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Niosomes represent vesicular carriers capable of encapsulating both hydrophobic and hydrophilic drugs
within their inner core or bilayer shell. They are typically composed of non-ionic synthetic surfactants
such as sorbitan monostearate (Span60) with the addition of cholesterol (Chol). The physical properties
and stability of niosomal vesicles strongly depend on the composition of their bilayers, which plays
a significant role in determining the efficiency of drug encapsulation and release in drug delivery
systems. In this study, we have explored the interactions between melatonin (Mel) molecules and the
niosome bilayer, as well as their resulting physical properties. Molecular dynamics simulations were
employed to investigate melatonin-inserted niosome bilayers, both with and without the inclusion of
cholesterol. The simulation results revealed that cholesterol notably influences the location of melatonin
molecules within the niosome bilayers. In the absence of cholesterol, melatonin tends to occupy the
region around the Span60 tail groups. However, in the presence of cholesterol, melatonin is found in the
vicinity of the Span60 head groups. Melatonin molecules in niosome bilayers without cholesterol exhibit
a more ordered orientation when compared to those in bilayers containing 50 mol% cholesterol. The
bilayer structure of the Span60/Mel and Span60/Chol/Mel systems exhibited a liquid-disordered phase
(Lg). In contrast, the Span60/Chol bilayer system displays a liquid-ordered phase (L,) with less fluidity.
This study reveals that melatonin induces a disorderly bilayer structure and greater lateral expansion,
whereas cholesterol induces an orderly bilayer structure and a more condensed effect. Cholesterol plays
a crucial role in condensing the bilayer structure with stronger interactions between Span60 and
cholesterol. The addition of 50 mol% cholesterol in the Span60 bilayers not only enhances the stability
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1. Introduction

Niosomes represent a promising innovation in drug delivery,
offering several advantages over liposomes, including improved
stability, cost-effectiveness, ease of formulation, and scalability.
Consequently, they have gained widespread use for encapsu-
lating both lipophilic and hydrophilic drugs. Nowadays, sorbi-
tan monostearate (Span60) is widely used in the formulation of
vesicular drug carriers for drug delivery systems.* Span60, owing
to its long saturated alkyl chain, possesses a high phase
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This finding is particularly valuable in the context of preparing niosomes for drug delivery systems.

transition temperature, resulting in enhanced entrapment
efficiency.>® In aqueous environments, Span60 yields niosomal
vesicles with enclosed bilayer structures, often supplemented
with cholesterol in appropriate ratios.* However, these charac-
teristics of niosome particles are strongly dependent on the
preparation method and cholesterol concentration.®> Notably,
niosomal formulations containing Span60 (surfactant-to-
cholesterol ratio 1:1) exhibited the highest entrapment effi-
ciency.® A study by Nasseri’ identified that Span60 with 50 mol%
cholesterol was notably stable and elastic at both room and
body temperatures. Our previous simulations®® have indicated
that, in the absence of a modest cholesterol concentration,
bilayers exhibited reduced fluidity, existing in a gel phase.
Conversely, simulations demonstrated that higher cholesterol
concentrations (40-50 mol% Chol) induced greater bilayer
fluidity and elasticity, resulting in a liquid-order phase. With
increasing cholesterol concentration, the area per molecule
increased while bilayer thickness decreased - a characteristic
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opposite to the effect observed in saturated hydrocarbon chains
of lipid bilayers.*

Melatonin (N-acetyl-5-methoxytryptamine), a highly lipo-
philic molecule with hydrophilic attributes, is found in
humans, animals, plants, and microbes."** In humans and
animals, it is synthesized by the pineal gland, serving as
a natural hormone extensively studied for its free-radical scav-
enging activity and therapeutic potential in sleep disorders.*>**
Furthermore, melatonin is implicated in disease prevention,
including Alzheimer's, certain cancers, and cardiovascular
conditions.”>"” Its protective effects in viral and bacterial
infections stem from its anti-inflammatory and antioxidant
properties.”® Notably, melatonin supplementation has been
shown to alleviate the severity of influenza and the COVID-19
pandemic,”” making it a reasonable treatment option for
COVID-19 infection.® Various studies have characterized
melatonin-loaded nanocarriers such as niosomes, ethosomes,
and liposomes.****

Hence, the modeling of bilayer membranes hydrated by
water molecules is crucial for understanding the detailed
mechanisms of melatonin behavior within niosomal bilayers,
which are closely tied to lipid membrane properties.>* In
a previous study involving molecular dynamics (MD) simula-
tions, niosome bilayers were examined in the presence of three
representative flavone compounds: unsubstituted flavone,
chrysin, and luteolin.*” These niosome bilayer models were
constructed with an equal ratio of Span60 and cholesterol (1:1
composition) and various flavone concentrations (3%, 25%, and
50%). The study shed light on the preferred localization of
flavones within bilayer membranes and their physical charac-
teristics. The results of this study indicated that as the
concentration of flavone increased due to its pronounced
hydrophobic nature, it exhibited deep penetration into the
hydrophobic core of the bilayer. In contrast, chrysin and
luteolin were observed to transition from the hydrophobic
region to the hydrophilic region of the bilayer, where they
became solvated either by lipid head groups or water. Addi-
tionally, the bilayer thickness and surface area per lipid were
found to vary with flavone concentration, with chrysin and
luteolin causing a decrease in bilayer thickness and an increase
in surface area per lipid. In a recent experimental study
involving melatonin-loaded niosomes, it was observed that
niosomes with a 1: 1 ratio of Span60 and cholesterol exhibited
high stability and efficient melatonin entrapment, ranging from
85.09% to 86.69%.** Corresponding MD simulations® revealed
that niosome bilayers with an equal ratio of Span60 and
cholesterol displayed high physical stability and greater effi-
ciency in melatonin entrapment over a wide temperature range
(298 K-310 K). The simulations also identified two possible
orientations for melatonin within the bilayer: one where mela-
tonin aligns parallel to the bilayer surface and another where it
tilts to the bilayer normal vector. Furthermore, the study
demonstrated that bilayer structures and the dynamic behavior
of melatonin within the bilayer are sensitive to both cholesterol
concentrations and temperature variations. Drolle et al.*®
utilized neutron diffraction and small-angle scattering in
conjunction with computer modeling to investigate the
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interaction between melatonin and bilayers made of DPPC and
DOPC. The location of melatonin molecules was determined at
concentrations of ~10 mol% and ~30 mol%. Melatonin was
found to reside in the head group region of the bilayers,
resulting in a decrease in bilayer thickness indicative of
increased bilayer fluidity. Dies et al>” subsequently provided
experimental evidence that melatonin inhibits the insertion of
amyloid-B,5 35 peptides into anionic lipid membranes
composed of DMPC and DMPS at a high melatonin concen-
tration of 30 mol%. Furthermore, Dies et al.*® investigated the
interaction between melatonin and DMPC lipid membranes
across melatonin concentrations ranging from 0.5 mol% to
30 mol%, utilizing 2-dimensional X-ray diffraction measure-
ments. They observed a concentration-dependent re-ordering of
the lipid membrane. At low melatonin concentrations, distinct
melatonin-enriched patches emerged within the membrane,
with a notable reduction in thickness compared to the lipid
bilayer. Within these patches, melatonin molecules aligned
parallel to the lipid tails. Conversely, at high melatonin
concentrations (30 mol%), a highly ordered and uniform
melatonin structure manifested throughout the membrane,
with melatonin molecules aligning parallel to the bilayers.

However, it should be noted that the molecular dynamics
(MD) simulations of niosome bilayers containing melatonin
molecules in the previous study were carried out at a relatively
low melatonin concentration, specifically 5 mol%. When
melatonin is added to niosome bilayers at a high concentration
(30 mol%), it can significantly impact not only structural
properties such as bilayer thickness and area per lipid but also
the dynamic behavior of melatonin within the niosome bilayers.
This information is relevant to understanding phase transitions
and the stability of niosome formation. Previous experiments®
explored melatonin concentrations from 0.5 mol% to 30 mol%
in the DMPC lipid membranes, revealing significant impacts on
the physical properties and phase formation of these lipids.
These experiments are typically conducted at higher melatonin
concentrations, often in the order of millimolar concentrations.
The 30 mol% melatonin concentration in this study corre-
sponds to an elevated concentration of 10 mM. Therefore, the
choice of a high melatonin concentration in our simulations is
based on exploratory investigations aimed at understanding the
potential effects and behavior of the system under extreme
conditions. While we acknowledge that such concentrations
might not be physiologically relevant in all contexts, our study
seeks to provide insights into the system's response to varying
melatonin concentrations, including those that may be
encountered in experimental or therapeutic scenarios. In
practical terms, higher concentrations can be relevant in certain
experimental setups, drug delivery systems, or therapeutic
applications where elevated melatonin levels are intentionally
introduced to achieve specific outcomes.

To the best of our knowledge, there has been no prior
molecular dynamics (MD) simulation study that has explored
melatonin-loaded niosome bilayers at a high melatonin
concentration (30 mol%) in aqueous solution, both with and
without 50 mol% cholesterol inclusion. Therefore, the investi-
gation of how melatonin and cholesterol influence the structure

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and phase formation of niosomal bilayers under these condi-
tions is of significant interest. This study is focused on
comparing the bilayer structure and dynamic properties
impacted by melatonin and cholesterol, utilizing atomistic MD
simulation techniques. We have computed various physical
properties, including area per molecule, bilayer thickness,
molecular orientation, order parameters, diffusion coefficients,
and hydrogen bonding. Our findings provide a comprehensive
understanding of the molecular-level dynamics governing
bilayer formation with and without melatonin inclusion. This
knowledge is crucial for optimizing the formulation and design
of niosomes for drug delivery applications.

2. Materials and methods

2.1. Niosome bilayer models

Our previous research indicated that the niosome bilayer
composed of an equal ratio of Span60 and cholesterol (Span60 :
Chol = 1:1) exhibited optimal physical stability.” Thus, in this
study, we adopted this composition to create niosome bilayer
systems encapsulating melatonin. Moreover, for comparison,
we generated a melatonin-incorporated pure Span60 bilayer.
The CELL microcosmos 2.2 software®® was employed to
construct both niosome bilayer systems. The molecular struc-
tures of Span60, cholesterol (Chol), and melatonin (Mel) are
depicted in Fig. 1. The initial arrangements of niosome bilayers,
both with and without cholesterol, were randomly distributed
within a 7.20 nm x 7.20 nm surface area, based on the Span60 :
cholesterol ratios of 1: 0 and 1 : 1, respectively. The first system
consisted of 256 Span60 molecules (Span60 bilayer), while the
second system comprised 128 Span60 and 128 cholesterol
molecules (Span60/Chol bilayer). Following that, 110 melatonin
molecules were randomly inserted into these bilayers, consti-
tuting 30 mol% of the total number of molecules in the system.
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To establish these niosome bilayers in an aqueous environ-
ment, an equilibrated bulk water containing 3840 water mole-
cules within a rectangular box measuring 7.20 nm X 7.20 nm x
2.30 nm (x, y, and z dimensions) was generated using Gromacs
v. 2016 program.®*® Subsequently, this bulk water was incorpo-
rated into both sides of the niosome bilayer, one end cap
attached to the lower portion of the Span60 layer and the other
to the upper part of the Span60 layer, resulting in a total of 7680
water molecules. This process yielded melatonin-loaded nio-
some bilayer systems contained within a simulation box
measuring 7.20 x 7.20 x 10.90 in the x, y, and z directions, as
illustrated in Fig. 2a and b. Within these bilayer structures,
hydrocarbon tails are oriented towards the bilayer center, while
the hydrophilic head groups are exposed to the aqueous phase.

2.2. Simulation details

The force field parameters for Span60, cholesterol, and mela-
tonin were adopted from prior investigations,*”** utilizing the
Gromos87 force field.** Explicit atoms and hydrogens were
employed for polar groups, while united atoms were used to
represent hydrocarbons like CH1, CH2, and CH3. The SPC/E
water model was applied. Initially, the energy minimization of
the Span60 and Span60/Chol bilayer systems was executed
using the steepest descent method to mitigate atomic overlap.
Subsequently, the systems were simulated at a constant pres-
sure of 1 bar and a temperature of 298 K for a total simulation
time of 800 ns (750 ns for equilibration and 50 ns for produc-
tion). Trajectories were stored every 10 ps for further analysis.
To keep constant pressure, Berendsen barostat** and semi-
isotropic coupling with the compressibility of 4.5 x 107°
bar™" and a time constant (7p) of 0.5 were employed in the z-
direction and the xy-plane. Temperature control relied on the v-
rescale thermostat method,* with a time coupling (zy) of 0.1 ps.

CRO1
CROL

(c) Melatonin

Fig.1 Molecular structures of (a) Span60, (b) cholesterol, and (c) melatonin. Color code for Fig. 1: carbon atoms and hydrocarbon groups (e.g., C,
CH1, CH2, CH3) in gray; oxygen (O) in red; nitrogen (N) in blue; hydrogen (H) in white. In Fig. 1a, the Span60 head group is composed of polar
groups, including ether, ester, and hydroxyl groups, while the Span60 tail consists of a hydrocarbon chain (C1-C18).
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Fig.2 Schematic depiction of initial configurations of the Span60 bilayer and Span60/Chol bilayer systems, respectively. Color code for Fig. 2a
and b: water in gray; Span60 in green; melatonin in red; cholesterol in yellow.

Bonds and angles within water molecules were constrained by
the SETTLE algorithm,*” while bond lengths of Span60,
cholesterol, and melatonin were constrained using the LINCS
algorithm* with fourth-order expansion. Long-range electro-
static interactions were calculated via the particle mesh Ewald
(PME) algorithm** using fourth-order interpolation and a grid
spacing of 0.15 nm. Short-range van der Waals and electrostatic
interactions had a cutoff at 1.5 nm. The neighbor list was
updated every ten steps using the Verlet cutoff scheme.®
Equations of motion were solved using the leap-frog algorithm
with a time step (Af) of 2 fs. Periodic boundary conditions were
applied in all spatial dimensions. Furthermore, simulations
were conducted for niosome bilayers containing 0 mol% and

50 mol% cholesterol without melatonin to serve as comparative
cases. To initialize these systems, melatonin molecules were
removed from the equilibrated configurations of melatonin-
loaded niosome bilayers. Simulations for Span60 and Span60/
Chol bilayer systems ran for 200 ns (150 ns for equilibration
and 50 ns for production). To monitor the equilibrium process,
we calculated the time evolution of the area per lipid (4,) for all
niosome systems using eqn (1), as shown in Fig. 3. It is evident
that the niosome bilayer with melatonin inclusion exhibits
greater fluctuations in the area per lipid compared to the bilayer
without melatonin, resulting in slower attainment of equilib-
rium for the former. The area per lipid in the Span60/Chol/Mel
and the Span60/Mel bilayers remains relatively stable after 600
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Fig. 3 The time evolution of the area per lipid (Ao) for (a) the niosome bilayers with melatonin inclusion and (b) the niosome bilayers without

melatonin inclusion.
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ns of simulation, whereas niosome bilayers without melatonin
show almost constant values after 150 ns of simulation. All
simulations were executed using the Gromacs v. 2016 package,*®
with molecular visualization conducted using the VMD
program.*®

3. Results and discussion

3.1. Structural properties of niosome bilayers

3.1.1 Density profiles, area per lipid, and bilayer thickness.
The overall structures of the niosome bilayers containing
melatonin molecules at 0 mol% and 50 mol% cholesterol
concentrations can be elucidated through mass density profiles
for individual molecular species, including water, melatonin,
the head and tail groups of Spané60, as illustrated in Fig. 4a and
b, respectively. All density profiles were computed as a function
of the z-coordinates, with the bilayer center at z = 0 nm. The
head and tail groups of the Span60 molecules were plotted
separately for clarity. The density profiles of the Span60 head
groups displayed two distinct peaks positioned close to the
water bulk phase for all the bilayer systems under consider-
ation. In contrast, the density profile of the Span60 tail groups
exhibited a prominent peak at the bilayer center when choles-
terol molecules were introduced. Additionally, the density
profile of cholesterol fell between that of the head and tail
groups. It is a well-established fact that the incorporation of
cholesterol into the Span60 bilayer disrupts the alignment of
the hydrocarbon chains and the hydrophilic groups.?

As shown in Fig. 4a and b, the density peaks of melatonin are
situated at approximately |z| = 1.5 nm and =2.0 nm for the
Span60 and Span60/Chol bilayer systems, respectively. This
suggests that the presence of cholesterol in the Span60 bilayers
induces the migration of melatonin molecules toward the
region of Span60 head groups, which are absorbed in the water
surface. Furthermore, the density distributions of the Span60
head groups exhibit a distinctive shape, with a peak located at

(a) Span 60 bilayer
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|z| = 2.5 nm and =2.0 nm for the Span60 and Span60/Chol
bilayer systems, respectively. In this context, the distance
between the two peaks of the Span60 head group is defined as
the bilayer thickness (Dyy) as given in Table 1. Certainly, the
thickness of the Span60 bilayer decreased clearly when choles-
terol was added. The decreasing thickness of the Span60 bila-
yers was observed with increasing concentrations of cholesterol
in our previous study.” This finding aligns with observations
from the study conducted by Han and co-workers** on Span60/
Chol bilayers containing chrysin molecules and the study con-
ducted by Drolle et al.>** on DPPC and DOPC bilayers with
melatonin concentrations at 10 mol% and 30 mol%. Moreover,
the introduction of cholesterol to Span60 bilayers notably
influences the distribution of melatonin. This is evident from
the two peaks in the melatonin density coinciding with the
density peaks of Span60 head groups in the Span60/Chol bilayer
system, as depicted in Fig. 4b. This indicates that melatonin
molecules preferentially reside in the hydrophilic regions,
possibly due to interactions with Span60 head groups and
cholesterol. These characteristics align with observations
regarding cholesterol's ability to displace melatonin from the
internal regions of the lipid membrane towards the interface,
with this effect becoming more pronounced as cholesterol
concentration increases.****

The area per lipid (4o) is an important property of the lipid
bilayer which can be related to various other properties such as
membrane elasticity, lateral diffusion, etc.,.*” In the present
work, the area per lipid was calculated by the following
equation®

L.xL,

— @

A
Ao = =
N NSpan60 + NChol

The product of cell size in the x- (L) and y- (L) directions is
the surface area in the xy-plane of A. The sum of the numbers of
Span60 (Nspaneo) and cholesterol (Ngnoi) molecules in one layer

(b) Span 60/Chol bilayers
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Fig.4 Mass density distributions of the Span60 head and tail groups, cholesterol, melatonin, and water molecules as a function of z-coordinates
for (a) the Span60 bilayers (0 mol% Chol) with melatonin (solid line) and without melatonin (short dash-dot line) inclusion and (b) the Span60/
Chol bilayers (50 mol% Chol) with melatonin (solid line) and without melatonin (short dash-dot line) inclusion. Coloring schemes are defined as
follows: water, blue; Span60 head, dark cyan; Span60 tail, green; cholesterol, cyan; melatonin, magenta.
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Table1 Comparison of some physical properties of the pure Span60 and the Span60/Chol bilayers which were added with melatonin, flavone,

chrysin, and luteolin molecules, respectively

Structure properties

Additives

Span60 bilayer

0 mol% cholesterol 50 mol% cholesterol

Area per lipid, 4, (A% —

30 mol% melatonin
25 mol% flavone®
25 mol% chrysin”
25 mol% luteolin®
Thickness, Dy (A) —

This work

This work 30 mol% melatonin
25 mol% flavone®
25 mol% chrysin”
25 mol% luteolin®
¢ Ref. 32.

is the total number (N) of lipid molecules. Area per lipid of
Span60 and Span60/Chol bilayers with and without melatonin
inclusion were given in Table 1. When the 30 mol% of mela-
tonin was added into the Span60 and Span60/Chol bilayers, the
area per lipid of both systems increased by about 21.5% and
20.5%, respectively. This indicated that these bilayers were
expanded to form a liquid phase. This pure Span60 bilayer has
a smaller area per lipid revealing that the Span60 molecules
were closely packed with their orderly tilted tail groups (Fig. 5a).
This characteristic is referred to as the gel phase or liquid-
crystalline phase (Z,).>°

The Span60 bilayer with the addition of melatonin reveals
a more expanded area per lipid due to melatonin insertion
among the Span60 molecules, leading to a looser packing
between the Span60 and melatonin domains. Melatonin serves
as a spacer between lipid head groups, leading to an expansion
of the free volume within the bilayer's hydrocarbon region.*
Consequently, this increased free volume is quickly occupied by
the disordered hydrocarbon chains as depicted in Fig. 5b. This
characteristic of the bilayer is referred to as the liquid-
disordered phase (Lg). Clearly, the Span60 bilayer with mela-
tonin inclusion showed a less ordered structure than the pure
Span60 and the Span60/Chol bilayers. The addition of choles-
terol in the Span60 bilayer resulted in increased lipid area,
primarily due to cholesterol inserting itself among the Span60
molecules, leading to a more loosely packed arrangement
between the Span60 and cholesterol domains. The tail groups of
Span60 molecules in this configuration exhibited an orderly
alignment parallel to the bilayer normal direction, as shown in
Fig. 5¢, which is referred to as the liquid-ordered phase (L,).
However, when melatonin was added to the Span60/Chol
bilayer, it caused a greater expansion in the area per lipid
(20.5%) compared to the Span60/Chol bilayer without mela-
tonin. This result suggests that cholesterol molecules induce
closer proximity among the Span60 molecules than melatonin
does when inserted into the Span60 bilayers. The insertion of
melatonin among the Span60 and cholesterol molecules

1702 | RSC Adv, 2024, 14, 1697-1709
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resulted in a phase change from the liquid-ordered phase (L) to
the liquid-disordered phase (Lq), as illustrated in Fig. 5c and d.
Certainly, Fig. 5b and d provide clear evidence of the influence
of melatonin on the orientation of the Span60 tail groups,
resulting in a phase transition from the gel and liquid-ordered
phase to the liquid-disordered phase for both the Span60 and
Span60/Chol bilayers, respectively. Additionally, our study
suggests that melatonin induces a disorderly bilayer structure
and greater lateral expansion, whereas cholesterol induces an
orderly bilayer structure and a more condensed effect.

3.1.2 Radial distribution functions and molecular orien-
tation. The probability of finding cholesterol (or melatonin)
molecules around Span60 molecules at a specific distance can
be analyzed using the radial distribution function (RDF). To
investigate the lateral structure of the niosome bilayer, the two-
dimensional radial distribution function (2D-RDF) was applied
to these calculations. The positions of the center of mass of the
Span60 head group, cholesterol, and melatonin were projected
onto the bilayer plane (xy-plane). The overall shape of the RDF
describes the molecular arrangement in the liquid phase, while
the positions of the peaks provide information about the
characteristic distances in the packing structure. The 2D-RDF is
calculated using the following equation:*®

) = 5y {50 < ) @)

Here, N represents the total number of considered molecules.
S(¢) is the xy cross-sectional area of the simulation box at time ¢,
and ON(r,t) is the number of cholesterol (or melatonin) mole-
cules located within a circular shell with a radius from r to r + ¢r.
The angle brackets denote averaging over the total simulation
time and the total number of molecules. Fig. 6 displays the 2D-
RDF plots for the Span60-Cholesterol (SC) and the Span60-
Melatonin (SM) pair interactions in niosome bilayers with and
without melatonin. Fig. 6a shows the comparison of the SC-RDF
and SM-RDF for the Span60/Chol and Span60/Mel bilayers,
respectively. The SC-RDF exhibits several pronounced peaks

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Molecular configurations of Span60 bilayers for (a) pure Span60, (b) Span60 with melatonin, (c) Span60/Chol, and (d) Span60/Chol with
melatonin, respectively. Color scheme: cholesterol, green; Span60 tails, cyan; melatonin, gray; oxygen, red; nitrogen, blue; hydrogen, gray.
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Fig.6 The calculated two-dimensional radial distribution functions (RDFs) of the Span60-melatonin (SM) and the Span60-cholesterol (SC) for (a)
the Span60/Chol and Span60/Mel bilayers, and (b) for the Span60/Chol/Mel bilayer.
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over a long distance, indicating a more structured arrangement
in the Span60/Chol bilayer, affirming the presence of a liquid-
ordered phase. The SM-RDF displays small three pronounced
peaks at distances ranging from 0.3 to 1.0 nm, suggesting that
the interaction between Span60 and melatonin is weaker than
that between Span60 and cholesterol. Consequently, melatonin
can easily disrupt the Span60 arrangement, leading to the
formation of the liquid-disordered phase in the Span60/Mel
bilayer. Fig. 6b presents the SC-RDF and SM-RDF for the
Span60/Chol/Mel bilayer. In both RDFs, there are pronounced
peaks within the range of 0 to 1 nm, while at distances larger
than 1.0 nm, both RDFs exhibit small fluctuations and
approach the normal value of 1. Notably, the SC-RDF displays
the first pronounced peak at a shorter distance than the SM-
RDF, indicating that cholesterol strongly interacts with
Span60 molecules through hydrogen bond interactions. The
presence of melatonin in the Span60/Chol bilayer significantly
alters the structural arrangement, with the SC-RDF showing less
structural order at larger distances (>1 nm), signifying the
formation of a liquid-disordered phase in the Span60/Chol/Mel
bilayer.

The probability distribution of the tilt angle of Span60 tails
in both the upper and lower layers for all bilayer systems has
been analyzed, as depicted in Fig. 7. The tilt angle, denoted as 4,
is defined as the angle between the vector formed by the acyl
chains, spanning from the first (C1) to the last hydrocarbon
(C18), and the bilayer normal vector (the z-axis), as illustrated in
the inset figure. The tilt angle distribution ranges from 0 to 90°,
representing the orientation of the Span60 tail group in the
lower layer. Conversely, the tilt angle distribution ranges from
90 to 180°, signifying the orientation of the Span60 tail group in
the upper layer. It is seen that the tilt angle distributions of the
Span60 hydrocarbon chains for the pure Span60 and the
Span60/Chol bilayers exhibited narrow sharp peaks for both the
lower at ~14.2° and ~11.6° and that of the upper layer at
~154.4° and ~162.9°, respectively.

0.035
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Fig.7 The tilt angle distribution of the Span60 tail for the pure Span60
(green short dashed line), Span60/Mel (green solid line), the Span60/

Chol (blue short dashed line), and the Span60/Chol/Mel bilayers (blue
solid line), respectively.
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The Span60 tails in the pure Span60 bilayer exhibit a greater
degree of tilt compared to those in the Span60/Chol bilayer.
This observation suggests that the addition of cholesterol into
the Span60 bilayer led to the re-alignment of the Span60 tails in
an upright position.*® Conversely, the tilt angles of the Span60
hydrocarbon chains were more widely distributed when mela-
tonin molecules were added into the Span60 and Span60/Chol
bilayers. Nonetheless, the presence of cholesterol in the
Span60/Chol/Mel system can promote a more organized align-
ment of the Span60 tail groups. Fig. 8a and b show the tilt angle
distributions of melatonin molecules contained in the Span60
and Span60/Chol bilayers, respectively. The tilt angle, denoted
as 6, is defined as the angle between a vector pointing from the
hydrocarbon (CR61) unit to the carbon atom of the carbonyl
group and the bilayer's normal vector (the z-axis), as illustrated
in the inset of the figure.

The tilt angle distribution of melatonin showed several
broad peaks for both systems. This suggests that melatonin
molecules have a wide range of possible orientations in the
niosome bilayers. This finding contradicts the study of Dies and
colleagues who reported on the alignment of melatonin within
DMPC lipid bilayers at both low (0.5 mol%) and high (30 mol%)
melatonin concentrations.”” Specifically, at low melatonin
concentrations, melatonin molecules were observed to align
parallel to the lipid tails, whereas, at high melatonin concen-
trations, melatonin molecules aligned parallel to the bilayers.

3.1.3. Order parameters. The order parameter is a measure
of the structural orientation or flexibility of lipids in a bilayer. It
has been widely calculated theoretically for the deuterium order
parameters (Scp) to characterize the structure of the hydro-
carbon chains inside a lipid membrane and can be compared to
’H NMR measurements.* Description of the orientational
mobility of the C-D bond for such a property and the simulation
can be extracted using the following equation

Scp = %|<3 cos’d — 1)] (3)

Here, 6 is the angle between the membrane normal (the z-axis)
and the C-D bond vector. A time and ensemble average is rep-
resented by the angular bracket. Note that Scp value of 0.5
corresponds to the perfect alignment of the lipid tail to the
normal of the bilayer surface. In this study, a united atom
model was employed to describe the hydrocarbon groups (CH,
or CH3). Thus, the definition of the C-D bond vector is a vector
from C,,_; to C,4; site. The C1 site is the carbonyl carbon and
the C18 site is the CH; group. The CH, groups are numbered
consecutively from C2 to C17 site (see Fig. 1a). The order
parameters of the Span60 molecule obtained from all bilayer
systems are presented in Fig. 9. This result revealed that the
Spané60 tails for the pure Span60 bilayer showed less ordering
due to the strong interaction between Span60 themselves.? This
behavior is closely related to chain-chain interactions of
Span60 molecules which formed more stable monolayers when
compared to other sorbitan surfactant monolayers.***° For the
other bilayers, the Span60 tails exhibited more orientational
mobility which strongly depends on the Span60 and cholesterol
composition ratios. Furthermore, the addition of 50 mol% of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Tilt angle distributions of melatonin molecules contained in (a) the Span60 bilayer (Span60/Mel) and (b) the Span60 with 50 mol%

cholesterol (Span60/Chol/Mel).
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Fig. 9 Order parameter, Scp, on hydrocarbon chains of the Span60
molecules, depends on the carbon site position for the pure Span60,
the Span60/Mel, the Span60/Chol, and the Span60/Chol/Mel bilayers,
respectively.

cholesterol into the Span60 bilayer led to an increase in the
orientational mobility of the Span60 chain significantly.
Excluding the pure Span60 bilayer, the Scp exhibits an
increasing trend with carbon positions until reaching the C7
site, after which it decreases to its lowest point at C17. This
observation suggests that the Span60 tail groups exhibit higher
orientational mobility within the C7-C17 region. Specifically,
carbon segments from C5 to C8 display high-order parameters
for both the Span60/Chol and Span60/Chol/Mel bilayers, indi-
cating reduced mobility compared to other carbon segments of
the Spané60 tail. This reduced mobility can be attributed to their
close to the sterol rings of cholesterol, leading to a strong
interaction between Span60 and cholesterol. However, the
addition of melatonin to the Span60/Chol bilayer causes
a decrease in S¢p. This decrease is attributed to melatonin

© 2024 The Author(s). Published by the Royal Society of Chemistry

inducing greater orientational mobility and local disorder
within the Span60 tail groups. These simulations highlight that
cholesterol molecules not only significantly contribute to the
condensation, fluidity, and stability of the bilayer structure but
also influence the order parameters of the Span60 tails.

3.1.4. Hydrogen bond analysis. The number of hydrogen
bonds between molecules can be defined in various ways, whether
based on geometric considerations of interaction energy and
distance or utilizing donor-acceptor (DA) or hydrogen-acceptor
(HA) distances along with the donor-hydrogen-acceptor (DHA)
angle.” In this study, the geometric criterion was employed,
incorporating a maximum DHA angle of 30° and a DA distance of
0.35 nm. By using this specific definition, we can effectively
describe the behavior of melatonin when inserted into the Span60
bilayers with and without cholesterol inclusion. The average
numbers of hydrogen bonds per molecule were calculated for all
bilayer systems and given in Table 2. It was found that the average
number of hydrogen bonds between the Span60/Span60 of the
Span60/Mel and Span60/Chol/Mel systems decreased by about
12% and 19% in comparison to the Span60 and Span60/Chol
bilayers, respectively. However, these decreases were compen-
sated by hydrogen bonds formed between Span60 and melatonin.
Furthermore, it was found that the average number of hydrogen
bonds of the Span60/water (SW) pair increased upon the addition
of melatonin to the Span60 bilayer. Conversely, when melatonin
was introduced to the Span60/Chol bilayer, this average hydrogen
bond number decreased. This reveals that cholesterol can expel
melatonin out of the internal regions of the bilayer structure to
the lipid headgroup regions causing to tussle hydrogen bonds
formed between Spané60, cholesterol, and melatonin towards the
water molecules at the interface.

3.2. Dynamical properties

The translational motion of Span60, cholesterol, and melatonin
in niosome bilayers can be examined from the mean square
displacements (MSD) in terms of the self-diffusion coefficient,
D, which was calculated using Einstein's equation® as follows

RSC Adv, 2024, 14,1697-1709 | 1705
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Table 2 The calculated average hydrogen bond number per molecule (<nyg>) for the Span60, the Span60/Mel, the Sapn60/Chol, and the
Span60/Chol/Mel bilayers, respectively. The pair of hydrogen bond formation was represented as the Span60/water (SW), the Span60/Span60
(SS), the Span60/cholesterol (SC), the Span60/melatonin (SM), the cholesterol/water (CW), the cholesterol/melatonin (CM), the melatonin/water

(MW), and the melatonin/melatonin (MM), respectively

<nHB>
Bilayer systems SwW SS SC SM CwW CcM MW MM
Pure Span60 2.35 £ 0.05 1.87 £ 0.03 — — — — — —

(2.17 £ 0.05)*  (1.89 & 0.03)°
Span60/Mel 2.55 £ 0.06 1.64 £+ 0.03 — 0.40 £ 0.02 — — 0.40 £ 0.04  0.55 £ 0.03
Span60/Chol 3.83 £0.10 0.97 £ 0.04 0.73 £ 0.04 — 1.09 £ 0.05 — — —

(3.97 £ 0.10)*  (0.89 + 0.05)%  (0.85 = 0.04)" (0.88 + 0.05)"
Span60/Chol/Mel ~ 3.76 £ 0.09 0.79 £ 0.04 0.69 £ 0.03 0.56 £ 0.03  0.82 & 0.04 0.30 £ 0.02 0.80 = 0.06  0.46 £ 0.03
“ Ref. 9.

- =2

b ﬁ&%<'r([) l:(zo>|> )
Here, 7 (¢) and 7 (t,) are the center of mass of a molecule
position at time ¢ and at the original time ¢,, respectively. d is
the dimensionality of the system (i.e., d = 1, 2, 3 for one, two, or
three dimensions, respectively). The numerator of eqn (3) is the
MSD. The brackets <...> denote an ensemble average which is
an average of all molecules in the simulation and all origins.
The MSD plots with movements in the lateral direction (the xy-
plane) of Span60 and cholesterol molecules for all niosome
bilayers were displayed in Fig. 10a and b, respectively.

The lateral diffusion coefficients (D,,) were obtained from
the slopes of the linear fitting of the time evolutions of these
MSD plots and were summarized in Table 3. It is seen from
these plots that the movement of the Span60 molecule along the
lateral membrane increased when melatonin was added in both
the Span60 and the Span60/Chol bilayers. The movement of
Span60 molecules in the lateral direction is facilitated by the
presence of cholesterol and melatonin in the Span60 bilayers.
According to the average number of hydrogen bonds obtained
from each system, the hydrogen bonds of the Span60/Span60

0'08 T T T T T
( a ) ——Span60 (xy); [Span60 bilayer]
0.07 + —— Span60 (xy); [Span60/mel bilayer] -
—— Span60 (xy); [Span60/chol bilayer]
0.06 —— Span60 (xy); [Span60/chol/mel bilayer]] |

mMsSD (nm?)

time (ns)

group decreased when melatonin was added to the pure
Span60 bilayer and Span60 bilayer with 50 mol% cholesterol
inclusion. The presence of cholesterol and melatonin in the
bilayer membranes caused the Span60 to lose molecular
packing. Additionally, it can be observed that the cholesterol
showed slightly higher lateral mobility for the Span60/Chol/Mel
bilayer than that of the Span60/Chol bilayer.

The movement of melatonin in both lateral and transversal
directions was calculated, as depicted in Fig. 11. The transversal
diffusion coefficient (D,) for melatonin movement is presented
in Table 3. Notably, the lateral diffusion coefficient for mela-
tonin exhibited a dramatic increase, from 0.42 + 0.03 to 1.12 +
0.03 pm? s~ *. This is in line with the order of self-diffusion
coefficients of melatonin molecules, which are typically on the
order of 1077 cm® s™' in lipid membranes.®* This significant
increase in lateral mobility is observed when cholesterol is
introduced to the bilayer structures, as reported in previous
studies.”® Conversely, the transversal diffusion coefficient
experienced a less pronounced increase, going from 0.16 + 0.02
to 0.40 £ 0.02 um? s~ %, as indicated in Table 3. Furthermore, it
was observed that melatonin exhibited greater mobility in the
lateral direction compared to the transverse direction. This

0.030 T T

T T
—— Cholesterol (xy); [Span60/chol bilayer]
—— Cholesterol (xy); [Span60/cholimel bilayer]

(b)

0.025

0.020

0.015

MSD (nm?)

0.010 g
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0.000 1 L 1 1 L
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time (ns)

Fig. 10 Mean squared displacement (MSD) with lateral diffusion of (a) Span60 and (b) cholesterol for the pure Span60, the Span60/Mel, the

Span60/Chol, and the Span60/Chol/Mel bilayer systems, respectively.
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Table 3 The diffusion coefficients of Span60, cholesterol, and melatonin molecules, obtained from MD simulations of the Span60 bilayers with

and without cholesterol and melatonin incorporation

Diffusion coefficient, [pm* s ']

Bilayer systems Span60

Cholesterol Melatonin

Pure Span60 0.22 £ 0.02 (Dyy)

(0.33 £ 0.03)”

Span60/Mel 0.30 £ 0.03 (Dyy)

Span60/Chol 0.68 £ 0.05 (Dyy)
(1.04 £ 0.04)

Span60/Chol/Mel 0.78 £ 0.12 (Dyy)

DMPC/Chol/Mel° (50 mol% Chol) —

@ Ref. 9. P Ref. 8. ¢ Ref. 31.

0.08 . T . T . T . T 4 T
—— Melatonin (xy); [Span60/mel bilayer]
—— Melatonin (xy); [Span60/chol/mel bilayer] |
—— Melatonin (z); [Span60/mel bilayer]

0.06 | —— Melatonin (z); [Span60/chol/mel bilayer] ||

0.04

MSD (nm?2)

0.02

0_00 n 1 i 1 n 1 " 1 n 1

time (ns)

Fig. 11 Mean squared displacement (MSD) of the lateral and the
transversal diffusions of melatonin molecule for the Span60/Mel and
the Span60/Chol/Mel bilayer systems, respectively.

suggests that cholesterol induces a looser molecular packing
within the Span60 bilayer, leading to an increase in the mobility
of melatonin molecules within the bilayer structure. In
conclusion, the influence of cholesterol on the bilayer structure
not only enhances fluidity, as evidenced by the increased lateral
diffusion but also promotes the stability of melatonin by facil-
itating hydrogen bonding interactions via the head group of
Span60 and cholesterol. These interactions contribute to
improved melatonin entrapment efficiency when utilizing nio-
somal drug carriers.

4. Conclusions

Niosomes are a novel trend in drug delivery that have more
advantages than liposomes such as good stability, low cost, ease
to be formulation, and scaling-up. Therefore, they have been
widely used to encapsulate both lipophilic and hydrophilic
drugs. In this study, we have focused on investigating how

© 2024 The Author(s). Published by the Royal Society of Chemistry

— 0.42 £ 0.03 (D)
0.16 + 0.02 (D,)

0.10 £ 0.01 (D) —

(0.11 £ 0.05)°

0.14 £ 0.01 (D) 1.12 £ 0.03 (D)

0.40 + 0.02 (D,)
— 41+ 9 (Dy)

melatonin and cholesterol influence niosome bilayers using
molecular dynamics simulations. Our study has yielded
insights into the structural characteristics and dynamic
behaviors of niosome bilayers, both in the presence and
absence of melatonin inclusion. The simulation results revealed
that the bilayer structure of the Span60/Mel system formed in
the liquid-disordered phase (L4) with a less ordered structure
and more area per lipid (4o) when compared to the pure Span60
and Span60/Chol bilayer systems. The Span60 tail groups are in
less orientational order with tilt and parallel along the bilayer
normal direction. In the Span60/Chol bilayer system, the bilayer
structure was in the liquid-ordered phase (L,) and exhibited
greater fluidity compared to the pure Span60 system but less
fluidity than the Span60/Mel system. The tail groups of the
Span60 molecules have an ordered structure. However, the
bilayer structure of the Span60/Chol/Mel system formed in the
liquid-disordered phase (Lg) with the lowest ordered structure
and the most area per lipid (4,), resulting in increased fluidity.
Cholesterol plays a crucial role in condensing the bilayer
structure with stronger interactions between Span60 and
cholesterol. The effect of cholesterol provided condensation
and was orderly on the bilayer structure, while the influence of
melatonin provided the expansion and local disorder on the
bilayer structure. In conclusion, our study suggests that the
addition of 50 mol% cholesterol into the niosome bilayer
increases the mobility of melatonin molecules in both lateral
and transverse directions. Such insights are essential for
understanding the mechanisms of drug release from niosome
vesicles, which are vital for targeted drug delivery to specific
cells or tissues. Our findings offer a comprehensive under-
standing of the molecular-level dynamics governing bilayer
formation, both with and without melatonin inclusion. Addi-
tionally, they serve as a guide and encouragement for future
experimental investigations in the field. This knowledge is
crucial for optimizing the formulation and design of niosomes
for drug delivery applications.
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