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Melatonin is a natural hormone that regulates the sleep-wake cycle. It is also
used for treatment in some diseases such as insomnia, cardiovascular, Alzheimer, and
the certain types of cancers due to its remarkable antioxidant properties. Recently,
niosomes have been widely used for encapsulating melatonin to improve the
efficiency of drug delivery systems. In this study, we have investigated the structural
and dynamical properties of melatonin in an aqueous solution and at the water-air
interface using molecular dynamics simulations. In terms of drug delivery
development, the solubility and stability of melatonin in the presence of aqueous
media are of interest for investigation because this information is necessary for the
melatonin formulation. We found that most melatonin molecules are self-aggregated
with the stronger melatonin-melatonin interaction and formed a monolayer film with a
more ordered structure, respectively. The hydrophilic interaction strength was
sequenced as follows: carbonyl O > indole NH > amide NH > methoxy OA,
respectively. The competition of hydrogen bonds between the carbonyl O and the

indole NH groups with water molecules were clearly demonstrated, leading to two



v

possible tilts of the melatonin head groups for the water-air interface system. The
hydrogen bond formation between melatonin themselves for the bulk water system
showed a longer lifetime than that for the water-air interface system. This suggests
that the formation of melatonin aggregation in an aqueous solution is more stable and
subsequently melatonin is less soluble in water. Next, we have investigated melatonin
inserted into the niosome bilayers with and without cholesterol incorporation and
simulated at the temperature of 298 K and the pressure of 1 bar. Both bilayers formed
in the liquid phase with a less ordered structure. For the Span60 bilayer, most
melatonin molecules are preferentially located in the region between the head and tail
groups of Span60. However, the addition of melatonin in the Span60/Chol bilayer
results in the structural and dynamical properties significantly. Most melatonin
molecules have locally stayed at the water-Span60 interface with higher diffusion in
both lateral and transverse directions. Furthermore, our study suggests that the
addition of cholesterol in the Span60 bilayers can increase the stability and rigidity of
niosomes which can improve the efficacy of melatonin encapsulation, compared with
the pure Span60 bilayer. Such information is necessary for the preparation of

niosomes for the drug delivery system.
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CHAPTER I

INTRODUCTION

1.1  Significant and rational of the research

Nanotechnology applications in the nanomedicine field for diagnosis and
therapy have made rapid progress, especially in drug delivery systems (Moghassemi
and Hadjizadeh, 2014). In recent years, much more attention has been paid to
vesicular drug delivery systems including liposomes, ethosomes, and niosomes due to
has special characteristics, e.g. high entrapment and release rate, low toxicity, and
biodegradability (Moghassemi and Hadjizadeh, 2014; Heneweer et al., 2012). As a
result, synthesis and characterization of these carriers for drug delivery to specific
targets through nanoencapsulation have been widely studied by theoretical and
experimental methods (Yeom et al., 2014; Ritwiset et al., 2014; Han, 2013; Pirvu et
al., 2010). These studies provide necessary information on mechanisms of vesicular
formation, stability, molecular transport through the cell- membrane, and molecular
interaction between drug/lipid membranes. However, liposomes and ethosomes suffer
from the problem that they are composed of very reactive naturally occurring
phospholipids that are not stable in air and rapidly undergo oxidation and hydrolysis,
leading to effects on long-term stability and making formulation very costly (Giddi et
al., 2007). Furthermore, natural sources of phospholipids are not also pure and the
synthesis sources prohibitively expensive for production drug manufacture. Niosomes

have similar structural like liposomes and ethosomes but are composed of synthesis



non—ionic surfactants, e.g. sorbitans (Spans) or polysorbates (Tweens), usually
employed in combination with cholesterol (Giddi et al., 2007). This makes them more
durable to oxidation and hydrolysis, doing formulation compares to liposomes much
cheaper and simpler, as well as giving good long-term stability (Nasr et al., 2008).
The surfactants of Span and Tween are also biocompatible, have very low toxicity,
and are cheaply available that high purity (Moghassemi and Hadjizadeh, 2014). Due
to their prominent properties, they are popularly used in the food and drug industry
(Sankhyan and Pawar, 2012). Spans are often used as absorption enhancers
(Bhattacharjee et al., 2010; Yamamoto et al., 1996) due to their properties of
surfactant. It is well-known that the mechanism of niosome formation has related to
the self—assembly of non—ionic surfactants on water surfaces, making to the formation
of monolayer/bilayer structures (Uchegbu and Vyas, 1998).

In the past decades, many MD simulations have extensively studied liposomes
and ethosomes because of a lot of available experimental data to contribute to the
models (Xiang and Anderson, 2006; Poger and Mark, 2010; Siwko et al., 2009). A
few MD studies of Span60 bilayer in the presence of 50 mol% cholesterol were used
in drug delivery include flavonoids have also reported (Myung et al., 2016). However,
there are needed of experimental data to test the theoretical models. These previous
reports provide insight into the bilayer structure and dynamics properties, including
the thickness, surface area per molecule, order parameters, diffusion coefficient, and
the interactions of the drug with a niosome bilayer. The study of Nasseri (Nasseri,
2005) found that Span60 prepared with ~50 mol% cholesterol exhibits layers of most
stable and elasticity at both room and body temperatures. According to Ritwiset et al.

(Ritwiset et al., 2016) absence of cholesterol, the bilayer less fluidity and was in the



gel—phase. The closely packed Span60 molecules and their tail groups were tilted
along the bilayer normal direction. The presence of 50 mol% cholesterol, more
loosely packed of Span60 molecules with a less ordered structure, and bilayer in a
liqguid—order phase. To the best of our knowledge, the MD simulation of the
melatonin's effects in the bilayers of pure Span60 and Span60 with 50 mol%
cholesterol in an aqueous solution has never been studied before. Thus, the
investigation of melatonin influence on the structure and phase formation of the
niosome bilayers is interesting.

N-acetyl-5-methoxytryptamine of melatonin, is a natural hormone produced
by the pineal gland in humans and animals, has been extensively studied for its
therapeutic potential in sleep disorders (Chen et al., 2011; Bubenik et al., 1999). It
also plays an important role in preventing some diseases including cardiovascular
disease (Tengattini et al., 2008), Alzheimer’s disease (Rosales-Corral et al., 2012),
and certain types of cancers (Vijayalaxmi et al., 2002). In addition also shown

protective effects in bacterial and viral infections of melatonin likely due to its anti-

inflammatory and anti—oxidative effects (Garcia et al., 2020). Recently, a further
benefit of melatonin can reduce the severity of influenza and the COVID-19
pandemic (Shneider et al., 2020). As above information, a treatment to overcome a
COVID-19 infection use of supplemental melatonin is justified (Reiter et al., 2020).
Previously, there have been many efforts of the preparation and characterization of
melatonin loaded vesicular nanocarriers such as liposomes, ethosomes, and niosomes
for decreased side effects and enhanced specificity of drug uptakes to the target cells
(Priprem et al., 2018; Dubey et al., 2007; Khan and Irchhaiya, 2016). Generally,

respiratory system has containing of secretions as an important component. Therefore,



the solubility of melatonin in aqueous solution is a basic key factor that leads to solve
a something puzzles in systems are more complex. It is well-known that melatonin is
less soluble in aqueous buffers compared with organic solvents. However, the
solubility of melatonin in aqueous solution can be improved and stable over a wide
range of the temperature (4 °C — 37 °C) based on using the appropriate preparation
method (Shida et al., 1994; Daya et al., 2001; Cavallo and Hassan, 1995). It remains
the question of how melatonin interacting with the aqueous compartment of the cell as
well as how the formation of melatonin in the presence of aqueous media. To the best
of our knowledge, detailed information at the molecular level of structural and
dynamical properties of melatonin in the aqueous solution and at the water—air
interface is not available. Therefore, in—depth study of the molecular properties is
necessary such as the formation structure, interactions, and dynamic properties of
melatonin, which can affect the macromolecular behaviors of fluidity and stability of
melatonin in the aqueous solution. Such information is necessary for drug delivery
development.

In the first part, we have addressed the investigation of molecular structure and
dynamical behaviors of melatonin in the aqueous solution and at the water-air
interface, systems based on using MD simulation techniques. The simulation results
not only provide a clear molecular picture of the structure and dynamic behavior of
melatonin in the aqueous solution and at the water-air interface but also give good
agreement with the previous experimental studies (Garcia et al., 1997; Milani and
Sparavigna, 2018; Severcan et al., 2005).

In the second part, the bilayer structure and dynamical properties of the

melatonin's effects on the pure Span60, and Span60 with 50 mol% cholesterol



composition were focused based on using the MD simulation technique. Structural and
dynamical properties such as area per molecule, bilayer thickness, molecular
orientation, order parameters, diffusion coefficient, van der Waals interactions, and
hydrogen bond analysis from the simulations were calculated and compared to
previous studies (Ritwiset et al., 2016; Somjid et al., 2018; Myung et al., 2016). These
simulations not only provide structural and dynamical properties, but our results also
give a clear picture of the dynamics of the bilayer formation with and without

melatonin inclusion at the molecular level.

1.2 Research objectives

The main objectives of this Ph.D. thesis are

121 To study the melatonin behaviors at the molecular structure and
dynamical in the aqueous solution and at the water-air interface systems.

1.2.2 To study the melatonin formation and stability in an aqueous solution
and at the water-air interface.

1.2.3 To study the bilayer structure and dynamics properties of the pure
Span60, and the Span60 with 50 mol% cholesterol inclusion when the presence 30
mol% of melatonin into those bilayers and compared structural and dynamical
properties with bilayer systems without melatonin inclusion.

1.2.4 To study the influence of melatonin on the phase transition of the

Span60-based niosome bilayers.
1.3 Scope of the study

In this research, we employ the MD technique to investigate structural and

dynamical properties of melatonin in aqueous solution and at the water-air interface,



as well as the niosome bilayers with and without cholesterol inclusion when the
melatonin was added into those bilayers. The model of niosome bilayers is generated
from the mixture of Span60 and cholesterol (Chol) molecules at the two different
compositions (Span60:Chol=1:0 and Span60:Chol=1:1) in the aqueous solution. The
MD simulations of the niosome bilayers with and without melatonin inclusion are
performed at the temperatures of 298 K under the pressure of 1 bar, respectively. All
simulations are carried out using Gromacs program. The influence of melatonin on

the structure and phase transition of the niosome bilayers is investigated.

1.4 Location of the research

This study was carried out at Advanced Materials Physics (AMP) Laboratory,
School of Physics, Institute of Science, Suranaree University of Technology, Nakhon
Ratchasima, Thailand, and Department of Physics, Faculty of Science, Khon Kaen,

Thailand.

1.5 OQutline of thesis

The thesis is organized as follows:

1.5.1 Chapter I introduces the background and the research motivation.

1.5.2 Chapter Il provides the literature review of information concerning the
synthesis method, investigation technique, molecular interactions, structure and
dynamics properties of Span60-based niosome bilayers, melatonin in aqueous
solution, and the effect of melatonin on the lipid bilayer membranes.

1.5.3 Chapter 111 describes the methodology procedures, system model, and
simulation details of melatonin in the aqueous solution and at the water-air interface

systems as well as the noisome-based materials.



1.5.4 Chapter IV presents the simulation results and discussion.

1.5.5 Chapter V contains the conclusions and recommendations of this thesis.



CHAPTER II

LITERATURE REVIEWS

2.1 Introduction

Ester of sorbitan (a sorbitol derivative) and stearic acid (see Figure 2.1a) is
sorbitan monostearate (Span60) and is sometimes called synthetic wax. To keep water
and oils mixed and are used in the manufacture of food and healthcare products the
Span60 is primarily used as an emulsifier and is a non-ionic surfactant with
emulsifying, dispersing, and wetting properties. To create synthetic fibers, metal
machining fluid, and brighteners in the leather industry, and as an emulsifier in
coatings, pesticides, Span60 were employed as well as various applications in the
plastics, food and cosmetics industries. It is also approved by the European Union for
use as a food additive (emulsifier) by Span60 (Agency, 2011). Nowadays Span60 is
widely accepted and used to prepare vesicular drug carriers for drug delivery systems.
The mixture of Span60 and cholesterol with a proper composition ratio in aqueous
media resulted in a vesicular nanoparticle which is called niosome. Cholesterol (Figure
2.1b) was added into the niosome to make its stability and fluidity. However, these
properties of niosome particles strongly depended on the preparation method and
cholesterol concentration. Also, the efficiency of drug entrapment of niosomes was
closely related to these properties. A hormone primarily released by the pineal gland is

melatonin (Figure 2.1c),



that regulates the sleep-wake cycle (Auld et al., 2017; Faraone, 2014). It is often used
for the short—term treatment of insomnia since is a dietary supplement, such as from
jet lag or shift work. Important roles in many regulatory processes of melatonin such

as protection against inflammation, intestinal reflexes, reproduction, and metabolism.
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Figure 2.1 Molecular structure of (a) sorbitan monostearate (Span60); formula
C»4H4606; molecular weight 430.62 g.mol™; melting point 54-57 °C, (b) cholesterol;
formula C,7H4s0; molecular weight 386.65 g.mol™; melting point 148—150 °C and (c)
melatonin; formula Cy3H;¢N,O>: molecular weight 232.283 g.mol™*; melting point 117

°C (From: https://en.wikipedia.org/wiki/Main_Page).

Additionally, several studies indicated that melatonin has protective effects in
many diseases including Alzheimer's disease, cardiovascular disease, and antioxidant
effects as well as certain types of cancers (Beyer et al., 1998). However, although the
synthesis of melatonin has been achieved and widely used for medical and cosmetic
purposes, the underlying mechanisms of melatonin delivery through cell membranes
have yet to be adequately explained. Therefore, many efforts have been addressed on
the influence of melatonin in lipid membrane structure and its dynamical properties
(Bubenik et al., 1999; Tengattini et al., 2008; Rosales-Corral et al., 2012; Vijayalaxmi

et al., 2002; Reiter et al., 1998; Reiter et al., 1999). Understanding interactions of
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melatonin with lipid membranes and water molecules surrounding the membranes are
necessary information for therapeutic applications. It is well known that water is of
major importance to all living things and most of the water in the human body is
contained in our cells. This leads all the cells and organs to function efficiently. One of
the main water functions is that water act as a medium in metabolic and biochemical
reactions, absorption of various nutrients in the digestive system, and transport of
chemicals to or from the cell. As mentioned above, melatonin can interact at the
membrane surface with protein receptors to transfer it into the blood. However, it has
been reported that there are many sites of melatonin interaction with the cell
membrane where a protein receptor is not necessary (Pshenichnyuk et al., 2017). It
indicates that this molecule can penetrate the lipid bilayer and bath of the cell in every

part.

2.2 Melatonin in aqueous solution

Melatonin molecules in aqueous solution have been investigated in both
experimental and theoretical studies for the understanding of their hydration structure
and interaction with lipid membranes (Filadelfi and Castrucci, 1994). According to
the quantum calculations combined with magnetic circular dichroism (MCD) study of
melatonin in an aqueous solution (Shillady et al., 2003), a preferable hydration
structure of melatonin is the water bridged structure in which a water molecule
interacts with the amide—keto oxygen and indole N-H atoms. This similar result has
been confirmed by the ultraviolet and infrared spectroscopy studies of melatonin—
water clusters (Garcia et al., 1997). These studies imply that water plays a crucial role

in the conformational change of melatonin because it processes several hydrogen
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bonding sites for the attachment of water, especially the water molecules in the first
hydration. Such interactions result significantly in the stability of melatonin in
aqueous solution (Daya et al., 2001; Cavallo and Hassan, 1995), dynamic properties
of blood (Milani and Sparavigna, 2018), and transportation through cell membranes
(Filadelfi and Castrucci, 1994; Garcia et al., 1997; Akkas et al., 2007).

As reviewed above, we found that the behavior of melatonin—aggregation in
aqueous solution has been widely studied in experiments. Thus, it is interesting for us
to investigate the formation structure, dynamical behaviors, and interactions of
melatonin molecules in the aqueous solution and at the water-air interface systems
based on using MD simulation techniques. This study not only shows a clear picture
of molecular structure and dynamical properties of melatonin in the presence of
different water phases for using the information supported in experimental results but
also provides demonstrated the interactions of melatonin aggregation—water in both
aqueous solution and at the water-air interface systems which are according to the
previous theoretical and experimental studies (Shillady et al., 2003; Florio and Zwier,

2003; Milani and Sparavigna, 2018).

Considering the nature of melatonin structure having a high hydrophobic
property, it remains the question of how melatonin interacts with the aqueous
compartment of the cell as well as how the formation of melatonin in the presence of
aqueous media. To the best of our knowledge, detailed information at the molecular
level of structural and dynamical properties of melatonin in the aqueous solution and
the water-air interface is not available. Therefore, in-depth study of the molecular
properties is necessary such as the formation structure, interactions, and dynamic

properties of melatonin, which can affect the macromolecular behaviors of fluidity and
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stability of melatonin in the aqueous solution. Such information is necessary for drug
delivery development. In the present study, we have addressed the investigation of
molecular structure and dynamical behaviors of melatonin in the aqueous solution and
at the water-air interface based on using MD simulation techniques. The simulation
results not only provide a clear molecular picture of the structure and dynamic
behavior of melatonin in the aqueous solution and at the water-air interface but also
give good agreement with the previous experimental studies (Garcia et al., 1997;

Milani and Sparavigna, 2018; Severcan et al., 2005).

2.3 Melatonin encapsulated niosomes

The sizes of niosome vesicles are microscopic from micro to nano-size

depending on the preparation method as shown in Figure 2.2.
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Figure 2.2 Structure of niosome vesicle that can encapsulate both hydrophobic drugs

and hydrophilic drugs into its bilayer shell and inner core (Sajid et al., 2014).

Niosome—based Span60 has a high phase transition temperature due to the long
saturated alkyl chain (C16) resulting in high entrapment efficiency (El-Mahdy et al.,
2020). The additives cholesterol were used as its molecular size fits into the bilayer

structure of the niosomes, thus able to decrease the hydrodynamic diameter or stabilize
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through hydrogen bonding and enhance entrapment efficiency (Ritwiset et al., 2016;
Mahale et al., 2012). This can be developed melatonin encapsulated by niosome
vesicles to reduce adverse side effects, avoid the first-pass metabolism, decrease
dosing frequency, improve efficacy, promote skin permeation, and delay rapid
elimination of drugs (Manosroi et al., 2010; Muzzalupo et al., 2011). The average size
of niosome vesicle (Span60—based nisomes) encapsulated melatonin is about 197 nm,
zeta potential —78.8 mV, and entrapment efficiency 92.7% (Figure 2.3a).

This nanocarrier was prepared by the sonication method (Priprem et al., 2014).
Monitoring zeta potential provides information on the surface properties and an
indication of the stability of the vesicles, which could prevent particle aggregation for
negatively charged interface and therefore high stability. According to the negatively
zeta potential in the case of Span60 prepared by thin-film hydration technique
(Shilakari Asthana et al., 2016), niosomal formulation containing Span60 (surfactant
to cholesterol ratio 1:1) presented the highest entrapment efficiency and TEM analyses
found that spherical in the shape of niosomal (see Figure 2.3b). This formulation has a

stable storage condition at the end of the study.

Maga 2000KXEHT= 1000k WO = 2mm Fle Name = MLT-94¢

Figure 2.3 (a) Morphology and particle size distribution of melatonin niosomes
revealed by scanning electron microscope 20,000% (Priprem et al., 2014), and (b)
TEM image of Span60 formulation prepared 1 : 1 ratio with cholesterol 40,000x

(Shilakari Asthana et al., 2016).
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2.4 Effect of melatonin and cholesterol on the lipid bilayer

membranes

Melatonin’s ability to non-specifically bind has previous studies as well as
interact with the lipid membrane, and alter its biophysical properties (Benloucif et al.,
2008; De Lima et al., 2007; De Lima et al., 2010). Melatonin can interact with lipids
of the biological membrane at the subcellular level (Akkas et al., 2007), and
preferentially forms H-bonds between polar groups of surfactants and the N-H group
of the melatonin (Bongiorno et al., 2004). The studies of Akkas and co-works (Akkas
et al., 2007) reported that melatonin is to disorder the phospholipids at CH,
asymmetric stretching as well as preferentially located at hydrophilic/hydrophobic
interfaces and strong hydrogen bonding with carbonyl stretching and PO* group.
According to the study of Drolle and co-workers (Drolle et al., 2013), the interaction
between melatonin with the bilayers made of DPPC and DOPC, used computer
modeling in combination with small-angle scattering and neutron diffraction.
Melatonin molecules were determined at the concentrations of ~10 mol% in
experiment and simulation as well as ~30 mol% in experiments. Melatonin prefers to
stay in the head group region of the bilayers (see Figure 2.4), leading to a decrease in
bilayer thickness and increase in the head group area while the cholesterol has the
exact opposite effect (see Figure 2.5 and Figure 2.6). These bilayers show more fluid
and disordered structure in the presence of melatonin while they show condense and
ordered structure in the presence of cholesterol. This result is in agreement with Dies
and co-workers (Dies et al., 2014), the difference in electron densities were
determined from the positions of the melatonin molecules to study the anionic lipid

with including 30 mol% melatonin membranes reported that melatonin is
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preferentially located at between the hydrophilic head group region and the
hydrophobic hydrocarbon chain core interface (see Figure 2.7) as well as at the
membrane—water interface. Melatonin contributions based on the area of 26% are
found at the hydrophobic membrane core interface, 74% at the water interface. When
melatonin molecules are incorporated the electron density reduces, they indicated that

the smaller melatonin molecules replaced electron-rich phospholipid molecules.

Figure 2.4 MD simulations of DPPC and DOPC bilayers presence and absence
melatonin. DPPC (upper) and DOPC ( lower) bilayers. Left: absence melatonin: (a)
DPPC, (c) DOPC. Right: presence melatonin: (b) DPPC—melatonin, (d) DOPC-
melatonin. Orange is shown in melatonin molecules. Snapshots of MD simulation
were taken after 400 ns at T = 300 K. Simulation time of the total in each system was
500 ns. Note the pure DPPC system (for DPPC, Tm = 314 K) in gel phase on the left—
hand side. To enhance and maintain local fluidity appears by melatonin. A visible in
the DPPC membrane with melatonin (upper right) this is Q2. Since is above its main
phase transition (Tm = 253 K) of the DOPC system, the melatonin effects are more

subtle (Drolle et al., 2013).

Furthermore, the study of Severcan et al. (Severcan et al., 2005), revealed
that the physical properties of the DPPC bilayers changes by melatonin which

decreasing the system ordering in the gel phase, abolishing the pretransition,
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transition temperature of the main phase, and increasing dynamics of both systems in
the gel and liquid phases at melatonin concentrations of high (24 and 30 mol%),

which indicates phase separation in DPPC membranes by inducing of melatonin.
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Figure 2.5 Thicknesses of DOPC (upper) and DPPC (lower) bilayers when the
cholesterol (left) and melatonin (right) were added into the systems. Changes to the
Duy thickness obtained from SAND represent by blue circles, while changes in the Dg
thickness obtained from SANS correspond to green squares. Fits to the data are black

lines (Drolle et al., 2013).
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Figure 2.6 Schematics represent locations of (a) cholesterol and (b) melatonin in the

lipid membrane (Drolle et al., 2013).
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Figure 2.7 Electron density profile shown as a function of the position of melatonin

molecules along the anionic lipid membranes (z-axis) (Dies et al., 2014).
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Cholesterol is a steroid molecule with a hydrophobic tail and a hydrophilic
head, it is well-known to insert itself into lipid bilayers (Rheinstadter and Mouritsen,
2013; Armstrong et al., 2013; Pabst et al., 2010; Vance and Van den Bosch, 2000;
Mouritsen, 2010; Armstrong et al., 2012). The cholesterol molecules align parallel to
the lipid acyl chains in saturated lipid bilayers, an arrangement that is well-known as
the umbrella-model (Huang and Feigenson, 1999; Dai et al., 2010). In fully hydrated
lipid membranes when the addition of cholesterol often leads to a significant increase
in bilayer thickness and a decrease in the area per lipid molecule. The suppression of
the ordering and fluctuations of a lipid’s hydrocarbon chains is the result of
cholesterol’s condensation effect (de Meyer and Smit, 2009; de Meyer et al., 2010).
Additionally, the liquid-ordered, L,, phase is not uniform in lipid membranes, but also
consists of lipid domains that are saturated with cholesterol in a disordered fluid
membrane in equilibrium (Rheinstadter and Mouritsen, 2013; Meinhardt et al., 2013;
Armstrong et al., 2013; Armstrong et al., 2012; Sodt et al., 2014; Armstrong et al.,
2014). A decrease in fluidity since the cholesterol effects, some hydrophilic amino acid
derivative hormone is well-known as the melatonin, which to reside in the head group
region (De Lima et al., 2010) causing a corresponding increase in head group area and
increasing membrane fluidity as well as a decrease in bilayer thickness (De Lima et
al., 2010; Drolle et al., 2013; Saija et al., 2002).

Recently, the studies of Luand Marti(Lu and Marti, 2019) present MD
simulations of all-atom on bilayer membrane made up from the DMPC zwitterionic
phospholipid at three different cholesterol concentrations (0%, 30%, and 50%) with a
single melatonin molecule inclusion. They reported that melatonin also in the internal

region of DMPC bilayers most of the time at cholesterol systems of 0% and 30%, with
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occasional visits to the membrane interface, i.e. environment of the P atoms; however,
as more cholesterol was added into the system (i.e. at 50%), melatonin can be diffused
into water bulk and become fully solvated by the head groups of DMPC or water (see
Figure 2.8) without changing too much of system size, indicating between lipids and
water the competition to solvate melatonin. In the case of 50% cholesterol, it is shown
that melatonin, either stay for long periods in the water bulk but also has the ability of
either being absorbed by the DMPC head groups, it is not difficult for a small
molecule like melatonin as them expected to cross between the two states of the free
energy barrier (solvated by the DMPC head groups or solvated by water) and also with
the fact that, as cholesterol concentration increases melatonin can move outside the

membrane more easily.
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Figure 2.8 Z-axis position of melatonin as a function of simulation times. Inside
DMPC bilayer were penetrated by melatonin (red symbols stand for the phosphorus
atoms position in each layer while green symbols specify the position of the center of
mass of melatonin) at cholesterol concentrations of 0%, 30%, and 50%, respectively

(Lu and Marti, 2019).

They are in good agreement with these results (Lu and Marti, 2020)

performed the binding states with Gibbs free energy calculations of melatonin at
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surfaces of phospholipid membrane made by DMPC lipids and cholesterol. The
molecular configurations characteristic of melatonin when located at the membrane
interface, two snapshots characteristic at cholesterol concentrations of 0 and 30% are
given in Figure 2.9. They have included only melatonin in the figure and lipids that

are closest solvating, viz two DMPC at 0% and one cholesterol and one DMPC at

30%.
> 8
V_{;‘.,".’L :
()“ . - ‘i 4 L] 2
'\N,E/* 0 ¢ | ™ .
> WY 1\)‘3"5‘ <
Y 2 4 Yo
{' = )}‘/ )\F\»—\ ;
- ‘)_,
P § (a) s

Figure 2.9 Representative bound states of snapshots for melatonin at the membrane
interface. Melatonin colors, DMPC, and cholesterol: cyan (carbon), dark blue
(nitrogen), red (oxygen), white (hydrogen). Green solid lines indicated hydrogen
bonds. (a): a case at cholesterol concentration of 0%, with two DMPC molecules
bound to melatonin; (b): a case at cholesterol concentration of 30%, with one DMPC

and one cholesterol molecule bound to melatonin (Lu and Marti, 2020).

The melatonin can be simultaneously bound to both cholesterol and DMPC
chains which can be observed through the hydrogen—bonds. Also, melatonin moved
from the interface to the water-solvated region diminishes when increases the
cholesterol concentration. This means that melatonin moves outside the membrane
with cholesterol influence and at last stays in the interface outer regions. Interestingly,

the binding behavior of melatonin in such transition at cholesterol ~30% mol on
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DMPC-cholesterol membranes might be correlated with the phase transition point,
from a liquid-disordered phase to a liquid-ordered phase in membranes change.

Recently, sorbitan monostearate (Span60) bilayers were studied using MD
simulations in the presence of three representative flavones complex, e.g.
unsubstituted flavone, chrysin, and luteolin (Myung et al., 2016) were done. Niosome
bilayers models were generated by the equal ratio of Span60 and cholesterol
composition (1:1) with the 3%, 25%, and 50% flavone concentrations. Phytochemicals
group derived from benzo-g—pyrone is well-known as the flavonoids. Have attracted
much attention from them due to their biological activity against inflammation, cancer,
and oxidative stress (Romano et al., 2013). Flavones, a subclass of flavonoids, have a
backbone structure with aromatic rings consisting of hydroxylation that generates
naturally occurring flavones such as 6-hydroxy flavone, baicalein, apigenin, chrysin,
and luteolin. Their study provides information about the local orientation of flavones
in the bilayer membrane and their physical properties.

The electron density showed that penetrates deep of flavone into the
hydrophobic core of the bilayer as concentration increases due to the most
hydrophobic member (Figure 2.10), while chrysin and luteolin can be moved from
head group hydrophilic region and the hydrophobic chain into solvated by the head
groups of lipids or water (Figure 2.11). In addition, the bilayer thickness and surface
area per lipid fluctuated as the concentration of flavone increased, while the bilayer
thickness decreases and surface area per lipid increase as the concentration of chrysin
and luteolin (see Table 2.1).

The previous simulation study of the DMPC lipid-containing with 30 mol%

melatonin has a significant impact on the bilayer structure, phase transition, and
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dynamical properties of the lipid bilayer membranes. Therefore, we have expected that
the similar characteristics of niosome bilayer containing 30 mol% melatonin will

significantly affect the dynamical properties and bilayer structure.

N /N
[V \
> / X - A X 7\
g | (@ |/ 45 |
5 / \
c \
IS //\\ A\
8 / \,,,/"\;-// \
S | (b) / \
©
(5
N
©
E
o
z
(c)/ A y
W, (L
1 | L1 | 1 1 1
4 -3 -2 41 0 1 2 3 4

Distance from center (nm)

Figure 2.10 Electron density normalized black ( Span60), green (cholesterol), and
orange (unsubstituted flavone) for (a) 3 mol%, (b) 25 mol%, and (c) 50 mol%

unsubstituted flavone were contained in a Span60 bilayer (Myung et al., 2016).
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Figure 2.11 Left: Electron density normalized black ( Span60), green (cholesterol),
and orange (chrysin) for (a) 3 mol%, (b) 25 mol%, and (c) 50 mol% chrysin were
contained in a Span60 bilayer. Right: Electron density normalized black (Span60),
green (cholesterol), and orange (luteolin) for (a) 3 mol%, (b) 25 mol%, and (c) 50

mol% luteolin were contained in a Span60 bilayer (Myung et al., 2016).
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Table 2.1 Bilayer properties of Span60 bilayers containing flavones, chrysin, and

luteolin respectively, at different concentrations (Myung et al., 2016).

Flavonoid Mol%o? Thickness (nm)°  Surface area per lipid (hm?*)°
None - 3.74 0.299
Flavone (unsubstituted) 3.3 3.73 0.304
25 3.61 0.358
50 5.25 0.318
Chrysin 3.3 3.73 0.305
25 3.29 0.376
50 2.89 0.525
Luteolin 3.3 3.80 0.298
25 3.79 0.310
50 n.d.’ 0.413

#Refers to a flavone ratio per total lipid, which being Span60/cholesterol (1:1).
® Defined as a distance between leaflets seized from C1 of Span60.

¢ At equilibrium of simulation box area was divided by total lipids number (Span 60

and cholesterol) in one leaflet of the bilayer.
Y Not determined.



CHAPTER 111

COMPUTATIONAL METHODOLOGY

In this chapter, we describe an overview of basic molecular dynamics and
computational methodology. The molecular dynamics (MD) method is a powerful tool
for investigating biological systems such as biomolecules, lipid membranes, or protein
membranes. Preparation of model systems and the simulation details are presented as

well as how to analyze some structural and dynamical properties.

3.1 Basic of the molecular dynamic method

It is well-known that quantum mechanics (QM) simulation is not a suitable
technique for applying on large molecular systems such as lipid membrane, protein
folding, etc., due to its required time consuming for the calculations. Therefore, a
molecular mechanics (MM) simulation is an alternative method for solving this
problem. To study the physical movements of atoms and molecules a computer
simulation method is well-known as molecular dynamics (MD) was used to study
based on classical laws of mechanics. Information at the microscopic level including
velocities and atomic positions has generated this technique. This microscopic data
conversion to macroscopic observables such as temperature, heat capacities, pressure,
etc., must use statistical mechanics. However, it is well-known that the potential
interactions between atoms in the molecular system are used to derive the force acting

on any atom.
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Therefore, the quality of the potential model influences directly to reliability and
accuracy of simulation results. Generally, the potential energy function, or so-called
force fields consist of intramolecular and intermolecular interaction terms which can

be written as the following equation,

2 2
V(r) = %Zbonds Kb(b —bo) +% Zangle Ke(e— 90) +

1 1
EZdihedral Kx[l + COS(nX - 6)] + EZimpropers Kimp(¢ - ¢0)2 +
Jij 12 Jij & 4i9j
Znonbonded Eij 7”_11 I r_” + Forij (3'1)

The first four terms in Equation (3.1) represents intramolecular interactions which are

defined as follows:

(a) (b) (c)

Bond vibration Angle vibration Torsion potentials
S

Figure 3.1 The intramolecular interactions of (a) the bond stretching, (b) the angle
bending, and (c) the dihedral rotation, respectively. Additional details see in gromacs

user manual (ftp://ftp.gromacs.org/pub/manual).

1) The bond stretching between two atoms of a covalent bond was represented
by a harmonic potential.
i) The vibration between triplet atoms of bond angle was displayed by a

harmonic potential.
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iii) The proper dihedral angles of four atoms were described by surrounding
bond rotations between the first and the last atom among the potential
barrier and represented by a periodic potential based on expansion in
powers of cos .

Iv) The improper dihedral angles between four atoms were represented by a
harmonic potential used to prevent molecules from flipping over to their
mirror images or to keep planar groups (e.g. aromatic rings).

The last term in Equation (3.1) represent intermolecular interactions which are

defined as follows:

(a) (b)
van der Waals interactions Electrostatics
—> <«

00 ® O

Figure 3.2 The intermolecular interactions of (a) the van der Waals and (b) the
electrostatic interactions. Additional details see in Gromacs user manual

(ftp://ftp.gromacs.org/pub/manual).

v) The Lennard-Jones interactions are short—length interactions and depend
on pairs of atom types which consist of repulsion and attraction terms.
vi) The Coulomb interaction between charged particles is long-length
interaction that consists of repulsion and attraction on particle pairs.
MD technique generates the trajectory of all atoms in the phase space based on
Newton’s laws of motion. Thus, a force that acts on a particle i from other particles

can be defined as the second Newton’s law of motion,
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However, the resultant force that acts on particle i can be obtained from the negative

gradient of the potential function as given in Equation (3.3).

e, (3.3)

Based on using Equation (3.2) and (3.3), we can solve the equation of motion of any
atom to generate their trajectory using the finite different methods (e.g., verlet,
leapfrog, Euler’s algorithm). At every time step on the movement of particles, several
properties of the system such as the total energy, temperature, and pressure are
calculated. The simulation process will be continuing until the system reaches
equilibrium. After the equilibration, the trajectory (position and velocity) of all atoms

were collected for the subsequent analysis.

3.2 General system setting and simulation details

3.2.1 Melatonin in aqueous solution and at the water-air interface

Firstly, the geometry optimization of the melatonin molecule was
carried out using the B3LYP/6-31G(d,p) calculations via Gaussian 09 program
(Frisch et al., 2009). Then, the optimized structure of melatonin (Figure 3.3a) was
used to generate the initial configuration of melatonin molecules in an aqueous
solution. To do this, 100 melatonin molecules were randomly distributed in a cubic
box with a side length of 4.62 nm containing 2300 water molecules as displayed in
Figure 3.3b. To prepare the initial configuration of melatonin molecules at the water-

air interface, a water slab containing 2300 water molecules in a cubic box with the
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side length of 4.20 nm was firstly generated and then equilibrated at a pressure of 1
bar and a temperature of 298 K using molecular dynamic simulation. This simulation
was carried out using Gromacs program version 5.0.4 (Berendsen et al., 1995; Van
Der Spoel et al., 2005). Next, 50 melatonin molecules were randomly distributed in a
rectangular box of 4.09 nm x 4.09 nm x 2.02 nm in —x, -y, and —z directions,
respectively. Afterward, this melatonin layer was duplicated and inverted to make
symmetric two layers i.e., one layer capped at the bottom and the other capped at the
top of the equilibrated water slab, resulting the two symmetric melatonin layers
covered on the water surface. Finally, this system was controlled at the middle of a
box with the sizes of 4.09 nm x 4.09 nm x 15.00 nm in the —x, -y, and —z directions,
respectively. A schematic representation of the initial configuration of melatonin at

the water-air interface was revealed in Figure 3.3c. The molecular topology of

melatonin was created using PRODRG server program (Schittelkopf and Van Aalten,
2004). In this procedure, all bonded and non-bonded parameters describing the
interaction of melatonin were taken from the GROMOS96 force field (Gunsteren and
Berendsen, 1987), except atomic partial charges using the B3LYP/6-31G(d,p)
calculation and received from the CHELPG process (Breneman and Wiberg, 1990).
Description of a united atom was used with hydrocarbon sites, such as CH;, CH,, and
CHs. Atom types definitions and their partial charges were given in Table 3.1. SPC/E
water model (Berendsen et al., 1987) was employed for this study because it is proper
to describe the interface behavior of the lipid monolayer system (Ritwiset et al.,
2014).

The steepest descent method for energy minimization (EM) was

applied to reduce undesired overlap between neighboring atoms of the bulk water and
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the water-air interface systems. Then, the first system was simulated at a pressure of 1
bar and a temperature of 298 K (NTP ensemble), while the second system was
simulated at a temperature of 298 K and a constant volume (NVT ensemble). To
control a constant pressure, Berendsen barostat (Berendsen et al., 1984) and isotropic
coupling with a time constant (t) of 1.0 ps and compressibility of 4.5x107 bar™ were
employed for the bulk water system. The v—rescale thermostat (Bussi et al., 2007) was
used to maintain a constant temperature for both systemswith a coupling time
constant (ty) of 0.1 ps.

This applies in all three directions for periodic boundary conditions.
The dispersion correction method (Shirts et al., 2007) was employed to handle the
long-range Van der Waals interactions for the energy and pressure terms due to their
cut—off distance. The LINCS algorithm (Hess et al., 1997) was used constraining all
bond lengths of melatonin with fourth-order expansion, while the SETTLE algorithm
(Miyamoto and Kollman, 1992) kept as a rigid particle were used constraining water
bond lengths. The leap-frog algorithm was used to solve equations of motion with a
time step (At) of 2 fs. The Particle Mesh Ewald (PME) method (Petersen, 1995) use
calculated the electrostatic interactions with a fourth-order (cubic) interpolation, the
grid spacing of 0.15 nm, and a cutoff distance of 0.9 nm.

A cutoff of 0.9 nm was used for van der Waals interactions and was
treated with a switching algorithm that started at 0.8 nm. Every 10-time steps use
updated for a neighbor list with a verlet cutoff scheme (Pall and Hess, 2013). The
simulation in each system of 260 ns including 100 ns for the equilibrium run and 160
ns for the production run. The molecular structure and configuration of the two

systems were analyzed using the VMD program (Humphrey et al., 1996).
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Table 3.1 Definitions of atom types of melatonin molecule, atomic partial charges

using the B3LYP/6-31G(d,p) calculation and generated from the CHELPG technique,

as well as corresponding atomic mass.

Atom Atom Charge Mass
Number Type (e) (u)
1 CH3 —0.089 15.0350
2 C 0.690 12.0110
3 @) -0.541 15.9994
4 N —0.653 14.0067
5 H 0.331 1.0080
6 CH2 0.250 14.0270
7 CH2 0.083 14.0270
8 C -0.157 12.0110
9 C 0.136 12.0110
10 CR61 —0.207 13.0190
11 0 0.366 12.0110
12 OA —0.392 15.9994
13 CH3 0.220 15.0350
14 CR61 -0.115 13.0190
15 CR61 -0.070 13.0190
16 C 0.141 12.011
17 NR5* —0.395 14.0067
18 H 0.342 1.0080
19 CR51 0.061 13.0190
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Figure 3.3 (a) The structure of melatonin with atom type names as defined in Table
3.1, (b) a system model of melatonin molecules in aqueous solution, and (c) a system

model of melatonin molecules at the water-air interface. Coloring in Figure 3.3a: the

carbon atom and hydrocarbon group (e.g., C, CR51, CR61, CH2, and CH3), cyan; O,
red; N, blue; H, gray. The two yellow arrows shown in Figure 3.3a were defined as

the two vectors for the calculation of tilt angle distributions of head and tails.

3.2.2 Melatonin inserted into niosome bilayers

Firstly, the geometrically optimized of the Span60, cholesterol (Chol),
and melatonin (Mel) molecular structures by using B3LYP/6-31G (d,p) calculations.
Then the structures (in Figure 3.4) obtained from these optimizations were generated
to insert melatonin into the pure Span60, and Span60/Chol bilayers by using the CELL
microcosmos 2.2 software (Sommer et al., 2011). To generate these niosome bilayers
formed with different compositions: Span60, Chol, and Mel molecules were placed on
a box area of 7.20 nm x 7.20 nm randomly. The head groups of Span60 in each layer
point away from each other while the tail groups of Span60 face each other. The
Span60/Chol/Mel system consisted of 64 Span60, 64 cholesterol, and 55 melatonin
molecules in each monolayer, leading to 128 Span60, 128 cholesterol, and 110

melatonin molecules in the total bilayer. For comparison as generated in the same
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manner of the niosome bilayer consisting of the Span60 and melatonin molecules
(Span60/Mel bilayer). The Span60/Mel system contained 128 Span60 and 55
melatonin molecules in each monolayer, leading to 256 Span60 and 110 melatonin
molecules in the total bilayer. The niosomes composed of the Span60 and cholesterol
mixture with equal ratio from the experimental study revealed that have more stability
than the other compositions (Nasseri, 2005). As a result, this model was selected from

our for the simulation study.
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Figure 3.4 The molecular structures of (a) Span60 (b) cholesterol and (c) melatonin,
respectively. With defined the head and tail group and included number index of
atomic types for clarifying discussion. Coloring scheme in Figure 3.4: the carbon
atom and hydrocarbon group (e.g., C, CH;, CH,, CHg or others) include green, gray,
cyan; O, red; N, blue; H, white. The two yellow arrows shown in Figures 3.4a and ¢

were defined as the two vectors for the calculation of tilt angle distributions.

To set up the systems of melatonin inserted into the pure Span60, and
the Span60/Chol bilayers in aqueous solution: a water slab in a rectangular box of 7.20

nm x 7.20 nm x 2.30 nm in X, y, and z directions, respectively consisting of 3840
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water molecules were prepared using the Gromacs v. 2016 program tools (Abraham et
al., 2015). To make a bilayer the water slab was duplicated and inverted: i.e. one
capped at the bottom of the Span60 layer and the other capped at the top of the Span60
layer, leading to form the niosome bilayers in an aqueous solution with the melatonin
inclusion in bilayer membranes. New, set up the simulation box of 7.20 nm x 7.20 nm
x 10.90 nm within containing each bilayer system which full hydrated by 7680 total
water molecules as displayed in Figure 3.5a and b, respectively. In these bilayer
structures, the hydrocarbon tails point toward the center of the bilayers while the
hydrophilic head groups are exposed to the water bulk phase. The initial surface area
per molecule of the Span60/Mel, and Span60/Chol/Mel bilayer systems was 40.50 A
equally.

The cholesterol and Span60 force field parameters were obtained from
the MD study of Holtje et al. (Holtje et al., 2001) and our previous work (Ritwiset et
al., 2014), respectively. Base on the Gromos87 force field (Gunsteren and Berendsen,
1987) for these all bonded and non-bonded parameters. Description of a united atom
was used with hydrocarbon sites, such as CH;, CH,, CHz and others. Ryckaert—
Bellemans potential model was employed for describing dihedral interactions of all
hydrocarbon chains because it can be reproduced experimentally measurement in
hydrocarbon chains of phospholipids displayed by trans/gauche ratios (Ryckaert and
Bellemans, 1978). To describe water molecules in bilayer membrane systems the
SPC/E model was employed in this study.

The steepest descent method base on energy minimization (EM) was
applied to reduce undesired overlap between neighboring atoms for all systems. After

that, to remove any undesired interaction between neighboring molecules the resultant
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configurations on each system were used to perform molecular dynamics (NVT—
ensemble) for 10 ns at a temperature of 410 K. The pressure and temperature were
kept to be constant via the coupling algorithms using Berendsen barostat (Berendsen
et al., 1984) and stochastic velocity rescaling thermostat (Bussi et al., 2007),

respectively.
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Figure 3.5 Schematic representations of (a) the Span60/Mel, and (b) the

Span60/Chol/Mel bilayers, respectively.

Finally, the two systems were equilibrated with molecular dynamics
(NPT—ensemble) at a constant pressure of 1 bar and temperature of 298 K with the
simulation time of 200 ns. To keep constant pressure, a Parrinello-Rahman barostat
(Parrinello and Rahman, 1981) with semi—isotropic coupling in the normal direction
(in the z-direction) and the lateral direction (in the xy—plane) were used with the

compressibility of 4.5 x 10 bar* and a time constant (tp) of 0.5, respectively. To

keep a constant temperature in the system, the v—rescale thermostat (Bussi et al.,

2007) was coupled separately to the Span60, cholesterol, melatonin, and water with a
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coupling constant T+ = 0.1 ps. This applies in all three directions for periodic

boundary conditions. The LINCS algorithm (Hess et al., 1997) was used constraining
all bond lengths between atoms of, the Span60, cholesterol, and melatonin molecules
with fourth-order expansion; while the SETTLE algorithm (Miyamoto and Kollman,
1992) kept as a rigid particle were used constraining water bond lengths. The leap-
frog algorithm was used to solve equations of motion with a time step (At) of 2 fs.
The Fast Particle Mesh Ewald (PME) method (Petersen, 1995) use calculated the
electrostatic interactions with a fourth-order (cubic) interpolation and a grid spacing
of 0.15 nm. A cutoff at 1.5 nm was used for van der Waals and Coulomb interactions.
Every 10-time steps use updated for a neighbor list with a verlet cutoff scheme (Pall
and Hess, 2013). After that, we have removed the melatonin molecules from systems
to make a comparison of the simulation results obtained to the niosome bilayer
systems without melatonin composition. The resultant configurations for two systems
were used to the same parameter and MD algorithm series, without performing short
molecular dynamics simulations for NPT—ensemble. All simulations were carried out
by using Gromacs v. 2016 package (Abraham et al., 2015). Configurations and
molecular structures of four systems were visualized by using the VMD program

(Humphrey et al., 1996).



CHAPTER IV

RESULTS AND DISCUSSION

In this chapter, we were taken statistical mechanics equations for applied in the
found calculation of the various quantities e.g. mean square displacements (MSD),
intermittent hydrogen bond time correlation function C(t), hydrogen bond lifetime
(w4s), area per one lipid leaflet (Ap), radial distribution functions g(r), and deuterium
order parameters (Scp), etc. These data are then interpreted both qualitatively and
quantitatively to lead to a better understanding of the dynamic and structural properties
of melatonin in aqueous solution and at the water-air interface, as well as the niosome
bilayers with and without cholesterol inclusion when the melatonin was added into

those bilayers.

4.1  Melatonin in aqueous solution and at the water-air interface

4.1.1 Energetic and density profiles
Figure 4.1 shows the time evolutions of total potential energy (U) for
the two systems. At the beginning of the simulation time (0 —10 ns), the total potential
energy of each system decreased rapidly, and afterward, it remained constant with
small variation. The standard deviation of total potential energy for each system is
less than 1% when compared with its average value. Additionally, the time variation
of the simulation box size in all directions for the bulk water system remained

constant as shown in the inset figure of Figure 4.1.
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This suggests that the equilibration process can be achieved in a course of simulation

time for both systems.
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Figure 4.1 Time evaluation of total potential energy (U) of the system of melatonin in

the bulk water (green) and that of melatonin at the water-air interfaces (blue). The

inset figure shows the time variation of the simulation box size in the three directions

for the bulk water system.

Figure 4.2 shows density distributions of water, the head, and the tail
group (defined as in Figure 3.3a) for the system of melatonin in bulk water. These
density profiles were separately plotted as a function of x-, y-, and z-coordinates and
given in Figure 4.2(a-c), respectively. The density profiles of head and tail groups
showed a pronounced peak located at the center of the box length (z ~ 2.6 nm) in the
z-direction, but they exhibited broad distribution in the x- and y-directions. Also, the
water density in each direction was varied according to the change of density profiles

of melatonin. Most melatonin molecules were distributed along the x- and y-axis but
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stayed locally in the z-axis. This result suggests that most melatonin molecules were
self-aggregated in an aqueous solution, due to more hydrocarbon sites than
hydrophilic groups that were contacted with water molecules. The existence of
melatonin aggregation indicates that the solubility of melatonin in an aqueous solution
is too low as the previous reports (Shida et al., 1994; Mark and Nilsson, 2002; Lee et

al., 1997).
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Figure 4.2 Density distributions of water and melatonin molecules for the bulk water
system as a function of (a) x-, (b) y- and (c) z-coordinates, respectively. The head and

tail groups of melatonin were separately plotted for clarifying discussion.

Figure 4.3 shows the density distributions of water and some molecular
sites of melatonin including the head, the tail, carbonyl (C=0), amide (N-H), indole
(N-H), and methoxy (-OCHg) for the system of melatonin at the water-air interface. It
can be seen from Figure 4.3 that all density distributions of the two monolayers are
symmetrical, which confirmed that the system is well-equilibrium. Clearly, the
density profiles of the head and tail groups showed a narrow sharp peak located at the
interface, indicating that all melatonin molecules were absorbed on the water surface
due to a hydrophilic group that was induced with a water molecule. The density peaks

of the head group were located closer to the bulk water phase than that of the tail
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group. This means that the melatonin head groups are favorably interacting with the
water molecules at the interface region. Furthermore, the density profiles of the four
hydrophilic parts including the carbonyl (C=0), the amide (N-H), the indole (N-H),
and the methoxy (-OCHs;) were examined to identify which functional group of
melatonin is more contribution to the hydrophilic interactions. Clearly, the density
profile of the carbonyl (C=0) group showed more overlap with the water density,
indicating that the carbonyl group is the stronger hydrophilic interaction. While the
density profiles of amide, indole and methoxy groups exhibited a reduced overlap
with the water density distribution, respectively. This result suggests that these
functional groups of melatonin play a major role to interact with the water molecules
located in the interface region. However, the carbonyl group showed the most
hydrophilic interactions. Furthermore, the indole group exhibits more interaction with
water rather than the methoxy group which is in good agreement with previous
studies (Choi et al., 2014; Pala et al., 2013; Vohringer-Martinez and Toro-Labbg,
2010). A clear picture of melatonin aggregation in aqueous solution and at the water-
air interface was displayed in Figures 4.4a and 4.4b, respectively. These snapshots
were taken at the initial and the final simulation times for the two systems. It can be
seen that most melatonin molecules were self-aggregated in the aqueous solution
while they were self-assembled to form a monolayer structure at the water-air

interface.

4.1.2 Hydrogen bond analysis
The hydrophilic interaction and dynamic behavior of melatonin

molecules in the bulk water and at the water-air interfaces can be examined in terms

of hydrogen bond analysis.
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Figure 4.3 Density distributions of water and some molecular sites of melatonin as a
function of z-coordinate for the system of melatonin at the water-air interface. The
functional groups of melatonin including the head, the tail, carbonyl (C=0), amide
(N-H), indole (N-H), and methoxy (-OCH3) were separately plotted for clarifying

discussion.
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Figure 4.4 Two configurations of melatonin at the initial time (0 ns) and at the final
time (260 ns) of the simulation of (a) the system of melatonin in aqueous solution and
(b) the system of melatonin at the water-air interface. Coloring scheme: carbon atom

and hydrocarbon group are cyan; oxygen is red; nitrogen is blue, and hydrogen is

gray.
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The hydrogen bonds (H-bonds) formed between all possible donors
and acceptors can be defined using the geometrical criterion which the donor-acceptor
(DA) distance is less than 0.35 nm, and simultaneously the donor—hydrogen—acceptor
(DHA) angle is less than 30° (Luzar and Chandler, 1996). This criterion provided
more reliable simulation results (Starr et al., 2000). The DA distance distributions of
all H-bonds for the two systems are given in Figure 4.5. The distributions of the H-
bond distance between the donor (or acceptor) atoms of melatonin (i.e., carbonyl O,
indole NH, amide NH, and methoxy O) to the oxygen (OW) and the hydrogen (HW)
atoms of water for the bulk water and that for the water-air interface were presented in
Figures 4.5a and 4.5b, respectively. While the DA distance distributions of all H-
bonds formed between all possible donor atoms and acceptor atoms of melatonin for
both systems were given in Figures 4.5c and 4.5d, respectively. Clearly, all the DA
distance distributions obtained from the melatonin—water interactions or that of the
melatonin—melatonin interactions show a similar pattern for both systems. The most
probable DA distance for each H-bond pair of the melatonin-water interaction can be
sequenced as follows: the carbonyl O—-HW < indole NH-OW < amide NH-OW <
methoxy OA-HW, respectively. Likewise, the most probable DA distance for each H-
bond pair of the melatonin-melatonin interaction can be sequenced as follows: indole
NH-carbonyl O < amide NH-carbonyl O < indole NH-methoxy OA < amide NH-
methoxy OA, respectively. An appearance of the shortest DA distance and the highest
peak of the carbonyl O—HW bond distribution indicates the greatest strength of the
carbonyl O-HW interaction as well as the most contribution in the formation of
melatonin-water hydrogen bonds. This result is according to the C=0O density

distribution for the water-air interface system as given in Figure 4.3. Similar behavior
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can be observed for the H-bonds between the indole NH of melatonin and the
carbonyl O of another melatonin. Based on these results, we can be concluded that the
strength hydrophilic interaction for each function group of melatonin molecules can
be sequenced as follows: carbonyl O > indole NH > amide NH > methoxy OA,
respectively. According to the IR spectroscopy and ab initio studies of Florio and
Zwier (Shillady et al., 2003; Florio and Zwier, 2003) indicated that the carbonyl
group of melatonin is the primary point of the water binding.

Average H-bond number per molecule,(n;g), were calculated for all
the pairs of hydrogen bond formations for both systems and summarized in Table 4.1.
It is seen that the average H-bond numbers for each pair of the melatonin—water
interactions and of the melatonin—melatonin interactions obtained from the aqueous
solution and the water-air interface systems were decreased with the corresponding
order of DA distance as mentioned above. The average H-bonds of the carbonyl O—
HW showed the highest value for both systems. This indicates that the carbonyl group
plays a major role in hydrogen bonding with the water molecules. Compared with the
bulk water system, the average H-bonds numbers of the carbonyl O—HW and indole
NH-OW interactions of the water-air interface system were increased while the rest
was reduced. This result indicates the low stability of aggregation formation of

melatonin at the water-air interface.

4.1.3 Molecular orientation
To characterize the preferential orientation of melatonin molecules in
the bulk water and at the water-air interface systems, the probability distributions of

the tilt angle (0) of the head and the tail groups of melatonin were calculated and,
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displayed in Figure 4.6. The tilt angles of the head are defined as the angle between
the vector pointing from C to CH2 and the z-axis and that of the tail is defined as the
angle between the vector pointing from C to CR61 and the z-axis, respectively (see
definition of these vectors in Figure 3.3a). Figure 4.6a shows the distributions of the
tilt angles of the head and tail groups of melatonin for the bulk water system. Clearly,
these distributions showed a similar pattern with a broad peak which indicates a
random distribution of molecular orientation. However, an appearance of the peak at
around 90° for the head and tail groups suggests that most melatonin molecules favor
aligning their structure perpendicular to the z-axis. Figure 4.6b shows the tilt angle
distributions of the head and tail groups of melatonin for the water-air interface
system. The tilt angle distribution of the head group showed two possible orientations,
namely, the first one is to turn the head groups to the water surface (6 ~ 40°- 60°) and
the second one is to turn the head group away from the water surface (6 ~ 130°).
These two peaks are corresponding the competition of the carbonyl O—HW and the
indole NH-OW interactions to form hydrogen bonds as above mentioned in the
previous section. While the tilt angle distribution of the tail group showed a sharp
peak at 30°, indicating that the tail groups preferred to point away from the water

surface.
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Figure 4.5 The hydrogen bond distribution as a function of the DA distance for the

melatonin—water interaction (a) in the aqueous solution and (b) at the water-air

interface as well as that for the melatonin—melatonin interaction (c) in the aqueous

solution and (d) at the water-air interface. Coloring schemes for the melatonin—water

hydrogen bonding are defined as follows: carbonyl O—HW, black; indole NH-OW,

blue; amide NH-OW, red; methoxy OA-HW, dark cyan; and that for the melatonin—

melatonin hydrogen bonding is defined as follows: indole NH—carbonyl O, black;

amide NH-carbonyl O, blue; indole NH-methoxy OA, red; amide NH-methoxy OA,

dark cyan.
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Table 4.1 The average number of hydrogen bonds per melatonin molecule, <ngg>, for
the melatonin—water and the melatonin—melatonin interactions based on considering

all pairs of donors and acceptors.

<Npg>

Bulk water

Water-air interface

Melatonin—water interaction

Carbonyl O — HW 0.648 + 0.056 0.692 + 0.055
Indole NH — OW 0.320 + 0.049 0.326 + 0.043
Amide NH - OW 0.234 £ 0.039 0.176 = 0.036
Methoxy OA — HW 0.172 + 0.035 0.045 + 0.022
Melatonin—-melatonin interaction
Indole NH — Carbonyl O 0.344 + 0.044 0.326 + 0.040
Amide NH — Carbonyl O 0.332 £ 0.042 0.308 £ 0.045
Indole NH — Methoxy OA 0.131 £ 0.029 0.110 +£0.028
Amide NH — Methoxy OA 0.070 + 0.024 0.068 + 0.024
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Figure 4.6 Tilt angle distributions of the head and tail groups of melatonin (a) for the

bulk water and (b) for the water-air interface systems.

4.1.4 Dynamical properties of melatonin
To characterize the overall movement of melatonin molecules for the

bulk water and the water-air interface systems, the average displacement of the center
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of mass (COM) of all melatonin molecules in the x-, y- and z-directions for the
simulation run (0—260 ns) were calculated as given in Figure 4.7. Clearly, the COM of
melatonin displacement for the bulk water system (Figure 4.7a) shows more
fluctuation in all three directions, while that for the water-air interface system (Figure
4.7b) exhibits more movement in the only x- and y-directions. The lateral translation
of melatonin molecules in the interface plane (xy-plane) is similarly observed in lipid
monolayers (Ritwiset et al., 2014). These fluctuations of the COM displacements
imply that melatonin molecules were not constrained in their original positions by the
randomly distributed model, but were able to move, resulting in rearrangement from
the original starting positions.
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Figure 4.7 Average displacement of the center of mass of melatonin molecules in x—
(black), y— (red), and z—(blue) directions: (a) for the bulk water and (b) for the water-

air interface systems.

Furthermore, the translational motion of melatonin and water
molecules in both systems can be examined from the mean square displacements
(MSD) in terms of the self—diffusion coefficient, Ds, which was calculated using

Einstein’s equation (Allen and Tildesley, 2017) as follows.
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1. (I7(£)-7(0)|?)
Dg = Ehmt_,oo [%] (4.1)

Here, 7(t) is the position vector of the center of mass of a molecule at the time t. d is
the dimensionality of the system (i.e., d =1, 2, 3 for one, or two, or three dimensions,
respectively). The numerator of Equation 4.1 is the MSD. The brackets (... ) denote an
ensemble average which is an average overall molecule in the simulation and all
origins. The MSD calculations of water and melatonin molecules were considered in
three dimensions (3D) for the bulk water system and the two dimensions (2D) for the
water-air interface. The MSD plots of water and melatonin molecules were given in
Figures 4.8a and 4.8b, respectively. The self-diffusion coefficients were then derived
from the slope of the linear regression fit of the time evolutions of these MSD plots
and were summarized in Table 4.2.Figure 4.8a shows the MSD plots of water
molecules for the bulk water with and without melatonin inclusion (pure water), and
for the water-air interface systems. Among these systems, the water movement for the
pure water system shows the highest mobility, while in presence of melatonin
molecules the water movement is slower. This result is according to decreasing in the
self-diffusion coefficient of water in Table 4.2. The self—diffusion coefficient of water
for the pure water system is 2.56x10™ cm?/s, which is in good agreement with the
experimental value of 2.30x10"° cm?/s (Krynicki et al., 1978). This indicates that the
choice of SPC/E water model is suitable for investigating structural and dynamical
properties of biomolecules in an aqueous solution (Mark and Nilsson, 2001).

Figure 4.8b shows the MSD plots of melatonin movement for the bulk
water and the water-air interface systems. Melatonin molecules at the water-air

interface diffused rapidly in the plane of the water surface leading to freely exchange
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electrons with water molecules, while they diffused slowly in the aqueous solution.
This is the result of the self-aggregation of melatonin molecules and the strong
hydrophobic (indole-rings) interactions with the surrounding water molecules,
leading to melatonin molecules can be diffusing rapidly through biological

membranes and fluid or compartments within the body.

Table 4.2 The self-diffusion coefficients (Ds) of melatonin and water molecules

obtained from three different systems.

Self—diffusion coefficient
(Ds x107° cm?/s)

Molecule

Pure water Melatonin Melatonin at
in the aqueous solution the water-air interface
Melatonin - 0.06 £ 0.01 (3D) 4.00 + 0.09 (2D)
(6)°
Melatonin head - 0.06 + 0.01 (3D) 4.00 £ 0.09 (2D)
Melatonin tail - 0.07 £ 0.01 (3D) 4.00 + 0.09 (2D)
Water (SPC/E) 25.6 + 0.0lb(SD) 16.42 + 0.02 (3D) 15.79+0.11 (3D)
(23.0)

®Reference (Yu et al., 2016)
PReference (Krynicki et al., 1978)
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Figure 4.8 (a) Mean squared displacement (MSD) plots of the water molecule for the
bulk water with (red) and without (black) melatonin inclusion, and for the water-air
interface (blue) systems, (b) The MSD plots of melatonin for the bulk water (red) and

the water-air interface (blue) systems.
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Consequently, the molecular packing of melatonin molecules for the
water-air interface is looser than that of the bulk water system due to hydrocarbon
sites being disturbed with fewer water molecules. This accords to a higher self-
diffusion coefficient value (4.00x10° cm?s) which is in good agreement with the

experimental value of 6x10°® cm?/s (Yu et al., 2016).

4.1.5 Hydrogen bond dynamics
Dynamics of hydrogen bonding for water and melatonin molecules and
among the melatonin themselves for the aqueous solution and the water-air interface
systems were analyzed in terms of the intermittent, hydrogen bond time correlation
function, C(t) as shown in the following equation (Luzar and Chandler, 1996; Chanda

and Bandyopadhyay, 2006).

_ {h(@h)
Y ays (4.2)

The variable h(t) is unity when a pair of sites is hydrogen-bonded at time t. The (h)
is the time average of h. The C(t) plots of the hydrogen bonds formed by the donor
(or accepter) atoms of melatonin with the water oxygen (OW) and the water hydrogen
(HW) for the aqueous solution and the water-air interface systems were given in
Figures 4.9a and 4.9b, respectively. While the C(t) plots of the hydrogen bonding
formed between melatonin themselves for both systems were given in Figures 4.9c
and 4.9d, respectively. The C(t) curves of the melatonin—water hydrogen bonds
showed an exponentially decrease faster than that of the melatonin—melatonin
hydrogen bonds. This reveals that the interactions between melatonin and water

molecules are too weak, leading to the faster hydrogen bond-forming and breaking.
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This characteristic was similarly observed for the Span60 monolayer/bilayer systems
(Ritwiset et al., 2014; Ritwiset et al., 2016). Concerning the hydrogen bond lifetime,
Tyg, IN this work, the hydrogen bond lifetime (tyg) can be calculated from the best fit
of the C(t) with a sum of three exponential functions defined as follows (Starr et al.,

2000).

C(t) = Y3 a;et/m (4.3)

Where t;are the relaxation time constants and a; are the corresponding relative
amplitudes. Then, the average hydrogen bond lifetime, (tyg), for each pair of

hydrogen bonds can be calculated as follows.

(Typ) = i1 @iTi = ayT1 + T, + a37T3 (4.4)

The (typ) for all the pair of hydrogen bonds were summarized in Table 4.3. The
hydrogen bond lifetimes of the melatonin—melatonin interaction are longer lived than
that of the melatonin—water interaction for both systems, suggesting the stronger
hydrogen bond interaction between the two melatonin molecules. Additionally, the
(typ) of the melatonin—melatonin hydrogen bonds for the bulk water system is longer

than that for the water-air interface system, suggesting that the stronger interaction of

melatonin aggregation. This is according to a decrease in the translational mobility of
the melatonin molecules for the bulk water system. The (tyg) of the carbonyl O-HW
and the indole NH-OW hydrogen bonds are nearly the same for both systems. This
suggests that water molecule interacts with both sites of melatonin simultaneously as

previously reported by the infrared spectra studies (Florio and Zwier, 2003).



50

Table 4.3 Average hydrogen bond lifetime, ({(tyg)), for the melatonin—water and the

melatonin—melatonin interactions considered the pair of donor and acceptor atoms on

both melatonin and water molecules.

Site-site interaction

Hydrogen bond lifetime, (tyg)

Melatonin—Water Bulk Water Water—Air interface
Carbonyl O-HW (Carbonyl O/HW) 0.038 0.035
Indole NH-OW (NR5*H/OW) 0.035 0.031

Amide NH-OW (NH/OW) -

Methoxy OA-HW (OA/HW) -

Water—Air interface

Melatonin—Melatonin Bulk Water
Indole NH-Carbonyl O 8.158
(NR5*H/Carbonyl O) '
Amide NH-Carbonyl O 7.180
(NH/Carbonyl O)
Indole NH-Methoxy OA
(NRS*H/OA) ) B
Amide NH-Methoxy OA
(NH/OA) A

1.549

1.738

1.169

0.515

While the C(t) curves of the amide NH-OW and the methoxy OA-HW hydrogen

bonds showed exponential decrease rapidly (see Figures 4.9a and 4.9b), subsequently

the (Tyg) cannot be obtained from this fitting. However, it can be presumed that the

lifetimes of the two hydrogen bond pairs are very small.
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Figure 4.9 Intermittent hydrogen bond time correlation function, C(t), of the
melatonin—water interactions for (a) the bulk water and (b) the water-air interface
systems. The C(t) plots of the melatonin-melatonin interactions for (c) the bulk water

and (d) the water-air interface systems.

4.2  Melatonin in the niosome bilayers

4.2.1 Bilayer structures
The overall structures of niosome bilayers with and without melatonin
addition were examined in terms of mass density distribution for individual molecules

and molecular sites including the head and tail groups of Span60 as shown in Figure
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4.10. These density profiles were calculated as a function of the z-coordinate and
were shifted their centers at z = 0 nm. The Span60 head and tail groups were
separately plotted for clarity. Relatively symmetric of all density profiles, indicating
that the four bilayer systems are well-equilibrated during the simulation run. It is seen
in Figures 4.10a and 4.10b that melatonin was continuously distributed inside the
bilayer along the z-axis and can be deeply penetrated the hydrophobic region for the
Span60/Chol bilayer. Such a characteristic was similarly observed in the study of
Han and co-workers (Myung et al., 2016). In Figure 4.10 two peaks of the melatonin
density were observed at ~1.5 and ~ —1.5 nm and they were more overlap with the
density profile of the tail group than that of the head group. This suggests that
melatonin is preferred to locate in the hydrophaobic regions.

A similar characteristic can be seen in Figure 4.10b. However, the two
peaks of the melatonin density were slightly shifted from the bilayer center at ~2.0
and ~ —2.0 nm and they were more overlap with the head density profile than that of
the tail group. This indicates that melatonin is preferred to locate in the hydrophilic
regions. Moreover, it is seen that the addition of cholesterol into the Span60 bilayer
changes the density profiles of the head and tail groups of Span60 significantly as
well as the melatonin density. The density profile of the Span60 head showed two
pronounced peaks and located near the water bulk phase for the four bilayer systems.
However, the density profile of the Span60 tail exhibited a prominent peak at the
bilayer center (z=0) for the Span60 bilayer with cholesterol inclusion while the
density profile of cholesterol lay between that of head and tail groups. Cholesterol
incorporated into the Span60 bilayer it is well-known that results to disturb the

alignment of the hydrocarbon chain and the hydrophilic groups which are similar to
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the lipid bilayers (Ritwiset et al., 2016). Additionally, the characteristics of melatonin
penetration through the niosome bilayers were similarly observed to those of other

lipid bilayers (Drolle et al., 2013).
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Figure 4.10 Mass density distributions of the Span60 head and tail groups,
cholesterol, melatonin, and water molecules versus to z-direction for (a) the Span60
bilayer with melatonin (solid line) and without melatonin (short dash-dot line)
addition and (b) the Span60/Chol bilayer with melatonin (solid line) and without
melatonin (short dash-dot line) addition. Coloring schemes are defined as follows:

water, blue; Span60 head, dark cyan; Span60 tail, green; cholesterol, cyan; melatonin,

magenta.

Characterization of lipid bilayers the most widely used property is area
per lipid which can be measured by experiments. Also, the various other properties
related to the area per lipid-like membrane elasticity, lateral diffusion, etc., (Pandey
and Roy, 2011). In the present work, the lengths of the box in the Ly and L, direction

was used to calculate the area per lipid by the following equation (Somjid et al., 2018)
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= Xl (4.5)

A
N NSpan60 + Nchol

A0:

The product of cell size in the x— (Lx) and y— (L,) directions is the surface area in the
xy—plane of A. The sum of the Span60 number (Nspane0) and cholesterol number
(Nchot) in one layer which is the total number of the molecules of N. When the 30
mol% of melatonin was added into the pure Span60 bilayer, the area per lipid (Ao)
increased from 24.6 + 0.1 A? to 30.1 + 0.1 A% This pure Span60 bilayer has a smaller
area per lipid reveals that the Span60 molecules were closely packed with their
orderly tilted tail groups versus to the bilayer normal direction (the z-axis) (see Figure
4.12a). Which is referred to as the gel phase or liquid—crystalline—phase (L.). It is in
good agreement with our previous studies (23.6 + 0.1 A?) for such an area per lipid
(Ritwiset et al., 2016). The Span60 bilayer with melatonin addition reveals more
expanded area per lipid due to the melatonin insertion among the Span60 themselves,
leading to more loosely—packed between the Span60 and melatonin domains. The
Span60 tails are less orientational order with their tilt parallel to the bilayer normal
direction (see Figure 4.12b). This characteristic of the bilayer is referred to as the
liquid—expanded phase (Lg) (Drolle et al., 2013; Dies et al., 2015). The Span60
bilayer with melatonin addition showed a less ordered structure than the pure Span60
and the Span60/Chol bilayers. When the 50 mol % cholesterol was added to the
Span60 bilayer, the area per lipid (Ao) increased from 24.6 + 0.1 A% to 27.8 + 0.1 A2,
The area per lipid of Span60 bilayer with cholesterol inclusion was more expanded
due to the cholesterol insertion among the Span60 themselves, leading to more
loosely—packed between the Span60 and cholesterol domains. Their tail groups of

Span60 molecules were orderly alignment parallel to the bilayer normal direction (see



55

Figure 4.12c), which is referred as the liquid-ordered phase (Lo). The area per lipid of
the Span60 bilayer with melatonin addition showed more expansion than that of the
Span60/Chol bilayer. This result indicated that cholesterol molecules can induce the
Span60 close together rather than melatonin molecules do when they are added into
the Span60 bilayers. A clear picture of this behavior can be seen from the 2-
dimensional radial distribution function as displayed in Figure 4.11a. Furthermore,
adding melatonin to the Span60/Chol bilayer caused the area per lipid (Ao) to expand
from 30.1 + 0.1 A? to 33.6 + 0.1 A% The melatonin insertion among the Span60 and
cholesterol molecules resulted to phase change from the liquid-condensed phase (Lc)
to the liquid—expanded phase (Lg) as displayed in Figures 4.12c¢ and d. According to
the two dimensional—radial distribution function plots for the Span60/cholesterol (SC)
and the Span60/melatonin (SM) systems (see Figure 4.11b). The Span60 bilayer with
both melatonin and cholesterol inclusion showed a less ordered structure when
compared to the pure Span60 and the Span60 with melatonin inclusion.

The physical properties of niosome bilayers with and without
cholesterol and melatonin inclusion such as an area per lipid (Ao) and bilayer
thickness (Dnn) were summarized and compared with the other work as given in
Table 4.4. The Dyy is defined from the center of mass of the Span60 headgroups in
the upper and lower layers that were averaged overall in z-distance at the equilibrium
ranges. The Dyy was calculated over the last 50 ns simulation run for all bilayer
systems. The Span60/Chol bilayer with melatonin addition yielded the area per lipid
and bilayer thickness according to that of the Span60/Chol bilayer which contained
flavone, chrysin, and luteolin, respectively (Myung et al., 2016). The area per lipid

and bilayer thickness of our studies for the Span60 bilayer with 50 mol% cholesterol
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inclusion are 27.8 + 0.1 A% and 40.0 + 0.2 A, respectively. Our result is in good
agreement with the study of Han et al. (Myung et al., 2016) which yielded 29.9 A?
and 37.4 A, respectively. The area per lipid increased whereas the bilayer thickness
decreased when the 30 mol% of melatonin was added to the Span60/Chol bilayer.
This characteristic is similarly observed for those of the Span60/Chol bilayer with the

addition of 25 mol% flavone, chrysin, and luteolin, respectively (Myung et al., 2016).

Table 4.4 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.

Span60 bilayer

F 0 mol% 50 mol%
E?g]ps):ecr?:es Additive Cholesterol Cholesterol
Area per lipid, - 246+0.1 27.8 £0.1 (29.99

A, (A? 30 mol% melatonin 30.1+0.1 33.6+0.1

25 mol% flavone® — 35.8

25 mol% chrysin? - 37.6

25 mol% luteolin® — 31.0

Thickness, - 416+0.2 40.0 £0.2 (37.4%

Dun (A) 30 mol% melatonin 426+0.2 38.7+0.1

25 mol% flavone® — 36.1

25 mol% chrysin® — 329

25 mol% luteolin® . 37.9

®Reference (Myung et al., 2016)

Furthermore, the Dyy increased from 41.6 + 0.2 A to 426 + 0.2 A
when the 30 mol% melatonin was added to the pure Span60 bilayer. Conversely, it
decreased from 41.6 + 0.2 A to 40.0 + 0.2 A when the 50 mol% cholesterol was added
to the Span60 bilayer. The bilayer thickness of this study is in good agreement with
our previous works which yielded 46.3 + 0.2 A and 41.3 + 0.1 A for the pure Span60

and the Span60 with the 50 mol% cholesterol incorporation (Somjid et al., 2018). The
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lowest of Dy is 38.7 + 0.1 A when the 30 mol % melatonin was added to the
Span60/Chol bilayer. This indicated that melatonin causes the Span60 bilayer to the
most fluidity compared with the Span60/Chol bilayer with and without melatonin
incorporation.

The probability of finding two molecules at a specific distance was
described in terms of the radial distribution function (rdf). In our case, the two-
dimensional-radial distribution function (2D-rdf) was applied for the bilayer system.
The positions of the center of mass of the Span60 head group, cholesterol, and
melatonin were projected on the bilayer plane (the xy—plane). The overall rdf shape
can be described as the molecular arrangement in the liquid phase while the
estimation of the characteristic distances on their structure can be used for the peak
position. The 2D-rdf was defined as the following equation (Spaar and Salditt, 2003;

Chen et al., 2015)

g(r) = ——(s(t) - 2510 (4.6)

Where the total number of molecules which are considering of N. Here, S(t) is the xy
cross-section area of the simulation box dependent on time t. The number of
molecules with a distance to the center of mass of the molecule is located in a circular
shell of radius from r to r + &r which is §N(r,t). The angle bracket () denotes
averaging over the total simulation time and the total number of molecules. Figure
4.11 shows the 2D-rdf plots for the pair of the Span60/cholesterol (SC) and
Span60/melatonin (SM) systems. To clearly illustrate the impact of the variable
melatonin or cholesterol on the bilayer structure thus were considered only lateral

distributions (the xy-plane). The centers of mass of the Span60 head group,
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cholesterol, and melatonin were used for these the 2D—rdf calculations. It is seen that
the first sharp peak of the SC-rdf was detected at a shorter distance than that of the
SM-rdf for the Span60/Chol/Mel bilayer. This means that cholesterol prefers to

interact with Span60.

1.3 1.3
( a ) SC (Span60ichol bilayer)l (b) SC (Span60/chol/mel bilayer)
1.24 —— SM (Span60/mel bilayer) 1.2 —— SM (Span60/chol/mel bilayer)
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Figure 4.11 Two dimensional-radial distribution functions (2D—rdfs), calculated only
on the xy—plane for the Span60/cholesterol (SC) and Span60/melatonin (SM) bilayer
systems. The 2D-rdfs were calculated from the Span60 head group to cholesterol
(green line) and melatonin (blue line) for (a) the Span60/Chol and the Span60/Mel
bilayers, and (b) the Span60/Chol/Mel bilayer. The centers of mass of the Span60

head group, cholesterol, and melatonin were used throughout these calculations.

This result was according to the hydrogen bond strength between Span60 and
cholesterol and their stronger van der Waals interaction. The SC-rdf of the
Span60/Chol and the SM-rdf of the Span60/Mel bilayers showed higher a uniform
distribution than those of the Span60/Chol/Mel bilayer. These characteristics are

similar to cholesterol or melatonin distribution in the lipid membranes which both
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systems were investigated at high concentrations using the two—dimensional X-ray
diffraction technique (Dies et al., 2015).

Molecular configurations of all the bilayer systems in the equilibrium
can be depicted in Figure 4.12. It is seen from Figures 4.12a and 4.12c that two phases
of the pure Span60 and the Span60/Chol bilayers were observed as the gel phase (L)
and the liquid-ordered phase (L), respectively. This is according to our previous
studies of niosome bilayer with and without cholesterol inclusion (Ritwiset et al.,
2016; Somjid et al., 2018). Figures 4.12b and 4.12d exhibited the influence of
melatonin on the orientation of the Span60 tail groups which resulted in the phase
change from the liquid-expanded phase to the liquid—condensed phase for the
Span60/Mel and the Span60/Chol/Mel bilayers, respectively. These characteristics are
similarly observed to the saturated lipid bilayer with melatonin and cholesterol

inclusion (Drolle et al., 2013; Dies et al., 2015).

4.2.2 Molecular orientation

It has been widely calculated in a theoretical for the tilt angle
distributions to characterize the structure of the lipids bilayer and also can be
compared to X-ray diffraction results (Katsaras et al., 1992). The tilt angle
distributions of the Span60 tail and melatonin for all bilayer systems were analyzed as
given in Figure 4.13. The probability distribution of the tilt angle of the Span60 tails
lying in the upper and the lower layers was obtained as displayed in Figure 4.13a.
Definition of the tilt angle, 0, is a vector of acyl chains pointing from the first (CH3)
to the last hydrocarbon (CH2) unit (see Figure 3.4a) versus to the bilayer normal

vector (the z-axis).
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These tilt angle distributions of the Span60 hydrocarbon chains for the
pure Span60 and the Span60/Mel bilayers exhibited the highest probability of the first
peak of the upper layer at ~ 14.2° and ~ 11.6° and that of the lower layer at ~ 154.4°
and ~ 162.9°, respectively. It also showed the different patterns of the tilt angle

distribution of the Span60 tails obtained from the two systems.

Figure 4.12 Molecular configurations of (a) the Span60, (b) the Span60/Mel, (c) the
Span60/Chol, and (d) the Span60/Chol/Mel bilayers, respectively which were taken
from the MD simulation. Color scheme: cholesterol, green; Span60 tails, cyan;

melatonin, gray; oxygen, red; nitrogen, blue; hydrogen, gray.
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Figure 4.13 (a) 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. (b) the
tilt-angle distribution of melatonin for the Span60/mel (green solid line) and the

Span60/Chol/Mel bilayers (blue solid line), respectively.

These results indicated that the Span60 tails of the pure Span60 bilayer
exhibit more tilt than that of the Span60 bilayer with 30% melatonin addition. This
suggested that the pure Span60 bilayer was in the gel phase and the Span60 with
melatonin inclusion was in the liquid—expanded phase. This is according to the
previous work (Somjid et al., 2018) which reported the average tilt angle of 19.36 +
1.02" for the pure Span60 bilayer. However, the tilt angle distributions of the Span60
hydrocarbon chains for the Span60/Chol and the Span60/Chol/Mel bilayers exhibited
the highest probability of the first peak at ~ 11.2° and ~ 12.5° for the upper layer and
the first peak at ~ 167.7° and ~ 163.8° for the lower layer, respectively. It also showed
a similar pattern of the tilt angle distribution of the Span60 tails obtained from the two

systems. The Span60 chains including both cholesterol and melatonin exhibit more tilt
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than the Span60 chains with cholesterol inclusion. This is because the melatonin
induced the increase of local disorder in the Span60 tail groups. The tilt angle of
15.43 + 0.59" for the Span60 bilayer with 50% cholesterol inclusion was reported in

previous works (Somjid et al., 2018).

Figure 4.14 Molecular configuration of melatonin molecules (Span60 and cholesterol
were not shown) distributed in the Span60 bilayer (a) without cholesterol and (b) with
cholesterol inclusion, respectively. Melatonin molecule color scheme: the carbon

atom and hydrocarbon group, cyan; oxygen, red; nitrogen, blue; hydrogen, gray.

Figure 4.13b shows the probability distribution of the melatonin tilt
angle for the Span60/Mel and the Span60/Chol/Mel bilayers. Definition of the tilt
angle, 0, is a vector on melatonin molecule pointing from the first (C) to the last
hydrocarbon (CR61) unit (see Figure 3.4c) versus to the bilayer normal vector (the z—
axis). Clearly, the melatonin tilt angle distribution for the Span60 bilayer without
cholesterol inclusion showed three pronounced peaks with the positions of the first
peak ~ 22.8°, the second peak ~ 71.8°, and the third peak ~ 138.0°, respectively. The

second peak ~ 71.8° is the highest. This result indicated that melatonin molecules
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were rather orderly aligned within the bilayer structure (see Figure 4.14a) versus to
the bilayer normal vector (the z—axis). Such a characteristic is similarly observed in
the lipid bilayers with melatonin inclusion (Dies et al., 2015; Lu and Marti, 2019).
Conversely, the melatonin tilt angle distribution of the Span60 bilayer with
cholesterol inclusion was quite broad. It means that the melatonin molecules were
rather disorderly aligned within the bilayer structure (see Figure 4.14b) versus to the

bilayer normal vector (the z—axis).

4.2.3 Order parameters
It has been widely calculated in a theoretical for the deuterium order
parameters (Scp) to characterize the structure of the hydrocarbon chains inside a lipid
membrane and can be compared to ?H NMR measurements (Petrache et al., 1999).
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 = 5 1(3cos20 — 1) | (4.7)

Here, 6 is the angle between the membrane normal (the z—axis) and the C-D bond
vector. A time and ensemble average represents by the angular bracket. In this study, a
united atom model was employed to describe the hydrocarbon groups (CH, or CHj3).
Thus, the definition of the C—D bond vector is a vector from C,; to Cy; site. The C1
site is the carbonyl carbon and the C18 site is the CH3 group. The CH; groups are
numbered consecutively from C2 to C17 site (see Figure 3.4a). The order parameters
depending on the carbon site of the Span60 molecule obtained from all bilayer

systems were presented in Figure 4.15. This result revealed that the Span60 chains for



64

the pure Span60 bilayer showed the lowest orientational mobility due to the strong

interaction between Span60 themselves (Ritwiset et al., 2016).
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Figure 4.15 Order parameter, Scp, on hydrocarbon chains of the Span60 molecules,
as depend on carbon sites position for the pure Span60, the Span60/Mel, the

Span60/Chol, and the Span60/Chol/Mel bilayers, respectively.

For the other bilayers, the Span60 chain exhibited more orientational mobility which
strongly depends on the concentration of cholesterol or melatonin. However, it is seen
that the addition of cholesterol in the Span60 bilayer resulted in the orientational
mobility of the Span60 chain significantly rather than melatonin adding. The carbon
sites of the Span60 chain (C8-C17) showed more orientational mobility due to those
chains being closely packed with the chain—chain interactions (Peltonen et al., 2001).
Excluding the pure Span60 bilayer, the Scp increases with carbon positions until to C7
site and after that, it decreases to the minimum site at C17. This suggested that the
Span60 tail groups were higher orientational mobility. The carbon segments from C5
to C8 showed high order parameters for the Span60/Chol and the Span60/Chol/Mel

bilayers. This means that they were less mobility compared to the other parts of the
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Span60 chain. This is because they closely contact the sterol rings of cholesterol
which induced the strong interaction with the hydrocarbon chains of the Span60. One
can be observed from these simulations that cholesterol molecules not only
significantly increase bilayer fluidity but also result to order parameters of the Span60

chain.

4.2.4 Hydrogen bond and energetic interaction analysis

The number of hydrogen bonds between molecules can be defined in
different ways, either based on the geometry—donor—hydrogen-acceptor (DHA) angle
and the donor-acceptor (DA) or the hydrogen—acceptor (HA) distance or based on the
interaction energy and distance (Luzar and Chandler, 1996). For this study, we
employed the geometrical criterion with the maximum DA distance of 0.35 nm and
the DHA angle of 30". With this definition, it is useful to describe the stability of
melatonin inserted into the Span60 bilayer with and without cholesterol inclusion. The
average hydrogen bond number per molecule and the van der Waal interactions were
calculated for all bilayer systems and given in Tables 4.5 and 4.6, respectively.

It is seen that the average number of hydrogen bonds and the van der
Waal interactions of the pure Span60 and the Span60/Chol bilayers are in good
agreement with previous works (Somjid et al., 2018). When melatonin was added to
the pure Span60 bilayer and the Span60 bilayer with cholesterol inclusion, the number
of hydrogen bonds between the Span60/Span60 decreased from 1.87 £ 0.03 to 1.64 +
0.03 and 0.97 + 0.04 to 0.79 + 0.04, respectively. However, these decreases were
compensated by hydrogen bonds formed between Span60 and melatonin which were

0.40 = 0.02 and 0.56 £ 0.03 for the Span60/Mel and,



Table 4.5 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.

The average number of hydrogen bonds per molecule, <npg>
Bilayer system

SW SS SC SM Ccw CM 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

®Reference (Somijid et al., 2018)

99
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the Span60/Chol/Mel bilayers, respectively. The average van der Waal interactions
obtained from each system exhibited the interactions of the Span60/Span60 system
decreased while the interaction of the Span60/melatonin system increased.
Furthermore, the number of hydrogen bonds formed by the Span60/water (SW)
increased from 2.35 + 0.05 to 2.55 + 0.06 when melatonin was added to the Span60
bilayer while they decrease from 3.83 £ 0.10 to 3.76 + 0.09 when melatonin was
added to the Span/Chol bilayer. Additionally, the number of hydrogen bonds for the
melatonin/water (MW) increased from 0.40 + 0.04 to 0.80 + 0.06 when melatonin was
added to the Span60/Chol bilayer. This indicated that melatonin molecules favored
interacting with water molecules located at the bilayer interface, leading to making
their stability.

The hydrogen bond numbers of the melatonin/melatonin (MM) for the
pure Span60 and the Span60/Chol bilayers were 0.55 + 0.03 and 0.46 + 0.03,
respectively. This was according to the average van der Waal interactions obtained
from our simulation and these results were closely related to melatonin alignment in
the bilayers. The hydrogen bond numbers of the cholesterol/water (CW) were 1.09 £
0.05 and 0.82 + 0.04 for the Span60/Chol and the Span60/Chol/Mel bilayers,
respectively. The reduction of this hydrogen bond number for the Span60/Chol/Mel
bilayer was compensated by hydrogen bonds of the cholesterol/melatonin (CM) which
was 0.30 + 0.02. Furthermore, the hydrogen bond number of the Span60/cholesterol
(SC) slightly decreased when melatonin was added to the Span60/Chol bilayer. This
was according to the average van der Waal interactions obtained from the two
systems. This result indicated that cholesterol can help to improve the bilayer stability

via the hydrogen bond interactions.



Table 4.6 The calculated average van der Waals interaction (<E,qw>) for the Span60, the Span60/Mel, the Sapn60/Chol, and the
Span60/Chol/Mel bilayers, respectively. The van der Waals interactions were represented by the pair of the Span60/Span60(SS), the
Span60/cholesterol (SC), the cholesterol/cholesterol (CC), the Span60/melatonin (SM), the cholesterol/melatonin (CM), and the

melatonin/melatonin (MM), respectively.

. <Eyqw> (kJ/moI)
Bilayer system

SS SC cC SM CM MM
Pure Span60 —237.53+0.73 - - - - —
(-234.01 + 0.16)*
Span60/Mel —198.97 £ 0.69 - - —62.85+0.43 - -36.49 £ 0.52
Span60/Chol —-137.53 £ 0.85 -162.03 £1.01 -126.57 £ 0.62 - - -
(-123.14 + 0.18)* (-190.02 +0.11) (-113.78 + 0.07%
Span60/Chol/Mel -113.21 +0.83 -142.82 +1.00 —111.25 + 0.61 —67.29 £ 0.68 —-49.25 + 0.55 -36.04 £ 0.51

®Reference (Somijid et al., 2018)

89
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4.25 Lateral and transversal diffusion
To quantitatively investigate the motions of the Span60, cholesterol,
and melatonin molecules along the membrane (lateral diffusion) and along the bilayer
normal (transversal diffusion), the mean square displacements (MSD) and the relevant
diffusion coefficients, D, were calculated by using Einstein’s equation (Friedman,

1985)
D = limo g2 ([t + 6)]?) (48)

where ()t is the position of the center of mass of a molecule at time t and n is the
dimensionality of the motion. The averaging value was done overall molecules and all
possible time origins, to. The MSD plots of the Span60 and cholesterol movements in
the lateral direction as well as the melatonin movement in the lateral and transversal
directions were displayed in Figures 4.16 and 4.17, respectively.

The lateral diffusion coefficients, Dy, and the transversal diffusion
coefficients, D,, were derived from the slopes of the linear regime of the time
evolutions of these MSD plots and were summarized in Table 4.7. 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. However, it showed the lowest diffusion in the pure Span60 bilayer. Span60
molecules can move easily in the lateral direction when cholesterol and melatonin
were added to the Span60 bilayers. According to the average number of hydrogen
bonds obtained from each system, the hydrogen bonds of the Span60/Span60 system
decreased when melatonin is added to pure Span60 bilayer and Span60 bilayer with

cholesterol inclusion.
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Figure 4.16 Mean squared displacement (MSD) of lateral diffusion (a) for Span60
and (b) for the cholesterol molecules obtained from the simulations of the pure
Span60, the Span60/Mel, the Span60/Chol, and the Span60/Chol/Mel bilayers,

respectively.

The addition 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. This is according to the stronger van der Waal
interactions between cholesterol themselves.

For the movement of melatonin in the Span60 bilayers, it is seen in
Figure 4.17 that melatonin favored moving in the lateral surface for the Span60/Mel
and the Span60Chol/Mel bilayers. It also showed the highest mobility for the
Span60/Chol/Mel bilayer. Cholesterol caused the loose molecular packing of the
Span60 bilayer, leading to an increase in the mobility of melatonin molecules in the
bilayer. The lateral diffusion coefficient of the melatonin molecule was dramatically
increased from 0.42 + 0.03 to 1.12 + 0.03 pm?s while its transversal diffusion

coefficient was slightly increased from 0.16 + 0.02 to 0.40 = 0.02 pmzls,
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Table 4.7 The diffusion coefficients of Span60, cholesterol, and melatonin molecules,

obtained from MD simulations of the Span60 bilayers with and without cholesterol

and melatonin inclusion.

Bilayer system Diffusion coefficient, [pm?/s]

Span60 Cholesterol Melatonin
Pure Span60 0.22 £ 0.02 (Dyy) - -
(0.33 £ 0.03)°
Span60/Mel 0.30 + 0.03 (D) - 0.42 + 0.03 (Dy)
0.16 +0.02 (D,)
Span60/Chol 0.68 + 0.05 (D) 0.10 + 0.01 (D) -
(1.04 + 0.04)" (0.11 + 0.05)
Span60/Chol/Mel 0.78 + 0.12 (Dy,) 0.14 + 0.01 (Dy) 1.12 +0.03 (Dy,)
0.40 +0.02 (D,)
®Reference (Somijid et al., 2018)
"Reference (Ritwiset et al., 2016)
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Figure 4.17 Mean squared displacement (MSD) of the lateral and the transversal

diffusions of melatonin molecule obtained from the simulations of the Span60/Mel

and the Span60/Chol/Mel bilayers, respectively.

as clearly seen in Table 4.7. This slight increase was according to the average number

of hydrogen bonds increasing which were obtained from the Span60/Mel bilayer. The

lateral diffusion coefficients for the pure Span60 and the Span60/Chol bilayers are in
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good agreement with our previous works (Ritwiset et al., 2016; Somjid et al., 2018).
Thus, the influence of cholesterols on the niosome membrane not only increases
fluidity as seen in the lateral diffusion but also increases melatonin stability by
making the hydrogen bonding via the head group of Span60 and cholesterol which
will improve the efficiency of melatonin entrapment based on using niosomal drug

carriers.



CHAPTER V

CONCLUSIONS & FUTURE DIRECTION OF WORK

5.1 Melatonin in aqueous solution and at the water-air interface

In this study, we employed molecular dynamics (MD) simulations to
investigate the structural and dynamical properties of melatonin molecules in the bulk
water and at the water-air interface systems. The simulation results revealed that most
melatonin molecules in the bulk water system formed self-aggregation due to the
stronger melatonin-melatonin interactions, compared with the water-melatonin
interaction. However, for the water-air interface system, all melatonin molecules
formed a monolayer structure. We found that both head and tail groups of melatonin
can be simultaneously interacted with some water molecules at the surface, resulting in
the two preferred orientations of melatonin head groups. The stability of melatonin
strongly depends on both the melatonin-melatonin and the melatonin-water
interactions. The strength of hydrophilic interaction for each function group of
melatonin was sequenced as follows: carbonyl O > indole NH > amide NH > methoxy
OA, respectively. Additionally, the carbonyl O and the indole NH groups of melatonin
are mainly contributed to the hydrogen bonding between the melatonin—melatonin and
the melatonin-water interactions for both systems. The hydrogen bond lifetimes of
melatonin in the bulk water system exhibit longer than that of melatonin at the water-
air interface. This suggests that the formation of self-aggregation of melatonin

molecules in an aqueous solution is more stable, leading to the low solubility of
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melatonin. Finally, it is seen that this study not only shows a clear picture of the
molecular structure and dynamical properties of melatonin in the presence of different
water phases but also provides necessary information in terms of drug delivery
development for the use of melatonin to resist free radicals and for reduced oxidative

stress, where regions having of virus and bacteria adhesion.

5.2 Melatonin in the niosome bilayers

Niosomes are a novel trend of drug delivery that have more advantages than
liposomes such as good stability, low cost, ease to be formulated, and scaling—up.
Therefore, they have been widely used to encapsulate both lipophilic and hydrophilic
drugs. Nowadays, melatonin encapsulated niosomes have been formulated in various
applications. However, information at the molecular level of melatonin in niosome
bilayers is not well understood. Therefore, in this study, we have focused on the
molecular interaction and dynamics of melatonin in the niosome bilayers based on
using molecular dynamics simulations. The structural and dynamical properties of
niosome bilayers with and without melatonin inclusion have been investigated and
compared with the previous studies. The simulation results revealed that the structure
of the Span60 bilayer without cholesterol inclusion formed in the gel phase and
Span60 molecules were closely packed. Their tail groups were orderly tilted along the
bilayer normal direction. For the Span60 bilayer with 30% melatonin inclusion, the
bilayer was in gel/expanded phase with the less structured order. This indicates that
melatonin has influenced the phase separation of niosome formation. When the 50
mol % cholesterol was added to the pure Span60 bilayer, the bilayer was in the

liquid—order phase and fluidity. The tail groups of the Span60 molecules have an
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ordered structure. However, the addition of 30% melatonin to the Span60 bilayer with
50% cholesterol inclusion exhibited phase transition of niosome bilayer was in
condensed/expanded phase. The bilayer with melatonin and cholesterol inclusion
showed less ordered structure and more fluidity when compared to the Span60
bilayers with and with cholesterol incorporation. The effect of cholesterol provided
the condensation on bilayer structure, while the influence of melatonin provided the
expansion on bilayer structure and local disorder in the cholesterol molecules and
Span60 tail groups. The melatonin is preferentially located at the water—Span60
interface for the Span60/Chol bilayer but stayed locally in the region between the
head and tail groups for the pure Span60 bilayer. The van der Waals interaction
between Span60 and cholesterol exhibits lower than that of Span60 and melatonin,
leading to closed packing of Span60 and cholesterol molecules. The addition of
cholesterol to the Span60 bilayer causes higher mobility of melatonin molecules in
both lateral and transverse directions. Furthermore, our study suggests that the
addition of 50% cholesterol in the Span60 bilayers can increase the stability and
rigidity of niosomes which can improve the efficacy of melatonin encapsulation,
compared with the pure Span60 bilayer. Such information is necessary for the

experimental preparation for drug delivery-based niosome materials.

5.3  Future direction of work

This work will be further investigated by MD simulation with varying
melatonin concentrations and temperatures to find their influence on the niosome
structures such as phase transition, stability of the bilayer, and dynamic behavior of

the bilayer structure. Such information provides a clear molecular picture of niosome
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formation and understanding of the mechanism of melatonin encapsulation based on
using the niosome materials. This leads to novel preparation of drug delivery system,
especially, in terms of a variety of applications of melatonin for many disease

treatments.
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