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Abstract
The effect of melatonin and/or cholesterol on the structural properties of a model lipid bilayer prepared from 1,2-dioleoylsn-glycero-3-phosphocholine (DOPC) has been investigated both experimentally and via molecular dynamics (MD) simulations. Neutron reflectometry experiments performed with single supported membranes revealed changes in lipid bilayer
thickness upon the introduction of additional components. While the presence of cholesterol led to an increase in membrane
thickness, the opposite effect was observed in the case of melatonin. The results obtained are in a good agreement with MD
simulations which provided further information on the organization of components within the systems examined, indicating a mechanism underlying the membranes’ thickness changes due to cholesterol and melatonin that had been observed
experimentally. Cholesterol and melatonin preferentially accumulate in different membrane regions, presumably affecting
the conformation of lipid hydrophobic moieties differently, and in turn having distinct impacts on the structure of the entire
membrane. Our findings may be relevant for understanding the effects of age-related changes in cholesterol and melatonin
concentrations, including those in the brains of individuals with Alzheimer’s disease.
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Introduction
The cell membrane is a very complex, delicate structure that
represents a primary barrier between the internal cell environment and its surroundings. However, a vast number of
studies unambiguously confirm that it is considerably more
than a simple mechanical barrier providing for cellular integrity. Its biological importance is essential and stems from the
ample variety of functions and processes that it facilitates.
Cell transport, protein activity or cell division are just a few
of the crucial phenomena taking place at or in the plasma
membrane of any ordinary cell (Stillwell 2016a). Consequently, the disturbance of the accurate membrane structure
or its equilibrium may lead to deleterious effects resulting in
a series of diseases. Among them, Alzheimer’s disease (AD)
is currently becoming one of the most relevant (Stillwell
2016b; NIH National Institute on Aging 2020).
The incidence of AD is accompanied by the presence
of peptide plaques on the surface of brain tissue that are
anchored to the cell membrane (McLaurin and Chakrabartty 1997; Verdier et al. 2004). Despite enormous research
efforts, a plausible hypothesis that would satisfactorily
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answer the questions of the origin, development or prevention of AD has not been verified yet. Partially, this is due
to the difficulties distinguishing whether the observed hallmarks are a trigger or consequence of the disease. On the
other hand, there are some unambiguous aspects of AD that
can be assumed when attempting to understand its nature.
Firstly, it is the formation of amyloid plaques, and the cell
membrane as the presumed place of action. Secondly, it is
the fact that aging promotes the development of AD (Kerchner and Wyss-Coray 2016; Xia et al. 2018).
Cholesterol and melatonin are compounds that significantly change their relative concentrations in brain cells
during aging, and thus they attract particular attention from
the scientific community interested in brain cell membrane
structure and AD (Kreisberg and Kasim 1987; Touitou
2001). The effects of their interactions with model lipid
membranes have been investigated via a wealth of experimental data (Drolle et al. 2013; Dies et al. 2014; Murugova
et al. 2020; Robinson et al. 2020). Cholesterol strongly promotes lipid bilayer stiffness accompanied with an increase in
its thickness. Introduction of melatonin, on the other hand,
improves the membrane fluidity and decreases its thickness.
The effects are concentration dependent, and the changes
induced to membrane properties may affect the organization
of amyloid plaques.
It follows from the discussion above that the membrane
thickness is most likely one of the primary structural parameters affected in the early processes of membrane changes
and perhaps at AD onset. To scrutinize the details of the
cholesterol’s and/or melatonin’s interactions with a single
model membrane, we, therefore, employed neutron reflectometry (NR). This technique is considered one of the most
sensitive for thin layer structure determination (Majkrzak
and Berk 2002), enabling examination of a single planar
lipid bilayer that mimics the cell membrane. This allows
for eradication of the effects invoked by the presence of a
multitude of membranes or the significant bilayer curvature
present in other approaches. In the case of multilamellar
systems that are investigated by means of diffraction methods, the interactions between adjacent bilayers as well as a
restricted access of solvent may affect the system properties.
On the other hand, the considerable curvature in the case of
vesicular samples, although in unilamellar structures, may
also affect the thickness of the lamella and its lateral pressure profile.
Exploiting the benefits of NR, we have conducted a series
of experiments scrutinizing the interactions of cholesterol
and/or melatonin with a single 1,2-dioleoyl-sn-glycero3-phosphocholine (DOPC) bilayer. The DOPC lipid has
been employed due to its biologic relevance and to complement similar studies performed by means of other methods
(Drolle et al. 2013; Murugova et al. 2020). We compare
the experimental data obtained from our system of model
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membranes to the results obtained by molecular dynamics (MD) simulations. A good accordance is found in all
relevant structural parameters. Moreover, owing to the MD
simulation data, a plausible interpretation of experimentally
observed membrane changes is facilitated.

Materials and methods
System synthesis
The systems of increasing complexity consisted of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 29 mol% cholesterol, and 29 mol% melatonin. DOPC was purchased from
Avanti Polar Lipids (Alabaster, USA), and the rest of the
compounds were from Sigma-Aldrich (St. Luis, USA). Stock
solutions of each compound were prepared in chloroform.
Afterwards, the appropriate amounts of given stock solutions
were mixed according to the desired molar ratio to obtain
1 mg total mass of compounds in each system. Diluting the
compounds in the organic solvent facilitates their proper
mixing and a convenient manipulation by means of syringes.
Further, solutions were dried under vacuum and the resulting lipid films were hydrated using 0.5 ml of Milli-Q H2O.
Four systems denoted as DOPC, DOPC + Ch, DOPC + M,
and DOPC + Ch + M were prepared for examination via NR.

System deposition
Before the deposition, the surface of a supporting crystal
was wiped gently by a KimWipe tissue and cleaned under
a mild stream of tap water. Afterwards, the methanol was
applied and wiped by the tissue again. Finally, the crystal
was cleaned properly in pure H
 2O and dried totally in the
oven at 40 °C.
To obtain a homogenous suspension of multilamellar
vesicles, each system solution was frozen, melted in a water
bath at 40 °C, vortexed for 10 s, and subsequently bath-sonicated for 10 min at room temperature. The whole procedure
was repeated a minimum of three times. In the end, a milky
solution was achieved, to which 0.1 M solution of NaCl in
water was added in the volume ratio 1:1. This is meant to aid
the rupture of vesicles that are immediately deposited on the
surface of the supporting crystal (Kalb et al. 1992).
The prepared solution of a given system at concentration 1 mg ml−1 was poured in the center of the Petri dish by
means of a syringe and the face of the crystal was brought
carefully in contact with the liquid. The transparency of
the glass dish allowed a check on the total coverage of the
crystal surface by the liquid, while inspecting it through the
bottom of Petri dish. Owing to the hydrophilic properties of
the surface SiO2 layer, a thin film of water molecules would
cover the crystal surface when it is exposed to the water
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solution of lipids, enabling thus hydrophilic lipid heads to
attach to it, and arrange themselves in the plane supported by
the crystal. The whole apparatus was left at rest for 5 min to
enable the rearrangement of lipid bilayers at the crystal surface. For single lipid bilayer acquisition, the Petri dish was
filled smoothly with pure water, the crystal was slightly elevated while keeping immersed, and moved gently to enforce
the rinsing of excess lipids. The process was repeated five
times by replenishing the lipid-contaminated water with a
pure one, while utilizing the total rinsing water volume of
0.4 l. Finally, crystals with a single bilayer attached were
mounted in the hydration aluminum chamber consisting
of the Si wafer substrate, a rubber o-ring, and aluminum
chamber cover (Avdeev et al. 2017). Bulk D
 2O was used for
hydration in the chamber.

Reflectometry experiments
The measurements were performed at GRAINS, the timeof-flight facility with a horizontal sample plane in the Frank
Laboratory of Neutron Physics, JINR in Dubna, Russia
(Avdeev et al. 2017). At least two control series of measurements have been carried out with independent samples to
confirm the obtained results. The original protocol of sample
preparation and the experimental conditions have been kept
the same in these series. Each sample was exposed to a beam
of thermal neutrons (neutron flux at the sample 2.5 × 106
n s−1 cm−2 (Avdeev et al. 2017)) at room temperature for
approximately 6 h. A ‘beam from the bottom’ configuration was used, where the incident (collimated by several
slit apertures) and reflected beams pass through a silicon
single-crystal wafer. The specular reflection was detected by
a 2D position-sensitive detector (size 20 × 20 cm2, resolution
2 × 2 mm2) with the averaging of the reflected beam along
the horizontal direction (the slit geometry). The neutron
wavelengths, λ, within an interval of 0.5–9.5 Å, the incident
grazing angle, θ, of about 5 mrad and the sample–detector distance of 4.126 m were used to obtain the specular
spectrum in a q-range of 0.01–0.1 Å−1, where momentum
transfer q = 4πsin(θ)/λ. A separate measurement of an incident spectrum (after removing the sample from the beam)
was carried out for the calibration in terms of conventional
reflectivity.

Supporting crystal
Various single lipid bilayers studied were supported by a
thick silicon wafer (8.5 × 5 × 1.5 cm3) (Crystal GmbH, Berlin). The initial experiments performed utilizing a pure Si
wafer revealed the necessity of additional crystal treatment
that would significantly improve the sensitivity of the technique. Due to considerably high background scattering, it
was not feasible to observe characteristic reflectivity fringes

Fig. 1  The comparison of reflectivity data obtained for DOPC (darkgreen circles) system with those for a blank wafer of pure Si crystal
(orange squares) in D
 2O environment. The same DOPC system (lightgreen triangles) deposited on the crystal modified by a Ni layer (red
triangles). Red solid line represents the best fit to the latter experimental data with a corresponding neutron scattering length density
(NSLD) profile shown in inset
Table 1  The characteristics of the supporting crystal as obtained from
the best fit to the experimental NR data
Layer

Thickness (t) [Å]

NSLD [× 10−6 Å−2]

Roughness (σ) [Å]

Si
Ni
Si
SiO2
D2O

Bulk
98.8 ± 0.2
392.6 ± 0.3
19.4 ± 0.2
Bulk

2.2 ± 0.0
9.3 ± 0.0
2.2 ± 0.0
4.2 ± 0.1
6.3 ± 0.0

–
12.9 ± 0.0
16.0 ± 0.2
6±2
3.9 ± 0.0

Namely, the fitting parameters are the layer thickness (t), its neutron
scattering length density (NSLD), and the roughness of the adjacent
layers interface (σ). All the parameters were kept free during the fitting procedure, while their boundaries have been set to ± 10% of the
reported value in the final fitting refinement

and subsequently determine the lipid film parameters (Fig. 1;
dark-green circles).
Hence, the surface of Si wafer was modified by sputtering
additional layers of nickel (~ 100 Å) and silicon (~ 670 Å).
Further, a final extra layer of silicon oxide with hydrophilic
properties was formed on the surface of the modified crystal
via the standard RCA cleaning procedure developed by Kern
(1990). During the RCA cleaning, a significant portion of
the Si layer was removed from the modified crystal. Characterization of the multilayered structure of the final crystal
obtained by means of NR is shown in Fig. 1. The extracted
values of parameters were utilized as an initial input for the
simultaneous fitting of the model to the experimental data
of all examined bilayer systems. The final values are listed
in Table 1.
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The introduction of the metallic layer with a high neutron scattering length density (NSLD) contrast enhances
the reflectivity coefficient and maintains its value above the
background level of 10–4. The effect of a single lipid bilayer
deposition could then be detected as the modulation to the
metallic layer reflectivity oscillations (Fig. 1).

Experimental data evaluation
Dependencies of the experimentally measured reflectivity
R on the momentum transfer q were analyzed in terms of
the Parratt formalism employing a MOTOFIT package for
the IGOR Pro software (Nelson 2006). In particular, the
NR curve of a blank crystal immersed in D2O was modeled
assuming the layers: bulk Si/Ni/Si/SiO2/bulk D2O. For the
rest of the samples, additional layers representing a single
lipid bilayer were introduced into the sequence following
the SiO2 layer. Three different models have been tested. The
simplest approach assumed that the differences between the
NSLD of lipid headgroup (LHG) and lipid tail (LT) regions
are low in comparison to the NSLD of the D
 2O environment.
Hence, the inner bilayer structure was neglected and the
whole lipid bilayer was assumed to be homogeneous. The
second variant of the model divided the phospholipid bilayer
into three homogeneous layers (LHG/LT/LHG) that were
separated from the supporting surface by a thin water layer
of thickness ~ 10 Å. However, the best fits to the experimental data were obtained for the model that did not treat water
on the crystal surface as an individual layer, and rather as a
part of the LHG layer. This can be understood considering
the small thickness of water layer that, in addition, interlays
continually with the LHG layer.
The final lipid membrane model then consists of three
homogenous layers corresponding to the LHG adjoined to
the supporter surface, LT in a center, and LHG at the water
side. Hence, the whole sequence of layers was assumed as:
bulk Si/Ni/Si/SiO2/LHG/LT/LHG/bulk D2O. In this, three
parameters defined each layer that was described by the error
function (Parratt 1954): the layer thickness (t), its average
NSLD, and roughness related to the width of the two adjacent layers interface (σ). The NSLD values were calculated
in a standard way (NIST Center for Neutron Research 2020).
The blank crystal characterization was carried out
first, providing its structural parameters that in turn were
employed as initial values in a further fitting. The experimental data of all the membrane-containing samples were
fitted simultaneously, including also the blank crystal data.
Crystal characteristics corresponding to Si/Ni/Si/SiO2 layers were assumed common for each sample, thus being
linked. In the case of Si-oxide layer, the presence of a small
fraction of silicon monoxide SiO (NSLD = 3.1 × 10–6 Å−2)
was assumed, therefore, decreasing NSLD of pure S
 iO2
(4.1 × 10–6 Å−2). The value of NSLD for bulk D2O was
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assumed slightly lower than 6.34 × 10–6/Å−2 (corresponding to 100% heavy water) due to the small contamination by
H2O used during the sample rinsing.
All parameters of the three lipid layers were taken as
independent, although bounded by reasonable limits. The
complexity of our eight-layered model ensues obviously a
multitude of fitting parameters. Therefore, in accordance
with the literature, we set the following boundaries to the
fitting parameters: the LHG thickness range of 5–12 Å and
its NSLD 1.2–6.34 × 10–6 Å−2, and the LT thickness range
of 10–30 Å and its NSLD − 0.5–2 × 10–6 Å−2, together with
the roughness range of 0–4 Å (Johnson et al. 1991; Krueger
et al. 1995; Rondelli et al. 2016).

Molecular dynamics simulations
Molecular dynamics (MD) simulations on the lipid membrane system were performed using the Gromacs package
(Lindahl et al. 2020). Our base membrane system consisted
of 128 DOPC molecules solvated with 6400 TIP3 water molecules. The original topology was taken from CHARMMGUI_v1.7 and MD modeling was carried out in three
stages: the energy minimization, NVT, and NPT relaxation
procedures. All the MD calculations were carried out with
a CHARMM36 force field with the full atomic interaction
approach (Klauda et al. 2010).
All covalent bonds in the water-DOPC system were limited by the LINCS algorithm. The Lennard–Jones interaction calculations were processed using a switching algorithm
started at 10 Å using a cut-off at 12 Å. The electrostatics calculations were performed by the Ewald method with a cutoff radius of 12 Å. The periodic boundary conditions were
used in all three dimensions. The integration of the equations
of motion was done using a modified Verlet algorithm with
a time step of 1 fs under a radius of 12 Å. The preparation
stage (energy minimization, NVT and NPT equilibration)
were carried out for 10 ns. In the system balancing, we have
used a Berendsen thermostat at a temperature of 303 K for
the NVT and NPT ensembles, as well as a semi-isotropic
Berendsen barostat for pressure balancing at 1 bar for the
NPT ensemble. The production simulations were carried
out in the NPT ensemble with a Nose–Hoover thermostat at
303 K and a Parrinello-Rahman barostat at 1 bar for 100 ns.
The temperature and pressure of the entire system (membrane and water solvent) were connected independently to
each other.
The systems with the introduction of cholesterol and
melatonin were formed using additional simulation packages, such as VMD, Chimera and Pymol (Humphrey et al.
1996; Pettersen et al. 2004; Schrödinger, LLC 2015).
The systems were constructed with the lipid:melatonin
as 128:12 (9 mol%), 128:20 (14 mol%), and 128:44
(26 mol%), while the lipid:cholesterol systems were
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constructed as 116:12 (9 mol%), 110:18 (14 mol%), and
92:36 (28 mol%) to enforce the complementarity in mixed
systems. Note the slight inconsistency with the experimentally prepared systems due to relatively small number
of molecules in the simulated systems. In the case of the
lipid:cholesterol:melatonin system the ratio of components was 92:36:44 (21 mol% cholesterol and 26 mol%
melatonin). All simulations were carried out under the
full hydration mode (i.e., more than 30 water molecules
per lipid).
The parameters determining the lipid membrane structure in the models under consideration were calculated
using the Gromacs package utilities. These parameters
include the area per lipid (APL) defined as the area of
the entire simulation box divided by number of lipid molecules, and the thickness of lipid bilayer (dPP) determined
from the phosphate-phosphate distance. The APL was calculated using the vector elements of the Gromacs utilities,
and dPP was calculated using the P–P length distribution
density during the computer modeling. In addition, we
have calculated the physical parameters that provide the
relative thermodynamic properties of simulated systems.
These parameters include the deuterium order parameter (S CD) which is a measure of the motor anisotropy
of the C–H bond, yielding its time-averaged orientation. The SIMtoEXP utility was also used to visualize
the MD simulation results, thereby calculating the NSLD
profiles from simulated results and comparing them to
those obtained experimentally (Kučerka et al. 2010). In
addition, total bilayer thickness dB was determined from
the central position of the water distribution (Hrubovčák
et al. 2019).

Lipid area analysis
Lipid area (LA) is a parameter that provides information
on the average area of a single lipid molecule parallel to
the membrane surface. This is in a contrast to the APL
mentioned above, which is derived from the unit cell that
comprises the lipid alongside all the components that are
building the unit cell (i.e., one lipid molecule and the
fractions of other components according to their molar
ratios (Greenwood et al. 2006)). To determine LA, we calculated the apparent volume of lipid (VL) by subtracting
the volume of added components from the total volume
calculated as a product of total simulation box area and
dB. In this, the volume of cholesterol and melatonin were
assumed constant under the conditions of our MD simulations (Greenwood et al. 2006). The LA obtained as VL/dB
then represents an apparent area of lipid, and can be utilized in apprising the condensation or expansion effects
of the additives.
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Results and discussion
The systems of single supported lipid bilayers were examined experimentally by means of NR. The data obtained
for a blank crystal and the sample with DOPC bilayer can
be seen in Fig. 1. First, the benefits of introducing the Ni
layer onto the substrate as discussed in “Materials and
methods” section are apparent when comparing the data.
One can clearly recognize the difference between the modified crystal reflectivity and the reflectivity of the sample
with DOPC membrane. The shift of minima to the lower
q values in the latter case points to the sample thickness
increase after the bilayer deposition. The fitting parameters
are highly sensitive to the minima positions as well as the
magnitudes of lobes in the reflectivity curve R(q).
The further three samples under examination contained
different additions to the pure DOPC bilayer system (i.e.,
29 mol% cholesterol, 29 mol% melatonin, and 29 mol%
cholesterol and 29 mol% melatonin). The NR data show
clearly a change in the position of minima, and small
variations of lobe magnitudes for the different samples
(Fig. 2a). We again note that all experimental data have
been fitted simultaneously, with a single set of parameters corresponding to the supporting crystal, and different parameters describing the membrane layers. The best
combined fit to all the samples’ R(q) is shown in Fig. 2a,
while Fig. 2b depicts the modeled NSLD profiles of the
corresponding systems. The characteristics of the systems
obtained from the fitting are summarized in Table 2.
The first notable feature that all the derived profiles
have in common is their significant NSLD enhancement
when compared to the theoretical values calculated for
LHG ~ 1.2 × 1 0 –6 Å −2 and hydrophobic moieties LT ~
− 0.5 × 10–6 Å−2. This effect is often observed when lipid
bilayers are examined by means of NR. It is attributed to
the hydration of LHG, and the penetration of D2O alongside the lipid layer that is caused by the bilayer covering
less than 100% of a supporter surface (Belička et al. 2015).
Second, the NSLD values of LHG facing the crystal
surface (left-hand side in Fig. 2b) are found higher than
those corresponding to the LHG in contact with bulk D2O
(right-hand side in Fig. 2b). A similar effect has also been
observed previously in the case of a 1,2-dibehenoyl-snglycero-3-phosphocholine bilayer (Belička et al. 2015)
and was ascribed to the asymmetry in the hydration of
bilayer leaflets. The discrepancy may be explained when
considering a thin layer of hydration water between the
supporting surface and the LHG. The presence of the
layer has been documented by modeling the reflectivity experimental data of systems similar to ours, and its
thickness has been reported as 5–30 Å depending on the
specific characteristics of each particular surface. Further,
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Fig. 2  a The best fit results (lines) to the experimental neutron reflectivity data (points) of the samples containing the single bilayer systems composed of neat DOPC (green), DOPC with 29 mol% cholesterol (blue), DOPC with 29 mol% melatonin (black), and DOPC with
29 mol% cholesterol and 29 mol% melatonin (magenta). The data are
scaled according to the factors shown in parentheses for the clarity
of presentation. b The best fit NSLD profiles of the various systems
examined
Table 2  The system
characteristics obtained from
the best simultaneous fit to all
experimental NR data

in the reflectometry study of a DMPC single bilayer, Johnson et al. concluded that D
 2O (NSLD = 6.34 × 10–6 Å −2
theoretically) fills the pits in the jagged quartz surface
(NSLD = 3.4 × 10–6 Å−2) resulting in 30 Å of a so-called
water layer (NSLD = 3.7 × 10–6 Å−2) that consists mostly
of SiOx (Johnson et al. 1991). These values are in a good
accordance with the parameters obtained by means of
our model (i.e., t = 19.4 Å, NSLD = 4.2 × 1 0 –6 Å −2, see
Table 1). The absence of this separate D2O layer of high
NSLD in our model then leads to the apparent increase
of NSLD in the headgroup region facing the substrate,
because D2O is accounted for in the LHG layer. This significantly increases both the layer’s NSLD and thickness
when compared to the LHG region facing bulk D
 2O (see
Fig. 2b, Table 2). The lack of complementary contrast data
in our case hampers the possibility to enhance the precision in the determination of the two parameters.
In summary of the experimental data, the results obtained
from the analysis clearly show the impact of the two additives studied. Looking at the NSLD profiles (Fig. 2b) and
total thickness parameters outlined in Table 3, one can
notice differences in the thicknesses corresponding to
the model membranes of specific compositions. The system of DOPC + 29 mol% cholesterol exhibits a thickness
increase with respect to a neat DOPC system. On the other
hand, it is evident that the introduction of melatonin to the
DOPC bilayer facilitates a membrane thickness decrease.
The counteracting effect of the two components is apparent
even from the qualitative analysis of our experimental data
and is notable in the minimal differences in locations and
intensities of Kiessig fringes corresponding to DOPC and
DOPC + M + Ch system in Fig. 2a. These observations are in
line with the results of experimental studies reported earlier
(Drolle et al. 2013; Murugova et al. 2020).

System

Layer

Thickness [Å]

NSLD [× 10−6 Å−2]

Roughness [Å]

DOPC

LHG
LT
LHG (D2O)
LHG
LT
LHG (D2O)
LHG
LT
LHG (D2O)
LHG
LT
LHG (D2O)

10.6 ± 0.6
20.6 ± 0.5
8.2 ± 0.7
5.9 ± 0.3
27.6 ± 0.3
8±2
13.0 ± 0.7
16.0 ± 0.4
8.0 ± 0.7
11.5 ± 0.4
23.2 ± 0.3
6.5 ± 0.5

4.9 ± 0.2
1.7 ± 0.1
3.1 ± 0.3
5.1 ± 0.3
0.5 ± 0.1
5.0 ± 0.2
5.8 ± 0.2
1.5 ± 0.1
3±1
5.0 ± 0.2
0.9 ± 0.1
2.6 ± 0.3

2.3 ± 0.0
2.3 ± 0.0
2±4
1±6
4±2
2.3 ± 0.0
2.7 ± 0.0
2±5
2.1 ± 0.0
1±1
3.9 ± 0.0
1.8 ± 0.0

DOPC + Ch

DOPC + M

DOPC + Ch + M

The membranes consist of layers corresponding to the LHG adjacent to a supporter surface, central LT
region, and LHG in contact with bulk D
 2O. All parameters were freely floating, although bound within
reasonable limits. The parameters corresponding to the substrate were linked and considered identical for
all the evaluated data
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Table 3  Bilayer thickness parameters for the systems with various compositions obtained by means of NR experiments and MD simulations
DOPC [Å]

Reflectometry
MD simulations (dB)
MD simulations (dPP)

39.4 ± 1.9
38.4
39.3

DOPC + cholesterol [Å]

41.8 ± 2.1 (29)
41.9 (28)
43.6 (28)

∆Ch [Å]

2.4
3.4
4.3

DOPC + melatonin [Å]

37.0 ± 1.8 (29)
36.2 (26)
36.8 (26)

∆M
[Å]
− 2.4
− 2.2
− 2.5

DOPC + cholesterol + melatonin
[Å]

∆ChM [Å]

41.2 ± 1.2 (29 + 29) 1.8
39.4 (21 + 26) 0.9
40.0 (21 + 26) 0.7

The content of specific compounds in the system is given in the brackets (mol%)

We reinforce our conclusions based on the experimental
data by the results derived from MD simulations. For this
purpose, single DOPC bilayer systems with the various
content of cholesterol and/or melatonin have been modeled. Figure 3 shows the DOPC + 28 mol% cholesterol (a)
and DOPC + 26 mol% melatonin (b) systems relaxed in
a water environment after 90 ns of MD simulations. The
figure provides a general picture of the structure organization in the simulated systems. Obviously, cholesterol
molecules are concentrated in the hydrophobic region of
the membrane while orienting parallel to the lipid chains.
On the other hand, melatonin molecules predominantly
interact with the lipid head groups thereby locating in the
LHG region at the LHG–LT interface.
The 3-dimensional structures calculated from the MD
simulations can be reduced to facilitate comparisons with
the profiles obtained from NR experimental data. The
1-dimensional NSLD profiles extracted from the simulations are depicted in Fig. 4. The general form of these profiles shows a reasonable resemblance with those obtained
experimentally, though the experimental profiles lack some
details in the bilayer center. This is due to experimental
resolution, that limits the achievable information to highcontrast features. The MD simulations, on the other hand,
observe the locations of all atoms thus making any details
of the system available in principle. MD data are then very
feasible in aiding the interpretation of experimental data,
assuming the correctness of simulation force fields (Sachs
et al. 2003; Klauda et al. 2006). The latter circumstance, in
turn, should be validated by the comparison of simulation
results against the experimental observations (Benz et al.
2005; Kučerka et al. 2008). In our case, in addition to the
clear agreement between the general forms of total NSLD
profiles, the profile changes upon the addition of various
components can be evaluated. It is obvious that both the
theoretical and experimental profiles thicken in the case
of cholesterol addition, while they get thinner when adding melatonin. Finally, our results also show importantly
a good agreement with the observations of cholesterol’s
and/or melatonin’s impacts on lipid membranes reported
in the literature (Leonard et al. 2001; Drolle et al. 2013).

Further to the qualitative inspection, we carry out a quantitative comparison of the two approaches utilized. The
parameters extracted from the fitting of experimental data
provide the bilayer total thickness that comprises the regions
of LHG, LT, and other LHG as reported in Table 3. Similarly, MD simulations offer the bilayer thickness dB evaluated from a central position of water distribution (Hrubovčák
et al. 2019), and dPP that represents a distance between the
phosphate atoms in the opposing bilayer leaflets, which is
also assumed a good measure of the bilayer thickness in
theoretical approaches (Kučerka et al. 2008). By virtue
of the definition, the dB thickness corresponds closely to
that obtained from the reflectometry measurement. Table 3
indeed confirms the agreement between the two parameters
for the various samples studied.
Our results can be compared to those obtained by other
experimental approaches. It is, however, important to
note the differences between the various techniques and
the parameters they extract. The apparent discrepancies
among the values of various bilayer thickness parameters
which exist, can be explained as the artifacts inherent
to a given method. The d PP, often reported for the full
atomistic MD simulations, is closely matched by headto-head distance dHH obtained with the experiments of a
less than atomistic resolution. For example, in the case of
SAND, dHH values represent LHG peak-to-peak distances
in the NSLD profiles. On the other hand, in the case of
SANS, the obtained thickness parameter corresponds to
the bilayer total thickness (Drolle et al. 2013). Considering
the resolution of SANS measurements, the latter is often
replaced by the thickness dg derived from Kratky–Porod
approximation, while assuming the homogenous distribution of NSLD in the lamella (Murugova et al. 2020).
Obviously, a direct comparison of the parameters differing in nature would not be correct. Therefore, we resort to
the comparisons between their relative changes. Namely,
the relative thickness change of the model DOPC membrane after introducing various components studied. It is
apparent from Table 3 that the membrane thickness relative changes can be regarded as method independent. Thus
corroborating, the various techniques have reported in
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Fig. 3  Snapshot representation of the DOPC membrane with
28 mol% of cholesterol (a), 26 mol% of melatonin (b), and with both
compounds (21 mol% cholesterol and 26 mol% melatonin) after 90 ns
of MD simulations. One can clearly distinguish the different locations
of the cholesterol (blue) and melatonin (black) molecules with respect
to the hydrophobic lipid moieties (cyan)

unison the increasing bilayer thickness upon the addition
of cholesterol (∆Ch = 2–4 Å on the range up to 29 mol%),
and a counteracting effect of melatonin, which leads to
the thickness decrease (∆M = 0.6–2 Å on the range up to
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29 mol%) (Drolle et al. 2013; Murugova et al. 2020). This
is confirmed satisfactorily also by our present results.
The experimentally validated MD simulations are invaluable tools to get a closer insight into the structural and
dynamical behavior of the system. The former has already
been discussed above while represented by the determination
of compounds locations and bilayer thicknesses. These are
indirectly connected also to the dynamics whose assessment
we have performed via the molecular order parameter, SCD.
It is the measure of the deviation of the hydrocarbon chains
conformation from the normal to the membrane surface,
which, in turn, relates to the conformational freedom and
dynamic properties of system (Poger and Mark 2012). Its
definition depends on the angle between the normal to the
bilayer and the normal to the plane formed by two C–H bond
vectors of the two successive chain segments (Rubin 2004).
Let us scrutinize the DOPC system with the addition of
melatonin at first. As seen from Fig. 5, the SCD order parameter decreases slightly with the increase of melatonin concentration in the system, even though the difference between
9 and 14 mol% is not so obvious. The impact on the chain
disorder with respect to neat DOPC increases with increasing carbon number, being the most profound below the double bond position (C9==C10). This observation points to a
scenario in which the addition of melatonin facilitates the
increase of the space available in-between the lipid tails. The
hypothesis is in line with the conclusion regarding melatonin’s distribution within the membrane, as based on the
above analysis of NSLD profiles (Figs. 3 and 4). Since the
melatonin molecules are incorporated among the lipid heads,
they extend the membrane laterally providing more room in
the membrane hydrophobic region.
Commensurate to SCD, the APL parameter, that is the
average area per lipid including the corresponding fraction
of introduced compounds, is progressively enhanced with
the increase of the melatonin content in the system (up to
77.1 Å2 for 26 mol% of melatonin). This promotes lipid tail
movements resulting in their enhanced disorder as reflected
by the SCD parameter and also the apparent lipid area LA.
Note that the LA, referring to the average cross-section area
of a single DOPC only (parallel to the membrane surface
and calculated from VL defined above), is slightly increasing in the systems containing melatonin when compared
to the pure DOPC in Fig. 6. Consequently, the change of
lipid chains’ conformation in the manner of lateral extension
should lead to the decrease of the membrane total thickness.
Indeed, this is what we have observed experimentally as well
as via MD simulations in Table 3. It is worth noting that this
is also in a perfect agreement with results reported previously (Drolle et al. 2013; Murugova et al. 2020).
In the case of cholesterol, we can see its opposite effect
on the structural properties of a DOPC model membrane.
According to Figs. 3 and 4, the cholesterol molecules are
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Fig. 4  The 1-dimensional
NSLD profiles of model membranes reduced from our MD
simulations

Fig. 6  Apparent lipid area (LA) calculated from MD simulations data
for the DOPC systems containing various molar fractions of cholesterol (Ch) or melatonin (M). LA refers to the average area of single
DOPC molecule cross-section and is assumed parallel to the bilayer
surface. The solid lines are added to the graph to guide the eye

Fig. 5  Order parameter SCD in the lipid hydrophobic region at various
concentrations of the cholesterol and/or melatonin molecules in the
DOPC membrane

distributed rather evenly in the hydrophobic region of the
bilayer and their preferable orientation is parallel to the
lipid chains. The order parameter, SCD, increases with the
cholesterol content (Fig. 5). The insertion of cholesterol

among the lipid molecules increases the APL of the system
(up to 73.4 Å2 for 28 mol% of cholesterol), as expected;
however, it is significantly smaller change than that caused
by the introduction of melatonin. Interestingly, in contrast
to the case of melatonin, the lipid area LA decreases with
the cholesterol concentration increasing in the bilayer, and
the LA changes induced by cholesterol are significantly
more pronounced, Fig. 6. The decrease of the lipid crosssection, commonly known as the condensing effect (Yeagle 1985), can be interpreted as the effect of straightening the lipid hydrocarbon tails. Consequently, the bilayer
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thickness is increased as documented in Table 3, and
reported previously (Hung et al. 2007; Róg et al. 2009;
Drolle et al. 2013; Murugova et al. 2020).
Finally, let us consider the case where both the compounds (cholesterol and melatonin) are simultaneously
present in the membrane. The order parameter S CD is
enhanced along the entire hydrocarbon chain when compared to the pure DOPC membrane, thereby suggesting
the prevalence of cholesterol’s effect on the lipid structural properties. Nevertheless, the effect is reasonably suppressed by the countering action of melatonin molecules
when compared to the system with their absence (Table 3).
When both cholesterol and melatonin are present inside
the lipid bilayer, their effects appear additive yet in opposing directions. The predominant effect of cholesterol can
be explained by its bigger molecular size (Murugova et al.
2020).

Conclusions
Investigations of the structural changes in a DOPC bilayer
when introducing melatonin and/or cholesterol have shown
a very good accordance between the results obtained by
means of neutron reflectometry and molecular dynamics
simulations. The observations suggest that both approaches
are valuable tools for membrane structure determination,
and that a single planar lipid bilayer may serve as a feasible model for the examination of the processes affecting
the structural organization of membranes. The data analysis points to the scenario in which cholesterol molecules
interact with the hydrocarbon lipid chains promoting their
order and alignment. The consequence of this action is the
bilayer thickness increase with respect to the pure DOPC
bilayer. On the contrary, melatonin molecules have found
their location among the lipid heads, thereby extending the
bilayer laterally and providing more space for the disordered
lipid chains in the hydrophobic region. The bilayer thickness
is observed to decrease in the latter case. The counteracting effect of the two compounds on the hydrocarbon chains
order and membrane structural properties is evident when
both are present in the system. The changes documented for
the mixed system of DOPC, cholesterol and melatonin reveal
an additive cancelation of the cholesterol’s condensing effect
and melatonin’s disordering.
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