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ABSTRACT: In this study, 25-hydroxycholesterol (25-OH), a
biamphiphilic compound with a wide range of biological activities, has
been investigated at the air/water interface. We were interested in how
two hydroxyl groups attached at distal positions of the 25-OH molecule
(namely, at C(3) in the sterane system and at C(25) in the side chain)
influence its surface behavior. Apart from traditional Langmuir
monolayers, other complementary surface-sensitive techniques, such as
electric surface potential measurements, Brewster angle microscopy
(BAM, enabling texture visualization and film thickness measurements),
and polarization modulation-infrared reflection-absorption spectroscopy
(PM-IRRAS), were applied. Experimental data have been interpreted
with the aid of theoretical study. Our results show that 25-OH molecules
in the monomolecular layer are anchored to the water surface
alternatively with C(3) or C(25) hydroxyl groups. Theoretical
calculations revealed that the populations of these alternative orientations were not equal and molecules anchored with C(3)
hydroxyl groups were found to be in excess. As a consequence of such an arrangement, surface films of 25-OH are of lower stability
as compared to cholesterol (considered as a non-oxidized analogue of 25-OH). Moreover, it was found that, upon compression, the
transition from mono- to bilayer occurred. The molecular mechanism and interactions stabilizing bilayer structure were proposed.
The explanation of the observed unusual surface behavior of 25-OH may contribute to an understanding of differences in biological
activity between chain- and ring-oxidized sterols.

1. INTRODUCTION

Bipolar molecules have been of constant interest from the early
stage of floating monolayers investigations in the times of
Langmuir to the present day. Initial research was focused on
their different behavior on the water surface depending on the
position of the polar groups in the molecule. Aliphatic
molecules having either identical (alkyl diols,1 dicarboxylic
acids,2,3 diammonium halides,4 aromatic amines5) or different
polar groups (like hydroxycarboxylic acids6−13) have been
studied most frequently. For both kinds of bipolar molecules,
the same monolayer behavior was observed. Namely, when
polar groups were placed in an adjacent position, they were
acting as a common entity and the characteristics of their
Langmuir monolayers resembled those for monopolar
amphiphiles.1−3 The high monolayer stability has suggested
that they are anchored with both polar groups in the water
surface and their orientation does not change with the
compression.2 However, when polar groups were located
further away so that a headgroup is present on each end of a
hydrophobic skeleton, like for α,ω-bipolar compounds (ref 2
and references therein6,7,9−15) (referred to as “bolaamphim-

philes”, “bolas”, “bolytes”, or “bolaform amphiphiles”), such
molecules were found to behave differently. As discussed in ref
16, at large areas per molecule, they adopt a flat (horizontal) to
the water surface orientation. Upon compression, depending
on the character of a polar group (charged or not; its polarity
and size) and the structure of the hydrophobic part (single
chain or macrolide structure), they can either bend, forming
loops (“wicket” conformation; also referred to as a “horseshoe”
arrangement6), or they can lift one group from the water
surface, and the molecule assumed a vertical orientation, which
was responsible for the observed instability of their
monolayers.2 In some cases, both conformations may coexist,
as reported in ref 17.
Recently, the increase of interest in bipolar amphiphiles has

been associated with molecules of biomedical importance.
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Special interest has been devoted to cholesterol oxidation
products, so-called oxysterols, which play important roles in
the organisms (for a review, see ref 18). Oxysterols contain
as compared to cholesteroladditional (one or more) oxygen-
containing functional groups, for example, hydroxyl, carbonyl,
carboxyl, or epoxy moieties.19 Depending on their route of
formation, i.e., non-enzymatic or enzymatic, the additional
polar group is placed either in the ring or in the side chain,
respectively.20

Althoughat first sightthe structure of cholesterol and
oxysterols seems to be similar, their arrangement in biological
membranes can differ significantly. The orientation of
cholesterol has well been described using the Langmuir
monolayer as a membrane-mimicking model;21 i.e., in a
phospholipid environment, cholesterol molecules are oriented
vertically to the membrane plane with its hydrophobic part
aligned parallel to phospholipid acyl chains. However, the
presence of an additional polar group, either in the ring or in
the side chain, may change the alignment of molecules and
thus modify both polar and hydrophobic interactions with
membrane phospholipids and change membrane physicochem-
ical properties and its functioning.
The arrangement of chain-oxidized cholesterol is interesting.

A horizontal orientation of molecules anchored with both OH
groups to the water surface21 was formerly suggested based on
bolaamphimphiles having a polymethylene chain linking two
polar groups located in a distal position. Such molecules,
exemplified by hydroxystearic acids,12 were found to adopt a
“looping” conformation, where both polar groups were in
contact with the water subphase in an expanded monolayer.
Upon compression, one polar group (in this particular case, a
hydroxyl group, which is weaker hydrophilic) detaches from
the surface, and this orientation change is signaled by the
presence of a plateau in the course of the π/A isotherm.
However, for chain-oxidized sterols, such an arrangement is
doubtful, considering a very stiff sterane moiety that prevents
the formation of a “horseshoe” conformation. In this paper, we
have undertaken the challenge to understand the arrangement
of a selected chain-oxidized cholesterol, namely, 25-hydrox-
ycholesterol (in short, 25-OH), in artificial membrane modeled
with the Langmuir monolayer technique. We hope that the
results of our investigation help to understand the different
biological activities of ring-oxidized versus chain-oxidized
sterols.

2. MATERIALS AND METHODS
2.1. Materials. 25-Hydroxycholesterol (25-OH) and

cholesterol (Chol) were provided by Avanti Polar Lipids in
purity >99% and used without extra purification. Chloroform
and methanol, characterized by high purity (≥99%, Chempur,
Poland), were used to clean the Langmuir trough. Spectro-
scopic grade chloroform (purity ≥99.9%, POCh, Poland),
containing ethanol as a stabilizer, was used to prepare
spreading solutions of 25-OH. Water, used as a subphase,
was purified by a Millipore system, giving a product with a
resistivity of 18.2 MΩ·cm and a surface tension of 72.8 mN/m
at 20 °C.
2.2. Methods. 2.2.1. Langmuir Monolayer Technique.

The investigated oxysterol was dissolved in chloroform at a
concentration of 10−3 mol/dm3. Langmuir monolayers were
obtained by spreading the aliquot of the above-mentioned
solution with a Hamilton microsyringe (precise to ±2.5 μL)
onto the surface of ultrapure water. A Langmuir film balance

with uniaxial compression, NIMA 301S (single barrier, total
area = 300 cm2) or NIMA 612D (double barrier, total area =
600 cm2), was used to record the pressure (π)/area (A)
isotherms. Surface pressure was measured with an accuracy of
0.1 mN/m using a Wilhelmy plate made from ashless
chromatography paper (Whatman Chr1) as the surface
pressure sensor. Each isotherm was repeated at least three
times to ensure reproducibility of the curves to ±2 Å2/
molecule. To provide a detailed Langmuir monolayer
characterization, experiments under different conditions (i.e.,
subphase temperature, barrier speed, number of molecules
deposited on the surface) were performed. The monolayer
kinetics was verified with compression−expansion cycles to
different surface pressure values (20 and 40 mN/m). The
stability of the film was checked at different surface pressure
values: 10, 20, and 40 mN/m for 60 min. Surface potential
measurements were performed with the Kelvin probe (model
KP2, NFT) mounted on a NIMA 612D trough. The vibrating
plate was located ca. 1−2 mm above the water surface, while
the reference electrode (platinum foil) was placed in the
subphase. The surface potential measurements were reprodu-
cible to ±15 mV.

2.2.2. Brewster Angle Microscope. Visualization of the
texture of the floating 25-OH monolayer as well as film
thickness measurements were carried out using an ultraBAM
instrument (Accurion GmbH) installed over a KSV 2000
(double barrier, total area = 700 cm2) Langmuir device.
Minimum reflection was set with a p-polarized laser beam (λ =
658 nm) incident on the pure aqueous surface at the Brewster
angle (53.15°). The Langmuir monolayer was prepared as
described above. Light reflected from the monolayer was
collected through a 10× objective and lens system to a CCD
camera. Brewster angle microscopy (BAM) images presented
in this paper show monolayer fragments of 720 μm × 400 μm.
The gray level at each pixel characterizes reflectivity which, in
turn, can be transformed into the optical thickness of the
monolayer.22,23

2.2.3. PM-IRRAS and ATR-FTIR Spectroscopy. PM-IRRAS
spectra of monolayers on an aqueous subphase compressed to
the selected surface pressure values were obtained using the
KSV PM-IRRAS instrument at an angle of incidence of 80°.
Each spectrum was a result of 6000 scans accumulated with a
spectral resolution of 8 cm−1. Measurements were performed
at least two times to ensure reproducibility of the results. The
obtained spectra were processed with OPUS software:
background subtraction, baseline correction (straight lines,
1×), and smoothing (Savitzky−Golay method).
The ATR-FTIR (attenuated total reflection Fourier trans-

form infrared) spectrum of 25-OH in the range 4000−600
cm−1 was measured with a Nicolet Almega microscope system
fitted with a single bounce diamond micro-ATR with the
diamond top plate option. For each spectrum, 64 scans were
co-added with a spectral resolution of 4 cm−1.

2.2.4. Theoretical Calculations. 2.2.4.1. IR Spectra
Calculations. Geometry optimization and frequency calcu-
lations of 25-OH molecule were performed using density
functional theory (DFT) modeling through the Gaussian 16
software package.24 All calculations were performed using the
B3LYP functional25−28 with a 6-311+G(d,p) basis set. Systems
were optimized using the default UltraFine integration grid,
default integer values, and a combination of EDIIS and CDIIS
tight convergence procedures, with no damping or Fermi
broadening. The raw frequencies obtained from the vibrational
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simulation were scaled by a factor of 0.967.29 The base
superposition error (BSSE) for the calculations of dimer
energy was eliminated by using the Counterpoise option.
2.2.4.2. Molecular Dynamics. The electrostatic potential for

previously optimized 25-OH was calculated in Gaussian 16
using the B3LYP/6-31G(d) method. RESP fitting was
conducted in Antechamber30 using the general Amber force
field (GAFF).31 Completeness of the parameters was checked
in the Parmchk2 program. The molecules were packed in
boxes using Packmol.32 The TIP3P model was used to
simulate water molecules.33 Molecular dynamics was calculated
in the Amber 2018 software.34 Periodic box conditions were
used. The energy of the systems was minimized by 50,000
steps. Systems were equilibrated by 75,000 steps with a 0.001
ps time step, followed by 300,000 steps with a 0.002 ps time
step. Production calculations were carried out under the
isothermal−isobaric ensemble with constant surface tension
(NPγT) with a 0.002 ps time step. Long-range electrostatic
interactions were taken into account using a particle mesh
Ewald method with 12 Å and a force switching region above 10
Å. A Langevin thermostat was used with the temperature set at
293.15 K. A Berendsen barostat was used to control the
pressure at 1 bar. Each of the systems used in the molecular
dynamics of monolayers consisted of two monolayers, each
having 128 differently oriented 25-OH molecules, separated by
30,000 water molecules. To avoid the interaction between
monolayers, 100 Å of vacuum was left in the Z direction
between adjacent periodic boxes. The molecular dynamics of
self-assembling systems of cholesterol in water and 25-OH in
water were performed from a random mixture of these
molecules. Each system consisted of 256 molecules of
cholesterol or 25-OH and 7680 molecules of water (which
corresponds to 30 molecules of water per molecule of lipid). A
lipid14 force field was used for cholesterol.35 Results of
molecular dynamics were visualized in VMD.36 Electron
density functions and radial pair distribution functions were
determined in the Cpptraj program.37

3. RESULTS AND DISCUSSION

3.1. Surface Pressure−Area Isotherms. In the first step
of our studies, the surface characteristics of the biamphiphilic
sterol 25-OH were examined, and the representative π−A
isotherm is shown in Figure 1. In Supporting Information
(Figure S1), for comparison, the same isotherm is combined
with the isotherm of cholesterol (bearing one hydroxyl group

at C(3) in the sterane system) and 25-OH′38 (bearing one
hydroxyl group at C(25) in the side chain).
The registered π−A curve for 25-OH starts to rise rapidly at

the area per molecule value of about 43 Å2/molecule, and the
inclination of the isotherm is similar to that observed for
cholesterol (Supporting Information, Figure S1). The value of
the onset area of surface pressure (lif t-of f area) suggests that
the 25-OH molecule, similarly to cholesterol and 25-OH′, is
anchored to the water surface with only one hydroxyl group;
otherwise, the lif t-of f area would be noticeably larger. At a
surface pressure of about 32.5 mN/m, a characteristic kink
appears, followed by a pseudo-plateau region. Upon further
compression, the pressure starts to rise again, attaining a
surface pressure of almost 60 mN/m. 25-Hydroxycholesterol
was already investigated in Langmuir monolayers, but its
isotherm can be found in only a few papers.39−41 However,
none of these works show a full compression isotherm.
To better understand the in-plane surface elasticity of a

monolayer, the compressibility modulus (Cs
−1) was calculated

from the isotherm’s data points, using the formula

= − π− ( )C A
As

1 d
d

.42 Looking at Figure 1B, it can be noticed

that the compressibility modulus vs π dependence for 25-OH
is characterized by two maxima: the first one of Cs

−1
max ≈ 500

mN/m (corresponding to the solid state) and the second one
of Cs

−1
max ≈ 70 mN/m. A notable drop of Cs

−1 to zero may
indicate that between these two phases a transition, associated
with the formation of the 3D phase, occurs.43 Taking into
consideration the lower value of Cs

−1
max, observed for the

phase existing above the pseudo-plateau region, we first
supposed that the second rise observed in the isotherm is
associated with the formation of random 3D aggregates.
However, after careful study, we found this pseudo-plateau
region of the isotherm (III) highly reproducible (Supporting
Information, Figure S2). This encouraged us to conduct
further experiments to get insight into the origin of this
transition. First, the effect of various experimental conditions
was examined. We found that the type of compression
(symmetrical or unilateral) (Supporting Information, Figure
S3), the barrier material (Delrin or Teflon) (Supporting
Information, Figure S3), and the number of spread molecules
(Supporting Information, Figure S2) practically do not affect
the course of the isotherm. Interestingly, the orientation of the
Wilhelmy plate (parallel or perpendicular) with respect to
barrier position (Supporting Information, Figure S4) has a

Figure 1. Surface pressure−area isotherms (A) and compressibility modulus (B) for 25-OH recorded at 20 °C. Inset: structural formula of 25-OH.
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significant influence on the shape of regions IV and V of the
isotherm. Furthermore, the isotherm from 25-OH seems to not
be affected by the speed of compression (Supporting
Information, Figure S5), except for a very slow rate (5 cm2/
min), causing a slight shift of the plateau and high pressure
regions (IV and V) to lower π values. Taking into
consideration the above-mentioned findings, we used the
following conditions in routine experiments: double Delrin
barriers, compression speed of 20 cm2/min, the parallel
orientation of the Wilhelmy plate with respect to barrier
position, and subphase temperature of 20 °C (otherwise
specified). Interestingly, the monolayer formed by 25-OH is of
lower stability (Supporting Information, Figure S6) as
compared to cholesterol, which has been found to form very
stable monolayers at both low and high pressure regions.44,45

After reaching the desired surface pressure and stopping the
compression, π drops rapidly to about 70% of its initial value
and then stabilizes with time. The highest film stability is
observed in the low pressure region (10 mN/m).
Compression−expansion cycles showed no hysteresis for

films compressed to a surface pressure of 20 mN/m (region
II), whereas pronounced hysteresis was observed at a higher
surface pressure of 40 mN/m (region IV) (Figure 2). As can
be seen in Figure 2b, the experimental curves registered during
the second and third cycles are strikingly different (both in
shape and in the onset area) as compared to the first
compression cycle. This suggests that the formation of the
phase observed at high surface pressures above the plateau
(isotherm region IV) is irreversible.
In the next step, we examined how temperature influences

monolayers from 25-OH (Figure 3).
The increase of temperature lowers the pressure of the

plateau region and decreases the pressure of the kink. Such a
temperature dependence inversed to that of a transition
originating from phase coexistence46−48 can be attributed to
the transition of a monolayer into a 3D collapsed state. To
look deeper into the observed transition, microscopic (Brew-
ster angle microscopy, BAM) spectroscopic (polarization
modulation-infrared reflection-absorption spectroscopy, PM-
IRRAS), and electric (surface potential, ΔV) measurements
were applied.
3.2. Brewster Angle Microscopy. BAM experiments

allow direct observation of the film’s texture. Additionally, the
BAM instrument, equipped with the gray level measurement
mode, enables the optical thickness of the film to be determined
(Figure 4A). Figure 4B shows representative images of the
observed surface textures.

At the initial step of compression, below 1 mN/m, the
texture of the film is typical for gas−liquid coexistence (Figure
4B, image a). Then, upon compression, the observed
condensed-phase domains are getting closer to each other
and partly merge (image b). In consequence, the film becomes
more homogeneous; however, dark borders between large
fragments are still noticeable (image c). When the isotherm
reaches the kink, bright objects appear as nuclei and most of
them arrange in the form of long and narrow filaments (in the
places where dark borders were previously observed)image
d. Upon further compression, the filaments break and the
growth of small bright domains occursimage e. This process
continues as the isotherm passes through the plateau region
(image f). When the compression proceeds and molecular
packing increases, the voids (seen as dark areas) become
smaller (image g). Finally, the texture becomes thicker without
visible discontinuities (images h), which suggests the
formation of multilayer structures.
At the same time, the optical thickness of the Langmuir film

was recorded (see Figure 4A). Since the refractive index of a
film composed of 25-OH is unknown, we assumed its value
equal to the refractive index of cholesterol (1.47).22 As can be
noticed, the monolayer thickness during the first rise of surface
pressure reaches a value of ca. 2.35 nm, which corresponds to a
single layer of 25-OH molecules anchored to the surface of the
water with one hydroxyl group. While the film is further
compressed, the thickness rises to ca. 4 nm and remains fairly
constant in the IV and V regions. The 2-fold increase in film

Figure 2. Isotherms of compression−expansion cycles registered for 25-OH at 20 °C for compression to different surface pressure values: 20 mN/
m (A) and 40 mN/m (B).

Figure 3. Temperature dependence of surface pressure−area
isotherms for 25-OH.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://dx.doi.org/10.1021/acs.jpcb.9b10938
J. Phys. Chem. B 2020, 124, 1104−1114

1107

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10938/suppl_file/jp9b10938_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10938/suppl_file/jp9b10938_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b10938/suppl_file/jp9b10938_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.9b10938?fig=fig3&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://dx.doi.org/10.1021/acs.jpcb.9b10938?ref=pdf


thickness (between regions III and IV) suggests that 25-OH
forms a bilayer at the surface of the water, and therefore, the
observed plateau region is due to a transition from mono- to
bilayer structure. This is additionally supported by the
isotherm, since the ratio of the area/molecule values at the
beginning and end of the plateau region is close to 2. For
Langmuir monolayers, such behavior is uncommon. Typically,
rigid monolayers upon compression to areas below their
geometrical size undergo random collapse involving either
folding processes (leading to tri-layered structures)49 or 3D
aggregate formation.50,51

Additionally, optical thickness and BAM images were
registered during a compression−expansion cycle analogical
to that shown in Figure 2B (Supporting Information, Figure
S7). During expansion, the surface layer becomes discontin-
uous and cracked (Supporting Information, Figure S7B and
C), while the thickness of film fragments remains similar to
that measured upon compression for the bilayer. The obtained
results confirm that the monolayer−bilayer transition is
irreversible.
It seems that in the case of 25-OH the transition from

mono- to bilayer structure is stabilized due to the unique
structure of this compound, namely, the presence of two
hydroxyl groups localized at the opposite sites of the molecule.
To support this hypothesis, electric surface potential measure-
ments were carried out.
3.3. Surface Potential−Area Isotherms. Semiempirical

analysis of the measured electric surface potential, ΔV, has
been done using the Helmholtz equation, ΔV = μ⊥/(A·ε·ε0),

52

where μ⊥ is the vertical component of the dipole moment
(called the ef fective dipole moment) of a film molecule, ε0 is the
vacuum permittivity, and ε is the permittivity of the monolayer.
Since the value of ε is unknown, the changes of effective dipole
moment upon compression can be represented by the apparent
dipole moment, μa = μ⊥/ε.
As can be seen in Figure 5, at large areas per molecule, the

surface potential and apparent dipole moment remain
approximately constant until they reach 62 Å (so-called critical
area53,54). Then, the slope of the curves starts to increase,
strikingly evidencing changes in the orientation of molecules.
For areas per molecule corresponding to bilayer formation
(about 40 Å), the inflection of the curves is observed: the ΔV−
A curve rises with a smaller slope, whereas the μa−A curve
sharply decreases. This suggests depolarization of the surface
film, which results from bilayer formation; i.e., dipole moments

of molecules from the upper layer compensate those arising
from molecules underneath.

3.4. PM-IRRAS Spectra. PM-IRRAS is a surface-sensitive
technique which, due to its special selection rules, enables one
to (i) estimate film thickness55 as well as describe molecular
orientation56 and (ii) obtain information on functional groups
involved in intermolecular interactions.57 This makes PM-
IRRAS a suitable, complementary tool for investigating the
surface behavior of 25-OH monolayers, including the
formation of bilayers at the water surface.
In the initial step of our spectroscopic research, the

theoretical IR spectrum of 25-OH was calculated using the
B3LYP method and 6-311++G(d,p) basis set. In the spectral
region below 3000 cm−1, the obtained results are in agreement
with the recorded experimental ATR-FTIR spectrum from the
bulk (for comparison, see Supporting Information, Figure S8)
and enabled us to assign selected bands to molecular vibrations
as well as determine the orientation of the dipole moment
vector with respect to the long axis of the 25-OH molecule
(Table 1).
In the next step of our spectroscopic studies, we analyzed

PM-IRRAS spectra in two selected regions, 3000−2825 cm−1

(Figure 6, panel A) and 1500−1325 cm−1 (Figure 6, panel B),
where bands from stretching and scissoring vibrations in
hydrocarbons are observed, respectively. PM-IRRAS spectra
were recorded at different surface pressure values.
Generally, it can be noticed that PM-IRRAS spectra show

similar courses as compared to experimental and theoretical
curves from the bulk; however, PM-IRRAS bands seem to be

Figure 4. Surface pressure−area isotherm and thickness versus area per molecule plot for the 25-OH monolayer spread on the water at 20 °C (A).
Textures of 25-OH films on the water subphase registered with BAM at different values of surface pressure. The isotherm regions corresponding to
each texture are marked with corresponding letters (a−h) (B).

Figure 5. Surface pressure, surface potential, and apparent dipole
moment versus area per molecule plots for 25-OH film spread on the
water at 20 °C.
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narrower and their intensity upon compression is variable.
Narrowing of bands can be assigned to the increase of
molecular ordering in Langmuir monolayers in comparison to
bulk samples. Since the PM-IRRAS signal intensity increases
when the corresponding transition dipole moment is oriented
perpendicularly to the surface of water, for Langmuir
monolayers, bands from vibrations which are parallel to the
long axis of the molecule are usually observed to strengthen
(amphiphilic molecules are usually oriented perpendicularly or
are slightly inclined to the water surface). In the case of the 25-
OH molecule, bands at 2983 cm−1 (νas(CH2)) and 1479, 1463,
and 1435 cm−1 (δs(CH2)) (for which the dipole moment is
oriented parallel to the long axis of the 25-OH molecule) can
serve as spectral markers of molecular orientation. The
intensity of these bands increases during compression, which
suggests that 25-OH molecules are more inclined at lower

values of surface pressure (isotherm region II), andupon
further compressionmolecules attain more perpendicular
orientation with respect to the water surface. PM-IRRAS
spectra recorded at π = 35 mN/m (isotherm region IV) show a
noticeable decrease in intensity of the band at 2983 cm−1,
whereas at π = 40 mN/m (isotherm region V) this peak
broadens and its intensity increases. This confirms the earlier
conclusion that above the plateau molecules change their
orientation and multilayered structures are formed. Addition-
ally, the intensity ratio of bands at 2983 cm−1 (νas(CH2))
observed at different surface pressures (10 and 40 mN/m) is
equal to ∼2.0, which, again, supports the hypothesis of bilayer
formation. More evidence for the existence of this phase
transition are changes in mutual intensity and spectral
positions of bands attributed to symmetric stretching in CH2
groups (in the spectral range 2945−2904 cm−1) as well as in
CH groups in the sterane moiety (in the spectral range 2860−
2840 cm−1). At the same time, no significant changes in signals
from scissoring vibrations in CH3 groups (in the spectral range
1383−1346 cm−1) were observed. This suggests that the
observed phase transition is not related to conformational
changes in 25-OH molecules.
To get a deeper insight into changes in the chemical

environment of hydroxyl groups (at C(3) or C(25)) in the 25-
OH molecule observed during compression, spectral bands
within the range 1325−1000 cm−1 (Figure 7) were analyzed.
The PM-IRRAS spectrum recorded at this spectral region

shows more diverse absorption bands in comparison to the
bulk ATR-FTIR spectrum, which can be explained by the
increase of molecular ordering at the water surface. Addition-
ally, some vibration modes may be activated with the changes
in the chemical environment around the 25-OH molecule.
Unfortunately, bands from C−O−H scissoring vibrations at
C(25) and C(3) (observed at 1308 and 1270 cm−1,
respectively) are broad and overlap with bands from wagging
modes in chains and the sterane moiety. This tendency is
particularly noticeable for surface pressure values of π = 35

Table 1. Frequencies (in cm−1) and Assignments of
Important Vibrations of 25-OH

observed frequency (cm−1)

scaled
frequencya

(cm−1)
ATR-IR

(bulk sample)
PM-IRRAS
(monolayer)

description of the
vibration

1017 1021 1016−1020 rings deformation
1035 1040 1035−1045 C(3)O stretching,

CCC scissoring in
rings

1054 1054 1054
(at 20 mN/m)

COH scissoring
(both)

1068 rings deformation; CH2
twisting in rings

1073 1077−1082
1116 1009 1009 C(25)OH scissoring;

CH2 rocking; CCC
scissoring at the end of
the chain

1140 1141 141
(at 10 mN/m)

CH2 twisting; rings
deformation

1164 1158 1167−1170 CH2 twisting; CCC
scissoring; rings
deformation

1196 1195 1192 C(25)O stretching
1231 1233 1232 CH2 wagging in chain
1277 1277 1272 C(3)OH scissoring;

CH2 wagging in rings
1310 1316 1310−1316 C(25)OH scissoring
1335 1333 C(25)OH scissoring;

CH2 wagging in chain
1351 1362 1350 CH3 scissoring
1371 1376 1378−1383
1425 CH2 scissoring
1433 (∥) 1437 1440
1457 (⊥) 1460
1465 (⊥) 1468 1464
1470 (⊥) 1480
2865 (∥) 2863 2858−2861 CH stretching
2873 (⊥)
2906 (⊥) 2902 2901−2905 CH2 symmetric stretching
2925 (⊥) 2923 2921−2926
2942 (⊥) 2943 2946
2968 (⊥) 2963 2961 CH2 assymmetric

stretching in tail
2980 (∥) 2976 2982 CH2 assymmetric

stretching
a(∥) or (⊥) symbols refer to the predicted orientation of the dipole
moment vector with respect to the long axis of the 25-OH molecule.

Figure 6. PM-IRRAS spectra for the 25-OH monolayer registered at
20 °C compared to the ATR-FTIR spectrum of 25-OH in bulk:
hydrocarbon stretching vibrations region (A) and hydrocarbon
scissoring vibrations region (B).
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mN/m and π = 40 mN/m (corresponding to bilayer). This
suggests that 25-OH molecules, which were expelled from the
monolayer to form the overlayer, adopt different orientations
in comparison to those in the layer below (therefore, transition
dipole moments of 25-OH molecules from the upper and
lower layers are differently oriented andas a result
narrower bands are observed).
Analysis of bands from CO stretching vibrations at C(25)

and C(3) (observed at 1166 and 1039 cm−1, respectively)
brings some valuable observations. Namely, the position of the
C(3)O stretching band maximum shifts during compression
(from 5 to 20 mN/m) to lower wavenumbers, which suggests
input from additional interactions (probably hydrogen
bonding with water molecules). For higher surface pressure
values (for π = 35 and 40 mN/m), this tendency is reversed
(the band shifts to higher wavenumbers) and becomes
broader, which can suggest that in bilayers the OH group at
C(3) can exist in two different environments (interactions with
the water surface or neighboring 25-OH molecules). The
C(25)O stretching band is overlapped with various modes
(CH2 wagging and twisting, CCC scissoring, and sterane
system deformation vibrations); therefore, for lower surface
pressure values (for π = 5, 10, and 20 mN/m), it is not possible
to precisely define peak position. However, it is noticeable that
at π = 40 mN/m the band is shifted to a higher wavenumber.
This confirms that in bilayers the hydroxyl group at C(25),
similarly to that at C(3), can occur in two different
environments (interactions with the water surface or
neighboring 25-OH molecules).
3.5. Theoretical Calculations. Considering the exper-

imental study on the 25-OH molecule, two issues remain
unclear. The first one is related to the hydrophilicity of
hydroxyl groups (one being attached to the sterane system
while the other one to the alkyl chain), which may not be
equivalent. Former studies revealed that surfactants containing
the same polar group attached to the aromatic unit possess

different surface activity as compared to those with a polar
group attached to the polymethylene chain.58 However, for the
25-OH molecule, the structural effect of the sterane system as
well as the resonance between the hydroxyl group (at C(3))
and a double bond in the ring may be insufficient to diversify
their surface activity. This is closely related to the second issue
concerning the orientation of 25-OH molecules in a
monomolecular layer, i.e., by which of the hydroxyl groups
(at C(3) or C(25)) the molecule is anchored in the water
subphase. Understanding the above issues requires the
application of theoretical analysis based on DFT and molecular
dynamics calculations. In the first step of our theoretical
studies, we intended to obtain information about the preferred
anchoring of the 25-OH molecule at the surface of the water.
First, the molecular conformation of 25-OH was optimized as
well as the energy of hydrogen bonding between a single
hydroxyl group (at 25 or 3 positions) and a single water
molecule was calculated. The obtained results do not show
significant differences in interactions (hydrogen bonding
energies calculated for C(3)−OH−water and C(25)−OH−
water are comparable, 2.549 and 2.573 kcal/mol, respectively).
This suggests that the origin of the 25-OH monolayer
formation is mainly associated with the in-plane interactions
in the monolayer. Therefore, in the next step, it seemed
obvious to examine the thermodynamics of dimer formation
with the different mutual orientation of 25-OH molecules. The
analyzed dimers were divided into two groups: (i) interacting
throughout two hydroxyl groups and (ii) interacting
throughout a single hydroxyl group from each molecule (see
Figure 8). Among the analyzed mutual arrangements of type

(i) (which corresponds to the monolayer state), the array of
staggered molecules is the most favorable. This suggests that
oxysterol molecules in the nearest neighbors are anchored to
the water surface alternately with one (C(3) or C(25))
hydroxyl group.
In the next step, we performed molecular dynamics

simulations to verify this hypothesis. In the theoretical
experiment, 25-OH molecules were placed at the surface of
the water with different mutual orientations (random (i),
anchored with a hydroxyl group at C(3) (ii), or anchored with
a hydroxyl group at C(25) (iii)). Then, the production of
molecular dynamics was conducted (Figure 9).
The interaction between the oxygen atom from the hydroxyl

group connected to the C(3) (or C(25)) atom and water
molecules was analyzed using a three-dimensional radial pair
distribution function (Figure 9). The radial pair distribution

Figure 7. PM-IRRAS spectra for the 25-OH monolayer registered at
20 °C compared to the ATR-FTIR spectrum of 25-OH in bulk in the
spectral region 1325−1000 cm−1.

Figure 8. Interaction energy between 25-OH molecules in dimers.
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function (g(r)) calculates the distance (r) between selected
atom pairs in each frame of the trajectory. Let us first discuss
monolayers with forced, uniform surface anchoring. In the case
of molecules anchored with a hydroxyl group at C(3) (ii), the
resulting monolayer is smooth and radial pair distribution
function values suggest that the hydration of a group at C(3) is
higher in comparison to that at C(25). When molecules are

anchored with the hydroxyl group at C(25) (iii), the resulting
monolayer becomes folded. Moreover, the analysis of the radial
pair distribution plot suggests that hydration of C(25)−OH is
higher, however, the difference between hydration of C(25)−
OH and C(3)−OH is not as significant as in the case of type
(ii). A system with forced anchoring with a hydroxyl group at
C(25) drifts to orientation change; therefore, anchoring with

Figure 9. Monolayers obtained after 110 ns production of molecular dynamics for systems with different mutual orientations [random (A),
anchored with a hydroxyl group at C(3) (B), or anchored with a hydroxyl group at C(25) (C)]. Red balls and lines represent the hydroxyl group at
C(3), and dark gray ones, at C(25). The bottom panel presents the radial pair distribution functions.

Figure 10. Self-assembling systems of the cholesterol (A) and 25-OH (B) in water after 300 ns production. Red balls and lines represent the
hydroxyl group at C(3), and dark gray ones, at C(25). The bottom panel presents the radial pair distribution functions.
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C(3)−OH can be more favorable for the studied system.
Analysis of results for a monolayer with randomly oriented
molecules (i) verified this hypothesis. The radial pair
distribution function plot suggests that, in the obtained film,
hydration of C(3)−OH is slightly higher than C(25)−OH.
The system (i) did not transform to (ii) despite increased
calculation time (to 110 ns). Furthermore, molecular dynamics
calculations were conducted for monolayers with defined
surface pressure values of 15 and 35 mN/m (see Supporting
Information, Figure S9). As can be noticed, the rise of surface
pressure and anchoring in water by C(3) hydroxyl groups
induces an increase of molecular ordering in the layer.
Results obtained from molecular dynamics calculations seem

to complete the conclusion from simple dimer calculations.
The 25-OH molecule at the surface of the water can adopt two
different orientations (anchoring alternatively with a hydroxyl
group at C(25) or C(3)). However, molecular dynamics
simulations suggest that the population of each group is not
equal: anchoring with C(3)−OH is more favorable (60%
C(3)−OH vs 40% C(25)−OH).
In the next step of our theoretical studies, we analyzed the

origin and mechanism of experimentally confirmed bilayer
formation. To get a deeper insight into this issue, the results of
DFT calculation for dimers of the group (ii) (which
corresponds to a bilayer situation) were analyzed. As it can
be noticed, there are no significant differences in interaction
energy (Figure 8). More information on the bilayer formation
mechanism can be obtained from the simulation of molecular
dynamics conducted for a random mixture of cholesterol and
water (the first system) and 25-OH and water (the second
system) (Figure 10).
After 300 ns of self-assembly experiment, in the case of

cholesterol, a stable bilayer was formed (the obtained bilayer is
slightly buckled). For 25-OH, it can be noticed that molecules
prefer the formation of a monomolecular layer with more
complex protrusions (branched monolayers). This can illustrate
the process of monolayer−bilayer transition during compres-
sion of Langmuir monolayers. It is assumed that protrusions
may appear in BAM images as bright filaments and nuclei. In
the case of a 25-OH system, radial pair distribution functions
for C(25)−OH−O (in water) and C(3)−OH−O (in water)
are approximately equal; however, slightly greater hydration of
C(3)−OH groups is observed.

4. CONCLUSIONS
In this paper, the behavior of 25-OH at the air/water interface
was characterized using a broad spectrum of surface-sensitive
techniques. We proved that this compound, in contrast to
common bolaamphiphiles, is always anchored with one polar
group (either at C(3) or C(25)) to the water surface. The
distribution of both orientations is statistical; however, one of
them is more favorable. In consequence, a unique phase
transition from mono- (2D) to bilayer (3D) was observed and
confirmed with optical thickness and PM-IRRAS measure-
ments.
As the phase transition occurs at surface pressure values

corresponding to in vivo conditions,59 our results can be useful
to understand differences in biological activity of chain- versus
ring-oxidized oxysterols. Although elevated blood levels of
oxysterols have mainly been associated with a plethora of
pathological conditions (for a review, see ref 18), recent
investigations have also shown their favorable effects related
mainly to antiviral properties.60 Taking into consideration

representatives of ring-oxidized (7β-hydroxycholesterol) and
chain-oxidized (27- or 25-hydroxycholesterol) sterols, both
biological (ref 60 and references therein) and model61,62

studies agree that their properties are different. Namely, the
latter investigations prove that, depending on the position of
the additional hydroxyl group in molecule, both tilt
orientation61 and dynamic properties62 are influenced. Bio-
logical studies on antiviral potency suggest that ring-
substituted hydroxycholesterols (e.g., 7β-OH) are far less
active than 25-OH or 27-OH.60 The reason for this
phenomenon has not been elucidated so far. We believe that
the position of the additional hydroxyl group in the oxysterol
molecule may affect miscibility with membrane phospholipids
and alter the biomembrane functioning. This aspect of
investigations, however, needs further study.
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