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Abstract

The model of a dipalmitoylphosphatidylcholine (DPPC) bilayer containing a xanthophyll pigment zeaxanthin (ZEA) is
proposed. The model is based on the ten-state Pink-Green-Chapman model of a lipid monolayer. The Monte Carlo method
of computer simulation has been applied. Our model of the lipid membrane consists of two lipid monolayers with ZEA
molecules spanning the lipid bilayer. The concentration of ZEA molecules is assumed to be conserved. Within the model, the
interactions between lipid monolayers in a bilayer exist through ZEA molecules only. The experimental data concerning the
aggregation of ZEA in DPPC from the literature and from our research were applied as a criterion to fit the model
parameters. The model gives the dependences of the main phase transition temperature on ZEA/DPPC molar ratio, the
percentage of ZEA in a monomeric form on ZEA/DPPC molar ratio and on temperature. The dependences obtained within
the model and the experimental ones are in qualitative agreement. The influence of intermolecular interaction parameters on
ZEA aggregation has been discussed. The differences between the model and the experimental results concerning mainly the
pattern of ZEA aggregation have been discussed. Analyses of the lipid microconfiguration allow to advance the hypothesis
concerning the influence of ZEA on the membrane permeability. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Carotenoid pigments play important physiological
roles, mainly in photosynthesis [1] and as antioxi-
dants [2]. The results of the research carried out in
the last decade show, in addition, that carotenoid
pigments and in particular polar carotenoids, xan-
thophylls, are important biomolecules modifying

the structural and dynamic properties of lipid mem-
branes (see [3] for a review). Several experimental
techniques have been applied to study the e¡ect of
carotenoid pigments on lipid membranes such as
electron spin resonance [4^8], nuclear magnetic reso-
nance [9,10], di¡erential scanning calorimetry [11,12],
circular dichroism [13], ultrasound absorption [14^
16], quasi-elastic light scattering [17,18], £uorescence
labelling of a lipid phase [19] and the interior of ca-
rotenoid pigmented liposomes [20]. In general, carot-
enoid pigments modify lipid membranes in a fashion
similar to cholesterol, except the e¡ect of xantho-
phylls is approximately twice as strong as this one
observed in the case of cholesterol. Xanthophyll pig-
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ments in a concentration ranging from 1 to 10 mol%
with respect to lipids generally rigidify the lipid phase
in its £uid state but do not have a pronounced e¡ect
or slightly £uidise the ordered lipid phases [3]. Ca-
rotenoid pigments present in the lipid membranes
also generally decrease the cooperativity of the phase
transition [3]. Such e¡ects are rather typical for sev-
eral lipid membrane modi¢ers. The interaction of
foreign molecules with lipid membranes has been
the topic of many theoretical studies. The Monte
Carlo simulation (MCS) method has been widely
used for studying these systems [21^28]. In most of
the reported applications of the MCS method, the
models of lipid bilayer or monolayer with the param-
eters describing intermolecular interactions are pro-
posed and the dependences generated by MCS are
compared with the experiments to test the initial hy-
potheses. The MCS is carried out on a triangular
lattice [28]. Each acyl chain of a lipid molecule is
assigned to a site in the lattice to account for the
extended volume e¡ect, i.e. two chains cannot occu-
py the same lattice site (volume) simultaneously. For-
eign molecules may be distributed as large molecules
(peptides or proteins) occupying several lattice sites
or as small molecules (cholesterol, anaesthetics). The
latter molecules can be treated in two ways [27]: (a)
as substitutional impurities taking the place of lipid
chain, i.e. occupying one lattice site like cholesterol
[21] ; (b) as interstitial impurities which can be dis-
tributed between lipid chains (like some anaesthetics
[27]) without any change of a membrane surface. The
way foreign molecules should be treated is not pre-
cisely dependent on their molecular size but rather
on their amphipathic nature and interactions with
lipid molecules, as concluded by JÖrgensen at al. [27].

Zeaxanthin (ZEA), the polar carotenoid pigment
on which we focus our attention in the present work,
is regarded as an interstitial impurity. There are two
main reasons to justify such an assumption. The ¢rst
reason is the relatively good solubility of ZEA in the
lipid phase [3], which is indicative of small entropy of
mixing. In such a case the non-substitutional or in-
terstitial treating is preferred. Moreover, a descrip-
tion based on the canonical ensemble should be used
[27] under the natural assumption that the number of
ZEA molecules within the membrane is conserved.
The second reason is that the total enthalpy change
(i.e. the sum of the enthalpies of the pretransition

and the main phase transition) of ZEA-dipalmitoyl-
phosphatidylcholine (DPPC) vesicle suspension re-
mains close to the value obtained for the DPPC
alone [12]. It means that the enthalpy change is
nearly independent of ZEA concentration, like for
interstitial impurity [27].

Although the general picture of the organisation of
xanthophyll-lipid membranes seems to be well under-
stood [3], the microscopic model of a lipid membrane
with ZEA has not been analysed yet. The aim of this
paper is to present the theoretical model of the
DPPC membrane modi¢ed with ZEA that is consis-
tent with the basic experimental results concerning
this system, such as the main phase transition tem-
perature and the temperature dependence of the per-
centage of ZEA in monomeric and aggregated forms.
Aggregation of xanthophyll pigments in lipid mem-
branes is one of the main phenomena responsible for
organisation of this system and seems to play an
important role in the action of carotenoids in mem-
branes [3]. The process of aggregation of ZEA in the
DPPC membranes was a subject of our experimental
investigation [29]. In the next sections we present the
theoretical model of the DPPC bilayer containing
ZEA followed by the results of the calculations per-
formed and the discussion.

2. The model of lipid membrane and calculation
methods

The numerical calculations presented below are
based on the ten-state Pink-Green-Chapman model
[26,28,30]. The model of the lipid membrane consists
of two lipid monolayers with ZEA molecules which
have the same position in both monolayers as rigid
rods, always set up perpendicularly to the membrane
surface with each polar end placed in the lipid mono-
layer (Figs. 1 and 2). The concentration of ZEA
molecules is assumed to be conserved. Within the
model, the interactions between lipid monolayers in
a bilayer exist through ZEA molecules only. A two-
dimensional triangular lattice represents each mono-
layer. Each site of the lattice is occupied by an acyl
chain of a lipid molecule. ZEA molecules are placed
in the interstitial points (Fig. 1).

Each lipid chain can exist in one of ten states: the
all-trans ground state (the ¢rst state); eight inter-
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mediate states (2, ..., 9), which are low energy exci-
tations of the all-trans state; the tenth high energy
`melted' state which is a component of the high tem-
perature £uid phase. States 2^9 are characteristic of
the high temperature gel phase. All states of chain K
are described by the conformational energy EK, area
AK and degeneracy DK [28]. The ZEA molecule is
characterised by AZ = 30.0U10320 m2, EZ = 0 and
DZ = 1.

The model Hamiltonian of each of the two lipid
monolayers consists of four components:

H � H1 �H2 �H3 �H4 �1�
The ¢rst one is a single-chain contribution:

H1 �
XN

i�1

X10

K�1

EK LK i �2�

where N is the number of chains in a monolayer and
LKi = 1, when chain i is in state K, otherwise LKi = 0.
The second contribution, H2, describes the interac-
tion between lipid chains:

H2 � 3
J0

2

XN

i; j�1

X10

K ; L�1

wLL
ij VKV L SKSL LiKLjL �3�

Here, J0 is the interaction strength between two near-
est neighbour all-trans chains, VQ = (A1/AQ )35=4, Q de-
notes the number of the lipid chain state in the range
1^10. The order parameter of the acyl chain in the Q
state (SQ ) can be written in the form [28]:
SQ = 1.8A1A31

Q 30.8 for the geometrical reason. For
K= 10, a `weakening factor' is used, therefore V10 is

replaced by 0.4V10 [28]. The summation in Eq. 3 is
over the nearest neighbours only. The weakening
factor, wLL

ij , is used to introduce the attenuation of
lipid-lipid interactions by ZEA molecules.

(i) wLL
ij = 0.65 for sites i and j in the neighbourhood

of ZEA (Fig. 1B) provided that the lipid chains at
sites i and j are not in the tenth melted state. This
value of factor wLL

ij was adjusted to obtain the tem-
perature of the main phase transition (Tm) close to
41³C for 5 mol% of ZEA [12]. It appeared that it was
not simple to match wLL

ij to Tm and to correct the
percentage of the ZEA molecules in molecular aggre-
gates. The smaller value of this factor causes that the

Fig. 1. Lattice model of the lipid monolayer. (A) The sites indicated by circles are occupied by lipid chains; the sites which can be oc-
cupied by ZEA molecules are indicated by squares. (B) Lipid-lipid interactions weakened by a ZEA molecule (black square) are
marked by broken lines. (C) Only the stronger of two the interactions between i and j lipid chains or k and l ZEA molecules contrib-
utes to the Hamiltonian.

Fig. 2. Lattice model of the lipid bilayer containing ZEA mole-
cules (represented by bars). The attraction of ZEA molecules at
sites k and l may be weakened by states of the four nearest
neighbouring lipid chains at sites i and j.
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absolute value of ZEA binding energy increases, as
compared to the energy of the surrounding lipid
chains. Moreover, the lower value of wLL

ij causes
that ZEA molecules tend to be placed more closely
in relation to each other to decrease the area of
weakened lipid chain attraction, therefore the ten-
dency of ZEA to aggregation is stronger.

(ii) wLL
ij = 0 provided that the line connecting sites i

and j is perpendicular to the line crossing the sites k
and l of the two nearest neighbour ZEA molecules
(Fig. 1c) and interaction of ZEA molecules is stron-
ger than the one of i and j lipid chains, i.e.
0.65VKVLSKSL 6 IZZwZZ

kl ; K and L denote the states

of i and j lipid chains, wZZ
kl and IZZ are de¢ned below,

following Eq. 5.
(iii) wLL

ij = 1 in other cases.
Condition (ii) describes the behaviour of neigh-

bouring ZEA and lipid molecules: if the attraction
of the neighbouring ZEA molecules is stronger than
the attraction of the neighbouring lipid chains the
pigment molecules are approaching one another
and the lipid molecules are receding. In accordance
with this, only the stronger of the two interactions
(the i and j lipid chains or k and l ZEA molecules)
contributes to the Hamiltonian.

The third contribution of the Hamiltonian, H3, is

Fig. 3. Snapshots of microcon¢gurations of DPPC-ZEA bilayer (a fragment of one of two monolayers is shown). There are ZEA mol-
ecules distributed at interstitial positions near pie slices. Empty circles and empty pie slices denote positions of acyl chains in the £uid
state, ¢lled squares and ¢lled pie slices donate the gel state. On the left, pure DPPC; on the right, DPPC+5 mol% ZEA. Upper row:
T = 35³C (below the phase transition); middle row: T = 41³C for DPPC and DPPC+5 mol% ZEA (at the phase transition); bottom
row: T = 47³C (above the phase transition).
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the energy of the interaction between polar parts of
molecules:

H3 � 2
XN

i�1

X10

K�1

AKLK i �2
XM
k�1

AZLZk �4�

where 2 is the intrinsic lateral pressure.
Contribution H4 accounts for the lipid-ZEA and

ZEA-ZEA interactions:

H4 � 3J0

XM
k�1

X3

h�k��1

X10

K�1

VKSKLKh�k�LZk3

J0

2

XM
k;l

IZZwZZ
kl LZkLZl �5�

The numbers k and l denote interstitial sites accessi-
ble for ZEA and the numbers i and j the lipid chain
lattice sites. The summations are always over neigh-
bouring sites only. The second component of H3 is
constant for the constant ZEA/DPPC molar ratio
assumed in our calculations. Because the main results
of the simulation depend on changes in energy, this
component could be neglected. According to the
model, a ZEA molecule interacts with three neigh-
bouring lipid chains and may interact with three
ZEA molecules, placed at the interstitial sites of
neighbouring triangles. The second sum of Eq. 5
runs over the three lipid sites h(k), neighbouring
the ZEA site k.

The weakening factor wZZ
kl depends on a state of

two lipid chains at sites i and j within each of the two
monolayers (as depicted in Fig. 2):

wZZ
kl � �VKSKV L SL V N SN V Q SQ �q �6�

under the condition that wLL
ij = 0. K, L, N, Q denote the

states of the lipid chains at sites i and j. Otherwise
wZZ

kl = 0. The parameter IZZ has been ¢xed as 1.02
and the value of q as 1.

In the model, the translational lipid degrees of
freedom are neglected. The lateral movements of
ZEA molecules are permitted and are performed
every ¢ve Monte Carlo steps per site (MCS/S). The
rules of the movement of ZEA molecules are as fol-
lows:

1. All possible ZEA dislocations are considered

while ¢nding a ZEA molecule in a succeeding
Monte Carlo step.

2. The states of two lipid chains (one in each mono-
layer) which will interact with the ZEA molecule
after its dislocation but did not interact before, are
randomly selected.

3. For each dislocation, the change of the microstate
free energy vE is calculated.

4. A displacement is accepted for the lowest E
under the condition that exp(3vE/kBT)s h,
where hO[0,1] is a random number, kB denotes
the Boltzmann constant and T is the tempera-
ture.

The computer simulation was performed for the
system containing 10 000 sites (lipid chain sites) in
each of the two lattices i.e. 10 000 molecules of
DPPC placed in two monolayers. A certain number
of mol% of ZEA was added. The periodic boundary
conditions are assumed. In the model 2= 0.030 N/m
and J0 = 0.70985U10320 J [28]. These values give an
expected temperature of 41.2³C of the main phase
transition of the pure DPPC bilayer.

ZEA molecules are distributed randomly in the
lattice of lipids, which has been equilibrated earlier
by 1000 MCS/S. Several thousand MCS/S were car-
ried out in order to obtain the thermodynamic equi-
librium.

3. Results of calculations and discussion

3.1. Membrane organisation and the main phase
transition temperature in the presence of ZEA

The snapshots of the DPPC-ZEA monolayer mi-
crocon¢guration (Fig. 3) demonstrate a cluster struc-
ture of the lipid membrane, evident especially at tem-
peratures close to the main phase transition (Tm).
The cluster is de¢ned here as a microdomain contain-
ing at least seven neighbouring acyl chains in a non-
dominant state. For instance, below the Tm the clus-
ter is composed of a group of at least seven acyl
chains in the £uid state, embedded in the gel bulk
phase. The aggregates of ZEA are also seen in Fig. 3.
There are very few ZEA monomers which can be
noticed. The reason is that neighbouring ZEA mole-
cules may be quali¢ed as monomers if their attrac-
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tion is weaker than the attraction of the closest acyl
chains (see point (ii) in Section 2).

The results presented in the ¢gures below are aver-
aged over the two monolayers of a lipid bilayer and
refer to one monolayer.

Fig. 4a presents the temperature dependence of a
percentage of lipid chains in the cluster structures. As
can be seen, the presence of ZEA results in an in-
crease in the number of lipid chains in the gel clus-
ters, above the Tm. Figs. 3 and 4b indicate that the
e¡ect of ZEA in the increase in the number of the gel
clusters is signi¢cant above the Tm. A slightly greater
number of lipid chains may be found in the £uid
clusters, below the Tm (Fig. 4b). ZEA molecules in-
duce formation of gel clusters within their surround-
ings in the £uid phase (above the Tm) (Fig. 3). The
average cluster size, de¢ned as the ratio of the num-
ber of chains in clusters and the number of clusters,
remains nearly the same in both ZEA containing and
pure DPPC membranes (Fig. 4c). An exception is the

phase transition region in which the average size of
clusters is evidently greater owing to the presence of
ZEA (Figs. 3 and 4c). As can be seen (Fig. 4b), a
sharp decrease in the number of clusters was ob-
served directly in the temperature region of the Tm.
This is an indication that the conversion of the non-
dominant phase (the clusters) into the bulk dominant
phase goes via the association of small clusters into
the greater ones.

Another parameter to be compared in the pure
DPPC and ZEA containing lipid membranes is an
order parameter. The average acyl chain order pa-
rameter is calculated as:

Sav � 1
N

XN

i�1

X10

K�1

SKLK i �7�

The temperature dependences of Sav for pure DPPC
and DPPC+5 mol% ZEA are shown in Fig. 5. The
values of Sav below the Tm are slightly lower owing
to the ZEA presence in the membrane. The rapid
decrease in Sav above the phase transition temper-
ature is not as sharp in the presence of ZEA, which
is an indication of the decreased cooperativity of the
transition. The most pronounced e¡ect of ZEA on
the order parameter is visible in the £uid phase of
DPPC, above the main phase transition. The addi-

Fig. 5. Average order parameter of an acyl chain as a function
of temperature. Computer simulation data.

Fig. 4. Computer simulation data. Temperature dependences of
(a) percentage of acyl chains in clusters, (b) number of clusters,
and (c) average cluster size for the pure DPPC and the
DPPC+5 mol% ZEA membrane.
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tion of 5 mol% ZEA to the membrane results in the
increase of the average order parameter in this phase.
This fact suggests that despite the fact that ZEA
weakens slightly the lipid interactions within the pig-
ment surroundings (see Eq. 3 and Fig. 1B) the ZEA
a¤nity to acyl chains in the gel state is dominant and
ZEA molecules constrain the gel state within their
neighbourhood. This e¡ect is particularly pro-
nounced above the Tm. In summary, the analysis of
the average order parameter shows that ZEA makes
the membrane slightly more £uid below the Tm and
clearly more ordered above the Tm. Such an e¡ect of
polar xanthophylls with respect to lipid membranes
was observed in most experiments carried out with
the application of di¡erent techniques [3].

The midpoint temperature in a dependence Sav(T)
can be interpreted as corresponding to the main
phase transition, Tm. The values of Tm for DPPC
membranes modi¢ed with ZEA are listed in Table
1.

Another parameter to be analysed is speci¢c heat.
Speci¢c heat of the membrane, C(T), in accordance
with the £uctuation-dissipation theorem, can be writ-
ten as:

C�T� � 1
kBT2��H2�av3�Hav�2� �8�

The averages in Eq. 8 have been calculated over sev-
eral hundred membrane microstates, taken every ten

MCS/S after the appropriate number of MCS/S (up
to 30 000 near the Tm) following the change of tem-
perature.

Fig. 6 presents, calculated numerically, the temper-
ature dependences of speci¢c heat per lipid molecule
C(T) for the DPPC membranes containing di¡erent
molar fractions of ZEA. As can be seen clearly, the
dependence has a peak position corresponding to the
phase transition temperature Tm. The values of the
Tm found from the peak positions are listed in Table
1.

The maximum in the C(T) dependence obtained
from our simulations does not need to point exactly
at the Tm and the method of Ferrenberg and Swend-
sen [31] should rather be used. This method has not
been applied in the present study because our main
aim has been to show the qualitative rather than
quantitative changes of thermal dependences due to
the ZEA presence in the lipid membrane.

As can be seen from Fig. 6 and Table 1 the in-
crease in a molar fraction of ZEA in DPPC results in
a decrease in the Tm calculated, based on the com-
puter simulation. The same e¡ect of a decrease in the
value of Tm, corresponding to an increase in the
ZEA concentration, can also be observed in the cal-
orimetric experiments [12], in the pigment concentra-
tion range between 0 and 3 mol%.

As is shown in Fig. 6, the half-height width of the
transition increases upon increasing the molar ratio

Table 1
The main phase transition temperature Tm of the DPPC membranes containing ZEA in di¡erent concentration as found from di¡er-
ent parameters

Molar ratio of
ZEA/DPPC (mol%)

Main phase transition temperature (³C)

Peak position of speci¢c heat ^
computer simulationa

Order parameter ^
computer simulationb;c

Peak position of speci¢c heat ^ experiment ^
read from Fig. 3 in [12]

0 41.2 41.20 41.4
1 41.0 41.03 40.7
2 41.0 41.03 40.3
3 40.3
4 41.1 41.05
5 41.0 41.04
6 40.9
aTypical error þ 0.1³C.
bTypical error þ 0.05³C.
cThe values of Tm found from the average order parameter are read as a point of intersection of the curve in Fig. 5 and a horizontal
line at the level of the average of order parameters for (41 þ 16)³C.
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of ZEA. The broadening of C(T) peaks is indicative
of the decreased cooperativity between the lipid mol-
ecules, related directly to the presence of ZEA.

According to the model, the value of the Tm

should decrease upon decreasing the absolute value
of the lipid-lipid attraction energy. For instance, the
Tm of the dimyristoylphosphatidylcholine (DMPC)
membrane has a lower value than the one of the
DPPC membrane, because of the di¡erences in the
length of alkyl chains [32]. A ZEA molecule weakens
the acyl chain-acyl chain interaction within its neigh-
bourhood (cf. Fig. 1B). As can be concluded from
the model, the number of weakened bonds per single
ZEA molecule is greatest in the case of the mono-
meric form of the pigment. Therefore, the greater the
number of ZEA monomers, the smaller the value of
the Tm may be expected. Fig. 7a presents the temper-
ature dependences of the number of ZEA monomers
calculated following the numerical simulation ac-
cording to our model. As can be seen, the number
of ZEA molecules in the monomeric state increases
upon the increase of the ZEA/DPPC molar ratio.
This seems to be one of the main reasons for the
ZEA related decrease in the temperature of the
main phase transition.

3.2. Zeaxanthin aggregation in the lipid membrane

Fig. 7 presents numerically simulated temperature
pro¢les of ZEA in the monomeric state in the mem-
branes containing di¡erent molar fractions of the
pigment. As can be seen, the percentage of ZEA
monomers increases upon the increase in tempera-
ture. In particular, the concentration of ZEA mono-
mers and N-aggregates was found to depend on a
pigment concentration above the Tm (Figs. 7b and
8). A similar e¡ect was also observed in the experi-
ment [29]. It is interesting that the percentage of the
monomeric form of ZEA, far below the Tm, tends
approximately to the same value of 20% for all ex-
amined ZEA/DPPC molar ratios upon decreasing the
temperature. This e¡ect was also observed in the ex-
periment [29].

As can be seen (Fig. 9), an increase in temperature
leads to a decrease in the percentage of ZEA in N-
aggregated form (Ns 4). This e¡ect can also be ob-
served in the experimental dependence [29]. The per-

Fig. 7. Computer simulation data. (a) Number of ZEA mono-
mers; (b) percentage of ZEA monomers as a function of tem-
perature.

Fig. 6. Computer simulation data. Temperature dependence of
speci¢c heat per lipid molecule. Results for di¡erent ZEA/
DPPC molar ratios are shown as indicated.
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centage of monomers calculated theoretically for
5 mol% ZEA increases from about 20% in 30³C to
about 40% in 50³C. The percentage of the N-aggre-
gated form decreases from 58% to 30% at the same
temperatures. The experimental values are 37% and
58% as a percentage of the monomers and 8% and
4% as a percentage of the N-aggregated form corre-
spondingly [29]. A signi¢cant qualitative di¡erence
between the experimental and the model values of
the percentage of the N-aggregated form is observed.
The reasons for such a di¡erence are the following.

The analyses of the experimental results [29] indi-
cate that the percentages of the dimers and the N-
aggregates are approximately constant, except local
extrema near the Tm. The dissociation of the tetra-
meric molecular forms seems to be the main reason
for the monomerisation in the course of the mem-
brane £uidisation. The hypothesis has been put for-
ward [29] that the large molecular aggregates of ZEA
are composed of dimers, in which the ZEA molecules
are bound to one another more tightly, owing to the

hydrogen bonding between the hydroxyl groups lo-
cated at the 3 and 3P positions of the carotenoid
molecules, rather than the dimers in the aggregate.

The dependence of the ZEA aggregation level on
pigment concentration within the lipid phase is more
pronounced in the £uid state of the membrane than
below the phase transition (Fig. 8). It is interesting
that the fractions of ZEA molecules in the dimeric
and tetrameric structures are almost independent of
pigment concentration (that is also seen in the exper-
imental dependences [29]). It means that the numbers
of ZEA molecules in dimers and tetramers are pro-
portional to the ZEA/DPPC molar ratio.

Several factors are able to in£uence the aggrega-
tion level of ZEA in the lipid phase of DPPC in our
model. The factors in favour of the formation of
molecular aggregates of ZEA are as follows:

1. The value of the parameter IZZ (Eq. 5). The higher
the value of IZZ, the higher the energy of ZEA
aggregation.

2. The value of the parameter wLL
ij . The smaller at-

tenuation area of the lipid-lipid interaction in the
surroundings of the ZEA aggregate than in the
surroundings of the separate monomers forming
this aggregated structure. The smaller the value
of wLL

ij the stronger the attenuation.
3. The condition (Eqs. 3 and 5) according to which

only one energy term, the energy of the stronger
one out of the lipid-lipid or ZEA-ZEA interac-
tions, contributes to the Hamiltonian. The latter
interaction may be stronger within the attenuation
area.

4. The tendency of ZEA molecules to be placed near
acyl chains in the gel state: gel clusters promote
formation of ZEA aggregates.

The factors that make ZEA aggregation less prob-
able are as follows:

1. A smaller value of the parameter IZZ (Eq. 5).
2. Weaker attenuation of the lipid-lipid interaction

within the surroundings of a ZEA molecule (a
higher value of wLL

ij but smaller than 1).
3. The di¡usion of ZEA molecules to £uid areas

within a membrane containing gel or £uid clus-
ters, owing to the attenuation of the weaker lip-
id-lipid attraction in these areas. On the other
hand, ZEA molecules attract stronger acyl chains

Fig. 8. Computer simulation data. Percentage of the monomeric
and aggregated forms of ZEA at 25³C (below the phase transi-
tion) and 45³C (above the phase transition) as a function of
ZEA/DPPC molar ratio.
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in the gel state than in the £uid state. This means
that pigment molecules tend to be localised within
the interfacial region at the gel side.

4. Attenuation of the ZEA-ZEA attraction in £uid
surroundings (Eq. 6).

5. Attenuation of the lipid-lipid interaction by ZEA,
which causes that below the Tm ZEA molecules
are surrounded by acyl chains in the £uid state.
These chains, in turn, attenuate the ZEA-ZEA
attraction interactions (Eq. 6).

3.3. In£uence of ZEA on the membrane small ion
permeability

Pure lipid membranes are almost impermeable to
ions except the phase transition region, in which the
permeability rapidly increases [33]. A number of the-
oretical papers have appeared to explain this phe-
nomenon [21,28,34,35]. According to the current hy-
pothesis, the enhancement of the passive ion
permeability observed is related to the area of the
interfacial regions, separating the clusters (non-dom-

inant phase) and the bulk dominant phase. The in-
terfacial regions can contain structural defects be-
cause of a mismatch in molecular packing, which
are directly related to the leakiness of a membrane.

According to our model, the interfacial region con-
sists of £uid borders of gel areas and gel borders of
£uid areas. The gel (£uid) area is de¢ned as a group
of at least seven acyl chains in the gel (£uid) state,
which adjoin each other. This de¢nition of the gel
and £uid areas is similar to the de¢nition of a cluster
but does not require the condition concerning dom-
inant and non-dominant phases. The border of a
given area consists of those acyl chains that are near-
est neighbours of the chains of this area.

As can be seen from Fig. 10, the size (area) of the
interfacial region increases signi¢cantly owing to the
presence of ZEA, except the temperature region close
to and below the Tm, in which the e¡ect is relatively
weak. A detailed analysis of the computer snapshots
of the molecule microcon¢gurations (Fig. 3) indicates
that, especially above the Tm, there are some ZEA
molecules which are the nearest neighbours of the
lipid chains in the £uid phase. A mismatch of mo-
lecular packing within these contact areas may be
expected. Comparing the area of the interfacial re-
gion shown in Fig. 10 and the area of the £uid bor-
ders of ZEA (Fig. 11) (in general these areas may

Fig. 10. Computer simulation data. Interfacial area as a func-
tion of temperature.

Fig. 9. Computer simulation data. Percentage of the monomeric
and aggregated forms of ZEA in the DPPC+5 mol% ZEA
membrane as a function of temperature.
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overlap), we conclude that £uid borders of ZEA mol-
ecules, for 5 mol% of ZEA, can increase the region of
the enhanced permeability by less than about 4% at
25³C, 1% at the Tm and 8% at 55³C.

The interesting question that now arises is whether
the interfacial region acts as a `sink for impurities' in
the case of the presence of ZEA in the membrane.
Fig. 12 shows the temperature dependence of the
percentage of ZEA molecules present in the interfa-
cial area. In the model, each ZEA molecule is as-
cribed to the proximate acyl chain placed at the
left-hand side (looking from the lipid head site). A
ZEA molecule is recognised as placed in the interfa-
cial area under the condition that the corresponding
acyl chain is placed in this area. As can be seen from
Fig. 12, the percentage of ZEA in the interfacial
region increases upon the increase in temperature
up to the Tm, for all ZEA molar ratios, and above
the Tm, for 4 and 5 mol% ZEA only. This e¡ect
ranges from a few percent at 35³C up to 30^40% at
55³C. Only a few percent of ZEA molecules are dis-
tributed in the interfacial region far below the Tm

because of the very small area of this region (Fig.
10). As can be seen from Fig. 12 the mechanism
responsible for the distribution of ZEA molecules
in the interfacial region is more complex. The snap-

shots of the microcon¢guration indicate that there
are acyl chains mainly in the gel state between ag-
gregated ZEA molecules in the temperature region of
the Tm þ 15³C. This observation can be interpreted as
being directly related to the stronger attraction of
ZEA molecules with acyl chains in the gel state
than in the £uid state. This action of the ZEA ag-
gregates to conserve the gel clusters above the Tm

(Fig. 3) seems to be the reason for the increase in
the size of the interfacial region (Fig. 10). The shapes
of the small molecular aggregates of ZEA ¢t better
the shapes of the interfacial regions above the Tm

than the shapes of the large aggregates below the
Tm (as can be seen from the snapshots of the micro-
con¢gurations). This mechanism is the reason why
the percentage of ZEA in the interfacial region above
the Tm is greater than the one just below the Tm for
4 and 5 mol% ZEA.

Fig. 12 shows that the lower the molar ratio of
ZEA, the lower the percentage of ZEA in interfacial
region far above the Tm. Simultaneously, there is a
greater percentage of ZEA in the monomeric form
corresponding to the lower molar ratio of ZEA (Fig.
7). Another open question is why the ZEA mono-
mers are not situated within the interfacial region. In
contrast to a ZEA aggregate, a ZEA monomer does

Fig. 12. Temperature dependence of percentage of ZEA mole-
cules in the interfacial region for di¡erent ZEA/DPPC molar
ratios as indicated. Computer simulation data.

Fig. 11. Computer simulation data. Area of the £uid borders of
ZEA molecules in the DPPC+5 mol% ZEA membrane as a
function of temperature.
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not seem to be able to create and conserve a gel
cluster above the Tm. Fig. 12 indicates that there
are about 43% of ZEA molecules within the interfa-
cial region at 5 mol% pigment concentration and
about 28% at 1 mol% at 55³C. In the case of the
low molar ratios of ZEA (1 and 2 mol%) the mech-
anism of vanishing of the interfacial regions domi-
nates the e¡ect of the shape ¢tting discussed above.

One can expect that ZEA will increase the mem-
brane permeability, in particular at temperatures
above the Tm, assuming that the permeability is di-
rectly related to the area of the interfacial region.
More than 30% of ZEA molecules are distributed
in the interfacial region at these temperatures. The
question whether these molecules tighten the interfa-
cial region or make this region more permeable still
seems to be open and will be addressed in our future
experimental and numerical studies.

In conclusion, the model of the DPPC bilayer con-
taining the xanthophyll pigment ZEA is proposed.
The experimental data concerning the aggregation
of zeaxanthin in DPPC from the literature and
from our research were applied as a criterion to ¢t
the model parameters. The model gives the depend-
ences of the main phase transition temperature on
ZEA/DPPC molar ratio, the percentage of ZEA in
a monomeric form on ZEA/DPPC molar ratio and
on temperature. The dependences obtained within
the model and the experimental ones are in qualita-
tive agreement. The in£uence of intermolecular inter-
action parameters on ZEA aggregation has been dis-
cussed. The analyses of the lipid microcon¢guration
allow formulating the hypothesis concerning the in-
£uence of ZEA on the membrane permeability.
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