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A prominent feature of stress-tolerant microalgae is their versatile metabolism, allowing them to syn-
thesize a broad spectrum of molecules. In microalgae, they increase stress resilience of these organisms.
In human body, they exhibit anti-aging, anti-inflammatory, and sunscreen activities. This is not surpris-
ing, given that many of the stress-induced deleterious processes in human body and in photosynthetic
cell are mediated by the same mechanisms: free-radical attacks and lipid peroxidation. It is also worth
noting, that the photosynthetic machinery of microalgae is always at risk of oxidative damage since
high redox potentials and reactive molecules are constantly generated during its functioning. These risks
are kept at bay by efficient reactive oxygen species elimination systems including, inter alia, potent low-
molecular antioxidants. Therefore, photosynthetic organisms are a rich source of bioactive substances
with a great potential for curbing the negative effects of stresses, acting on human skin cells on a day-to-
day basis. In many cases these compounds appear to be less toxic, less allergenic, and, in general, more
“biocompatible” than most of their synthetic counterparts. The same algal metabolites are recognized
as promising ingredients for innovative cosmetics and cosmeceutical formulations. Ever increasing
efforts are being put into the search for new natural biologically active substances from microalgae.
This trend is also fueled by the growing demand for natural raw materials for foods, nutraceuticals,
pharmaceuticals, and cosmetology, associated with the global transition to a “greener” lifestyle. Al-
though a dramatic diversity of cosmeceuticals was discovered in macrophyte algae, single-celled algae
are on the same level or even surpass them in this regard. At the same time, a large-scale biotechnologi-
cal production of microalgal biomass, enriched with the cosmeceutical compounds, is more technically
feasible and economically viable than that of macrophyte biomass. The autotrophic cultivation of mi-
croalgae is generally simpler and often cheaper than that of heterotrophic microorganisms. Cultivation
in bioreactors makes it possible to obtain more standardized raw biomass, quality of which is less depen-
dent on seasonal factors. Microalgae biotechnology opens many possibilities to the “green” cosmeceu-
tical production. However, a significant part of microalgae chemo- and biodiversity remains so far un-
tapped. Consequently, bioprospecting and biochemical characterization of new algal species and strains,
especially those isolated from habitats with harsh environmental conditions, is a major avenue for fur-
ther research and development. Equally important is the development of approaches to cost-effective
microalgae cultivation, as well as induction, extraction, and purification of cosmeceutical metabolites.
World scientific community is rapidly accumulating extensive information on the chemistry and diverse
effects of microalgae substances and metabolites; many substances of microalgal origin are extensively
used in the cosmetic industry. However, the list of extracts and individual chemicals, isolated from them
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and thoroughly tested for safety and effectiveness, is not yet very large. Although excellent reviews of in-
dividual microalgal cosmeceutical groups exist, here we covered all the most important classes of such
compounds of cosmeceutical relevance, linking the patterns of their composition and accumulation
with the relevant aspects of microalgae biology.

Keywords: carotenoids, chlorophylls, lipids, mycosporine-like amino acids, antioxidants, UV screens

Microalgae are a large and diverse group of unicellular, prokaryotic, and eukaryotic microorgan-
isms. They can grow in freshwater or seawater and play a key role in aquatic ecosystems as the pri-
mary producers (Masojidek et al., 2013). Microalgae are characterized by the presence of versatile
metabolic pathways, capable of producing a broad spectrum of molecules. Many of these metabolites ex-
ert a plethora of beneficial effects on human health, particularly on skin condition and functioning (Algal
Green Chemistry..., 2017 ; Marine Cosmeceuticals..., 2011 ; Thomas & Kim, 2013). Since the second
half of the XX century, ever increasing efforts are being put into the search for new natural biologically
active substances from microalgae. This trend is also fueled by the growing demand for natural raw ma-
terials for foods, pharmaceuticals, and cosmetology, associated with the global transition to a “greener”
lifestyle (Algal Green Chemistry..., 2017 ; Garcia et al., 2017 ; Marine Cosmeceuticals. .., 2011).

As commercial demand increases, microalgae are cultivated at a large scale under different con-
ditions (Borowitzka & Vonshak, 2017). This gives rise to differences in chemical composition of raw
materials from microalgal biomass and, hence, to problems in the process of mass production of cosmetic
extracts from the point of view of standardization. Therefore, growing conditions and climatic fluctua-
tions / seasonality, in case of outdoor biomass production, must be taken into account in the process
of biomass development for cosmetic lines (Carlsson et al., 2007 ; Marine Cosmeceuticals..., 2011).

Microalgae are a rich source of various compounds of commercial interest (Kijjoa & Sawang-
wong, 2004), especially those needed for cosmetics (Table 1): pigments, polysaccharides, and fatty
acids (Borowitzka, 2013 ; Thomas & Kim, 2013). Most of the commercially promising active substances
of microalgae are secondary metabolites, that accumulate in cells under unfavorable culture conditions
for growth (Mulders et al., 2014 ; Solovchenko, 2013). Some of the metabolites have a chemical struc-
ture, which is not found in terrestrial organisms and has a function that is not yet understood. The high
potential of microalgae as raw materials for the pharmaceutical and cosmetic industries is associated
with the presence of substances, serving for environmental stress acclimation, which have formed during
evolution (Solovchenko, 2010).

Table 1. Microalgal ingredients for the cosmetic industry and its main suppliers (Couteau & Coiffard,
2018)

Microalgae Ingredients Suppliers
M
Phaeodactylum tricornutum egassa'ne Soliance (merged
Depollutine

with Givaudan Active Beauty)

Skeletonema costatum

Costalane -
Pyrocystis noctiluca Microphyt

Dermochlorella D CODIF Technologie Naturelle

Chiorella Dermochlorella DP .
Agility chlorella oquette
SetAlg
Odontella Innov’Alg
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The autotrophic cultivation of microalgae is generally simpler and often cheaper than that of het-
erotrophic microorganisms. It can be even economically efficient since microalgae can grow autotroph-
ically (Algal Green Chemistry..., 2017 ; Masojidek et al., 2013). Cultivation in bioreactors makes
it possible to obtain more standardized raw biomass, quality of which is less dependent on seasonal
factors (Borowitzka, 1999 ; Zittelli et al., 2013). World scientific community has rapidly accumulated
extensive information on the chemistry and diverse effects of substances and metabolites of microal-
gae (Coates et al., 2013 ; Garcia et al., 2017 ; Levine, 2018). Many substances of microalgal origin
have found extensive use in the cosmetic industry. However, the list of extracts and individual chemi-
cals, isolated from them and thoroughly tested for safety and effectiveness, is not yet very large (Scott,
2015). Although excellent reviews of individual microalgal cosmeceutical groups exist (Fox & Zimba,
2018 ; Gong & Bassi, 2016 ; Julius, 2018 ; Mimouni et al., 2018 ; Morangais et al., 2018 ; Novoveska
et al., 2019), here we covered all the most important classes of such compounds of cosmeceutical rele-
vance (Eom & Kim, 2013), linking the patterns of their composition and accumulation with the relevant
aspects of microalgae biology.

Structural and reverse polysaccharides

The bulk of the carbohydrates that make up algae are polysaccharides: up to 55 % of the dry mat-
ter (Algal Green Chemistry..., 2017 ; Morancais et al., 2018). A widespread structural polysaccharide,
cellulose is a major component of cell wall of many algal species (3—18 % of the cell dry weight). It is
a linear homopolymer of -glucose molecules, linked by [3-1,4 glycosidic bonds. Other frequently encoun-
tered polysaccharides of microalgae are divided into two groups according to the type of sugar bonds
in their polymer chains. These are a-1,4-glucans (starch and floridean starch) and 3-1,3-glucans (chryso-
laminarin and paramylon) (Julius, 2018). a-glucans, such as a-1,4-glucans, are found in green, charo-
phyte, glaucophyte, dinophyte, cryptomonad, and red microalgae, as well as in cyanobacteria. The latter
are characterized by a high degree of branching, resembling in this regard glycogen: the evolutionary
oldest reserve glucan (Julius, 2018). Cryptomonad starch, as in red algae, contains more amylopectin
(branched molecules with a-1,4 and a-1,6 bonds) than amylose (linear chains with a-1,4 bonds). Starch
of chlorophytes contains both amylose and amylopectin (Algal Green Chemistry..., 2017). It differs
from the starch of higher plants by a lower molecular weight of amylose and amylopectin and a smaller
size of granules. In cosmetics, mostly a-1,4- and a-1,6-glucans are used (Kijjoa & Sawangwong, 2004).
B-1,3-glucans, e. g. paramylon, are synthesized by euglenophytes and Pavlovaceae from haptophytes.
Representatives of the genera Astasia and Euglena accumulate paramylon to more than 50 % of the cell
dry weight. Chrysolaminarin is a water-soluble glucan, a reserve product of golden, yellow-green, and di-
atom microalgae. This is a colorless substance similar to laminarin of kelps (Julius, 2018). Microalgae
also contain more exotic chemically modified, e. g. sulfated, polysaccharide species with unique physical
and chemical properties, valued in the cosmetic industry (Arad & van Moppes, 2013 ; Silva et al., 2012).

Lipids
Microalgae represent an important “green” source of lipids, enriched with biologically active long-
chain polyunsaturated fatty acids (hereinafter PUFA), such as y-linolenic, arachidonic, and eicos-
apentaenoic (hereinafter EPA), docosahexaenoic acid (hereinafter DHA), and stearidonic acid — fatty
acids, exerting vitamin F activity (Cohen & Khozin-Goldberg, 2010 ; Lee et al., 2013 ; Marine
Macro- and Microalgae..., 2018 ; Mimouni et al., 2018 ; Ward & Singh, 2005). The lipids are di-

vided into neutral and polar. Neutral lipids are mainly triacylglycerides, which are primarily accu-
mulated in chloroplast or cytosolic lipid bodies, normally accumulated by microalgae in response
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to stresses (Solovchenko, 2012). Under those conditions, lipid content in oleaginous microalgae cells,
such as Schizochytrium sp., Pavlova lutheri, Isochrysis, and Nannochloropsis, can reach 50-70 %
of the cell dry weight. Lobosphaera incisa is capable of accumulating arachidonic acid up to 60 %
of the total fatty acids (Solovchenko et al., 2008). Certain microalgae species are known to accumu-
late EPA and DHA up to 3-5 % of the cell dry weight (Khozin-Goldberg et al., 2011). The genus
Schizochytrium is a rich source of DHA (up to 37.7 % of the total fatty acids) (Cohen & Khozin-
Goldberg, 2010 ; Mimouni et al., 2018). Microalgae, such as Rhodomonas salina, Tetraselmis suecica,
Thalassiosira pseudonana, Phaeodactylum tricornutum, Porphyridium cruentum, Nannochloropsis ocu-
lata, and Nannochloropsis gaditana, are also intensively studied as potential sources of PUFA (Borow-
itzka, 2013 ; Solovchenko et al., 2008). A high EPA content was found in red microalgae, where it can
reach 50 % of the total fatty acids (Cohen, 1999).

Accumulation of PUFA can be enhanced through the exposure of microalgae to various abiotic
stresses, such as extreme salinities, temperatures, and shortage of N and P in the medium. Low-
temperature stress for algae is one of the effective strategies for increasing PUFA. As a part of the adap-
tation to low temperature, microalgae increase PUFA production to maintain membrane fluidity.
Cultivation of microalgae in bioreactors under controlled conditions allows to better standardize PUFA
profiles of the algal lipid extracts.

Microalgae Paviova lutheri and Phaeodactylum tricornutum show an increase in EPA content by about
20-30 % with a decrease in the cultivation temperature to +15 and +10 °C, respectively. On the other
hand, high PUFA levels are observed within cell lipids when microalgae are grown under favorable condi-
tions (Solovchenko et al., 2014). The production of “algal oil” by biotechnological methods for the pur-
poses of the food and cosmetic industry has been proved for certain species: Porphyridium cruentum
and Crypthecodinium cohnii (USA), Schizochytrium sp. (USA), and Ulkenia sp. (Germany) (Dufossé
etal., 2005 ; Pulz & Gross, 2004 ; Spolaore et al., 2006). DHA is essential for humans as a major PUFA
of brain cell membrane lipids, retina, heart muscle, and sperm; it is also important for the development
of young children (Borowitzka, 2013 ; Cohen & Khozin-Goldberg, 2010 ; Garcia et al., 2017 ; Kijjoa
& Sawangwong, 2004).

In the cosmetic industry, “algal 0il”, a concentrate of the essential -3 and w-6 PUFA, is becom-
ing more widespread. For infant formulations, “algal oil” from the dinoflagellate Crypthecodinium cohnii
is used (30 % PUFA of the cell dry weight with DHA comprising approximately 50 % of the total PUFA).
The technology for DHA obtaining from Crypthecodinium by Martek company (USA) is based on aseptic
heterotrophic cultivation of the proprietary algal strain. OmegaTech (USA) produces a cheaper “algal 0il”
from Schizochytrium sp. (branded “DHA Gold”), which is approved for the production of nutraceuticals
and food products and is used in skin care products, especially natural cosmetics. German company
Nutrinova produces DHA from Ulkenia sp. (branded “DHA Active”) (Pulz & Gross, 2004). Food sup-
plements, containing microalgal DHA, are used for the prevention and treatment of diseases, associated
with impaired brain activity, heart attack, and age-related visual impairment (Ward & Singh, 2005).
EPA from Porphyridium cruentum, Phaeodactylum tricornutum, Isochrysis galbana, Nannochloropsis sp.,
and Nitzschia laevis is in demand for the prevention and treatment of lipid metabolism disorders. In cos-
metics, this product is an important ingredient for restoring the water-lipid mantle of the skin (Dufossé
et al., 2005 ; Spolaore et al., 2006).

Sterols perform a variety of functions in marine organisms, infer alia chemical defenses against
attack by other organisms. Bioactive molecules, as steroid hormones, bile acids, and various biotoxins
including steroid and triterpene saponins, can be considered as products of biotransformation of sterols.
The structural closeness of algal sterols to the sterols, commonly used in cosmetic chemistry, allows
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to use them as emulsion bases and raw materials for obtaining, for example, vitamin D and creating new
medical preparations and cosmetics on their basis. Microalgal sterols can be components of the cell wall,
e. g in Isochrysis galbana and Pavlova lutheri. The main sterols of these microalgae include clionasterol,
4o-methyl poriferast-22-enol, poriferasterol, methylpavlovol, and epicampesterol. Thus, Paviova lutheri
can produce significant amounts of sterols (ca. 100 mg-g™! total cell lipids), which can be further
increased by ultraviolet (hereinafter UV) exposure of the microalga (Mimouni et al., 2018).

Algal sterols are promising precursors for vitamin D synthesis or as a part of emulsion bases in the pro-
duction of soft dosage forms; they are potential agents for the treatment of atherosclerosis and have an-
titumor and anti-inflammatory effects. Thus, desmosterol of microalgae is a versatile precursor giving
rise to many biologically active steroids (Marine Macro- and Microalgae. .., 2018).

Pigments

Chlorophylls are pigments that absorb light in the blue and red regions of the visible spectrum.
They are central to photochemical conversion of light energy in photosynthesis. Within photosynthetic
cells, chlorophylls are always bound to proteins. Chlorophylls a, b, d, and f have a long apolar phytol
chain, lacking in chlorophylls c¢. All microalgal taxa contain chlorophyll a, whereas the composition
of chlorophylls depends on the algal group (Barbosa & Roque, 2019).

The antimicrobial, anti-inflammatory effect of chlorophyll-based drugs, their ability to stimulate
not only hematopoiesis, but also the healing of wounds and ulcers, has long been known. As an antisep-
tic additive, chlorophyll is popular in cosmetics for oily skin and skin with acne, as well as for care
products for oily scalp (Freitas et al., 2019 ; Mu et al., 2019). Chlorophyll derivatives 13-hydroxy-
phaeophytin and 13-hydroxy-phaeopharnesin, isolated from the cyanobacterium Spirulina and green
microalga Chlorella, demonstrated a significant lipid-reducing activity in the model of differentiated
adipocytes 3T3-L1. The experimental data suggests that these compounds are promising for develop-
ment of nutraceuticals with a lipid-control activity or a cosmetic ingredient with lipolytic activity (Freitas
et al., 2019). The pronounced deodorizing properties of chlorophyll derivatives were the basis for their
widespread use as an active component of hygiene products, used for oral care, and deodorants in natural
cosmetics. In the cosmetics of the natural direction of skin care, chlorophyll is also used as a pigment.
Production of chlorophyll-based cosmeceutical additives is a very promising direction for substituting
chlorophyll preparation from higher plants.

Carotenoids are natural pigments that convey yellow, orange, or red hue to organisms, containing
them. Chemically, they are a class of tetraterpenoids with a C4y backbone ubiquitously present in the pho-
tosynthetic apparatus of plants, microalgae, and cyanobacteria (Gong & Bassi, 2016 ; Sun et al., 2018).
Carotenoids are divided into carotenes, the hydrocarbons devoid of oxygen, and xanthophylls, which
contain oxygen (Gong & Bassi, 2016 ; Morancais et al., 2018 ; Novoveska et al., 2019 ; Sun et al., 2018).
Around 750 natural carotenoids were isolated from various biological sources, of which about 200 were
found in algae; nearly 30 of them were involved in photosynthesis of microalgae (Gong & Bassi, 2016).
These are among the most diverse and widespread pigments in nature.

Carotenoids also found extensive use in the foods, nutraceuticals, pharmaceuticals, medicines,
and cosmetic industry due to their antioxidant, antibacterial, antiviral, antifungal, anti-inflammatory,
and antitumor properties (Black et al., 2020 ; Mulders et al., 2014 ; Novoveska4 et al., 2019). The an-
tioxidant activity of carotenoids determines their application as functional food and cosmetics ingre-
dients, as well as safe colorants (Boer, 2014). Currently, carotenoids, derived from microalgae, dom-
inate certain segments of the natural pigment market (Novoveskd et al., 2019). Overall, microalgal
carotenoid production is considered as an important business opportunity for the healthcare and cosmetic
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industry of the future. The main carotenoids, currently commercially used in the world, are -carotene,
astaxanthin, lutein, canthaxanthin, zeaxanthin, and fucoxanthin (Gong & Bassi, 2016 ; Morancais
et al., 2018). Lycopene and canthaxanthin are also biotechnologically important carotenoids. Natu-
ral carotenoids occur in microalgae as a mixture of cis-trans and optical isomers, whereas synthetic
carotenoids are mostly in the free form. Natural carotenoids are preferred in cosmetic applications over
their synthetic counterpart due to safety and higher bioavailability.

f3-carotene is a yellow-orange strongly polar carotenoid. It is synthesized by photosynthetic organ-
isms; it participates in light harvesting and photoprotection of chlorophyll and in prevention of damage
to DNA by active oxygen forms (Davidi et al., 2015 ; Telfer, 2002). In nature, 3-carotene is the most
common precursor of vitamin A and a powerful antioxidant (Black et al., 2020). $3-carotene is used
as a food coloring agent, as well as in medicines, nutraceuticals, cosmetics, and feed (Novoveskd et al.,
2019). Commercial production of microalgal B-carotene employs diverse technologies from shallow
ponds to advanced photobioreactors. 3-carotene from Dunaliella salina (Fig. 1) was the first product,
commercially obtained from microalgae (Lamers et al., 2010 ; Ye et al., 2009). The content of 3-carotene
in Dunaliella salina biomass reaches 10—14 % under stress conditions. Commercial companies, pro-
ducing B-carotene from microalgae, include Aqua Carotene (USA), Nature Beta Technologies (Israel),
Cognis Nutrition & Health (Australia), Cyanotech (USA), and Parry Nutraceuticals (India).

0

10 prm

Fig. 1. Changes in Dunaliella salina cell morphology (left to right) in the course of high light and salinity
stress-induced accumulation of -carotene. Courtesy of Dr. Elena Seliwanova

Astaxanthin (3,3-dihydroxy-f3-carotene-4,4-dione) is an oxygenated derivative of [-carotene.
It is biosynthesized by some species of microalgae, fungi, and plants; this carotenoid gives salmon,
shrimp, and lobsters, as well as their consumers, e. g. birds, their distinctive coloration (Novoveskd
et al., 2019). The high stress resilience of the astaxanthin-producing microalgae is a good marketing
legend for the cosmetic industry, where extracts from these microalgae are offered as skin care prod-
ucts (Solovchenko, 2012). The natural pigment, represented mainly by the 3S,3°S isomer, in antioxidant
activity also exceeds its synthetic counterpart, which is a racemate comprised by all possible optical
isomers (Han et al., 2013).

Antioxidant activity of astaxanthin exceeds considerably that of other carotenoids such as -carotene,
protecting the lipid structures of the cell, especially cell membrane phospholipids. The unique astaxan-
thin structure facilitates its accumulation in cell membranes. Unlike other antioxidants, which are located
either inside or outside the lipid bilayer of the membrane, astaxanthin molecules have a unique ability
to be located across the lipid bilayer of the membrane, protecting it from the attacks of charged and un-
charged reactive oxygen species (Hussein et al., 2006 ; Naguib, 2000). Astaxanthin protects microalgal
cells from exposure to high light intensity and from harmful UV radiation, decreasing the formation
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of reactive oxygen species. This is also the basis for the use of Haematococcus extracts in protective skin
care products (Cornish & Garbary, 2010 ; Tanaka et al., 2012).

Unlike p-carotene, astaxanthin is not a precursor of vitamin A, so it can be taken up safely with-
out the risk of side effects, associated with vitamin A overdose. Astaxanthin has pronounced anti-
inflammatory and antitumor effects and a rare ability to penetrate the blood-brain barrier; the latter char-
acteristic determines its efficiency in prevention and treatment of central nervous system diseases (Goiris
et al., 2012 ; Tanaka et al., 2012). For commercial cosmeceutical needs, astaxanthin is used in various
forms: pills, capsules, syrups, oils, soft gels, creams, biomass dry powder, and granular powder (Cornish
& Garbary, 2010 ; Thomas & Kim, 2013).

Haematococcus pluvialis (Fig. 2) is the most widely used as a producer of natural astaxanthin,
although other microalgae, including Chlorococcum sp., Chlorella zofingiensis, Botryococcus braunii,
Chlamydomonas nivalis, Scotiellopsis oocystiformis, and Chloromonas nivalis, are capable of synthe-
sizing astaxanthin (Chubchikova et al., 2011). In Haematococcus, astaxanthin is predominantly ester-
ified by fatty acids [C,4.9, Cy5.0, and C,g.; (Zhekisheva et al., 2005)]. Under stress conditions (nitrogen
depletion, as well as high light intensity or salinity), Haematococcus pluvialis can accumulate astaxan-
thin up to 5-6 % of the cell dry weight during stress-induced transition of green vegetative cells into
astaxanthin-rich resting haematocysts (Boussiba, 2000 ; Chekanov et al., 2016).
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Fig. 2. Accumulation of astaxanthin in Haematococcus pluvialis: A — green vegetative cells, where
accumulation has just begun; B — astaxanthin-rich haematocysts

Astaxanthin patents are related to food, feed, and nutraceutical, which are currently the main market
driver for the pigment. Algatech (Israel), Nutrex Hawaii (USA), Cyanotech (USA), Jingzhou Natural As-
taxanthin Inc. (China), Algaetech International (Malaysia), and Parry Nutraceuticals (India) are the main
suppliers of microalgal astaxanthin on the market (Cornish & Garbary, 2010 ; Kijjoa & Sawangwong,
2004). Currently, astaxanthin from Haematococcus accounts for several percent of the global carotenoid
market (Li et al., 2011) as a food coloring agent and a cosmetics ingredient.

Fucoxanthin is an accessory pigment in chloroplast of brown algae, phytoplankton, brown sea-
weed, and diatoms, giving them a brownish or olive-green color. Microalgae Phaeodactylum tricornutum
and Isochrysis galbana are the main commercially significant producers of fucoxanthin. Structural pecu-
liarity of this pigment includes the presence of an unusual double allyl carbon and two hydroxyl groups,
which are thought to increase its high energy transfer efficiency (80 %) and strong antioxidant activity.
Fucoxanthin beneficial effects include antioxidant, antitumor, antidiabetic, and other activities (Kijjoa
& Sawangwong, 2004 ; Novoveskd et al., 2019). In cosmetics, it is used to whiten and improve skin
condition, as well as a natural antioxidant and lipolytic agent.
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Mycosporine-like amino acids

Mycosporine-like amino acids (hereinafter MAA) are secondary metabolites, found in marine or-
ganisms of any climate zone, including microalgae, especially affected by high fluxes of solar ra-
diation or hypersaline conditions (Groniger et al., 2000 ; Shick & Dunlap, 2002). Over the past
30 years, cyanobacteria from the orders Synechococcales, Chroococcales, Oscillatoriales, and Nosto-
cales have been studied for the presence of new MAA, while the orders Gloeobacterales, Spirulinales,
Pleurocapsales, and Chroococcidiopsidales remain scarcely investigated in this regard. MAA are low-
molecular mass, colorless, uncharged, and water-soluble molecules. MAA possess a similar backbone,
but differ in functional groups; they include cyclohexenone or cyclohexenimine ring, conjugated with
an amino alcohol group or a nitrogen subgroup of an amino acid (Shick & Dunlap, 2002) [Fig. 3
and (Wada et al., 2015)].

<|JH |
OCH, OCH, Sﬁ)focm, ﬁocm
HO HO H
HO NH HO NH HoHo NH oHO NH

|\002H I\COZH kcozH kCOzH
Mycosporyne-glycin Shinorine Palythene Palythine
(Amax = 330 nm) (Amax = 334 nm) (Amax = 360 nm) (Amax = 320 nm)

Fig. 3. Typical mycosporine-like amino acids and their absorption maxima

Prolonged exposure to UV radiation causes skin photoaging and several other disorders, inter alia
fine and coarse wrinkling, and increases the risk of skin cancer. The most noticeable disorders include
erythema, edema, blisters, sunburn cell formation, phototoxic reactions, photo-allergy, photo-sensitivity,
and acute photo-immunosuppression (Brenner & Hearing, 2008). Sunscreens are commonly applied
to reduce the harmful effects of UV on the skin. MAA are promising alternative UV-absorbing com-
pounds of natural origin, which are highly soluble in water and do not generate reactive oxygen species
upon absorption of UV radiation. More than 30 MAA from various organisms have been character-
ized (Groniger et al., 2000 ; Torres et al., 2006). In addition to photoprotective properties, there is sub-
stantial evidence that MAA protect skin from aging and can exert antioxidant and anti-inflammatory
activity; MAA can also inhibit protein glycation and collagenase activity. MMA anti-photoaging activity
is thought to be related with reduction lipid peroxidation, a determinant of the aging process (de la Coba
et al., 2009). Application of 0.005 % MAA in lecithin liposomes on the inner side of the forearm in-
hibited UVA-stimulated lipid peroxidation by 37 %; four-week treatments improved the skin elasticity
and smoothness by 10 % and 12 %, respectively (Schmid et al., 2006). The tested MAA formulation
was as effective as the standard cream, containing 1 % synthetic UV filters, Parsol® 1789 and 4 %
UVB filters, Neo Heliopan® AV (Schmid et al., 2006). MAA also inhibited the UV-enhanced activ-
ity of elastase, which leads to the decomposition of elastin and the formation of wrinkles by 82.5 %
as compared to unprotected UVA irradiated cells (Ryu et al., 2014). In addition, MAA can protect
the skin from photoaging by regulating the expression level of genes, associated with inflammation,
such as COX-2. Treatment of the model cells with Myc-Gly caused a two-fold decline in COX-2
mRNA levels (Suh et al., 2014).
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A promising alternative to existing chemical and physical sunscreen filters is the use of multifunc-
tional MAA, which are also suitable for cosmetics formulations (Godlewska et al., 2017 ; Suh et al.,
2014). Experiments with cell culture models demonstrated UV-protective effects in HaCaT human ker-
atinocyte cell line (Ishihara et al., 2017). Application of MAA prevented the UV-induced reduction
of trans-urocanic acid and UV-stimulated histidine build-up. A crude methanol extract of cyanobac-
terium Aphanizomenon flos-aquae, enriched in MAA, showed a level of UVA protection as compared
to a commercial skin care product with a sun protection factor SPF = 4 and a UVA/UVB protection
ratio of 0.95 (Torres et al., 2006).

Conclusion and outlook

Microalgae are naturally equipped in terms of metabolic plasticity to cope with diverse stresses. They
synthesize a broad spectrum of molecules, exerting potent beneficial effects on many aspects of human
body functioning. This is scarcely surprising given that many of the stress-induced deleterious processes
in the human body and in a photosynthetic cell are mediated by the same mechanisms, such as free-
radical attacks and lipid peroxidation. It is also worth noting that the photosynthetic machinery of mi-
croalgae is always at risk of oxidative damage since high redox potentials and reactive molecules are con-
stantly generated during its functioning. These risks are kept at bay by efficient reactive oxygen species
elimination systems including potent low-molecular antioxidants.

Therefore, photosynthetic organisms are a rich source of bioactive substances with a great potential
for curbing the negative effects of stresses on human skin cells from day to day. In many cases these
compounds appear to be less toxic, less allergenic, and, in general, more “biocompatible” than most
of their synthetic counterparts. Although a dramatic diversity of cosmeceuticals was discovered in macro-
phyte algae, single-celled algae are on the same level or even surpass them in this regard. At the same
time, the large-scale biotechnological production of microalgal biomass, enriched with the cosme-
ceutical compounds, is more technically feasible and economically viable than that of macrophyte
biomass (Fig. 4).

STRENGTHS WEAKNESSES

* ample diversity of microalgae and their
metabolites;

» natural “green” sources of the cosmeceuticals
and consumer enthusiasm;

¢ synergistic effects, e. g. carotenoids + lipids

OPPORTUNITIES

e growing market;

e cultivation and downstream processing
technology progress;

¢ increasing end-user awareness;

¢ strain improvement;

e combining natural and synthetic production

high production costs;

low robustness of cultivation;

complicated and expensive downstream
processing;

climate limitation for open cultivation system

THREATS

legal problems (stringent regulations);
strong competition from low-cost producers
and synthetic analogues;

seasonal dependence of the biomass quality
and availability

Fig. 4. SWOT analysis of production of cosmeceuticals from microalgal sources [modified
from (Novoveska et al., 2019)]
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Even such a brief review makes obvious the advantages and the potential of microalgal biotechnol-
ogy for the “green” cosmeceutical production. However, a significant part of the chemo- and biodiver-
sity of microalgae remains so far untapped. Consequently, bioprospecting and biochemical characteri-
zation of new algal species and strains, especially those isolated from habitats with harsh environmen-
tal conditions, is a major avenue for further research and development. As important is the develop-
ment of efficient approaches to cost-effective cultivation of microalgae, as well as induction, extraction,
and purification of cosmeceutical metabolites.
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BakHast 0cCOOEHHOCTh SKCTPEMOUIIBHBIX U CTPECC-TOJIEPAHTHBIX MUKPOBOAOPOCIIE — HX YHUBEp-
caJibHBIA MeTabOoJM3M, MO3BOJISAIOIIMI UM CHHTE3UPOBaTh LIMPOKWHA CHEKTp OMOMOJeKys. [aHHble
COEMHEHMs] TIOBBIIIAIOT YCTOMUMBOCTD KJIETOK MHUKPOBOJOPOCTEH K HEeOJaronpusaTHbIM (haKTOpaM.
B opranusme uenoBeka OMOJIOIMYECKM aKTHBHBIC BEIECTBA CIIOCOOHBI 3aMEIATh CTApEHHE U OKa-
3bIBATh MMPOTHBOBOCHATIMTENHHOE 1 (DOTOMPOTEKTOPHOE NEWCTBUE. DTO HEYIMBUTEIBHO, ECITH YUECTh,
YTO MHOTWE TIOBPEXKJECHNUSA, BBI3bIBAEMBIE CTPECCAMU B OPTraHU3ME YeJIOBEKA U B (DOTOABTOTPO(HBIX
KJIETKaX, OMOCPENYIOTCS ONHUMH M TEMH K€ MEXaHU3MaMHM, TAKMMH KaK aTaKd CBOOOJAHBIX paauKa-
JIOB U MEPEeKUCHOE OKHUCIIEHHE JTUNUIO0B. POTOCHHTETUYECKUI amlmapaTr KJIETOK MHUKpPOBOJOpOCen
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BCEr/a MOJBEP/KEH PUCKY OKHCIUTEIHHOTO MOBPEKICHHS, TIOCKOJIBKY B IIporecce ero (pyHKIMOHH-
pOBaHMsI MOCTOSTHHO T€HEPHPYIOTCS BHICOKHE OKUCIUTENIbHO-BOCCTAHOBHUTEIHBIE TTOTEHIIMANIBI U pe-
AKIJMOHHOCIIOCOOHBIE MOJIEKYJIbL. DTUM (DaKTOpaM pUCKa MPOTUBOCTOAT 3P (HEKTUBHBIE CUCTEMBI IJTH-
MHHAIMY aKTUBHBIX (DOPM KUCIOPO/a, BKIIOYAIOIIHE, CPEAU MPOYMX KOMIIOHEHTOB, MOIIHbIE HU3KO-
MOJIEKYJISIpHbIE aHTHOKcuIaHThl. Kak ciencteue, poToTpodHbIe OpraHu3Mbl SBISIOTCS OOraThIM KC-
TOYHUKOM 6I/IOJIOFI/I‘ICCKI/I AKTUBHBIX BCEIIECTB C 60]II)H_II/IM TMOTEHIUAJIOM U1 CACPKUBAHWUA HEraTHUB-
HBIX TOCJIEICTBUI CTPECCOB, JEHCTBYIOIINX Ha KJIETKH KOJKM 4YeJloBeKa W30 AHSA B JeHb. Bo MHOrHIX
CIy4yasix 9TU COeMHEHHs OKa3bIBAIOTCS MeHee TOKCHYHBIMM, MeHee aJUIEpreHHBIMU U B LIeJIOM 00-
Jiee «OMOCOBMECTUMBIMI», YeM OOJIBIIMHCTBO MX CHHTETHYECKHX aHaJIoroB. Te xke camble MeTaboIu-
Thl BOJOPOCJIEH MPHU3HAHBI EPCIEKTUBHBIMU MHI'PEAMCHTAMU JIJIsl THHOBAIIMOHHBIX KOCMETHYECKHX
CpelCTB M KOCMELIeBTUYECKHX peuentyp. MccnenoBatenn mpuiaralor BCE OOJbIle YCHIMA AT TO-
MCKa HOBBIX MPHUPOIHBIX OMOJIOTMYECKU aKTMBHBIX BEIECTB U3 MUKpoBomopocien. [loxaepxkupaer
STy TEHAEHIMIO M PACTYILIUI CIIPOC Ha HATYypaJbHOE CHIPHE IS MUILEBBIX MPOLYKTOB, a TaKXKe HYT-
PULIEBTHKH, (papManeBTHKA M KOCMETOJIOTHH, CBSI3aHHBIN C TJIOOAIBHBIM NEPEX0JOM Ha «3eJIEHBIe»
(BO30OHOBIIsIEMbIe) MICTOYHUKH CBHIPbsi. B Bomopocsax-mMakpodurax ObUIo 0OHApPYKEHO TOPa3HUTENb-
HOE pa3Ho0Opa3ue COeIMHEHUI ¢ KOCMEUEBTUYECKUMH 3 (eKTaMu, HO OJHOKJIETOYHBIE BOJOPOC-
JIM HE YCTYNAIOT UM M JaXe IMPEBOCXOMAAT MX B STOM OTHOLICHUMH. B TO ke BpeMsi KpyIHOMAcIITao-
HOe OMOTEXHOJIOTUYECKOe IPOM3BOJACTBO OMOMACChl MUKPOBOJOPOCIEH, 000ralEHHON KOCMeLeBTH-
YECKUMU COEJIMHEHUSAMU, TIPOIIE TEXHUYECKU U BhITOJIHEE, YeM IPOU3BOCTBO WM cOOp OMOMAacChl
MakpodutoB. KyibTrBrupoBaHue aBTOTpOGHBIX MUKPOBOJOPOCIIEH, Kak MPaBUIIO, MPOIIE U JICIIeBIIe,
YeM KyJIbTHBUPOBaHME IeTepoTpOohHBIX MUKPOOPraHN3MOB. BripamuBanue B GMopeakTopax Mmo3BoJis-
eT MoJTyJaTh OoJiee CTaHAAPTU3UPOBAHHYIO CBIPYI0 OMOMAcCy, KaUeCTBO KOTOPOI B MEHBIICH CTeNleH!
3aBHCHT OT CE30HHBIX (haKTOPOB. BHOTEXHOJIOTHS OTKPHIBAET MHOKECTBO BO3MOKHOCTEH ISl TIPOH3-
BOJICTBA BO30OHOBISIEMOT0 KOCMELIEBTUYECKOTO ChIPbsl, OJHAKO 3HAYUTEINIbHAS YacTh OMOpa3HOOOpa-
3151 MUKPOBOIOPOCIIEH U 1I00bIBAEMBIX U3 HUX KOMIIOHEHTOB OCTa&TCsl Hen3yueHHOH. ClieJoBaTesbHO,
MIOKCK U TIOJIyYeHre OMOXMMHUYECKOW XapaKTepUCTHKU HOBBIX BHJOB U IITAMMOB BOJOPOCIIEH, OCO-
OCHHO BBIJEJICHHBIX M3 MECTOOOMTAHMIA C CypOBBIMH YCIIOBHSIMU OKPY’KAIOIIEH Cpefibl, — 3TO OJHO
U3 HanOoJjee aKTyaJbHbIX HAIpaBJICHUH JajbHEHIMX uccienoBanuii. He MeHee BaxHa pa3paboTka
HIOJIXO/IOB K PEHTa0eIbHOMY KYJIbTUBHPOBAHUIO MUKPOBOJOPOCTIEH, a TaKKe K MHAYKIMHU, SKCTPaK-
LMY M OYHUCTKE KOCMELIEBTUYECKU aKTHBHBIX MeTa00IMTOB. MUPOBOE HayYHOE COOOIIECTBO CTPEMH-
TeJIbHO HaKaIuTMBaeT MH(OPMAIIHIO O XMMHHU ¥ pa3HOOOPa3HOM JISHCTBUY COETMHEHUI U METaOO0IUTOB
13 MUKPOBOIOPOCIEH; MHOTHE SKCTpArupyeMble U3 HUX BEIECTBa yKe HAIIUTH ITHPOKOE TPUMEHEHUE
B KOCMETUYECKOU IPOMBIIIJICHHOCTH. MC)KIIy TEM MNEPEYEHDb IKCTPAKTOB U OTACJIbHBIX XUMHWYCCKUX
BEIIIECTB, BBIJIEJICHHBIX M3 HUX M TIIATEJbHO MPOBEPEHHBIX HA OE30MaCHOCTh U 3((PEKTUBHOCTS, T10-
Ka He OYeHb BeJMK. B MTeparype nmeloTcs cosiepkatebHble 0030ph 10 OT/eIbHBIM KJlaccaM KocMe-
IEBTUYECKUX CYOCTaHIMI N3 MUKPOBOJOPOCIIEH, HO pabOThI, OXBATHIBAIOIIME BCE OCHOBHBIC I'PYIIIIBI
TaKUX COEAMHEHWH, BCTpEeYaloTCs peaKo. B TaHHOH cTaThe paccMOTpEHbl HAaMOOJIee BaKHbIE KJIACCHI
XMMHYECKUX BEIECTB U3 KJIETOK MUKPOBOAOPOCIIel, 00J1a/1aI0IIMX KOCMEIIEBTHYECKUM MOTEHIHAIOM.
OcgelieHbl 3aKOHOMEPHOCTH COCTaBa M HAKOIUIEHHSI STHX BEIIECTB B CBA3HU C aCMeKTaMy OMOJIOTHH
MHKPOBOJIOPOCIIEH.

KuroueBrbie c10Ba: KapOTUHOUIBI, XJIOPODUILIBL, AU, MUKOCHOPUH-TIOJJOOHBIE AMUHOKUCIIOTHI,
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