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Abstract

Currently, the main microalgae-based product available in the market is whole
dried biomass (single-cell protein), where Chlorella and Spirulina are the domi-
nant genera. Some speciality chemicals that include beta-carotene, astaxanthin,
phycocyanin, eicosapentaenoic acid, and docosahexaenoic acid have already
your market share consolidated. All of these bioactive products have applications
as a natural colorant, additive, and food supplement. Independent of this, several
emerging bioproducts such as lutein, fucoxanthin, phycoerythrin, beta-glucans,
exopolysaccharides, arachidonic acid, recombinant proteins, and single-cell pro-
tein are in the advanced status of technological development, able to achieve
commercial exploitation in the coming years. In this sense, this chapter aims to
present status and perspectives on the next-generation of microalgae-based

products and their technological advancements.
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2.1 Introduction

Microalgae, including cyanobacteria, constitute a diversified group of organisms that

are mainly unicellular, aquatic, and photosynthetic eukaryotes (Maroneze et al.
2016). They can live in adverse environmental conditions using only light, water,
and simple substances. The great diversity of microalgae, still not fully exploited,
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offers a series of biologically active metabolites which are of commercial interest.
These bioactive metabolites present antioxidant, antimicrobial, antifungal, antiviral,
anti-inflammatory, and anticancer activities (Kothari et al. 2017; Bule et al. 2018;
Martinez-Francés and Escudero-Oiiate 2018).

The interest in microalgae as promising sources of valuable metabolites recently
recovered great importance, driven in part by the focus of microalgae biotechnology
to produce renewable and commercially viable biofuels, which can only be possible
if higher value products are purposely explored (Dias et al. 2019). Thus, the
researchers have been concentrated in the diversity of bioactive molecules that can
be obtained from microalgae, and that can be profitable and counterbalance produc-
tion costs (Depra et al. 2018; Srivastava et al. 2019; Dixit et al. 2019; Jagadevan et al.
2018; Anand et al. 2017).

Today, the most important products obtained of microalgae are the whole dried
biomass (single-cell protein), eicosapentaenoic acid (EPA),docosahexaenoic acid
(DHA), p-carotene, astaxanthin, and phycocyanin, established in the market of
bioactive compounds for use as natural colorant, supplement, and food additive
(Jacob-Lopes et al. 2018). In general, the cost of producing these products is
generally higher than of traditional sources. However, some metabolites obtained
from microalgae have advantages over their conventional sources. Synthetic
molecules are less effective than natural sources, which make their use less competi-
tive industrially (Enzing et al. 2014). Moreover, not always, there is a similar
alternative available. Phycocyanin, for example, is the unique natural blue colorant
available for use.

Beyond the microalgae products already established, several others are on the
way to successful commercialization, utilizing the experience of the products that
already reached the food and feed market (Borowitzka 2013; Sathasivam et al.
2017). Therefore, the primary objective of this chapter is to compile information
and present status and perspectives of the microalgae-based products will reach to
commercial exploitation shortly. These represented the next-generation of
microalgae-based products.

2.2 A Brief Overview of the Current Marketed Microalgae
Based-Products

In the early 1960s, large-scale commercial Chlorella cultures were started, followed
by Spirulina in the early 1970s. In this period, the main microalgae product that the
industry targeted was the single-cell protein, with applications directed to food and
prophylactic use. In the 1980s, emerged the production of f-carotene and
astaxanthin from Dunaliella salina and Haematococcus pluvialis, approved as a
food coloring and antioxidant. Later, started the production of polyunsaturated fatty
acids, namely eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA).
Table 2.1 summarizes the current market and sales prices of the main commercial
products microalgae-based. These bioproducts reached a consolidated food and feed
market.
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Table 2.1 Commercial products microalgae-based

Selling Main

price product Main companies
Bioproducts Cultivation system (USD/kg) | application producing
Whole biomass (single-cell protein)
Spirulina Raceway ponds 8.0 Food Earthrise; Hainan-DIC
ingredient; Microalgae
dietary
supplement
Chlorella Open circular ponds; |19.0 Food Far East Microalgae;
vertical tubular ingredient; Taiwan Chlorella
photobioreactors dietary Manufacturing;
supplement Algomed
Schizochytrium Heterotrophic 5.2 Protein Alltech Algae
fermenters supplement
Pigments
B-Carotene Open raceways 790 Food Nikken Sohonsa Co.;
ponds; vertical supplement; AlgaEnergy; Nature
tubular food Beta Technologies
photobioreactors colorant
Astaxanthin Shallow and open 2500 Food Algatechnologies;
ponds; vertical supplement; Cyanotech;
tubular feed additive AlgaEnergy
photobioreactors
Phycocyanin Horizontal tubular 548 Food BlueBio Tech
photobioreactors colorant;
fluorescent
markers
Fatty acids
EPA Hybrid system 100 Food Cellana
supplement
DHA Heterotrophic 120 Food DSM; Alltech Algae;
fermenters; hybrid supplement Cellana
system

Source: Adapted from Jacob-Lopes et al. (2018)

Most of the microalgae-based products on the market are intracellular. Therefore,
biomass production represents the primary criterion for technical-economic viabil-
ity. Moreover, they must comply with many regulations and standards, once are
generally destined for human and animal consumption. High value-added products,
such as pigments and polyunsaturated fatty acids, have a higher production cost and,
consequently, sale higher than whole dried biomass. This can be, partly, explained
by the downstream processing of these products. The downstream processing for
whole dried biomass production is relatively simple, seeing that only biomass drying
is necessary. On the other hand, intracellular products such as pigments and poly-
unsaturated fatty acid require costly extraction and purification steps. In general, the
expenditure involved in downstream processes for whole dried biomass production



18 R. R. Dias et al.

is about 2%, while for polyunsaturated fatty acids and pigments are about 70% and
85%, respectively (Jacob-Lopes et al. 2018).

Microalgae products, especially high value-added products, using innovative
technologies, have attracted commercial attention, seeing that can be obtained at a
reasonable cost. Noteworthy, the market value of these products depends not only on
production costs, but also on market conditions, including competition from similar
chemicals, supply—demand ratio, and suitability for specific applications
(Budzianowski 2017).

Today, in addition to the products mentioned in Table 2.1, there are several other
products in different stages of development. Therefore, in this chapter, the status and
perspectives of microalgae-based products in advanced development have been
reviewed.

2.3  Technological Processes for Manufacturing
Microalgae-Based Products

The diversity of microalgae and the capacity of these microorganisms to produce
chemical specialities made them a target of research and development. They thrive in
adverse environments, and their chemical composition under specific conditions can
form and accumulate bioproducts of interest (da Silva Vaz et al. 2016). These
products can be allocated in the energy, chemicals and materials, food and feed,
and pharmaceuticals and personal cares markets (Barsanti and Gualtieri 2018).
Figure 2.1 portrays the schematic of the main steps involved in the industrial process
related to the production of microalgae-based products.

The industrialization of microalgae-based products requires large-scale culture
systems, which are typically raceway ponds, tubular photobioreactors, or heterotro-
phic bioreactors (Maroneze and Queiroz 2018). Among these, stands out the race-
way ponds systems and tubular photobioreactors. The purchase cost for raceway
ponds and tubular photobioreactors is estimated at 4—6 kUSD/m* and 40-50 kUSD/
m’, respectively (Ramirez-Mérida et al. 2017; Depré et al. 2019). The cost of each
configuration is related to the quality of the materials required. The magnification of
these reaction vessels enables reducing the cost of the process and product. For
example, the cost of microalgae biomass (USD/kg dry matter) for raceway ponds
and tubular photobioreactors in a scale 1000 m? is estimated at US $40.36 and US
$21.43 and for a scale of 100 ha is of US $7.04 and US $5.13, respectively (Spruijt
et al. 2015).

After the upstream processing, the choice of the downstream process is crucial,
once influences the economic viability of microalgae-based products. The down-
stream processing involves harvesting, pre-treatment, extraction, and purification.
Current harvesting strategies include physical and chemical methods (Ummalyma
etal. 2017; Zhu et al. 2017; Mathimani and Mallick 2018). Despite the importance of
harvesting to the economics and energy balance, there is no universal harvesting
technique for microalgae. However, centrifugation is the commonly employed
technique (Singh and Patidar 2018).
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Fig. 2.1 Schematic of the steps involved in the industrial process related to the production of
microalgae-based products. Here, the cultivation is considered common for all the bioproducts.
Harvesting, pre-treatment, extraction, and purification methods depend on the specific products

After harvest, the drying and cell disruption are most utilized pre-treatment
methods and are selected based on extraction procedure and in the desired product
(Khanra et al. 2018). The most used drying methods are spray-drying and freeze-
drying and cellular rupture can be broadly categorized into two methods,
non-mechanical and mechanical. Each method has its advantages and disadvantages
(Lee et al. 2017; Dias et al. 2019). In general, the pre-treatment is the key to increase
the extraction efficiency of microalgae biocompounds. The extraction follows the
process of pre-treatment.

The extraction by supercritical fluids and solvents are widely used to extract
biocompounds such as pigments and polyunsaturated fatty acids. Finally, purifica-
tion is given by several chromatographic methods as supercritical fluids chromatog-
raphy and ion-exchange chromatography. The purification is done to compounds of
microalgae applied to products of high value, to improve its bioavailability, and the
method is selected based on the intended product (Voort and VulstekeSaut 2015;
Ventura et al. 2018).
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24  Microalgae-Based Products in Advanced Development

Microalgae offer a chemically diverse and unexplored reservoir of biomolecules that
can be harnessed for commercial use. Although many of these compounds have been
identified, the metabolic pathways for synthesis are poorly understood for most of
them, and extraction and purification methods necessitated to be perfected (Kumar
etal. 2019). In this context, independent of the commercially established microalgae
products, there are several others at different stages of research and development.
The microalgae-based products in advanced development are discussed below.

2.4.1 Single-Cell Protein

The single-cell protein (whole-cell powder) traditionally have been produced as the
main microalgae-based product worldwide. This market share is majoritarily
represented by the genera Chlorella and Spirulina as reported early. In consolidated
technological routes, the product is sold without any kind of processing except
drying. Their application is mainly as dietary supplements for human use
(Ramirez-Mérida et al. 2017).

Furthermore, based on diversity of the chemical composition of these
microorganisms, other species besides Spirulina/Chlorella have been considered
for production as whole biomass, including mainly Nannochloropsis, Isochrysis,
Pavlova, Phaeodactylum, Chaetoceros, Skeletonema, Thalassiosira, and
Tetraselmis. These products are presented as live cells, fresh cells, frozen cells,
and freeze cells. The applications include starter cultures, concentrates for aquacul-
ture and formulated feeds for aquaculture (Enzing et al. 2014). Besides the unit
operations of dewatering, freezing, and drying, some products can include the
addition of food-grade preservatives aiming to extend the shelf-life of the product.
In terms of safety aspects of these new species, all are classified as “no toxins known
(NT)” (Matos 2017).

2.4.2 Recombinant Proteins

Technological advances in the field of recombinant proteins and vaccine delivery
systems have driven the use of alternative sources against animal-produced vaccines.
Currently, it is estimated that the global market should reach about US $2850.5
million by 2022 (Market and Markets 2017).

In this context, genetically accessible photosynthetic organisms, such as
microalgae, the present potential for the generation of high-quality recombinant
proteins (Surzycki et al. 2009). Its cellular machinery, mainly involving the presence
of chloroplasts, makes these microorganisms excellent sites specific for the double
production of complex recombinant proteins. This is because chloroplasts are now
known to have peculiar properties, being they the ability to accumulate higher levels
of transgenic proteins, since they do not have gene silencing mechanisms. Besides,
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they can be supported by multiple genes in a single event due to the availability of
numerous insertion sites (Specht et al. 2010).

The mechanism of action for the secretion of proteins is related to the cellular
structure of microalgae. The constructs of the genes and the transformation methods
depend on the cellular locations of the accumulation of recombinant proteins. It is
known that modification of plastid causes accumulation of the transgene material in
the chloroplast. However, nuclear genetic materials are accumulated in the cytosol.
Thus, appropriate nuclear transformation allows targeting to the endoplasmic and
Golgi reticulum for packaging and export to the extracellular medium (Akbari et al.
2014). At the exemplification level, the microalgae Chlamydomonas reinhardtii
presents the ability to allow adequate folding of proteins strongly bound by disulfide,
which is not naturally achieved in other bacterial production platforms.

In addition, among the structural advantages, microalgae are attributed to the
potential for rapid cell development, large-scale production and also the
non-transmission of animal pathogens (Yan et al. 2016).

The initial studies were supported by hepatitis B antigens of the microalgae
Dunaliella salina (Siripornadulsil et al. 2007). However, several studies report the
use of the microalgae Chlamydomonas reinhardtii as the primary potential source in
the production of pharmaceutical proteins such as erythropoietin, interferon
insulin, and immunoglobulin A. Recently, this microalga has been used in experi-
mental formulations of vaccines against Staphylococcus aureus, while the
microalgae Schizochytrium sp. has been used to develop novel zika virus vaccines
and in both cases the performance of these vaccines presented more satisfactory
results in triggering both the humoral mucosal and systemic immune response
(Marquez-Escobar et al. 2018; Miquel-Clopés et al. 2019).

Additionally, among the main applications of recombinant proteins, it is assumed
that this industrial follow-up may be more economical for vaccines such as HPV, as
well as the fundamental element for the development of new vaccines for which
there is still no alternative (Specht and Mayfield 2014). This is because, at the
comparison level, costs for the production of functional antibodies are estimated at
US $150/g in mammalian cells, while in plants the average values estimated are of
US $0.05/g. In addition, microalgae are a promising system, and their costs are
estimated at US $0.002/g (Potvin and Zhang 2010; Barrera and Mayfield 2013).
Therefore, the use of microalgae becomes particularly significant because of the
cost-effectiveness of such recombinant proteins in the field of industrial vaccines.

2.4.3 Phycoerythrin

The phycoerythrin (PE) is a photosynthetic pigment belonging to phycobiliproteins,
which also include phycocyanin, allophycocyanin, and phycoerythrocyanin. This
pigment is considered one of the brightest natural fluorophores identified. The
chemical structure of phycoerythrin is shown in Fig. 2.2. According to the light
absorption properties, the PE can be classified into two main classes: R-PE
(Amax = 565 nm, 499 nm and one shoulder at 545 nm) and B-PE (4,,,x = 565 nm,
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Fig. 2.2 Chemical structure COOH COOH
of phycoerythrin. Source:
Adapted from Hsieh-Lo et al.
(2019)

546 nm and one shoulder at 499 nm). The spectral difference between
phycoerythrins is attributed to the presence of prosthetic groups, denominated bilins
that covalently bind to cysteine-specific residues on protein subunits. R-PE is
commonly extracted and purified from Porphyra, Gastroclonium, and Polysiphonia
macroalgae. R-PE is generally used for flow cytometry and other applications that
require high sensitivity but not photostability (Gargouch et al. 2018; Leney et al.
2018).

On the other hand, B-PE is the main phycobiliprotein extracted from red
microalgae. The Porphyridium cruentum microalgae have been produced for com-
mercialization this pigment. The B-phycoerythrin of Porphyridium cruentum is used
mainly as an indicator in the quantitative assay for the oxygen-radical absorbing
capacity of antioxidants in serum or plasma. B-PE is commonly marketed as a
lyophilized powder containing preservatives. The commercial value of B-PE of
Porphyridium cruentum is about 681.62 USD/mg (Sigma-Aldrich 2019). This
high value has encouraged the development of efficient extraction and purification
procedures to maximize the purity and commercial yield of B-PE. The complexity of
downstream procedures and low yields limit the potential for practical implementa-
tion to the commercial level. Noteworthy, under specific conditions, dependent on
abiotic and biotic factors, the microalgae may potentiate B-PE accumulation. The
B-PE accumulation is desired to optimize its large-scale production (Tang et al.
2016).

In addition, the B-PE, as a natural pigment, exhibits beneficial biological
activities for human health. Recent studies have shown that the B-phycoerythrin
from Porphyridium microalgae species can reduce myeloid tumor cell proliferation
in vitro. Treatment with B-phycoerythrin induces apoptosis and can increase gluta-
thione reductase and superoxide dismutase activity. These studies indicate the
potential of B-PE as a source of bioactive protein (Minkova et al. 2011; Gargouch
et al. 2018).

2.4.4 Fucoxanthin

The fucoxanthin belongs to the class of non-provitamin A carotenoids, which gives
brown microalgae their characteristic color. When ingested, the fucoxanthin is
metabolized by digestive enzymes in the gastrointestinal tract into fucoxanthinol
and then absorbed into intestinal cells. In the liver, the fucoxanthinol is converted to
amaruciaxanthin A (Martin 2015). Both structures are shown in Fig. 2.3.
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Amarouciaxanthin A
OH

Fig. 2.3 Chemical structure of fucoxanthin, fucoxanthinol, and amaruciaxanthin A. Source:
Adapted from Hashimoto et al. (2009)

Experimental evidence reveals that fucoxanthin and its metabolites have present
remarkable biological properties, without any evident toxicity (Rokkaku et al. 2013;
Asai et al. 2004; Rwigemera et al. 2015, 2014). These metabolites exhibit antioxi-
dant, anti-inflammatory, anticancer, anti-obesity, antidiabetic, hepatoprotective,
antimalarial activities (Crupi et al. 2013). In particular, fucoxanthin is a promising
nutritional supplement for the treatment of obesity and related pathologies.
Nutrigenomic studies reveal that fucoxanthin induces uncoupling protein-1 in
abdominal white adipose tissue, conducting to oxidation of fatty acids and heat
production in brown adipose tissue(Miyashita et al. 2011; Gammone and D'Orazio
2015; Maeda 2015). The fucoxanthin and its metabolite fucoxanthinol suppress
triglyceride absorption. The suppressive effect of fucoxanthinol, however, is more
pronounced than that of fucoxanthin (Matsumoto et al. 2010). In contrast, the
suppressive effect of amaruciaxanthin A on the differentiation of 3T3-L1 is more
pronounced than that of fucoxanthinol (Yim et al. 2011). The fucoxanthin
metabolites are considered the active forms that play physiological functions in the
human organism. However, both the fucoxanthin as its metabolites has an anti-
obesity effect (Hu et al. 2016).
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The dietary fucoxanthin preferentially accumulates in the heart and liver as
fucoxanthinol and in white adipose tissue as amaruciaxanthin A (Hashimoto et al.
2009; Miyashita and Hosokawa 2018). As amaruciaxanthin A is the dominant
metabolite of fucoxanthin that accumulates in white adipose tissue, studies suggest
that amaruciaxanthin A may be the molecule responsible for the anti-obesity effect
of fucoxanthin in vivo (Yim et al. 2011).

The fucoxanthin has a unique chemical structure, similar to neoxanthin and
peridinine, which is different from that of other carotenoids, such as p-carotene
and lutein. The alenic linkage, 5,6-mono-epoxide, and nine double conjugated plays
an important role within fucoxanthin structure. In part, the biological properties of
fucoxanthin and its metabolites are assumed due to the presence of its allenic bond
(Fig. 2.3) (Sachindra et al. 2007).

Currently, the commercialization of fucoxanthin is mainly obtained from
macroalgae as Macrocystis, Laminaria, and Undaria. Phaeodactylum tricornutum
is the unique microalgae produced to obtaining fucoxanthin. Your application is as a
dietary supplement for humans, mainly as concentrates or microalgae extracts
(Algaech 2019). Beyond the microalgae Phaeodactylum tricornutum, there is the
opportunity for fucoxanthin production from other microalgae species such as
Odontella aurita, Cyclotella cryptica, Chaetoceros calcitrans, and Isochrysis
galbana (Foo et al. 2015; Kim et al. 2012a, b). Typical concentrations found in
microalgae are at least an order of magnitude greater than those found in macroalgae
(McClure et al. 2018). The microalgae Isochrysis galbana, for example, is capable of
producing 18.2 mg of fucoxanthin per g DW, while species of macroalgae
(E. bicyclis, K. crassifolia, A. crassifolia, S. horneri, and C. hakodatensis) produce
only 0.04-1.52 mg of fucoxanthin per g DW (Airanthi et al. 2011; Gong and Bassi
2016). In addition, the microalgae Odontella aurita presents concentrations up to
18.47 mg/g DW, can accumulate, under specific growth conditions, concentrations
superiors than 20 mg/g DW (Xia et al. 2013). Considering the high content of
fucoxanthin in Isochrysis sp. and Odontella aurita, these microalgae could be
proposed as a source of this compound for nutraceutical and pharmaceutical
applications. Noteworthy, although the content of fucoxanthin in microalgae is
more significant than the found in macroalgae, this pigment continues to be pro-
duced mainly by macroalgae, because its cultivation is cheaper. In contrast, an
advantage of cultivating microalgae in closed systems and controlled is the avail-
ability of a continuous supply of biomass throughout the year (Crupi et al. 2013).

2.4.5 Lutein

The lutein is a carotenoid of lemon-yellow tint considered essential for human
health. This compound is not produced by humans and should be ingested through
diet. Lutein contains a characteristic structure composed of 10 conjugated double
bonds (Fig. 2.4). Its primary biological functions are determined by the extended
system of conjugated double bonds, which is also responsible for its color
(Stringheta et al. 2009). In the diet, free or esterified lutein is absorbed from the
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Fig. 2.4 Chemical structure of the lutein. Source: Adapted from Bernstein et al. (2016)

gastrointestinal tract via uptake by enterocytes. This carotenoid is predominantly
found in the esterified form. However, for commercialization, it is normally
saponified for esters removal (Kijlstra et al. 2012). Scientific information about its
bioavailability demonstrates that free lutein is more bioavailable than lutein in the
esterified form (Norkus et al. 2010).

The lutein exhibits antioxidant and anti-inflammatory properties and has
demonstrated, from several studies, to be useful in protecting against atherosclerosis
and in preventing macular degeneration and cardiovascular diseases (Chung et al.
2017; Gong and Bassi 2016). In particular, numerous studies emphasize a relation-
ship between lutein consumption and a reduction in the incidence of eye diseases
(Johnson 2014; Bernstein et al. 2016). Studies in patients with age-related macular
degeneration (AMD) show that lutein-containing supplementation may impede the
progression of AMD and improve visual function (Weigert et al. 2011; Ma et al.
2012a, b). Moreover, studies have associated lutein supplementation with the pre-
vention of cataract development and progression (Arnal et al. 2009; Karppi et al.
2012). Despite the scientific evidence presented between lutein consumption and the
reduction in the incidence of eye diseases, requests for health claims have not yet
obtained ubiquitously successful (Nwachukwu et al. 2016).

The world market for lutein as from different sources was estimated at USD
308 million in 2018 and is expected to reach US $396.4 million by 2024. This
increase is a projection based on demand for lutein for various applications. The
lutein is especially used as dye, food additive, and as an eye health supplement (Lin
et al. 2015; Global 2019).

Currently, most of the lutein is produced from marigold flowers. The disadvan-
tage of calendula cultivation as a source of lutein is the demand for land and
manpower intensive. In this context, the microalgae represent an alternative to
traditional sources, with a sufficiently high content of lutein. The market estimate
for lutein obtained from microalgae is US $3.14 million (Hu 2019). When compared
to calendula cultivation, microalgae present advantages such as higher growth rate, a
predominance of lutein in free form, annual productivity regardless of seasons, and
coproduction of value-added compounds (Fernandez-Sevilla et al. 2010; Araya et al.
2014).

Some strains of microalgae such as Chlorella vulgaris, Muriellopsis sp.,
Scenedesmus sp., Desmodesmus sp., C. zofingensis, and C. protothecoides are
recognized as lutein producers (Chen et al. 2017; Xie et al. 2017). The quantity of
lutein generated by microalgae depends on some environmental conditions, such as
light intensity and temperature (Bhalamurugan et al. 2018). Based on studies, a
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lutein content in the microalgae biomass of 5 g/kg is estimated. Although they have a
relatively high content of lutein and advantages when compared to marigold flowers,
there are still no lutein products obtained from commercially established microalgae.
There is only a small market participation represented by the genera Chlorella and
Scenedesmus, turned for application as food supplement and supplement feed
(Camacho et al. 2019; A4F 2019).

Some technical inconvenient, such as elevated harvest costs and high energy
demand for the pre-treatment and lutein extraction, persist. Therefore, strategies to
reduce the cost of production and the search for strains with higher lutein content are
being evaluated to make microalgae economically viable sources of lutein (Acién
et al. 2012).

2.4.6 Beta-Glucans

The p-glucans are heterogeneous polysaccharides united by f-(1,3); (1,4) or (1,6)
glycosidic bonds, found in plants, fungi, bacteria, and microalgae (Fig. 2.5). The
B-(1,3)-glucan is the simple of all. A well-known example of this structure is
paramylon found in microalgae such as Euglena sp. and Astasia longa. The
B-(1,3;1,4)-glucan can be found in the cell wall of microalgae as Micrasterias
sp. and Monodus subterraneus, and the branched p-(1,3;1,6)-glucan is found in
diatoms and chrysophytes (Barsanti et al. 2011). These polysaccharides have been
extensively studied and are considered safe for use. Based on clinical evidence, the

CH;OH CHOH

0 HO'
o] OH
OH
n

0
3 OH

Linear B-(1,3)-glucan

oH o oH
o= &/o HO= K,—-"O o °
o
N 0~ o
oH 4 oH oM n

Side-chain-branched B-(1,3;1,6)-glucan

Fig. 2.5 p-glucan structures identified in microalgae. Source: Adapted from Barsanti et al. (2011)
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B-glucans have been established as beneficial natural polysaccharides in the treat-
ment of multiple infirmities. The P-glucans exhibit antitumor, anti-inflammatory,
anti-osteoporotic, and immunomodulating activities (Jayachandran et al. 2018).

The B-glucan structures vary according to the different sources, and their physio-
logical functions and biological activity vary each other. The mechanism of action of
B-glucans in the human biological system depends on its molecular weight and
solubility in water, which depends on its molecular structure. The higher the
molecular weight, the higher the viscosity and the greater the health benefits
(Maheshwari et al. 2019). With the remarkable range of benefits offered by these
polysaccharides, it is expected, stimulation scientific efforts to understand better the
structure/function relationships and the mechanisms involved behind their biological
activity (Izydorczyk 2016).

[B-glucans can be ingested as a dietary supplement or as part of a diet. Currently,
the most commercially available p-glucans are in the great part native of fungi;
however, there are clear opportunities for successful commercialization of f-glucans
derived from microalgae (Kim et al. 2019). The microalgae cultivation is more
straightforward, the costs are lower, and the productivity of f-glucan is higher
than, for example, in the cultivation of mushrooms and yeasts. Several species of
mushrooms cannot be cultivated and are collected from nature. The microalgae, on
the other hand, are easily cultivable and represent a more interesting alternative
(Schulze et al. 2016). Moreover, the microalgae-based processes do not involve
costly extraction steps and, therefore, their cost is substantially smaller. Another
advantage of microalgae compared to traditional sources of p-glucan is its bioavail-
ability. In microalgae, the f-glucan is mainly $-(1,3)-glucan, while yeast-derived
products are mostly a combination with p-(1,6)-glucan, which affects their bioavail-
ability (Stephen 2016).

The microalgae Euglena gracilis is a rich source of B-(1,3)-glucan and has been
exploited for the production of this polysaccharide (Russo et al. 2017). Their
application is as immune-support ingredient. The products are presented mainly as
concentrates or whole-cell of Euglena gracilis (Gissibl et al. 2019). Other
microalgae species source of p-glucan include Scenedesmus obtusiusculus,
Porphyridium purpureum, Paviova mesolychnon, Phaeodactylum tricornutum,
Odontella aurita, and Chaetoceros muelleri (Bashir and Choi 2017). It is expected
that the increasing use of this ingredient mainly in the pharmaceutical and nutraceu-
tical industry boost its development and production from microalgae (Barsanti and
Gualtieri 2018).

2.4.7 Exopolysaccharides

Among the polysaccharides and their derivatives, the sulphated exopolysaccharides
(sPS) of microalgae are in focus. The sPS of microalgae are complex polymers
composed of numerous monosaccharides, the most abundant being xylose, glucose,
and galactose (Marcati et al. 2014). The structure of the sPS and its complexity varies
according to the microalgae species. Therefore, each new purified sPS is a new
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compound with unique structures and, consequently, with unclear biological
activities. Thereby, the precise knowledge of the structural relationship with its
biological activities remains under-revealed for most sPS structures (Pandeirada
et al. 2019). However, it is reported that the bioactivity of the sPS is related to its
molecular weight, monosaccharide composition, sulfate content and the position of
the sulfate ester group (Hahn et al. 2012).

Several studies have already highlighted the pharmacological activities of the sPS
of microalgae (de Jesus Raposo et al. 2014; Sun et al. 2012; Challouf et al. 2011; Liu
et al. 2016). They perform, at the cellular level, different functions. The bioactive
properties of these biomolecules have been associated with anti-inflammatory,
immunomodulatory, anti-tumor, antiviral, antioxidant, antibacterial, anti-lipidemic,
and anti-glycemic activities (de Jesus Raposo et al. 2013; Sanjeewa et al. 2018).

Microalgae with potential for production of sPS include Chlorella
stigmatophora, Chlorella capsulata, Tetraselmis sp., Nannochloropsis oculata,
Botryococcus sudeticus, Neochloris oleoabundans, Gyrodinium impudicum,
Dunaliella tertiolecta, Isochrysis sp., Phaeodactylum tricornutum, Porphyridium
marinum, P. cruentum, P. purpureum, Cylindrotheca closterium, and Spirulina
platensis (Pletikapic et al. 2011; Guzman et al. 2003; Guzman-Murillo and Ascencio
2000; Soanen et al. 2016; Balti et al. 2018; Goo et al. 2013). Unlike macroalgae, the
microalgae do not have proper names for their sPS, except spirulan, produced by
Spirulina platensis (Raposo and Morais 2015). Data demonstrated that spirulan
isolated from Spirulina platensis is a potent antiviral agent (Lee et al. 2000).

In sPS it was verified that higher sulfate content induces an increased in the
antiviral activity (de Jesus Raposo et al. 2014). In general, the content and position of
the sulfated groups may differ in the various sPS, which is dependent on the strain,
culture conditions, and extraction procedures (de Jesus Raposo et al. 2015).

Sulphated exopolysaccharides can find applications in functional foods,
cosmetics, and pharmaceuticals. The commercial exploitation of these polymers
from microalgae is limited basically by their low concentrations (Patel et al. 2013).
Information regarding the estimated price range and market of these biomolecules
remains unclear.

2.4.8 Arachidonic Acid

The arachidonic acid (AA) is considered a constituent of biomembranes, essential
for cell function, especially in the nervous system, skeletal muscle, and the immune
system. Besides that, it is a precursor of prostaglandins and eicosanoids. Due to its
importance in the development and function of the central nervous system and retina,
AA has been recommended for infant formula supplementation (Tallima and EI Ridi
2018).

The AA is obtained from the diet or through converting linoleic acid by
desaturation and elongation processes. The biosynthesis of AA from linoleic acid
is shown in Fig. 2.6 (Hanna and Hafez 2018). It is noteworthy that only a small
portion of linoleic acid is converted to AA in the body. The production of AA on an
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Fig. 2.6 Biosynthesis of AA

from linoleic acid. Source: ,J =

Adapted from Shanab et al. Linoleic acid Kk [

(2018) (LA, C18:2n6c) 1S
\LAS desaturase

Gamma-linolenic acid , i E———
(GLA, C18:3n6)

\LEIongase

Dihomo-gamma-linolenic acid ~~="="=""
(DGLA, C20:3n6)

J/AS desaturase

Arachidonic acid

(AA, C20:4n6)

industrial scale originates mainly from fungal strains belonging to the genus
Mortierella sp., of which the M. alpina species is considered the predominant source
with a content of up to 70% of the total lipids (Dediukhina et al. 2011). The
Lobosphaera incisa microalgae are also capable of producing a high AA content,
capable of reaching up to 77% of total fatty acids. These have been exploited for AA
production as a food supplement for infants (Camacho et al. 2019). The laboratory-
scale production has already been enlarged and is found currently on pilot-scale.
Open culture systems, such as cascade raceways and raceway ponds, and closed
systems, such as tubular and flat-plate photobioreactors, have been used in the
cultivation of Lobosphaera incisa. Typically, an induction phase is required for
AA accumulation. Other microalgae species, such as Porphyridium purpureum,
P. cruentum, Myrmecia incisa, Gracilaria sp., and Rodomella subfusca, have an
AA content of 40-60% of total fatty acids. These represent a promising alternative
source for AA production (Shanab et al. 2018).

2.5 Microalgae-Based Products in Early Development

Regardless of commercially established microalgae-based products and those in
advanced development, there are others in early development with potential for
commercial exploitation that includes biofuels, polyhydroxyalkanoates, enzymes,
violaxanthin, zeaxanthin, prebiotics, phenolics, glutathione, and sterols.
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Among biofuels, it is possible to mainly produce biodiesel and biohydrogen from
microalgae (Shuba and Kifle 2018). However, economic aspects are the barrier to the
final commercialization of these biofuels (Su et al. 2017). A critical analysis of the
current status of microalgae biofuels indicates the unfeasibility of their production,
which is amplified by the low price of fossil resources (Depra et al. 2018). Despite
this, there is optimism based on the sustainability of microalgae as feedstock and the
technological advance already achieved to make them competitive with petroleum
(Adeniyi et al. 2018).

Recently, microalgae have been proposed for the production of
polyhydroxyalkanoates (PHA). This polymer is produced from microorganisms
and considered as a substitute for petroleum-based plastics (Cassuriaga et al.
2018). Currently, the production of PHAs by bacteria is limited by the cost of
production (Rahman and Miller 2017). Given this scenario, microalgae were
suggested for the production of PHAs at a relatively minor cost. Attributed to the
minimum nutrient requirements needed for cultivation. Numerous studies, under
specific growth conditions, evaluated PHA production during the cultivation of
different strains of microalgae. Concentrations of 5-55% of PHA (dry cell weight)
were reported (Nishioka et al. 2001; Kavitha et al. 2016; Kovalcik et al. 2017; Toh
et al. 2008; Coelho et al. 2015).

Commercially important enzymes can be produced from microalgae and can be
used as biocatalysts in a range of industrial applications. Previously neglected, the
microalgae have now been proposed as enzymatic factories. Enzymes derived from
microalgae include cellulases, galactosidases, proteases, lipases, phytases, laccases,
and amylases (Brasil et al. 2017). To date, there have been no reports of commercial
production of microalgae-based enzymes, but laboratory studies have demonstrated
the potential of these microorganisms to synthesize these substances (Yong et al.
2016). In this context, strategies to optimize enzyme concentration and reduce
operating costs are underway. The concept of biorefinery has been approached as
an efficient strategy to overcome the existing bottlenecks and make possible the
production of enzymes in the future.

Microalgae compounds with promising biological activities are being evaluated
with a focus on human health and disease prevention (Dewi et al. 2018). In vitro and
animal studies support the potential of microalgae and their isolated bioproducts as
an innovative strategy for the treatment of various diseases (Talero et al. 2015;
El-Hack et al. 2019). The carotenoid violaxanthin isolated from microalgae strains,
for example, demonstrated in vitro to have antiproliferative effects against the
growth of cancer cells (Cha et al. 2008; Pasquet et al. 2011; Soontornchaiboon
and Kim 2011; Amaro et al. 2013). Microalgae such as Chlorella protothecoides,
Chlorella vulgaris, and Scenedesmus obliquus produce this carotenoid (Grudzinski
et al. 2016; Patias et al. 2017).

The zeaxanthin commonly referred to as macular pigment such as lutein can be
synthesized by microalgae as Dunaliella, Spirulina, Synechococcus, Chlorella,
Prochlorococcus, and Prochlorothrix. Zeaxanthin currently available in synthetic
form has a complex production process and low biological activity. On the other
hand, the production from vegetables and fruits presents low extraction and
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production rate. In this context, the production of zeaxanthin from microalgae can be
seen as a promising alternative for applications as dye and food supplement. From
genetic engineering and the use of new technologies, it is possible to increase the
accumulation of zeaxanthin in microalgae, which can make them commercially
viable sources (Sajilata et al. 2008; Zhang et al. 2018).

Active compounds such as prebiotics found in microalgae include galacto-
oligosaccharides, xylooligosaccharides, oligosaccharides derived from agarose and
alginate, galactans and arabinoxylans, although the criteria for classification as
prebiotics have not been validated for some of them (de Jesus Raposo et al. 2016).
This is a promising area of research, capable of providing biocompounds that are
essential for the prevention of various human diseases.

Microalgae can also produce phenolics and glutathione (GSH) with antioxidant
properties applicable in the food, pharmaceutical, and cosmetic industries (Maadane
et al. 2015; Goiris et al. 2015; do Nascimento et al. 2019; Sathasivam et al. 2017;
Choochote et al. 2014). Currently, synthetic antioxidants are the most utilized in
industrial applications. However, concerns regarding its safety and toxicity led to the
search for natural antioxidants (Morowvat and Ghasemi 2016).

Due to the content of sterols of some microalgae, these are commonly used to
promote the growth of juveniles. Beyond cholesterol, unusual sterols like
brassicasterol, campesterol, stigmasterol, and sitosterol are reported. Noteworthy,
microalgae sterols seem to present hypocholesterolemic properties (de Jesus Raposo
et al. 2013; Fagundes et al. 2019).

26 Conclusion and Way Forward

With the emergence of new techniques and improving them for the study of
microalgae-based products, especially those with bioactive potential, this group of
microorganisms gains a closer look as a source of natural products. Given their
extraordinary biological availability and structural variety, the screening of
microalgae bioactive compounds will be certainly successful in the global market.
However, there are many obstacles related to this that need to be overcome to make
microalgae-based products an industrial reality. Some recommendations of the way
forward are: (1) select microalgae strains suitable to be controlled at the industrial
level. The use of biotechnology techniques, including the genetic engineering tools,
could be a major leap toward the search for compounds with unique and multifunc-
tional activities; (2) culture conditions should be improved to raise the amount of the
microalgae bioactive compounds of particular interest inside their chemical compo-
sition; (3) bioreactors engineering must be enhanced to achieve higher workloads
and then scale-up. These advances will impact the process design; (4) implement
approaches that maximize the technical, economic, and environmental performance
of microalgae-based processes and products. We can cite three main strategies for
this purpose: the process integration, the process intensification, and the integrated
biorefinery model; (5) perform assays that allow determining the biological effects,
such as antiviral, anticancer, antibacterial, and antioxidant, associated with robust
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extraction methods; and (6) establish duly safety and regulatory issues for the
microalgae bioproducts, since many of these bioproducts are intended for human
or animal consumption. Finally, since all these concepts are demonstrated, the
scientific communities must carefully elucidate the aspects related to the scaling up.
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