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Abstract: In recent years, research on natural products has gained considerable attention, particularly
in the cosmetic industry, which is looking for new bio-active and biodegradable molecules. In this
study, cosmetic properties of cyanobacteria and red macroalgae were analyzed. The extractions
were conducted in different solvents (water, ethanol and two combinations of water:ethanol).
The main molecules with antioxidant and photoprotective capacity were mycosporine-like amino
acids (MAAs), scytonemin and phenolic compounds. The highest contents of scytonemin (only present
in cyanobacteria) were observed in Scytonema sp. (BEA 1603B) and Lyngbya sp. (BEA 1328B). The highest
concentrations of MAAs were found in the red macroalgae Porphyra umbilicalis, Gelidium corneum
and Osmundea pinnatifida and in the cyanobacterium Lyngbya sp. Scytonema sp. was the unique
species that presented an MAA with maximum absorption in the UV-B band, being identified as
mycosporine-glutaminol for the first time in this species. The highest content of polyphenols was
observed in Scytonema sp. and P. umbilicalis. Water was the best extraction solvent for MAAs and
phenols, whereas scytonemin was better extracted in a less polar solvent such as ethanol:gH,O
(4:1). Cyanobacterium extracts presented higher antioxidant activity than those of red macroalgae.
Positive correlations of antioxidant activity with different molecules, especially polyphenols,
biliproteins and MAAs, were observed. Hydroethanolic extracts of some species incorporated
in creams showed an increase in the photoprotection capacity in comparison with the base cream.
Extracts of these organisms could be used as natural photoprotectors improving the diversity of
sunscreens. The combination of different extracts enriched in scytonemin and MAAs could be useful
to design broad-band natural UV-screen cosmeceutical products.

Keywords: antioxidant activity; cyanobacteria; mycosporine-like amino acids; scytonemin;
photoprotection; red macroalgae; UV-screen

1. Introduction

Solar UV radiation (UVR) comprises UV-C (200-280 nm), UV-B (280-315nm) and UV-A (315-400 nm),
although only UV-A and a small part of UV-B reach the Earth’s surface. UV-B radiation is the most
harmful, inducing mutations in the DNA of skin cells, whereas UV-A radiation is indirectly mutagenic
by generating reactive oxygen species (ROS) [1,2]. UVR can provoke some clinical effects in humans,
such as erythema, pigmentation, immunosuppression, photoaging or carcinogenesis [3-6]. Recently,
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several studies have demonstrated also the biological effects of blue light (400-450 nm) in human skin,
such as pigmentation, erythema or free radical production [7-9].

UV filters included in sunscreens are divided in synthetic organic (e.g., oxybenzone, octinoxate),
based on the capacity to absorb UVR, and inorganic or physical (e.g., titanium dioxide (TiO,) and zinc
oxide (ZnQ)), which reflect UV rays. Synthetic organic filters are suspected to provoke some negative
effects in humans, such as allergic reactions, photo-toxicity or endocrine disruptions [10]. UV filters
can also be accumulated in the aquatic environment causing negative impacts, such as bleaching of
coral reefs or hormone disorders in mammals [11,12]. The development of biological photoprotectors
of broad band spectrum that filter UV-B, UV-A, blue light and infrared, as well as provide antioxidant
activity, is a very active research area [13]. Natural photoprotectors are more beneficial for health and
the environment due to their low toxicity and biodegradable character [14].

Research on natural products has gained considerable attention, especially in the cosmetic industry,
which nowadays is growing in a global scale [15]. Aquatic organisms, specially algae and cyanobacteria,
have acquired great biotechnological interest in this area due to their high content of molecules
presenting antioxidant, antimicrobial, anti-inflammatory, immuno-stimulant and photoprotective
properties [16-18] that can be beneficial for the skin health. Among natural compounds presented in
aquatic organism, mycosporine-like amino acids (MAAs), scytonemin, carotenoids, phycobiliproteins
and polyphenols are becoming promising due to their UVR-blue light screen properties and/or potential
antioxidant activity.

Cyanobacteria, also known as blue-green algae, belong to a group of photosynthetic prokaryotes,
distributed in many habitats and adapted to extreme conditions such as deserts, illuminated caves,
salt lakes or polar regions [19]. Macroalgae are more complex organisms distributed in coastal areas
around the world. Species from the intertidal normally live in a harsh environment with high radiation,
temperature fluctuations, changes in the salinity, hydrodynamics or desiccation periods [20].

An immediate response of algae against stress conditions is an excessive production of
ROS [21], which can produce DNA mutations, proteins denaturalization or lipid peroxidation [22],
affecting important biological processes such as photosynthesis. Different authors demonstrated
that UVR could negatively affect algal photosynthesis, growth or spores survival [23-25]. Thus,
algae have developed protection mechanisms against the oxidative stress and the exposure to high
UVR. An antioxidant defense system can be enzymatic (e.g., superoxide dismutase or catalase) or
non-enzymatic (e.g., vitamin E, carotenoids or phycobiliproteins) [26], and two of the most important
molecules with the capacity to dissipate the UVR as heat in cyanobacteria and red algae are MAAs and
scytonemin (only present in cyanobacteria).

The sun protection factor (SPF) measures the protection of a sunscreen against UV rays, but this
factor is only based on the efficacy to prevent erythema, which is mainly related to UV-B radiation [27].
The SPF can be measured in vitro using the erythematic action spectrum [28,29]. More recently,
the in vitro measurement of UVA protection factor (UVAPF) was proposed using the persistent pigment
darkening (PPD) action spectrum [30]. However, there are other effects of the UVR on the skin,
such as elastosis, photoaging or immunosuppression [31-33]. De la Coba et al. suggested the biological
effective protection factors (BEPFs), which can be related to different action spectra [34]. Another index
suggested by Schneider et al. is the effective solar absorpted radiation (ESAR), which can also be
related to different action spectra and measures the capacity of sunscreens to absorb the effective UV
radiation [35].

The aim of this study was to evaluate the antioxidant and photoprotective properties of
several cyanobacteria and red macroalgae, using compatible solvents with natural cosmetics for the
extraction processes. Contents of MA As, polyphenols, phycobiliproteins and scytonemin, among others,
were evaluated in all species assayed.
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2. Results

2.1. UV Absorption Spectra

The absorption spectra in the UV region of all the species extracted in the different solvents are
shown in Figure 1. Most of the species showed peaks in this region. In the case of cyanobacteria
species, only two strains presented prominent peaks, Scytonema sp. showed a peak with a maximum
absorbance (Amax) around 310-314 nm and Lyngbya sp. presented a peak with a Amax around 330-333 nm.
These peaks were similar in all of the solvents assayed (Figure 1A,C,E), except in pure ethanol (Figure 1G).
Other peaks with Apax at 335-337 nm and 375-378 nm were only visible in two solvents (ethanol:yH,O
(4:1) and ethanol), and mainly in Scytonema sp. and Lyngbya sp., but they could also be appreciated
in Nostoc commune and Anabaena sp. (Figure 1E,G). In red algae, all species showed peaks with Amax
around 330-335 nm; the highest peak was observed in P. umbilicalis and the lowest in G. longissima.
These peaks were also similar in three of the solvents (Figure 1B,D,F), and only in ethanol the peak was
much lower (Figure 1H).
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Figure 1. Optical density in the UV region of the spectra (A = 290-400 nm) of the different algal
species (1: cyanobacteria, dark lines; 2: Rhodophyta, grey lines) after extraction in different solvents:
aH20 (A,B), ethanol:gH,O (1:1) (C,D), ethanol:gH,O (4:1) (E,F), and ethanol (G,H). Data are an average
of three measurements and the curves were normalized from 0 to 1 for cyanobacteria and red macroalgae
separately. The same algal concentration (30 mg DW mL~!) was used to obtain all measurements of
the extracts.
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2.2. Biochemical Composition

The contents of total internal carbon and nitrogen, proteins, carbohydrates, lipids and the
C:N ratios of the different species are shown in Table 1. In most of the cases, significant differences
were observed among species (p < 0.05) (Table S1A). In cyanobacteria, the highest internal carbon
content (>400 mg g~! DW) was observed in Scytonema sp., N. commune and Anabaena sp., and the
lowest content was obtained in C. scopulorum (313 mg g~! DW). The nitrogen concentration was
also higher in Anabaena sp. and Scytonema sp. (85 and 62 mg g~ DW, respectively) and lower in
C. scopulorum (35 mg g~! DW). The highest C:N ratio was reached in C. scopulorum (9.1) and the
lowest in Anabaena sp. (8.5). The highest total protein content estimated from the N content was
observed in Anabaena sp. and the lowest in C. scopulorum (407 and 165 mg g~! DW, respectively),
whereas the highest soluble protein content was reached in N. commune (71 mg g~! DW) and the lowest
in C. scopulorum (8 mg g~! DW). The highest levels of carbohydrates were observed in N. commune
(40.8%) and Lyngbya sp. (408 and 334 mg g~! DW, respectively), and the lowest amount was obtained
in Anabaena sp. and Scytonema sp. (185 and 196 mg g~! DW, respectively), in spite of the presence of a
high internal carbon content. N. commune presented the highest lipid content and Anabaena sp. the
lowest (21 and 16 mg g~! DW, respectively).

In red macroalgae, the highest C content was observed in G. corneum and P. umbilicalis (351 and
340 mg g~! DW, respectively) and the lowest in G. longissima (256 mg g~! DW). The N content was lower
than the observed in cyanobacteria, being the highest concentration obtained in P. umbilicalis and the
lowest in O. pinnatifida (45 and 25 mg g~! DW). The C:N ratio was higher in G. corneum and O. pinnatifida
(10.6 and 9.2, respectively) and the lowest in C. rubrum (6.7). Total protein contents were also the highest
in P. umbilicalis and the lowest in O. pinnatifida (220 and 123 mg g~! DW). Soluble proteins followed the
same pattern; the highest content was observed in P. umbilicalis and the lowest in O. pinnatifida (34 and
6 mg g~! DW). The highest carbohydrate content was observed in P. umbilicalis and G. corneum (318 and
275 mg g~ DW, respectively) and the lowest in C. rubrum (139 mg g~! DW). Macroalgae presented low
lipid contents; all species showed less than 1%.

Table 1. Total internal carbon and nitrogen, proteins, carbohydrates and lipid contents (mg g’1 DW)
and the C:N ratio of red algae and cyanobacteria expressed as average + standard deviation (SD) (1 = 3).
Different letters indicate significant differences among species of cyanobacteria and red algae (ANOVA,

p < 0.05, SNK test).

Species C N C:N Total Proteins  Soluble Proteins ~ Carbohydrates Lipids
N. commune. 4201 +029  593+03°  7.09+0.04°¢ 2834 +1.3°¢ 70.6 1.7 4078+ 6489 211+03¢
Anabaenasp. 4068 +0.6°  851+02¢ 478+ 0022 4069 £ 1.0 404 +02° 1854 +£1892 155+0.82
Scytonemasp.  4269+08¢  61.8+02¢  691+0.02° 2953 +1.14 62.0+0.54 1964 +63.62  179+02°
C.scopulorum ~ 313.3+122  346+032  9.06+0.02°¢ 165.4 +1.22 83+0.12 285.6 +21.3%  19.0+1.1P

Lyngbya sp. 3525+09° 428+03P  823+0039 2048 +1.5° 443+20°¢ 3341+403°¢ 182+08P
P umbilicalis 3407 +11.5¢ 445+29¢  765+024°  219.1+14349 33.9+1.8¢ 3185+1924  57+01°
G.longissima 2558 +55P  297+30P 866+1.069 1463 +14.8° 78+02b 206.5+12.0°  48+0.12
G. corneum 351.2+19.4¢ 332+30° 10.58+038°  163.6 + 148°¢ 112 +£02°¢ 2748 +449¢  48+03°
O. pinnatifilta  2312+562 251+172  923+040¢ 1234 +84° 54+052 192.1+279%  75+03¢
C. rubrum 239.4+1342 360+24° 665+0072  177.1+11.8¢ 19.4 +1.24 139.5+£2982 55+01P

The results of phycobiliprotein and scytonemin contents in the different species are shown
in Table 2. In most of the cases, significant differences were observed among species (p < 0.05)
(Table S1). Both groups of tested organisms presented biliproteins, although different composition
and concentrations were observed. Cyanobacteria normally presented more phycocyanin (PC) than
phycoerythrin (PE), whereas red macroalgae were enriched mostly in PE. N. commune presented the
highest content of PE (14 mg g~! DW), followed by Scytonema sp. (3.7 mg g~! DW). The highest content
of phycocyanin was also observed in N. commune (25mg g~! DW) and Scytonema sp. (19mg g~! DW).
C. scopulorum showed a very low content of biliproteins. In red algae, P. umbilicalis presented the
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highest content of PE (3.4 mg g~! DW), and O. pinnatifida the lowest (0.07 mg g~! DW). In general,
phycocyanin contents were low in all red algal species.

Considering the cyanobacteria, the higher contents of scytonemin were found in Scytonema sp.
and Lyngbya sp. (2.2 and 1.2 mg g~! DW, respectively). In the other three species, the contents were
significantly much lower (<0.5 mg g~! DW).

Table 2. Phycobiliproteins content of cyanobacteria and red algae species and scytonemin content in
cyanobacteria species (mg g~! DW). Pigments were expressed as average + standard deviation (SD)
(n = 3). PE: phycoerythrin; PC: phycocyanin; Scyt: scytonemin. Different letters indicate significant
differences among species of cyanobacteria and red algae, analyzed separately (ANOVA, p < 0.05,

SNK test).
Species PE PC Scyt.

N. commune ~ 14.01+0.14¢  24.82+0.07¢ 0.31+0.022
Anabaena sp. 1.86 +0.01 ¢ 1.77£0.01°  0.09£0.04°
Scytonemasp. 377 +0.019 1958 + 0284 222+026°¢
C. scopulorum  0.78 £ 0.08 2 0.75+0.16% 0.14+0.02°

Lyngbya sp. 121+£0.09°  1235+04° 124+0.18P
P umbilicalis ~ 3.36 £ 0.04¢  0.25 +0.06 -

G. longissima ~ 0.51+0.02°  0.01+0.012 -

G. corneum 1.25+0.089  033+0.10¢ -

O. pinnatifida ~ 0.07+0.05%  0.18 +0.02 b¢ -

C. rubrum 091+0.01¢  0.08+0.01% -

The phenolic compound contents of the different species are shown in Figure 2.
Significant differences were observed among species and among solvents (p < 0.05) (Table S1).
In most of the cases (83%), the best solvent for the extraction of phenolic compounds was 4H;O.
In cyanobacteria (Figure 2A), the higher contents were observed in the aqueous extracts of Scytonema sp.
and N. commune (22.5 and 13 mg g~! DW, respectively). In red algae, the aqueous extract of P. umbilicalis
and the ethanol:gH,O (4:1) of O. pinnatifida (aprox. 13 mg g~! DW in both) showed the highest values
(Figure 2B). The lowest content was observed in C. scopulorum, G. longissima and G. corneum, and in all
cases, ethanol was not an effective solvent for the extraction of these compounds.
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Figure 2. Phenolic compounds concentration (mg g_1 DW) of the different cyanobacteria (A) and red
algae (B) extracted in different solvents (4H,O, ethanol:gH,O (1:1), ethanol:yH,O (4:1) and ethanol),
and expressed as average + standard deviation (SD) (n = 3). Different letters indicate significant
differences among solvents for each specie (ANOVA, p < 0.05, SNK test).
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The quantitative and qualitative MAA contents are shown in Table 3. In relation to the total MAAs
content, significant differences were observed among species (p < 0.05) (Table S1). Only two species
of cyanobacteria showed relevant concentration of these molecules (Scytonema sp. and Lyngbya sp.),
whereas all the red algae presented significant amounts of MAAs. In cyanobacteria, Lyngbya sp.
showed the highest content (1.8 mg g~! DW), whereas in red algae, the highest content of MAAs
(5.2 mg g~! DW) was observed in P. umbilicalis, followed by G. corneum and O. pinnatifida (1.8 and
1.5 mg g~! DW, respectively). Considering the different types of MAAs detected using HPLC and
ESI-MS, Scytonema sp. presented a unique peak at 310 nm (identified as mycosporine-glutaminol).
Lyngbya sp. presented a predominant peak at 330 nm (asterina-330, >85%) and a small peak at 320 nm
(palythine). P. umbilicalis showed the highest peak at 334 nm (porphyra-334, >85%) and other peaks at
320, 330, 332 and 333 nm (palythine, asterina-330, palythinol and shinorine, respectively). G. longissima
only presented a peak at 332 nm (shinorine). G. corneum presented a predominant peak at 330 nm
(asterina-330, >60%) and two other peaks at 320 and 332 nm (palythine and shinorine, respectively).
C. rubrum presented different peaks at 320, 332 and 340 nm (palythine, shinorine and an unknown
absorbing compound, respectively).

Table 3. Total content (mg g~! DW) and composition (relative %) of mycosporine-like amino acids
(MAAs) in cyanobacteria and red macroalgae species. Values are expressed as average + standard
deviation (SD). Mass spectrometry characterization is also present in the table. Different letters indicate
significant differences among the total MA As content in the different species of cyanobacteria and red
algae (ANOVA, p < 0.05, SNK test).

. Total MAAs Content o . Calculated m/z  Observed m/z
Species (mg g1 DW) Type of MAA % Relative ~ Molecular Formula ~ Apax (nm)  Error (ppm) M + HI* [M + HI*
Cyanobacteria
Scytonema sp. 0.62 £0.12? Myc-glutaminol >98 Cy3H2aN,O4 310 3.06 303.15506 303.15414
Limebun < . Palythine 24+08 C10H16N,05 320 229 24511320 245.11264
yngoya sp- 1.83+0.15 Asterina-330  96.4 +32 CoHagN2Og 330 2.66 289.13941 289.13864
Rhodophyta
Myc-glutamine <1 Ci13H0N,0; 310 123 317.13433 317.13394
Palythine <1 C10H16N>05 320 1.14 24511320 24511292
. Palythinol <1 C13HpN, 06 332 1.50 303.15506 303.15460
d
P umbilicalis 52£040 Asterina-330 <1 C12H0N>04 330 1.28 289.13941 289.13904
Shinorine 84+12 C13HN,O5 333 1.65 33312924 333.12869
Porphyra-334 882424 C14H2N,05 334 227 347.14489 347.14410
G. longissima 0420102 Shinorine >98 C13H0N,05 333-334 348 33312924 33312808
Palythine 14511 C10H16N>05 320 2.53 24511320 24511258
G. corneum 1.84 +0.23°¢ Asterina-330 629 +3.8 C12H29N,O¢ 330 3.18 289.13941 289.13849
Shinorine 187416 C13Hz0N,05 333-334 2.85 33312924 33312830
Palythine 288+33 C10H16N>05 320 1.35 24511320 24511287
Palythinol 43+12 C13H2N, 06 332 1.32 303.15506 303.15466
O. pinnatifida 1.51 + 0.20 be Asterina-330 36.1+24 C12HpN,O4 330 1.62 289.13941 289.13895
Shinorine 38+1.0 C13H0N,05 333-334 1.83 33312924 333.12863
Porphyra-334 255+ 15 C14H2N,05 334 1.93 347.14489 347.14423
b . Palythine 233+41 C10H16N,05 320 338 24511320 24511237
- rubrum 097+0.17 Shinorine 758+ 3.7 C13HpN,Og 333-334 357 333.12924 333.12805

2.3. Antioxidant Activity

Results of the antioxidant activity are shown in Figure 3. In general, cyanobacteria showed a
higher antioxidant activity compared to red macroalgae, reaching values close to 35 umol TE g~} DW
(Figure 3A-E), whereas maximal values of red macroalgae were around 15 pmol TE g_l DW (Figure 3F-]).
In all cases, significant differences (p < 0.05) were found motivated by the interaction between solvents
and extraction procedures (Table S1). In most of the cases, the ABTS assay reached higher values than
the DPPH assay, and among solvents, different responses were observed. In cyanobacteria, Scytonema sp.
presented the highest activity with the ABTS assay (specially using 4H,O and ethanol:4H,O (4:1) as
solvent; approx. 35 pmol TE~! DW). However, with the DPPH method, this species only showed a
high value with the aqueous solvent (25 umol TE g~! DW) (Figure 3C). Anabaena sp. showed higher
values with the ABTS assay (ethanol:gH,O (4:1): 30 umol TE g_l DW), but no antioxidant response
was detected when DPPH was used (Figure 3B). N. commune presented the highest antioxidant activity
in aqueous solvent (in both ABTS and DPPH assays: 20 umol TE g~! DW) (Figure 3A). Lyngbya sp.
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reached the higher values in ethanol:H,O (4:1) solvent (for ABTS: 18 mmol TE g_1 DW; and for DPPH:
12 mmol TE g~! DW) (Figure 3E). C. scopulorum. was the cyanobacteria with the lowest antioxidant
activity (Figure 3D).

BABTS OoDPPH
16

3TN 13615

O A A\ S O N N >
S v 0\\ . '\’0\& %\r@ 8" 1’0\\ * ,,O\b‘ QS"&
e g
0\ » 0\.6 NS <\0\.

Figure 3. Antioxidant activity measured using the ABTS and DPPH assays (umol TE g_1 DW) of the
different cyanobacteria and red algal species extracted in different solvents (4H,O, ethanol:4H,O (1:1),
ethanol:gH,O (4:1) and ethanol). Data are expressed as average + standard deviation (SD) (n = 3).
(A) Nostoc commune., (B) Anabaena sp., (C) Scytonema sp., (D) Calothrix scopulorum, (E) Lyngbya sp.,
(F) Porphyra umbilicalis, (G) Gracilariopsis longissima, (H) Gelidium corneun, (I) Osmundea pinnatifida,
() Ceramium rubrum. Different letters indicate significant differences among solvents and between
methods for each specie (ANOVA, p < 0.05, SNK test).
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Taking the red algae into account, the highest antioxidant values with the ABTS assay were
observed in O. pinnatifuda and P. umbilicalis. In O. pinnatifida, the highest value was obtained using
ethanol:gH,O (4:1) as solvent (14 umol TE g_1 DW) (Figure 31I), whereas in P. umbilicalis, it was reached
with the aqueous solvent (12.5 umol TE g_1 DW) (Figure 3F). The highest values with the DPPH
method were observed in G. corneun and O. pinnatifida, both using ethanol:gH,O (4:1) as solvent
(approx. 4 pmol g‘1 DW) (Figure 3H,1I).

2.4. Photoprotective Capacity

The absorptions of the UV radiation by the creams including algae extracts are shown in Figure 4A.
The capacity to protect against this type of radiation measured through two different indices is shown
in Table 4. All creams including algal extracts increased the photoprotection when compared with the
base cream (Figure 4A,B). In most of the cases, significant differences (p < 0.05) were observed when
comparing the different creams containing algal extracts (Table S1).

In the cream with P. umbilicalis extract, the highest absorptance increase was observed in the UV-A
region. Between 335 and 340 nm, the absorptance increased by close to 40% in comparison with the
base cream. On the other hand, the cream with Scytonema sp. extract presented a highest absorption
increase in the UV-B region. Between 309 and 312 nm, the absorptance increased by 15% in comparison
with the base cream (Figure 4B).

Considering the calculated indexes, the cream with red algae extract reached an SPF of 2.1,
which corresponded with 50% of the ESAR, followed by the protection against elastosis (1.5) and
UVAPF (1.4) with an ESAR of 24 and 23%, respectively. Using the cyanobacteria extract, the SPF was
similar to that obtained with red macroalgae, 1.9 and an ESAR of 47%, whereas the protection against
UV-A rays was lower.
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Figure 4. Photoprotection properties of creams with cyanobacteria and red alga extracts. (A) Absorptance of
the different creams containing algae extracts (P. umbilicalis and Scytonema sp.), as well as the base
cream and a control sunscreen with SPF 10. (B) The absorption increments due to the two extracts in
comparison with the base cream.
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Table 4. Sun protection factor (SPF), UV-A protection factor (UVAPF) and biological effective protection

factors (BEPFs) against elastosis and photoaging and % of effective solar absorpted radiation (ESAR)

against the different action spectra (erythema, PPD, elastosis and photoaging) of the different

creams (base cream, creams including algae extracts and control cream). Data are expressed as

average + standard deviation (SD) (n = 4). Different letters indicate significant differences between
species and base cream (ANOVA, p < 0.05, SNK test).

Action Spectra Index Base Cream  P.umbilicalis  Scytonema sp.  Positive Control (SPF 10)
E BEPFs 1.51+0.022 212+0.11°¢ 1.96 + 0.06 b¢ 8.30 + 0.40
rythema (SPF) b
% ESAR 3340+0.022 50.86 +2.31°¢ 47.69 + 1.37 ¢ 86.19 + 4.02
BEPFs 1.05+0.012 1.45+0.02°¢ 1.12+0.01° 7.17 £ 0.20
PPD (UVAPF
( ) % ESAR 394+0.16% 23.69 +0.78 ¢ 8.50 +0.28b 81.33 + 3.67
Elastosi BEPFs 1.12+0.042 1.54 +0.03 € 1.26 £0.01°P 7.38 +0.20
astosts %ESAR 749 +0.12°  2444+096° 1326+ 043" 79.92 +2.43
Ph . BEPFs 1.03+0.012 1.35+0.01°¢ 1.07 £0.01°P 7.15+0.21
otoaging b
% ESAR 1.05+0.112 17.04 £ 0.65 € 4.01 +£0.12 85.27 + 3.88

2.5. Correlations and Principal Component Analyses

Positive correlations (Table S2 and S3) (p < 0.05) were observed between antioxidant activity,
mainly ABTS, and different molecules. In cyanobacteria, a high correlation was observed between the
ABTS assay (in all solvents) and phenols content (in all solvents), e.g., for ABTS 4H,O vs. phenols 4H,O
the r was 0.983. ABTS results for aqueous and hydroethanolic extracts (4H,O and ethanol:4H,O
(1:1)) also showed positive correlation with polar molecules such as carbonated compounds (r = 0.7),
soluble proteins (r = 0.6) and phycocyanin (r = 0.6). On the other hand, scytonemin showed positive
correlations with ABTS and DPPH results (mainly with DPPH in ethanol, r = 0.977). DPPH also
presented a positive correlation with phenols content.

In red algae, positive correlations were also obtained between ABTS and phenols content,
e.g., ABTS vs. phenols in aqueous solvents reached a correlation coefficient r equal to 0.951. However,
DPPH results did not show positive correlations with phenols content. The ABTS values obtained
for aqueous solvents also showed a positive correlation with nitrogenous compounds: total nitrogen
(r = 0.514), total proteins (r = 0.514), soluble proteins (r = 0.696), phycoerythrin (r = 0.576) and MAAs
(r =0.809).

The results of the PCA (Figure 5) performed with all biochemical analysis and antioxidant
activities showed that two principal components explained 96.8% of the variation. The first principal
component (PC1) explained 79.1%, whereas the second (PC2) represented 17.7% of the total data
variation. Based on the PCA graph and the correlations obtained between all variables and the different
principal components (PC-axes) (Table S4), the PC1 was related with the polarity of the molecules,
aqueous compounds (such carbohydrates, soluble proteins, phycobiliproteins and antioxidant activity
obtained in aqueous solvents) being more correlated with this axis. The variables that most influence
this axis are carbohydrates (quadrant 4 of Figure 5) with a correlation index of 0.959, followed by soluble
proteins (0.711) and phycobiliproteins (PE and PC, 0.709 and 0.604), respectively, and antioxidant
activities under more polar solvents (ABTS.1, ABTS.2 and DPPH.1) with correlation indexes of 0.726,
0.583 and 0.680, respectively (Table S4). The PC1 axis also divided some species in different groups:
(1) three red macroalgae (C. rubrum, O. pinnatifida and G. longissima) grouped in quadrant 3 (Figure 5),
(2) the other two red macroalgae and one cyanobacteria (G. corneum, P. umbilicalis and C. scopulorum)
grouped in the central area of the axis mainly associated with quadrant 4 and (3) two cyanobacteria
(N. commune and Scytonema sp.) grouped in quadrant 2. N. commune and Scytonema sp. are the species
more associated with this axis, appearing in the first quadrant (Figure 5). In relation to the PC2
axis, the variable with the highest correlation is the N content with a correlation index of 0.742;
other variables that can explain this axis are ABTS.3 and total carbon (0.640 and 0.590, respectively)
(Table S4). This axis only separated clearly one cyanobacteria, Anabaena sp.
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Figure 5. Results of the PCA applied to biochemical composition and antioxidant activities. Q1, Q2, Q3
and Q4 correspond to the different quadrants in the graph. Graphic codes represent the dependent
variables as the following. ABTS.1: ABTS assay in 4H,O extraction; ABTS.2: ABTS assay in ethanol:
4H20 (1:1) extraction; ABTS.3: ABTS assay in ethanol:gH,O (4:1); ABTS.4: ABTS assay in ethanol
extraction; DPPH.1: DPPH assay in 4H,O extraction; DPPH.2: DPPH assay in ethanol:dH,O (1:1);
DPPH.3: DPPH assay in ethanol:4H,O (4:1); DPPH.4: DPPH assay in ethanol extraction; C: total carbon
content; N: total nitrogen content; S. proteins: soluble proteins; Carboh.: carbohydrates; Phenols.1:
phenols content in 4H,O extraction; Phenols.2: phenols content in ethanol:gH,O (1:1) extraction;
Phenols.3: phenols content in ethanol:gH,O (4:1); Phenols.4: phenols content in ethanol extraction;
PE: phycoerythrin; PC: phycocyanin; MAAs: mycosporine-like amino acids.

3. Discussion

3.1. Biochemical Composition

Algae contain several molecules in their composition with high interest due to their bioactivities.
These compounds are normally divided into carbonated and nitrogenated ones. In general, the internal
carbon (C) and nitrogen (N) contents and the C:N ratio can be physiological indicators, showing if
algae are living in optimal conditions or under nitrogen limitation. In this study, the N content was
lower in macroalgae than that in cyanobacteria, probably because the first ones were collected from
their natural habitat, whereas the cyanobacteria biomasses were obtained by cultures under N-enriched
supply and controlled growth conditions. The N content obtained in this study varied between 2.5 and
4.5% in red macroalgae and between 3.5 and 8.5% in cyanobacteria. Similar results were obtained by
other authors in collected macroalgae [36,37]. In microalgae and cyanobacteria, the N percentage can
also vary depending on the phase of the culture [38]. The optimal C:N ratio was described as 10 [39],
whereas a higher proportion would indicate N limitation. In this study, all species showed a C:N ratio
less than or equal to 10, indicating that the species used in this study were not N-limited.

All of the species evaluated in our study presented a high content of total internal carbon,
i.e., most species values were higher than 30% of DW, similar to the average C content obtained in
algae [40]. Considering C compounds, polysaccharides have acquired a great importance (in this
work only the total C and total carbohydrates content were measured, the polysaccharides were
not identified or quantified). Red algae present wall polysaccharides such as agars or carrageenans
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that are used as gelling and stabilizing agents [41,42] and could be used as excipients or functional
ingredients in cosmetic formulations [15]. Polysaccharides have also been studied for their antitumoral,
antioxidant and immunological activities [43-45]. These compounds in cyanobacteria have been
less studied, although some authors reported the production of exopolysacharides (EPS) by some
cyanobacteria with different bioactivities [46—48].

Macroalgae normally present low lipid content (as observed in this study, <2% DW) [49].
Cyanobacteria also showed low values, whereas other authors obtained higher values. In spite of the
low values, these organisms can produce high value fatty acids [50]. A possible cosmetic application
of lipids in cosmetic products is the avoidance of skin dehydration [15].

Phenolic compounds are C compounds with a role as natural antioxidants, as it has been shown
by several authors [51,52]. More recently, they have also been studied for their photoprotective
applications [53-55]. Brown algae are the main producers of these compounds, however,
cyanobacteria and red algae can also produce phenols, although in less quantity [37]. In this work,
it was possible to find an optimization of phenolics extraction when different solvents were utilized.
In our case, water was the best solvent for their extraction, similarly to other studies [52,56]. In red
algae, the highest content was observed in P. umbilicalis and O. pinnatifida (approx. 14 mg g=! DW).
High levels of polyphenols (25 mg GAE (gallic acid equivalent) g~! DW) were also observed in Porphyra
tenera [57], applying similar extraction conditions. Zubia et al. obtained similar results in species
from the Gracilariales family [58]. Less information was found in relation to the phenolic content
in cyanobacteria. Li et al. obtained approx. 2.5 mg GAE g~! DW in aqueous extracts of Anabaena
flos-aquae and Nostoc sllipsosporum [59]. Singh et al. obtained higher phenols contents in Anabena sp.,
Nostoc sp. and Lyngbya sp. (60, 40 and 92 mg GAE g~! FW, respectively) [60].

On N compounds, proteins or derivates (peptides or aminoacids) show antioxidant or
immune-stimulant properties and can also confer moisture retention in the skin [61]. Total and
soluble proteins were in general higher in three species of cyanobacteria (N. commune, Anabaena sp.
and Scytonema sp). The soluble proteins represent about 20-25% of total proteins except in Anabaena sp.
(9.9%) and C. scopulorum (5%), thus, the level of total protein in Anabaena sp. is much higher than the
other species (40.6%). This can be explained by the contribution of structural proteins, which could be
higher than in the other cyanobacteria. It is also necessary to remark that total protein was estimated
from a nitrogen to protein conversion factor; it would be possible that the applied factor overestimated
in the case of Anabaena sp. due to its amino acid profile. Among the red algae, only P. umbilicalis
presents high values, close to most cyanobacteria. P. umbilicalis is a species known for its used as
human food (e.g., nori) [62]. Nostoc sp. and Anabena sp. also present a high nutritional value and are
used as food in some countries [63].

Phycobiliproteins are N molecules that act as accessory pigments responsible for the light
harvesting in both group of organisms analyzed. Cyanobacteria presented a high content of biliproteins,
mainly phycocyanin. The percentage of biliproteins related to soluble proteins was higher than 30%
in N. commune (53.8%), Scytonema sp. (37%) and Lyngbya sp. (31.8%), whereas the other two species
presented much lower percentages, e.g., C. scopulorum (18.75%) and Anabaena sp. (7.5%). Other authors
obtained similar and higher values of biliproteins than those obtained in this study [64-66]. In red
algae, the percentage of biliproteins related to soluble proteins was higher in P. umbilicalis (13.3%) and
G. corneum (13.6%), in comparison with the other species, e.g., G. longissima (10%), C. rubrum (5.2%)
and O. pinnatifida (3.7%). The level of biliproteins was lower than that obtained in collected algae by
other authors [67,68]. Biliprotein concentrations can vary depending on environmental factors like
irradiance, light quality or nutrients [69-71]. The extraction method can also influence the content,
e.g., a great number of authors used the freezing and thawing method [72].

Scytonemin, one of the main photoprotective molecules found in cyanobacteria, is a lipophylic
and yellow-brown pigment with the capacity to absorb UVR, mainly in the UV-A-violet-blue region
with a maximum absorption at 384 nm [73]. This pigment is only presented in the extracellular sheaths
of some cyanobacteria [74,75]. All the cyanobacteria tested showed scytonemin in their composition,
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in contrast to Mushir et al., who did not observe this pigment in Lyngbya sp. or Calothrix brevissema [76].
Other authors also observed scytonemin in the same species tested in this study [77-80]. In this study
the highest level of scytonemin was reached in Scytonema sp. followed by Lyngbya sp., showing similar
amounts as those reported in other studies [76,81]. These results can be compared with the UV spectra,
in which the scytonemin peaks (380 nm) were visible only in the most polar solvents (ethanol:4H,O
(4:1) and pure ethanol) and were more prominent in Scyfonema sp., Lyngbya sp. and N. commune.
The culture or environment conditions can vary the scytonemin content, e.g., nitrogen deficiency can
increase scytonemin [82].

Mycosporine-like amino acids (MAAs) are secondary N metabolites also implicated in the
protection against the UV radiation and mainly reported in the two groups of organisms tested
in this study [83,84]. Most of the species analyzed presented MAAs. In the case of cyanobacteria,
only Scytonema sp. and Lyngbya sp. showed quantified peaks in the HPLC. Other authors also observed
MA As in different species of the cyanobacteria genera tested [85-87]. Sinha et al. also identified an
excreted UV absorbing compound in the culture media of Scytonema sp., although in our study the
medium was not analyzed [388]. In red algae, different authors observed the highest content of MAAs
in the order Bangiales in which P. umbilicalis is included [89]. The concentrations of MAAs obtained in
this study were similar to those observed in the bibliography [89-94].

There are different types of MAAs that differ in the chemical formula and the Amax [84,95].
Scytonema sp. was the unique species that presented an MAA with a Apax in the UV-B region.
In this study, it was identified as mycosporine-glutaminol for the first time in Scytonema sp.,
although Rastogi et al. observed mycosporine-glycine and the unknown MAA-334 in this species [72].
Rastogi and Incharoensakdi also observed palythine and asterina-330 in Lyngbya sp. [78]. In red algae,
similar patterns were observed by other authors. In P. umbilicalis, different MA As were detected, the
predominant being porphyra-334, as observed in Porphyra spp. or Pyropia spp. [92,96]. In G. longissima,
only shinorine was detected, in contrast to other authors who in the same specie observed more types
of MAAs [96-98]. Briani et al. also studied species of the genus Gelidium obtaining similar results,
high content of asterina-330 and shinorine [92]. In the genera Laurencia and Osmundea, a high content
of asterina-330 was also observed [92,99]. In C. rubrum, shinorine was also detected, whereas other
authors also observed different MAAs in similar species [92,96]. The similarities in the qualitative
composition of MAAs found by different authors in similar species suggest that the composition
of the main MAAs can be conservative among species, although the percentage of each one can be
modified by some environmental factors, such as the presence of UV radiation or a high intensity of
solar radiation [99,100].

The different composition of MAAs among species is relevant for cosmeceutical applications,
since not all MAAs absorb in the same wavelengths or present the same antioxidant capacity [101-103].
The MAAs concentration/composition can be compared with the UV absorption spectra. A peak in the
UV-B region (310-312 nm) was only observed in Scytonema sp., whereas the other species present peaks
with maximum absorbance between 330-335 nm depending on the predominant MAAs. The highest
peak was observed in P. umbilicalis, which means the highest content in MAAs. The UV spectra agreed
with the HPLC results. MAAs peaks were similar in most of the solvents, except in pure ethanol.
MAAs are water soluble molecules, but these results suggest that only 20% of water can extract
approximately the same as 100% water.

3.2. Bioactivities (Antioxidant and Photoprotective) and its Relation with Biochemical Composition

Most of the above discussed molecules can act as antioxidant compounds. The general antioxidant
activity measured through two different methods based on the free radical scavenging activity was
higher in cyanobacteria than in red macroalgae. In cyanobacteria, the highest antioxidant activity
was obtained in the order Nostocales (the group of Scytonema sp., Anabaena sp. and Nostoc sp.) as has
been reported by other authors [60,104-106]. Considering the red macroalgae, the highest antioxidant
activity was reached in the species O. pinnatifida, P. umbilicalis and C. rubrum. Other authors also
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found a high antioxidant activity in the order Ceramiales (where O. pinnatifida and C. rubrum belong),
Gracilariales and Bangiales [37,58,97,107].

The differences among solvents used for the extractions can depend on the molecules extracted
in each solvent, i.e., proteins, carbohydrates, MAAs and phycobiliproteins are water soluble,
whereas chlorophylls, carotenoids and lipids are soluble inorganic solvents like ethanol, methanol
or acetone. Many authors also studied the influence of solvents in antioxidant activity, and different
results were observed depending on the species and method applied [97,108,109]. In this work only
aqueous and ethanolic solvents were tested due to the non-toxicity needed for cosmetic purposes.
The method used also influenced the results. In this study, most of the cases showed the highest
antioxidant activity using the ABTS assay [109]. ABTS is dissolved in 4H,O but can also be dissolved in
water based solvents such as ethanol/methanol:water (1:1) [110], whereas DPPH can only be dissolved
in organic media, limiting the measure of hydrophilic antioxidants. Some interferences can appear
when the absorbance is measured at low wavelength as in the DPPH method [111], and the different
molecules presented in the extracts can also influence the results [112].

In general, positive correlations were obtained between the antioxidant activity and the different
analyzed molecules. Biliproteins showed a positive correlation with the antioxidant activity [113,114],
and two of our tested cyanobacteria presented strong association between them (Scytonema sp. and
N. commune, Figure 5). In addition, the proportion of biliproteins related to soluble proteins is
very high in the last cited species, 37.0% and 53.8%, respectively, thus providing high content of
biliproteins for cosmeceutical applications. In the case of cyanobacteria, scytonemin also showed positive
correlations with antioxidant activity, as observed by Matsui et al., who showed the radical-scavenging
activity by this molecule [115]. Polyphenols also presented positive correlations with the antioxidant
activity in both groups of organisms tested, as has been observed by several studies [116,117].
Finally, MAAs only showed correlation with the antioxidant activity in red algae, as has been
previously reported [101,102,118].

The PCA showed that the PC1 axis explained 79.1% and it can be explained by the polarity of
the molecules analyzed, with more positive relation with polar extractions (water), whereas the PC2
represents 17.7% of the obtained data and it mostly related to the total nitrogen content. PC1 is mainly
related to C content, followed by soluble proteins. The different groups obtained by the PC1 axis seemed
to be separated by their content water-soluble compounds (mainly carbonated compounds), the first
group, presented in quadrant 3 (negative part of the PC1 axis), being the species with the lowest content
and the third group, presented in quadrant 1 (positive part of the axis), the species with the highest
content. However, in the PC2 axis only Anabaena sp. was clearly separated due to its high N content.
Lyngbya sp. also appeared near to this axis but presented a high variability. Scytonemin presented low
and similar correlations with both axes; the fact that red macroalgae did not present this molecule
could interfere in the results. Lipids also presented similar correlations with both axes, probably due
to their carbonated and lypophylic character. On the other hand, some analyzed molecules did not
follow the pattern described before: MAAs should be correlated with the PC2 axis, although these
molecules showed a low correlation with both main axes. As for scytonemin, the fact that not all
species presented MAAs could interfere in the results. Phenols content only showed correlation with
one of the axes (PC1) when it was extracted in water; the other extraction also showed low correlation
with both axes. Finally, the species of red algae more taxonomically related are also grouped in the
PCA analysis, e.g., the Florideophyceae O. pinnatifida, C. rubrum (Ceramiales order) and G. longissima
(Gracilariales order) formed a group, and the other group is formed by P. umbilicalis (Bangiales order)
and G. corneum, a Florideophyceae algae of Gelidiales order but closer in the phylogenia to Bangiales
than the other studied Florideophyceae algae [119].

The photoprotective capacity was measured in those species that showed a high content of
interesting molecules and antioxidant activities (P. umbilicalis and Scytonema sp.). Hydroethanolic (1:1)
solvent was selected for this analysis because this solvent might facilitate the extraction of combined
molecules, water and organic soluble.
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In Figure 4, the peak observed in the cream with P. umbilicalis, in the UV-AII region (320-340 nm),
can be related to the MAAs content, increasing more the photoprotection against the effects mostly
related to UVA radiation, e.g., using the extract of P. umbilicalis, the ESARppp increased 500% and the
BEPFppp 38%, with respect to the base cream. In the case of the cream with Scytonema sp., the high
absorptance observed in the UVB region could be due to its MAAs content, which absorbed in the UVB
region (mycosporine-glutaminol), instead of porphyra-334 (presence in P. umbilicalis), which absorbed
in the UVA region.

The increase of the protection factors (SPF, UVAPF and BEPFs) in comparison with the increase
of the ESAR shows a hyperbolic response, as described Schneider et al., i.e., at the beginning of the
curve, an increase in the ESAR is expressed in a very small increment in the protection factors values,
i.e., creams with a SPF of 2 can absorb 50% of the UV radiation [35]. However, when the capacity to
absorb the damage radiation reached 80%, the increase in the SPF was much higher, i.e., a SPF of 5
means that it absorbs 80% of the UVR, a SPF of 15 absorbs around 90% and a SPF of 30 absorbs around
95%. Results obtained in the present work are at the beginning of the curve, reaching 50% of the ESAR.

Many authors have studied the potential of MAAs as UV-filtering compounds [35,93,98,103],
but few articles have reported the inclusion of these molecules as UV-absorbing compounds in lotions.
De la Coba et al. studied different formulations with MAAs, adding around 5% of purified MAAs
and obtained values of SPF that varied from 4.5 to 8.3 [34]. In our study, the % of MAAs included
in the creams was much lower, varying from 0.003 to 0.026% due to the dilutions in the cream,
explaining the reasons why we found lower values of SPF (around 2). Lawrence et al. found a high
UV photoprotection in human keratinocites using a 0.3% palythine [103]. Other authors studied the
protection of galenic formulations with MAAs in mouse skin, obtaining positive results [120,121].
MAAs are promising substances in the cosmetic field due to their high stability against UV radiation,
pH or temperature [34,78,122], their antioxidant capacity [34,102] and other biological activities such
as anti-inflammatory and inhibition of enzymes related to photoaging as collagenase [34,123,124].
In the market, there are some examples of natural antioxidants and photoprotectors based on red algae
extracts, e.g., Helionori® from Gelyma or RonaCare® RenouMer from Merck, which contains MAAs
and presents cosmetic properties. Another example of a natural product is Heliocare®, based on extracts
of the fern Polyplodium leucotomos, enriched in polyphenols with antioxidant and photoprotective
properties and known as Fernblock® [125,126]. Thus, those species with highest level of polyphenols
(12-22 mg g~! DW), e.g., the cyanobacyteria N.commune and Scytonema sp and the red macroalgae
Pumbilicalis and O.pinnatifida, could be used as sources of polyphenols for cosmetic products.

Finally, the inclusion of scytonemin in lotions to act as sunscreen has not been reported yet.
However, the possibility to use it as photoprotector in cosmetic products have been discussed [127].
In our study, the scytonemin peak was not observed in the creams, probably due to the selected
solvent that extracted less pigments in comparison with a less polar solvent such as ethanol or
methanol. Scytonemin should be extracted in a solvent compatible with its application in cosmetic
products (e.g., ethanol or combinations of water:ethanol) for a better application of this compound
as photoprotector. This pigment has been less studied than MAAs, although some properties
have been described. It is a stable molecule [78] with positive biological activities (antioxidant or
anti-inflammatory) for the skin [115,128], which could be a good option as biological photoprotectors.

3.3. Future Perspectives

The potential application of these organisms as sources of commercial bioactive compounds
requires high biomass availability and high biocompounds productivity. Red algae (specially Porphyra
genus and Gracilariales or Gigartinales orders) have been cultured for centuries, mainly in Asian
countries, for human consumption or for their agar or carrageenan content [62]. These species are
normally produced in open sea water using ropes, although they can also be produced under integrated
multitrophic aquaculture (IMTA). In this way, algae can use the nitrogen and phosphate coming
from the fish pond effluents to produce high valuable compounds [129,130]. As mentioned before,
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N compounds such as phycobiliproteins or MAAs can be increased under high nutrients availability.
On the other hand, cyanobacteria can be isolated and cultured easily in liquid medium, with the
possibility to scale up using raceways or thin-layer cascade systems [131]. Bioremediation is also an
option for these species. Thereby, algal biomass with high bioactivity could be produced at lower cost
and the environmental impact could also be reduced. Apart from the need of a big-scale culture, a high
yield extraction, concentration and/or purification (using green techniques) of both interested molecules
(MAAs and scytonemin) is a challenge for the natural cosmetic industry [132-134], increasing the
perspective of utilization of these species for sunscreen formulations.

4. Conclusions

This study shows the usefulness of extracts of different species of cyanobacteria and red
macroalgae as cosmeceuticals due to both their antioxidant and photoprotection capacity. Aqueous and
hydroethanolic extracts of different species presented antioxidant activity that can be attributed
to different molecules, mainly polyphenols, MAAs and pigments (biliproteins and scytonemin).
Hydroethanolic extracts of P. umbilicalis and Scytonema sp. that contain MAAs could increase the
photoprotection of sunscreens. The concentration or purification of the interested molecules is needed
for better photoprotection. Porphyra spp. are good candidates for cosmetic applications due to their
high content of MAAs and cultivation possibilities. In addition, Scytonema sp. can also contribute in
the photoprotection of UV-B and UV-A mediated responses due to its MAAs (absorption in the UV-B
region) and scytonemin (absorption in the UVA-I region) content. Thus, red algal and cyanobacteria
extracts enriched in MAAs and scytonemin can be useful to design broad-band photoprotectors in
both UV-A and UV-B regions of the spectra.

5. Materials and Methods

5.1. Biological Material

Ten species of both cyanobacteria and red macroalgae were employed in this study.
Cyanobacterium clonal strains were provided by the Culture Collection at the Spanish Bank of
Algae (Taliarte, Gran Canaria, Canary Islands) (Table 5). Cultures were scaled up to 1 L flasks, under
controlled laboratory conditions (irradiance: 100 umol photons m~2 s~!; photoperiod: 16:8 (L:D);
temperature: 23 + 2 °C) and continuous aeration supplied with CO, pulse addition at a rate of 1 min
every hour. Culture medium was BG11. Biomass samples were harvested and freeze-dried (6.5 L
Labconco, Kansas, MO, USA) before carrying out the extractions. Red macroalgae were collected
in coastal areas of Cadiz and Malaga in the Southern Iberian Peninsula (Table 5), transported to the
laboratory in a portable fridge at 4 °C, washed and cleaned for removal of sediments and epiphytes,
frozen at —40 °C and freeze-dried (Cryodos, Telstar, Barcelona, Spain). Criteria for the selection of
these species were (1) biomass availability, both by collection in nature or culture under controlled
conditions, and (2) the potential content of bioactive compounds with photoprotection capacity.
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Table 5. Species of cyanobacteria and red macroalgae used in this study. Samples of cyanobacteria
were obtained from the Culture Collection at the Spanish Bank of Algae (BEA), and red algae were
collected from the marine coastal environment. BEA codes for the cyanobacteria strains are presented,
as well as the dates and places when and where red algae were sampled.

Cyanobacteria Rhodophyta
Species Code Species Place and Date of Collection
Nostoc commune Vaucher ex “La Caleta” beach 4

BEA 0024B Porphyra umbilicalis Kiitzing

Bornet & Flahault Tarifa (Cadiz). February 2018

Gracilariopsis longissima
Anabaena sp. BEA 0871B (5.G.Gmelin) Steentorft, L.M.
Irvine & Farnham

“La Esperanza” saline B
Cadiz. March 2019

Gelidium corneum (Hudson) “Las Palomas” island ©
Seytonema sp. BEA 1603B J.V. Lamouroux Tarifa (Cadiz). October 2019
Calothrix scopulorum BEA 0796B Osmundea pinnatifida “La Arafia” beach P
C. Agardh ex Bornet & Flahault (Hudson) Stackhouse Malaga. February 2018
“ = D
Lyngbya sp. BEA 1328B Ceramium rubrum C.Agardh La Arana” beach

Malaga. February 2018

A.36°00'41.7” N/05°35'59.3” W; B. 36°3017.7” N/06°09'53.1” W; C. 36°00"01.9” N/05°36"33.2” W; D. 36°42'41.3”
N/04°19'38.2” W.

5.2. Preparation of Algal Extracts

Lyophilized samples were ground with a pestle and mortar and extracted in different solvents:
distilled H,O (4H,0), ethanol:4H,O (1:1), ethanol:gH,O (4:1) and ethanol. Three hundred mg of dry
weigh (DW) were homogenized in 10 mL of the solvent (concentration: 30 mg mL~!) and incubated in
a thermal bath at 45 °C for 6 h. After this time, extracts were filtered and centrifuged (Sartorius 2-16PK,
Sigma, Germany) at 2000x g for 15 min.

Absorbances or optical densities in the UV region (290 to 400 nm) of the different extracts were
measured using a UV-visible spectrophotometer (UV Mini-1240, Shimadzu, Columbia, MD, USA).
Extracts in the different solvents were used to compare the content of phenolic compounds and
the antioxidant activity. Aqueous extracts were also used for the quantification of soluble proteins,
phycobiliproteins and mycosporine-like amino acids (MAAs).

5.3. Biochemical Composition

5.3.1. Total Carbon and Nitrogen

Total internal carbon and nitrogen contents were determined from dry biomass of red algae and
cyanobacteria using a CNHS LECO-932 elemental analyzer (St. Joseph, MI, USA) in the Research
Support Central Services (SCAI, University of Malaga, Malaga, Spain). Results were expressed
asmg g~ ! DW.

5.3.2. Proteins

Total proteins were calculated by using the nitrogen to protein conversion factor, 4.92 for
macroalgae [36] and 4.78 for cyanobacteria [38]. Soluble proteins were quantified according to the
Bradford method [135]. Twenty uL of the aqueous extracts (item 2.2) were mixed with 780 uL of
phosphate buffer (0.1 M, pH 6.5) and 200 pL of Biorad solution (Bio-rad, Feldkirchen, Germany).
After 15 min of incubation at room temperature and darkness, absorbances were measured at 595 nm.
Bovine serum albumin was used as standard. In both cases, results were expressed as mg g_l DW.

5.3.3. Carbohydrates

Carbohydrates were quantified according to the phenol-sulfuric acid method [136]. Five mg of
DW were homogenized in 5 mL of 1 M H;SO, and incubated for 1 h at 100 °C; after cool down,
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extracts were centrifuged (2000x g; 10 min). For the reaction, 1 mL of the supernatant was mixed with
1 mL of phenol 5%, incubated for 40 min at room temperature, and mixed with 5 mL of concentrated
H,S0O,. Absorbances were measured at 485 nm. Glucose was used as a standard and results were
expressed as mg g~! DW.

5.3.4. Lipids

Total lipids were determined spectrophotometrically using the sulpho-phospho-vanillin (SPV)
method [137]. Twenty mg of DW were homogenized in 1 mL of methanol. After centrifugation (2000 g,
10 min), 100 pL of the supernatant were mixed with 1 mL of H,SO, and incubated for 10 min at 100 °C.
After cool down, 2.5 mL of phospho-vainillin solution (0.6 g of vainillin, 100 mL of ethanol and 400 mL
of H3PO,4 85%) were added to the mix, which was incubated for 15 min at environmental temperature
and measured spectrophotometrically at 530 nm. Trioleine was used as standard and results were
expressed as mg g~ DW.

5.3.5. Phycobiliproteins and Scytonemin

Aqueous extracts (item 2.2) were used for phycobiliproteins determination. In red algae,
the quantification was made according to the formula described by Beer and Eshel, and in the
case of cyanobacteria, the one proposed by Bennet and Bogorad [138,139].

For the extraction of scytonemin in cyanobacteria, 20 mg of DW was extracted in 1 mL of acetone.
The quantification was made according to the formula described by Garcia-Pichel and Castenholz,
using the extinction coefficients reported by Garcia-Pichel et al. [74,140].

Results of both compounds were expressed as mg g~! DW.

5.3.6. Phenolic Compounds

Phenolic compounds were determined from the different extracts using the Folin-Ciocalteu
method [141] with some modifications. Briefly, 100 uL of the different extracts (item 2.2) were mixed
with 700 pL of distilled water and 50 pL of Folin-Ciocalteu phenol reagent (Sigma-Aldrich, St. Louis,
MO, USA). After vortexing, 150 uL of NayCO3 20% were added and samples were mixed again.
The mixtures were incubated for 2 h at 4 °C in darkness. Absorbances were measured at 760 nm.
Phloroglucinol was used as standard and results were expressed as mg g~' DW.

5.3.7. Mycosporine-Like Amino Acids (MAAs)

MAAs were determined using HPLC (high performance liquid chromatography) according to
Korbee-Peinado et al., with some modifications of Chaves-Pefia etal. [96,142]. Seven hundred microliters
of the aqueous extracts (item 2.2) were dried under vacuum. The dry extract was re-suspended in
700 pL of methanol, filtered through a 0.2 pm membrane and analyzed using HPLC (Waters 600 HPLC,
Waters Cromatografia, Barcelona, Spain). MAAs were detected using a Luna C8 column (Phenomenex,
Aschaffenburg, Germany), applying an isocratic flow of 0.5 mL min~! and a mobile phase of 1.5%
methanol and 0.15% acetic acid in ultrapure water. The detection was made using a photodiode
array (PDA) detector at 310 and 330 nm. Secondary standards were used for the identification of
MAAs, and the quantification was performed using the molar extinction coefficients (&) of the different
MAAs [143]. Results were expressed as mg g~! DW.

The MAAs were also identified via positive electrospray ionization mass spectrometry (ESI-MS)
(Orbitrap Q-Exactive, Thermo Scientific S.L., Bremen, Germany) in the Research Support Central
Services (SCAI, University of Malaga, Spain).

5.4. Antioxidant Activity (ABTS and DPPH)

The antioxidant activity of the different extracts was evaluated through two different methods
based on the free radical scavenging activity.
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The ABTS assay was performed according to Re et al. [144] with some modifications.
The ABTS radical cations (ABTS**) were generated via a reaction of 7 mM ABTS (2,2"-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) and 2.45 mM K;5,0g in phosphate buffer (0.1M, pH:6.5).
This reaction was stored for 12-16 h at room temperature to ensure the complete formation of
the radical. ABTS**® solution was diluted with phosphate buffer until the absorbance at 727 nm was
around 0.75 + 0.05. For the reaction, 50 uL of the different extracts (item 2.2) were mixed with 950 uL
of the diluted ABTS**. The mixture was incubated for 8 min at room temperature and darkness,
and absorbances were measured at 727 nm.

The DPPH assay was made according to Brand-Williams et al. [145] with some modifications.
For the reaction, 200 uL of the different extracts (item 2.2) were mixed with 1 mL of the DPPH*
(2,2-diphenyl-1-picrylhydrazyl) solution (0.06 mM of DPPH in methanol 80%). After 30 min of
incubation at room temperature and darkness, absorbances were measured at 517 nm.

For both methods, a standard solution of Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic
acid) was used as reference and the results were expressed as tmol TE (Trolox equivalent) g~} DW.

5.5. Photoprotection Capacity

The photoprotection capacities were measured in vitro in those species in which the highest content
of interest molecules was observed. The selected species were one cyanobacterium (Scytonema sp.)
and one red macroalga (P. umbilicalis). Hydroethanolic (1:1) extracts were used for this analysis.
Extracts (item 2.2) were concentrated under vacuum in a rotary evaporator (Biichi R-210, Switzerland)
from 50 to 200 mg mL~!. Extracts were incorporated in an oil-water cream (25% w/w). One hundred
milligrams of the creams were spread in a polymethylmethacrylate (PMMA) plate (Schoénberg,
Hamburg, Germany), with a surface of 50 mm X 50 mm and a roughness (Ra) in the range of
4.5-5.2 um. Creams were distributed on the plates with gloved fingertips for 30 s (approx.); after that,
plates were allowed to dry for 15 min in darkness. Transmission through plates was measured using a
spectrophotometer (UV-2700i, Shimadzu, Duisburg, Germany) with an integrating sphere. The sun
protection factor (SPF), UVA protection factor (UVAPF) and biological effective protection factors
(BEPFs) considering other action spectra (elastosis and photoaging) were calculated using the following
equation, as De la Coba et al. (2019) [34]:

Y300 Act.Sp(A) *E(A)

SPF, UVAPE, BEPFs = —
200 T(A) * Act.Sp(A) = E(A)

In addition, the effective solar absorpted radiation (ESAR) against different action spectra was
determined as described by Schneider et al. (2020) [35]:

Y300 A(A) * Act.Sp(A)  E(A)

%ESAR = 00
Y00 Act.Sp(A) +E(A)

In both formulae,

Act.Sp (A) = action spectra (Figure 6);

E (A) = spectral irradiance of a sunny midday in a summer day (June) in Malaga (W m~2);
T (A) = transmittance values at each wavelength (0-1);

A (A) = absorptance values at each wavelength (0-1).

The different relative action spectra used in this study are shown in Figure 6. A commercial
cream with SPF 10 that contains different chemical filters (butyl methoxydibenzoylmethane,
ethylhexyl methoxycinnamate, methylene bis-benzotriazolyltetramethylbutylphenol and octocrylene)
and titanium dioxide as a physical filter was used as positive control. In this case, 32 mg were spread
on the plate according to COLIPA (2011) and Pissavini et al. (2018) [29,30].
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Figure 6. Normalized action spectra responses of different harmful effects related to skin damages
driven by UV radiation and used in this study for the determination of the photoprotection capacity.

5.6. Statistical Analyses

The software STATISTICA (V.7) was used for the statistical analysis. Analyses of variance (ANOVA)
were done to compare data obtained. Two-way ANOVA were performed to detect significant differences
in the antioxidant activity values, comparing solvents and methods. One-way ANOVA were used
to evaluate species effects in all the biochemical compounds and antioxidant activity among species
(cyanobacteria and red macroalgae were compared separately), the extraction of phenolic compound
in each solvent and the photoprotection capacity. A Student-Newman-Keuls (SNK) post-hoc test was
performed to compare the data after significant differences in the ANOVA. Homogeneities of variances
were tested using the Cochran test and via visual inspection of the residuals. Correlations among
dependent variable data were calculated using Pearson’s correlation analysis.

The software PRIMER 6 v.6.1.13 & PERMANOVA+ v.1.0.3 was used for the principal component
analysis (PCA), performed to detect patterns among the biochemical composition and antioxidant
activities of the different species. Data were correlated with each PC-axis using Pearson’s
correlation coefficient.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/12/659/s1,
Table S1: ANOVA summary Tables obtained after the comparison of (A) biochemical composition of the
different species (cyanobacteria and Rhodophyta separately), (B) phenolic compounds content extracted in each
solvent, (C) antioxidant activity in the different solvents and using the two methods and (D) photoprotective
capacity among species. DF: degrees of freedom. Figure S1: HPLC normalized chromatograms of MAAs
identified in the different analyzed species: (A) Scytonema sp., (B) Lyngbya sp., (C) P. umbilicalis, (D) G. longissima,
(E) G. corneum, (F) O. pinnatifida, (G) C. rubrum. Figure S2: Mass spectra of the MAA identified in Scytonema
sp.: Mycosporine-glutaminol. Figure S3: Mass spectra of the MAAs identified in Lyngbya sp.: (A) Palythine
and (B) Asterine-330. Figure S4: Mass spectra of the MAAs identified in P. umbilicalis.: (A) Myc-glutamine,
(B) Palythine, (C) Palythinol, (D) Asterine-330, (E) Shinorine and (F) Porphyra-334. Figure S5: Mass spectra of the
MAAs identified in G. longissima.: (A) Shinorine. Figure S6: Mass spectra of the MAAs identified in G. corneum.:
(A) Palythine, (B) Asterina-330 and (C) Shinorine. Figure S7: Mass spectra of the MAAs identified in O. pinnatifida.:
(A) Palythine, (B) Palythinol, (C) Asterina-330, (D) Shinorine and (E) Porphyra-334. Figure S8: Mass spectra of the
MAAs identified in C. rubrum.: (A) Palythine and (B) Shinorine. Table S2: Pearson coefficient (r) between the
different variables analyzed in cyanobacteria. Table S3: Pearson coefficient (r) between the different variables
analyzed in red macroalgae. Table S4: Pearson coefficient (r) between the PC axis and the analyzed variables in
both group of organism tested.

Author Contributions: Conceptualization: ].V. and FL.F,; methodology: ].V. and ].B.-B.; formal analysis: J.V. and
J.B.-B.; investigation: J.V,, ].B.-B. and EL.F,; supervision: EL.F. and J.L.G.-P.; writing—original draft preparation:
J.V. and J.B.-B.; writing—review and editing: ].V., ].B.-B., ].L.G.-P. and F.L.F,; funding acquisition: EL.F. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Junta de Andalucia: Project UMA18-FEDER JA-162.

Acknowledgments: J.V. thanks her technical contract with the MedArtSal Project (ENI CBCMED), J.B.-B. thanks
the financial support of CNPq process (432572/2018-O) and CAPES process (88887.374403/2019-00) and J.L.G.-P.
thanks the support of the European Territorial Cooperation Program PCT-MAC 2014-2020 through the project


http://www.mdpi.com/1660-3397/18/12/659/s1

Mar. Drugs 2020, 18, 659 20 of 26

REBECA-CCT (MAC/1.1.B/269). All authors also thank Nathalie Korbee for her help in HPLC data analysis and
Talissa Barroco Harb for the help in the photoprotection assays. The use of laboratory facilities of the research
group “Photobiology and Biotechnology of aquatic organism” (FYBOA, RNM-295) is grateful.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ichihashi, M.; Ueda, M.; Budiyanto, A.; Bito, T.; Oka, M.; Fukunaga, M.; Tsuru, K.; Horikawa, T. UV-induced
skin damage. Toxicology 2003, 189, 21-39. [CrossRef]

2. Schuch, A.P; Moreno, N.C.; Schuch, N.J.; Menck, C.EM.; Garcia, C.C.M. Sunlight damage to cellular DNA:
Focus on oxidatively generated lesions. Free Radic. Biol. Med. 2017, 107, 110-124. [CrossRef] [PubMed]

3. Harrison, G.I; Young, A.R. Ultraviolet radiation-induced erythema in human skin. Methods 2002, 28, 14-19.
[CrossRef]

4.  Gallagher, R.P; Lee, T.K. Adverse effects of ultraviolet radiation: A brief review. Prog. Biophys. Mol. Biol.
2006, 92, 119-131. [CrossRef] [PubMed]

5. Matsumura, Y.; Ananthaswamy, H.N. Toxic effects of ultraviolet radiation on the skin. Toxicol. Appl. Pharmacol.
2004, 195, 298-308. [CrossRef] [PubMed]

6. Sola, Y.; Lorente, J. Contribution of UVA irradiance to the erythema and photoaging effects in solar and
sunbed exposures. ]. Photochem. Photobiol. B Biol. 2015, 143, 5-11. [CrossRef] [PubMed]

7. Mahmoud, B.H.; Hexsel, C.L.; Hamzavi, .H.; Lim, H.W. Effects of visible light on the skin. Photochem. Photobiol.
2008, 84, 450-462. [CrossRef] [PubMed]

8. Mahmoud, B.H.; Ruvolo, E.; Hexsel, C.L.; Liu, Y.; Owen, M.R; Kollias, N.; Lim, HW.; Hamzavi, LH. Impact
of long-wavelength UVA and visible light on melanocompetent skin. J. Invest. Dermatol. 2010, 130, 2092-2097.
[CrossRef]

9.  Nakashima, Y.; Ohta, S.; Wolf, A.M. Blue light-induced oxidative stress in live skin. Free Radic. Biol. Med.
2017, 108, 300-310. [CrossRef]

10. Wang,J,; Pan,L.; Wu, S; Lu, L.; Xu, Y.; Zhu, Y.; Guo, M.; Zhuang, S. Recent advances on endocrine disrupting
effects of UV filters. Int. ]. Environ. Res. Public Health 2016, 13, 782. [CrossRef]

11.  Tsui, M.MM.P; Leung, HW.; Wai, T.C.; Yamashita, N.; Taniyasu, S.; Liu, W.; Lam, P.K.S.; Murphy, M.B.
Occurrence, distribution and ecological risk assessment of multiple classes of UV filters in surface waters
from different countries. Water Res. 2014, 67, 55-65. [CrossRef] [PubMed]

12. Sanchez-Quiles, D.; Tovar-Sanchez, A. Are sunscreens a new environmental risk associated with coastal
tourism? Environ. Int. 2015, 83, 158-170. [CrossRef] [PubMed]

13.  Grether-Beck, S.; Marini, A.; Jaenicke, T.; Krutmann, J. Photoprotection of human skin beyond ultraviolet
radiation. Photodermatol. Photoimmunol. Photomed. 2014, 30, 167-174. [CrossRef] [PubMed]

14. Saewan, N.; Jimtaisong, A. Natural products as photoprotection. J. Cosmet. Dermatol. 2015, 14, 47-63.
[CrossRef] [PubMed]

15. Kim, S.K,; Ravichandran, Y.D.; Khan, S.B.; Kim, Y.T. Prospective of the cosmeceuticals derived from marine
organisms. Biotechnol. Bioprocess Eng. 2008, 13, 511-523. [CrossRef]

16. Wada, N.; Sakamoto, T.; Matsugo, S. Multiple roles of photosynthetic and sunscreen pigments in cyanobacteria
focusing on the oxidative stress. Metabolites 2013, 3, 463—483. [CrossRef]

17.  Michalak, I.; Chojnacka, K. Algae as production systems of bioactive compounds. Eng. Life Sci. 2015, 15,
160-176. [CrossRef]

18.  Kumar, J.; Singh, D.; Tyagi, M.B.; Kumar, A. Cyanobacteria: Applications in biotechnology. In Cyanobacteria:
From Basic Science to Applications; Academic Press: Cambridge, MA, USA, 2018; pp. 327-346. [CrossRef]

19.  Whitton, B.A.; Potts, M. Introduction to the cyanobacteria. In Ecology Cyanobacteria II; Springer: Dordrecht,
The Netherlands, 2012; pp. 1-13.

20. Lalegerie, F.; Gager, L.; Stiger-Pouvreau, V.; Connan, S. The stressful life of red and brown seaweeds on
the temperate intertidal zone: Effect of abiotic and biotic parameters on the physiology of macroalgae and
content variability of particular metabolites. In Advances in Botanical Research; Academic Press: Cambridge,
MA, USA, 2020; Volume 95, pp. 247-287. [CrossRef]

21. Dring, M.J. Stress Resistance and disease resistance in seaweeds: The role of reactive oxygen metabolism.

Adv. Bot. Res. 2005, 43, 175-207. [CrossRef]


http://dx.doi.org/10.1016/S0300-483X(03)00150-1
http://dx.doi.org/10.1016/j.freeradbiomed.2017.01.029
http://www.ncbi.nlm.nih.gov/pubmed/28109890
http://dx.doi.org/10.1016/S1046-2023(02)00205-0
http://dx.doi.org/10.1016/j.pbiomolbio.2006.02.011
http://www.ncbi.nlm.nih.gov/pubmed/16580054
http://dx.doi.org/10.1016/j.taap.2003.08.019
http://www.ncbi.nlm.nih.gov/pubmed/15020192
http://dx.doi.org/10.1016/j.jphotobiol.2014.10.024
http://www.ncbi.nlm.nih.gov/pubmed/25579807
http://dx.doi.org/10.1111/j.1751-1097.2007.00286.x
http://www.ncbi.nlm.nih.gov/pubmed/18248499
http://dx.doi.org/10.1038/jid.2010.95
http://dx.doi.org/10.1016/j.freeradbiomed.2017.03.010
http://dx.doi.org/10.3390/ijerph13080782
http://dx.doi.org/10.1016/j.watres.2014.09.013
http://www.ncbi.nlm.nih.gov/pubmed/25261628
http://dx.doi.org/10.1016/j.envint.2015.06.007
http://www.ncbi.nlm.nih.gov/pubmed/26142925
http://dx.doi.org/10.1111/phpp.12111
http://www.ncbi.nlm.nih.gov/pubmed/24433486
http://dx.doi.org/10.1111/jocd.12123
http://www.ncbi.nlm.nih.gov/pubmed/25582033
http://dx.doi.org/10.1007/s12257-008-0113-5
http://dx.doi.org/10.3390/metabo3020463
http://dx.doi.org/10.1002/elsc.201400191
http://dx.doi.org/10.1016/B978-0-12-814667-5.00016-7
http://dx.doi.org/10.1016/bs.abr.2019.11.007
http://dx.doi.org/10.1016/S0065-2296(05)43004-9

Mar. Drugs 2020, 18, 659 21 of 26

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Lesser, M.P. Oxidative stress in marine environments: Biochemistry and physiological ecology. Annu. Rev. Physiol.
2006, 68, 253-278. [CrossRef]

Singh, S.P.; Hader, D.-P.; Sinha, R.P. Cyanobacteria and ultraviolet radiation (UVR) stress: Mitigation strategies.
Ageing Res. Rev. 2010, 9, 79-90. [CrossRef]

Bischof, K,; Steinhoff, F.S. Impacts of ozone Stratospheric depletion and solar UVB radiation on seaweeds.
In Seaweed Biology; Ecological Studies: Watsonville, CA, USA, 2012; pp. 433-448. [CrossRef]

Noyma, N.P; Silva, T.P; Chiarini-Garcia, H.; Amado, A.M.; Roland, E;; Melo, R.C.N. Potential effects of UV
radiation on photosynthetic structures of the bloom-forming cyanobacterium Cylindrospermopsis raciborskii
CYREF-01. Front. Microbiol. 2015, 6, 1202. [CrossRef] [PubMed]

Mallick, N.; Mohn, EH. Reactive oxygen species: Response of algal cells. J. Plant Physiol. 2000, 157, 183-193.
[CrossRef]

McKinlay, A.F. Reference action spectrum for ultraviolet induced erythema in human skin. CIE J. 1987, 6,
17-22.

Diffey, B.L.; Robson, J. A new substrate to measure sunscreen protection factors throughout the ultraviolet
spectrum. J. Soc. Cosmet. Chem. 1989, 40, 127-133.

Pissavini, M.; Tricaud, C.; Wiener, G.; Lauer, A.; Contier, M.; Kolbe, L.; Trullds Cabanas, C.; Boyer, F;
Nollent, V.; Meredith, E.; et al. Validation of an in vitro sun protection factor (SPF) method in blinded
ring-testing. Int. |. Cosmet. Sci. 2018, 40, 263-268. [CrossRef] [PubMed]

The European Cosmetic and Perfumery Association. In Vitro Method for the Determination of the UVA
Protection Factor and “Critical Wavelength” Values of Sunscreen Products; The European Cosmetic and Perfumery
Association: Brussels, Belgium, 2011.

Waulf, H.C,; Poulsen, T.; Davies, R.E.; Urbach, F. Narrow-band UV radiation and induction of dermal elastosis
and skin cancer. Photodermatology 1989, 6, 44-51. [PubMed]

Bissett, D.L.; Hannon, D.P; Orr, T.V. Wavelength dependence of histological, physical and visible changes in
chronically UV-irradiated hairless mouse skin. Photochem. Photobiol. 1989, 50, 763-769. [CrossRef] [PubMed]
Fabo, E.C.D.; Kripke, M.L. Wavelength dependence and dose-rate independence of UV radiation-induced
immunologic unresponsiveness of mice to a UV-induced fibrosarcoma. Photochem. Photobiol. 1980, 32,183-188.
[CrossRef]

Dela Coba, F.; Aguilera, J.; Korbee, N.; de Galvez, M.V.; Herrera-Ceballos, E.; Alvarez-Gémez, F,; Figueroa, F.L.
UVA and UVB Photoprotective capabilities of topical formulations containing mycosporine-like amino acids
(maas) through different biological effective protection factors (BEPFs). Mar. Drugs 2019, 17, 55. [CrossRef]
Schneider, G.; Figueroa, FL.; Vega, J.; Chaves, P; Alvarez-Gémez, F; Korbee, N.; Bonomi-Barufi, J.
Photoprotection properties of marine photosynthetic organisms grown in high ultraviolet exposure areas:
Cosmeceutical applications. Algal Res. 2020, 49, 101956. [CrossRef]

Lourengo, S.O.; Barbarino, E.; De-Paula, ].C.; Pereira, L.O.D.S.; Marquez, U.M.L. Amino acid composition,
protein content and calculation of nitrogen-to-protein conversion factors for 19 tropical seaweeds. Phycol. Res.
2002, 50, 233-241. [CrossRef]

Vega, J.; Alvarez-Gémez, E; Giienaga, L.; Figueroa, FL.; Gomez-Pinchetti, ].L. Antioxidant activity of extracts
from marine macroalgae, wild-collected and cultivated, in an integrated multi-trophic aquaculture system.
Aquaculture 2020, 522, 735088. [CrossRef]

Lourenco, S.O.; Barbarino, E.; Lavin, PL.; Marquez, UM.L.; Aidar, E. Distribution of intracellular nitrogen in
marine microalgae: Calculation of new nitrogen-to-protein conversion factors. Eur. J. Phycol. 2004, 39, 17-32.
[CrossRef]

Lapointe, B.E.; Ryther, ].H. The effects of nitrogen and seawater flow rate on the growth and biochemical
composition of Gracilaria foliifera var. angustissima in mass outdoor cultures. Bot. Mar. 1979, 22, 529-538.
[CrossRef]

Duarte, C.M. Nutrient concentration of aquatic plants: Patterns across species. Limnol. Oceanogr. 1992, 37,
882-889. [CrossRef]

Holdt, S.L.; Kraan, S. Bioactive compounds in seaweed: Functional food applications and legislation.
J. Appl. Phycol. 2011, 23, 543-597. [CrossRef]

Usov, AL Polysaccharides of the red algae. In Advances in Carbohydrate Chemistry and Biochemistry;
Academic Press: Cambridge, MA, USA, 2011; Volume 65, pp. 115-217. [CrossRef]


http://dx.doi.org/10.1146/annurev.physiol.68.040104.110001
http://dx.doi.org/10.1016/j.arr.2009.05.004
http://dx.doi.org/10.1007/978-3-642-28451-9_20
http://dx.doi.org/10.3389/fmicb.2015.01202
http://www.ncbi.nlm.nih.gov/pubmed/26579108
http://dx.doi.org/10.1016/S0176-1617(00)80189-3
http://dx.doi.org/10.1111/ics.12459
http://www.ncbi.nlm.nih.gov/pubmed/29676800
http://www.ncbi.nlm.nih.gov/pubmed/2734244
http://dx.doi.org/10.1111/j.1751-1097.1989.tb02907.x
http://www.ncbi.nlm.nih.gov/pubmed/2626490
http://dx.doi.org/10.1111/j.1751-1097.1980.tb04007.x
http://dx.doi.org/10.3390/md17010055
http://dx.doi.org/10.1016/j.algal.2020.101956
http://dx.doi.org/10.1111/j.1440-1835.2002.tb00156.x
http://dx.doi.org/10.1016/j.aquaculture.2020.735088
http://dx.doi.org/10.1080/0967026032000157156
http://dx.doi.org/10.1515/botm.1979.22.8.529
http://dx.doi.org/10.4319/lo.1992.37.4.0882
http://dx.doi.org/10.1007/s10811-010-9632-5
http://dx.doi.org/10.1016/B978-0-12-385520-6.00004-2

Mar. Drugs 2020, 18, 659 22 of 26

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Zhang, Q.; Yu, P; Li, Z.; Zhang, H.; Xu, Z.; Li, P. Antioxidant activities of sulfated polysaccharide fractions
from Porphyra haitanesis. ]. Appl. Phycol. 2003, 15, 305-310. [CrossRef]

Abdala-Diaz, R.T.; Chabrillén, M.; Cabello-Pasini, A.; Gomez-Pinchetti, J.L.; Figueroa, F.L. Characterization
of polysaccharides from Hypnea spinella (Gigartinales) and Halopithys incurva (Ceramiales) and their effect on
RAW 264.7 macrophage activity. J. Appl. Phycol. 2011, 23, 523-528. [CrossRef]

Abdala-Diaz, R.T.; Casas Arrojo, V.; Arrojo Agudo, M.A.; Cardenas, C.; Dobretsov, S.; Figueroa, F.L.
Immunomodulatory and Antioxidant Activities of Sulfated Polysaccharides from Laminaria ochroleuca,
Porphyra umbilicalis, and Gelidium corneum. Mar. Biotechnol. 2019, 21, 577-587. [CrossRef]

Singh, S.; Das, S. Screening, production, optimization and characterization of cyanobacterial polysaccharide.
World ]. Microbiol. Biotechnol. 2011, 27, 1971-1980. [CrossRef]

Wang, H.B.; Wu, S.J.; Liu, D. Preparation of polysaccharides from cyanobacteria Nostoc commune and their
antioxidant activities. Carbohydr. Polym. 2014, 99, 553-555. [CrossRef] [PubMed]

Li, H,; Xu, J.; Liu, Y;; Ai, S.; Qin, F; Li, Z.; Zhang, H.; Huang, Z. Antioxidant and moisture-retention activities
of the polysaccharide from Nostoc commune. Carbohydr. Polym. 2011, 83, 1821-1827. [CrossRef]

Kumari, P.; Kumar, M.; Gupta, V.; Reddy, C.R.K,; Jha, B. Tropical marine macroalgae as potential sources of
nutritionally important PUFAs. Food Chem. 2010, 120, 749-757. [CrossRef]

Patel, VK.; Sundaram, S.; Patel, A.K,; Kalra, A. Characterization of Seven species of cyanobacteria for
high-quality biomass production. Arab. . Sci. Eng. 2018, 43, 109-121. [CrossRef]

Freile-Pelegrin, Y.; Robledo, D. Bioactive phenolic compounds from algae. In Bioactive Compounds from Marine
Foods: Plant and Animal Sources; Wiley Blackwell: Hoboken, NJ, USA, 2013; pp. 113-129. ISBN 9781118412893.
Machu, L.; Misurcova, L.; Ambrozova, J.V.; Orsavova, J.; Mlcek, J.; Sochor, ].; Jurikova, T. Phenolic content
and antioxidant capacity in algal food products. Molecules 2015, 20, 1118-1133. [CrossRef] [PubMed]
Stevanato, R.; Bertelle, M.; Fabris, S. Photoprotective characteristics of natural antioxidant polyphenols.
Regul. Toxicol. Pharmacol. 2014, 69, 71-77. [CrossRef] [PubMed]

Hu, S.; Zhang, X.; Chen, F.; Wang, M. Dietary polyphenols as photoprotective agents against UV radiation.
J. Funct. Foods 2017, 30, 108-118. [CrossRef]

Gager, L.; Connan, S.; Molla, M.; Couteau, C.; Arbona, J.E; Coiffard, L.; Cérantola, S.; Stiger-Pouvreau, V.
Active phlorotannins from seven brown seaweeds commercially harvested in Brittany (France) detected
by 1H NMR and in vitro assays: Temporal variation and potential valorization in cosmetic applications.
J. Appl. Phycol. 2020, 32, 2375-2386. [CrossRef]

Loépez, A.; Rico, M.; Rivero, A.; Suarez de Tangil, M. The effects of solvents on the phenolic contents and
antioxidant activity of Stypocaulon scoparium algae extracts. Food Chem. 2011, 125, 1104-1109. [CrossRef]
Hwang, E.S.; Do Thi, N. Effects of extraction and processing methods on antioxidant compound contents
and radical scavenging activities of laver (Porphyra tenera). Prev. Nutr. Food Sci. 2014, 19, 40-48. [CrossRef]
Zubia, M.; Robledo, D.; Freile-Pelegrin, Y. Antioxidant activities in tropical marine macroalgae from the
Yucatan Peninsula, Mexico. J. Appl. Phycol. 2007, 19, 449-458. [CrossRef]

Li, H.B.; Cheng, KW.; Wong, C.C.; Fan, KW.; Chen, F,; Jiang, Y. Evaluation of antioxidant capacity and total
phenolic content of different fractions of selected microalgae. Food Chem. 2007, 102, 771-776. [CrossRef]
Singh, D.P;; Prabha, R.; Verma, S.; Meena, K.K.; Yandigeri, M. Antioxidant properties and polyphenolic
content in terrestrial cyanobacteria. 3 Biotech 2017, 7, 134. [CrossRef] [PubMed]

Samarakoon, K.; Jeon, Y.J. Bio-functionalities of proteins derived from marine algae—A review. Food Res. Int.
2012, 48, 948-960. [CrossRef]

Ferdouse, F; Holdt, S.L.; Smith, R.; Murda, P; Yang, Z. The global status of seaweed production, trade and
utilization. FAO Globefish Res. Program. 2018, 124, 120.

Rosales-Loaiza, N.; Aiello-Mazzarri, C.; Gomez, L.; Arredondo, B.; Morales, E. Nutritional quality of biomass
from four strains of Nostoc and Anabaena grown in batch cultures. Int. Food Res. . 2017, 24, 2212-2219.
Hemlata; Fatma, T. Screening of cyanobacteria for phycobiliproteins and effect of different environmental
stress on its yield. Bull. Environ. Contam. Toxicol. 2009, 83, 509-515. [CrossRef] [PubMed]

Olvera-Ramirez, R.; Coria-Cedillo, M.; Cafiizares-Villanueva, R.O.; Martinez-Jerénimo, F,; Ponce-Noyola, T.;
Rios-Leal, E. Growth evaluation and bioproducts characterization of Calothrix sp. Bioresour. Technol. 2000, 72,
121-124. [CrossRef]

Johnson, EM.; Kumar, K.; Das, D. Physicochemical parameters optimization, and purification of
phycobiliproteins from the isolated Nostoc sp. Bioresour. Technol. 2014, 166, 541-547. [CrossRef]


http://dx.doi.org/10.1023/A:1025137728525
http://dx.doi.org/10.1007/s10811-010-9622-7
http://dx.doi.org/10.1007/s10126-019-09905-x
http://dx.doi.org/10.1007/s11274-011-0657-y
http://dx.doi.org/10.1016/j.carbpol.2013.08.066
http://www.ncbi.nlm.nih.gov/pubmed/24274542
http://dx.doi.org/10.1016/j.carbpol.2010.10.046
http://dx.doi.org/10.1016/j.foodchem.2009.11.006
http://dx.doi.org/10.1007/s13369-017-2666-0
http://dx.doi.org/10.3390/molecules20011118
http://www.ncbi.nlm.nih.gov/pubmed/25587787
http://dx.doi.org/10.1016/j.yrtph.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24607767
http://dx.doi.org/10.1016/j.jff.2017.01.009
http://dx.doi.org/10.1007/s10811-019-02022-1
http://dx.doi.org/10.1016/j.foodchem.2010.09.101
http://dx.doi.org/10.3746/pnf.2014.19.1.040
http://dx.doi.org/10.1007/s10811-006-9152-5
http://dx.doi.org/10.1016/j.foodchem.2006.06.022
http://dx.doi.org/10.1007/s13205-017-0786-6
http://www.ncbi.nlm.nih.gov/pubmed/28593520
http://dx.doi.org/10.1016/j.foodres.2012.03.013
http://dx.doi.org/10.1007/s00128-009-9837-y
http://www.ncbi.nlm.nih.gov/pubmed/19629363
http://dx.doi.org/10.1016/S0960-8524(99)00099-1
http://dx.doi.org/10.1016/j.biortech.2014.05.097

Mar. Drugs 2020, 18, 659 23 of 26

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Sampath-Wiley, P.; Neefus, C.D.; Jahnke, L.S. Seasonal effects of sun exposure and emersion on intertidal
seaweed physiology: Fluctuations in antioxidant contents, photosynthetic pigments and photosynthetic
efficiency in the red alga Porphyra umbilicalis Kiitzing (Rhodophyta, Bangiales). J. Exp. Mar. Bio. Ecol.
2008, 361, 83-91. [CrossRef]

Sfriso, A.A.; Gallo, M.; Baldi, F. Phycoerythrin productivity and diversity from five red macroalgae.
J. Appl. Phycol. 2018, 30, 2523-2531. [CrossRef]

Korbee, N.; Figueroa, F.L.; Aguilera, J. Effect of light quality on the accumulation of photosynthetic pigments,
proteins and mycosporine-like amino acids in the red alga Porphyra leucosticta (Bangiales, Rhodophyta).
J. Photochem. Photobiol. B Biol. 2005, 80, 71-78. [CrossRef] [PubMed]

Ma, R; Lu, E; Bi, Y.; Hu, Z. Effects of light intensity and quality on phycobiliprotein accumulation in the
cyanobacterium Nostoc sphaeroides Kiitzing. Biotechnol. Lett. 2015, 37, 1663-1669. [CrossRef] [PubMed]
Pagels, F.; Bonomi-Barulfi, J.; Vega, J.; Abdala-Diaz, R.; Vasconcelos, V.; Guedes, A.C.; Figueroa, FL. Light
quality triggers biochemical modulation of Cyanobium sp.—Photobiology as tool for biotechnological
optimization. J. Appl. Phycol. 2020, 32, 2851-2861. [CrossRef]

Niu, J.E; Wang, G.C.; Tseng, C.K. Method for large-scale isolation and purification of R-phycoerythrin from
red alga Polysiphonia urceolata Grev. Protein Expr. Purif. 2006, 49, 23-31. [CrossRef]

Proteau, PJ.; Gerwick, WH.; Garcia-Pichel, F.; Castenholz, R. The structure of scytonemin, an ultraviolet
sunscreen pigment from the sheaths of cyanobacteria. Experientia 1993, 49, 825-829. [CrossRef]
Garcia-Pichel, F; Castenholz, R.W. Characterization and biological implications of scytonemin, a cyanobacterial
sheath pigment. J. Phycol. 1991, 27, 395-409. [CrossRef]

Sinha, R.P,; Hader, D.P. UV-protectants in cyanobacteria. Plant Sci. 2008, 174, 278-289. [CrossRef]

Mushir, S.; Deep, S.; Fatma, T.; Student, P.G. Screening of cyanobacterial strains for UV screening compound
scytonemin-environmental perspectives. IJIRSET 2014, 3.

Rath, J.; Mandal, S.; Adhikary, S.P. Salinity induced synthesis of UV-screening compound scytonemin in the
cyanobacterium Lyngbya aestuarii. J. Photochem. Photobiol. B Biol. 2012, 115, 5-8. [CrossRef]

Rastogi, R.P; Incharoensakdi, A. Characterization of UV-screening compounds, mycosporine-like amino
acids, and scytonemin in the cyanobacterium Lyngbya sp. CU2555. FEMS Microbiol. Ecol. 2014, 87, 244-256.
[CrossRef] [PubMed]

Chen, J.; Zhao, L.; Xu, J.; Yang, R.; He, S.; Yan, X. Determination of oxidized scytonemin in Nostoc commune
Vauch cultured on different conditions by high performance liquid chromatography coupled with triple
quadrupole mass spectrometry. J. Appl. Phycol. 2013, 25, 1001-1007. [CrossRef]

Rastogi, R.P.; Sonani, R.R.; Madamwar, D. The high-energy radiation protectant extracellular sheath pigment
scytonemin and its reduced counterpart in the cyanobacterium Scytonema sp. R77DM. Bioresour. Technol.
2014, 171, 396-400. [CrossRef] [PubMed]

Mushir, S.; Fatma, T. Monitoring stress responses in cyanobacterial scytonemin—Screening and characterization.
Environ. Technol. 2012, 33, 153-157. [CrossRef]

Fleming, E.D.; Castenholz, R.W. Effects of nitrogen source on the synthesis of the UV-screening compound,
scytonemin, in the cyanobacterium Nostoc punctiforme PCC 73102. FEMS Microbiol. Ecol. 2008, 63, 301-308.
[CrossRef]

Sinha, R.P; Singh, S.P.; Hdder, D.P. Database on mycosporines and mycosporine-like amino acids (MAAs) in
fungi, cyanobacteria, macroalgae, phytoplankton and animals. J. Photochem. Photobiol. B Biol. 2007, 89, 29-35.
[CrossRef]

Carreto, ].I.; Carignan, M.O. Mycosporine-like amino acids: Relevant secondary metabolites. Chemical and
ecological aspects. Mar. Drugs 2011, 9, 387-446. [CrossRef]

Garcia-Pichel, F; Castenholz, R.W. Occurrence of UV-absorbing, mycosporine-like compounds among
cyanobacterial isolates and an estimate of their screening capacity. Appl. Environ. Microbiol. 1993, 59, 163-169.
[CrossRef]

Singh, S.P,; Klisch, M.; Sinha, R.P.; Hader, D.P. Effects of abiotic stressors on synthesis of the mycosporine-like
amino acid shinorine in the cyanobacterium Anabaena variabilis PCC 7937. Photochem. Photobiol. 2008, 84,
1500-1505. [CrossRef]

Sinha, R.P. Biochemical characterization of sunscreening mycosporine-like amino acids from two Nostoc
species inhabiting diverse habitats. Protoplasma 2014, 252, 199-208. [CrossRef]


http://dx.doi.org/10.1016/j.jembe.2008.05.001
http://dx.doi.org/10.1007/s10811-018-1440-3
http://dx.doi.org/10.1016/j.jphotobiol.2005.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16038805
http://dx.doi.org/10.1007/s10529-015-1831-3
http://www.ncbi.nlm.nih.gov/pubmed/25864176
http://dx.doi.org/10.1007/s10811-020-02179-0
http://dx.doi.org/10.1016/j.pep.2006.02.001
http://dx.doi.org/10.1007/BF01923559
http://dx.doi.org/10.1111/j.0022-3646.1991.00395.x
http://dx.doi.org/10.1016/j.plantsci.2007.12.004
http://dx.doi.org/10.1016/j.jphotobiol.2012.06.002
http://dx.doi.org/10.1111/1574-6941.12220
http://www.ncbi.nlm.nih.gov/pubmed/24111939
http://dx.doi.org/10.1007/s10811-012-9914-1
http://dx.doi.org/10.1016/j.biortech.2014.08.106
http://www.ncbi.nlm.nih.gov/pubmed/25226055
http://dx.doi.org/10.1080/09593330.2011.553842
http://dx.doi.org/10.1111/j.1574-6941.2007.00432.x
http://dx.doi.org/10.1016/j.jphotobiol.2007.07.006
http://dx.doi.org/10.3390/md9030387
http://dx.doi.org/10.1128/AEM.59.1.163-169.1993
http://dx.doi.org/10.1111/j.1751-1097.2008.00376.x
http://dx.doi.org/10.1007/s00709-014-0674-4

Mar. Drugs 2020, 18, 659 24 of 26

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

Sinha, R.P; Klisch, M.; Walter Helbling, E.; Hader, D.P. Induction of mycosporine-like amino acids (MAAs)
in cyanobacteria by solar ultraviolet-B radiation. J. Photochem. Photobiol. B Biol. 2001, 60, 129-135. [CrossRef]
Sun, Y.; Zhang, N.; Zhou, J.; Dong, S.; Zhang, X.; Guo, L.; Guo, G. Distribution, contents, and types of
mycosporine-like amino acids (MAAs) in marine macroalgae and a database for MAAs based on these
characteristics. Mar. Drugs 2020, 18, 43. [CrossRef] [PubMed]

Korbee, N. Fotorregulacion y Efecto del Nitrégeno Inorgdnico en la Acumulacién de Aminoacidos Tipo
Micosporina en Algas Rojas. Ph.D. Thesis, Universidad de Malaga, Malaga, Spain, 2003.

Huovinen, P.; Gémez, I.; Figueroa, FL.; Ulloa, N.; Morales, V.; Lovengreen, C. Ultraviolet-absorbing
mycosporine-like amino acids in red macroalgae from Chile. Bot. Mar. 2004, 47, 21-29. [CrossRef]

Briani, B.; Sissini, M.N.; Lucena, L.A.; Batista, M.B.; Costa, [.O.; Nunes, ]. M.C.; Schmitz, C.; Ramlov, F;
Maraschin, M.; Korbee, N.; et al. The influence of environmental features in the content of mycosporine-like
amino acids in red marine algae along the Brazilian coast. ]. Phycol. 2018, 54, 380-390. [CrossRef] [PubMed]
Navarro, N.; Figueroa, F.L.; Korbee, N.; Bonomi, J.; Gémez, FA.; Dela Coba, F. Mycosporine-like amino
acids from red algae to develop natural UV sunscreens. In Sunscreens: Source, Formulations, Efficacy and
Recommendations; Ministry of Environment, Forest and Climate Change, Research in Environment (RE)
Division, Indira Paryavaran Bhavan: New Delhi, India, 2018; pp. 99-129. ISBN 9781536132953.

Torres, P.; Santos, J.P.; Chow, E; Dos Santos, D.Y.A.C. A comprehensive review of traditional uses, bioactivity
potential, and chemical diversity of the genus Gracilaria (Gracilariales, Rhodophyta). Algal Res. 2019, 37,
288-306. [CrossRef]

Chrapusta, E.; Kaminski, A.; Duchnik, K.; Bober, B.; Adamski, M.; Bialczyk, J. Mycosporine-like amino acids:
Potential health and beauty ingredients. Mar. Drugs 2017, 15, 326. [CrossRef]

Chaves-Penia, P.; De La Coba, F.; Figueroa, F.L.; Korbee, N. Quantitative and qualitative HPLC analysis of
mycosporine-like amino acids extracted in distilled water for cosmetical uses in four rhodophyta. Mar. Drugs
2020, 18, 27. [CrossRef]

Alvarez-Gémez, F.; Korbee, N; Figueroa, FL. Analysis of antioxidant capacity and bioactive compounds
in marine macroalgal and lichenic extracts using different solvents and evaluation methods. Ciencias Mar.
2016, 42, 271-288. [CrossRef]

Alvarez-Gomez, F.; Korbee, N.; Casas-Arrojo, V.; Abdala-Diaz, R.T.; Figueroa, F.L. UV photoprotection,
cytotoxicity and immunology capacity of red algae extracts. Molecules 2019, 24, 341. [CrossRef]

Lalegerie, F; Lajili, S.; Bedoux, G.; Taupin, L.; Stiger-Pouvreau, V.; Connan, S. Photo-protective compounds
in red macroalgae from Brittany: Considerable diversity in mycosporine-like amino acids (MAAs).
Mar. Environ. Res. 2019, 147, 37-48. [CrossRef]

Torres, P.B.; Chow, E,; Ferreira, M.J.P.; Dos Santos, D.Y.A.C. Mycosporine-like amino acids from Gracilariopsis
tenuifrons (Gracilariales, Rhodophyta) and its variation under high light. J. Appl. Phycol. 2016, 28, 2035-2040.
[CrossRef]

De La Coba, F; Aguilera, J.; Figueroa, FL.; De Gadlvez, M.V.; Herrera, E. Antioxidant activity of
mycosporine-like amino acids isolated from three red macroalgae and one marine lichen. J. Appl. Phycol.
2009, 21, 161-169. [CrossRef]

Wada, N.; Sakamoto, T.; Matsugo, S. Mycosporine-like amino acids and their derivatives as natural
antioxidants. Antioxidants 2015, 4, 603—-646. [CrossRef] [PubMed]

Lawrence, K.P; Gacesa, R.; Long, P.E; Young, A.R. Molecular photoprotection of human keratinocytes in vitro
by the naturally occurring mycosporine-like amino acid palythine. Br. |. Dermatol. 2018, 178, 1353-1363.
[CrossRef] [PubMed]

Guedes, A.; Giao, M,; Seabra, R.; Ferreira, A.; Tamagnini, P.; Moradas-Ferreira, P.; Malcata, F. Evaluation of
the antioxidant activity of cell extracts from microalgae. Mar. Drugs 2013, 11, 1256-1270. [CrossRef]
Jerez-Martel, I.; Garcia-Poza, S.; Rodriguez-Martel, G.; Rico, M.; Afonso-Olivares, C.; Gémez-Pinchetti, J.L.
Phenolic profile and antioxidant activity of crude extracts from microalgae and cyanobacteria strains.
J. Food Qual. 2017, 2017, 2924508. [CrossRef]

Assuncao, M.E.G.; Amaral, R.; Martins, C.B.; Ferreira, ].D.; Ressurreigao, S.; Santos, S.D.; Varejao, ] M.T.B.;
Santos, L.M.A. Screening microalgae as potential sources of antioxidants. J. Appl. Phycol. 2017, 29, 865-877.
[CrossRef]

Kelman, D.; Kromkowski Posner, E.; Mcdermid, K.J.; Tabandera, N.K.; Wright, PR.; Wright, A.D. Antioxidant
activity of Hawaiian marine algae. Mar. Drugs 2012, 10, 403-416. [CrossRef]


http://dx.doi.org/10.1016/S1011-1344(01)00137-3
http://dx.doi.org/10.3390/md18010043
http://www.ncbi.nlm.nih.gov/pubmed/31936139
http://dx.doi.org/10.1515/BOT.2004.003
http://dx.doi.org/10.1111/jpy.12640
http://www.ncbi.nlm.nih.gov/pubmed/29505096
http://dx.doi.org/10.1016/j.algal.2018.12.009
http://dx.doi.org/10.3390/md15100326
http://dx.doi.org/10.3390/md18010027
http://dx.doi.org/10.7773/cm.v42i4.2677
http://dx.doi.org/10.3390/molecules24020341
http://dx.doi.org/10.1016/j.marenvres.2019.04.001
http://dx.doi.org/10.1007/s10811-015-0708-0
http://dx.doi.org/10.1007/s10811-008-9345-1
http://dx.doi.org/10.3390/antiox4030603
http://www.ncbi.nlm.nih.gov/pubmed/26783847
http://dx.doi.org/10.1111/bjd.16125
http://www.ncbi.nlm.nih.gov/pubmed/29131317
http://dx.doi.org/10.3390/md11041256
http://dx.doi.org/10.1155/2017/2924508
http://dx.doi.org/10.1007/s10811-016-0980-7
http://dx.doi.org/10.3390/md10020403

Mar. Drugs 2020, 18, 659 25 of 26

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Hajimahmoodi, M.; Faramarzi, M.A.; Mohammadi, N.; Soltani, N.; Oveisi, M.R.; Nafissi-Varcheh, N.
Evaluation of antioxidant properties and total phenolic contents of some strains of microalgae. J. Appl. Phycol.
2010, 22, 43-50. [CrossRef]

Monteiro, M.; Santos, R.A; Iglesias, P.; Couto, A.; Serra, C.R.; Gouvinhas, I.; Barros, A.; Oliva-Teles, A.;
Enes, P.; Diaz-Rosales, P. Effect of extraction method and solvent system on the phenolic content and
antioxidant activity of selected macro-and microalgae extracts. J. Appl. Phycol. 2020, 32, 349-362. [CrossRef]
Guedes, A.C.; Amaro, HM.; Gido, M.S.; Malcata, EX. Optimization of ABTS radical cation assay specifically
for determination of antioxidant capacity of intracellular extracts of microalgae and cyanobacteria. Food Chem.
2013, 138, 638-643. [CrossRef] [PubMed]

Arnao, M.B. Some methodological problems in the determination of antioxidant activity using chromogen
radicals: A practical case. Trends Food Sci. Technol. 2000, 11, 419-421. [CrossRef]

Kim, D.O.; Lee, KW,; Lee, H].; Lee, C.Y. Vitamin C equivalent antioxidant capacity (VCEAC) of phenolic
phytochemicals. J. Agric. Food Chem. 2002, 50, 3713-3717. [CrossRef] [PubMed]

Sekar, S.; Chandramohan, M. Phycobiliproteins as a commodity: Trends in applied research, patents and
commercialization. J. Appl. Phycol. 2008, 20, 113-136. [CrossRef]

Pagels, E; Guedes, A.C.; Amaro, HM.; Kijjoa, A.; Vasconcelos, V. Phycobiliproteins from cyanobacteria:
Chemistry and biotechnological applications. Biotechnol. Adv. 2019, 37, 422-443. [CrossRef]

Matsui, K.; Nazifi, E.; Hirai, Y.; Wada, N.; Matsugo, S.; Sakamoto, T. The cyanobacterial UV-absorbing pigment
scytonemin displays radical-scavenging activity. J. Gen. Appl. Microbiol. 2012, 58, 137-144. [CrossRef]
Connan, S.; Delisle, F,; Deslandes, E.; Ar Gall, E. Intra-thallus phlorotannin content and antioxidant activity
in Phaeophyceae of temperate waters. Bot. Mar. 2006, 49, 39-46. [CrossRef]

Cornish, M.L.; Garbary, D.J. Antioxidants from macroalgae: Potential applications in human health and
nutrition. Algae 2010, 25, 155-171. [CrossRef]

Dunlap, W.C.; Yamamoto, Y. Small-molecule antioxidants in marine organisms: Antioxidant activity of
mycosporine-glycine. Comp. Biochem. Physiol. Part B Biochem. 1995, 112, 105-114. [CrossRef]

Yang, E.C.; Boo, S.M.; Bhattacharya, D.; Saunders, G.W.; Knoll, A.H.; Fredericq, S.; Graf, L.; Yoon, H.S.
Divergence time estimates and the evolution of major lineages in the florideophyte red algae. Sci. Rep.
2016, 6, 21361. [CrossRef] [PubMed]

De la Coba, F.; Aguilera, J.; De Galvez, M.V,; Alvarez, M.; Gallego, E.; Figueroa, F.L.; Herrera, E. Prevention
of the ultraviolet effects on clinical and histopathological changes, as well as the heat shock protein-70
expression in mouse skin by topical application of algal UV-absorbing compounds. J. Dermatol. Sci. 2009, 55,
161-169. [CrossRef] [PubMed]

Mercurio, D.G.; Wagemaker, T.A.L.; Alves, V.M.; Benevenuto, C.G.; Gaspar, L.R.; Maia Campos, PM.B.G.
In vivo photoprotective effects of cosmetic formulations containing UV filters, vitamins, ginkgo biloba and
red algae extracts. J. Photochem. Photobiol. B Biol. 2015, 153, 121-126. [CrossRef] [PubMed]

Conde, ER.; Churio, M.S,; Previtali, C.M. The photoprotector mechanism of mycosporine-like amino acids.
Excited-state properties and photostability of porphyra-334 in aqueous solution. ]. Photochem. Photobiol. B Biol.
2000, 56, 139-144. [CrossRef]

Hartmann, A.; Gostner, J.; Fuchs, ].E.; Chaita, E.; Aligiannis, N.; Skaltsounis, L.; Ganzera, M. Inhibition of
collagenase by mycosporine-like amino acids from marine sources. Planta Med. 2015, 81, 813-820. [CrossRef]
[PubMed]

Becker, K.; Hartmann, A.; Ganzera, M.; Fuchs, D.; Gostner, ]. Inmunomodulatory effects of the mycosporine-
like amino acids shinorine and porphyra-334. Mar. Drugs 2016, 14, 119. [CrossRef] [PubMed]

Gonzalez, S.; Pathak, M.A.; Cuevas, J.; Villarrubia, V.G.; Fitzpatrick, T.B. Topical or oral administration with
an extract of Polypodium leucotomos prevents acute sunburn and psoralen-induced phototoxic reactions as
well as depletion of Langerhans cells in human skin. Photodermatol. Photoimmunol. Photomed. 1997, 13, 50-60.
[CrossRef] [PubMed]

Parrado, C.; Nicolas, ].; Juarranz, A.; Gonzalez, S. The role of the aqueous extract: Polypodium leucotomos in
photoprotection. Photochem. Photobiol. Sci. 2020, 19, 831-843. [CrossRef]

Aziz, A. “Scytonemin” pigment in Lyngbya notarisii (Meneghini) wille and possibility of using it in preparing
skin protecting cream. |. Drug Res. Dev. 2018, 4. [CrossRef]


http://dx.doi.org/10.1007/s10811-009-9424-y
http://dx.doi.org/10.1007/s10811-019-01927-1
http://dx.doi.org/10.1016/j.foodchem.2012.09.106
http://www.ncbi.nlm.nih.gov/pubmed/23265534
http://dx.doi.org/10.1016/S0924-2244(01)00027-9
http://dx.doi.org/10.1021/jf020071c
http://www.ncbi.nlm.nih.gov/pubmed/12059148
http://dx.doi.org/10.1007/s10811-007-9188-1
http://dx.doi.org/10.1016/j.biotechadv.2019.02.010
http://dx.doi.org/10.2323/jgam.58.137
http://dx.doi.org/10.1515/BOT.2006.005
http://dx.doi.org/10.4490/algae.2010.25.4.155
http://dx.doi.org/10.1016/0305-0491(95)00086-N
http://dx.doi.org/10.1038/srep21361
http://www.ncbi.nlm.nih.gov/pubmed/26892537
http://dx.doi.org/10.1016/j.jdermsci.2009.06.004
http://www.ncbi.nlm.nih.gov/pubmed/19586754
http://dx.doi.org/10.1016/j.jphotobiol.2015.09.016
http://www.ncbi.nlm.nih.gov/pubmed/26402714
http://dx.doi.org/10.1016/S1011-1344(00)00066-X
http://dx.doi.org/10.1055/s-0035-1546105
http://www.ncbi.nlm.nih.gov/pubmed/26039265
http://dx.doi.org/10.3390/md14060119
http://www.ncbi.nlm.nih.gov/pubmed/27338421
http://dx.doi.org/10.1111/j.1600-0781.1997.tb00108.x
http://www.ncbi.nlm.nih.gov/pubmed/9361129
http://dx.doi.org/10.1039/D0PP00124D
http://dx.doi.org/10.16966/2470-1009.144

Mar. Drugs 2020, 18, 659 26 of 26

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Kang, M.R.;Jo,S.A.; Lee, H.; Yoon, Y.D.; Kwon, ] H.; Yang, ] W.; Choi, B.J.; Park, K.H.; Lee, M.Y.; Lee, C.W.; et al.
Inhibition of skin inflammation by scytonemin, an ultraviolet sunscreen pigment. Mar. Drugs 2020, 18, 300.
[CrossRef]

Barcel6-Villalobos, M.; Figueroa, FL.; Korbee, N.; Alvarez-Gémez, F; Abreu, M.H. Production of
mycosporine-like amino acids from Gracilaria vermiculophylla (Rhodophyta) cultured through one year
in an integrated multi-trophic aquaculture (IMTA) system. Mar. Biotechnol. 2017, 19, 246-254. [CrossRef]
Abreu, M.H.; Pereira, R.; Yarish, C.; Buschmann, A.H.; Sousa-Pinto, I. IMTA with Gracilaria vermiculophylla:
Productivity and nutrient removal performance of the seaweed in a land-based pilot scale system. Aquaculture
2011, 312, 77-87. [CrossRef]

Guedes, A.C.; Katkam, N.G.; Varela, ]J.; Malcata, FX. Photobioreactors for cyanobacterial culturing.
In Cyanobacteria: An Economic Perspective; Wiley Blackwell: Hoboken, NJ, USA, 2013; pp. 270-292.
ISBN 9781118402238.

Bandaranayake, W.M. Mycosporines: Are they nature’s sunscreens? Nat. Prod. Rep. 1998, 15, 159-172.
[CrossRef] [PubMed]

Cardozo, KH.M.; Guaratini, T.; Barros, M.P; Falcao, V.R; Tonon, A.P,; Lopes, N.P.,; Campos, S.; Torres, M.A.;
Souza, A.O.; Colepicolo, P; et al. Metabolites from algae with economical impact. Comp. Biochem. Physiol. C
Toxicol. Pharmacol. 2007, 146, 60-78. [CrossRef] [PubMed]

Morabito, K.; Shapley, N.C.; Steeley, K.G.; Tripathi, A. Review of sunscreen and the emergence of
non-conventional absorbers and their applications in ultraviolet protection. Int. J. Cosmet. Sci. 2011, 33, 385-390.
[CrossRef] [PubMed]

Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

DuBois, M.; Gilles, K.A.; Hamilton, ]J.K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of
sugars and related substances. Anal. Chem. 1956, 28, 350-356. [CrossRef]

Mishra, S.K.; Suh, W.I; Farooq, W.; Moon, M.; Shrivastav, A.; Park, M.S.; Yang, ].W. Rapid quantification of
microalgal lipids in aqueous medium by a simple colorimetric method. Bioresour. Technol. 2014, 155, 330-333.
[CrossRef]

Beer, S.; Eshel, A. Determining phycoerythrin and phycocyanin concentrations in aqueous crude extracts of
red algae. Mar. Freshw. Res. 1985, 36, 785. [CrossRef]

Bennett, A.; Bogobad, L. Complementary chromatic adaptation in a filamentous blue-green alga. J. Cell Biol.
1973, 58, 419-435. [CrossRef]

Garcia-Pichel, E; Sherry, N.D.; Castenholz, R.W. Evidence for an ultraviolet sunscreen role of the extracellular
pigment scytonemin in the terrestrial cyanobacterium Chlorogloeopsis sp. Photochem. Photobiol. 1992, 56, 17-23.
[CrossRef]

Singleton, V.; Rossi, J. Colorimetry of total phenolics with phosphomolybdic-phosphotungstic acid reagents.
Am. ]. Enol. Vitic. 1965, 16, 144-158.

Korbee-Peinado, N.; Abdala Diaz, R.T.; Figueroa, FL.; Helbling, EEW. Ammonium and UV radiation stimulate
the accumulation of mycosporine-like amino acids in Porphyra columbina (Rhodophyta) from Patagonia,
Argentina. J. Phycol. 2004, 40, 248-259. [CrossRef]

Karsten, U.; Sawall, T.; Hanelt, D.; Bischof, K.; Figueroa, F.L.; Flores-Moya, A.; Wiencke, C. An inventory of
UV-absorbing mycosporine-like amino acids in macroalgae from polar to warm-temperate regions. Bot. Mar.
1998, 41, 443-453. [CrossRef]

Re, R.; Pellegrini, N.; Proteggente, A.; Pannala, A.; Yang, M.; Rice-Evans, C. Antioxidant activity applying an
improved ABTS radical cation decolorization assay. Free Radic. Biol. Med. 1999, 26, 1231-1237. [CrossRef]
Brand-Williams, W.; Cuvelier, M.E.; Berset, C. Use of a free radical method to evaluate antioxidant activity.
LWT Food Sci. Technol. 1995, 28, 25-30. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3390/md18060300
http://dx.doi.org/10.1007/s10126-017-9746-8
http://dx.doi.org/10.1016/j.aquaculture.2010.12.036
http://dx.doi.org/10.1039/a815159y
http://www.ncbi.nlm.nih.gov/pubmed/9586224
http://dx.doi.org/10.1016/j.cbpc.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16901759
http://dx.doi.org/10.1111/j.1468-2494.2011.00654.x
http://www.ncbi.nlm.nih.gov/pubmed/21507015
http://dx.doi.org/10.1016/0003-2697(76)90527-3
http://dx.doi.org/10.1021/ac60111a017
http://dx.doi.org/10.1016/j.biortech.2013.12.077
http://dx.doi.org/10.1071/MF9850785
http://dx.doi.org/10.1083/jcb.58.2.419
http://dx.doi.org/10.1111/j.1751-1097.1992.tb09596.x
http://dx.doi.org/10.1046/j.1529-8817.2004.03013.x
http://dx.doi.org/10.1515/botm.1998.41.1-6.443
http://dx.doi.org/10.1016/S0891-5849(98)00315-3
http://dx.doi.org/10.1016/S0023-6438(95)80008-5
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	UV Absorption Spectra 
	Biochemical Composition 
	Antioxidant Activity 
	Photoprotective Capacity 
	Correlations and Principal Component Analyses 

	Discussion 
	Biochemical Composition 
	Bioactivities (Antioxidant and Photoprotective) and its Relation with Biochemical Composition 
	Future Perspectives 

	Conclusions 
	Materials and Methods 
	Biological Material 
	Preparation of Algal Extracts 
	Biochemical Composition 
	Total Carbon and Nitrogen 
	Proteins 
	Carbohydrates 
	Lipids 
	Phycobiliproteins and Scytonemin 
	Phenolic Compounds 
	Mycosporine-Like Amino Acids (MAAs) 

	Antioxidant Activity (ABTS and DPPH) 
	Photoprotection Capacity 
	Statistical Analyses 

	References

