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Canthaxanthin (B,B-carotene 4, 4’ dione) is a pigment widely used asfood and cosmetics colorant. Although considered safe,
canthaxanthin may produce some undesirable effectsn human health caused mainly by the formation of rystals in the macula
lutea membranes of the retina of an eye. Experiments shothat canthaxanthin toxicity towards the lipid membranes can be the
result of its molecular interactions with the lipid molecules. All the results of experiments done anodel systems such as monolayers
of pure canthaxanthin as well as mixtures of canthanthin and lipids, oriented bilayers or liposomesndicate a very strong effect of
canthaxanthin on the physical properties of lipid nembranes. As compared to other xanthophylls the sking difference is that the
effects of canthaxanthin at a molecular level areliserved at much lower concentration of the pigmenin the lipid phase (as low as
0.05 mol% with respect to lipid). Analysis of the mlecular interactions of canthaxanthin showed a mekular mechanisms such as:
strong van der Waals interactions between the cangéixanthin molecule and the acyl chains of lipids imbducing an ordering effect of
canthaxanthin on the lipid membranes, restrictionsto the segmental molecular motion of lipid molecas, modifications of the
surface of the lipid membranes, effect on the memhne thermotropic properties such as forming new thenotropic phases and
finally interactions based on formation of the hydogen bonds both between the keto groups of canthaxhin and ester carbonyl
group of lipid as well as between the keto groupsf @anthaxanthin and the lipid acyl chain directly a with the mediation of the
water molecules.

INTRODUCTION 1999). The anti-cancer effectivity of canthaxanthin
examined on cells in culture has bemported lower

Canthaxanthin [{,3-carotene 4, 4’ dione) is a naturallythan lutein but higher that zeaxanthin (Kozuki, Miet
occurring pigment which appears as an intermediagd. 2000; Palozza, Maggiano et al. 1998; Gradelet,
during the synthesis of astaxanthin. It has beest fi Astorg et al. 1997).
isolated from the edible mushroontCantharellus Several alternative hypotheses have been propeosed t
cinnabarinus(Haxo 1950). This pigment is reported toexplain the anti-tumour effects of this carotenoid,
be synthesizedle novoby algae and plants and by aincluding its ability to act as an antioxidant; f@views
certain bacteria or fungi in addition to primarysee: (Burton and Ingold 1984; Palozza and Krinsky
carotenoids (Czygan 1968). In the case of animats a1992a; Palozza and Krinsky 1992b; Krinsky 1993), to
human it can be also formed from other carotenoid¥®tentiate immune responses (Bendich and Shapiro
ingested with food (Britton, Liaaen-Jensen et @07). 1986), to enhance gap junctional communication
Canthaxanthin was first synthesized fr@rarotene directly (Zhang, Cooney et al. 1992) or through the
(Petracek and Zechmeister 1956a) followed by cotepleformation of 4-oxo-retinoic acid (Hanusch et al9%y
synthesis by Isler et al. (Isler, Montavon et &58) and The presence of canthaxanthin in the diet rich in
by Isler and Schudel (Isler and Schudel 1963). ascorbic acid,3-carotene and vitamin E resulted in
Over the last decade canthaxanthin has been af wittmarkable decrease in the free radical level & th
interest as a source of added colour of food arflood, liver, kidneys or heart tissues, what was an
beverages as well as tanning creams and pills éGupndicator of the synergistic effect of this pigmé@hen
1985; Lober 1985). The market research show that and Tappel 1995). Despite the positive effects
attractive-looking product and the guaranty of althy registered, there is a growing body of publications
and long life is the main element affecting thetomers describing the undesirable effects on human health
choice (Baker and Gunther 2004). The experimentsa orfollowing the usage of canthaxanthin such as:
mammary tumours show that canthaxanthin can aat asanthaxanthin retinopathy (McGuinnes 1985; Daicker
strong antioxidant; it's anti-tumour and radicall987; Weber, Michaelis et al. 1987; White 1988; éxrd
guenching action has been proved (Chew, Park et 4R89; Bopp, el-Hifnawi et al. 1989), retinal dysgihy
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(Hennekes 1986) or aplastic anaemia (Bluhm, Bratch groups in the position 4 and 4’ (see Fig. 1.). Doe
al. 1990). dark-orange tincture of canthaxanthin it has begtehy

The canthaxanthin role in the lipid membranes s nused as a natural colorant.
been yet explained, although it is known that this
pigment does not have the provitamine A activitg &n 0
does not play the role in the process of photogsithas
other xanthophylls (Gupta 1985).

Many experiments done on animal (Weber, Michaeli
et al. 1987; Goralczyk, Barker et al. 2000) as &sllon
humans (Macdonald, Holti et al. 1984; McGuinnes §
1985; Daicker 1987; Weber, Michaelis et al. 1987;
White 1988; Arden 1989; Bopp, el-Hifnawi et al. 898  Fig. 1. Chemical structure of canthaxanthin
show that after the usage of canthaxanthin evesmiall
guantities (as coloured food or cosmetics) the owée Canthaxanthin solubility
aggregates of canthaxanthin can be formed andCanthaxanthin dissolves almost in all known organic
deposited in the tissues especially in t@cula luteaof ~ solvents. It reveals minor solubility in water, esjally
an eye. The effect is stronger when accompanied wiat small molar concentrations. At high concentragiin
the high blood pressure or diabetics, even in tseof water canthaxanthin forms molecular crystals whicd
relatively young patients. eye-visible and tend to settle on the bottom of the

Interestingly, even in the case of a complete hgalt vessels (Sujak 2007, not published observation).
patient the pigment can be found in the membraes o Carotenoids are soluble in lipids and the solupilit
the macula luteawhen used with food or cosmeticsdepends on the lipid profile; the degree of soltybil
during the long period. depends on their lipophilicity and polarity (Pageda

It has been proposed that the toxicity of the pigime Davies 2006). The experiments show that the satybil
towards the lipid membranes is the result of fogninof canthaxanthin strongly depends on the lengtthef
crystalline aggregates even at very small conctoira hydrophobic core of the lipid, dimension of the guol
of canthaxanthin (Sujak, Gabrielska et al. 20@Bhe head zone as well as on the presence of the esthzr-
can not exclude the hypothesis that about theitg>aé  nyl groups (Sujak, Strzalka et al. 2007). It hasrbge-
canthaxanthin may decide also its interactions Vigiid  nerally concluded that canthaxanthin demonstrdtes t
membrane proteins. highest solubility in lipids having dimension ofetiy-

The effect of canthaxanthin on membranes formedrophobic core comparable to the distance betweém k
with different lipids containing canthaxanthin wasgroups of canthaxanthin. It has also been concltiokio
studied by means of several techniques includinganthaxanthin is more miscible with phosphocholines
electronic absorption spectroscopy, linear dichmpiX- than with phosphoethanolamines. The miscibility of
ray diffractometry, DSC,'H-NMR spectroscopy and canthaxanthin with lipids having esther carbonylugrs
FTIR spectroscopy. It appears that canthaxantiéegmt is comparable with phosphocholines at a molar aonce
in the lipid membranes at relatively low conceritnat tration higher than 0.5 mol% in respect to lipid.sfa-
(below 1 mol% with respect to lipid) modifies ller molar concentration miscibility of canthaxaimthis
significantly physical properties of the membrangl. bigger for lipids containing esther carbonyl groups
the results demonstrate a very strong modifyingafof  (Sujak, Strzalka et al. 2007).
canthaxanthin with respect to the dynamic and sirat
properties of lipid membranes. Specific molecular area occupied by canthaxanthin

molecule
The specific molecular area of canthaxanthin,

STRUCTURE AND SOME PHYSICAL PROPERTIES measured with aid of the monomolecular layer tegimai

D e e YN e U N N

OF CANTHAXANTHIN from the monolayer formed at the air-water integfac
amounts 684 A(Sujak, Gagos et al. 2007). The result
Chemical structure of canthaxanthin indicates that the surface occupied by a canthhkant

Canthaxanthin chemically is a tetraterpene (Pefracéolecule is bigger than in the case of other camite
and Zechmeister 1956b; Britton 1995) having thgucon pigments such as lutein and zeaxantHi#2( 4 &)
gated double bond system which constitutes a rigid,  (Sujak 2000; Sujak and Gruszecki 2000). Although th
like skeleton of the molecule, which can play a kal¢ isotherm of compression is similar to other xantngip-
in the function of canthaxanthin and its interastio lutein, canthaxanthin occupies bigger molecularaare
within the lipid membrane. The molecule is endethwi The experiments show that the molecular surface
cyclic ionone ring. It belongs to xanthophylls, sdaof occupied by canthaxanthin depends on the sub-f{bdse
carotenoids pigments containing oxygen as it hiasta A% on the phosphate buffer pH 8 (Diarra, Hotchandani
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et al. 1986), 60 A phosphate buffer pH 7 (Sielewiesiuktransition (le - Py at[B5°C) almost do not affect the
1988))as well as on the rate of monolayer compressianolecular organization of canthaxanthin or at lehist
(Sielewiesiuk 1988; Sielewiesiuk, Veeranjaneyulalet can not be seen by the electronic absorption tgoieni
2002). This is the indication of an exceptionaldebur (Sujak, Gabrielska et al. 2005). Such a behavior is
of this molecule in the environment in which forioat opposite to the very strong effect observed inctee of
of the hydrogen bonds is possible. The distanced®mt other xanthophyll pigments such as lutein and
canthaxanthin keto groups amourii®7 A (2.7 nm), zeaxanthin (Sujak, Okulski et al. 2000). The main
therefore the surface occupied by a horizontalnbei® spectral band observed at 492 nm represents the mai
canthaxanthin amount®50 A2, absorption band of canthaxanthin. On the incorpamat
of canthaxanthin to the DPPC membranes the band

Electronic absorption spectra of canthaxanthin irbroadens which corresponds well with the dependence
organic solvents of the maximum position on the dielectric propestad

The conjugated bond system of the polyene iganthaxanthin environment described in the previous
responsible for the pigment absorption propertidse paragraph (Andersson, Gilbro et al. 1991) in teohs
spectra in the region between 400 nm and 550 nfarming or not the hydrogen bonds between the keto
correspond to the electronic transition between trgroups of the pigment and the esther carbonyl graiip
ground energy level (14 and the § (1Bw) state DPPC molecules at two opposite borders of the
(Britton 1995; Gruszecki and Strzalka 2005). Simfla hydrophobic core of the bilayer. It was additiogall
to the other carotenoid pigments substituted withok explained in terms of possible distortions in the
groups at the 4 and/or 4’ position, such as asthikan canthaxanthin molecular geometry upon binding ® th
the absorption spectra of canthaxanthin recordedoah  lipid bilayer such as torsional deformations abthe
temperature do not display vibronic substructupgcgd  single C-C bonds (Krawczyk and Olszowka 2001).
of other polar carotenoids (Britton, Liaaen-Jenseal. Interestingly, depending on the pigment concerrati
2004). The dipole transition moment of theglA 1Bw  the long wavelength band appears at 560 nm in most
transition of canthaxanthin was determined on theiso cases except the samples with very low concentratio
of integration of the absorption spectrum recordred canthaxanthin. On the one hand this band can be
ethanol as 15.3 Debye (Sujak, Gabrielska et al5R00 assigned to the 0-0 vibronic transition of cantimiin

Although similarly to other carotenoids the maximun®s Visible on the low temperature as well as omkSta
of absorption shifts towards longer or shorteBpectra (Krawczyk and Olszowka 2001). On the other
wavelengths in different organic solvents accordiag hand, for the high concentrations the possibibtyhiat it
the polarizability term of the solvent (expressed (&~ represents molecular aggregates in which the
1)/ (rF+2), where n is the refraction index of the solyentchromophore axes are tilted with respect to thes axi
(Andersson, Gilbro et al. 1991), the behaviour ofonnecting the centers of molecules or J-type @gges
canthaxanthin is exceptional. The dependence of tkasha 1963; Hochstrasser and Kasha 1964; Kasha
position of absorption maximum on a wavenumberescal965). The measurements of the canthaxanthin
on the dielectric properties of the chromophor@rientation show the differences depending on the
environment is not only linear as in the case dfept carotenoids concentration.
xanthophylls but forms two proximally parallel lme

depending on the fact whether or not organic sdad/en
applied are able to form hydrogen bonds with ~ LOCALIZATION AND ORIENTATION OF

canthaxanthin keto groups either directly or inclife CANTHAXANTHIN IN LIPID MEMBRANES

via water molecules. Generally the linear depeneenc . o . o
for the organic solvents able to form hydrogen ksoisd Canthaxanthin localization and orientation in thpid
shifted towards lower energies (longer wavelengtis) Mmembranes

compared to other solvents (Sujak, Gabrielska et al Polar carotenoid pigments such as canthaxanthin are
2005). long enough to span the membrane bilayer in swehya

that their hydrophilic groups are anchored at two
Electronic absorption spectra of canthaxanthin irPPPOSite polar zones of the membrane. In general,
DPPC membranes hydrocarbons locate into the inner, hydrophobid pér

membranes, liposomes formed with DPPC, displayolar polyene chain of canthaxanthin incorporated i
electronic absorption spectra very different franoge the lipid membranes is located similarly to unsated
recorded in organic solvents (Sujak, Gabrielskalet acyl chains or free polyunsaturated fatty acidst bu
2005). Interestingly, this is not dependent on th@wing to the fact that the polyene chain is rigiitferent

physical state of lipid. Both the main phase trémsiof ~Structural and dynamic effects can be expectedalGuj
DPPC (R -L,, at (41°C) as well as the phase pre-Gabrielska et al. 2005). The localization and dagan
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of canthaxanthin within the lipid membrane iscanthaxanthin in the two-component DPPC-cantha-
determined by the localization of the non-polarypake  xanthin monomolecular layers as this band is nesemt
chain on the one hand, and the localization of the the pure lipid but exclusively in the carotersid
hydrophilic groups which remain in contact with thespectrum. The results indicated that the angle datw
polar head groups of the lipid bilayer, on the otend. the normal to the plane of the monolayer and the ax
The binding of canthaxanthin to the DPPC lipid ysla defined by C=C bonds amounted °28 0.5 mol% and
has been found to be associated with the formaifon 48’ at 5 mol% of canthaxanthin, respectively (Sujak,
hydrogen bonds, via water bridges, between the ke@agos et al. 2007), which stays in agreement with t
groups of the carotenoid located at the 4 and ditipms data reported for bilayers, discussed in the previo
and the ester carbonyl groups of the lipid molexwae paragraph.
two opposite borders of the hydrophobic core of the
bilayer (Sujak, Gabrielska et al. 2005).
The dimension of the hydrophobic core of DPPC isMOLECULAR MECHANISMS RESPONSIBLE FOR
comparable with canthaxanthin length, which implies THE CANTHAXANTHIN ACTION WITHIN THE
the vertical orientation with respect to the plariehe MEMBRANES
membrane (Sujak, Gabrielska et al. 2005). Unlikely
other xanthophylls the orientation angles ofll the results of the experiments show the vergrsg
canthaxanthin in the lipid phase depend on theahctweffect of canthaxanthin on the lipid membranes.elas
concentration of the pigment in respect to thedlifihe on the data a few mechanisms of canthaxanthin
mean angle between the dipole transition moment amteraction with the lipid membranes can be listed.
the axis normal to the plane of the DPPC membraase w
determined as 20 at 0.5 mol% and 47 at 2 mol% Process of aggregation
canthaxanthin (Sujak, Gabrielska et al. 2005). This Forming of aggregates of canthaxanthin inrteecula
suggests that molecular structures can be formddfea membranes has been reported as observed with an
characterized by chromophores tilted with respe¢he aid of ophthalmoscope (McGuinnes 1985; Hennekes
axis normal to the plane of the membrane. The aofgle 1986; Daicker 1987; White 1988; Arden 1989; Bopp, e
20° suggests roughly the vertical orientation of tkesa Hifnawi et al. 1989; Harnois 1989).
connecting opposite polar groups of the xanthophyll In the case of most carotenoids being strong
taking into consideration the angle between thieydrophobic molecules the process of aggregatikesta
molecular polarization axis and the axis connecthmgy place in the environment of the hydrated organic
keto groups at the 4 and 4’ positions. The angld®f solvents. In the case of other xanthophylls suclutasn
implies that similarly to other xanthophyll pigment or zeaxanthin the spectral shifts towards shorter
lutein, canthaxanthin incorporated into lipid meares wavelengths are observed indicative of forming type
can be distributed among two pools: one spannieg tlaggregate called often a “card-pack” aggregate
lipid bilayer roughly perpendicularly to the surfaof (Gruszecki 1990; Gruszecki 1999; Gruszecki and
the membrane and one parallel to the membran®irzalka 2005; Wang, Du et al. 2005). The procdss o
localized in the head group region. The populatibthe aggregation of canthaxanthin is not easy to obsbywe
horizontal fraction increases with the increasetie means of the UV-Vis absorption technique.
concentration of the pigment in the lipid phaseeTh The only published spectrum of aggregated cantha-
results are consistent with the data on the oriemaf xanthin comes from the paper by Salares and Young
canthaxanthin in the single monomolecular layer. (Salares, Young et al. 1977). The authors publighed
spectrum of canthaxanthin in which the shift of the
Canthaxanthin orientation in single or mixed monomaximum of absorption towards shorter wavelengths
layers was observed. They observed similar effect for othe
FTIR linear dichroism method was applied tdketo-carotenoids such as astaxanthin and echnenone.
determine orientation of canthaxanthin in monokntere-stingly, in spite of using comparable molar
component monolayers. The orientation angles betweeoncentra-tions of canthaxanthin x(D°M) the
the dipole transitions of C=C as well as C=0 vilmat repetition of expe-riment didn't bring similar rdisu
determined asi.-. = 65’ anda.-, =7 indicate that the (Sujak 2007- not pub-lished). Unfortunately the loisu
monomolecular layer is organized in such a waytat can be raised as the methods of purification of the
pigment chromophores and even axes connecting thgments have changed since the 80s. In our cagak(S
opposite polar groups are tilted with respect te th2007- not published) addition of water to an etthano
normal to the plane of the membrane (Sujak, Gagos solution of canthaxanthin resulted in a graduakease
al. 2007). of the main absorption maxima accompanied with the
The band corresponding to the C=C vibrations wagsrecipitation of the pig-ment and its settling doamthe
applied to a linear dichroism analysis of oriemtatof bottom of the measu-rement cuvette. The low intgnsi
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long wavelength maximum of absorption can be
observed similarly to this reported for canthaxamnth Ordering effect of canthaxanthin on the lipid
dissolved in DPPC at ca. 600 nm (Sujak, Gabriet&tka membranes
al. 2005). This bathochro-mic shift of the main The ordering effect of canthaxanthin with respect t
absorption maximum can be an indication of thalkyl lipid chains is most probably based upon the
presence of the J-type aggregates or aggregavasich hydrophobic van der Waals interactions with rigid
the chromophore axes are tilted with respect toattie carotenoid molecule containing conjugated doubledbo
connecting the centres of mole-cules (Kasha 1968ystem (for carotenoids in general, see: GruszE2$9;
Hochstrasser and Kasha 1964; Kasha 1965) on ork h&@ruszecki and Strzalka 2005).
or the 0-0 vibronic transition of canthaxanthin; as The thickness of the hydrophobic core of the cantha
described above. At the concentrations close fMLO xanthin-modified membranes formed with DPPC, calcu-
the shift of the absorption maximum towards shortdated from the diffractometrically-determined peiicity
wavelengths is observed (at 375 nm; Sujak 2007 — parameter of the lipid multibilayer shows thatsifarger
preparation) indicating the presence of the H-typthan the distance between the keto groups of ceatha
molecular structures (Kasha 1963; Hochstrasser atidn (Sujak, Gabrielska et al. 2005). The reported
Kasha 1964; Kasha 1965; Hager 1970; Gruszecki 199@anthaxanthin dimension between the canthaxanthin
This demonstrates that different kind of aggregatas keto groups amount82.7 nm (Bart and MacGillavry
be formed, depending on the canthaxanthin968), while the experimentally determined hydropho
concentration. bic core thickness of DPPC amounts 3.2 nm &C40
The formation of aggregated molecular structures ¢Bujak, Gabrielska et al. 2005). Such a resulidagmbs-
canthaxanthin in hydrated organic solvents as a&ln tic for a strong carotenoids-lipid interaction, whehe
the lipid membrane can be predicted on the basis akyl chains are forced to adopt extended confanat
information that it can form hydrogen bonds. The measured growth in thickness of the hydrophobic
Unfortunately the process of canthaxanthin aggregaere of canthaxanthin-supplemented DPPC gives
tion in the lipid membranes can not be monitorethformation that this can be the result of the drtg
straightforward by the observation of the shiftstio¢ effect of the pigment towards the acyl chains eflthid
main absorption spectra. The temperature profi@svs (Sujak, Mazurek et al. 2002; Sujak, Gabrielska let a
that the molecular organization of canthaxanthifi-un 2005).
kely other xanthophylls is not dependent on thesjulay The analysis of the FTIR absorbance spectra on
state of lipid (for both the main phase transitioh monolayers containing canthaxanthin in the region
DPPC at[#1°C as well as the phase pre-transition atesponsible for the scissoring vibrations of the ,CH
[B5°C) (Sujak, Gabrielska et al. 2005). groups in the head group region, the methylene ngagi
For other xanthophyll pigment (lutein and zeaxamthi progression as well as of C-H stretching vibratiarfs
violaxanthin) the same process of formation of thenethyl and methylene groups indicate a condensing
aggregated forms was observed in lipid membraneffect of canthaxanthin with respect to the lip{8sijak,
(Yamamoto and Bangham 1978; Mendelsohn and v&sagos et al. 2007). The elimination of taed-gauche
Holten 1979; Gruszecki 1990; Sujak, Okulski et aland double-gaucheconformations of lipid alkyl chains
2000), see also (Gruszecki 1999) for review. Thgréxg has been observed (Sujak, Gagos et al. 2007). &we n
gation level of these xanthophylls depended styoongl low-wavenumber component corresponding to an
both the concentration of the pigment and the fiyidf ordered lipid phase has been observed upon
the lipid phase. The temperature-dependent resganiincorporation of canthaxanthin. The results of the
tion of xanthophylls molecular structures was diear NMR show that canthaxanthin exerts restrictionshs
observed from the measured temperature profilegkSu segmental molecular motion of lipid molecules birth
2000; Sujak, Okulski et al. 2000). It has been shtvat the headgroup region and in the hydrophobic cothef
in the temperature region corresponding to the malilayer (Sujak, Gabrielska et al. 2005).
phase transition monomerisation took place. On thelt has been concluded on the basis of the expeténen
basis of the measurements it has been concludeththa on the canthaxanthin-lipid monolayers as well as on
molecular forms such as dimers, trimers or tetramaee  canthaxanthin-containing membranes that canthaianth
present. In the case of canthaxanthin such a csiodu promotes extended conformation of alkyl lipid clsain
could not be drawn based on the observations of tide measurements of the isotherms of compression
absorption spectra. show the effect of removal of the semi-plateautia t
However the conclusions about the process &PPC monolayer containing between 0.2 and 1 mol% of
canthaxanthin aggregation can be based on theanthaxanthin, even at relatively low surface press
experiments done on model membranes containif§ujak, Gagos et al. 2007). It has been conclutead t
canthaxanthin with the aid of other techniques. this represents the molecular interactions of aligi
chains and the rigid polyene chains of canthaxanthi
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leading to the ordering of the hydrocarbon lipichicls of the membrane and the membrane surface
and promoting vertical orientation of a certaincfran deformations prevent vesicle aggregation.
of canthaxanthin. The'H-NMR experiments additionally confirmed that
The ordering effect of canthaxanthin with respect tthe presence of cantha-xanthin at the concentsatidén
DPPC membranes emerges also from the analysi®of tta 1 mol% caused the DPPC vesicle aggregationKSuja
size distribution of the canthaxanthin-pigmentgubdio- Gabrielska et al. 2005).
mes. The size distribution profiles show that theot- The FTIR measurements on the DPPC multibilayers
poration of canthaxanthin results in the appearanice containing canthaxanthin showed that the band 8 10
the new pool of liposomes, which dimensions aréieshi cm™ assigned to C-O-C-P-C stretching vibrations was
towards higher diameter values. Additionally camdre very sensitive to the pigment presence (Sujak,
thin affects the physical properties of the lipogsnso Gabrielska et al. 2005). Upon binding of canthakiamt
that vesicles tend to aggregate. this band became shifted to lower wavenumbers by
The strong van der Waals interaction of canthaanthalmost 20 crif, which suggested strong interaction in
and alkyl chains of lipid were also concluded oe ththis region being close to the surface of the mambias
basis of the FTIR spectra of DPPC multibilayerstabn well as the location at least a certain fractiontlod
ning canthaxanthin (2 mol%; Sujak, Gabrielska et apigment in the polar headgroup region. Interesyintie
2005). In particular the position of the band cep@n- choline group N(CHs); was almost insensitive to the
ding to the scissoring vibrations of the £broups of presence of canthaxanthin, remaining virtually la¢ t
alkyl chains (1470 cil) was shifted towards lower same position (968 ch). The analysis of the position of
wavenumbers upon incorporation of canthaxanthia inthe spectral bands corresponding to the symmeitric a
the membranes. Additionally this band became narowantisymme-tric stretching vibrations of the Pt 1099
which indicated an ordering effect of canthaxanthith and 1053 cr, respectively) shifted towards lower
respect to the hydrocarbon membrane core. wavenumbers by 10 and 30 ¢nrespectively, indicate
The FTIR measurements on single DPPC monomthe immobi-lization of this fragment of the lipid
lecular layer containing canthaxanthin (0.5 and Bfo molecule, probably due to the hydrogen bond foromati
revealed the existence of the band at 2839 cepre- (Sujak, Gabrielska et al. 2005).
senting an ordered lipid phase correlating with lihad The analysis of the FTIR spectra of single monomo-
at 2960 crit representing the antisymetric stretchindecular layer shows that incorporation of canthaixan
vibrations giving further support for the stronglering is associated with the shift of the center of trend
effect of canthaxanthin on the lipid phase (Sufaigos assigned to PO antisymmetric stretching vibration
et al. 2007). towards lower wavenumbers (Sujak, Gagos et al. 007
Similarly to experiments with multibilayers the lohn
Modifications of the surface of the lipid membranes  representing vibrations of the choline group waeim
The analysis of the unilamellar DPPC and EYPGitive to the presence of canthaxanthin in the rfaymo.
liposome size distribution profiles shows that bant In general, the spectral analysis indicated thesipdisy
xanthin affects the physical properties of the dipmes of hydrogen bonding to the phosphate groups.
so that vesicles tend to aggregate (Sujak, Gaksaeds
al. 2005). The effect was strongly pronounced ia thChanging of the membrane thermotropic properties
rigid state of liposome membranes. All the liposeme The effect of canthaxanthin on the thermotropic-pro
were prepared at the temperature ofGG@nd analyzed perties of lipid membranes formed with differengidis
at 20C (below the main phase transition of DPPC) anblas been measured and discussed in detail in (Sujak
50°C (above the main phase transition of DPPC). Atrzalka et al. 2007) . Generally the DSC peaksewer
liposome aggregation was not observed in the 8tade less intensive and broadened upon addition of eanth
of the lipid membranes both in the EYPC liposome&anthin and the midpoint temperature of the phospha
suspension under the room temperature as well gein dylocholines tended to decrease. Such an effect was
DPPC liposomes incubated at’60 It has been conclu- similar to the behaviour of the most of the polarate-
ded that the molecular mechanisms directly involired noids which shift the main phase transition tempeea
the liposome aggregation were related to the serfaof the lipids towards lower values which is alsmoen-
properties of lipid membranes (Sujak, Gabrielskale tration—dependent. Carotenoids influence also ithid |
2005). Such a conclusion is not surprising congider pretransition by shifting the mid-point temperature
that the incorporation of canthaxanthin pigmentrexe towards lower values (for review, see (Gruszecki£0
interactions within the headgroup region. On thieeot Gruszecki and Strzalka 2005)). The only difference
hand the question aroused why such behaviour lietween polar carotenoids and canthaxanthin was tha
strongly pronounced in the rigid phase of lipid arat the greatest changes in the characteristic thepaal-
in the lipid fluid state. It has been sugges-test tihe meters occurred at canthaxanthin concentratiorowas |
molecular motions of lipid molecules in the fluitigse as 0.05 mol% (Sujak, Strzalka et al. 2007).
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It has been generally concluded that carotenoidsThe existence of esther carbonyl groups (DPPC vs
fluidise the membrane in its gel phase and rigidifg DHPC) resulted in narrowing the pre-transition comp
membrane in its liquid crystalline phase (Subczymtk nent especially for the canthaxanthin concentratisn
al., 1992; Jezowska et al., 1994; Strzalka and Z&ald, small as 0.05 mol%, which suggests an orderingceffe
1994; Gabrielska and Gruszecki, 1996; Castellilgt aof canthaxanthin. Addition of canthaxanthin resutis
1999; Suwalsky et al., 2002; Gruszecki and Strzalkéhe shift of the main transition peak position tods
2005; Jemiola-Rzeminska et al., 2005). The efffor®  higher temperatures® °C at 0.1 mol % of canthaxan-
polar carotenoids have been found to be much greatdin in DHPC) which also accounts for the ordering
than for nonpolar pigments. Polar carotenoids Hmen effect of canthaxanthin (Sujak, Strzalka et al. 2200
found to considerably decrease cooperativity aral th
molar heat capacity of the main phase transitiotwa Interactions via formation of the hydrogen bonds
fold decrease in molar heat capacity requirgdmol% The possibility of forming of the hydrogen bonds vi
of polar carotenoid, while a similar effect wasabed the canthaxanthin keto groups results straight ftben
only by using ca. 10 mol% of non-polar pigmentanthaxanthin structure (Petracek and Zechmeister
(Kostecka-Gugala et al., 2003; Gruszecki and Stazal 1956b). The analysis of the position of the maksmuf
2005). absorption spectra of this pigment versus the fmaar

The strongest influence of canthaxanthin on thenmability term of the solvent indicated different befaur
phase transition and pre-transition has been obddor of the pigment depending on the fact whether or not
the lipid having the thinnest hydrophobic region P& organic solvents applied are able to form hydrogen
(C-14) as compared with DPPC (C-16) or DSPC (C-18)onds with canthaxanthin keto groups either diyeaotl
(Sujak, Strzalka et al. 2007). indirectly via water molecules (Sujak, Gabrielskaak

In the case of DMPC the total disappearance of tig905).
pre-transition peak has been observed which prdvéale  The analysis of the FTIR spectra of DPPC membranes
information about the fluidisation of theyLphase. The containing 2 mol% of canthaxanthin in the regionreo
influence of canthaxanthin depends strongly on thgponding to the carbonyl group vibrations (bandat
hydrophobic core dimension. In the case of DPPC tH57 cni' in the KBr environment (Bernhard and Gros-
hydrophobic zone dimension is comparable to thean 1995; Sujak 2007 - in preparation) indicated t
canthaxanthin molecule length while the hydrophobigppearance of the low intensity band at 1659 cm
core of DSPC is bigger than its size (Small 1986). assigned to the keto groups of canthaxanthin irarerp

Component analysis for the lipids differing in theted into the membrane. The main band corresportding
thickness of the hydrophobic cores indicated airdist the ester carbonyl group stretching vibrationsipids
cooperativity change, which most probably collightethat centers at 1736 chis also affected as indicated by
with the formation of new thermotropic phases. he t the appearance of the spectral component with the
case of DMPC the low- and high-temperature phasesaximum at 1712 cihaccompanied with the disappea-
were observed, while DPPC revealed low-temperaturance of the band at 1751 cnfSujak, Gabrielska et al.
and DSPC high-temperature component. Lowering tf#005). Such a shift in the components of the ma®C
temperature of the mid-point temperature indicabes Stretching spectral band indicated that DPPC midscu
canthaxanthin enters the hydrocarbon core of fhid.li can interact with canthaxanthin via the lipid ester
The results obtained from the analysis clearlydati carbonyl groups (Sujak, Gabrielska et al. 2005).
fluidising of the B phase of DPPC as reported previo- The spectrum of the single monomolecular canthaxan-
usly for other xanthophylls (Kolev and KafalievagB9 thin layer shows features characteristic of thenggt in
Kostecka-Gugala, Latowski et al. 2003) and rigidify the hydrated form. The band centered at 319T',cm
effect in the case of DSPC (Sujak, Strzalka e2@D7).  characteristic of O-H stretching vibrations of waaed

The effect of canthaxanthin has been almost ndtigi the band with the maximum at 1661 tnrepresenting
in the case of phosphatidylethanolamines. The aeserihe antisymmetric stretching vibrations of two keto
of the ester carbonyl group results in differerdgrtho- groups located at the 4 and 4’ positions of themeigt
tropic behavior, especially for low canthaxanthione molecule, hydrogen bonded to water molecules. The
centrations. The phosphoetyloamines are tightikedc absorption band with the maximum at 1736 crapre-
as compared to phosphocholines so it is of a gressi- sents the antisymmetric stretching vibrations ef kieto
bility that canthaxanthin is more miscible with gpba- groups that are not involved in the molecular iater
tidylcholines. Although the effect of canthaxantiiias tions via hydrogen bonding (Sujak, Gagos et al.7200
not been as pronounced as in the case of phosphochdrhe presence of water bonded to canthaxanthin has
lines a rapid decrease in the cooperativity of lipiels been concluded on the basis of the band correspgndi
was noticed at the canthaxanthin concentrationgeset to the stretching O-H vibrations. The analysis 31FF
0.2 and 0.5 mol% (Sujak, Strzalka et al. 2007).
spectra showed a very interesting effect of appearaf  the low intensity bands with the maximun2a27 cnm'
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and 2528 cm correlated with the hydration of theas 0.05 mol% with respect to lipid). The action of

pigment. The position of the mentioned bands da#s ncanthaxanthin in the membranes is realised by the

change even at the substitution of th®Hapours with molecular mechanisms such as: strong van der Waals

the D;O. This indicates that they may correspond to C-lihteraction between polyene chain of canthaxandinic

stretching vibration of the canthaxanthin polyenethe lipid chains, modifications of the lipid profies in

shifted towards lower frequencies resulted fromattiom the polar head zone, introduction of a new theropitr

of the hydrogen bonds upon incorporation of theewat phases upon incorporation of canthaxanthin as asll

molecules (Sujak-personal communication). forming of the hydrogen bonds between canthaxanthin
keto groups and the C=0 group of lipid or hydrogen
bonds between the polyene chain and water. This las

CONCLUSIONS mechanism can have a crucial significance both in

forming of the molecular aggregates of canthaxandsi

Canthaxanthin toxicity towards the lipid membranaa well as in the trans-membrane transport of the wate

be the results of its molecular interactions witb tipid

membranes. All the results of experiments done on

model systems such as monolayers of pure canthaxan- ACKNOWLEDGEMENTS

thin as well as mixtures of canthaxanthin and Bpid
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