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Abstract 

 
Black cumin is commonly used as traditional medicine due to its wide range of pharmacological potential. Black cumin 

oil (BCO) was often prepared as nanoemulsion to improve its solubility, stability, and bioavailability. This study was 

conducted to investigate the molecular behavior as well as structural evolution of BCO-surfactant systems during self-

assembly micellization using molecular dynamics (MD) simulations. Several BCO constituents and variations of surfac-

tants were employed to model BCO-surfactant systems. 50 ns of MD simulations were performed to elucidate their evo-

lution of structures and physicochemical properties during formation. Results showed that BCO-tween20 and BCO-leci-

thin were able to form spherical-shaped micelles with the effective radii of 10.20 and 8.67 nm at the end of the simulation. 

Also, from the root mean square deviation and radius of gyration profile, it is showed that BCO-tween20 system was able 

to maintain the stability of its structure throughout the simulation. Results also revealed that self-assembly of BCO-sur-

factant systems were exothermic processes, confirming spontaneous nature upon formation. 
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Introduction 
 

Black cumin (Nigella sativa) is a widely used natural 

product due to its vast pharmacological activities. Several 

reports showed its potential as antioxidant [1], 

antibacterial [2], anticancer [3], anti-inflammatory [4], 

and antidiabetic [5]. The beneficial effects of black 

cumin arise due to the presence of various constituents. 

Thymoquinone, thymohydroquinone, thymol, carvacrol, 

longifolene, p-cymene, 4-terpineol, and t-anethole [6] 

were present, along with fatty acids including linoleic 

acid, oleic acid, and palmitic acid [7,8]. 

 

In order to enhance its solubility, stability, and 

bioavailability, black cumin oil (BCO) was often 

formulated in the form of nanoemulsion [9]. Generally, 

fabrication method of nanoemulsion can be divided into 

high-energy methods and low-energy methods. In high-

energy methods, particular instruments, like high-shear 

and high-pressure homogenizers, as well as ultrasonicators 

were required to generate molecular disruption [10]. 

Meanwhile, low-energy methods taking advantages of 

the internal energy of the system, promoting spontaneous 

emulsification when specific composition and condition 

are fulfilled [11]. A simple nanoemulsion is composed of 

water phase, oil phase, and surfactant(s) [9]. Surfactant 

plays an essential role in the formulation of nano-

emulsion due to its ability in lowering interfacial tension 

in water-oil interface and inhibiting droplet coalescence 

[12]. Thus, a proper selection of surfactants is necessary to 

promote micellization and produce stable nanoemulsion. 

 

Many experimental research have been conducted to 

investigate the formulation of BCO-based nanoemulsion. 

However, there is still lack of understanding in molecular 

details of self-assembly and micellization phenomena, as 

well as the physicochemical properties underlying the 

formation of nanoemulsion. Molecular dynamics (MD) 

simulation was considered as an appropriate technique to 

illustrate details of molecular interaction and behavior, as 

well as structural evolution during aggregation. MD 

simulations have been applied to study the self-assembly 

process of cyclohexane-based nanoemulsion [13], the 

molecular assembly of soybean oil-based nanoemulsion 

[14], the molecular aggregation of palm-based esters 

nanoemulsion [15,16], interaction between functionalized 

nanoparticles with lipid membranes [17], as well as 

dynamics of lecithin-encapsulated curcumin micelles 

[18]. In this study, the structural evolution and the 

physicochemical properties of BCO-surfactant systems 

in water environment during micellization process were 

examined. Several surfactant molecules were used to 

offer an insight on their performance in the formation of 

nanoemulsion. 
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Simulation Methods 

From several research it was found that the major 

constituents in black cumin oil are fixed oils which 

comprised of 40-60% linoleic acid, 17-25% oleic acid, 

and 9-13% palmitic acid [1,7,8,19]. 0.4-2.5% of essential 

oils was also identified, with thymoquinone being its 

major component [7]. To model an efficient 

nanoemulsion system, a proportionate number of 

molecules, consist of 4 linoleic acid, 3 oleic acid, 2 

palmitic acid, 1 thymoquinone, and 10 surfactant 

molecules were applied. Furthermore, in order to present 

an accurate understanding on the molecular behavior of 

BCO-surfactant system, several surfactants that have 

been employed in previous experimental studies were 

selected: tween20 (T20) [20], tween80 (T80), span20 

(S20), span80 (S80) [21], and lecithin (LEC) [22]. 

 

Atom types of the BCOs and surfactant molecules were 

first prepared using PRODRG [23]. 10 BCO molecules 

and 10 surfactant molecules were then randomly placed 

in 10 nm × 10 nm × 10 nm simulation box using 

PACKMOL [24]. Simulation processes were carried out 

using GROMACS 2021 [25]. The GROMOS96 force 

field [26] was applied for BCOs and surfactants, while 

spc216 model was used for water. The steepest descent 

and leapfrog algorithm were performed during 500,000 

steps of energy minimization converging its value below 

50 kJ/mol.nm. 

 

The minimized system was then equilibrated under ca-

nonical (NVT; constant number of molecules, volume, 

and temperature) ensemble for 500 ps until reference 

temperature was reached at 310 K, continued by equili-

bration under isothermal-isobaric (NPT; constant number 

of molecules, pressure, and temperature) ensemble for 

the same duration until 1 bar of reference pressure and 

310 K of reference temperature were set. Molecular dy-

namics production step was then performed in isothermal-

isobaric ensemble for 50 ns with the integrating step of 2 

fs. Both Particle Mesh Ewald (PME) and van der Waals 

forces were set at cut-off value of 1.4 nm in order to handle 

electrostatic and short-range interaction, respectively. 

Modified Berendsen thermostat [27] and Parrinello-Rah-

man barostat [28] were employed for temperature and 

pressure coupling during simulation. Visualization of 

structure evolution was observed using visual molecular 

dynamics (VMD) software [29]. Root mean square devi-

ation (RMSD), radius of gyration, and several physico-

chemical properties were calculated using GROMACS 

modules. These steps were repeated in the same manner 

for all surfactant molecules. 

Results and Discussion 

Prior to MD production step, the BCO-surfactant systems 

were equilibrated for 500 ps under NVT and NPT 

ensembles, consecutively. Potential energy profiles 

during both equilibrations are showed in Figure 1. NVT 

phase equilibration was conducted to ensure that the 

desired temperature of the system is reached, and fixed 

during the remainder of the simulation. It is showed that 

the potential energy of five BCO-surfactant systems 

plateaued after 50 ps, indicating that the systems were 

canonically equilibrated. The NPT phase was then 

performed, to stabilize the pressure of the system, as well 

as its density. It is indicated from the graph that the 

potential energies of all systems are fluctuated. However, 

it should be noticed that the fluctuating values are 

confined in the trendlines of each system. Thus, it is safe 

to assume that each BCO-surfactant system was generally 

equilibrated under isothermal-isobaric condition. 

 

In the MD production phase, BCO and surfactant 

molecules were initially placed in random fashion and 

underwent structural evolution in five simulations as 

shown in Figure 2 (a) – (e). At 25 ns of simulation, the 

molecules were assembled, showing aggregation toward 

micelle-like structures. A single cluster structure was 

occurred in BCO/T20 system. Similar structures were 

also found in BCO/T80, BCO/S20, and BCO/LEC, 

although they possess different characteristics. In 

BCO/T80, two monomer clusters were formed, while one 

spherical micelle-like and a smaller monomer cluster 

were present in BCO/S20 system. It can also be observed 

that BCO/LEC system formed an almost-cylindrical 

structure along with a single monomer. In the end of 

simulation at 50 ns, molecules position in  
 

 

 
 

Figure 1.  Potential Energy Profiles during NVT (Above) 

and NPT Equilibration (Below) 
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Figure 2.  Snapshots (Zoomed-in According to Cluster Area) during Simulation from 0 to 50 ns of: (a) BCO/T20, (b) BCO/T80, 

(c) BCO/S20, (d) BCO/S80, and (e) BCO/LEC. Color-represented Molecules: Surfactants (red), Thymoquinone 

(blue), Linoleic Acid (yellow), Oleic Acid (Green), Palmitic Acid (Purple) 
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BCO/T20 was rearranged while still maintaining the sta-

bility of its micelle shape. BCO/T80 molecules also re-

positioned in a similar manner. The structure of 

BCO/S20, however, broken apart at the final structure, 

separated into several cluster of monomers, indicating 

span20 inability to perform micellization. In BCO/S80 

system, one cluster of free monomers was formed with-

out the indication of micelle shape structure. The inabil-

ity of span20 and span80 to form micelles illustrated in 

this study also confirming previous experimental result, 

in which BCO microemulsion was failed to obtain when 

span20 and span80 were applied as surfactants [21]. On 

the other hand, a significantly different result was found 

to occur in BCO/LEC system. The molecules were reas-

sembled toward a single spherical micelle, with the leci-

thin positioned on the outermost layer of the structure, 

encapsulating BCO constituents inside the system. 

 

In order to further the comprehension towards the molec-

ular behavior and structural evolution during micelle for-

mation, root mean square deviation (RMSD) in five sim-

ulations were calculated. In the context of biomolecular 

simulation, RMSD is a statistical-based quantity that de-

scribes displacement of specific atoms in a molecule rel-

ative to a reference structure using least-square fitting 

method [30]. 

 

The RMSD of BCO-surfactant systems is shown in 

Figure 3. During first 10 ns of simulation, the RMSD of 

all systems showing steep increases. This is due to 

frequent movement of the molecules in their effort to 

reach equilibrium states. After 10 ns, noticeably different 

profiles were shown. Until the end of simulation 

BCO/T20 system showed a relatively more stable state 

than the other systems, indicating only small changes 

occurred in the position of atoms in the structure. More 

fluctuating behavior were shown in BCO/T80, BCO/S20, 

BCO/S80, and BCO/LEC systems. This showed that 

these systems were more unstable due to frequently 

repositioned atoms during simulation. From the RMSD 

of BCO-surfactant in five systems, it can be concluded 

that tween20 was able to aid spontaneous formation of a 

stable micelle during nano-emulsification process. 

 

Throughout the simulation process, evolution of structure 

compactness was also occurred. Radius of gyration (Rg) 

can be calculated to explain this phenomenon. Rg is 

defined as the distance of a point inside concentrated 

mass of a system from the axis of rotation [31]. When 

applied, this specific radius would maintain the moment 

inertia around the axis [32]. 

 

Rg of BCO-surfactant systems is shown in Figure 4. 

From the graph it is showed that BCO/T20 underwent 

two steep climbs at 0 – 4 ns and 9 – 11 ns. Shortly after 

11 ns until the end of simulation this system has reached 

equilibrium, which also evident from its snapshot (Figure 

2a) and RMSD graph (Figure 3). This is indicating that 

tween20 were able to maintain the compactness of 

molecules aggregate without any significant structural 

changes. This result also confirmed previous 

experimental study that showed the capability of tween20 

in forming a stable and homogeneous submicron-

emulsion of black cumin oil [20]. Similar to the RMSD, 

Rg profiles of BCO/T80 and BCO/S80 were heavily 

fluctuating, showing multiple structural changes during 

formation. On the other hand, although forming a 

singular micelle shape in the final structure, a mild 

fluctuation was present in the Rg of BCO/LEC. This 

means that BCO/LEC structure is subject to change if 

longer simulation is conducted. It was reported that the 

amount of lecithin is related to the emulsifying capacity 

and emulsion stability [22]. Emulsifying capacity 

determine the emulsification ability of a surfactant. At 

certain amount, addition of lecithin improving the 

emulsifying capacity, while lowering the stability of its 

BCO emulsion system. Thus, it can be assumed that 

despite the ability of lecithin to perform micellization, 

structural changes in BCO-lecithin system might still be 

occurred in the long run. Furthermore, by closely looking 

the RMSD and Rg profiles of BCO/S20, an interesting 

case was found.  

 

 
Figure 3. RMSD of All Systems during Simulation 

 

 

 
 

Figure 4.  Radius of Gyration of All Systems during Simu-

lation 
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Table 1. Physicochemical Properties of BCO-surfactant Systems 
 

System 

Potential En-

ergy (× 106) 

(kJ/mol) 

Enthalpy  

(× 106) (kJ/mol) 

#Surf*SurfTen 

(bar nm) 

BCO/T20 -1.354 -1.111 0.975 

BCO/T80 -1.352 -1.109 -0.520 

BCO/S20 -1.357 -1.115 -2.073 

BCO/S80 -1.357 -1.114 -0.245 

BCO/LEC -1.355 -1.113 4.212 

 

 

Although micelle shape was not formed at the end of 

simulation, this system was less fluctuated than 

BCO/T80, BCO/S80, and BCO/LEC systems. This is 

possibly due to the quasi-equilibrium states during 

structural changes, i.e., when morphologies change more 

rapidly than clusters collisions, so that the clusters are 

considered as several subsystems [33]. 

 

From the average radius of gyration, the effective radius 

(Rs) of an oil-surfactant droplet can be estimated using

5 3Rs Rg=  [34]. However, this equation may be 

valid when spherical shape was assumed [35]. Based on 

the assumption of BCO-surfactants spherical micelles at 

the final simulation, only Rs of BCO/T20 and BCO/LEC 

was calculated, obtaining effective radii of 10.20 and 

8.67 nm, respectively. 
 

To gain more understanding toward physicochemical 

characteristics in the formation of BCO-surfactants 

nanoemulsion, several quantities were calculated. This 

calculation was performed using gmx energy module 

from GROMACS. Average values of potential energy, 

enthalpy, and number of surfaces multiplied by surface 

tension of five systems are shown in Table 1. 

 

The potential energy in a system of molecules can be 

defined as the sum of bonded and non-bonded 

interactions. Bond length, angles, and dihedral angles are 

contributing in bonded interactions which respectively 

describe stretching, bending, and torsions of atoms in the 

system. Meanwhile, the non-bonded interactions are 

present due to van der Waals and electrostatic 

interactions, which generally described by Lennard-

Jones potential and Coulomb potential, respectively [36]. 

From Table 1, it is showed that the calculated average 

potential energy of five systems were not greatly differ. 

This indicates that despite the difference of structures, all 

contributing interactions were uniformly distributed for 

all systems. 

 

In molecular self-assembly, constituent molecules are 

spontaneously rearranging themselves to form a specific 

structure without the necessity of external energies. 

During self-assembly formation of BCO-surfactant 

structures, negative values of average enthalpy were 

found in all systems. This showed the characteristic of 

energy-releasing exothermic process upon micellization 

[37]. Furthermore, the enthalpy-driven process that 

occurs in our systems may be due to electrostatic 

repulsion in the hydrophilic part of the surfactants [38]. 

 

Interesting results were found in the calculation of 

number of surfaces multiplied by surface tension 

(#Surf*SurfTen). In isothermal-isobaric ensemble, 

surface tension is dependent on the normal pressure, 

lateral pressure in x- and y-axis, and the average value of 

half the box length in z-axis [39]. In our result, average 

negative values were found in the BCO/T80, BCO/S20, 

and BCO/S80 systems. Assuming the number of surfaces 

(or interfaces) were always positive, the negative signs 

were contributed from the surface (or interfacial) tension. 

This is possibly due to computational consequences, in 

which the calculated interacting forces were dependent 

on their directions. In addition, the negative values of 

surface/interfacial tension also have been discussed in 

several studies, converging similar arguments that 

negative surface/interfacial tension may appear in a non-

equilibrium condition due to rapid interfacial reaction 

[40] as well as strong repulsion between components in 

the system of emulsion [41]. 

Conclusion 

Self-assembly formation of black cumin oil-based 

nanoemulsion was investigated using molecular dynam-

ics simulations. The MD simulation was performed by 

selecting several black cumin oil constituents and various 

surfactants in aqueous environment. Structure evolution 

during production until the end of simulation showed dif-

ferent surfactant capabilities in micellization process. 

Spherical micelles were formed in the end of simulation 

when tween20 and lecithin were applied, with the effec-

tive radii of 10.20 and 8.67 nm, respectively. However, a 

stable configuration was occurred only in BCO-tween20 

system. It can also be concluded that spontaneous self-

assembly of BCO nanoemulsion was an exothermic pro-

cess in nature. 
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