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Abstract: Langmuir monolayers containing different amounts of cholesterol and cholesteryl stearate
were studied at two different temperatures (24 ◦C and 35 ◦C). The main goal was to contribute
towards the understanding of how the variations in the chemical composition may affect the physico-
chemical properties of these specific lipid monolayers. The model mixture was chosen considering
that cholesteryl esters are present in cell membranes and some other biological systems, including hu-
man tear lipids. Therefore, an investigation into the effect of the lipid monolayer composition on their
interfacial properties may elucidate some of the fundamental reasons for the deficiencies in cell mem-
branes and tear film functioning in vivo. The experimental results have shown that the molar ratio of
the mixture plays a crucial role in the modulation of the Langmuir film properties. The condensing
effects of the cholesterol and the interactions between the lipids in the monolayer were the main
factors altering the monolayer response to dilatational deformation. The modification of the mixture
compositions leads to significant changes in the Langmuir films and the mechanical performance,
altering the ability of the monolayer to reduce the surface tension and the viscoelastic properties
of the monolayers. This suggests that subtle modifications of the biomembrane composition may
significantly alter its physiological function.

Keywords: Langmuir monolayers; dilational rheology; cholesterol; cholesteryl stearate

1. Introduction

Cholesteryl esters and cholesterol together with wax esters are counted among the
most important components of the fatty secretion of the meibomian glands [1–3], driving
the decrease in the surface tension and contributing to the Marangoni-driven homoge-
neous spreading of the tears upon blinking [4–6]. Furthermore, they also contribute to
counteracting the film thinning by retarding the water evaporation, and by lubricating and
stabilizing the tear film [7–10].

The organization of the lipids on the meibum film occurs in such a way that the van
de Waals interactions between the hydrophobic regions of the lipid molecules and the
hydrogen bonds between different polar groups, mainly ester and hydroxyl ones, are
maximized [11]. This results in a liquid crystalline phase at a low temperature and a gel
phase at a higher temperature, where the side chains of the cholesterol esters are highly
interdigitated, and the packing between the adjacent steroid nuclei and carbonyl moieties is
maximized [12]. Furthermore, the interaction of meibum with different polar phospholipids
and proteins forming the adjacent tear film lipid contributes to the preservation of the
stability and physiological function of tear film [13–15].
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Different factors can influence the stability and physiological function of tear film,
including autoimmune, environmental, hormonal or toxic factors. These lead to different
alterations in the structural order of the lipid molecules and the mechanical properties of
meibum, which can result in different pathological states [16–18]. This makes it necessary
to explore the origin of such pathological states and seek potential therapeutic approaches
for minimizing its impact on human health [19].

It is commonly accepted that the origin of most of the physiological deficiencies on
biological structures formed by lipids, such a meibum films, are associated with structural
changes, which reduce its stability [20,21]. This leads to a situation in which the ability
of the lipid layers for reducing the surface tension and their rheological properties are
significantly worsened [9,10,22,23]. This has been commonly rationalized in terms of
compositional changes of the secretion of the meibomiam gland [24]. However, many
aspects regarding the correlations existing between the composition, structure and function
of lipid structures are still a matter of an intense debate [25]. This appears to be very
important because it has been reported that a subtle modification in the concentration
of very specific lipids may affect significantly the development of ocular diseases [26].
Therefore, the understanding of the effect of the composition of the lipid layer on the
interfacial properties of the meibomian fatty secretion appears as a very relevant issue to
shed light on some of the most fundamental aspects related to the emergence of different
ocular diseases [27]. This can be analyzed from a very simple perspective, using Langmuir
monolayers of cholesterol and cholesteryl stearate, which can be considered a reasonably
simple model, accounting for an important part of the meibum composition. In particular,
the change on the content of cholesterol and cholesteryl stearate in the meibomian film
may affect its integrity, which may increase the rate of water evaporation, altering the
functionality of the whole tear film [26]. Furthermore, considering that the meibum is not
in equilibrium, but undergoes numerous mechanical perturbations from its formation until
its renewal upon blinking, it seems also convenient to measure the dilational modulus of
elasticity and viscosity under dynamic conditions. Bearing in mind that a typical blinking
period is around 5 s [28], it may be convenient to perform measurements at frequencies close
to 0.1 Hz, even though it should not be forgotten that the real disturbance of the tear fluid
does not respond to a periodic sinusoidal deformation. Furthermore, the characterization
of the equilibrium properties of the lipid monolayers is also essential to draw conclusions
about the dynamic properties. It should be noted that the use of Langmuir monolayers as
models allows focusing our research to the apolar sublayer of the tear film. The use of this
well-controlled model allows a careful monitoring of the rheological properties and the
specific interactions between the components within the lipid layer [19].

2. Materials and Methods
2.1. Chemicals

Cholesterol (CH) and Cholesteryl stearate (CS) were purchased from Sigma (Saint
Louis, MO, USA) at 99% purity and were used without further purification.

Chloroform (CHROMASOLV™, for High Performance Liquid Chromatography, stabi-
lized with ethanol) purchased from Sigma-Aldrich (Saint Louis, MO, USA) was used for
preparing the spreading solutions.

Ultrapure deionized water used for cleaning and solution preparation was obtained by
a multicartridge purification system AquaMAX™-Ultra 370 Series. (Young Lin Instrument
Co., Ltd., Gyeonggi-do, South Korea), presenting a resistivity higher than 18 MΩ cm, and a
total organic content lower than 6 ppm.

2.2. Preparation of Lipid Monolayers

The lipid monolayers were prepared at the water/vapor interface by dropping con-
trolled volumes of lipid mixtures from its solution in chloroform (concentration about
1 mg/mL) using a high-precision Hamilton syringe (Hamilton Company, Reno, NV, USA).
This methodology ensures the control of the interfacial density of lipid upon solvent evap-
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oration. Once monolayers are obtained, 30 min are waited before starting the experiments
to ensure the complete evaporation of the solvent.

Experiments were performed at two different temperatures: 24.0 ± 0.1 ◦C and
35.0 ± 0.1 ◦C, with the latter being the average temperature of the cornea of human eyes [29].

2.3. Methods

The Langmuir monolayers were studied using a through Nima model 702 (Nima
Technologies, Ltd., Coventry, UK), equipped with two Delrin® barriers allowing for sym-
metric compression/expansion of the free liquid surface. The total surface area of the
Teflon trough is 700 cm2. The surface tension, γ, was measured using a force balance fitted
with a paper Wilhelmy plate (Whatman CHR1 chromatography paper, effective perimeter
20.6 mm, supplied by Sigma Aldrich, St. Louis, MO, USA), ensuring a zero contact angle.
The surface pressure, Π, is obtained as the difference between the surface tension of the
pure water/vapor interface γw and γ, i.e., Π = γw − γ.

The quasi-equilibrium isotherms for the monolayers were obtained measuring the
surface pressure as the interfacial area available for the monolayer, A, is reduced at a
fixed compression velocity of 1 mm/min. This compression rate allows minimizing any
undesired non-equilibrium effects during the determination of the isotherms [30,31].

The Langmuir trough also enables the study of the dilational rheology of the lipid
monolayers using the oscillatory barrier method. A detailed description of this method can
be found elsewhere [32–36]. The oscillatory barrier method allows evaluating the modulus
of the complex dilational viscoelasticity E = ∆γ/(∆A/A), i.e., the variation, of the surface
tension γ as result of a harmonic change of the interfacial area at a controlled frequency ν
(in a range of frequencies from 10−3 to 0.15 Hz), with this change on the interfacial area
being defined as

A(t) = A0 + ∆Asin(2πνt) (1)

The change of the interfacial area (strain) leads to a stress response ∆Π = Π0 −Π(t),
which is defined as the change in surface pressure between the reference state Π0 and the
instantaneous value of the surface pressure Π(t). For small amplitude deformations, i.e.,
for deformations within the linear regime, the stress response also follows a sinusoidal
profile with the same frequency as the deformation

Π(t) = ∆Π sin(2πνt +φ) (2)

with φ being a phase shift accounting for a possible delay of the stress response (surface
pressure change) in relation to the strain (area deformation). For systems with a linear
response, the stress can be considered proportional to the deformation u(t) = ∆A/A0
(elastic term) and to the rate of deformation du(t)/dt (viscous term), which allows one to
write the stress as

Π(t) = ε′ u(t) + κ
(

du(t)
dt

)
(3)

with ε′ and κ being the dilational elasticity and viscosity, respectively. Considering the def-
inition given by Equation (3) and assuming a generic harmonic perturbation, the complex
dilational viscoelasticity, ε, can be defined as

ε = ε′+ 2πνκi (4)

with i =
√
−1, so that E = |ε|. The analysis of the curves corresponding to the strain and

stress in terms of Equations (1) and (2) provide information about their amplitudes and the
phase shift, enabling the calculation of the dilational viscoelasticity.

A Brewster Angle Microscope Nanofilm EP3 from Accurion Gmbh (Göttingen, Ger-
many) equipped with a solid state laser (λ = 532 nm) and coupled to the Langmuir was
used to obtain information about interfacial textures, i.e., the lateral organization of lipids
at the interface.
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3. Results and Discussion
3.1. Equilibrium Behavior of Langmuir Monolayers of Pure Componentes at 24 ◦C: Cholesterol and
Cholesteryl Estearate

This work is focused on the analysis of the effect of the composition on the interfacial
properties of Langmuir monolayers of binary mixtures containing CH and CS. However,
any physical meaningful discussion requires the analysis of the interfacial behavior of
the pure lipids as a preliminary step. Figure 1a shows the surface pressure-area per
molecule isotherms (Π-Am) for monolayers of CH and CS spread at the water/vapor
interface, where Am = A/N, with N being the number of molecules initially spread at the
water/vapor interface.

Figure 1. (a) Surface pressure-area per molecule of isotherms for Langmuir monolayers of CH and CE spread at the
water/vapor interface at 24 ◦C. (b) Quasi-static dilational elasticity, ε0, dependences on the surface pressure, Π, for
Langmuir monolayers of CH and CE spread at the water/vapor interface at 24 ◦C. In both panels: CH (•) and CS (•).

The isotherms obtained for CH and CS spread at the water/vapor interface agree with
those previously reported in the literature [37–42]. For CH, the isotherms show a large
region at the area per molecule above 45 Å2 where the monolayer presents almost negligible
surface pressure values, i.e., it corresponds to a gas phase. A further compression results in
a sudden increase in the surface pressure until the collapse. Therefore, it can be expected
that upon compression, CH molecules start to reorient at the interface to maximize the
lateral van der Waals interactions between their sterol rings. This results in the formation of
close packed monolayers with the molecules oriented perpendicularly to the water/vapor
interface, resulting in the formation of a solid-like layer with a high stiffness [43]. On
the other side, the isotherm of the CS presents the typical feature of an expanded-like
monolayer in which the surface pressure increases continuously till a collapse surface
pressure slightly above 55 mN/m. This behavior may be due to the presence of a certain
steric hindrance for the molecular packing, which weakens the van der Waals interactions
between the molecules at the interface [44,45].

Further insights on the organization of the lipid molecules at the interface and the
strength of their interactions are obtained from the quasi-static dilational elasticity obtained
from the isotherm as

ε0 = −A
(

∂Π
∂A

)
t

(5)
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The quasi-static dilational elasticity provides important information on the energy
stored for the monolayer upon continuous compression, and its value is related to the
monolayer rigidity that, in turn, carries information on the packing of the molecules at the
interface. Figure 1b shows the area per molecule dependences of the quasi-static dilational
elasticity for CH and CS. CH monolayers at the water/vapor interface presents a steep
increase in the quasi-static dilational elasticity with the compression degree, reaching
values above 400 mN/m, and then dropping upon the monolayer collapse. This confirms
the role of the cohesive van der Waals interactions existing in the monolayer, which results
in the formation of a close-packed solid-like film, as suggested by the Π-Am isotherm. For
the case of the CS, the values of ε0 are smaller than for CH monolayers, which agrees with
the above discussion. Therefore, it is possible to assume that CS results in the formation of
liquid-like monolayers [46], where ε0 initially increases with the compression up to reach
a maximum for a packing equivalent to a Π value around 35 mN/m, and then ε0 drops
towards a value close to zero as the collapse is approached. It should be noted that the
large maximum value of ε0 for CS monolayers is compatible with the hypothetical surface
pressure value associated with the monolayer–bilayer transition [47,48].

3.2. Equilibrium Behavior of Langmuir Monolayers of Cholesterol-Cholesteryl Estearate Mixtures
at 24 ◦C

It has been mentioned above that a dysfunctional meibomian film may be the result
of a change in packing of the lipid layer due to changes in the composition of the oily
secretion of the meibomian gland. It is true that the stability of meibomian film at the
water surface requires the presence of polar lipids for ensuring its stability. However,
non-polar lipids such as those used here as a model system may affect the integrity of
meibomiam film and its physiological function [26]. Therefore, it may be interesting to
analyze how subtle changes in the composition of model lipid mixtures formed by CH
and CS may modify some of their interfacial properties with relevance for their physio-
logical performance. This may be analyzed using Langmuir monolayers combining both
lipids in different compositions, even though it should be stressed that the extrapolation
of the results obtained using a rough model to the real biophysical situation should be
made carefully, because the tear film is not a truly 2D system, presenting a multi-lamellar
structure (about 100 nm on thickness) with a high structural and chemical complexity [49].
Nevertheless, Langmuir monolayers can provide some preliminary insights into the inter-
actions occurring between CH and CS, which can help in understanding the potential role
of subtle modifications of the composition of the meibomian film on the performance of
the tear film, giving information on some specific aspects of the relationships between lipid
organization and functionality on the meibomian film [50]. Figure 2a displays the Π-Am
isotherms for selected mixtures of CH and CS with different molar fractions of CH (xCH).

The mutual interaction of CH and CS results in a strong synergism between both
lipids, leading to isotherms for the mixtures, which correspond to the most compressed
states compared to those of the pure components. This can be understood considering
the condensing effects of CH in membranes [51]. Accordingly, the addition of CH may
induce conformational changes in the hydrophobic moieties of the CS, and reduces the
hindrance of their packing, taking the orientation of the hydrophobic moieties towards
the central axis of the molecule. This decrease in the free volume and cross section of the
molecules, and hence the area occupied by the molecules, is strongly reduced with any
apparent change on the surface pressure [52–56]. At the highest molar fraction of CH, the
condensing effect starts to be reduced, and the isotherms of the mixtures become steeper
with a shape resembling that of pure CH. A more detailed analysis of the condensing effect
may be extracted from the dependence of the limiting area per molecule of Alim

m on xCH
shown in Figure 2b. This limiting area can be determined from the extrapolation of the
maximum slope of the isotherm to Π = 0 [57].
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Figure 2. (a) Selected surface pressure–area per molecule isotherms for Langmuir monolayers of mixtures of CH and CE
with different xCH spread at the water/vapor interface at 24 ◦C. (b) Dependence on the limiting area per molecule on xCH

for Langmuir monolayers of mixtures of CH and CE spread at the water/vapor interface at 24 ◦C. (c) Dependence of the
collapse pressure on xCH for Langmuir monolayers of mixtures of CH and CE spread at the water/vapor interface at 24 ◦C.
Note that solid lines in panel (b,c) are guides for the eyes.

The dependence of the limiting area per molecule on the xCH points out the condensing
effect of the addition of CH on the behavior of the CS independently on the xCH values.
However, this condensing effect is more intense at a well-defined region separated for a
threshold value of xCH in the range 0.40–0.50. For the lowest values of xCH, the condensing
effect is enhanced with the increase in the molar fraction of CH, whereas for the highest
concentrations, this starts to be reduced with the increase in the CH content on the mixture.
This can be understood considering that at a low molar fraction of CH, the lateral packing is
enhanced by the ability of cholesterol for condensing the CS molecules at the interface, i.e.,
low amounts of CH reduce the steric hindrance to the packing CS hydrophobic moieties.
Therefore, CH can order the hydrophobic moieties of the CS molecules, which may result
in the formation of ordered phases in a disordered liquid-like matrix. Hence, on average,
the behavior of the mixed film shifts to more condensed states with respect to the CS
monolayers. However, the addition of CH to the mixture above the threshold value of xCH
results in the formation of lipid monolayers with a behavior reminiscent to that of CH. This
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can be understood considering that the main component of the mixtures becomes the CH,
and hence the CS appears as insertions within the packed CH matrix. This indicates that
there are regions in the monolayer where the CH helps the packing of the CS molecules,
surrounded for domains of pure CH [58].

Further details on the interactions occurring within the monolayer as function of the
xCH are obtained by a thermodynamic analysis [59,60]. Thus, for an ideal mixture of lipids
at the fluid interface, i.e., non-interacting species, it would be expected that for certain
values of the surface pressure, the average area occupied for a molecule may be written as

Ai
m = xCHACH

m + (1− xCH)ACS
m (6)

with ACH
m and ACS

m being the area per molecule at a fixed surface pressure for monolayers
of the pure lipids. For monolayers in which the interactions between the lipids play an
important role, it is possible to define the average excess area per molecule AE

m as

AE
m = A12

m −Ai
m (7)

where A12
m corresponds to the average area per molecule measured directly from the

isotherm for a specific mixture as a fixed value of surface pressure. Therefore, considering
a specific mixture, it is possible to obtain the values of A12

m , ACH
m and ACS

m , at a fixed value
of surface pressure, from the corresponding isotherms. Figure 3a shows the values for A12

m
for the mixed systems at surface pressure of 5, 10, 15, 20, 25, 30 and 35 mN/m.

Figure 3. (a) Dependences of the experimental average areas per molecule on xCH for binary mixtures of CH and CS
spread at the water/vapor interface at different surface pressures at 24 ◦C. (b) Dependence of the average excess area per
molecule on xCH for Langmuir monolayers of mixtures of CH and CE spread at the water/vapor interface at different
surface pressures at 24 ◦C. In both panels, the lines are guides for the eyes and the color guide is the same.

For ideal mixtures, or for completely phase-separated mixtures, it would be expected
that the lines calculated considering additivity of the components (Equation (6)) should
overlap with the experimental A12

m values, and the AE
m should assume a null value (see

Figure 3b). However, according to the results it is clear the existence of attractive inter-
actions between CH and CS within the entire range of monolayer compositions, which
is evidenced by the negative values of the AE

m. This negative deviation confirms the
condensing effect of the CH in the CS monolayers discussed above.

A more detailed analysis shows that AE
m is negative independent of the surface

pressure and molar fraction of CH in the mixture, i.e., the monolayers of the mixtures
present a non-ideal behavior, with the maximum condensing effect of CH appearing in
the xCH range 0.40–0.50. The more negative values of AE

m indicate that the interactions
between CH and CS are stronger and a complete mixing of both lipids can be expected.
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Furthermore, the lower the surface pressure, the stronger the condensing effect of the CH
on the monolayer. The above results allow us to suggest that there are two different states
for the organization of CH and CS at the interface. For xCH ≤ 0.50, it may be expected
that the effective area occupied for each CH molecule is lower than what is reasonable for
CH molecules. Hence, the CS molecules are distributed in such a way that may undergo
a significant area shrinkage to ensure the homogeneous distribution of CH molecules
within the monolayer, as was discussed by Miyoshi and Kato for monolayers of different
saturated diacylphosphocolines and CH [60]. For xCH ≥ 0.50, the condensing effect starts
to be reduced because the increase in the cholesterol molar fraction counteracts the effect
of area shrinkage of CS molecules, which makes possible the formation of domains of pure
CH and the increase of the average area per molecule for the lipids at the interface. Further
details on the interaction between the lipids may be obtained from the excess free energy

∆GE = NAv

∫ Π

0
AE

mdΠ (8)

with NAv being the Avogadro’s number. Figure 4 displays the dependence of the excess
free energy on the molar fraction of CH for monolayers of lipid mixtures spread at the
water/vapor interface.

Figure 4. Dependences of the excess free energy of mixing on xCH for binary mixtures of CH and CS
spread at the water/vapor interface at different surface pressures at 24 ◦C. The lines represent the
fitting of the experimental data to a Redlich–Kister type Equation (Equation (9)).

The excess free energy for the mixtures is evidence that the higher the surface pressure,
the higher the stability of the mixed system in relation to the monolayers of the pure
lipids. This may be interpreted considering an enhanced packing on the mixed monolayers.
Furthermore, for monolayers with a molar fraction of CH in the range 0.40–0.50, the
mixing is significantly enhanced in relation to the pure components, evidencing a transition
between two regimes on the stability of the mixed monolayers. This unexpected behavior
on mixtures of CH and CS may be ascribed to the possible formation of hydrogen bonds
between CH and CS, together with the lateral van der Waals cohesive interactions. This may
define the organization of the molecules at the interface, providing additional stability to
the monolayer, similar to what was reported for monolayers of CH and sphingomyelin [51].
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The excess free energy for the mixture has been approximated using a Redlich–Kister-
type equation reading as follows [61]

∆GE = xCHxCS

(
A1 + A2(1− 2xCS) + A3(1− 2xCS)

2
)

(9)

with A1, A2 and A3 being the coefficients of the model. The best-fit parameters for the
excess free energy in terms of Equation (9) are given in Table 1. Even though the model
provides the right order of magnitude of the experimental results, it does not provide a
good description of the region in which the maximum condensing effect of cholesterol
was found, predicting, independently of the surface pressure, smaller values than those
obtained from the experimental data.

Table 1. Coefficient obtained for the best fit of the experimental data of the excess free energy for the
mixture to Equation (10) at 24 ◦C.

Π (mN/m) A1 (kJ/mol) A2 (kJ/mol) A3 (kJ/mol)

5 −2.17 1.35 1.06
10 −3.97 2.65 1.24
15 −5.49 4.38 1.35
20 −6.72 5.75 1.39
25 −8.09 7.37 0.70
30 −9.14 8.53 0.16
35 −10.06 9.91 −0.81

Further details on the organization of the lipids within the monolayer can be obtained
from the quasi-static dilational elasticity displayed in Figure 5.

Figure 5. (a) Quasi-static dilational elasticity, ε0, dependences on the surface pressure, Π, for Langmuir monolayers of
mixtures of CH and CE spread at the water/vapor interface at 24 ◦C. (b) Dependence of the quasi-static dilational elasticity,
ε0, on the CH molar fraction, xCH, at Π = 35 mN/m at 24 ◦C.

The quasi-static dilational elasticity of the binary mixtures of CH and CS presents an
anomalous dependence on the molar fraction of CH. For the lowest molar fraction of CH,
ε0 drops below the value corresponding to the pure components. Then, ε0 increases till
reaching its maximum value for mixtures with xCH in the range 0.40–0.50, and a further
increase of the xCH decreases again the value of the quasi-static dilational elasticity. This
may be rationalized on the basis of the different ordering of the lipids at the interface. At the
lowest values of xCH (<0.25), the mixing process results in the formation of a phase with a
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lower order than that found in monolayers of pure CS. This can be understood considering
the above-discussed picture in which insertions of CH triggers the local ordering of the CS
molecules in their surroundings for ensuring a homogeneous distribution of CH molecules.
On the other side, the CS molecules that are not close to CH molecules remains in a
disordered state, which on average reduces the cohesion of the interface. This can be
associated with the formation of interfacial CS-CH complexes within the matrix of CS.
The increase in xCH leads to a strong increase in the elasticity, which can be explained
assuming that the CH concentration is high enough to lead to a strong condensation of
the CS molecules, enhancing its packing. The decrease in the elasticity for xCH > 0.50 is
explained considering that CH is the main component, and hence the behavior starts to
be reminiscent to that of pure CH monolayers due to the emergence of domains of CH
distributed within the monolayer. The curves in Figure 5a for the binary mixtures shows
additional features that are not present in monolayers of the pure lipids. This is related to
the higher richness of the phase behavior of the mixture in relation to that of the pure lipids,
in agreement with the appearance of a surface pressure plateau in the Π-Am isotherm
for Π < 5 mN/m (see Figure 2a) separating two one-phase regions. This is clear from a
detailed analysis of the quasi-static dilational elasticity curves of the lipid mixtures, in
which three different features are observed: (i) at the lowest surface pressures, the elasticity
increases until a maximum related to a disordered liquid phase in which a weak lateral
packing between the molecules can be expected; (ii) the elasticity drops with the increase
of surface pressure down to reach a null value, indicating a coexistence between two liquid
phases with different orders (region of the plateau in the surface pressure-area per molecule
isotherm), and (iii) the elasticity increases within a liquid ordered phase up to its maximum
value, which may be understood in terms of an enhanced lateral packing, and then the
elasticity drops as the monolayer approaches the collapse.

The phase coexistence is a result of the mutual interaction between CH and CS,
which is clearer from Figure 6a, where the dependence of the surface pressure of the
coexistence plateau on xCH is displayed. The coexistence between different phases within
the plateau region was confirmed independently by the heterogeneous textures observed
by Brewster Angle Microscopy. Figure 6b shows the image obtained for monolayers with
xCH = 0.44. For other xCH, similar heterogeneous textures were observed by Brewster Angle
Microscopy [48,62,63].

Figure 6. (a) Coexistence surface pressure-cholesterol molar fraction diagram for Langmuir monolayers of mixtures of CH
and CE spread at the water/vapor interface at 24 ◦C. The symbols are the experimental data and the line represents the
theoretical prediction according to Equation (10). (b) Brewster Angle Microscopy image (320 × 320 µm2) for the coexistence
surface pressure for a Langmuir monolayer of a mixture of CH and CE spread at the water/vapor interface with xCH = 0.44
at 24 ◦C.
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It should be noted that the results of the dependence of the coexistence surface pressure
on the cholesterol molar fraction can help to understand the distribution of the two lipids
within the interface. According to Hagen and McConnell [64], the dependence of the
coexistence on xCH can be described in terms of the following relationship:

xCH − xc
CH = F(Πc −Π)β (10)

with xc
CH and Πc being the critical composition and surface pressure, respectively. β is

the so-called critical exponent and F, an adjustable parameter. The application of the
model defined for Equation (8) to the experimental results leads to the red curve displayed
in Figure 3a, with xc

CH and Πc taking the values 0.51 ± 0.04 and 3.1 ± 0.2, respectively
and β = 0.250 ± 0.005. The value of β suggests that within the phase coexistence, the
monolayers of CH and CS are in an intermediate state between a 2D system and a 3D
one (β = 0.125 and 0.39 for 2D and 3D systems, respectively [65,66]). This picture agrees
with the effect of CH on the monolayers of a broad range of lipids. For the case of
xc

CH the value obtained is comparable to those reported for the interaction of CH with
different unsaturated lipids, and indicates that CH and CS are equivalent in the mixing
monolayer [64]. This is compatible with the existence of two different regimes on the
condensation of the monolayers as function of the xCH, and the control of the monolayer
packing due to the insertions of the minority compound in the monolayer.

The collapse pressure, Πc, i.e., the highest surface pressure that the monolayer can
reach without rupture or formation of 3D structure, is more very important information
that can be extracted from the surface pressure-area per molecule isotherm. According
to the phase rule, the collapse pressure also provides information on the miscibility of
the lipids. The existence of a single collapse pressure, which changes as a function of
the composition, is an indication of miscibility. On the other side, for immiscible lipids,
two different collapse pressures should appear, one belonging to each lipid [67]. For the
particular case of binary mixtures of CH and CS, the existence of single collapse pressure
confirms their miscibility in agreement with the strong area contraction discussed above.
The collapsed surface pressure value decreases gradually with the increase of the increase of
xCH (see Figure 2c). This evidences a reduction in the effectiveness in reducing the surface
tension, and hence the worsening of the mechanical performance with the incorporation of
CH within the monolayer. This suggests that the composition of the meibomiam secretion
plays a central role in the control of its mechanical stability and consequently it may be
expected that its physiological performance can be compromised.

3.3. Equilibrium Behavior of Langmuir Monolayers of Cholesterol-Cholesteryl Estearate Mixtures
at 35 ◦C

The above discussion has provided important insights into the effect of the composi-
tion of the interfacial behavior of model Langmuir monolayers of meibomiam secretion.
However, to deepen the understanding of the physico-chemical basis of the effect of com-
position on the performance of meibum under bio-relevant conditions, it is necessary to
explore the behavior of the monolayers at a temperature closer to that found in the eye
surface (35 ◦C) [29]. Figure 7 shows the Π-Am isotherms for selected mixtures of CH and
CS with different xCH at 35 ◦C.

The results at 35 ◦C are qualitatively similar to those obtained at 24 ◦C, with the CH
leading to a strong condensing effect, which is reduced as its molar fraction and overcomes
a threshold value. This threshold value of the molar fraction of CH is smaller as the
temperature increases, 0.40–0.50 at 24 ◦C vs. 0.20–0.30 at 35 ◦C as evidenced by the minima
in the curves of the limit area per molecule (see Figure 2b or Figure 7b). However, the
cholesterol-induced condensing effect is clearly reduced by the increase of the temperature,
in agreement with previous studies in the literature [68,69]. The decrease in the collapse
surface pressure also appears qualitatively similar for the two explored temperatures (see
Figure 2c or Figure 7c).
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Figure 7. (a) Selected surface pressure-area per molecule isotherms for Langmuir monolayers of mixtures of CH and CE
with different xCH spread at the water/vapor interface at 35 ◦C. (b) Dependence of the limiting area per molecule on xCH

for Langmuir monolayers of mixtures of CH and CE spread at the water/vapor interface at 35 ◦C. (c) Dependence of the
collapse pressure on xCH for Langmuir monolayers of mixtures of CH and CE spread at the water/vapor interface at 35 ◦C.
The solid lines in panel (b,c) are guides for the eyes.

The main difference in the phase behavior together with the region in which the
cholesterol-induced condensing effect is maximum, is the disappearance of the phase
coexistence region at 35 ◦C, i.e, the surface pressure plateau (see Figure 2a). This and the
reduction of the condensing effect of the CH may be understood considering that when
increasing the temperature of the fluidity of the lipid monolayer increases [70]. This is clear
by observing the quasi-static dilational values of the lipid monolayers at 35 ◦C reported in
Figure 8. The increase in the temperature leads to a decrease in the average elasticity of the
lipid monolayers. Furthermore, from the elasticity curves, it is clear that the mixtures of
CH and CS presents the typical behavior of a fluid film, showing only a maximum in the
quasi-static dilational elasticity curve.
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Figure 8. (a) Quasi-static dilational elasticity, ε0, dependences on the surface pressure, Π, for Langmuir monolayers of
mixtures of CH and CE spread at the water/vapor interface at 35 ◦C. (b) Dependence of the quasi-static dilational elasticity,
ε0, on the CH molar fraction, xCH, at Π = 35 mN/m at 35 ◦C.

Figure 8b illustrates the dependence of the quasi-static dilational elasticity on the
cholesterol molar fraction at 35 mN/m. The results agree qualitatively with those found at
the lowest studied temperature, and again the smaller condensing effect of the cholesterol
confirms the fluid-like character of the lipid layer with the increase of the temperature.

The results of the thermodynamic analysis for the area contraction at 35 ◦C, shown in
Figure 9, follows similar trends to those reported above for monolayers at 24 ◦C, confirming
also in this case the existence of different types of organizations for the molecules at
the interface.

Figure 9. (a) Dependences of the experimental average areas per molecule on xCH for binary mixtures of CH and CS spread
at the water/vapor interface at different surface pressures at 35 ◦C. The lines are guides for the eyes. (b) Dependence of the
average excess area per molecule on xCH for Langmuir monolayers of mixtures of CH and CE spread at the water/vapor
interface at different surface pressures at 35 ◦C. The lines are guides for the eyes. (c) Dependences of the excess free energy
of mixing on xCH for binary mixtures of CH and CS spread at the water/vapor interface at different surface pressures at
35 ◦C. The lines represent the fitting of the experimental data to a Redlich–Kister-type equation (Equation (9)). The color
legend is the same for the three panels.

The contraction of area appears smaller at 35 ◦C than at 24 ◦C, which confirms the
smaller condensing effect of the CH associated with the more fluid character of the mixed
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monolayers. On the other side, the information obtained from the curves of ∆GE is
qualitatively in agreement with that obtained at the lowest studied temperature. However,
at 35 ◦C, the disagreement between the excess free energy derived from the experimental
data and the prediction obtained using a Redlich–Kister-type equation is stronger than at
24◦. Table 2 reports the best-fit parameters for the excess free energy in terms of Equation (9)
at 35 ◦C.

Table 2. Coefficient obtained for the best fit of the experimental data of the excess free energy for the
mixture to Equation (10) at 35 ◦C.

Π (mN/m) A1 (kJ/mol) A2 (kJ/mol) A3 (kJ/mol)

5 −1.37 1.77 −1.09
10 −2.48 3.42 −1.74
15 −3.59 5.15 −1.99
20 −4.66 6.98 −2.50
25 −5.72 8.78 −2.91
30 −6.83 10.71 −2.78
35 −8.12 12.15 −2.23

3.4. Response of Langmuir Monolayers of Cholesterol-Cholesteryl Estearate Mixtures upon
Dilational Stresses

It was mentioned above that lipids are subjected to mechanical perturbations in the
tear fluid. Therefore, the characterization of the response of these lipids under periodic per-
turbation appears as an essential point for trying to shed light on the role of the composition
on the mechanical performance of meibum. Figure 10 shows the values of the dilational
elasticity ε′ and dilational viscous modulus, ε′′ = 2πνκ, for monolayers of CH and CS
of different compositions obtained by the oscillatory barrier method at a perturbation
frequency of 0.1 Hz, which is compatible with the average blinking frequency in healthy
individuals [28]. Thus, the viscoelastic parameters were obtained upon the application of a
periodic sinusoidal deformation of the interfacial area available for the lipid monolayer at a
reference surface pressure value, followed by the analysis of the surface pressure response
by combining Equations (1)–(4).

Figure 10. (a) Dependences of the dilational elasticity on xCH for binary mixtures of CH and CS spread at the water/vapor
interface at different surface pressures at 24 ◦C. (b) Dependences of the dilational viscous modulus on xCH for binary
mixtures of CH and CS spread at the water/vapor interface at different surface pressures at 24 ◦C. The lines are guides for
the eyes, and the color legend is the same for the both panels.

The first point that should be noted according to the obtained values are the large
values of the dilational elasticity, independent of the composition of the lipid mixtures. Fur-
thermore, it is evident that a very sharp transition over a very narrow range of cholesterol
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concentrations, which agrees with the change of the organization of the lipid molecules
at the fluid interface, i.e., the transition point exhibited by ε′, occurs at the composition at
which the synergistic effect is maximal in the equilibrium results. It should be mentioned
that the mole fraction of cholesterol corresponding to that point is close to the value found
in various systems of biological interest: cell membranes, pulmonary surfactants, and
tears [25,71,72]. Furthermore, the viscous modulus present also has a very high value, and
even higher is the dilational viscosity κ = ε′′/2πν.

The study of the rheological behavior of monolayers of mixtures of CH and CS has
also been performed at a physiologically relevant temperature (35 ◦C). Figure 11 shows
the values of the dilational elasticity as a function of the molar fraction of cholesterol for
experiments performed at two different deformation frequencies around three different
values of the reference pressure.

Figure 11. Dependences of the elastic modulus component on xCH for binary mixtures of CH and CS
spread at the water/vapor interface at different surface pressures at 35 ◦C.

The results in Figure 11 point out that the elastic modulus is almost unaffected by
the deformation frequency, and that, as expected, the formation of more fluid monolayers
results in a significant decrease in the dilational elasticity. However, the observed values
remain relatively large, especially in highly packed monolayers with a high CH content.

4. Conclusions

The equilibrium behavior and the response against controlled dilational stresses of
Langmuir monolayers formed for mixtures of cholesterol and cholesteryl stearate have
been studied as function of the temperature at 24 ◦C and 35 ◦C, aiming at an understanding
of the potential effects of the composition on the physico-chemical properties of the biolog-
ically relevant model Langmuir monolayers. The analysis of the surface-pressure-area per
molecule isotherms has evidenced the existence of a strong synergism between cholesterol
and cholesteryl stearate, such synergism being the maximum for specific compositions,
which depends on the temperature. The results show that the distribution of the molecules
within the interface and their packing are governed by the combination of the condensing
effect of cholesterol and the specific composition of the lipid mixtures, with the latter
aspect being strongly enhanced by the addition of cholesterol, as evidenced by the high
values of the quasi-static elastic modulus. The increase in the rigidity of the monolayers, as
cholesterol is added, is also evidenced from the high values of the dynamic viscoelastic
modulus obtained from the analysis of the response of the monolayers against dilational
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deformations. Furthermore, it was found that an enhanced interaction between the com-
ponents of the monolayers defines a sharp transition in the dilational elasticity, which is
ascribed to the enhanced lateral interactions between the lipids at the interface.

It should be noted that even the model is rather simple, and the here-obtained results
have evidenced that slight modifications of the composition of the Langmuir monolayers
may induce strong changes on its properties, which in turn may induce physiological
dysfunction of meibum film. This work has been focused on analyzing the behavior of
mixtures of two lipids trying to understand the effect of the composition on their interfacial
properties. However, the results leave open many questions that should be solved in the
future. Firstly, it is necessary to define the best composition for mimicking the specific bio-
logical characteristics of the meibum layers, which are relatively complex from the chemical
and structural perspective. Furthermore, it is not clear whether oscillatory dilational defor-
mations can be the best representation of the stresses occurring during the physiological
processes involved during blinking. For monolayer formulations mimicking the meibum
layer, it would also be useful to investigate the response to dilational deformations of both
the linear and non-linear regimes. Furthermore, it would be very important to analyze the
response of the model film upon shear stresses, because they may contribute significantly
to the deformation of the meibum layer during its physiological performance.
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