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Abstract: The condensing effect and the ability of cholesterol (CHOL) to induce ordering in lipid films
is a question of relevance in biological membranes such as the milk fat globule membrane (MFGM) in
which the amount of CHOL influences the phase separation and mechanical resistance to rupture of
coexisting phases relevant to emulsified food systems. Here, we study the effect of different salts
(NaCl, CaCl2, MgCl2, LaCl3) on monolayers made of a model mixture of lipids (DPPC:DPPS 4:1)
and CHOL. To this end, we apply Langmuir Film Balance to report a combined analysis of surface
pressure-area (π-A) and surface potential-area (∆V–A) isotherms along with Micro-Brewster Angle
Microscopy (Micro-BAM) images of the monolayers in the presence of the different electrolytes.
We show that the condensation of lipid by CHOL depends strongly on the nature of the ions by
altering the shape and features of the π-A isotherms. ∆V–A isotherms provide further detail on the
ion specific interactions with CHOL. Our results show that the condensation of lipids in the presence
of CHOL depends on the combined action of ions and CHOL, which can alter the physical state of
the monolayer.
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1. Introduction

Cholesterol (CHOL) is an important component in cell membranes of most vertebrates, being
an essential component of brain and nerve cells and of bile, which helps the body absorb fats and
fat-soluble vitamins [1]. CHOL is usually synthesized in animals and smaller quantity of CHOL
can be generated in plants. Although the body can produce all the CHOL that it needs, it also
obtains CHOL through foods. CHOL participates in several membrane trafficking and transmembrane
signaling processes [2,3] and plays an important role in the cellular processes such as endocytosis
and exocytosis [4]. Beyond the field of fundamental biology, CHOL is an important element in the
development of new biomaterials; as a helper lipid in liposomes developed for drug delivery [5,6] or
in lipoplexes for gene therapy [7,8].

The fundamental functions of the CHOL include cellular processes by interacting with other
lipids and proteins in the membrane. As a consequence, CHOL has been extensively studied since the
late 18th century until present [1–4,9–13]. In contrast to phospholipids (formed by a larger hydrophilic
head and a longer, flexible hydrocarbon tails), CHOL presents a peculiar structure. Concretely, CHOL
contains a short, thermally flexible hydrocarbon tail with a rigid hydrophobic structure containing four
hydrocarbon rings, which is attached to a small polar headgroup consisting of only one hydroxyl group.
Due to this chemical structure it does not form bilayer structures. Instead, it interacts strongly with
other lipids in such a way that it always fits in between two lipids in a bilayer, altering the mechanical
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strength of the membrane and inducing a non-ideal behavior in mixed systems (known as condensing
effect) [9,13]. This non-ideal behavior was firstly observed by Leathes in 1925 who studied mixtures of
CHOL and egg lecithin monolayers [14]. Therein, it was proved that the average area per molecule
in mixtures was much lower than what would be expected from the individual components. Since
then, the condensing effect and the ability of CHOL to induce ordering within the hydrocarbon chain
of many lipid films, has been extensively characterized using Langmuir films [15–29]. For instance,
this technique has been used to bring new insight into the functional role of CHOL in milk polar
lipids, used in the preparation of dairy emulsions, e.g., infant milk formulas. In particular, the role
played by CHOL in the organization of biological membranes surrounding lipid droplets in milk,
called the milk fat globule membrane (MFGM), has been recently investigated [30–33]. Accordingly,
CHOL concentration facilitates the phase separation and reduces the mechanical resistance to rupture
of coexisting phases in bilayer models of the MFGM. CHOL strongly affects the organization of the
MFGM lipid monolayers by condensing the polar lipid molecules, decreasing the difference in height
between domains on non-condensed phases and promoting the formation of numerous small domains
in the condensed phase.

In addition to the above mentioned studies of Langmuir Films, Atomic Force Microscopy (AFM)
and Brewster Angle Microscopy (BAM) are complementary techniques that are vastly employed in
the studies of lipid-CHOL interactions [13,24,25,28,34]. Although these techniques provide a direct
correlation between the topography and force mapping, the exact mechanism of the interaction of
CHOL with the individual lipids is not yet fully understood. For instance, Adhyapak and co-workers
have recently pointed out some of the questions which remain unsolved: (i) How does CHOL exactly
affect the mechanical stability of lipids, (ii) what is the nature of the binding of CHOL with different
types of lipids, (iii) what happens in the limits of low and excess CHOL conditions, and finally, (iv)
how does the self-organized structure of lipids break in the presence of CHOL [13]? Notwithstanding
the aforementioned, what is known is that the presence of CHOL increases the ordering (cohesion,
packing) of neighboring lipids [2] but simultaneously contributes to increase the fluidity of the bilayer
(lateral diffusion) [35]. However, this double character of systems containing CHOL can be modulated
by the presence of ions in the liquid subphase. For example, Korchowiec and co-workers demonstrated
that the presence of Na+ and Ca2+ increased the monolayer condensation, stability, and packing density
in 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) and CHOL mixed films (especially for
the case of the Ca2+) [17]. Likewise, Wydro and co-workers studied monolayers containing CHOL and
saturated phosphatidylethanolamine (PE) and phosphatidylserine (PS) and revealed that interactions
between lipids were enhanced in the presence of Na+ [36]. Accordingly, small changes in the ionic
environment induce significant alterations to the bilayer structure. Moreover, in both monolayers and
bilayers, the interaction of lipids with ions depends on the ion nature, on the lipid headgroups, and also
on the degree of unsaturation of the lipid hydrocarbon chain [37–44]. In this sense, we recently studied
the effect of different salts (NaI, NaCl, CaCl2, and MgCl2) on monolayers made of CHOL molecules,
both experimentally and theoretically [23]. In particular, we performed experiments of surface area
(A) vs. lateral pressure (π) isotherms measured by a Langmuir Film Balance together with molecular
dynamics (MD) all-atomic simulations. Therein, we found that surface isotherms depend on the nature
of the ions by altering the shape and features of the isotherm. Concretely, experimental π-A isotherms
were qualitatively similar for NaCl and CaCl2, but differ substantially from the shapes observed for
MgCl2 and NaI. The fact that the isotherms display differences for each electrolyte makes it difficult
to propose a series or ranking of the effect of the ions, ranging from those having more impact to
less impact on the isotherms, contrary to what is usually done in specific ionic effects (the so-called
Hofmeister series, popular in colloidal science [45]). In this research, we also measured the surface
potential (∆V), which provides additional information on the orientation of the film constituents.
In line with Del Castillo-Santaella et al.’s experiments [23], MD simulations performed therein also
revealed clear evidences of specific ionic effects and provided molecular level details on ion specific
interactions with monolayers of pure CHOL.
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Accordingly, in this research we extended previous results to explore the interaction of CHOL
with a mixture of lipids in the presence of different ions in the subphase and used a complete
surface characterization based on surface pressure, surface potential, and Brewster Angle Microscopy.
The mixture of lipids chosen is a model system, representative of the cell membrane; 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC), 1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (DPPS). The amount
of CHOL varies from 0, 30%, 70%, and 100%, and the salts used are NaCl, CaCl2, MgCl2, and LaCl3.
The objective of this research is to investigate the condensation of model lipids by CHOL and how
specific interactions with ions can alter this interaction in order to shed light on the biological functions
of this interface.

2. Materials and Methods

2.1. Materials

1,2-dipalmitoyl-sn-glycero-3-phosphocholine, 16:0 phosphatidylcholine (PC), 850355 (DPPC) and
1,2-dipalmitoyl-sn-glycero-3-phospho-L-serine (sodium salt), 16:0 phosphatidylserine (PS), 840037
(DPPS), were purchased from Avanti Polar Lipids (Delfzyl, The Netherlands), (≥99% purity) and used
as received. Cholesterol, C8667 (CHOL) was purchased from Sigma-Aldrich (Saint Louis, MO, USA),
(≥99% purity) and used as received. Spreading solutions were prepared in chloroform/methanol 4:1
(v/v) mixture (HPLC grade, ≥99%, Sigma-Aldrich).

Mixtures of lipids were prepared in the following ratios: DPPC:DPPS:COL (0.8:0.2:0), (0.56:0.14:0.3),
(0.24:0.06:0.7), and (0:0:1) (mol/mol) by dissolving the phospholipids in chloroform/methanol 4:1 (v/v)
under ambient conditions. Hence, the CHOL was used at different proportions (0, 30%, 70%, and
100%) from the total amount of lipids in a solution of final concentration 0.5 mg mL−1.

Hence, we analyzed the impact of CHOL on a mixture of DPPC:DPPS 4:1 as detailed in Table 1.

Table 1. Composition of the lipid mixtures (DPPC:DPPS:CHOL).

Sample DPPC DPPS CHOL DPPC:DPPS:CHOL

DPPC:DPPS 4:1 0.8 0.2 0 0.8:0.2:0
DPPC:DPPS:CHOL30 0.56 0.14 0.3 0.56:0.14:0.3
DPPC:DPPS:CHOL70 0.24 0.06 0.7 0.24:0.06:0.7

CHOL 0 0 1 0:0:1

Electrolyte solutions were all used as received: CaCl2 solution (Fluka, Hampton, NH, USA, 21114),
MgCl2 solution (Fluka, 65020), NaCl (Sharlau, Barcelona, Spain, S02241000), and LaCl3 (Sigma-Aldrich,
31820). These were diluted in ultrapure water in order to maintain a constant ionic strength of I = 15
mM: 15 mM NaCl, 5 mM CaCl2, or 5 mM MgCl2 and 2.5 mM LaCl3.

Ultrapure water, cleaned using a Milli-Q water purification system (18.2 MΩ cm, Merck KGaA,
Darmstadt, Germany), was used for the preparation of buffer solutions. All glassware was washed
with 10% Micro-90 cleaning solution and exhaustively rinsed with tap water, isopropanol, deionized
water, and ultrapure water in this sequence. All other chemical used were of analytical grades and
used as received.

2.2. Experimental Methods

2.2.1. Langmuir Film Balance

Lipid monolayers made of mixtures of lipids DPPC:DPPS:CHOL (Table 1) were formed at the
air–water interface in a Langmuir Film Balance equipped with paper Wilhelmy plate surface pressure
measuring system (KSV). The trough was thoroughly cleaned before every measurement with the
following sequence: 10% Micro-90® (Burglinton, NJ, USA) cleaning solution, tap water, isopropanol,
distilled water, and ultrapure water. The trough was filled with the adequate subphase (NaCl, CaCl2,
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MgCl2, and LaCl3, I = 15 mM). The absence of surface active impurities was tested within the whole
compression range before every experiment obtaining values of surface pressure π < 0.2 mN m−1.
After equilibration of the subphase, 50 µL of each lipid mixture (Table 1) were carefully spread on the
subphase using a microsyringe (Hamilton®, Teknocroma, Barcelona, Spain). After 20 min to assure the
evaporation of the solvent, the surface pressure-area (π-A) isotherm was recorded at a constant rate
of 5 mm min−1. The reproducibility of the π-A isotherms spread on different subphases was tested
by measuring in triplicate for independent samples and obtaining standard deviation <5%. Final
values are expressed as mean values of replicates ± standard deviations according to statistical analysis
tools. The Langmuir film balance lies on an antivibrational table and is covered with a transparent
Plexiglas case in order to avoid perturbation of the air-water interface by air stream and/or dust
deposition. The temperature of the subphase was controlled by a circulation water system thermostat
at 23.0 ± 0.1 ◦C.

The surface Gibbs elasticity of the monolayer is calculated directly from the π-A isotherms using

ε0 = −A
(dπ

dA

)
T

(1)

The isotherms are plotted vs. the mean molecular area (MMA), the lift off area corresponds to
the π-A plot extrapolation to 0 in the liquid-expanded (LE) regime, the limiting molecular area (LMA)
corresponds to the π-A plot extrapolation to 0 in the liquid-condensed (LC) regime and the collapse
pressure (πcoll) is the π at the highest compression state of the monolayer before collapse.

2.2.2. Brewster Angle Microscope

The morphology of the lipid films at the air/water surface was observed by Brewster Angle
Microscopy using a KSV NIMA MicroBAM (Biolin Scientific, Gothenburg, Sweden) mounted on the
Langmuir Trough. The MicroBAM is equipped with a 50 mW laser emitting p-polarized light of 659 nm
wavelengths and the spatial resolution is 12 µm. The dimensions of each image are 3.6 mm × 4.0 mm.
The technique is sensitive to the density and thickness of the film on the air–water surface. At the
Brewster angle, no reflected signal is detected on the bare air–water surface. The reflected index
changes when a monolayer is formed on the surface and so the light is reflected and detected by the
camera [28]. MicroBAM images were taken while recording the π-A isotherms of DPPC:DPPS:CHOL
(Table 1) spread on different subphases (NaCl, CaCl2, MgCl2, and LaCl3, I = 15 mM). The images shown
are representative of at least three independent experiments using three samples prepared separately.

2.2.3. Surface Potential

Surface potential–surface area (∆V–A) isotherms were measured simultaneously to the π-A
isotherms in the Langmuir trough with the KSV NIMA Surface Potential Sensor. This accessory
measures the potential difference above and below the film and is sensitive to the sum of all the
individual dipole moments. The changes in surface potential are measured by detecting the potential
difference between the vibrating plate which is placed above the monolayer and the counter electrode
which is immersed in the subphase below the monolayer [46]. ∆V–A isotherms were recorded similarly
for each lipid mixture DPPC:DPPS:CHOL (Table 1) spread on different subphases (NaCl CaCl2, MgCl2,
and LaCl3, I = 15 mM) upon symmetric uniaxial compression of the barriers.

3. Results

Surface pressure-area (π-A) isotherm of a lipid monolayer provides a fundamental characterization
of the properties of the interfacial film including information on the lateral interactions and the surface
Gibbs elasticity (ε0) of the film. Meanwhile, the surface potential-area (∆V–A) isotherms provide
additional information on the orientation of the film constituents. Finally, BAM enables visualization
of the different conformational regimes of the lipids in the monolayer by evaluating the appearance of
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uniform textures or appearance of bright/dark regions. Bright regions correspond to condensed phase
and dark regions correspond to expanded phases.

3.1. π-A Isotherms

Lipid monolayers undergo different molecular regimes as they are compressed. Gaseous films
display a π close to 0. LE films are characterized by a gentle rise of the π and a low ε0. In LE films,
the π-A plot extrapolates at π = 0 to an area called lift off area. LC films are characterized by a steep rise
of the π as molecules begin to be close-packed and LC films show higher ε0. The transition between
LE and LC can display a coexistence region characterized by a planar region of π between regimes
(LE–LC). In LC films the π-A plot extrapolates to zero π at an area called limiting molecular area (LMA),
near the molecular cross section. On further compression the film collapses in a three-dimensional
state at the collapse pressure πcoll.

Figure 1 shows the π-A isotherms obtained at the air–water interface for the different
DPPC:DPPS:CHOL mixtures studied. These were spread on subphases containing different electrolytes
(NaCl, CaCl2, MgCl2, and LaCl3) at concentrations to match the same ionic strength of 15 mM; in this
way we can focus on the specific interactions in each system. Experiments were also carried on water
subphase obtaining no significant differences with the monovalent electrolyte (results not shown).
In general, Figure 1 shows how the addition of CHOL in the mixture displaces the isotherms to
lower MMAs. This is indicative of the condensation of the lipid monolayer by CHOL. However,
this condensation appears to be dependent on the nature of the ions in the subphase. Tables 2–5 display
the values of the LMAs, πcoll, and ε0 of the monolayers for each of the electrolyte used in the subphase.
We shall analyze the effect of each of the ions on the π-A isotherms of DPPC:DPPS:CHOL, separately.
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Figure 1. Surface pressure-area (π-A) isotherms for DPPC:DPPS:CHOL spread onto solutions I = 15 mM
(A) NaCl (B) CaCl2 (C) MgCl2 (D) LaCl3. DPPC:DPPS (blue dotted line), DPPC:DPPS:CHOL-30 (red
dash-dotted line), DPPC:DPPS:CHOL-70 (green dashed line), CHOL (black straight line). Mean values
of three experiments with standard deviation <5%. T = 23 ◦C, lipid composition is described in Table 1.
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Table 2. Limiting molecular area LMA, collapse pressure (πcoll), and maximum Gibbs elasticity (ε0)
values of DPPC:DPPS:CHOL monolayers spread onto NaCl 15 mM (Figure 1A).

Sample LMA πcoll ε0 (mN/m)

DPPC:DPPS 4:1 52 ± 5 59 ± 5 134 ± 20
DPPC:DPPS:CHOL-30 48 ± 5 59 ± 3 150 ± 10
DPPC:DPPS:CHOL-70 40 ± 2 53 ± 4 180 ± 25

CHOL 40 ± 2 44 ± 2 245 ± 20

Table 3. Limiting molecular area LMA, collapse pressure (πcoll), and maximum Gibbs elasticity (ε0)
values of DPPC:DPPS:CHOL monolayers spread onto CaCl2 5 mM (Figure 1B).

Sample LMA πcoll ε0 (mN/m)

DPPC:DPPS 4:1 55 ± 1 52 ± 1 190 ± 10
DPPC:DPPS:CHOL-30 48 ± 2 42 ± 2 150 ± 15
DPPC:DPPS:CHOL-70 45 ± 2 38 ± 2 210 ± 15

CHOL 40 ± 2 46 ± 1 230 ± 15

Table 4. Limiting molecular area LMA, collapse pressure (πcoll), and maximum Gibbs elasticity (ε0)
values of DPPC:DPPS:CHOL monolayers spread onto MgCl2 5 mM (Figure 1C).

Sample LMA πcoll ε0 (mN/m)

DPPC:DPPS 4:1 50 ± 5 64 ± 1 174 ± 20
DPPC:DPPS:CHOL-30 55 ± 5 50 ± 1 180 ± 20
DPPC:DPPS:CHOL-70 56 ± 5 50 ± 2 80 ± 20

CHOL 45 ± 1 46 ± 1 140 ± 20

Table 5. Limiting molecular area LMA, collapse pressure (πcoll), and maximum Gibbs elasticity (ε0)
values of DPPC:DPPS:CHOL monolayers spread onto LaCl3 2.5 mM (Figure 1D).

Sample LMA πcoll ε0 (mN/m)

DPPC:DPPS 4:1 85 ± 3 47 ± 5 115 ± 20
DPPC:DPPS:CHOL-30 64 ± 1 50 ± 5 100 ± 20
DPPC:DPPS:CHOL-70 45 ± 2 45 ± 5 170 ± 20

CHOL 40 ± 1 45 ± 1 150 ± 20

Figure 1A shows the impact of NaCl on the condensing effect of CHOL on DPPC:DPPS monolayers.
Results show that the presence of CHOL in the mixture compresses the monolayer gradually,
showing DPPC:DPPS:CHOL-30 close to DPPC:DPPS 4:1 and DPPS:DPPS:CHOL-70 close to CHOL.
DPPC:DPPS 4:1 shows a LE–LC coexistence region which is reduced by the presence of CHOL in
DPPC:DPPS:CHOL-30, however the LMAs are similar in both cases. Then, DPPC:DPPS:CHOL-70 and
CHOL display a similar LC film with equally similar LMAs values (Table 2). Hence, the LMA of the
film decreases with the amount of CHOL to practically match that pure CHOL and the πcoll follows a
very similar trend (Table 2). The condensing effect of CHOL on DPPC:DPPS films in the presence of
Na+ improves gradually the elasticity of the films.

Figure 1B shows that the condensation of DPPC:DPPS by CHOL proceeds differently in the
presence of Ca2+ compared to Na+. DPPC:DPPS:CHOL-30 and DPPC:DPPS:CHOL-70 display a
reduced LE regime and attain similar LMAs (Table 3) which remain above the LMA of CHOL.
The ternary system also shows lower πcoll as compared to both pure systems (Table 3). The ε0 of the
film shows a complex behavior decreasing slightly for DPPC:DPPS:CHOL-30 and then increasing for
DPPC:DPPS:70 to practically match that of CHOL (Table 3).

Despite having a similar valence, the effect of Mg2+ is different to that of Ca2+ (Figure 1C).
DPPC:DPPS:CHOL-30 and DPPC:DPPS:CHOL-70 appear very similar to DPPC:DPPS 4:1 and the main
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effect of CHOL seems to be a slight reduction of LE regime. The LMAs of the ternary system remain
close to that of lipids or even slightly higher (Table 4). πcoll displays an intermediate value between
that of lipids and CHOL (Table 3). Finally, the ε0 of the film now decreases with the amount of CHOL
(Table 3), indicative of a less cohesive state of the film attained in the presence of CHOL. However, the
presence of Mg2+ also reduces the ε0 of pure CHOL monolayer as will be analyzed in detail later.

Similar to Mg2+, the presence of La3+ already affects the shape of the pure components (Figure 1D)
and this affects the condensation which appears now very gradual as the amount of CHOL increases in
the system (Figure 1D), reducing the LMAs progressively (Table 5). The shapes of the monolayers
appear very smooth in all cases and πcoll displays similar values. The presence of La3+ also reduces the
ε0 of pure CHOL monolayer as does Mg2+, indicative of the formation of LE films (Table 5). However,
in contrast to the effect of Mg2+, the condensing effect of CHOL on DPPC:DPPS films, in the presence
of La3+, improves again the elasticity of the films. This is similar to Na+ and opposite to Mg2+ while
Ca2+ showed a complex trend.

3.2. ∆V–A Isotherms

Figure 2 shows the measured ∆V–A isotherms of the monolayers reported in Figure 1. The shape
of these curves accounts for the orientation of the lipid molecules within the monolayer. In LE films ∆V
presents a monotonous increase with small slope as the film is compressed. LC states of the monolayer
present a steep rise of the ∆V while a non-monotonous increase is indicative of the presence of LE and
LC states in the monolayer.
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Figure 2. Surface potential-area (∆V–A) isotherms for DPPC:DPPS:CHOL spread onto solutions
I = 15 mM (A) NaCl (B) CaCl2 (C) MgCl2 (D) LaCl3. DPPC:DPPS (blue dotted line),
DPPC:DPPS:CHOL-30 (red dash-dotted line), DPPC:DPPS:CHOL-70 (green dashed line), CHOL
(black line). Mean values of three experiments with standard deviation <10%. T = 23 ◦C, lipid
composition is described in Table 1.

Figure 2A shows the ∆V-isotherms of DPPC:DPPS:CHOL in the presence of Na+. ∆V confirms
that the presence of CHOL in the mixture compresses the monolayer to reach a typical curve of LC
monolayer exhibiting a steep increase of the ∆V. Similar to the findings in Figure 1A, DPPC:DPPS 4:1,
and DPPC:DPPS-30 display similar shapes while DPPC:DPPS-70 and CHOL display similar shapes,
indicative a of similar conformations states changing from LE to LC state.
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The ∆V–A isotherms of DPPC:DPPS:CHOL in the presence of Ca2+ show a complex trend
(Figure 2B) in agreement also with findings from Table 3. The ∆V–A isotherms recorded for DPPC:DPPS
4:1 and DPPC:DPPS:CHOL-30 display similar monotonous increases consistent with LE films, while
DPPC:DPPS:CHOL-70 and CHOL display slightly higher slopes indicative of a more condensed state.
In the presence of Mg2+ (Figure 2C), the ∆V–A isotherms of CHOL shows a monotonous smooth
increase indicative of a LE film in the presence of Mg2+ in agreement with results in Figure 1C and
Table 4. Then, ∆V–A isotherms of ternary systems, DPPC:DPPS:CHOL-30 and DPPC:DPPS:CHOL-70,
lie parallel to DPPC:DPPS 4:1 but above both pure systems (Figure 2C). This type of behavior is only
seen for Mg2+. The reduction of ε0 with the amount of CHOL reported in Table 4 suggests reduced
lateral molecular interactions in the presence of Mg2+.

In the presence of La3+, all the ∆V–A isotherms show a monotonous smooth increase (Figure 2D)
indicative of LE films in agreement with Figure 1D and Table 5. Similar to the effect of Na+, the ∆V–A
isotherms of the ternary system appear in between that of pure components, with DPPC:DPPS 4:1
similar to DPPC:DPPS:CHOL-30 and DPPC:DPPS:CHOL-70 similar to CHOL, but these do not seem
to reach values corresponding to the LC state (Tables 2 and 5). Thus, the condensing effect of CHOL
on DPPC:DPPS films in the presence of La3+ implies a gradual change of the orientation of the lipid
molecules in the monolayer, which results in an increase of the ε0 (Table 2) owing to condensation by
CHOL but in a way that the systems retain a LE state.

3.3. Micro-BAM Images

Figures 3 and 4 display a set of images taken by Micro-BAM of the monolayers reported in Figure 1
under the same experimental conditions.
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Figure 4. Micro-BAM images of the effect of electrolyte on DPPC:DPPS:CHOL monolayers at high
compression states (π > 35 mN/m). The images correspond to the π-A isotherms plotted in Figure 1.

Figure 3 shows a series of representative Micro-BAM images taken at the lowest compression
states of the monolayer, with π < 2 mN/m; namely at large MMAs. In this range, the lipid mixture
undergoes a first-order phase transition as the surface density increases for lower MMAs. Different
phases are distinguishable in the Micro-BAM image by a difference in reflectivity. Gas, LE, and LC
films differ in the orientation of molecules and, hence, in the monolayer thickness. The thicker LC
phase appears brighter (more reflective) than the thinner LE or gas phase which appear darker (less
reflective). During a phase transition, domains of different brightness are observed simultaneously in
the image. In Figure 3, the brightness of the images increases as the amount of CHOL increases in the
mixture. In the case of CHOL, large fluid domains of coexisting gas/LE (dark) and LC phases (bright)
can be seen. These domains also appear in the systems composed of DPPC:DPPS:CHOL as the amount
of CHOL increases in the system whereas they are hardly visible in the pure DPPC:DPPS 4:1 system.

Figure 4 shows a series of representative Micro-BAM images taken at the final stages of compression
of DPPC:DPPS:CHOL films, close to collapse (Figure 1). The MMA is now very small and the lipids in
the monolayer are highly packed. Micro-BAM images revealed the presence of bright spots as the
amount of CHOL increases in the mixture. Monolayers of insoluble compounds can be compressed
to very close-packed structures at low MMAs. Beyond the maximum surface density, the monolayer
starts to buckle and undergoes a collapse where a variety of collapse structures appear. The images
of the collapse of a CHOL monolayer agree with research literatures, showing collapse structures as
bright, rod-like domains and crystals [17,34]. The appearance of these spots in the DPPC:DPPS:CHOL
could be indicative of the orientation change of the molecules owing to condensation by CHOL. These
spots only appear in the presence of CHOL as the condensation proceeds and they are more visible in
the case of Ca2+ owing to the high condensation reached.

3.4. Effect of Ions

In order to unravel the complex mechanism and shed light on the impact of specific ion effects
on the condensation of DPPC:DPPS 4:1 by CHOL, we replotted the experimental results shown in
Figures 1 and 2. In particular, Figures 5–8 show the π-A and ∆V–A isotherms obtained for each lipidic
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system in the presence of the different ions, hence, allowing a direct comparison of the specific ion
effect on the surface conformation and lateral packing of lipids.
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line). Curves replotted from Figure 1.
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Figure 5A shows that DPPC:DPPS 4:1 presents a LE–LC transition which is more pronounced in
the presence of Mg2+ and Ca2+ but vanishes in the presence of La3+. This is corroborated by the trend
of the ε0 (Tables 2–5) which increases in the presence of divalent ions and decreases for La3+ and by
the ∆V-A isotherms which shows non-monotonous increases only for the ternary system.

Figure 6A,B evidences that CHOL molecules remain in a 2D gaseous state upon compression of
the monolayer to sharply enter into a condensed/solid phase as the compression proceeds. Namely,
CHOL forms a LC film, characterized by a high ε0 in the presence of Na+ (Table 2) and a LE film with
lower ε0 in the presence of La3+ (Table 5). The effect of divalent ions is complex; Ca2+ seems to retain
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the LC state of CHOL with a high ε0 (Table 4) and significant slope in ∆V (Figure 6B), while Mg2+

lowers the ε0 to a LE film (Table 4) and so does the slope in ∆V (Figure 6B).
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Figure 7A,B shows that DPPC:DPPS:CHOL-30 molecules remain in a LE state during all the
compression and values obtained for ε0 in the presence of different ions remain within the limits of
LE films (Tables 2–5) highlighting different lateral interactions for different ions. In particular, ε0 is
higher in the presence of divalent ions (Tables 3 and 4) compared to Na+ and La3+ (Tables 2 and 5).
This increased interaction is also reflected in the higher value of ∆V obtained in the presence of divalent
cations (Figure 7B).

Figure 8A shows that the ternary system DPPC:DPPS:CHOL-70 has a clear specific interaction
with Mg2+, possibly due to the high amount of CHOL in the mixture which also interacted specifically
with Mg2+ (Figure 5). In the presence of Mg2+, DPPC:DPPS:CHOL-70 remains in a LE state, as given
by a monotonous increase of ∆V (Figure 8B) and low ε0 (Table 4). Conversely, Na+, Ca2+, and La3+

provide non-monotonous increases of ∆V (Figure 8B) and higher values of ε0 (Table 2, Table 3, and
Table 5) indicative of a LC state. Again, the higher value of ∆V obtained, only in the presence of Mg2+

(Figure 4B), might corroborate the existence of a specific interaction.

4. Discussion

The presence of ions adsorbed at the lipid interface can modify the conformation and orientation
of lipids as well as the organization of water molecules and, in turn, their interaction with CHOL and
the overall condensation phenomenon. Results presented here show a complex scenario in which
different variables act together. In the absence of salt, it was demonstrated that the presence of CHOL
increases the ordering of neighboring lipids and contributes to increase the elasticity/compressibility
of the films at once [2,35]. Moreover, the condensing effect induced by CHOL molecules, when they
interact with other lipids, is directly linked to the orientation CHOL molecular [2,9,16,47]. Although
this condensing effect generally persists in the presence of salt, ions have a strong influence on how
this condensation takes place, as it can be seen in our experiments (Figure 6). However, the effect
of the electrolyte on ternary monolayers, made of mixtures of CHOL with zwitterionic and anionic
phospholipids is twofold. On one hand, ions may modify the structure of lipid films (in the absence of
CHOL) as demonstrated in Figure 5. On the other hand, when CHOL is included in the monolayer,
ions must compete with CHOL in their interactions with lipids. In the case of ternary monolayers
of DPPC:DPPS:CHOL analyzed in this study, their surface properties clearly depend on the type of
ions and on the lipids ratio (Figures 7 and 8). There are some available data of some of the mixtures in
different researches, which can shed light on the different types of interactions concurring. Accordingly,
in order to understand the molecular mechanism behind the CHOL-lipid interactions mediated by
cations, we will compare our results with previously obtained in the literature. For instance, the effect
of Ca2+ on π-A isotherms of DPPC/DPPS 4:1 monolayers was studied at the air–water interface [48–50].
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In particular, Ross et al. employed fluorescence microscopy in conjunction with π-A isotherms,
time-of-flight secondary ion mass spectrometry (TOF-SIMS) imaging, scanning electron microscopy
(SEM), and lateral force microscopy to prove that Ca2+ preferentially binds to negatively charged
DPPS molecules [48]. This result was also confirmed by magic angle spinning (MAS) and nuclear
magnetic resonance (NMR) measurements in combination with MD simulations [51]. However, these
conformation changes are not reflected in significant changes of π-A isotherms of DPPC/DPPS 4:1 in the
presence of Ca2+ [48,49] and the shape of the isotherm was unaffected, in agreement with our results.
In contrast to the case of Na+, Ca2+, and Mg2+, the presence of La3+ importantly affects the shape of
the DPPC/DPPS 4:1 isotherm (Figure 5). This can be attributed to a different binding mode of trivalent
cation to PC and PS lipids as compared to monovalent and divalent cations [39,41]. Different binding
constants are related to the different dehydration ability of each ion on different lipids. In the case of
La3+, calorimetric measurements show that the binding of this cation to PS lipids is endothermic and
entropy driven [52]. The dominant entropic contribution is due mainly to the liberation of solvating
water molecules from lipid headgroups. For the case of PC lipids, calorimetric measurements give
values of free energy larger than in the case of PS.

However, the above mentioned specific ion–lipid interaction importantly change when CHOL is
added into the lipid film. Generally, the miscibility and stability of bilayers and monolayers made
of binary mixtures of zwitterionic lipids and CHOL is related to the orientation of lipid molecules.
Concretely, the presence of CHOL in the monolayer limits the mobility of zwitterionic lipids inducing
an upright orientation of their hydrocarbon chains, thus enhancing van der Waals interactions and
the formation of hydrogen bonds. In fact, the differences in the condensation induced by CHOL on
phospholipid films may be the result of differences in molecular organization of pure lipids films
rather than specific CHOL–lipid interactions [34,47,53–55]. In fact, therein the ability of CHOL to
build clusters and the most common locations of CHOL in zwitterionic films has been investigated by
fluorescence spectroscopy, X-ray diffraction, neutron scattering, and NMR. However, if charged lipids
are also included in the lipid mixture, the situation drastically changes. The localization of CHOL in
lipid monolayers depends strongly on the electric charge on the hydrophilic headgroup of the lipid
rather than on the ordering of the hydrocarbon tails [56]. Electrostatic interaction tends to enhance the
stability of the lipid films, being this electric interaction modulated by the presence of cations. Under
this scenario, the presence of salt in the subphase plays an important role increasing the monolayer
condensation, elasticity, stability, and packing density, especially for the case of divalent cations [17].
This feature can be inferred from ∆V–A isotherms (Figure 3). Normally ∆V of lipid monolayers is
proportional to the normal dipole moment per molecule, which in turn provides further evidence of
distribution of the cations in the lipid monolayers [46]. In this sense, our results show how divalent
cations have a stronger effect on the structure of the monolayers than monovalent or trivalent cations
(Figures 5–8). For instance, Casper and co-workers reported a higher impact of divalent cations on
∆V for DPPC monolayers with respect to monovalent ions [57]. These authors related the increase
of ∆V to cation binding modes and affinities for the zwitterionic group. Wydro and co-workers
found that for DPPE:DPPS:CHOL films compressed on water and on a subphase containing Ca2+,
the interactions between films components are less attractive (or more repulsive) than those obtained
for the pure components (DPPE:DPPS and CHOL:CHOL) [36]. On the other hand, these authors
observed that DPPE:DPPS:CHOL monolayers spread on Na+ were similar to those for DPPS:CHOL
films. As a consequence, they concluded that phosphatidylserines, despite their lower concentration in
membranes, strongly influence the properties of complex lipid systems.

In order to deepen into the ability of Mg2+ to reorganize DPPS-DPPC films, Schultz and co-workers
applied infrared spectroscopic techniques to examine this system both for assessing bilayer microdomain
formation and for determining lipid acyl chain reorganizations within the hydrophobic core of the
membranes in the presence of Mg2+ [58]. Therein, the authors demonstrate that Mg2+ induces both
the aggregation and the fusion of the lipid assemblies as a function of the ratio of DPPS to DPPC.
Accordingly, if a high proportion of CHOL is included in the lipid film it is reasonable to believe
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that the role played by CHOL in the lipid film will be influenced by the presence of this divalent
cation. In particular, our results seem to indicate that Mg2+ breaks the process of condensation induced
by CHOL. Moreover, the irregular behavior in the ε0 of the film shown in Table 4 is a consequence
of the opposite effects induced by CHOL and Mg2+ which compete at the interface. The lift of the
isotherms corresponds to the transition from gaseous to condensed state, with the CHOL molecules
oriented with the hydroxyl group pointing towards the water phase and a condensed packing of
the hydrophobic body of the CHOL molecule [23]. The specific interaction of Mg2+ with CHOL
results in this condensation occurring at higher MMAs owing to a less condensed packing state and
orientation (Figure 6). This dissimilar behavior induced by divalent cations agrees with the fact that
CHOL promotes divalent cation-dependent formation of hexagonal phases in mixtures of PC with
PS. In the absence of CHOL, different aggregation kinetic and morphologies for aggregates of PS
vesicles induced by Ca2+ and Mg2+ are experimentally reported [37,38]. However, CHOL strongly
influences the kinetics of contents leakage following divalent cation-induced aggregation of lipid
vesicles [59]. In general, CHOL increases the rate of magnesium-induced contents leakage from mixed
zwitterionic/anionic lipid vesicles. This feature becomes more important as the ratio of PC increases in
the bilayer.

5. Conclusions

In the presence of Na+, DPPC:DPPS 4:1 undergoes a gradual condensation by CHOL in which
the lipids form LC condensed films as the molecules reorient and the ε0 increases. In the presence
of La3+, DPPC:DPPS 4:1 undergoes a gradual condensation by CHOL in which the lipids seem to
remain in a LE state with increased cohesivity (ε0) as the amount of CHOL increases in the mixture.
In the presence of divalent cations, Ca2+ and Mg2+, the condensation shows important differences
possibly owing to specific ion correlations. The ε0 of the film shows a complex behavior dependent on
the ion and on the amount of CHOL. Mg2+ reduces importantly the cohesivity of the CHOL film as
the condensation by CHOL reduces the lateral molecular interactions. Conversely, in the presence of
Ca2+ CHOL induced condensation occurs in a LC state with similar lateral molecular interaction and
possibly molecular orientation to that of CHOL. In summary, our results show that the condensation
of model lipid films in the presence of CHOL depends on the combined action of ions and CHOL.
Ion–lipid binding is ion specific and affects the dehydration ability of the film and the capacity to
prevent the formation of hydrogen bonds. These factors are determinant in the condensation of lipids
by CHOL at the air-water interface.
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