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on radical processes involving carotenoids and on the antioxidanton radical processes involving carotenoids and on the antioxidant
activity of carotenoids. The bibliography includes 151 referencesactivity of carotenoids. The bibliography includes 151 references..

I. Introduction

Carotenoids, the natural pigments, are widely distributed in plants
and animals.1 ± 3 They are detected in cells and tissues of all living
things. Higher plants, fungi, bacteria and microbes can synthesise
carotenoids, while animals and humans get them with food. In
nature, carotenoids can exist in different states, namely, in the free
state, as esters with fatty acids, glycosides and as carotene ± pro-
tein complexes. To date, more than 600 different carotenoids are
known.

Carotenoids belong to a large class of terpenes. A carotenoid
molecule contains a long polyene chain of isoprene units with a
cyclohexene (ionone) ring or isoprene residues at one or both ends.
The majority of natural carotenoid pigments are represented by
tetraterpenes (C40). In plants, two groups of C40 carotenoids are
usually present, namely, carotenes (`pure' hydrocarbons including
b-carotene and its isomers, lycopene, see below) and xanthophylls
(oxygen-containing carotenoids among which lutein, zeaxanthin,
canthaxanthin, violaxanthin are themost abundant). Carotenoids
with the number of carbon atom less than 40 (nor- and apocaro-
tenoids, see below) and more than 40 (homocarotenoids) are also
known.

Carotenoids play an important role in various physiological
processes of critical importance for the life in its present form. In
most natural processes, carotenoids are assumed to play the role
of energy and electron carriers.4 For plants, the involvement of

carotenoids in the photosynthesis is of fundamental importance.
In higher plants, the photosynthetic processes occur in chloro-
plasts, i.e., specific energy-converting organelles of plant cells.
Chloroplasts contain two photosystems, namely, PS1 and PS2,
which differ in the composition of proteins and pigments and in

N E Polyakov, T V Leshina Institute of Chemical Kinetics and

Combustion, Siberian Branch of the Russian Academy of Sciences,

ul. Institutskaya 3, 630090 Novosibirsk, Russian Federation.

Fax (7-383) 330 73 50, tel. (7-383) 333 29 47,

e-mail: polyakov@ns.kinetics.nsc.ru (N E Polyakov),

tel. (7-383) 333 14 05, e-mail: leshina@ns.kinetics.nsc.ru (T V Leshina)

Received 10 April 2006

Uspekhi Khimii 75 (12) 1175 ± 1192 (2006); translated by T Ya Safonova

DOI 10.1070/RC2006v075n12ABEH003640

Certain aspects of the reactivity of carotenoids. Redox processes
and complexation

N E Polyakov, T V Leshina

Contents

I. Introduction 1049

II. Redox reactions of carotenoids with quinones and metal ions 1051

III. Reactions of carotenoids with free radicals. Antioxidant properties of carotenoids 1052

IV. Pro-oxidant properties of carotenoids 1054

V. The role of electron-transfer processes in the cis ± trans isomerisation of carotenoids 1054

VI. Inclusion complexes of carotenoids with cyclodextrins 1057

VII. Supramolecular complexes of carotenoids with glycyrrhizin 1057

VIII. Conclusion 1062

R
R0

R=R0 = (b-carotene);

R = , R0 = (a-carotene);

R = , R0 = (g-carotene);

R = R0 = (e-carotene);

R = R0 = (zeaxanthin);

HO

R= , R0 = (lutein).

80-apo-b-caroten-80-al

HO HO

R=R0 = (violaxanthin);

HO
O

7

12

3 4
5

6

8
9

10

11

12
13

14

15

150

140
130

120

110

100

90
80

70

O

70-apo-70,7 0-dicyano-b-carotene
CN

CN

R=R0 = (lycopene);

R=R0= (canthaxanthin);

O

Russian Chemical Reviews 75 (12) 1049 ± 1064 (2006) # 2006 Russian Academy of Sciences and Turpion Ltd



photophysical properties. Photosystem 2 is responsible for the
photosynthetic oxidation of water, while PS1 catalyses the oxida-
tion of plastocyanine and the reduction of ferredoxin. Both
systems include a light-collecting antenna (a pigment ± protein
complex that contains chlorophyll, carotenoid and protein mole-
cules), a photochemical reaction centre, which consists of chloro-
phyll dimers (P700 in PS1 and P680 in PS2), electron donors and
acceptors and electron-transfer molecules bound to this centre.

In the first step of photosynthesis, the absorption of light
quanta by chlorophyll and carotenoid molecules converts them
into the excited state, which is followed by energy transfer to other
molecules of the photosystem. The second step involves the charge
separation in the photochemical reaction centre of the PS2 and
electron transfer along the electron-transport system from PS2 to
PS1. Finally, ferredoxin, which is the electron carrier from PS1 to
nicotinamide adenine dinucleotide phosphate (NADP), is reduced
in PS1. The process ends with the reduction of NADP and
synthesis of adenosine triphosphate (ATP).

According to modern concepts, the photochemical reaction
that occurs in the PS2 reaction centres includes electron transfer
from the excited molecule of chlorophyll P680 (its absorption
spectrum is characterised by a peak at 680 nm) to a pheophytin
molecule (PH, a primary electron acceptor) to form a state with
separated charges (P680+_PH7) followed by electron transfer
fromPH7 to amolecule of a secondary electron acceptor, namely,
natural quinone (Q, a complex of plastoquinone with a Fe2+ ion)
to afford a more stable state P680+_PH_Q7. The electron is
transferred further by quinone carriers. Oxidised P680+ exhibits
exceptionally high electron affinity, i.e., it is a very strong bio-
logical oxidant. If, for some reasons, P680+ is not consumed in
water oxidation, it can oxidise molecules in its nearest environ-
ment thus damaging PS2.

It should be noted that the risk of damaging the photo-
synthetic system as a result of side photochemical processes that
occur in chloroplasts under the action of light (photoinhibition) is
very high. Photoinhibition can be caused by different factors,
including the formation of singlet oxygen. In chloroplasts, singlet
oxygen is formed in the reaction of oxygen with excited chlor-
ophyll molecules. Carotenoids present in chloroplasts uptake the
excess energy from the excited chlorophyll molecules, which
reduces the hazard of the formation of singlet oxygen. Thus,
carotenoids are assumed to play the key role in the protection of
organic molecules against oxidation.

In animal and human organisms, carotenoids perform differ-
ent protective functions, viz.,5 ± 11

Ð bind singlet oxygen and inhibit the formation of free
radicals thus preventing their adverse effect on the organism;

Ð provide protection against UV radiation;
Ð play the role of antioxidants.
Of no less significance are the membrane-stabilising and

immunostimulating functions of carotenoids as well as their
provitamin A activity. Vitamin A and carotenoids favour normal
metabolism, enhance the resistance of an organism against
infections, provide normal operation of the organ of vision, exert
a beneficial effect on the performance of skin and mucous
membranes and are involved in redox processes.

Nowadays, a peak of interest in the studies of carotenoids is
observed, being primarily associated with the discovery of their
antioxidant properties. Now, it can be stated with confidence that
it is the chemical and physicochemical studies of the reactivity of
carotenoids in redox processes that are most promising. Scientists
in different fields, namely, physics, chemistry, biology and med-
icine, are involved in the elucidation of the nature of the major
factors that determine the antioxidant activity of carote-
noids.12 ± 17 Despite the consensus on the elementary mechanisms
of the antioxidant effect of carotenoids, no quantitative data on
the relationship between the physicochemical properties of these
compounds and their antioxidant activity are available in the
literature.

The information on short-lived paramagnetic and diamag-
netic intermediates formed in reactions of carotenoids with free
radicals is also very scarce,14 ± 17 and the structure of such
intermediates is as a rule merely suggestive. However, it is this
information that is the most valuable when selecting carotenoids
for their practical application as antioxidants.{ In recent years,
due to the use of EPR techniques, considerable advance has been
made in the studies of the redox processes involving carote-
noids.14, 18, 19

Yet another important problem closely associated with the
redox properties of carotenoids is the formation of carotenoid
complexes and the effect of an organised medium on their
reactivity in redox processes.

It is known that carotenoids are characterised by high lability
in the free state and, at the same time, become more stable when
being components of various complexes (e.g., with proteins).
Hydrophobicity, photosensitivity and chemical activity of free
carotenoids substantially complicate their use as medicinal drugs;
this is why active studies on the development of the methods for
the synthesis of their complexes are in progress. Recently, a
number of fundamental and applied studies on the synthesis and
investigation of supramolecular inclusion complexes of carote-
noids with different natural compounds, first of all, with cyclo-
dextrins have appeared.20 ± 29 Cyclodextrins not only protect
carotenoids from external factors, but also improve their solubil-
ity in water and organic solvents. Upon formation of inclusion
complexes of the `host ± guest' type of cyclodextrins with size-
matching hydrophobic inclusion compounds (e.g., carotenoids),
the physical, chemical and biological properties of the latter can
substantially change (for details, see Refs 30 ± 32).

In the pharmaceutical, cosmetic and food industries, cyclo-
dextrins are largely used for improvement of solubility of inclu-
sion complexes (e.g., vitamins, food pigments, etc.33 ± 35).
Complexation can also substantially increase the stability and
bioaccessibility of inclusion complexes, eliminate objectionable
taste and odour, prevent side effects ofmedicinal drugs and favour
their assimilation.33, 35 Due to the ability of cyclodextrins to
molecular recognition and separation of chiral isomers, they are
used in the production of synthetic enzymes.36, 37 However,
complexation can also have some negative consequences. Thus
the increase in the stability and solubility of carotenoids upon
formation of inclusion complexes with cyclodextrins is accompa-
nied by the loss of their antioxidant activity.

b-Glycyrrhizic acid (GA),38 which belongs to triterpene glyco-
sides, is yet another natural compound for which supramolecular
inclusion complexes with carotenoids are described.
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{The ability of carotenoids to decelerate ageing processes and to prevent

and stop the development of diseases caused by reactive oxygen species

and free radicals (superoxide ion, singlet oxygen, etc.) are actively

discussed in the literature. Carotenoids are used for treatment of serious

illnesses such as cancer and cardiac and nervous system diseases and age-

specific degenerative changes in muscular tissues.
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Complexes of biologically active compounds with GA attract
attention of scientists due to their unusually high stability 39 ± 41

and due to the fact that the activity of these compounds in such
complexes increases by a factor of dozens { with simultaneous
reduction of their toxicity.39, 42

It should be noted that despite the interest in the synthesis of
inclusion complexes aimed at purposeful changes in their proper-
ties, the problem of the nature of the effect of complexation on
their reactivity is still open. The present survey of the studies that
deal with single-electron transfer processes involving carotenoid
complexes is one of few attempts to solve this problem.

The purpose of this review is to briefly generalise the studies of
the redox properties of carotenoids, their complexation and
reactions of these complexes. Carotenoid reactions that include
the electron transfer strep are described in more detail. The
relationship between the efficiency of single-electron transfer and
the antioxidant/pro-oxidant activity of carotenoids and their
supramolecular complexes is discussed.

II. Redox reactions of carotenoids with quinones
and metal ions

A long chain of conjugated double bonds in a carotenoidmolecule
provides the electron-donating activity of carotenoids and favours
stabilisation of their radical forms.43 Studying of physicochemical
properties of carotenoid radical cations attracts the keenest
attention of scientists, attempting to model the system of primary
photosynthetic processes } involving carotenoids, aimed at the
development of artificial solar cells.44 ± 46 Successful solution of
this problem is closely related to the efficient spatial separation of
charges in an artificial photosystem involving carotenoids and
porphyrins. In connection with this, the elucidation of how an
organisedmedium affects the structure of carotenoid itself and the
lifetimes and chemical properties of radical cations acquires
special importance.

The studies of an isolated PS2 have shown 47 that its photo-
activation includes selective oxidation of b-carotene accompanied
by electron transfer from the carotene molecule (Car) to the
primary donor P680+

.
to form a radical cation Car+

.
. The

formation of the radical cation Car+
.
in the irradiation of PS2

was detected by optical absorption spectroscopy 48 ± 50 and low-
temperature EPR,51, 52 while the formation of quinone radical
anions in PS1 and PS2was detected by theEPRmethod.53 ± 55As it
has been mentioned above, in PS2, the electron-transfer chain
involves molecules of carotenoids, chlorophyll, pheophytin and
natural quinones [plastoquinones, ubiquinones (Q)]. This is why
triads of the [Car+

._P_Qÿ.] type are also used in model
electron-transfer systems.56 ± 58 The use of a molecular triad
carotenoid ± porphyrin ± fullerene (1) was a windfall.58

The long lifetime of triads opens up wide possibilities for their
use in molecular electronics as nanosized communication and
data processing constructs in sensors. The principle of operation
of molecular triads is rather simple. A porphyrin molecule excited
upon absorption of a light quantum donates an electron to the
fullerene molecule to form a primary radical-ion pair
[Car_P+._Cÿ60

.
]. Being a strong oxidant (electron acceptor),

the radical cation P+.
abstracts an electron from a carotenoid

molecule to form a separated radical-ion pair [Car+
._P_Cÿ60

.
].

This state is relatively long-lived and retains a considerable part of
light energy by increasing the electrochemical potential.58 Appa-
rently, such a way of light energy transformation is similar to the
mechanism used by plants for utilisation of solar energy in
photosynthesis.

The formation of carotenoid radical cations in reactions with
quinones in homogeneous media was observed both in the light
and in the dark [using such a strong electron acceptor as 2,3-
dichloro-5,6-dicyano-1,4-benzoquinone (DDQ)].59 In the first
step, a charge-transfer complex (CTC) formed, which was fol-
lowed by the formation of a radical-ion pair [Car+

.
+Q7.].

Carotenoid-to-quinone adducts (Car7Q) and carotenoid cis-
isomers } were the final products.

Car+Q CTC [Car+
.
+Q7.

] Car7Q+ cis-Car

The formation of CTC in reactions of b-carotene, cantha-
xanthin and 80-apo-b-caroten-80-al with quinones was detected by
optical spectroscopy (Fig. 1) and EPR.59 Thus the intense absorp-
tion at 1030 nmobserved uponmixing of b-carotene with quinone
in CH2Cl2 was assigned to a charge-transfer complex, while the
free radical cation of b-carotene absorbs in this solvent at

{The stability constant ofGA complexes is 105 litre mol71, which exceeds

the mean stability constant of cyclodextrin complexes by two orders of

magnitude.30

}At present, photosynthesis is one of the most thoroughly experimentally

studied biological processes.
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Figure 1. Absorption spectra of b-carotene and its CTC with quinone

recorded before (curve 1) and after (curve 2) their mixing with DDQ in

CH2Cl2 at 750 8C.59 The concentrations of b-carotene and DDQ are

12 mmol litre71.

}Dissociation of radical ± ion pairs escaped from recombination to free

radical ions and their subsequent diffusion into the bulk are accompanied

by cis ± trans isomerisation of carotenoid radical cations to form cis

isomers (see Section V).
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1000 nm.60 Further transformation of CTC might follow two
pathways depending on the carotenoid structure. For b-carotene
and 80-apo-b-caroten-80-al, the preferential reaction pathway is
the abstraction of the allylic proton at C(4) atom of the cyclo-
hexene ring to form a neutral carotenoid radical (Scheme 1).59

Ether 2 is the final product of this reaction. Its formation was
confirmed by IR and NMR spectroscopy.59 In canthaxanthin, no
abstraction of the allylic proton is possible and the reaction
proceeds through the addition of quinone to the chain of con-
jugated double bonds of the carotenoid (Scheme 2).

Scheme 2

[The photoinduced cycloaddition of a carbonyl group (including
that of quinone) to the double bond of the polyene molecule is
known as the Paterno ±BuÈ chi reaction.61, 62] It is assumed that the
first pathway of this process also involves electron transfer from a
Car molecule to Q to form a biradical, adduct 3 being the final
reaction product.63, 64

Metal ions can also be used for generation of radical cations of
carotenoids in both homogeneous and organised media.65 ± 67 The
mechanism of the redox reaction of carotenoids with metal ions in
a homogeneous medium was studied in detail by the example of
the reaction of b-carotene with iron(III) chloride.43, 65 The first
stage was shown to be electron transfer from the Car molecule to
Fe3+ to form a Fe2+ ion and a radical cation Car+

.
. Recombina-

tion of the radical cations affords a dication and a neutral
molecule.

Car+Fe3+ Car+
.
+Fe2+,

2Car+
.

Car2++Car.

As in the above-discussed reaction with quinones, the carote-
noid radical cations and dications formed undergo cis ± trans
isomerisation.43, 65, 68, 69 The oxidation of b-carotene with metal
ions in the presence of oxygen affords a stable product, viz.,
5,8-peroxide.65

The oxidation of carotenoids with metal ions in organised
media was studied.66, 67, 70 In particular, by the example of
b-carotene, canthaxanthin and 80-apo-b-caroten-80-al, it was
shown that in metal-containing mesopores of MCM-41 these
carotenoids form compact complexes with Cu2+, Ti4+ and
Fe3+ions in which the distance between the metal ion and the
nearest double bond of the carotenoid is *2 �A.68, 70 The forma-
tion of these complexes results in acceleration of both the direct
and reverse electron transfer between the carotenoid and themetal
and in the increase in the quantum yield of the formation of
carotenoid radical cation.

III. Reactions of carotenoids with free radicals.
Antioxidant properties of carotenoids

The interest in the reactions of carotenoids with free radicals is
aroused first of all by the discovery of their antioxidant properties.
A comprehensive description of carotenoid reactions with per-
oxide radicals can be found in recent reviews;15 ± 17 threfore, here
we consider only the proposedmechanisms of these reactions. The
role of electron transfer and its effect on the antioxidant activity of
carotenoids will be considered in more detail.

It is known 71, 72 that in a living organism, peroxide radicals
are formed during chain autoxidation of lipids.

X
.
+RH R

.
+XH (chain initiation),

R
.
+O2 ROO

.
,

ROO
.
+RH ROOH+R

. (chain propagation),

ROO
.
+ROO

.
[ROOOOR] (chain termination).

Here, X is a free radical that initiates the radical chain reaction,
RH is a lipid molecule.We do not consider possible sources of free
radicals in the organism and only refer to the study by Chan 72 in
which the oxidation stress initiated by metal ions was assumed to
be the main `source' of free radicals. The process of free radical
formation can be interrupted as a result of the chain termination
by any antioxidant capable of reacting with peroxide radi-
cals.3, 71 ± 75 The reaction product is an antioxidant radical, which
is less active than the starting peroxide radical. The low activity of
the former makes impossible the chain propagation. Chain
termination occurs as a result of the reaction of the antioxidant
radical with either another radical or another antioxidant.

In the past decades, attempts were undertaken to compare the
antioxidant activities of different carotenoids and to reveal the
factors responsible for this activity.14 ± 17 This required the eluci-
dation of the detailed mechanism of the reaction of carotenoids
with free radicals, first of all, peroxide radicals.

The following three pathways for the reaction of carotenoids
with peroxide radicals were considered most often: addition of a
free radical to a double bond of a carotenoid [reaction (1)],
abstraction of a hydrogen atom from the allylic fragment of a
carotenoid (2) and electron transfer from a carotenoid to a
peroxide radical to form a carotenoid radical cation (3).7, 76 ± 78

ROO
.
+Car

.
Car7OOR, (1)

ROO
.
+Car Car

.
+ROOH, (2)

ROO
.
+Car ROO7+Car+

.
. (3)

(It should be mentioned that the radicals ROOCar
.
and Car

.
can

in turn serve as the sources for the chain propagation of lipid
oxidation with peroxides.) The analysis of the available literature
data does not allow one to single out the major mecha-
nism.15 ± 17, 79
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It can be stated that the direction of the reaction of peroxide
radicals with carotenoids depends on several factors, namely, the
carotenoid structure, the activity of peroxide radicals and the
nature of the solvent. Thus the analysis of absorption spectra and
reaction products of b-carotene with peroxide radicals led to a
conclusion that in non-polar media both a radical adduct
.
Car7OOH (Refs 80 ± 83) and a radical

.
Car (Refs 84 and 85)

are formed as the short-lived intermediates. However, the relative
contributions of these reaction channels were not determined.

More detailed information on the mechanism and kinetics of
the reaction of carotenoids with free radicals was obtained from
the results of time-resolved pulse methods, first of all, flash laser
photolysis and pulse radiolysis.7, 8, 86, 87 However, these methods
did not provide the complete picture of the reaction of carotenoids
with free radicals either. To date, the absorption spectra are
adequately characterised only for carotenoid radical cations,88, 89

whereas the assignment of other signals in absorption spectra of
intermediate species still remains hypothetical.

Based on studies of the reaction of b-carotene with the
Cl3COO

.
radical in polar media, it was concluded 16 that this

reaction affords equal amounts of radical cations and radical
adducts of b-carotene. Similar conclusions were also drawn based
on the analysis of absorption spectra of intermediate species
formed in the laser-induced photolysis of certain carotenoids in
micellar solutions.7 In the latter case, the absorption spectra
contained two bands in the region of 750 ± 950 nm, which differed
in the decay rate. The absorption in the range of 850 ± 950 nmwas
assigned to carotenoid radical cations and the band in the region
of 750 ± 850 nm was assigned to the radical adduct.7 However, a
different assignment was proposed.90, 91 In alcohols, the measure-
ments of relative intensities of absorption bands in the regions of
750 ± 850 and 850 ± 950 nm have revealed a strong dependence of
the signal intensity on the polarity of the medium in the former
region.91 Thus, it was concluded that the observed intermediate is
most likely a radical-ion pair of carotenoid and peroxide anion.

It is known that carotenoids reside preferentially in the
lipophilic region of the membrane due to their hydrophob-
icity.76, 92 For a non-polar b-carotenoid incorporated into a
membrane, the formation of a radical cation is improbable,
because electron transfer in a non-polar medium is unfavourable
for energy reasons. At the same time, carotenoids with polar
substituents (e.g., zeaxanthin and astaxanthin) are located at the
membrane surface where the electron transfer is more favourable.
Hence, the interaction of such carotenoids with radicals can easily
lead to the formation of radical cations.77, 93

The data obtained by EPR spin-trapping techniques on the
rate constants for the reaction of carotenoids with free radicals
suggest that electron transfer is the primary step.14 By the example
of certain natural and specially synthesised carotenoids, it was
shown that the scavenging rates of

.
OOH radicals by carotenoids

correlate with the oxidation potentials of the latter (Fig. 2).14

Stable spin adducts of
.
OOH radicals with spin traps formed in the

absence and in the presence of carotenoids and their yields were
measured. In the presence of a carotenoid, the yield of the spin
adduct decreased as a result of the side reaction of hydroperoxide
radical with the carotenoid (Fig. 3). Based on the experimental
dependence of the yield of the spin adduct on the carotenoid
concentration, the relative rate constants (kCar/kST) for scaveng-
ing of radicals by the carotenoid were calculated according to
Eqn (4).

A0

A
� kST�ST� � kCar�Car�

kST�ST�
. (4)

Here, A0 and A are the intensities of the spin adduct signal in the
absence and in the presence of a carotenoid, kST and kCar are the
rate constants for radical scavenging by a spin trap (ST) and by a

carotenoid (Car), respectively. N-tert-Butyl-a-phenylnitrone
(PBN), 2-methyl-2-nitrosopropane (MNP) and 5,5-dimethylpyr-
rolidine N-oxide (DMPO) were used as the spin traps.14 The
available kinetic database (Spin Trap Data Base; http://epr.niehs.
nih.gov) contains the following value for the reaction of PBNwith
the hydroperoxide radical in water: kST4 106 litre mol71 s71.
The slowest and the highest reaction rates were observed for
b-carotene and ethyl 80-apo-b-caroten-80-oate, respectively. Based
on the comparison of the rate constants for the reactions of
carotenoids with the hydroperoxide radical, it was concluded
that reactions (1) and (2) make no substantial contribution to the
reaction of carotenoids with these radicals.
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Figure 2. Dependence of the rate constant for scavenging of peroxide

radicals by carotenoids on the oxidation potential of carotenoids (kCar and

kST are the rate constants for scavenging of the
.
OOH radical by

carotenoids and by spin traps, respectively).14

Carotenoids: b-carotene (1), canthaxanthin (2), 80-apo-b-caroten-80-al (3),
7 0-apo-7 0,7 0-dicyano-b-carotene (4), ethyl 80-apo-b-caroten-80-oate (5).
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Figure 3. EPR spectra of the adduct PBN7OOH (PBN is N-tert-butyl-

a-phenylnitrone) recorded in the absence (a) and in the presence of

1.2 mmol litre71 (b) or 4.2 mmol litre71 (c) of canthaxanthin in

DMSO.14 [PBN]=5 mmol litre71, [FeCl2]=1 mmol litre71, [H2O2]=

0.5 mol litre71.
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IV. Pro-oxidant properties of carotenoids

Clinical trials of b-carotene gave contradictory results, which
could be a reason for ambiguous attitude to carotenoids as
antioxidants.94 ± 96 Thus b-carotene demonstrated good results in
curing certain types of tumours 97 ± 100 and at the same time proved
to be ineffective or even exhibited pro-oxidant { activity in curing
certain other diseases caused by free radicals.94 ± 96

It was shown that b-carotene exhibits the antioxidant activity
only in low concentrations and at low oxygen pressures, whereas
in high concentrations and at high oxygen pressures it exhibits the
pro-oxidant activity.6, 9, 11, 17, 101

Neutral radicals Car
.
and ROOCar

.
as well as radical cations

Car+
.
, which are formed in reactions (1) ± (3), were assumed to be

responsible for the pro-oxidant activity of carotenoids.102 ± 104 The
mechanism of the pro-oxidant effect of carotenoids involves the
reactions of neutral radicals of carotenoids Car

.
and ROOCar

.

with oxygen molecules to form the corresponding peroxide
radicals

Car
.
+O2 CarOO

.
,

ROOCar
.
+O2 ROOCarOO

.
.

Neutral carotenoid radicals are also formed in the protona-
tion/deprotonation of the corresponding radical ions. Thus the
formation of neutral radicals of b-carotene, zeaxanthin, can-
thaxanthin, 80-apo-b-caroten-80-al and 7 0-apo-7 0,7 0-dicyano-b-
carotene and their structural analogue, b-ionone, was registered 18

by the EPR spin-trapping technique. The formation of neutral
radicals Car

.
was observed in chemical or electrochemical oxida-

tion of these carotenoids to radical cations, which was followed by
deprotonation of the latter [reaction (5)],18 and in their electro-
chemical reduction or a reaction with piperidine. The latter
reaction proceeds through the protonation of the corresponding
radical anions [reaction (6)].18

Car+
.

Car
.
+H+, (5)

Carÿ.+H+ Car
.
. (6)

The formation of carotenoid radicals was judged from hyper-
fine coupling (HFC) constants of the corresponding spin adducts
obtained in simulations of the EPR spectra.

It was shown that the ability of carotenoid radical ions to
undergo protonation/deprotonation is more typical of non-sym-
metrical apo-carotenoids with electron-withdrawing terminal
groups. The calculation of the energy of deprotonation of caro-
tenoid radical cations made it possible to assume that the
abstraction of a hydrogen atom occurs from either the C(4) atom
or the methyl group in position 5 of the cyclohexene ring. In both
cases, the corresponding neutral radicals are formed.18

The reaction of carotenoids with metal ions, e.g., with iron
ions, may be considered as yet another possible mechanism of the
pro-oxidant activity of carotenoids.103, 105 As was noted above,
the oxidation stress initiated by metal ions is one of the major
sources of free radicals in the organism 72 and can result in the
development of certain serious disorders including cancer.106, 107

It is assumed that in this case, the mechanism of free radical
generation is similar to the well-known Fenton reaction.108

Fe2++H2O2 Fe3++
.
OH+HO7, (7)

.
OH+RH H2O+R

.
.

By the example of b-carotene and canthaxanthin, its was
shown experimentally that the involvement of a carotenoid in
this reaction results in an increase in the yield of free radicals due
to the chain reaction.105

Reactions of carotenoids with peroxide and carbon-centred
radicals were studied.105 Based on the experimental results,14, 105 it
can be assumed that, in the presence ofmetal ions, carotenoids can
either decrease or increase the yield of free radicals depending on
the oxidation potential of the carotenoid and the nature of the
radical. The efficiency of the carotenoid-induced Fenton reaction
increases as the oxidation potential of the carotenoid decreases
and its reaction with the radical decelerates. According to Poly-
akov and co-workers' data,105 b-carotene, which has the lowest
oxidation potential among all the carotenoids studied, exhibits the
highest pro-oxidant activity in the Fenton reaction (note that it is
for b-carotene that the highest pro-oxidant activity was observed
in vivo 6, 94 ± 96).

V. The role of electron-transfer processes in the
cis ± trans isomerisation of carotenoids

Light-induced cis ± trans isomerisation of carotenoids is one of
characteristic pathways of their phototransformations.109 ± 113 It is
usually meant that the isomerisation process involves molecules in
the excited triplet state. 112, 113 For the processes of sensitised
cis ± trans photoisomerisation, the formation of the excited triplet
state is possible as a result of transfer of either energy or an
electron.113 ± 115 The latter process occurs in polar media in the
presence of electron donors or electron acceptors to afford the
corresponding radical ions. In connection with this, studies of the
properties of radical ions of natural polyenes acquire special
importance, because these compounds are incorporated in many
biological systems.4, 45, 116 Thus cis-retin-11-al is the chromophore
of the visual pigment rhodopsin. It is assumed that its cis ± trans
isomerisation initiates the visual perception process in eyes of
humans and mammals.117, 118 This is the first and the only photo-
chemical reaction that triggers the primary vision process, namely,
phototransduction. Certain cis-carotenoids play an important
role in photosynthetic processes in bacteria.119

Let us consider in more detail the mechanisms of cis ± trans
isomerisation of polyenes that involve the electron-transfer step.
The major part of results discussed here were obtained using the
following methods of spin chemistry:120 chemically induced
dynamic nuclear polarisation (CIDNP) and magnetic field effect
(MFE) methods. These methods are the most efficient for study-
ing the mechanisms of complex reactions of radicals and radical
ions.{

It has now been shown experimentally that cis ± trans isomer-
isation of polyenes (P) that proceeds in the presence of electron
donors or electron acceptors (S) can involve the following short-

CH2

or

Car

Fe3+ Fe2+

H2O2HO
.

Car+
.

{The pro-oxidant activity of a compound usually implies the increase in

the yield of active oxygen-centred radicals in the presence of this

compound.

{ It should be noted that it is the methods of spin chemistry that have

provided evidence for the occurrence of single-electron transfer in cis ±

trans photoisomerisation of substituted ethylenes in the presence of

electron donors or electron acceptors. This is acknowledged among the

most important achievements of spin chemistry.121, 122
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lived species (Scheme 3):114 excited triplet states (3P) formed in the
recombination of a triplet radical ± ion pair (RIP) (pathway a);
radical cations (P+.

) and dications (P2+) (pathway b); neutral
radicals (P

.
) and biradicals (P7S adducts), i.e., secondary inter-

mediates formed from radical ions (pathways c and d, respec-
tively).

The formation of excited triplet states was observed in the
isomerisation of substituted ethylenes and b-ionone in the pres-
ence of amines and aromatic hydrocarbons. Radical cations are
formed in the presence of substituted ethylenes and carotenoids.
Neutral radicals and biradicals are formed in the isomerisation of
b-ionone in the presence of quinones.

1. cis ± trans Isomerisation of alkenes in the excited triplet
state
Triplet states of alkenes are formed either upon UV irradiation
(direct isomerisation) or as a result of energy transfer (sensitised
isomerisation).123 There is the third mechanism of isomerisation
of triplet alkenes established using the methods of spin chemis-
try.121, 122 According to this mechanism, triplet molecules are
formed as a result of reverse electron transfer in a triplet RIP
formed in the irradiation of substituted ethylenes in the presence
of electron donors or electron acceptors in polar media.

In contrast to substituted ethylenes, polyenes are represented
by a larger number of isomers, which often differ in the energy of
the triplet states, redox potentials and their reactivities with
respect to electron donors and electron acceptors.

Retinal (4) and b-ionone (5) were the first polyenes of the
terpene series for which the radical ion mechanism of photo-
isomerisation in the presence of electron donors or electron
acceptors was confirmed. 115, 124, 125

Let us consider how the isomerisation of b-ionone proceeds in
the presence of electron donors, viz., pyrene or triphenylamine.115

Four b-ionone isomers, namely, (E)-b-ionone (A), a-pyran (B),
(Z)-b-ionone (C) and (Z)-retro-g-ionone (D) are known.126

NMR studies have shown that the kinetics of accumulation
and the ratio of isomers formed in the irradiation of b-ionone in
the presence of pyrene and triphenylamine substantially differ
from those in direct photolysis.115 During the photolysis of
b-ionone in theNMR tube, theCIDNP effects of themain isomers
were registered. Figure 4 shows the CIDNP spectrum recorded in
the photolysis of a mixture of b-ionone isomers in the presence of
triphenylamine. The mechanisms of transformations of b-ionone
isomers could be proposed from the analysis of this spectrum.

In the CIDNP spectrum observed during the irradiation of a
photostationary mixture of isomers A ±D in the presence of
triphenylamine, only signals for the triplet isomers A and C were
detected. This made it possible to conclude that cis isomerC is the
transformation product of the excited triplet trans isomer A and
vice versa. Triplet states were formed in the recombination of the
corresponding radical-ion pairs (Scheme 4).115 In turn, it was
shown that in the presence of triphenylamine, isomers B and D,
namely, a-pyran and retro-g-ionone, are not formed via
RIP.114, 115 However, in the presence of pyrene, the formation of
a RIP with a-pyran as the radical cation and pyrene as the radical
anion was observed.

The CIDNP sign and the intensities of polarised lines corre-
sponded to the signs and distribution of HFC constants (a) in the
b-ionone radical anion (a4=1.2, a5=0.65, a7=71.0 and
a9=0.65 mT).127 It should be noted that Scheme 4 is versatile,
i.e., it can be used for describing the reactions of b-ionone with
both electron acceptors (e.g., quinones) 125 and electron donors
(e.g., pyrene and triphenylamine).115 b-Ionone plays the role of
the electron donor in the former case and the electron acceptor in
the latter case.

This example shows that CIDNP is indeed an effective tool for
studying the geometrical isomerisation of polyenes that involves
radical stages.
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Figure 4. CIDNP spectrum observed in the photolysis of a photosta-

tionary mixture of b-ionone isomers in the presence of triphenylamine in

acetonitrile.115 A procedure of presaturation of the NMR spectrum was

used for elimination of equilibrium signals.
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2. cis ± trans Isomerisation of C=C bonds in radical ions of
polyenes
cis ± trans Isomerisation of radical ions was described for the first
time also for substituted ethylenes.122, 128, 129 The CIDNP method
did not allow us to observe the isomerisation of radical ions of
short polyenes, namely, of b-ionone (5) and retinal (4), in the
microsecond time interval suitable for the CIDNP manifesta-
tion.124, 125 This means that even if the radical ions of these
polyenes isomerise, this process takes much longer time than the
microsecond interval of the lifetime of short-lived RIP. Indeed, as
follows from quantum-chemical calculations, the activation bar-
rier to the cis ± trans isomerisation of b-ionone radical ions is
10 ± 20 kcal mol71, which corresponds to the isomerisation rate
of *104 s71. However, we managed to observe the cis ± trans
isomerisation of radical cations of b-carotene, canthaxanthin and
80-apo-b-carotenal generated either chemically or electrochemi-
cally.65, 68, 130, 131 These observations became possible due to the
longer lifetimes of these radical cations as compared with those of
b-ionone and retinal. Thus the lifetimes of radical cations of
b-carotene and canthaxanthin in dichloromethane solutions were
equal to several minutes.59, 132 HPLC analysis of the electrolysis
products of b-carotene indicated the formation of five isomers,
namely, trans, 15-cis, 13-cis, 9-cis and 9,13-di-cis, in a ratio of

50 : 4 : 21 : 21 : 4.59, 132 This isomer ratio was observed for both the
electrochemical generation of radical cations and chemical oxida-
tion of carotenoids in the presence of FeCl3 or quinones.

It should be emphasised that this ratio substantially differs
from that obtained by Hashimoto and Kayama 133 for the triplet-
sensitised isomerisation of b-carotene. Under photostationary
conditions, these authors observed only four isomers, namely,
trans, 15-cis, 13-cis and 9-cis, in a ratio of 84 : 1.5 : 4 : 10.5.

According to AM1 calculations,134 the energy barriers to
isomerisation of bonds in the b-carotene radical cation
(*20 kcal mol71) and the dication (*0 kcal mol71) were sub-
stantially lower than those of the neutral molecule (*55 kcal
mol71). The calculated 134 lengths of C=C bonds in the middle
part of the conjugated chain substantially differ for the neutral
molecule, the radical cation and the dication: they change from
1.35 �A in the neutral molecule to 1.40 �A in the radical cation and
to 1.45 �A in the dication. The latter value corresponds to the
length of a single C7C bond in a carotenoid molecule.

3. cis ± trans Isomerisation of C=C bonds in biradicals and
neutral radicals
Due to the presence of many double bonds, carotenoids are
potential reagents for the addition of ketones or aldehydes to
alkenes (the Paterno ±BuÈ chi reaction) to formbiradicals. Thus the
formation of biradicals in the photoreaction of b-ionone with
quinones was inferred from the results of CIDNP.125 The for-
mation of the polarised cis-isomer of b-ionone in the reaction with
chloranil under the conditions of insufficient energy for the triplet
recombination of the RIP points to the `biradical' isomerisation
route (see Scheme 2).

Isomerisation of b-ionone can occur as a result of rotation
around the C(7)7C(8) bond in biradical 6.

A similar mechanism for the cis ± trans photoisomerisation of
alkenes has been described earlier.63, 64 As was noted above, once
photoexcited, b-ionone can exhibit not only electron-donating,
but also electron-withdrawing properties.115, 125 Isomerisation of
b-ionone in the photolysis in the presence of electron donors can
proceed via either triplet b-ionone or a neutral radical, namely, the
protonation product of the b-ionone radical anion. (It is known
that the b-ionone radical anion undergoes fast protonation in the
presence of hydrogen donors.116) According to results of CIDNP,
the only isomerisation product of the neutral radical trans form is
the corresponding cis isomer.115
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Thus, the results accumulated to date make it possible to state
that cis ± trans isomerisation, which is the most important process
in carotenoid chemistry, proceeds in the presence of electron
acceptors or electron donors through the single-electron transfer
stage.

VI. Inclusion complexes of carotenoids with
cyclodextrins

As was mentioned above, the high reactivity, hydrophobicity and
photosensitivity of carotenoids complicate their application;
hence, in practice (food industry, cosmetology and medicine),
their complexes with natural compounds are used. Inclusion
complexes of carotenoids with cyclodextrins are studied most
comprehensively. Cyclodextrins readily react with organic mole-
cules to form inclusion complexes, which is explained by the
peculiarities of their structure (the inner cavity of a cyclodextrin
molecule is hydrophobic, while its outer surface is hydrophilic).
Hydrophobic carotenoid molecules easily interact with the hydro-
phobic cavity. The complexes themselves are hydrophilic due to
the hydrophilic outer surface of the cyclodextrin molecule.
Numerous studies were devoted to the synthesis and properties
of these complexes. In applied studies, attention was focused on
the improvement of solubility of carotenoids and enhancement of
their stability in aqueous solutions,20 ± 22, 25, 28, 134 while the funda-
mental studies considered the structure of complexes,23, 24, 29

bioaccessibility of carotenoids at the cell level, penetration of
carotenoids through cell membranes,26, 27 antioxidant properties
of complexes 29 and the use of cyclodextrins as amodel of a natural
enzyme responsible for b-carotene cleavage.37, 135

In food industry, carotenoids are used most widely as food
pigments. The use of carotenoid complexes with cyclodextrins in
place of free carotenoids allows one not only to obtainmore stable
colour of foodstuffs, but also to increase the storage life of food
pigments themselves. Particularly, substitution of a cyclodextrin
complex of astaxanthin for pure astaxanthin in the ration of
salmon fish substantially increased the stability of salmon meat
during storage.134

Recently, the problem of provision of humans with optimum
amounts of vitamins becomes more pressing. Now, it is evident
that this cannot be achieved with ordinary foodstuffs. A demand
for the development of foodstuffs enriched with vitamins and
biologically active additives has arisen. The most promising food
additives include carotenoids, e.g., b-carotene. A b-carotene
complex with b-cyclodextrin (in Russia, it is produced under a
name `Tsiklokar') is widely used as a bioactive additive. Recently,
it has been shown that the use of other cyclodextrins, e.g.,
a-cyclodextrin and, especially, methylated b-cyclodextrins produ-
ces a greater effect;28 however, in practice, the use of b-cyclo-
dextrin rather than its derivatives are apparently associated with
its availability and low cost.

In cosmetology, carotenoids are largely used as antioxidant
additives in the production of protective creams. b-Carotene is
used most often. However, its addition to make-up preparations
results in their strong brick-red colour; this is why cosmetologists
proposed to add not carotene as such, but its complexes, e.g., a
cyclodextrin complex of b-carotene. Its colour is much weaker } as
compared with b-carotene solutions in organic solvents, and
creams prepared with this additive have a nice rose colour.22

It should be noted that the applied studies did not discuss the
problem of retention of useful properties of carotenoids upon
their complexation, particularly, of their antioxidant activity.
Insofar as the antioxidant activity of carotenoids is associated
with their ability to scavenge free radicals, it can be assumed that
its complexationwould affect the latter process. Indeed, the ability
of cyclodextrin to conserve, in its cavity, benzyl radical formed

upon photolysis of an inclusion complex of cyclodextrin with
dibenzyl ketone has been demostrated.136

The interaction of a water-soluble cyclodextrin complex of
80-apo-b-caroten-80-al with free peroxide radicals was studied.29

The EPR spin-trapping method has shown that the complexation
of 80-apo-b-caroten-80-al with b-cyclodextrin blocks almost com-
pletely the ability of this carotenoid to scavenge peroxide radicals.
Apparently, this effect of cyclodextrin on the reactivity of carote-
noids can be explained by the fact that the formation of complexes
makes the cyclohexene ring of the carotenoid } inaccessible for
these radicals.137 However, the increase in the carotenoid stability
in complexes should not prevent their use in vivo, e.g., for the
delivery of carotenoids directly to the cell. Insofar as carotenoid
complexes with cyclodextrins are not covalently bound rigid
structures, but are in equilibrium with their starting components,
it can be assumed that on the surface of a cell membrane, the
complex will dissociate to release a carotenoid, which will pene-
trate into the membrane.

The role of cyclodextrins as the carriers of drugs, for example,
carotenoids, was studied in vitro by many scientists (e.g., see
Refs 26, 27 and 138). In all the cases, the positive role of cyclo-
dextrins in the delivery of carotenoids to cells was emphasised.
Thus a comparison of such properties of b-carotene complexes
with methylated b-cyclodextrin as bioaccessiblity, toxicity and
stability with those of homogeneous solutions of b-carotene in a
THF±DMSO solvent mixture has shown that the b-carotene
complexes with cyclodextrin are, first, non-toxic, and, second,
characterised by better bioaccessibility. For instance, after several
days of incubation of cells with these complexes the level of
b-carotene was substantially higher than that observed upon the
use of homogeneous solutions of b-carotene.27

In conclusion, we consider yet another interesting application
of cyclodextrins, viz., the development of new enzymes, partic-
ularly, the enzyme responsible for splitting of b-carotene in
organism. Thus an attempt was undertaken to model the action
of the enzyme, namely, 15,150-dioxygenase, which consists of the
cleavage of the central C(15)7C(150) bond of b-carotene to form
two molecules of vitamin A.37, 135 The goal was to obtain an
unstable b-carotene intermediate, namely, the adduct of a H2O2

molecule to the central double bond of the carotenoid, which
would readily decompose to afford two retinal molecules under
the action of the synthetic enzyme.

The implementation of this idea involved the use of the Fenton
reaction (7) where Fe2+ ions were replaced by a metalloporphyrin
molecule. The enzyme model consisted of two b-cyclodextrin
molecules covalently attached to the metalloporphyrin molecule.
It was assumed that both cyclohexene rings of b-carotene will be
captured by cyclodextrin molecules in such a way that the metal
ion of the metalloporphyrin fragment will be located near the
central double bond of the carotenoid. In this case, the reaction of
H2O2 with the metal ion would proceed in the immediate vicinity
of the central double bond of the carotenoid. Presumably, it is this
double bond that would undergo the attack by the hydroxyl
radical formed in the Fenton reaction. However, the use of the
model iron porphirin-containing enzyme resulted in the formation
of not only retinal, but also a wide set of other products, which
suggests that oxygenation of different double bonds occurred.135

At the same time, a synthetic enzyme containing ruthenium
porphyrin did catalyse the cleavage of the central double bond of
b-carotene.37

VII. Supramolecular complexes of carotenoids
with glycyrrhizin

The revealed effect of complexation on the physical properties and
reactivity of inclusion compounds initiated the search for new

} Japanese authors also used the term `colourless' to characterise this

complex.21
}Peroxide radicals attack the terminal double bond of the cyclohexene

fragment of a carotenoid.29
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natural complexation agents that would exhibit certain advan-
tages over cyclodextrins and, first of all, have no limitations with
respect to the size of the `guest' molecule. These compounds
should form more stable complexes, reduce the toxic effect of
drugs on the organism and, at the same time, enhance their
therapeutic activity. Despite the complexity of this problem, one
of such compounds has been found. This is glycyrrhizic acid
(another popular name is glycyrrhizin), which is isolated from
liquorice root (e.g., of Glycyrrhiza uralensis Fish).38 This com-
pound has long been used in medicine as an anti-inflammatory
agent or an expectorant. It is glycyrrhizin that provides the sugary
taste to liquorice root.

In contrast to cyclodextrin, the glycyrrhizin molecule has an
open-chain structure and contains both hydrophilic (glucuronic
acid) and hydrophobic (glycyrrhetinic acid) parts. Glycyrrhizin
has several important advantages over cyclodextrins. First, it
belongs to open-type ligands, hence, its complexes have no
rigorous restrictions for the size of the guest molecule. Second,
its inclusion complexes are extraordinarily stable,39 ± 41 their
stability constants exceed the mean stability constant of cyclo-
dextrin complexes by two orders of magnitude.30

Glycyrrhizin is a component of many medicinal preparations.
This is known to increase the therapeutic activity of drugs, which
was attributed to their complexation with glycyrrhizin,30, 39 and to
affect the reactivity of inclusion compounds.42, 139

The above-mentioned aspects were studied by modern
physicochemical methods by the example of carotenoid com-
plexes 19, 140 and two antiarrhythmic preparations, namely,
Nifedipine and Lappaconitine.42, 139 The formation of inclusion
complexes with glycyrrhizin was judged from the changes in the
absorption and fluorescence spectra upon the addition of glycyr-
rhizin and from the changes in the reactivity of carotenoids.

1. Measurements of the stability and stoichiometry of
carotenoid complexes with glycyrrhizin
The determination of stoichiometry and the measurements of
stability constants of inclusion complexes formed upon mixing of
carotenoids with glycyrrhizic acid were carried out using standard
procedures (e.g., see Refs 31, 141 and 142), viz., Job's method and
spectral methods, which allow determination of the stoichiometry
and the stability constants of complexes, respectively, based on the
dependence of the optical density of a solution on the GA
concentration.

The structure, stability and reactivity of inclusion complexes
of certain carotenoids with b-glycyrrhizic acid were studied.140

The absorption spectra of carotenoids were shown to change with
the GA concentration. The changes were observed only in
aqueous solutions and their magnitude did not exceed 10%. It
should be noted that the NMR method which is often used in the
analysis of carotenoid complexes with cyclodextrins,143 proved to
give little information on these complexes. This is explained first
of all by low solubility of carotenoids and GA in aqueous
solutions and also by insufficient sensitivity of the NMR techni-
que due to small concentrations of the components (1074 ±
1075 mol litre71).143

At the same time, fluorescence spectra of carotenoids com-
plexes proved to be very sensitive to the formation of carotenoid
complexes with glycyrrhizin (Fig. 5 a). Thus studies of the depend-
ence of the intensity of fluorescence of canthaxantin on the
glycyrrhizin concentration have shown that the stability of com-
plexes at the GA concentration lower than 1 mmol litre71 [K=
(0.3 ± 1.0)6104 litre mol71, curve 1 in Fig. 5 b] differs substan-
tially from that at the GA concentration larger than
1 mmol litre71 (K<102 litre mol71, curve 2 in Fig. 5 b). Earlier,
Romanko and Murinov 144 have observed a sharp change in the
dynamic viscosity of aqueous ± ethanolic solutions (5%± 10%
ethanol) of glycyrrhizin at the GA concentration of *1 mmol

litre71. It was assumed that at this concentration glycyrrhizin
forms micelle-like associates in aqueous solutions.{

The stoichiometric ratios of components in associates were
estimated based on the dependence of the changes in the optical
density of the solution of carotenoid and glycyrrhizin (DD) on the
carotenoid molar fraction r=[Car]/([Car]+ [GA]) at a constant
overall concentration of the components (Job's diagram,
Fig. 6).140 For example, the position of the maximum in the
DD=f(r) curve at r=0.33 corresponds to 1 : 2 ratio of carotenoid
and glycyrrhizin molecules in the associate.

Earlier, it was supposed that GA molecules in aqueous
solution form cylindrical dimers of the torus 40 or podand 41

types. It can be assumed that the hydrophobic interaction of
carotenoids with glycyrrhizin will favour the penetration of the
carotenoid molecule into the cyclic dimer formed. To check this
hypothesis, the thermodynamic parameters (DG, DH and DS) of
complexation of carotenoids with glycyrrhizin were measured.140

Using standard relationships

7DG=RT lnK,

a

550 600 650 700 750 l /nm

In
te
n
si
ty

1

2

* *
* *

0

10

20

30

40

0.4 0.8 2.0 3.0 [GA] /mmol litre71

K& (0.3 ± 1.0)6104 litre mol71

K<102 litre mol71

DA (%) b

1

2

Figure 5. Fluorescence spectra of a canthaxanthin solution (0.02 mmol

litre71) in the absence (curve 1) and in the presence (curve 2) of

glycyrrhizic acid (5 mmol litre71) in DMSO containing 5% of water (a);

changes in the fluorescence intensity (DA) of canthaxanthin as a function

of the GA concentration in solution (b).140

Excitation wavelength was 470 nm, detection wavelength was 620 nm.

{The hypothesis of micelle formation was confirmed later by Japanese

authors 145 who studied the formation of micelles of water-soluble

derivatives of glycyrrhizin, particularly, Na salt of GA sulfate. We failed

to find the data on the micelle formation in other solvents in the literature.
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(K1 and K2 are the stability constants of the complex at temper-
atures T1 and T2, respectively), the following values of parameters
at T=293K were obtained: DH=42.9 kJ mol71, DG=
719.9 kJ mol71 and DS= 211 J mol71 K71. The positive
values of the enthalpy and entropy terms suggest the preferential
contribution of the hydrophobic interaction between the carote-
noid and glycyrrhizin molecules into the stability of the complex
formed and also substantial desolvation of the glycyrrhizin
molecule, which is typical of inclusion complexes.

Inclusion complexes of carotenoids with GA of a composition
1 : 2 are formed both in aqueous solutions and in polar solvents
such as DMSO, acetonitrile and alcohols. It is assumed that the
complex represents a carotenoid molecule placed inside a torus
formed by the dimer of glycyrrhizic acid.

Stability constants of complexes were estimated based on
changes in the optical density of the solution at a fixed carotenoid
concentration and variable glycyrrhizin concentration (Fig. 7). If
the carotenoid concentration is much lower than that of glycyr-
rhizin, the stability constant of their complex can be calculated
based on the Benesi ±Hildebrand method.142

D

DD
ÿ 1 � 1

K

1

�GA�n ,

where DD=De [Car], K is the stability constant of the complex

K � . (8)

This allowed Polaykov et al.140 not only to estimate the
stability constant of complex (K ), but also to determine the
reaction order (n) of complex formation in a single experiment.

For complexes of the composition 1 : 2, a linear dependence
between the absorption changes and the GA concentration was
observed on the coordinates 1/DD vs. 1/[GA]. The analysis of
Job's diagram (see Fig. 6) showed that complexation of carote-
noids with glycyrrhizin is a second-order reaction. Based on this, it
was concluded that the complexation involves one carotenoid
molecule and one glycyrrhizic acid dimer.

2. Reaction of carotenoids and their complexes with FeCl3 in
polar media
The data on the effect of glycyrrhizin on the reactivity of
carotenoids are of undeniable interest. As was noted above,
electron transfer reactions play the key role in the chemistry of
carotenoids. It was found 140 that electron transfer in reactions of
Fe(III) salts (electron acceptors) with complexes of carotenoids
with glycyrrhizin was decelerated as compared with reactions of
these salts with free carotenoids and the lifetime of carotenoid
radical cations in glycyrrhizin complexes in polarmedia increased,
which resulted in the change in the ratio of reaction products.
Optical methods were used for studying the reactivities of inclu-
sion complexes of carotenoids.140 The decrease in the rate of direct
electron transfer from carotenoids (b-carotene and 80-apo-b-
caroten-80-al) involved in GA complexes to Fe3+ was inferred
from a considerable (by a factor of several dozens) decrease in the
absorption of carotenoid radical cations in the presence of GA as
compared with their homogeneous solutions (Fig. 8), as well as
from the rate of consumption of the carotenoids during the
reaction.

It is known that the second oxidation potential of b-carotene
coincides with its first potential;146 this is why its reaction with
FeCl3 proceeds by different mechanisms for [Car]5 [Fe3+] and
for [Car] 55 [Fe3+]. In the former case, oxidation of b-carotene
produces radical cation (Fig. 8 a) and in the latter case, the
dication (Fig. 9 a). (The signal at 935 nm corresponds to the
absorption of b-carotene radical cations, while the signal at
889 nm corresponds to the absorption of the dication.) When
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Figure 6. Job's diagram plotted based on the changes in the optical

density of a solution in 20% ethanol at 433 nm as a function of the mole

fraction of carotenoid (r);140

e is the extinction coefficient.
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Figure 7. Changes in the optical density of a solution of b-carotene in

20% ethanol (2.5 mmol litre71) at 440 nm as a function of the concen-

tration of glycyrrhizic acid (a) and the Benesi ±Hildebrand diagram (b).140

Points correspond to experimental data, solid lines correspond to calcu-

lations for a b-carotene ±GA complex with a stability constant K=

104 litre mol71.
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b-carotene reacted with an excess of Fe3+ in the presence of GA,
the stabilisation of the b-carotene radical cation was observed
(Fig. 9 b).

Thus, the observed 140 differences in the reactions of Fe3+ salts
with carotenoids either incorporated in glycyrrhizin complexes or
in the free state suggest that the changes in the reactivity of
carotenoids upon the addition of glycyrrhizin are caused by the
formation of complexes. The concomitant increase in the lifetime
of charged forms of carotenoids (cations and dications) by a factor
of dozens implies that these species do not leave the complex being
stabilised inside it.

3. Reactions of carotenoids and their complexes with
quinones in polar media
The reactions of carotenoids with quinones is yet another example
of the effect of complexation on their reactivity. Quinones were
chosen because they are important natural electron acceptors.

The system b-carotene ± 2,3-dichloro-5,6-dicyano-1,4-benzo-
quinone (DDQ) (the latter was taken because its reaction with
carotenoids does not require additional photo- or thermoactiva-
tion due to its low reduction potential) was chosen as the model
system for studying the reactivity of inclusion compounds.140 The
formation of radical cations upon the addition of the quinone to a
solution of b-carotene was judged from the changes in the
absorption spectrum of the latter.

A characteristic feature of this reaction is that the curves that
describe the decay kinetics of b-carotene radical cations incorpo-
rated in a glycyrrhizin complex or in solution have different shapes
(Fig. 10). For a free carotenoid, the radical cation signal decays
exponentially (the radical lifetime is * 20 s), whereas in the
presence of glycyrrhizin, the signal decay curve demonstrates
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after (curve 2) mixing with the equivalent amount of FeCl3 in acetonitrile

at room temperature.140
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glycyrrhizin. [Car]= [FeCl3]=1.3 mmol litre71.

a

889 nm

1
2

3

4

0.00

0.04

0.08

0.12

A
b
so
rp
ti
o
n
(r
el
.u
)

Car2+

Car

900 nm

935 nm

b

0.00

0.05

0.10

400 600 800 l /nm

1

23

4

A
b
so
rp
ti
o
n
(r
el
.u
)
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after (curves 2± 4) mixing with an excess of FeCl3 in acetonitrile at room

temperature.140
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trum of b-carotene, (2) spectrum of a solution of b-carotene and FeCl3
immediately after mixing, (3 and 4) spectra measured 6 and 20 min after
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two distinct regions, which suggests the contribution of two
processes, namely, a fast exponential and a slow ones (Fig. 10 b).

I � a

1� t=t
.

This two-component decay kinetics of the carotenoid radical
cation made it possible to suggest that in solutions containing
glycyrrhizin both the radical cations of the free carotenoid
(t& 20 s) and the radical cations incorporated in the complex
(t& 1000 s) are present. (Note that the contributions of these two
states can be observed separately only in the absence of fast
exchange between them.) The different shapes of decay curves at
935 nm for different glycyrrhizin concentrations (Fig. 10 b) point
to the increase in the contribution of the slow component with the
increase in the GA concentration, this contribution increasing
proportionally to the square of GA concentration.140 Such a
square-law dependence could stem from the fact that the structure
of the GA complex of the carotenoid radical cation in acetonitrile
corresponds to the stoichiometry of 1 : 2. Bearing in mind that the
contribution of the slow component is about 50% at the glycyr-
rhizin concentration of 0.1 mmol litre71, it can be concluded that
for this concentration the ratio of free radical cations and their
complexes is*1 : 1. Based on expression (8), the stability constant
of the carotenoid radical cation complex was estimated to be of an
order of magnitude of 108 litre2 mol72.

From the aforesaid, it follows that the stabilisation of the
carotenoid radical cation due to its complexation with glycyr-
rhizin should substantially change the yield of reaction products
of carotenoids with quinones. Thus if the CTC formed in the first
stage is located inside the complex, the yield of the `in-the-cage'
reaction product, i.e., the adduct of the carotenoid to the quinone,
is increased. Otherwise, the increase in the lifetime of the free
radical cation would increase the yield of carotenoid cis-isomers.
Analysis of the composition of reaction products of certain
carotenoids (b-carotene, canthaxathin and 70-apo-70,70-dicyano-
b-carotene) with DDQ in the presence and in the absence of
glycyrrhizin using HPLC (Ref. 140) has shown that in all cases,
the yield of carotenoid-to-quinone adducts substantially increased
when the reaction was carried out in the presence of glycyrrhizin.

This experiment made it possible to draw an important
conclusion that glycyrrhizin forms stable associates not only
with individual compounds and their ions, but also with charge-
transfer complexes; moreover, the complexation can result in
substantial changes in the reaction route and the ratio of products.

4. Reactions of carotenoids and their complexes with free
radicals
Ultimately, let us consider how the complexation of carotenoids
with glycyrrhizin affects the antioxidant activity of carotenoids.
This problem has recently been studied in detail.19 The reaction
rates of carotenoids with free radicals were estimated by EPR
spin-trapping technique usingN-tert-butyl-a-phenylnitrone as the
spin trap.

It should be noted that when dealing with traps, it is very
important to correctly identify the spin adducts observed.19, 147, 148

Several test experiments were carried out to prove the correctness
of assignment of the EPR signal observed in dimethyl sulfoxide to
the adduct PBN7OOH. 14, 19 First, it was found that the shape of
the EPR spectrum changed depending on the concentration of
hydrogen peroxide in solution.14 At low H2O2 concentrations
([H2O2]= [FeCl2]=1 mmol litre71), only the adduct
PBN7CH3 (DMSO was the origin of

.
CH3) was formed, while

at high concentrations ([H2O2]=500 mmol litre71) the adduct
PBN7OOHwas formed and the adduct PBN7CH3 disappeared
as a result of the reaction of the

.
CH3 radical with H2O2.14

The adducts of PBN with
.
OOR radicals are unstable,

especially in the presence of transition metals that can reduce
them to

.
OR.147, 148 However, the majority of experimental facts

that confirm this statement refer mainly to alkylperoxide radicals,
whereas the adduct PBN7OOH was often observed under

normal conditions.149 ± 151 The standard test for the adduct
PBN7OOH is its reaction with superoxide dismutase. It was
demonstrated 19 that the signal of the adduct PBN7OOH com-
pletely disappeared in the presence of this enzyme, whereas no
changes in the spectrum of the adduct PBN7CH3 occurred.

Moreover, a considerable decrease in the yield of the spin
adduct PBN7OOH was observed in the presence of carotenoid
complexes, which followed from the EPR spectra (Fig. 11).19

Based on the experimental dependence of the yield of the spin
product on the carotenoid concentration, the relative rate con-
stant (kCar/kST) for scavenging of the

.
OOH radical by a carote-

noid was estimated according to Eqn (4). Note that one of the
results of this study 19 was the observation of the antioxidant
activity of glycyrrhizin as such. Therefore, the ratios kCar/kST for
different carotenoids were obtained by subtracting the contribu-
tion of glycyrrhizin to the overall rate constant for scavenging of
the

.
OOH radical by a particular carotenoid (Table 1).

Since the structures of carotenoid complexes with glycyrrhizin
differ depending on whether the concentration of the latter is
higher or lower than 1 mmol litre71, the rates of peroxide radical
scavenging by free carotenoids and by their complexes in DMSO
were compared for different concentrations of glycyrrhizin. The
data listed in Table 1 show the presence of a synergistic effect,
which manifests itself in the significant increase in the rate of
scavenging of radicals by carotenoids [canthaxanthin (CX) and
70-apo-70,70-dicyano-b-carotene (DCC)] incorporated in com-
plexes with GA. The absence of the effect for zeaxanthin (ZX)
was quite unexpected. The different behaviour of these three
carotenoids was explained by their different polarographic half-
wave oxidation potentials E1/2. As is shown in Fig. 2, the kCar/kST

3300 3350 3400 3450

Magnetic field /G

b

c

a

Figure 11. EPR spectra of the adduct PBN7OOH in the absence (a) and

in the presence of canthaxanthin (b) and its complex with glycyrrhizin (c)

in DMSO.19 [PBN]=5 mmol litre71, [FeCl2]=1 mmol litre71,

[H2O2]=0.5 mol litre71; [Car]= [GA]=1 mmol litre71.

Table 1. Relative rate constant (k/kST) for scavenging of
.
OOH radicals by

glycyrrhizic acid (GA) and GA complexes with zeaxanthin (ZX), cantha-
xanthin (CX) and 7 0-apo-7 0,7 0-dicyano-b-carotene (DCC).19

[GA] /mmol litre71 k/kST a

GA CX+GA DDC+GA ZX+GA

0 7 2 7 4

0.5 12 59 133 4

1 12 46 116 4

2 12 6 38 4

aExperimental error of k/kST determination is*10%.
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vs. E1/2 dependence is hyperbolic. A segment corresponding to the
rapid changes in the rate of peroxide radical scavenging by a
carotenoid is located close to E1/2=0.7V. The oxidation poten-
tials of canthaxanthin (E1/2=0.68V) and 70-apo-70,70-dicyano-b-
carotene (0.72V) fit exactly the region of `fast changes' of
scavenging rates, whereas the potential of zeaxanthin
(E1/2= 0.56V) lies rather far in the plateau region. Bearing this
in mind, the differences in the rates of radical scavenging by
carotenoid complexes can be attributed to the changes in E1/2

upon formation of the complexes. Indeed, even minor changes in
the E1/2 of CX and DCC can lead to a substantial increase in
kCar/kST.

To check this hypothesis, we studied the effect of complex-
ation on the oxidation potentials of two carotenoids, namely,
zeaxanthin and canthaxanthin.19 Polarographic half-wave poten-
tials were measured in 0.1 mmol litre71 solutions of carotenoids
in acetonitrile in the presence of 0.2 mmol litre71 GA at room
temperature. In both cases, E was observed to increase, viz., by
0.05V for CX and by 0.03V for ZX. Such a change in the
oxidation potential for zeaxanthin cannot cause any changes in
its antioxidant activity, whereas a substantial increase in kCar/kST
will be observed for canthaxanthin. Yet another aspect of signifi-
cance of this result is that it confirms the correctness of the earlier
hypothesis on the role of electron transfer in scavenging of radical
species by carotenoids.14

The results discussed above make it possible to conclude that
complexation with glycyrrhizin has a substantial effect on the
reactivity of carotenoids, viz., this decreases the electron transfer
rate in the reaction with electron acceptors and increases the
lifetime of carotenoid radical cations in complexes, which results
in changes in the ratio of reaction products of carotenoids with
electron acceptors. Experimental results on the rates of scavenging
of peroxide radicals by different carotenoids suggest that the
changes in the oxidation potentials of carotenoids in complexes
are among the key factors that determine their reactivity.

VIII. Conclusion

In the present review, the following homolytic reactions of
carotenoids were considered: reactions with free radicals and
complexation. The choice of these processes was caused by the
keen interest of scientists in the antioxidant properties of carote-
noids. As was mentioned above, the antioxidant activity of
carotenoids is being extensively studied. Several reviews 14 ± 17 on
this subject have already been published; however, none of them
provides the analysis of physicochemical factors responsible for
this activity. Our review was intended to fill this gap.

We have demonstrated that electron transfer is typical of
carotenoids not only in their transformations in photosynthetic
centres or in the presence of electron donors or electron acceptors,
but also in the reactions of carotenoids with free radicals and also
in their cis ± trans isomerisation. It can be stated that it is the
tendency of carotenoids to single-electron transfer that unites the
most significant biological processes involving carotenoids, from
photosynthesis and photoisomerisation of retinal in visual pig-
ment rhodopsin to their antioxidant activity.

The discussion, in this review, of carotenoid complexation
processes was also associated with the studies of their antioxidant
properties. At present, the development of effective pharmaceut-
ical preparations based on inclusion complexes of natural com-
pounds is one of the most rapidly developed fields of medicinal
chemistry. However, insufficient attention is paid to the funda-
mental studies of the mechanism of complexation and physico-
chemical properties of inclusion complexes.

Particularly, the field of complexation of carotenoids with
different `host' molecules is still in its infancy. The information on
the effect of complexation on the reactivity of `guest' molecules
clearly demonstrates the great prospects of this direction. In
fundamental studies, these results make it possible to gain better
insight into the role of weak interactions in complexation and also

into the mechanism of the effect of organised media of the
reactivity of inclusion compounds, while in applied studies, a
possibility appears of the purposeful choice of complexation
agents for strengthening (or weakening) of one or another
property of carotenoids.
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