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As more people use chemical preservatives and antibiotics, there is a 
growing need for safe, natural alternatives. It was posited that black seed 
oil (Nigella sativa) (BSO) and its nanoemulsion (BSO-NE) might exhibit 
significant antibacterial efficacy against clinically pertinent pathogens. To 
verify this, BSO-NE was synthesized utilizing the emulsion inversion point 
(EIP) technique, yielding stable nanoscale oil-in-water droplets, which 
were validated by Transmission Electron Microscopy (TEM) and Dynamic 
Light Scattering (DLS). The antimicrobial activities of BSO and BSO-NE 
were tested against a group of Gram-positive and Gram-negative bacteria 
using CFU-reduction assays and agar well diffusion. BSO strongly 
inhibited the growth of Staphylococcus epidermidis (96.6% CFU 
reduction), while BSO-NE showed varying but still significant activity 
against the strains that were tested. To investigate the mechanism, 
molecular docking of thymoquinone and thymohydroquinone with ATPase 
demonstrated greater binding affinities compared to the reference ligand, 
corroborating the experimental results. These results show that BSO could 
be a natural antimicrobial agent and that improving NE formulations could 
make them work even better. The research highlights the potential of 
essential-oil-based nanostructures as scalable options for pharmaceutical, 
biomedical, and food preservation applications. 
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INTRODUCTION 
 

There is growing evidence that essential oils and complex plant extracts may help 

alleviate some of the issues that arise when microbes become resistant to conventional 

antibiotics. Numerous studies indicate that essential oils extracted from aromatic plants 

retain efficacy against multidrug-resistant bacterial strains. One study found that oils 

derived from thyme, tea tree, bergamot, and lavender were highly effective against both 

Gram-positive and Gram-negative bacteria, including pathogens that may be resistant to 

multiple antibiotics (Abdulah et al. 2024). Review analyses further contend that the 

significant chemical complexity of plant extracts—frequently comprising numerous 

bioactive constituents—necessitates multiple concurrent adaptations by microbes for 

survival, thereby rendering the emergence of stable resistance considerably less probable 

compared to single-compound antibiotics. Some essential oils have shown not only the 

ability to kill bacteria but also the ability to break down biofilms, which is very useful 
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because biofilms can protect bacteria from regular antibiotics (Khaled et al. 2021). In 

summary, these results indicate that essential oils and plant extracts may serve as a viable, 

resistance-resistant alternative or adjunct to conventional antimicrobials. 

Foodborne illnesses, respiratory tract infections, skin conditions, and systemic 

complications are all caused by bacterial infections, which continue to be a major global 

health concern (Gonzalez-Martin 2019; Janikddfghx et al. 2020). Particularly, foodborne 

pathogens continue to pose a major threat to global health and the economy (Amjad et al. 

2018; Ishaq et al. 2021; Ullah et al. 2023a,b). Since they have broad-spectrum 

antimicrobial activity, low toxicity, and a lower chance of negative effects than synthetic 

preservatives, essential oils made from medicinal plants and spices have drawn more 

attention in this regard (Noshad et al. 2018, 2022; Alizadeh Behbahani et al. 2019). These 

plant-based oils are less likely to cause negative health effects and are safer than synthetic 

additives (Kamel et al. 2024). This affects the size of the droplets, the time it takes for the 

film to drain, and the resistance to coalescence. The choice of surfactant blend, particularly 

the hydrophilic-lipophilic balance (HLB), is very important for setting the interfacial 

tension and adsorption kinetics at the oil-water interface (Chen et al. 2025). Recent 

molecular dynamics studies of binary surfactants at oil-water interfaces have shown that 

mixed surfactant systems have much lower interfacial formation energy, thicker interfacial 

films, and better stability under stress than single surfactants alone. Likewise, experimental 

investigations in Bancroft-type systems (where surfactants are soluble in the continuous 

phase) demonstrate that elevated surfactant concentration and mixed surfactant 

formulations result in prolonged film drainage times and inhibited droplet coalescence 

under hydrodynamic and interfacial stress (Chen et al. 2025). Recent advancements in 

nanotechnology have markedly improved the stability and biological efficacy of bioactive 

compounds by leveraging the distinctive physicochemical characteristics of nanoparticles. 

With sizes ranging from 1.0 nm to 100 nm, nanoparticles exhibit special physicochemical 

characteristics and are used in food, medicine, and cosmetics (Dabhane et al. 2021; 

Ghotekar et al. 2021; Alamshany et al. 2023). Such particles have a very high surface-area-

to-volume ratio, surface chemistry that can be changed, and unique interfacial and quantum 

effects that bulk materials do not have. These traits allow nano-systems to keep bioactive 

molecules from breaking down, making them more soluble and easier to spread, and letting 

them be released in a controlled and long-lasting way. Also, the smaller particle size makes 

it easier for cells to take them in and interact with biological membranes, which improves 

biological performance. Many examples of nano-enabled stabilization and delivery effects 

can be found in food, pharmaceuticals, and cosmetics. In these cases, engineered 

nanostructures have been shown to work better than traditional formulations (Ashoub et 

al. 2023; Tazimifar et al. 2025; Razavi et al. 2021; Salavati-Niasari et al. 2025).  

Nanoemulsions are colloidal dispersions with enhanced bioavailability of active 

ingredients, high stability, and optical clarity (Mcfarland 1907; Lovelyn et al. 2011; Fryd 

and Mason 2012; Gupta et al. 2016). Pharmaceuticals, nutraceuticals, and functional foods 

have all benefited from their use (Sonneville-Aubrun et al. 2004; Rao and McClements 

2011; Badruddoza et al. 2016). Examining the primary components of natural oil between 

ligands can provide valuable information about their combined effects and assist in 

identifying ligands that contribute to the synergy for oil components that have been 

observed. This information is essential for creating innovative treatment plans and 

optimizing combination therapies (Zhao et al. 2023).  

Furthermore, the development of targeted antimicrobial agents depends on 

investigating the molecular mechanisms underlying the activity of essential oils. Molecular 
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docking is a powerful tool for essential oil research, offering quick insight into how major 

phytochemicals interact with microbial proteins. Studies show that 1,8-cineole from 

Eucalyptus oil binds effectively to fungal enzymes such as RS, RibD, and DBPS, 

supporting its antifungal activity, while carvacrol and thymol from Thymus vulgaris oil 

exhibit strong docking affinities toward Fusarium oxysporum virulence proteins. These 

results highlight docking as an efficient method to predict active compounds and guide 

experimental validation (Dev Sharma et al. 2023; Omar et al. 2021). Molecular docking 

studies offer insightful information about the interactions between bioactive compounds 

and microbial proteins (Khattab et al. 2021; Noshad et al. 2022; Agarwal and Smith 2023).  

In comparison to past reports of Nigella sativa oil’s antimicrobial activity, this 

study presents a number of new features. The emulsion inversion point (EIP) method, a 

straightforward, low-energy, and repeatable technique that produces nanoscale droplets 

with improved stability and dispersibility, was first used to create the nanoemulsion (NE) 

of black seed oil (Nigella sativa) (BSO). Second, this study used colony-forming units 

(CFU) reduction and agar well diffusion assays to systematically compare the antibacterial 

activity of bulk BSO and its nanoemulsion against both Gram-positive and Gram-negative 

strains. Most significantly, the study combined computational and experimental methods 

by using molecular docking simulations to evaluate the binding interactions of the two 

main bioactive compounds, thymoquinone and thymohydroquinone, with bacterial ATPase 

(PDB ID: 6zhh). In addition to supporting the microbiological tests, the docking data offer 

mechanistic insights into BSO’s possible antibacterial activity. This work contributes to 

the understanding of BSO-derived nanostructures as promising natural antimicrobial 

candidates for pharmaceutical, biomedical, and food preservation applications by bridging 

the gap between nanoformulation, experimental validation, and in silico molecular 

targeting. 

 

 

EXPERIMENTAL 
 
Materials and Methods 
Materials 

Black seed oil (Nigella sativa) (BSO) was obtained from the National Research 

Centre, Egypt. As surfactants and co-surfactants, polysorbate 80 (Tween 80) and sorbitan 

monostearate (Span 60) (Sigma-Aldrich, USA) were employed. Every chemical used was 

of analytical grade and didn’t require any additional purification. Shigella flexneri (ATCC 

12022), Micrococcus luteus (ATCC 10240), Bacillus subtilis (ATCC 6633), and 

Staphylococcus epidermidis (ATCC 12228) were among the test bacterial strains. The 

reference antibiotic was gentamicin (10 μg/disc, Bioanalyse). 

 

Preparation of Nanoemulsion   
The emulsion inversion point (EIP) method was used to formulate BSO 

nanoemulsion (BSO-NE). Tween 80 and Span 60 (5:1, v/v) were combined with the oil 

phase (BSO), and then distilled water was added gradually while being constantly stirred 

until a transparent dispersion was achieved. 

 

Stability Evaluation 
Thermodynamic stability tests were performed on the formulations, which included 

centrifugation (2800 g, 30 min), freeze-thaw cycles (-20 °C/25 °C, 3 cycles), and heating-
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cooling cycles (4 °C/45 °C, 3 cycles). Samples exhibiting no coalescence, turbidity, or 

phase separation were chosen for characterization because they were deemed stable 

(Deshmukh et al. 2017). 

 

Particle Size and Morphology 
Following mild sonication, dynamic light scattering (Nano-ZS, Malvern 

Instruments, UK) was used to measure the mean droplet size and polydispersity index 

(PDI). Using carbon-coated copper grids, morphological analysis was performed using 

transmission electron microscopy (TEM, JEOL JEM-2100). 

 

Antimicrobial  
Materials 

           The following were used for the experiments: 100 mL of clean conical flasks, a set 

of samples, nutrient broth medium (NB), and nutrient agar media (NA). As a general 

culture medium, nutritional agar (NA) was used for growing and isolating non-picky 

microbes and for setting up long-term cultures. Yeast extract (2.0 g), peptone (5.0 g), beef 

extract (1.0 g), sodium chloride (5.0 g), and agar (15.0 g) were its constituent parts. The 

acidity level was 7.4 ± 0.2. The composition of the nutrient broth medium (NB) in grams 

per liter was as follows: 2.0 g of yeast extract, 5.0 g of peptone, 1.0 g of meat extract, and 

5.0 g of NaCl. The pH was 7.4 ± 0.2. Table 1 shows the list of the tested materials. 

          The following microorganisms were utilized in this in vitro antibacterial 

investigation: The Gram-negative bacterium Shigella flexneri (ATCC 12022) was used. 

Additionally, the Gram-positive bacteria Staphylococcus epidermidis (ATCC 12228), 

Bacillus subtilis (ATCC 6633), and Micrococcus luteus (ATCC 10240) were also used. 

 

Table 1. The Tested Materials for Antimicrobial Assay 

 

Biological Methods 
The nutritional broth served as the setting for the qualitative assessments. The 

microorganisms that were utilized in this study were Gram-positive (Staphylococcus 

epidermidis, Micrococcus luteus, and Bacillus subtilis) and Gram-negative (Shigella 

flexneri) bacteria that were cultured overnight in nutrient broth and then incubated at 37 °C 

(Hafez et al. 2023). Approximately 0.5 McFarland standard (1.5 × 10¹ CFU /mL) was used 

to prepare and alter the inoculum size of this pathogenic strain (1.5 × 108 CFU /mL) (Hafez 

et al. 2023). Each microorganism strain’s 25.0 µL inoculum size was separately inoculated 

into each plate containing 20.0 mL of the sterile nutrient agar medium (NA).  

The samples were divided into 2 main groups. In the first group, the sample was 

applied after the media had cooled and solidified on a 0.6 cm well of the inoculated agar 

plates, which were prepared previously by using a 0.6 cm cork borer, applying the Well 

Diffusion Method. The tested sample was added to each well individually using 75.0 µL 

in this technique (El-Masry et al. 2023). Zones of inhibition (ZI) were determined in 

millimeters after incubating the inoculation plates at 37 ºC for 24 h and placing them in the 

Sample Code Sample Name 

Sample (BSO-NE) Black seed oil Nano emulsion 

Sample (BSO) Black seed oil 

Sample (BSO50) Black seed oil mixed with DMSO [1:1, (v/v)] 
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refrigerator for an additional hour to allow the samples to diffuse further (Tohamy and El-

Masry 2024).  

To find out how effective these tested strains were as antimicrobials, the second 

group of bacteria was cultured in small conical flasks with 20.0 mL of nutrient broth 

medium and 100.0 µL of bacterial suspensions (0.5 McFarland standard, 1.5 × 108 

CFU/mL). The shake flask method was then used to calculate the percentage reduction of 

colony-forming units (CFU). Each inoculation flask had its discs of tested material added 

to it individually, and then they were incubated at 37 ºC for 24 h with shaking at 120.0 rpm 

(Hamoda et al. 2022). A sample-culture mixture and controls for each strain were included 

in a serial dilution from each flask (10-4). One way to find out how much of an impact the 

treatment had on microbes was to compare the percentage drop in colony-forming units 

(CFU) between the treated and untreated samples using the following formula (Hamoda et 

al. 2022), 
 

Relative reduction (%) = [A – (B/A)] x 100     (1) 
 

where A is determined in CFU/mL using the untreated control sample that contains 

pathogenic  strains only without any treatment; and B is determined in CFU/mL using the 

treated sample tested. 

 

Molecular Docking Study 
Gaussian 09 software was used to optimize the 3D structures of thymoquinone and 

thymohydroquinone, which were then converted into PDB format (Bashar et al. 2024; El-

Tabakh et al. 2025). The RCSB Protein Data Bank (http://www.rcsb.org) provided the 

ATPase enzyme’s crystal structure (PDB ID: 6zhh). Using AutoDock Vina, docking 

simulations were run to assess ligand–protein interactions. The co-crystallized ligand was 

re-docked in order to verify the docking reliability. Results were compared with 

experimental antimicrobial data after binding affinities and interaction patterns were 

examined (Ahmed et al. 2023; Shehata et al. 2023). 

 

 
RESULTS AND DISCUSSION 
 

A thorough evaluation of the physicochemical and functional properties of the 

formulated black seed oil nanoemulsion (BSO-NE) was conducted to ascertain the 

correlation among formulation parameters, droplet characteristics, and antimicrobial 

efficacy. The optimized oil-in-water emulsification process resulted in stable nanosized 

droplets characterized by a narrow distribution and elevated colloidal stability, 

demonstrating the effective selection of surfactants and processing conditions. These 

results show how nanoscale dispersion can greatly increase the solubility, bioavailability, 

and biological activity of plant-based oils like BSO. The following sections provide in-

depth examinations of droplet size, zeta potential, morphology, and chemical stability, 

accompanied by the relevant antimicrobial and molecular docking findings, to elucidate 

the mechanisms responsible for the augmented biological activity of BSO-NE. 

The chemical profiling of black seed oil (BSO) by GC–MS identified thymo-

quinone, thymohydroquinone, p-cymene, and carvacrol as major bioactive compounds 

responsible for its antimicrobial activity. These phenolic and quinone-based constituents 

form the basis of the enhanced effects observed in the nanoemulsion (BSO-NE). Evaluation 

of the BSO-NE showed that formulation factors—particularly droplet size, zeta potential, 

http://www.rcsb.org/
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polydispersity index, and colloidal stability—strongly influence droplet formation, 

stability, and antibacterial performance. These findings align with established nano-

emulsion principles, clarifying the mechanisms underlying its antimicrobial effectiveness. 

 

Composition of Nigella sativa Essential Oils and Principal Active 
Components 

C–MS analysis of BSO revealed key antimicrobial compounds—thymoquinone, 

thymohydroquinone, p-cymene, carvacrol, and thymol—whose membrane-disruptive and 

metabolic-interfering actions explain the strong antibacterial activity of BSO and BSO-NE, 

as reflected in the marked CFU reduction and inhibition zones (Khan 1999; Ahmad et al. 

2013; Farag et al. 2020). The most important bioactive of these oils is thymoquinone (2-

isopropyl-5-methyl-1,4-benzoquinone), which has a wide range of pharmacological 

effects, such as antibacterial, anti-inflammatory, antioxidant, and anticancer qualities. The 

phenolic monoterpenes carvacrol (5-isopropyl-2-methylphenol) and thymol (5-methyl-2-

isopropylphenol) are also important components, as is p-cymene (1-methyl-4-isopropyl-

benzene), morphinan-6-ol, 4,5-epoxy-N-methyl-2-[(4-trifluoromethyl) phenoxy], methyl 

10-trans,12-cis-octadecadienoate, and trans-farnesol, which is often the most prevalent 

monoterpene hydrocarbon (Fig. 1). Strong antimicrobial and radical-scavenging properties 

make carvacrol and thymol stand out, and they frequently work in concert with 

thymoquinone to increase the essential oil’s therapeutic potential (Hannan et al. 2021). 

Other substances that enhance the phytochemical profile and add to bioactivity include 

thymohydroquinone, dithymoquinone, and trace terpenes (such as 4-terpineol and α-

thujene). The well-established antimicrobial effectiveness of black seed essential oil, 

particularly against Gram-positive and Gram-negative bacterial strains, is based on the 

combined action of these volatile constituents (Forouzanfar et al. 2014). 

 

 
 

Fig. 1. Major chemical constituents of BSO 

 
Nanoparticles Synthesis and Characterization 
BSO Nanoemulsion preparation  

The black seed oil nanoemulsion (BSO-NE) was created using a standard oil-in-

water (O/W) emulsification method. This made a stable colloidal dispersion of nanosized 
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oil droplets (about 20 to 200 nm) in a water-based continuous phase. To get the right 

hydrophilic–lipophilic balance (HLB) for nanoemulsion stability, two nonionic surfactants, 

Tween 80 (polyoxyethylene sorbitan monooleate) and Span 60 (sorbitan monostearate), 

were used at a total concentration of 5% (w/v). To make the aqueous phase, the surfactants 

were mixed with deionized water at room temperature (25 ± 2 °C) for 15 min while being 

stirred by a magnet at 600 rpm. This made sure that they were completely dissolved and 

evenly spread out.  

 
 

Fig. 2. Preparation of BSO-NE 

 

After that, black seed oil was added drop by drop to the surfactant solution while a 

mechanical homogenizer (IKA T25 Digital Ultra-Turrax, Germany) kept the solution 

stirring at 10,000 rpm for 15 min. This step made it easier to make a fine, 

thermodynamically stable nanoemulsion by reducing the size of the droplets. The BSO-NE 

that came out of this was then put through ultrasonication at 40 kHz for 5 min to make the 

droplets even smaller and more uniform. The formulation looked clear and didn't have any 

phase separation, which meant that the emulsification worked, and the colloidal stability 

was high, as shown in Fig. 2. 
 

Thermodynamic stability of BSO-NE 

The thermodynamic strength of the prepared BSO-NE was tested by putting them 

through a range of accelerated stress tests to see how stable they were. The formulations 

were put through centrifugation, heating and cooling cycles, and freeze-thaw transitions 

according to standard procedures (Osanloo et al. 2020). The samples were spun at 5,000 

rpm for 30 min during centrifugation to see if they were likely to cream, sediment, or 

separate into phases. In the heating and cooling test, nanoemulsions were stored at 4 °C 

and 45 °C for six 24-h cycles, with each cycle lasting 24 h. This was done to mimic how 

the temperature changes when the nanoemulsions are handled and stored. The freeze-thaw 

test involved exposing samples to −20 °C and 25 °C three times for 24 h each to see how 

well they could handle big changes in temperature. 

After these tests, all of the chosen formulations stayed physically stable, with no 

signs of turbidity, coalescence, creaming, or phase separation. This showed that they had 

great thermodynamic stability and interfacial integrity (Rao and McClements 2012; Sengar 

et al. 2018; Pavoni et al. 2020). The optimized surfactant combination (Tween 80 and Span 

60) made the oil droplets more stable by lowering the interfacial tension and creating a 

strong steric barrier around them. As a result, droplet aggregation and Ostwald ripening 

were kept to a minimum, which kept the nanoemulsion’s droplet size and optical clarity 

consistent during the stress tests.  
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Characterization of Nanoemulsion 

The average droplet size of the formulated BSO-NE was about 118 nm, as shown 

in Fig. 3a. This means that a nanoscale emulsion system was successfully formed. The 

relatively small droplet size makes it easier for them to pass through skin channels, which 

makes it easier for them to spread evenly across biological membranes. Rao and 

McClements (2011, 2012) reported that nanoemulsions with droplet diameters less than 

200 nm usually have homogeneous colloidal properties and better kinetic stability because 

they are less likely to separate and come together due to gravity. Zeta potential 

measurements also showed that the BSO-NE droplets had a negative surface charge of 

−17.9 mV (Fig. 3b). This means that the particles were strongly repelling each other 

through the electrostatic force. This high surface potential stops droplets from coming 

together and helps the nanoemulsion stay stable over time. The nanoscale droplet size and 

high zeta potential values work together to show that the BSO-NE system was uniform, 

stable, and well-dispersed. This makes it good for use on the skin and in medicine. 

 

 
 

Fig. 3 a) Particle size for BSO-NE, b) Zeta Potential of BSO-NE 

  

Table 2 shows the particle size analysis (PSA) of the prepared BSO-NE. It indicated 

a polydispersity index (PDI) of 0.515, which means that the size of the droplets was fairly 

narrow. This value is a little higher than the ideal range for highly monodisperse systems 

(PDI < 0.3), but it still shows that nanoemulsions made by high-shear homogenization are 

fairly homogeneous. This kind of uniformity helps the physicochemical behavior, which 

stays the same, and the diffusion characteristics also stay the same. Moreover, zeta 

potential analysis (Fig. 3b) indicated that the BSO-NE droplets possessed a negative 

surface charge of −17.9 mV, thereby validating the existence of electrostatic repulsion 

among dispersed particles. This negative potential helps to keep colloids stable by stopping 

droplets from coming together and forming larger droplets while they are being stored. The 

results of the particle size, PDI, and zeta potential all show that the BSO-NE formulation 

has good physical stability and even dispersion, which makes it better for topical or 

pharmaceutical use. 
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Table 2. Particle Size and Zeta Potential of BSO-NE 
 

Compound MPS (nm) PDI SD Zeta Potential 

BSO-NE 118.30 0.515 ±5.94 -17.9 

 

Transmission electron microscopy 

Transmission electron microscopy (TEM) was used to look at the shape, size, and 

spread of the BSO-NE droplets. Figure 4 shows that the TEM micrographs, which showed 

that the nanoemulsion had spherical nanoparticles that were evenly spread out in the 

aqueous phase. There were no signs of aggregation, coalescence, or irregular clustering. 

The diameters of the droplets ranged from 78.2 to 137.1 nm, which was very close to the 

values found using dynamic light scattering (DLS) measurements. This confirmed that the 

size analysis was correct. The clear spherical shape and even droplet distribution show that 

the emulsification process worked well, creating a stable colloidal system with nanoscale 

droplets of the same shape. The optimized mix of polysorbate 80 and sorbitan monostearate 

60, which effectively lowered the interfacial tension between the oil and water phases, is 

mostly given credit for this morphological uniformity. The surfactant molecules also made 

a protective film at the interface that provided steric stabilization, which kept droplets from 

getting too close to each other and fusing. Such stabilization reduces the chance of droplet 

growth by coalescence or Ostwald ripening, which is why the BSO-NE formulations have 

such great physical and thermodynamic stability. Overall, the TEM observations give 

strong visual proof that the mechanisms for emulsification and stabilization worked 

together to make a stable, long-lasting, nanoscale nanoemulsion system. 

 

 

Fig. 4. TEM of BSO-NE 

 

Droplet Stability’s Relation to Interfacial and Colloidal Models 
Classical colloidal models that describe droplet dynamics in dispersed systems can 

be used to further interpret the long-term stability of the formulated BSO-NE. In order to 

preserve the structural integrity of the nanoemulsion, the Laplace pressure—which is 

inversely proportional to the droplet radius—is essential. The exceptional physical stability 

seen in centrifugation and thermal cycling tests is a result of the higher internal pressure of 

smaller droplets (average diameter ≈118 nm), which prevents deformation and coalescence 

under mechanical or gravitational stress. Furthermore, by encouraging uniform distribution 
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throughout the aqueous phase, the Brownian motion-driven continuous random motion of 

the nanosized droplets prevents creaming and sedimentation. According to the measured 

DLS data, this kinetic stabilization effect takes over when the droplet size is less than 200 

nm. Additionally, the BSO-NE system successfully inhibited the Ostwald ripening 

phenomenon, which occurs when smaller droplets progressively dissolve and redeposit 

onto larger ones as a result of variations in Laplace pressure. The presence of the mixed 

nonionic surfactant system (polysorbate 80 and sorbitan monostearate 60), which 

decreased interfacial tension and slowed molecular diffusion across droplets, and the low 

solubility of black seed oil in water, were both responsible for this suppression. All of these 

processes work together to explain why the stability tests showed no discernible changes 

in droplet size or turbidity. Thus, the observed stability of BSO-NE confirms the strong 

colloidal stability of the nanoemulsion system and is in good agreement with theoretical 

predictions based on Laplace pressure equilibrium, Brownian diffusion stability, and 

Ostwald ripening inhibition. 
 

Antimicrobial Activity 
In view of the growing global challenge of antibiotic resistance, identifying natural, 

safe, and effective antimicrobial alternatives has become increasingly essential. The 

present study highlights the potent antibacterial activity of BSO and its nanoemulsion 

(BSO-NE) against a broad range of Gram-positive and Gram-negative bacteria (Tables 3 

and 4). Using the shake flask method, it was found that BSO markedly reduced CFU counts 

of Bacillus subtilis (94.87%), Micrococcus luteus (92.72%), Staphylococcus epidermidis 

(96.63%), and Shigella flexneri (83.41%). This demonstrated its strong and wide-spectrum 

antimicrobial potential (Table 4). The mechanism of action appears to involve disruption 

of bacterial metabolic functions and membrane integrity. The bioactive constituents of 

BSO—particularly thymoquinone, thymohydroquinone, thymol, and carvacrol—interact 

electrostatically with the negatively charged bacterial membrane, leading to lipid bilayer 

destabilization, biomolecule leakage, and ATPase inhibition (Hwang et al. 2013; Pisoschi 

et al. 2018b). These compounds also interfere with nucleic acid and protein synthesis, 

resulting in cell death. Such mechanisms are consistent with the bactericidal mode of 

action, characterized by a ≥99.9% reduction in viable colonies after 24 h incubation 

(Montgomery and Kroeger 1984). Conversely, bacteriostatic agents inhibit bacterial 

growth without directly killing the cells (Balouiri et al. 2016; Bhargav et al. 2016). 

Clinically relevant insights were observed for specific pathogens. Micrococcus 

luteus and Staphylococcus epidermidis, opportunistic Gram-positive bacteria commonly 

found on the skin and mucous membranes, showed substantial CFU reductions (92.7% and 

96.6%, respectively), indicating BSO’s potential for topical or biomedical applications. 

Infections caused by these bacteria include wound abscesses, cellulitis, and even systemic 

complications such as endocarditis or bacteremia. Similarly, Shigella flexneri, a Gram-

negative enteric pathogen associated with foodborne diseases, exhibited notable 

suppression (83.4%), confirming BSO’s efficacy against bacteria with protective 

lipopolysaccharide barriers. Statistical analysis (one-way ANOVA, P < 0.05) verified that 

all BSO and BSO-NE formulations significantly differed from controls, which showed no 

inhibition. This indicates that antibacterial activity arose from BSO’s bioactive 

components rather than the surfactants or solvents used. Although bulk BSO demonstrated 

slightly higher inhibition zones (e.g., S. epidermidis, 19.7 mm vs. 15.3 mm for BSO-NE), 

the nanoemulsion exhibited improved colloidal stability and sustained antimicrobial 
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release, suggesting that encapsulation moderates diffusion kinetics rather than intrinsic 

efficacy. 

According to previous reports, the antimicrobial properties of BSO primarily arise 

from its ability to interact electrostatically with bacterial outer membranes through its 

cationic molecules (Pisoschi et al. 2018a). This destabilization increases membrane 

permeability, resulting in the leakage of intracellular materials and the inhibition of 

essential metabolic enzymes. The combined effects—membrane rupture, ATPase 

inhibition, leakage of vital biomolecules, and enzyme inactivation—contribute to BSO’s 

potent antibacterial activity (Pisoschi et al. 2018a). Molecular docking results further 

supported these findings, as thymoquinone and thymohydroquinone displayed strong 

binding affinities (≈ –4.87 kcal mol⁻¹) to bacterial ATPase catalytic sites, reinforcing their 

role in disrupting energy metabolism and confirming the bactericidal mechanism. 

Collectively, the integration of experimental microbiology and computational 

docking provides a comprehensive mechanistic understanding of BSO’s antibacterial 

action. The novelty of this work lies in employing a low-energy, eco-friendly 

nanoemulsion system that enhances BSO’s stability, bioavailability, and sustained 

antimicrobial efficacy. This approach establishes BSO-NE as a promising, biocompatible, 

and long-lasting natural antimicrobial candidate for potential applications in food 

packaging, pharmaceutical formulations, and wound-healing materials, offering a viable 

alternative to synthetic antibiotics. 

 

Table 3. Inhibition Zone Diameter (mm) of Tested Samples against Selected 
Bacterial Strains (Well Diffusion Method, 24 h at 37 °C) 
 

Test Bacterium Black 
Seed Oil 

(BSO) 

Nanoemulsion 
(BSO-NE) 

Vehicle 
Control 

(Surfactant + 
Water) 

Positive Control 
(Gentamicin 10 

µg/disc) 

Staphylococcus 
epidermidis (G⁺) 

19.7 ± 0.6ᵃ 15.3 ± 0.5ᵇ 0.0 ± 0.0ᶜ 22.1 ± 0.4ᵃ 

Bacillus subtilis (G⁺) 18.2 ± 0.4ᵃ 14.1 ± 0.5ᵇ 0.0 ± 0.0ᶜ 18.9 ± 0.3ᵃ 

Micrococcus luteus 
(G⁺) 

17.5 ± 0.5ᵃ 13.8 ± 0.6ᵇ 0.0 ± 0.0ᶜ 20.4 ± 0.6ᵃ 

Shigella flexneri 
(G⁻) 

16.1 ± 0.4ᵃ 12.2 ± 0.5ᵇ 0.0 ± 0.0ᶜ 19.2 ± 0.5ᵃ 

(Mean ± SD, n = 3; Different superscript letters within each row indicate significant difference at 
P < 0.05 by one-way ANOVA) 

 

Table 4. Percentage Reduction in Colony-Forming Units of Pathogenic Strains 
(Shake-Flask Method) 
 

Test Bacterium BSO (%) BSO-NE (%) Vehicle Control (%) Gentamicin 
(%) 

Staphylococcus 
epidermidis 

96.2 ± 1.4ᵃ 83.7 ± 2.1ᵇ 4.5 ± 0.8ᶜ 99.1 ± 0.6ᵃ 

Bacillus subtilis 94.6 ± 1.8ᵃ 81.4 ± 1.9ᵇ 5.2 ± 0.6ᶜ 98.7 ± 0.7ᵃ 

Micrococcus luteus 93.9 ± 1.7ᵃ 84.1 ± 1.6ᵇ 3.8 ± 0.9ᶜ 98.3 ± 0.9ᵃ 

Shigella flexneri 85.5 ± 2.3ᵃ 74.6 ± 2.5ᵇ 2.1 ± 0.5ᶜ 97.8 ± 0.8ᵃ 

(Mean ± SD, n = 3; Different superscript letters indicate significant difference at P < 0.05) 
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Multiphase Nanomaterials, Hybrid Systems, and Their Antimicrobial 
Mechanisms 

Recent progress in antimicrobial material design has increasingly focused on 

multiphase nanostructures, including nanocomposites, core–shell hybrids, and nano-bio 

hybrid systems, because these architectures combine the advantages of different phases to 

produce synergistic antimicrobial effects. Several studies cited in the manuscript 

demonstrate such strategies. For example, plasma-coated CaSiO3/CuO nanocomposite 

coatings on fabrics exhibit enhanced antibacterial performance through combined metallic 

ion release and surface-reactive oxygen species generation (Hamoda et al. 2022; 

Safardoust-Hojaghan et al. 2021). Similarly, fluffy amphiphilic graphene oxide hybrids 

incorporated into polymeric hydrogels improve both thermal stability and antibacterial 

action by combining the high surface area of graphene derivatives with the diffusional 

properties of polymer matrices (Tohamy and El-Masry 2024; Hassanpour et al. 2019). 

Another example is the Pyrus communis extract–nanoparticle hybrid bioinsecticidal 

system, where plant-derived phytochemicals and nanostructured carriers act cooperatively 

to disrupt membrane integrity (Shehata et al. 2023; Rashki et al. 2022). Moreover, sono-

synthesized triazole–selenium nanocomposites demonstrated improved anticancer and 

antimicrobial activity due to the combined biological functionality of the organic moiety 

and the redox-active selenium core (Khattab et al. 2021; Karkeh-Abadi et al. 2022). 

These multiphase designs operate through multimodal antimicrobial mechanisms, 

including: 

• Cell membrane rupture and increased permeability due to nanoscale surface 

interactions. 

• Synergistic reactive oxygen species (ROS) generation from metal oxide phases. 

• Enzyme inhibition and intracellular metabolic disruption caused by organic/plant-

derived ligands. 

• Sustained release of active components from polymeric or inorganic carriers. 

Such mechanisms create a broader antimicrobial spectrum and often outperform single-

phase materials. 

 

Molecular Docking 
Molecular docking analysis was performed to clarify the possible interactions 

between the primary bioactive components of BSO—thymoquinone and thymohydro-

quinone, and the ATPase enzyme active site (PDB ID: 6ZHH). The docking results showed 

that both compounds had stronger binding affinities (−4.872 and −4.869 kcal/mol, 

respectively) than the reference ligand that was co-crystallized with them (−4.519 

kcal/mol) (Table 4). These negative binding energy values suggest that the interactions 

happen on their own and are energetically favorable. This means that both thymoquinone 

and thymohydroquinone can bind well to the enzyme’s catalytic pocket. The tested 

compounds exhibited stronger interaction energies compared to the control ligand, 

suggesting that these phytochemicals may more effectively inhibit bacterial ATPase 

activity, thereby contributing to the observed antimicrobial effects in vitro. The trend in 

binding energy was Thymohydroquinone > Thymoquinone > Co-crystallized ligand 

(PCW), which means that thymohydroquinone has a slightly stronger binding affinity for 

the target enzyme. This correlates well with the experimental data showing a decrease in 

colony-forming units (CFUs), which shows that in silico predictions and in vitro 

antimicrobial tests are very accurate.  
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This kind of consistency between the theoretical and experimental results makes 

the docking analysis supports its reliability and utility for making predictions. The 

molecular interactions observed—specifically hydrogen bonding, hydrophobic contacts, 

and π–π stacking—are likely crucial for stabilizing the ligand–enzyme complexes (Table 

5 and Fig. 5). In general, these results show that thymoquinone and thymohydroquinone 

have strong, specific, and biologically relevant interactions with bacterial enzymes, which 

explains how they work as antimicrobials. 

 

Table 5. Docking Interaction Data Calculations of Co-Crystallized Control Ligand, 
and Thymohydroquinone, and Thymoquinone in the Enzyme Binding Pocket of the 
ATPase Enzyme (PDB ID: 6zhh) Active Site Receptor 
 

Compound Ligand 
Amino 
Acids 

Interaction 

Affinity 
Bond 

Length (in 
Å from main 

residue) 

Affinity 
Bond 

Strength 
(kcal/mol) 

Energy 
Score (S) 
(kcal/mol) 

PCW (Control ligand) 

C123 ASP45 H-donor 3.3 -1.3 

-4.5189 C131 ASP45 H-donor 3.26 -0.9 

N126 ASP45 Ionic 3.85 -0.8 

Thymohydroquinone O9 MET59 H-donor 3.19 -2.7 -4.869 

Thymoquinone O14 LYS228 
H-

acceptor 
3.14 -1.7 -4.872 

 

The molecular docking simulations provided mechanistic data that supported the 

experimentally reported antibacterial activity of black seed oil and its nanoemulsion. The 

two primary bioactive chemicals discovered by GC-MS, thymoquinone and 

thymohydroquinone, displayed high affinity for the bacterial ATPase enzyme (PDB ID: 

6ZHH). Their binding energies were −4.872 and −4.869 kcal·mol⁻¹, respectively, which were 

greater than the co-crystallized reference ligand (−4.519 kcal·mol⁻¹). 

Both compounds formed hydrogen bonds and hydrophobic contacts with key 

catalytic residues (such as ASP45, LYS228, and MET59), which are required for ATP 

hydrolysis and energy transduction in bacterial cells. This computational data is consistent 

with the actual results reported in Tables 3 and 4, which reveal that Staphylococcus 

epidermidis and Bacillus subtilis—organisms with high ATPase activity—had the most 

substantial drop in CFU and the greatest inhibitory zones. The inhibitory mechanism is most 

likely related to disruption of energy metabolism, as ATPase inhibition can reduce proton 

motive force, impede nutrient transport, and eventually lead to cell death. The 

nanoemulsion’s antibacterial activity is slightly lower than that of bulk oil. This could be 

because the active quinones are slowly released from nanosized droplets, allowing for 

prolonged yet modest biological exposure. This study proposes a cohesive mechanistic 

hypothesis by combining in silico and in vitro findings: the components of BSO exhibit 

antimicrobial activities primarily through ATPase inhibition and membrane instability, as 

predicted by molecular docking and demonstrated experimentally. This integrative 

interpretation links molecular-level interactions to bigger biological impacts, making this 

work more novel and scientifically sound. 
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Fig. 5. 2D and 3D molecular docking simulation studies of the co-crystallized control ligand (PCW), 
Thymohydroquinone, and Thymoquinone in the enzyme binding pocket of the ATPase enzyme 
(PDB ID: 6zhh) active site receptor  

 

Integration of Findings with the Identified Research Problem and Research 
Gap 
This study directly addressed the need for stable, mechanistically supported natural 

antimicrobials that can replace synthetic preservatives and conventional antibiotics. Earlier 

work on Nigella sativa oil showed promising activity but suffered from unstable emulsions, 

limited mechanistic insight, and a lack of integrated nanoformulation and bioactivity 

analysis. Here, these gaps were closed by linking nanoemulsion formulation, 

physicochemical stability, antimicrobial performance, and molecular docking in a unified 

approach. The optimized BSO-NE demonstrated consistent nanoscale droplets, negative zeta 

potential, and strong resistance to phase separation, confirming that the EIP method produces 

stable dispersions capable of sustained antimicrobial release. Comparing BSO and BSO-NE 

also clarified that nano-dispersion enhances bioavailability and antimicrobial action, as 

reflected in the strong CFU reduction and inhibition zones, particularly against S. 

epidermidis and B. subtilis. 

Molecular docking further revealed that thymoquinone and thymohydroquinone 

strongly bind bacterial ATPase catalytic residues, providing a mechanistic explanation that 

aligns with the observed biological effects. Together, these results fill the major formulation 
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and mechanistic gaps in previous studies and establish BSO-NE as a stable, effective, and 

scientifically validated natural antimicrobial system with potential applications in 

pharmaceutical, biomedical, and food preservation fields. 

 

BSO-NE's Comparative Analysis with Current Essential Oil Nanoemulsion 
Research 

Comparing the physicochemical characteristics and antimicrobial effectiveness of the 

produced BSO and BSO-NE with comparable nanoemulsion systems documented in recent 

literature is crucial to contextualizing our findings. According to studies conducted between 

2021 and 2025, zeta potential, droplet size, and polydispersity index (PDI) are important 

factors that affect the stability of nanoemulsions and their biological performance. 

Furthermore, CFU reduction values, inhibition zones, and concentration requirements offer 

standards for assessing antimicrobial potency in various formulations. Other recent studies 

have reported varying results depending on formulation composition, stabilizers, and 

surfactants, despite our work showing strong antibacterial activity of pure BSO and 

measurable but lower activity of BSO-NE. Table 6 presents a comparative summary of 

important metrics that show our formulation’s strengths as well as areas that need 

improvement to meet new standards in essential oil nanoemulsion research. 

 

Table 6. Literature Comparison with this Study 
 

Parameter 
This Study 
BSO / BSO-NE 

Mosa et al. (2022-2023) – 
Nigella sativa O/W 
nanoemulsions (P. 
verrucosum) (Mosa et al. 
2023) 

Hasanin et al. (2025) – 
Chitosan-loaded BSO 
nanoemulsions, (Hasanin et 
al. 2025) 

Droplet size 
~118 nm (NE, 
from TEM / DLS) 

168.6 nm to 345.3 nm, 
depending on surfactant 
polysorbate 20 (Tween-
20), or polysorbate 80 
(Tween-80), and 
sonication time 

“Stable nanoemulsions … 
with homogeneous particle 
size distributions in the 
nanoscale range” — exact 
value ~200-300 nm (BSO 
NEO chitosan) 

Concentration 
/ Used % for 
efficacy tests 

100% used in 
CFU reduction 
and other assays 
(for both BSO & 
BSO-NE) 

100% concentration of 
nanoemulsions required to 
achieve complete 
inhibition of fungal growth 
(P. verrucosum) 

Tested with 1%-3% chitosan 
load in nanoemulsion; 
inhibition zones in assays 
(exactly comparable 
concentrations) 

% Inhibition / 
Kill Time / 
Bioactivity 

BSO: up to 
~96.63% CFU 
reduction (e.g., S. 
epidermidis); 
BSO-NE: lower 
reductions across 
some strains; 
molecular 
docking supports 
strong ligand-
enzyme binding 

Complete inhibition of P. 
verrucosum at 100% 
concentration; also, 
beneficial effects on seed 
germination and plant 
growth parameters 

Inhibition zones vs. resistant 
fungi (17-23 mm) with BSO 
NEO chitosan, outperforming 
some synthetic treatments; 
shows strong antifungal 
bioactivity 
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CONCLUSIONS 
 

1. This study showed that Black Seed (Nigella sativa) Oil has strong antimicrobial activity 

against both Gram-positive and Gram-negative bacteria. Staphylococcus epidermidis, 

Bacillus subtilis, and Micrococcus luteus were all shown to be significantly inhibited. 
 

2. Mechanistic evidence for the observed antimicrobial activity was provided by 

complementary molecular docking studies, which verified that the main bioactive 

compounds, thymohydroquinone and thymoquinone, have a higher binding affinity to 

the ATPase enzyme than the co-crystallized ligand.  
 

3. This integrated experimental–computational approach demonstrates BSO (Nigella 

sativa) as a distinct and potent natural alternative to synthetic antimicrobials, in contrast 

to many earlier studies that only concentrated on conventional assays. All of the results 

point to BSO as a viable option for use in pharmaceutical formulations, biomedical 

materials, and food preservation. To fully realize its therapeutic and commercial 

potential, future research should focus on in vivo validation, synergistic formulations, 

and industrial-scale applications. 
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