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INTRODUCTION 

Exposure to ultraviolet (UV) radiation is known 
to have harmful effects on the skin, such as photoaging and 
photocarcinogenesis [1]. To minimize damage from UV 
exposure, topical preparations can be applied to the skin. 
Sunscreen is a topical preparation that protects against UV rays 
and is characterized by its sun protection factor. Many sunscreen 
formulas incorporate active substances from plants that are 
effective skin protection agents against sun exposure. The 
active compounds include flavonoids, saponins, antioxidants, 
and quercetin [2,3]. Centella asiatica (L.) is a herbal plant 

containing active substances that has skincare benefits and 
protects the skin from the sun [4].

Centella asiatica (CA) fraction can be formulated 
into nanoemulsion due to its poor lipophilic properties and 
limited solubility. Asiaticoside is a compound found in the 
CA fraction that exerts a therapeutic effect on UV-induced 
photoaging. Huang et al. [5] demonstrated that asiaticoside can 
prevent photoaging of the skin through the inhibition of human 
dermal fibroblast proliferation induced by UV-A exposure [5]. 
Asiaticoside has a molecular weight of 959.12 g/mol, a water 
solubility of 307.347 μg/mL, and a partition coefficient of 2.24 
[6]. The low solubility and the high molecular weight inhibit 
their skin absorption, causing limitations for its use in topical 
formulations [7,8]. To overcome this, nanoemulsion technology 
offers a promising approach for the development of CA fraction 
products. Nanoemulsions, as an encapsulation process in 
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nanoparticle technology, provide a method for developing drug 
delivery system formulations [7].

Nanoemulsion is the dispersion of two unmixed 
liquids, oil in water (O/W) or water in oil (W/O), stabilized 
using a suitable surfactant. The selection of nanoemulsion 
preparations can increase the solubility of the active substance, 
provide good stability against phase separation, appear 
transparent, and reduce particle size, thus, offering a high 
surface area for better absorption of the active ingredients [9]. 
The selection of oil, surfactant, and cosurfactant phases is an 
important factor in the manufacture of stable nanoemulsion 
formulations [10]. The oil phase in the nanoemulsion formula 
affects the size of the droplets and the stability of the formed 
nanoemulsions. As a carrier, the oil phase can dissolve active 
lipophilic substances. Olive oil was used as the oil phase in 
this study because it contains saturated, monounsaturated, and 
polyunsaturated fatty acids, as well as palmitic, stearic, and 
oleic acids. 

Centella asiatica (L.) Urb. is an herbal plant that is 
widely used in the treatment of skin diseases and skincare. 
Active compounds in the CA fraction that exert pharmacological 
effects on the skin include asiaticosides, madecasosides, 
asiatic acid, and madecassic acid. Asiaticoside is the primary 
active constituent in CA. In the CA fraction, saponins and 
their derivatives, namely pentacyclic triterpenoids, were the 
most abundant, with an asiaticoside content of approximately 
8%. Asiaticoside has a therapeutic effect on UV-induced 
photoaging by lowering the ROS content. Topical treatment 
using asiaticoside improved skin that had been subjected to 
hyperpigmentation photoaging due to UV radiation exposure 
from the sun [11,12]. 

Empirical approaches to developing formulations 
have several limitations. These include time restrictions in 
conducting experiments, potential errors in formulation, and 
financial constraints. These problems can be resolved using 
molecular modeling approaches that enable one to accurately 
predict and describe the atomic interactions between the 
emulsion excipient and active ingredient during the preparation 
process. Moreover, these studies could minimize trial and 
error during the experimental process as presented in previous 
studies [13,14]. The results of the molecular modeling approach 
were compared with empirical observations. This study aimed 
to comprehend in silico modeling using molecular dynamics 
(MD) simulations and empirically observe the formulation of 
a nanoemulsion using asiaticoside from the CA fraction and 
olive oil as a penetration enhancer. The in silico modeling 
of nanoemulsion formation, supported by a computational 
approach, can be applied in empirical studies to predict the 
optimum conditions and composition of the olive oil lipid phase 
and asiaticoside required to achieve a good nanoemulsion drug 
delivery system.

MATERIALS AND METHODS

Materials 
The materials used in this study were CA fraction, 

ethanol PA (Emsure®), n-hexane PA (Technical Grade), ethyl 
acetate PA (Technical Grade), diethylene amine PA (Technical 

Grade), asiaticoside comparator (Cosmetic Grade), TLC 
silica gel GF254 plate, olive oil (Technical Grade), Tween 80 
(Technical Grade), propylene glycol (Technical Grade), ethanol 
70% (Merck Germany), white tip, aluminum foil, filter paper 
(Whatman no, 1) and aquadest.

Molecular dynamics simulations of nanoemulsion formation
The formation of nanoemulsion was studied using 

an in silico approach; that is, MD simulations were performed 
using GROMACS version 2023.2. Prior to the MD simulations, 
three-dimensional molecular models of the studied compounds, 
that is, asiaticoside, Tween-80, propylene glycol, and palmitic, 
linoleic, and oleic acids, were generated using Avogadro and 
energy-minimized using the MMFF94 force field with 1,000 
steps and the steepest descent algorithm. In the MD simulations, 
palmitic, linoleic, and oleic acids represented the olive oil 
composition.  

The topology files of each compound (itp files) were 
generated using the online software (http://www. swissparam. 
ch/) and the optimized potentials for liquid simulations 
in all-atom version (OPLS-AA) force field explaining the 
atomic interactions were selected. An asiaticoside model was 
chosen as the initial coordinate, followed by the addition of 
other asiaticoside, Tween-80, propylene glycol, and palmitic, 
linoleic, and oleic acids, with the number of molecules to 
describe the experimental stoichiometric ratio (Table 1). 
These molecular models were placed randomly in a cubic 
box with dimensions of 7.487 × 7.487 × 7.487 Å3 filled with 
7,961 water molecules as the solvent. Subsequently, energy 
minimization was performed with a maximum number of 
steps of 5,000 to perform the steepest descent minimization 
followed by the 1-ns NVT and NPT equilibration phases. 
These two-stage equilibration phases were configured to 
reach the desired temperature of 37°C and pressure of 1 bar 
and were controlled using V-rescale and Parrinello-Rahman 
coupling, respectively. NVT equilibration was carried out 
to show that the nanoemulsion system achieved stability at 
37°C. The NPT equilibration process aimed to stabilize the 
pressure in the nanoemulsion system. Considering that NPT 
equilibration may require a longer time for the nanoemulsion 
system to stabilize its potential energy, this indicated that 
the nanoemulsion system achieved isothermal isobaric 
equilibrium.

The 250-ns MD simulation production phases were 
subjected to short-range van der Waals (vdW) and long-
range electrostatic cutoff (1.2 nm) while applying the particle 

Table 1. Number of molecules nanoemulsion. 

Component Number of molecules

Asiaticoside 3

Tween-80 118

Propylene glycol 272

Palmitic acid 2

Linoleic acid 2

Oleic acid 6
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mesh Ewald method. Finally, 250-ns MD simulations were 
conducted, and simulation snapshots were saved every 100 ps. 
The MD simulation results were then processed to compute 
the system energies, that is, vdW and Coulomb short-range 
interactions, using gmx energy commands. The dynamic 
changes in nanoemulsion formation were visualized using 
PyMOL. 

Preparation of plant extracts
The CA fraction was extracted via maceration in 

70% ethanol at a 1:5 (w/v) ratio in an Erlenmeyer flask. A 50 g 
sample of CA simplicia powder (mesh size of 60) was weighed 
and transferred to an Erlenmeyer flask containing 250 ml (1:5) 
of 70% alcohol (v/v). The powder was macerated for 24 hours 
at 150 rpm. Following this, the samples were filtered through 
a buchner funnel. The sample was subjected to three rounds of 
maceration, each lasting for 24 hours with 250 ml of the total 
solvent. The extract was evaporated during the entire maceration 
process, and the extract was stored in a weighed porcelain dish. 
The thick CA extract was then weighed periodically until a 
stable weight was obtained [15].

Nanoemulsion formulation of CA fraction
The nanoemulsion were prepared according to the 

formulas listed in Table 2. Olive oil was used as the oil phase in 
beaker glasses, along with Tween 80 and the CA fraction. The 
mixture was stirred using a magnetic stirrer for 10 minutes at 

1,000 rpm. After 10 minutes, the aquadest at a temperature of 
70°C was gradually added, and the stirring speed was increased 
to 1,250 rpm. Sonication was performed for 50 minutes to 
remove bubbles [16].

Particle size
The particle size of the nanoemulsion preparations 

was measured using dynamic light scattering with a particle 
size analyzer. Ten milliliters of the sample were dissolved in 
aquadest at a 1:1 ratio. The particle size were < 100 nm [17].

Transmission electron microscopy 
Transmission electron microscopy (TEM; JEOL JEM 

1400) was used to visualize the morphology and form of the 
nanoemulsion. A drop of the sample was applied to a copper 
grid using an autocarbon-coated tool. The samples were allowed 
to dry stand at room temperature 25°C for 24 hours. Following 
the drying period, the sample was positioned in a holder and 
examined under a 100–200 kV microscope to observe its 
morphology using a TEM apparatus [18,19].

RESULTS AND DISCUSSION

Molecular dynamics simulations
Before performing the MD simulations to depict 

nanoemulsion formation, the process began with solvation, 
followed by energy minimization. The solvation systems 
before and after energy minimization are shown in Figure  1. 
As shown in Figure 1a, the systems appear to be more 
disordered, with an extremely high-energy system, of 252,772 
kJ/mol. During the energy minimization step, the system 
energy was exponentially lowered until it reached -433,601 
kJ/mol, (Fig. 1b). Additionally, the molecular conformations 
were adjusted to yield a lower energy. The process of energy 
minimization eliminates unfavorable interactions among all the 
molecules in the system. Simultaneously, it ensured favorable 
conditions for non-bonding interactions to occur between 
asiaticoside, Tween-80, representative olive oil molecules, and 

Figure 1. The solvated simulation system at initial coordinate (a), after energy minimization (b), and after NPT equilibration (c).

Table 2. Nanoemulsion formula of CA fraction. 

Ingredient Functional uses Quantity

CA fraction Active ingredient 240 ppm

Olive oil Oil phase 0.5 g

Tween 80 Surfactant 7.0 g

Propylene glycol Cosurfactant 1.0 g

Aquadest Water phase 60 ml
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the surrounding solvent molecules [20]. After the two-stage 
equilibrium phases, all molecules appeared relatively clustered, 
starting to form a nanoemulsion system, as shown in Figure 1c. 
The system employed periodic boundary conditions (PBC) 
in the two-stage equilibration phase, followed by 250-ns MD 
simulations, allowing the use of tiny computational units to 
model the characteristics of large-scale systems. Notably, the 
application of PBC in MD simulations helps prevent problems 
related to sudden changes in interatomic forces at the edges of 
the simulation cell. However, at the edges of the simulation 
cell, the modeled molecules and their assembled structures 
appeared disjointed or incomplete, indicating a core problem 
of PBC [21]. Hence, we employed the supercell feature of 
PyMOL, which displays multiple copies of the simulation cell, 
to visualize nanoemulsion formation. 

Figure 2 shows the formation of the nanoemulsion 
from the first snapshot (0 ns) to the final snapshot (250 ns) of 
the MD production phase, and the stimulation was visualized 
by capturing snapshots every 50 ns during the entire simulation. 
Figure 2a clearly shows that the system is attempting to form a 
nanoemulsion system, which is consistent with a study conducted 
by Koshiyama and Wada [22]. Thereafter, the nanoemulsion 
likely adopted a nearly spherical shape at a simulation time of 
50 ns. This observation could be energetically explained by the 
decrease in van der Waals energies, which might be attributed to 

nanoemulsion formation. Notably, after 50 ns, the nanoemulsion 
remained relatively stable throughout the simulation. These 
results were confirmed by the energy calculation results, which 
showed no significant energy changes in the van der Waals and 
Coulomb energies (Figs. 3 and 4). Thus, the 1-ns two-stage 
equilibration period may be crucial in initiating the process of 
nanoemulsion formation. Furthermore, these results correlated 
well with those of a previous study, indicating the importance of 
the equilibration phase for the generation of consistent structural 
ensembles of charged glycolipids [23]. Hence, additional 
studies validating the initial atomic coordinates before and after 
the time-dependent equilibration phase, prior to the production 
phase, are required. 

As we examined the snapshots during the simulations, 
Tween-80 and the representative olive oil components 
interacted in the outer and inner nanoemulsion systems, 
forming nonhydrophobic contacts in the outer system, whereas 
hydrophobic contacts were observed in the inner nanoemulsion 
system. Asiaticoside molecules formed hydrogen bonds 
with Tween-80 and propylene glycol molecules in the outer 
nanoemulsion system (Fig. 5). Our research showed that 
asiaticoside molecules interacted with the nanoemulsion 
surface, specifically creating non-hydrophobic contacts with 
the outer part of the nanoemulsion system. Additionally, these 
results could potentially explain the experimentally observed 

Figure 2. The snapshots of nanoemulsion formations figured as copies of the simulation cell at 0 (a), 50 (b), 100 (c), 150 (d), 200 (e), and 250 (f) ns. 
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formation of nanoemulsion in this study, consistent with the 
computational modeling approaches described in a previous 
study [13]. Hence, MD simulations may serve as a valuable 
tool for further investigation, for predicting and elucidating the 
formation and behavior of nanoemulsions.

Preparations of plant extract
Centella asiatica (L.) is an Indonesian herbal plant with 

effective antiphotoaging, anti-inflammatory, and wound healing 
agents [24,25]. The maceration extraction method for CA aims 
to separate the active compounds of the plant while preserving 
those that are heat-sensitive [26]. Maceration of CA extracts 
several compounds such as triterpenoids, flavonoids, saponins, 
alkaloids, phenolics, tannins, and carotenoids depending on 
the type of solvent and extraction time used [27]. In this study, 
the yield of the CA fraction reached 30.6%, exceeding the 
minimum requirement of 7.3%. Asiaticoside is known to have 
activity as an antiphotoaging agent, anti-inflammatory, and 
wound healing activities [28]. However, the use of asiaticoside 
in topical formulations is often hampered by their low solubility 
in water, which results in low permeability and bioavailability 
through biological membranes [6]. Nanoemulsion was selected 
to increase the solubility of asiaticoside and its absorption 
during its topical use as a sunscreen. The small particle size of 
nanoemulsions minimizes the coagulation of emulsion droplets, 
suppresses precipitation, and assists in the delivery of active 
substances [29]. 

Particle size 
Particle size testing aims to determine the average 

particle size and ensure the quality of preparation [30,31]. 
Particle size testing was performed using dynamic light 
scattering method [17]. The smaller the particle size, the 
greater the surface area of the substance, which accelerates 
its solubility. The increased surface area allows for greater 
interaction between the solute and solvent. A particle size ≤100 
nm makes nanoemulsions more soluble or easily absorbed by 
the skin. The particle sizes of the CA fraction nanoemulsion 
were 15.2 consecutively, 14.8, 13.2, and 14.4, all which meets 
the criterion of < 100 nm [32,33]. 

Because the particle size test of the nanoemulsion 
preparation of the CA fraction was very small, the sunscreen 
was classified as a chemical sunscreen. The nanoemulsion 
particle size distribution curves in triplicate measurements 
showed values of 15.40 (a), 15.00 (b), and 15.20 nm (c), 
having a polydispersity index of 0.301, 0.368, and 0.380, 
respectively. The small particle size of the preparation could 
enable the nanoemulsion to be easily absorbed into the inner 
layer of the skin. Chemical sunscreen works by absorbing UV 
radiation and converting it into energy radiation that is harmless 
to humans [34]. The particle size of the nanoemulsion and the 
corresponding transmittance measurements are presented in 
Table 3. 

Particle morphology
TEM was used to observe the morphology of the 

nanoemulsion particles (Fig. 6). Bright-field enhancement in 
conjunction with a diffraction model facilitated the production 
of a higher-resolution nanoemulsion structure. Morphological 
measurements utilizing TEM were used to ascertain the size 
and morphology of the droplet surface [35]. After dissolving 
the nanoemulsion and placing it in a holder, TEM was used 
to observe the nanoemulsion particle morphology. TEM 
analysis was performed on the nanoemulsion samples to view 
the sample grain shape under a 100–200 kV microscope [18]. 

Figure 5. Asiaticoside molecule (red–white-colored model) interacted on the 
nanoemulsion surface displaying its non-hydrophobic contacts (yellow dashed 
line) with Tween-80 and propylene glycol molecules

Figure 3. The changes of short-range van der Waals energy throughout the 
simulations taken every 100 ps.

Figure 4. The changes of short-range coulomb energy throughout the 
simulations taken every 100 ps.

Table  3. Particle size and transmittance test results.

Formula Transmittance (%) Particle size 
(nm)

1 95.9 ± 0.458 15.2 ± 0.163
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TEM observation revealed that the shape or morphology of 
the nanoemulsion particles carrying the active ingredient 
asiaticoside formed a monodisperse system.

CONCLUSION
The empirical experimental results showed that 

the particle size of the nanoemulsion reached the nanometer 
scale. Nanoemulsion particles containing the active substance 
asiaticoside were spherical in shape, with a smooth surface, 
showing no signs of aggregation or separation. This indicated 
that the inner core, composed of an oil phase, particularly 
olive oil, was surrounded by a thin outer layer of surfactants, 
Tween-80, and PG, encapsulating the nanoemulsion droplets. 
These findings were consistent with the in silico modeling 
studies, demonstrating that the nanoemulsion developed during 
the initial production run of the 250-ns MD simulations remained 
stable throughout the simulations. These findings can contribute 
substantially to the better understanding of computational and 
experimental studies complementing each other. 
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