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A B S T R A C T

Surface pressure (π) –molecular area (A) isotherms of cholesterol were precisely measured to get insight into the
orientation of molecules in Langmuir monolayers, which allowed to obtain detailed information on their phase
behaviour. This was possible from the detailed analysis of the interfacial compressibility modulus versus surface
pressure (Cs

−1- π) plots (obtained from the experimental surface pressure, π - area, A isotherms) and films
thickness measurements (applying Brewster angle microscope, BAM) complemented with polarization-mod-
ulation infrared reflection-absorption spectroscopy (PM-IRRAS). At first glance, the isotherm for cholesterol is
characterized by the major slope change of surface pressure versus area per molecule. However, a more detailed
analysis showed the presence of a discontinuity and slope change both upon the compression and expansion of
the monolayer. This discontinuity is more accurately reflected in the Cs

−1- π plot as a pseudo-plateau visible at π
values between approximately 5 and 10mN/m. This plateau was found to be temperature-dependent. Also, film
thickness versus area plot (th-A) exhibits a pseudo-plateau in this region of surface pressures, in which the
monolayer thickness increased gradually from 1.15 nm to 1.5 nm. Interestingly, although cholesterol has been
intensively investigated in Langmuir monolayers, the existence of such a plateau have been overlooked pre-
viously. By linking experimental thickness values with theoretical molecular conformations, we have identified
the presence of this plateau to the solid-solid (S-S’) second-order transition. Using 2D analog of Clausius-
Clapeyron equation, the thermodynamic functions (ΔH and ΔS) for this transition have been calculated. Based on
monolayer experiments, the orientation of molecules in both solid phases was assumed to differ in the or-
ientation of short alkyl chain attached to C17, which has additionally been confirmed with PM-IRRAS analysis.

1. Introduction

The arrangement of molecules in biological membranes is supposed
to be strongly related to their biological function. Therefore, it is of
utmost importance to have a detailed knowledge of possible changes of
biomolecules tilt orientation, which may influence the strength of in-
termolecular interactions and - in consequence - modify membrane
properties.

There are many reports in literature pointing to the important role
of molecules’ orientation in their behavior in biological membranes.
Good examples are sterols. These molecules are vitally important con-
stituents of biological membranes and therefore any change in their
orientation may affect mechanical and biophysical properties of natural
bilayers. It has been proved (Aittoniemi et al., 2006) that any slight
modification either in the tetracyclic ring system or in the short alkyl

chain attached to C17 in the sterol molecule influence on its tilt, which
correlates with the sterol’s ability to induce order in the biomembrane,
which is of particular importance in rafts formation. It has been shown
that cholesterol analogues, which are more tilted, are less effective in
increasing membrane order and condensation. Other authors show that
differences in chemical structure of sterols in the sterane ring are less
important than the side chain structure. It has been shown that any
modification in the side chain affects the geometry of a molecule as
evidenced for β-sitosterol, stigmasterol and campesterol versus choles-
terol (Berezin et al., 2001). Namely, the presence of an additional
methyl group (campesterol) or double bond (β-sitosterol, stigmasterol)
as compared to cholesterol was found to increase the diameter of the
molecule and shorten its length (Berezin et al., 2001). These differences
influenced interactions with other membrane lipids – as indicated in
(Halling and Slotte, 2004) - β-sitosterol, stigmasterol and campesterol
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interacted with phospholipids less favorably than cholesterol. Sitosterol
and stigmasterol were also found to be less effective as compared to
cholesterol in ordering the hydrocarbon chains of phospholipids
(Hodzic et al., 2008).

All this proves that molecular orientation of molecules is of great
importance in their biological activity. A method to get insight into
molecular properties of membrane components is to measure macro-
scopic quantities to acquire information on microscopic scale, using a
suitable membrane model. In this paper we have applied the Langmuir
monolayer approach (Gaines, 1966) as artificial membrane model and
carefully measured the macroscopic parameters (such as surface pres-
sure and film thickness) of cholesterol monolayer and derived in-
formation on molecular orientation at particular stages of its com-
pression. The obtained information was complemented with in-situ
spectroscopic (PM-IRRAS) measurements.

Cholesterol (cholest-5-en-3β-ol) is known to be of a special biome-
dical significance. It is well known for its importance in regulating
membrane biophysical properties. It regulates fluidity, permeability
and surface density of biomembranes (Barenholz, 2002; Haines, 2001;
Maxfield and Tabas, 2005). Moreover, it increases the order of phos-
pholipids acyl chains and is vital in formation of lipid domains, called
lipid rafts (Tabas, 2002; Krause and Regen, 2014). It is a precursor of
steroid hormones, bile acids and vitamin D3 (Tabas, 2002; Miller, 1998;
Salen and Shefer, 1983). Also, it protects the body from oxidative stress
by forming oxysterols (Kulig et al., 2016). But cholesterol is not always
beneficial to the body but - on the contrary - can be harmful to it. Most
known unfavorable effect of cholesterol excess in blood are cardiovas-
cular disorders.

Cholesterol is present in cell membranes of all mammals although
different organelles contain different proportion of cholesterol (Lange
and Ramos, 1983). Taking into account membrane asymmetry, in
contrast to phospholipids, which distribution between inner and outer
layers has well been established (Rothman and Lenard, 1977), the
partition of cholesterol is still controversial. Red blood cell (RBC)
membrane, which has been thoroughly investigated, may serve as an
example. Early works indicate a higher content of cholesterol in the
outer layer of the membrane (Fisher, 1976) while others suggest its
predominance in the inner leaflet (Schroeder et al., 1991). Recent in-
vestigations postulate its homogeneous distribution between the two
membrane layers (Müller and Herrmann, 2002). The difficulty in de-
termining the distribution of cholesterol is due to the short time of
transmembrane diffusion (flip-flop) (the half time of cholesterol mole-
cule movement across the membrane layers at 37 °C is below 1 s (Steck
et al., 2002)).

Cholesterol has long been investigated in Langmuir monolayers. Its
amphiphilic structure and adequate hydrophilic-hydrophobic balance
allow for stable Langmuir monolayer formation. As reviewed in a recent
paper (Mangiarotti et al., 2019), monolayer from cholesterol forms very
sharp surface pressure (π)-area (A) compression isotherm, idicative of a
very compact, closely-packed high-density monolayer with high com-
pressibility modulus (Cs

−1, defined below: Eq. (1)) characteristic of
solid-like film, which is additionally proved with other characteristic
parameters of cholesterol monolayer, such as high reflectivity at the
Brewster angle and high values (above 300mV at the maximum) of
electric surface potential (ΔV). Interestingly, as rheological properties
are concerned, the viscosity of cholesterol monolayers is comparable to
liquid-expanded (LE) phases (Mangiarotti et al., 2019; Diaz et al.,
2016). These exceptional, dualistic properties of cholesterol monolayers
are of utmost importance, especially in incorporation of membrane-
active molecules into biological membranes (Diaz et al., 2016).

Although the course of Langmuir monolayer from cholesterol has
been well known for a long time, however, upon analysing thoroughly
surface pressure (π), compressibility modulus (Cs

−1) and thickness (th)
isotherms, we have identified discontinuities in these dependencies,
related to changes in molecular conformations in the solid state, which
have not been reported before, and confirmed them with PM-IRRAS.

Moreover, temperature dependence of the observed transition allowed
for thermodynamic functions (ΔH and ΔS) calculation using the mod-
ified Clausius-Clapeyron equation for second order transitions in two-
dimesional systems.

2. Experimental

2.1. Materials

Cholesterol was purchased from Sigma (purity ≥ 99%) and was
stored according to the supplier information. Chloroform and ethanol
pro-analysis, used as spreading solvents, were supplied by Merck and
used without further purification. The spreading of the solvents did not
alter the surface tension of the water surface, indicating the absence of
surface active impurities. Ultrapure water, used as subphase, was ob-
tained from the Milli-Q Plus system (Millipore) (18.2 MΩ cm, pH 6).
Spreading solution of cholesterol, prepared by dissolving the compound
(0.15 – 0.20mg/mL) in chloroform, were dropped onto the water
subphase with a Microman-Gilson microsyringe precise to± 0.2 μl.
10min were allowed for solvent evaporation before the compression
has been initiated. The number of molecules spread on the subphase
(4·1016 molecules) was kept constant in all the experiments.

2.2. π-A isotherm measurements

Surface pressure (π) - molecular area (A) isotherms were registered
in a computer-controlled NIMA 601 standard-trough (Coventry, UK),
placed on an antivibrational table, with a working surface area of
500 cm2, volume 300mL, equipped with a Teflon barrier and a
Whatman Chr 1 chromatography paper plate as the surface pressure
sensor. Surface pressure was measured with an accuracy of± 0.1 mN
m−1. The subphase temperature (20, 25, 30, 350C) was maintained
with the accuracy of± 0.1 °C by a circulating water system from Haake
thermostat. In standard experiments, monolayers were compressed
with a barrier speed of 50 cm2min-1 (12.5 Å2·molecule-1·min.-1) other-
wise specified. Each experiment was repeated at least three times, and
the reproducibility of the isotherms was± 0.2 Å2 ·molecule-1.

2.3. Film thickness measurements

Measurements of film thickness were carried out on a floating
monolayer using a Brewster Angle Microscope, BAM 2 Plus (NFT,
Göttingen, Germany), mounted directly on the Nima trough and placed
into a safety cabinet to protect against dust and air convection. The
microscope was equipped with a 30mW laser emitting p-polarized light
with a wavelength of 532 nm, which was reflected off the air/water
interface at the incident Brewster angle (53.1°). Under such conditions,
the reflectivity of the p-polarized reflected beam (Rp) is zero on pure
water surface. However, when a monolayer is spread on the water
surface, the refractive index of the medium changes, modifying the
value of the Brewster angle and increasing the reflectivity of the re-
flected beam. This reflected beam passes through a focal lens into an
analyzer at a known angle of incident polarization and finally to a CCD
camera, which measures gray levels (GL) instead of the relative in-
tensity (I). At the Brewster angle, I =Rp

2 = C x (th)2, where I is the
relationship between the reflected (Ir) and incident (I0) light intensities
(I= Ir/I0) and C is a constant. To measure film thickness (th), camera
calibration is necessary to determine the relationship between GL and I.
BAM 2 Plus automatically performs this calibration. In the calculation
of cholesterol monolayer thickness from reflectivity data, the refraction
index of the film was assumed to be 1.47, according to other authors
(Lafont et al., 1998; Cadena-Nava et al., 2006; Pusterla et al., 2017).

2.4. Molecular configuration

The interpretation of the recorded thickness data was carried out by
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associating these values with molecular configurations of cholesterol
and stearic acid registered in the database of the US National Center for
Biotechnology (NBCI) (2019) (https://www.ncbi.nlm.nih.gov/).

2.5. PM-IRRAS

For PM-IRRAS spectroscopy, the floating monolayers were spread at
the water subphase adjusted to 20 °C) and compressed up to the desired
surface pressure by moving the barriers, and stopping them before the
obtainment of the spectra. The stabilization of the surface pressure was
monitored during the acquisition of the spectra and no additional
movement of the barriers was needed to keep the surface pressure
constant in order to avoid fluctuations of the compressional properties
of the monolayer, as evidenced by high stability of cholesterol mono-
layer at different surface pressures at which the spectra were taken (Fig.
S1, Supplemental files). The PM-IRRAS spectra were obtained using a
KSV PMI 550 instrument (KSV Instruments, Ltd., Helsinki, Finland) at a
fixed incidence angle of 76° and a minimum of 18,000 scans for each
shown spectrum. Spectra with resolution of 4 cm−1 were apodized with
a triangular function and Fourier transformed with one level of zero
filling.

3. Results and discussion

3.1. Langmuir monolayer experiments

3.1.1. Surface pressure (π)-area (A) isotherms and compressibility modulus
(Cs

−1) - surface pressure (π) plots
Fig. 1 shows the π-A isotherm for cholesterol monolayer obtained by

spreading 4× 1016 molecules on deionized water, pH 6, at different
subphase temperatures (20; 25, 30 and 35 °C), applying standard
compression speed of 12.5 Å2 molecule−1 min−1 (50 cm2· min-1). Is well
known that cholesterol has a highly condensed monolayer at the air/
water interface, with a limiting area of 39 Å2 per molecule, which is in a
good agreement with values reported elsewhere. For example, some
authors (Motomura et al., 1976; Takano et al., 1997) obtained a value
of 38.5 Å2 molecule−1, while the values of 38.1 Å2 molecule-1 (Kodama
et al., 2004) and ∼39 Å2 molecule-1 (Baglioni et al., 1985; Ali et al.,
2010) were recorded by other researchers. The other characteristic
monolayer parameter is the collapse surface pressure, which value is a
measure of the force at which the film adheres to the aqueous substrate.
Cholesterol film collapses at an area per molecule of 37 Å2 and at the
surface pressure of 44 ± 1mN m-1; both values are consistent with
those reported elsewhere (Baglioni et al., 1985; Seoane et al., 2000;

Dynarowicz-Latka and Hąc-Wydro, 2004; Korchowiec et al., 2006; Giri
et al., 2017; Mangiarotti et al., 2019).

Looking at the overall π/A isotherm it seems that the monolayer
molecules are transformed directly from gas-solid coexistence (at π ≈
0mN/m) to the solid (S) state, where no visible discontinuity was ob-
served. However, a detailed analysis reveals the change of inclination
within the solid state as seen in the inset of Fig. 1. Since cholesterol
isotherm has usually been presented in literature in a large scale of
areas/molecule, this kink has been overlooked previously.

First of all, it must be proved that any subtle discontinuities visible
in the course of the π/A isotherm are not caused by the presence of
impurities. Therefore, in addition to using a high purity cholesterol
sample, and applying a rigorous cleaning procedures during monolayer
experiments, each isotherm was repeated at least 3 times to ensure
reproducible results to± 0.2 Å2. The change of slope was found to
persistent in a series of isotherms and appeared both upon film com-
pression and expansion (Fig. S2, Supplemental files). All these experi-
ments prove that the observed discontinuity is not an artifact. Different
compression rates applied to compress the monolayer were found not to
alter the region of transition (Fig. S3 A, Supplemental files).

To get insight into this change of the isotherms inclination within
the monolayer solid state, values of the compressibility moduli have
been calculated from the isotherm data points. It is well known that the
physical state of monolayers can be analysed more precisely with the
compressibility modulus (Cs

−1), which is reciprocal of the two-dimen-
sional compressibility, also called “surface elasticity” (Miller and
Liggiee, 2009), defined as:

= − ⎛
⎝

⎞
⎠

−C A dπ
dAS

1

(1)

wherein A denotes the area per molecule at a given surface pressure (π).
Compressibility modulus reflects the variations in the physical state of
monolayers and molecular arrangements. For liquid expanded (LE)
films, Cs

−1 lies between 12.5 and 50mN/m; for the liquid-condensed
(LC) from 50 to 250mN/m, and above 250mN/m solid state is ob-
served (Davies and Rideal, 1963; Anwander et al., 1988).

Cs
−1- π plots for cholesterol monolayers at different temperatures

are shown in Fig. 2A. A plateau is observed at π values between ap-
proximately 5mN/m and 10mN m−1, where the compressibility
moduli values changes approximately from 365 to 465mN/m, de-
pending on subphase temperature (a linear relationship was obtained as
shown in Fig. S4, Supplemental files). In some other papers showing the
plots of Cs

-1 vs π, based on experiments from different labs, this plateau

Fig. 1. π-A isotherms for cholesterol monolayers obtained at different subphase temperatures. Inset: The change of inclination in the π/A isotherm.
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is visible (see for example Sabatini et al., 2008; Makyla and Paluch,
2009; Telesford et al., 2015; Mangiarotti et al., 2019), however, none of
the authors commented on this. As proved in Fig. S3 B, Supplemental
files, the use of different compression speeds, especially within the
range of 10-50 cm2/min, does not influence the plateau in any sig-
nificant way. This plateau can be attributed to a solid - solid (S-S’) phase
transition, as shown later on. After the plateau, the compressibility
modulus increases as the compression continues until maximum value
is obtained (Cs

-1 ∼ 799mN·m−1, at π=27mN·m−1). This maximum
value corresponds to film molecules in their solid state (Davies and
Rideal, 1963; Anwander et al., 1988). Similar results of the maximum
compressibility moduli values for cholesterol monolayer can be found
in literature (Dynarowicz-Latka and Hąc-Wydro, 2004; Hąc-Wydro and
Wydro, 2007), although smaller values have also been reported
(Makyla and Paluch, 2009; Mangiarotti et al., 2019). These dis-
crepancies can be due to different experimental conditions applied
(different spreading solvent, high compression speed, etc). At the sur-
face pressure of 43-44mN·m-1 (depending on temperature), the com-
pressibility modulus curve goes to zero, which corresponds to the
monolayer collapse, seen in the π/A isotherm as a characteristic
“spike”.

The presence of a phase transition in Langmuir monolayers can be
detected – in the majority of cases - classically, upon a detailed analysis
of the course of the π/A isotherms, which reveals the presence of dis-
continuities, such as plateau region(s) or kink(s). These singularities in
the isotherm enable to distinguish the order of the phase transition
(Kaganer et al., 1999). The presence of plateau regions in the π/A
isotherms (which are not always perfectly horizontal) - that reflect in
the Cs

−1 vs π plots as minima – suggest first order phase transition (like
for example LE-LC transition for long-chain carboxylic acids (Pallas and
Pethica, 1985) whereas the kinks on the isotherms imply second order
transitions, like in the present case of cholesterol monolayer. In some
cases, phase transition cannot be detected in the isotherm as ex-
emplified by a transition between two condensed phases of some fatty
acid monolayers (Overbeck and Möbius, 1993). In the case of choles-
terol, the detected transition S-S’ can therefore be considered as the
second order.

Thermodynamic functions for the first order phase transition
(having a plateau on the π/A isotherm) can be calculated using 2D
analog of the Clausius-Clapeyron equation (Motomura, 1980;.Miñones
et al., 1993; Wnętrzak et al., 2019 and references therein):

ΔH = [(dπt/dT) - (dγ/dT)]TΔAt (2)

where ΔH and ΔA are changes in molar heat and molecular area, re-
spectively, for a transition at constant temperature T and constant
surface pressure πt; (dπt/dT) is the slope of the dependence πt(T), ob-
tained from π(A) isotherms recorded at different temperatures, and γ is

the surface tension of water. The value of dγ/dT (for temperatures
between 5 and 40 °C) equals -0.153mN·m−1 K−1 (Miñones et al., 1993)
and ΔAt = Ae -Ai, where Ae is the area per molecule at the end of
plateau and Ai - at its beginning.

For the second order transition, like in the case of cholesterol, the
plateau appears in the dependence of Cs

−1 = f(π), and the thermo-
dynamic functions for such a transition can be estimated using the
modified Clausius-Clapeyron equation.

Since (dπ/dT) = (dπ/dA)·(dA/dT) and from the definition of com-
pressional moduli (Eq. (1)): (dπ/dA) = - (Cs

−1/A), we obtain dπ/dT= -
(Cs

−1/A)·(dA/dT).
Thus, the Clausius-Clapeyron equation can be expressed in the fol-

lowing form:

ΔH = [- (Cs
−1/A)·(dA/dT) - (dγ/dT)]TΔAt (3)

From Fig. 3 it is seen that (dA/dT) value (i.e. the slope of individual
A(T) straight line) at a selected surface pressure within the transition (5;
7.5; 10mN·m−1) is roughly the same. In particular, for the value of
surface pressure corresponding to the mid plateau (7.5 mN·m−1) it
equals -0.01863 (Å2·molecule−1·deg−1).

Introducing into the above Eq. (3) the following values obtained at
25 °C: Cs

−1= 409.33mN·m−1, A=38.35 Å2·molecule−1 (corre-
sponding to the mid plateau) and ΔAt = - 0.55 Å2·molecule−1, the value
of ΔH equals −347 J·mol−1 and thus the entropy change (ΔS = ΔH/T)
for the S-S´phase transition of cholesterol film reads

Fig. 2. (A) Compressibility modulus (Cs
−1)-surface pressure (π), and (B) compressibility modulus-area per molecule (A) dependences for cholesterol monolayers at

different subphase temperatures.

Fig. 3. The dependence of molecular area (A) of cholesterol as a fuction of
temperature (T) for selected surface pressures (5; 7.5; 10mN·m−1) within the
transition region. The values were taken from π/A isotherm (inset of Fig. 1).
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-1.16 J·mol−1 K−1). The calculated values of ΔH are negative at all the
temperatures studied, which means that the process occurring along the
plateau is exothermic. The entropy change is small, but negative, which
means that cholesterol in the state S´ is more ordered than in the S state,
which is logical.

3.1.2. Monolayer thickness and molecular configuration
Values of the monolayer thickness (th) upon film compression al-

lowed to obtain information about changes in molecular orientation of
cholesterol at the air/water interface upon compression. Fig. 4 shows
the monolayer thickness (th) versus the area per molecule (A) plot to-
gether with the corresponding π-A isotherm for comparison.

As it can be seen, the relative intensity signal that enabled film
thickness measurements is triggered off at larger area (so-called critical
area) compared to surface pressure lift-off, similarly to other para-
metres, such as electric surface potential, lateral conductivity or UV-VIS
absorbance (reviewed in Oliveira et al., 2004). However, critical area
for the above-mentioned parameters does not coincide with each other.
This is simply because other phenomena are responsible for surface
pressure rise as compared to other parameters. While surface pressure is
sensitive to the density of film molecules, relative intensity signal de-
pends on film molecules tilt angle (Ducharme et al., 1985), whereas
surface potential or lateral conductivity start to change when the hy-
drogen bonds between film molecules and water begin to break
(Morgan et al., 1991).

In the thickness-area curve, four regions are observed: a) at large
areas, when the monolayer exhibits the G-S phase transition, the
average value of the film thickness remains constant (of approximately
0.25 nm) with monolayer compression; b) first abrupt increase of film
thickness, from 0.25 nm to 1.15 nm, is related to the surface pressure
rise; c) upon compression, a plateau region begins, in which the film
thickness continues to increase gradually until reaching a value of
1.5 nm; d) at the end of this plateau, which coincides with the mono-
layer collapse, there is again a sudden increase of film thickness, which
gets stabilized at the average value of approximately 3 nm in a region
where large noise peaks of thickness are observed, ranging from 1.5 nm
to 4.5 nm.

The first sharp increase of monolayer thickness from 0.25 nm to
1.15 nm can be attributed to the beginning of the solid surface phase,
which is also visualized in the π- A isotherm as a further increase of the
surface pressure from π=0 to ca. 43mN m−1 (molecular area ∼

39 Å2). On the other hand, a plateau spanning between 1.15 nm and
1.5 nm in the thickness curve, preceding the monolayer collapse, also
coincides with the plateau observed in the Cs

-1- π curve (Fig. 2A) at π
values between 5 and 10mN·m−1 and can be attributed to a con-
formational change of cholesterol molecule, as shown below.

In order to determine the conformation of cholesterol molecule in
different surface phases of its monolayer spread at the air/water in-
terface, we take - as a reference - the carbon atom C3 of the cyclo-
pentaneperhydrophenanthrene (sterane) group, which is bound to the
OH group anchored in the water subphase, and we calculate the theo-
retical distance (d) between this C3 atom and the C17 atom attached to
the flexible aliphatic side chain with 8 carbon atoms. For this theore-
tical d calculation, data from the US National Center for Biotechnology
Information (NCBI), corresponding to the cholesterol molecular con-
formation, were used. The obtained theoretical d value was 0.87 nm. On
the other hand, depending on whether the flexible isooctyl chain is
horizontally or vertically oriented in respect to the water surface, the
total theoretical length of cholesterol molecule was estimated to be
either 1.12 nm (horizontal orientation) or 1.42 nm (vertical orienta-
tion), respectively. These values practically coincide with the experi-
mental thickness data obtained from th-π curve. Indeed, the experi-
mental film thickness value at the beginning of the plateau (1.15 nm), is
similar to the length of cholesterol molecule with side hydrocarbon
chain oriented horizontally in relation to the water surface and the
sterane ring vertically oriented to the water surface (1.12 nm). On the
other hand, the experimental value of 1.5 nm, corresponding to the
monolayer thickness at the end of the plateau almost coincides with the
maximum possible theoretical length of cholesterol molecule with its
side acyl chain vertically oriented in respect to the water surface
(1.42 nm).

It is also possible that cholesterol molecule adopts other config-
urations, i.e. the sterane ring is not oriented exactly vertically to the
water surface, or the aliphatic moiety is not completely horizontally
oriented, but is inclined at a certain angle to the horizontal axis.
However, these options were rejected assuming that they are less stable
from the thermodynamic point of view.

Finally, along the gas-solid phase transition, the monolayer thick-
ness values remain constant with compression (th G-S= 0.25 nm) until
the surface pressure lift-off. To achieve such a low thickness value,
cholesterol molecule must be tilted with respect to the water subphase
(Oakes and Domene, 2018).

Fig. 4. Surface pressure- area (blue) and thickness-area (green) isotherms of cholesterol monolayer at 20 °C.
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With these data, the molecular conformations for cholesterol along
film compression are illustrated in Fig. 5. During the gas-solid transi-
tion, as already indicated above, it is postulated that the film molecules
are tilted in respect to the water surface, with their aliphatic end-to-end
moiety parallel to the aqueous substrate (Fig. 5A). This particular or-
ientation explains a low thickness value obtained in this region
(0.25 nm). At the end of this phase transition (gas – solid), it is assumed
that there is a change of orientation of the sterane ring (with the ali-
phatic chain remaining in horizontal position) from the initial tilted
position to the vertical one at the beginning of the plateau (Fig. 5B).
This reorientation of the sterane corresponds to a sudden and si-
multaneous increase in the thickness and surface pressure observed in
Fig. 4. Then, as the compression proceeds along the pseudo-plateau, the
aliphatic side chain of cholesterol is gradually reoriented to vertical
position until the onset of collapse, at which both the sterane ring and
the terminal alkyl moiety are vertically oriented to the air/water in-
terface (Fig. 5C).

The results of our experiments confirm that the collapse of choles-
terol monolayer follows the mechanism proposed by Ries (Ries, 1979),
according to which at the collapse a folding and subsequent bending of
the monolayer occurs and a trilayer (i.e. bilayer on the top of original
monolayer) is formed. Namely, the over-pressure exerted on cholesterol
monolayer causes the film folding out of the aqueous subphase, pro-
voking the surface pressure to fall sharply from ca. 44 ± 1mN m−1

(Fig. 1). Simultaneously, due to the folding of the monolayer towards
the air, a sharp increase of the thickness occurs, as shown in Fig. 4. If
the film is rigid, as it occurs in the case of cholesterol, the formed bi-
layer, which vertically protrudes out of water, becomes tilted and
breaks, resulting in formation of a bilayer on the top of a monolayer.
These three-dimensional trilayer structures are formed continuously
throughout the collapse while the surface pressure remains constant.
However, the recorded thickness shows oscillations (noise peaks) be-
tween the value corresponding to that of the monolayer (thickness of
1.5 nm) and that of the trilayer structure (4.5 nm) (Fig. 4) although the
average thickness value remains constant in this region.

3.1.3. BAM images and morphology
Brewster angle microscope enables morphological analysis of

monolayers at different stages of their compression. Texture of cho-
lesterol monolayers have already been published, and the images ob-
tained by us (Fig. S5, Supplemental files) are in agreement with lit-
erature; i.e. at the gas-solid phase transition (at 20 °C), a fluid-like foam
texture was observed, similar to those shown by other authors (de Wolf
et al., 1999; Viswanath and Suresh, 2004; Cadena-Nava et al., 2006),
formed by large, gray domains of cholesterol, surrounded by water
subphase (black background), which - in some cases - is embedded

inside the domains. Upon compression within this region, these do-
mains merge (expelling the water from their inside), increase in size
and cover most of the microscope field of view (images not shown).
During the abrupt increase in surface pressure, when the monolayer
reaches the solid state, the image looks completely homogeneous
(Figure S5 B, taken at π=5 - 40mN m−1). This homogeneity is due to
the fact that in this state the film is isotropic as a consequence of the
orientation change of the molecules from the tilted to the vertical po-
sition, as mentioned before, so that the reflected light is p-polarized,
and the incident light as well, resulting in uniform field of observation.
The appearance of this image is maintained along the solid phase and
increase of subphase temperature (to 25, 30 or 35 °C) does not cause
any visible changes. Film’s homogeneity disappears at the onset of film
collapse, where the existence of small white dots (Figure S5 C, taken at
44mN m−1) is observed, corresponding to the initial folding of the
monolayer outside the interface. In the post-collapse one can observe
three-dimensional elongated, small "rod" crystalline structures (Figure
S5 D), with a variable size (ranging from 4 to 7 μm), corresponding to
the trilayer structures existing in this region. These very bright three-
dimensional "rods" are responsible for the existence of large noise peaks
of thickness seen in Fig. 4. Indeed, when the polarized light of the
microscope reach them, a very intense reflected signal is obtained,
which is followed by a weak signal when BAM reflected light comes
from the water covered by the monolayer. The greater intensity of the
light reflected by the three-dimensional “rods” is due to their thickness,
since the reflectivity (ratio of the reflected light intensity to that of the
incident light) of the p-polarized reflected light is proportional to the
square of the thickness.

3.1.4. PM-IRRAS spectroscopy
PM-IRRAS spectra were taken in four conditions, at 20 °C, as shown

in Fig. 6: at 0 mN/m (gaseous state), 3 mN/m (S state), 17mN/m (S’
state), and collapse. Complementary data at 30 °C are shown in the
Supplemental files (Fig. S5). The main bands encountered in this region
are attributed to C–H stretches. Bands centered at approximately 2855-
2860 cm−1 and 2915-2920 cm−1 are attributed, respectively, to sym-
metric and antisymmetric stretches for CH2, and those at 2888, 2944
and 2974 cm−1 are attributed to symmetric, in-skeletal plane anti-
symmetric and out-of-skeletal antisymmetric stretches for CH3, re-
spectively. In the collapsed monolayer, for both temperatures, the peaks
for antisymmetric CH2 stretches are badly defined, and particularly in
the region between 2880 and 2850 cm−1 the bands overlap each other,
which causes low distinction between them, except for the band at
2858 cm−1 (attributed to symmetric stretches in CH2). The distinction
between the spectrum of the collapse film and other states occurs
probably because of the disorganized state reached by the monolayer.

Fig. 5. Change of cholesterol molecule orientation upon compression – explanation in the text.
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Overlapping of some bands also occurs at 0mN/m, at which the
monolayer is encountered in the gaseous state. For instance, the region
for the asymmetric stretches in CH2 shows indistinguishable bands at
low surface pressures. Furthermore, the band attributed to symmetric
streches in CH3 (2855-2860 cm−1) appears to be only slightly changed
upon compression, being difficult to correlate to any signicant struc-
tural change in the monolayer based on this region of the spectrum.

However, focusing on the antisymmetric stretching mode for CH2 at
the surface pressure values of 3 and 17mN/m, corresponding to S and
S’ states respectively, the band peak shifts from 2926 to 2919 cm−1. As
the frequencies of these bands are highly sensitive to conformation and
respond to changes in the trans-gauche ratio of carbon-carbon bonds in
the acyl chains, the shift of the absorption maxima for these bands to
lower frequencies is therefore related to the decrease of the proportion
of gauche conformers (Mendelsohn et al., 2010), i.e., the conforma-
tional order of monolayer increases from 3 to 17mN/m. These data
therefore corroborate with the model proposed previously above since
the alkyl chains should go with compression from position with more
gauche defects (tilted) to that with more trans conformations (vertical).
For the other monolayer states examined (0mN/m and collapse), this
band is less distinct, being broaded or overlapped by other bands,
which is in agreement with the lower order expected by the cholesterol
monolayer in this state. Additionally, particularly for the collapse state,
the band centered in 2888 cm−1 is also indistinct.

It is important to mention that in the 1000-1800 cm−1 region,
where some bands related to hydrophilic groups may appear (such as
C]C and C–O vibrations), no significant change in the profile of the
bands were observed upon compression (not shown), which leads to the
conclusion that the differences in the S and S’ phases should be related
to the change in orientation of the alkyl chain attached to C17, from
more inclined to the interface to more vertical, while the steroid ring is
not influenced (Fig. 5 B versus C). At 30 °C (Supplemental files, Fig. S6),
although some minor changes in the profile of the spectra occurr, in
general the main result is similar: the antisymmetric band for CH2 was
shifted to lower wavenumbers when the monolayer goes from 3 to
17mN/m as a consequence of the increase of trans conformers.

4. Conclusions

Despite over 2 centuries of intensive research involving cholesterol,
this key biomolecule still remains a subject of scientific interest and
investigations. In this paper we have reported on a solid-solid phase

transition in Langmuir monolayers from cholesterol, which – surpris-
ingly – has been overlooked in former studies involving this molecule,
contrary to long-chain alcohols (Lawrie and Barnes, 1994; and refer-
ences therein), fatty acids or esters, as reviewed by (Kaganer et al.,
1999), or biomolecules, like for example ceramides (Fanani and
Maggio, 2010; Fanani et al., 2018) for which discontinuities in Lang-
muir isotherms have been detected, suggesting rich polymorphism of
their condensed phases.

Detailed film thickness measurements together with spectroscopic
analysis revealed that the difference in orientation of cholesterol mo-
lecules in both solid phases is related to a different tilt of flexible iso-
octyl chain attached to C17. It has been well recognized that any
change in biomolecule’s tilt may modulate membrane mechanical and
biophysical properties and influence the functioning of other molecules
(e.g. proteins). The change of enthalpy for the S-S’ transition in cho-
lesterol monolayer is small in comparison to the first order phase
transitions (LE-LC) observed in long-chain carboxylic acids (Pallas and
Pethika, 1985) or phospholipids (such as DPPC and DPPG (Phillips and
Chapman, 1968; Vollhardt et al., 2000) or POPE (Borrell and
Domenech, 2017)) for which ΔH was in order of a dozen or so kJ/mol.
This small value evidences that the molecular conformations of cho-
lesterol in S and S´condensed phases are very similar, contrary that
occurs in LE-LC or LC-S phase transitions. As compared to the second
order S*-S (analogous to L2-S, according to Harkins-Stenhagen no-
menclature) transition in octadecanol monolayer, there is reasonable
agreement, i.e. ΔH and ΔS were estimated to be also very small and
negative (Lawrie and Barnes, 1994).

We do believe that the described transition in cholesterol mono-
layers will draw attention to reserachers investigating further this
molecule.
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Fig. 6. PM-IRRAS spectra for cholesterol monolayer at 20 °C.
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