also cyanobacteria, as the source mate-
rial to extract pigments, particularly regarding achieving a balance between biomass
growth rates and phycobiliprotein productivity (Dagnino-Leone et al. 2022). Then,
there is also the fact that the majority of innovative applications involving phyco-
biliproteins are currently only disclosed in patents (Sekar and Chandramohan 2008;
Mysliwa-Kurdziel and Solymosi 2016). Currently, the commercialization of phyco-
biliproteins is hindered not only by their chemical instability, which reduces their
shelf life, but also by the high level of purity that is required for pharmaceutical
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applications, which involves several steps. These steps increase both production
time and costs (Chini Zittelli et al. 2023) and may compromise the pigment quality
due to manipulation alone. The low yields often obtained during production also
limit implementation and setting in the food and cosmetic industries. Additionally,
these compounds have limited chemical stability, particularly under heat and light
conditions, making them susceptible to denaturation.

To address these issues, researchers have compared and reviewed strategies to
improve phycobiliprotein yields and chemical stability (Hsieh-Lo et al. 2019),
although said research has been more focused on phycocyanin and phycoerythrin,
and such leaving out allophycocyanin. Most research under this topic also focus on
phycobiliproteins obtained from Spirulina platensis (Nowruzi et al. 2022), leaving
out a wide number of likely promising species, either micro or macroalgae. In the
food sector, recent progress reviews the stability of phycobiliproteins under a wide
range of the acidic, light, and temperature conditions in food storage.
Phycobiliproteins are significantly more stable when coupled with other natural pre-
servatives or encapsulated by using algal materials such as alginates and carrageen-
ans, through nanotechnology (Nowruzi et al. 2022). Although this is still a procedure
seldom applied, research focusing on this methodology has been recently published
(Braga et al. 2016; Seyed Yagoubi et al. 2017; Patel et al. 2020).

Currently, the purification of phycobiliproteins remains expensive, urging the
consideration of more effective and cost-efficient extraction and purification meth-
ods, especially on a larger scale (Pereira et al. 2020). Most laboratory protocols
share common points, such as meticulous biomass preparation and the use of spe-
cialized equipment. However, the subtle variations between extraction protocols
make it challenging to establish a universally efficient procedure capable of sustain-
ably process large quantities of algae at a minimal cost. While researchers achieve
impressive yields in the laboratory, these results are not directly applicable from a
commercial perspective, as there is no industrial-scale viability. To bridge this gap,
research must shift focus to larger-scale settings and incorporate industrial param-
eters to develop a commercial protocol that delivers high yield and purity of the
pigment (Beattie et al. 2018; Carlos et al. 2021). This emphasis on industrial-scale
viability remains relevant and critical in the current context.

13.2 Conclusion

Natural pigments derived from seaweeds exhibit structural diversity and a wide
range of vivid colors, while also serving various functions and applications.
Chlorophylls, carotenoids, and phycobiliproteins are pivotal components of the sea-
weed photosynthesis process. They are finely tuned to capture solar energy within
specific wavelengths of the light spectrum and convert it into chemical energy, facil-
itating the synthesis of essential carbohydrates for the organism. Moreover, many of
these pigments play a crucial photoprotective role, shielding the seaweed from
excessive radiation.
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Seaweed-derived pigments are increasingly preferred over synthetic alternatives,
reflecting the contemporary society’s heightened awareness and concern for health,
lifestyle choices, and the long-term impact on both the environment and personal
well-being. The manifold benefits offered by chlorophylls, carotenoids, and phyco-
biliproteins for human health are well established, encompassing a diverse array of
bioactivities. Within the realm of biotechnology, these pigments are in high demand
across the food, cosmetic, and pharmaceutical industries due to their unique
properties.

Nonetheless, challenges persist in the acquisition of these pigments from mac-
roalgae. The ongoing overexploitation of natural seaweed resources underscores the
urgency in developing species-specific cultivation techniques. The inherent physi-
ological variations across different seaweed taxa necessitate the refinement of
extraction and purification protocols, which are still undergoing optimization to
achieve maximum yields at the species level. This optimization is crucial as these
processes transition to an industrial scale, while maintaining sustainability and eco-
friendliness. These complexities explain why, within the realm of algae, chloro-
phylls, carotenoids, and phycobiliproteins are primarily sourced from microalgae.
These microalgae benefit from well-mastered culture techniques and optimized
extraction methods. On the other hand, similar endeavors with macroalgae are
mostly confined to research purposes. Nonetheless, ongoing research highlights the
remarkable potential of macroalgae as abundant sources of high-quality natural pig-
ments, warranting further thorough exploration.
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Chapter 13 )
The Vibrant Spectra of the Oceans: S
Unravelling the Diversity, Functions,

and Applications of Seaweed Pigments

Marta V. Freitas, Clélia Afonso, Leonel Pereira, and Teresa Mouga

Abstract Seaweeds are photosynthetic organisms that harvest sunlight and convert
it into essential energy through a highly effective biochemical process powered by
light, which in turn is captured and directed to the reactive centers by pigments.
Seaweed pigments are fundamental to the seaweed photosynthetic process and are
also responsible for their current taxonomic classification into three distinct divi-
sions. The Chlorophyta comprises the green seaweeds, which hold high levels of
both chlorophyll a and b, along with lesser amounts of 3-carotene and xanthophylls.
The Ochrophyta integrates the brown seaweeds (class Phaeophyceae), which are
particularly rich in the xanthophyll fucoxanthin, while also showing lower levels of
other xanthophylls, chlorophyll a and ¢, and f-carotene. The Rhodophyta houses
the red seaweeds, which are characterized by holding high levels of phycoerythrin,
as well as lower quantities of phycocyanin, chlorophyll a, f-carotene, and xantho-
phylls. However, regardless of their designation, seaweed species exhibit a signifi-
cant range of colors and hues that go beyond “green,” “brown,” and “red,” rendering
them visually unique, due to the relative composition and abundance of each pig-
ment within their living cells. Nowadays, science has unveiled not only the diversity
of these pigments, but also their biological function. Targeted extraction methods
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and potential end-use applications for these pigments have been researched and
developed, with the resulting product often designed to protect and promote human
health. Today, humankind acknowledges the benefits of natural products obtained
from the oceans, including those obtained from seaweed pigments. This chapter
aims to supply insight on the diversity, functions, and applications of the pigments
found in all the three divisions, thus contributing to a greater understanding of the
benefits these functional molecules can provide to humanity.

Keywords Photosynthesis - Chlorophylls - Carotenoids - Phycobiliproteins

13.1 Introduction

13.1.1 The Role of Pigments in Photosynthesis

Photosynthesis, from the Greek photo (light) and synthesis (putting together)
(Online Etymology Dictionary 2023), is the process where autotrophic organisms,
such as plants, algae, and cyanobacteria, harvest solar energy and convert it into
chemical energy to synthesize carbohydrates, essential for growth and development.
With this process, the photoautotrophs incorporate carbon dioxide and water and
release oxygen to the environment. Therefore, photosynthesis is the vital process
that upkeeps the atmospheric oxygen and balances climatic processes, being thus
considered the patron process of all life on Earth.

Seaweeds, also known as macroalgae, are photosynthetic aquatic organisms,
which, unlike terrestrial plants or seagrass, lack true roots, stems, and leaves, and a
vascular system (Pereira 2021). Being primary producers, they are fundamental in
upkeeping marine trophic chains, in providing shelter and nursery grounds for
marine life (Kasanah et al. 2022). Together with microalgae, macroalgae supply the
greatest part of the photosynthetic ability of Earth, being therefore the dominant
producers of the oxygen that we all depend on to live (Chapman 2013; Pereira
2021). In seaweeds, the metabolites that are tasked with capturing the light energy
and convert it into chemical energy are known as pigments. These pigments are
found in the living cells of photosynthetic organisms and are classified as photosyn-
thetic pigments (e.g., chlorophylls) or accessory pigments (e.g., carotenoids and
phycobiliproteins).

Seaweeds are found in seawater or brackish water, restrict to depths reachable by
sunlight so they can perform photosynthesis, but can colonize a variety of ecologi-
cal niches (Pereira 2021). Sunlight falls directly on seaweeds at specific times of the
day, or it can first interact with sediment, macrophytic components, and the water
itself as depth increases before reaching the seaweed tissues. The light spectral
composition and irradiance that reaches the seaweed is thus highly diverse and ulti-
mately determines its relative pigment composition, to ensure the photosynthetic
process remains effective. Along with a wide range of other secondary metabolites
(phenols, sterols, vitamins, among others), pigments are produced by seaweeds as a
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quick adaptation response to any abiotic changes in the environment (Talarico and
Maranzana 2000). This is a fundamental ability that allows seaweeds to adapt to
niches where abiotic changes accompany the tidal flux, such as tide pools
(Pereira 2021).

Besides being directly involved in the photosynthetic process, pigments are also
particularly effective photoprotective molecules able to shield the seaweed against
ultraviolet radiation, which can reach biologically significant depths in aquatic eco-
systems and can significantly damage the photosynthetic apparatus and hinder pho-
tosynthetic efficiency (Sen and Mallick 2021).

These seaweed pigments hold an amazing chromatic diversity, to which the
organism owns the unique colors it displays. Seaweed pigments have also been set-
tling the whole seaweed taxonomy since, at least, the last century (Pereira 2021).
Green seaweeds, with pigmentation identical to that of vascular plants, are charac-
terized by high amounts of chlorophyll @ and b and small amounts of B-carotene and
xanthophylls (lutein, neoxanthin, violaxanthin, and zeaxanthin) and thus belong to
phylum Chlorophyta. Brown seaweeds owe their color to high concentrations of
fucoxanthin, but also have low concentrations of chlorophyll a and ¢, violaxanthin,
and f-carotene and therefore belong to phylum Ochrophyta, class Phaecophyceae.
Finally, red seaweeds, which include species that are perfectly adapted to the low
light levels, found at high ocean depths, hold high content in phycobilins (in particu-
lar R-phycoerythrin and R-phycocyanin), but low content in chlorophyll a,
p-carotene, and xanthophylls (lutein and zeaxanthin), and thus belong to phylum
Rhodophyta (Pereira and Neto 2015; Bonanno and Orlando-Bonaca 2018;
Pereira 2021).

13.1.2 Diversity and Function of Pigments in Seaweeds
13.1.2.1 Chlorophylls

Chlorophylls, whose name comes from the Greek “khloros” (green) and “phullon”
(leaf), are non-polar green pigments that are key players in the photosynthetic pro-
cess, being specifically involved as light harvesters and in the energy transference
and storage processes, functioning as natural solar cells (Mandal and Dutta 2020;
Kato et al. 2020).

There are several kinds of chlorophyll, namely, chlorophyll a, chlorophyll b,
chlorophyll ¢; and c,, chlorophyll d, and chlorophyll f. All chlorophyll types are
optimized to efficiently target and use the diverse spectral components of solar
energy. Chlorophylls capture light from both ends of the electromagnetic spectrum,
namely the blue and the red region, while scattering wavelengths from the green
region. While all chlorophylls are able to absorb solar energy, not all are able to fol-
low up, by converting it into chemical energy (Mandal and Dutta 2020). In sea-
weeds, there are only three types of chlorophylls: chlorophyll a, chlorophyll b, and
chlorophyll c.
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Chlorophyll a is present in all seaweed groups (Pereira 2021), as well as in all
oxygenic photosynthetic organisms, being specifically found in the photosystem
cores and in the light-harvesting antennas within chloroplasts (Kato et al. 2020). In
fact, the reaction center of the photosystem I off all oxygenic photosynthetic organ-
isms only contain this type of chlorophyll, which has its peak absorption at wave-
lengths 430 and 664 nm (Larkum et al. 2021). Regarding its chemical structure,
chlorophyll a holds a porphyrin ring with a hetero polycyclic structure that sur-
rounds a central Mg?* ion. Around this central ion, nitrogen atoms are coordinately
positioned, and an ester linkage attaches the polycyclic structure to a long phytol
tail, being this a feature shared by all chlorophyll species (Mandal and Dutta 2020).

Chlorophylls b and ¢ can only be found in green and brown seaweeds, respec-
tively, with chlorophyll b being also found in plants. Both pigments are found only
in the light-harvesting antennas (Kato et al. 2020). While chlorophyll b has its peak
absorption at wavelengths 460 and 647 nm, chlorophyll ¢ has its peak absorption at
wavelengths 442 and 630 nm (c;), and 444 and 630 nm (c;) (Larkum et al. 2021).
Chlorophyll b shares the same molecular structure or chlorophyll a, but while the
former contains a methyl group (-CH,) in the second ring, chlorophyll b contains an
aldehydic group (-cho) instead (Mandal and Dutta 2020). Chlorophylls d and f are
only found in Cyanobacteria. Chlorophyll derivatives such as purpurin-18 a, pheo-
phytin d, and phytyl-purpurin-18 a have been studied within the scope of chloro-
phyll profile assessment in a number of commercially valuable seaweed species
from all taxonomic groups (Chen et al. 2017a).

13.1.2.2 Carotenoids

In nature, carotenoids are the most widely distributed pigments, being found in a
wide diversity of photosynthetic organisms, namely algae, plants, photosynthetic
bacteria, and several archaea and fungi (Koizumi et al. 2018; Maoka 2020). The
animal kingdom, on the other hand, lacks the capacity to produce these pigments,
likely because of the evolutionary loss of the necessary genes encoding enzymes for
carotenoid biosynthesis (Bohn et al. 2021). Carotenoids show warm colors such as
yellow, orange, red, and purple. Structurally, carotenoids are tetraterpene pigments,
where most consist of eight isoprene units with a 40-carbon skeleton and a general
structure of a polyene chain with nine conjugated double bonds and an end group at
both ends of the polyene chain (Maoka 2020).

Carotenoids form a crucial component of the light-harvesting antenna complex
within the thylakoid membrane of chloroplasts (Koizumi et al. 2018). Carotenoids
are essential compounds involved in photosynthesis and photoprotection. In photo-
synthesis, their primary role is to enhance light absorption in the blue spectrum,
effectively extending the range of light absorption (Bohn et al. 2021), as they har-
vest and transfer light energy to chlorophylls through singlet-singlet transfer. In
photoprotection, carotenoids stand as the first line of defense against oxidative dam-
age, by scavenging free radicals through energy transfer and chemical reaction
(Zhao et al. 2022). Whenever chlorophylls have any excess energy, carotenoid
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photoprotective mechanisms fall in place by absorbing this energy surplus through
triplet-triplet transfer and subsequent release by polyene vibration. Carotenoids also
have the ability to quench free radicals such as singlet oxygens that are produced by
oxygen, light, and the photosynthetic process itself (Schubert et al. 2006; Viera et al.
2018; Maoka 2020; Swapnil et al. 2021).

Carotenoids are divided into two main groups, carotenes and xanthophylls.
Carotenes are unsaturated hydrocarbons (Osério et al. 2020), existing about 50
kinds in nature (Britton et al. 2004), being a-carotene, p-carotene, and lycopene
well-known examples (Poojary et al. 2016). Carotenes, essential photosynthetic
pigments, play a crucial role in primary light absorption (Aldred et al. 2009) as well
as in the photoprotective system of seaweeds (Asada 2006; Takahashi and Murata
2008). Although various carotenes can be detected in seaweeds, depending on the
algal species, the presence of B-carotene stands out as one of the major carotenes
commonly found (Murray and Capelli 2020). Xanthophylls are similar to carotenes
but have, at least, one functional group with oxygen and have a highly diverse struc-
ture. These pigments may be present as protein complexes, fatty acid esters, glyco-
sides, and sulfates and are found in a far greater number in nature, with 800 kinds
described, until 2018 (Britton et al. 2004; Maoka 2009). Popular examples include
lutein, fucoxanthin, astaxanthin, zeaxanthin, and p-cryptoxanthin (Poojary et al.
2016; Pereira et al. 2021). Xanthophylls are essential in photo-inhibition protection,
by reducing and dissipating the energy reaching the photosynthetic reaction centers,
through non-photochemical quenching (Maoka 2020).

Carotenoids are distinctly distributed across algae taxonomical groups, and their
profile can be used for taxonomic classification (Poojary et al. 2016). Green algae
have B-carotene, lutein, violaxanthin, neoxanthin, and zeaxanthin (Quitério et al.
2021), and their synthesis share common pathways with those observed in terres-
trial plant species (Eismann et al. 2020). Brown seaweeds are especially rich in
xanthophylls, with the major compounds being neoxanthins A and B, fucoxanthin,
and violaxanthin, but they also have carotenes, especially a-carotene and p-carotene
(Yuan et al. 2018; Park and Lee 2021; Quitério et al. 2021). Fucoxanthin is the main
pigment responsible to convey brown algae their color and is one of the most abun-
dant carotenoids in nature (about 10% of natural carotenoid production) (Osério
et al. 2020). Red seaweeds usually exhibit a pattern composed of a-carotene and
[-carotene and from one to three xanthophylls: lutein, antheraxanthin, and zeaxan-
thin (Esteban et al. 2009; Quitério et al. 2021), and differences in carotenoid com-
position are found between classes within this phylum (Takaichi et al. 2016).

13.1.2.3 Phycobiliproteins

Phycobiliproteins are soluble protein pigments, brilliant colored and fluorescent,
that are found in the photosynthetic light-harvesting antenna complexes in
Rhodophyta macro- and microalgae, and also in Cyanobacteria, Cryptomonads, and
Glaucophytes (Chini Zittelli et al. 2023). These natural-soluble pigments are pro-
teins, that exhibit fluorescence emission (Qiang et al. 2021). In most red algae,
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distinct types of phycobiliproteins are assembled into supramolecular complexes
anchored to the thylakoid membrane of the algae cell, through peptide links. These
complexes, known as phycobilisomes, are highly efficient in capturing solar energy
and transferring it into photosystems and are also acknowledged for being effective
photo-protectors against high radiances, and opportune nutrient reservoirs when-
ever nitrogen and phosphorus are scarce (Sonani et al. 2016). Phycobilisomes
assume distinct forms, being usually bundled, double-barrel-shaped, semicircular,
or semiellipsoidal (Qiang et al. 2021).

Phycobiliproteins are grouped into four categories according to their absorption
properties, and the distinct color transmitted by the chromophores: phycoerythrin (1
max = 540-570 nm, red-pink), phycocyanin (4 max = 610-625 nm, blue), allophy-
cocyanin (A max = 650-660 nm, blue-green), and phycoerythrocyanin (1
max = 560-600 nm, magenta) (Sonani et al. 2016; Kannaujiya et al. 2017, 2021;
Puzorjov and McCormick 2020). These pigments are further categorized according
to their source, namely, C for cyanobacteria, R for Rhodophyta algae, and B for
algae from the order Bangiales. With the exception of phycoerythrocyanin, which is
exclusive to cyanobacteria (Dagnino-Leone et al. 2022), all abovementioned phyco-
biliproteins can be found in red algae.

Phycobiliproteins have, as main components, protein subunits o and  that form
monomeric of units. These units self-assemble and organize themselves on the thy-
lakoid membrane to form phycobilisomes, which are large protein complexes (Chini
Zittelli et al. 2023). The phycobiliproteins that compose a phycobilisome are vari-
able within and between biological species (Chini Zittelli et al. 2023), and while red
seaweeds have substantial quantities of phycoerythrin, and fair amounts of phyco-
cyanin and allophycocyanin, they do not have phycoerythrocyanin, which is a pig-
ment characteristic of Cyanobacteria (Basheva et al. 2018).

In Rhodophyta, phycobiliproteins comprise up 50% of all water-soluble proteins
(Dumay et al. 2014). These molecules are rearranged in an antenna or rod-like
structure, with a central allophycocyanin core from where the subunits phycoery-
thrin, phycocyanin, and allophycocyanin loop outward in an orderly fashion: phy-
coerythrin (the pigment with the highest energy state) stands placed in the outermost
part of the phycobilisome to capture the light energy and transmit it to an adjacent
phycocyanin which, in turn, transfer this energy to the allophycocyanin (the pig-
ment with the lowest energy state), placed next to the chlorophyll a photosystem
reaction center (Qiang et al. 2021; Chini Zittelli et al. 2023). This unidirectional and
highly effective energy capture and transport system allows red seaweeds to be
remarkably effective in harvesting a wider range of light wavelength and optimizing
the whole photosynthetic process, when compared to other seaweed groups
(Hsieh-Lo et al. 2019). In the present era, it is recognized that the function of phy-
cobiliproteins goes beyond just light absorption. Phycobilisomes also seemingly
play a crucial role as photo-protectors against intense light levels and also serves as
a nutrient source during periods of inadequate nitrogen and phosphorus supply
(Jesus et al. 2016). In seaweeds, phycoerythrin and phycocyanin are found within
the Rhodophyta phyllo (Hsieh-Lo et al. 2019).
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Phycoerythrin, the crimson pigment, derives part of its name from the Greek
word “erythros” meaning “red,” and it holds the greatest variety of chromophores
among phycobiliproteins (Dagnino-Leone et al. 2022). Phycoerythrin serves as a
photosynthetic pigment found in red macroalgae (Rossano et al. 2003), red micro-
algae (Roman et al. 2002), and cryptomonads (Van Der Weij-De Wit et al. 2006). As
stated before for all phycobiliproteins, the classification of phycoerythrin is deter-
mined by its original source, leading to R-Phycoerythrin (phycoerythrin obtained
from Rhodophyta, with a peak absorption wavelength of 545-565 nm),
C-Phycoerythrin (phycoerythrin obtained from Cyanobacteria, with a peak absorp-
tion wavelength of 540-570 nm), and B-Phycoerythrin (phycoerythrin obtained
from Bangiales, a specific family of filamentous red macroalgae, with a peak
absorption wavelength of 546-565 nm) (Fleurence 2003; Kannaujiya et al. 2021).
Additionally, these compounds exhibit slight variations in their absorption charac-
teristics, besides their origin (Mysliwa-Kurdziel and Solymosi 2016). Under condi-
tions of low light but high nutrient load, phycoerythrin stands as the primary soluble
protein produced by the cell of red algae (Glazer 1994).

Phycocyanin, the blue pigment, gets part of its name from the word “cyan” in
English, which has its origins in the Greek word “kyanos.” Phycoerythrin is catego-
rized based on its source; therefore, R-Phycocyanin is found in Rhodophyta,
C-Phycocyanin in Cyanobacteria and Cryptophyta, and B-Phycocyanin in
Bangiophyceae (Dumay and Morangais 2016). Besides being from distinct sources,
these pigments also exhibit slight variations in their absorption characteristics
(Fernandez-Rojas et al. 2014; Mysliwa-Kurdziel and Solymosi 2016).

Allophycocyanin, the blue-green pigment, derives its name from the Greek
words “allos” (other) and “kyanos” (blue). Within phycobilisomes, allophycocyanin
is located at the core, where assembled trimers (af)3 and phycocyanobilin bind to
an a or  phycobilisome subunit (Chen and Jiang 2018).

13.1.3 Prospects and Applications of Seaweed Pigments

Marine biotechnology, or blue biotechnology, pertains to the application of marine
resources and tools for a diversity of applications, namely medical, cosmeceutical,
environmental, and industrial. Blue biotechnology is a field with amazing potential
and promise, as 70% of the planet is covered by ocean, which in turn harbors 90%
of all Earth’s organisms (Thompson et al. 2017), and yet a huge slice of this biodi-
versity remains unexplored. Therefore, there is great potential in unraveling novel
natural marine products from the materials, extracts, and molecules the oceans pro-
vide (Kasanah et al. 2022), with algae, both micro and macro, being no exception to
this. However, regarding the biotechnological application of algae in industry,
research endeavors have been mainly focused on microalgae (Dufossé et al. 2005;
Begum et al. 2016; Morocho-Jacome et al. 2020; Silva et al. 2020; Chini Zittelli
et al. 2023; Sun et al. 2023; Borovkov et al. 2023), although efforts have recently
targeted a number of seaweed species from all the three groups, outlined fur-
ther below.
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Seaweeds hold a variety of bioactive compounds with diverse structures, includ-
ing natural pigments (Osdrio et al. 2020). Due to their natural properties, there is an
increasing demand for these seaweed-derived compounds, as consumers today pre-
fer natural and eco-friendly products and strive for healthier lifestyles. Consequently,
markets have started investing in and shifting toward natural-origin products, to
replace highly processed and synthetic alternatives. In terms of pigments, synthetic
colorants have traditionally been used, due to their accessibility, low cost, high
yield, and stable coloring properties (Mufioz-Miranda and Ifiiguez-Moreno 2023).
However, the development of synthetic colorants involves the inclusion of harmful
substances, like heavy metals or dyes in high concentrations, which not only pose
risks to the environment but also to human health, potentially leading to cancer
occurrences (Nawaz et al. 2020).

On the other hand, natural pigments obtained from seaweeds are known to have
biological activities with substantial relevance on a pharmaceutical and biomedical
context, such as antioxidant and free-radical scavenging activities. These promote
human health (Mufioz-Miranda and Ifiiguez-Moreno 2023) and include antioxidant,
antimicrobial (Gomes et al. 2022), antitumoral, antimutagenic, antidiabetic, anti-
obesity, photoprotective, and neuroprotective activities (Lanfer-Marquez et al.
2005; Stahl and Sies 2012; Chini Zittelli et al. 2023). Due to their notable spectro-
scopic properties, a number of these natural pigments have also been regarded as a
valuable tool in biomedical research, therapeutic science, and clinical diagnosis
(Dashwood 1997; Pagels et al. 2019; Li et al. 2019a).

Moreover, these pigments can be applied as substitute of synthetic dies and colo-
rants, which appeals to the food, cosmetic, and textile industry, among other appli-
cations. Examples include the inclusion of these pigments in food products such as
bakery, dairy, functional foods, and deserts and in cosmetic products aimed to care
and protect the skin against UV radiation and to prevent and treat hair loss (Chini
Zittelli et al. 2023).

Techniques to extract pigments from natural sources are nowadays known to be
fast and efficient, regarding yield, time, and costs (Mufioz-Miranda and Ifiguez-
Moreno 2023). However, these advantages do not seem to be seen yet in protocols
designed to obtain pigments from macroalgal biomass. Terrestrial plants, fungi,
yeasts, bacteria, and microalgae are yet the prime providers of pigments (Dufossé
2016; Mufioz-Miranda and Ifiiguez-Moreno 2023), especially carotenoids and phy-
cocyanins, on an industrial scale (Dufossé 2016). These pigments have been applied
mostly on the cosmetic and human nutrition sectors (World Intellectual Property
Organization (WIPO) 2016), and patents are regularly developed that focus espe-
cially on chlorophylls and carotenoids (World International Property Organization
2021). Specifically, regarding seaweeds, the most valuable cultivated species from
where pigments may be extracted are the green seaweeds Ulva clathrata,
Monostroma nitidum, and Caulerpa sp., the brown seaweeds Saccharina japonica,
Undaria pinnatifida, and Sargassum fusiforme, and the red seaweeds Porphyra sp.,
Eucheuma sp., Kappaphycus alvarezii, and Gracilaria sp. (Mufioz-Miranda and
Ifiguez-Moreno 2023).
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13.1.3.1 Prospects and Applications of Chlorophylls

The ability of chlorophyll to act as a solar power cell, by harvesting light energy and
store it as chemical energy, has inspired scientists to study and harness the process
to obtain chemical fuel from solar energy through chlorophyll centric technologies,
namely for hydrogen production (Mandal and Dutta 2020). The chlorophyll used to
explore this venue was chlorophyll a, although it is not obtained from seaweeds, but
rather from microalgae of the genus Spirulina (Saiki and Amao 2002; Tomonou and
Amao 2002; Himeshima and Amao 2005; Takeuchi and Amao 2005).

The activity of chlorophylls involves not only solar energy, but also electromag-
netic radiation within the visible range (Mandal and Dutta 2020) and fluorescence
properties (Padhi et al. 2021). This means this pigment has unique properties and is
an excellent and versatile biomaterial that must be considered to the benefit of
humankind.

The biological activities and health benefit effects of natural chlorophylls present
in seaweeds have been recently studied. However, studies focusing on the qualita-
tive and quantitative characterization of their chlorophyll profile are yet scarce
(Chen et al. 2017a). Chlorophyll is known for its antioxidant and antibacterial activ-
ities (Lanfer-Marquez et al. 2005; Pérez-Galvez et al. 2020). Additionally, chloro-
phylls have been clinically applied for years in photodynamic therapy of tumors and
their chemo-preventive properties are well acknowledged. Chlorophylls also show
antimutagenic activity in genotoxicity assays and are able to protect against cancer
biomarkers (Dashwood 1997).

Chlorophyll has been tested as a biomarker to screen plant health and physiologi-
cal condition and detect diseases, mostly on crops relevant to agriculture (Chaerle
et al. 2004; Tung et al. 2013; Guo and Tan 2015), but also to measure coral reef
health (Febbo et al. 2012) and survey macroalgal blooms (Lin et al. 2011).
Chlorophyll markers were also used to test the effects of environmental stress upon
plants (Peguero-Pina et al. 2008; Wang et al. 2018; Li et al. 2019b; van der
Westhuizen et al. 2020; Stefanov et al. 2023), to monitor nutrient levels in crops
(Schichtl et al. 2005; Long et al. 2013; Liu et al. 2022; Chen et al. 2023) and herbi-
cide levels both in soil (Huang et al. 2012) and water samples (Bi Fai et al. 2007).

Due to their significant fluorescent ability, chlorophylls have been considered in
the development of optical and electrochemical biosensors. Devised applications
include chlorophyll-based biosensors to assess microalgal cell viability in ballast
water (Wang et al. 2013; Li et al. 2022), to detect harmful agents (Merz et al. 1996;
Frense et al. 1998; Védrine et al. 2003; Husu et al. 2013), to measure dissolved oxy-
gen in water (Brasil Silva et al. 2017), to detect biological warfare agents in gases
(Sanders et al. 2001), and to detect chlorophyll levels in fecal matter from livestock
(Pemberton et al. 2007). Assessing herbicide levels in the environment is a very
popular application for chlorophyll-based optical sensors (Mandal and Dutta 2020).

Additionally, chlorophylls have been clinically applied for years in photody-
namic therapy of tumors, and their chemo-preventive properties are acknowledged.
Chlorophylls also show antimutagenic activity in genotoxicity assays and show
promise as anticancer agents (Dashwood 1997).
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Chlorophylls are additionally being considered as a pigment in the textile, cos-
metic, and animal feed industries (Solymosi and Mysliwa-Kurdziel 2016;
Janarthanan and Senthil Kumar 2017; Jesumani et al. 2019; Morais et al. 2021). A
synthetic formulation of chlorophyll, registered as the food additive E140, is exten-
sively used in the food industry to color foods and beverages.

Typically, chlorophyll has predominantly been sourced from microalgae and
occasionally from higher plants, in the various applications explored thus far.
However, despite not extracting chlorophyll from macroalgae, the abovementioned
examples are still referenced to illustrate the diverse array of potential applications
for chlorophylls. In seaweeds, chlorophylls and chlorophyll derivatives have been
extracted essentially for research purposes, namely from the green seaweeds
Boodleopsis verticillata, Cladophora graminea (Urrea-Victoria et al. 2023),
Halimeda macroloba (Nazarudin et al. 2020), Rhizoclonium riparium (Urrea-
Victoria et al. 2023), Ulva spp. (formerly Enteromorpha spp.) (Chen et al. 2017a),
and Ulva spp. (Lin et al. 2011; Zhu et al. 2017; Chen et al. 2017a; Nazarudin et al.
2020), the brown seaweeds Cladosiphon okamuranus (Fujii et al. 2012), Sargassum
ilicifolium (Nazarudin et al. 2020), Laminaria ochroleuca, and Undaria pinnatifida
(Chen et al. 2017a), and the red seaweeds Bostrychia spp., Catenella impudica
(Urrea-Victoria et al. 2023), Chondrus crispus (Robertson et al. 2015), Gracilaria
salicornia (Lumbessy et al. 2021), Gracilaria tenuistipitata (Torres et al. 2014),
Grateloupia elliptica (Lee et al. 2021a), Kappaphycus alvarezii (Brotosudarmo
etal. 2018), Palmaria palmata (Robertson et al. 2015), and Porphyra spp. (Robertson
et al. 2015; Chen et al. 2017a), to cite a few examples. Chlorophyll a from red sea-
weeds, identified chemically as CAS 479-61-8, has received the endorsement of the
European Food Safety Authority (EFSA) for inclusion in food processing.
Concurrently, it remains under ongoing scrutiny as a potential pigment for various
sectors including textiles, animal feed, and cosmetics (Ferreira et al. 2021; Mufioz-
Miranda and Ifiiguez-Moreno 2023).

There are two primary methods commonly used to extract chlorophylls from
seaweeds. The first method involves the use of organic solvents, such as alcoholic
or acetone-based solutions, while the second method utilizes cell disruption tech-
niques, such as mechanical or ultrasonication methods. There is, as well, a growing
interest in adopting innovative and environmentally friendly approaches to extract
chlorophyll from seaweeds. Some of these promising “green” techniques include
microwave-assisted extraction and green solvent extraction methods (Samarasinghe
et al. 2012; Zhu et al. 2017; Chen and Roca 2019; Martins et al. 2023).

13.1.3.2 Prospects and Applications of Carotenoids

Carotenoids have been the focus of investigation since the early nineteenth century
(Takaichi 2011). Today, we know these pigments are crucial for our body, but must
be acquired from dietary sources as, since as mentioned, the animal kingdom cannot
synthetize them (Gammone et al. 2015). Fruits, vegetables, and their processed vari-
ants are the most popular sources to obtain this compound (Darvin et al. 2011;
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Gammone et al. 2015). Carotenoids also enrich the nutritional content of various
other natural food sources, such as eggs, fish, algae, fungi, and yeasts (Meléndez-
Martinez et al. 2020; Rapoport et al. 2021). In the human diet, approximately 50
different carotenoids can be identified (Gammone et al. 2015).

Carotenoids have undergone extensive research and are recognized for their sig-
nificant biological activities, particularly their potent antioxidant properties in scav-
enging free radicals as their main acting mechanism (Krinsky and Johnson 2005;
Pangestuti and Kim 201 1a). Consequently, carotenoids have been extensively used
as nutraceuticals and cosmeceuticals. Carotenoids hold significant recognition in
the cosmetic industry, contributing to improved skin health by bolstering dermal
defense against UV radiation (Swapnil et al. 2021), and recent research suggests
that carotenoids also influence skin moisture, texture, and elasticity as well (Zerres
and Stahl 2020). As antioxidant agents, they work synergistically with other reduc-
ing agents like polyphenols and vitamins (C and E) (Chan et al. 2015). Carotenoids
also play a crucial role in enhancing immune defenses and reducing the risk of
chronic diseases and age-related ailments, including inflammatory diseases, cardio-
vascular disorders, bone/skin/eye conditions, diabetes, and cancer (Fiedor and
Burda 2014; Gammone et al. 2015; Kulczynski et al. 2017; Eggersdorfer and Wyss
2018; Viera et al. 2018; Ojulari et al. 2020; Dias et al. 2021; Swapnil et al. 2021;
Pereira et al. 2021). Moreover, they promote mental and metabolic well-being dur-
ing pregnancy and early life (Dias et al. 2021). However, the most noteworthy bio-
logical role carotenoids have is their innate role as a provitamin A, rendering them
effective in preventing vitamin A deficiencies (Maeda et al. 2018; Meléndez-
Martinez et al. 2020; Quitério et al. 2021). Additionally, carotenoids serve as sources
of color, odor, and taste in various contexts (Yabuzaki 2017).

Also, carotenoids have been used as feed supplements in aquaculture (Vilchez
et al. 2011; Lim et al. 2018; Nakano and Wiegertjes 2020; Elbahnaswy and
Elshopakey 2023), and vastly considered as a natural alternative pigment as food
colorant (Poojary et al. 2016). However, the current major commercial carotenoids
are chemically synthetized (Rodriguez-Amaya 2015), instead of being obtained
from natural sources, which have raised concerns regarding public health, safety,
and environment burden, among consumers. Consequently, current market trend is
to grow toward the commercialization of natural carotenoid-based products (Poojary
et al. 2016).

Terrestrial plants are one of the primary sources of natural-based carotenoids;
however, the possibility of obtained carotenoids from algae instead has garnered
attention from industry due to the advantages they offer regarding cost, scale, time,
and yield (Poojary et al. 2016). Extensive research has already been published,
which focus either on macroalgae carotenoids in general (Schubert et al. 2006), or
focus in specific taxa or species, such as the green seaweeds Caulerpa prolifera
(Hegazi et al. 1998), Caulerpa lentillifera (Balasubramaniam et al. 2020), the brown
seaweeds Padina australis (Brotosudarmo et al. 2018), Padina pavonica (Hegazi
et al. 1998), Saccharina latissima (Gevaert et al. 2002), and Sargassum polycystum
(Balasubramaniam et al. 2020), and the red seaweeds Euchema denticulatum
(Balasubramaniam et al. 2020), Gracilaria tenuistipitata (Torres et al. 2014), Jania
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rubens (Hegazi et al. 1998), Kappaphycus alvarezii (Brotosudarmo et al. 2018), and
Neopyropia yezoensis (Koizumi et al. 2018; Xie et al. 2020). It has also been sug-
gested to cultivate Ulva sp., a green macroalga with a wide array of commercial
purposes, to obtain raw material for carotenoid enrichment and production, to stra-
tegically improve its nutritional value (Eismann et al. 2020).

Various methods have been employed for carotenoid extraction, with liquid-
liquid extraction being the most common approach, followed recently by alternative
extraction procedures such as ultrasound-assisted extraction, microwave-assisted
extraction, enzymatically assisted extraction, pressurized liquid extraction, extrac-
tion methods based on electrotechnology and supercritical/subcritical fluid extrac-
tion (Singh et al. 2015; Poojary et al. 2016; Xu et al. 2017; Saini and Keum 2018).
By having a high degree of hydrophobicity, carotenoids are effectively extracted
with non-polar solvents such as n-hexane, diethyl ether, dimethyl ether, dichloro-
methane, or mixtures of organic solvents such as acetone and octane, or green/food-
grade solvents such as ethanol, limonene, and solutions of water and organic
solvents (Poojary et al. 2016). The analysis of carotenoids in seaweeds is conducted
using high-performance liquid chromatography (HPLC), in which identification is
achieved by comparing their retention times and absorption spectra with authentic
standards (Hegazi et al. 1998; Koizumi et al. 2018). Carotenoids that are extensively
researched and are worth mentioning further below are the well-known B-carotene
for its ubiquitous presence in seaweeds, and the xanthophylls fucoxanthin, for its
high presence in brown seaweeds, and astaxanthin, for its reportedly strong activity,
particularly when sourced from algae. Lutein and zeaxanthin will also be briefly
mentioned.

B-Carotene is possibly the most well-known carotene, holding several well-
documented benefits for human health, such as antioxidant, anti-inflammatory, anti-
cancer, and antiaging (Mayne 1996; Sies and Stahl 2004; Stahl and Sies 2012;
Carpena et al. 2021). This carotene has, therefore, an outstanding potential and
applicability in the food, cosmetic, and pharmaceutical industries (Phan et al. 2018;
Carpena et al. 2021). In seaweeds, research has shown that it is possible to manipu-
late p-carotene yields in the red seaweed Neopyropia yezoensis (Xie et al. 2020).
However, to date, the most efficient source to obtain f-carotene is the green micro-
algae Dunaliella salina (Barbosa et al. 2023), provided its production is properly
induced by manipulation of culture conditions (Lamers et al. 2008). Nevertheless,
the majority of its industrial production results from chemical synthesis (Ye
et al. 2008).

Fucoxanthin, a brown pigment, is one of the most abundant marine carotenoids,
is effortlessly found in brown seaweeds (Pereira et al. 2021) and has a wide range of
benefits for human health. Fucoxanthin is renowned for its ability to modulate pro-
cesses in the central nervous system. Additionally, it exhibits antioxidant, antibacte-
rial (Karpifiski and Adamczak 2019; Liu et al. 2019), antiphotoaging (Noviendri
et al. 2022), antiallergic, anticancer (P4ddua et al. 2015; Méresse et al. 2020; Ming
et al. 2021), anti-inflammatory (Yang et al. 2013), antidiabetic (Park et al. 2011),
antiobese (Ojulari et al. 2020), antiangiogenic (Pereira 2016), and antiobesity activ-
ities, while also showing potential for treating neurodegenerative diseases (Schepers
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et al. 2020; Yang et al. 2021), which makes this pigment particularly sought out by
the pharmaceutical, cosmetic, and food industries (Peng et al. 2011; Aziz et al.
2020; Ojulari et al. 2020). The main algal provider of fucoxanthin is the brown sea-
weed Undaria pinnatifida, that which produce this pigment in high quantities (Liu
et al. 2019; Garcia-Perez et al. 2022; Lourenco-Lopes et al. 2023), but other brown
species have also been looked at, such as Fucus spp. (Garcia-Perez et al. 2022;
Resende et al. 2023), Laminaria spp. (Ming et al. 2021; Garcia-Perez et al. 2022),
Ascophyllum nodosum, Bifurcaria bifurcata, Himanthalia elongata, Pelvetia cana-
liculata (Garcia-Perez et al. 2022), Sargassum spp. (Yang et al. 2013; Nomura et al.
2013; Conde et al. 2015; Garcia-Perez et al. 2022), and Sphaerotrichia divaricata
(Maeda et al. 2018). Additionally, brown algae from the genus Alaria, Ascophyllum,
Carpophyllum, Cladosiphon, Cystophora, Cystoseira, Dictyota, Ecklonia,
Ectocarpus, Eisenia, Himanthalia, Ishige, Kjellmaniella, Myagropsis, Padina,
Pelvetia, Petalonia, Saccharina, Sargassum, Scytosiphon, Sporochnus, and
Turbinaria have been targeted as well (Muradian et al. 2015), and their commercial
exploration could be an hypothesis to put forward, provided such can be done sus-
tainably by, for example, cultivating the required biomass if possible.

Astaxanthin, a red pigment, is worth mention as it has an antioxidant activity 10
times stronger than a number of other carotenoids such as p-carotene, lutein, and
zeaxanthin (O’Connor and O’Brien 1998). This pigment is known for being able to
suppress free radical production and inhibit the cellular toxicity induced by reactive
oxygen species, which thus labels it as being a super vitamin E (Miki 1991).
Astaxanthin has also great potential as a novel geroneuroprotector (compound that
slow the rate of biological aging) due to its chemical-physical properties (Schubert
et al. 2018; Sorrenti et al. 2020). Additionally, it shares many of the health benefits
previously mentioned for other carotenoid classes, namely as a promoter of cardio-
vascular health, immune response, cancer prevention, and skin health (Davinelli
et al. 2018; Fakhri et al. 2018) This renders this pigment particularly interesting, as
astaxanthin, when extracted from algae, reportedly has the strongest biological
activity when compared to that obtained from other biological sources (Ye et al.
2019). Such has been the key factor triggering the global demand for this pigment
on an aquaculture context, as astaxanthin targets a wide range of aquatic animal
health conditions, improves their survival, growth, fitness, and reproductivity, and
dramatically improves their coloration, thus boosting their market value (Lim et al.
2018; Elbahnaswy and Elshopakey 2023). In seaweeds, research has shown that the
content of astaxanthin changes according to season in the red seaweed Catenella
caespitosa (Banerjee et al. 2009). Brown seaweeds, such as Undaria pinnatifida,
Saccharina japonica (formerly Laminaria japonica), and Sargassum fusiforme
(formerly Hizikia fusiformis), are rich in astaxanthin and fucoxanthin; these sea-
weeds feature in the traditional Okinawan diet, known for its healthy aging proper-
ties (Willcox et al. 2014). However, the main source of astaxanthin among algae,
besides the commercially produced chemical counterpart, has been the green micro-
algae Haematococcus lacustris (formerly Haematococcus pluvialis) and
Chromochloris zofingiensis (formerly Chlorella zofingiensis) (Han et al. 2013).



324 M. V. Freitas et al.

Lutein and zeaxanthin are carotenoids whose biotechnological potential has been
studied. Being stored in the eye macula (Murillo et al. 2019; Gomes et al. 2022),
both carotenoids have proven their usefulness as antitumoral compounds (Firdous
et al. 2015), as photoprotective agents (Gonzdlez et al. 2003), and as eye health
promoters (Stahl and Sies 2005; Ma and Lin 2010; Murillo et al. 2019; Saha et al.
2020; Becerra et al. 2020), and therefore are explored in food, cosmetics, and phar-
maceutical industries (Shi et al. 2002; Fernandez-Sevilla et al. 2010; Saha et al.
2020; Becerra et al. 2020). Either one of these carotenoids has been studied from
macroalgae such as the red seaweeds Corallina officinalis (Sajilata et al. 2008; Koo
et al. 2012), Gracilaria corticata, Grateloupia filicina (Bhat et al. 2021), and
Neophyropia yezoensis (Xie et al. 2020). However, and again similarly to other
carotenoids, the production of these pigments, namely zeaxanthin, using microalgae
instead remains an attractive venue (Becerra et al. 2020; Bourdon et al. 2021).

13.1.3.3 Prospects and Applications of Phycobiliproteins

Phycobiliproteins exhibit remarkable spectroscopic properties, including high
absorption coefficient, excitation and emission spectra, quantum yield, low interfer-
ence, quenching stability, and water solubility (Niu et al. 2013; Kannaujiya et al.
2017, 2021). These exceptional properties have led to their widespread application
and documentation in various fields, such as biomedical research, clinical diagnos-
tics, therapeutic science, and the cosmeceutical and pharmaceutical industries
(Pagels et al. 2019; Li et al. 2019a; Dagnino-Leone et al. 2020; Chini Zittelli et al.
2023). Notably, these pigments have found extensive use as photosynthesizers in
cancer therapy (Bei et al. 2002) and fluorescent sensors in flow cytometry and
immunofluorescence microscopy (Leney et al. 2018).

The primary reason for the significant commercial interest in phycobiliproteins
lies in the health benefits they offer, acting as antioxidants and free-radical scaven-
gers (Yabuta et al. 2010; Pangestuti and Kim 2011b; Nagaraj et al. 2012; Hemlata
et al. 2018), with therapeutic and nutraceutical effects (Ferndndez-Rojas et al. 2014;
Manirafasha et al. 2020; Dagnino-Leone et al. 2022). Moreover, they have demon-
strated effectiveness in neuroprotection, antibacterial (Hemlata et al. 2018), antivi-
ral (Shih et al. 2003), anti-inflammatory (Lee et al. 2017), antiallergic (Lee et al.
2021c), antitumoral (Pattarayan et al. 2017; Hao et al. 2018; Hemlata et al. 2018),
antiaging (Lee et al. 2021c) and have shown promise as agents for combating
Alzheimer’s disease. Additionally, they have been found to provide hepatoprotec-
tive and immunomodulatory benefits (Nagaraj et al. 2012; Cian et al. 2012) and are
considered as potential hypocholesterolemia agents (Sonani et al. 2016; Kannaujiya
et al. 2021).

Phycobiliproteins are considered the primary food colorants and preservatives
obtained from algae and highly regarded as an excellent green alternative to their
chemical counterparts (Chen et al. 2017b; Nowruzi et al. 2022; Dagnino-Leone
et al. 2022). Phycoerythrin has extensive applications as a natural dye in the food
and cosmetic sectors (Mysliwa-Kurdziel and Solymosi 2016; Kannaujiya et al.
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2021; Ma et al. 2022; Chen et al. 2022). For example, phycoerythrin extracted from
the microalgae Porphyridium sp. has garnered significant attention and research due
to its ability to emit a vibrant yellow fluorescence. This unique characteristic has led
to its thorough exploration and experimentation in the creation of food products
with singular visual effects. These include visually captivating cake decorations,
soft drinks, and alcoholic beverages that exhibit fluorescence under ultraviolet light
or when subjected to specific pH levels (Dufossé et al. 2005).

The potential application and market value of phycobiliproteins is determined by
their purity level, specifically the ratio of A,.x PBP/Ay, and consequently, the
potential application from all the possibilities listed above. When this ratio is greater
than or equal to 0.7, it is considered food grade, for ratios between 0.7 and 3.9, it is
categorized as reagent grade, and lastly a ratio of Amax PBP/A280 equal to or
greater than 4.0 indicates analytical grade. Both reagent and analytical grade phyco-
biliproteins are priced higher than food-grade phycobiliproteins (Hsieh-Lo et al.
2019; Qiang et al. 2021).

Within macroalgae, phycoerythrin has been studied not only from the highly
acknowledged red seaweeds Gelidium sp. (Mittal and Raghavarao 2018; Mittal
et al. 2019), Gracilaria spp. (Nguyen et al. 2020; Pereira et al. 2020; Zhao et al.
2020), Grateloupia turuturu (Munier et al. 2014, 2015; Le Guillard et al. 2015),
Palmaria palmata (Dumay et al. 2013; Lee et al. 2017), and Porphyral/Pyropia sp.
(Wang et al. 2020; Sano et al. 2020; Huang et al. 2021), but also from several other
non-commercial or otherwise less-known species (Ismail and Osman 2016; Malairaj
et al. 2016; Sfriso et al. 2018; Saluri et al. 2019; Freitas et al. 2022). However, con-
sidering the amazing diversity of red seaweeds worldwide, and the vibrant red hues
some Rhodophyta hold, this probably leaves out a great number of less known, but
potentially equally promising species. Being phycoerythrin a protein, red seaweeds
with reportedly high protein content may look particularly promising to explore as
well. Examples of such seaweeds include Chondrus crispus, Osmundea pinnatifida,
Pterocladiella capillacea, Pyropia tenera (formerly Neopyropia tenera) and
Pyropia yezoensis, besides the abovementioned Palmaria palmata and Porphyra sp.
(Pereira 2011, 2016, 2023).

The primary interest in phycobiliproteins lies not only in their high protein yield
but also in their easy-to-perform extraction methods. Typically, in macroalgae, phy-
coerythrin is studied and processed using various methods, which include grinding/
maceration (Francavilla et al. 2015; Pereira et al. 2020), often combined with
freeze-thaw techniques (Sfriso et al. 2018; Zhao et al. 2020) or liquid nitrogen
(Francavilla et al. 2013; Saluri et al. 2020). The main solvents that are often chosen
to complement these techniques are phosphate buffer (Ismail and Osman 2016;
Nguyen et al. 2017; Pereira et al. 2020; Sano et al. 2020) and distilled water (Lee
et al. 2017; Zhao et al. 2020). Less commonly applied extraction methods include
ultrasounds (Le Guillard et al. 2015; Mittal et al. 2017) and enzymatic hydrolysis
(Fleurence 2003). Separation and purification of the extracted phycoerythrin are
usually performed through chromatography techniques (Niu et al. 2010; Gu et al.
2018; Saluri et al. 2020; Zhao et al. 2020) or gel electrophoresis (MacColl et al.
1996; Galland-Irmouli et al. 2000; Malairaj et al. 2016).
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Phycocyanin is the phycobiliprotein that holds the largest market and shares the
same properties and applications of phycoerythrin. This brilliant blue colored pig-
ment presents remarkable fluorescent abilities, and it can be processed into fluores-
cent reagents, probes, and tracers. These are then applied in the context of biomedical
research and biological engineering, namely in medical diagnosis and immunology
trials (Liu et al. 2016). Phycocyanin also stands out as the most used natural blue
pigment in the food industry, being employed to color various products, such as
desserts, with a hardly comparable color, since interestingly, there are limited alter-
natives approved as natural blue food colorants (Brauch 2016). One key advantage
and distinctive feature of phycocyanin, apart from its role as a food colorant, is its
potential to promote health, being therefore labeled as a pharmaceutically active
phyco-pigment (Vinothkanna and Sekar 2020). Phycobiliprotein has an attested
nutritional value (Farag et al. 2016), nutraceutical, therapeutical (Piniella-
Matamoros et al. 2021) (113), and bioactive potential (Liu et al. 2016), especially as
anticancer agent (Jiang et al. 2017; Braune et al. 2021), and shows, as well, remote-
sensing abilities (Ogashawara 2020).

Phycocyanin is primarily obtained from the Cyanobacteria Arthrospira platen-
sis, which is by far the main source for this pigment, probably in part due to being
a highly researched and known organism (Sahin 2018; Wollina et al. 2018; Markova
et al. 2020; Araujo et al. 2021; Ragusa et al. 2021), but also due to its cosmopolitan
distribution on water and earth (Kannaujiya et al. 2021), thus being easy to obtain.
However, the microalgae Cyanidium caldarium (Eisele et al. 2000) and Galdieria
sulphuraria (Chini Zittelli et al. 2023) have also been recently considered for the
same purpose. There is an outstanding number of published research and reviews
regarding this pigment in the literature (de Morais et al. 2018; Prado et al. 2018;
Pagels et al. 2019; Morocho-Jacome et al. 2020; Braune et al. 2021; Cottas et al.
2021; Jaeschke et al. 2021; Patel et al. 2022).

In macroalgae, the Bangiophyceae species such as Pyropia haitanensis (as
Neoporphyra haitanensis) (Liu et al. 2015) and Bangia atropurpurea (Chang et al.
2011) have provided B-phycocyanin that demonstrates promising capabilities as an
antiallergic agent. Additionally, B-phycocyanin isolated from Porphyra sp. exhibits
potential as an antioxidant agent (Huang et al. 2021). As part of an effort to enhance
our understanding of R-phycocyanin’s structure and function in red macroalgae,
R-phycocyanin from Polysiphonia stricta was isolated, purified, and thoroughly
studied (Wang et al. 2014). A mix of several well-known and less-known red sea-
weed species was also recently evaluated for phycocyanin content (Freitas et al. 2022).

Extraction and purification methods that target phycocyanin are common to
those applied to phycoerythrin. However, they are seldom applied or optimized as
seaweeds are outpaced by Cyanobacteria, which remains the predominant source of
phycocyanin for the industry. Consequently, dedicated studies focused on phyco-
cyanin derived from macroalgae may face challenges in gaining recognition, trac-
tion, or support in the coming times. There are few studies use apply phosphate
buffer (Liider et al. 2001; Wang et al. 2014; Ismail and Osman 2016) to extract
phycocyanin from red macroalgae, that can be purified by chromatography (Kuddus
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et al. 2013; Wang et al. 2014; Huang et al. 2021) and electrophoresis (Huang
et al. 2021).

Compared to either phycoerythrin or phycocyanin, allophycocyanin is not exten-
sively studied, regardless of the organism. However, its distinctive blue-green color
is almost unparalleled by any other natural pigment (Mysliwa-Kurdziel and
Solymosi 2016), which would likely enhance its value as a truly unique compound.
Again, cyanobacteria are the prime source of this pigment in academic settings
(Chen et al. 2016; Soulier and Bryant 2021), and focus is given to understand struc-
tural mechanisms (Dagnino-Leone et al. 2017) and synthesis (Dagnino-Leone et al.
2020; Guo et al. 2020). In seaweeds, allophycocyanin been successfully extracted
from various Rhodophyta species using phosphate buffer (Liider et al. 2001; Ismail
and Osman 2016). Efforts have also been made to produce high-quality recombi-
nant allophycocyanin in Escherichia coli from Gracilaria chilensis, intended for
biotechnological and biomedical applications (Dagnino-Leone et al. 2020).

Examples of phycobiliprotein commercialization can be found at a commercial
level. Some companies profit from phycobiliprotein-derived natural dyes, with
microalgae being prominently featured as the source for their products. Several
companies promote their microalgae-based natural dyes for use in cosmetic prod-
ucts. Notably, phycocyanin from Arthrospira sp. and phycoerythrin from
Porphyridium sp. are used in this context. Moreover, R-Phycoerythrin is distributed
as a laboratory consumable, sourced from Pyropia tenera (as Neopyropia tenera) or
Neogastroclonium subarticulatum, specifically for biotechnological and biomedical
research purposes. Research on these pigments, obtained from macroalgae, is still
scarce. Recent studies focused on the optimization of culture conditions to manipu-
late phycobiliprotein content and production of Colaconema sp. (Lee et al. 2021b),
Halymenia floresii (Godinez-Ortega et al. 2008), Halymenia durvillei (Rula et al.
2021), Gracilaria caudata, and Laurencia catarinensis (Souza et al. 2019). Such
endeavors have, however, progressed little beyond the academic context, which may
be partly due to the challenges inherent in extraction procedures, discussed below.

13.1.3.4 Current Challenges and Perspectives

One of the primary challenges in exploring pigments derived from seaweed sources
lies in the differing cultural perspectives on seaweeds themselves. Throughout his-
tory, seaweeds have held a significant place in the cultures and traditions of Eastern
countries, serving various purposes beyond human consumption and health, as
extensively documented in the literature (Pereira 2011, 2016, 2018, 2023; Abreu
et al. 2015; Carvalho and Pereira 2015; Wells et al. 2017; Leandro et al. 2020;
Pereira and Valado 2021; Morais et al. 2021; Kalasariya et al. 2022). On the other
hand, the Western part of the world still tends to embrace a lifestyle that emphasizes
the abundance and diversity of available food options (Pereira 2023). However, this
diversity often includes highly unhealthy choices, such as the widely prevalent “fast
food,” which has become a response to the fast-paced lifestyle in the West. These
processed foods are high in calories and unhealthy fats, artificially flavored with
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synthetic additives, while lacking nutritional value and appeal. Consequently, in a
considerable portion of the Western world, food is primarily viewed and consumed
as a necessity for survival, with a number of exceptions such as countries following
a Mediterranean diet, for example. In the East, on the other hand, food consumption
and preparation are integral to the traditions of many cultures, and the act of eating
is often considered a revered and ceremonious activity.

It is no surprise that seaweeds have gained widespread recognition in Eastern
cultures, while the Western world still holds reservations about them. In many sho-
reside Western countries, scaweeds were once consumed as a last resort in times of
strife, such as warfare and poverty, so they may now be held as a gloomy reminder
of such difficult times back then. Only a few Western countries incorporate sea-
weeds into their cultural practices (Pérez-Lloréns et al. 2020), and in most places,
they are considered a relatively new and unexplored addition to a healthy diet.
Nonetheless, extensive research has already been conducted, particularly in aca-
demic settings, but the full transition to integrating seaweeds into the mainstream
industry and making them commonly available in grocery stores is yet to be
accomplished.

Seaweeds, as a food source, have not yet captured the interest of the typical
Western society, which often prefers to stick with familiar options rather than
explore new alternatives, coupled with an inherent lack of skill, dare, or imagina-
tion, in incorporating seaweeds to their daily diet. The lack of interest leads to mini-
mal demand, making industries hesitant to invest in seaweed products when it seems
people do care little about them yet. However, recently, both Eastern and Western
societies have started to reflect on their lifestyle and the potential consequences for
their health and the well-being of future generations. People have become more
conscious of the quality of their food, clothing, and other mundane choices and are
now making smarter decisions that consider not only personal health but also the
environment. There is a growing demand for higher-quality products in the market,
and individuals are actively seeking alternatives for both food and materials, reflect-
ing a shift toward a more mindful and sustainable way of living.

Seaweeds exemplify this kind of resource. In contemporary times, although
encountering skepticism, particularly from individuals entrenched in traditional
customs, seaweeds are conveniently accessible, at the very least, in large retail out-
lets and commercial spaces. Naturally, there exists a potential downside to this situ-
ation, centered around the apprehension of endangering the excessive use of native
seaweed populations. However, this issue can be mitigated by implementing effec-
tive resource management strategies and practicing sustainable cultivation of the
desired species. Besides all their benefits, numerous seaweed species have the added
advantage that can be sustainably cultivated, allowing the preservation of natural
populations, either in controlled, indoor settings or in outdoor, shored settings.
Naturally, challenges remain regarding process sustainability, cost-effectiveness,
and economic viability. The diversity of the natural pigments obtained from sea-
weeds determines their stability against a range of external conditions, such as envi-
ronmental or those applied in technological settings (Cserhati 2006).
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There are challenges also inherent to the recovery of pigments, or any other com-
pound, from a biological matrix as challenging as that of a seaweed. Their extracel-
lular material hinders the full recovery and yield of chlorophylls, whereas microalgae
pose a significantly easier endeavor (Chen et al. 2017a). Then, there are the chal-
lenges pertaining the pigments themselves. Natural pigments are highly unstable,
being particularly sensitive to temperature and light, and the biomass quickly adjusts
its pigment composition to the external conditions. While this may present an
advantage regarding the manipulation of culture conditions to obtain the desired
pigment, a hardly overlooked disadvantage lies in the fact that it is quite challenging
to preserve the quality and stability of the metabolites as soon as they are extracted
from the biomass. Processes have always taken this into consideration, but process
scale-up efforts are challenging.

The isolation of carotenoids can be performed by conventional processing tech-
nologies, such as solvent extraction. However, such methods present several limita-
tions, such as high solvent consumption and time-consuming steps, which also
result in poor efficiency and selectivity of the end product (Poojary et al. 2016).
Certain precautions need to be taken during carotene extraction to minimize degra-
dation and isomerization. Factors such as exposure to light, heat, and oxygen can
considerably reduce the efficiency of extraction. Therefore, it is essential to handle
and process the samples promptly (Rodriguez-Amaya and Kimura 2004; Rosso and
de Rosso and Mercadante 2007). Certain methodologies also have proven to be
quite costly, such as the supercritical fluid extraction methodology, or cause caro-
tene degradation, such as ultrasound-assisted extraction and microwave-assisted
extraction, that involves the use of high temperatures during the process (Poojary
et al. 2016). Alternatives to such sensitive techniques are also highly desired, and to
isolate carotenoids from micro- and macroalgae novel techniques such as micro-
waves, ultrasounds, high-pressure homogenization, pulsed electric fields, liquid
pressurization, supercritical fluids, and subcritical fluids, have been recently consid-
ered (Poojary et al. 2016). Chemical synthesis of carotenoids is currently commer-
cially made for astaxanthin, and possible to be performed for fucoxanthin although
for the latter pigment, such process is quite expensive, and therefore, the standard-
ization of the extraction and purification methods targeting algae-sourced fucoxan-
thin is a fairly appealing endeavor (Pereira et al. 2021).

Phycobiliproteins are applied in the industry in its water-soluble protein form,
and its commercial uses heavily rely on comprehensive knowledge and advanced
technology, which are still relatively limited (Mysliwa-Kurdziel and Solymosi
2016). To begin with, efforts have been made to achieve success in culture settings
in order to obtain not only macroalgae, but also cyanobacteria, as the source mate-
rial to extract pigments, particularly regarding achieving a balance between biomass
growth rates and phycobiliprotein productivity (Dagnino-Leone et al. 2022). Then,
there is also the fact that the majority of innovative applications involving phyco-
biliproteins are currently only disclosed in patents (Sekar and Chandramohan 2008;
Mysliwa-Kurdziel and Solymosi 2016). Currently, the commercialization of phyco-
biliproteins is hindered not only by their chemical instability, which reduces their
shelf life, but also by the high level of purity that is required for pharmaceutical
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applications, which involves several steps. These steps increase both production
time and costs (Chini Zittelli et al. 2023) and may compromise the pigment quality
due to manipulation alone. The low yields often obtained during production also
limit implementation and setting in the food and cosmetic industries. Additionally,
these compounds have limited chemical stability, particularly under heat and light
conditions, making them susceptible to denaturation.

To address these issues, researchers have compared and reviewed strategies to
improve phycobiliprotein yields and chemical stability (Hsieh-Lo et al. 2019),
although said research has been more focused on phycocyanin and phycoerythrin,
and such leaving out allophycocyanin. Most research under this topic also focus on
phycobiliproteins obtained from Spirulina platensis (Nowruzi et al. 2022), leaving
out a wide number of likely promising species, either micro or macroalgae. In the
food sector, recent progress reviews the stability of phycobiliproteins under a wide
range of the acidic, light, and temperature conditions in food storage.
Phycobiliproteins are significantly more stable when coupled with other natural pre-
servatives or encapsulated by using algal materials such as alginates and carrageen-
ans, through nanotechnology (Nowruzi et al. 2022). Although this is still a procedure
seldom applied, research focusing on this methodology has been recently published
(Braga et al. 2016; Seyed Yagoubi et al. 2017; Patel et al. 2020).

Currently, the purification of phycobiliproteins remains expensive, urging the
consideration of more effective and cost-efficient extraction and purification meth-
ods, especially on a larger scale (Pereira et al. 2020). Most laboratory protocols
share common points, such as meticulous biomass preparation and the use of spe-
cialized equipment. However, the subtle variations between extraction protocols
make it challenging to establish a universally efficient procedure capable of sustain-
ably process large quantities of algae at a minimal cost. While researchers achieve
impressive yields in the laboratory, these results are not directly applicable from a
commercial perspective, as there is no industrial-scale viability. To bridge this gap,
research must shift focus to larger-scale settings and incorporate industrial param-
eters to develop a commercial protocol that delivers high yield and purity of the
pigment (Beattie et al. 2018; Carlos et al. 2021). This emphasis on industrial-scale
viability remains relevant and critical in the current context.

13.2 Conclusion

Natural pigments derived from seaweeds exhibit structural diversity and a wide
range of vivid colors, while also serving various functions and applications.
Chlorophylls, carotenoids, and phycobiliproteins are pivotal components of the sea-
weed photosynthesis process. They are finely tuned to capture solar energy within
specific wavelengths of the light spectrum and convert it into chemical energy, facil-
itating the synthesis of essential carbohydrates for the organism. Moreover, many of
these pigments play a crucial photoprotective role, shielding the seaweed from
excessive radiation.
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Seaweed-derived pigments are increasingly preferred over synthetic alternatives,
reflecting the contemporary society’s heightened awareness and concern for health,
lifestyle choices, and the long-term impact on both the environment and personal
well-being. The manifold benefits offered by chlorophylls, carotenoids, and phyco-
biliproteins for human health are well established, encompassing a diverse array of
bioactivities. Within the realm of biotechnology, these pigments are in high demand
across the food, cosmetic, and pharmaceutical industries due to their unique
properties.

Nonetheless, challenges persist in the acquisition of these pigments from mac-
roalgae. The ongoing overexploitation of natural seaweed resources underscores the
urgency in developing species-specific cultivation techniques. The inherent physi-
ological variations across different seaweed taxa necessitate the refinement of
extraction and purification protocols, which are still undergoing optimization to
achieve maximum yields at the species level. This optimization is crucial as these
processes transition to an industrial scale, while maintaining sustainability and eco-
friendliness. These complexities explain why, within the realm of algae, chloro-
phylls, carotenoids, and phycobiliproteins are primarily sourced from microalgae.
These microalgae benefit from well-mastered culture techniques and optimized
extraction methods. On the other hand, similar endeavors with macroalgae are
mostly confined to research purposes. Nonetheless, ongoing research highlights the
remarkable potential of macroalgae as abundant sources of high-quality natural pig-
ments, warranting further thorough exploration.
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