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ABSTRACT

Microalgae are mostly photoautotrophic microscopic organisms. According to their cellular structure, they are
classified into two types, eukaryotes, and prokaryotes, and they are distributed in all types of ecosystems, present-
ing unique qualities due to the fact that they synthesize high value-added molecules used in various productive
and environmental activities, and because their biomass is used as raw material to obtain various products. There-
fore, the objective of this review was to collect, organize, and collate current information on the use of microalgae
in the development of biotechnology involving the areas of agriculture, health, food, bioremediation, and biofuels.
The results show that the microalga Chlorella stands out for its multiple uses in the five areas considered in this
study. The search for healthier and more environmentally friendly technologies has contributed to the develop-
ment of new biotechnological applications that require the study and incorporation of specialized microorganisms
to replace and/or improve existing applications.
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1 Introduction

Microalgae are a large group of microorganisms, mostly photoautotrophic, that possess, like higher
plants, the ability to transform light energy into chemical energy, producing 50% of the assimilable
oxygen and with a carbon dioxide fixation of 10 to 50 times faster [1-3].

These microorganisms are present in any type of ecosystem, terrestrial and aquatic, due to their large
tolerance ranges to salinity, temperature, and pH [1]. Two cell types are recognized, prokaryotes such as
cyanobacteria and those with eukaryotic cell structures such as green algae and diatoms [4].

On the other hand, biotechnology can be defined as a set of techniques that take advantage of the
physiological properties of living beings for the production of goods and services [5]. For its part,
reference [6] explained biotechnology as any technological application that uses biological systems and
living organisms or their derivatives for the creation or modification of products or processes for specific
uses.
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The use of a color index to classify biotechnology areas can be a useful guide to promote public
perception and understanding of its applications. This index can be adapted or incorporated into more
colors as it develops over time [7]. Table 1 presents a proposal for a color index for its classification.

Table 1: Color index for the classification of biotechnology application areas

Color Area of biotechnology activities
type

Yellow  Food biotechnology, nutrition science

Dark Bioterrorism, Biowarfare, Biocrimes, Anticrop warfare

White Gene-based bioindustries
Gold Bioinformatics, nanobiotechnology

Grey Classical fermentation and bioprocess technology

Note: Adapted from DaSilva [7].

Biotechnology is not a single and limited study discipline but depends on multidisciplinary knowledge
of various subjects such as biology, chemistry, mathematics, and engineering [8]. Within the field of current
biotechnology, microalgae are considered microorganisms of great interest for obtaining high-value-added
products due to their physiological characteristics and biomass production [9].

This gives rise to numerous applications, such as the introduction of new biofertilizers for crops [10], the
development of vaccines and anticancer compounds [11], the development of fresh, improved food [12],
sustainable animal breeding [13], the production of new fuel sources [14], etc. Therefore, the objective of
this review was to collect, organize and collate current information on the use of microalgae in
biotechnological developments involving agriculture, health, food, bioremediation, and biofuels.

2 Methods

This document was generated by reviewing the literature obtained by using the keywords: microalga
applications, biotechnological applications of microalgae, microalgae, microalgae applications, microalgae
in biotechnology, microalgae, microalgaec use, and biotechnological uses of microalgae, using the
databases: ACS Publications, Dialnet, ELSEVIER, Google Scholar, IOPscience, MDPI, PLOS ONE,
SciELO, ScienceDirect, Springer Nature, Taylor & Francis, and Wiley Online Library (Fig. 1). Those
research articles whose publication was not older than 2016 were selected to document some of the most
current biotechnological applications.

3 Microalgae in Biotechnology

The study of microalgae with a scientific approach began in the 1890s with the Dutch microbiologist
Beijerinck establishing pure cultures of Chlorella vulgaris, which was used in 1919 to study
photosynthesis; but it was not until World War II that scientists began to study the physiology and
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biochemistry of microalgae for biomass production [15]. Harder et al. [16], as well as Milner [17], proposed
these microorganisms as a source of lipids for use as food and in fuel production, in what was the first
approach to their biotechnological applications [18].
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It is estimated that there are more than 50,000 species of microalgae, of which only approximately
30,000 have been studied and analyzed [19]. The different physiological and metabolic characteristics of
microalgae have attracted the attention of researchers as they present application opportunities with
diverse benefits. Biotechnological uses can be classified according to the area where they are applied,
some examples are applications in agriculture [20], health [11], food [21], bioremediation [22], and
biofuel production [14], among others.

3.1 Agricultural Applications

The potential of microalgae in agriculture is varied since the production of specialized metabolites
helps the development of the field and promotes a balance in the ecosystems [20]. The various
applications of microalgae in agriculture are presented in Table 2 and can be grouped into three
divisions in terms of their use: in hydroponic co-culture [23], as biofertilizers [24], and in conjunction
with chemical fertilizers [25].

Table 2: Biotechnological applications of microalgae in agriculture

Color Microalga Substances and elements HC B MF Reference

nabaena laxa Ammonium [26]
nabaena sp. Not reported [24]
Auxin, gibberellin, vitamin B12 and amino [20]
acids
nabaena torulosa Ammonium [26]
Chlorella sp. Not reported [24]
Not reported [27]
Chlorella variabilis Ammonium -[28]
Chlorella vulgaris Not reported [23]
Not reported [29]
Ammonium [30]
idymocystis inermis Ammonium [30]
ischerella TB22 Ammonium [31]
eptolyngbya sp. Auxin, gibberellin, vitamin B12 and amino [20]
acids
yngbya majuscula Ammonium [28]

icrocystis aureginosa  Not reported [24]

Ammonium [30]
ostoc commune Exopolysaccharides and indole-3-acetic acid [25]
ostoc carneum Exopolysaccharides and indole-3-acetic acid [25]
cenedesmus Not reported [23]
cenedesmus sp. Not reported [32]
Nitrogen, Phosphorus, and potassium -[33]

(Continued)



Phyton, 2023, vol.92, no.10 2741

Table 2 (continued)

Color Microalga Substances and elements HC B MF Reference
pirulina platensis Not reported [29]
Macroelements K, Mg, P and S, and [10]
microelements Cu, Fe, Ni and Zn
yynechocystis sp. Auxin, gibberellin, vitamin B12 and amino [20]
acids
Tetradesmus obliquus Ammonium [30]

Note: Color = based on the color index for the classification of biotechnology application areas, HC = hydroponic co-cultivation, B = microalgae-
based biofertilizers, and MF = microalgae in combination with chemical fertilizers.

3.1.1 Hydroponic Co-Culture

Among the applications of microalgae with plants of commercial interest in hydroponic co-culture in
greenhouses, there is the research by Bharti et al. [26], who planted Chrysanthemum stems in the culture
medium BG11° nitrogen free added with the microalgae Anabaena laxa and Anabaena torulosa, thus
promoting the growth of the chrysanthemum. Likewise, Zhang et al. [27] used the modified Hoagland
medium inoculated with the Chlorella sp. microalgae, obtaining, as a result, greater growth of the tomato
plant compared to the control of the experiment that only contained the culture medium.

Similarly, Barone et al. [23] used the Hoagland medium together with the microalgae Chlorella vulgaris
and Scenedesmus quadricauda, which promoted the growth of the tomato plant.

On the other hand, Mera et al. [32] used lettuce plants of the crespa variety in a common hydroponic
solution, containing 34 g of monoammonium phosphate, 208 g of calcium nitrate, and 110 g of
potassium nitrate per liter, added with the microalga Scenedesmus sp., reaching the result that the
microalgae solutions increased the aerial weight of the plant.

3.1.2 Biofertilizers

The use of microalgae as biofertilizers has given promising results, Hernandez-Reyes et al. [20]
demonstrated that a consortium of microalgae composed of Anabaena sp., Leptolyngbya sp., and
Synechocystis sp. inoculated in a blue corn crop influenced a higher crop height, a greater number of
leaves and a greater amount of protein in grains, this compared with the use of chemical fertilizer based
on urea and soluble monoammonium phosphate, and a biofertilizer commercial derivative of Azopyrillum.
In addition, the microalgae by remaining in the soil increased the biodiversity of photosynthetic
microorganisms, so there was an improvement in it.

Grzesik et al. [24] obtained similar results using triple foliar biofertilization with the microalgae
Anabaena sp., Chlorella sp., and Microcystis aureginosa from the willow Salix viminalis previously
chemically fertilized with nitrates, polyphosphates, and potassium. This biofertilization increased the
stability of cytomembranes, chlorophyll content, net photosynthesis intensity, transpiration, and decreased
intracellular carbon dioxide concentration, showing the potential of microalgae to increase willow
production.

On the other hand, Godlewska et al. [10] investigated the use of different concentrations of a filtrate of
the microalga Spirulina platensis in soaking radish seeds and applying it foliar. Their results showed greater
growth and development of the plant, greater production of chlorophyll, and an increase in the microelements
of the crop when compared with a control group, in which the treatment applied was a commercial
biostimulant based on sodium p-nitrophenolate, ortho-sodium nitrophenolate, and sodium 5-
nitroguaiacolate.
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Dineshkumar et al. [29] evaluated the growth of a corn crop by applying a combination of cow dung and
the microalgae Spirulina platensis and Chlorella vulgaris for 75 days inside a greenhouse. The application of
cow dung and microalgae to the soil was evaluated, individually and combined, resulting in the fact that the
mixture of microalgae with manure increased the height of the crops, their biochemical and mineral
components, as well as the germination capacity of the seeds produced, this in comparison with a control
crop.

The ammonium production of the microalga Fischerella TB22 was reported by Martinez-Rosales et al.
[31], which on its ninth day of cultivation in the BG11° medium can be used as a biofertilizer in plants that
need a high nitrogen supply for their development.

3.1.3 In Combination with Chemical Fertilizers

The combination of microalgae with other products helps the development of crops. Nayak et al. [33]
evaluated the growth of rice through the implementation of Scenedesmus sp. together with a chemical
fertilizer with the formula N-P-K, 120-50-60 Kg ha™', in the form of urea, simple superphosphate, and
potassium muriate. As a result, they obtained that half the recommended dose of nitrogenous fertilizer,
that is, 0.59 g of urea per 10 kg of soil, in combination with 3.66 g of microalgae per 10 kg of soil,
produced a higher yield and quality of the crop in comparison with the isolated use of chemical and
organic fertilizers.

Chittapun et al. [25] tested the mixture of chemical fertilizers of formulas N-P-K 16-20-0 and 46-0-0,
with the microalgae Nostoc commune and Nostoc carneum in rice crops inside pots with 12 kg of soil in
a greenhouse. The treatments were: without microalgae or fertilizer as a control; T1, 12 g of N. carneum;
T2, 12 g N. commune; T3, 6 g N. carneum and 6 g N. commune; T4, the recommended chemical
fertilization of 2 g of 16-20-0 and 0.8 g of 46-0-0; TS5, half the recommended dose of fertilizer, and from
T6 to T8, half the dose of fertilizer combined with microalgae. The results showed that, compared to the
other treatments, T6 to T8 increased the number of grains and the weight per spike, which reduces costs
without having negative effects on the growth and cultivation of rice.

On the other hand, de Paula Pereira et al. [30] produced an organo-mineral fertilizer using granulated
urea in combination with dry biomass at different proportions of the microalgae Chlorella vulgaris,
Didymocystis inermis, Tetradesmus obliquus, and Navicula sp., which were macerated in mortar for
mixing and transferred to a tablet mold for fertilizer compaction. The results obtained showed that the
tablets with a proportion of 25% microalgal biomass with 75% urea promoted the absorption of nutrients
and with this combination, the maximum nitrogen content in the corn crop was reached, in comparison
with other proportions.

Maurya et al. [28] used lipid-free biomass of Chlorella variabilis and Lyngbya majuscula to replace the
use of nitrogen-based chemical fertilizers in maize cultivation. The treatments were: T1, without fertilizer;
T2, chemical fertilizer 120-60-40 kg ha™' in the form of urea, simple superphosphate, and potassium
muriate; T3-T6, 100-75-50 kg ha™' and 25% biomass of Chlorella variabilis, and T7-T10, 100-75-
50 kg ha™' and 25% biomass of Lyngbya majuscula. They found in response that the grain yield was on
par with the treatments that used chemical fertilizers, as well as those that applied microalgae, so both
strains can be used totally or partially to reduce the use of synthetic fertilizers.

In recent years, the use of microalgae as agricultural biostimulants has been taking commercial
advantage over chemical fertilizers due to the demand for organic products whose production is friendly
to the environment, since they are a sustainable alternative in the improvement, production, and
protection of agricultural crops by supplying nitrogen in plant-available forms, growth regulators, and
high levels of essential macro and micronutrients. However, currently, some limiting factors persist in the
agricultural uses of microalgae, such as the selection of the appropriate strain, its cultivation, the design
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of bioreactors, and its large-scale production, so it is necessary to generate more information on different
microalgae strains for their applications in the agricultural area [34].

3.2 Health Applications

Some species of microalgae, due to the production of metabolites of interest, have become a new source
of treatments against diseases. The applications that are observed in Table 3 have been grouped into four
divisions indicating the bioactive compounds involved: microalgae with anticancer potential [35],
antimicrobial potential [36], antiviral potential [37], and antioxidant potential [38].

Table 3: Biotechnological applications of microalgae in health

AC AM AV AO Reference
[39]
[40]
[41]

[36]
[35]
[42]
[37]
[43]

4

Color Microalga Bioactive compounds

rthrospira platensis Microalga extract in cold water
Exopolysaccharides

Phenolic acids, tocopherols and -
carotenes

Chlamydomonas Purified sulfated polysaccharides

reinhardtii
Not reported
Silver chloride nanoparticles

Chlorella sorokiniana
Chlorella vulgaris
Monogalactosyl diacylglyceride
Ethanol extract

[B-carotenes

Ethanol extract [43]
Ethanol extract [43]
Ethanol extract [45]
annochloropsis Ethanol extract [43]

aditana

annochloropsis oculata Sterols

Protein extract

annochloropsis sp.

pirulina platensis

Tetraselmis sp.

Phenolic acids
Betulin and lupeol
Ethanol extract
Polysaccharides
Interleukin 1B
Ethanol extract

:

T

Note: Color = according to the color index for the classification of biotechnology application areas, AC = anticancer potential, AM= antimicrobial
potential, AV = antiviral potential, and AO = antioxidant potential.

3.2.1 Anticancer Potential

One of the microalgae with therapeutic potential against cancer is Chlorella sorokiniana, which induces
mitochondria-mediated apoptosis in non-small cells of lung cancer, in addition to the fact that tumor growth
of a subcutaneous xenograft in vivo was inhibited after microalga oral ingestion [35]. In the case of the
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microalga Phaeodactylum tricornutum, the genes of three plant enzymes were introduced by means of a
plasmid to modify a metabolic pathway and thus synthesize betulin and its precursor lupeol, compounds
that have shown potential for the treatment of certain types of cancers [11].

Sanjeewa et al. [46] fractionated the microalga Nannochloropsis oculata to obtain sterols, which
induced apoptosis of cancer cells in vitro, so this microalga could develop anticancer drugs. Suh et al.
[45] evaluated the anticancer properties of the ethanol extract of the microalga Micractinium sp.,
obtaining as a result that the metabolite may be a potential anticancer agent for targeted therapy of
colorectal cancer.

3.2.2 Antimicrobial Potential

As previously mentioned, the metabolites of some microalgae have potential as treatments against
diseases, such as sulfated polysaccharides, which are produced by Chlamydomonas reinhardtii. These
were evaluated by Vishwakarma et al. [36] in bacterial cultures and demonstrated their capacity. therapy
against infections caused by biofilm-forming bacteria. Da Silva-Ferreira et al. [42] reported that the silver
chloride nanoparticles obtained from a Chlorella vulgaris culture, are a promising alternative as
antimicrobial agents.

Verdugo-Gonzalez et al. [47] extracted proteins from Nannochloropsis sp., which were evaluated for
their antimicrobial activity, reporting that they inhibit more than 90% of growth from Escherichia coli
and Staphylococcus aureus, therefore it represents a peptide extract with bacteriostatic and fungistatic
properties. Furthermore, Maadane et al. [43] from the microalgae Tetraselmis sp., Dunaliella salina,
Dunaliella sp., Nannochloropsis gaditana, Isochrisis sp., and Phaeodactylum tricornutum, obtained
ethanolic extracts that presented antimicrobial activity, in such a way that they are considered as a natural
source of bioactive compounds to fight bacteria.

3.2.3 Antiviral Potential

The ability to produce monogalactosyl diacylglyceride from the microalgae Coccomyxa sp., this may
mean a novel topical treatment for cold sores, viral keratitis, and anogenital herpes [37]. Chen et al. [39]
reported that cold water extracts with the microalga Arthrospira platensis inhibit the formation of viral
plaques in a wide range of influenza viruses, including influenza, so these extracts represent a potential
treatment against influenza outbreaks.

Reichert et al. [40] also used the microalga Arthrospira platensis, to produce exopolysaccharides for the
treatment of koi fish herpesvirus, which suppressed viral replication in vitro in the brain cells of fish even
after 22 days of infection. For their part, Singab et al. [48] produced polysaccharides using the microalga
Spirulina platensis, which reduced replication by up to 87.6% of the hepatitis C virus and herpes simplex
virus, so it has the potential to be used as an antiviral.

3.2.4 Antioxidant Potential

Corréa da Silva et al. [38] measured the production of phenolic compounds from the microalgae
Pediastrum boryanum, which exceeded those already reported in the literature by other microalgae.
Phenolic compounds can be used in the medical area for the prevention of oxidative processes caused by
free radicals [50]. Guevara et al. [44] mixed edible vegetable oil with the biomass of Dunaliella salina, a
microalga that contains significant amounts of P-carotenes, which have high antioxidant activity, and
showed that edible vegetable oil enriched with the microalga is a source of natural antioxidants [51].

Patil et al. [49] treated rat pups with lipopolysaccharide endotoxin, which can cause increased anxiety,
decreased social interactions, and memory impairment in rats, and in a subgroup, lactating mothers were
given a diet enriched with Spirulina platensis, which promoted interleukin 1 expression and decreased
oxidant parameters after the lipopolysaccharide, so a diet rich in this microalga may protect against
neuroinflammation and decreased antioxidant defense in the brain of lactating rat pups.
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Other antioxidant properties are those reported by Mohanty et al. [41], who evaluated the efficacy of a
diet based on Arthrospira platensis in fish to reduce iron-induced oxidative stress and concluded that the
decrease in antioxidant defense induced by excess iron, was neutralized with microalgae supplementation
after 28 days due to that it contains phenolic acids, tocopherols, B-carotenes and other vitamins and
minerals that exhibit antioxidant properties.

There are microalgae that produce highly nutritional metabolites such as proteins, essential fatty acids,
polysaccharides, and vitamins, which, in turn, represent a developing source of bioactive compounds that
may be useful in applications for the treatment of diseases [52], including sexually transmitted diseases
[53] and against SARS-CoV-2 and COVID-19 [54]. However, most of the information comes from in
vitro tests, while in vivo and clinical studies are very scarce, so more research is needed in this field [55].

3.3 Food Applications

The use of microalgae in food is very wide since it is not only based on the production of metabolites but
also the dry biomass plays a very important role in its applications. Some examples are shown in Table 4,
which have been grouped into four divisions according to the type of food that is prepared: the use of
microalgae as feed for farmed animals [13], preparation of baked foods [56], the development of fortified
foods [57] and the potentiation of the organoleptic characteristics of foods [58].

Table 4: Biotechnological applications of microalgae in food

Color Microalga Prepared food FA BF FF OC Reference
Yellow Arthrospira platensis Broiler chicken feed - [13]
Protein extracts as emulsifiers [59]
Aquaculture feed [21]
Cookies [60]
Cereal snacks [61]
Yellow Arthrospira sp. Aquaculture feed - [62]
Yellow Chlorella protothecoides ~ Aromatic compounds for food .[5 8]
Protein extracts as emulsifiers [63]
Yellow Chlorella sorokiniana Feed for farm animals - [64]
Protein extracts as emulsifiers [65]
Yellow Chlorella sp. Aquaculture feed - [62]
Healthy dietary tablets [12]
Yellow Chlorella vulgaris Aromatic compounds for food [58]
Oil for bread [66]
Feed for farm animals [67]
Dough for bread [56]
Cookies [60]
Cereal snacks [61]
Yellow Crypthecodinium cohnii Aromatic compounds for food [58]
Yellow Haematococcus pluvialis ~ Cookies - [68]

(Continued)
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Table 4 (continued)

Color Microalga Prepared food FA BF FF OC Reference
[65]
[58]
[57]
[69]

Yellow Tetraselmis chuii Aromatic compounds for food [58]

Note: Color = according to the color index for the classification of biotechnology application areas, FA = food for farmed animals, BF = preparation of
baked foods, FF= development of fortified foods, and OC = potentiation of organoleptic characteristics.

Yellow Phaeodactylum tricornutum Protein extracts as emulsifiers
Yellow Schizochytrium limacinum  Aromatic compounds for food
Yellow Spirulina sp. Snacks with high nutritional content

Liqueur of leaves and fruits of umbu

3.3.1 Feed for Farmed Animals

Altmann et al. [13] reported that the use of Arthrospira platensis biomass can replace the use of soybean-
based feed in broilers, likewise, Zaki et al. [21], using the same microalgae, determined that fatty acid-free
biomass is a viable option for aquaculture feed. Barraza-Guardado et al. [62] reported that the microalgae
Arthrospira sp. and Chlorella sp. can be incorporated into 25% of the food of tilapia fish without
affecting its growth, while the microalgae Isochrysis sp. and Nannochloropsis sp. negatively affect the
growth of the same fish.

Guldhe et al. [64] described that the biomass of Chlorella sorokiniana has the potential to be applied as
feed for farmed animals, as reported by Beigbeder et al. [67] with the microalga Chlorella vulgaris.

3.3.2 Baked Foods

Kafyra et al. [66] used an oil based on the Chlorella vulgaris microalgae as a substitute for milk, butter,
and eggs to bake bread, which presented improved organoleptic characteristics compared to commercial
bread brands. Using the same microalgae, Graca et al. [56] came to the result that the use of a
concentration of up to 3.0 g of Chlorella vulgaris per 100 g of moist wheat flour results in a positive
impact on the rheological characteristics of the bread dough, and bread with an interesting appearance.

Hossain et al. [68] used dry biomass of Haematococcus pluvialis to obtain flour for the preparation of
cookies, which presented potential health benefits, while Uribe-Wandurraga et al. [60] formulated cookies
added with Chlorella vulgaris and Arthrospira platensis, which contained a greater number of minerals
compared to microalgae-free cookies.

3.3.3 Development of Fortified Foods

There is a production of foods with high nutritional content and food supplements for humans from
microalgae, Osorio-Fierros et al. [12] elaborated dietary tablets based on prickly pear and Chlorella sp.,
which are healthy and of good quality.

The microalga Spirulina sp. can be used in a concentration of 2.6% to make snacks with high nutritional
content and sensorial acceptance by consumers as described by Lucas et al. [57]. Uribe-Wandurraga et al.
[61] used the microalgae Chlorella vulgaris and Arthrospira platensis for the enrichment of cereal snacks
through 3D printing of doughs; however, the use of 3% and 4% of Chlorella vulgaris may not be well
accepted by consumers due to the strong green color of the food. Nunes da Silva et al. [69] made liquor
from umbu leaves and fruits (Spondias tuberosa Arruda) added with Spirulina sp. to enhance its
nutritional value.

3.3.4 Potentiation of the Organoleptic Characteristics of Foods
Hosoglu [58] cultivated the microalgae Chlorella protothecoides, Chlorella vulgaris, Crypthecodinium
cohnii, Schizochytrium limacinum, and Tetraselmis chuii to produce aromatic compounds in food. A



Phyton, 2023, vol.92, no.10 2747

principal component analysis was carried out, resulting in C. cohnii producing a high level of compounds
associated with aromatic notes of sulfury cabbage, fruity, roses, and boiled potato, while S. limacinum
produced compounds associated with aromatic notes of mushrooms, cucumbers, and grass. The other
three microalgae produced high levels of ketones and terpenes with woody and cereal aromatic notes, so
these microalgae could be part of food formulations due to the aromatic compounds they contain.

Proteins produced by microalgae can also act as emulsifiers; Bocker et al. [59] reported that the proteins
of the microalga Arthrospira platensis stabilize emulsions efficiently, in the same way, Grossmann et al. [63]
reached the same results with the microalga Chlorella protothecoides. Ebert et al. [65] used freeze-dried
soluble protein extracts from the microalgae Chlorella sorokiniana and Phaeodactylum tricornutum to
evaluate the formation and stability of emulsions, showing high stabilities during 7 days of storage.

The first records of the use of microalgae in food date back approximately 2,000 years when the Chinese
used these microorganisms to survive famine. Since then, most of the research on the use of microalgae in
food has focused on the production of biomass as a rich source of protein for humans and animals, but as time
goes by, research should focus on the improvement of microalgae. production systems to become more
diverse and economically competitive [70,71].

3.4 Bioremediation Applications

The removal of contaminants from soils and bodies of water using microalgae is a technique that uses the
specific characteristics of each species to carry out bioremediation more efficiently, as can be seen in Table 5.
These applications can be grouped into two divisions, the use of microalgae in the remediation of wastewater
from human activities [72] and the conditioning and remediation of natural areas [73].

Table 5: Biotechnological applications of microalgae in bioremediation

Color Microalga Remediation Diminished compounds HA NA Reference
approach

Chlamydomonas Shrimp farming  Phosphate, nitrites, nitrates, and tota [74]
sp. wastewater coliforms

Chlorella Fish farming Ammonium, nitrate, phosphate, and [64]
orokiniana wastewater chemical oxygen demand

Chlorella sp. Food production Nitrate, phosphate, and chemical [72]

wastewater oxygen demand
Shrimp farming  Phosphate, nitrites, nitrates, and tota [74]

wastewater coliforms

Soil aggregate Increased stability of
stability microaggregates in clay loam soil

[75]

Chlorella Livestock Ammonium, total phosphate, and
vulgaris wastewater chemical oxygen demand

[76]

Treatment of Nitrate, nitrite, and phosphate
eutrophication of
a lagoon

Ethanol Carbon
production
wastewater

[77]

[67]

Domestic sewage Total nitrogen [78]

(Continued)
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Table 5 (continued)

Color Microalga Remediation Diminished compounds HA NA Reference
approach

Cyclotella sp. Odorous sewage Ammoniacal nitrogen, total [22]
phosphate, total nitrogen, and
chemical oxygen demand
esmodesmus sp. Shrimp farming  Phosphate, nitrites, nitrates, and tota [74]
wastewater coliforms
annochloropsis Food production Nitrogen and phosphate [79]
wastewater
Odorous sewage Ammoniacal nitrogen, total [22]

phosphate, total nitrogen, and
chemical oxygen demand

Soil restoration ~ Organic carbon sequestration [73]
against desertification

Soil restoration ~ Organic carbon sequestration [73]

against desertification
Scenedesmus sp. Food production Nitrate, phosphate, and chemical [72]
wastewater oxygen demand

Scenedesmus sp. Odorous sewage Ammoniacal nitrogen, total [22]
phosphate, total nitrogen, and
chemical oxygen demand

Soil restoration ~ Organic carbon sequestration [73]
against desertification

Spirulina maxima Treatment of Nitrate, nitrite, and phosphate [77]
eutrophication of
a lagoon
Fish farming Ammonia, nitrate, nitrite, and [80]
wastewater phosphate
Treatment of Nitrate, nitrite, and phosphate [77]
eutrophication of
a lagoon
Biodegradation of Diesel and soybean oil [81]
oily compounds
in soil

Note: Color = according to the color index for the classification of biotechnology application areas, HA = remediation of water from human activities,
and NA = conditioning and remediation of natural areas.

3.4.1 Remediation of Wastewater from Human Activities

Nogueira et al. [80] used Spirulina platensis for the remediation of wastewater from fish farming, while
Guldhe et al. [64] implemented this type of water as a culture medium for Chlorella sorokiniana, obtaining as
a result the reduction of polluting substances.
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The microalga Chlorella vulgaris was used by Lv et al. [76] for the remediation of wastewater from
cattle farms, reporting that this microalga is promising in the removal of nutrients in waters with a high
concentration of organic substances and nitrogen.

Navarrete-Alava et al. [74] used the microalgae Chlamydomonas sp., Desmodesmus sp., and Chlorella
sp., among other treatments, for the remediation of water from shrimp farming, obtaining as a result that the
microalgae consortium presented a significant difference with respect to the other treatments since the
reduction of polluting compounds. Bioremediation of nitrogen-rich water from human waste was carried
out by Leong et al. [78] using Chlorella vulgaris in a mixture of activated sludge, obtaining efficient
nitrogen removal as a result, as well as viable biomass production.

Li et al. [22] used the microalgae Cyclotella sp., Navicula pelliculosa, and Scenedesmus sp. For the
remediation of odorous sewage, reporting that the microalgae Cyclotella sp. And Navicula pelliculosa
presented a higher efficiency of contaminant removal. Cheirsilp et al. [79] encapsulated Nannochloropsis
sp. In the sodium alginate and was cultivated in secondary effluents from the palm oil mill, in which
removal of nutrients from the medium was observed.

For their part, Pandey et al. [72] isolated the microalgae Chlorella sp., Desmodesmus sp., and
Scenedesmus sp. to evaluate their impact on dairy wastewater, obtained as a result that, the isolated
microalgae, Chlorella sp. and Scenedesmus sp. presented greater efficiency in the removal of nutrients.
The use of Chlorella vulgaris was evaluated by Beigbeder et al. [67] for the bioremediation of
wastewater from ethanol production, having as process variables the addition of antibiotics, sterilization
of the substrate, pH, light intervals, and agitation speed, the last three being the ones that showed the
most noticeable effects on the proliferation of microalgae and the efficiency of nutrient removal in this
type of water.

3.4.2 Conditioning and Remediation of Natural Areas

Ortiz-Villota et al. [77] used the microalgae Spirulina maxima, Spirulina platensis, and Chlorella
vulgaris to treat eutrophication in the Ubaque lagoon, located in Colombia, by reducing the levels of
nitrates, nitrites, and phosphates, reporting the effective removal of said nutrients, where, in addition,
Chlorella vulgaris was the most suitable due to its greater ability to adapt to environmental conditions.

According to Park et al. [73] microalgae crusts are considered a solution for soil restoration since they
improve their fertility through mineral chelation, dust trapping, and nutrient fixation. The same research
demonstrated that the use of the microalgae Nostoc sp., Phormidium sp., and Scytonema arcangeli
combined with two chemical soil fixatives: a spray consisting of biopolysaccharides with sticking agents
and a super absorbent polymer for water retention with a nutritional supplement, allowed the formation of
crusts to combat desertification in arid areas.

Yilmaz et al. [75] studied the effect of different applications of biofertilizers and chemical fertilizers on
the stability of soil aggregates, demonstrating that the inoculation of Chlorella sp. Alone or in combination
with vermicompost increased the stability of the micro aggregates of clay loam soil compared to the control
and the compound chemical fertilizer 15-15-15 based on 33% ammonium, phosphorus oxide, and potassium
oxide.

Decesaro et al. [81] evaluated the ability to remediate soils contaminated with diesel and soybean oil by
applying inactive biomass of Spirulina platensis and freeze-dried phycocyanin extracted from the microalgae
as treatments. The results showed that phycocyanin was more effective in the biodegradation of soybean oil
and biomass in the biodegradation of diesel, which indicates that these treatments can be effective in
bioremediation processes.

Some microalgae are capable of growing in wastewater under unfavorable conditions such as salinity,
alkalinity, temperatures, carbon dioxide concentrations, and light intensities, and are highly effective in their
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treatment by carbon dioxide fixation, use of inorganic nitrogen and phosphorus for its growth and water
purification, producing oxygen and eliminating heavy metals and xenobiotic substances. These studies
suggest a possible application in solid waste management. However, solid waste management is a
complicated system because most government and private entities mainly use the conventional methods
of landfilling, composting, and incineration, which have harmful effects on the environment [82].

However, currently, some limiting factors persist in their applications in bioremediation, such as its
large-scale production and the selection of the appropriate strain, so it is necessary to generate more
research for its use in wastewater remediation since that can benefit the environment and produce
metabolites of interest that satisfy various productive areas [79,83].

3.5 Biofuels Applications

As in bioremediation, the production of biofuels using microalgae is a technique that uses the specific
characteristics of each species to carry out the process more efficiently. These applications that are presented
in Table 6 can be grouped into three divisions: use of microalgae to produce biodiesel [84], bioethanol [14],
and both biofuels [85].

Table 6: Biotechnological applications of microalgae in biofuels

Color Microalga RM Cultivation method D E DE Reference
[phanothece Lipids Thermal shock bubble column [86]
microscopica bioreactor
Lipids Batch bioreactor with controlled [21]
temperature, lighting, and aeration
Lipids Photobioreactor at low temperature, [85]
and lighting at different intensities

Lipids Culture medium with different [87]
concentrations of salinity under
continuous lighting, with agitation at
controlled temperature

Lipids Flasks with culture medium under [88]
continuous lighting, with agitation at
controlled temperature

Lipids Batch bioreactor in dark conditions in [84]
2 stages

Carbohydrates Exergetic analysis in specialized [89]

and lipids software

Chlorococcum  Lipids Culture medium with different [87]
concentrations of salinity under

continuous lighting, with agitation at

controlled temperature

Lipids Flasks with culture medium under [88]
continuous lighting, with agitation at
controlled temperature

(Continued)
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Table 6 (continued)

Color Microalga RM Cultivation method D E DE Reference
Carbohydrates Flasks in a shaking incubator at a [90]
controlled temperature
Carbohydrates Photobioreactors at controlled [91]

temperature in culture media with
seawater or freshwater

Carbohydrates Flasks under controlled conditions of [14]
temperature and lighting, but with
variations in their composition: absence
of nitrogen, phosphate, lysine
supplement, Mg, and different pH

cenedesmus Carbohydrates Bioreactor with CO,-enriched air
dimorphus supply

cenedesmus Lipids Photobioreactor with different
obliquus photoperiods

cenedesmus sp. Carbohydrates Culture under continuous lighting, with
and lipids agitation at controlled temperature

cenedesmus sp. Lipids Flasks with wastewater and culture
medium under continuous lighting,
with agitation at controlled temperature

Tetraselmis sp.  Lipids Pond and tubular module with
hypersaline culture media

Note: Color = according to the color index for the classification of biotechnology application areas, RM = raw material for biofuels, D = biodiesel
production, E = bioethanol production, and DE= biodiesel and bioethanol production.

3.5.1 Production of Biodiesel

Chauhan et al. [84] made the direct conversion of Chlorella sp. into biodiesel through transesterification
with supercritical methanol, resulting in a biofuel that satisfies most of the biodiesel properties according to
European standards.

Queiroz et al. [86] used Aphanothece microscopica Ndégeli for fatty acids production through cultivation
in bubble column bioreactors, applying cold culture intervals, which increased the production of fatty acids
for their subsequent transformation into biofuel. The cultivation in photobioreactors of Scenedesmus
obliquus with different cycles of light and darkness led by Maroneze et al. [93] demonstrated that the
modulation of the photoperiods is efficient by improving the energy balance of the process to produce
biodiesel.

On the other hand, Zaki et al. [21] cultivated Arthrospira platensis to obtain fatty acids as raw material to
produce biodiesel. In the work of Pandey et al. [72] previously exposed, the lipid production for its
subsequent production of biodiesel was evaluated, determining that, of the isolated microalgae,
Scenedesmus sp. presented the best results in the production of raw material for biodiesel.

Satpati et al. [87] cultured Chlorella ellipsoidea and Chlorococcum infusionum under different salt
concentrations to study the effect of salinity on growth and lipid accumulation. Maximum biomass and
lipid accumulation were obtained at an exposure of 5 gL' NaCl in Chlorella ellipsoidea and 1.5 gL'
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NaCl in Chlorococcum infusionum, indicating that salinity can be considered the most important key
regulator for growth and lipid accumulation in microalgae.

In the study of Satpati et al. [88] Leptolyngbya tenuis and Chlorella ellipsoidea were co-cultured, and the
results of the co-culture showed a 2—3-fold increase in biomass, a two-fold increase in total lipids, and greater
efficiency of bioremediation of cadmium compared to the pure culture. This suggests that the co-culture of
these microalgae is a cost-effective and environmentally friendly production of biodiesel.

3.5.2 Production of Bioethanol

Khan et al. [90] made a pretreatment of Microcystis aureginosa with sulfuric acid, titanium oxide,
lysozymes, invertase, and calcium oxide, and by fermentation of the resulting liquid, bioethanol was
obtained, resulting in the calcium oxide is the most effective pretreatment for biofuel production. For
their part, Chandra et al. [14] cultivated Scenedesmus acuminatus to generate biomass, which was treated
with sulfuric acid to obtain ethanol after fermentation. Chng et al. [92] obtained biomass of Scenedesmus
dimorphus through a bioreactor culture treated with various methods to obtain sugars that yield
bioethanol upon fermentation.

The microalga Porphyridium cruentum was evaluated by Kim et al. [91] to gain glucose and its
fermentation to obtain bioethanol, which achieved yields of 70.3% in freshwater cultures.

3.5.3 Production of Biodiesel and Bioethanol

The microalga Chlamydomonas sp. was cultivated by Kim et al. [85] in photobioreactors to synthesize
fatty acids which were used in the production of biodiesel, while the free biomass of these acids was used in
the production of bioethanol. Meanwhile, Sivaramakrishnan et al. [94] cultivated Scenedesmus sp. To obtain
biomass, which was subjected to ultrasound treatment followed by acid hydrolysis, prior to sugar extraction
and fermentation for bioethanol production. In addition, the ultrasound-treated biomass was used in a
transesterification process, with which methyl esters were obtained to produce biodiesel.

Park et al. [95] tested culture media with different levels of salinity for the cultivation of the microalga
Tretaselmis sp., showing that hypersaline culture media improve the production of biomass and fatty acids,
which can be used for the production of biodiesel and bioethanol. Peralta-Ruiz et al. [89] carried out an
energetic analysis of Chlorella sp. in the production of biodiesel and bioethanol using specialized
software, which presented an 89% global energetic efficiency of the process contemplating the
cultivation, harvesting, drying, transformation of oil and the transformation of the residual biomass of the
microalgae, which indicates that the designed process is suitable to produce biofuels.

Since the 1960s there have been attempts to produce biofuels on a large scale, which have not reached
commercial development due to the high production costs of biomass and the products obtained are
expensive when compared to the price of oil and its derivatives. However, the rise in oil prices has
directed attention to microalgae and has encouraged the development of biofuels [96]. However, due to
the time required and the high cost of production, gene editing technology offers a cost-effective method
for developing commercial mass production of biofuels for the future [97].

4 Problems, Limitations, and Potential Production of Microalgae

To address part of the problems mentioned in the study areas, the need to develop, through
bioengineering, the production of biomass and metabolites derived from microalgae in a profitable
manner has been indicated. Many of these technical problems lie in the need to increase the productivity
of the microalgae, in addition to the selection of the strains, for which a strategy should be considered
based on various criteria that are practical for the following problems: 1) speed of growth, 2) quantity and
quality of metabolites, 3) response to environmental changes, 4) speed of absorption and affinity for
nutrients, and 5) a simple culture [9,98].
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Another fundamental need is the reduction of production costs, which can be achieved through 1)
prevention of crop contamination, 2) optimization of key production equipment, such as ponds,
photobioreactors, and clarifiers, among others, and 3) effective recovery of the products of interest
produced [99].

However, despite so many limitations, the production of microalgae can become a profitable process,
since in 2004 the market for microalgae-based products had a size of approximately 5,000 tons of dry
matter per year and generated a sales volume of 1.25 trillion dollars a year, in 2017 it was estimated at
32.6 trillion dollars and it is projected that by 2026 it will reach 53.43 trillion dollars, so the correct
attention to the mentioned problems can have a positive impact on the increase in the market [50,100-103].

5 Conclusions

According to what is documented in this work, the genus Chlorella stands out for its biotechnological
applications in the five areas studied: in agriculture as a hydroponic crop to promote plant growth and as a
biofertilizer that promotes the production of certain crops; in health, it presents a therapeutic potential against
cancer, as well as the production of antimicrobial agents; in food, its biomass can be used as feed for farm
animals, in the development of food supplements and as proteins to obtain emulsifiers; in bioremediation, it is
used to eliminate nutrients in water with a high concentration of organic substances; Finally, the production
of fatty acids is used for its transformation into biofuels.

The development of biotechnological applications for microalgae has gained importance, however, the
studies have focused on a small number of them. The growing interest in more environmentally friendly
technologies makes it necessary to promote research in a greater number of microalgae in search of novel
biotechnological applications that can replace and/or improve some existing processes.
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