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Abstract

Xanthophyll carotenoids zeaxanthin and lutein play a special role in the prevention and treatment
of visual diseases. These carotenoids are not produced by the human body and must be consumed
in the diet. On the other hand, extremely low water solubility of these carotenoids and their
instability restrict their practical application as components of food or medicinal formulations.
Preparation of supramolecular complexes of zeaxanthin and lutein with glycyrrhizic acid, its
disodium salt and the natural polysaccharide arabinogalactan allows one to minimize the
aforementioned disadvantages when carotenoids are used in food processing as well as for
production of therapeutic formulations with enhanced solubility and stability. In the present study,
the formation of supramolecular complexes was investigated by NMR relaxation, surface plasmon
resonance (SPR) and optical absorption techniques. The complexes increase carotenoid solubility
more than 1000-fold. The kinetics of carotenoid decay in reactions with ozone molecules,
hydroperoxyl radicals and metal ions were measured in water and organic solutions, and
significant increases in oxidation stability of lutein and zeaxanthin in arabinogalactan and
glycyrrhizin complexes were detected.
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Introduction

Xanthophylls are the special group of carotenoids which contain oxygen functionalities at
one or both ends of the molecule, providing them with unique biological, chemical and
physical properties. In particular, these hydroxyl groups are responsible for the
xanthophylls’ abilities to orient within cell membranes in ways other carotenoids cannot
[1-4]. The present study is devoted to two representatives of xanthophyll carotenoids, lutein
and zeaxanthin (Figure 1), which play a special role in the prevention and treatment of
visual diseases. These carotenoids are not produced by the human body and must be
consumed in the diet.

Lutein and zeaxanthin selectively accumulate at an extremely high concentration in the
macula of the primate eye retina through the action of specific high-affinity binding proteins
[5], potentially slowing the onset of age-related macular degeneration [6, 7], and they have
been recently added to the list of beneficial nutrients provided by leafy greens. It is
suggested that lutein and zeaxanthin play a role in blue light filtration and antioxidant
function [8, 9]. The higher-energy, blue wavelengths of visible light are 100 times more
effective at inducing free radical formation in the cells of the retina than the lower-energy,
red wavelengths of visible light [10]. Reacting as antioxidants with free radicals and reactive
oxygen species, macular carotenoids protect the retina against peroxidation and photo-
damage [11-15].

The important feature of xanthophyll carotenoids is their ability to form J- and H-type of
self-assembled complexes in aqueous media and even in lipid membranes [16-20].
Molecular self-assembly in biological systems attracts considerable attention, since it is
important for the functioning of living organisms. It has been shown that lutein and
zeaxanthin form aggregates when dissolved in hydrated polar solvents and that this
aggregation is characterized by dramatic changes in their absorption spectra and photo-
physical properties [16, 18, 20]. The H-aggregates, in which the molecules are tightly
stacked with the conjugated chains oriented more or less parallel to each other, show a large
blue shift of the absorption spectrum and loss of vibrational structure of the S, excited state.
The blue shift of the absorption spectrum is explained in terms of excitonic interaction
between the closely packed carotenoid chromophores [18-20]. The second aggregation type,
characterized by a red shift of the absorption spectrum where the resolution of vibrational
bands is preserved, is attributed to J-type aggregation, in which there is a more head-to-tail
organization of the conjugated chains. The self-assembly of xanthophylls leads to new
photo-physical properties which can have an impact on various applications, particularly in
relation to solar energy conversion [21]. One photo-physical mechanism that generally
requires the proximity of two chromophores is singlet fission. In this mechanism, a
chromophore is photoexcited to its singlet excited state and subsequently partitions its
energy over two neighboring chromophores that both remain in triplet excited states. The
chromophore of zeaxanthin is favorable for the production of triplet excited states via
fission, and a high yield of triplet excited states via singlet fission was found for its
aggregate [22]. On the other hand, only very restricted data exist on the influence of
aggregation on the chemical properties of carotenoids. Recently it was demonstrated by
optical and EPR spin trapping techniques that aggregation of xanthophyll carotenoids results
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in an increase in their photostability in aqueous solution, but it significantly reduces their
antioxidant ability [16].

The practical use of lutein, zeaxanthin and other carotenoids is restricted by their insolubility
in water and their poor chemical stability. A successful approach to improve the
effectiveness and safety of poorly soluble drugs is to increase their solubility and dissolution
rate by the formation of “host-guest” complexes with synthetic or natural water-soluble
polymers or oligomers [23-34]. Most of the earlier attempts to increase the solubility of
carotenoids were based on the preparation of cyclodextrin inclusion complexes [23, 35-40];
however, cyclodextrin complexes demonstrate low solubility and fast aggregation in
aqueous solution.

Recently, we have described the synthesis of novel carotenoid complexes with unique
physicochemical properties [16, 24-28]. In these studies we used two “host” molecules
derived from plants: the triterpene glycoside glycyrrhizic acid (GA), a natural compound
extracted from the licorice root [41, 42], and arabinogalactan (AG), a natural water soluble
polysaccharide extracted from Siberian larch [43-45].

Glycyrrhizic acid (Figure 2) self-associates into dimers containing a hydrophobic and
hydrophilic component in a donut like shape [25, 46]. The polyene chains of carotenoids can
reside within the hydrophobic area while allowing the hydrophilic terminal rings to stick out
on each end. As a result, complexation with GA does not reduce scavenging ability of
carotenoids with low oxidation potential towards oxygen radicals, and it may even enhance
this ability considerably for carotenoids with high oxidation ability (canthaxanthin, for
example) [26]. Arabinogalactan is a highly branched polysaccharide polymer composed of
galactose and arabinose fragments in a 6:1 ratio. It has previously been reported to function
as a complexing agent to make carotenoids water dispersible with increased photostability
[27] and photocatalytic activity [28]. The unique properties of GA and AG complexes were
demonstrated for two natural carotenoids: p-carotene and canthaxanthin [23-28].

The influence of arabinogalactan and glycyrrhizin on the reactivity of lutein and zeaxanthin
and their H-aggregates in some practically important processes, such as prevention of photo-
degradation and improvement of antioxidant activity, was investigated in our previous study
[16]. A strong influence of complexation on the reactivity of carotenoid monomers and
aggregates was found. In particular, an increase of photostability of both monomers and
aggregates in aqueous solutions was detected [16]. The increase of scavenging ability
towards peroxyl radicals was also detected by EPR and explained by the decreasing
aggregation rate in the presence of GA and AG [16].

The present study is devoted to the investigation of oxidation stability of lutein and
zeaxanthin in solution and in their inclusion complexes with AG, GA and its disodium salt
(sGA). The kinetics of carotenoid decay in reactions with ozone molecules, hydroperoxyl
radicals and metal ions was measured in water and organic solutions. We then compared the
behavior of the complexes prepared by using two different approaches, namely, liquid-phase
synthesis and solid-state mechanochemical association. The latter approach permits solid-
state preparation of complexes of insoluble drugs in one technological step without use of
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any organic solvents [27, 31-33]. In addition, complex formation with SGA was
demonstrated by NMR relaxation methods, and complexation with arabinogalactan was
analyzed by surface plasmon resonance (SPR) techniques [47].

Experimental

Lutein (>90%, the rest amount is zeaxanthin) was provided by Kemin Health (Des Moines,
lowa), and zeaxanthin (>95%) came from Kalsec (Kalamazoo, Michigan). As the “host”
molecules we used arabinogalactan from Siberian larch wood [44], glycyrrhizic acid from
Ural licorice root [48] and disodium salt of glycyrrhizic acid (CFS, 98%) from Shaanxi
Sciphar Biotechnology Co., Ltd (Xi'an, China). Amine-coupling reagents (N-
hydroxysuccinimide (NHS), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide
hydrochloride (EDC), and 1 M sodium ethanolamine hydrochloride, pH 8.5) were purchased
from Biacore AB (Uppsala, Sweden). All other chemicals used were of the highest purity
available and were purchased from Sigma Chemicals (Saint Louis, Missouri) unless
otherwise stated.

Preparation of water-soluble complexes by the mechanochemical method is described in
detail in our previous papers [27, 31-33].

Optical spectra and decay kinetics of carotenoids were recorded using an SF-2000
spectrophotometer (Spectrum, Saint-Petersburg, Russia) in the spectral range from 190 to
1100 nm in a 1 cm quartz cuvette.

1H NMR spectra in solutions were recorded on a Bruker DPX-200 NMR spectrometer (200
MHz) in CD30D and D,0. Measurement of the phase relaxation times T, was performed
using the standard Carr-Purcell-Meiboom-Gill sequence (CPMG) of the type P1(90°) — (t -
P,(180°),, — registration, where t = 0.6 ms is a fixed time delay, and the n value was varied
from 0 to 4028.

A SensiQ Pioneer (SensiQ Technologies Inc, Oklahoma) surface plasmon resonance
biosensor was used in this study. The arabinogalactan was immobilized on
XantecPolycarboxylate HC200 chips (XanTecbioanalytics, GmbH) using aldehyde-coupling
chemistry. Briefly, saccharide containing ligands on carboxyl functionalized sensor chip
surfaces were immobilized using oxidized cis-diols. 1 mM NalO,4 was used to oxidize OH
groups and was further purified on a Sephadex G-25 column using 5 mM sodium acetate
buffer pH 4. Samples were stored at —20°C until use. The sensor surface was activated by
injecting a freshly prepared mixture of NHS and 2-(N-morpholino)-ethane sulphonic acid
pH 5 containing 100 mM EDC. Carbohydrazide (5 mM) solution was injected to incorporate
the hydrazide functionality on the sensor chip surface. Excess reactive groups were
quenched by injecting ethanolamine (1 M) for 7-10 minutes. The oxidized arabinogalactan
(1 mg/ml) was injected on the functionalized surface for 10 minutes. Cyanoborohydride(100
mM) solution in 100 mM acetate buffer pH 5 was injected to stabilize the covalent linkage.
Zeaxanthin stocks were prepared in 100% DMSO. It was then diluted into 5 % working
solution in phosphate buffered saline (PBS) with 0.01% Tween-20, which was used as a
running buffer. Serial double dilutions of zeaxanthin stocks were prepared in running buffer.
The samples were injected at 10 pl/minute flow-rate for 5 minutes over the arabinogalactan
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immobilized surface and the reference surface. Buffer blanks were injected for double-
referencing purposes. Regeneration was carried out using 50 % DMSO solution in PBS
buffer.

Results and Discussion

Preparation of water soluble supramolecular complexes of carotenoids

It is well known that carotenoids are highly hydrophobic, air- and light-sensitive
compounds. Earlier there were several attempts to prepare water soluble complexes of
carotenoids using water-oil emulsion or cyclodextrin solutions [24, 37-40]. Cyclodextrins
are widely used in pharmacology to increase the solubility of drugs [35, 36]; however, in the
case of carotenoids, these complexes exist only as large aggregates with average size more
than 100 nm [37, 38]. The solutions of all carotenoid-cyclodextrin complexes show a
considerable change in color as compared to carotenoid solutions in organic solvents [24].
For example, the aqueous solution of the B-carotene-CD complex is an intense opalescent
pink-orange, the CD complex of 7’-apo-7’,7’-dicyano-f-carotene is black, whereas its
unaggregated MeOH and CH,Cl, solutions are violet.

In this study, we present examples of water soluble composites of the carotenoids lutein and
zeaxanthin. The method of complex preparation used in the present work was a
mechanochemical treatment of the solid mixture of carotenoid crystals with arabinogalactan
or glycyrrhizic acid disodium salt powders. Typical mechanochemical reactions are those
activated by co-grinding or milling of powder materials. These reactions are usually carried
out either manually, in an agate mortar, or electro-mechanically, as in ball milling. In all
these cases, the crystal lattice is destroyed and reformed through recrystallization. Co-
grinding of solid materials results in penetration of carotenoid molecules into the “host”
macromolecule without use of any organic solvents. Complex formation was monitored by
X-ray diffraction phase analysis and differential scanning calorimetry (DSC) techniques. In
the initial mixture of compounds before treatment, one can see the characteristic peaks of the
crystal structure of the carotenoid, which disappear after mechanochemical treatment [27].
We suggest that the absence of a crystal structure in this case is due to molecular penetration
of the carotenoid into the polymer matrix (in the case of arabinogalactan). We interpret this
to mean that complex formation occurs in the solid state but not during further
solubilization. We assume that deep penetration of carotenoid into the arabinogalactan
matrix does not occur when we try to prepare the complex by addition of a carotenoid
solution to an arabinogalactan solution. This was confirmed by the significant increase in
solubility of the complex prepared mechanochemically as compared with traditional solvent-
mediated methods. The important advantage of this method over solvent-mediated methods
is also the possibility of complex preparation without using any toxic organic solvents.

For evidence of binding between “guest” and “host” molecules in solution, various methods
can be applied. For poorly soluble molecules like carotenoids, the increase in their solubility
can be considered as a test for complex formation [49, 50]. In the present study, the
solubility of mechanochemically prepared complexes was measured by HPLC after paper
filtration (Filters decalcified “Blue Ribbon”, “ECOHIM” Saint-Petersburg, Russia). The
results are presented in Table 1. We suppose that the real water solubility of non-complexed
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lutein and zeaxanthin may be even lower than shown in the Table 1 due to incomplete
filtration of carotenoid microcrystals. As one can see from the data of Table 1, the increase
of carotenoid solubility in AG and GA complexes is approximately 1000-fold.

Another approach to prove molecular complexation is the detection of a change of the
spectroscopic properties of the “guest” molecule in the presence of the “host”. In this study,
we have applied NMR relaxation techniques to detect the binding of zeaxanthin with the
disodium salt of GA in methanol and water solutions. The T, relaxation time is very
sensitive to intermolecular interactions and diffusion mobility of molecules. Proton
relaxation time of the molecule inside the complex is significantly reduced because diffusive
and rotational mobilities are slow [51]. A change of T, is usually considered as proof of
complex formation [29, 30, 52]. Relaxation times T, were measured for the CH protons at
the double bond. Figure 3 shows the echo decay kinetics of zeaxanthin CH protons in the
CPMG experiment (see Experimental section) in pure form in deuterated methanol and in
the complex with sGA (5 mM) in deuterated methanol and D,0.

Relaxation time of CH protons of free carotenoid in methanol is 560 + 60 msec. T» is
slowed down to 285 + 40 msec after addition of 5 mM of disodium salt of GA to this
solution, due to complex formation. In the water environment, glycyrrhizic acid can form
micelles; therefore the further decrease of relaxation time to 135 + 10 msec can be explained
by incorporation of carotenoid inside the micelle.

SPR investigation of carotenoid binding to arabinogalactan

Arabinogalactan-zeaxanthin binding was investigated using SPR technique [47]. The SPR
studies revealed that the arabinogalactan could bind zeaxanthin. We compared the binding
affinities of Russian arabinogalactan prepared from Siberian larch (Siberian-
arabinogalactan) and American arabinogalactan obtained from Sigma Chemicals (Sigma-
arabinogalactan). Figure 4 displays the sensorgram obtained from the interaction of the two
arabinogalactan compounds and zeaxanthin. As shown in Table 2, the arabinogalactan-
zeaxanthin interaction was fitted using a kinetic model with Qdat™ analysis software
(Biologic Software, Australia) to extract kinetic parameters of binding. One can see from
Figure 4 that the Siberian-arabinogalactan has bimodal association and dissociation kinetics.
We consider the presence at least two binding sites with different binding abilities (see
Table 2). The Siberian-arabinogalactan had a strong affinity toward zeaxanthin with a Kp(1)
of 2.2 uM and Kp(2) of 14.2 uM, whereas Sigma-arabinogalactan is 10 times weaker than
the Siberian version. Unlike protein-carotenoid interactions, this binding interaction depends
on the contact time, as it is driven by the diffusion of zeaxanthin molecules into the
arabinogalactan matrix. We therefore used similar conditions for all comparisons.

The possible reason of the difference in the properties of Siberian and Sigma
arabanogalactans might be the different internal structure of these branched polymers which
results in different pore size.
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Investigations on the oxidation stability of carotenoids and their inclusion complexes

The influence of complexation on the oxidation stability of carotenoids was investigated
using model reactions with ozone molecules, hydroperoxyl radicals and metal ions. Ozone
molecules are very reactive oxygen species which are able to break double bonds of
carotenoids with high efficiency [53]. The reaction occurs via addition of ozone to the
double bond with formation of an ozonide, followed by breakage of the double bond with
formation of a number of oxygenated products with reduced conjugated chains [54]:

R1\ —
Rq\Q@_C’/RS -

RZ/ \R4 \ O\O
9% C<Re
H H /;4 R4

H— O

H
. R Hoo\C/Rs
—C\R + H0, «~— HO/ \R4

4

In the present study, the decay kinetics of lutein and zeaxanthin in reaction with ozone were
monitored by optical absorption techniques. The reaction was carried out in 75% water-
ethanol solution for 5 minutes at 380 nm with continuous ozone bubbling. For free
carotenoids, fast decay of the absorption signal was observed; however, the solutions of AG,
GA and sGA complexes show significant reduction of the oxidation rate (see Figure 5 as an
example). The fitting of experimental decay kinetics was made using exponential
approximation assuming constant ozone concentration during experiment.

The exponential fitting of the decay kinetics shown in Figure 5 results in the following
values of decay time: for free lutein: = 150 + 20 sec; for lutein with GA: = 1290 + 30 sec;
and no decay was observed for lutein-AG complex at this concentration. Table 3
summarizes the results for all systems under study.

As one can see from these results, significant reduction of oxidation rate was detected for all
systems under study. The most stable are the complexes with arabinogalactan. We did not
observe significant differences between complexes prepared by different methods (solid
state (ss) or liquid state (Is), Figure 6).

We assume that this is due to establishment of equilibrium between complex and free
carotenoid. The very strong inhibition of the reaction in AG complexes points to the deep
penetration of carotenoid molecules into the polymer matrix of arabinogalactan. The
stability of GA and sGA complexes depends on the concentration of “host” molecules.
Significant stabilization was detected for concentrations near 1 mM when GA exists mainly
in the micellar form [30]. Earlier the similar effect was observed for canthaxanthin-GA
complex [55].
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The important processes which influence the stability of carotenoids in solutions are the
reactions of carotenoids with metal ions (Cu2* or Fe3*) and free radicals, mainly with
peroxyl radicals produced in Fenton-like reactions or in the reaction of C-centered radicals
with oxygen. The mechanisms of these reactions were investigated in detail earlier [56-59]:

Car+Fe3t — Carto+Fe?t — Products

Car+ ¢ OOH — Products

Fe?t4+Hy09 — Fe3t+OH + e OH  (Fenton reaction)
Hy09+ ¢ OH — «OOH+H50

Fe3t+Hy09 — Fe?T+ e OOH+HT

The kinetics of carotenoid decay in the reactions with Fe3* ions and *OOH radicals (in
Fenton reaction with excess of H,0,) were measured in DMSO solution for glycyrrhizic
acid (GA) complexes and glycyrrhizic acid disodium salt (SGA) complexes and in 50%
aqueous DMSO solution for arabinogalactan complexes. Figures 7 and 8 show the decay
kinetics for zeaxanthin in the absence and in the presence of 1 mM GA or sGA.

Similar effects were detected for lutein complexes and zeaxanthin-AG complexes (Table 4).

One can see from Figures 5-6 and Table 4 that SGA but not GA protects xanthophyll
carotenoids from oxidation by Fe3* ions and peroxyl radicals. The absence of effect of GA
on antioxidant activity of zeaxanthin in DMSO solution was detected also by EPR spin
trapping techniques [26]. On the other hand, the increase of antioxidant activity of
zeaxanthin in the presence of GA in aqueous solution detected by the same technique was
explained by the influence of GA on the aggregation rate of xanthophyll carotenoids [16].

To check the binding of GA molecules with zeaxanthin in DMSO solution, we have applied
NMR relaxation methods as describer earlier (Figure 9).

One can see from these measurements that GA has strong binding with zeaxanthin in DMSO
solution. As was suggested earlier, the interaction of carotenoids with «OOH radicals occurs
mainly by hydrogen abstraction from the most acidic 4-H position of the cyclohexene ring
[16]. We can assume from our results that the polyene chains of carotenoids can reside
within the hydrophobic area of GA self-associates, while allowing the hydrophilic terminal
rings to stick out on each end. As a result, complexation with GA does not reduce
scavenging ability of these carotenoids towards oxygen radicals. We can assume also that
the presence of positively charged Na* ions in sGA-carotenoid complexes reduces the
access of Fe3* and FeZ* ions to the carotenoids. This can result in the increased carotenoid
stability detected in the present study.

Conclusion

Non-covalent binding of the carotenoids lutein and zeaxanthin with the polysaccharide
arabinogalactan and the oligosaccharide glycyrrhizic acid (or its disodium salt) results in
formation of water soluble aggregates with unique physicochemical properties. The most
important physical properties are enhanced water solubility and decreased self-aggregation
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of the xanthophyll carotenoids. This significantly changes the optical and photophysical
properties of these carotenoids.

The increased chemical stability of xanthophyll carotenoids is also important finding of this
study. A significant increase in oxidation stability of lutein and zeaxanthin in
arabinogalactan, glycyrrhizic acid (GA) complexes and glycyrrhizic acid disodium salt
(sGA) has been detected. It was found that arabinogalactan has the strongest binding with
these carotenoids, as well as the most significant influence on carotenoid stability in aqueous
solutions. From our results, we can conclude that carotenoids penetrate into the
arabinogalactan matrix completely, providing defense from interactions with oxidizing
species, such as metal ions, enzymes or reactive oxygen species. On the other hand, the
advantage of glycyrrhizic acid complexes is their stability in both aqueous and non-aqueous
environments. Taking into account the important role of these carotenoids in eye and skin
health, glycyrrhizic acid and arabinogalactan can be considered as potential delivery systems
which can provide enhanced stability and solubility of xanthophyll carotenoids.
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Lutein

Fig. 1.
Structural formulas of zeaxanthin and lutein.
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Fig. 2.
Structural formulas of glycyrrhizic acid (GA) arabinogalactan (fragment).
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Fig. 3.
The echo decay kinetics of zeaxanthin CH protons in CPMG experiment in pure form in
deuterated methanol and in the complex with sGA (5 mM) in deuterated methanol and D,0.
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Fig. 4.

SPR sensorgram showing interaction of Siberian arabinogalactan (top) and Sigma
arabinogalactan (bottom) with zeaxanthin.
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Fig. 5.
Kinetics of lutein concentration decay in 75% water-ethanol solution during oxidation by
ozone in free form and in the presence of AG, 0.1 mM, and GA, 1 mM.
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Fig. 6.

250 300

Kinetics of lutein concentration decay in 75% water-ethanol solution during oxidation by
ozone in free form and in the presence of AG, 0.05 mM (a), and sGA, 1 mM (b), prepared

by “liquid state, Is” and “mechanochemical, ss” methods.
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Fig. 7.
Kinetics of zeaxanthin concentration decay in DMSO solution during oxidation by Fe3* ions

in the absence and in the presence of 1 mM of GA and sGA.

Arch Biochem Biophys. Author manuscript; available in PMC 2016 April 15.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Apanasenko et al. Page 20

1 1 1 1 1 1
1,04
Zea + GlA-Na2 1mM
0,8 1
a
S 064 Car + Fe** + HyOo
Zea + GA 1mM
0,4 -
Zea
0,2

T T T T T T T T T T T T
0 200 400 600 800 1000 1200
time, sec
Fig. 8.
Kinetics of zeaxanthin concentration decay in DMSO solution during oxidation by «OOH

radicals (Fenton reaction with excess of H,0O5) in the absence and in the presence of 1 mM
of GA and sGA. [H,0,] = 125 mM, [Fe2*] = 1 mM.
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Fig. 9.
Decay kinetics (in logarithmic scale) of the NMR signal of zeaxanthin 4-H protons in T,

relaxation experiment in DMSO. [Zea] = 2 mM, [GA] =5 mM.
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Table 1

The solubility of mechanochemically prepared lutein and zeaxanthin complexes with AG and GA disodium
and ammonium salts in water (in mg/l), measured by HPLC after paper filtration.

Sample Free | AG | GA-NH3; | GA-Na,
L .
Lutein 1:20 001 18 15 10
Lutein 1:40 10
L N
Zeaxanthin 1:20 0.01 21 9 2.8
Zeaxanthin 1:40 8

*
This approximate value may be an upper limit due to penetration of small carotenoid crystals through paper filter.
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Table 2

Kinetic parameters of zeaxanthin-arabinogalactan binding extracted from SPR experiment. Kp - equilibrium
dissociation constant; k, _ association constant; kg - dissociation constant.

1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny
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Kq M1571 kg, 571 Kg, UM
Siberian arabinogalactan (Site-1) | 6.4+0.3 x102 | 0.00140+ 0.0003 | 2.2 0.1
Siberian arabinogalactan (Site-2) | 4.9+0.7 x103 | 0.070+ 0.003 14+2
Sigma arabinogalactan 48+3 0.00118 +0.0002 | 25+2

*Errors represent the residual from the model fit.
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Decay times (in sec) of carotenoids zeaxanthin and lutein in reactions with ozone molecules in 75% water-

Table 3

ethanol solution.

Free carotenoid | 1mM GA | 1 mMsGA | 0.05 mM AG

Lut + O3

150+ 10 1290 +£20 | 1310+20 0

Zea+ O3

200+ 20 1100 +20 | 1140+10 2150 +50
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Decay times (in sec) of carotenoids zeaxanthin and lutein in reactions with Fe3* ions and -OOH radicals.
Experimental conditions as described in Figures 7 and 8.

Table 4

Free carotenoid | 1mM GA | 1 mM sGA 0.05mM AG*
Lut + Fe3* 570+ 10 590 + 20 6600 + 50 -
Lut + Fe?* + H,0, | 90+10 100 + 10 4560 + 60 -
Zea + Fe3* 510 + 10 630 + 10 10200 + 170 | oo
Zea + Fe?* + H,0, | 65%5 70+5 9050 + 50 3780 + 30

In 50% DMSO.
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