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Abstract The utilization of renewable biological resources from living organisms to
generate food, energy, and materials is a significant driver of bioeconomies. There is
a growing awareness among consumers in the utilization of natural products obtained
from microorganisms and plant-based materials to deliver novel functional product
technologies that can contribute to industrial bioeconomy. Photosynthetic microor-
ganisms, especially microalgae, are beneficial in yielding highly valuable metabo-
lites, including lipids, proteins, pigments, and carbohydrates. Among these bioactive
compounds, natural organic pigments such as chlorophyll, carotenoids, phycobilipro-
teins, astaxanthin, and xanthophyll are gaining importance in several cosmetic, food,
and textile industries. This chapter gives an overview of microalgal pigments produc-
tion and profiles high-value products that are obtained from microalgal pigments.
Discussions on the utilization of microalgal pigments as viable ingredients in various
product formulations, recent industrial applications of natural pigments, and the
future of microalgal pigment-based economy is also discussed.
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14.1 Introduction

The utilization of renewable biological resources from living organisms to generate
food, energy, and materials is a significant driver of bioeconomies. There is a growing
attention among consumers in the utilization of natural products obtained from
microorganisms and plant-based materials to deliver novel functional product tech-
nologies that can contribute to industrial bioeconomy. The time required for plant
growth and the tediousness in the extraction of valuable products are the draw-
backs of plant-based novel functional products to boost the bio-based economies
(Marchetti et al. 2014). Further, the factors of deforestation (Hoffmann et al. 2018),
bioprospecting (Krishnaswamy 2018), and biopiracy (Efferth et al. 2016) also hinders
the custom of using plants for the large-scale manufacture of commercial goods.
These challenges in plant-based commercial products lead to the introduction of
microorganisms, as a replacement, to extract valuable products (Patridge et al. 2016).
Among microbes, algae are unique organisms that are similar to plants in several
aspects, especially in photosynthesis. This exclusive property of algae, along with
their rapid growth in favorable conditions with less nutrient requirement gained
the attention of researchers to use them for natural product extraction and valuable
compounds, as a better alternative to plants (Trantas et al. 2015).

Algae are known to humanity for more than a thousand years and are involved in
human diet even before 14000 years, which was evident from archaeological excava-
tion sites in Chile. Numerous pre-historic literatures from China, India, Ireland, and
historic literatures by eminent scientists, including Newton and Turner, mentioned
about algae, and its association with human food and medicine. It is noteworthy that
the global production of seaweeds gained a profit of about USD 6.7 billion, out of
which 95% are produced by commercial cultivation of aquatic lives for food called
mariculture from China and Indonesia (Wells et al. 2017). Two main types of algae,
namely, macro and micro algae are extensively present throughout the world, that
are classified based on their size (Verawaty et al. 2017), whereas aquatic and terres-
trial algae are the types that are classified based on their habitat (Bharathiraja et al.
2015; Ismail et al. 2017). In both the habitats, micro and macro algae possess the
ability to grow extensively and, in several cases, the algal species helps to reduce the
complex chemical compounds, especially wastes, and simplify them to reduce their
toxic effect (Yu et al. 2019). Thus, the presence of algae either serves as a bioindi-
cator of toxic content in the ecosystem (Parmar et al. 2016) or facilitates the in situ
bioremediation processes (Vidyashankar and Ravishankar 2016).

In recent times, microalgae are widely used in several applications, compared to
macroalgae, due to their rapid growth and smaller size. In addition, the advance-
ments in the microalgal biotechnology increased their chances to be utilized in
several sectors for natural product fabrication to replace toxic chemical products,
food products, medicine, and nutraceuticals (Posten and Chen 2016). Photosyn-
thetic microalgae are beneficial in yielding highly valuable metabolites such as
lipids, proteins, carbohydrates, lipids, and pigments (Priyadarshani and Rath 2012).
Among these bioactive compounds, natural organic pigments such as chlorophyll,
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carotenoids, phycobiliproteins, astaxanthin, and xanthophyll from microalgae are
gaining importance in numerous cosmetic, food, and textile industries (Dufossé
et al. 2005). Thus, this chapter gives a summary of microalgal pigment production
and profiles high-value products that are obtained from microalgal pigments. Addi-
tionally, utilization of microalgal pigments as viable ingredients in various product
formulations, recent industrial applications of natural pigments, and the future of
microalgal pigment-based economy are also discussed.

14.2 Bioeconomy Based on Microalgae

Microalgae is one of the marine organisms that are proven to have a wide economic
value. Ease in culture methods, the lesser nutrient requirement for their growth and
presence of highly valuable biomolecules makes microalgae as a profound agent
to improve bio-based economy. These microalgae are cultured commercially for
food, medicine, nutraceuticals, cosmetics, energy, and other industries as displayed
in Fig. 14.1, that depend on microalgae for their growth and economic development.

__ Food industry Food colorants

Biofuels

e

Solar panels Cosmetics Waster water treatment

Fig. 14.1 Bioeconomy based on microalgae
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14.2.1 Availability

The major photosynthesizers on earth are the microalgae that produce important
various plant pigments. These natural colorants can replace the presently used
synthetic colorants used in food, cosmetic, pharmaceutical, and nutraceutical indus-
tries. Cascading event of symbiosis between heterotrophic hosts gave rise to the
diversified photosynthetic microalgae, which directs to the plethora of photosynthetic
pigments capable of utilizing various trophic levels in submarine habitats. Nearly a
quarter of the biomass in world’s total vegetation is constituted by phytoplankton.
Further, some microalgae, also contributes to the food web by acting as effective
primary producers. In an independent study conducted in the south east Asian region
disclosed the abundance and spatial distribution, the major taxon that are identi-
fied are Chrysophyta, Cyanophyta, and Pyrrophyta (Kadim and Arsad 2016). The
growth rate and distribution of microalgae are dependent on the environmental factor
and prevailing conditions, the factors that drive growth potential varies with every
species (Adenan et al. 2013). The parameters that affect the distribution are temper-
ature, salinity, and water current (Cokrowati et al. 2014). Studies involving species
distribution, abundance, biological diversity index, and dominance index indicate
that the growth of microalgae is better in places with pristine environment and less
polluted areas.

14.2.2 Opportunities and Threats

Microalgae are considered as a contemporary attraction across the world due to its
varied areas of implications. Microalgae has shown a remarkable potential as value
added products in biology, but the most challenging portions in the production of
microalgae are enhancing growth rate, dewatering the culture for the production of
biomass, pretreating the biomass, standardizing the fermentation process (Khan et al.
2018). In certain conditions, local weather can be a major limiting factor that affects
the production rates; local species show better adaptability than the exotic better
yielding variants. Few species like Scenedesmus performs consistently in large-scale
production and it is considered as the validating species to study the biotic and a biotic
factor favoring and diminishing the growth dynamics (Lee et al. 2014). Agar plating
methods and micromanipulation show substantial improvement in the subsequent
processing of samples. Pure cultures are often established after several attempts;
hence, the preparatory cultures are retained till pure cultures are obtained. The three
primary algal pigments, f-carotene, astaxanthin, and phycocyanin are produced on a
large-scale to be utilized as organic food colorants. Besides the fact that the industry
has established, applied researches in these pigments are still developing at a rapid
rate (Perumal et al. 2015). Their impact on human health is to be explored to the
maximum to understand the usage spectrum and applications (Eriksen 2016).
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14.2.3 Food Industry

More than a century, microalgae are utilized as a food source among humans due
to their exclusive nutrient content. The microalgae was proposed as an alternate
source to meet the global demand of proteins in the 1950s, which leads to the first
large quantity Chlorella export in 1960s and used them as protein-rich food among
humans. The developments in the downstream process leads to the establishment
of microalgal production facility units in countries including the US, India, Israel,
Australia, and several countries in Asia (Enzing et al. 2014). Lately, microalgae
serves as a sustainable source of food that can yield nutrients such as fatty acids,
polysaccharides, sterols and polyhydroxyalkonates along with common nutrients
required for growth in humans (Vigani et al. 2015). Microalgae has potential to yield
a large quantity of lipids and proteins along with a portion of carbohydrates. Both
these microalgae produced biomolecules, either in their raw or decontaminated form
serves as a food source and has a wide market throughout the world. Commercially
grown microalgae are used to extract lipid and proteins as food, as an alternate to their
plant counterparts, to maintain sustainability and reduce deforestation (Vanthoor-
Koopmans et al. 2013). In recent times, Spirulina and Chlorella are extensively used
as a source of nutritional food, not only for man, but also for fishes in aquarium,
pets including dogs, cats, certain birds, horses, cows, and in poultry. In addition,
microalgal species, including Paviova, Chaetoceros, Skeletonema, Tetraselmis and
Nannochloropsis are used as feed in aquaculture of fishes. Moreover, microalgae are
gaining acceptance among public as a raw nutritional diet, compared to other food
sources. Thus, they are marketed as individual food product as Chlorella noodles or
their extracts are mixed with other food products to improve their nutritional value
(Garcia et al. 2017). The low maintenance, low energy usage for growth, and high
nutritional value compounds are the significant factors to use microalgae in most of
the food industries to improve their economy and profit.

14.2.4 Medicine and Nutraceuticals

Literatures of eighteenth-century revealed that the presence of microalgae in the
drinking water causes undesirable tastes and odor. Later, the reason was found to
be the release of metabolites such as trans-2-cis-6-nonadienal from algal blooms
in drinking water. Mostly, microalgae are considered as harmful microbes that
can lead to diseases until the twentieth century. The use of microalgae such as
Arthrospira and Nostoc for medicinal purposes has been started in the twentieth
century. In China, Nostoc commune and Nostoc flagelliforme are reported to be the
only edible species in their traditional medicine literatures. The herbal values of
Nostoc have been still utilized by several traditional and folklore medicinal prac-
tices for disease treatments in countries such as Mongolia, Fiji, Japan, Philippines,
Mexico, and Siberia (Borowitzka 2018). After twentieth century, microalgae such
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as Chlorella, Arthrospira, and Aphanizomenon has gained importance in the food
and pharmaceutical sectors. Chlorella growth factor is a significant product from
Chlorella that is proved to possess anticancer and antiaging properties (Panahi et al.
2016). In addition, C. pyrenoidosa with lysine and threonine are reported to be
beneficial in curing famine edema (da Silva Ferreira and Sant’Anna 2017). Like-
wise, Chlorella extracts are reported to reduce cholesterol, hypertension (Fallah
et al. 2018), anemia in pregnant women (Bito et al. 2016), improves ulcerative
colitis (Freitas 2017) and enhance the immune system (Chidley and Davison 2018).
The extracts from Chlorella, especially from C. vulgaris, possess ability to prevent
harmful, disease causing bacterial growth and are used as antibiotics (Acurio et al.
2018).

The elevated protein, vitamin B12, provitamin A, linolenic acid, iron, and other
minerals present in Arthrospira increases their potential to be beneficial as excel-
lent microalgal nutraceutical agent (Stunda-Zujeva and Rugele). Studies reported
that the extracts obtained from Arthrospira species possess ability to reduce hyper-
cholesterolemia (Sengupta et al. 2018), allergic rhinitis, including nasal congestion,
sneezing and itching (Appel et al. 2018), along with anticancer (Srivastava et al.
2015), antioxidant, antidiabetic (Parveen 2016), and anti-inflammatory properties
(Jensen et al. 2015). The high dietary value of these microalgae reduces nutri-
tional deficiency, thereby elevates immunity by producing a large number of T-cells,
cytokines, secretes IgA antibody, and by increasing the activity of natural killer
cells (Seyidoglu et al. 2017). Moreover, Arthrospira possess enhanced antibacterial
(Markou et al. 2016), antifungal (Keimes and Gunther 2016) and antiviral activities
against disease causing microbes (Reichert et al. 2017). It has been reported that the
calcium spirulan extracted from Arthrospira platensis facilitates the Herpes simplex
virus (HSV-1) and human immunodeficiency virus (HIV-2) inhibition (Jena and
Subudhi 2019). These calcium spirulan polysaccharides obtained from microalgae,
also possess anticancer activity and are useful in the oral cancer theranostics (de
la Jara et al. 2018). Further, it is noteworthy that the filamentous cyanobacterium
Aphanizomenon flos-aquae are also used in the nutraceutical products due to their
worthy nutrition and in pharmaceutical products due to their medicinal proper-
ties (Borowitzka 2018). The extracts of Aphanizomenon are reported to possess
anticancer, antimicrobial (Srivastava 2015), antidiabetic, antioxidant (Hyun et al.
2016), and helps in the treatment of neurodegenerative (Nuzzo et al. 2018), cardiac
and vascular ailments (Eid et al. 2018). These medicinal and nutritional values of
these microalgae are produced as products by several companies which serves as a
profitable bioeconomy, throughout the world.

14.2.5 Cosmetics

Apart from food and medical applications, microalgae are used to produce
natural cosmetic products as it contains minerals, fatty acids, pigments, vitamins,
protein,s and minerals for the structural and functional maintenance of skin. The
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bioactive components that are extracted from microalgae are reported to possess
ability to protect skin against harsh environment as well as microbial attack and
regenerate them. Microalgal bioactive compounds, including exopolysaccharides,
chrysolaminarin, glucan, carotenes, asthaxanthin, lycopene, phycocyanin, ectoine,
and biopterin glucose are used in the cosmetic product formulation. These bio-
compounds from microalgae possess enhanced properties to be used as moistur-
izers, sunscreen lotions, free radical collector, antioxidants, lipsticks, deodorants,
eye shadows, UV protectors, and for collagen repair which are beneficial to produce
personal care products. These microalgal bioactive compounds are also used in
thalassotherapy which utilizes seawater and marine elements including microalgae
for skin care. Products such as Blue Retinol™ from D. salina for skin cell devel-
opment and propagation, SILIDINE® from Porphyridium cruentum for improving
skin aspect and decreasing redness and effects of rosacea and protein-rich Arthrospira
extract as products for repairing skin damages. The advancements in the downstream
processing of commercial microalgae have led to the emergence of skin and care,
personalized cosmetic products such as GoldenChlorella™ and AlgaPur™ algae
oils. In future, the bioeconomy based on microalgae for cosmetic applications are
expected to increase about three times as these products are comparatively less toxic
and highly effective in skin care, compared to chemical-based cosmetic products
(Mourelle et al. 2017).

14.2.6 Energy

The ability of microalgae to produce highly valuable and essential lipids has been
mentioned in the previous sections. The ability of microalgae to accumulate lipid
similar to vegetable oil, in their cell, makes them highly beneficial in biofuel produc-
tion as an alternate fuel. It is noteworthy that the microalgae possesses potential to
synthesize and store, 100 times higher quantity of lipids than any other organisms,
especially plants (Mubarak et al. 2015). These lipids obtained from microalgae are
processed and are widely used as biodiesel to encounter the growing fuel demand
throughout the world. However, the production of microalgal biodiesel, specifically
dimethyl ether, is still in its infancy and lab-scale stage. After the in situ trans-
esterification process with methanol for biodiesel production from microalgal oil, the
residual microalgal oil are also used for the biogas production (Salam et al. 2016).
Microalgae are used to produce ethanol, methanol, hydrogen, and biodiesel as effi-
cient biofuels. It has been reported that the biofuel production is high in green algae,
compared to red, blue-green and yellow-green algae. Microalgal species, namely,
Chlorella and Chlorococcum are proved to be extensively utilized for the distinctly
classifiable biofuel production (Faried et al. 2017). Due to the depletion of conven-
tional, non-renewable fossil fuels and demand for novel green fuels, the bioeconomy
based on the microalgal biofuel are expected to increase gradually in the near future.
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14.2.7 Other Industrial Applications

The pigments present in microalgae are the high valuable components that can be
used for enormous applications. In food sectors, these pigments are beneficial as
organic coloring agent (Dufossé 2018), paints as natural colors (Danaee et al. 2018),
solar energy collectors to trap more sun energy (Dufossé 2016) and as fluorescent
dyes in bioimaging of diseases (Della Rosa et al. 2018). In addition, the extracts of
microalgae possess biologically valuable compounds that are beneficial as high-value
co-products (Chew et al. 2017), stable biochemical isotope (Allen et al. 2017), biofer-
tilizer (Garcia-Gonzalez and Sommerfeld 2016), bio-mitigation of carbon dioxide
emission (Zhou et al. 2017), co-processing of wastewater (Puyol et al. 2017), and in
eliminating organic pollutants (Matamoros et al. 2015). Even though a wide variety of
microalgal highly valuable compounds are available and are under extensive research,
each component possesses at least a drawback which hinders their transformation
process from lab to large-scale production (Rizwan et al. 2018). Microalgal pigments
are currently under extensive research as they are easily extracted from microalgae
and requires less processing stages to fabricate the final product. The bioeconomy
associated with microalgae are mostly depending on these pigments and each pigment
are significantly helpful in various applications which are discussed in consecutive
sections.

14.3 Economically Important Microalgal Pigments

14.3.1 General Characteristics

Microalgae is one of the photosynthesizing organisms that produce various pigments,
namely, chlorophyll, carotenoids, astaxanthins, phycobiliproteins, and other lipids.
These phycopigments are in the colors of green, yellow, brown, red, and are preferred
over synthetic colors, due to their non-carcinogenicity and non-toxicity (Sekar and
Chandramohan 2008). These pigments are the important source of natural colors
compared to synthetic colorants.

Microalgal pigments such as chlorophyll, carotenoids, phycobiliproteins, astax-
anthins, and other pigments are extensively used in different industries. For example,
carotenoids obtained from Dunaliella, phycobiliproteins from Spirulina, red algae,
cyanobacteria, and astaxanthin from Haematococcus are commonly used in food,
pharmaceutical, nutraceutical, aquaculture, and cosmetic industry. Additionally,
these pigments are utilized in medical research as receptors that are effective as anti-
bodies (Santiago-Santos et al. 2004; Begum et al. 2015). Apart from performing the
primary role in pigmentation-based metabolism and photosynthesis in algae, these
pigments also display numerous advantageous anti-inflammatory, antioxida-
tive, anti-carcinogenic, anti-obesity, anti-angiogenic and neuroprotective activity
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(Guedes et al. 2011). The major microalgal pigments, their source, biological effects
and applications are mentioned in Table 14.1.

14.3.2 Chlorophylls

Chlorophyll molecules are green fat-soluble pigment, universally present in all algal
groups and are classified into three major types, namely, a, b and c of chlorophyll. The
basic structural unit of these molecules is a ring of porphyrin that are coordinated to
a central magnesium atom. Each porphyrin ring consists of a tetrapyrrole ring having
four carbon and one nitrogen in each pyrrole ring (Humphrey 2004). The structural
differences in chlorophyll a (ring II has methyl group) and chl b (formyl group)
is responsible for different absorption maxima (Scheer et al. 2004). Chlorophyll
¢ is a reddish-brown pigment and similar to chlorophyll b. The pigment obtained
from Chlorophyll a is blue and green in color, having an extreme optical absorp-
tion at 660-665 nm, whereas pigment from chlorophyll b is yellow and green in
color with absorption maxima at 642—-652 nm (Humphrey 1980; Begum et al. 2015).
Chlorophyll a photosynthetic pigment is highly present in cyanobacteria and red
algae. Chlorophyll b is present in chlorophyta, euglenophyta and marine microalgae,
whereas chlorophyll c is present in dinoflagellates. The green alga Chlorella sp. is
named as Emerald food as it has high (7%) chlorophyll content and is the main
source of chlorophyll production (Bewicke and Potter 2009a). Chlorophyll b is the
major pigment in alga Spirogyra, Chlorella, and Euglena gracilis, whereas Chloro-
phyll c is present in Fucus vesiculosus, Dunaliella salina, Amphidinium carterae,
and Cryptomonas sp.

The chlorophyll extraction method traditionally involves solvents of organic
origin, namely, acetone, ethanol, diethylformamide, and methanol that dissolve
lipoproteins and lipids into extract phase. Pretreatment methods before extrac-
tion, including homogenization and sonication disrupts the cells, so that chloro-
phyll extraction process is efficient. Homogenization followed by the use of
dimethyl formamide as solvent led to effectual chlorophyll a extraction from algae
Stichococcus sp. and Chlorella sp. (Schumann et al. 2005). Phycopigment extraction
via fluid at supercritical condition (SFE) is better than the solvent-based approaches,
as no carcinogenic solvent is involved, and the extract has better purity with less
processing steps. Being an inert, inflammable, cheap, and readily available, CO,
are used as SFE in multiple studies, where chlorophyll is extracted from microalgae
Synechococcus sp. (Macias-Sanchez et al. 2009). Following extraction, polyethylene
powder in chromatography column is used in an economically patented method for
separation of chlorophyll a and b from other pigments. The final purification process
involves sucrose filled column that yields highly pure and crystalline chlorophyll
molecules.
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Table 14.1 Different microalgal pigments and their algal sources

Pigment present

Microalgae

Reference

Chlorophyll a

Chlorella

(Bewicke and Potter 2009a)

Chlorophyll b

Spirogyra, Chlorella, and Euglena
gracilis

(Cunningham and Schiff 1986)

a-carotene

Dunaliella salina

(Christaki et al. 2013)

B-carotene

Chlorella zofingiensis, Dunaliella
salina, Coccomyxa acidophila, and
Aphanizomenon flos-aquae

(Sathasivam and Ki 2018; Del Campo
et al. 2007; Ranga Rao et al. 2010)

Phycocyanin

Galdiera suphuraria, Spirulina
platensis, Spirulina fusiformis,
Spirulina maxima, Porphyridium
cruentum, Anabaena marina,
Aphanizomenon flos-aquae,
Arthronema africanum, Coccochloris
elabens, Cyanidium
caldarium,Gracilaria
chilensis,Lyngbya sp., Mastigocladus
laminosus, Microcystis, Nostoc,
Phormidium, Oscillatoria
quadripunctulata, Phormidium
fragile, Synechocystis sp.,
Synechococcus elongates,
Synechococcus lividu,s and
Synechococcus vulcanus

(Benedetti et al. 2004; Kuddus et al.
2013; Cuellar-Bermudez et al. 2015)

Phycoerythrin

Rhodosorus marinus, Porphyridium
cruentum

(Sekar and Chandramohan 2008)

Astaxanthin

Haematococcus pluvialis, Chlorella
zofingiensis, Neochloris wimmeri,
Chlorococcum, Botryococcus braunii,
Scotiellopsis oocystiformis,
Diacronema vlkianum, and Euglena
rubida

(Sathasivam and Ki 2018; Ranga Rao
et al. 2010; Christaki et al. 2013;
Durmaz et al. 2009; Zhang and Lee
1997; Del Campo et al. 2004)

Canthaxanthin

Coelastrella striolata var.,
Multistriata, Chlorella vulgaris, and
Anabaena spp

(Sathasivam and Ki 2018; Abe et al.
2007; Cha et al. 2008)

Lutein

Chlorella vulgaris, Coccomyxa
acidophila, Auxenochlorella
Protothecoides, Chlorella
pyrenoidosa, Chlorella sorokiniana,
Coelastrella sp., Galdieria
sulphuraria, Parachlorella kessleri,
Scenedesmus bijugus, and Vischeria
stellate

(Sathasivam and Ki 2018;
Cuellar-Bermudez et al. 2015; Del
Campo et al. 2000; Ranga Rao et al.
2010)

Echinenone

Botryococcus braunii

(Sathasivam and Ki 2018; Tonegawa
et al. 1998)

(continued)
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Table 14.1 (continued)

Pigment present | Microalgae Reference
Fucoxanthin Cyclotella cf. cryptic, Cyclotella (Sathasivam and Ki 2018; Li et al.
meneghiniana, Cylindrotheca 2012a, b; Kim et al. 2012; Galasso

closterium, Isochrysis aff. Galbana, et al. 2017)
Mallomonas sp. SBV13, Nitzschia cf.
carinospeciosa, Odontella aurita,
Paralia longispina, Phaeodactylum
tricornutum, Fucus vesiculosus, and
Odontella aurita

Violaxanthin Chlorella ellipsodea (Sathasivam and Ki 2018)
Zeaxanthin Porphyridium cruentum and (Sathasivam and Ki 2018; Christaki
Chlamydomonas acidophila et al. 2013; Ranga Rao et al. 2010)

14.3.2.1 Application of Chlorophylls

Chlorophyll-rich foods provide good nutritional value to humans as they contain
heme, and thus increases the production of red blood cells (RBCs) (Solymosi and
Mysliwa-Kurdziel 2017). Chlorophyll molecules are broadly utilized in cosmetic,
pharmaceutical, and food sectors. Chlorophyll a, being a stable molecule has been
used as a natural colorant, alternative to artificial colors. Spirulina platensis contains
large amounts of chlorophyll, which can be utilized as an organic green color in
food products and cosmetics (Godoy Danesi et al. 2011). In addition, Chlorophyllin
which is a chlorophyll derivative is used as a fabric dye to add colors in wool and
cotton.

Chlorophyll derivatives have also exhibited various health promoting activities,
apart from being primarily used as natural colors. (Ferruzzi and Blakeslee 2007) have
documented the medicinal use of these compounds owing to their anti-inflammatory
and wound healing entities. Another experiment (Balder et al. 2006) revealed the
characteristic of chlorophylls in decreasing the colorectal cancer risk. Chlorophyll
molecules also exhibit antimutagenic property, due to production of carcinogen
detoxifying enzyme and thus reducing the risk of cancer.

14.3.3 Carotenoids

In nature, carotenoids are widely spread as yellow, orange, or red colored pigments
with aliphatic or alicyclic structures (Prasanna et al. 2007). There are more than 1000
carotenoids that are identified till date, and it comprises of about 0.1% of the total
algal dry weight. Carotenoids are accessory light harvesting pigments as they transfer
the energy to chlorophyll. Carotenoids are antioxidative molecules that deactivate
reactive singlet oxygen that are released, when the cells are experiencing stress due
to environmental conditions (Ciccone et al. 2013). Carotenoids can be classified
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based on their structural cyclization, hydrogenation, and chemical groups that are
responsible for the bioactivity (Dutta et al. 2005).

Further, these colored pigments are categorized as major and minor carotenoid
groups. Carotenoids that constitute the physical characteristics of xanthophylls are
called major carotenoids, whereas the minor carotenoids are formed in large quan-
tities by the microalgae due to firm external environmental stimulus (Eonseon
et al. 2003). Most carotenoids contain C40 hydrocarbon backbone, having basic
eight isoprenoid units with double bonds that are conjugated in the series. These
carotenoids could be cyclic or linear molecules with or without oxygen. Further,
carotene and xanthophylls are considered as two major carotenoids groups. Hydro-
carbon carotenoids are called carotenes as they do not contain any oxygen compound
or its subordinates in their structures, whereas oxygenated derivatives of carotene are
xanthophylls with oxygen being in the group of hydroxyl form (e.g., Zeaxanthin),
oxi-groups (e.g., echinenone) or in combinations (e.g., astaxanthin) (Del Campo et al.
2000). Other substituent groups such as epoxy is present in violaxanthin and diadi-
noxanthin; acetyl group is present in dinoxanthin and fucoxanthin in the structures.
Additionally, xanthophylls being hydrophobic molecules are either membrane-linked
or have exclusive protein interactions via non-covalent bonds and are commonly
present in the membrane of thylakoids. Minor carotenoids are present in vesicles
formed by lipids and possess extraplastidic property (Grossman et al. 1995).

For most carotenoids, three major absorption maxima have been recorded. The
absorption maximum is affected by cyclization and oxygenation. The common
cyanobacterial carotenoids are B-carotene (only cyclic compounds), zeaxanthin,
ketocarotenoid, echinenone, and carotenoid glycoside myxoxanthophyll. Primary
carotenoids of green algae include B-carotene, lutein, and violaxanthnin that are
present within the chloroplasts along with chlorophyll. Till date, more than 600
xanthophylls have been reported with different oxygen containing groups and their
combinations (Lemoine and Schoefs 2010). Certain green algae, including Chlorella
sp. accumulates biomass of carotenoids and are considered as good sources of
carotenoids (Bhosale and Bernstein 2005).

Dunaliella salina is the preferred microalgae for B-carotene production due to
its highest carotenoid content (10% dry weight) (Prieto et al. 2011a). Under crit-
ical conditions such as nutrient limitation, high salt and light, these microalgae can
produce 14% of B-carotene in its dry weight. Growth rate and yield of B-carotene
by Dunaliella is increased, when seaweeds are cultivated at higher concentrations
(Raja et al. 2004). Dunaliella cultures are used to extract f-carotene using biphasic
aqueous or organic systems (Hejazi et al. 2003, 2004). Cyanobacterial species Syne-
chocystis sp. PCC6803 and Synechococcus sp. PCC702 are good candidates that
accumulates B-carotene after genetic modification (Macias-Sanchez et al. 2009).
Moreover, the different strains of Synechococcus are reported to contain B-carotene,
equinone and other phycopigments at varying extents (Kaur et al. 2009). Extrac-
tion of carotenoids is performed using organic solvents including acetone, methanol,
or dimethyl sulfoxide (DMSO). Commercially, Dunaliella is cultivated throughout
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the world (Australia, Israel, USA, India, and China) for f-carotene production with
Australia being the major producer (Kleinegris et al. 2011)

The initial step of carotenoid extraction and purification involves separation
of algal biomass from liquid media by centrifugation, flocculation, and filtration.
Later, the biomasses were processed by specific drying methods. Carotenoids are
extracted from various microalgae, namely, D. salina, C. vulgaris, Spirulina pacifica
and Nannochloropsis gaditana by supercritical fluid extraction approach (Macias-
Sanchez etal. 2009; Careri etal. 2001). Likewise, the supercritical CO, crystallization
method with organic solvent and edible are utilized for the extraction of B-carotene
from Dunaliella biomass. The marine algae Synechococcus sp. is evaluated in terms
of effective operating pressure and temperature on efficiency of p-carotene extrac-
tion using supercritical CO, (Montero et al. 2005). Multiple studies have shown
that extraction processes that are operated at the temperature between 40-80 °C and
pressure between 20-40 MPa, selectively separates carotenoid molecule from algal
biomass (Khanra et al. 2018). Moreover, supercritical dimethyl ether is utilized for
efficient fucoxanthin extraction from microalgae U. pinnatifida (Kanda et al. 2014).

14.3.3.1 Applications of Carotenoids

Commercially available carotenoids include P-carotene, zeaxanthin, lycopene,
canthaxanthin, lutein, and astaxanthin (Sathasivam and Ki 2018), that are used as
provitamins, antioxidants, immune boosters, antiageing, and anticancer agents. Out
of all carotenoids, B-carotene is the most commonly occurring, first commercial-
ized carotenoid with diverse biological functions. Carotenoids are not vitamins, but
these molecules have provitamin A activity and performs diverse biological func-
tions in humans (Pisal and Lele 2005; Vilchez et al. 2011). There are approximately
60 carotenoids that can act as precursors of vitamin (1 ug retinol = 2 ug f-carotene).
In humans, B-carotene is converted to vitamin A through the activity of skin tissues.
Further, vitamin A highly necessary and efficient in the human body, as it prevents
cataracts, night blindness, skin diseases and boosts the immune system (Agarwal and
Rao 2000). Multivitamin and healthy food formulations also contain p-carotene as
provitamin A (Spolaore et al. 2006a)

B-carotene from Dunaliella has been approved as a natural colorant by the United
States Food and Drug Administration (FDA) to be beneficial in food and cosmetic
industries as well as drugs to cure diseases. These carotenes possess ability to elevate
the appearances of food products. Furthermore, it is beneficial as a food supple-
ment, as feed in poultry and aquaculture (Christaki et al. 2013) in powder form.
Additionally, it is also used as a colorant and a provitamin supplement in pet foods
(Cantrell et al. 2003). Further, B-carotene gained potential significance in the cosmetic
industry as sunscreen lotions, nail paints, lipsticks, and anti-aging creams. An inter-
esting property of carotenoids is their antioxidant activity to protect the cells from
harmful free radicals by quenching and scavenging processes. The antioxidant prop-
erty is due to the physical and chemical interactions of these pigments with cell
membranes. Thus, these pigments act as immune modulators, prevents the onset of
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cancers, protects against life menacing diseases, including different forms of cancer
(Rock 1997; Albanes et al. 1997; Tornwall et al. 2004). Certain carotenoids including
astaxanthins also reduce the risk and progression of cancers. In particular, Dunaliella
extracted B-carotene have 40% of 9-cis and 50% of all-trans stereoisomers that helps
them in lowering the risks of certain cancers and degenerative diseases (Ausich 1992;
Sandmann 2001).

The antioxidative properties of carotenoids allow them to protect brain cells from
getting deteriorated and hence, prevents the process of aging. The specific role played
by B-carotene in stimulating the immune system also prevent several other diseases
such as cancers, premature aging, and arthritis. Additionally, B-carotene declines the
memory loss in Alzheimer’s disease by acting as a better antioxidant to facilitate
brain cells to survive (Mattson 2004). Further, a detailed health aid of f-carotene
is investigated in in vivo models. Cognitive impairment was found to be prevented,
when transgenic mice fed with B-carotene and lutein of Chlorella sp. (Nakashima
et al. 2009). Furthermore, extracts of C. ellipsoidea and C. vulgaris containing
B-carotene prevented development of colon cancer (Plaza et al. 2009). D. salina
extracted pB-carotene has been commercialized by an Australian company named
Western Biotechnology, since 1986. Similarly, huge quantities of B-carotene are
produced in India from cyanobacteria. Microalgal carotenoids are good competitors
of synthetic carotenoid forms as they provide superior natural isomers, compared
to the synthetic form. Along with carotene, other carotenoids help in decreasing the
premenopausal cancer prevalence in the breast; cryptoxanthin lowers the chances
of cervical cancer. Lycopene can reduce the menace of prostate and digestive tract
cancers. Additionally, combination of B-carotene, lycopene, vitamin E, and C help
the patients under cancer therapy in developing immunity. Lycopene with -carotene
helps in preventing coronary heart disease by inhibiting the harmful cholesterol and
low-density lipoprotein (LDL) formation. Lycopene also reduces the risk of type II
diabetes with f-carotene and cryptoxanthin. Oxygenated carotenoids (Xanthophyll)
obtained from Dunaliella sp., have better anticancer properties and high bioactivity
(Roodenburg et al. 2000). Lutein and Zeaxanthin inhibits the harmful UV radia-
tions from sun and prevent loss of vision. Also, these carotenoids protect skin from
photooxidation and hence can be used as nutraceutical or cosmetic ingredients that
prevent oxidative stress-related diseases.

14.3.4 Phycobiliproteins

Phycobiliproteins (PBS), belongs to the family of water soluble, brilliantly colored,
primary protein pigments in microalgal species (Glazer 1994). These pigments are
arranged as macromolecular phycobilisomes complexes and are devoted to the outer
thylakoid membrane surface for photosynthesis (Hemlata and Fatma 2009). These
pigments constitute up to 50% of the soluble protein and comprise about 20% of
the cell dry weight (Grossman et al. 1993). Bluish green allophycocyanin, bluish
phycocyanin, purple colored phycoerythrin, and orange colored phycoerythrocyanin



14 The Bioeconomy of Production of Microalgal Pigments 339

are the major microalgal phycobiliproteins (Sekar and Chandramohan 2008). The
optical absorbance of allophycocyanin is 650-655 nm, phycocyanin is 615-640 nm,
phycoerythrin is 565 ~ 575 nm and phycoerythrocyanin is 577 nm. Thus, phyco-
biliproteins absorb light in the visible spectrum and acts as accessory light collecting
pigments during photosynthesis (Batista et al. 2006). Phycobiliproteins are made of
a and P polypeptides, having a molecular weight of 15 kDa and 22 kDa, respectively,
that associates non-covalently to form heterodimers (Glazer 1994).

Two polypeptide chains with methionine was present in c-phycocyanin protein
that is isolated from Oscillatoria agardhii microalgae (Peters et al. 1992). These two
polypeptide chains are linked by disulphide bonds and each chain contains a single
chromophore group. The composition of amino acids and N-terminal sequences of
both polypeptides are also found to be similar. In complete phycobilisome, Allophy-
cocyanin is present in the core of phycobiliproteins that are joined to the disc-shaped
hexameric phycocyanins to the proximal side and distal side phycoerythrins present
in the core. The prosthetic groups in covalent arrangement with phycobilins led to
exclusive phycobiliprotein colors (Sekar and Chandramohan 2008). About 10-15%
of total phycobiliprotein consists of uncolored or linker polypeptides which are not
only the structural components that stabilizes PBS, but also helps in the efficient
energy flow to the reaction center of photosynthesis.

Most abundant phycobiliproteins produced by red algae Porphyridium are phyco-
erythrins, while cyanobacteria Arthrospira Spirulina have phycocyanins as the major
pigment (Glazer 1994; Bermejo Roman et al. 2002). The core pigment in Nostoc
strains is C-phycoerythrin and it makes 10% of the microalgal dry weight. A strain
of Ananbena having 8.3% dry weight of phycoerythrin was isolated from coastal
lagoons of Spain (Rodriguez et al. 1991). Heterocyst containing strains of cyanobac-
teria were found to be high producers of phycobiliproteins among 41 cyanobac-
terial species, including unicellular, colonial, filamentous (heterocystous and non-
heterocystous) and heterotrichous strains (Kaushik 2000). Phycoerythrin and phyco-
cyanin also have a direct effect on total phycobiliprotein production. Analysis of
20 Tolypothrix strains of their phycobilin content revealed significant differences at
both inter- and intraspecies level (Prasanna et al. 2003).

Various potential algal species for phycobiliprotein production are screened and it
was found that Spirulina fusiformis produced 6 to 46% of c-phycocyanin and about
26% in Spirulina platensis (Zhu et al. 2007; Madhyastha et al. 2006). Moreover, the
high heterotrophic cell density, continuous and fed batch unicellular red algae culture
of Galdieria sulphuraria also produced large quantities of phycocyanin (Graverholt
and Eriksen 2007). For extraction of phycobiliproteins, cell disruption methods such
as osmotic shock, enzyme treatment, or high-pressure homogenization is used. The
crude extract is then directly used for purification of pigments. Moreover, a combina-
tion of methods is also used depending on the desired purity and source organism. The
purified pigment is dried by lyophilization to prevent its denaturation. Recently, high-
pressure homogenization is utilized for extraction of phycocyanin from S. platensis
(Seo et al. 2013). Likewise, chromatography coupled with expanded bed adsorption
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technique has been used to extract phycocyanin in recent times (Ramoz et al. 2010).
Various methods, including lysozyme treatment and nitrogen cavitation are utilized
to obtain Synechococcus sp. extracted phycobiliproteins (Viskari and Colyer 2003;
Gupta and Sainis 2010). Phycoerythrin isolation is performed by methods including
sonication and freeze thaw method, using different cyanobacterial species (Pumas
et al. 2011; Mishra et al. 2011).

14.3.4.1 Applications of Phycobiliproteins

Phycobiliproteins possess enhanced antioxidative, hepatoprotective, and neuropro-
tective entities (Spolaore et al. 2006a). These pigments are commercially used as
organic dyes in various countries. They form an important component of fluorescent
labeling for flow cytometry and histochemistry, due to their exclusive spectral enti-
ties (Kronick and Grossman 1983). Phycoerythrin due to its absorbance spectra is
utilized as a secondary color in antibodies that are labeled in fluorescent colors (Sekar
and Chandramohan 2008). Further, DNA and protein probes can be detected by
using phycoerythrin labeled streptavidin (Diwu et al. 2012). Low-molecular weight
cryptomonad derived phycobiliproteins (termed cryptoFluortrade mark dyes) finds
applications in both extracellular and intracellular flow-based labeling systems. Also,
these phycobiliproteins are beneficial as electrophoresis markers, focusers in chro-
matograph and iso-electric experiments, since they exhibit optical absorption in the
visible light wavelength.

PBS is used as natural food colorants over synthetic dyes which exhibits carcino-
genicity. Other benefits comprise their strong colors and elevated water solubility. The
yellow fluorescent color of phycoerthrin is used for making transparent sugar-based
lollipops and in other food decorations (Dufosse et al. 2005). S. platensis and Phor-
phyridium aerugineum extracted phycoerythrin is utilized as confectionary colors,
gelatin desserts, and in cosmetic products. Another phycobiliprotein, S. platensis
extracted C-phycocyanin is widely preferred as a colorant, compared to synthetic
ones (Sekar and Chandramohan 2008) and marketed in Japan. It is beneficial as
a chewing gum coloring agent, popsicles, and soft drinks to name a few. PBS is
not permitted by FDA, however, desert lake technologies applied to grant generally
regarded as safe (GRAS) status to CyaninPlus (C-PC) (FDA GRAS 2012). Addi-
tionally, it is used in cosmetic industries as lipsticks (Santiago-Santos et al. 2004).
Phycocyanin is a pharmaceutically active phycopigment due to its antioxidant, neuro-
protective, and hepatoprotective properties (Sekar and Chandramohan 2008). For
instance, Aphanizomenon flos-aquae extracted phycocyanin has been found to be a
robust antioxidative agent and is proven to reduce oxidative damage (Benedetti et al.
2004). It is capable of scavenging free radicals and also inhibits in vitro peroxidation
of microsomal lipids (Romay et al. 2003). Further, phycocyanin significantly reduced
hippocampal cell death in rats (Thaakur and Sravanthi 2010; Penton-Rol et al. 2011),
decreased hepatic inflammation (Gonzélez et al. 2003; Sekar and Chandramohan
2008) and decreased phagocytosis in Kupffer cell (Remirez et al. 2002).
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Phycocyanin reduces edema, release of histamines, myeloperoxidase activity,
prostaglandins and leukotriene in the inflamed tissues. Thus, phycocyanin is poten-
tially beneficial in pathological conditions involving oxidative stress and inflamma-
tion. Phycocyanin also exhibits anticancer properties by reducing the tumor necrosis
factor (TNF-a) in serum of the endotoxin treated mice and it also exhibited a neuro-
protective effect in the cell cultures of rat cerebella granules (Sekar and Chan-
dramohan 2008). In addition, phycocyanin derived from S. platensis exhibited dose
and time-dependent growth inhibition of human leukemic K562 cells (Subhashini
et al. 2004). Phycocyanin also led to prostate cancer cell apoptosis by enhancing
the effect of anticancer medication topotecan (Gantar et al. 2012). Further, Phyco-
cyanin reduced the spread of human hepatoma HepG?2 cell line in another study by
(Basha et al. 2008). Furthermore, R-phycoerythrin subunits were used for treating
mouse tumor S180 cells and human SMC 7721 carcinoma cells (Huang et al. 2002).
Allophycocyanin (APC) at concentrations not toxic to the host cells, inhibited cyto-
pathic effects by inducing enterovirus-71 as reported by (Shih et al. 2003). Along
with phycocyanin, allophycocyanin also has antioxidative and anti-inflammatory
properties and hence, APC is also a potential therapeutic agent.

14.3.5 Astaxanthin

Astaxanthin with C4Hs,O4 as molecular formula is a xanthophyll carotenoid and
a red fat-soluble pigment. Haematococcus pluvialis is one of the best green algal
sources of organic astaxanthin as it represents 90% of the total carotenoids (Ranga
et al. 2009). The basic astaxanthin structure has two rings in terminal linked by a
chain of polyene. It possesses keto (C = O) and hydroxyl groups on each ring of
ionone that are responsible for its unique esterification ability and other exclusive
properties (Ma and Chen 2001). Likewise, conjugated double bonds (hydroxyl and
keto group) are accountable for the red astaxanthin color. These bonds make this
pigment a better antioxidant as it donates electrons and lead to free radical and stable
product formation, thus terminating the free radical chain reactions in living organ-
isms. Closed tubular bioreactors are industrially explored for astaxanthin production
from H. pluvialis (Lopez et al. 2006). Actively growing cells of haematococcus
biomass are fragile and breaks easily, therefore the recovery of astaxanthin from
hard walls of haematocysts is studied by (Mendes-Pinto et al. 2001). Settling and
centrifugation are the steps involved in the biomass harvesting of microalgae. Finally,
the biomass are broken to improve astaxanthin bioavailability and then dried. The
biomass product, that are dried, is either encapsulated directly or used for extraction
of astaxanthin (Olaizola and Huntley 2003).



342 J. Jeevanandam et al.
14.3.5.1 Applications of Astaxanthins

Astaxanthin serve as the superior vitamin E, having a strong antioxidative activity
(10X), compared to f-carotene (Jyonouchi et al. 1995). Higher concentration of
various antioxidative enzymes, including peroxidases are found to be present in
plasma and liver of rat fed with Haematococcus biomass as an astaxanthin source
(Ranga Rao et al. 2010). The levels of these antioxidant enzymes were found to be
increased, when model animals (rabbits and ethanol-induced gastric ulcer rats) were
supplemented with astaxanthin (Augusti et al. 2012; Kamath et al. 2008). Likewise,
astaxanthin is a superior antioxidant agent, compared to other carotenoids as seen
in the dermal region of human fibroblasts and hence used as theranostic agents for
diseases related to skin (Camera et al. 2009). In deep burn model, early progression of
burn wounds is prevented by astaxanthin by reducing ROS production and oxidative
stress (Fang et al. 2017). The exclusive molecular astaxanthin structure permits it to
remain stable in both inside and outside the cell membrane and hence, it can aflatoxin
carcinogenicity (Rao et al. 2013).

Astaxanthin is an antioxidant that acts against inflammation in biological systems.
Haematococcus extract containing astaxanthin, reduced the H. pylori growth in
gastric inflammation infected mice (Bennedsen et al. 1999; Park et al. 2010). The
lower rate of respiratory inflammation enhances secondary messenger cGMP and
cAMP levels, which were found in extracts of Ginkgo biloba, astaxanthin, and
Vitamin C supplemented lung tissues (Haines et al. 2011). Another study demon-
strated that Haematococcus sp. extracted astaxanthin from preventing gastric ulcers
by inhibiting H; K ATPase activity, elevating mucin content and antioxidative activity
(Kamath et al. 2008). Further, astaxanthin are proved to be useful for the ocular
inflammation treatment in rats as it inhibits the NFkB signaling pathway (Suzuki et al.
2006). The mechanism of continuous stress via singlet oxygen leading to inflamma-
tion is responsible for neurodegeneration, cancers, and skin damage is well known.
Astaxanthin treatment has been proved to prevent the UV induced skin damage by
reducing the levels of prostaglandin E2 after UV exposure (Yoshihisa et al. 2014).
This inhibitory astaxanthin effect is important for the anti-inflammatory drug devel-
opment, for skin infections including psoriasis. Astaxanthin also prevents skin thick-
ening and inhibits collagenase, inflammatory mediators, and thus, responsible for the
anti-wrinkle effects (Davinelli et al. 2018).

Numerous studies have demonstrated the purpose of astaxanthin in oxidative stress
reduction, damages renal cells and thus prevents diabetic nephropathy in diabetic
mice (Naito et al. 2004; Kim et al. 2009; Manabe et al. 2008). Astaxanthin, being an
antioxidant, also serves as an immune modulator by providing protection from free
radical damage. This pigment significantly alters immune functions in several studies
using live models (Lin et al. 2015). In murine models, astaxanthin showed a higher
immune modulating effect, compared to f-carotene (Jyonouchi etal. 1991). A human
lymphocyte experiment showed enhanced responsorial production of immunoglob-
ulins to T-cell dependent stimuli (Jyonouchi et al. 1995). In humans, astaxanthin
supplementation for 8 weeks, improved the activity of NK cells that targets and
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destroys virus infected cells was observed (Park et al. 2010). Along with cell medi-
ated immunity, astaxanthin has stimulated humoral immunity in murine model by
inducing production of polyclonal IgG and IgM antibodies (Jyonouchi et al. 1995;
Okai and Higashi-Okai 1996). Main pathological features of cardiovascular diseases
are reduced by the antioxidative properties of astaxanthin in experimental model
systems and humans. Thus, this pigment can be considered as latent agents for
cardiovascular atherosclerotic disease treatments (Fassett and Coombes 2011).

Antioxidants by inhibiting oxidative damage of the cells decrease their rate of
mutagenesis and carcinogenesis. In human tumors, cell to cell contact through gap
junction is decreased. Gap restoration junctions by elevating the connexin-43 protein
levels tend to decrease tumor cell progression. Natural carotenoids, specifically
canthaxanthin and astaxanthin, increased gap junctions in mouse embryo and human
skin fibroblasts (Hanusch et al. 1995; Daubrawa et al. 2005; Hix et al. 2004). Astax-
anthin showed better anti-tumor activity by inhibiting the growth several tumor cells
(Palozza et al. 2009). Further studies showed that astaxanthin lead to cell death and
inhibited cell proliferation of mammary tumors in models of chemically induced
murine (Tanaka et al. 1995; Jyonouchi et al. 2000; Nakao et al. 2010). The perox-
ynitrite reaction with lutein and astaxanthin leads to the formation of Nitrolutein and
Nitroastaxanthin which are proved to possess enhanced anticancer properties as they
inhibited mouse skin papillomas (Maoka et al. 2012).

H. pluvialis extracts containing astaxanthin have been accepted as a supplement in
humans or animal diets and reduces the risk of various disorders (Kidd 2011; Yuan
et al. 2011). Dietary astaxanthin enhances the fish and shrimp immunity system
which eventually elevates their survival and growth. Additionally, it plays a crucial
part in the markets of feeds for aquaculture and livestock (Dufosse et al. 2005;
Cysewski and Todd 2004; Guerin et al. 2003). Further, Astaxanthin is utilized in
food, feed, nutraceutical, medical and cosmetic industries. In addition, market avail-
ability of astaxanthin in distinct powder and capsule forms reveals their enhanced
applications in food industries. The patented benefits of this algal pigment include its
use in preventing inflammation, cancer, bacterial infections, cardiovascular diseases,
improving brain functioning, and skin thickness.

14.3.6 Secondary Pigments, Essential Lipids, and Other
Pigments

The secondary pigments in algae include the secondary carotenoids such as fucoxan-
thin, canxanthin, cryptoxanthin, violaxanthin, and echinone (Lemoine and Schoefs
2010). Fucoxanthin is the primary light harvesting carotenoid that efficiently
performs the energy transfer and plays a significant role in photoprotection and
antioxidation in algae. Fucoxanthin has shown activities of anti-proliferation and
prevention of cancer by inhibiting the cell cycle process (Kumar et al. 2013). Anti-
angiogenic effect of fucoxanthin has proven to prevent the development of cancer
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in endothelial cells (HUVECsS). The anticancer activities of fucoxanthin with astax-
anthin and B-carotene are reported towards HL-60 cancer cells (Kim et al. 2012).
The role of several secondary pigments including zeaxanthin on cancer cell lines
of prostate region is documented in the experiment by (Kotake-Nara et al. 2001)
and fucoxanthin exhibited the highest growth inhibition rates. It is noteworthy that
the effects of fucoxanthin and its metabolites varies depending upon the type of
cancer cells. Moreover, Fucoxanthin also possesses antidiabetic activity. Obese mice
treated with fucoxanthin restored normal blood glucose and insulin levels by elevating
glucose transporter 4 (GLUT4) levels in skeletal muscle cells (Maeda et al. 2009).
A carotenoid cryptoxanthin also inhibited colon cancer cell proliferation, whereas
combinations with oxaliplatin induced cancer cells apoptosis (Sathasivam and Ki
2018). These are important applications of some of the secondary pigments of
microalgae.

The essential lipid fraction of microalgae includes fatty acids, waxes, and sterols
(Spolaore et al. 2006a). Based on head group polarity, fatty acids are divided into two
groups, namely, neutral and amphipathic lipids (includes phospholipids and glycol-
ipids) (Cuellar-Bermudez et al. 2015). Acylglycerols is characterized into monoa-
cylglycerols, diacylglycerols and triacylglycerols depending on the number of fatty
acids (Halim et al. 2012). Production of microalgal lipids is based on its species and
the culture conditions, including pH and salinity (Guschina and Harwood 2006). The
content of neutral lipids in microalgae is efficiently increased by nitrogen starvation
(Breuer et al. 2012; Yeesang and Cheirsilp 2011; Cuellar-Bermudez et al. 2015).
Important commercial source of DHA includes dinoflagellate Crypthecodinium
cohnii, and Schizochytrium and can be extracted algal oil extraction methods includes
mechanical pressing, homogenization, milling, and solvent extraction (Palmquist and
Jenkins 2003).

Among the fatty acids of polyunsaturated nature, omega-3 PUFA is considered
as a fish oil substitution (Ryckebosch et al. 2014). Microalgal fatty acids of omega-3
type have several medicinal benefits in reducing high blood pressure, stroke, myocar-
dial infarction, and cardiac arrhythmia. Adequate intake of major omega-3 PUFA,
namely, Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) by preg-
nant women is highly essential for the enhanced fetal brain growth (Adarme-Vega
etal. 2012). Algal classes producing EPA include Bacillariophyeae and several other
microalgal species (Cuellar-Bermudez et al. 2015). Thus, algal lipids are used as an
alternate source of nutritionally significant PUFA and are composed of functional
food formulations (Cuellar-Bermudez et al. 2015). Another important application of
algal lipid is their benefits in aquaculture as documented in various studies (Gladue
and Maxey 1994; Birkou et al. 2012).

14.4 Microalgal Pigments as a Potential Economic Booster

The evolution of biotechnology commenced to flourish during the last century, with
a steep increase in the microalgal production for aquaculture, human as well as
animal food and fodder, and cosmetics. This section deals with the application of
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various algal pigments with a great prospect of being an economic booster. This has
resulted in the enhanced methodology in production and genetic microalgal strain
modification. Increased application of pigments as natural dyes and polyunsaturated
fatty acid oil in food, increase the need of diversifying the quest of microalgal biome
for their potential economic implication (Spolaore et al. 2006b).

14.4.1 Commerce Behind Bioindustrialization

Commercial microalgae production started in the early 1970s in Japan, with
Dunaliella salina, as a p-carotene source which later became a rapidly growing
bioproduct industry, when Australia pioneered in mass outputs. The species showing
higher growth rates, invasion resistance, and the presence of optimal lipids are the
triad of selecting the best seeding culture. The biofuel production and utilization
of bioactive compounds from microalgae is hindered by the increased industrial
slab. Improvement of extraction techniques is mandatory for the efficient usage; this
can be achieved by alternate methods of extraction such as microwave irradiation
methods (Kapoore et al. 2018). Microalgal cells pose a challenge while disrupting the
intracellular polymers such as sporopollenin and algaenan. In a few species such as
Dunaliella tertiolecta, the absence of frustules led to rapid extraction of phycopig-
ments, in contrast, the presence of frustules in Cylindrotheca closterium renders
as a mechanical barrier to pigment extraction. Solvent-based disruption techniques
require massive protocols to obtain products of interest. Conventional techniques
such as cold and hot soaking technique, ultrasound assisted technique, are often
very expensive and contribute to low efficiency. MAE is found to be a better alter-
native as it is a combination of rapidity, better reproducibility, uniform heating,
and increased yields (Pasquet et al. 2011). The process of harvesting involves enor-
mous energy and finance; the techniques include centrifugation, foam fractioning,
chemo-flocculation, electro-flocculation, osmotic separation, and ultrasonic separa-
tion. Whereas, certain low energy and low budget harvesting process like gravity
sedimentation are not economically feasible. Scientists are expected to come up
with a solution to address the problems affixed to harvesting microalgae for the
commercial isolation of valuable metabolites (Ghosh et al. 2016).

14.4.2 Potential of Various Microalgal Pigments in Industries

The markets were seen inviting microalgal components in the past, in this backdrop, a
marked increase in research is expected to expand the horizon for various microalgal
products. The quality of such products is maintained by the downstream processing
technique.
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14.4.2.1 p-Carotenoids

Fat soluble of B-carotenoid pigments obtained from certain photosynthetic bacteria,
algae, and plants, they perform as an important photosynthetic component. It is
predominantly isolated from the stenohaline species Dunaliella salina, the dried
biomass of these algae composes of almost 10% of dried biomass, this is the highest
among all species (Prieto et al. 2011b). After a successful pilot study in culturing
these organisms by the USSR in 1960, many nations followed the lead in successful
commercialization of Dunaliella salina. Annual production rates across the globe
ranges around 1200 tons, with Australia as the leading producer. The worldwide
market for this species is expected to be 1.8 billion dollars in this current year, this is
a leap of 0.3 billion dollars from the levels in past demi-decade. The global demand
of cyanobacteria-based pigments is predicted to increase in the next fiscal year and
it is expected to shoot in the future to meet 1-billion-pound mark.

14.4.2.2 Chlorophyll and Astaxanthin

Chlorella microalgal species are considered as the Emerald food due to its richness
in chlorophyll along with 7% of the biomass, which is roughly five times of the
Spirulina chlorophyll content. It is an organic colorant of food that contains rich
antioxidant content and acts as an antimutagenic agent. The Weiwang company in
Taiwan was the first to commercially produce Chlorella at diverse scales in industries
(Bewicke and Potter 2009b) and they are grown in large plastic tubes to harvest more
solar radiation for efficient growth.

Astaxanthin is considered an efficient medicinal agent that can cure neurodegen-
erative diseases, high-cholesterol, hepatic dysfunctions, geriatric muscular atrophy,
and for the prevention of malignancy. It is also used as a therapeutic agent for
metabolic syndromes. In certain conditions, it is given as a supplement for increasing
muscle fitness, endurance, increasing the exercise performance, decreasing muscle
soreness after exercise. Oral intake of astaxanthin prevents sunburn, reduces sleep
apnea, insomnia, dyspepsia, infertility disorders, carpal tunnel syndrome, rheumatoid
arthritis, and menopausal syndrome. Direct application on the skin, reduces sunburn
and wrinkles; it is also used as a colorant in few other cosmetics. It is beneficial as
a supplement in food for egg laying chicken in the poultry industry. It works as an
antioxidant and prevents cell damage. The investment return for distinct astaxanthin
market prices are assessed to understand the economic viability of these phycopig-
ments. Market astaxanthin value varies between $2500-7000/kg with a global market
value of 280 metric tons/year (Panis and Carreon 2016).
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14.4.2.3 Xanthophyll

Xanthophyll is a form of oxygenated carotenoids found in a plethora of photosyn-
thetic organisms, there has been major advancements in molecular biology for the
last few years, which has paved way for efficient isolation and production and bio-
utilization of xanthophylls. Recently, molecular biology developments have paved
way for an effective genetic microalgae manipulation to increase xanthophyll yield
and helps in their commercial production (Jin et al. 2003). A commercially signifi-
cant fucoxanthin- xanthophyll type is obtained from Fucus sp. and Phaeodactylum
tricornutum, it is a protein bound component associated with chlorophyll. Antioxi-
dant assay of Chaetoceros calcitrans and Isochrysia galbana showed an amazingly
high number of antioxidants, primarily bound to the pigment (Foo et al. 2017).

14.4.3 Economic Boosters of Bioeconomy

The pigments derived from microalgae and microalgae themselves have unique vital
characteristics that can be translated into advanced technical and commercial prod-
ucts. This contributes to the production of a variety of beneficial lipids, carbohydrates,
bioactive compounds, etc. At a very cost-reducing way, they can incorporate the stable
isotopes of 13C, 15 N, and 2H into their biomass and produce various other compo-
nents they produce. They comprise huge unexplored taxa of organisms, providing a
virtually unexplored source of products with potential implicational significance.

Industrial and scientific advancement in effectual microalgal product fabrica-
tion plays a vital role in influencing the monetary feasibility of microalgal products
(Roux et al. 2017). However, limited articles focused on the large-scale microalgal
utilization to obtain valuable compounds, especially pigments. It is inevitable to
understand a few aspects of microalgae before starting a commercial spin-off using
microalgae. Factors include the analysis of microalgae-based product production,
market expectancy, demand, and production scale. The analysis must include a pilot
study on the technological advances in the downstream processing of microalgal
products, search on patented and protected inventions in the specific field, and a global
screening on the present situation of a global market that depends on microalgal
biomass with future outlooks.

During the last decade, the research focusing on microalgal pigments has made the
noteworthy advancements. Novel methodology for purification permits large-scale
harvesting of pigments with high purity. Microalgal PBP pigment generates extra
demand in the pharmaceuticals and nutraceutical markets. It is essential to develop
novel approaches for heterotrophic and mixotrophic production to meet the growing
demand of such algal pigments. More widespread research in microalgal application
is still needed to explicate the complete action of microalgal pigments using various
model organisms. Studies focusing on the productivity involving various species
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producing a particular pigment have to be explored thoroughly to choose the best
source of culture for effective productivity and increased financial output. The market
for the pigments derived from various sources are kept at a high due to the increased
awareness about the benefits of bio-products, the demand is rather satisfied with the
alternative and synthetic substitutes. This bottleneck is mainly due to the difficulties
associated with the mass production of microalgae, resource cost and comparative
cheaper production cost in the case of synthetic pigments (Ambati et al. 2018).

Although there is a wide demand for plant pigments in the International market,
95% of this is satisfied by the synthetic substitutes. Synthetic pigments are often
derived from petrochemical products and often raise alarming food safety issues
with a potential toxicity in the end product. Besides, the hazard of environmental
distress and sustainability issues also arise with the synthetic production. In fact, to
date, the usage of synthetic pigments is restricted to its usage in aquaculture and
are not permitted to consume by humans. Increasing awareness has spearheaded the
market improvement for the naturally derived pigments due to the transition towards
“green alternatives” and organic products, the market is expected to hit a $1.5 billion
by the end of 2020 with all the natural pigments gaining an upper hand in the market
(Bhat and Madyastha 2000; Begum et al. 2016).

14.5 Current and Future Perspective

The current status of microalgal pigments is concisely elaborated in this chapter. It
is noteworthy that the microalgal pigments are extensively beneficial in improving
the bioeconomy of algae-based companies and as a potential economic booster.
The market size of microalgal products is increasing rapidly, especially the prod-
ucts with microalgal pigments are easily reaching the break-even point in a short
time, due to low production cost and high yield (Singh et al. 2017). Among the
microalgal/phycopigments, carotenoids are widely in several companies for the
production of natural pigments and use them in finished products. In the US, Astax-
anthin has been used by Mera Pharmaceuticals Inc., and Valensa International, -
carotene by aquacarotene Ltd., Spirulina by Nutrex Hawaii Inc., Chlorella by Maypro
Industries Inc. for large quantities of organic pigment production. In addition, Cyan-
otech Corporation in US is the producing large quantities of astaxanthin and (-
carotene for commercial applications that are extracted from Spirulina and Chlorella.
Likewise, Fuji Chemicals Industry Co., Ltd., in Japan and Sweden extracted astax-
anthin pigments from microalgal species for various applications. Other Japanese
companies such as Nikken Sohonsha Corporation extracted §-carotene, Sun Chlorella
Corporation and Yaeyama Shokusan Co., Ltd., used Chlorella to extract phycopig-
ments to produce commercial products. In India, astaxanthin and p-carotene is
produced in large quantities by E.I.D Parry Ltd., and the same company along with
Hydrolina Biotech Pvt., Ltd., produced phycopigments with Spirulina for medicinal
applications. Other countries such as China, Australia, Israel, Taiwan, and Germany
also produces large quantities of phycopigments for unique and valuable commercial
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products (Ambati et al. 2018). Recently, BlueBioTech, a company from Germany, has
been producing a wide variety of natural, pharmaceutical and dietary supplements
via microalgal extracts, especially using their pigments (Misra et al. 2016).

In recent times, the association of nanotechnology with microalgal products to
enhance their value and properties is the trend in product formulations. The emer-
gence of nanoparticles in the formulation of phycopigments has led to reduced
usage and elevates their value, compared to standalone phycopigments. Recently,
biocompatible nanosized ovalbumin has been functionalized using microalgal phyco-
cyanin proteins as functional groups and these nanoparticles are used to formulate
cefpirome which is a derivative of cephalosporin. The results revealed that complex
nanoformulated cefpirome with microalgal pigment possess potential to inhibit
bacterial pathogens with high biocompatibility, compared to the non-formulated
cefpirome, ovalbumin, and phycocyanin (Namasivayam 2017). Other than nanofor-
mulations, several studies showed ample evidences that the addition of nanoparticles
improves the production of bioactive contents in microalgae, especially bioactive
pigments (Miazek et al. 2015; Lee et al. 2015; Hazeem et al. 2015). Moreover, the
phycopigments along with microalgal bioactive molecules possess ability to synthe-
size biocompatible nanoparticles that can be utilized for several applications (Patel
etal. 2015). Silver nanoparticles have recently been synthesized using the microalgal
pigments of diatom Amphora sp. as the biogenic synthesis agent and the result showed
that the obtained silver nanoparticles possess enhanced antimicrobial activity against
a wide range of microbes (Jena et al. 2015). Silver, copper, gold and iron oxide
nanoparticles are synthesized using extracts of microalgae with phycopigments in
recent times (Salas-Herrera et al. 2019; Dahoumane et al. 2016; Siddiqi and Husen
2016; Shankar et al. 2016). Sometimes, the nanoparticles also may cause adverse
effect in microalgae and may affect the ecosystem dynamics, if nanoparticles are
exposed directly to the growth site of microalgae (Amanda et al. 2017). Nanofor-
mulation of phycopigments into liposomes, micelles, polymers, dendrimers, and
biocompatible encapsulations will further enhance their properties and can be used
for controlled release of these phycopigments at the target site to elevate their phar-
maceutical and nutraceutical purposes (Jeevanandam et al. 2016). Thus, nanoformu-
lated phycopigments will help to boost the bioeconomy that depends on microalgal
production, especially the pharma and nutraceutical industries in future.

14.6 Conclusion

This chapter shows the wide industrial applications of microalgae and the valu-
able bioactive compounds, especially pigments that are extracted from microalgae.
These phycopigments are usually termed to be better in lab-scale production and
applications. However, the list of companies that uses microalgal pigments in the
large-scale production of commercial products revealed that the phycopigments
slowly moving from lab to large-scale phase. The advancements in the microalgal
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biotechnology are the factors that contribute to the large-scale extraction of
microalgal pigments and use them to produce highly valuable commercial prod-
ucts. In addition, the market size of the microalgal products also increased gradually
over the years as the quest and marker demand for natural products has globally
increased. In future, it is expected that the bioeconomy that depends on the plant
products will eventually replace and increased by microalgae, provided the proper
funding by governments, approval of products by regulatory bodies and increased
acceptance from the public.
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