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In phosphatidyl choline liposomes, carotenoids increased the lag phase for oxidation initiated by the
water soluble azo-initiator AAPH (zeaxanthin > lycopene > astaxanthin > b-carotene) and more signifi-
cantly for the oxidation initiated by the lipid soluble AMVN (zeaxanthin > astaxanthin > lycopene > b-
carotene). For combination of astaxanthin with b-carotene or astaxanthin with lycopene, significant
antioxidant synergism was observed for initiation of oxidation in the lipid phase. Astaxanthin anchored
in the water/lipid interface is suggested to scavenge radicals in the interface and transfer an electron from
a non-polar and more reducing carotenoid in the membrane interior. Spectroscopic detection of steady
state concentration of carotenoid radical cations during electrochemical oxidation of carotenoid mixtures
confirmed conversion of astaxanthin radical cations to radical cations of other carotenoids. Decrease in
membrane fluidity as measured by fluorescence anisotropy was most significant for astaxanthin (and
zeaxanthin), which may further hamper diffusion and bimolecular reactions of radicals, with an antioxi-
dative effect.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Carotenoids are only synthesised in the plant kingdom, but are
transferred through the food chain to animals where some carote-
noids are known to have specific functions or become important
provitamins. In relation to human health, a high intake of carote-
noids through fruits and vegetables is considered beneficial and
health promoting effects are often assigned to the antioxidant
activities of carotenoids (Bhosale, Serban, & Bernstein, in press;
Hsu et al., 2008; Rodriguez & Rodriguez-Amaya, 2007; Velu &
Munuswamy, 2007). Besides the well-documented role of lutein
and zeaxanthin for protection of the eye during ageing, a possible
protection of carotenoids against cardiovascular diseases and can-
cer are mainly based on epidemiological studies and the link to
antioxidant activity is uncertain (Chen & Djuric, 2001; Gireesh &
Sudhakaran, 2008; Kamath, Srikanta, Dharmesh, Sarada, & Ravi-
shankar, 2008; Lockwood & Gross, 2005; Riccioni, Mancini, Di Ilio,
Bucciarelli, & D’Orazio, 2008). Carotenoids are lipophilic but those
with polar hydroxyl and keto functionalities have increased affini-
ties for lipid/water interfaces. One such oxygen carotenoid,
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astaxanthin, found in many marine organisms, has been demon-
strated to be of equal importance to a-tocopherol as an antioxidant
in salmon muscles (Jensen, Birk, Jokumsen, Skibsted, & Bertelsen,
2007). Astaxanthin is among the least reducing carotenoids and
in homogeneous solution moreover found to be a very poor radical
scavenger (Han et al., 2006; Mortensen & Skibsted, 1997). Theoret-
ical calculations likewise show that astaxanthin is placed very low
in the antioxidant hierarchy of carotenoids (Galano, 2007). Still
astaxanthin is found in liposomes, and other structured media as
models for cell membranes, to be superior to other carotenoids
as an antioxidant (Naguib, 2000). In such structured media, the dis-
tribution and orientation of carotenoids inside the membrane to-
gether with any changes in the physical properties of membrane
owing to the incorporation of carotenoids will also affect the anti-
oxidative activities of the carotenoids (Liebler, Stratton, & Kaysen,
1997; Stahl et al., 1998).

The orientation of carotenoids in model lipid membranes has
been extensively studied in recent years by means of several
experimental techniques including electron paramagnetic reso-
nance spectroscopy, light scattering, differential scanning calorim-
etry and X-ray diffractometry (Gabrielska & Gruszecki, 1996; Goto
et al., 2001). It may be summarised from such studies that the
chromophore of carotenoid molecules, i.e. the polyene chain, is lo-
cated in the hydrophobic core of membranes, while carotenoids
with polar heads have their hydrophilic groups located in two
opposite polar zones of the bilayer. It was further proved that
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Scheme 1. Structures of four carotenoids examined in this study.
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carotenoid phospholipids, the carotenoids connected with polar
groups, can form stable micelles with the hydrophobic groups in
the core and the polar heads at the interface to the aqueous phase
(Foss et al., 2005). Confirming the importance of spatial orientation
of carotenoids, it was further shown for inhibition of oxidation in
liposomes, that the sequence of carotenoids with respect to effi-
ciency as antioxidant was clearly different from that for homoge-
neous systems (Naguib, 2000).

Interaction of antioxidants is increasingly being recognised as
important for antioxidant effects on food stability and for possible
health effects of antioxidants (Becker, Nissen, & Skibsted, 2004).
The antioxidant efficiency of mixtures of carotenoids and coopera-
tive interactions of different carotenoids in relation to their distri-
butions in membranes have however not been studied in any
detail. The present study was designed to investigate the interac-
tion in liposomes between the hydrophobic carotenes b-carotene
and lycopene, and the more polar carotenoids zeaxanthin and asta-
xanthin (Scheme 1).
2. Materials and methods

2.1. Chemicals

Zeaxanthin (Zea) and astaxanthin (Ast) sealed in ampoules un-
der argon were supplied by Roche A/S (Hvidovre, Denmark) and
used as received. Soybean L-R-phosphatidyl choline (PC), b-caro-
tene (b-Car, >99.0%), methylene chloride (HPLC grade), tetrabutyl-
ammonium hexafluorophosphate (TBAHFP, polarographic grade),
2,20-azobis (2-methylpropionamidine) dihydrochloride (AAPH)
and 1,6-diphenyl-1,3,5-hexatriene (DPH) were purchased from
Sigma (St. Louis, MO, USA). Lycopene (Lyc, >99.0%) was a gift from
Technical Institute of Physics and Chemistry of Chinese Academy of
Science (Beijing, China). 2,20-Azobis(2,4-dimethylvaleronitrile)
(AMVN) was purchased from Huichang Petrochemical Auxiliary
Co. Ltd. (Zibo, Shandong, China). Chloroform (HPLC grade) and eth-
anol (>99%), were purchased from Beijing Chemical Plant (Beijing,
China).
2.2. Evaluation of antioxidation in liposomes

Liposomes were prepared by extrusion (Roberts & Gordon,
2003). PC (0.68 mg) was dissolved in chloroform (3 ml), and
carotenoids dissolved in absolute ethanol (45 ll, the concentration
of each carotenoid stock solution was 500 lM) added to reach a
carotenoid-to-PC molar ratio of 3% (molecular mass of soybean
PC was taken as 900). In experiments with initiation of lipid oxida-
tion in the lipid phase, the lipid-soluble radical generator AMVN in
absolute ethanol (25 ll, 64 mM) was added and solvent removed
under reduced pressure by a rotary evaporator (water-bath tem-
perature of 30 �C). Nitrogen was introduced to re-establish atmo-
spheric pressure, the flask covered with aluminium foil, and an
oil-free vacuum pump used to maintain flask vacuum at
<0.5 mm Hg for >1 h. The lipid residue was rehydrated with a so-
dium phosphate buffer (5.0 ml, 10 mM, pH 7.4), and the flask sha-
ken while being sonicated for 1 min producing a homogeneous
white suspension of multilamellar liposomes. Large unilamellar
liposomes were obtained by pushing the multilamellar liposome
solution through a polycarbonate membrane with 100-nm sieve
pores (Whatman, Maidstone, England) five times and the water-
soluble radical generator AAPH (25 ll, 150 mM) in sodium phos-
phate buffer (pH 7.4) added for experiments for the initiation of
lipid oxidation from the aqueous phase. Lipid peroxidation was
followed by monitoring formation of conjugated dienes using
absorbance change at 234 nm (A234). The unilamellar liposome sus-
pension (3.5 ml) was pipetted into a quartz cuvette, thermostated
at 43 �C with a RTE-110 thermostat (Neslab Instruments Inc., New-
ington, NH, USA), and change of A234 was monitored on a Cary 50
Spectrophotometer (Varian, Walnut Creek, CA, USA). The lag phase
was determined as the evolution time to the point where a tangent
to the propagation phase intercepted that of the initial phase with
little or no oxidation (Roberts & Gordon, 2003).

2.3. Spectroelectrochemistry

Absorption spectra (600 nm < k < 1100 nm) of each carotenoid
(b-Car, Lyc, Zea, Ast) dissolved in dichloromethane with 0.10 M
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Fig. 1. Formation of conjugated dienes at 43 �C as monitored spectrophotometri-
cally at 234 nm for liposomes with 4.5 lM b-Car, Lyc, Zea or Ast, or with mixtures of
4.5 lM Ast and 4.5 lM Lyc, b-Car or Zea. Lipid oxidation was initiated by AMVN.
The determination of lag phase is shown, as an example, for the case of Ast
combined with Zea.
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tetrabutylammonium hexafluorophosphate as supporting electro-
lyte were measured at room temperature in a spectroelectrochem-
ical cell with an optical path of 8 mm in a Cary 50
Spectrophotometer (Varian, USA). Conductive glass (Leybold, Alze-
nau, Germany) was used as working and counter electrodes and
the reference electrode was a platinum wire. The voltage was fixed
at 1.0 V and the spectra recorded when a maximal absorption value
was achieved, which occurred within a few seconds after the po-
tential was applied. Spectra were recorded for 1 � 10�3 M solution
of b-Car, Lyc and Zea and for each of these carotenoids for solutions
with successive addition of Ast with increment of 1 � 10�3 M. All
solutions were degassed with nitrogen prior to measurements.
The conductive glass was renewed prior to each measurement.

2.4. Evaluation of membrane fluidity

The influence of added carotenoids on the fluidity of the hydro-
phobic region of membranes was measured by using the of fluores-
cence probe DPH (Socaciu, Lausch, & Diehl, 1999). The carotenoid
was added to the liposome solution to yield a final concentration
of 4.5 lM, while DPH was added to the PC solution during the
preparation of the liposome (final concentration of 0.5 lM; DPH-
to-PC molar ratio of 1/300). Fluorescence polarisation (P) was
determined at 425 nm (excited at 358 nm) using a LS-55 lumines-
cence spectrophotometer (Perkin Elmer, Beaconsfield, England)
according to the relation,

P ¼ ðIk � G � I?Þ=ðIk þ G � I?Þ

where Ik and I?, respectively, represent the fluorescence intensities
measured with the emission polarisation parallel and vertical to the
excitation polarisation, and G is the instrumental correction factor.
Table 1
Increase in lag phase for formation of conjugated dienes in PC liposomes as initiated
by radical initiators as a result of addition of carotenoids (4.5 lM) or combination of
carotenoids (9.0 lM).

Sample Lag phase (min)

AAPH (water soluble) AMVN (lipid soluble)

b-Car 2 ± 1 15 ± 4
Lyc 9 ± 2 47 ± 6
Ast 6 ± 2 143 ± 8
Zea 13 ± 3 226 ± 6
Ast + b-Car 10 ± 3 232 ± 8
Ast + Lyc 14 ± 2 305 ± 11
Ast + Zea 23 ± 3 346 ± 12
3. Results and discussion

Lipid peroxidation of the PC liposomes suspended in an aqueous
phosphate buffer was induced by thermolysis of azo-initiators and
monitored spectrophotometrically through formation of conju-
gated dienes, and used for evaluation of carotenoids as antioxi-
dants. Among the four carotenoids studied, b-Car and Lyc are
hydrophobic and will concentrate in the interior of the membrane,
while Zea and especially Ast will be anchored at the lipid/water
interface. In order to obtain optimal experimental conditions, the
lipophilic initiator AMVN was used in a concentration of 320 lM
at a temperature of 43 �C and the hydrophilic initiator for AAPH
in a concentration of 750 lM. Addition of b-Car or Lyc in the rela-
tively high concentration of 4.5 lM resulted in a small but signifi-
cant increase in the lag phase as may be seen from Fig. 1 for
initiation with AMVN. Ast and Zea both had larger effects. The rel-
ative effect of carotenoids as antioxidants was more significant for
initiation from the lipid phase (Zea > Ast > Lyc > b-Car) than from
the aqueous phase (Zea > Lyc > Ast > b-Car). The nature of the rad-
ical initiator has also previously been found to be important for
efficiency of the same antioxidant and linked to the spatial distri-
bution of the initiating radical (Sliwka et al., 2007). It was recently
demonstrated by us using quantum chemical calculations that the
dipolar moment of the peroxyl radical generated by the lipophilic
initiator AMVN is higher than the dipolar moment of the peroxyl
radical generated by hydrophilic AAPH (Liang et al., 2008). The
AMVN derived radical is accordingly expected to concentrate at
the lipid/water surface in competition with biomolecular reactions
in the membrane interior. Lyc and especially b-Car, both efficient
as radical scavengers (Mortensen & Skibsted, 1997), were seen to
have only small effects on the length of the lag phase, while Zea
and Ast, both less efficient radical scavengers and less reducing
than Lyc and b-Car (Han et al., 2004, 2006), more than increased
the length of the lag phase by a factor of two for initiation by
AMVN. These observations taken together add further support to
the suggested importance of the polarity of the AMVN derived per-
oxyl radical (Liang et al., 2008).The AMVN derived radical will react
with Zea and Ast at the lipid/water interface rather than with Lyc
and b-Car in the interior of the membrane, and Zea and Ast will ap-
pear as more efficient antioxidants despite their lower efficiencies
as radical scavengers. Zea is more reducing (0.63 V) than Ast
(0.75 V), a difference of importance for the higher over-all effi-
ciency of Zea compared with Ast. A similar difference is noted for
the two carotenoids concentrating in the membrane interior of
which Lyc (0.59 V) is more reducing than b-Car (0.62 V) and
accordingly the more efficient antioxidant (Han et al., 2004,
2006). Carotenoids had less effect on the lag phase, when oxidation
was induced by the initiator AAPH, located in the water phase most
likely due to less efficient interaction between the AAPH derived
radical and the lipid and carotenoids. Combination of each of two
less efficient but highly reducing antioxidants b-Car and Lyc with
Ast gave a clear synergistic effect for initiation of oxidation in the
lipid phase with AMVN as may be seen from Fig. 1 and the length
of lag phase collected in Table 1. A similar effect was not seen for
combination of Zea and Ast, and for b-Car or Lyc combined with
Ast for initiation in the aqueous phase by AAPH.

In order to investigate the free radical interaction between Ast
and b-Car, Lyc and Zea, absorption spectra were recorded in the
spectral region where carotenoid radical cations show absorption.
Oxidation conditions were established electrochemically (�1.0 V),
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and the spectrum of each carotenoid in dichloromethane in Fig. 2 is
seen to display an absorption maximum in the near-infrared region
which may be assigned to the radical cation (Han et al., 2006). The
energy of the near-infrared transition decreases with efficiency of
the parent carotenoid as radical scavenger, confirming previously
results (Mortensen & Skibsted, 1997), and the more efficient radi-
cal scavengers among the carotenoids are seen to absorb also at the
wavelengths longer than 1000 nm in contrast to the radical cation
of Ast (Fig. 2). Under the conditions used, the steady state concen-
tration of the radical cation was found proportional to the caroten-
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Fig. 2. Steady state spectra of carotenoids in dichloromethane measured in a
spectroelectrochemical cell with at voltage of 1.0 V at room temperature: (A) b-Car,
(B) Lyc and Zea, (C) at the concentration of 1 � 10�3 M (a), and in the presence of Ast
in the concentration of 1 � 10�3 M (b), 2 � 10�3 M (c) and 3 � 10�3 M (d). Inset in
A: steady state spectrum of Ast at 1 � 10�3 M. Inset in B: steady state spectra of Lyc
at 1 � 10�3 M and 2 � 10�3 M.
oid concentration as shown for Lyc in Fig. 2B (inset). Adding
increasing concentration of Ast to each of b-Car, Lyc or Zea had a
similar effect as the steady state concentration of the radical cation
of b-Car, Lyc or Zea increased proportional to total carotenoid con-
centration. An efficient conversion of the radical cation of Ast ini-
tially formed electrochemically to radicals of the more reducing
carotenoid b-Car, Lyc or Zea seems accordingly to have been
demonstrated.

The carotenoids also affected the fluidity of the membrane as
was demonstrated by fluorescence spectroscopy. Addition of Ast
and to a lesser degree addition of Zea and Lyc decrease the fluidity
of the membrane as shown by an increase in fluorescence polarity
of the probe DPH added to the liposomes (Fig. 3). The anchoring of
Zea and especially Ast in the lipid/water interface at both sides of
membrane makes the membrane more rigid through van der
Waals interaction of the fixed polyene chains of Ast or Zea and
the lipid acyl chains (Gabrielska & Gruszecki, 1996; Goto et al.,
2001). The decreased fluidity hampers diffusion of free radicals in
the membrane, in effect increasing the antioxidative efficiency of
the carotenoid Zea or Ast, but clearly not b-Car or Lyc, both of
which lack the polar anchoring groups. In the case of lipid oxida-
tion triggered by AAPH, the ability of the antioxidants to stabilize
the membrane is important to inhibit the diffusion of the radical
into the membrane; this, together with the redox potential of
the antioxidant lead to the sequence of antioxidant efficiency,
Zea > Lyc > Ast > b-Car (Table 1).

The observed synergism between Ast and b-car or Lyc may be
understood on the basis of the spatial distribution of the carote-
noids acting synergistically, a mechanism which is illustrated in
Scheme 2. Ast is anchored in the lipid/water interface, where the
initiating radicals from AMVN are oxidising Ast to yield the radical
cation in competition with oxidation of PC. The single electron in
the radical cation of Ast will relocate into the centre of the polyene
chain of the carotenoid due to resonance stabilization (EI-Agamey,
Edge, Navaratnam, Land, & Truscott, 2006). The polyene chain may
in the lipophilic centre of the membrane abstract an electron from
the more reducing carotenoid Lyc or b-Car in effect regenerating
Ast at the expenses of Lyc or b-Car as demonstrated spectroelectro-
chemically. Ast seems accordingly to act as a radical bridge chan-
nelling the electron from the more reducing carotenoid in the
inner of the membrane to the interface, where the radicals with
high dipole moment are concentrated. Notably, Zea and Ast will
not act synergistically as they both have similar spatial distribution
in the membrane. In this context, the recently reported dipolar Ast
derivatives astaxanthin–lysine and cardax are more hydrophilic
Lyc Zea Ast 
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Fig. 3. Change in the fluorescence polarisation of DPH in liposomes (1/300 molar
ratio to PC) at room temperature as a function of the addition of carotenoids (3/100
molar ratio to PC).
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(Foss, Nadolski, & Lockwood, 2006) and, therefore, may function as
better bridge molecules than Ast.

For the lipid oxidation triggered from the aqueous phase, the
radical derived from AAPH distribute more homogenously in the
membrane due to its lower dipolar moment compared with that
of radicals generated by AMVN. The carotenoids, irrespective to
their orientation and deposition in the membrane, will accordingly
come into contact with the AAPH radicals and no synergic effect
will be evident.

The efficiency of carotenoids as antioxidants does not follow
their capability as radical scavengers or the order of their oxidation
potential (Han et al., 2006; Mortensen & Skibsted, 1997). The long
standing controversy of the function of carotenoids as antioxidants
may be related to extrapolation of properties determined in
homogenous solution to more complex biological systems, where
other factors such as spatial organisation and interaction between
antioxidants become important.
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