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A role of carotenoids as modulators of physical proper-
ties of model and biological membranes has been al-
ready postulated. However, there is a lack of informa-
tion on the influence of these pigments on interactions
between the lipids which form such membranes. This
paper applies atomic force microscopy (AFM) in to study
the effects of B-carotene on the adhesion properties of
DPPC multilamellar liposomes. This allowed us to gain,
for the first time, a direct insight into the interactions
between the components in model systems on a molec-
ular level. We observe that the adhesive forces in DPPC
multilamellar liposomes containing Tmol% of B-carotene
decrease exponentially with increasing temperature,
and that at about 37°C they diminish. In the case of
pure liposomes the decline in adhesion is of a different
nature and the adhesive forces disappear at 34°C. The
adhesive forces are about 5 times higher at 31°C in the
presence of B-carotene than in its absence. However,
measurements using differential scanning calorimetry
(DSC) showed a shift of the lamellar-to-undulled-lamellar
phase transition toward lower temperatures by about
0.8+0.2°C in a system containing B-carotene. The en-
thalpy changes (AH) of this transition are similar for both
systems. For the main transition, gel-to-liquid crystalline,
the peak is shifted by about 0.5+0.1°C, and AH decreases
by about 30% in liposomes treated with B-carotene in
comparison to pure liposomes. Our results suggest in-
creased cooperation between liposome components in a
system with enriched B-carotene, which cause a change
in phase transition temperatures. Moreover, these inter-
actions are very sensitive to temperature.
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INTRODUCTION

Carotenoids, as well as acting as antenna pigments,
are known to protect the photosynthetic apparatus
against photooxidative stress by being active in the
processes of energy dissipation, the scavenging of free
radicals and oxidizing agents (Britton ez a/, 2008; Telfer
¢ al., 2008). It has been also suggested that carotenoids
may ‘modulate the physical properties of photosynthetic
membranes (see Gruszecki & Strzatka, 2005 for a re-
view). It has been postulated that the 'influence of ca-
rotenoids on the stability of biological membranes can
be also very important in activity promoting health in

addition to other functions already recognized (Burton
& Ingold, 1984; Bendich, 1993). B-carotene is one of
the most abundant carotenoids occurring in fruits and
vegetables. Its interactions with lipid membranes have
been intensively studied and the results provide infor-
mation about the orientation of this pigment in lipid
bilayers (Jemiota-Rzeminska ez al, 2005). Moreover, dif-
ferent types and degtrees of structural perturbations of
lipid systems due to the presence of B-carotene have
been demonstrated (Suwalsky ez al, 2002). In recent
years the influence of carotenoids on the fluidity of
model membranes have been extensively studied. For
instance it has been shown that the penetration depth
of B-carotene in the lipid bilayer depends on the de-
gree of lipid unsaturation (Atanaska & Popova, 2010;
Iglic 2011). However, direct measurements of adhesion-
related B-carotene interactions with the lipids that form
biological membranes are missing.

In this work we focus on the adhesive interactions
between B-carotene and 1,2-dihexadecanoyl-sn-glyce-
ro-3-phosphocholine (DPPC) in the form of lipo-
somes. These forces are regarded as the most crucial
for membrane integrity (Duzgunes & Nir, 1999; Ba-
kowsky ez al., 2008). The results obtained in this study
may be useful in engineering drug delivery cargo, es-
pecially in looking for new ways to improve of lipo-
plexe stability. Atomic force microscopy (AFM) gives
a unique opportunity to study the topography and me-
chanical properties of natural and artificial membranes
and liposomes, including elasticity and adhesion (San-
chez & Badia, 2003; De Souza & Teschke, 2003; Yang
& Tsay, 2007, Roiter et al., 2009). Differential scan-
ning calorimetry (DSC) is used to monitor differences
in the phase transitions in DPPC liposomes with and
without B-carotene. The temperatures of phase transi-
tions in liposomes are sensitive to preparation proce-
dures, therefore DSC is applied to examine the quality
of liposomes (Biltonen & Lichtenberg, 1993).

MATERIALS AND METHODS

Preparation of phospholipid vesicles. 3-carotene
and  1,2-dipalmitoyl-sn-glycero-3 ~ phosphocholine
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(DPPC) from Sigma were used without further puri-
fication. Appropriate amounts of lipid and B-carotene
dissolved in chloroform were mixed in a glass test
tube. The organic solvent was gently evaporated to
dryness under a stream of gaseous nitrogen until a thin
film on the wall of the test tube was formed. Then
deionized water was added and multilamellar vesicles
(MLV) were formed by vortexing for 10 minutes at a
temperature of 50°C i.e., above the main phase transi-
tion temperature (T,) of pure DPPC. The final DPPC
concentration was 1 mM and the [B-carotene content
in the samples was 1mol%.

Preparation of sample for AFM measurements. A
glass slide to be used as a substrate was kept for 1 h in a
chromic acid cleaning mixture (K,Cr,O in H,SO,). Then
it was flushed with distilled water and dried by evapora-
tion in air at 20°C. A drop of DPPC mixture contain-
ing 1mol% of B-carotene was put on the glass surface
and evaporated with a nitrogen stream. For the DPPC
liposomes the preparation procedure was the same.

Differential scanning calorimetry (DSC). Differen-
tial scanning calorimetry measurements were performed
using a Nano DSC device (TA Instruments). The sam-
ple cell was filled with 400 pl of MLV suspension and,
as a reference, an equal volume of deionized water was
used. The cells were sealed and equilibrated for about 10
min at below starting temperature. Heating/cooling rates
were 1°C per minute and the scans were recorded within
a range of 25-50°C. Heating scans were cartied out first.
The reference scan was subtracted from the sample scan.
Each data set was analyzed and the values of transitions
temperature were calculated using a software package
supplied by TA Instruments. The accuracy of the tem-
perature was +0.1°C.

Atomic force microscopy (AFM). Imaging and force
curve measurements were performed with atomic force
microscopy AFM 5500 (Agilent, USA). Silicon nitride
probes with a triangular soft cantilever (Veeco, model
MLCT-AUHW) with a nominal value of the spring
constant of 0.01 N/m and 0.1 N/m being used in the
contact and non-contact topography measurements, re-
spectively. A Lakeshore 332 temperature controller and
a standard hot sample plate (Agilent) were used to heat
and control the sample temperature to an accuracy of
0.1°C. The heating rate was 1°C per minute. Tempera-
ture dependent measurements of the adhesive forces
were performed within a temperature range from 29 to
38°C. The sample was always incubated at a given tem-
perature for 10 min before the measurement. Liposome
mixtures were prepared a day before measurement and
they were stored at 4°C.

RESULTS AND DISCUSSION

Differential scanning calorimetry measurements

The DSC heating profiles of pure DPPC multilamellar
vesicles and those containing B-carotene are presented in

——DPPC
—— DPPC + 1mol% p-carotene

10 kJ/(mol K)

Temperature (°C)

Figure 1. Representative DSC heating thermograms obtained for
multilamellar DPPC liposomes and DPPC liposomes containing
1 mol% of B-carotene.

Fig. 1. The thermodynamic parameters evaluated from
the experimental data and the characteristic transition
temperatures detected for these systems are shown in
Table 1.

In the temperature range of 25-50°C, fully hydrated
DPPC liposomes, in the absence of any additives, un-
dergo a sharp main-transition at about 41.20.1°C, with
an average enthalpy change (AH) of about 33.9 k]
mol-'. This transition corresponds to the conversion of
the rippled gel phase (P;) to the lamellar liquid-crystal
(L) phase. The smaller transition, called pretransition
(lamellar to-undulled-lamellar phase transition), occurs at
35.2°C and is characterized by AH=3.69 k] mol-'. Here,
the transition temperatures correspond to the transition
peak at the maximal peak heat and the transition enthal-
pies correspond to the integrated area under the peak di-
vided by the lipid concentration.

From the DSC profiles depicted in Fig. 1, it is
clearly seen that the incorporation of (-carotene al-
ters the thermotropic behaviour of the DPPC bilayers.
1mol%, B-carotene causes a shift of T towards lower
temperatures by about 0.4°C and a decrease in enthal-
py by about 20% as compared with pure liposomes in
the case of the main transition. In the case of pretran-
sition it results in a temperature downshift of about
1.0°C and an enthalpy decrease of about 30%. These
changes suggest that this concentration of B-carotene
has a more pronounced effect on pretransition than
on the main transition, which indicates a stronger dis-
tortion of DPPC packing in the gel state. These data
are in agreement with our previous report (Kostecka-
Gugala ez al., 2003).

The transition pathways in heating and cooling (not
shown) scans display significant hysteresis, arising from a
different lateral mobility of acyl chains in the gel and in
the liquid crystal phase. Moreover, the hysteresis is dif-
ferent for these two systems.

Table 1. The temperatures of the phase transitions (T, T.) and values of enthalpy (AH) and entropy changes (AS) evaluated from the
calorimetric measurements obtained for multilamellai DPPC liposomes and DPPC liposomes containing 1 mol% of B-carotene.

Sample Scan cycle T, (°C) AH (kJ/mol) AS (kJ/(mol-K)) T, Q) AH (kJ/mol) AS (kJ/(mol-K))

DPPC Heating 35.2+0.1 3.7£0.8 0.012+0.002 41.8+0.1 33.9+0.8 0.108+0.003
Cooling 28.9+0.1 1.2+0.8 0.004+0.002 41.2+0.1 35.5+0.8 0.113+0.003

DPPC Heating 34.2+0.1 2.7+0.8 0.009+0.002 41.4+0.1 28.1+0.8 0.089+0.003

+ B-carotene .

(1mol%) Cooling 28.3%£0.1 0.8+0.8 0.003+0.002 40.6+0.1 27.2+0.8 0.087+0.003
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Figure 2. AFM topography of DPPC liposomes containing 1 mol% [B-carotene mea-

sured using (a) a non-contact mode and (b) a contact mode.

Both experiments were performed in air. The sample was deposited on a glass sub-
strate. Scan size was 5 umx5 pum. Exemplary profiles of liposomes are shown in (c) and
(d) for the vesicle marked on picture (a) and (b), respectively. The measurements were

carried out at 25°C.

AFM measurements

Topography of liposomes

The topography of DPPC multilamellar vesicles con-
taining B-carotene and examined both in contact and
non-contact mode in air, are presented in Fig. 2. In both
modes we observed spherically-shaped vesicles which
were flattened as a result of their adsorption on the glass
surface. They show a size distribution from about 100
nm to about 400 nm. Sometimes they form aggregates
with a diameter of about 2 um. The structures and sizes
of vesicles detected using contact and non-contact mode
are similar. Therefore, we may conclude that adhesion
between liposomes and the substrate is sufficiently domi-
nant and that possible destructive effects of frictional
lateral forces on the structure and size of liposomes can
be neglected in the case of the measurements carried on
in contact mode.

Temperature dependence of adhesive forces

We studied the temperature dependence of adhesive
forces (I,) between the Si;N, tip and DPPC in lipo-
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Figure 3. The temperature dependence of the adhesive forces
obtained for multilamellar DPPC liposomes, DPPC liposomes
containing Tmol% of B-carotene and clean glass surface.

The applied loading rate was 200 nN/s.
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nitride tip should make significant
contributions to the adhesive forces
(Eastman & Zhu, 1996).

The experimental data presented in
Fig. 3 were collected during the heat-
ing of the samples. Adhesion was de-
tected during an AFM tip retracting
from the sample surface.

For DPPC liposomes containing
B-carotene the adhesive forces show an almost mono-
exponential decay. They changed from about 10 nN at
31°C to 0 nN at T =37°C. However, for pure DPPC
multilamellar vesicles adhesion deviates from this mono-
exponential behaviour. Moreover, we observed that it is
much smaller, by a factor of five at 31°C, in comparison
to a system enriched in B-carotene, and that is why these
forces vanish as early as T>34°C.

In order to estimate what values of capillary forces
may contribute to the adhesive forces detected for li-
posomal systems we performed additional measure-
ments of the adhesive forces for the cleaned glass sur-
face under the same experimental conditions (humidity
and loading rate using a cantilever with the same force
constant). The data are shown in Fig. 3. We checked
that the values of the adhesive forces, mainly capillary
in the nature here (Cappella & Dietler, 1999) have val-
ues not larger than about 4 nN at 29°C and they de-
crease with increasing temperature (at 34°C they do not
exceed 6 pN) disappearing finally at T>34°C. Moreover,
we found that these forces are independent of the load-
ing rate changing from 200 nN/s to 2000 aN/s at the
established temperature (data not shown). This means
that the capillary forces do not depend on the contact
time at a given temperature. For example, they are the
same for the contact time from about 30 ms to 30 us
at 29°C, which suggests a constant height of the water
layer (Eastman & Zhu, 1996). Taking into account the
results described above and the observation of Fujihira ef
al. (1996) that the humidity does not change the capillary
forces detected for hydrophobic surfaces and that these
forces are smaller in the case of less hydrophilic surfac-
es, one can deduce that the height of the water layer has
to be reduced in the case of liposomes in comparison to
the plain glass surface.

Therefore we may conclude that the adhesive forces
we detected are mainly related to highly specific inter-
actions between the silicon nitride tip and DPPC lipo-
somes with and without B-carotene. This conclusion is
independently supported by the observation that the val-
ue of the jump-off-contact is at least 2-3 times larger for
these forces that observed for the capillary forces, when

08 1,0
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the detachment of the tip occurs for its displacement by
about 200-500 nm from the contact position depend-
ing on the loading rate. Moreover, we observed the oc-
currence of attractive forces in the approaching force
cutves obtained for our liposomes, but only at T<31.5°C
and the mean value of these forces is about 0.11£0.03
nN, ie. one or two orders of magnitude lower than the
values of adhesion observed during retraction within the
same temperature range. By contrast, the attractive forc-
es detected while the tip approached the glass surface
were comparable to the values of the capillary forces ob-
tained from the withdrawal part of the force curves.

To summarize, the adhesive forces, which had in-
creased with the introduction of B-carotene to DPPC
multilamellar liposomes, disappeared when the tempera-
ture was raised to about 3°C.

CONCLUSIONS

The results of DSC experiments confirmed the pres-
ence of two transition states from lamellar to undulled-
lamellar phase at 35.2°C and 34.2°C, and from gel to
liquid crystalline at 41.8°C and 41.4°C in the heating
thermograms obtained for DPPC liposomes with and
without 1mol% B-carotene, respectively. However, in
the latter case the transition temperatures were shifted
toward lower temperatures, which suggests that the
structural reorganization of DPPC multilamellar vesicles
is stimulated by this carotenoid. Our AFM results show
that B-carotene, which facilitates pretransition, causes a
significant increase in viscoelastic interactions in the li-
posomes. The adhesive forces, which are dominated by
highly specific interactions between the silicon nitride
tip and the liposomes as well as by the inner interaction
between the lipids which form the structures are not
measurable at 34-35°C for pure DPPC liposomes, but
they are still in the order of 1-2 nN in the presence of
B-carotene under our experimental conditions. At lower
temperatures (<33°C) they are about 2.5-5.0 times high-
er in liposomes enriched in B-carotene. Any significant
contribution of capillary forces in these processes can be
excluded.

These results demonstrate that AFM is a very sensi-
tive tool for monitoring interactions between the com-
ponents of lipid vesicles and it provides new informa-
tion on their reorganization induced by various factors.
In particular, using this technique it was possible to
observe increased cooperation between the components
of DPPC liposomes enriched in (-carotene. Moreo-
ver, it can be concluded that the action of carotenoids
as modulators of lipid membrane physical properties is
very sensitive to temperature, especially in a temperature
range which is close to physiological conditions.
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