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Microalgae-based Pharmaceuticals and Nutraceuticals:
An Emerging Field with Immense Market Potential
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Abstract

Microalgae are one of the renewable sources for
pharmaceutical compounds as well as biofuels. The
microalgae sector is growing rapidly due to the scar-
city of substrate sources, more yields, and the GRAS
(generally recognized as safe) status of compounds
associated with microalgae. Due to this GRAS sta-
tus, the algal products are beneficial not only for the
pharmaceutical but also for the food industry. In
this review, insights into the different process as-
pects and obstacles of pharmaceutical and nutraceu-
tical compounds derived from microalgae on large-
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scale are discussed. Various culture production
methods like photoautotrophic, heterotrophic, and
mixotrophic processes have been included and
recent advances in metabolic strategies for upgrad-
ing the microalgal technology for pharmaceutical
and nutraceutical compounds are highlighted as
well as the prospects in the field presented. Overall,
this review discusses the question, how microalgae
can be a great advantage for the pharmaceutical and
nutraceutical industry.
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1 Introduction

Blue green algae are microscopic photosynthetic organisms
which grow in different types of aquatic systems. They are dis-
tinguished from plants by their cellular structure and functions
similar to bacteria and have been placed into the kingdom
Monera of prokaryotic organisms. On the other hand, algae are
eukaryotic organisms with more resemblance to plants in terms
of photosynthetic pigments and metabolic pathways, but with-
out specialized tissue organization. They belong to the king-
dom Protista. The term microalgae is used to represent unicel-
lular photosynthetic organisms that include both prokaryotic
and eukaryotic organisms. The photosynthetic reaction leads to
the ability to produce many bioactive compounds that have
been investigated for human use. Microalgae also stabilize the
marine ecosystem as they are the food source for other marine
organisms. Due to the increasing need for food, pharmaceuti-
cals, bioenergy and other bioactive compounds, microalgal
technology seems to be a viable resource to meet the market
potential [1]. Algae are a diverse group of microorganisms with
various types of physiological and biochemical characteristics.
Different kinds of microalgae exist like green algae, blue
algae, and red algae. Green algae have been exploited commer-
cially for their carbohydrates, lipids, proteins, and enzymes [2].
Besides their nutritional value, microalgae are also a source for
different pigments, proteins, and fatty acids for human con-
sumption. They have been reported for the production of dif-
ferent secondary metabolites under various stress conditions
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like nutrient deprivation, light, temperature, and pH which will
be discussed further below. So far, little is known about the pos-
sible effects of stress conditions on microalgae for the produc-
tion of hydrogen and different other metabolites. All these
properties of microalgae make them an excellent choice for the
production of nutraceutical and pharmaceutical components.
Also, the economic viability of processes in case of minimizing
operational and maintenance cost along with maximum pro-
duction is a factor that leads to commercial success [1].

The various products from microalgae include chemicals,
nutraceuticals, S-carotene, omega-3 fatty acids, algal oil, etc.
The growing demand for these compounds paves the way for
sustainable microalgal technology. The algae can also produce
different types of secondary metabolites under stress conditions
[3-5]. Until to date, the most commercially available biochemi-
cal product is S-carotene by the Dunaliala salina, a halophilic
green algae [6]. Significant progress in strain development and
sustainable cultivation technologies are required to reduce the
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current high production costs [7]. In the following sections, the
different pharmaceuticals and nutraceuticals from microalgae
are summarized along with the discussion of different cul-
tivation practices, commercial aspects, and safety considera-
tions.

2 Pharmaceuticals

Initially, the secondary metabolites extracted from plants have
profoundly been used in the health sector. The lesser yields
coupled with seasonal variations of plant sources made
researchers switch to microalgae as production platform. The
bioactive compounds from microalgae are considered as natu-
ral similar to aquatic natural communities. Microalgae systems
have the potential of producing new chemical entities which
are considered to be difficult to obtain through chemical syn-
thesis. There is a vast range of pharmaceutical products pro-
duced from microalgae.

2.1 Antimicrobial, Antiviral, and Antifungal
Compounds

The extracts of microalgae show antimicrobial, antiviral, and
antifungal properties while the products of Chlorella sp. and
Spirulina sp. are also used as ingredients of different skin care,
sun protection, and hair care formulations [8]. Microalgae such
as Ochromonas sp. produce toxins with pharmaceutical poten-
tial [9]. Cyanobacteria are also used to produce antibiotic com-
pounds. The antibacterial activity of microalgae is attributed to
the presence of volatile compounds such as phenols and fatty
acids [10].

2.2 Neuroprotective Products

Neuroprotective products help the protection or slow progres-
sion of diseases related to the nervous system. Microalgae
strains are also known to produce these types of products bene-
ficial to nerve cell survival. Among the various species, Spiruli-
na sp. is considered a profound source for neuroprotective
products. The neuroprotective abilities of Spirulina plantensis
in neurodegenerative diseases like Alzheimer’s or Parkinson’s
disease have been reported in the literature. Spirulina maxima
has also been reported for its neurotoxicity of MPTP (1-methyl-
4-phenyl-1, 2, 3, 6-tetrahydropyridine) prevention and oxidative
stress [11].

2.3 Therapeutic Proteins

Cultivating therapeutic proteins in algae is a cost effective pro-
cedure which could reduce the treatment costs of cancer and
other diseases. Recombinant protein expression in microalgae
cultures facilitates the large-scale production of proteins. The
green algae Chlamydomonas reinhardtii has been reported for
large-scale production of VEGF (vascular endothelial growth
factor), HMGBI1 (high mobility group proteinl), Domain 14
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human fibronectin, and Domain 10 of human fibronectin. Al-
so, certain studies indicate that human proinsulin has also been
produced in lower levels by microalgae. Compared to mamma-
lian cell cultures, this is a cost efficient method for the produc-
tion at large scales [12].

2.4 Cosmetological Ingredients

Microalgae are also known to produce different types of ingre-
dients for different cosmetological formulations with nutaceuti-
cal abilities. Chlorella and Spirulina sp. have the ability to pro-
duce such compounds [13]. They are also used as a thickening
and water binding agent. Algal species like Irish moss are a rich
source of carrageenan (a polysaccharide), minerals, vitamins,
and proteins, which serve as probable candidates for different
skin and hair product formulations. Some also have the ability
to be used as skin irritants, e.g., phycocyanin in blue-green
algae can cause allergy and dermatitis [14].

2.5 Drug Candidates

It has been reported that algae contain certain compounds
which are used as drugs. Algal chemistry has been investigated
to develop such drugs and make the process of manufacturing
more cost efficient and applicable as a sustainable resource.
Scientists have developed a class of anti-cancerous drugs which
are extracted from microalgae. For example, a bioactive com-
pound called cryptophycin 1 isolated from blue-green algae has
shown anti-carcinogenic properties. Other species of micro-
algae have been studied for their potential to produce alkaloidal
neurotoxins like saxitoxin as well as the polyketide neurotoxins
like brevetoxins, which have anti-cancer potential [15]. Various
carotenoids obtained from Chlorella species have been shown
to suppress colon cancer development which. The reported
pharmaceutical compounds from microalgae up to date are
summarized in Tab. 1.

3 Nutraceutical Compounds

Microalgae can be vital untapped sources of new biological
activities which can serve as functional compounds such as
pharmaceutical and nutraceutical compounds under abiotic
stress conditions. Polyunsaturated fatty acids (PUFAs), compo-
nents of renewable bioactive lipids, have been used in the pre-
vention/treatment of cardiovascular diseases. Derivatives of
PUFAs, namely y-linolenic acid (ALA), eicosapentaenoic acid
(EPA), docosapentaenoic acid (DPA), and docosahexaenoic
acid (DHA), have also been reported for the treatment of type
2 diabetes, inflammatory bowel disorders, skin disorders, and
asthma. These compounds also have an application as additives
in cosmetic formulations. Dunaliella sp., Chlorella sp., and Spir-
ulina sp. are three major types that have been used successfully
to produce high concentrations of valuable compounds such as
lipids, protein and pigments. The companies Seambiotic and
Aurora algae are operating pilot-scale plants producing products
like EPA, whereas the leftover algal biomass serve as animal feed
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Table 1. Important pharmaceutical compounds produced from microalgae.
Organism Bioactive compound Yield/effect Ref.
Carotenoids
Dunaliella salina, Dunaliella bardawil pB-Carotene 13.5mg LRV 4! [16,17]
Haematococcus pluvalis Astaxanthin, cantaxanthein, lutein 13gm>d" [18-20]
Chlorella vulgaris Astaxanthin, cantaxanthein 13.3 % of dry weight [21]
Coelastrella striolata var. multistriata Astaxanthin 1.5mgg ' dry weight [22]
Cantaxanthein 47.5mgg™" dry weight
p-Carotene 7.0mgg" dry weight
Scenedesmus almeriensis p-Carotene 0.945 + 0.452mgg " dry weight [23]
Lutein 0.026 + 0.020 mgg ' dry weight
Muriellopsis sp. Lutein 35mgL”’ [24,25]
Chlorella zofingiensis Lutein, astaxanthin 10.3mgL™" [26]
Chlorococcum citriforme Lutein 38 +3.6mgL’ [24]
Astaxanthin 1.3 + 0.1 mg Lt
Canthaxanthin 1.8 + 0.2mg L!
p-Carotene 6.1+ 0.6mgL™"
Violaxanthin 7.9 + 0.6 mgL™’
Neospongiococcus gelatinosum Lutein 29.8 + 2.8 mgL™ [24]
p-Carotene 44+ 04mgL”
Violaxanthin 5.7 + 0.5mg L!
Nannochloropsis gaditana Lutein 0.343 pgmg™" dry weight [23]
Synechococcus sp. Zeaxanthin 0.39 + 0.02pgml™! [27]
Cllorella saccharophila Zeaxanthin 1132 + 0.64mgg’ [28]
Phaeodactylum tricornutum Fucoxanthin 1571 mgg " freeze-dried sample weight [29,30]
Isochrysis sp. 17mgg”’
Anticancer agents
Lyngbya majuscule 8-Epi-malyngamide C, lyngbic acid Cytotoxic to HT29 colon cancer cells [31]
Calothrix sp. Calothrixin B, N-substituted calothrixin B Antiproliferative activity against HCT-116 ~ [32]
and HL 60 cells
Arthrospira platensis Extracellular polysaccharide Cytotoxic against kidney and colon cancer  [33]
cell line
Isochrysis galbana, Gyrodinium impudicum (13, 1->6)-3-D-glucan sulfated Cytotoxicity against lymphoma cells [34,35]
exopolysaccharide
Chlorella pyrenoidosa CPAP (C. pyreniodosa antitumor polypep-  Inhibitory activity on human liver cancer [36]
tide) cell HepG2
Anti-inflammatory agents
Tetraselmis suecica Sulfated polysaccharide Inhibition of NO, TNF-¢, IL-6 [37]
Nannochloropsis oculata Docosapentaenoic acid (DPA) Inhibition of pro-inflammatory [38]
prostaglandin E2 (PGE 2)
Tetraselmis sp. Docosahexaenic acid (DHA) Inhibition of IL-6, IL-3 [39]
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Table 1. Continued.
Organism Bioactive compound Yield/effect Ref.
Phaeodactylum tricornutum Sulfated extracellular polysaccharide Immunostimulant [40]
Chlorella stigmatophora Sulfated polysaccharide Immunosuppressant [41]
Porphyridium sp. Sulfated polysaccharides Inhibition of the migration of [41]
polymorphonuclear leukocytes (PMN)
Antioxidants
Spirulina maxima, Chlorella ellipsoidea, Phenolic compounds Presence of radical scavenging activity [42,43]
Nannochloropsis sp.
Gymnodinium mikimotoi, Pavlova lutheri ~ Monogalactosyl diacylglycerol (MGDG) [44,45]
Stephanodiscus sp. Digalactosyldiacylglycerol (DGDG) Enhanced cell differentiation [46,47]
Antiviral agents
Haematococcus pluvialis, Dunaliella salina  Pressurized liquid extraction against Herpes ICsy = 189.58 + 3.18 g ml™}, [48]
simplex virus type 1 168.81 + 525 ugml™
Gyrodinium, Impudium Sulfated polysaccharide against influenza ECs = 0.19-0.48 pgml™* [49]
virus
Navicula directa Polysaccharide against HSV land 2 and ICso = 240 + 42 ugml™* [50]
influenza virus
Gyrodinium impudicum p-KG03 exopolysaccharides against ECsp =269 pgml™ [51]
encephalomyocarditis virus
Antibacterial agents
Anabaena sp. Ethanol extract against Staphylococcus MIC = 0.39 mgml™ [52]
aureus, E.coli 3702
Synechocystis sp. Ethanol extract against S. aureus, E.coli MIC = 2.5-1.25 mgml ™ [52]
3702
Porphyridium cruentum Sulfated exopolysaccharide against HSV [53]

virus, vaccinia virus, vesicular somatitis virus

LRV = log;, reduction value; ICs = concentration causing 50 % inhibition of the desired activity; ECso = concentration of a drug that gives half-maxi-

mal response; MIC = minimal inhibitory concentration.

or fuel oil [54, 55]. Other microalgae lack the level of production
needed for such important biomolecules when produced at large
scale, e.g., heterokont algae only produce 3-5 % long chain PU-
FAs [56]. Nutraceuticals from microalgae have generally been
classified into single cell protein, polyunsaturated fatty acids, car-
otenoids and pigments as well as bioactive compounds (Fig. 1).

3.1 Polyunsaturated Fatty Acids

Microalgae are considered as a predominant production sour-
ces for PUFAs that have to be supplied to the human diet
[58,59]. PUFAs play a major role in the treatment of arthritis,
obesity, Parkinson’s disease, and heart disease [60,61]. EPA
and DHA are the main derivatives of omega-3 fatty acids
(PUFA n-3) and play a role in lowering the blood cholesterol
and in the fetal brain development, respectively [62,63]. The
major algal producers of EPA are Porphyridium cruentum,
Monodus subterrans, and Nitzschia inconspicua [64]. Arachi-
donic acid (AA) is a derivative of omega-6 fatty acid [65] and is
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considered as a precursor of prostaglandin and leucotriene syn-
thesis, which play a major role in circulatory and CNS functions
[66]. Isochrysis galbana, Phaeodactylum tricornutum, Porphyri-
dium cruentum, and Crypthecodinium cohnii have been reported
for improved production of AA. Along with the algal species
mentioned above, other reported microalgal species for PUFA
production are Monoraphidium sp., Scenedesmus sp., and
Nannochloropsis sp. [67, 68].

3.2 Carotenoids and Pigments

Carotenoids and pigments are the main constituents of micro-
algal-based food supplements. The health benefits of microalgal
carotenoids and pigments range from antioxidant activities to
neuroprotective action and protection against chronic diseases
[69]. Some of the noteworthy nutraceutical abilities of microal-
gae compounds include the antioxidant potential of carotenoid
pigments, higher provitamin A activity of 3-Carotene and lipid
peroxidation activity of Astaxanthin [70]. Fucoxanthin is an-
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Algal
nutraceuticals

Single cell protein
> Spirulina
»Chlorella

PUFA’s
> DHA, ARA
»>GAL, EPA

Carotenoids and Pigments
» 3-Carotene, Astaxanthin
> Lutein, Lycopene
»Zeaxanthin, Chlorophyll
»Phycocyanin, Fucoxanthin

Bioactive compounds
» Antioxidants, Lipids
» Carbohydrates, Peptides
> Proteins, Pigments,
Vitamins

Figure 1. Classification of nutraceuticals from microalgae [57]

other microlagal pigment with nutraceutical abil-
ities towards the weight loss management [71].

3.3 Proteins, Lipids, and Carbohydrates

Proteins from microalgae also are a substantial part
of the nutraceutical abilities of microalgal supple-
ments due to their therapeutic potential in the
treatment of various chronic diseases. Along with
the neutraceutical abilities, microalgal proteins also
play an important role in replacement of damaged
tissues. The rich protein content and amino acid
profiles of Chlorella and Spirulina as part of func-
tional foods are also well acknowledged by different
researchers in the prevention of various diseases
[71,72]. Phytosterols are the lipid components of
microalgae which have been reported for their role
in the inhibition of cholesterol absorption in the in-
testines [51]. Microalgal polysaccharides are also a
part of prebiotic supplements towards the promo-
tion of gut microflora growth and regulation of
blood glucose [73]. Some of the important microal-
gae-based nutraceuticals and its applications along
with the producers have been listed in Tab. 2 [74].

Table 2. Important microalgae-based nutraceuticals and their applications along with the producers; modified from [74].

Type of Nutraceutical

Product name

Producing microalgae

Industrial application

PUFA’s

Phycobiliproteins

Carotenoids

Aminoacids

Polysaccharides

Phycotoxins

EPA

DHA

GLA (y-linolenic acid)
AA

Phyocyanin

Phycoerythrin

p-Carotene

Astaxantin

Echinenone, Zeaxanthin
Lutein

Phycocyanobilin

MAA (mycosporine-like amino
acids)

Carragenan/aliginate

Okadaic acid, gonyautoxins,
yessotoxins

Pavlova sp., Nannochloropsis sp., Monodus
sp., Phaeodactylum sp.

Crypthecodiuimu sp., Schizochytrium sp.

Spirulina sp.
Porphyridium sp.

Spirulina platensis

Porphyridium cruentum

Dunaliella salina

Haematococcus pluvialis

Dunaliella sp.

Chlorella sp., Chlamydomonas sp.
Synechocystis sp., Cyanidioschyzon sp.

Aphanizomenon flos-aquae

Porphyridium cruentum

Amphidinium sp., Prorocentrum sp.,
Dinophysis sp.

Nutritional supplement and aquaculture
feed constituent

Nutritional supplement and constituent
of infant and aquaculture feeds

Nutritional supplement
Nutritional supplement

Natural colorant for food and
cosmetological products, anti-oxidant

Diagnostic fluorescence agent

Natural food colorant, antioxidant,
anti-cancer properties

Pigment and antioxidant
Food colorant
Food colorant
Food colorant

Sunscreen agent

Viscosifier, lubricant, flocculant, antiviral
agent

Diagnostic agent for neurodegenerative
diseases
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4 Microalgae Cultivation

Microalgae can be cultivated either in open systems or closed
systems. Open systems are the most studied designs for large-
scale cultivation of microalgae due to their low investment and
maintenance costs. They include shallow ponds, raceway
ponds, tanks, and circular ponds. These open systems suffer
from uncontrollable parameter regulation of the microbial
growth (illumination, temperature, pH, nutrient levels) as well
as contamination with predators [75]. On other hand, closed
systems, i.e., photo bioreactors, have controllable machinery
for adjusting the growth parameters and have overcome the
contamination problems associated with the open-systems.
The typical designs of closed photoreactor systems fall into
three categories: flat plate, tubular, and vertical column type. A
foresight of advantages and disadvantages of open (raceway
pond) and closed-type photobioreactors are given in Tab.3
[76-78].

4.1 Important Growth Parameters for Production
of Secondary Metabolites from Microalgae

Abiotic stresses such as light, temperature, nutrient starvation,
use of certain metals, and UV-radiation play a significant role
in the production of secondary metabolites in microalgae. Little
changes in the levels of these as well as the presence or absence
of these abiotic stresses during microlagal cultivation result in
lesser metabolite yields [79, 80].

4.1.1 Effect of Light

Light plays an important factor in the growth of algae since it is
their energy source. Thus, a change in light intensity or light
quality affects their growth. Algae have photoprotective mecha-
nisms to cope with extreme light intensities, which include the
formation of pigments which may not be a desired product. For
example, EPA concentration was found to be significantly higher
with low light intensity while DHA concentrations were found to
be higher with higher light intensity in Paviova lutheri 81, 82].

4.1.2 Role of UV Radiation

The presence of UV radiation stimulates the intracellular reac-
tive oxygen species production which triggers the antioxidative
defense. This defense includes the formation of antioxidant
compounds such as ascorbate, carotenoids, tocopherol, etc.,
which are important bioactive compounds. In various studies,
it has been shown that UV exposure increases carotenoid pro-
duction. In another study, it has been found that PUFA, EPA,
and DHA contents were reduced during 8-day exposure of UV
light in Pavlova lutheri [83].

4.1.3 Nutrient Starvation

There are several micronutrients essential for microalgae growth
and changes in their concentration can create stress in them. For
example, enhanced 3-carotene production with increased levels
of nitrogen (1 mM) and salinity (30 %) in Dunaliella salina, as
well as nitrogen limitation in Haematococcus pluvialis leads to
an increased accumulation of astaxanthin [84].

Table 3. Advantages and disadvantages of open- and closed-type cultivation systems for microalgae [76-78].

Cultivation system Advantages

Disadvantages

Open type, Raceway pond - Easy construction and operation

- Low energy input and low cost

Closed type, Photobioreactors

- Water loss due to evaporation
- Difficult to control the growth parameters
- Contamination problem with predators

Flat plate type

Tubular type

Vertical column type

- Large illumination surface area for solar energy
- Lower concentration of dissolved oxygen

- Possible inclination to face the solar energy

- Low power consumption

- Large illumination surface area

- Relatively higher biomass productivity

- Possibility of minimizing cell damage by using
airlift system

- Higher mass-transfer rates with better mixing
conditions

- Easy to operate

- Relatively low cost

- Lower power consumption

- Tedious for scale-up studies
- Uncontrollable temperature

- Requires large area

— Susceptible higher oxygen concentration in case
of long tubes usage

- Possibility for decreased Co, concentration,
which deprives the carbon source for algae

- Mixing problem in case of long tubes usage

- Small illumination surface area
- Possibility of sedimentation problem if airlift system is
not used
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4.1.4 Influence of Metals

Certain metals are essential for the cellular metabolic reactions
of microalgae, e.g., in photosynthesis, respiration, transport of
molecules, etc. The presence of metals like copper, zinc, and
magnesium in increased concentrations leads to the generation
of reactive oxygen species and results in the formation of anti-
oxidative compounds. Many microalgae release certain exopo-
lysaccharides to absorb excess metals present in the medium.
These polysaccharides can be depolymerized to obtain different
compounds having substantial therapeutic value [85]. The
effect of some important parameters on the production of
nutraceutical and pharmaceutical compounds has been sum-
marized in Tab. 4.

5 Large-scale Algal Production Systems
for Pharmaceutical and Nutraceutical
Compounds

Although various compounds from microalgae have been
found and studies on their potential pharmaceutical have been
done, still very few commercial setups are present for large-
scale production of these compounds. The possible reasons
which hinder scale-up of the operations can be non-availability
of a proper photobioreactor with automated parameters, con-
tamination of the water source, choice of light system, choice
of the strain, etc. Three strategies are currently being used to
produce algae on a large scale, based on feeding strategies and
described below [99].

5.1 Photoautotrophic Production Systems

Photoautotrophic production systems use light and carbon
dioxide as the energy and carbon sources for algae. They are

Table 4. Effect of cultivation parameters on the production of nutraceutical and pharmaceutical compounds.

Cultivation parameter Produced nutraceutical/ Yield enhancement [%] Ref.
pharmaceutical compound
Chlorella zofingiensis
High light intensity Astaxanthin 1.5 [86]
0.2 M NaCl Astaxanthin >4 [86]
N deficiency Lipids 65.1 [87]
P deficiency Lipids 47.7 [87]
Chlorococcum sp.
Addition of H,0O, Astaxanthin 0.71 [88]
N deficiency Carbohydrates 39.8-41 [89]
Haematococcus pluvialis
Nutrient starvation Astaxanthin 4 [90]
High light intensity and non-aerated mixotrophic cultivation Astaxanthin 10 [91]
N starvation Carbohydrates 74 [92]
P starvation Carbohydrates 48 [92]
0.8 % NaCl Carbohydrates 48 [92]
P starvation Lipids 43 [93]
Chlorella protothecoides
High temperature (35 °C) Lutein 4.6 [94]
Heterotrophy Lipids 50 [95]
Dunaliella salina
High light intensity p-Carotene 3.1 [96]
N starvation pB-Carotene 2.7 [97]
N starvation Carbohydrates >55 [98]
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mostly applied in open systems including raceways and thin
layer reactors or closed systems including flat panels and tubu-
lar photobioreactors. Although open systems provide a better
surface-to-volume ratio, which is essential for algal growth, the
lack of automation and threat of contamination lead to the
development of closed systems. These can provide higher bio-
mass with better control of growth parameters, but closed sys-
tems are expensive compared to open ponds and raceways and
also need better mass transfer capacity. Thus, despite being effi-
cient, photobioreactors are still not being widely used, and
thus, a lot of effort is required to decrease the expenses and
make them economically feasible [100]. The commercial pro-
duction of B-carotene by Dunaliella salina utilizes the open sys-
tem. Currently, for commercial production of §-carotene pro-
duction, industries are using open and closed cultivation
processes. The Australian firms Betaten and Aquacaroten grow
microalgae in unmixed open ponds resulting in a 3-carotene
production of about 13ta™' (approx. 510ha of culture area).
Nature Beta Technologies, a company from Israel, reported an
annual production of 3-carotene of 3ta™' by cultivating micro-
algae in raceway ponds [101]. Another study, in which f-caro-
tene was produced from Dunaliella salina in a photobioreactor,
showed 50 % higher output than open-pond cultivation [102].

5.2 Heterotrophic Production

Photobioreactors present the problem of less mass transfer
capacity and decreased distribution of light with increasing
reactor volume. This gave rise to the need for a heterotrophic
production method. In this process, organic carbon sources
such as sugars or organic acids replace light as the energy
source. Till today, only a few studies (e.g., Chlorella protothe-
coides, Chlorella sorokiniana, Haematococcus pluvialis) report
the successful heterotrophical growth of microalgae [103-106].
Unlike photoautotrophic production, which depends on the
area of illumination, heterotrophic
cultures use organic carbon sources
in the culture. Heterotrophic pro-
duction facilitates the scale-up
since the illumination of the photo-
bioreactor does not have to be
considered and it increases produc-
tivity as well. It also reduces pro-

/

duction and maintenance costs.
The only disadvantage of this sys-

Harvesting Method

tem is that any contamination will
out compete with the algae species
for the organic carbon sources.

5.3 Mixotrophic Production

Mixotrophic production is a growth method for algae, combin-
ing both phototrophic and heterotrophic methods. Algae can
easily utilize light and carbon dioxide for nutrition, but at
night, productivity will be reduced due to respiration. Mixotro-
phic microalgae can utilize organic energy and both inorganic
and organic carbon substrates by concurrently driving photo-
trophy and heterotrophy, thus, enhancing the culture produc-
tivity, while the diminished utilization of light sources
decreases the cost of the production [108]. BioReal (Sweden)
was the first company applying mixotrophy cultures in indoor
closed photobioreactors for the commercial production of
Astaxanthin (30ta™") [101]. The high cost of the organic car-
bon source is the major drawback of this method, which led to
the utilization of industrial dairy wastes and molasses as cheap
sources [109, 110]. The recent trends in microalgae cultivation
are depicted in Fig. 2.

6 Constraints in Large-Scale Production
of Algal Compounds

The commercial production of pharmaceutical compounds
from microalgae is still in an infant stage due to the unavail-
ability of proper strains and optimal growth parameters for
enhanced biomass yields. The lack of extensive phenotypic and
genetic characterization also presents a difficulty in finding a
suitable strain for research [111]. Common cultivation methods
have to be designed to support the existing and new microalgae
strains growth for optimal results. Growth parameters such as
contamination, the amount of sunlight as well as harvesting
and extraction of algae are also critical parameters to consider.
Microalgae production at a large scale requires the optimiza-
tion of many parameters discussed above. But these parameters
are not easy to control and to be optimized. These major con-

e 9%
= 2 6
Qo
€O e

N\

Culture Method Genetic Modifications

|

Thus, the system and inoculum
and even the organic carbon source
will have to be free of any contami-
nants to ensure enhanced produc-
tivity. Examples include commer-
cial production of heterotrophically
grown Chlorella in the fermenter
for aquaculture and health food

=Auto and bioflocculation
=Electric-based methods

flotation
=Chemical coagulation
/flocculation

such as electro coagulation,

=Usage of wastewater as
nutrient resource

=Nanoparticle engineering-
based development

=Membrane-based processes
in photobioreactors

=Increase in yield of
high value compounds
such as carotenoids
=Effective management
of contamination
=Gene silencing

applications, as is a common prac-
tice in Japan and Korea [107].
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Figure 2. Recent trends in microalgae cultivation.
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straints in the cultivation of microalgae on a large-scale are
summarized in the sections below.

6.1 Temperature

The optimal temperature for algal growth is 15-25°C. Below
the optimal temperatures, the enzyme activities of the Calvin
cycle will decrease, which eventually leads to a negative effect
on photosynthesis and cell division. Above the optimum tem-
perature, the activity of algae decreases and may even reach
zero in some cases. Thus, the temperature beyond the optimum
might slow the growth or kill the algae. Microalgae can be
screened or acclimatized for temperature tolerance [112].

6.2 Light

Setups utilizing natural light sources suffer from issues like dai-
ly or seasonal fluctuation in light intensity. Also, the quality of
light penetration might be detrimental to the surface layer of
algae, but the reduced intensity of light might be insufficient
for the growth of algae. Artificial lighting is important when
the continuous growth of algae is required, but it increases the
expenses [113].

6.3 Size

Due to the small size of microalgae, it is hard to harvest them
in a conventional manner. High shear processes like centrifug-
ing add the problem of cell wall damage in shear sensitive cells.
The common harvesting methods include the concentration of
biomass by centrifugation, flocculation, membrane filtration,
and ultrasonic separation. These methods are cost intensive
and add to the cost of entire process [113].

6.4 Water

Small-scale systems in open and sunny conditions suffer from
loss of water due to evaporation. Change in climate conditions
is also a matter of concern. An alternative source of water like
wastewater is being considered as a possible option and has
been used for microalgae growth [114].

6.5 Contamination

Bacteria and other lower metazoans are the common contami-
nants. Their growth can surpass the growth of algae or release
certain toxic products which can hinder algal growth. On the
other hand, reports of certain bacteria with growth-promoting
factors have also been reported [115].
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7 Latest Advances in Microalgae-based
Pharmaceuticals

The use of microalgae is not restricted to anti-carcinogenic,
antiviral, antibacterial, or antifungal agents. Many new possi-
bilities have been tried. In a recent example, production of HIV
vaccine from microalgae has been reported. A defective cell
technique was used in this process to inhibit the release of
transgenic material into the environment. Thus, the algae can
be used as edible vaccines. The fact that individual algal com-
ponents such as sulfated polysaccharides and bioactive peptides
inhibit the entry of the HIV also provided the groundwork for
the use of algae as a potential source of vaccine. The same pro-
cess can be used for other diseases such as smallpox, polio,
tuberculosis, and others like anti-hypertensive and anti-coagu-
lant conditions. But still there are a lot of hurdles for the com-
mercial production of this vaccine and extensive studies
regarding its impact on human health would have to be done.
Despite all these obstacles, the production of algae presents a
cost effective method as they are easy to grow with minimum
requirements [79].

Also, the concept of using algae to produce personalized
drugs has also been studied by researchers. Producing the
drugs in algae would enable the provision of designer drugs in
days instead of months. Microalgae are also being used to pro-
duce monoclonal antibodies and single-chain fragment anti-
bodies. Chlamydomonas reinhardtii has been reported for the
production of human IgA single chain fragment antibody, an
immunotoxin in the form of aCD22. The produced human
IgA single-chain antibody in combination with exotoxin A (an
enzymatic domain from Pseudomonas aeruginosa) is a likely
therapeutic candidate against human B cell tumors and for the
production of Plasmodium falciparum surface protein 25, a
vaccine candidate for Malaria [80-82]. Metabolic engineering
in microalgae is an essential tool to introduce the desired char-
acteristics and produce valuable compounds. It is still in a
starter phase, which could be due to the lack of information
about metabolic pathways and genetic characterization. But
recent advancements have helped to develop easier tools to per-
form such experiments. The major advancement in using
metabolic engineering for microalgae-based pharmaceuticals is
the enhanced yields of carotenoid production. Recent studies
revealed that utilization of trophic conversion, improvement in
photosynthesis, and management of contamination techniques
results in better growth of microalgae. Enhancement of carote-
noid biosynthesis through metabolic engineering has been
reported for Chlamydomonas reinhardtii by nuclear transfor-
mation using a phytoene synthase gene isolated from Chlorella
zofingiensis [116]. The sequence of steps utilized in nuclear
transformation is depicted in Fig.3. Metabolic engineering
efforts to enhance the pharmaceutical compounds from micro-
algae are summarized in Tab. 5.
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Figure 3. Sequence of steps for nuclear transformation in microalgae.

8 Safety and Toxicity Issues
of Microalgal Nutraceuticals

Microalgae-based nutraceuticals are highly demanded to pro-
vide the active ingredients for combating the malnutrition-

Table 5. Metabolic engineering approaches of microalgae for pharmaceutical compounds.

associated problems throughout the world
[125]. These unknown nutraceutical com-
pounds have to overcome the socio-ethno-
logical and toxicity-related issues before
consumer acceptance as safer food ingre-
dients can follow. Naturally occurring tox-
ins, heavy metal contamination, and the
presence of pathogenic microorganisms are
some of the critical points to evaluate
[126]. The reports on allergenicity of
microalgal nutraceutical are very scarce.
Some of them reported the development of
anaphylaxis after consumption of Spirulina
tablets [127] and human poisoning epi-
sodes after the intake of wild-harvested
Spirulina due to the production of neuro-
toxins by contaminated species of Micro-
cystis and other freshwater cyanobacteria
[128]. The higher doses of amino acids
from red algae, namely, kainic acid and
domoic acid, showed the neurotoxic effects
in disease models in mice and other ani-

mals [129]. Illness-associated deaths have been reported in
association with the sea vegetables Gracilaria sp. and Caulerpa
sp. in the western Pacific region, where by mistake toxic species
were picked [130,131].

In order to prevent these safety and toxicity issues, Cyano-
tech, Earthrise Farms [132], and Solazyme, Inc. [133] supply

Strain Method Result Ref.
Chlamydomonas reinhardtii psy gene from Chlorella zofingeinsis was 2-2.2fold increase in astaxanthin [116]
transformed into C. reinhardtii
Chlamydomonas reinhardtii Introduction of the ptxD gene from Engineered strains were able to use phosphite [117]
Pseudomonas stutzeri WM88 into C. reinhardtii ~ as main phosphorus source, making them a
dominant species and reducing the chance of
contamination
Chlamydomonas reinhardtii Single amino acid mutation L505F in the 29 % increase in PDS activity, resistance to [118]
phytoene desaturase gene norflurazon, and increased amount of zeta
carotene
Chlamydomonas reinhardtii Plastid transformation of the psy gene from Increase in various carotenoids from 125-260 % [119]
D. salina to C. reinhardtii
Chlamydomonas reinhardtii Introduction of the HUPI gene (hexose uptake ~ Engineered strain was able to uptake glucose [120]
protein 1) from Chlorella kessleri and survive in the dark
Chlorella zofingiensis L516F change in the PDS gene 33 % increase in desaturase activity, 32.1 % [121]
increase in total carotenoids, and 54.1 %
increase in astaxanthin content
Dunaleilla bardawil Calvin cycle enzyme SBP was introduced in Improvement in photosynthesis and increase in ~ [122]
D. bardawil from C. reinhardtii organic carbon content
Haematococcus pluvialis Side directed mutagenesis of L504R in the PDS ~ Enhanced accumulation of astaxanthin up to [123]
gene 26 % and resistance to norflurazon
Phaeodaclylurn tricornutum Introduction of the glucose transporter genes The essentially autotroph organism was able to  [124]

glutl from humans

use organic carbon source and survive in the
dark
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large quantities of GRAS (generally regarded as safe) spirulina
and GRAS Algalin protein to the nutraceutical markets. These
results are showcasing the importance of safety and toxicity-
related issues of microalgal nutraceuticals which have to be
tackled by developing controlled large-scale cultivation meth-
ods coupled with routine quality control analysis [134].

9 Market Potential of Algal
Nutraceuticals

The consumer’s awareness of the nutraceutical’s role in com-
bating the incidence of chronic and lifestyle diseases paved the
way for increased demands for algal-based nutraceuticals.
Based on the overwhelming response from customers, the
Transparency Market Research (TMR) projects, the global
nutraceuticals market, is set to cross $US 278.96 billion at a
compound annual growth rate of 7.3% by the end of 2021
[135]. Various companies are operating in the global nutraceut-
icals market including Royal DSM N.V., BASF SE, Groupe
Danone S.A,, E. I. du Pont de Nemours, Nestle S.A., etc. The
global market of nutraceuticals revolves around three produc-
tion strains, i.e., Spirulina (cyanobacteria), Chlorella (green-
algae) and Aphanizomenon (Klamath algae, eukaryotic, name
originated from the source lake). The advantage of Klamath
algae is that it naturally grows without contaminants [134, 136].
The market size of EPA/DHA is expected to increase over 11 %
and will surpass to reach sales of $US 4 billion by 2022. Algal
species of Nannochloropsis and Chlorella vulgaris are the pri-
mary formulation ingredients for the sports nutrition industry
and are priced at about $US 18 000-36 000 t ™' [137].

10 Future Prospects

The approach to algae-based pharmaceutical compounds is still
growing in the industry and the coming years promise a boom
for the pharmaceutical compounds derived from algae resour-
ces. Compounds like astaxanthin, f-carotene, and Spirulina
seem to be demanding in countries where people understand
the importance of nutraceuticals from such sources. Techno-
economic studies suggested that the harvesting (flocculation,
centrifugation, and solvent extraction) costs of microalgae ac-
counts for 20-30 % of the entire production costs [138,139].
Hence, to enhance the techno-economic feasibility of the algal
technology, stringent measures like optimization of the process
parameters and strain selection have to be implemented. For
cost intensification, leftover biomass after harvesting has to be
put back into the production process, and penultimate biomass
could be marketed as animal feed or valorization to biofuel
products. Moreover, the high-value product status of pharma-
ceuticals requires the utilization of stringent safety regulations
and process measures in the production process. Researchers
examining the production in microalgae also look with a sense
of economic viability and environmental feasibility. The poten-
tial “saviors of the world climate” are just a few micrometers in
size, can be multi-purposely be used and, thus, help in reducing
the load on non-renewable resources. Due to massive produc-
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tion of compounds from microalgae, it surely will not away
soon from the pharmaceutical biotechnology.

11 Conclusions

Over the ages, there has been significant research into the uti-
lization of microalgae as sustainable resource for the produc-
tion of high-value products such as nutraceuticals and thera-
peutic compounds. Due to their sustainability, microalgae also
help to preserve the environment as they have the ability for
carbon dioxide sequestration. Microalgae mainly have been
exploited for various uses, and they promise a lot of medicinal
and nutritional value. Different species of microalgae have
proven significant for producing different components like
pharmaceuticals, nutraceuticals, and cosmotologicals com-
pounds. The bioactive compounds from microalgae also play a
role in combating different types of carcinomas and neurode-
generative diseases.

The polysaccharides, pigments and lipids produced through
microalgae were also reported for their nutraceutical proper-
ties. A little change in the cultivation parameters along with the
changed stress conditions will have profound effects on the
overall production of different dietary compounds such as
astaxanthin, S-carotene, fatty acids (PUFA), antioxidants,
DHA, EPA, etc. Microalgae-based bio-active components as di-
etary supplements can serve as an essential elements for fulfill-
ing the human dietary requirements. Microalgae also serve as a
food for different marine biota.

Not only do microalgae potential for pharmaceutical and
nutraceutical components, but also as a feed supplement for
various animals, the use as biofertilizers, and they have been
studied for their potential to produce biofuels. Since there are
so many fields to profit, the microalgae undeniably fulfil the
need for various sustainable industries. Microalgae species like
Chlorella and Spirulina are the most researched species for the
production of bioactive compounds. The microalgae-based
production platform has grown over the years and has more
potential to decipher the compounds necessary for a healthy
living in today’s world. Fortunately, the demand for food and
medicines is will not diminish but rather increase, so that the
research of microalgal technology will continue to meet the
demanding market potential.
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