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Spectroscopic insight on impact of environment on
natural photoprotectantsy
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Biomimicry has become a key player in researching new materials for a whole range of applications. In this
study, we have taken a crude extract from the red algae Palmaria palmata containing mycosporine-like
amino acids — a photoprotective family of molecules. We have applied the crude extract onto a surface
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to assess if photoprotection, and more broadly, light-to-heat conversion, is retained; we found it is.

Considering sunscreens as a specific application, we have performed transmission and reflection
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rsc.li/chemical-science world applications.

Introduction

Over the ages, humans have turned to natural sources for their
basic needs and survival.' It is no wonder therefore that
research in academia and industry has gravitated towards bio-
mimicry. In particular, natural products have gained traction as
staple ingredients in various industries including food, agri-
culture, pharmaceutical and cosmetics.>® This work is no
exception as we explore the photoprotective capabilities of
a crude extract from the red algae Palmaria palmata (P. palmata)
in different environments.

There are many naturally occurring photoprotective
compounds; examples span melanin, flavonoids, polyphenols
and mycosporine-like amino acids (MAAs).” The latter are
a family of molecules synthesized by many micro- and macro-
organisms that have the basic core structure of a cyclohexenone
or cyclohexenimine.® MAAs are differentiated by the various
substituents at the imino position, with a recent database
reporting over 70 different structures.” The zwitterionic nature
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terahertz spectroscopy of the extract and glycerol to demonstrate how one can monitor stability in real-

and the various substituents result in a peak absorption for
MAAs spanning 310-362 nm; a broad range within both the
ultraviolet (UV) A (400-315 nm) and UVB (315-280 nm)
regions.®™* This is significant given that UVA and UVB is the
highest energy radiation that reaches the Earth's surface and
has damaging implications to nature and humans.">** Fig. 1
demonstrates this broad band spectral coverage of a number of
common MAAs found in P. palmata.

The impressive photoprotective properties of several MAAs
in aqueous solutions has been linked to their very short lifetime
in the excited state with high relaxation efficiency.'*** This,
alongside computational studies revealing the planar to non-
planar ring flexing MAAs undergo to traverse the S,/S, conical
intersection (CI) with a barrierless non-radiative decay,™°
deepens our understanding of MAA photoprotection in nature.
The aforementioned studies have been done in solution where
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Fig.1 Normalised UV-visible spectra, over the UVA and UVB regions,
of the crude extract (black) and common MAAs found in P. palmata;
palythine (blue), porphyra-334 (red), usujirene and palythene (green)
along with their structures.
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there is a lot of unrestricted molecular motion. However, pho-
toprotection is often required in other more restrictive envi-
ronments including more viscous solvents and on a surface.
Therefore, understanding dynamics in these different environ-
ments is crucial.

Previous photodynamical studies on photoprotective mole-
cules have revealed a variable environment-dependency. Firstly,
increased solvent viscosity impacted the photoisomerisation
lifetime of p-hydroxycinnamates to a small extent and sinapoyl
malate to a large extent. The authors attributed the results to the
alternative isomerisation mechanisms in operation: for small
changes in lifetime, an in-plane isomerisation was proposed,
and for large increases in lifetime, an out-of-plane isomer-
isation was proposed.*®** The latter was said to experience
increased friction due to the larger amplitude in nuclear motion
ultimately resulting in a viscosity-dependent lifetime.”* In
addition to viscosity effects, other intermolecular interactions
can impact dynamics. Three exemplar cases are briefly pre-
sented: (i) the intramolecular proton transfer mechanism in
oxybenzone, which facilitates photoprotection, is broken when
sodium cations are present;*>* (ii) relaxation to the electronic
ground state of cinnamates is impeded by internal conversion
to an optically dark state when in vacuum, but is facilitated
when in water due to reverse ordering of the electronic
states;>** and (iii) recent work examining the impact of
depositing such photoprotective molecules on surfaces
mimicking skin have shown some variability to their photody-
namics depending on surface.”**’

The variability in the findings presented supra certainly
warrants further investigations to be conducted. With specific
focus on MAAs, experiments probing the photodynamics in
different environments have been sparse. Orallo et al.*® have
performed studies of MAAs in micellar solutions and observed
increased fluorescence quantum yields and lower decomposi-
tion upon UVR exposure. The authors attributed their findings
to the electrostatic attractions between the carboxylate groups
and the cationic heads of the micelles hindering the re-
orientation molecular movements of the MAAs. Such hindrance
also blocks other reactive channels. As such, garnering how the
photodynamics of MAAs are impacted by viscous and restricted
environments is both intriguing from a molecular-level under-
standing of photoprotection, as well as of vital importance from
an applications-perspective of MAAs. As such, this is the focus
of the present work.

Here, due to the time consuming and low yielding process of
MAA purification, we have taken a crude extract from P. palmata
containing several MAAs. We have assessed its photostability
firstly in water to compare to purified MAAs and then in glycerol
and on a surface. We add that if the promising photostability is
retained in the crude extract, then this may be of interest to
several industries owing to the ease of sample preparation. The
chosen surface environment is a skin mimic with a rough
surface that enables transmission of light for our experimental
techniques. Note that we believe our finding can be extended to
a number of surface environments. Using terahertz (THz)
transmission and reflection spectroscopy, we can glean further
insight into the stability of the solution and, with the
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application of sunscreen in mind, we demonstrate how this
technique could be used to evaluate the stability of the solution
once applied to skin.

Results and discussion

A dried P. palmata sample was commercially sourced (The
Cornish Seaweed Company) and a simple extraction process
was followed to obtain a crude extract; experimental details can
be found in the ESI.} Fig. 2 is the two-dimensional spectrum of
UV chromatogram vs. time obtained from ultra high perfor-
mance liquid chromatography-high resolution mass spectrom-
etry (UHPLC-HRMS) analysis of the crude extract. From this, it
is clear that several compounds absorb above 300 nm and,
accordingly, eight MAAs were identified in the sample based on
the accurate m/z values being consistent with their molecular
formula; mycosporine-glycine, palythine, asterina-330, paly-
thinol, shinorine, porphyra-334, usujirene and palythene
(Fig. S1-S9, ESIf). Our identification was guided by previous
literature that has investigated MAA content in P. palmata in
addition to a recently published MAA database.®***® Further-
more, our UHPLC-HRMS analysis found that palythine and
porphyra-334 were present in the greatest yields (Fig. S1, ESIT),
again in line with what has been found previously,***® and
consequently palythine and porphyra-334 were purified and
studied to support this work. Using the known molar extinction
coefficients for palythine and porphyra-334, we extracted an
approximate dried weight yield for MAAs within the crude
extract which was ~0.7%. As the MAAs make up a very small
percentage of the crude extract, our studies aim at elucidating
whether upon photoexcitation, the MAAs interact with other
components in the crude extract which subsequently effect the
ultrafast dynamics and overall photostability.

Returning to Fig. 1, we can see that the crude extract peak
absorption (Ama) centres somewhere between palythine and
porphyra-334's An.x and because of the large array of MAAs
present, the overall width of the absorption is broader. An
extended UV-visible spectrum out to 700 nm of the crude extract
in water can be found in the ESI (Fig. $10).T This absorption is
assigned to an S; < S, transition with wn* character for all
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Fig.2 Two-dimensional (UV x UHPLC) plot of P. palmata methanolic
extract.
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Table 1 Peak absorption and area under curve index (AUCI) for
studied MAA samples

Amax
Sample (nm) AUCI
Palythine (water) 320 0.976
Porphyra-334 (water) 334 0.973
Usujirene/palythene (water) 357 0.961
Crude extract (water) 324 0.897
Crude extract (glycerol) 327 0.940
Crude extract (skin I) 327 0.877
Crude extract (skin II) 327 0.969

MAAs based on previous literature.'**>'”'® Table 1 presents the
Amax for each environment presented in this work.

Table 1 reports the long-term photostability results obtained
in this work and our previous work (see ESIT for details).*® All
purified MAAs from P. palmata were dissolved in water and
subsequently exposed to solar simulated light (equivalent to the
power and spectrum of the sun at the Earth's surface) for 2
hours (Fig. S11, ESIt). The same was conducted for the crude
extract in water for direct comparison and then we also used
glycerol as a solvent for the crude extract due to its increased
viscosity. The final two environments focus on the progression
of our experiments to more real-life surface environments and
for this we used a skin mimic, Vitro Corneum. The first is the
crude extract in glycerol applied onto Vitro Corneum (referred
to as skin I) and the second is crude extract in water applied
onto Vitro Corneum before being left to dry (referred to as skin
II). Our choice to conduct studies on two skin environments was
because skin I would be in a thin film with a measured thick-
ness of ~40 um (Fig. S12, ESIt), however, we could not be
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Fig. 3 (a) Schematic representation of the studied environments. (b)
Summary of AUCI over 2 hours of irradiation with a solar simulator.*
Dotted line at 0.8 is given as the criteria for photostability that has been
used by others.
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certain that we would be investigating the surface effect of the
skin and not bulk solvent. Therefore, skin II was studied
whereby the crude extract was dried onto the surface. The
different described environments are depicted in Fig. 3a. The
area under the curve index (AUCI) between 280 and 400 nm after
2 hours of irradiation was calculated and is presented in Fig. 3b,
see details in the ESL.{ All studied environments had an AUCI >
0.8 making them all classed as photostable following a criterion
for photostability that has been used by others (with regards to
sunscreens).** A slightly lower AUCI was found for the crude
extract in water compared to the purified MAAs which may be
related to the increased complexity of the sample with many
other molecules that the excited MAAs can interact with.
Comparing this to skin II, we see that the AUCI matches that of
purified MAAs possibly suggesting that the more restrictive
environment hinders the molecular motions of any alternative
decay pathways and favours the photoprotective mechanism.

We now try to link the long-term photostability with what
happens at the very early stages of photon-to-molecule inter-
action using transient electronic absorption spectroscopy
(TEAS), see ESIf for experimental details. Using TEAS, we can
glean insight into whether the photoprotective mechanism
(planar to non-planar ring flexing, Fig. 4a) that has been
proposed computationally in gas-phase or implicit solvent
environments is also followed when MAAs are on a surface.”™
In Fig. 4b-g, the transient absorption spectra (TAS) are pre-
sented for (1) the crude extract in glycerol, (2) skin I and (3) skin
II (Fig. S13, ESL;T results in water). Note that for skin II we
observed an increased amount of scatter because of the extract
being dried onto the skin mimic (see inset of Fig. 4f).

In general, the TAS in each environment displays the same
spectral signatures and are consistent with previous work;**>*>
a ground state bleach at the blue edge of the probe window
(<350 nm), a broad stimulated emission centred at ~450 nm
and an excited state absorption (ESA) which grows with a delay
from time-zero centred at ~370 nm. The described features
mostly decay within tens of ps leaving a very weak ESA (almost
within the noise) below ~450 nm that persists until beyond the
time window of the experiment. It should also be briefly
mentioned that a second ESA (that almost merges with the one
described above) is evident when solvated in water at the red
edge of the probe. This is assigned to solvated electron and has
been previously identified as a multiphoton process in
MAAs.'"*** Further to this, evidence of solvated electron in
glycerol (Fig. 4c) is given by the weak ESA from ~425 to 650 nm.
In glycerol, solvated electron absorption is shifted to shorter
wavelengths supporting this assignment.** We add that we elect
not to discuss the solvated electron absorption further given it is
a multiphoton process and unlikely to be initiated by the sun.
However, we provide further details of its presence in the ESI
(Fig. S14).1 Other important details about the TAS are that (1)
the stimulated emission red-shifts with time (more pronounced
in water) which is indicative of rapid evolution along the S,
state, and (2) the ESA blue-shifts with time and is located to
longer wavelengths than the GSB which is suggestive of elec-
tronic ground state vibrational cooling. Such details are
important when assigning lifetimes below.

Chem. Sci., 2023, 14, 6763-6769 | 6765
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(@) Computed optimised So (opaque) and S1/Sg Cl (transparent) geometries of MAAs taken from previous literature.*>*° TAS of crude

extract in glycerol presented as (b) false colour heat map and (c) lineouts, crude extract (skin |) presented as (d) false colour heat map and (e)
lineouts, and crude extract (skin Il) presented as (f) false colour heat map and (g) lineouts. Time delays in (b), (d) and (f) are plotted linearly until 5 ps
and then as a logarithmic scale from 5 to 1800 ps. In (c), (e) and (g) the inset is of a high average transient at 1800 ps. The inset of (d) and (f) is

a picture of the sample setup.

Returning to the weak ESA below ~450 nm present at the
final time delay (1800 ps and 3000 ps), we tentatively assign this
to a very minor portion of either trapped population in the
excited state (S; or T;) or as a photoproduct (such as an isomer).
We now present evidence for each of these. Firstly, fluorescence
is observed for palythine, porphyra-334 and the crude extract in
water suggesting that there is a population that is trapped in the
S, excited state (Fig. S15, ESIT). The fluorescence quantum yield
for the crude extract in water is <1% (data not shown). The same
applies for palythine and porphyra-334,**** meaning any pop-
ulation in the S; state mostly finds its way to the CI after the
final time delay or contributes very little to the persistent ESA.
Secondly, triplet-triplet absorption spectra have been reported
for palythine and porphyra-334 and appears in a similar spec-
tral region to the ESA and, further to this, a computational study
demonstrated that the S; and T, energies approach one another
along the reaction coordinate.'®**** It is noted, however, that
the short lifetime the ESA occurs on, particularly in water, does
render intersystem crossing less likely. Finally, a computational
investigation on protonated palythine found that upon photo-
excitation and relaxation via the S,/S, CI, the formation of

6766 | Chem. Sci,, 2023, 14, 6763-6769

a higher in energy conformer was identified in addition to the
original electronic ground state geometry.”” As such, isomer
formation is also plausible for the persistent ESA. We add that it
is this that we feel is the most likely candidate although all three
are possibly present to varying degrees. Given that the solar
simulator irradiation does not result in an absorption in this
region, we suggest that the isomer may be metastable and
convert back to the starting isomer beyond the final time delay.
Furthermore, this longer-lived species or isomer may go on to
degrade causing the AUCI in the solar simulator irradiations to
be <1.

Using the software package Glotaran, lifetimes associated
with dynamical contributions were extracted using a global 3- or
4-component (depending on system) sequential kinetic
model.*® These lifetimes are presented in Table 2. Our lifetime
assignment was guided by the evolution associated difference
spectra (EADS) which are presented in the ESI (Fig. S16);t
quality of the fit can be assessed through the residuals found in
Fig. $17, ESL+t

We begin by discussing the extracted lifetimes for palythine,
porphyra-334 and the aqueous crude extract. The first lifetime,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Extracted lifetimes and associated errors from the global
sequential fit of the TAS of the MAA and crude extract samples. The
errors are given as half of our instrument response where the errors
quoted by our fitting software were smaller than that (Fig. S18, ESI)

Sample t; (fs) t, (fs) t; (ps) t, (ns)
Palythine (aq.) 300 £ 60 — 0.60 £ 0.06 >1.8
Porphyra-334 (aq.) 130 £ 60 940 £ 60 1.334+0.07 >3
Crude extract (aq.) 170 £ 60 630+ 60 2.15+0.08 >1.8
Crude extract (glycerol) 160 £ 60 — 2.52 +£0.06 >1.8
Crude extract (skin I) 110 £ 60 290+ 60 3.19+0.14 >1.8
Crude extract (skin II)  — — 430 +£024 >1.8

t; which is ~200 fs, is assigned to geometry rearrangement
(both solute and solvent) as the population evolves out of the
Franck-Condon region towards the S;/S, CI. The second life-
time ¢,, for porphyra-334 and the crude extract (aq.), is attrib-
uted to population funnelling through the S;/S, CI and
populating the vibrationally hot electronic ground state. We
note that in palythine, a 3-component fit is sufficient (and thus
t, is absent) implying that ¢; captures both the geometry rear-
rangement and (to a certain extent) population moving towards
and traversing the S;/S, CI. The crude extract (aq.) lifetimes lie
close to those of palythine and porphyra-334. Evidently, upon
photoexcitation of the crude extract (aq.) at 324 nm, palythine
and porphyra-334 are excited and contribute to the observed
dynamics. The third lifetime, ¢; is assigned to vibrational
cooling along the electronic ground state coordinate via vibra-
tional energy transfer both intra- and intermolecular to the
solvent. t; for palythine is significantly shorter than that of
porphyra-334 and the crude extract; we tentatively attribute this
to the hydrogen bonding network of water (previously assigned
as crucial to the fast and efficient energy dissipation of MAAs)*”
having a greater impact in palythine when compared to
porphyra-334 and the crude extract. The final lifetime is
attributed to the long-lived excited state and/or isomer.

We now move to discuss the lifetime for the crude extract in
glycerol, a more viscous solvent than water. The extracted
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lifetime for ¢, is on a similar timescale to that of crude extract
(ag.); a 3-component fit is once again sufficient (and thus the
absence of t,) to capture the majority of the excited state
relaxation prior to vibrational cooling. Within the EADS of ¢,
a stimulated emission (>425 nm) is present indicating that
some population still remains in the excited state, decaying
within ¢;. Broadly speaking, the dynamics of photoprotection
are comparable in glycerol and water; very fast and sub-
picosecond for the majority of excited state population decay
and less than a few ps for vibrational cooling in the electronic
ground state. The absence of viscosity-dependent lifetimes
suggests that nuclear motion towards the CI does not experi-
ence significant friction. Within the ring flexing mechanism,
the side chains that come out-of-plane are relatively small, i.e.
they are not long hydrocarbon chains, supporting this
argument.

Finally, the extracted lifetimes for skin I and skin II should
be taken tentatively given the decreased signal-to-noise and
increased scatter in their respective TAS. Four lifetimes were
extracted for skin I and the results are similar to the crude
extract (aq.), therefore we propose the same arguments as supra
for the lifetime assignment. For skin II, the fit was only able to
extract two lifetimes due to the increased scatter and noise. As
such, we believe that the first extracted lifetime in this case, ~4
ps, is a convolution of the described processes for ¢;_; and is
hence reported under ¢;. We note that the vibrational cooling
still being on the ps timescale implies that whilst bulk solvation
enables fast and efficient dissipation of energy through the
solvent network, it is not vital as efficient energy dissipation is
maintained in skin I and skin II. In summary, the dynamics
when placed on a surface do not qualitatively change compared
to when in solution, suggesting that (1) any intermolecular
interaction with the synthetic skin (if there are any) and (2) the
more restricted environment, such as little to no solvation
shells, does not noticeably impact the dynamics at the molec-
ular level.

Further to this, THz reflection imaging has recently
demonstrated the potential to evaluate skin products in vivo
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(a) Mean normalised THz spectrum of crude extract in glycerol before and after 2 hours of irradiation with a solar simulator. (b) Mean

normalised THz spectrum of the volar forearm before and after applying glycerol to the skin. Insets of (a) and (b) are magnifications of the THz

spectra at the peak. The error bars represent the standard deviation.
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including moisturizers.*® Although we cannot apply the crude
extract solution to the skin in this stage of development, here we
show the future potential for monitoring the stability of the
crude extract once applied onto skin. Fig. 5a shows the THz
transmission spectroscopy results for the crude extract in glyc-
erol before and after irradiation with a solar simulator. There is
only a very small amplitude change of 0.82% between the
measurements indicating that the extract is stable, consistent
with our UV-visible spectroscopy findings. Fig. 5b shows the
THz reflection spectroscopy results of the volar forearm before
and after applying glycerol, a well-known component of mois-
turizers, to the skin. We see a clear difference in the THz
spectrum of the skin due to the presence of glycerol. Therefore,
THz reflection spectroscopy could be used to determine the
stability of the extract when applied to the skin as part of a skin
product and potentially evaluate other products within surface
applications in the future.

Conclusions

In summary, we have demonstrated from a photoprotection
standpoint that a crude extract from P. palmata is very efficient
and behaves like purified MAAs. We have also demonstrated that
this photoprotection ability is retained in more viscous and close-
to-real-life environments using TEAS; the first study of its kind on
MAAs to the best of our knowledge. We attribute this to the lack of
friction encountered from the Franck-Condon geometry to the
S1/So CI and believe this is due to the small amplitude change in
nuclear motion of the side chains undergoing the out-of-plane
movement, which is particularly small for palythine (NH,). As
a result, whilst there are increases in the extracted lifetimes,
specifically for vibrational cooling and (we predict) porphyra-
334's excited state, the main photoprotective dynamics are over
within 10 ps and thus remain ultrafast. Additionally, the minor
reaction channel resulting in a long-lived species in the studies
here does not adversely impact the long-term photostability of
MAAs, however, it may have consequences in some environments
warranting further investigations in the future.

In conclusion, this work offers new evidence to support
MAAs within a crude extract's use as photoprotective materials
via efficient light-to-heat conversion in solution and in surface-
based applications. Such ultrafast studies can inform on the
future generations of light-to-heat converters. Finally, we have
demonstrated that THz spectroscopy can be used to assess
stability of a sample and is a technique where direct measure-
ments on a surface can be made; a useful prospect for future
experiments.
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