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A B S T R A C T

In either unicellular or multi-cellular form, microalgae are photosynthetic microorganisms, mainly known for
being part of the human diet in several world regions. More recently, they have been in the spotlight of re-
searchers, not only because of their nutritional value, but also due to their high value-added components. This
work reviews five microalgae genera: Dunaliella, Botryococcus, Chlamydomonas, Chlorella and Arthrospira, con-
sidered among the most promising for commercial biotechnological applications. The analysis shows that, al-
though the research paradigms are generally shared among species, parameterization changes of culture en-
vironment and stress conditions, several applications can be envisaged for the cultivated species, which is
discussed in this work. Besides, several applications in which these microalgae are being widely used, or are
intended to be used, are analyzed and discussed. The potential applications depend on the type of metabolites
found in each microalgae species, which is discussed in this work, giving examples of application and describing
methods for their cultivation, harvesting and biomass processing. Thus, in addition to being used in human diet
supplementation, microalgae can be used as ingredients for animal feed, medicines, cosmetics pigments, bio-
fuels, bioplastics and biostimulants.

1. Introduction

Microalgae are microorganisms, either in mono or multicellular
form that comprise eukaryotic protists and prokaryotic cyanobacteria.
While eukaryotic microalgae include both diatoms and green algae, the
other group, so called prokaryotic microalgae comprises the cyano-
bacteria (Mobin and Alam, 2017). Microalgae can be found anywhere
sunlight and water coincide, such as in soils, ice, lakes, rivers, hot
springs and oceans (Zullaikah et al., 2019).

Various studies have shown that microalgae cultivation systems can
absorb up to 200 times more CO2 than trees (Melis, 2009). However,
specific levels of carbon dioxide are required for different types of
microalgae. For example, Herador (2016) reported that in general, a
carbon dioxide concentration ranging from 0.038 to 10% is suitable for
microalgae cultivation.

Several screening programs in different world locations have stu-
died microalgae species to identify the most suitable strains. However,
most research work has focused on a small number of fast growing
microalgae species which accumulate substantial amounts of desirable
components (Mobin and Alam, 2017). Among these, this review article

focus on the following five typical genera Dunaliella, Botryococcus,
Chlamydomonas, Chlorella and Arthrospira, considered most promising
for commercial biotechnological purposes, reviewing their potential
applications depending on the main characteristics and chemical
composition, and giving some examples of cultivation, harvesting and
biomass processing methods.

2. Brief presentation of the microalgae species

Microalgae are classified into cyanobacteria (blue-green), rhodo-
phytes (red algae), chlorophytes (green algae) and chromophytes (all
other algae) (Mobin and Alam, 2017).

Dunaliella, Botryococcus, Chlamydomonas and Chlorella are micro-
algae belonging to the phylum of chlorophytes that have different
structural shapes. Chlorella has a spherical shape, as well as Dunaliella,
however, this presents a change in its structural shape as the cells grow.
Chlamydomonas and Botryococcus have oval shape, which depending on
the species, may also present pyramidal shape. Arthrospira (Spirulina)
are cyanobacteria with cylindrical trichome shape.

As shown in Table 1, Botryococcus can reach the highest amount of
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intracellular lipids (75% dw). On the other hand, Arthrospira shows the
lowest lipid content (7–23% dw). Although some Chlorella species
produce only 14% dw of lipids, there are species that can reach up to
56% dw. Dunaliella generally presents high protein content, reaching up
to 80% dw, while Chlamydomonas can reach up 50% dw of protein
content. Arthrospira species generally present high protein (57–65%
dw). Botryococcus shows the lowest protein content (3–10% dw). Con-
cerning carbohydrate rates, chlorophytes show similar rates ranging
from 10 to 25% dw. Among the 5 genera studied, Arthrospira have the
higher rates of carbohydrates ranging from 20 to 30% dw.

2.1. Dunaliella

Dunaliella is a chlorophyte microalga with complex life cycle of
vegetative and sexual reproduction, which is able to accumulate active
compounds such as chlorophyll, polyunsaturated fatty acids, lutein and
zeaxanthin, considered high-efficient antioxidants and, in abundance,
β-carotene. This microalga is unicellular and denucleated, has a fragile
cell wall, and although the ideal growth salinity is approximately 22%
saturation in the culture medium, it is able to grow in media with more
than 30% sodium chloride saturation. This is because they balance the
various external salinities by regulating the metabolism of osmolyte (Ye
et al., 2008; Ben-Amotz and Avron, 1981).

In particular, Dunaliella salina and Dunaliella bardawil species are
capable of accumulating greater amounts of carotenoids (8–14% of
total dry weight) (Ye et al., 2008), and studies have shown that both
species do not produce toxins and have no adverse effects when con-
sumed by humans or animals (El-Baz et al., 2019; Regnier et al., 2015;
Mokady et al., 1990; WEO/IPCS, 1993).

2.2. Botryococcus

Botryococcus belongs to the group of chlorophytes, forming pyr-
amid-shaped colonies that can be found in temperate or tropical
freshwater lakes and occasionally in estuaries and fjords around the
world, where they are concentrated in large floating masses
(Borowitzka, 2013). These microalgae accumulate in their extracellular
matrix long chain hydrocarbons and ethereal lipids, similar to crude oil
(Wake and Hillen, 1980; Brown et al., 1969), which reduce the density
of colonies, leading to flotation on the water surface (Eroglu et al.,
2011).

The most interesting and well-studied species is Botryococcus
braunii, for its ability to produce hydrocarbons, especially triterpenes,
in large quantities, commonly ranging between 30 and 40% of its dry
weight (Metzger and Largeau, 2005). This species has a thick cell wall
structure due to the accumulation of biomass from the previous cell
divisions. Although this feature makes it difficult to extract cytoplasmic
components, much of the useful hydrocarbon oil is extracellular (Wolf
et al., 1985).

Botryococcus braunii is classified into four different biochemical
races called: “race A” which contains large amounts of long-chain al-
kadienes and alkatrienes, oleic acid, complex mixtures of n-aldehydes
and complex lipids (Volkman, 2014; Kawachi et al., 2012); “race B" that
contains branched isoprenoid hydrocarbons (botryococcenes) and as
minor compounds squalene is its methylated mono-, di-, tri- and tet-
ramethylsqualene derivatives (Achitouv et al., 2004; Huang and
Poulter, 1989; Metzger et al., 1985); “race L” contains one isoprenoid
lycopadiene, two epoxides, a variety of lycopanerols which are tetra-
terpenoid ethers and high molecular weight polyaldehydes (Metzger
et al., 2003); finally, “race S” is similar to race A, producing n-alkanes
and epoxy alkanes (Kawachi et al., 2012).

Among the Botryococcus braunii races, “race B” is the one of main
interesting species in the scientific field because of its high capacity to
accumulate botriococenes (up to 86% of its dry weight) which are
considered a promising renewable energy source for hydrocracking,
and methylqualenes compounds easily converted to biofuels (BanerjeeTa
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et al., 2002; Hillen et al., 1982; Brown et al., 1969).

2.3. Chlamydomonas

Chlamydomonas are unicellular green algae (Chlorophyta), formed
by a cell wall, chloroplast and two flagella that they use to move around
(Zullaikah et al., 2019). They can be found in soil, freshwater, oceans
and even snow, on mountain tops. They are recognized as reference
algae due to the huge amount of information that has been gathered
from decades of studies involving their genome sequence, for providing
an excellent microbial platform employed in the investigation of fun-
damental biological functions, and for having characteristics associated
with plant and animal lineages (Blaby et al., 2014).

Even after millions of years of evolution, these genera of algae have
retained its auxiliary components and photosynthetic system as its an-
cestors (Becker, 2013). Also, can be grown both in the presence and
absence of light with acetate as the sole carbon source (Rolland et al.,
2009). Chlamydomonas have flagella equivalent to mammalian flagella
and cilia, which distinguish them from terrestrial plants (Pazour and
Witman, 2009; Silflow and Lefebvre, 2001).

Over 500 different species of Chlamydomonas are catalogued, but
the most widely used in scientific studies and research is
Chlamydomonas reinhardtii which are haploid and can grow in simple
medium of inorganic salts, using solar energy to perform photosynthesis
(Zullaikah et al., 2019).

2.4. Chlorella

Chlorella can easily reproduce in the presence of sunlight, carbon
dioxide, water and small amounts of nutrients, making their cultivation
easy. They have a simple life cycle and superior plant-like metabolic
pathways, being able to produce high amounts of protein, carotenoids,
vitamins and minerals, and therefore are produced as source of healthy
food (Silva et al., 2019).

Moreover, Chlorella accumulate high concentrations of carotenoids
(astaxanthin, lutein, β-carotene, violaxanthin and zeaxanthin), anti-
oxidants, vitamins, polysaccharides, proteins, peptides and fatty acids
(Mata et al., 2010; Safi et al., 2014). Due to their high lipid content
(ranging from 14 to 63% of dry weight), Chlorella is also considered a
promising source for biofuel production, which can be grown without
competing with human food crops (Caetano et al., 2020a; Frumento
et al., 2013; Mata et al., 2016). After lipid transesterification for bio-
diesel, the residual biomass can be used to produce other biofuels such
as methane, bio-oil and ethanol (Sakarika and Kornaros, 2019). Of the
many species of Chlorella, the most commonly used in scientific studies
and commercial production are Chlorella vulgaris, Chlorella sp. and
Chlorella pyrenoidosa.

2.5. Arthrospira

Arthrospira commercially known as Spirulina, is a filamentous pho-
tosynthetic cyanobacteria recognized by the World Health Organization
as one of the major superfoods due to their high protein content (ran-
ging from 50 to 70% dry weight) and essential amino acids (Mitra and
Mishra, 2017). It also contains high concentrations of B complex and E
vitamins, minerals, bioactive compounds, antioxidants and carotenoids
such as zeaxanthin, cryptoxanthin, C-phycocyanin, β-carotene and lu-
tein (Ma et al., 2019). These microalgae can be easily grown in tropical
and subtropical lakes. It adapts to extreme environments such as al-
kaline media, saline environments, high temperatures and light in-
tensity. Also, it is relatively less susceptible to contamination than other
microalgae species, making it the most favorable choice for large scale
production. About 60% of all large-scale algal biomass produced is
attributed to Arthrospira (Mitra and Mishra, 2017).

Arthrospira can be used for biofuels production, although with ty-
pical lipid content of 4–7% and 15–25% carbohydrates (Ljubic et al.,

2018; Mata et al., 2016). This is because it accumulates up to 60–65%
carbohydrates under phosphorus limitation, which through alcoholic
fermentation can be converted into ethanol or butanol (Markou et al.,
2013).

The two species of this microalgae considered most important due
to their physicochemical characteristics, presented in scientific studies
and research, are Arthrospira maxima and Arthrospira platensis (Soni
et al., 2017).

3. Microalgae cultivation, harvesting and biomass processing

3.1. Cultivation

Microalgae are microorganisms that naturally grow in lakes, rivers
and oceans, but in order to be applied industrially, these natural eco-
systems are unsatisfactory due to the low biomass concentrations,
which makes it difficult to harvest on a large scale. Microalgae grow
fast in comparison to terrestrial plants, can reach high lipid content
(> 50%) and have other high value-added components, as already
mentioned in the previous sections.

They are easily grown in medium containing inorganic nutrients
such as nitrogen, phosphorus and CO2 required by microalgae by ap-
proximately 180% of their dry weight (Chew et al., 2018; Singh and
Dhar, 2011). Microalgae can also be grown in wastewater, using the
nutrients available in the medium, while treating the water. Moreover,
they have the capacity to remove heavy metals and other pollutants
from industrial effluents (Cai et al., 2013).

Factors such as temperature, pH and light intensity in the culture
medium, directly influence the growth and development of microalgal
biomass. In addition, the presence of other microorganisms such as
bacteria, fungi and viruses can affect the culture (Okoro et al., 2019).
Temperature is an important factor as it alters the biochemical pro-
cesses in the microalgae cell synthesis. Most species grow better at
temperatures between 20 and 30 °C, except for thermophilic algae that
tolerate temperatures up to 40 °C (Suparmaniam et al., 2019). Another
important factor influencing microalgae growth is the medium pH,
where the optimal pH range between 6 and 9 for most species to grow
(Khan et al., 2018). Finally, light intensity, spectral composition and
photoperiod are other important factors that directly affect the micro-
algae cells growth (Suparmaniam et al., 2019).

The culturing conditions directly influence the growth character-
istics and cellular composition of microalgae, resulting in different
biomass concentration and productivity, as well as variation in the
content of lipids, carbohydrates, proteins and of other components
(Chojnacka and Marquez-Rocha, 2004). Although different forms of
cultivation and production have been developed in recent years, it is
still necessary to find an effective and sustainable production and cul-
tivation mechanism to reach the full potential of microalgae biomass,
especially in large scale industrial applications (Anyanwu et al., 2018).

Dunaliella are strict photoautotrophs capable of absorbing CO2 and
HCO3 for photosynthesis. Thus, the supply of inorganic carbon is im-
portant for the culture of this genus due to the low solubility of in-
organic carbon presented in the high salinity medium in which this
microalga grows. Moreover, it is very important that the medium
contains sources of nitrogen (nitrate is the best source), phosphorus
(which should have a concentration between 0.020 and 0.025 g/L to
prevent growth inhibition), magnesium, calcium, chloride, sulfate, iron
(in low concentrations) and trace elements such as Zn, Co, Cu, Mo and
Mn. The Johnson's medium was optimized to meet all nutritional needs
for Dunaliella cultivation (Table 2). In addition, cultivation should be
done at temperature of 23 ± 2 °C with light intensity of approximately
200 μEm2 s−1 under a 12/12 h light/dark cycle (Ahmed et al., 2017;
Oren, 2005; Johnson et al., 1968).

The Bold Basal Medium (BBM) is considered as a good standard
cultivation medium for many classes of green freshwater algae
(Gualtieri and Barsanti, 2006). Botryococcus and Chlorella grow well in
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this medium under similar conditions of temperature and light. As
shown in Table 2, Botryococcus grows better at temperatures between
25 and 27 °C on a fluorescent light under 15/9 h light/dark cycle
(Dunker and Wilhelm, 2018; Velichkova et al., 2012; Weiss et al.,
2011), whereas Chlorella grows better at temperatures between 22 and
30 °C with a light intensity of 100–150 μEm2s−1 under a 16/8 h light/
dark cycle (Safi et al., 2014; Frumento et al., 2013; Yamamoto et al.,
2004).

The tris-acetate-phosphate (TAP) medium is a standard culture
medium often used for Chlamydomonas (Table 2). Ammonium (NH4

+)
serves as a primary source of nitrogen and Tris buffer the pH and keeps
it neutral. Furthermore, this medium contains a relatively low con-
centration of phosphate, which prevents the inhibition of biomass
growth. Chlamydomonas grow better at a temperature of 25 °C, on a
continuous light of 120 μEm2s−1 (Zullaikah et al., 2019; Shumbulo and
Ki, 2018; Kong et al., 2010).

The Arthrospira growth mainly depends on the availability of nu-
trients, temperature and light. The Zarrouk's medium is considered the
standard medium for growing this microalgae (Madkour et al., 2012)
that grows better at 30 °C, light intensity of 30 μEm2s−1 and under 12/
12 h light/dark cycle (Table 2).

3.2. Harvesting

Microalgae harvesting may include mechanical, chemical, biolo-
gical or electrical methods, each of which with their own advantages
and disadvantages. There is no single most suitable harvesting method
for each microalgae genera; in general, the ideal is to use a method that
preserves the biomass composition and does not hinder the recovery of
the product of interest. The most common harvesting methods include
filtration (Monte et al., 2018), centrifugation, flotation, flocculation
(Caetano et al., 2020b), electroflocculation (Zenouzi et al., 2013),
gravity sedimentation, electrolytic process, electrophoresis and mag-
netic separation (Safi et al., 2014). However, combining harvesting
methods with a previous step of chemical or biological coagulation/
flocculation thickening can increase process efficiency and reduce the
operating costs (Grima et al., 2003).

Centrifugation is the most common process for microalgae har-
vesting as it is a fast and efficient method for cells recovery. It involves
the application of centrifugal forces for separating microalgal biomass
from the growth medium and, once separated, they are simply removed
by draining off the excess water (Harun et al., 2010). Although con-
sidered one of the most efficient methods, with yields up to 98%, the
main disadvantages are the high energy costs and the fact that the
gravitational and shear forces during centrifugation process may da-
mage the cell structure.

Filtration is also a common method for microalgae harvesting. It
consists of recovering the solid phase (microalgae biomass) from the
liquid phase (culture medium) through the meshes of a filter or mem-
brane. Conventional filtration processes are vacuum filtration, pressure
filtration, microfiltration, ultrafiltration, dead-end filtration and

tangential flow filtration (Dragone et al., 2010). Ultrafiltration and
microfiltration techniques (using smaller pore membranes) are used to
recover biomass in smaller microalgae cultures (Petrusevski et al.,
1995). The main costs of this process are associated with frequent re-
placement of filtration membranes due to clogging and energy con-
sumption of the pumping system, but when compared to other har-
vesting methods, filtration is one of the most effective and economic
competitive (Dragone et al., 2010). Membrane filtration is an efficient
method to harvest Dunaliella and Arthrospira (Monte et al., 2018;
Cuellar-Bermudez et al., 2019).

Flocculation can be used as a previous step to biomass recovery, as it
consists of microalgae agglomeration, facilitating and increasing the
efficiency of the subsequent processes (Caetano et al., 2020b). The re-
pulsion charge between microalgae is neutralized or reduced by using
flocculants such as aluminum sulfate salts (Al2(SO4)3), iron chloride
(FeCl3) and iron sulfate (Fe2(SO4)3), among others (Mata et al., 2016).
Fan et al. (2017) used metal cations and medium pH 11 to harvest
Chlamydomonas reinhardtii, reaching over 90% of Chlorella vulgaris
biomass recovery by using chitosan and aluminum sulfate (Zhu et al.,
2018). Some microalgae species may naturally flocculate (self-floccu-
lation) from environmental stimuli, such as changes in the culture
medium pH (Vandamme et al., 2013), and can naturally cluster by
establishing a well-defined sedimentation rate. Other microalgae spe-
cies can synthesize chemicals excreted in the outer cells producing a
colloidal suspension that makes them difficult to settle. Besides, some
species are mobile and do not settle naturally (Okoro et al., 2019).

Combining flocculation with a mechanical harvesting technique can
improve biomass recovery at a reasonable cost (Caetano et al., 2020b;
Duan and Gregory, 2003). Zenouzi et al. (2013) achieved 97.44% ef-
ficiency in harvesting Dunaliella salina using electroflocculation. By bio-
flocculation using Aspergillus fumigatus, Al-Hothaly et al. (2015) reached
98% Botryococcus braunii biomass recovery. Using moringa seeds as
bioflocculant and pH 11, Maghfiroh et al. (2018) harvested Chlorella sp.
biomass with a 98.44% of recovery efficiency.

Flotation is another simple method used to facilitate biomass har-
vesting (Chen et al., 2015). It uses air microbubbles dispersed in an
aqueous medium and the microalgae cells are adsorbed and dragged to
the surface of the aqueous medium to be removed (Brennan and
Owende, 2010).

3.3. Biomass processing

Biomass processing may follow two routes, the first one for appli-
cations where microalgae must be applied dry, and the second one,
where the application of methods to extract target components require
the use of wet biomass.

3.3.1. Drying
Microalgae are cultivated in aqueous medium and, although har-

vesting results in higher biomass concentration, a drying step must be
considered for several applications, such as food supplement (usually

Table 2
Most common cultivation parameters for microalgae growth.

Microalgae Cultivationa Reference

Dunaliella Johnson's medium; temperature of 23 ± 2 °C; light intensity of ≈ 200 μEm2 s−1 under a 12/
12 h light/dark cycle

Ahmed et al., 2017; Oren, 2005; Johnson et al., 1968

Botryococcus Bold's Basal Medium (BBM); temperature of 25–27 °C; on a fluorescent light under a 15/9 h
light/dark cycle

Dunker and Wilhelm, 2018; Velichkova et al., 2012; Weiss and
Wilhelm, 2011

Chlamydomonas Tris-acetate-phosphate (TAP) medium, pH 7; temperature of 25 ± 1 °C; on a continuous light
120 μEm2 s−1

Zullaikah et al., 2019; Shumbulo, 2018; Kong et al., 2010

Chlorella Bold's Basal Medium (BBM); temperature of 22–30 °C; light intensity of 100–150 μEm2 s−1

under a 16/8 h light/dark cycle
Safi et al., 2014; Frumento et al., 2013; Yamamoto et al., 2004

Arthrospira Zarrouk's medium, pH 9; temperature of 30 ± 2 °C; light intensity of 30 μEm2 s−1 under a
12/12 h light/dark cycle

Tandon and Jin, 2017; Mata et al., 2016; Madkour et al., 2012

a The most commonly used medium for the microalgae growth.
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marketed as powders or pellets), or before lipid extraction (e.g. for
biodiesel production). The drying process requires a lot of energy (e.g.
to evaporate 1 kg of water, at least 800 kcal of energy is required)
resulting in a final biomass concentration of at least 90% (Chen et al.,
2015). Thus, the drying step can be an economic bottleneck of the
entire process due to the high energy consumption.

The most common drying methods include freeze-drying, drum
drying, spray drying and sun drying (Grima et al., 2003). However, the
main drying method used for many microalgae genera (including the
five genera focused in this review) is spray drying (Hosseinizand et al.,
2018). Spray drying has advantages such as high versatility, the pos-
sibility to pack directly, the powder is produced without need of any
grinding process and the ease of processing control, allowing the pro-
duct quality to remain constant (uniform) during processing. However,
its main disadvantage is the high capital and energy/operating costs
(Chen et al., 2015).

3.3.2. Pre-treatment
Pre-treatment methods are used to increase the recovery of in-

tracellular microalgae components, which may be carried out by che-
mical methods (e.g. acids, bases, supercritical fluids) (Lee et al., 2010;
Crampon et al., 2013), physical methods (e.g. lyophilization, sonica-
tion, microwave, ultrasonography) (Adam et al., 2012; Biller et al.,
2013), biological methods (enzyme or protein degradation) (Kita et al.,
2010; Mercer and Armenta, 2011) and mechanical methods (e.g. high
temperature autoclave, pressing, ball milling, electroporation, homo-
genization and osmotic shock) (Lee et al., 2012; McMillan et al., 2013).

Preservation of the chemical composition in microalgae biomass is
an important factor for selecting the pre-treatment method, since the
chemical components of biomass can be degraded by both the extrac-
tion process and the enzymatic activity present inside the microalgae
cells (Chen et al., 2015). Also, the choice of the method to be used to
break the cell wall and membrane depends on the cells morphology.

The pre-treatment methods presented in this section can be applied
to Dunaliella, Botryococcus, Chlamydomonas, Chlorella and Arthrospira.
The choice of which method to use depends on the desired product
quality and recovery efficiency.

For example, high-pressure homogenization (HPH) is a common
mechanical method used for large-scale cell disruption and components
recovery, allowing high recovery of biological products. However, it is
unsuitable for compounds such as lipids and proteins. This is because,
there is a non-selective product release, with a high concentration of
cellular debris, hindering the subsequent processes (extraction and
purification). Additionally, it is a high energy consumption process
(Norton and Sun, 2008; Balasundaram et al., 2009; Lee et al., 2013).

The application of electrical techniques such as pulsed electric field
(PEF) and high voltage electric discharges (HVED) are promising and
efficient methods for intracellular bio-suspensions extraction, and the
PEF process is useful for lipid extraction allowing selective extraction of
intracellular microalgae compounds (Lebovka et al., 2011; Gottel et al.,
2011; Foltz, 2012). On the other hand, the HVED process achieves a
more powerful mechanical disintegration of cell walls and can be ap-
plied more effectively to the extraction of higher molecular weight
compounds, such as proteins (Liu et al., 2013).

3.3.3. Components extraction
Extraction is an operation in which one or more components in li-

quid or solid phase are transferred to another liquid phase by differ-
ences in component solubility. In liquid-liquid extraction it is used a
solvent relatively immiscible with the solution, which is capable of
removing the desired compound.

Techniques for extracting the desired components from microalgae
biomass may be based or not on organic solvents and can be applied to
the 5 microalgae genera studied in this review. The main factors that
influence the selection of the most suitable extraction process for each
of the desired components are the biochemical characteristics of

microalgae cells, the intended final application of the extracted com-
ponents, the adequacy of the solvent to be used, the expected extraction
yield and time, the cost and ease of the process operation (Cuellar-
Bermudez et al., 2014).

Organic solvent extraction is the most common technique for ex-
tracting microalgae components. For example, in solvent-based lipids
extraction from wet biomass, it is necessary to increase the solvent
polarity in order to reduce the barrier between non-polar solvents and
intracellular lipids (Naghdi et al., 2016). Also, to recover proteins from
microalgal biomass, it is necessary to remove interfering molecules such
as lipids, carbohydrates, pigments and nucleic acids (Khanra et al.,
2018). And, in carotenoid extraction, the biggest disadvantage is the
maceration stage that requires a long process time (Parniakov et al.,
2015).

Typical organic solvents applied to the extraction of intracellular
microalgae compounds include methanol, chloroform, hexane, iso-
propanol, acetone and diethyl ether (Folch et al., 1957; Hara and Radin,
1987; Chen et al., 1984; Shao et al., 2015). The process yield depends
on the operating parameters (e.g. temperature, pressure and nature of
solvent).

Although extraction using organic solvents is the most common
technique to recover microalgae biomolecules, the environmental and
safety issues are the main limitations to the application of this method.
Several research studies have been carried out to develop methods with
solvent-free approaches such as microwave-assisted (Lee et al., 2010),
ultrasound-assisted (Harun et al., 2010), hydrothermal liquefaction
(Barreiro et al., 2013), Osmotic shock (Yoo et al., 2012; Prabakaran and
Ravindran, 2011; Lee et al., 2010), enzymatic disruption (Demuez
et al., 2015; Mercer and Armenta, 2011), oxidative stress (Bai et al.,
2014), supercritical carbon dioxide (Halim et al., 2010), among others.
The utilization of solvents which, in addition to being safer are more
environmentally friendly, minimize the need to separate contaminants
from the extracted product (Naghdi et al., 2016).

An alternative method for extracting microalgae components is the
supercritical fluid extraction, which is a simpler, faster and more effi-
cient than other conventional methods (Gouveia et al., 2007). Besides,
it avoids the consumption of large quantities of organic solvents, and
supercritical CO2 has some unique characteristics as a solvent as it is
non-toxic (Mendes et al., 2003).

4. Potential applications of microalgae

Probably one of the broadest applications of microalgae is in the
food and feed industry, due to their high nutritional value and health
benefits. For that purpose, they are normally commercialized in dry or
wet forms (Raja et al., 2016). Other potential microalgae applications
have also been studied, such as bioplastics, food colorants, cosmetics,
bio-stimulants and biofuels, among others (Ramaraj et al., 2017).

Algal biomass can also be employed in industry (e.g. for medicines,
cosmetics and nutraceutics), or for ecological applications (Lu et al.,
2016; Borowitzka, 2013; Pignolet et al., 2013). For example, there are
microalgal species used in environmental pollutants monitoring and
bioremediation, playing an important role by providing a key tool
useful for phytoremediation of both toxic metals and nanometals
(Khatoon and Pal, 2015). Dunaliella, Botryococcus, Chlamydomonas,
Chlorella and Arthrospira have several applications in industry, not only
as a final product but also, as ingredients for other products formula-
tion. The microalgae applications in different industry segments depend
on the characteristics and composition of each microalgae biomass.

4.1. Food and feed industry

Several research studies have been conducted, showing that mi-
croalgae species such as those from the genus of Chlorella and Spirulina
are suitable to be used in their pure forms (Herador, 2016; Raja et al.,
2016), which explains their wide usage in the food industry, as for
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example to enrich noodles, cookies, nutritional bars and juices (Chacon-
Lee and Gonzalez-Marino, 2010; Desai and Sivakami, 2004).

Chlorella zofingiensis, Arthrospira platensis and Dunaliella salina are
the species with most potential applications in the food industry due to
its physical-chemical characteristics (Table 3).

Chlorella zofingiensis contains protein, lipids, carbohydrates, and a
complex rich in vitamins, minerals and carotenoids, for this reason it
has been applied as a powerful ingredient in several food products
trials, such as powdered green tea, soups, noodles, bread and rolls,
cookies, ice cream and soy sauce (Liu et al., 2014).

Due to high protein content (60–71% dw) and low carbohydrate
content (13–16% dw), Arthrospira platensis has been applied in the
vegan diet as a substitute for other protein and carbohydrates sources
(Becker, 2007). In addition, this species has been applied to produce
bioactive substances that promote lactic acid bacteria growth (Niccolai
et al., 2019).

Dunaliella salina has been consumed as dietary supplements for
human health in the form of pills, capsules, and fortified nutritional
mixtures (Mokady et al., 1990). It is also applied in animal feed, due to
its average contents of protein (57% dw) and carbohydrates (32% dw)
(Raja et al., 2018). Also, it has been used as a natural food and in
beverages, for producing carotenoids (9-cis-β-carotene), and in pre-
venting intracellular oxidative stress due to its high antioxidant levels
(Ye et al., 2008; Garcia-Gonzalez et al., 2005).

Gill and Valivety (1997) states that algal based feed affects the
animal's physiology as well as it improves its immune response and
fertility. These authors have shown that the combination of 5–10% of
algal biomass, mixed with animal feed, can be used safely as partial
replacement for conventional proteins, while higher ratio may present
adverse effects. These authors showed that recent research studies on
the quality of proteins with microalgal sources have a comparable or
superior functionality (either as foam, emulsifier, surfactant, solubilizer
or gelling agent) equal or even greater than other commercial protein
sources. As an instance, they pointed to Chlorella and showed that it can
be digested easily up to 5% in the form of paste (Harari et al., 2013).
This market includes aquaculture industries, as microalgae are known
to be the most appropriate source for fish feed in all stages of marine
bivalve mollusks, larva stages of some gastropods, some fish larvae,
penaeid shrimp and zooplankton (Raja et al., 2018). Microalgae can
provide an important source of essential fatty acid to fish. Omega-3
fatty acids such as eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA) are the most famous compounds in fish oil for human

consumption (Martinez-Porchas et al., 2014). This point is important
because DHA and EPA are not synthesized by fish and the only resource
to enrich them in fish is by accumulating them in proper algal paste and
store them while fish feed (Martinez-Porchas et al., 2014).

Chini-Zitelli et al. (1999) reviewed the procedure required to pro-
vide the algae paste, initiated from cultivation, and then processed and
condensed in the form of pastes (concentrated microalgae cells dis-
persed in liquid media) or freeze-dried cubes. Algae paste is produced
by batch cultivation of microalgae such as Chlorella vulgaris and Ar-
throspira platensis and accompanied by further dewatering via cen-
trifugation. Finally, food grade preservatives are added to the dried
paste to extend their expiration date. The resulting wet paste is then
stored at 0–4 °C. It should be mentioned that the second form, the
freeze-dried cubes, provides a good baseline to store under refrigeration
for long term transportation (Hemaiswarya and Raja, 2010). These
frozen cubic feedstocks can then be added directly to the water tank to
feed the targeted marine animals (Raja et al., 2018).

4.2. Medicine

According to the World Health Organization, microalgae are pro-
mising sources of bioactive compounds (e.g. polysaccharides, car-
otenoids, vitamins and sterols) with various health benefits, such as
anti-atherosclerostic or anti-cancer properties benefits, and for reducing
cholesterol (Borowitzka, 2013; Geppert et al., 2006; Lordan et al., 2011;
Raja et al., 2018). Microalgae contain long-chain polyunsaturated fatty
acids (LC-PUFAs), such as eicosapentaenoic acid (EPA), and can func-
tion as a natural antibacterial medicine against both gram-positive and
gram-negative bacteria (Desbois et al., 2009; Benkendorff et al., 2005).
This behavior has benefits as immune-stimulants both for human and
marine health (Shah et al., 2018; Falaise et al., 2016). Also, have shown
that algal extracts, processed or crude, can be used in replacement or as
supplement in shrimp or fish feed against bacterial infections (Yaakob
et al., 2014; Dang et al., 2011).

Table 4 lists the potential medical applications for Dunaliella salina,
Chlorella vulgaris and Arthrospira platensis that are common species ap-
plied in medicine.

Dunaliella salina has been studied for both pharmaceutical and nu-
traceutical applications, such as anti-Parkinson's disease, detoxifying
heavy metals, supplement for protecting eye cells, antioxidant, neu-
tralizing free radicals, anti-hypertensives, broncholitic and analgesics
(Leya et al., 2009; Bhosale and Bernstein, 2008; Spolaore et al., 2006;

Table 3
Potential applications of different microalgae species in food industry.

Microalgae Component Application Reference

Chlorella zofingiensis • Astaxanthin

• Provitamin A

• β-carotene
• Vitamin E

• Vitamin B12

• Thiamin B1

• Biotin

• Riboflavin B2

• Niacin B3

• Folic acid

• Vitamin B6

• Inositol

• Phantothenic acid

• Dietary aid for leprosy patients

• Developing several trial food products (powdered green
tea, soups, noodles, bread and rolls, cookies, ice cream,
and soy sauce (

Barrow and Shahidi (2007); Mata et al. (2010); Liu et al.
(2014); Belay et al. (1993); Belay et al. (1994)

Arthrospira platensis • Protein (60–71% dw)

• Carbohydrate (13–16%
dw)

• Vegan replacement

• Produce low cholesterol eggs

• Increase the number of lactic acid bacteria

Raja et al. (2008); Herador (2016); Becker (2007); Sajilata
et al. (2008); Mobin and Alam (2017); Niccolai et al. (2019);
Spolaore et al. (2006)

Dunaliella salina • Protein (57% dw)

• Carbohydrate (32% dw)

• High levels of
antioxidant

• Carotenoid β-content

• Human health dietary supplements (tablets, capsules,
fortified nutritional blends)

• Animal feed

• Coloring margarine water-soluble

• Coloring beverages

• Prevent the intracellular oxidative stress

Raja et al. (2008); Raja et al., 2018; Hemaiswarya and Raja
(2010); Capelli and Cysewski (2013); Spolaore et al. (2006);
Mobin and Alam (2017)
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Villar et al., 1992). This species has the capability to store essential
carotenoids such as α and β-carotene, cryptoxanthin, zeaxanthin and
lutein, up to 14% dw with antioxidant and anticancer properties and
the antioxidant glutathione (Ye et al., 2008; Metting Jr, 1996; Bruno
et al., 2016). Also, it can be consumed in powder or tablet forms, as
supplement for protein, amino-acid, minerals, vitamin C, B12 and fucose
(Martinez-Hernandez et al., 2018).

As previously reported Chlorella zofingiensis is a species rich in β-
carotene. Besides, the polysaccharide compounds found in this species
it has been related to antitumor effects (Lu et al., 2016). Since it is rich
in β-1,3-glucan, which is an active immune-stimulator, it can be used as
a free radical scavenger, while it can control blood lipids (Spolaore
et al., 2006). This microalga is a source of astaxanthin, a compound
belonging to xanthophyll type, with antioxidant and anticancer prop-
erties (Ranga Rao et al., 2014; Capelli and Cysewski, 2013). Astax-
anthin can be used as nutritional supplement with human health ben-
efits such as anti-inflammatory and anticancer agent and it is widely
used in pharmacology to cure cardiovascular diseases (Regnier et al.,
2015; Chacon-Lee and Gonzalez-Marino, 2010). Also, as shown by
Walker et al. (2005) it has positive effects to prevent diabetes type 2
and neurodegenerative disorders.

Besides its applications in food industry, Arthrospira platensis has
also been pointed for medical usages (Ramaraj et al., 2017). Containing
both phycobiliproteins (an active free radical scavenger) and high
amount of γ-linolenic acid (GLA) and essential polyunsaturated fatty
acids (PUFA), it is reported to enhance the immune system and prevent
tumor development (Richmond, 2004). Also, Spolaore et al. (2006)
refer that Arthrospira platensis has the capability to alleviate hyperlipi-
demia and suppress hypertension, while it can protect body against
renal failure. In addition, this species of microalgae is capable of pro-
ducing vitamins and β-carotene, and therefore it is applied in medicine
as antioxidant, anti-inflammatory, to prevent viral infections, increase
the production of plaminogen-activating factor, immune system en-
hancement, to prevent diseases as schizophrenia, dermatitis, multiple

sclerosis, diabetes and rheumatoid arthritis (Belay et al., 1993; Patil
et al., 2008; Paniagua-Michel et al., 2015; Sajilata et al., 2008;
Richmond, 2004).

4.3. Pigments

Although there are more than 400 known carotenoids, only very few
are used commercially. These carotenoids include β-carotene, astax-
anthin lutein, zeaxanthin, lycopene and bixin (Del Campo et al., 2000;
Vilchez et al., 1997). Some carotenoids can act as provitamin A and
thus, can be converted in the body to vitamin A (Garcia-Gonzalez et al.,
2005). Carotenoids have medical applications and can be used as in-
gredient for nutritional supplements and, due to its color, it can be used
as colorant for both human food and animal feed (Gouveia and Empis,
2003).

The green halophilic flagellate Dunaliella salina is the most suitable
microalgae for the mass cultivation of β-carotene, with a content of
about 14% of its dry weight (Ye et al., 2008). It can be cultivated
outdoors in open ponds as it is known to be a robust specimen to ex-
treme environmental conditions such as hypersaline water, nitrogen
deprivation, together with high levels of solar irradiation (Metting Jr,
1996).

Chlorella pigments have also been studied to be used as coloring
agent and for taste and flavor-adjustments in healthy food industry
(Gouveia and Empis, 2003; Yamaguchi, 1997).

The US Food and Drug Administration (FDA) has regulations to
employ the phycocyanin pigment obtained from Spirulina platensis as
color additive in gum, toffee and other food items (Julianti et al., 2019;
Spolaore et al., 2006).

Due to the fact that they produce β-carotene, Dunaliella salina are
applied as a natural colorant for aquaculture salmon feedstock and
Chlorella zofingiensis are applied as pigmenter for salmon (Table 5).
Arthrospira platensis produce phycocyanin and are being used as pig-
ments in chewing gum, ice sherbets, popsicles, candies, soft drinks,

Table 4
Potential medical applications of different microalgae species.

Microalgae Component Application Reference

Dunaliella salina • β-carotene
• α-carotene
• Cryptoxanthin

• Zeaxanthin

• Lutein

• Glutathione

• Anticancer activity

• AntiParkinson's disease

• Detoxify the metals

• Protect eye cells

• Antioxidant activity

• Neutralizing the free radicals

• Antihypertensive

• Broncholytic

• Analgesic drugs

Leya et al. (2009); Bhosale and Bernstein (2008); Spolaore et al.
(2006); Villar et al. (1992)

Chlorella zofingiensis • Astaxanthin

• β-carotene
• Glucan

• Increase hemoglobin concentrations

• Lower blood sugar levels

• Act as hypocholesterolemic and
hepatoprotective
agents during malnutrition

• Ethionine intoxication

• Stimulates immune response

• Lowering lipids in the blood

Barrow and Shahidi (2007); Varfolomeev and Wasserman (2011);
Paniagua-Michel et al. (2015)

Arthrospira platensis • Phycocyanin (colorant)

• γ -Linolenic acid (GLA)

• Vitamin B1

• Leucine

• Isoleucine
valine

• Provitamin A

• Vitamin B12

• Vitamin K

• β-carotene
• Essential polyunsaturated fatty

acids (PUFA)

• Anticancer

• Antioxidant

• Anti-inflammatory

• Prevent viral infections

• Increase the production of plaminogen-
activating factor

• Cholesterol reduction

• Immune system enhancement

• Anti-tumor

• Prevent schizophrenia

• Prevent dermatitis,
prevent multiple sclerosis

• Prevent diabetes
Prevent rheumatoid arthritis

Spolaore et al. (2006); Belay et al. (1993); Patil et al. (2008);
Paniagua-Michel et al. (2015); Becker (2007); Sajilata et al. (2008);
Mobin and Alam (2017); Richmond (2004)
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dairy products and wasabi (Table 5).

4.4. Cosmetics

Cosmeceuticals, cosmetic products with bioactive ingredients, some
of which obtained from microalgae are in high demand in the market.
The use of extracts from microalgae species, in particular of Arthrospira
and Chlorella, is well established in the cosmetics market and can be
found in anti-aging creams, refreshing and regenerating products,
emollients, peelers and hair and sun protection products. Microalgae
extracts provide numerous properties for the final application of pro-
ducts, such as preventing stretch marks in the skin, exerting a skin
hardening effect, stimulating collagen synthesis and repairing the signs
of premature skin aging. Additionally, the high value extracts from
microalgae have a potential not only for anti-aging skin care products
but also as antimicrobial, thereby extending the already wide range of
applications into the cosmeceutical area (Spolaore et al., 2006;
Mourelle et al., 2017).

Table 6 show the potential cosmetics applications by Arthrospira
platensis, Chlorella zofingiensis and Chlorella vulgaris, and Dunaliella
salina.

Microalgae compounds obtained from Arthrospira platensis can be
used in skin care products such as anti-aging cream, refreshing or re-
generative care products, as well as anti-irritation and sun protection
creams (Kim et al., 2008). Studies stated the positive effect of Spirulina,
containing hyaluronic acid derivatives, for moisturizing skin layers
(Morais et al., 2014). Protulines, a protein-rich extract from Arthrospira,
helps combat early skin aging and can also prevent wrinkle formation
(Raja et al., 2018; Spolaore et al., 2006).

Chlorella zofingiensis are being used in skin care cosmetics since it
has hydrating, moisturizing and anti-aging benefits, as UV-screening
agent, and for sunscreen and hair care. Chlorella vulgaris has the ability
for smoothing and confer elasticity to skin (Sathasivam et al., 2019;

Ariede et al., 2017; Safafar et al., 2015; Goiris et al., 2012). Besides,
there are analysis supporting the effective influence of Chlorella vulgaris
on stimulating collagen synthesis, which plays an important role in skin
regeneration and wrinkle reduction (Stolz and Obermayer, 2005).

Dunaliella salina extracts containing phenols (e.g., gallic, caffeic,
salycilic, p-coumaric, and ferulic acid) are used as stimulants to energy
metabolism of skin cells, promoting skin regeneration (Varfolomeev
and Wasserman, 2011). Carotenoids have also applications in cosmetics
(Ariede et al., 2017). As previously mentioned in Section 4.3, β-car-
otene from Dunaliella salina is employed as natural colorant in foods
(Garcia-Gonzalez et al., 2005). However, the cosmetic industry is also
interested in its natural colorant (Hosseini et al., 2013). For instance,
there are companies investing on red pigments obtained from red mi-
croalgae as colorants for cosmetic products including lipstick, eye
shadow and face make-up (Ariede et al., 2017).

4.5. Biofuel

Extensive research was conducted on microalgae as a new source for
biodiesel production because of their high lipids content together with
high biomass productivity, having the capacity to partly replace the
demand for vegetable oils obtained from terrestrial crops (Herador,
2016). Considering biodiesel production, research studies have shown
that the microalgae oil yield is larger than that obtained per hectare
from palm oil, soybean or rapeseed (Martinez-Porchas et al., 2014;
Deng et al., 2009). Alson, microalgae is considered to be a promising
feedstock for third generation biofuels, being 10–20 times more pro-
ductive than any other biofuel crop (Hannon et al., 2010; Mata et al.,
2010; Ndimba et al., 2013). Besides, they do not compete with human
food crops and can be cultivated in non-arable land. Also, they can be
cultivated using saline water and wastewater (Brennan and Owende,
2010; Christenson and Sims, 2011). Therefore, microalgae showing a
great potential to solve problems such as cultivation of large farming

Table 5
Potential pigments applications of different microalgae species.

Microalgae Component Application Reference

Dunaliella salina • β-carotene • Natural colorant for aquaculture feedstock (Salmon) Spolaore et al. (2006)
Chlorella zofingiensis • β-carotene

• α-carotene
• Pigmenter for salmon Ramaraj et al. (2017)

Arthrospira platensis • Phycocyanin (Phycobili- protein) • Chewing gum, ice sherberts, popsicles, candies, soft drinks, dairy products and wasabi Becker (2007)

Table 6
Potential cosmetics applications of different microalgae species.

Microalgae Component Application Reference

Arthrospira platensis • Protein-rich • Early skin aging

• Exerts a tightening effect

• Prevents strain formation

• Anti-aging skin

• Skin care

• Hair care

• Sun protection

Raja et al., 2018; Morais et al. (2014); Kim et al.
(2008); Spolaore et al. (2006)

Chlorella Zofingiensis • Colorful pigments • Skin care

• Hair care

• Hydrating skin

• Moisturizing

• Antiaging benefits

• UV-screening agent

• Sunscreen

Spolaore et al. (2006)

Chlorella vulgaris • Protein

• Phenols (e.g., gallic, caffeic, salycilic, p-
coumaric, and ferulic acid)

• stimulating collagen synthesis

• supporting tissue regeneration reducing
skin wrinkle

• regenerating creams for face and body
lotions

Sathasivam et al. (2019); Safafar et al. (2015); Goiris
et al. (2012)

Dunaliella Salina • Glycerol, Phenols (e.g., gallic, caffeic,
salycilic, p-coumaric, and ferulic acid)

• Moisturize skin

• Smoothen skin
Ramaraj et al. (2017); Safafar et al. (2015); Goiris
et al. (2012)
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land and use of fresh water resources.
There are several challenges to use microalgae for biofuel purposes.

According to Herador (2016), the main challenge is to reach a high
biomass production, providing the required environmental conditions
suitable for microalgae growth. Also, as described before, bioreactors
and open-pond systems are widely employed for the production of
microalgal biomass commercially. Herador (2016) compared the pos-
sible environmental conditions to find the most practical option. In one
side, in closed PBRs, it is possible to better control microalgae growth
and maintain the monoculture of lipid-rich algal strains. On the other
side in open raceways, these are real shortcomings, as the control of
other species growth is much more difficult. However, open-pond sys-
tems are preferred for producing microalgae biomass for biodiesel due
to their easier implementation and lower investment and operating
costs. The other challenge is harvesting of microalgae from large vo-
lumes. Preparation of the harvested strains to make them ready for lipid
extraction has been discussed in several research studies (as presented
in section 3.3.3). While there are different techniques to harvest mi-
croalgae biomass most of them are not appropriate for the complete
harvesting pipeline, thus requiring a combination of different techni-
ques for better economic performance (Mallick et al., 2016). Another
challenge is the management of the effluent resulting from the har-
vesting of biomass from the culture medium (Brennan and Owende,
2010; Dismukes et al., 2008).

Botryococcus and Chlorella are suitable microalgae for biodiesel
production due to their ability to accumulate high lipid content under
stress conditions (Caetano et al., 2020a; Frumento et al., 2013; Martins
et al., 2016). In particular, Botryococcus braunii are able to reach a
higher lipid content of 65%, containing 9.95%, 79.61% and 10.54% of
respectively saturated, monounsaturated and polyunsaturated fatty
acids, which makes it suitable for biodiesel production (Tasic et al.,
2016).

Dunaliella can also be used for biofuels production, for example
Dunaniella tertiolecta that can generate up to 25.8% of bio-oil yield by
hydrothermal liquefaction of microalgal biomass residues (Shuping
et al., 2010) and by methylation of different fatty acids, such as lino-
lenic and palmitic acids (Tang et al., 2011). Nayeong et al. (2012)
showed that Duanliella salina is also suitable for biogas production by
anaerobic digestion due to its high biomass productivity, low cost for
pre-treatments and easy processing.

Although Arthrospira platensis is known for its very low lipid content
(Martins et al., 2016; Baunillo et al., 2012), under nutrients limitation it
accumulates carbohydrates that can reach 60% - 65% of dry biomass
(Markou et al., 2013). Baunillo et al. (2012) reported for Arthrospira
platensis the largest lipid content of 20% achieved in growth under
phosphorus and nitrogen deprivation, and obtained 42% of crude bio-
diesel yield, with 55% of fatty acids methyl ester (FAME) content that
consisted mainly of C16: 0 and C18: 2, similar to that of conventional
biodiesel (Luque et al., 2008). In another study, Markou et al. (2013)
cultivated Arthrospira platensis in medium with phosphorus limitation
for using the resulting carbohydrate-enriched biomass as substrate for
the bioethanol production by fermentation, reaching the highest bioe-
thanol yield of approximately 16 g of ethanol per gram of biomass.

4.6. Bioplastics

The world market for bioplastics is growing every year by 8–10%,
showing an increase from $1bn in 2007 to $10bn by 2020 and fast-
growing microalgae can be the source for biopolymers (Herador, 2016).
Bioplastics are obtained through conversion of algal biomass via fer-
mentation, plasticization, blending and compatibilization processing
(Wang et al., 2014). Unlike soy or other feedstocks for bioplastics, the
fermentation process is identified to be reliable and simple, making
algal biomass a viable alternative for oil-based polymers. Plasticization
includes a stage in which non-volatile organic molecules (such as gly-
cerol, sorbitol, saccharose, urea, triethylene glycol, or polyethylene

glycol) are added to the extracts to increase flexibility and durability.
Another important stage is blending, where compatible polymers
(polyethylene or vinyl alcohol) are added to the process. Finally,
compatibilization is the stage in which the interfacial properties of the
blended polymers are modified to stabilize the bioplastic. Bioplastics
are then molded or extruded with both heat and pressure to be prepared
for the intended application.

Different types of bioplastics can be produced, such as poly-
hydroxyalkanoates (PHAs), poly-lactic acid (PLA), starch plastics, cel-
lulose plastics and protein plastics. PHAs are considered the most pro-
mising substitute for petroleum plastics because they have
hydrophobicity such as polyethylene and polypropylene (Lambert and
Wagner, 2017). Due to substantial biodegradability, excellent barrier
properties and low toxicity, PLA is also considered a promising material
for the production of bioplastics (Zhang et al., 2019; Lambert and
Wagner, 2017). Another common polysaccharide that has been applied
as a bioplastic is starch, which is composed of homoglucans and glu-
copyranose for the synthesis of amylose and amylopectin, biomolecules
with three-dimensional structures and plastic properties (Zhang et al.,
2019). In the same way that vegetable proteins have been widely used
as raw material in the bioplastics production, proteins produced by
microalgae such as Chlorella sp. and Spirulina sp. are considered as an
alternative raw material for the production of bio-based plastics (Zeller
et al., 2013).

A life cycle assessment for comparing petrochemical polymers with
biodegradable biopolymers, concluded that despite results were gen-
erally unfavorable for biopolymers mainly due to the current immature
technologies for their production, there is still a lot of room for opti-
mization and improvements in process efficiencies (Yates and Barlow,
2013). Thus, it is expected that the environmental profile of biopoly-
mers will continue to improve in the future.

In recent years, several studies have been published involving the
synthesis of bioplastics from microalgae, such as from Chlorella (Das
et al., 2018; Zeller et al., 2013), Spirulina sp. (Zhang et al., 2020; Zeller
et al., 2013) and Chlamydomonas sp. (Mathiot et al., 2019).

Many reports indicate that Chlorella sp. can be exploited for the PLA
production due to its high carbohydrates content (more than 60% dw)
(Aikawa et al., 2012). Cyanobacteria such as Spirulina sp. use sunlight
to convert CO2 and produce up to 10% dw of PHAs (Haase et al., 2012).
Mathiot et al. (2019) showed that Chlamydomonas reinhardtii can be
used to produce a considerable amount of starch bioplastics with gly-
cerol in a twin-screw extruder. Regarding the use of proteins as raw
material for bioplastic production, Verdugo et al. (2014) showed that
Botryococcus braunii with a high protein content, processed by acid
electrospinning, form fibers of 200 nm in diameter. Also, Chlorella
sorokinana rich in proteins and polysaccharide adjunct, increased re-
sistance to water vapor and improved the mechanical properties of
bioplastics (Gomez-Heincke et al., 2017).

Bioplastics obtained from microalgae are certified to be used in
various applications, including packaging, food transportation, gar-
dening and medical hygiene (Wang et al., 2014; Rajendran et al., 2012).

4.7. Bio-stimulants

Recent environmental toxicology studies have shown the negative
effects of chemical fertilizers in soil, plants and environment. In this
regard, attention to organic farming have increased significantly in
recent years (Uysal et al., 2015). Irregular use of phosphorus and ni-
trogen during cultivation of agricultural crops resulted in several en-
vironmental problems and reduction of crop yields, while application of
synthetic fertilizer is associated with the increase in soil erosion
(Dineshkumar et al., 2018). Although the cost of chemical fertilizers is
increasing continuously, these chemicals are widely used and are re-
sponsible for environmental problems (Dineshkumar et al., 2018).

Microalgal biostimulants contain macro and micronutrients, phy-
tohormones, carotenoids, amino acids, antifungal substances, growth
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regulators, polyamines, natural enzymes, carbohydrates, proteins and
vitamins required for enhancing plant growth, being able to fix ni-
trogen, solubilize phosphate and promote microorganisms demanded
for plants growth (Shaaban, 2001; Ronga et al., 2019). Biostimulants
when applied in low doses to crops or soil, are able to regulate and
improve the physiological processes of the plants. They act on the plant
physiology in different ways: improving crop growth, nutrient absorp-
tion, tolerance to abiotic stresses, and increase the quality, productivity
and shelf life of the harvested products (Ronga et al., 2019). Thus, the
utilization of bio-stimulants in an eco-friendlier and resource-efficient
way for replacing synthetic fertilizers, contributing to more sustainable
agricultural practices (Sutton et al., 2013; Bloemberg et al., 2000).

Phytohormones found in microalgae extracts, including gibber-
ellins, auxins, cytokinins, anscisic acid and ethylene, are known to in-
fluence plant growth and development (Ronga et al., 2019). Plaza et al.
(2018) studied the effects of foliar spraying with Scenedesmus sp. and
Arthrospira platensis htdrolysates on Petunia x hybrid plant. In this ex-
periment Scenedesmus sp. showed higher concentration of cytokinins,
gibberellins, auxins, salicylic acid and abscisic acid compared with
Arthrospira platensis, which are phytohormones that accelerated plant
development. Results showed that foliar applications of Scenedesmus sp.
accelerated plant development in terms of higher root growth rates, leaf
and shoot development, and earliness of flowering, while Artrhospira
platensis hydrolysates enhaced the root dry matter, number of flowers
per plant, the water content and improved the plant nutrient status.

Mahmoud (2001) evaluated the effects of using dry Chlorella vul-
garis as soil additive on the nutrient status and root growth of maize
plants. Results showed significant increase in nutrient taken up by roots
and in roots volume, chlorophyll formation and olant height.

Abd El-Barky et al. (2009) shwed that water extract of Spirulina
maxima and Chlorella ellipsoida can improve wheat tolerance to salinity,
and enhanced the antioxidant capacity and protein content of the whole
grains produced by treating plants with microalgal extracts.

Coppens et al. (2015) evaluated the application of microalgal bio-
mass in tomato cultivars, showing that though the fruit quality im-
proved through an increase in sugar and carotenoid content, a lower
tomato yield was obtained. The analysis showed that tomatoes grown
on microalgal-bacterial flocs contained 70% more carotenoids com-
pared to the inorganic fertilizer treatment and 44% more than in the
organic fertilizer treatment.

4.8. Wastewater treatment, CO2 mitigation and bioremediation

Research studies proposed the use of some microalgae species for
wastewater treatment, by removing nutrients from wastewater for their
growth and improving the efficiency of treatment processes (Cai et al.,
2013). Also, good results were reported when using microalgae for
bioremediation of industrial wastes (Wang et al., 2010; Mata et al.,
2014), including toxic gases (Chiu et al., 2011), heavy metals, petro-
leum contaminants, dyes (Cai et al., 2013; Doshi et al., 2007; Kong
et al., 2010) and aquaculture effluents (Martinez-Porchas et al., 2014).
As an instance, Chlorella vulgaris is reported to remove 72% of nitrogen
and 28% for phosphorus in average as intakes from domestic waste-
water (Rizwan et al., 2018).

Other solution is the symbiotic co-culturing of microalgae and
bacteria, for which Contreras-Angulo et al. (2019) reported higher
biomass productivity, while performing the treatment of Nitrogen-de-
ficient wastewater from the agroindustry that is a significant problem
posing difficulties to its biological treatment. These authors showed
that symbiotic co-culturing can be effectively performed on N-deficient
media, enhancing microalgae colony size and lipid content for biofuels.

Microalgae have higher CO2 fixation rates when compared to ter-
restrial plants. Therefore, the capture of CO2 and its conversion to
carbohydrates and lipids in microalgal cells is a promising method for
sequestration of CO2 from gas emissions of combustion engines (Chiu
et al., 2011).

Chlorella strains from hot springs can tolerate CO2 concentrations up
to 40% (v/v) (Rizwan et al., 2018). Chiu et al. (2011) studied the
production of microalgal biomass and on-site bioremediation of carbon
dioxide, nitrogen oxide and sulfur dioxide from flue gas using Chlorella
sp. cultures, reaching an average of 60% CO2 removal, 70% NO re-
moval and 50% SO2 removal from flue gas. This behavior may con-
tribute significantly to reduce the amount of greenhouse gas.

5. Conclusion

Microalgae species, in both form of mono-cellular or multi-cellular,
have been studied for several years for various applications. These
microorganisms do not only can be cultured naturally in open en-
vironments such as ponds using natural resources, but also, they can be
grown under specific conditions for commercial purposes. In recent
decades, investigations have revealed that they can be used as a valu-
able resource in various areas; medical, animal feedstock, cosmetic
purposes, and even biofuel production. This article focused on five ty-
pical microalgae genera considered among the most promising for
commercial biotechnological purposes, reviewing their potential ap-
plications, cultivation, harvesting and biomass processing methods.
Examples of applications for the high-value components and extracts
from these five microalgae are presented, in particular for the pro-
duction of medical supplements (vitamins and nutrients), pigments
(natural edible colors) and cosmeceuticals.
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