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Abstract: Reactive oxygen species comprise oxygen-based free radicals and non-radical species
such as peroxynitrite and electronically excited (singlet) oxygen. These reactive species often have
short lifetimes, and much of our understanding of their formation and reactivity in biological and
especially medical environments has come from complimentary fast reaction methods involving
pulsed lasers and high-energy radiation techniques. These and related methods, such as EPR, are
discussed with particular reference to singlet oxygen, hydroxy radicals, the superoxide radical anion,
and their roles in medical aspects, such as cancer, vision and skin disorders, and especially pro- and
anti-oxidative processes.

Keywords: singlet oxygen (10,); superoxide (O,*7); free radicals; laser flash photolysis (LFP);
pulse radiolysis (PR); electron paramagnetic resonance (EPR); spin trapping; carotenoids; retinoids;
melanins; commercial sunscreens

1. Introduction

Reactive oxygen species (ROS) are involved in many biological and medical processes,
ranging from photosynthesis to skin photosensitivity, vision, cancer, and sometimes areas
of major commercial interest, such as skin protection and the preservation of items of
historical importance. Much of this review concerns areas related to medicine, where ROS
can have both deleterious and beneficial effects. It is because of the many deleterious
processes that arise that anti-oxidants are of such importance in the study of ROS.

The wide range of ROS, from charged and neutral free radicals to non-radical
oxidants—for example, singlet oxygen (!O,)—have been reviewed previously; see, for
example, [1-3].

In the recent work of Halliwell [3], the role of the carbonate radical anion (CO3°™)
with DNA was reported. Pulse radiolysis has shown that this radical can be generated from
hydroxyl radical (OH®) reacting with the bicarbonate anion (HCO, ™), and the relatively
wide-ranging reactivity of OH® with DNA was compared with the more specific reactivity
(with guanine) of CO3°~.

Di Mascio and co-workers have studied the generation of singlet oxygen (*O,) in
biological systems—see, for example, [4]—showing the generation of 1O, from lipid hy-
droperoxides and nitronium ions. This group has also shown that !0 is involved in the
formation of covalent crosslinks involving histidine, lysine, and tryptophan [5].

Pospisil and co-workers have extensively studied the molecular mechanisms in-
volving ROS, especially !0,, including scavenging in photosynthetic systems such as
photosystem II [6,7].

Dikalov and co-workers have reported on the induction of cardiovascular oxidative
stress—for example, resulting from tobacco smoking (a source of ROS), which is shown to
promote endothelial dysfunction and hypertension enhancement [8].
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The major oxy-radicals of biological and medical interest in this review are the super-
oxide radical and its protonated form (O,°~ /HO,°®, pKa = 4.75 [9]), the hydroxyl radical
(OH?®), and various alkyl, allyl and sulfur-based radicals which add oxygen to give the
corresponding peroxyl radicals (RO®, RO,*, and R50;°). Meanwhile a (stable) free radical
of current environmental as well as biological importance is nitrogen dioxide (NO;°®, often
written as just NO,).

Many studies have used fast reaction methods to study the radicals generated by the
high-energy radiolysis of aqueous systems. The overall process leads to three free radicals
(eag, OH®, and hydrogen atoms H*®) and several less reactive non-radical species. For the
radiation methods relevant to this review, equal yields of e,q and OH® are generated, and
the yield of H® is much smaller, nearly an order of magnitude less than the combined yield
of e;q and OH®. All of the eaq and H® add to oxygen, producing the superoxide radical
under normal conditions (both reactions are diffusion-controlled with rate constants of
2 x 101 M~1s~1 in water [10]).

While not directly related to this review, the OH® radicals are frequently used to gen-
erate other, non-oxygen-containing radicals (see later), which, nevertheless, are oxidising
and more specific in reactivity than OH® itself. Although these are non-oxygen-containing
radicals, their study often helps to unravel the molecular mechanisms involving pro- and
anti-oxidants with ROS.

The major non-radical species of interest is the activated oxygen molecule known as

‘singlet oxygen’ (1O,).

Usually, this particularly important oxidising species, 10y, is generated via light
absorption by a substrate, (Sub). This produces an activated reactive (triplet) state (®Sub*)
via various fast intra-molecular processes, followed by a diffusional controlled energy
transfer from the substrate triplet state to ground state oxygen, producing the reactive 'O,
and regenerating the substrate.

Sub + light — 3Sub* (the triplet state) 1)

3Sub* + O, — Sub + 10, )

The triplet lifetimes of most substrates of biological (and commercial) interest are
sufficiently long for the energy transfer to be a significant process, thus generating the
reactive (damaging) 'O, that leads to major oxidative damage.

Other non-radical species can also be important, such as peroxynitrite/peroxynitrous
acid (ONOO™ /ONOOH) [1,11]. The pKa for these is 6.8, so both forms will arise in vivo.

2. Effect of Environment on ROS

Many ROS have short lifetimes and much of our understanding of their formation has
come from complimentary fast reaction methods involving pulsed lasers and high energy
techniques. The environment/solvent can be of particular importance for such studies.

2.1. Excited States

As noted above, the major interest is 1O, generated via an energy transfer from
an (excited) triplet state. The 'O, lifetime is very dependent on its environment (the
solvent), e.g., from 3.3 us in water (H,O) to 55 s in deuterated water (D,0) [12], and can
be much longer in some deuterated hydrocarbons and carbon tetrachloride (26 ms) [13].
Nevertheless, even with a rather short lifetime in water, 1O, can lead to the damage of
a wide range of substrates/materials, from the skin, eyes, hair, and plants, to valuable
paintings, fabrics, and other artefacts. Aspects of protection against such damage are
discussed below.

The effect of environment on 'O, lifetime may well explain the differing observations
regarding 10, and B-carotene (B-CAR). Ogilby and co-workers [14] were able to detect
10, in individual HeLa mammalian cells with a microscope-based technique, but they
could observe no quenching of the 'O, by B-carotene. However, Telfer [15] and co-workers
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showed that carotenoids quench some, but not all, of the 10, in cells, due to the distance
of the carotenoids from the source of the 'O,. This work, in photosynthetic systems,
suggests that in a specific biological environment, quenching will only be efficient when
the carotenoid is sufficiently close to the source of the 1O,.

For some substrates, the properties of the triplet state precursors of 'O, can also be
significantly dependent on the solvent. Good examples are the retinoids, including the
visual pigments and their models.

All-trans- and 11-cis-retinal are, of course, the key chromophores in vision, and laser
flash photolysis has been used extensively to investigate the production of triplet states
and 10, from these pigments (see [16] for a recent review). Furthermore, retinol and other
retinoids are important in the cosmetic industry, as well as in the treatment of some skin
diseases. All isomeric forms of retinal have five conjugated carbon—carbon double bonds,
plus a carbonyl group. The oxygen has non-bonding electrons (n), which lead to n-m*
excited states, as well as the m-7* states associated with the conjugated carbon-carbon
double bonds.

Pulsed laser studies in non-polar solvents lead to high yields of triplet states and 'O,
from all the retinal isomers. However, the environment (solvent dependence) is important
with the triplet yields being much lower in polar solvents than in non-polar solvents.

In polar solvents, a state of Lr-m* character is located below 2n-7t* and is the lowest
excited singlet state. However, in non-polar, non-H-bonding solvents, a 'n-7t* state which
has a higher energy level than the 37t-7* is the lowest excited singlet state, meaning that
a high yield of 1O, is generated, leading to significant photo-oxidative damage. The O,
yield is much lower in polar solvents [17]; for example, in methyl alcohol, it is 0.08 for
all-trans-retinal, whereas it is in the range of 0.2-0.5 in non-polar solvents [11].

2.2. Radicals

Generally, radicals do not significantly form in non-polar solvents via laser flash
photolysis. However, laser excitation of substrates in polar solvents, such as alcohols,
often leads to radical production, as well as the generation of excited states, and hence this
environment is a route to study such radicals’ reactivity with a wide range of bio-molecules;
see, for example, [18].

The fast reaction technique of pulse radiolysis (see below) has been extensively used to
study specific free radicals, and, to some extent, excited states. Polar solvents, such as water
and alcohols, support only extremely low yields of solute excited states and relatively high
yields of radical ions, whereas non-polar solvents such as benzene and cyclohexane support
high yields of solute excited states and relatively low yields of radical ions. Intermediate
solvents, such as acetone, support similar yields of both excited states and radical ions.

The details of the processes leading to these environment/solvent effects have been
reviewed [1,11].

The most important solvent for biological and medical interest is water, and in this
review, we give only a summary of the aspects of free radical generation in aqueous
conditions.

The early steps following the absorption of high-energy photons or ions (the radiolysis
of water) involve the production of excited states of water; cations and electrons are also
produced. Then, a variety of reactions occur, generating hydrogen atoms and hydroxyl
radicals, and the electron loses energy via the excitation and ionisation of other molecules
and becomes solvated (eaq)-

Fast radical recombination processes occur, forming water; thus, within a nanosecond,
in an argon- or nitrogen-saturated solution, the water radiolysis products are:

Hzo > OH® + H®* + €aq t H202 + Hz + H30+ (3)

It is the three radical species (OH® + H® + eaq) which are the most reactive. The eaq
and hydrogen atom (H®) are extremely reactive reductants, while the hydroxyl radical
(OH?®) is a highly (and often non-specific) oxidising species. So, as noted above, at all
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oxygen concentrations of interest, the eaq and H® add to oxygen to generate mainly O,*~
at pH values above about 5. To understand the molecular processes involving O,°*~ (see
below), it is normal to totally exclude oxygen, so that no O,°~ is formed, and compare, for
example, cell kill, with and without oxygen being present.

Normally, mechanistic studies involve using either oxidising or reducing environ-
ments, but not both, and specific procedures are used to achieve this.

For example, to selectively produce reducing conditions (often resulting in radical
anions of the solutes under investigation), a relatively high concentration of sodium formate
can be added. The formate anion is generated and reacts with the oxidising OH*® radical
and the H®, forming the carbon dioxide radical anion, CO,°*~, which is reducing. Thus, the
oxidising OH?® radical has been replaced with only reducing species (solvated electron and
CO,°*7) and the overall effect is to generate exclusively the substrate radical anion.

Another method to obtain reducing conditions uses various alcohols which simply
react with the OH® (and sometimes also the H*®), generating the corresponding neutral
radical of the alcohol, which is normally a reducing species.

Overall, oxidising (rather than reducing) environments are of more interest for biolog-
ical and medical systems, and so it is important to also be able to generate predominantly
oxidising conditions. This is normally achieved by saturating the solution with nitrous
oxide gas (N2O), which reacts with the e,q to generate further oxidising OH®:

eag + N2O — OH® + Np + OH™ 4)

The H*® also reacts with N,O, but at a slower rate, and this generates additional OH®,
nitrogen, and water.

While OH?* is regarded as a powerful oxidising species, it often also reacts by adding
to the biological substrate of interest rather than the oxidation of the substrate to the
corresponding radical cation. To generate such radical cations, weaker oxidant radicals
are needed and are discussed below. One such method uses halide ions such as bromide
or chloride. Radicals associated with chloride are, of course, important in many different
environments including in vivo and in atmospheric and marine water studies. These are
not discussed in this review.

3. Experimental Techniques

As noted above, many ROS are often transient species, which can be extremely short-
lived, so the major techniques for their study have involved time-resolved methods, using
a pulse of radiation to generate a specific ROS and then monitoring the reactivity of this
ROS with systems of biological /medical /commercial interest. The techniques which have
been extensively used are laser flash photolysis and pulse radiolysis, while 'O, has been
studied mainly by time-resolved near infra-red luminescence at near 1270 nm following
pulsed laser activation [11]. These complementary methods are briefly summarised and
compared below. In addition, some studies have used continuous radiation methods,
using, for example, gamma (y) rays from a Co-60 source. Moreover, since radicals are
paramagnetic, there have been many studies that have used electron spin resonance.

3.1. LFP and PR

As noted above, both LFP and PR use a pulse of radiation to generate the ROS (often a
nanosecond-long pulse, but shorter pulse times are also used where appropriate), followed
by conventional absorption spectroscopy to monitor the absorption spectra and reactivity
of each ROS individually. However, a few alternative monitoring methods have been
used, such as resonance Raman spectroscopy [19]. While the initial excitation processes
to produce the ROS are quite different from these two methods, both light and ionising
radiation often give rise to ultimately similar ROS. Because of the different mechanisms
which generate the ROS, it can be sometimes beneficial to apply both techniques. Often, we
need information on excited states, especially the lowest triplet states of the solute and also
on species such as photo-isomers, photoadducts, and photo-tautomers—flash photolysis is
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preferred for such studies. However, pulse radiolysis is often the preferred method for the
generation of radicals. As noted above, the major method uses N,O to generate oxidising
conditions (Equation (4)) but the OH® species often adds to the biological substrate rather
than electron transfer to generate the important substrate radical cation. However, hydroxyl
radicals can be converted into milder (one-electron) oxidants by the addition of halides
(e.g., Br7), thiocyanate (SCN), or azide (N3 ™) ions, as shown in the following schemes:

OH® +Br~ — Br* + OH™ (5)
Br®* + Br~ — Bry*~ (6)

OH*® + SCN™ — SCN* + OH™ (7)
SCN*® + SCN™ — (SCN),*~ (8)
OH® + N3~ — N3* + OH™ 9)

These milder oxidants (Bry*~, (SCN);*~ and N3°) then react with the biological
substrate to generate the corresponding radical cation. Such cations may deprotonate as
they are formed.

There are numerous PR studies of a wide range of bio-substrate radical cations ob-
tained via such mild oxidising radicals. A typical example is the oxidation of the amino
acid tryptophan to its radical cation, followed by deprotonation to a neutral radical at
in vivo pH conditions:

N;® + TrpH — N3~ + TrpH** (10)
TrpH®*" = Trp® + H* (pKa = 4.3) (11)

Such radical cations are themselves sufficiently strongly oxidising to react with dietary

carotenoids to generate their radical cations via a one-electron transfer, as shown in Figure

1a,b for lycopene (LYC; Amax LYC®* =970 nm), and in Equation (12), while the deprotonated
neutral tryptophan radical (Trp®) does not react efficiently with the lycopene:

TrpH®** + LYC = TrpH + LYC** (12)
1300
a) 0.16 < 100
1200 4 £ 014 -
F1100 - S - 80
= R 012 1
» . i X
£1000 ® 01 60
E 900 - < 0.08 S
= a0 T
sy 800 g 0.06 - N
2 0.04 -
700 Iy 20
0.02
600 T T T T T T g
o 2 4 & 8 10 12 1 0 T 0
P 1 2 8

Figure 1. (a) Plot showing the reduction potential of a tryptophan radical as a function of pH, calculated using a pKa of 4.3;
(b) plot of the yield of LYC®" as a function of pH (black dots) with the calculated percentage of TrpH** shown by the black

line, based on a pKa of 4.3.

Such reactions were used to establish the reduction potentials of many dietary carotenoid
radical cations, by measuring the equilibrium constant for Equation (12) at several pH
values, and then obtaining the difference between the reduction potential of the TrpH**
and the carotenoid radical cation using the Nernst equation [20,21].

3.2. Singlet Oxygen (10,)

The most frequently used method to study singlet oxygen is based on the pulsed-laser
excitation of a solute, as in LFP. The 10, is then generated via an energy transfer from
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the solute excited triplet state to ground state oxygen, but instead of using absorption
spectroscopy, the weak but very specific phosphorescence from singlet oxygen—monitored
at about 1270 nm, using an appropriate photodiode—is used.

The study of the generation and reactivity of 'O, is relatively straightforward because
the weak phosphorescence from 'O, at near Amax 1270 nm is totally specific for this species
and can be readily measured with time-resolved pulsed-laser excitation and near infra-red
diode detectors. As noted above, the lifetime of 1O is very solvent-dependent, and D,O
(lifetime 55 ps) is often used to study aqueous systems simply because a lifetime of 3.3 us
(in HyO) is too short for many subsequent reactions to be studied unless very high substrate
concentrations are used.

As a typical example, Figure 2 shows the quenching of 'O, (monitored at 1270 nm)
by lutein, an important xanthophyll in the macular, and the lack of such quenching by
aggregated lutein.

m 'O, decay in the absence of lutein

20 1 : .
® 'O, decay in the presence of 10 uM lutein

0.0

percentage D,0

Figure 2. Figure showing the first-order decay of 'O, phosphorescence in the absence (black
squares) and presence (red circles) of 10 uM lutein as a function of D,O percentage in deuter-
ated methanol, illustrating lower quenching rate constants upon the aggregation of the lutein at
higher D,O percentages.

3.3. Electron Paramagnetic Resonance (EPR) and Spin Trapping

A way of studying short-lived radicals or excited states without the need to use
time-resolved spectroscopic techniques is to add a spin trap to produce a more stable
nitroxyl radical, which can then be studied via standard spectroscopic techniques. This is a
technique that is most often used in Electron Paramagnetic Resonance (EPR) spectroscopy
(also often called Electron Spin Resonance or ESR).

It was over 50 years ago that free radical addition to nitrosoalkanes and nitrones
was shown to produce nitroxide radicals, which are relatively stable due to resonance
delocalisation along the N-O bond; see Figure 3 [22-26].

R R
AN ° \ +eo
/N—O > N—O
R' R'

Figure 3. Resonance stabilisation of a nitroxide radical.

Figure 4 shows how the addition of a free radical, X®, produces nitroxyl radicals from
nitrones and nitrosoalkanes. Continuous-wave EPR spectroscopy can be used to detect
these stable radicals, and the hyperfine splitting pattern of the resulting spectrum allows
for the characterisation of X*:



Oxygen 2021, 1

83

R
N~ R | \
O_ H O.
Nitrone
R
[ ] AN [ ]
R—N=—0 + X — /N—O
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Figure 4. Reaction of a nitrone and a nitrosoalkane with a free radical, X®, producing stable
nitroxyl radicals.

In EPR, when the electron spin interacts with a non-zero nuclear spin, the energy
levels are split, and so the spectrum is split into a number of lines. Nitrogen 14 has a
nuclear spin (I) of 1, and so a three-line spectrum is observed for nitroxyl radicals. The
number of lines observed is equal to 2I + 1.

Additionally, when X*® contains nuclei with non-zero spin (e.g., Hydrogen; I = %),
further splitting of the spectrum occurs. The hyperfine splitting constant varies with
the electron-withdrawing power of X*, and the magnitude of the splitting depends on
the size of the nuclear magnetic moment and the fraction of electron spin density at the
particular nucleus.

For example, EPR spin trapping has been used by Sachindra et al. [27] to determine
the carotenoid fucoxanthin’s ability to quench both OH® and O,°~, showing the superior
quenching of fucoxanthin when compared with two of its metabolites.

EPR has also been used to study 'O, quenching with the stable nitroxyl radical
TEMPO (2,2,6,6-tetramethylpiperidine-N-oxide), which is obtained from the reaction of
10, with TEMP (2,2,6,6-tetramethyl-1-piperidine). See, for example, [28], which uses spin
trapping to show the scavenging of ROS (including 'O,) by N-substituted indole-2 and
3-carboxamides.

4. Applications

In this review, we discuss in detail five disparate areas where there are substantial new
data: carotenoids in the eye, melanins and COVID-19, neonatal jaundice, PUVA treatment
for psoriasis, and commercial sunscreens.

4.1. Carotenoids in the Eye

Age-related macular degeneration (AMD) is a major problem for older people. The
macular contains three hydroxy-substituted carotenoids. Carotenoids containing oxygen
are a sub-section called xanthophylls, and three xanthophylls—lutein (Lut), zeaxanthin
(Zea), and meso-zeaxanthin (meso-Zea)—accumulate in the eye from normal diets, though
many people also take these as dietary supplements. Another dietary carotenoid, lycopene
(Lyc), is also thought to be beneficial against eye disease even though it does not accumulate
in the macular—this is discussed below.

A major role of the three xanthophylls is protection, simply by light absorption. One
reason for the presence of Lut, with only 10 conjugated C—C double bonds—compared
to 11 for virtually all other dietary carotenoids and xanthophylls—is almost certainly its
spectral shift. The absorption maximum is typically 445 nm for Lut compared to near 450
nm for Zea and meso-Zea, depending on the solvent [29]. However, these pigments also
play other roles—indeed, as noted above, Lyc is not in the macular.

There have been numerous studies on the quenching of 'O, by a wide range of
carotenoids. The most efficient carotenoid quenchers have 11 or more conjugated C-C
double bonds—typically, for Zea, about 12 x 10° M~!s~!. However, carotenoids with



Oxygen 2021, 1

84

fewer C-C double bonds are less efficient—typically, for Lut, 6 x 10° M~!s~1. So, if the
presence of lutein in the macular is for protection, this is not likely to be via 'O, quenching.

One complication in such studies, which is still to be resolved, is the role of carotenoid
aggregation [29,30]—the xanthophylls in the macular are at a high concentration (up
to 1 mM) and aggregated xanthophylls do not quench 'O, [31]. The role of the micro-
environment on the 'O, quenching efficiency of several carotenoids has also been reviewed
recently. An interesting observation compares the efficiency of the carotenoid quenching
of 1O, when generated in the aqueous phase with that of when it is generated inside
a liposome. No difference in efficiency was detected, suggesting that the location of
carotenoids in cell membranes is not a significant factor with respect to macular protection
against 10, [16].

More recently, the role of Zea, Lut, and other carotenoids, especially Lyc, with respect
to interactions with oxyradicals and eye protection, has become of interest [32]. As noted
above, the frequently used term, ROS, ‘hides’ any difference in the behaviour of different
radicals, with respect to protection or even damage via their interactions with carotenoid

‘antioxidants.” Three radicals, NO,*, OH®, and O,°~, have been individually generated,

and the effects of a range of carotenoids, with respect to cellular protection/damage, have
been reported.

The NO,* radical reacts with carotenoids via electron transfer to generate the radical
cation of the carotenoid. Such radical cations are strong oxidising species themselves
and can oxidise other biosubstrates [20,21]—clearly, this is a potential route to damage by
NO,°*. It has been shown that the concentration of oxygen plays no role in this process, but
reducing agents such as ascorbic acid dramatically improves the protection of cells from
NO,* damage. However, as noted above, there are claims [33] that dietary lycopene can
protect against age-related macular deterioration (AMD), even though lycopene does not
accumulate in the macular. One proposed mechanism to account for this protection is that
Lyc acts as a sacrificial anti-oxidant and that any Lut or Zea lost via the generation of their
radical cations is repaired by electron transfer processes such as:

Zea®" /Lut®* + Lyc — Zea/Lut + Lyc** (13)

This is followed by the ascorbic acid reduction of Lyc®* to regenerate the Lyc.

The interaction of OH® radicals with macular carotenoids is quite different to those of
NO,* and shows a marked dependence on oxygen concentration. The three most important
carotenoids for the eye are Zea, Lut, and Lyc, and here we compare the new results on Zea
and Lut with the previous information on Lyc and some other dietary carotenoids [32].
The major technique used to generate the OH® was continuous radiation, using gamma
(v) rays from a Co-60 source. Using dietary carotenoids from commercial supplements,
the protection of cell lymphocytes against OH® was measured as a function of the oxygen
concentration. Typical results are presented in Figure 5. As can be seen, the cell protection
due to Lyc, Zea, and 3-Car falls steeply as the oxygen concentration increases and drops
typically by up to an order of magnitude at 20% oxygen compared to 0% oxygen. At
higher concentrations of oxygen, there is, within experimental error, no protection by these
carotenoids. However, for Lut, the protection has only fallen by about 15% from 0% to 20%
oxygen and is then more or less constant up to 100% oxygen. This comparison is clearly
evident, as shown in Figure 6.
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Figure 5. Variation of mean protection factor for the protection of lymphocyte cells y-irradiated with
2000 Gy dose with the percentage of oxygen concentration. Lyc (red triangle), 3-Car (orange square),
Zea (yellow diamond), and lutein (green circle).
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Figure 6. Mean protection factors for the protection of lymphocyte cells y-irradiated with 2000 Gy
dose; 4 carotenoids are compared with the control at 100% oxygen.

The mechanism presented for the effects of oxygen with OH® is based on the formation
of peroxyl radicals:

Car + OH®* — Car-OH*® (14)
Car-OH* + O, = Car-OH-O0* (15)
Car-OH-OO* + cell — cell kill (16)

So, we speculate for Lut that the equilibrium of 15 is more to the left than for the other
carotenoids. Overall, these results suggest that Lut is a significantly better protector of the
eye from OH® at moderate to high oxygen concentrations, as occur in the eye.

The superoxide radical anion, O,°~, is continually generated in normal metabolism.
The first and most essential protector is superoxide dismutase (SOD). Studies at various
oxygen concentrations showed, as with NO,*, no marked effect of the oxygen concentration.
The y-radiolysis source generates OH® and e,q as the two most significant reactive species
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and, at all oxygen concentrations [32], the solvated electron, e,q, is totally converted to O>° ™.
Cell protection for several carotenoids and SOD against a combination of OH® plus O,°~
was obtained, as shown in the following table (Table 1). As can be seen, Lut markedly has
the highest protection factor, and this is even more marked at higher oxygen concentrations
(as seen in Figure 6, above). So, while SOD is, of course, the key in vivo protector against
0,°7, it is possible that these ex vivo results also show efficient protection against O,°~ by
Lut, as well as protection for OH®. In summary, it seems a reasonable speculation that the
efficient human cell protection given by Lut at all oxygen concentrations may suggest one
reason why the macular accumulates Lut as well as Zea.

Table 1. Mean protection factors for the protection of lymphocyte cells y-irradiated with 2000 Gy
dose; 4 carotenoids and Superoxide Dismutase (SOD) are compared at 21% oxygen.

Carotenoid Protection Factor
Lyc 49
B-Car 5.0
Zea 8.7
Lut 26
SOD 2.6

4.2. Melanins and COVID-19

The precise structure of melanin is not established, and the term melanin is used to
describe a range of pigments distributed widely in nature, including in humans (in the eye,
hair, brain, ear, and, of course, the skin). Differences in skin pigmentation in humans are
the most obvious sign of ethnic variation. Of importance is the fact that individuals with
dark skin rarely get skin cancer, while light-skinned people are skin cancer-prone via light-
induced skin damage. While such damage and ageing are not restricted to light-skinned
people, it is more prevalent.

It has been recognised for many years that even though melanins are photoprotective
they can also be photosenstisers and, therefore, lead to skin damage [34,35].

Basically, there are two types of melanin in the skin: eumelanin (EM), predominantly
in dark skin, and pheomelanin (PM) in light skin. These species arise via a divergence in
the melanin synthesis. Melanogenesis of both of these types starts with the generation of
dopaquinone, the initial product of the oxidation of the amino acid tyrosine by tyrosinase
(see, for example, [36]). This is followed by a divergence, with EM being formed via
cyclodopa and dopachrome, while, for PM, the sulphur-containing amino acid cysteine
adds to produce cysteinyldopa and then various benzothiazoles which are characteristic of
PM [36].

This polymerisation takes place in cells called melanocytes, and the melanin is de-
posited in pigment granules called melanosomes. The degree of an individual’s skin
pigmentation depends on several factors, such as the rate of melanin synthesis and the size
of the pigment granules.

While EM can lead to a small degree of photosensitisation, it is an extremely efficient
photoprotector. However, PM is quite different, and readily undergoes photo-reactions via
sunlight absorption. It is these processes that can cause the susceptibility of fair-skinned
people to the serious deleterious effects of sunlight absorption. Moreover, of course, there
is deeper penetration of light in fair-skinned individuals compared to those with dark
skin [37]. It is these processes that have also been speculated to be linked to the incidence
and/or severity of COVID-19.

Many discussions and suggestions have concerned ethnic differences in the clinical
outcomes of COVID-19 infection, and several possible factors have been discussed. These
include socio-economic influences [38], vitamin D [39,40] levels, and the role of melanin
due to iron chelation and subsequent trans-epidermal loss [41]. Indeed, a clear association
has been observed between the death rate from COVID-19 infection and skin types IV to VI
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(brown to black) [42,43]. This correlation with skin pigmentation has led to the speculation
that melanin is in some way implicated.

Overall, it seems likely that more than one factor is involved, and it is not yet well un-
derstood why COVID-19 is so damaging for BAME people. Therefore, it seems worthwhile
to consider mechanisms involving epidermal pigmentation and photochemical processes
in the skin, releasing ROS being one such possibility. Of course, there is an indirect pho-
tochemical link associated with vitamin D syntheses, but a more direct mechanism via
photoreactions of the melanins and the generation of ROS is quite different and also worthy
of consideration.

Atleast two photochemical-induced processes can arise. One is direct photo-production
of various ROS species due to the effects of sunlight on PM and the second is related to
light-induced structural rearrangements of the melanins to release the ROS which have
accumulated during their biosynthesis.

Drawing on data from previous melanin/radical studies, a speculative suggestion [44]
is that ROS, including singlet oxygen and superoxide, might escape melanocytes more
easily in those individuals who have a higher percentage of PM in their skin pigmentation.
These radicals could then cause subsequent damage to SARS-CoV-2, the virus which causes
COVID-19. Possibly related is the complex behaviour of ROS with pathogens, where
the precise conditions can lead to ROS-mediated pathogen killing or adaption, allowing
pathogens to defend or thrive under ROS conditions [45].

Additionally, it has been postulated that carbon and sulphur peroxy radicals, may
be produced in the skin via oxygen addition to pheomelanin radicals formed by carbon-
sulphur bond cleavage following light absorption. The subsequent structural rearrange-
ment of the large melanin molecules could then lead to the release of pre-absorbed ROS,
also promoting enhanced COVID-19 protection in the fair-skinned. Another possibly sig-
nificant difference for EM and PM arises with the carbonate radical anion. In the presence
of OH®, the carbonate radical anion is converted to the strongly oxidising CO3°~, as noted
above [3]. Using dopa melanin as a model of black eumelanin and cysteinyl-dopa-melanin
as a model of red /blond phaeomelanin, we have reported huge differences in their reactiv-
ity with CO3*~ (3 x 10° M~ 's~! and 2 x 108 M~1s~1, respectively) [46]. Such a difference
(near 10%) is much more marked than with other bio-molecules (typically 10 times for
amino acids).

Certainly, photochemical studies of PM models have shown the increased production
of singlet oxygen, superoxide, and both carbon and sulphur-based radicals [47-49], while
the aggregation of EM has been shown to diminish the photogeneration of ROS [50].

Recent EPR studies have also shown the photo-production of ROS from melanins
in melanocytes and skin itself [51,52]. In Kassouf et al. [51], the spin trapping of radicals
produced via UVA irradiation of melanocytes and melanoma cells showed higher levels of
spin trapped carbon-centred radicals in lightly pigmented cells than in darkly pigmented
or even non-pigmented cells. Albrecht et al. [52] used EPR spin trapping to detect radicals
directly in irradiated skin and found radical production when the skin was irradiated with
either UV, visible, or even infra-red light. Radical production in skin types IV-V (dark skin)
was found to be only around 60% of the total amount observed in skin type II (fair skin).

In summary, we speculate there may be a link between the increased photo-induced
radicals in fair-skinned individuals compared to dark-skinned, leading to higher severity of
COVID-19 in the dark-skinned BAME community, with partial protection for fair-skinned
individuals arising from ROS, generated from both the photolysis of PM and its photo-
induced rearrangement.

4.3. Psoriasis and UVA

The skin disease psoriasis has been treated by a photochemotherapeutic system for
many years. The possible deleterious effects involving free radicals and 'O, are important
and are discussed below. The treatment is known as PUVA, where the ‘P’ refers to the
drug 8-methoxypsoralen (8-MOP), and UVA to long-wavelength ultra-violet radiation
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(320400 nm). The 8-MOP is administered by either oral or topical application, followed
(typically 45-60 min later) by UVA irradiation. While much of the underlying biological
processes are still to be understood, one mechanism invokes UVA absorption, producing the
excited triplet state of 8-MOP, which then interacts (possibly via a cyclobutane formation)
with the epidermal DNA, inhibiting further DNA replication. However, there are unwanted
side effects, and one such problem is the generation of various ROS, such as OH®, O,*~,
and '0,, as shown by EPR studies [53,54] and the time-resolved luminescence of 10, [55].

Such ROS may lead to pro-oxidative effects and to carcinogenesis and mutagenesis.
For that reason, PUVA is often restricted in use for some age groups.

A second side effect is an increase in skin pigmentation. While the mechanism of
this skin-darkening effect is not fully understood, one possibility involves an electron
transfer between the 8-MOP triplet state (*MOP) and the melanin precursor 3,4-dihydroxy-
phenylalanine (dopa) [56] this can be summarised as:

SMOP + dopa >~ dopachrome -~ melanin (17)

Dopachrome is a well-known key intermediate in the free radical polymerisation of
dopa to melanin [36].

This deleterious effect can lead to reduced PUVA efficiency, and, therefore, the re-
quirement to increase the UVA dose, thus increasing the potential skin carcinogenic-
ity /mutagenicity risk.

4.4. Neonatal Jaundice

The phototherapy of newborn infants with blue/green light is the established (often
called ‘gold standard’) therapy for neonatal hyperbilirubinemia following its introduction
nearly 60 years ago. While the detailed molecular mechanism is not fully understood,
clearly this phototherapy depends on the photochemical isomerisation of bilirubin (BR)
within light-exposed tissues, leading to excretion without having to undergo further
metabolic modification. Overall, while BR shows no fluorescence itself, three photochemical
reactions of bilirubin occur: photooxidation, configurational isomerization, and structural
isomerization [57]. The configurational isomerization leads to the production of Z,E isomers
(from the original Z,Z isomer) and a structural isomer called Lumirubin (LR), as well as BR
fragments (mono-, di-, and tripyrrolic species) via oxidation. The configurational isomers
are likely to be established very quickly (maybe sub-nanosecond) and be in equilibrium—
it seems unlikely that they would lead to ROS such as singlet oxygen or oxy radicals.
However, the structural isomer Z-LR contains a seven-membered ring and significant
double bond/single bond conjugation (see Figure 7).

COOH COOH

Figure 7. Chemical structure of Lumirubin.

The UV /visible spectrum has recently been reported [58], showing light absorption
between about 380 and 500 nm for both BR and LR (with a minor spectral shift due to
binding to human serum albumin (HSA)). Subsequently, oxidation processes from further
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light absorption by LR seem the most likely route to the overall destruction of the free BR
and its excretion. Overall, we would suggest processes such as:

LR + light - ILR* fluorescence (Amax = 415 nm) + LR triplet (CLRY) (18)

this is followed by an energy transfer to molecular oxygen to produce the potentially
damaging species, singlet oxygen:

SLR*+ 0, > LR + 'O, (19)

10, + BR = BR photoproducts (20)

with other reactions, such as electron transfer processes, this possibly leads to other
(radical) ROS.

Singlet oxygen has a very specific luminescence in the infra-red at near 1270 nm.
The observation of this luminescence means 'O, is being formed. In one experiment, BR
dissolved in carbon tetrachloride was irradiated with 514.5 nm light (argon ion laser) and
a very marked increase in the luminesce signal at 1270 nm was observed over a 30 min
period, proving the generation of 10,. In addition, during this period, the solution became
colourless, proving the destruction of the BR and LR pigments [59]. More recently, the
effects of BR and LR (the major BR photo-oxidation product) on metabolic and oxidative
stress markers have been compared [60]. These researchers estimated the effects of BR
and LR in a cell-based study on peroxy radicals, O,*~ and nitric oxide. LR stability was
tested under different oxygen concentrations—showing an increase in the LR degradation
as the oxygen concentration was increased from 1% to 21%—and seemed likely to result in
the production of mono-, di- and tripyrrolic fragments. Collectively, these data point to
the biological effects of BR and its photo-oxidation products, which might have clinical
relevance in phototherapy-treated hyperbilirubinemic neonates and adult patients.

While phototherapy treatment on children with enhanced non-bound BR is clearly far
more valuable than any possible drawbacks, the potential deleterious side effects may be
linked to LR light excitation, leading to ROS production as an early step.

4.5. Commercial Sunscreens

The first report on the use of sunscreens to protect the skin was nearly 100 years ago—
although, of course, humans have used various ways of protecting themselves from the
sun since antiquity. Studies on sunscreens up to 1990 have been thoroughly reviewed [61].
Commercial sunscreens can be divided into two broad categories: inorganic and organic.
Inorganic sunscreens mainly scatter UV radiation, while the organic systems absorb the
radiation and then lose the energy as heat. In practice, mixtures of both are normally
formulated together for the commercial market.

4.5.1. Inorganic Sunscreens

The use of inorganic sunscreens began around 60 years ago, and both titanium dioxide
(TiOy) and zinc oxide (ZnO) are used [62]. TiO; is by far the most important inorganic
sunscreen and gives protection against both UVB and UVA2 (320-340 nm); the protec-
tion ranges from 315 to 340 nm, and there is no protection against UVA1 wavelengths
(340—400 nm). One important aspect of both TiO, and ZnO is that they are inert, and so do
not interfere with the other (organic) sunscreens in a typical commercial product. Early
formulations of TiO; used a particle size which led to, at least for adults, an unacceptable
white cosmetic appearance upon the skin. Nowadays, smaller, so-called micronized TiO,,
which is transparent, with particle sizes typically around 10-20 nm, is used. However, such
preparations have been questioned as a source of potentially damaging (ROS) species when
irradiated, possibly because of the increased surface area compared to larger particles. Of
course, TiO, is widely used as a photosensitiser for many industrial applications, such
as water treatment (see, for example, [63]), and as a route to solar-generated electricity.
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Clearly, the photosensitised generation of ROS must be avoided for sunscreen use, and
there has been much debate on this possible deleterious effect: [64-66].

A major factor concerns the type of TiO, used. There are three types: rutile, anatase,
and brookite. Rutile has the lowest photoactivity and so is the preferred choice for sun-
screens and cosmetic applications, while anatase, a very photoactive form, is used where
photoactivity is required, such as for the degradation of pollutants in water. Another
important factor is surface coatings—many materials are used and can not only reduce
photoactivity but also help to avoid other unwanted commercial problems, such as the
aggregation of the TiO, particles. Another important aspect is the addition of antioxidants
to the commercial product, such as ascorbic acid and vitamin E. A major discussion topic
is the degree of penetration of the inorganic sunscreens into the skin. Probably most
important is that, in order for ROS to be a damaging factor, the TiO, and ZnO would have
to penetrate beyond the outer layer of the skin, which seems unlikely [62].

4.5.2. Organic Sunscreens

Numerous organic molecules have been developed and are in current use as sun-
screens. Generally, most are regarded as UVA or UVB absorbers, though there are many
more UVB absorbers in use than UVA absorbers. A major concern is the photostability
of such sunscreens, with much current interest concerning the important UVA sunscreen
4-tert-butyl-4’-methoxydibenzoylmethane (BM-DBM). This widely used sunscreen has sev-
eral different trade names in different parts of the world; the most common are Avobenzone
and Parsol 1789.

The strong absorbance of BM-DBM has a Apax which depends, to some degree, on the
solvent, but is about 360 nm. However, this widely used UVA sunscreen is unstable, mainly
because it degrades upon exposure to UV radiation. BM-DBM was approved for use in
the EU in 1978 and by the FDA in 1988. However, shortly afterwards, based on studies of
model compounds, its safety with respect to phototoxicity and photo-mutagenicity was
brought into question [67].

Several studies of the photochemical degradation of BM-DBM have been undertaken
with considerable interest in methods to reduce such degradation. Studies on the effect of
solvents showed that BM-DBM was more or less photostable in the polar protic solvent
methanol but was photoisomerised in the polar aprotic solvent dimethylsulfoxide, and it
photodegraded significantly in the nonpolar solvent cyclohexane [68]. Both photoisomeri-
sation and photodegradation occurred to a similar extent in the moderately polar aprotic
solvent ethyl acetate [68].

BM-DBM is a complex molecule and, in solution, it is an equilibrium mixture of enolic
and diketo forms. The enols can be both chelated and non-chelated ‘rotamers,” as shown in
Figure 8, but the chelated enol form, absorbing around 360 nm, is the dominant form, with
the keto isomer produced during UV irradiation.

While the keto form has a Amax near 260 nm (UVC), it has an absorption ‘tail” extending
through the UVB. Laser flash photolysis studies show the existence of short-lived transient
forms which are assigned to the non-chelated rotamers [69,70], as shown in Figure 8, with
a Amax near 300 nm. The efficiency of the conversion from the initial enol form to these
short-lived transient forms is quite high, at 0.25 [71]. The decay of the short-lived transients
are assumed to be both reversions back to the original enol and also to the formation of the
diketo form—it is this form that almost certainly leads to the destruction of the sunscreen
BM-DBM. Further evidence of this is based on model studies on the ‘locked’ form of the
diketo isomer, where a simple methyl substitution results in a 100% diketo form. A quantum
yield of 'O, formation of 0.3 from this model was reported [72]. Consistent with this quite
high efficiency of 1O, formation, it has been shown that when the diketo form is generated
by the pre-irradiation of BM-DBM [70], subsequent pulsed laser irradiation (266 nm, UVC)
leads to the detection of damaging 'O, (monitored as described above at 1270 nm), which
leads to the oxidation of BM-DBM. The decay of the enol form and the corresponding
formation of the diketo form has been also demonstrated by others [73]. Furthermore,
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these diketones are liable to also be degraded by other photochemical processes, such as
a-cleavage (also called Norrish Type 1 processes), generating a range of undesirable free
radicals. Overall, this is an extremely complex system, and recent attempts to unravel the
underlying photochemistry have involved gas-phase studies of protonated BM-DBM [74].

t-Bu

(0] (0]
I t-Bu

Keto form

t-Bu

Rotamer of the Enol form

Figure 8. Photoinduced ketonization of BM-DBM via an intermediate excited state rotamer transient.

As noted above, the deleterious effects of such processes are reduced by antioxidants
such as vitamin C and E. However, there is still considerable interest in the deleterious
effects associated with 1O, generation for the diketo form of BM-DBM. Of course, 266 nm
(UVCQ) is not a wavelength that reaches earth, but, as noted above, while the BM-DBM
diketo has a Amax near 260 nm, it also has weak absorption in the UVB and even UVA
spectral region (and even out to 450 nm). It seems possible this long-wavelength weak
absorption is a key factor in the final photodegradation of BM-DBM. The generation of 1O,
from diketo absorption occurs via the production of the triplet form of the diketo, which
undergoes an energy transfer with oxygen to give the damaging 'O,, as discussed above,
and shown in the simplified Equations (21) and (22), below:

BM-DBM + Light >-> 3BM-DBM* (21)

3BM-DBM* + O, > BM-DBM + 'O, (22)

Clearly, to overcome this problem, other (anti-oxidant) molecules which can efficiently
remove (quench) the triplet states are worthwhile. Many combinations of sunscreens—
usually mixing UVB absorbers with BM-DBM—have been considered [72,75] to improve
photostability.

Of course, for such a mixture, an increase in the stability of BM-DBM can be expected
upon the addition of a second sunscreen, arising simply due to the additive effect of the
two absorbances. However, if the protection of the BM-DBM is increased by more than
this ‘additive’ effect, it would suggest the occurrence of other interactions involving these
sunscreen mixtures. One such possibility is that the BM-DBM triplet state undergoes
a triplet-triplet energy transfer to the second, protecting sunscreen. Of course, for this
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to arise, the triplet energy level of the second sunscreen needs to be below that of the
BM-DBM diketo form. Unfortunately, the triplet energy levels of UVB sunscreens are not
well established.

One important combination is BM-DBM with octocrylene—while there does not seem
to be an experimental value of the octocrylene triplet level available, the theoretical value
(60.7 kcal-mol 1) sets the octocrylene triplet level well below that of the diketo triplet
(established via phosphorescence as 70 kcal-mol~! [76]) and so would allow for a very
efficient energy transfer from the diketo triplet to octocrylene, and hence the protection of
BM-DBM from photodegradation [77].

The triplet lifetime of the keto form is expected to be shorter than that of the enol form
because of the short-lived character of the 3n7t* state. However, the observed triplet lifetime
of the keto form of BM-DBM is about six times longer than that of the enol form [77].
This unexpected effect of the tautomerization on the triplet lifetime of BM-DBM may
arise from a fast, nonradiative decay channel in the 3n7* state of the enol form. Such an
increase in lifetime, if also applicable to real-life situations, may well lead to the increased
photodegradation of the sunscreen.

Of course, in real-life situations, the rate of collision between different sunscreens will
be well below that observed in many solution-based model studies and, clearly, it will
also depend on the concentrations used. Another (possibly more likely) process is that
the diketo form produces 'O, but this (mobile) ROS species is significantly quenched by
reacting with the secondary UVB sunscreens.

Overall, more data is needed to unravel the photodegradation of BM-DBM. Indeed, it
is perhaps surprising that UVB degrades the BM-DBM diketo form at all, given that itis a
UVC absorber.

5. Summary

ROS consist of a complex mixture of species ranging from non-radical 'O, to a wide
range of oxy-radicals. Overall, the most important and studied species are 10,, NO,®, OH®,
0,°7, and various peroxyl species (RO,*®).

Usually, ROS are damaging species, but in some situations, they play a useful, ben-
eficial role rather than a deleterious role—for example, in water purification and in the
treatment of some diseases such as skin cancer. In some cases, there is a possible minor dele-
terious effect associated with an important beneficial treatment, as in the photochemother-
apy of psoriasis and possibly the phototherapy of neonatal jaundice (hyperbilirubinemia).

In this review, we have attempted to unravel the molecular mechanisms of both
deleterious and beneficial effects via studies of some of the important individual ROS
species. Such studies require the generation of ROS and, usually, very short-lived specific
radicals or 'O, are studied rather than the ROS mixture itself. For such fast-reaction
studies, pulse radiation methods are most useful and generally use pulsed lasers to study
10, and pulse radiolysis to study radicals, although there is an overlap in the use of
these fast reaction techniques, and often both techniques are used to give complementary
information. However, in some cases, EPR spin trapping can be used and fast techniques
are not required.

Clearly, as we have shown, more work is needed to maximise the beneficial effects of
individual ROS species while minimising any unwanted deleterious side effects.
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