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ABSTRACT

We compared the thermodynamic behavior of supported and free-standing
films of phospholipids with different chain length and showed that the change in
free energy for the phase transition to a denser state was greater in free-standing
than in supported membranes, with the differences being independent of the chain
length. The presence of the support promoted a decrease in the energy gap
between the coexisting phases of 1.7 kJ mol”, and this was a long-range effect
affecting both leaflets, probably related with the impediment of out-of-plane motion
of the film by the solid surface.
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1. INTRODUCTION

Model lipid membranes have been widely used in biophysical research to
study processes that take place in the plasma membrane and inner cellular
compartments. Langmuir monolayers, giant, large and small unillamelar along with
multillamelar vesicles, solid supported monolayers and bilayers and free-standing
planar bilayers has been used to study the texture and mechanical properties of
membranes, membrane-protein interactions, drug penetration, along with other
properties, with different kind of lipids. In the recent decades, with the development
of biosensors and the advent of high-resolution techniques, supported lipid bilayers
(SLBs) have gained increasing attention."? SLBs also permit to reproduce
biological membranes compositional asymmetry, and enable the inclusion of
inorganic solids or polymeric materials.>® However, a full understanding of the
influence of the preparation method and the nature of the solid substrate is still
lacking. This knowledge is necessary for retrieving biologically relevant information
and to fully exploit these model systems; with this understanding, it is possible to
know in which manner the general trends observed in a given model can be
extended to other models and to cellular membranes.

To this purpose, in a previous research we made a systematic comparison
of the phase diagram for the DPPC/DLPC mixture in different model membrane
systems and their thermodynamic properties were compared.” The phase behavior
in Langmuir monolayers, giant unilamellar vesicles, and supported monolayers and
bilayers was quantified, and the results indicate that the properties of the expanded
and the condensed phases become more similar when confining the lipidic system
on glass supports, in agreement with results of other authors.®

To shed more light on this issue, we analyze here the energetics of the
phase transition in free-standing (Langmuir monolayers) and supported
membranes (bilayers on glass) for five phosphatidylcholines with different chain
length with the aim of understanding the causes of the differences between the
models studied before. The study was performed with binary mixtures of
phospholipids with different hydrocarbon chain lengths that phase segregate in a
wide compositional range. Here we show that knowing the phase diagrams of the
mixtures, the change in chemical potential involved in the phase transition of pure
lipids can be estimated and thereby, the properties of free-standing and supported
films can be compared.
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2. EXPERIMENTAL SECTION

2.1 Materials

The phospholipids 1,2-dilauroyl-sn-glycero-3-phosphocholine (DLPC), 1,2-
dimirystoyl-sn-glycero-3-phosphocholine  (DMPC), 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-
diarachidoyl-sn-glycero-3-phosphocholine (DAPC), and the lipophilic fluorescent
probe L-a-Phosphatidylethanolamine-N-(lissamine rhodamine B  sulfonyl)
(Ammonium Salt) (Egg-Transphosphatidylated, Chicken) (PE-Rhoegg) were
purchased from Avanti Polar Lipids (Alabaster, AL, USA).

Lipid mixtures were prepared in ClsCH/CH3OH 2:1 v/v to obtain a solution of
1nmol/uL total concentration with all the solvents and chemicals used being of the
highest commercial purity available. The subphase in all the experiments was
deionized water with a resistivity of 18 MQcm, obtained from a Milli-Q Gradient
System (Millipore, Bedfore, MA).

The glass coverslips (12 mm diameter) used for the supported membranes
were purchased from Marienfeld GmbH & Co. Kg (Germany).

2.2 Surface pressure-area measurements

Compression isotherms were taken on a commercial Langmuir balance
(KSV minitrough, KSV Instruments, Ltd. Helsinki, Finland) measuring the surface
pressure (11) by the Wilhelmy method with a platinum plate and recording the total
film area while compressing at rates between 1 and 5 A® molecule'min™. Lipid
mixtures of the desired composition were spread onto deionized water up to a
mean molecular area higher than the lift-off area.

2.3 Preparation of supported membranes

Supported lipids bilayers were formed by transferring monolayers previously
formed at the air-water interface onto hydrophilic cover-glasses using the
Langmuir-Blodgett (LB) and Langmuir-Schaefer (LS) methods described in
Mangiarotti et al. 2014.” Briefly, the transfers were realized at a constant surface
pressure of 30mN/m and a transfer rate of 5 mm/min, with the deposition of the first
hemilayer by LB and the second one by LS transfer. The transfer ratio were always
between 0.95 and 1.2, indicating that the monolayers were properly transferred to
the glass substrate.® The SLBs generated were asymmetric, since the first
transferred film (the leaflet proximal to the glass surface) was made only of the
component of the particular mixture with the longest hydrocarbon chain (DAPC,
DSPC or DPPC) and in the absence of the fluorescent probe, while the second
transferred film (the distal leaflet) contained the desired binary lipid mixture with 1
mol% of PE-Rhoegg (unless specified, see Table 1). Once the second monolayer
was transferred, the covered glasses remained submerged in water during all the
experiment. On the contrary, when only a monolayer was observed (see Table 1),
the film remained in air.
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2.4 Image acquisition and processing

Phase coexistence was visualized by Fluorescence Microscopy (FM).
Images were acquired with an inverted fluorescence microscope Axiovert 200 (Carl
Zeiss, Oberkochen, Germany) equipped with a CCD video camera iXON (Andor,
Belfast, Northern Ireland) and 20x and 40x objectives. The fluorescent probe (PE-
10 Rhoegg) was incorporated in the lipid solution before spreading (1 mole%).
11 In order to asses if the fluorescent probe had modified the phase behavior of
12 the mixture, the results obtained with FM in monolayers at the air-water interface
14 were compared with the images obtained with BAM, where no probe is required.
15 For these experiments, the monolayers under compression were observed using
16 an EP3 Imaging Ellipsometer (Accurion, Goettingen, Germany) with a 20x
objective. The analysis and quantification of the images were carried out using
19 Image J software as detailed in the supporting section of Caruso et al.™
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3. RESULTS

3.1 Phase diagrams and composition of the coexisting phases.

All the lipid mixtures used in this work presented phase segregation in a
wide range of compositions. In Langmuir monolayers (LMs), phase coexistence
was followed using BAM and FM allowing the construction of a phase diagram for
each lipid mixture, and thereby the determination of the phase boundaries (X-F and
X-C) at all surface pressures.

As an example, Figure 1A shows the phase diagram for LMs composed of
DSPC/DLPC. Micrographs obtained with FM (Xpspc=0.03 and 0.20) and BAM
(Xpspc=0.80 and 0.97) at 30mNm™ can be observed as insets. In BAM images the
liquid-expanded (LE) phase corresponds to the darker areas and the liquid-
condensed (LC) domains appear as lighter grey levels due to the higher refractive
index and the larger thickness.!" The opposite is observed in FM images, the
lighter areas correspond to the LE phase since the probe is preferentially located
there. The black circles in Figure 1 A indicate the surface pressure for the
boundaries between regions with LE/LC phase coexistence and a homogeneous
LE film, the diamond shape indicates the border between LC/LE phase
coexistence and a homogeneous LC film, and the white circles correspond to the
collapse pressure of the film. The dotted line indicates the surface pressure at
which the monolayers and the supported bilayers have been compared (i.e. the
film transference onto the solid was made at 30mNm™). The values of X5 and X-°
(compositions of the LE and the LC phases, i.e. compositions of the border of the
regions with phase coexistence) at 30mNm™ were 0.03 and 0.97 respectively for
monolayers composed of DSPC/DLPC. These phase boundaries were shifted in
SLBs as shown in Figure 1B, being X-=0.04 and X-“=0.75. Note that to determine
the composition at which the film was in a LC state in Langmuir monolayers BAM
was used, allowing a clear detection of the coalescence of the phases, while for
SLBs, only FM can be used. The incorporation of a fluorescent probe hindered the
visualization of the composition at which the transferred film was completely in a
LC state since the probe preferentially located in the LE phase, but when an
homogeneous condensed state was reached, the resulting FM images were not
homogeneous and regions where the probe remained appeared lighter resulting in
an inhomogeneous texture (see micrographs for Xpspc=0.75 and 0.90). Therefore,
this boundary was determined in supported films as the lipid proportion at which
the appearance of the image and the area occupied by the fluorescent regions
showed no further changes as the lipid proportion changed.
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SP/mNm™

Figure 1. (A) Phase diagram (Surface Pressure vs. Xpspc) for Langmuir Monolayers composed of DSPC/DLPC at (22+1)°C.
Borders of the two phase regions determined with BAM or FM: boundary between LC/LE and LE (e); boundary between
LC/LE and LC (¢); and collapse pressure of the film (o). The dotted line indicates the surface pressure of transference, at
which the free-standing and supported films were compared (SP=30 mN/m). Insets: representative micrographs taken with
FM (Xospc=0.03 and 0.20, 400x400pm®) and BAM (Xpspc=0.80 and 0.97, 150x150 pm?). (B) Images of DSPC/DLPC
supported bilayers transferred by the LB-LS method taken with FM under water (Images size: 400x400pm2, the scale bar is
100pm). For both systems Xpspc and the values of X'F and X"© are indicated. (C) Area ratio (A"5/A*°) vs Xpspc for LMs (e)
and SLBs (A) together with the calculated curves for the lever rule: A /A = (alf/alC) x (x'¢ — x)/(x — x'E), where a‘f
and a'¢ are the mean molecular areas of the LE and LC phases, obtained from the compression isotherms at the
compositions of the corresponding boundaries. Inset: scale magnification showing the differences between the systems.

The ratio between the area percentages of LE phase to LC phase for a
particular lipid composition in a phase segregated system relates with the phase
diagram of the mixture through the lever rule; the composition and general
properties of the phases in coexistence do not change over the whole range of
phase segregation at constant temperature and surface pressure. All the mixtures
used in this research followed the lever rule, as exemplified in Figure 1C for the
DSPC/DLPC mixture in free-standing and supported systems.

In a previous work, we showed that the composition of the phases in
supported bilayers composed of DPPC and DLPC is the same for the leaflet distal
and for that proximal to the support, indicating that there is no influence of the
possible short-distance interactions between the glass and the lipids on the phase
segregation of this lipid mixture.” In addition, the phase boundaries of monolayers
compared to bilayers both in free-standing and supported models (Langmuir
monolayers vs. giant unilamellar vesicles and supported monolayers vs. supported
bilayers) are similar; indicating that inter-leaflet interactions do not markedly affect
the phase diagram of this lipid mixture.”
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In order to check whether this is a general observation in phospholipid films
absorbed on glass, we analyzed here the areas occupied by the expanded and the
condensed phases for other two mixtures. Table 1 summarizes the results
obtained for DAPC/DMPC (a chain difference of 4 carbons) and DSPC/DLPC (6
carbons of difference). The area ratios remained the same for supported bilayers
when the hemilayer containing the lipid mixture was transferred first (proximal to
the support) or when it was the distal one, meaning that the observed compositions
were not affected by flip-flop and that the results shown here can be considered
valid for both leaflet. Even in the absence of the second hemilayer (i.e. supported
monolayers) the area ratios remained the same, indicating that inter-leaflet
interactions were not modifying the phase diagram of the lipid mixtures used in this
work.

Table 1. Area fractions for different mixtures in the distal (dSLBs) and the proximal (pSLBs) leaflets of
supported bilayers and for supported monolayers (SLM). In dSLB, the proximal hemilayer is composed of pure
DAPC or DSPC while in pSLB, the distal hemilayer is composed of pure DAPC or DSPC. SLM were observed
in air and the bilayers under water.

A°IA° DAPCDMPC  DSPC/DLPC

Xoapc=0.07 Xospc=0.25

dSLBs 387 711

pSLBs 3515 542
SLM 335 6+1

The compositions of the phases in coexistence were determined for five
binary lipid mixtures as explained above. The obtained values are given in Table 2
were it can be observed that the range of phase coexistence was always smaller
when the system was confined, i.e. the lipids were more miscible in the presence
of the support. However, a clear tendency cannot be described, since the
boundaries were shifted in different proportions for each mixture and therefore,
other parameter has to be analyzed for a more quantitative comparison; this is
performed in the next section.
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Table 2. Composition of the phases in coexistence in binary phospholipid mixtures for free-standing and
supported membrane systems.

. LMs SLBs
Lipid
mixture XLE LC LE LC
DPPC/DLPC  0.170+0.007 0.95 + 0.04 0.35 £ 0.01 0.90 + 0.04
DSPC/DMPC  0.080 +0.003 0.92 +0.04 0.120+0.005  0.80+0.03
DSPC/DLPC ~ 0.030 +0.001  0.90 + 0.04 0.040 £0.002  0.75+0.03
DPPC/DMPC 0.40+0.02  0.85+0.03 0.45+0.02 0.80 +0.03
DAPC/DMPC (50£2)10™ 0.96 + 0.04 (100+4)10™ 0.87 £0.03

The indicated X" and X" values correspond to the longest lipid of each mixture.

3.2 Calculation of the free energy of the phase transition.
In the regions where the LE and the LC phases coexist in equilibrium, the
chemical potential of each lipid i in each phase is the same, i.e.:

wi(LC) = p;(LE) (1)

All the selected lipid mixtures showed low miscibility (as shown in Fig. 1 for
DSPC/DLPC), and therefore, each phase in coexistence was a mixture in which
one of the components was in a very small proportion. Thus, the chemical potential
of each lipid in each phase can be considered as that for ideal mixtures:

i (LC) = u2(LC) + RT In(xF€)  (2)
w(LE) = pl(LE) + RT In(xfF)  (3)

Then, using eq. 1 to 3:
u?(LC) + RT In(x}€) = pP (LE) + RT In(x}F)

A,u?’ Le=lE — RT In (i;) 4)

Equation 4 indicates that the chemical potential difference for the phase
transition LE->LC of a pure lipid (Au from now on, for simplicity) can be estimated
from the compositions of the phases in coexistence in a given binary mixture
provided they can be considered as ideal mixtures, which is a good approximation
when the components exhibit a low solubility since in that case, both phases
correspond to dilute solutions. Furthermore, the compositions of the coexisting

9
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phases in membranes are easily obtained by observing the presence or absence
of micro-domains, as explained in the previous section.

Using eq. 4 and the compositions shown in Table 2, the chemical potential
difference involved in the phase transition from liquid expanded to liquid
condensed phase was calculated for the phosphatidylcholines with different chain
length (from 12 to 20 carbons) in free-standing (LMs) and supported films (SLBs)
at (2241)°C and at a surface pressure of 30mNm™. Two Au values were obtained
from each mixture, corresponding to the phase transition of the pure lipids that
composed it. For some lipids we obtained more than one value of Au (both free-
standing and supported), since more than one mixture was analyzed for those
lipids, as indicated in Table 3. It is important to remark that for those lipids, the
different values of Au were similar, regardless of the mixture used for the
determination, which indicates that considering ideal mixtures was a valid
approximation. As expected, for a lipid with less than 16 carbons in their
hydrocarbon chains the change of energy was positive for the phase transition, i.e.
these lipids were stable in a LE phase at 22 °C and 30 mN/m. The opposite
behavior was observed for lipids with longer chains. For DPPC, the values were in
agreement with the reported Gibbs free energy calculated in monolayers using a
different approach.?

Table 3. Chemical potential difference for the LE to LC transition in free-standing and supported systems.

- Mixed LMs SLBs
Lipid . 4 4
with Ap(kdmol )  Ap(kJmol )
DPPC 6.9+0.5 4.6£0.5
DLPC
DSPC 5.6+0.5 3.3+0.5
DPPC 3.410.5 2.5+0.5
DMPC DSPC 6.0£0.5 3.6+0.5
DAPC 7.910.5 5.0+£0.5
DLPC -4.2+0.5 -2.3+0.5
DPPC
DMPC -1.8+£0.5 -1.4£0.5
DLPC -8.310.5 -7.240.5
DSPC
DMPC -6.0£0.5 -4.7£0.5
DAPC DMPC -12.9+0.5 -11.0£0.5

A maximum error of 0.5 was assigned to Au values derived from the error in the concentration of the solutions
containing the lipid mixtures and from independent experiments in the determination of XE and X"° values.

10
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In Figure 2A the data shown in Table 3 are plotted versus the lipid chain
length for the different phosphatidylcholines used. Two major conclusions can be
obtained from this graphic: firstly, there was a correlation between the chain length
and the Au values for lipids with more than 16 carbons, becoming more negative
as the chain length increased. On the contrary, for shorter lipids the contribution of
the chain to the energetics of the phase transition was negligible, suggesting that
for these lipids other factors different to the melting of the hydrocarbon chains
(such as the polar head group and/or the hydration water), were dominating the
process.

Secondly, in all cases the Au for the transition in supported systems was
lower than that corresponding to free-standing systems; note that the black
columns are closer to zero than the grey ones for each lipid. In other words, the
phases became energetically more similar when the film was supported in all the
analyzed lipids.

16:0PC 18:0PC 20:0PC
(DPPC) (DSPC)  (DAPC)

12.0PC 14:.0PC
(DLPC) (DMPC)

; t

Ap (kJ mol™)

AAR) (kJ.mol™)
— @@

-5
-101 I
12 14 16 18 20

15 Chain Length

Figure 2. A. Chemical potential difference for the phase transition from the liquid expanded state to the liquid condensed
state in Langmuir monolayers (grey bars) and supported lipid bilayers (black bars) for phosphatidylcholines with increasing
chain length at (22+1)°C and 30mNm™". B. Absolute value of the difference between the Ay values for films in LMs and SLBs
as function of the chain length.

Interestingly, the difference in the energetic cost for the phase transition in
SLBs and LMs was independent of the particular lipid. In Figure 2B, the absolute
value of the difference in the Au values of LMs and SLBs is plotted. On average,
the phase transition in supported systems cost (1.7+0.8) kJ.mol™ less than for free-
standing systems.

11
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4. DISCUSSION

In all the analyzed mixtures, the region of phase coexistence decreased in
the presence of the solid support. From the composition of the coexisting phases
we were able to estimate the energetic cost for the phase transition for the pure
lipids. Our main result show that in supported bilayers the energy required to
change the phase state in membranes composed of different phospholipids was
lower than for free-standing systems, and thus, in SLBs the phases were more
similar than in LMs, explaining the increased miscibility of rigid lipids with less
packed lipids when a mixture was analyzed. Interestingly, this reduction in energy
was independent of the chain length, thus indicating that it was not related with a
loss in the degrees of freedom of the hydrocarbon chain. The decrease in the free
energy change supports previous findings regarding the phase behavior of
DPPC/DLPC mixtures in free-standing (monolayers and giant unilamellar vesicles)
and supported films (monolayers and bilayers on glass) in which the phase
diagram of all supported membranes is shifted with respect to all free-standing
systems, with an expanded phase richer in DPPC when the membrane is
supported.”®

Similar values for the ratio of the areas of the coexisting phases were found
when the distal hemilayer was observed, which according to the lever rule implies
a similar composition of the coexisting phases and thus, similar energy change for
the phase transition of the pure lipids (see Table 1 for DAPC, DMPC, DSPC and
DLPC and ref. 7 for DPPC). Therefore, the glass surface did not promote further
effects related with short-distance specific interactions and our observations
appear to be a consequence of long-range effects observed in both leaflets.
Furthermore, when a single monolayer was transferred, similar results than for
supported bilayers were found, thus discarding the influence of inter-layer
interactions on the phase diagram.

In free-standing membranes, out-of-plane fluctuations are possible, with
amplitudes depending on the membrane bending modulus.™ In the case of lipid
monolayers at the oil-water interface, it has been shown that the value of the mean
bending modulus is similar to that on bilayers™ In Langmuir monolayers, while a
flat geometry at the interface is observed in the micrometer scale, thermal
undulations at the nanometer scale occurs, with growing amplitude upon reduction
of the surface tension.” These undulations lead to a smearing in the density
profiles obtained with x-ray structures of about 0.4 nm’, higher that the clean air-
water interface roughness (0.32 nm'’) and comparable to those found in lipid
bilayers.'®

In supported lipid films, a 0.5-2 nm thick water layer has been determined
between the polar-headgroup and the solid surface.'®?' This confined water is
more structured than bulk water, showing ice-like peaks in the infrared spectra.21
Furthermore, it has been shown that due to the confining wall there is an increase
in the effective viscosity of the fluid in this layer.??

12
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Therefore, the film undulations are expected to be markedly reduced when
confining the membrane to a solid support, as predicted by computational
simulations of SLBs that show compressibility changes with respect to free-
standing systems along with localization of the lipid molecules.?

All this suggests that the confinement imposed by the solid surface leads to
the localization of the membrane and to restrictions in out-of-plane undulations.
The consequences of the restricted motion on the membrane are expected to be
higher in the expanded phase than in the condensed phase, thereby decreasing
the energy gap between the phases.

It has been proposed that the loss of entropy due to limited movement of
lipid molecules out of the plane of the membrane in SLBs play a main role in the
energy differences between free-standing and supported films.2?*" However, the
reduction in free energy described here maybe related not only with a loss of
entropy, but also with a decrease in enthalpy due to different intermolecular
interactions in the free standing compared to the supported film.

The value of the melting temperature (T,,, = AH/AS at the melting point) is
expected to increase if the entropy diminishes provided that the enthalpy of the
phase transition remains constant. Since the first explorations of SLBs, the value of
T for supported DPPC and DMPC has been determined using several techniques
under different experimental conditions because of their accessible T, values (in
MLVs, T»=23.5 °C for DMPC and 41.4 °C for DPPC?). Table S1 summarizes a
compilation of the reported data on different solids using LB-LS or vesicle rupture
(VR) deposition methods.

In agreement with the proposed loss in entropy, most of the experimental T,
values are higher than those of MLVs (see Table S1). However, this is not
observed in all cases and there is a great variability in the measured T, values
which can be explained by considering the extreme sensitivity of bilayer dynamics
to multiple parameters as: i) the chemical nature of the support (glass, mica, silicon
oxide, etc) as well as their chemical properties, derived from different pre-
treatment, leading to different roughness, hydrophobicity and wetability.45 ii) the
manner in which the film was formed on the support (LB-LS or the rupture of
vesicles?®?%), probably leading to films of different density and/or different thickness
of the water cleft. iii) the temperature and the ionic strength of the system at the
transferring stage %',

For bilayers on mica, a decoupling of the hemilayers has been measured,
with two different melting values and two different diffusion coefficients.?>*'* This
decoupled phase transition was proposed to be a result of the strong interaction
between the proximal lipid hemilayer and the support, with the mica surface
stabilizing the solid phase of the proximal monolayer through electrostatic
interactions resulting in dehydration of the lipid headgroups.33 Supporting this idea,
the phase transition on mica has been turned to a coupled transition by changing
the ionic strength of the aqueous milieu.®? Contrary to mica surfaces, we and other
authors?®2%% found that, on glass or a silicon oxide, there was no distinction

13
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between the distal and proximal leaflets, suggesting a weaker interaction between
the lipid film and these surfaces, probably related with the higher roughness of the
latter.

Regarding the manner in which the transition process occurs, it is known
that the main transition in pure lipid water suspensions is a highly cooperative
endothermic process with peak widths of <0.1°C at slow scanning rates.*® In SLBs
the phase transitions are less cooperative, with reported temperature widths
between 2°C and 10°C (see Table S1) and the causes of this behavior remain
unclear. On this subject, it has been reported that in vesicles with single bilayers
(which are more comparable to SLBs than MLV) the cooperativity decreases
compared to multilayers.> 3 While it is known that in free-standing bilayers the
gel-to-fluid transition takes place at constant surface pressure with increments in
the lipids molecular areas, there still is an attempt to answer the question if the
phase transition in SLBs take place at constant surface pressure with area
expansion, or at constant area with variation of the surface pressure, or neither of
them. Charrier and Thibaudau®* have proposed a model that supports a quasi-
constant area phase transition, while this assumption was questioned by
Ramkaran and Badia.*’

In Langmuir monolayers, it is possible to fix one of the parameters (area or
surface pressure) while varying the temperature of the film (for details see SM).
Therefore, we evaluated the phase transition of monolayers of DPPC and DMPC at
each condition and found that the temperature range where phase transition
occurred was larger when the area was fixed (~14°C) than when the fixed
parameter was surface pressure (~6°C), in which case the range was similar to the
reported values (Table S1), supporting the idea of a phase transition with a
variable molecular area as proposed by Ramkaran and Badia.' This matches
observations using AFM to image SLBs, where an expansion of the film and a
filling of the defects with membrane while increasing the temperature have been
described, and also matches diffusion experiments, which show that the lipid
molecules are not pinned down to the surface but may expand across it.2%33:3°40-42

5. Conclusions

Here we presented a novel method for the determination of the chemical
potential difference involved in the phase transition of pure lipids that may be
applied to different model membranes. Using this approach, we were able to
estimate the free energy change for the phase transition of five phospholipids
differing in the hydrocarbon chain length in LMs and SLBs and thereby a
comparison of the energetic cost for the condensing process (from liquid-expanded
to liquid-condensed states) in the presence and in the absence of a solid wall was
performed. The results showed that the energy involved in the phase transition of
lipids arranged in supported films was lower than for free-standing films, and thus,
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the phases become more similar to each other when closer to a solid confinement.
This effect may be caused by a change in the entropy of the process, the enthalpy,
or both. In any case, the energetic change was not related with an ordering effect
of the hydrocarbon chain and was a long-range effect, probably related with the
impediment of the out-of-plane motion of the film by the solid surface.

In summary, even in the absence of strong film-surface interactions, our
results indicate that a solid support induces a reduction of the energy gap between
the different phase states, which translates to changes on the phase diagram
corresponding to membranes with more than one component.
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