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Abstract: Algae, as well as Arthrospira platensis, have a wide range of biologically active constituents
that determine different pharmacological properties. They are also the basis for developing various new
nutritional compositions and supplements. This review summarizes the application of algae and
Arthrospira platensis in pharmaceutical technology and food over the last 20 years with an emphasis
on the beneficial effects of spirulina on human health, considering its nutritional value and therapeutic
properties. A detailed literature review was conducted in scientific databases for over 20 years, such as
PubMed, ScienceDirect, ResearchGate, and Google Scholar. Relevant information is summarized and
interpreted. The permanent research process leads to the development of new preparations to inhibit the
growth of cancer cells, reduce the aging of cells, increase the immune system's efficiency, protect
against infectious diseases, etc. In vivo studies show specific mechanisms of neuroprotection, appetite
regulation, and prevention of neurodegenerative and psycho-cognitive pathologies. Algae and
Arthrospira platensis, with their biologically active metabolites, are essential raw materials for
producing various pharmaceutical products and functional foods with high nutrient content. Their use
depends on the preservation of their biodiversity. In connection with their biosafety and the
understanding of the biological effects on the human organism, it is necessary to continue their study.
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1. Introduction

Algae are classified according to their size as microalgae and macroalgae and according
to their pigment content in red (Rhodophyta), brown (Phaeophyta), and green (Chlorophyta).
Some species are an essential source of oils and various other compounds and can also be used
as a source of renewable energy [1]. Algae are interesting natural sources of new biologically
active substances, with variable composition depending on geographical region, season,
environment, ecological conditions of their habitat, and others [2-4]. Some microalgae species
produce a protein with high nutritional value and, hence, are used as an abnormal protein [5];
others can accumulate significant quantities of polysaccharides [6-7] with different properties.
Species such as Dunaliella salina, Haematococcus lacustris, H. pluvialis, and Porphyridium
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cruentum are rich in pigments such as beta-carotene and astaxanthin that are of interest for the
pharmaceutical, cosmetic, and food industries [8-10].

The European Union adopted a strategy aimed at the innovative development of the
biotechnology sector, named the “Blue bioeconomy,” One of the strategy’s main directions is
microalgae production as a source of precious compounds for human beings [11]. According
to Regulation (EC), Ne258/97 of the European Parliament, “food and food ingredients
consisting of or isolated from algae which have not been used to a significant extent” can be
employed as new products.

Interesting is the inclusion of algae in various "functional™ foods for the absorption of
fatty acids and improving digestion. Furthermore, due to their diverse and rich chemical
composition, algae present many pharmacological properties such as antioxidant, anti-diabetic,
antimicrobial [12], anti-tumor, anti-inflammatory [13], photoprotective, and antiviral that
increase their potential value for the pharmaceutical industry [14].

According to Sprygin et al., [15] brown algae contain large amounts of polyphenols.
Up to 50% of the dry residue of the S. pallidum extract is presented by polyphenols [16].
According to the authors, the species S. pallidum can be considered a promising raw material
for developing highly effective anti-stress products with pronounced antioxidant properties.
The conclusion is based on a study on the influence of biotic and abiotic stress factors, creating
many superoxide and hydroxyl radicals and the subsequent peroxidation of lipids in cell
membranes. The protective effect on the gastric mucosa of mice of an aqueous extract of S.
pallidum has been proven [17]. Mhadhebi et al. and Fuente et al. [18-19] studied the anti-
inflammatory activity of brown algae of Cystoseira crinita, Cystoseira sedoides, and
Cystoseira compressa.

Recently, the relationship between nutrition and disease prevention has been
increasingly sought [20]. There is a growing interest in developing nutritional supplements and
functional foods [21-22], with many authors reporting the production of new soft drinks from
rice bran, papaya, and algae or those obtained after algal fermentation [23-25]. Others observe
an increase in polyphenolic levels of rye bread during the fermentation phase in the presence
of algae [26]. Adding algae to patés leads to lower oxidation of the fats contained in them and
lower content of microorganisms [27]. Such patés show lower cooking losses and have a 50%
softer texture than algae-free patés. Algae present antioxidant properties since they are rich in
polyphenols. Selected seaweed species from the Danish coast have been studied in detail [28],
and Polysiphonia fucoids species and all Fucus class species have been shown to have high
free radical scavenging activity, high reducing power, can inhibit oxidation in a liposome
model system, and can be used as natural antioxidants for food preservation. Algae contain
substances that prevent the adverse effects of free radicals. These compounds, called
antioxidants, and their impact on human health are summarized in Table 1.

Table 1. Antioxidant components of algae and their effect on human health.

Antioxidant Algae content Source Effect on health Literature
(-carotene Chondrus crispus | [29] Antiproliferative [37]
lutein Red algae [30]
Fucoidan Laminaria [31] Inhibition of a-glucosidase [38]
japonica, [32] Anti-tumor effect [39]
Turbinaria Anti-HIV effect [40]
conoides Neurodegenerative disorders | [41]
protection [32]
Fucoxanthin Brown algae [33] Protective effect against retinol [42]
deficiency [43]
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Antioxidant Algae content Source Effect on health Literature
Phlorotanins Sargassum [34] Anti-inflammatory and bactericidal | [44]
pallidum [35] effects [45]
Fucus vesiculos Photochemoprotective effect
Phycoerythrin Sargassum [34] Improving diabetic complications [46]
pallidum [35]
Fucus vesiculos
Polyphenols Halimeda sp. [36] Vascular chemoprotection | [47]
Antimicrobial effects
Inhibition of a-glucosidase

Ganesan [14] has studied the antioxidant activity of three edible species of green algae
of the genus Enteromorpha (E. compressa, E. linza, and E. tubulosa) from the northwest coast
of India [14]. The authors note that extracts of these algae can be used as natural antioxidants
or as ingredients in pharmaceuticals or food supplements. Some types of green algae contain
cellulose with high surface area and inertness, and these properties make them a suitable
alternative carrier for drug delivery. Stramme found that the cellulose obtained from
Cladophora, after its purification and hydrolysis, forms agglomerates that are stronger than the
commercially available analogs, and it is a suitable carrier for liquid pharmaceuticals such as
nicotine [48]. Algae species such as C. fulvescens contain biologically active substances that
are inhibitors of different enzymes: aldose reductase, choline esterase, and end products of
glycation. The red alga (Rhodophyta) is rich in vanillic acid, gallic acid, and syringic acid [49],
while brown seaweeds produce phlorotannins [50].

The organic substances have immunomodulating and hepatoprotective effects and can
induce cancer cell apoptosis [51-53]. According to Wu, green algae have higher antioxidant
activity than many terrestrial plants due to the higher content of non-enzymatic antioxidant
complexes such as ascorbic acid, reduced glutathione, phenols, and flavonoids [54]. Some
species, such as Halophila spp., are effective against malaria, several skin diseases, and the
early stages of leprosy. Cymodocea spp. is used for cough and malaria [54]. Furthermore, some
algae are consumed in salads, puddings, jellies, and soups by the population of Myanmar [55].

Scientists rank cyanobacteria (blue-green algae) as one of the oldest and most primitive
life forms of nearly 4 billion years. The primary pigments in them are chlorophyll and
phycobiliproteins, such as allophycocyanin (blue), C-phycocyanin (blue), and phycoerythrin
(red). These pigments are responsible for photosynthesis and capture the light in the spectrum’s
green, yellow, and orange parts.

In recent years, the interest in cyanobacteria is because they exist in any environment,
such as hot springs, salt marshes, and moist soils, do not require fertile soils or clean water,
have rigid cell walls that protect them from the outside world, and maintain homeostasis [56].
These species are susceptible to accumulation in photoreactors, where it is possible to maintain
continuous optimal conditions. They are characterized by high productivity per unit area
compared to other photosynthetic organisms or higher plants. Due to the same habitat
conditions in the bioreactor, a relatively constant mineral, fatty acid, sterol-, and polyphenolic
composition is achieved.

Spirulina has recently gained popularity and is a nutritional supplement for astronauts
in NASA space missions. One kg of spirulina has the nutritional value of 1000 kg of fruits and
vegetables [57].

This review summarizes the applications of algae and spirulina in pharmaceutical
technology, cosmetics, and food over the last 20 years with an emphasis on human health.
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2. Phytochemical composition and beneficial effects of algae

The main phytochemicals in algae are fatty acids, phospholipids, phytosterols, and
proteins. The fatty acid composition of algae is important in the development of dietary
supplements, as some polyunsaturated fatty acids have an inflammatory effect, while others
have an anti-inflammatory effect. The percentage of saturated and unsaturated fatty acids
depends not only on the type of algae but also on several factors such as temperature, salinity,
presence or absence of pollution, sunshine, harvesting season, etc. [58]. According to most
authors, palmitic acid (C16:0) is predominant in the phytochemical composition of algae [59].
Studies of five types of algae from the Bulgarian Black Sea and it is shown that palmitic acid
C16:0 dominates the group of saturated fatty acids (UNFA), and among the monounsaturated
fatty acids (MMA) with the highest values are oleic C18:1 and palmitoleic C16:1 n-7. Within
the group of polyunsaturated fatty acids (PUFA), there are differences in the fatty acid profile:
linoleic acid (C 18:2 n-6) predominates in the green algae Ulva rigida and Chaetomorpha
linum, arachidonic acid (C 20:4 n-6) — in the red algae Gelidium crinale, and eicosapentaenoic
(C20:5 n-3) — in the brown algae Cystoseira barbata and Cystoseira crinite [60]. The
significant amount of fatty acids in some algae makes it possible to use them as food additives
[61-62].

Polyunsaturated fatty acids play a significant role in the growth of organisms, have a
beneficial effect on coronary heart disease, and are therefore recommended for cardiovascular
disease, high blood pressure, and diabetes. In addition, the fatty acids in algae help maintain
the integrity of the skin and preserve its hydration [63]. When the polysaccharides in some
microalgae are broken down, a wax ester is obtained that can be applied in cosmetics [64].

In addition to fatty acids, algae are rich in phospholipids and phytosterols. There is
evidence that phytosterols reduce serum glucose levels in rats with proven diabetes and may
reduce the level of bad cholesterol in the blood [65].

About 65-70% of the dry mass of algae are proteins. In comparison, wheat germ,
peanuts, chicken, fish, and beef contain 27%, 26%, 24%, 22%, and 22% crude protein,
respectively [66-68].

3. Phytochemical composition of Spirulina

In addition to significant protein content, it contains essential fatty acids, vitamins,
polysaccharides, minerals, and vitamins [69]. The World Health Organization named it one of
the most suitable superfoods on Earth. According to Wu et al. (2016), spirulina contains more
calcium than milk, iron than spinach, and beta carotene than carrots [70]. It has a high amount
of B vitamins and is the only plant source with about 2.5 times higher B12 content than in the
liver. It also contains high amounts of zinc, magnesium, manganese, and potassium [71-72].
Therefore, spirulina could provide most of the body's essential and replaceable amino acids. It
contains a large amount of beta-carotene, a precursor of vitamin A [73-74]. Its high protein
content is similar to meat, eggs, and legumes [68]. Values of these substances have been cited
by various authors who have studied spirulina in different regions of the world [56-60]. Tables
2, and 3, present the essential fatty acids [75] and pigments [76] with their structural formulas
and content according to literature data.

Thanks to its well-balanced, rich chemical composition, spirulina has found its
application as a component in various foods and pasta products. It is often included as a
component in various diets.
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Table 2. Main fatty acids in spirulina.

Fatty acid Structure Content, %
y-Linolenic Acid 8.87
C18:3 N

7

Palmitic acid 46.07
C16:0 v,
u/c\/\/\/\/\/\/\/\
Oleic acid C18:1 5.2
c}‘\/\/\/\/\
Linoleic acid 17.43
C18:2 Ho_
v N

Table 3. Main pigments in spirulina.
Pigment Structure Content, %
Chlorophyll a 1000 mg/100g
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C-Phycocyanin 8000 mg/100g

4. Application of Spirulina in food technology

The complex chemical composition of algae improves the quality of fermented dairy
products. The addition of spirulina has a stimulating effect during the fermentation process and
during the storage of beneficial bacteria such as Lactobacillus acidophilus [77-78] and
Lactobacillus bulgaricus [79]. Biomass from spirulina is an additive for innovative and healthy
products [80]. Furthermore, the cyanobacteria improved some physicochemical and sensory
characteristics in pasta [81].

Donato et al. have developed cookies mixed with 0, 5, 10, and 15% spirulina powder
[82]. They found that as the concentration of spirulina increased, the percentage of protein also
increased, with the highest content of minerals and proteins being the biscuits with the highest
content of spirulina — 15%. Winarni et al. prove that concentrations from 1% to 2% of spirulina
in the total mass of ice cream and melted cheese significantly affect water, fat, and protein and
significantly affect their texture and point of melting [83]. Setyaningsih et al. found that at
room temperature, biscuits with coconut cream and spirulina retain their sensory and textual
properties for up to 2.5 months and have higher protein and lower lipid content [84].

Spirulina powder is considered beneficial for athletes to increase their endurance under
load, and in older people, it improves metabolism and increases the percentage of nutrients
absorbed. It can be taken as a powder of algae added to sports drinks, green fruit, vegetable
juice, or tablets before, after, or during a meal [85].

5. Spirulina application in pharmaceutical practice
5.1. Antioxidant properties.

Some foods, such as blueberries, spinach, and especially spirulina, have a high oxygen
scavenging capacity (oxygen radical absorbance capacity, ORAC). According to ORAC, the
antioxidant activity of blueberry samples is 320 umol, and of spirulina — 13,000 umol [86].
Spirulina possesses these high antioxidant properties due to its rich chemical composition.
Antioxidants are compounds that neutralize free radicals generated due to oxidative stress. Free
radicals can damage a healthy cell and can even lead to its death. Oxidative stress is the cause
of several diseases, such as diabetes, atherosclerosis, rheumatoid arthritis, and several cancers
[86]. However, spirulina also has a neuroprotective effect, and these properties continue to be
actively studied. Some diseases are associated with undefined oxidative stress. Activation of
enzymes under oxidative stress is associated with damage to cellular systems [87].
Antioxidants contained in cyanobacteria can protect the body from free radicals. Rabbits
treated with 0.5 g of spirulina have been shown to reduce total cholesterol and triglycerides
and increase high-density lipoproteins [88]. The high antioxidant activity of spirulina is due to
the individual or synergistic effect of tocopherol, B-carotene, and phenolic compounds [89].
Spirulina inhibits up to 65% of lipid peroxidation, compared with a-tocopherol and -carotene,
which inhibit it by 35% and 48%, respectively [90]. There is evidence that spirulina extracts
in hot water have an antioxidant effect of up to 76%. In contrast, chlorogenic and gallic acid
affect only 56% and 54%, respectively [91]. Spirulina extracts have high antioxidant activity
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due to the high content of carotenoids and tocopherols [92]. In addition, its extracts are rich in
two main phycobiliproteins — C-phycocyanin and phycocyanin, acting on superoxide radicals
[93-94]. Experimental studies were performed in C-phycocyanin-treated rats from spirulina
after CCls intoxication. As a result, decreased lipid peroxidation in rat liver has been
demonstrated [94]. Furthermore, several studies described that after consuming this alga, it
relieved the symptoms of liver cirrhosis [95-96] and reduced the oxidative stress of alpha-toxin-
fed pets [97-98].

5.2. Antimicrobial activity.

Spirulina is increasingly used as a natural antimicrobial agent [99]. Kokou et al.
confirmed its antibacterial activity against six strains of Vibrio: V. anguillarum, V. splendidus,
V. parahaemolyticus, V. scophthalmir, V. lentus, and V. alginolyticus [98]. Algae methanol
extract has been shown to have high antimicrobial activity against gram-positive Streptococcus
faecalis, Staphylococcus epidermidis, and Staphylococcus aureus; gram-negative bacterium
Escherichia coli, and antifungal activity against Candida albicans [100, 101]. However, such
extracts do not affect the bacteria Pseudomonas aeruginosa, Salmonella typhirium, and
Klebsiella pneumonia [101]. The addition of spirulina extract in synthesizing biofunctionalized
gold nanoparticles enhances the antibacterial activity against gram-positive organisms.

Santoyo et al. applied a pressure liquid extraction varying temperature, solvent, and
extraction time to obtain Arthrospira platensis extracts in antioxidant and antimicrobial
compounds. The authors confirmed that extracts obtained with ethanol, hexane, and petroleum
ether possess antimicrobial activity against S. aureus ATCC 25923, E. coli ATCC 11775, C.
albicans ATCC 60193, and Aspergillus niger ATCC 16404 as C. albicans has been the most
sensitive microorganism to all spirulina extracts [102]. In another study, it was found that
purified C-phycocyanin, obtained from spirulina, inhibits the growth of drug-resistant bacteria
such as E. coli, K. pneumoniae, Ps. aeruginosa, and S. aureus. However, no activity of C-
phycocyanin has been reported in Acinetobacter baumannii and Enterococcus durans [103].
Arun et al. also confirmed that a methanol Spirulina extract has antifungal activity against C.
albicans and antimicrobial activity against gram-positive S. aureus [104].

5.3. Antiviral activity.

Consumption of a supplement containing Spirulina extract leads to an increase in T-
helper lymphocytes in HIV-infected patients, and a reduction in viral load has also been found
[105-108]. There have been other reports of the antiviral activity of spirulina against viruses
such as cytomegalovirus, human immunodeficiency virus-1 (HIV-1), influenza A virus, Herpes
simplex mumps virus, and measles [109-110]. Water-based spirulina extract inhibits the
penetration and replication of herpes simplex virus-1 (HSV-1) cells [111]. Spirulina methanol
extracts are significantly effective against adenovirus type 40 and reduce infection if non-toxic
concentrations of 2 mg/ml sections are used [112]. Purified phycocyanin extracted from
spirulina has antiviral activity against enterovirus. The pigment thus extracted slows down the
synthesis of viral RNA and activates apoptosis in both human and renal cells from the green
monkey Afrin [113]. In addition, spirulina has been shown to activate macrophages, T and B
cells and increase infection resistance in humans, chickens, and fish [114].
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5.4. Other health effects.

In people with cardiovascular disease, consuming a dietary supplement of this seaweed
leads to lowering LDL cholesterol in the blood. In diabetics, it reduces the ratio of LDL/HDL
cholesterol [115]. The decrease in lipid content is associated with C-phycocyanin extracted
from spirulina [116].

Spirulina improves red blood cell production [117]. Older women recover faster from
anemia when taking a spirulina supplement [118]. In addition, hemoglobin levels in
malnourished children increase with the inclusion of spirulina in the diet [119].

Decreased secretion has also been found in cyanobacteria supplements in patients with
allergic rhinitis [120]. Inflammation in patients with arthritis is reduced due to the stimulation
of secretions that reduce the body's inflammatory response [120].

Spirulina is used in Saudi Arabia to fight obesity [121], and its extracts inhibit o -
glucosidase and amylase [122-123]. In addition, the administration of 6.5 g of spirulina per day
for six weeks decreased systolic and diastolic blood pressure [116].

5.5. Application in cosmetics.

Spirulina accumulates specific secondary metabolites that can enhance the activity of
various organic and inorganic commercial compounds used in cosmetics.

Moreover, those compounds act as sun protection factors against free radicals and
against the effects of UV radiation [124, 125]. Arthrospira platensis extracts are utilized in
India as a moisturizer and skin-softener agent in body serums (lraya Algae Serum Body
Lotion). Cyanobacterial protein extracts are used in the USA to produce hair conditioning
masks (Blue Green Algae Hair Rescue Conditioning Mask) that help strengthen hair and
prevent breakage and split ends. Protein-rich extracts of Arthrospira platensis are used as skin
astringents, protecting agents against signs of premature skin aging and preventing stretch
marks [126,127]. Rich in blue-green pigments, cyanobacteria are used as natural colorants in
eyeliners, eye shadows, and lipsticks [128, 129].

Based on antimicrobial activity data, some researchers have investigated the
effectiveness of topical Spirulina creams applied in vivo in treating impetigo [130]. The authors
noted good efficacy during the follow-up period. According to them, this is due to the
synergism of some fatty acids and the relatively high content of linoleic and palmitic acids.

The high beta carotene and superoxide dismutase content in spirulina allows its
inclusion in creams to maintain skin resilience and remove blemishes from the skin to relieve
dermatitis symptoms. Extracts of tropical microalgae are added to famous French cosmetics as
they have several regenerating effects on the skin and improve protein synthesis in
keratinocytes and collagen synthesis in fibroblasts. In addition, calcium extracted from
spirulina prevents the attachment of herpes simplex virus type-1 (HSV-1) to human
keratinocytes [131].

The blue-green pigments in spirulina are used as natural dyes in makeup and eyeliner
products and as an antioxidant, protecting against harmful UV rays in lipsticks and sunscreens
[126-127]. In addition, Spirulina supplementation can reduce or prevent skin erythema because
of excessive exposure to sunlight [132].

Nihal et al. developed a topical anti-acne formulation of a cosmetic product using
spirulina extract rich in phycocyanin protein [133]. Many cosmetic companies around the
world have developed products using spirulina. Piruline AP® is a water-soluble extract of blue
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algae supplied by SEPPIC (head office in France) with anti-radical action [134]. Eau de toilette
with Arthrospira platensis extract stabilized by citric acid, sodium benzoate, and potassium
sorbate is supplied by Phenbiox [135].

6. Between toxicity and benefits

Arthospira platensis contains many functional groups /carboxyl, hydroxyl, sulfate, and
others/ that provide the possibility of binding with a large number of elements [136]. Some
reports in the literature state its ability to sorb Zn?*, Pb?*, Cr®*, Ni?*, etc. [136, 137, 138, 139].
That makes spirulina a good biosorbent of toxic elements and provides opportunities for new
applications; however, because of that, their use in the food and pharmaceutical industry
requires permanent control of the content of those elements. Industrial cultivation of spirulina
IS a good option as it is done in controlled conditions.

7. Recent perspectives on the use of spirulina

The possibility of effectively combining spirulina with probiotics to improve the
microflora in the stomach and intestines after inflammatory processes have been investigated
[140]. To reduce the risk of vision loss due to oxidative damage to the retina and eliminate the
effect of dry eye and others, a combined nutritional supplement containing spirulina and lutein
has been developed and studied [141, 142, 143]. Treatment with Spirulina extract leads to a
large reduction in macrophage and monocyte-induced TNF-a secretion levels. This is a
prerequisite for developing preparations against macrophage activation syndrome and,
subsequently, hypercytokinemia, commonly referred to as a cytokine storm [144]. Spirulina is
increasingly used as an additive in new food products: biscuits [145], crackers, etc. [146]. Pasta,
macaroni, and sushi are combined with spirulina in order to increase the protein content and
therapeutic benefits without significantly changing the caloric value [147, 148].

7. Conclusion

Algae and spirulina, with their biologically active metabolites, are essential raw
materials for producing various pharmaceutical products and functional foods with high
nutrient content. In connection with their biosafety and the understanding of the biological
effects on the human organism, it is necessary to continue their study.
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