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Abstract

Monomolecular films of surfactants at the air-water interface are easy to prepare and
handle, and enable a broad variety of techniques to be used. As in other model systems
mimicking membranes, two phases are observed in several experimental conditions.
This chapter compares the results found using this model membrane with other models
and describes some of the techniques applicable to lipid monolayers. The factors under-
lying their texture when two phases coexist are summarized, with special attention to
line tension, an important parameter in both nucleation and growth, as well as the final
domain shape. Finally, the effects of the presence of two phases on the observed
mechanical properties of the film (elastic compressibility and shear viscosity) are
detailed.
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1. INTRODUCTION

When amphiphiles are dissolved in an organic solvent and deposited
on a water surface, the solution spreads rapidly to occupy the available area.
While the solvent evaporates, the surfactant orientates to minimize contact
of its nonpolar regions with water, but maximizes the water contact of its
polar region, resulting in a one-molecule-thick surfactant film named
“Langmuir monolayer.” These self-structured thin films have been the sub-
ject of study for many decades from a fundamental point of view in the fields
of biophysics and biology as model biomembranes [1-7] and also as bottom-
up 2D-patterning of molecularly thin films for different uses [8—14].

Langmuir monolayers are extremely valuable models for membranes
[2,6,7,15,16] since experiments can easily be performed in which the molec-
ular area, surface pressure, temperature, and chemical nature of the subphase
are varied, and by this means, a broad set of thermodynamic parameters that
characterize the monolayer can be accurately determined [1,17,18].
Although transmembrane processes cannot be studied in monolayers, this
system is well suited for studying lateral mixing and structuring mediated
by a wvariety of lipids and proteins which constitute biomembranes
[5,19-23]. Using this model membrane, a broad spectrum of techniques
can be applied, some of which are detailed in Section 2. These lipid films
also enable the diffusing species to be followed over a relatively large area
and for a long time. Furthermore, the environment of such molecules
can be controlled and also varied in a controlled manner (see Section 5).

All of this makes Langmuir lipid monolayers a convenient system for ana-
lyzing the influence of domains on the mechanical properties of membranes.
The results found using Langmuir monolayers and other model membranes
are similar in some cases but not in others, raising the interesting question of
which model system is more suitable, the answer to which may depend on
the parameter under study (see Section 6).

2. EXPERIMENTAL APPROACHES ON MONOLAYERS

Once Langmuir monolayers are formed, these films can be com-
pressed while the area of the interface and the surface tension are deter-
mined, which is usually performed using a Wilhelmy plate made of

platinum or paper. The surface pressure “n” can then be calculated as the
surface tension of the bare interface minus that of the interface modified
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by the lipid layer, with the plots of 7w as a function of the mean molecular area
“MMA” (interface area divided by the number of molecules at the interface)
being referred to as “compression isotherms.” These experiments have been
detailed elsewhere (see, e.g., Refs. [1,4,6]). For most lipid monolayers, the
slope of the compression isotherm indicates the film’s response under expan-
sion or compression since shear can be neglected [24]. However, for some
protein monolayers [13,25] and very cohesive lipids [26,27], the slope of the
isotherm depends on the position of the sensor (a rectangular Wilhelmy
plate) since the usual compression mode is asymmetric [28] (see Fig. 2.1),
and thus the mechanical perturbation made in the film is both a compres-
sion—expansion and a shape perturbation. In the case of highly cohesive
films, the response under the asymmetric perturbation will be affected by
both the shear (G®) and the compressibility (E®) moduli, according to
the following equations [28]:
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Figure 2.1 Left: Scheme of a typical experiment with two moving barriers. The two
positions of the sensor relative to the movement of the barriers are represented. Right:
The area of the film is perturbed sinusoidally, and the response is determined with
the sensor at the different positions. In this example, the response shows a nonzero
shear behavior, since the amplitudes detected with the sensor at different positions
are different. The film is viscoelastic and not purely elastic, since the maximum com-
pression (minimum area) is not synchronized with the maximum surface pressure
(see vertical line).
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where 7 and 7, refer to the surface pressure determined with the sensor
positioned parallel or perpendicular to the barriers, respectively (see
Fig. 2.1). In turn, G* and E® can be expressed as:

G (w) =G (w)+iG"(w) = G () + ion (o) (2.3)
E(w) =E (o) +iE" () = E'(0) + iony(w)

Both parameters (G*and E™) are complex numbers with a real (elastic
response) and an imaginary (viscous response) part, as is clear in Egs. (2.3)
and (2.4). The imaginary parts arise from the fact that the compression speed
is finite, so there may be friction resisting the compression flow, and the
resistance is characterized by the compression (dilatational) viscosity, 7g.
On the other hand, the shear elastic viscosity, 7;, is the ratio between the
shear stress and the rate of shear. In order to obtain each component of
G*and E*, a sinusoidal perturbation in the film area may be performed with
a frequency o [25]. An instantaneous response is characteristic of an elastic
material, whereas a retarded response indicates viscoelasticity.

For most lipids, however, shear can be neglected and the elastic com-
pressibility can be directly obtained by the elastic compressibility modulus
¢=—MMA (On/OMMA). For lipid molecules with high intermolecular
cohesion, strong lipid-lipid attractions are present within molecules that
form the monolayer, and the resulting film has a high ¢ value, in the order
of 10> mN/m (these are named “liquid-condensed”) or higher (named
“solid”) [18]. In contrast, when lipids with low intermolecular interactions
are spread at the air—water interface, softer films are formed (compressibility
modulus from 10" to 10> mN/m), named “liquid-expanded” mono-
layers [18]. For intermediate interactions, phase transitions induced by com-
pression can be observed. The phase state can also be modulated by
temperature like any 3D-phase state: an increase in temperature decreases
the surface pressure of the phase transition from an expanded to a denser
phase state.

The phase transitions in pure lipid monolayers are first order, since two
phases can be detected in the monolayer using different techniques.
According to the Gibbs phase rule when applied to 2D systems by Crisp
[1], lateral pressure should remain constant during the whole transition of
monolayers composed of a pure lipid, and therefore, the compressibility
modulus should be zero at equilibrium. However, during the phase transi-
tion of pure lipids, the isotherm generally shows a nonzero but low slope
(see, e.g., Fig. 2.2A, gray line). Observation of this region of the isotherm
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Figure 2.2 (A) Compression isotherms for DMPC and SA on subphases at pH 4 and 10.
(B) Representative images for monolayers composed of SA and DMPC taken with BAM
at the indicated pH, surface pressure, and lipid proportions. In this technique, con-
densed domains appear brighter. (C) Phase diagram for SA and DMPC on subphases
at pH 4. (D) Phase diagram for SA and DMPC on subphases at pH 10. Adapted from
Caruso et al. [29] with permission.

(normally called “plateau”) has been reported frequently and studied from
different points of view. The simplest explanation given for the lack of con-
stancy of surface pressure during the phase transition is related to the pres-
ence of impurities [30,31], other explanations consider undulation of the
in-plane concentration of surfactants [32], the presence of clusters
[33-35], kinetic effects [36], and electrostatic repulsions [37]. Nevertheless,
it is still an unresolved issue.

Monolayers can be observed while compressed by two techniques: fluo-
rescence microscopy (FM) or Brewster angle microscopy (BAM). Both
techniques detect the presence of two phases at the micron scale. Thus,
the composition and lateral pressures at which they appear or disappear
can be determined and plotted in a phase diagram (see, e.g., Fig. 2.2C
and D).
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In FM, a fluorescent lipid at a low proportion (1 mol% or lower) is added
to the lipid solution before spreading. Lipids with a fluorescent moiety in the
polar head group are bulky, and thus, in two-phase monolayers, their con-
centration is higher in the less dense phase. Consequently, this phase will be
brighter than the denser phase, allowing observation with a microscope [6].
Images can be acquired using a fast CCD camera (10-50 frames/s), making it
possible to record time series of the film. The movie can then be analyzed,
and the dynamics of the film can be studied (see Section 5).

The other technique, BAM, can be utilized to image Langmuir mono-
layers with the advantage that no probe has to be added. A p-polarized laser
beam is impinged on a clean air—water interface at the Brewster angle, that is,
the angle at which reflected light is minimal. If a surfactant film is then
formed at the interface, the properties of the reflected light will depend
on the thickness and refractive index of the lipid monolayer [38]. Film thick-
ness (h) can be calculated from the BAM images taken after the BAM equip-
ment has been calibrated, provided that the refractive index of the film is
known. For this, the gray level of each section of the micrograph is
converted to reflected light intensity (R,), and h is calculated assuming a
smooth but thin interface in which the refractive index varies along the nor-
mal of the interface on a distance h, much smaller than the incident light
wavelength A [38], which leads to:

/Ry (nW%wa(n%—na(nz—nZ))1 -
( .

:sin(ZQB—‘)O) A3 —n3)n

In Eq. (2.5), n, ny, and ny are the film, air, and subphase refractive indexes,
respectively, and Oy is the Brewster angle. The refractive indexes commonly
used are in the range 1.42-1.50 for films in a condensed phase state [39,40],
1.36—1.44 for monolayers in an expanded phase state [40,41], and 1.00 for
air. The subphase refractive index is usually close to that of water (1.33) and
can be determined for each experiment from the experimental Brewster
angle. When two phases are present, the condensed phase is thicker and pre-
sents a higher refractive index, thus reflecting more light and appearing
brighter in the images (see examples in Fig. 2.2B).

Another important property of lipid membranes that can be determined
using Langmuir monolayers is the electrical potential profile across the inter-
face between the bulk aqueous phase and the hydrocarbon region. This
potential arises from the fact that surfactants are dipolar molecules oriented
normal to the plane of the interface [1,42—44]|. In addition, the polar head



Lipid Monolayers at the Air-Water Interface 57

group is highly hydrated with a variable number of water molecules
(depending on the polar moiety and the phase state) strongly bonded to
the amphiphile [3]. These water molecules and also ions that interact
strongly with the polar head group may also be responsible for the measured
potential [32]. Besides, an electrical double layer of ions is formed in the case
of films prepared with ionizable surfactants [1].

The surface potential can be determined in monolayers using two elec-
trodes: a reference electrode in the subphase and a second electrode in the
air, close to the monolayer. Two methods are used for the measurement of
the potential, depending on the characteristics of the second electrode: the
vibrating plate (Kelvin) method and the ionizing electrode method. Both
techniques have been detailed elsewhere [1,42], and the potential values
normally found for lipid monolayers using either of these methods are in
the range of 100-500 mV (positive in the hydrocarbon chains region). This
is the potential value normal to the plane of the monolayer, and it results
from the combination of all the previously mentioned factors: bond dipoles
in the hydrocarbon chains and in the polar head groups, and hydration water
and ions in the subphase tightly interacting with the molecule. Although
very elegant experiments have been performed in order to determine which
of these factors contribute most [3,42,45—47], there is still no clear and
accepted answer to this question. In any case, monolayers formed by difter-
ent molecules have to be considered as diftferent cases, and most probably all
terms appreciably contribute to the final potential value.

Langmuir films have also been widely used to study the interaction and
penetration of soluble molecules (anesthetics [48], proteins and peptides
[49-56], vitamins [57], etc.) in membranes. These experiments were
described in several reviews and will not be detailed here [1,54,56,58,59].

3. PHASE DIAGRAMS: TWO-PHASE REGIONS

As already mentioned, during phase transition of pure lipid mono-
layers, two phases coexist. Mixed monolayers can also be prepared and
characterized, and when they are composed of a lipid that forms liquid-
expanded monolayers with another lipid that forms denser monolayers, it
is usually found that the components mix only at low proportions (dilute
solutions), while at intermediate concentrations, two bidimensional phases
coexist. For example, Fig. 2.2A shows the compression isotherms of
dimyristoylphosphatidylcholine (DMPC) and stearic acid (SA) at low pH
(neutral form of SA) and high pH (ionized form of SA). The corresponding
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phase diagrams at each pH are shown in Fig. 2.2C and D. Representative
images obtained by BAM are presented in Fig. 2.2B.

Alterations of the ionized state induce changes in the lipid-lipid interac-
tions, leading to more expanded monolayers as the SA dissociates.
A transition from a liquid-expanded to a liquid-condensed phase can be
observed at pH of 10 (see plateau in Fig. 2.2A [40]). The miscibility of
DMPC with SA in a liquid-expanded phase is high, and the phases segregate
only when the SA monolayer reaches a condensed phase. Therefore, a
change in the subphase pH leads to a change in the phase diagram, as
may be noted when comparing Fig. 2.2C with D. Figure 2.3A shows this
effect in a more noticeable manner: the molar fraction of SA at which
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Figure 2.3 (A) Mole fraction of stearic acid at which phase segregation occurs at 17 mN/m,
20 °C and an ionic strength of 30 mM as a function of the subphase pH. Gray lines: the
phase transition is driven by pH changes at constant surface pressure. Symbols: the phase
transition is driven by compression at constant pH. (B) Symbols: degree of ionization for a
molecule organized in a surface calculated using the Gouy-Chapman model with a bulk
pK, of 4.9, a mean molecular area of 0.25 nm? and a subphase with an ionic strength of
30 mM at 20 °C. Dotted lines: calculated degree of ionization for a soluble molecule with a
pK, of 7.6. Adapted from Vega Mercado et al. [40] with permission.
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two phases appear at a constant surface pressure (17 mN/m) is plotted as a
function of the subphase pH. The data for Fig. 2.3A were obtained by com-
pressing the monolayer at constant pH (circles) or by changing the subphase
pH at a constant pressure (gray lines), showing that these experiments are
exploring quasi-equilibrium states [40].

The change in the solubility of SA in a DMPC matrix is smooth, with the
midpoint of this curve (Xsa =0.35) corresponding to a subphase pH of 7.6
and not to a pH equal to the pK, of the molecule in bulk (pK,=4.9). In
general, this may be because the surfactant acid constant at the interface is
different from the bulk value and/or because the anionic monolayer attracts
cations, thereby generating a double layer of ions, and consequently, the sur-
face pH is lower than the bulk pH of the subphase. Assuming that the acid
constant of the surfactant forming a supramolecular structure is similar to that
of the surfactant in bulk (which was reported to be the case for fatty acids [1])
and that the surface pH (pHj) difters from the bulk pH (pHy) according to a
Boltzmann distribution, the surface pH will vary according to the following
equation:

FY¥,

H =pH, +—
P =P T 5 3RT

(2.6)

where ¥, is the double layer potential at the surface, F is the Faraday con-
stant, and RTis the thermal energy. The double layer potential depends on
the ionic strength of the subphase and on the ionization degree of the sur-
factant. According to the Poisson—Boltzmann equation, the surface charge

density (o) is related to the double layer potential and to the ion concentra-
tion in the bulk (C®) as [60]:

0 =+v2RTegye

1

1/2
F2¥
ZC?OeXp<— ;T‘)) —ZCj?O] 2.7)

The sum is taken over all the ionic species i present in the subphase, & is the
permittivity in vacuum, ¢ is the relative permittivity of the medium, and z; is
the valence of the i ion.

On the other hand, the surface charge generated by a monolayer with an
average molar area A, formed by an ionizable surfactant with acid constant
K3, according to which the species distribution () depends on the surface
proton concentration [H'],, is given by:
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Fo F K 28)
o=——=——3— .
A A\K +[HT],

Thus, equating Eqgs. (2.7) and (2.8) and resolving numerically the
resulting equation leads to the solution of the system. The symbols in
Fig. 2.3B show the fraction of ionized molecules, «, calculated using this
approach (for details see Vega Mercado ef al. [40]), and the trend followed
by o is similar to that of the solubility of SA in the DMPC monolayer. Fur-
thermore, the value of the bulk pH at which = 0.5 corresponds to 7.6. This
is termed the “apparent pK,,” or in other words, the value of the bulk pH at
which the interface senses a pH=pK,=4.9. It is worth remarking that the
ionization of molecules organized at interfaces shows a low cooperative o
profile (from pH~4 to pH~ 10 in this example, i.e., £3 pH units from
the apparent pK, value). Moreover, the pH range where a changes is
broader than the expected profile for a molecule in bulk, which is considered
to be completely dissociated/associated at —2/+2 pH units from the pK,
value. For comparison, the dissociation profile for a molecule in bulk with
pK,=7.61s plotted in Fig. 2.2B (dashed lines), highlighting the broadening
of the dissociation profile of a molecule organized at a surface. This eftect
appears as a consequence of the generation of the double layer, which
changes the surface pH as the molecule ionizes. In other words, as the bulk
pH increases beyond the surfactant pK,, the surface pH does not change in
the same fashion, since the electrical double layer acts as a buffer, resulting in
a more acid interface and a less charged monolayer than that expected in the
absence of the cloud of contraions. Hence, this effect is less marked when the
1onic strength of the subphase is high, since the surface charge is screened at
closer distances and by other ions that are different from H' [57,61], thus
suggesting that salt concentration is another parameter regulating the
mixing—demixing regions of the phase diagrams of mixtures with an ionizing
component.

It is worth mentioning here that, in the approach presented, the mono-
layer was considered an array of charges in a plane with a density equal to the
molecular density. However, the charged interface corresponds to charged
polar head groups that may interact specifically with certain ions [62] and
that are subject to thermal fluctuations (and thus the density and out-of-
plane positions fluctuate). Nevertheless, this approach makes it possible to
estimate the effects of a charged monolayer on the local pH value. Related
to this, the distribution of ions close to a charged membrane obtained with
molecular dynamics simulations was compared to the trend predicted by the
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Gouy—Chapman model (with the same assumptions as the approach detailed
here) and a good match was found [63].

4. DISTRIBUTION OF THE PHASES IN THE PLANE OF
THE MONOLAYER

In the region of phase coexistence, surfactant monolayers show inho-
mogeneity in molecular density. At low proportions of the molecule that
forms the more rigid monolayers, clusters of surfactants in a denser phase
state are surrounded by surfactants in a more expanded phase state with these
clusters being termed “domains” (or “rafts” for some particular lipid com-
positions [64]). As the amount of the surfactant in the denser phase state
increases (as a consequence of changes in surface pressure, temperature, film
composition, etc.), the domains increase in size and/or number until they
come into contact with each other. At this point (the percolating point),
the denser phase becomes the continuous phase.

Two-component lipid phase separation can be thought of as a 2D fluid in
which one component is crystallizing from the less dense phase. According to
the classical theory of nucleation, the line tension (1) between a crystallizing
phase and the surrounding medium controls the rate of nucleation [65]. The
line tension may be defined as the change of free energy upon an infinitesimal
elongation of the phase boundary. In the absence of long-range electrostatic
interactions, this free energy change does not depend on how the elongation is
brought about. Hence, 4 is a quantity entirely defined by equilibrium prop-
erties. However, when electrostatic interactions become important, the free
energy increase becomes dependent on the deformation mode and is thus no
longer an equilibrium property [66].

The classical theory of nucleation predicts that the rate of nucleation
decreases exponentially with 4 and the size of a critical or stable nucleus
increases linearly with A. Thus, line tension will influence the number of
nuclei (nuclei density) and, therefore, the distance between neighboring
nuclei. Once nucleation has occurred, the nuclei grow to micron-sized
domains, and it has been reported that the size (and also the overall shape,
see below) of the domains depend on the position of the nucleation points
relative to the surrounding nucleation point positions [67,68], that is, the
spatial distribution of the nucleation points, markedly influenced by the line
tension, regulates the domain size. As an example of the effect of nuclei den-
sity on domain size, Fig. 2.4 shows the texture of a monolayer in which the
nuclei density has been modified by the application of an inhomogeneous
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Figure 2.4 Left: scheme of the experimental setup for the application of an inhomoge-
neous electrostatic field to a Langmuir monolayer. Right: monolayer composed of SA
and DMPC in a proportion of 40 (A) or 55 (B) mol% of SA on subphases at pH 4. In panel
(A), the domains in a film at T mN/m were regionally attracted for 2 min using an inho-
mogeneous electric field (300 V). The field was switched off, and the film was com-
pressed to 17 mN/m. A field of the same intensity but opposite polarity was applied
in (B) at low lateral pressures, and afterward, the monolayer was further compressed.
The micrograph was taken using FM, and thus domains appear darker. Adapted from
Vega Mercado et al. [68] with permission.

electrostatic field (see scheme in Fig. 2.4). This field induces the migration of
the domains from or to the region under the electrode, depending on the
sign of the applied potential and the dipole moment density of the domain
relative to the continuous phase [47,69-71]. Once a region has been
crowded (Fig. 2.4B) or depleted (Fig. 2.4C) of domains, the field is turned
off and the domains are grown by further compressing the monolayer. The
heterogeneous distribution of domains remains stable for minutes (some-
times hours), thus allowing domain growth to be studied in different envi-
ronments. Figure 2.4 shows that domains that have grown in a crowded
region are smaller than domains that grew in regions with lower domain
density: in Fig. 2.4A, the encircled domains are small and the rest are large,
while in Fig. 2.4B, domains are small in the whole monolayer except in the
region depleted of domain (encircled region) [68].

Line tension is a consequence of the different lateral interactions expe-
rienced by the molecules placed in the domain border relative to those that
are far from the edge. Commonly, the thickness of each phase (h) 1s difterent,
and thus, if the orientation and length of the lipids were the same as they are
at some distance from the boundary, an abrupt change in thickness would
exist at the domain boundary, that is, a hydrophobic mismatch . However,
lipids very probably deform at the boundary so as to prevent the creation of
an abrupt thickness change. The possible lipid deformations are three: splay
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(a generalization of bending), tilt, and area compression; line tension is pro-
posed to depend on all these factors. A theoretical model developed by
Cohen’s group [72—74] derived the following equation for the line tension
in lipid bilayers:

e VBIKi B, K30 _ (J1B1 —J,B)*
VBIK; + VB, KW 2v/BK; ++BK>

where B and B; are the splay elastic moduli, K and K5 are the tilt moduli,

(2.9)

and J; and J; are the spontaneous curvatures of phases 1 and 2, respectively.
The model considers symmetric membranes and not lipid monolayers, and it
has been used successfully in order to calculate 4 in both, monolayers and
bilayers [75,76], with the inconvenience that not all the moduli may be
known and some values are usually assumed.

An approximate equation for 4 at the domain boundary in lipid mono-
layers has also been derived in terms of the hydrophobic mismatch § [77].
Similar to bilayers, the derived equation indicates that 4 depends on o
and on the energy needed to deform the lipids in the boundary region.
The equation derived by Lee ef al., however, relates 4 with the experimental
deformation geometry of the monolayer and not with the intrinsic
deformability moduli of the lipid membrane, and therefore, a direct com-
parison with Eq. (2.9) cannot be performed.

Line tension has also been determined experimentally using various
approaches (for a recent review, see Sriram ef al. [78]). In the case of deform-
able domains, the relaxation of the shape of a previously deformed domain is
studied, and from this process, 4 is obtained. Domain deformation has been
performed in different ways, starting from the pioneering experiments of
McConnell’s group, in which a flux is applied to the subphase thereby pro-
moting a drift on the monolayer [79-81]. Domains have also been deformed
by the use of optical tweezers [82] and electric fields [83]. For systems close
to a critical point, the fluctuation of the domain shape has been analyzed in
order to determine A in monolayers and also in bilayers [84—86]. In the case
of bilayers, micropipette aspiration has also been applied [87].

For nondeformable domains, these methods cannot be applied. Longo’s
group determined the line tension of stiff domains using the nucleation rate
of the domains [65,88,89]. The size distribution of domains would also pro-
vide information of the value of the line tension if at equilibrium, and it has
been used with this purpose [77,90]. However, equilibrium size distribution
is not reached easily [68,91].
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In summary, line tension is an important factor for a phase nucleation and
the subsequent growth of the nucleus to form a microscopic domain. There-
fore, efforts have been made to describe the factors underlying the line ten-
sion in monolayers and in bilayers, but a good understanding of the factors
regulating this parameter is still lacking. Knowing how to manipulate line
tension would permit modulation of the texture of a biphasic monolayer,
which has been performed by introducing in the monolayer a molecule that
partitions preferentially in the domain boundary (a “lineactant”) [78,92-95].

Regarding domain shape, different monolayer systems with phase coex-
istence have been studied and a variety of textures have been reported. Lipid
domains exhibit intriguing microscopic shapes, with both the lipid head
group and the hydrocarbon chain moiety being important determinants
of domain morphology [96,97]. Nonrounded shapes in equilibrium forming
ordered patterns in the plane of the monolayer suggest the presence of inter-
molecule long-range repulsions [66], which have been assigned to the dipo-
lar repulsions that arise from the fact that surfactants are dipolar molecules
oriented normal to the plane of the interface. As mentioned earlier, water
and ions that interact strongly with the polar head group may also be respon-
sible for the dipolar potential as well as for the intermolecular repulsions [32].

McConnell proposed the “equivalent dipole model” to evaluate the
effect of electrostatics in biphasic lipid monolayers at the air—water interface.
In this model, the lipid molecules as well as all ions and water molecules are
replaced by a hypothetical two-dimensional planar array of dipoles, with the
number density of these dipoles being assumed to be of the same order of
magnitude as the number density of the molecules at the air—water interface.
For systems with cholesterol, where two isotropic bidimensional liquids
coexist, the equivalent dipoles are all oriented perpendicular to the mono-
layer plane [98], since other components can be neglected due to the aver-
aging caused by precession motion. This model predicts that the equilibrium
shape of the domains is determined by three major forces: line tension at the
domain boundary, dipolar repulsion inside the domains, and domain—
domain dipolar interactions [15], with the balance between line tension
and dipolar repulsions determining the critical size for a shape transition
from rounded to branched domains. The validity of this model has been
tested on a broad variety of systems, and a good match has been found
between theory and experimental results [75,96,99-108].

Although many studies focusing on the shape of neutral domains have
been performed, there are few studies related to charged domains. Janmey’s
group formulated a mathematical approach similar to the one presented by
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McConnell’s group, but by considering a net charge on each molecule for-
ming the domain. Compared to a neutral domain, the free energy of the
domain has an additional term that takes into account the effect of
charge—charge repulsion on the domain shape. Then, as expected, they
found that at a high charge density, a noncircular shape minimizes the
domain energy and the critical size at which instability occurs, increases with
the ionic strength [109,110]. In addition, Loverde ef al. [111] explored the
asphericity of charged domains using molecular dynamic simulations and
also found that increasing the electrostatic contribution influences the shape
of the domains and strongly increases correlation and ordering between
domains.

In the case of rigid domains, the domain shape has been related to the
closer lipid—lipid interactions, in analogy to 3D crystals. Thus, preferential
regions of domain growth have been linked to the chirality of the molecule,
since chiral interactions emerge when the molecules are packed closely
[104,112,113].

On the other hand, different to the cases discussed of equilibrium domain
shapes, fast growth leads to out-of-equilibrium shapes, where morphological
instability and irregular growth have been described [65,68,96,114,115]. For
unequilibrated oversaturated systems, the competition between the rates of
phase segregation and molecular migration to the domain (mainly through
Marangoni flow [114,115]) determines whether the growth is reaction lim-
ited or migration limited. Slow phase segregation (low oversaturation) leads
to reaction-limited growth and domains with equilibrium shapes, whereas
high oversaturation leads to migration-limited growth and fractal domains
with branched morphologies, [88,103] which relax to more rounded
shapes [68].

5. IN-PLANE INTERACTIONS AND CONSEQUENCES
ON FILM EFFECTIVE RHEOLOGY

The presence of domains formed by lipids in a dense phase state affects
the mechanical properties of the monolayer, since the domains act as rigid
obstacles. The elastic compressibility of a two-phase monolayer at a constant
surface pressure increases as the percentage of area occupied by the phase
forming the domains (%AC) increases. In Fig. 2.5A, a normalized compress-
ibility is plotted as a function of the %AC for eight different mixtures in
which the phase that forms the domain is stiffer than the other phase [29].
An abrupt change in the compressibility modulus is observed at a value of %



66 Natalia Wilke

A B
1.2 1.2

SA/DMPC pH 10 VST -
pCer/pSm p!

> DAPC/DMPC }:_T > DAPC/DMPC h_ 3 *J_L—IJ_

= DCP/DMPC = = DPPC/DLPC

2 DSP/G/DMPC 2 DSPG/DMPC J_

@ — 0.8 o = 0.8+ |

n £ DPPC/DLPC O £ SA/DMPC pH 10

o > SA/DMPC pH4 o > DCP/DMPC

S o

£ [ DPPG/DLPC IS IS pCer/pSm

~ ~ DPPG/DLPC

g3 83 J

o5 04 o5 044

Q5 8 S

5 g 32

£ £

S S

pd 0.0 4 z 0.0

T T T T T T T

T T T
20 40 60 80 100 -90 0 30 0 30 60
% AC % AC-Pc

Figure 2.5 (A) Normalized compressibility modulus as a function of the percentage
of condensed area (%AC). The lipid mixtures are stearic acid with dimyristoyl-
phosphatidylcholine at pH 4 and 10 mN/m (SA/DMPC, pH 4), dihexadecyl phosphate
with dimyristoylphosphatidylcholine at 10 mN/m (DHP/DMPC), dipalmitoyl pho-
sphatidylglycerol with dilauroyl phosphatidylcholine at 10 mN/m (DPPG/DLPC), dis-
tearoyl phosphatidylglycerol with dimyristoylphosphatidylcholine at 20 mN/m
(DSPG/DMPC), diarachidoyl phosphatidylcholine with dimyristoylphosphatidylcholine
at 20 mN/m (DAPC/DMPQ), dipalmitoyl phosphatidylcholine with dilauroyl phosphati-
dylcholine at 30 mN/m (DPPC/DLPC), stearic acid with dimyristoylphosphatidylcholine
at pH 10 and 40 mN/m (SA/DMPC, pH 10), and palmitoyl ceramide with palmitoyl
sphingomyelin at 5 mN/m (pCer/pSm). (B) Same parameter as a function of %AC minus
its percolation threshold (Pc). Adapted from Caruso et al. [29] with permission.

= K

AC that depends on the mixture and coincides in all cases with the value of %
AC, where the stiffer phase percolates, as shown in Fig. 2.5B where the nor-
malized compressibility modulus is plotted against the percentage of con-
densed area minus the corresponding value at percolation (Pc). In other
words, for a two-phase monolayer with one phase stiffer than the other,
the presence of condensed domains slightly increases the stiftness of the
monolayer until the percolating phase becomes the condensed phase, where
the rigidity of the monolayer becomes similar to that of the condensed phase,
regardless of the presence of the expanded phase in corrals formed by the
condensed phase.

Regarding the film response under shear stress, the presence of domains
strongly affects the diftusion of the other species present in the monolayer,
reaching a null long-time diffusion coefficient as the denser phase area frac-
tion approaches the percolation threshold [116,117]. Domains provide an
inhomogeneous scenario with regard to not only their rheological properties
but also their electrostatics. The electrostatic field generated by the domains
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can attract or repel the diffusing components, thus influencing their lateral
motion [118,119].

The diftusion coefticient (D) of micron-sized domains inserted in a
liquid-expanded phase can be determined by tracking the position of a
domain relative to other domains of similar size and bearing similar drift
in the monolayer, since the slope of the plots of the relative mean square
displacement (MSD,.)) as a function of the lapse time (Af) is equal to 8 Dy,
[24,120—122]. It has been observed that the value of the diffusion coefficient
determined in this way depends on the distance between the domains in the
monolayer as shown in Fig. 2.6A, where the diffusion coefficient of small
domains (5-10 pm?) is plotted as a function of the interdomain distance
for monolayers composed of ceramide and sphingomyelin at two different
lateral pressures [121]. In this experiment, domains are isolated by the appli-
cation of an inhomogeneous repulsive electric field (see scheme in Fig. 2.4),
which is turned off once the desired array of domains is achieved, and then
domains in this new environment are tracked. The increase in the diffusion
coefficient as domain density decreases is clearly not caused by a change in
the intrinsic viscosity of the continuous phase but is due to the interdomain
repulsions that preclude movement of the analyzed pair of domains. From
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Figure 2.6 (A) Domain diffusion coefficients for small domains (5-10 umz) as a function
of the distance between neighboring domain—-domain borders on 0.15 M NaCl solutions
at 5 (black symbols) and 25 (open symbols) mN/m. Monolayers are composed of 10 mol
% of palmitoyl ceramide and 90 mol% of palmitoyl sphingomyelin. (B) Membrane
apparent viscosity as detected from the movement of small domains (5-10 pm?) as a
function of the lateral pressure on 0.15 M NaCl (black symbols). The circles correspond
to data obtained from isolated domains (domain-domain distances higher than 10 pm)
and the triangles to domains in the normal array (domain-domain distances between 1
and 3 um depending on the surface pressure). The monolayer composition is the same
as in panel (A). Adapted from Wilke et al. [121] with permission.
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the diffusion coefficient obtained, an apparent monolayer viscosity can be
estimated, that is, the viscosity sensed by the domain in its environment.
This is performed following the equations derived by Hughes ef al. [123],
which relate the motion of a cylinder in a membrane with the membrane
surface viscosity 7)s [121,122]. Figure 2.6B shows the surface viscosity cal-
culated following this approach for isolated domains (triangles) and for
domains in the array normally found for the palmitoyl ceramide/palmitoyl
sphingomyelin mixture in these conditions (circles). Domains are named
“isolated” at domain densities low enough, so that the diftusion coefficient
no longer changes, that is, at a distance of about 10 pm in this example (see
Fig. 2.6A). Therefore, the triangles correspond to the intrinsic viscosity of
the monolayer while the circles represent increased viscosity due to inter-
domain repulsions.

The intrinsic viscosity may be calculated following this approach in this
system at surface pressures of 20 mN/m or higher, thatis, for surface pressures
where palmitoyl sphingomyelin (the lipid that forms the continuous phase) is
ina condensed state [121]. However, the surface viscosity of liquid-expanded
monolayers is usually in the order of 1071 Ns/m [24,121], and for this value,
the motion of micron-sized domains is expected to depend only on the sub-
phase viscosity (1,,) and their size, according to D, =k T/87,,R [123], where
kg 1s the Boltzman constant, T'is the temperature, and R is the radius of the
analyzed domain. Thus, the value of the diffusion coefficient determined
experimentally (Dcy,) should equal the value of the diffusion coefficient
(D)) calculated for noninteracting particles in a liquid-expanded environ-
ment. Differences found in the values of D, compared to D, are assigned
to the presence of hydrodynamic and electrostatic repulsions (the latter being
preponderant [122]) between the moving species, which precludes their
movement and, therefore, translates to a lower value of D, [24,121,122].
Therefore, the diftusion coefficients of domains and particles have been used
to estimate the strength of the interactions between domains and the moving
species [24,118,119,121,124,125].

Using this approach, the influence of the ionic strength of the subphase
on interdomain interactions was studied for charged domains of dipalmitoyl
phosphatidylglycerol, and it was found that these interactions can be mod-
ulated with the salt concentration in the subphase, as emerged when com-
paring the black symbols with the gray symbols in Fig. 2.7A and B. At high
ionic strength, charged domains repel similarly to neutral domains (open
symbols), while at low ionic strength solutions, domain motion is highly
precluded. This observation was interesting since, in the low ionic strength
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Figure 2.7 (A) Diffusion coefficients normalized by the diffusion coefficient for a mono-
layer with negligible viscosity and interdomain interactions as a function of the percent-
age of area occupied by the domains (percentage of condensed area, %AC). (B)
Apparent surface viscosity as a function of %AC calculated from the diffusion coefficient
of domains following the model of Hughes et al. [123]. Symbols: dipalmitoyl pho-
sphatidylglycerol monolayers in the presence (gray) and absence (black) of 0.15 M NaCl
in a TRIS buffer subphase at 21 °C and neutral phospholipids (DSPC/DMPC) on 0.15 M
NaCl (open symbols) at 23 °C. From Caruso et al. [122] with permission.

solutions, the Debye—Hiickel length was still two orders of magnitude lower
than the interdomain distances, and thus the charge of the domains would be
screened also in these salt conditions. Nevertheless, the interdomain inter-
actions were able to reflect the decrease in the charge screening, indicating
that domain—domain electrostatic interactions are able to regulate the film’s
rheological properties even at conditions where interdomain distances are
higher than the Debye—Hiickel distance. This is probably a consequence
of the fact that electrostatic interactions may occur not only through the
aqueous subphase but also within the plane of the monolayer where the
ionic double layer is absent.

The apparent surface shear viscosity was also computed with a magnetic
needle [126], and the authors found that its variation with the percentage of
condensed area was analogous to that of a three-dimensional dispersion of
spheres in solvent with long-range repulsive interactions [126].

Regarding diffusion species different from a domain, Nassoy ef al. [119]
showed that a partially ionized latex particle inserted into a surfactant mono-
layer is attracted to the border of domains composed of neutral molecules in
a liquid-condensed phase, due to the dipolar interactions. These authors
determined an electric field of —30 V/cm at the domain border, which gen-
erated an attractive potential on the bead as high as 300 ki T. Related to this,
Forstner et al. [118] modeled systems far from the percolation threshold and
found a dramatic slowing down of diffusive propagation, not caused by
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geometric effects but by the presence of electrostatic interactions between a
dipolar domain and a dipolar diffusing species. When numerical simulations
were used for a systematic study of these diffusion processes in monolayers, a
sensitive dependence on the interaction strength was found: small differ-
ences in the potential result in orders of magnitude changes of the long-term
diftusion coefficient. In addition, the interaction strength can be easily
altered by changing the domain size, regardless of domain composition
[118]. The same research group also found that there is an electrostatic
potential strength threshold, marking a sharp transition from almost
unaltered free diffusion to a diftusive process with a drastically reduced dif-
fusion coefficient. In other words, two diffusing species with only a small
difference in their interactions with domains will have significantly different
propagations within the same environment. Thus, the presence of domains
can selectively regulate the diffusion of a particle, according to the electro-
static properties of the particle and the size of the domain [118].

Not only the domain size but also its shape influences the diffusion of a
dipolar species close to a domain, since branched domains generate intense
electric field zones in the more curved regions of the domain periphery
[127]. Thus, a small circular domain influences the motion of particles inserted
in the monolayer in a different manner to larger flower-like domains. As
already discussed, this effect can be amplified in a monolayer with different
effective mechanical properties due to local electrostatics, deriving in other
possible consequences. For example, the activity of membrane-active lipolytic
enzyme reactions was shown to regulate the texture of the membrane, and in
turn, the texture regulates the velocity of the catalyzed reaction [22,127].

6. COMPARISON BETWEEN DIFFERENT MODEL
MEMBRANES

Different model membrane systems have been used successfully in
order to gain insight into cell membrane properties. In spite of the fact that
none of them reflects the enormous complexity of real membranes, they
help to understand local properties derived from the interactions between
a few molecules.

The use of different model membranes permits a wide variety of exper-
imental approaches: in Langmuir monolayers, molecular density can be var-
ied while surface tension and surface potential are registered, and the
membrane can be simultaneously observed with BAM or FM. Using FM,
giant unilamellar vesicles (GUVs) can also be investigated along with the
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deformations out-of-plane of the membrane. In planar free-standing bila-
yers, particle tracking and membrane permeability may be determined in
a simpler way than in GUVs, but the film stability is lower. The supported
lipid bilayers are usually deposited on a hydrophilic solid surface (glass, mica,
or silicon) using several preparation techniques such as spin coating [128],
vesicle rupture [129], solution spreading [130], or film transfer from a Lang-
muir monolayer through the Langmuir—Blodgett or the Langmuir—Schaefer
technique [131]. The main advantage of supported lipid bilayers over
water/air interface monolayers or vesicular systems is that they may be char-
acterized by using a number of advanced techniques, such as atomic force
microscopy [131] and quartz crystal microbalance [132].

Each of these model systems has certain advantages and disadvantages,
and it is worth asking which of them is more suitable to investigate mem-
brane properties. Cell membranes in biological systems may not be similar to
free-standing bilayers, since they are often interacting with (and supported
by) cytoskeletal proteins, neighboring membrane stacks, and extracellular
matrices, with these interactions affecting the native lipid phase behavior.

There are a few reports comparing the results for the same system for-
ming different types of model membranes [133—143], and they indicate that
the similarities and differences depend on the system analyzed and on which
property is explored. The property of membranes that can probably be com-
pared most easily between different models is the temperature for the phase
transition. This temperature appears not to change [144] or to alter only
slightly [134,139,145,146] in vesicles compared to that in supported mem-
branes. In supported bilayers, however, two different transition tempera-
tures for the distal (to the support) and the proximal leaflets have been
reported [137,147].

The comparison of the properties of monolayers at the air—water inter-
face with free-standing bilayers has to be performed at a defined surface pres-
sure. It has been postulated that at between 30 and 35 mN/m, the MMA in
bilayers is equivalent to that observed in monolayers [148,149], although
thermal fluctuations may lead to variations in the lateral pressure [150].
Assuming a correspondence between bilayers and monolayers at
30-35 mN/m, a comparison of the phase transition for lipids forming 3D
aggregates and for the same lipids forming monolayers has been performed,
and it has been proposed that the transition temperature roughly coincides
for phospholipids [151] and some glycosphingolipids [20,152]. However, as
the glycosphingolipid polar head group becomes more complex, the differ-
ences in the relative sizes of the oligosaccharide chain and the hydrocarbon
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moiety introduce curvature tensions in the self-assembled structure, aftect-
ing the overall topology, and the lateral phase state and the transition tem-
perature for the 3D aggregates is lower than the temperature at which a fully
liquid-expanded state is acquired in the flat two-dimensional monolayers
[152,153].

Changes in temperature for the phase transition may translate to changes
in the phase diagram, and thus the composition of the coexisting phases in
mixed films may not be exactly the same at the different interfaces [143].

The phase diagrams of monolayers and GUVs composed of ternary mix-
tures with cholesterol have been compared by Keller’s group, with the
inconvenience that cholesterol oxidizes at the air—water interface, concom-
itantly changing the mixture properties [135]. These authors observed cor-
relations between miscibility in bilayers and in monolayers of a saturated
phosphatidylcholine lipid, an unsaturated phospholipid, and cholesterol
[142]. Only limited overlap in miscibility phase behavior was found for
monolayers and bilayers of mixtures composed of DOPC/DPPC/Chol
and POPC/PSM/Chol [136]. Regarding membrane texture, it has been
proposed that electrostatic interactions would be not so important in bilayers
compared to monolayers, due to the charge screening by the aqueous solu-
tion [154], and curvature tensions appear to be important factors [155].

Other properties of the transferred film are not exactly the same as those
of the Langmuir monolayer, with the differences depending on the charac-
teristics of the support, the film, and the film-solid interactions [133,134].
Even without considering specific interactions between the solid support
and the surfactant film, an entropy reduction due to the presence of the solid
support may lead to slightly different phase diagrams when comparing free-
standing with solid-supported films [ 138,143]|. In addition, when comparing
the same system using the same model membrane, differences have been
found depending on the preparation methods. In supported films formed
through the rupture of vesicles [156], it has been demonstrated that diftferent
experimental conditions lead to different film properties as regards the com-
position of each layer [157], the stabilities upon lipid flip-flop from the distal
to the proximal leaflet or vice versa [129], reorganizations with a subsequent
change in the film texture [135,136], and as surfactant diffusion [158].

7. SUMMARY

Langmuir monolayers composed of lipids permit the generation of
highly controlled monomolecular thick films, which can be studied using
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a broad variety of techniques and modifying the molecular density of the
film. The results found using this system are comparable to those found
in other model membranes, but may be quantitatively not equal, and a sys-
tematic evaluation of this is still lacking.

When two phases coexist, line tension at the domain borders appears to
be an important factor for the determination of film texture, and thus, con-
trolling this parameter would permit modulation of the domain shape and
size, which is therefore an interesting area of research that has been little
explored.

Valuable information regarding the effect of membrane texture on mem-
brane rheology has been obtained from experiments using Langmuir mono-
layers. The elastic compressibility modulus is slightly affected by the
presence of noncontacting domains formed by lipids in a dense phase state,
while the apparent shear viscosity of the film (as sensed by a dipolar species)
can be strongly increased due to the interactions between the domains and
the moving species.

If the factors underlying the monolayer texture are known in a system,
domain size and shape can be modulated, and consequently, the rheology
and electrostatics of the interface are also in turn regulated.
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