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Abstract

Carotenoids are indispensable molecules for life. They are present everywhere in
plants, algae, bacteria whom they protect against free radicals and oxidative stress.
Through the consumption of fruits and vegetables and some carotenoid-containing
fish, they are introduced into the human body and, similarly, protect it. There are
numerous health benefits associated with the consumption of carotenoids. Carote-
noids are antioxidants but at the same time they are prone to oxidation themselves.
Electron loss from the carotenoid forms a radical cation. Furthermore, proton loss
from a radical cation forms a neutral radical. In this mini-review, we discuss carot-
enoid radicals studied in our groups by various physicochemical methods, namely
the radical cations formed by electron transfer and neutral radicals formed by pro-
ton loss from the radical cations. They contain many similar hyperfine couplings
due to interactions between the electron spin and numerous protons in the carot-
enoid. Different EPR and ENDOR methods in combination with DFT calculations
have been used to distinguish the two independent carotenoid radical species. DFT
predicted larger coupling constants for the neutral radical compared to the radical
cation. Previously, INDO calculations miss assigned the large couplings to the radi-
cal cation. EPR and ENDOR have aided in elucidating the physisorb, electron and
proton transfer processes that occur when carotenoids are adsorbed on solid artifi-
cial matrices, and predicted similar reactions in aqueous solution or in plants. After
years of study of the physicochemical properties of carotenoid radicals, the differ-
ent published results start to merge together for a better understanding of carotenoid
radical species and their implication in biological systems. Up until 2008, the radical
chemistry in artificial systems was elucidated but the correlation between quenching
ability and neutral radical formation was an inspiration to look for these radical spe-
cies in vivo. In addition, the EPR spin-trapping technique has been applied to study
inclusion complexes of carotenoids with different delivery systems.

P4 A. Ligia Focsan
alfocsan @valdosta.edu

Extended author information available on the last page of the article

@ Springer


http://orcid.org/0000-0003-2816-0834
http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-021-01311-8&domain=pdf

1094 A.L.Focsan et al.

1 Carotenoids: Importance in Daily Life

Carotenoids are long stick-like molecules synthesized biochemically from eight iso-
prene units (see Fig. 1). This highly conjugated system consisting of 9—11 double
bonds and terminating in rings is responsible for the ability to transfer electrons
throughout the molecule, acting like strings. This double bond conjugated system
also determines which wavelengths of light will be absorbed and thus what color
we observe for carotenoids-containing plants, vegetables, bacteria, or fungi. Carot-
enoids are pigments and give the red, orange or yellow color to these organisms.
B-Carotene, for example, is the yellow or orange pigment abundant in carrots, sweet
potatoes, butternut squash, pumpkin, apricots, peaches, cantaloupe and also present
in dark green vegetables like spinach, kale, lettuce or broccoli. Among the carotenes,
which are the hydrocarbon carotenoids, also called non-oxygenated carotenoids,
B-carotene is distinguished by having beta-rings at both ends of the molecule (see
Fig. 1). Similar to other carotenoids which are all known to have powerful antioxi-
dant activities, pf-carotene provides numerous health benefits including promoting
skin health, lung health, eye health and even preventing cancer [1-3]. The difference
between natural and synthetic p-carotene, for example, p-carotene from foods versus
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Fig. 1 Carotenoid structures
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pharmacological supplements is still to be determined. However, foods containing
carotenoids are associated with a reduced risk of lung, head and neck cancer [4, 5].

Zeaxanthin has also a symmetric structure that is essentially similar to that of
B-carotene, except that it contains two extra hydroxyl groups, one on each of the
two cyclohexene rings (see Fig. 1). Adding oxygen atoms into the structure makes
zeaxanthin a xanthophyll, which are oxygen derivatives of carotenes. Zeaxanthin is
also present in fruits and dark green vegetables but it is also known to be the macu-
lar pigment in human eyes where it protects the eye against excessive light. Simi-
larly, it protects plants against photoxidative damage. Together with violaxanthin it
is part of the xanthophyll cycle which protects plants against photoxidative damage.
Structurally violaxanthin contains epoxide groups (see Fig. 1). During light stress,
violaxanthin is enzymatically converted to zeaxanthin, which plays a direct photo-
protective role. We have observed that the photoprotective role of zeaxanthin is in
agreement with the formation of neutral radicals from the radical cation, radical spe-
cies that could act as an additional quencher to the known quenching function of the
radical cation. Violaxanthin does not form neutral radicals and is not known to be a
photoprotective agent.

Lutein, which is just an isomer of zeaxanthin, with a double bond moved one
position and is also known as a photoprotective agent. It is also a predominant
carotenoid in the macular pigment, along with zeaxanthin, and meso-zeaxanthin.
Lutein supplementation (10 or 20 mg/day) for more than 6 months can significantly
improve macular pigment optical density and visual acuity in patients with age-
related macular degeneration [6].

Astaxanthin, another xanthophyll containing carbonyl groups besides the
hydroxyl groups is the keto-carotenoid (see Fig. 1) present in certain algae-like
Haematococcus pluvialis. During stress like high light exposure, absence of nutri-
ents or in the presence of salt, the algae remarkably produces astaxanthin to pro-
tect itself. Astaxanthin is also the carotenoid that gives the pink or red color to
aquatic animals like shrimp, lobster, salmon, fish eggs, and trout. This pigment is
also responsible for the beautiful pink color in flamingo. Astaxanthin is known as
a super-antioxidant able to repair cellular damage caused by free radicals. Its con-
sumption can result in various health benefits and has great application potentials in
cosmetics, nutritional health products, as well as medicines. The amount of natural
astaxanthin is limited and delivery systems such as emulsions, liposomes and nano-
particles are developed to improve the bioavailability and stability of astaxanthin [7,
8].

2 Carotenoid Radicals and Their Role in Nature

Carotenoids have a large extinction coefficient about 10° M~! cm™! and only small
amounts (ug) are sufficient for absorption measurements, for example. Similar
amounts are sufficient for electrochemical measurements such as cyclic voltamme-
try. A millimolar carotenoid concentration in methylene chloride would generate a
cyclic voltammogram indicating peaks for oxidation (1, 2) and reduction (3, 4, 5) of
the carotenoid like in Fig. 2. There are a multitude of reactions like heterogeneous
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Fig.2 CV of carotenoid: a considering the deprotonation of the radical cation to form neutral radicals at
peak 5 and b without considering deprotonation of the radical cation. Adapted from: [13]. Peak 5 demon-
strates the formation of neutral radicals Car’ in solution

Heterogeneous electrode reactions:

£

Homogeneous reactions:

Keom
(4) Car®* + Car = 2Car*

Side reactions:

7

(1) car = Car* + e ’

@) Cart = cat + e (5) Car* ==cCar + H* (8) Car?* — Unknown Products
Ka .

©G) car +e 2 car (6) Car* ==cCar + H* (9) Car* — Unknown Products

(10)

Car*— Unknown Products

Car’ — Unknown Products

Scheme 1 Electrochemical reactions of carotenoids. Adapted from [13]

electrode reactions, homogeneous solution reactions and other side reactions tak-
ing place in solution. To simulate the CV of a carotenoid about 10 reactions and
numerous parameters (EOL EOZ, E%, K Kyps K4y k¢, D) need to be considered
(see Scheme 1). Peaks 1 and 2 are due to oxidation of carotenoid molecule (Car) to
the radical cation (Car™*) and oxidation of the radical cation to a dication (Car’"),
associated with forward reactions 1 and 2 in Scheme 1. Peaks 3 and 4 are due to the
reduction of the dication and radical cation, associated with backward reactions 2
and 1, respectively. Peak 5, as deduced from the simulation is the effect of depro-
tonation of both radical cation (weak acid, pK, approx. 4-7) and dication (strong
acid, pK, approx. — 2) to build up neutral radical species (Car’). Figure 2 shows that
to fit peak 5 contribution of deprotonation from the radical cation to form neutral
radicals is needed. A recent review [9] gathers the first oxidation potentials of dif-
ferent carotenoids determined in Prof. Kispert’s lab and calibrated against ferrocene
(details are given in Refs. [10, 11]), and discusses the increased antioxidant activity
with increasing the oxidation potential favored by a nonpolar environment and disfa-
vored by H-bonding of the carotenoid within a host [12].

Peak 5 in the CV in Fig. 2 demonstrates that deprotonation of the radical cation
occurs in solution. As confirmed by DFT calculations, proton loss in carotenoids is
most favorable at the ends of the radical cation [14]. This feature was especially use-
ful in analyzing crystal structures of light-harvesting complexes (LHCs) for possible
proton loss from a radical cation of carotenoids present. Figure 3 shows the crystal
structure of the major LHCII with four carotenoids. For proton loss to occur in vivo
the orientation of the carotenoids in thylakoid membrane is especially important.
Figure 3a shows the orientation of the carotenoids in LHCII and the positions for

@ Springer



Carotenoids: Importance in Daily Life—Insight Gained from... 1097

Fig.3 a Schematic of the position of carotenoids in LHCII. b Crystal structure of LHCII. Adapted from
[17]

proton loss (represented by red circles) occurring at the ends of the radical cations
of these carotenoids. Proton loss would be facilitated by proton acceptors in nearby
thylakoid lumen and stroma. Figure 3b shows the LHCII crystal structure with carot-
enoids in the same positions as in Fig. 3a. Zeaxanthin which is accumulated under
sunlight and represented in red in Fig. 3b, converts to violaxanthin under low light/
dark. Two lutein molecules are found in a cross position in yellow, and 9'-cis neox-
anthin is depicted in orange. For zeaxanthin and lutein, which are known as quench-
ers, proton loss is possible at both ends of the radical cations. 9'-cis neoxanthin is
buried in the nonpolar environment and its epoxy on one end and the allene bond
would prevent proton loss at the C5 and C5'-methyl groups on the ends by reducing
the conjugation so crucial for the neutral radical stability [14]. Violaxanthin also
contains epoxy groups at both ends which would also prevent proton loss [15]. It
was noted that the ability to form neutral radicals by deprotonation of the radical
cation is correlated with the quenching/nonquenching properties of the four carote-
noids present in this structure. More exactly, zeaxanthin and lutein that are known to
be quenchers from the neutral radicals by proton loss from the radical cation, while
violaxanthin and 9'-cis neoxanthin do not [14-16].

We have concluded that zeaxanthin and lutein radical cations’ ability to depro-
tonate and form neutral radicals could be linked to their quenching activity. It was
thus proposed an additional quenching mechanism [15] involving neutral radicals
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of zeaxanthin and lutein. For zeaxanthin, for example, a charge transfer complex
(Zea™...Chl™) forms in presence of intense sunlight present on a clear bright sunny
day. Deprotonation of the radical cation to the neutral radical, Zeat = Zea +H™,
easily happens because the pK, of Zea™ is 4 which favors proton loss as a weak acid.
Reprotonation of Zea' is electrochemically [13] unfavorable, so a lifetime of the neu-
tral radical could increase to ms or longer and exists after collapse of Zea™...Chl™~
complex. The neutral radical Zea formed is able to quench excited Chl™". The life-
time of Zea™...Chl™ was measured to be about 150 ps. Chl”™ charge migration [18]
causes the delay in the collapse of Zea™...Chl, allowing a small amount of Zea™ to
deprotonate and ready to quench other excited Chl” formed upon continuous light
irradiation [19]. The xanthophyll cycle operates in lab light or a cloudy day; violax-
anthin which has ends protected by epoxide groups preventing proton loss, converts
to Zea, for Zea™ and neutral radical Zea to be formed if there is too much light.
In the dark, zeaxanthin converts to violaxanthin during xanthophyll cycle prevent-
ing proton loss but violaxanthin is ready to absorb light and photosynthesis contin-
ues over a wide range of light intensity. An organized assembly favors Zea which
is absolutely necessary for the formation of the neutral radicals. Betacarotene, for
example, would not be adequate for the organized assembly nor would the cis iso-
mer of Zea.

A neutral radical like Zea” would be able to quench the excited state from a neigh-
boring chlorophyll. Quenching by free radicals is important in liquids and solids and
forms the basis for fluorescence detection of reactive oxygen species. Quenching
of fluorescence by J exchange for either an excited single or triplet state has been
accomplished by attaching a stable nitroxide neutral radical as far away as 9 A from
a fluorescing molecule [20]. In Fig. 4 is shown the crystal structure of the minor
light-harvesting complex CP29 (Protein Data Bank 3PL9) where the xanthophyll is
located between adjacent chlorophylls. One end is next to a chlorophyll permitting a
charge transfer complex to be formed upon light exposure [21]. The negative charge
of chlorophyll migrates over adjacent chlorophyll [18] over the 150 ps time during
which time the radical cation formed can transfer a proton to the water molecule
located within 9 A thus forming a quenching neutral radical. This radical species

XAT622
]

Fig.4 Xanthophyll in close proximity (less than 9 A) of a water molecule. From the structure of minor
light-harvesting complex CP29 (Protein Data Bank 3PL9)
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quenches excited chlorophyll during 150 ps lifetime of the charge-transfer complex.
The crystal structure of CP29 (Protein Data Bank 3PL9) also shows a lutein mol-
ecule with Chl molecules and water molecules situated in close proximity (less than
9 A) of both ends of the carotenoid.

Zeaxanthin which accumulates in the presence of light is a very special and nec-
essary carotenoid. It has a low oxidation potential and thus it can be easily oxidized
to form Zea™*. A molecule with a higher oxidation potential like astaxanthin [11] for
example, would not form a radical cation as easily and would favor scavenging of
radicals like ‘'OH, ‘'OOH instead [22]. Zea™ is a weak acid (pK,~4) and deprotona-
tion is favored as an equilibrium. Its deprotonation occurs at the 4-C or 4'-C end
terminal to form the neutral radical. Zea neutral radical is long lived and reproto-
nation is difficult, given the unfavorable potentials. The terminal OH groups facili-
tate hydrogen bonding with water. In contrast, a molecule such as p-carotene would
not work in the presence of proton acceptors. Terminal OH groups also facilitates
H-aggregation in solvents containing water causing a 100 nm blue shift [23]. This
aggregation reduces reaction with free radicals like ‘'OH, ‘'OOH and makes zeaxan-
thin prone to oxidation by Fe®* or other oxidants to form zeaxanthin radical cation,
Zea™. The oxidation potential of zeaxanthin was determined to be 571+11 mV,
essentially identical to that of p-carotene 567+4 mV by Niedzwiedzki et al. [24].
We have also found a value for the oxidation potential of f-carotene 634+4 mV
[10] when compared to other carotenoids which explained its prooxidant effect and
forming the radical cation in reaction with Fe3* [25]. The oxidation potential of vio-
laxanthin 681 + 14 mV was found to be higher than that of zeaxanthin implying that
the natural selection of zeaxanthin for its photoprotective role over violaxanthin is
owed, at least in part, to its ability to be easier oxidized forming Zea™*. A study
of Arabidopsis thaliana as a function of varying light intensity (bright sunny day,
cloudy day, lab light, dark drawer) has demonstrated that zeaxanthin neutral radi-
cal can form in an organized assembly when Zea™...Chl'~ was generated in bright
sun light [21]. Our review article [19] summarizes all the key concepts learned
about zeaxanthin radical cations and neutral radicals that are necessary for photo-
protection. All E zeaxanthin isomer is the only carotenoid that will work best. As
mentioned above, an organized assembly can trigger deprotonation of its weak acid
radical cation at the terminal 4-C positions giving rise to a long lifetime of neutral
radical because reprotonation is unfavorable. Little protonation, fragmentation or
epoxidation as observed for the Z-isomers [21].

3 EPR and ENDOR Studies of Carotenoid Radicals Correlated
with DFT Studies

Carotenoids have a long conjugated chain in which = electrons are delocalized. Thus
carotenoid radicals contain a large number of anisotropic a-protons and isotropic
B-protons from rotating methyl groups. Radicals formed, namely the radical cati-
ons formed by electron transfer and the neutral radicals formed by proton loss from
the radical cations, contain lots of similar couplings so we used different electron
paramagnetic resonance (EPR) and electron-nuclear double resonance (ENDOR)
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techniques to distinguish and identify them. It is known from electrochemical stud-
ies in the solution discussed above that radical cations and dications are formed
upon oxidation, and the radical cations can lose protons in water to form neutral rad-
icals. Also, the dication loses a proton and upon reduction forms the neutral radical.
Similar reactions occur in powders when carotenoids are adsorbed on silica alumina
or inserted into MCM-41 containing silanol groups.

Carotenoids (Car) exhibit oxidation potentials measured in our lab between 0.63
and 0.94 V vs SCE [12]. Their oxidation potential varies depending on the substitu-
ents, increasing with the presence of electron-accepting groups [9]. As antioxidants,
carotenoids are a source of donating electrons to a physisorb catalyst solid surface
like alumina, silica-alumina or MCM-41. Silanol groups are electron acceptors of
carotenoids and by adsorbing carotenoids on such surfaces, EPR and ENDOR tech-
niques gave insight into the radical chemistry that occurs on catalyst surfaces. When
an electron is transferred to the catalyst, a radical cation is formed. Radical cati-
ons of carotenoids are weak acids, exhibiting pK, between 4 and 9. With increasing
the oxidation potential of the carotenoid the pK, increases, or proton donor ability
decreases. A carotenoid with lower oxidation potential like 3-carotene would form
a radical cation easier and would have a higher proton donor ability. Initially, the
carotenoid molecule donates an electron to the silica alumina to form the radical
cation. The electron can be transferred to the Lewis acidic site (LAS), while the
Al in the lattice generates Bronsted acidic sites (BAS) which stabilizes the radical
cation. The radical cation which is a weak acid can donate a proton to form a neutral
radical, this being enhanced under light irradiation.

The formation of carotenoid radical cations on activated alumina and silica alu-
mina which includes electron transfer from adsorbed carotenoid molecules to the
LAS was established using the EPR spin probe with TEMPONE and ENDOR tech-
niques [26]. The role of the Al LAS in the stabilization of the formed radical cations
was supported by the correlation between the LAS content on the activated surfaces
and the maximum concentration of the generated radical cations. ENDOR is most
simple defined as EPR-detected NMR where the EPR signal is measured at a fixed
magnetic field and its intensity is varied by the applied scanned radio frequency,
and makes use of the hyperfine couplings between unpaired electrons and the neigh-
boring nuclei. The ENDOR peak at ca. 6.5 MHz obtained for both canthaxanthin
adsorbed on alumina and silica-alumina, and a mixture of canthaxanthin AICl; solu-
tion, was attributed to Al nuclear frequency at 3.65 MHz plus hyperfine coupling of
7 MHz. Detection of a hyperfine doublet for matrix ENDOR, instead of a single line
at the 3.65 MHz Larmor frequency for Al indicated the formation of strong com-
plexes between carotenoid molecules and Al LAS on the surface.

The 9 GHz EPR spectrum of a carotenoid radical is not resolved due to the
numerous EPR lines for the different protons (a carotenoid contains approx. 50
H atoms). The interaction of an electron with a proton gives a coupling of about
1400 MHz and for a CH fragment that carotenoids contain, the unpaired spin distri-
bution is reduced to 4% to about 56 MHz. For approximately 10 of these CH frag-
ments in a carotenoid, the distribution of the unpaired electron over the © system
would give couplings around 5.6 MHz. There is symmetry for some carotenoids and
the rotation of methyl groups reduces the number of EPR lines but still the structure
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is not resolved at 9 GHz due to the numerous EPR lines for the different protons. At
higher mw frequency (327 GHz) the structure of a carotenoid starts to resolve indi-
cating the cylindrical symmetry of a & radical.

Because there was a need to distinguish the spectrum of the radical cation from
that of the neutral radicals, the approach was to form stable radicals for hours on cat-
alysts like silica-alumina or MCM-41, and study them using different ENDOR pro-
cedures. Continuous wave (CW) ENDOR of carotenoids adsorbed on silica alumina
measured at 120 K was performed, as the methyl groups rotate very rapidly giving
the isotropic hyperfine couplings, and in fact, the powder spectrum was resolved. To
determine the precise values of the hyperfine interactions, the analysis of ENDOR
spectra required density functional theory (DFT) simulations. It was determined
using calculated DFT hyperfine couplings that a mixture of radical cations Car™ and
neutral radicals Car” was formed for all carotenoids studied. Any line above 19 MHz
was assigned to the neutral radicals, below that value peaks indicated a mixture of
radical cations and neutral radicals. For example, the simulated and experimental
spectrum for an irradiated sample of betacarotene on silica alumina showed contri-
bution from both radical species [27].

In a non-irradiated sample (see Fig. 5) the lines were assigned using DFT-calcu-
lated couplings to the radical cation Car* only. There are no lines above 19 MHz
because the radical cation is stabilized by BAS. The typical isotropic hyperfine cou-
pling for a carotenoid radical cation is around 8 MHz. However, light irradiation of
the samples and the presence of metals in the matrix produced more neutral radicals,
with larger values of the isotropic hyperfine couplings. Figure 6 shows CW ENDOR
powder spectrum of canthaxanthin in AI-MCM41 and in Fe-MCM41 irradiated at
77 K and measured at 120 K. Couplings of 13 MHz identified the carotenoid neu-
tral radicals Car’ of canthaxanthin as deduced from the ENDOR lines at approx.
22 MHz. Also note that the concentration of the neutral radicals Car’ depends on the
metal: it is higher in the presence of Al than in the presence of Fe.

Besides the CW ENDOR experiments that use a continuous microwave source, we
performed pulsed ENDOR experiments which use a microwave pulse sequence pre-
dominately developed by Mims and Davies. The experimental Davies ENDOR of

ENDOR Signal (a.u.)
g o
N
>
<
=
N

ENDOR Signal (a.u.)

| VAL
-looo.‘/\/\/ . ! 1000 \/ —
b. /\/ ' AVAVAVRIPS
No | .}/ No
Car™ Car-| Car™ \/ car
40 70 100 130 160 190 220 250 40 70 100 130 i80 180 220 250
Radio Frequency (MHz) Radio Frequency (MHz)

Fig.5 CW ENDOR powder spectrum of p-carotene (left) and canthaxanthin (right) adsorbed on acti-
vated silica alumina solid support at 120 K in the absence of UV light a experimental and b simulated
Car™*. Adapted from Ref. [28]
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Fig.6 CW ENDOR powder spectrum of canthaxanthin in AI-MCM41 (left) and in Fe-MCM-41 (right)
irradiated at 77 K and measured at 120 K (adapted from Refs. [29, 30], respectively)

carotenoids run at 20 K consists of two broad regions, each composed of many overlap-
ping lines spaced around the free proton frequency [14, 15]. It is not possible to decon-
volute the poorly resolved spectrum as shown in Fig. 7a in red for the zeaxanthin radi-
cals on silica-alumina. The spectra in Fig. 7b—d are simulations using DFT generated
hyperfine couplings for radicals optimized with B3LYP/6-31G** and calculated with
B3LYP/Ahlrichs. Figure 7d indicates the simulation of just the radical cation includ-
ing both isotropic and anisotropic hyperfine couplings. Figure 7c shows the peaks A
through H for both the radical cation and all neutral radicals considering just the iso-
tropic hyperfine couplings due to the B-methyl protons in methyl groups. These peaks
start to broaden when the anisotropic components due to a-protons are added to the
isotropic components in Fig. 7b, to better match the experimental spectrum. In conclu-
sion, to match the experimental Davies ENDOR spectrum, the anisotropic hyperfine

0 5 0 15 20 25 30
MHz

Fig.7 Davies ENDOR spectra of zeaxanthin radicals on silica-alumina. Taken from [15]. (a) Experi-
mental and (b)—(d) simulations using DFT generated couplings (B3LYP/Ahlrichs // B3LYP/6-31G**).
(b) uses both isotropic B-methyl proton and anisotropic a-proton couplings for all radicals (radical cation
and neutral radicals); (c) uses only isotropic f-methyl proton couplings for all radicals (radical cation and
neutral radicals); (d) uses isotropic p-methyl proton and anisotropic a-proton couplings for the radical
cation only
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couplings needed to be added to the isotropic couplings for the radical cation and for
the neutral radicals, proving that a mixture of radicals was formed.

Davies spectra of carotenoids indicated that a mixture of radical cations and neu-
tral radicals was formed but due to the poor resolution we turned to Mims ENDOR
as a complementary method to study carotenoids [14, 31, 32]. Using this method, by
varying the delay time (7) which is the time between first and second pulse in the Mims
ENDOR experiment, features in the spectrum can be deleted where the ENDOR ampli-
tude goes to zero causing a blind spot. The ENDOR amplitude goes to zero according
to 1 — cos(27A7) where A is the hyperfine coupling, so having DFT calculated hyper-
fine couplings and selecting different delay times can erase or show the presence of
certain peaks. This was instrumental in demonstrating that peaks corresponding to the
carotenoid neutral radicals appear at the edges of the spectrum at high- and low-fre-
quency. In other words, by varying the delay time we could map out the neutral radicals
differentiating them from the radical cation [14]. The examined properties by Davies
and Mims ENDOR sustained by simulations using DFT calculated hyperfine cou-
plings, along with the known crystal structure of the LHC II suggest the absence of the
neutral radicals of violaxanthin [15] and 9’-cis neoxanthin [14] available for quenching
the excited states of Chl, consistent with their observed nonquenching properties. This
was possible by identifying isotropic coupling constants from DFT calculations for the
radical cation Car™ and for the neutral radicals Car’. As a consequence of deprotona-
tion of the radical cation, the unpaired electron spin distribution changes so that larger
-methyl proton couplings occur for the neutral radicals (13—16 MHz) than for the radi-
cal cation (7-10 MHz), providing a means to differentiate between these carotenoid
radicals [31].

4 EPR Spin-Trapping Study of the Antioxidant and Pro-oxidant
Activities of Carotenoids

Carotenoids are natural antioxidants which protect human body from diseases caused
by toxic free radicals. The scavenging ability of carotenoids towards free peroxyl rad-
icals ‘'OOH was investigated in Refs. [23, 26] using the well-known Fenton reaction
[33] in the presence of DMSO and spin trap PBN (see Scheme 2). At low H,0, con-
centration only spin adduct PBN-CH; was detected with EPR parameters a(H)=3.4 G
and a(N)=14.9 G. At higher H,0, concentration (0.5 M) the reaction of CHj; radicals
with H,O, results in the disappearance of the PBN-CH; adduct, and appearance of
another adduct which was assigned to the PBN-OOH spin adduct [a(H)=2.3 G and
a(N)=13.9 G] [22]. The additional confirmation of the PBN—OOH adduct formation
was obtained using the superoxide dismutase test.

Scheme 2 Fenton reaction in _
the presence of DMSO Fe?*+H,0, =—= Fe 3% +'OH + OH

‘OH + DMSO — "CH, + CH,;(OH)SO

"CH; +H,0, — = "OOH +CH,
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The scavenging ability of carotenoids was measured as a relative scavenging rate
by carotenoid (Car) and spin trap (ST). These values were determined from concen-
tration dependence of spin adduct yield (A) by using the equation:

Ay kg[ST] + ke, [Car]
A kgr[ST] ’

where A, is spin adduct yield at zero carotenoid concentration, and k¢,, and kg are
the reaction rate constants of carotenoid and spin trap with a free radical. It was
observed, that k., values depend strongly on the redox properties of carotenoid and
increase with increasing of their oxidation potentials [22]. According to our results,
B-carotene shows the worst antioxidant ability among the carotenoids under study.
The values of kq,/kgr change from 0.6 for p-carotene and zeaxanthin to 24 for
7-apo-7,7-dicyano-p-carotene (see Table 1). Figure 8 demonstrates the decrease of
spin adduct yield with increase the carotenoid concentration as the result of scav-
enging process.

The presence of carotenoid in the Fenton reaction system can results, however,
not only in a decrease of the free radical concentration but the reduction of Fe** to
Fe?* by carotenoid according to Car +Fe®*~ Car™ +Fe?* reaction.

The corresponding radical cation Car* was detected as a product of this reaction.
In the presence of excess of H,O, this reaction will result in repetition of the redox

Table 1 First oxidation

Carotenoid E° vs. SCE kearlk
potentials for selected arotenot 1V carlkst
caroten91ds an‘d_ the relative p-Carotene 0.634+0.001 0.64
scavenging ability towards .
peroxyl radicals [9-11, 34, 35] Canthaxanthin 0.775+0.001 1.96

Astaxanthin 0.768 +£0.001 2.6

Astaxanthin monoester 0.774+0.001 2.5

8'-Apo-p-carotene-8'-al 0.814+0.005 3.22

Ethyl-8'-apo-f-caroten-8'-oate 0.816+0.005 12.20

7'-Apo-7',7"-dicyano-p-carotene 0.833+0.005 23.60

The values k¢, /ksp were calculated from the linear dependence of
the plot (Ay/A — 1) vs. [Car]

Fig.8 EPR spectra of PBN- no Car
OOH spin adduct in the
presence of 8'-apo-f-caroten- ay=138 G

8'-oic acid. Concentration of

PBN =10 mM; Fe** =1 mM; ay=24G 0-5mM of Car

H,0,=500 mM in DMSO

(from Ref. [36]) 1.0 mM of Car
—_— M

2.0 mM of Car

—e e P A e e

3350 3400 3450 3500
magnetic field, G
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Scheme 3 Carotenoid driven

Fenton reaction Car Car™
Fed* Fez*
*OOH H,0,

cycle of the Fenton process and production of an additional portion of free radicals
(pro-oxidant effect, see Scheme 3) [25].

The appearance of this “carotenoid driven Fenton reaction” depends on the com-
parative rates of the carotenoid reactions with free radical and ferric ion [25]. From
this point of view, the pro-oxidant effect of carotenoid should increase with decreas-
ing in its oxidation potential. Beta-carotene has the lowest oxidation potential among
carotenoids. In addition, the effectiveness of carotenoid reaction with free radicals
will decrease with a decrease in the free radical concentration and the scavenging
rate constant. We can assume that any additional effective decay channel for free
radicals will enhance the pro-oxidant effect of carotenoids. In living cells, it might
be the reaction with lipids or other biological targets. The role of Fenton-like pro-
cesses in the generation of toxic free radicals is now being widely discussed [37, 38]
and refs therein].

5 Inclusion Complexes of Carotenoids with Watersoluble
Oligosaccharides and Polysaccharides: The Way to Improve
Carotenoid’s Bioavailability, Stability and Antioxidant Activity

Despite the importance of carotenoids in daily life, their practical application is
restricted by extremely high sensitivity to environment factors such as tempera-
ture, sunlight, oxygen, and metal ions, as well as by extremely low water solubil-
ity. Nanoencapsulation of carotenoids into water soluble polymers, micelles or
liposomes is an effective strategy to overcome these problems and to improve their
stability under storage and processing. Numerous examples are described in several
recent reviews [39—44]. Also, nanoencapsulation enhances bioavailability of carot-
enoids via modulating their release kinetics from the delivery system, influencing
the solubility and absorption. In the present paper, we present the data obtained in
Prof. Kispert’s and Dr. Polyakov’s labs on the reactivity of carotenoids encapsulated
into various nanoparticles.

Due to their lipophilicity, carotenoids easily form supramolecular inclusion com-
plexes of “host—guest” type with water-soluble nanoparticles. Such nanoparticles
have hydrophilic surface and hydrophobic interior suitable for lipophilic “guest”
molecules. It was demonstrated that incorporation of carotenoids into the “host”
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nanoparticles results in noncovalent binding between the carotenoid and “host”
macromolecule, and can significantly change the physical and chemical properties
of carotenoids [39, 42]. Most of our studies were performed with natural polysac-
charide arabinogalactan (AG), oligosaccharides cyclodextrins (CD) and natural
saponin glycyrrhizic acid (GA) [23, 36, 45-50]. We have applied EPR and optical
absorption spectroscopy to investigate how complexation with AG, CD and GA can
affect the aggregation ability of the xanthophyll carotenoids zeaxanthin, lutein, and
astaxanthin, their photostability, and antioxidant activity.

Cyclodextrins are the cyclic oligosaccharides derived from starch and are the
most developed delivery systems [51]. CDs have a hydrophilic shell and hydro-
phobic core suitable for the inclusion of lipophilic “guest” molecules of appropri-
ate size. The most common CDs are a-CD, B-CD and y-CD which have a different
number of glucopyranose units, 6, 7 and 8 units, and different ring diameters of 6, 8
and 10 A, respectively. Our NMR, EPR and optical studies showed that incorpora-
tion of carotenoids into CD cavity protects the carotenoid from reactive oxygen spe-
cies, but decreases considerably the antioxidant ability of the carotenoid [36]. More-
over, carotenoid-CD complexes form water dispersions, rather than solutions. The
reduced color intensity significantly decreases the use of carotenoid-CD complexes,
at least as food colorants. This is why we used relatively water-soluble carotenoid,
8'-apo-p-caroten-8'-oic acid, to estimate the antioxidant activity of carotenoid-CD
complexes. In contrast with Fig. 9 no decrease in spin adduct yield was observed
for CD complex of this carotenoid. Moreover, the appearance of pro-oxidant effect
(increase of spin adduct yield) in the presence of carotenoid has been detected. As it
was shown in Refs. [25, 36], the appearance of the pro-oxidant effect for cyclodex-
trin complexes of carotenoids can be attributed to chain elongation by the reaction
of carotenoid with Fe** ions.

Arabinogalactan (AG) is a natural branched polysaccharide with a molecular
mass near 16 kDa extracted from Western or Siberian Larch, consisting of ara-
binose and galactose monosaccharides. AG is highly water-soluble, non-toxic,
biodegradable and biocompatible, contains different functional groups such as
hydroxyl, carboxylic acid, that make it suitable for conjugation and delivery of
carotenoids and other drug molecules. To study the reactivity of carotenoid incor-
porated into AG macromolecule in aqueous solution, we have applied EPR and

Fig.9 EPR spectra of PBN-

no Car
OOH spin adduct in the pres-
ence of HP-B-CD complex of WWMW
8'-apo-f-caroten-8'-oic acid.

Concentration of PBN =10 mM; ay=1526G
Fe’* =1 mM; H,0,=500 mM; ay=29G
HP-B-CD=4 mM in H,O (from
Ref. [36])

2 mM of Car

3350 3400 3450 3500
Magnetic Field / Gauss
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optical spectroscopy techniques. The carotenoid-AG complexes maintain their
original color and show insignificant changes in absorption spectra [23, 45, 48].
It was demonstrated also that incorporation of xanthophyll carotenoids into AG
macromolecule prevents H-aggregates formation of these carotenoids in the pres-
ence of water. The important feature of the carotenoid-AG complexes is enhanced
photo stability and oxidation stability compared to pure carotenoids [23, 45, 48].
About one order increase in the photostability of carotenoids lutein, astaxanthin
and canthaxanthin has been detected. As an example, Fig. 10 shows the decrease
in the photodegradation rate of carotenoid astaxanthin in AG complex.

The carotenoid-AG complexes show also the enhancement of chemical stabil-
ity. The complete inhibition of oxidation of the carotenoids lutein and zeaxanthin
by ferric ions as an electron acceptor and by ozone molecules as a powerful oxi-
dant has been demonstrated in our study [48]. Oxidation of carotenoids by ferric
ions results in the formation of the carotenoid radical cations which are unstable
in aqueous solutions due to fast deprotonation and formation of neutral radicals
[52]. We assume two main factors responsible for chemical and photochemical
stabilization of carotenoids in the AG complexes, namely, isolation from water
molecules, which serve as a proton acceptor from carotenoid radical cations, and
isolation from reactive species (ozone molecules and metal ions).

An interesting application of the carotenoid-AG complexes has been demon-
strated in the field of photocatalysis [50]. Photoirradiation of TiO, nanoparticles
in the presence of beta-carotene-AG complex by visible light enhance the yield
of the reactive hydroxyl radicals detected by the EPR spin-trapping technique
(Fig. 11). The free radicals formed in this system proceed via oxygen reduction
on the TiO, surface. The observed enhancement of the photocatalytic efficiency
for carotenoid complexes, as measured by the quantum yield of the desired spin-
adducts, arises specifically from the decrease in the rate constant for the back
electron transfer to the carotenoid radical cation. These results are important for a
variety of TiO, applications, in particular in the design of artificial light-harvest-
ing, photoredox, and catalytic devices.

Fig. 10 Photodegradation of a )
astaxanthin in aerated water— o pure astaxanthin astaxanthin-AG
ethanol solution under the full 06 | before before
light of a xenon lamp. Irradia- ’
tion time 1 min (adopted from after after
[23])
0,3
0,0

400 450 500 550 600 650
A/ nm
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Fig. 11 EPR spectra of PBN-
CH; spin adducts formed during
irradiation of a water suspension WMMA/VMM/\/\WWM‘UJ\MMWMWWN
of TiO, nanoparticles in the
absence (upper) and in the pres- TiO,
ence of B-carotene-AG complex
(lower) with 2>350 nm in aque-
ous solution in the presence of

10% DMSO (adopted from [50]) B-Car-AG
+ p-Car-

3400 3420 3440 3460 3480 3500
magnetic field, G

Glycyrrhizic acid (GA) is a saponin extracted from licorice root. GA is an amphi-
philic molecule that contains the hydrophilic part—glucuronic acid residues, and the
hydrophobic part—glycyrrhetinic acid residue. Application of GA in medicine has
a very long history, licorice was used in traditional medicine since ancient times in
China, Egypt and Japan [44]. Nowadays, the biological and therapeutic activity of
GA is still intensively investigated, in particular its anti-coronavirus activity [53].
About 15 years ago a novel unusual property of the GA has been discovered, namely
its ability to form stable self-associates (dimers and micelles) [44, 54-56] which
are able to form water-soluble inclusion complexes with other lipophilic molecules
including carotenoids [46—49]. In addition, the membrane modifying ability of GA
has been described [57-61] and considered as the key factor of its therapeutic activ-
ity, including anticancer and antivirus activities.

Supramolecular complexes of beta-carotene, canthaxanthin, lutein, zeaxanthin,
astaxanthin and other carotenoids with GA were studied by various physicochemi-
cal methods including NMR and EPR spectroscopy, electrochemistry and UV—Vis
optical spectroscopy [23, 46—49]. Similar to carotenoid-AG complexes, the encap-
sulation of carotenoids lutein and zeaxanthin into GA micelles protects these carot-
enoids from oxidation by reactive oxygen species (O; and OH radical) and metal
ions [23, 48], and decrease the oxidation rate of these carotenoids by 10-20 times.

In contrast to previously studied water-soluble oligosaccharides and polysaccha-
rides, GA is able to form supramolecular complexes with carotenoids not only in
aqueous solutions where GA complexes increased the carotenoid solubility more
than 1000-fold [48], but also in non-aqueous organic solvents (alcohols, DMSO,
acetonitrile) [46, 47]. This fact is important for discussion the possibility of GA-
assisted transport of carotenoid molecules through lipophilic cell membranes and
their membrane protection properties. It was found, that in non-aqueous media,
GA is able to form non-covalent complexes not only with neutral carotenoid mol-
ecules but also with their radical cations and charge transfer complexes with elec-
tron donors [46]. The 50-fold increase of the lifetime of p-carotene radical cation in
the presence of GA has been demonstrated. High stability of the carotenoid radical
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cations imbedded into GA host opens possibilities for the application of these com-
plexes for the design of artificial light-harvesting, photoredox and catalytic systems.

Taking into account the important role of carotenoids as antioxidants in living
systems, the antioxidant activity of carotenoid-GA complexes was studied by the
EPR spin-trapping technique. Comparison of the scavenging rates of OOH radicals
by a set of carotenoids and their GA complexes in DMSO solution shows a strong
dependence of the rate constants on the carotenoids structure and their oxidation
potentials [47]. Relative scavenging rate constant of OOH radical by carotenoids
beta-carotene and zeaxanthin does not change in the presence of GA but increased
by factor of 15 for carotenoid canthaxanthin and by factor of 5 for carotenoid 7-apo-
7,7-dicyano-p-carotene in the presence of GA [47]. Since it was found that scaveng-
ing ability of carotenoids towards OOH radicals is potential dependent [22, 25] we
have tested the effect of GA on the oxidation potential of carotenoids zeaxanthin and
canthaxanthin. In both cases, an increase in E,,, by 0.03-0.05 V was observed [47]
(Fig. 12).

Recent measurements of the oxidation potential of the carotenoid bixin extracted
from Annatto seeds exhibits the highest oxidation potential of all carotenoids, 0.94 V
[63]. According to the plot in Fig. 12, this large oxidation potential predicts bixin to
be the best radical scavenger to date. This is consistent with the use of bixin in food,
cosmetics and pharmaceuticals to increase their shelf life since it was approved by
FDA in 1938.

We assume that interaction between carotenoids and OOH radicals occurs via
hydrogen abstraction from the most acidic 4-H proton of carotenoids [32]. GA forms
a donut-like dimer in which the polyene chain of carotenoids lies protected within
the donut hole, permitting the hydrophilic ends to be exposed to the surroundings.
In contrast, in the case of the carotenoid-CD complexes, the terminal group of the
carotenoid is completely protected which results in the inhibition of any antioxidant
activity [36].

Fig. 12 The dependence of the i i i i i

carotenoids scavenging rate 254 E 1
toward OOH radicals on the p-carotene (A),

oxidation potential of carot- 20- canthaxanthin (B), |
enoids. Arrows denote the shifts 8'-apo-p-caroten-8'-al (C),

in oxidation potentials due to 7'-apo-7',7'-dicyano-B-carotene (D),

complexation with glycyrrhizic

154 ethyl 8'-apo-p-caroten-8'-oate (E).
acid [62] y po-p )

/kST

® - initial values

ar

x° 10+ . .
O - shift by complexation

5

0-
050 055 060 065 070 0.75

Potential (V), vs. SCE
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6 Conclusion

In this mini-review, we discussed the results of numerous physicochemical stud-
ies of carotenoid radicals, namely the radical cations formed by electron transfer
and neutral radicals formed by proton loss from the radical cations. These radicals
were detected and characterized in solution, powders and in vivo in LHCII. Vari-
ous EPR techniques such as CW ENDOR and pulsed methods like Davies and
Mims ENDOR in combination with DFT calculations of the hyperfine couplings
were used to distinguish and identify these radical species in catalysts contain-
ing silanol groups. As a consequence of deprotonation of the radical cation, the
unpaired electron spin distribution changes so that larger isotropic -methyl pro-
ton couplings occur for the neutral radicals Car" (13—16 MHz) than for the radical
cation Car* (7-10 MHz), providing a means to differentiate between these carot-
enoid radicals. The hypothesis of the photoprotective role of carotenoid neutral
radicals formed by proton loss from the radical cation is described herein. The
radical cation is already known to participate in the quenching of excited states of
chlorophyll so its deprotonation would be favored near water molecules, or near
aqueous media like stroma and lumen outside the thylakoid membrane.

EPR technique in combination with other physicochemical methods has also
aided in elucidating properties of carotenoids incorporated in different hosts.
We have demonstrated that incorporation of carotenoids into water-soluble car-
riers such as oligosaccharide cyclodextrin, polysaccharide arabinogalactan and
saponin glycyrrhizin improved carotenoids’ solubility and some of the carriers
improved carotenoids’ stability, including photostability and oxidation stability.
Importantly, the encapsulation of carotenoids into the host cavity affects the fun-
damental properties of carotenoids such as redox potentials, antioxidant activity,
as well as the yield and lifetime of paramagnetic forms of carotenoids.
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