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Abstract: In the past few years, there has been an increasing interest in mycosporines—UV-absorbing
molecules—bringing important insights into their intrinsic properties as natural sunscreens. Herein,
mycosporine-serinol and gadusol (enolate form)/gadusolate were exposed to UV radiation via a
solar simulator and the photostability was assessed in pure water and different natural matrices
like river, estuary and ocean water. In general, this study revealed that the photodegradation of
gadusolate and mycosporine-serinol was higher in natural matrices than in pure water due to the
generation of singlet oxygen on UV irradiation. In pure water, in terms of photostability, both
gadusolate and mycosporine-serinol were found to offer good protection and high performance in
terms of photodegradation quantum yield ((0.8 & 0.2) x 10~* and (1.1 + 0.6) x 10~#, respectively).
Nonetheless, the photostability of mycosporine-serinol was found to be superior to that of gadusolate
in natural water, namely, ocean, estuary and river. The present work highlights how mycosporine-
serinol and gadusolate resist photodegradation, and supports their role as effective and stable
UV-B sunscreens.

Keywords: mycosporines; gadusol; UV filters; photostability; photodegradation; photosensitizer;
porphine; riboflavin; aquatic matrices

1. Introduction

Among the natural molecules acting as ultraviolet (UV) sunscreens, mycosporines and
mycosporine-like amino acids (MAAs) are some of the most prominent exemplars [1-3].
Mycosporines are UV-absorbing compounds at around 310 nm which possess a cyclo-
hexenone ring system linked with an amino acid or amino alcohol. On the other hand,
MAAs are UV-absorbing compounds with imine derivatives of mycosporines or enam-
ino imines that consist of a cyclohexenimine ring system with UV absorption maxima
between 310 and 360 nm. Both have high molar extinction coefficients (from 28,100 to
60,000 L-mol~!-cm™1), the ability to dissipate the absorbed UV radiation as heat energy
without generation of oxidative photo-products, and high photo- and thermostability [1-9].
These two families of secondary metabolites are biosynthesized by algae, fungi and
cyanobacteria, and ingested or accumulated by marine animals like fish, mollusks and
arthropods to protect themselves from the harmful effects of UV radiation [1,2,4]. My-
cosporines and MAAs are low molecular weight (<400 Da) and water-soluble molecules.
Their precursors, gadusol and 6-deoxygadusol, consist of cyclohexenone compounds ab-
sorbing in the UV-B spectrum [3,7,10].

Because of some controversy related to side effects provoked by conventional synthetic
sunscreens and mineral sunscreens (e.g., TiOy, ZnO, etc.) on both human and environ-
mental health, and their limited photostability and cross-stability with other sunscreen
agents, these natural sunscreens have attracted the interest of the academic community,
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scientists and industrials [10,11]. Due to widespread use of synthetic sunscreens along with
recreational activities, these compounds end up in aquatic ecosystems like oceans, rivers
and estuaries [12]. Consequently, this can cause neurotoxicity in marine organisms, increase
the mortality in fish, reduce coral reproduction and exacerbate coral reef bleaching [13,14].
Thus, these UV-absorbing natural molecules are suitable potential candidates as an alterna-
tive to conventional synthetic UV filters in sunscreen formulations [4,15] and the design of
UV-absorbing and protective biomaterials [16]. Indeed, the assessment and understanding
of their photostability in natural water matrices and in the presence of photosensitizers
seems to be crucial. Herein, there is a particular focus on natural molecules absorbing in
UV-B (Figure 1). The penetration of UV-B rays into the Earth’s atmosphere can cause a
series of side effects in humans such as sunburn, immunosuppression and generation of
reactive oxygen species (ROS), leading to DNA damage and carcinogenesis (melanoma
and non-melanoma skin cancer) [7,16].
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Figure 1. Chemical structures of gadusol, gadusolate [17,18] and mycosporine-serinol (M-
ser(OH)) [19].

The organic matter (e.g., humic acid, fulvic acid) present in natural water matrices,
like river, estuary and ocean, is known to generate ROS upon solar irradiation and thus
helps to transform organic molecules, whether natural or made by humans. To highlight
the role of ROS in the abiotic degradation process, a detailed study on the photostability
of mycosporine-serinol and MAAs was previously done, and the authors concluded that
these molecules are very stable in terms of pH and temperature [20].

In this context, we propose to investigate the photostability of mycosporine-serinol
and the enolate form of gadusol (gadusolate) under realistic conditions, i.e., under solar
irradiation and in natural waters (river, estuary and ocean). Complementary experiments
conducted by introducing photosensitizers—riboflavin and porphine—into pure water
to simulate ROS production are also proposed, as well as the use of pure water, mineral
water and artificial seawater for comparative purposes. Only two studies have investigated
the photostability of gadusol and its derivatives. Arbeloa et al. [21] studied the photo-
stability of gadusol in aqueous solution at neutral pH 7 (gadusolate-enolate form with
Amax = 296 nm) and acidic pH 2.5 (gadusol-enol form with Apax = 268 nm) under air or
argon atmospheric conditions. Under physiological conditions, they demonstrated the
high photostability of gadusol/gadusolate even if gadusolate presented lower quantum
yields of photodegradation (1.38 + 0.45 x 10~%) than gadusol (3.64 + 0.36 x 1072). With
gadusolate, the authors concluded that the reductive quenching reactivity (electron transfer
from gadusolate to excited triplet state sensitizer Type 1 mechanism) could be considered
as one of the fundamental mechanisms that support the antioxidant capacity of gadusol in
biological environments. Interestingly, the same authors also demonstrated that gadusolate
reacted very efficiently with singlet oxygen arising from energy transfer from an excited
state sensitizer (Type 2 mechanism), which also contributes to the antioxidant properties of
gadusolate [22].

To the best of our knowledge, the photolysis of mycosporine-serinol in the presence
of flavin was briefly studied by Bernillon et al. [23], but its photostability has never been
reported before. In this study, the photostability of gadsusolate and mycosporine-serinol is
thoroughly investigated in different natural matrices and in the presence of photosensitizers.



Mar. Drugs 2024, 22, 473

30f15

2. Results and Discussion

Before studying the stability of M-ser(OH) and gadusolate, the different waters were
characterized (pH, absorbance, light reactivity) in order to evaluate the different matrix
parameters involved in the photodegradation mechanisms.

2.1. Properties of Matrices

The pH, which affects most chemical and biological processes in the water and the
form (acid or basic) of M-ser(OH) and gadusolate, was measured for all matrices. It was
equal to 5.3 in pure water, 7.2 in mineral water and slightly basic for the ocean, river and
estuary water, with a pH of 8.1, 8.4 and 8.5, respectively. The pH of artificial seawater was
fixed at 8.2. These values are in agreement with those reported on water from various
sources by Kulthanan et al. [24]. Natural waters contain a number of weak acids and
bases that control the pH, and the most abundant of these species are carbonate and
bicarbonate ions [25]. Changing the proportion of these species in equilibrium induces a
pH variation [26]. A higher concentration of carbonate increases the pH, as is probably
the case in estuarine waters, and a lower concentration leads to a decrease in pH, as is
observed for seawater. The absorption spectra of the different waters were measured from
250 to 700 nm at room temperature; they are presented in Figure 2. As expected, pure
and mineral waters and artificial seawater do not have significant absorbance. However,
an absorption was observed for river and estuary waters with a spectrum similar to that
recorded in pure water for humic substances [27] present in natural matrices. The low
absorption measured for ocean water has already been reported with absorbance values
very close to those of surface waters in the tropical Atlantic Ocean [28]. According to the
literature [29], the absorbance intensity is correlated with the concentration of colored
dissolved organic matter (CDOM), chemically complex organic compounds which can
absorb UV-A, UV-B and visible light. Estuary water, resulting from the transfer of water
from the river to seawater, has an absorption value (Ajs5onm = 0.18) between that of the river
(A250nm = 0.45) and that of the ocean (Ajs50nm = 0.05) leading to a dilution factor of around
3 for CDOM relative to the CDOM in the river.
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Figure 2. Absorbance profiles of the aqueous matrices as a function of wavelength at room tempera-
ture (1 =1 cm).

The colored dissolved organic matter can act as a natural photosensitizer generating, in
the presence of sunlight, reactive intermediates such as reactive oxygen species (ROS) [30]
by energy or electron transfer from its excited state to molecular oxygen in surface waters.
Among the ROS, singlet oxygen O, is recognized as a potentially important species of in-
direct photolysis of organic compounds in natural water [31]. Its steady state concentration
(['O,]ss) was evaluated in river, ocean and estuary water using the molecular probe fur-
furyl alcohol (FFA) chosen due to its high selectivity and a high second-order reaction rate
constant with singlet oxygen (1.08 x 108 mol " 1.Ls™ ! <k <1.2 x 103 mol~1.L.s71) [32,33].
The variation of FFA concentration in the natural waters under solar irradiation is illustrated
in Figure 3 and the corresponding experimental degradation rate is given in Table 1.
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Figure 3. Variation of Ln([FFA]y/[FFA]) as a function of solar irradiation time for the natural
matrices, namely, river, estuary and ocean (a); and for porphine in pure water at room temperature,
[FFA]p = 3.1 x 1075 mol.L™! (b). The values are presented as mean =+ standard deviation, n = 3.

Table 1. Total irradiation time, rate phototransformation of FFA ([FFA]y = 3.1 X 10~2> mol.L~1) and
steady state singlet oxygen concentration in natural matrices and in pure water in the presence of
photosensitizer ([Riboflavin] = 1.34 x 10~° mol.L~}; [Porphine] = 4 x 10~7 mol.L~1).

. Total Irradiation Kapp x 1073 [10,]ss x 10— 11
Matrices Time (h) " (mol.L-1)
River Water 1 0.015 + 0.002 0.013 £ 0.001
Estuary Water 4 0.0105 + 0.0002 0.0088 £ 0.0009
Ocean Water 0.00084 =+ 0.0003 0.0070 £ 0.0007
Photosensitizer Total Irradiation Time Kapp % 1073 [1Oy]ss x 10~ 1
in pure water (s) (s (mol.L™1)
Riboflavin 60 9.34+09 7.8 £0.8

Porphine 180 2.89 4+ 0.02 24+02

Rate phototransformation of FFA and steady state singlet oxygen concentrations are presented as mean + standard
deviation, n = 3.

The calculated steady state singlet oxygen concentrations are in accordance with
the measured values on the surface of various freshwater and coastal waters (10~ and
10~ mol.L 1) [34]. [1O,]ss decreased from river (13 & 1) x 10~ mol.L™!) to estuary
((8.8 £0.9) x 10~ mol.L~!) and ocean water ((7.0 £ 0.7) x 10~'* mol.L~!), and may be
related to the concentration variation in CDOM. The plot of the natural matrices” absorbance
at 250 nm, as a function of the steady state singlet oxygen concentration, showed a linear
dependence (Figure 4), highlighting the correlation between singlet oxygen generation
and CDOM.
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0.005

['02]ss (x10" mol.L"")
-o-

0.000 T T T T "
0.1 0.2 0.3 0.4 0.5
Absorbance at 250 nm

Figure 4. Variation of [1O,]ss as a function of the absorbance at 250 nm of the natural waters at room
temperature, | = 1 cm. The values are presented as mean =+ standard deviation (1 = 3).

Regarding riboflavin and porphine, in the presence of light and oxygen, they gen-
erate ROS that can be further involved in the oxidation of biological molecules such as
mycosporines. Between pH 5.0 and 8, riboflavin (pK; = 0.12 and pK; = 9.95) [35] is under its



Mar. Drugs 2024, 22, 473

50f 15

neutral form with a singlet oxygen quantum yield of 0.6 at pH = 6.8 [36]. Porphine has two
very close pKa values near pH 5.0, and for pH > 5.2 at low concentration, porphine exists
in the monomeric deprotonated form [37] with a singlet oxygen quantum yield equal to
0.62 £ 0.3 [38]. The concentration of steady state singlet oxygen generated in pure water by
porphine was estimated to be (7.8 = 0.8) x 10~ mol.L~! for riboflavin and 3.2 times lower
for porphine (2.4 + 0.2) x 10~ mol.L~! (Table 1). The 1000 times higher values obtained
for [1O5]ss in pure water compared to natural waters are related to a greater absorbance of
photosensitizers compared to that of CDOM, especially in the visible domain. The singlet
oxygen quantum yield (®,) (Equation (1)) represents the moles (N) of O, produced per
moles of photons absorbed by a sensitizer:

N!0, formed
~ N photons absorbed

@p (1)

The number of photons in mol absorbed by the sensitizers, calculated using their
absorbance spectra and the lamp irradiance (Figure 5), was equal to 1.9 x 10! for porphine,
around five times lower than for riboflavin 9.1 x 10!, which is in the same order of
magnitude of [1O,]ss.

= =Riboflavine =——=Gadusolate :::--M-serOH Lamp irradiance
3 1 r 150

\ I 50

Irradiance (uW.cm)

Absorbtivity (10 4L.mol"'.cm)

450 500

Wavelength (nm)

Figure 5. Overlay of the electronic spectra of gadusolate, M-ser(OH) riboflavin and porphine (left
scale) and spectral irradiance of the lamp used in the solar simulator (right scale).

2.2. Stability in Different Water Matrices
2.2.1. Experiments Using Dark Controls

Before studying the M-ser(OH) and gadusolate photodegradation under solar ir-
radiation conditions, dark controls were performed for river and estuary water by UV
spectrophotometry.

Variation of the absorbance spectrum in the dark was observed for both gadusolate
and M-ser(OH) (Figure 6). Such variation in the dark has already been reported for MAA
dissolved in seawater [39]. However, degradation in the dark is low relative to the irradiated
molecules, indicating that biotic degradation is relatively slow. Gadusolate is a less stable
molecule than M-ser(OH) and more sensitive to biotic decomposition.

2.2.2. Solar Irradiation

The pH, from 5.3 in pure water to 8.5 in river water, remained constant for the various
aqueous matrices during the irradiation experiments. Gadusol with a pK, at 4.25 was
therefore in its negatively charged enolate form with a measured maximum absorption
at 296 nm, as described by Arbeloa et al. [21]. An absorption maximum of 310 nm, in
agreement with the values in the literature [14,19] was recorded for the neutral M-ser(OH)
(Figure 5). The photodegradation of M-ser(OH) and gadusolate was followed by the
spectral change, and Figure 7 illustrates the absorbance variation of these molecules under
solar irradiation for six hours in pure and ocean water. No new bands appeared in the
200-800 nm range of the absorption spectra of the irradiated samples.
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Figure 6. Time-dependent absorption spectra of gadusolate ([Gd]y = 1.5 x 10~* mol.L~! in estuary
and 1.7 x 10~* molL.L ™! in river water) (a,b); and M-ser(OH) ([M-ser(OH)]y = 1.3 x 10~* moL.L 1 in
estuary and 1.2 x 10~% mol.L 1 in river water) (c,d), in the dark and under irradiation in estuary and

in river water for 6 h,1=0.2 cm.
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Figure 7. Time-dependent absorption spectra of gadusolate ([Gd]y = 1.7 x 10~* mol.L~! in pure
water and 3.1 x 10~% mol.L~! in ocean) (a,b) and M-ser(OH) ([M-ser(OH)]y = 2.2 x 10~ mol.L~!
in pure water and 2.4 x 10~* mol.L~! in ocean) (c,d), in pure water and ocean after 0, 2, 4, 6 h of

irradiation; 1 = 0.2 cm.

The photodegradation rates for the different water matrices were obtained from the
slope of the linear fit of the absorbance data (at 296 nm for gadusolate and 310 nm for
M-ser(OH)) as a function of irradiation time (Figure 8).
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Figure 8. Variation of maximum absorbance relative to the initial absorbance as a function of the
irradiation time in different aqueous matrices (M-ser(OH) at 310 nm (a) gadusolate at 296 nm (b)).
The values are presented as mean =+ standard deviation, n = 3.

These rates were used to calculate the quantum yields (Figure 9, Table 2) from Equa-
tion (2), using the incident radiation intensity measured for the solar lamp (Figure 5).

20 4 u M-ser(OH)

10 1

mn nin || ' I I

Pure Water Mineral water Atrtificial sea Ocean Estuary River

Photodegradation quantum yield (x104)

Figure 9. Photodegradation quantum yields of gadusolate and M-ser(OH) in aqueous matrices under
solar irradiation (values are presented as mean =+ standard deviation, n = 3).

Table 2. Photodegradation quantum yield of gadusolate and M-ser(OH) in the presence of porphine
and riboflavin and sodium azide.

Photodegradation Quantum Yield (® x 10—4)

Natural . cgr s .
Mineral Artificial Ocean Estuary River
Compounds Pure Water Water Seawater Water Water Water
0.8+0.2
Riboflavin
Gadusolate without ) ) without with 0.6 +04 2.7 +0.6 29408 9+2 20+ 6
. with azide . .
azide azide azide
1100 =+ 200 130 + 30 5500 + 1000 650 + 100
1.1+0.6
M-Serinol . . Riboflavin 09402 1.6 +02 541 60+£06  9+1
without . . without . .
. with azide . with azide
azide azide
1200 =+ 200 140 + 30 5200 + 1000 440 £+ 90

Photodegradation quantum yields are presented as mean + standard deviation, n = 3.

The results show a similar behavior for both M-ser(OH) and gadusolate in all aqueous
solutions with a high photostability (&4 < 20 x 10~%) which is, however, influenced by the
matrices. Indeed, the quantum photodegradation yield decreases by more than one order
of magnitude from river water &4 g4 = (20 &= 6) x 10~* and Dy M-serOH) = (9 £ 1) ¥ 1074
to pure water ®q cq = (0.8 + 0.2) x 107* and Pg p-seron) = (1.1 + 0.6) x 107%. The highest
values are observed for natural waters and are proportional to the [1O,]ss measured for
these matrices (Figure 10). Extrapolation from the regression line in the case of M-ser(OH)
for [1O,]ss =0 gives a value of (0.2 &= 00.4) which is close to that in pure and mineral water.
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The quantum yield for gadusolate is probably overestimated since a slight decomposition
was observed in the dark but the slope difference observed seems to indicate a different
reactivity with singlet oxygen between M-ser(OH) and gadusolate.

30 -
b
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<
é 25 -
k)
< 20 - K3
E - e Gd
€
s 15
o
§ A M-Ser(OH)
1] P
::6;, -'..1‘“
g 5 Poes
3 -4
s G
K4 o
£ -
0 * T T \
0 0.005 0.01 0.015

['0,]ss x10~"" (mol.L")

Figure 10. Variation of the photodegradation quantum yield under solar irradiation relative to the
initial absorbance as a function of the [* O;]ss measured in natural matrices (ocean, estuary, river).
The values are presented as mean =+ standard deviation (1 = 3).

The quantum photodegradation yield of gadusolate and M-ser(OH) are (0.8 & 0.2) x 10~*
and (1.1 4+ 0.6) x 10~* in pure water, and (0.6 + 0.4) x 10~* and (0.9 + 0.2) x 10~* in
mineral water, respectively. These values are identical within experimental errors, showing
a negligible role of ions in the photodegradation mechanism. It is slightly higher in artificial
seawater (2.7 & 0.6) x 10~* for gadusolate and M-ser(OH) (1.6 & 0.2) x 1074 probably due
to the pH increase from 7 to 8.2. Notably, De la Coba et al. [20] noticed a similar behavior
with a decrease in the absorbance of M-ser(OH) dissolved in water of about 17% at pH 4
and 25% at pH 8.5 after 4.5 h of irradiation. Finally, it should be noted that the measured
value for gadusolate in pure water (0.8 = 0.2) x 10~# is in agreement with that estimated
by Arbeloa et al. [21] in air-saturated solution (1.27 4= 0.32) x 107,

2.2.3. Selective Reaction with Photosensitizers

Photostability studies of these molecules under solar irradiation were completed
in pure water using two photosensitizers (riboflavin RF and porphine PPY) able to pro-
duce ROS. These photosensitizers may participate in photooxidation depending on their
triplet state formation via electron transfer (Type 1) or singlet oxygen production (Type 2)
(Figure 11).

Sens
N l v\

o
1Sens* ——— 3Sens*® 2 10, 0,
l + Mycosporine j + Mycosporine
Type 1 Type 2
Direct reaction with Direct reaction with
sensitizer triplet singlet oxygen

Figure 11. Sensitized photodegradation pathways (Sens (sensitizer ground state), Sens* (sensitizer
first excited state) are 3Sens* sensitizer triplet state). Note: in the figure, ‘+Mycosporine’ is related to
M-ser(OH) or gadusolate.

Thus, additional assays were performed in the presence of sodium azide, a quencher
of singlet oxygen (1O,) [40], in order to identify the type of mechanism involved in the pho-
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todegradation by oxygen species (Figure 12). No degradation of the photosensitizers was
observed in the presence of M-ser(OH) or gadusolate under our experimental conditions.
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Figure 12. Time-dependent absorption spectra of gadusolate (1 x 107* mol.L™! < [Gd]y <
1.8 x 10~ mol.L™!) and M-ser(OH) (4.7 x 107> mol.L™! < [M-ser(OH)]y < 1.7 x 10~% mol.L 1) after
0, 1, 2 and 3 min of irradiation for porphine (2.0 X 10~* mol.L~1) (a,b), and after 0, 5, 10, 15 s of
irradiation for riboflavin (4.0 x 1075 mol.L™!) (c,d), 1 = 0.2 cm. The values are presented as mean +

standard deviation, n = 3.

The photodegradation quantum yield (Figure 13, Table 2) increased in the presence of
the photosensitizer, which is therefore involved in decomposition reactions. The presence
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of sodium azide that quenches singlet oxygen in water reduces this reaction by a factor
of 10 for both sensitizer and M-ser(OH) or gadusolate. This confirms the previous results
linking ®4 to the amount of singlet oxygen present in natural matrices. However, this
quantum yield is around five hundred times higher than in pure water, suggesting that the
reactivity of gadusolate and M-ser(OH) with the sensitizer triplet is in line with the Type 1
mechanism (Figure 11).

u M-ser(OH)
1.5 1 - 6000
1.0 - 4000
0.5 - - 2000

0.0 I -~ |l

Pure Water Porphine Porphine+ Riboflavin Riboflavin+
azide azide

Photodegradation quantum yield (x10-4)
Photodegradation quantum yield (x10-4)

Figure 13. Photodegradation quantum yields of gadusolate and M-ser(OH) in water (left scale) and
in the presence of photosensitizers and sodium azide (right scale) under solar irradiation (values are
presented as mean =+ standard deviation, n = 3).

Photolysis studies of mycosporines in the presence of flavins carried out by Bernillon
et al. [23] showed different mechanisms of photodegradation according to mycosporine
substituents. The preferred break site could not be identified in the case of M-ser(OH), but
the side group of the cyclohexenone residue was suggested [23].

Orallo et al. [22] have determined the 'O, reaction rate constant (kq) of gadusolate to
be 0.18 + 0.08 x 108 M~'s~1. Gadusolate reacts with triplet sensitizer 3Sens*, as a reductive
quencher yielding the neutral radical gadusolate® and the sensitizer anion radical Sens®™.
This species can then transfer its newly acquired electron to oxygen present in the water,
resulting in superoxide radical (O,°~) formation. Gadusolate and M-ser(OH) ion radicals
can react with superoxide radicals to generate oxygenated peroxy radicals like GAOO?®,
MSerHOO® [41,42]. The redox potential of gadusolate, molecular oxygen (*0y), triplet state
of riboflavin and porphine was found to be 0.60 V [43], —0.33 V, 1.7 V [44] and 1.44 V [45],
respectively. These reduction potential values make the Type 1 photosensitization thermo-
dynamically favorable.

3. Materials and Methods
3.1. Biomolecules, Chemicals and Reagents
3.1.1. Mycosporine-Serinol and Gadusol

Gadusol (Gd, CgHipN2Og, €269nm (molar absorptivity) = 12,400 [15] or
€264nm = 12,900 [32] L.mol 1.em™1, gadusolate £296nm = 22,200 or 21,800 [15] or 22,750 [19]
L.mol~t.cm~!, Figure 1) produced by yeasts was kindly offered by Prof. Taifo Mahmud
from Oregon State University, USA. The sample was received in 2019 as a lyophilized
pure extract and stored at —20 °C until use. Mycosporine-serinol (M-ser(OH), C11H19NOg,
€309nm = 25,516 [16] or €310nm = 27,270 [15] L.mol~'.cm™1, Figure 1) extracted from the
marine lichen Lichina pygmaea in the Andalusian coast in 2020 was purchased from the Labo-
ratory of Photobiology of the Central Research Services of the University of Malaga (Malaga,
Spain). M-ser(OH) was received as lyophilized pure extract and stored at —20 °C until
use. The extraction, purification and characterization of the M-ser(OH) were performed as
described previously [20].
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3.1.2. Matrices

Ocean water was collected from the Bay of Biscay (Anglet, France) in March 2021.
Estuary water was collected in the Adour estuary (Bayonne, France) in March 2021.
River water was collected from Gave de Pau (Pau, France) in April 2021. The natu-
ral water matrices were filtered using cellulose membrane filters with 0.45 um pore
size (from Merck) before the experiments. Pure water was obtained from a Millipore
Milli-Q apparatus. Artificial seawater was prepared in house according to the standard
norm ASTM D1141-98 (2013) [46] with the following main composition in percentages
of each component measured by weight: NaCl (58.490%), MgCl, (26.460%), NaySO4
(9.750%), CaCl, (2.765%) and KCI (1.645%), and pH adjusted to 8.2 using 0.1 mol.L ™!
solution of sodium hydroxide or hydrochloric acid. Commercial mineral water was
prepared with the following composition: [Ca]iot = 80 mg.L_l, [Mgliot = 26 mg.L_l,
[Kliot = 1 mg.L~1, [Naliot = 6 mg.L ™!, [NO3? Jiot = 3.8 mg.L ™1, [HCO3 ™ Jiot = 360 mg.L 1,
[SO42 Jtot = 15 mg.L~1, [Siliot = 14 mg.L ™1, [Cl~ Jtot = 10 mg.L~!; pH = 7.2 was used.

3.1.3. Photosensitizers

Riboflavin (RF, 7,8-Dimethyl-10-((2R,3R 45)-2,3 4 5-tetrahydroxypentyl)benzo-[g]-pteridine-
2,4-(3H,10H)-dione, 98% purity), porphine (PPY, (4,4’ 4" ,4"'-(porphine-5,10,15,20 tetrayl)
tetrakis (benzenesulfonic acid) tetrasodium salt hydrate, 98% purity) and sodium azide
(NaN3, >99.5%) were purchased from Merck, Germany. Both riboflavin and porphine are
water soluble and have a series of absorption bands in the UV region and the visible region:
riboflavin AriboflavinMax) = 222, 266, 373 and 447 nm, and porphine APorphine (Max) = 413,
515, 552, 578 and 632 nm [47]. The most intense band is 413 nm and it is referred to as
the Soret band, and the other four low-intensity bands correspond to the Q band. Both of
these sensitizers possess a high molar absorptivity (egp = 13,222 L.mol~!.cm~! at 447 nm
pH =7 [48], eppy = 21,900 L.mol~'.em™! at 414 nm). Furfuryl alcohol (CsHgOy; Merk) was
freshly distilled before use and stored in the dark.

3.2. Determination of Singlet Oxygen Steady State Concentration in Natural Matrices

The steady state concentration of singlet oxygen (['O,]ss) was determined by the
indirect method of Haag and Hoigne [33,49] using quenching experiments. Water matrices
and photosensitizers capable of generating singlet oxygen (O,) or radical species (O,.”)
under UV light ([PPY] =4 x 1077 mol.L™1; [RF] = 1 x 10~® mol.L~1) [50,51] were irradi-
ated in the presence of furfuryl alcohol ([FFA] = 3.1 x 107> mol.L~!). The major product
of singlet oxygen reaction with FFA is 6-hydroxy-(2H)-pyran-3-one (6-HP-one) and the
experimental rate constant was deduced from the slope of a linear plot of In([FFA]y /[FFA])
versus time for the first-order decay process. ['O;]ss was calculated by dividing the ex-
perimental degradation rate constant of furfuryl alcohol as a function of irradiation time
by the recommended value for kop,rra) = 1.08 x 108 mol~1.L.s~1, which is corrected for
temperature and salt content [52]. FFA concentration was quantified by high-performance
liquid chromatography (HPLC Agilent 1290 Infinity II, Santa Clara, CA, USA). HPLC anal-
ysis was carried out with a Supelco Lichrosphere RP18-5 (25 mm x 4.6 mm, 5 pm) column,
20 pL injection, eluent 80% water with 0.1% H3POy, 20% acetonitrile, rate 2 mL.min" !, UV
detection at 205 nm and 218 nm. The retention times of FFA and 6-HP-one were 2.9 min
and 1.8 min, respectively. No new chromatographic peaks for hypothetical adducts (i.e., of
either pyruvic acid (PA) or its photolytic radicals with FFA) could be observed, discarding
their direct reactivity with FFA. The natural water matrices (ocean, estuary, river water)
were irradiated for time periods of 0.5 and 1 h for river water, 2 and 4 h for ocean water, and
1,2 and 4 h for estuary water. The photosensitizers in pure water were irradiated for 1 min
for riboflavin and 3 min for porphine. All the experiments were conducted in triplicate.
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3.3. Decomposition Experiments
3.3.1. Solar Irradiation

The different solutions were irradiated in a Sun Test XLS solar simulator from Atlas
Material Testing Solutions (Mount Prospect, IL, USA) with a horizontal 1170 cm? expo-
sure area, an air-cooled 1700 W xenon lamp and a daylight filter. The irradiations were
performed with an irradiance of 590 W.m 2 and a dosage per hour of 2000 K].m~?2 in the
wavelength range of 250 to 700 nm at 30 °C. The above experimental conditions were chosen
to fit the conditions of natural solar radiation [53]. The total time of irradiation was chosen
as 6 h (total dosage of 12,000 KJ.m~2). The absorption spectra of the different solutions were
recorded using a Perkin Elmer UV /VIS/NIR Lambda-750 Spectrophotometer (Waltham,
MA, USA) at subsequent time intervals every 2 h during the irradiation experiment to
monitor the kinetics of photodegradation. These experiments were conducted in tripli-
cate. An Avaspec 2048L spectroradiometer (Avantes, Apeldoorn, The Netherlands) with a
1m x 600 um UV optic fiber and a 3900 pm 180° cosinus sensor was used for irradiance
measurements. M-ser(OH) or gadusolate was dissolved in various water matrices (pure,
mineral, artificial seawater, river, estuary and ocean) with an absorbance fixed around 1
at the maximum wavelength of absorption for M-ser(OH) or gadusolate or gadusol and
for an optical path of 0.2 cm. A 0.6 mL volume of solution, inserted into the Hellma cuvet
(height: 3 cm, depth: 1 cm and optical path: 0.2 cm) closed by a teflon cap, was used for
the irradiation experiments. The photostability of M-ser(OH) and gadusolate was studied
in the presence of riboflavin and porphine under the same irradiation conditions. In the
presence of riboflavin, the gadusolate and M-ser(OH) solutions were irradiated for 20 and
60 s, and their corresponding absorption spectra were analyzed in a range of 5 and 10 s,
respectively. Similarly, M-ser(OH) and gadusolate solutions were both irradiated in the
presence of porphine for a total time period of 5 min. The spectra were registered at every
time interval during the irradiation experiments. Additionally, to evaluate the respective
fraction of M-ser(OH) or gadusolate degradation by reactive oxygen species in pure water,
sodium azide (5 x 1073 mol.L~!) was used as a physical quencher of singlet oxygen formed
by riboflavin or porphine under irradiation. Thus, the photodegradation of M-ser(OH) or
gadusolate was conducted for a total irradiation time of 20 s. Their corresponding spectra
were analyzed every 5 s. Similarly, M-ser(OH) and gadusolate were both irradiated in
the presence of porphine for a total time period of 5 min. The spectra were registered at
every time interval during the irradiation experiments. The concentrations of M-ser(OH),
gadusolate and photosensitizers are given in SI.

3.3.2. Dark Controls

Dark controls were realized for river and estuary water to evaluate the biotic degrada-
tion when keeping the sample for 6 h without solar irradiation. These experiments were
performed in triplicate. The absorption was measured after the 6 h.

3.4. Photodegradation Quantum Yield Determination

The photostability of the compounds was compared using quantum yield of pho-
todegradation (®4) defined as in Equation (2):

® Npjp(number of photodegraded molecules)
d pr—

2
Ny ,,. (number of absorbed photons) @

Nphm =To X V X Naxt, wherer, is the initial photodegradation rate (mol.L~1.s71), Vis
the volume of the irradiated solution (L), N is the Avogadro number (6.022 x 10%> mol 1)
and t is the irradiation time (s). Where (Equation (3)):

Amax
Ny, =Sxtx Y Py x (1—10%) 3)

Amin
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where S is the irradiated surface of the solution (cm?), t is the irradiation time (s), Po i
the photon flux absorbed by the M-ser(OH) or gadusolate solutions at the wavelength
A; (number of photon emitted.s~'.cm~2), A,,;; and Ay are the wavelength range of the
measurement, and A,; the absorbance of the M-ser(OH) or gadusolate solutions at the
wavelength A;.

ro X V XN A

S X LAmE P x (1 — 104%)

min

@, (4)

The initial photodegradation rate, ry, was determined from the slope of the linear
regression of the plots of the concentration (calculated from the maximum absorbance and
their corresponding molar absorption coefficient e3p9nm = 25,516 [14] L.mol '.em™! for
M-ser(OH) and e296nm = 21,800 [13] L.mol~!.cm~! for gadusolate and path length = 0.2 cm)
versus irradiation time. Pj); was measured with an Avaspec 2048L spectroradiometer
(Avantes B.V.; Apeldoorn; The Netherlands).

3.5. Statistical Analysis

The results were expressed as mean =+ standard deviation (SD). All experiments were
conducted in triplicate.

4. Conclusions

In comparison to existing conventional sunscreens, M-ser(OH) and gadusolate are
of natural origin and are known to present high photostability. In the present study, the
photodegradation of both M-ser(OH) and gadusolate was assessed in different water
matrices and in the presence of photosensitizers. Here, it was demonstrated that the
photodegradation of both M-ser(OH) and gadusolate was higher in natural matrices (river,
estuary and ocean) than in pure water due to the generation of ROS through irradiation
of dissolved colored organic matter. Also, the photodegradation was highest in river
water and lowest in ocean water. Interestingly, it was also shown that M-ser(OH) was
more photostable than gadusolate, probably due to the presence of the side moiety. The
present work emphasizes the ability of mycosporine-serinol and gadusolate to withstand
photodegradation, and supports their role as effective and stable UV-B filters.

Author Contributions: Conceptualization, S.B., T.P. and S.C.M.E,; methodology, M.G.T., M.L.B., S.B.,
T.P. and S.C.M.E; validation, M.G.T., M.L.B., S.B., T.P. and S.C.M.E,; investigation, M.G.T., M.L.B,,
S.B., T.P. and S.C.M.F,; writing—original draft preparation, M.G.T. and S.B.; writing—review and
editing, M.G.T.,, M.L.B,, S.B., T.P. and S.C.M.E; supervision, S.B., T.P. and S.C.M.E; funding acquisition,
S.C.M.E All authors have read and agreed to the published version of the manuscript.

Funding: This work was carried under the framework of E2S UPPA Partnership Chair MANTA
(Marine Materials) funded by the ‘Investissements d’Avenir” French program managed by ANR,
grant reference # ANR-16-IDEX-0002; by the Région Nouvelle-Aquitaine and by the Communauté
d’Agglomération du Pays Basque (France). M.G.T. was the recipient of a Make Our Planet Great
Again Ph.D. Fellowship (grant number # MOPGA-927921L) co-funded by Campus France with the
Ministére de ’Europe et des Affaires étrangeres, and E2S UPPA.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors would like to thank Taifo Mahmud and Alan Tagore Bakalinsky
from Oregon State University (USA) for kindly providing us with the gadusol sample to conduct this
study. The funders had no role in the design of this study; in the collection, analyses, or interpretation
of data; in the writing of the manuscript; or in the decision to publish the results.

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



Mar. Drugs 2024, 22, 473 14 of 15

References

1. Oren, A.; Gunde-Cimerman, N. Mycosporines and mycosporine-like amino acids: UV protectants or multipurpose secondary
metabolites? FEMS Microbiol. Lett. 2007, 269, 1-10. [CrossRef] [PubMed]

2. Bhatia, S.; Garg, A.; Sharma, K.; Kumar, S.; Sharma, A.; Purohit, A.P. Mycosporine and mycosporine-like amino acids: A
paramount tool against ultra violet irradiation. Pharmacogn. Rev. 2011, 5, 138-146. [CrossRef] [PubMed]

3. Kageyama, H.; Rungaroon, W.-S. Mycosporine-like amino acids as multifunctional secondary metabolites in cyanobacteria: From
biochemical to application aspects. Stud. Nat. Prod. Chem. 2018, 59, 153-194.

4. Parailloux, M.; Godin, S.; Fernandes, S.C.M.; Lobinski, R. Untargeted analysis for mycosporines and mycosporine-like amino
acids by hydrophilic interaction liquid chromatography (HILIC)—Electrospray orbitrap MS2/MS3. Antioxidants 2020, 9, 1185.
[CrossRef]

5. Mishra, R.; Kaur, P; Soni, R.; Madan, A.; Agarwal, P,; Singh, G. Decoding the photoprotection strategies and manipulating
cyanobacterial photoprotective metabolites, mycosporine-like amino acids, for next-generation sunscreens. Plant Physiol. Biochem.
2024, 212, 108744. [CrossRef]

6.  McReynolds, C.; Adrien, A.; Silvestre de Ferron, A.; Pecastaing, L.; Boussetta, N.; Grimi, N.; Fernandes, S.C.M. Extraction of
mycosporine-like amino acids and proteins from the Agarophyte Gelidium corneum using pulsed power techniques. Foods 2023,
12,1473. [CrossRef]

7. Gigena Carvalho, P; Isla Naveira, R.; Granone, L.I.; Mendive, C.B.; Massa, A.E.; Churio, M.S. A comparative review of natural
and synthetic UV filters: Gadusol and benzophenone-3 as representative examples. Environ. Adv. 2023, 13, 100404.

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

9. Shick, J.M.,; Dunlap, W.C. Mycosporine-like amino acids and related gadusols: Biosynthesis, accumulation, and UV-protective
functions in aquatic organisms. Annu. Rev. Physiol. 2002, 64, 223-262. [CrossRef]

10. Nohynek, G.J.; Dufour, E.K. Nano-sized cosmetic formulations or solid nanoparticles in sunscreens: A risk to human health?
Arch. Toxicol. 2012, 86, 1063-1075. [CrossRef]

11. 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]

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.  MacManus-Spencer, L.A.; Tse, M.L.; Klein, J.L.; Kracunas, A.E. Aqueous photolysis of the organic ultraviolet filter chemical octyl
methoxycinnamate. Environ. Sci. Technol. 2011, 45, 3931-3937. [CrossRef]

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

15. Favre-Bonvin, J.; Arpin, N.; Brevard, C. Structure de la mycosporine (P 310). Can. J. Chem. 1976, 54, 1105-1113. [CrossRef]

16. Fernandes, S.C.M.; Alonso-Varona, A.; Palomares, T.; Zubillaga, V.; Labidi, J.; Bulone, V. Exploiting mycosporines as natural
molecular sunscreens for the fabrication of UV-absorbing green materials. ACS Appl. Mater. Interfaces 2015, 7, 16558-16564.
[CrossRef]

17.  Grant, P.T,; Plack, P.A.; Thomson, R.H. Gadusol, a metabolite from fish eggs. Tetrahedron Lett. 1980, 21, 4043-4044. [CrossRef]

18. Plack, P.A.; Fraser, N.W.; Grant, P.T.; Middleton, C.; Mitchell, A.I; Thomson, R.H. Gadusol, an enolic derivative of cyclohexane-
1,3-dione present in the roes of cod and other marine fish Isolation, properties and occurrence compared with ascorbic acid.
Biochem. |. 1981, 199, 741-747. [CrossRef] [PubMed]

19. Roullier, C.; Chollet-Krugler, M.; Bernard, A.; Boustie, ]. Multiple dual-mode centrifugal partition chromatography as an efficient
method for the purification of a mycosporine from a crude methanolic extract of Lichina pygmaea. J. Chromatogr. B 2009, 877,
2067-2073. [CrossRef]

20. DelaCoba, E; Aguilera, J.; Korbee, N.; de Galvez, M.V.; Herrera-Ceballos, E.; Alvarez-Gémez, F.; Figueroa, FL. 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]

21.  Arbeloa, E.M,; Bertolotti, S.G.; Churio, M.S. Photophysics and reductive quenching reactivity of gadusol in solution. Photochem.
Photobiol. Sci. 2011, 10, 133-142. [CrossRef] [PubMed]

22. Orallo, D.E,; Lores, N.J.; Arbeloa, E.M.; Bertolotti, S.G.; Churio, M.S. Sensitized photo-oxidation of gadusol species mediated by
singlet oxygen. J. Photochem. Photobiol. B Biol. 2020, 213, 112078. [CrossRef] [PubMed]

23. Bernillon, J.; Parussini, E.; Letoublon, R.; Favre-Bonvin, J.; Arpin, N. Flavin-mediated photolysis of mycosporines. Phytochemistry
1990, 29, 81-84. [CrossRef]

24. Kulthanan, K.; Nuchkull, P.; Varothai, S. The pH of water from various sources: An overview for recommendation for patients
with atopic dermatitis. Asia Pac. Allergy 2013, 3, 155-160. [CrossRef]

25. Mosley, L.M.; Peake, B.M.; Hunter, K.A. Modelling of pH and inorganic carbon speciation in estuaries using the composition of
the river and seawater end members. Environ. Model. Softw. 2010, 25, 1658-1663. [CrossRef]

26. Middelburg, J.J.; Soetaert, K.; Hagens, M. Ocean alkalinity, buffering and biogeochemical processes. Rev. Geophys. 2020,
58, €2019RG000681. [CrossRef]

27. Lam, M.W.,; Tantuco, K.; Mabury, S.A. PhotoFate: A new approach in accounting for the contribution of indirect photolysis of

pesticides and pharmaceuticals in surface waters. Environ. Sci. Technol. 2003, 37, 899-907. [CrossRef]


https://doi.org/10.1111/j.1574-6968.2007.00650.x
https://www.ncbi.nlm.nih.gov/pubmed/17286572
https://doi.org/10.4103/0973-7847.91107
https://www.ncbi.nlm.nih.gov/pubmed/22279371
https://doi.org/10.3390/antiox9121185
https://doi.org/10.1016/j.plaphy.2024.108744
https://doi.org/10.3390/foods12071473
https://doi.org/10.1039/a815159y
https://doi.org/10.1146/annurev.physiol.64.081501.155802
https://doi.org/10.1007/s00204-012-0831-5
https://doi.org/10.1111/j.1468-2494.2011.00654.x
https://www.ncbi.nlm.nih.gov/pubmed/21507015
https://doi.org/10.1016/j.envint.2015.06.007
https://www.ncbi.nlm.nih.gov/pubmed/26142925
https://doi.org/10.1021/es103682a
https://doi.org/10.3390/antiox4030603
https://www.ncbi.nlm.nih.gov/pubmed/26783847
https://doi.org/10.1139/v76-158
https://doi.org/10.1021/acsami.5b04064
https://doi.org/10.1016/S0040-4039(00)92866-1
https://doi.org/10.1042/bj1990741
https://www.ncbi.nlm.nih.gov/pubmed/7200360
https://doi.org/10.1016/j.jchromb.2009.05.040
https://doi.org/10.3390/md17010055
https://doi.org/10.1039/c0pp00250j
https://www.ncbi.nlm.nih.gov/pubmed/21072419
https://doi.org/10.1016/j.jphotobiol.2020.112078
https://www.ncbi.nlm.nih.gov/pubmed/33221626
https://doi.org/10.1016/0031-9422(90)89015-2
https://doi.org/10.5415/apallergy.2013.3.3.155
https://doi.org/10.1016/j.envsoft.2010.06.014
https://doi.org/10.1029/2019RG000681
https://doi.org/10.1021/es025902+

Mar. Drugs 2024, 22, 473 15 of 15

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Rottgers, R.; Koch, B.P. Spectroscopic detection of a ubiquitous dissolved pigment degradation product in subsurface waters of
the global ocean. Biogeosciences 2012, 9, 2585-2596. [CrossRef]

Weishaar, ].L.; Aiken, G.R.; Bergamaschi, B.A.; Fram, M.S.; Fuijii, R.; Mopper, K. Evaluation of specific ultraviolet absorbance as
an indicator of the chemical composition and reactivity of dissolved organic carbon. Environ. Sci. Technol. 2003, 37, 4702—-4708.
[CrossRef]

Partanen, S.B.; Erickson, PR.; Latch, D.E.; Moor, K.J.; McNeill, K. Dissolved organic matter singlet oxygen quantum yields:
Evaluation using time-resolved singlet oxygen phosphorescence. Environ. Sci. Technol. 2020, 54, 3316-3324. [CrossRef]

Cory, RM.; McNEeill, K,; Cotner, ].P.; Amado, A.; Purcell, ].M.; Marshall, A.G. Singlet oxygen in the coupled photochemical and
biochemical oxidation of dissolved organic matter. Environ. Sci. Technol. 2010, 44, 3683-3689. [CrossRef] [PubMed]
Bandaranayake, W.M.; Bourne, D.J.; Sim, R.G. Chemical composition during maturing and spawning of the ponge Dysidea
herbacea (Porifera: Demospongiae). Comp. Biochem. Physiol. B Biochem. Mol. Biol. 1997, 118, 851-859. [CrossRef]

Haag, WR.; Hoigné, ]. Singlet oxygen in surface waters. 3. Photochemical formation and steady state concentrations in various
types of waters. Environ. Sci. Technol. 1986, 20, 341-348. [CrossRef] [PubMed]

Zafiriou, O.C.; Joussot-Dubien, J.; Zepp, R.G.; Zika, R.G. Photochemistry of natural waters. Environ. Sci. Technol. 1984, 18,
358A-371A. [CrossRef]

Suelter, C.H.; Metzler, D.E. The oxidation of a reduced pyridine nucleotide analog by flavins. Biochim. Biophys. Acta 1960, 44,
23-33. [CrossRef]

Baier, J.; Maisch, T.; Maier, M.; Engel, E.; Landthaler, M.; Baumler, W. Singlet oxygen generation by UVA light exposure of
endogenous photosensitizers. Biophys. |. 2006, 91, 1452-1459. [CrossRef]

Parra, G.G.; Correa, D.S,; Silveira-Alves, E., Jr.; Almeida, L.M.; Souza, M.A.R.; De Boni, L.; Misoguti, L.; Mendonga, C.R.; Zilio,
S.C.; Neto Barbosa, N.M.; et al. Effects of meso-tetrakis (4-sulfonatophenyl) porphyrin (TPPS4) aggregation on its spectral and
kinetic characteristics and singlet oxygen production. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2021, 261, 120063. [CrossRef]
Mosinger, J.; Micka, Z. Quantum yields of singlet oxygen of metal complexes of meso-tetralds (sulphonatophenyl) porphine. J.
Photochem. Photobiol. A Chem. 1997, 107, 77-82. [CrossRef]

Whitehead, K.; Hedges, J.I. Photodegradation and photosensitization of mycosporine-like amino acids. J. Photochem. Photobiol. A
Chem. 2005, 80, 115-121. [CrossRef]

Harbour, J.R.; Issler, S.L. Involvement of the azide radical in the quenching of singlet oxygen by azide anion in water. ]. Am. Chem.
Soc. 1982, 104, 903-905. [CrossRef]

Baptista, M.S.; Cadet, J.; Greer, A.; Thomas, A.H. Photosensitization reactions of biomolecules: Definition, targets and mechanisms.
Photochem. Photobiol. 2021, 97, 1456-1483. [CrossRef] [PubMed]

Aveline, B.M. Primary processes in photosensitization mechanisms. Compr. Ser. Photosci. 2001, 2, 17-37.

Arbeloa, E.M.; Ramirez, C.L.; Procaccini, R.A.; Churio, M.S. Electrochemical characterization of the marine antioxidant gadusol.
Nat. Prod. Commun. 2012, 7, 1934578X1200700928. [CrossRef]

Lu, C.Y,; Wang, W.E; Lin, W.Z,; Han, Z.H.; Yao, S.D.; Lin, N.Y. Generation and photosensitization properties of the oxidized
radical of riboflavin: A laser flash photolysis study. J. Photochem. Photobiol. B Biol. 1999, 52, 111-116. [CrossRef]
Kalyanasundaram, K.; Neumann-Spallart, M. Photophysical and redox properties of water-soluble porphyrins in aqueous media.
J. Phys. Chem. 1982, 86, 5163-5169. [CrossRef]

Lake Products Company LLC. Sea-Salt ASTM D1141-98 (Re-Approved 2013). Available online: https://www.lakeproductscompany.
com/products/sea-salt-astm-d1141-98?gad_source=1 (accessed on 16 January 2021).

Aggarwal, L.P.F,; Borissevitch, L.E. On the dynamics of the TPPS4 aggregation in aqueous solutions: Successive formation of H
and | aggregates. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2006, 63, 227-233. [CrossRef]

Michaelian, K.; Simeonov, A. Fundamental molecules of life are pigments which arose and co-evolved as a response to the
thermodynamic imperative of dissipating the prevailing solar spectrum. Biogeosciences 2015, 12, 4913-4937. [CrossRef]

Haag, W.R.; Hoigne, J.; Gassman, E.; Braun, A. Singlet oxygen in surface waters—Part I: Furfuryl alcohol as trapping agent.
Chemosphere 1984, 13, 631-640. [CrossRef]

Cardoso, D.R.; Libardi, S.H.; Skibsted, L.H. Riboflavin as a photosensitizer. Effects on human health and food quality. Food Funct.
2012, 3, 487-502. [CrossRef]

Kou, J.; Dou, D.; Yang, L. Porphyrin photosensitizers in photodynamic therapy and its applications. Oncotarget 2017, §,
81591-81603. [CrossRef]

Appiani, E.; Ossala, R.; Latch, D.E.; Erickson, PR.; McNeill, K. Aqueous singlet oxygen reaction kinetics of furfuryl alcohol: Effect
of temperature, pH, and salt content. Environ. Sci. Processes Impacts 2017, 19, 507-516. [CrossRef] [PubMed]

Li, H.; Lian, Y.; Wang, X.; Ma, W.; Zhao, L. Solar constant values for estimating solar radiation. Energy 2011, 36, 1785-1789.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.5194/bg-9-2585-2012
https://doi.org/10.1021/es030360x
https://doi.org/10.1021/acs.est.9b07246
https://doi.org/10.1021/es902989y
https://www.ncbi.nlm.nih.gov/pubmed/20408544
https://doi.org/10.1016/S0305-0491(97)00180-6
https://doi.org/10.1021/es00146a005
https://www.ncbi.nlm.nih.gov/pubmed/22300204
https://doi.org/10.1021/es00130a711
https://doi.org/10.1016/0006-3002(60)91518-3
https://doi.org/10.1529/biophysj.106.082388
https://doi.org/10.1016/j.saa.2021.120063
https://doi.org/10.1016/S1010-6030(96)04613-8
https://doi.org/10.1016/j.jphotobiol.2005.03.008
https://doi.org/10.1021/ja00367a066
https://doi.org/10.1111/php.13470
https://www.ncbi.nlm.nih.gov/pubmed/34133762
https://doi.org/10.1177/1934578X1200700928
https://doi.org/10.1016/S1011-1344(99)00111-6
https://doi.org/10.1021/j100223a022
https://www.lakeproductscompany.com/products/sea-salt-astm-d1141-98?gad_source=1
https://www.lakeproductscompany.com/products/sea-salt-astm-d1141-98?gad_source=1
https://doi.org/10.1016/j.saa.2005.05.009
https://doi.org/10.5194/bg-12-4913-2015
https://doi.org/10.1016/0045-6535(84)90199-1
https://doi.org/10.1039/c2fo10246c
https://doi.org/10.18632/oncotarget.20189
https://doi.org/10.1039/C6EM00646A
https://www.ncbi.nlm.nih.gov/pubmed/28244514
https://doi.org/10.1016/j.energy.2010.12.050

	Introduction 
	Results and Discussion 
	Properties of Matrices 
	Stability in Different Water Matrices 
	Experiments Using Dark Controls 
	Solar Irradiation 
	Selective Reaction with Photosensitizers 


	Materials and Methods 
	Biomolecules, Chemicals and Reagents 
	Mycosporine-Serinol and Gadusol 
	Matrices 
	Photosensitizers 

	Determination of Singlet Oxygen Steady State Concentration in Natural Matrices 
	Decomposition Experiments 
	Solar Irradiation 
	Dark Controls 

	Photodegradation Quantum Yield Determination 
	Statistical Analysis 

	Conclusions 
	References

