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Abstract

Microalgae are a large diverse group of microorganisms comprising photoautotrophic
protists and prokaryotic cyanobacteria—also called as blue-green algae. These
microalgae form the source of the food chain for more than 70% of the world’s
biomass. It contains higher nutritional values, with rapid growth characteristics.
Microalgae are autotrophic organisms and extensively desired for use in
nutraceuticals and as supplement in diet. Many microalgae species are documented
for health benefits, by strengthening immune system and by increasing the nutritional
constitution of body. Many countries have been experienced an increase in protein
consumption over the last decades due to the population growth and adoption of
protein-rich dietaries. Unfortunately, conventional-based protein agroindustry is
associated with environmental impacts that might aggravate as the humankind
increase. Thus, screening for novel protein sources that are environmentally friendly
may contribute to conventional agriculture to provide food and feed in a more
sustainable manner. In this context, microalgae farming are a promising alternative to
couple the anthropic emissions with the production of food and feed. Some strains
show protein contents two times higher than conventional protein sources produced
from animals and plants. The use of whole microalgae biomass as a protein source in
food and feed is simple and well-established. Conversely, the production of
microalgae protein supplements and isolates requires the development of feasible and
robust processes able to fractionate the microalgae biomass in different value-added
products.
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Introduction

The total protein content of microalgae biomass varies depending on the kind of
microalgae and can reach 70% dry weight (Schade et al., 2020; Amorim et al., 2020).
Microalgae cell walls are frequently damaged in order to gain access to proteins, amino
acids, and other components. Some microalgae have been found to have soluble
proteins in their cytoplasm (Chew et al., 2019; EI-Nagger et al., 2020). Soluble protein,
central pyrenoid, and phytobiliproteins are also seen in microalgae with chloroplasts,
while other microalgae, such as Arthrospira platensis, have thylakoid sacs enclosing
the peripheral cytoplasm associated with phycobilisomes (Bishop and Zubeck, 2012;
Dolganyuk et al., 2020). In recent years, the number of studies on methods of digesting
microalgae and exploiting them as a source of protein has exploded (Ghribi et al.,
2015; Vernésa et al., 2019).

1-Species of Algae

The term "algae" refers to a large range of eukaryotic organisms, usually
chlorophyll-containing, that are either grown or wild collected and come from a variety
of watery settings. Algae are thought to be one of the oldest forms of life. So far,
between 40,000 and 100,000 species of algae have been identified, albeit this figure
may be conservative (Hu et al., 2008). Most algae, like terrestrial plants, are
photoautotrophs, meaning they can fix inorganic carbon from the atmosphere and turn
sunlight into chemical energy through photosynthesis (6CO2 + 6H20 + light energy
C6H1206 (sugars) + 602). Photosynthesis produces sugars, which are then
transformed into other biological components like lipids, carbohydrates, and proteins,
which make up biomass , Certain algae, on the other hand, are heterotrophs, meaning
they use an organic carbon substrate (such as glucose, acetate, and fructose) as their
only carbon and energy source while converting it to chemical energy. Under dark
conditions, this procedure entails the employment of fermenters that are supplied with
oxygen for algae metabolic growth (also known as aerobic respiration). Furthermore,
certain organisms are mixotrophic, meaning they may gather energy for growth
through both phototrophic and heterotrophic processes while consuming both inorganic
CO2 and organic carbon substrates (Darzins. et al., 2010). In comparison to
photoautotrophic and heterotrophic cultures, certain species (such as the blue-green
microalgae Spirulina) develop at their fastest in mixotrophic culture, which uses light
and glucose simultaneously. A more in-depth look at algae biomass culture techniques
in varied growth settings, including photoautotrophic, heterotrophic, and mixotrophic
environments (Chojnacka and Noworyta, 2004).

2-Composition of Bio chemicals

The cellular composition of each fraction changes depending on the specific strain
of alga and their physiological responses to biotic and abiotic variables, such as light
intensity, photoperiod, temperature, nutrients, and development phase. ( Barkia et
al.,2019) In reality, these parameters influence not only photosynthesis and cell
biomass productivity, but also the pattern, pathway, and activity of cellular
metabolism, altering cell composition as a result (Patil et al.,2005) As a result of their
evolutionary and phylogenetic diversity, as well as the ability to manipulate cultivation
settings to drive chemical production, these microorganisms have become particularly
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appealing for bioprospecting and commercial exploitation of a wide range of
biomolecules (Gouveia et al., 2010; Borowitzka,2013). Microalgae bioactive
substances can be obtained directly from primary metabolism, such as proteins, fatty
acids, and vitamins, or created from secondary metabolism. Such compounds may have
a variety of biological actions that could be useful in the treatment and prevention of
diseases bioactive chemicals are accumulated in the biomass of most microalgae;
however, in some situations, these metabolites are ejected into the medium and are
referred to as exometabolites (De Morais et al., 2015). Proteins/enzymes, lipids/fatty
acids, carbohydrates, pigments, vitamins, minerals, and additional substances not
covered in these classifications can all be found in microalgae (Jacob-Lopes et
al.,2019). Despite the biochemical differences amongst microalgae classes and species,
protein is often the most abundant organic ingredient (12—-35%), followed by lipids (7—
23%) and carbs (5-23%). However, as previously indicated ((Patil et al., 2005),

1-2 Protein

Spirulina has very high protein content, ranging from 55 to 70% by dry weight,
depending on the source (Phang et al., 2000). It is a complete protein, having all
essential amino acids but with lower quantities of methionine, Cystine, and lysine than
standard proteins like meat, eggs, or milk; yet, it outperforms all typical plant proteins
like those found in legumes.

2-2 Essential fatty acids

Polyunsaturated fatty acids (PUFAs) account for 1.5-2.0 percent of total lipid in
spirulina, making it a good source of essential fatty acids. Spirulina is particularly high
in -linolenic acid (ALA), linoleic acid (LA, 36 percent of total), stearidonic acid
(SDA), eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), and arachidonic
acid (AA). (Haug et al., 2011).

3-2 Vitamins

Vitamin B1 (thiamine), B2 (riboflavin), B3 (nicotinamide), B6 (pyridoxine), B9 (folic
acid), B12 (cyanocobalamin), vitamin C, vitamin D, and vitamin E are all found in
spirulina.

4-2 Minerals

Spirulina is high in potassium and contains other minerals such as calcium,
chromium, copper, iron, magnesium, manganese, phosphorus, selenium, sodium, and
zinc.

5-2 pigments

One of the most obvious and arresting characteristic of the algae is their colour. In
general, each phylum has its own particular combination of pigments and an individual
colour. Aside chlorophylls, as the primary photosynthetic pigment, microalgae also
form various accessory or secondary pigments, such as phycobiliproteins and a wide
range of carotenoids. These natural pigments are able to improve the efficiency of light
energy utilization of the algae and protect them against solar radiation and related
effects. Their function as antioxidants in the plant shows interesting parallels with their
potential role as antioxidants in foods and humans (Van den Berg et al.,
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2000).Spirulina cultivated under laboratory circumstances, gathered in natural
conditions, and in mass culture systems using various agroindustrial waste effluents
have all been subjected to detailed biochemical composition analysis. This was
discovered to fluctuate in response to the salinity of the growing media — salt-adapted
cells exhibited a modified biochemical composition with lower protein and chlorophyll
content and higher carbohydrate content, according to Vonshak et al. (1996). However,
the following is a summary of the literature on spirulina’s broad makeup.

3- Microalgae proteins

Microalgae proteins can be found in a variety of sites, including the cell wall,
cytoplasm, organelles, plastids, and nucleus (Safi et al., 2015).Microalgae have a
protein content ranging from 20% to 70%, depending on the species and growing
conditions, and an amino acid profile that is suitable for human consumption (Becker,
2007; Khatoon et al., 2014; Menegol et al., 2017; Seyfabadi et al., 2011; Teuling et al.,
2017; Waghmare et al., 2016). The cyanobacterium Arthrospira platensis and the green
microalgae Haematococcus pluvialis, for example, have 6,630 and 18,545 protein-
coding genes, respectively, whereas strains have 9,349 to 10,240. (Luo et al., 2019; Wu
et al., 2019). Surprisingly, the number of protein-coding genes is not directly related to
protein content, and microalgae like Arthrospira and Chlorella (El-Kassas et al., 2015).
To measure the protein concentration, the total nitrogen content of the microalgae
biomass is normally multiplied by a nitrogen-to-protein conversion factor (N-Prot
factor). The N-Prot factor of 6.25 is based on the assumption that the samples contain
16 percent (w/w) nitrogen-containing proteins with very little non-protein nitrogen
(NPN).

Table 1. Compares the general composition of several green microalgae to various
food protein sources (w/w percent dry matter) (Becker, 1994, Belitz et al., 2009;
Schwenzfeier et al., 2011)

Commodity Proteins Lipid Carbohydrate
Tetraselmis sp. 36 22 42
Chlamydomonas 48 21 17
rheinhardii

Chlorella vulgaris 55 18 15
Dunaliella salina 57 6 32
Scendesmus obliquus 53 13 14

Egg white 88 <1 17

Milk 26 28 38

Soybean 37 20 30
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4-Nutritional quality of microalgae proteins

The assessment of "protein quality" is one of the most important criteria for
evaluating novel food and feed resources for their nutritional value. Protein quality is a
set of metrics used to assess a dietary protein source's (or dietary mixes') ability to meet
the metabolic needs of a target animal for amino acids and nitrogen (e.g., maintenance,
growth, tissue repair, reproduction, lactation). This is mostly due to the amino acid
content, digestibility, and bioavailability of the protein source, as well as the
consuming animal's daily dietary nitrogenous requirements (Boye et al., 2012). For
about 60 years, protein quality in microalgae has been studied by food scientists and
applied dietitians. The first studies on Arthrospira (Spirulina), Chlorella, Scenedesmus,
and Spongiococcum began in the 1950s with the aim of determining their potential as
superfoods for the rising worldwide human population as well as a compact, nutrient-
dense sustenance for planned space missions (Becker, 2013).

M Antioxidant

Multifunctional
benefits

Anticancer

Immunomodulatory Antihypertensive

Health

benefits Antithrombotic Antimicrobial

Microalgae derived ~ Nutritional Cytomodulatory
peptides benefits Antidiabetic

Figure 1. Nutritional and health benefits of proteins and peptides derived from
microalgae (Acquah et al., 2020)

Antiosteoporosis

1-4 Quiality of microalgae protein for nutrition

The assessment of the amino acid profile is an important criterion for evaluating the
protein quality. Essential amino acids are given special attention because they are not
manufactured by the human body and must be received through food (Damodaran et
al., 2007). Isoleucine, leucine, valine, lysine, phenylalanine, tyrosine, methionine,
cysteine, tryptophan, threonine, and histidine are necessary amino acids. The UN's
Food and Agriculture Organization (FAO/WHO, 2007) developed a reference standard
that included the recommended quantity of essential amino acids in a protein or a
protein mixture. The amino acid profiles of eggs and soybeans revealed appropriate
levels of all necessary amino acids, whereas the Cyanobacterium aphanizomenon sp.
had inadequate levels. When microalgae are cultured under different conditions, they
produce distinct amino acid profiles (James et al., 1989), hence optimizing microalgae
growth conditions could lead to the creation of proteins with the right amino acid
profile.

Page | 281  Humanities and Natural Sciences Journal Alia et al. March, 2023 www.hnjournal.net



Nutritional value and Functional Properties of Algae Proteins HNSJ Volume 4. Issue 3

2-4 Microalgae amino acid profile

While the overall protein concentration of microalgae varies widely in the literature,
ranging from 7% to 70% (Becker, 2007; Laurens et al., 2012), the amino acid profile
of microalgae protein is rather consistent, regardless of algae species or growth
strategy. Some of the 20 amino acids that make up the body's proteins are regarded as
either non-essential (dispensable) or essential (necessary) in terms of nutrition
(indispensable). Nonessential amino acids (NEAAS) can be produced from scratch in
large enough quantities to meet daily protein demands. Essential amino acids (EAAS),
on the other hand, cannot be produced endogenously in sufficient quantities to meet
daily protein demands and must be obtained through the diet. Some amino acids are
considered “dietary necessary" because the consumer lacks the biochemical
mechanisms needed to manufacture the chemical configurations of the carbon chain
skeletons of those amino acids (Jobling, 1994). Arginine, histidine, isoleucine, leucine,
lysine, methionine, phenylalanine, threonine, tryptophan, and valine are required in the
diets of most monogastric species (e.g., chicken, swine, fish, and rodents). With the
exception of key developmental stages, ill-health, and premature infants (Reeds, 2000;
McDonald et al., 2010), arginine is not considered essential for humans. Although high
protein content and a well-balanced EAA profile (as measured by the EAAI) may
provide investigators and product developers with solid early indicators of microalgae
protein quality, these factors alone do not guarantee high dietary protein consumption
by consumers. There must be a mix of biochemical studies, EAA profiles, protein and
amino acid bio accessibility, and biological evaluations to determine the efficiency of
protein utilization. Many microalgae, in particular, have an extra nutritional barrier that
may be absent in other traditional protein sources. Many microalgae have refractory
cell walls, and digestibility is the initial barrier for optimal protein digestion by humans
and animals after consumption (Boye et al., 2012).

3-4 Amino Acid Composition

Protein quality can vary substantially depending on digestibility and critical amino
acid availability (Boisen and Eggum, 1991). Animal sources of protein are often
regarded as complete proteins because they contain a high concentration of essential
amino acids (EAAS) that the human body cannot produce. Plant proteins, on the other
hand, are frequently regarded as inadequate protein sources because they lack one or
more important amino acids, such as histidine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, and valine (Young and Pellett, 1994). However,
the missing necessary amino acid (s) in plant-based proteins can vary, which means
that if a person eats a varied diet of plant proteins from fruits, vegetables, grains, and
legumes, they should be able to get enough of all essential amino acids. Due to their
high concentration of insoluble polysaccharides, plant-based proteins are often more
difficult to digest than animal proteins. Despite this, concerns about the high levels of
saturated fats and cholesterol found in animal-based meals, which have been related to
the development of cardiovascular disease and diabetes, are growing. As a result,
nutritionists and organizations like the FAO have begun to advocate for a more
diversified diet rich in plant-based proteins (FAO, 1991). Algae are generally
considered a suitable protein source since their EAA composition meets FAO
requirements and they are often comparable to other protein sources like soybeans and
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eggs (Fleurence, 1991). The lack of widespread ingestion of marine algae has resulted
In a scarcity of in vivo studies on ileal digestion, restricting comparisons of algae
protein quality between different species.AAS (amino acid score) = mg of amino acid
per gram of test protein divided by mg of the same amino acid per gram of reference
protein (Godfray et al.,2010) Following that, PDCAAS was used to correct AAS for
the test protein's real fecal protein digestibility as assessed in a rat assay, which was
computed as follows: PDCAAS (protein digestibility corrected AAS) = fecal true
digestibility (%) = (mg of limiting amino acid per gram of test protein/mg of same
amino acid per gram of reference protein).

4-4 Algae Protein Digestibility

The fraction of ingested dietary components that is available at the target site of
action for use in various physiological activities is known as bioavailability (Guerra et
al., 2012). Bioavailability refers to the entire process that occurs after a food element is
consumed, including digestibility and solubility in the gastrointestinal tract,
absorption/assimilation across intestinal epithelial cells and into the circulatory system,
and finally incorporation into the target site of utilisation (Figure 1) (Ekmekcioglu,
2002). In vivo tests must therefore be included in studies assessing the bioavailability
of dietary components. One in vivo investigation looked at the bioavailability of P.
tenera and U. pinnatifida in Wistar rats and found that seaweed fiber reduced protein
intake digestibility and meal efficiency (Urbano and Gorii, 2002). Similarly, L.
japonica has been shown to reduce protein digestibility in rats, albeit, curiously, after 3
weeks, digestibility was comparable to the control diet, indicating that the rats had
adapted to the high fiber diet (Suzuki et al.,1993). Phlorotannins and high
polysaccharide content are regarded to be the key factors that reduce the digestion of
algae proteins (Wong and Cheung, 2001; Joubert and Fleurence, 2008).

5-4 Recovery of microalgae proteins

In open or closed culture methods, crude protein recovery from microalgae is
typically done after biomass generation. Attempts to create microalgae strains capable
of secreting recombinant proteins in the growth medium have recently yielded
encouraging results (Lauersen et al., 2015; Baier et al., 2018). Microalgae strains
developed for secretion of specific recombinant proteins, on the other hand, have a
greater potential to produce biotechnological applications in niche markets, whereas
algae farming based on the biorefinery for crude protein production and advanced
biofuel production requires robust processes with easy scalabilities. To avoid the low
digestion of algae protein, separate extracts and use them instead of the entire biomass
(Grossmann et al., 2018; Schwenzfeier et al., 2013). Protein extracts can then improve
algae protein digestibility by removing the cell wall, increasing the selling price as
compared to the entire biomass (Bleakley and Hayes, 2017). Furthermore, high
viscosity neutral or anionic cell-wall polysaccharides (e.g., agar, alginates, or
carrageenans) might obstruct the extraction process as well as fractionation and
recovery methods in seaweed. The recovery technique should be tailored to solve these
concerns based on the characteristics and type of the algae wall. Disruption techniques
are commonly used as a first step to facilitate membrane breaching and complete
access to interior contents, thus making extraction in a specific solvent medium easier.
Because the technique will directly affect protein bioactivity as well as bioavailability,
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technical functionality, and taste, the extraction parameters must be chosen according
to the desired aim, Physical procedures, such as mechanical disintegration and non-
mechanical extraction, have been used in previous protein extraction methods. In
addition, innovative approaches such as ultrasonication, ohmic heating (OH), pulsed
electric fields (PEF), and microwaves are already being employed to avoid some of the
Issues associated with traditional procedures (such as time consumption and protein
integrity loss) (Bleakley and Hayes, 2017).

5- Microalgae toxicity

Because of the wide variety of microalgae species and the need to screen for
prospective commercial strains, potential dangers in their use as food and feed must be
carefully considered. The FDA (United States Food and Drug Administration) has
classified Arthrospira, Chlorella, Dunaliella, Haematococcus, and Schizochytrium as
"Generally Recognized as Safe” (Chacon-Lee and Gonzalez- Marifio, 2010). However,
a recent study found that microcystin levels in four of 18 dietary supplements
containing Arthrospira and Aphanizomenon flos-aquae exceeded the World Health
Organization's acceptable daily intake threshold of 0.04 g.kg™ bodyweight, Toxins in
algae dietary supplements may be present for three reasons: (1) growth of toxin-
producing microalgae such as A. flos-aquae DC™* (Zhang et al. 2016); (2) infection of
the microalga culture with a toxin-producing bacterium; and (3) utilization of toxin-
containing water sources. To ensure the safety of these goods, thorough quality control,
continual monitoring of algae-based supplements and the establishment of the
maximum intake of distinct microalgae toxins are all necessary (Roy-Lachapelle et al.
2017). Toxin-producing microalgae are typically cyanobacteria or dinoflagellates
(Qian et al., 2015; Carmichael and Boyer, 2016). Toxin-producing cyanobacteria and
dinoflagellates develop quickly in the seas and rivers, killing marine animals and
causing intoxication and death in birds and humans (Richmond and Hu 2013).

6- Protein Extraction
1-6 Cell Structures

Because most microalgae proteins are generated intracellularly, their extraction
success is heavily dependent on their accessibility. As a result, the complexity of
algae cell walls is the greatest obstacle to using seaweed as a protein source. Algae
cells have a large number of intracellular enzymes and proteins (Maehre, 2015),
their cell walls are made up of a complex network of biopolymers, primarily
polysaccharides, that interact with water and metal cations, among other molecules
(Domozych, 2019). The fibrillar wall, the amorphous matrix, and the glycoprotein
domain are the three primary domains of the cell wall; the reticulated network of
fibrillar polysaccharides and glycoproteins is embedded in the gel-like amorphous
matrix. The fibrous section of the cell wall is the most chemically and physically
resistant, with cellulose being the most important constituent among others like
xylan and hemicellulose (Cian et al., 2015).

2-6 Extraction Methods

The cell wall is required for the extraction and usage of algae proteins.
Additional stress variables are frequently used to assure intracellular protein
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extraction, which improves extraction efficiency. Algae proteins have yet to be fully
described, so they are simply divided into four classes based on their solubility:
albumins, which are soluble in water; globulins, which are soluble in salt solutions;
glutelins, which are soluble in dilute acids or bases; and prolamins, which are
soluble in 70% alcohol in water (Maehre, 2015). Unless a specific type of protein is
being targeted, equential extraction procedures are frequently carried out to ensure
the extraction of multiple types of proteins.

7-Extraction and purification of microalgae proteins

Unicellular microalgae like Tetraselmis sp. have strong cellulose cell walls that
make removing intracellular proteins challenging (Becker, 2007; Doucha and
Livansky, 2008). Disrupting the microalgae cells is the first step in protein extraction,
and this can be done via high-pressure homogenization, milling, ultra-sonication,
chemical or enzymatic lysis, or a combination of these methods (Phong et al., 2018;
Safi et al., 2014; Soto-Sierra et al., 2018). The crude extract contains microalgae
proteins as well as all other constituents such as lipids, carbohydrates, cell wall
contents, vitamins, and salts. Recent approaches, such as therapy with a pulsed electric
field (PEF), aim to remove microalgae contents more gently in order to maintain live
cells (Buchmann et al., 2019; Luengo et al., 2014). Centrifugation can separate a
water-soluble and an insoluble fraction from a crude microalgae extract (henceforth
referred to as soluble or insoluble for convenience). Although the soluble fraction is
free of larger pollutants and particles, it may still contain other soluble chemicals that
interfere with protein function (Grossmann et al.,, 2018; Garcia et al., 2018a).
Surfactants and charged polysaccharides, in particular, have an effect on the interfacial
environment, as will be discussed further below. As a result, the soluble microalgae
fraction is usually purified for proteins to generate a protein isolate. Precipitation of
proteins (e.g. 10 or 7 percent Trichloroacetic acid (w/v) (TCA). Because most of the
techniques were directed at improving protein accessibility for digestive enzymes or
devised for analytical objectives, protein denaturation was not an issue in those studies.
The isolates obtained were typically weak in solubility as a result of the harsh isolation
procedures applied. One method for re-solubilizing precipitated proteins was to break
them down into peptides with either NaOH at high temperatures or a proteolytic
enzyme. To cover all possible technological and functional uses, microalgae proteins
must be isolated as intact proteins in a soluble condition. Despite the fact that Meijer
and Wijffels (1998) and Herrero et al. (2005) describe extraction processes that
produce soluble protein fractions, the use of sodium dodecyl sulfate (SDS) and
ammonium sulfate, respectively, is undesirable. SDS binds to the proteins in the
solution, altering their technological and functional properties, particularly their
interfacial properties. Ammonium sulfate precipitations are typically unsuitable for
large-scale applications; hence, the most common and straightforward procedure is
fractionation and resolubilization of the precipitate. The disadvantage of this method is
that it only yields protein fractions with the same pl, leaving proteins with different
(pl) behind (Grossmann et al., 2019). Protein re-solubility after precipitation may also
be affected. Other techniques include protein precipitation with ammonium salts,
organic solvents, or ionic liquids, albeit these require additional resources (Grossmann
et al., 2018; Garcia et al., 2018b). Dialysis, ultrafiltration, or membrane filtration can
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be used to further purify the protein isolate (Safi et al., 2017; Garcia et al., 2018b).
Microalgae proteins can therefore be separated gradually from crude extract to soluble
fraction to yield a protein isolate, which can then be further processed to remove
remaining contaminants.

8- Concentration of microalgae proteins

Dewatering may be required to concentrate microalgae proteins for the
development of commercial applications such as protein concentrates and isolates.
There are numerous protein concentration method, Trichloroacetic acid or ammonium
sulfate are commonly used to precipitate proteins, although these chemicals remain in
the protein concentrate, and their removal may be required for particular uses, such as
food and feed (Pohanish, 2002; Gerde et al., 2013). Ultrafiltration is a protein
concentration technology that does not require the addition of salt or acid. This method
Is based on the use of semipermeable membranes that allow tiny molecules (such as
water and salts) to pass through while retaining bigger molecules like proteins
(Cheryan, 1998). Freeze-drying, which involves eliminating water at low temperature
and pressure by sublimation, is another chemical-free technology widely used in
protein concentration (Gerde et al. 2013; Field et al. 2016). Freeze-drying improves
protein durability by lowering residual water content, allowing freeze-dried proteins to
be stored at room temperature with minimal protein activity loss (Kutz, 2007).
However, before using the freeze-drying process, the salt level of the microalgae
protein extract should be assessed. After the water is removed, freeze-drying raises the
concentration of salts and a high salt content can modify the ionic strength and pH,
which can denature proteins (Matejtschuk, 2007) (figure 2).

Figure 2. Bio-refinery based sequential protein extraction from microalgae biomass.
(Siddiki et al., 2022)

9- Technological Functionality

Proteins have numerous purposes in foods that go beyond their nutritional value,
such as the application of desirable qualities and their physical behavior during
preparation, transformation, and storage, in addition to their fascinating impacts on
human health. Micro-and macroalgae might thus play a key role through their
structural biopolymers, which have both techno-and bio-functional uses (emulsification
and foaming capabilities, for example) (Bernaerts et al., 2019).
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1 -9 Solubility

One of the most important prerequisites for the successful use of protein isolates
in meals is high solubility. A single protein's solubility is often limited because the
overall net charge is zero and electrostatic repulsion is low around the isoelectric point
(pD). At all other pH values, electrostatic repulsion between individual protein
molecules is high, so they are kept in solution as long as their native form is
maintained (Fennema et al., 2008). The pH-dependent solubility behavior of a single
protein usually results in a bell-shaped solubility curve with a minimum around pl.
(Gonzalez-Perez et al., 2005; Lakemond et al., 2000). Several proteins, however, have
great solubility even when their pl is near 0 (e.g., -lactoglobulin, ovalbumin, and
sunflower albumins). However, after denaturation (e.g., by heat), the solubility of those
proteins often falls towards the pl due to increased exposure of hydrophobic groups at
the protein surface (Zhu and Damodaran, 1994). The solubility of a single protein can
be affected by the presence of other molecules (e.g. other proteins or polysaccharides).
Sunflower albumins (SFA) are very soluble in their purified form across a wide pH
range. The electrostatic interactions between SFA and helianthinin (the two protei) are
destroyed when both proteins are present in a full sunflower isolate. The two proteins
are oppositely charged between pH values of 5.5 and 7.0, resulting in lower solubility
between pH 4.0 and 5.5. In addition to pH, ionic strength (1) affects protein solubility.
In general, it is assumed that a moderate increase in ionic strength promotes solubility.
For glycinin, a 0.5 M ionic strength was shown to be sufficient to give high solubility
(90%) around the pl (pH 5). However, raising the ionic strength to 0.25 M in the
instance of helianthinin has been shown to reduce solubility at pH 5.

2-9 Emulsifications

Proteins are already employed as emulsifiers because they may stabilize the
aqueous-organic/oily interface. Because many meals contain both lipidic and aqueous
phases, this characteristic is critical. The maximum amount of oil that can be dispersed
in an emulsifier solution without creating destabilization in its structure due to
coalescence, creaming, flocculation, or sedimentation over a defined time period is
defined as the emulsifying ability of proteins, also known as emulsifying capacity (EC)
(Kumari et al., 2014). Changes in pH and ionic strength affect the development and
stability of protein—polysaccharides owing to the presence of mainly electrostatic
interactions (Schwenzfeier et al., 2012). The EC is often higher for higher pH values
(7-10) and lower for lower pH values (3) due to the extraction/purification procedure
used. Divalent cations (e.g., Ca2+) can also have a negative impact on the emulsion
due to decreased electrostatic repulsion and ion bridging (Grossmann et al., 2020).
However, because polysaccharides (such as uronic acid) can be utilized as emulsifiers,
they can be coupled with proteins to produce advantageous and more stable
emulsifying complexes that can be employed in food (such as gum Arabic)
(Grossmann et al., 2018; Schwenzfeier et al., 2012).

3-9 Foaming

Protein foams are present in bread, cakes, cookies, meringues, ice creams, and
other bakery products. They are made up of the dispersion of gases in a liquid or solid
phase, and their amphiphilic behavior is linked to their appearance. Proteins have the
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unigue capacity to generate an elastic and dense interfacial coating between the two
phases of foams, allowing them to retain air and improve their favorable textural
properties. Surface hydrophobicity, ligand binding, molecular flexibility, and protein
structural stability all affect this feature, which is regulated directly by the extraction
approach as well as the drying method (Grossmann et al., 2020). Furthermore,
Benelhadj et al. (2016) found that protein foaming capabilities were impacted by pH
variations and treatment time in a recent study. The foaming properties of a protein
isolate isolated from Arthrospira platensis were found to be minimum at pH 3 and
maximal at pH 10. At pH 10, the hydrophobic interaction was reduced, but protein
flexibility was stronger, resulting in better foaming capabilities (Zheng et al., 2020).
Furthermore, at pH 10, an improvement in foaming qualities was seen after 30 minutes
of treatment, probably due to increased solubility and surface activity of the soluble
proteins.

4-9 Gelation

The gelation mechanism and gel nature of protein gels are directly related to
several factors, including (protein type and concentration, pH, ionic strength) reducing
agents denaturants and miscible solvents, due to possible changes in protein native
form, net charge, and electrostatic interactions. Bashir et al. (2016) studied the
functional features of Spirulina platensis protein isolates and discovered that the
isolates showed good gelling properties when compared to Spirulina cell suspension.

10- Antibacterial activity of microalgae

The antibacterial activity of microalgae is an undiscovered resource among the
various niches potentially relevant to the pharmaceutical business. Although eukaryotic
microalgae are known to produce bioactive chemicals, most published evidence on
new antibacterial compounds comes from diatoms or cyanobacteria. The urgent need
for novel antibacterial medicines is a well-recognized global concern due to growing
bacterial resistance to antibiotics currently on the market. Colistin-resistant genes have
been discovered in 19 countries since the end of 2015, when new mechanisms of
resistance to colistin (the final line of antibacterial treatment) were discovered in
Escherichia coli (Liu et al., 2015). According to O'Neill (2014) by 2050, antimicrobial
resistance will be responsible for 10 million deaths, far more than cancer.

11- Antioxidants

Microalgae are photoautotrophic organisms that have evolved various effective
defensive systems against reactive oxygen species and free radicals as a result of their
high oxygen and radical stress (Pulz and Gross, 2004). As a result, there is growing
interest in employing microalgae as a natural antioxidant source for cosmetics (such as
sunblock) and functional foods/ nutraceuticals. According to Natrah et al. (2007),
methanolic microalgae crude extracts (from e.g. Isochrysis galbana, Chlorella
vulgaris, Nannochloropsis oculata, Tetraselmis tetrathele, and Chaetoceros calcitrans)
had higher antioxidant activity than a-tocopherol but were lower than the synthetic
antioxidant BHT. However, the safety of BHT and BHA synthetic antioxidants is
debatable, as they are thought to be carcinogenic and tumorigenic when taken in large
concentrations (Schildermann et al., 1995; Aruoma, 2003).
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12-Food applications of microalgae

Microalgae powders, pills, capsules, and liquids have all been utilized as food
(Spolaore et al. 2006; Brennan and Owende 2010; Wells et al. 2017). The health
benefits of eating microalgae, such as anti-inflammatory, brain development,
hypocholesterolemia, antioxidant, blood cell creation, and pro-vitamin A, are driving
the production of these microorganisms as food (De Jesus Raposo et al., 2013; Wells et
al. 2017). Furthermore, algae farming can be carried out in areas where the soil, water,
or climates are unsuitable for conventional crops, thus allowing the production of food
and energy in areas where people are hungry (FAO, 2009; FAO, 2011; Stamer, 2015).
According to a recent study, protein-rich extracts of Chlorella protothecoides offer
promising sensory qualities, which are required for meal absorption (Grossmann et al.,
2019). Low protein dispersibility and the unpleasant taste profile of many alternative
proteins such as pea, potato, or rice proteins at low pH is now a barrier in beverage
composition (Grossmann et al., 2019). Other foods where microalgae have been
successfully employed to improve nutritional or sensory characteristics include yogurt
with A. plantensis and pasta with C. vulgaris and A. maxima (Barkallah et al., 2017).
Furthermore, microalgae like Schizochytrium limancinum can be fed to dairy cows to
boost the concentration of long-chain n-3 fatty acids in milk and cheese, providing
further human health advantages (Till et al. 2019).

Function & Health
Properties Algee
Protens

T, cm— S

Antibacterial activity

Antioxidants
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13- Applications in Food

Microalgae proteins can be used for feed in the form of complete algae biomass or
as extracted proteins. Indeed, bioactive peptides from algae proteins may also be
incorporated into feed products for health-beneficial bioactivities. Bioactive peptides
are usually between 2 and 30 amino acids in length and following consumption may
impart a health benefit to the consumer that goes above and beyond basic human
nutrition. Using the whole biomass has advantages such as lower cost of production
and additional nutrients. Most in vivo experiments performed to date with microalgae
proteins as feed were performed with complete algae biomass, usually preprocessed to
open the cells and thereby make the nutrients more accessible. Advantages of using
extracted proteins include reducing the potential complications associated with the low
digestibility of certain carbohydrates and lipids in some animals among others. Some
general criteria that are needed if algae biomass is used as feed include, in addition to
the nutrient content (1) acceptable nutrient availability for uptake, digestibility,
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palatability, and animal acceptance, (2) effect on weight gain and on total weight, feed
Incorporation properties, absence of toxins, and effects on appearance, and (3) the taste
and smell of the finished product. In addition, for lactating cows, the production
efficiency and nutrient content of milk are essential as foregg-producing hens. The
most economically-valuable algae products are the macroalgae polysaccharides, like
agar, alginates and carrageenans, especially due to their rheological gelling or
thickening properties food (Spolaore et al., 2006). Polysaccharides are widely used in
the food industry primarily as gelling and/or thickening agents. Many commercially
used polysaccharides like agar, alginates and carrageenans are extracted from
macroalgae (e.g. Laminaria, Gracilaria, Macrocystis) (Borowitzka, 1988). The most
promising microalga for commercially purposes is the unicelular red algae
Porphyridium cruentum, which produces a sulphated galactan exopolysaccharide that
can replace carrageenans in many applications). Certain highly sulphated algae
polysaccharides also present pharmacological properties acting on the stimulation of
the human immune system (Pulz and Gross, 2004).

1-13 Food Gel

Most recently, our group is studying the incorporation microalgae biomass in food
gelledproducts, based on protein and polysaccharide mixed biopolymer systems.
Gelled vegetable desserts, alternative to dairy desserts, with pea protein isolate (4%
w/w), k-carrageenan (0.15%) and starch (2.5%), optimized in previous studies (Nunes
et al., 2003) were used as model systems. The gels were prepared with different
microalgae — Spirulina (Arthrosphira) maxima, Chlorella vulgaris (green and orange,
after carotenogenesis), Haematococcus pluvialis (red, carotenogenic) and Diacronema
vlkianum — were evaluated in terms of colour and texture and compared with gels
prepared with commercial pigments —phycocyanin, astaxanthin, b-carotene,
canthaxanthin and lutein.

2-13 biscuits

A similar study was performed, this time using Isochrysis galbana biomass
(Gouveia et al., 2008), that was cultivated in the Department of Aquaculture of
IPIMAR (Portugal). Anenhancement of the biscuits texture properties and high
stability of colour and texture along three months storage was observed, as previously
reported for Chlorella biscuits (Gouveia et al., 2007). The biscuits presented quite
different tonalities, turning from green to a brownish and duller tonality when
increasing the biomass concentration from 1.0% to 3.0%. The main interest in using
Isochrysis galbana biomass is due to its high levels of long chain omega-3
polyunsaturated fatty acids, especially EPA and DHA (Bandarra et al., 2003). The
biscuits fatty acids profile is clearly related to butter (Ozkanli and Kaya, 2007), with
predominance of saturated (~60%) and monounsaturated fatty acids (~30%), mainly
palmitic acid (30-40%) and oleic acid (18:1w9) (20-25%), respectively.
Polyunsaturated fatty acids corresponded to 6-9% (4-5% linoleic acid; 18:2w6), the
highest levels being for 3% Ig Biscuits (55% linoleic acid, 15% EPA, 6% _-linolenic
acid and 3% DHA).

3-13 Biscuits Coloured
A study was undertaken to determine the effects of adding Chlorella vulgaris
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biomass as a colouring ingredient in traditional butter biscuits (Gouveia et al., 2007).
The cookies were manufactured at a pilot scale, according to an optimized
formulations from previous studies (Piteira et al., 2004), and stored for three months at
room temperature, protected from light and air. Chlorella vulgaris biscuits presented
an accentuated green tonality, which increased with the amount of added biomass. In
general, colour parameters (CIELAB system) remained very stable along the storage
period. However, it seems not necessarily to use biomass concentrations above 1%
(w/w), since the green tonality.
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