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Purified myelin lipids display a critical mixing point at low surface pressure 
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b Institut für Physik Kondensierter Materie, Technische Universität Darmstadt, Hochschulstrasse 8, 64289 Darmstadt, Germany 
c Instituto de Física Enrique Gaviola (IFEG-CONICET), Facultad de Matemática Astronomía Física y Computación, Universidad Nacional de Córdoba, 5000 Córdoba, 
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A B S T R A C T   

Lipids extracted from Purified Myelin Membranes (LPMM) were spread as monomolecular films at the air/ 
aqueous interface. The films were visualized by Brewster Angle Microscopy (BAM) at different lateral pressures 
(π) and ionic environments. Coexistence of Liquid-Expanded (LE) and cholesterol-enriched (CE) rounded do
mains persisted up to π ≈ 5 mN/m but the monolayers became homogeneous at higher surface pressures. Before 
mixing, the domains distorted to non-rounded domains. We experimentally measured the line tension (λ) for the 
lipid monolayers at the domain borders by a shape relaxation technique using non-homogeneous electric fields. 
Regardless of the subphase conditions, the obtained line tensions are of the order of pN and tended to decrease as 
lateral pressure increased toward the mixing point. From the mean square displacement of nested trapped do
mains, we also calculated the dipole density difference between phases (μ). A non-linear drop was detected in this 
parameter as the mixing point is approached. Here we quantitively evaluated the π-dependance of both pa
rameters with proper power laws in the vicinity of the critical mixing surface pressure, and the exponents showed 
to be consistent with a critical phenomenon in the two-dimensional Ising universality class. This idea of bidi
mensionality was found to be compatible only for simplified lipidic systems, while for whole myelin monolayers, 
that means including proteins, no critical mixing point was detected. 

Finally, the line tension values were related with the thickness differences between phases (Δt) near the critical 
point.   

1. Introduction 

Both pure lipids and mixture of lipids spontaneously self-assemble at 
fluid–fluid interfaces into two-dimensional (2D) monomolecular films 
[1]. These films often exhibit coexisting phases at the air-water interface 
which can be observed by optical techniques such as Fluorescence Mi
croscopy (FM) or Brewster Angle Microscopy (BAM) [2–5]. 

Over the last years, the study of lateral heterogeneity in lipid mem
branes gained relevance due to its potential relation with signaling and 
trafficking phenomena taking place in cell membranes. The paradigm of 
lipid rafts theory intensified the study of liquid-liquid phase separation 
in complex lipidic biomembranes [6,7]. One of these assessments is 
concerned with the size and shape regulation of domains in planar 

monolayers [8,9]. Other topic of particular interest is the phase coex
istence characterization and eventual mixing-demixing transitions [10]. 

The morphology of lipid monolayers arises from a balance between 
long and short-range forces [11–15]. Amphiphilic molecules at the air- 
water interface have a resultant dipole moment, of which only the 
component perpendicular to interface plane is not cancelled in liquid 
layers [16,17]. This notion entails the existence of an electrostatic 
repulsive force between adjacent molecules even in the absence of 
charges, between domain-internal parts and between domains with 
higher dipole densities [18]. For coexisting liquid phases, the dipolar 
repulsion can be estimated through the difference in dipole density (μ =
μLE − μCE) of the two phases. This dipole density difference is an elec
trostatic interaction resulting in a long-range force and its prevalence 

Abbreviations: BAM, Brewster angle microscopy; LPMM, Lipids extracted from Purified Myelin Membranes; LE, Liquid-Expanded; CE, Cholesterol-enriched; 2D, 
two-dimensional; FM, Fluorescence Microscopy; IS, Ionic Strength. 

* Corresponding author. 
E-mail addresses: julio.pusterla@pkm.tu-darmstadt.de (J.M. Pusterla), cannas@famaf.unc.edu.ar (S.A. Cannas), emanuel.schneck@pkm.tu-darmstadt.de 

(E. Schneck), rafael.oliveira@unc.edu.ar (R.G. Oliveira).  

Contents lists available at ScienceDirect 

BBA - Biomembranes 

journal homepage: www.elsevier.com/locate/bbamem 

https://doi.org/10.1016/j.bbamem.2022.183874 
Received 29 October 2021; Received in revised form 26 January 2022; Accepted 27 January 2022   

mailto:julio.pusterla@pkm.tu-darmstadt.de
mailto:cannas@famaf.unc.edu.ar
mailto:emanuel.schneck@pkm.tu-darmstadt.de
mailto:rafael.oliveira@unc.edu.ar
www.sciencedirect.com/science/journal/00052736
https://www.elsevier.com/locate/bbamem
https://doi.org/10.1016/j.bbamem.2022.183874
https://doi.org/10.1016/j.bbamem.2022.183874
https://doi.org/10.1016/j.bbamem.2022.183874
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbamem.2022.183874&domain=pdf


BBA - Biomembranes 1864 (2022) 183874

2

drives small non-circular domain shapes. It should be noted that not only 
the lipids but also the headgroup-hydrating water molecules contribute 
to the effective dipole density. 

In contrast to electrostatic forces, line tension (λ) is a short-range 
force that favors big circular domains. Line tension arises from the en
ergy penalty associated with the phase boundaries. It is known that line 
tension not only influences the equilibrium shapes and coarsening ki
netics of lipid domains but also modulates some biological processes 
[19–21] and drives certain membrane shape transitions [22]. 

It can therefore be inferred that domain patterns arise from a 
competition of forces in bidimensional systems. In particular, a line 
tension increase promotes large circular domains to the detriment of 
small and/or elongated domains. 

According to McConnell [23], an equilibrium radius (Req) arises from 
a competition between line tension and surface dipole densities differ
ences, such that when R˃e1 /

3Req the domains lose circularity and adopt 
elongated shapes, where: 

Req =
e3δ
4

exp
λ/μ2 (1)  

δ is a nearest-neighbor intermolecular distance between the equivalent 
dipoles and e is the exponential, 2.718. 

Our group has characterized Purified Myelin Membranes (PMM) 
over the last years and has shown that PMM monolayers exhibit a 
biphasic pattern along the whole π range almost up to the collapse. One 
of these phases, called Liquid-Expanded (LE phase), is enriched in high- 
molecular weight species with an expanded behavior, such as proteins 
and certain lipids, while another phase is mostly lipidic and enriched in 
cholesterol and cerebroside (CE phase) [24]. Additionally, it has been 
shown that the presence of salts stabilizes the phase separation not only 
in monolayers [2,25] but also in multilamellar arrangements [26,27]. 
Unlike whole PMM, when proteins are depleted from the system the 
purely lipidic monolayers (LPMM) homogenizes around 4–5 mN/m [3]. 

In this work, we studied the mixing behavior of the lipid fraction of 
myelin (LPMM). 

We measured λ of LPMM monolayers using a method based on 
domain deformations induced by non-homogeneous electric fields [28]. 
We also measured the dipole density difference μ of the two phases by 
observing the amplitude of Brownian motion of lipid domains in elec
trostatic traps [18]. From the analysis of both experimentally indepen
dent measurements the critical exponents for λ and μ, termed ν and β, 
respectively, were obtained using proper power law fits. We also 
assessed whether or not these exponents are characteristic of the uni
versality class of the 2D Ising model phase transition. This theoretical 
model describes a critical phase transition in 2 or more dimensions and 
has been exactly solved in two dimensions for the case of nearest 
neighbor interactions between components [29]. The critical exponents 
of the transition are universal values and characterize the singular 
properties of physical quantities inside a universality class, which in this 
case are in the framework of the 2D Ising model [30–32]. 

The measurements were carried out at low ionic strength, physio
logical conditions, and in presence of calcium to set equivalent condi
tions with previous works performed by our group on purified whole 
myelin [25–27]. In this sense, it was already shown for PMM monolayers 
and multilayers that the presence of salts, especially of divalent calcium 
ions, increases the thickness difference between phases and stabilizes 
the phase separation [2,25,26]. 

2. Materials and methods 

2.1. LPMM isolation and monolayer preparation 

Highly purified myelin was extracted from bovine spinal cord by 
following a standard protocol [33]. For isolation of total myelin lipid 
extract, the lower solvent phase of a Folch's partition [34] of the 

previously purified myelin was equilibrated (in proportion 1:1) with a 
chloroform–methanol–water (3:48:47) upper phase solution saturated 
with potassium citrate (0.1 M). Chloroform ˃  99%, Methanol 99.8% and 
Potassium citrate monobasic ≥98.0% were purchased from Merck KGaA 
(Germany), and used without further purification. 

In this condition, the Folch's proteolipid becomes insoluble and can 
be removed because it accumulates at the two-solvent interface [35]. 
The procedure is repeated three times. Subsequently, the lower phase is 
washed with a citrate-free upper phase (in proportion 1:1). The myelin 
lipid extract is mainly composed by cholesterol (0.38), phosphatidyl
ethanolamine (0.19), cerebroside (0.15), sphingomyelin (0.08), phos
phatidylcholine (0.06), phosphatidylserine (0.05) and sulfatide (0.04) in 
mole fraction [36]. 

The lipids were spread directly at the air/aqueous interface from the 
resulting solution [3] and a Langmuir film balance (Microtrough, 
Kibron, Helsinki, Finland) was used to perform the experiments. Typical 
uncertainties in measurements via Wilhelmy plates of the surface pres
sure (π) were ± 1 mN/m. 

The solutions used as subphases were the following:  

• Solution of low ionic strength (IS): Tris 5 mM, pH = 7.4  
• Solution with near-physiological conditions: NaCl 150 mM in Tris 5 

mM, pH = 7.4  
• Solution with CaCl2: CaCl2 20 mM in Tris 5 mM, pH = 7.4 

2.2. Fluorescence Microscopy (FM) 

To distinguish monolayer phases using FM, the fluorescent probe l- 
α-phosphatidylethanolamine - N - (lissamine rhodamine B sulfonyl) 
ammonium salt (chicken egg-transphosphatidylated), purchased from 
Avanti Polar Lipids Inc., was incorporated in the lipid solution before 
spreading in a molar fraction of 0.01. The fluorescent probe concen
tration in the cholesterol-enriched phase is lower, and thus this phase 
appears darker in the micrographs. 

The Langmuir trough was placed on the stage of an inverted fluo
rescence microscope (Axiovert 200, Carl Zeiss, Oberkochen, Germany) 
with a 20× objective and images were registered with a back- 
illuminated EMCCD video camera iXon 897 (Andor). 

2.3. Experimental approach for the determination of dipole density 
differences (μ) 

To determine the difference of dipole density (μ) between two phases 
in a lipid monolayer a model proposed by McConnell's group was used 
[18]. According to this model the lipid molecules, associated water and 
eventually ions configure an in-plane two-dimensional array of dipoles. 
The number of dipoles is assumed to be equivalent to the number of 
molecules present at the air-water interface. Furthermore, it is consid
ered for liquid phases that dipoles are oriented on average in a 
perpendicular direction to the monolayer plane, canceling by symmetry 
the horizontal components. 

The difference of dipole densities between two phases μ in isotropic 
bidimensional fluids is related to the normalized displacement from the 
center z of lipid domains in electrostatic traps. These traps are basically 
small circular domains of radii a electrostatically confined within larger 
circular domains of radii A (Fig. 1 and Movie S1 as Supplementary 
Material). The squared of μ can be expressed as follows: 

μ2 =
2kT

3π2〈z〉
(2)  

where k is the Boltzmann constant and T the absolute temperature. The 
parameter z accounts for the Brownian motion of a small lipidic domain 
inside an electrostatic trap [18]: 

z =
a2ρ2

A3 (3) 
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where a, ρ and A are defined according to the following figure: 
The software ImageJ 1.50 was used to measure a, ρ and A. The z 

parameter is defined as the result of a single measurement, 〈z〉 accounts 
for the mean value of a sequence of measurements over time for a given 
trap with radii a and A,and 〈z〉 refers to a whole average value among 
domains with the same or different radii a and A over several 
monolayers. 

A total of 200–210 data points were measured from experiments on 
three different monolayers for each condition. 

2.4. Experimental approach for the determination of line tension (λ) 

Line tension measurements were carried out according to Bischof 
et al. [28,37]. Briefly, LPMM monolayers at different lateral pressures 
were exposed to the action of an inhomogeneous electric field. For this 
purpose, one electrode was located roughly 200 μm above the mono
layer, while the other one was in contact with the subphase, and a po
tential difference of 300 V was applied. Since the electrostatic properties 
of domains and continuous phase are different, the field promotes a net 
force on the domains, and therefore they migrate to the region under
neath the upper electrode. Domains get close together and “stripes” of 
the squeezed phase between domains develop. When domains coalesce, 
the stripes breakdown and the shape relaxes minimizing the length of 
domain boundaries. At this point, the electric field is turned off and the 
approximately constant retraction rate of the stripes is assessed. Stripe 
retraction is driven basically by two balanced forces: line tension force 
(Fλ), which accelerates retraction, and friction force (Fη), which slows it 
down. This leads to the expression: 

λ = 4ηvg
dL
dt

(4)  

where ηv is the viscosity of the subphase, assumed as 1 × 10− 3 Pa s, g is 
the average radio for the stripe head and dL

dt is the stripe retraction rate 
[28,37] (Movie S2 as Supplementary Material). 

2.5. Brewster angle microscopy 

An EP3 single wavelength ellipsometer from Accurion (Göttingen) 
with an antivibration system (Vario 40–100) from the same manufac
turer was used in BAM setup, i. e. light polarized in the plane (p) of 
incidence, from a laser of 532 nm wavelength (50 mW) at the Brewster 
angle. A Langmuir Minitrough (KSV, Helsinki) via Wilhelmy plate was 
mounted on top of the ellipsometer stage. 

Gray levels of each phase were measured by analyzing 10–20 mi
crographs acquired via CCD camera. For that, the gray level of a certain 
Region of Interest (ROI) of each phase was determined using the soft
ware ImageJ 1.50, and converted to reflected light intensity (Rp) with 
suitable calibration, taking into account the calibration factor and the 
dark signal. This allows to measure Rp even in heterogeneous mono
layers at specific domains. 

For the evaluation of the refractive indexes (n) of the film we used a 
method developed by our group [38] and previously tested with myelin 
lipid fraction [38], whole purified myelin [25] and sterol films [39], 
based on the best contrast matching by controlling the subphase 
refractive index (n2). 

2.6. Monolayer thickness determination 

By knowing the refractive index and Rp of both phases at all surface 
pressures, we calculated the film thickness (t). For this, the gray level of 
each section of the micrographs was converted to Rp, and the thickness 
was calculated assuming a film of refractive index n and with t much 

Fig. 1. Parameters used to calculate the dipole den
sity differences. (Left) Here white and dark refer to 
domains that are strongly and weakly fluorescent. 
Three variables were measured for each domain 
system, namely, the radii of the inner and the outer 
domains (a and A), and the displacement, ρ, of the 
inner domain from the center of the outer domain. 
(Right) Several nested electrostatic traps were chosen 
and analyzed for each condition over time and in at 
least 3 different monolayers. Red circle shows a 
typical example of a trap in a LPMM model mono
layer. The white straight line represents a scale bar. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   

Fig. 2. FM micrographs of LPMM monolayers at low IS. The sequence was taken at different π values (white numbers, in mN/m). The white straight line represents a 
scale bar. 
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smaller than the incident light wavelength (Λ) [40,41], giving: 

t =
̅̅̅̅̅
Rp

√

sin(2θB − 90)

(
π
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
n2

1 + n2
2

√ (
n2

1 − n2
)(

n2
2 − n2

)

Λ(n2
1 − n2

2)n2

)

(5)  

Here n1 is the refractive index of air (assumed as 1), and π is the irra
tional number. 

3. Results and discussion 

3.1. Morphology of LPMM monolayers 

The compression isotherms of LPMM monolayers are consistent with 
the ones previously published [42] and there is also no significant in
fluence of the subphase type on the surface behavior. As previously re
ported, the LPMM monolayers exhibit two coexisting phases at very low 
surface pressures (π ≤ 5 mN/m) but around 5 mN/m the domains 
boundaries turn irregular and the monolayer becomes homogeneous 
(Fig. 2) [3,43]. 

For this system, no substantial differences in the morphological 
pattern are observed by presence of salts (Tris, physiological condition 
and presence of calcium) in the subphase. Our experimental critical 
pressure (πc) was always found to be between 4.5 and 5 mN/m for all the 
subphase types. Unlike the LPMM monolayers, our group has already 
reported that for whole PMM monolayers (with proteins included) the 
presence of salts promotes the lateral phase separation over the entire 
range of π while only at low IS the monolayer homogenizes at 37–38 
mN/m [2,25]. 

3.2. Line tension analysis in LPMM monolayers 

As mentioned before, high line tensions (λ) tend to correlate with 
strongly different properties of the two coexisting phases. 

Fig. 3 (left) shows the λ variation in the narrow range of π where 
phase coexistence is observed. From 0 to 5 mN/m the line tension de
creases from λ > 1 pN down to λ < 0.2 pN when approaching πc. Indeed, 
low line tensions (< 1 pN) have been previously reported near critical 
points for other systems [44–46]. 

The values fall into the typical range experimentally found for lipid 
systems [47,48]; but they do not match the values calculated in the past 
for lipids mimicking myelin systems, for which λ values as low as 
3.5–11.3 fN were reported [49]. However, those estimates were based 
on the assumption of equilibrium domain size distributions, which may 
not necessarily be fulfilled in multicomponent systems. In fact, as dis
cussed by Bischof et al. [37], observations of equilibrium configurations 
are very unlikely because they usually are not accomplished on exper
imentally accessible time scales [50,51]. Furthermore, there are in
dications that λ vales below 0.3 pN would not be effective in maintaining 
stable domains [52]. 

Regarding the ionic environment, the presence of calcium increases λ 

values slightly but the effect is not as pronounced as in PMM monolayers 
[25], indicating a crucial role of the myelin proteins in the magnitude of 
λ and therefore in the phase separation stability. 

The behavior of LPMM monolayers could be explained due to the 
proximity to a critical point, considering line tension as a measure of the 
stability of phase coexistence. The critical surface pressure for mixing is 
defined as the pressure when the monolayer homogenizes over the apex 
of the phase diagram (spinodal decomposition). Not only the line ten
sion values drop and the domains become rough, but also the critical 
surface pressure for mixing is related with line tension according to 
[30,47]: 

λ = m[πr ]
v (6)  

where m and v are adjustable parameters and πr is the reduced surface 
pressure, defined as πr = πc − π. 

The data in Fig. 3 (right panel) were fitted according to Eq. (6) 
considering that πc= 4.7 mN/m for all the ionic conditions. The calcu
lated v values are summarized in Table 1 (1st column), and they are close 
to v ≈ 1 as expected in accordance with the Ising model for a 2-D system 
[30–32]. 

It has been previously shown that line tension decreases and becomes 
zero at the critical point and linear relations between λ and π (λ = m[πr]v, 
with v ≈ 1) [47,48], and also between λ and T (λ = m[Tr]v, with v ≈ 1) 
[53] have been reported. 

Here, we determined the critical exponent for the π-dependence of 
the line tension near the critical point in a complex biomembrane 
(LPMM) using a different experimental technique and the measured 
values are consistent with a critical phenomenon in the two-dimensional 
Ising universality class. 

3.3. Dipole density differences analysis in LPMM monolayers 

The dipole density difference between phases μ was experimentally 
determined through the Brownian motion analysis of small domains of 
one phase electrostatically trapped in the center of a larger spherical 
domain of the other phase, as schematically depicted in Fig. 1. The 
employed model [18] relates μ2 with the mean squared displacement of 
the small domains from the center of the hosting domains. The instan
taneous displacement z (see Eq. (3)) was recorded at each ionic condi
tion and histograms were built (Fig. 4, left). The theoretical probability 

Fig. 3. (Left) λ vs π for LPMM monolayers in low IS 
(black dots), physiological condition (red dots) and 
with CaCl2 (blue dots) subphases. The error bars 
correspond to the standard deviation of 4 indepen
dent determinations of λ for each condition. (Right) 
The data from the graph on the left were plotted 
against reduced surface pressure πr = πc − π, and 
fitted according to Eq. (6) to obtain the values of 
critical exponent v. πc was held fixed in 4.7 mN/m. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   

Table 1 
Measured critical exponents v and β for all three subphase types.   

λ = m[πr]v μ2 = s[πr]2β 

Exponent v Exponent β 

Low IS 0.97 ± 0.12 0.18 ± 0.04 
Physiological condition 0.98 ± 0.04 0.11 ± 0.02 
With calcium 1.02 ± 0.01 0.09 ± 0.04  
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distributions corresponding to the best-matching model parameters are 
shown in Fig. 4 (right). 

P
(

z
z

)

= C.e

(

− z
z

)

(7)  

Here, C is a normalization factor chosen so that the integral of P from 
0 to infinity equals the area under the histogram. 

Fig. 5 (left) shows μ2 as a function of π up to 4 mN/m for LPMM 
monolayers. The orders of magnitude are the same as those μ2 values 
reported previously by Benvegnu et al. using this method [54] or those 
ones measured from lipid monolayer domain boundary fluctuations 
[48]. Much like the line tension, μ2 tends to decrease as surface pressure 
increases. Subphases with calcium promote higher |μ|, i.e., stronger 
dipolar repulsion than physiological conditions. The lowest |μ| is ob
tained for low-IS subphases. This result implies that the ionic strength of 
the subphase does not effectively screen the dipolar repulsion. On the 
contrary, the inclusion of ions could possibly enhance the dipolar den
sity difference through differential binding as previously shown in pu
rified myelin membranes [27] and headgroup-ordered monolayers of 
uncharged glycolipids [55]. 

As the line tension behavior, also μ2 can be fitted near the critical 
point according to a scaling law, with the equation 

μ2 = s[πr]
2β (8)  

where s and β are adjustable parameters and the reduced surface pres
sure πr = πc − π. 

There has been a wide range of estimates for the critical exponent β. 
Ising two-dimensional model predicts a value of β = 1/8 (0.125) [56], a 
result also experimentally corroborated in monolayers of phospholipids 
[57], Ising-like crystals [58] and facet reconstruction of Au surface [59]. 
On the other hand, there is less evidence from experiments on lipid 

monolayers [48] that β could be closer to 1/3, which is the prediction of 
Ising model for a three-dimensional system [56]. 

Here, the data were fitted (Fig. 5-right) according to Eq. (7) 
considering again that πc= 4.7 mN/m for all ionic conditions. The 

Fig. 4. (Left) Example of occurrence-frequency his
tograms for the variable z on the different subphase 
conditions: low IS (gray/black), physiological condi
tion (red) and presence of calcium (blue) at 2 mN/m. 
(Right) Theoretical curves of P function are compar
atively displayed superimposed for the three condi
tions. For the low IS subphase, in a total of 205 
measurements, z = 17.5 μm and C = 74.2; for the 
physiological condition subphase, in a total of 206 
measurements, z = 12.6 μm and C = 75.6 and for the 
subphase with calcium, in a total of 202 measure
ments, z = 7.9 μm and C = 68.4. (For interpretation 
of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 5. (Left) μ2 vs π for LPMM monolayers on low IS 
(black dots), physiological condition (red dots) and 
with CaCl2 (blue dots) subphases. The error bars 
correspond to the standard deviation of 6 indepen
dent determinations of ∣μ∣ for each condition. (Right) 
The data from the graph on the left were plotted 
against πr = πc − π and fitted according to Eq. (7) to 
obtain the values of critical exponent β. πc was held 
fixed in 4.7 mN/m as a good approximation of the 
experimental critical pressure. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 6. Calculated Req vs π for LPMM monolayers in low IS (black dots), 
physiological condition (red dots) and with CaCl2 (blue dots) subphases. As can 
be seen, only on the vicinity of the critical mixing point the values are close to 
the equilibrium radii. The green line shows a π-range (~ 3.5 to 4.2 mN/m) 
where the experimental Req falls from ~10 to 14 μm, without significant dif
ferences between each ionic condition. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of 
this article.) 
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obtained β values are summarized in Table 1 (2nd column). The values 
cluster near the prediction of 2D Ising model β = 1/8, but far away from 
the predictions of the 3D Ising model (β = 1/3) as well as the one of 
mean field theory (β = 1/2). 

3.4. Theoretical equilibrium radius 

As mentioned above, the model proposed by McConnell allows to 
calculate a theoretical equilibrium radius Req (Eq. (1)) based on the 
relation λ/μ2. This model and the ones related has been tested in simple 
lipid mixtures [47], but also in complex ones as model myelin lipid 
monolayers [49]. 

We show here that departure from the critical condition leads to 
exceedingly large calculated values for Req (Fig. 6). Only when 
approaching to the mixing point the calculated equilibrium radii (0–20 
μm) fall into the range of the experimental observations. Although not 
explained, this discrepancy was early noticed [47], but this fact is usu
ally neglected. This huge discrepancy precludes of applying this theo
retical model far away from the critical point. This in turn could explain 
the very low λ values calculated from distribution of lipid mixtures 
mimicking myelin domains based on the theory of McConnell [49]. A 
further complication could be related to the equilibrium condition for 
the domain size distribution. Satisfying such an equilibrium condition 
can be beyond experimental time scales due to the slow kinetics of 
equilibration rates in monolayers size domains, in the order of days or 
weeks [50,51]. In this view, a perturbation strategy for the determina
tion of λ, as was taken here, may be preferable. Alternatively, careful 
validation and/or calibration with proper standards should be manda
tory before applying equilibrium-based techniques for line tension 
determination. Very close the critical point, nevertheless, high fluctua
tions in size and shapes could arise, hindering again applicability. 

We checked experimentally that beyond radii of about 15–20 μm, the 
circular domains become increasingly unstable and acquire more ellip
tical shapes; further increments of size lead to very elongated domains. 
According to McConnell [47] the domain distortion radii are bigger by a 
factor of e1/3 relative to Req. This would lead to experimental Req of 
10–14 μm, comparable to those theoretically calculated through the 
model in the vicinity of the critical point (Fig. 6). 

3.5. Thickness differences and line tension 

Line tension is known to depend on the hydrophobic mismatch be
tween phases and on the ability of the molecules to deform and adapt to 
a different layer thickness [49,60–62]. In order to further explore the 
supramolecular basis of the mixing behavior we determined the thick
ness t (Eq. (5)) of each phase (LE and cholesterol-enriched) using BAM 
reflectivities (Rp) and considering proper refractive indexes for each 
phase (n) measured with a technique recently developed by our group 

[38]. From such thickness values the thickness differences (Δt) between 
domains and surrounding media can be determined. Fig. 7 (left) includes 
measurements from LPMM monolayers in subphases of low IS, physio
logical conditions, and in presence of calcium. As can be seen, the 
presence of salts mildly increases the thickness of the LE phase, and 
therefore the thickness mismatch. In this case, a relevant difference is 
also observed regarding PMM monolayers, for which the trend is similar 
but the thickness of the protein-enriched LE phase is much sensitive to 
changes in the ionic environment [25]. This effect translates as an in
crease in Δt when salts are present. 

To inquire about the determinants to reach such low λ values in the 
vicinity of the critical point, we tested the model proposed by Cohen and 
Kuzmin [60]. Equations that relate λ with Δt have been theoretically 
derived by the Cohen's group [60,61] and used afterwards in order to 
derive λ from Δt [46]. According to this model, the line tension λ and the 
hydrophobic mismatch Δt are related as: 

λ = A
Δt2

t2
0
− B (9)  

where t0 is the mean value of the height of the two phases: t0 = (tLE +

tCE)/2, t is the monolayer thickness; and A and B are positive parameters 
which depend on the elastic splay modulus, the tilt modulus and the 
spontaneous curvature of the monolayer. 

Line tensions λ were plotted vs. Δt2/t02 for π≤ 4 mN/m and a 
remarkably linear correlation was observed, in line with Eq. (9) (Fig. 7- 
right). The positive intercept (B in Eq. (9)), indicative of the residual 
value for λ in the absence of thickness mismatch, may give account of 
lateral intermolecular interactions, such as hydrogen bonding, electro
statics or van der Waals interactions, which are not considered in this 
model. 

In summary, Δt appears to be a key determinant for λ, but, as pointed 
out before, other parameters related to membrane deformation were 
found to contribute to λ, too, such as the membrane curvature [37,63]. 

3.6. Universality class 

In analogy to what happens in liquid-liquid mixtures, where the 
order parameter is the difference in composition between the phases 
[30], our data support the idea that on approaching the critical mixing 
point the partition coefficient between both phases of the individual 
components tends to unity, which means the components redistribute 
more and more evenly between the two phases. This view is compatible 
with the observation that the thickness difference between the phases 
decreases, as well as also the line tension and the dipole density differ
ence. The scaling exponents by which the two latter variables vanish 
support the idea that behavior of these monolayers indeed follows the 
universality class of the 2D Ising model. The dipole density difference in 
this case would qualify as order parameter, as it should be roughly 

Fig. 7. (Left) Δt vs π for LPMM on subphases of low IS (black dots), physiological condition (red dots) and with calcium (blue dots). (Right) λ vs (Δt/t0)2 between 
phases. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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proportional to the difference in the chemical composition. The pre
dicted value for the critical exponent β according to the 2D Ising model is 
1/8 [31,32], and this value agrees very well with the critical exponent 
determined in this work, which differs from the exponents for 3D Ising 
model (1/3) and the mean field theory (1/2). The critical exponent ν of λ 
also fits in the 2D Ising model prediction (1.0) in contrast to the pre
dicted 3D Ising model (~0.63) or the mean field theory (1/2) [30–32]. 
Comparable measurements to those reported in this work have been 
previously obtained for Langmuir monolayers using different experi
mental techniques [57]. 

3.7. Lipid raft hypothesis 

The Ising model would make place for the hypothesis of lipid rafts, 
because nanometric domains could exist in hypercritical conditions, 
beyond the critical point. Nevertheless, we have determined that the 
equilibrium condition between myelin lipid monolayers and its corre
sponding bilayers is around 46 mN/m at the closest lateral packing just 
before collapse [64,65], that is far beyond the critical mixing point 
which is as low as 4.7 mN/m. As nanometric domains completely ho
mogenizes far away from the critical point, then it could be that the 
monolayer is completely homogeneous at the bilayer molecular packing. 

3.8. Comparison between whole myelin membranes (PMM) and their 
lipidic fraction (LPMM) 

Unlike LPMM monolayers, for whole PMM monolayers (with pro
teins included) no critical mixing points were identified [25]. The ho
mogenization in PMM monolayers is only reached at high π (37–40 mN/ 
m) and at low IS. Moreover, the measured λ values could not be fitted 
with Eq. (6) to determine πc, which discards a critical phenomenon. 
Taking into account that whole myelin multilayers have a mixing point 
between room and physiological temperature [26,66], we hypothesize 
that the presence of proteins could alter the phase behavior of myelin 
due to the perturbation of these transmembrane proteins, whose 
conformation can be artifactual in monomolecular films [2]. Moreover, 
it was previously shown that Myelin Basic Protein is squeezed out at 
around 20 mN/m remaining peripherally associated to the lipid mono
layer, in this case a 2D system cannot apply any longer [43,67]. This 
problem of the monolayer model system does not apply to the LPMM, 
which is a simpler 2D system with molecules side by side (Fig. 8). 
Certainly, in order to capture the essential features of the myelin 
membrane (i. e. universality class) by using Langmuir monolayers, a 
simplified system (whole lipid extract) might in fact be more suitable 
than the whole natural system (protein included) due to the unnatural 
state of transmembrane proteins in monolayers at the air/water 
interface. 

4. Conclusion 

In this work we showed that the lipid fraction of Purified Myelin 
Membranes (LPMM) displays a critical mixing point at low lateral 
pressure (~ 5 mN/m). The line tension and the difference in the dipole 
density between phases were measured independently in LPMM 
monolayers by setting up experimental methods based on a shape 
relaxation technique using inhomogeneous electric fields and the 
Brownian motion of lipid domains in electrostatic traps, respectively. 
Both parameters were found to decrease with a power law dependence 
as the surface pressure approached the phase transition pressure (πc), 
and the exponents values ν and β showed to be in agreement with a 
critical phenomenon in the two-dimensional Ising universality class. 

By comparing the behavior of LPMM monolayers with the whole 
myelin monomolecular films, the latter not showing a critical mixing 
point at low lateral pressures, we conclude that the presence of proteins 
plays a key role in phase state of myelin by altering the 2D behavior of 
the simpler lipidic mixture. 

Finally, the presence of calcium in LPMM monolayers has an effect in 
the same direction but weaker than for whole PMM. The line tension and 
thickness differences are higher for the system with calcium, correlating 
with the phase coexistence stabilization that such ion promotes in the 
phase diagram of myelin [27]. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbamem.2022.183874. 
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