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INTRODUCTION 
Inflammation and oxidative stress represent two 

interconnected biological processes that play central 

roles in the pathogenesis of various chronic disorders, 

including arthritis, cardiovascular disease, 

neurodegenerative conditions, diabetes, and metabolic 

syndrome. Persistent oxidative imbalance triggers the 

excessive production of reactive oxygen and nitrogen 

species, which disrupt cellular homeostasis and promote 

the release of inflammatory mediators. Conventional 

anti-inflammatory drugs provide relief but often carry 

risks of gastrointestinal irritation, hepatotoxicity, or 

renal complications, thereby encouraging the use of 

safer, plant-based alternatives with strong therapeutic 

profiles. 

 

Nigella sativa L., commonly known as black cumin or 

black seed, has been widely recognized in traditional 

medicine for its broad pharmacological activities. Its 

seed oil is rich in bioactive components such as 

thymoquinone, thymohydroquinone, carvacrol, and p-

cymene, which contribute to potent antioxidant, anti-

inflammatory, antimicrobial, and immunomodulatory 

effects. Thymoquinone, in particular, has been 

extensively documented for its ability to attenuate 

oxidative stress, inhibit lipid peroxidation, and 

modulate inflammatory pathways. Despite these 

promising attributes, the therapeutic application of N. 

sativa seed oil remains restricted due to its poor 

aqueous solubility, instability under environmental 

conditions, and limited bioavailability. 

 

Nanotechnology-based formulations offer a solution to 

these limitations by enhancing solubility, stability, 

permeability, and controlled release of lipophilic 

phytoconstituents. Among these systems, 

nanoemulsions have garnered considerable attention 

due to their small droplet size (typically <200 nm), high 

kinetic stability, optical clarity, and improved surface 

area favorable for drug absorption. Nanoemulsions have 

been successfully applied to improve the 

pharmacokinetics and biological efficacy of numerous 

essential oils and plant-derived bioactive compounds. 

Their ability to encapsulate lipophilic molecules within 

an oil core, stabilized by surfactants and co-surfactants, 

contributes to enhanced dispersibility, targeted delivery, 

and increased biological performance. 
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Abstract:  This study aimed to develop and evaluate a nanoemulsion-based delivery system of 
Nigella sativa seed oil to enhance its anti-inflammatory and antioxidant activities. A series of 
formulations were prepared using Tween 80 and PEG 400 as surfactant–co-surfactant systems, and 
the most stable nanoemulsion (NE4) was selected following thermodynamic stability testing. The 
optimized formulation exhibited a nanoscale droplet size of 68.42 ± 1.85 nm, a narrow polydispersity 
index, and a zeta potential of –32.4 mV, indicating excellent physical stability. Physicochemical 
characterization confirmed high transparency, low viscosity, and efficient drug loading. The in vitro 
release study demonstrated a sustained drug release of 92.46% over 24 hours, fitting best with the 
Higuchi kinetic model. Biological evaluations revealed that NE4 significantly improved anti-
inflammatory efficacy, with higher protein denaturation inhibition and RBC membrane stabilization 
compared to pure oil. Similarly, antioxidant assays—including DPPH, nitric oxide scavenging, and 
TBARS—showed substantially enhanced radical scavenging activity for NE4. Stability testing over 90 
days indicated only minor variations in particle size and drug content, reinforcing the robustness of 
the formulation. Overall, the findings support the potential of nanoemulsion-based approaches to 
increase the therapeutic performance of Nigella sativa oil for inflammation and oxidative stress 
management. 
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In the context of N. sativa, nanoemulsion-based 

formulations have demonstrated potential in enhancing 

antioxidant and antimicrobial activities, yet 

comprehensive studies evaluating their anti-

inflammatory performance alongside detailed 

physicochemical and stability assessments remain 

limited. The present study was designed to address 

these gaps by formulating a nanoemulsion of Nigella 

sativa seed oil using the spontaneous emulsification 

method and evaluating its physicochemical attributes, in 

vitro release behavior, anti-inflammatory potential, 

antioxidant activity, and stability under accelerated 

conditions. 

 

By developing a stable nanoemulsion system capable of 

improving the therapeutic functionality of N. sativa 

seed oil, the study sought to establish a promising 

phytopharmaceutical formulation that can serve as an 

effective, safe, and natural alternative for managing 

inflammation and oxidative stress. The findings offer 

scientific evidence supporting the application of 

nanoemulsion-based delivery systems in enhancing the 

medicinal value of herbal oils and contribute toward the 

advancement of nanotechnology-driven herbal 

therapeutics. 

 

MATERIAL AND METHODS 
2.1. Materials: 

High-quality cold-pressed Nigella sativa seed oil (black 

cumin oil) was procured from a certified Ayurvedic raw 

material supplier, and its batch was verified through 

organoleptic and chromatographic assessments. Tween 

80 (polyoxyethylene sorbitan monooleate) and PEG 

400, used as surfactant and co-surfactant, respectively, 

were purchased from Merck India. Isopropyl myristate 

(IPM) and medium-chain triglycerides (MCT oil) 

served as oil-phase candidates for preliminary 

screening. Analytical-grade ethanol, methanol, 

hydrochloric acid, sodium hydroxide pellets, and 

potassium phosphate monobasic were procured from 

HiMedia Laboratories. Deionised distilled water was 

freshly prepared for all formulation and analytical 

procedures. For biological assays, egg albumin, bovine 

serum albumin (BSA), sodium nitroprusside, 

sulfanilamide, N-(1-naphthyl)ethylenediamine, 

trichloroacetic acid (TCA), thiobarbituric acid (TBA), 

and glacial acetic acid were obtained from Sigma-

Aldrich. 

 

All chemicals, reagents, and solvents used were of 

analytical or cell-culture grade, depending on the 

methodological requirement. Consumables such as 

microtubes, Whatman filter papers, dialysis membranes 

(MW cut-off 12–14 kDa), and 96-well microplates were 

obtained from Tarsons, India. All glassware used in the 

study was washed, dried, and sterilised prior to 

experimentation. 

 

2.2. Pre-Formulation Studies: 

Comprehensive pre-formulation studies were conducted 

to understand the solubility behaviour, miscibility 

profile, and compatibility of Nigella sativa seed oil with 

selected excipients. Oil solubility tests were conducted 

by equilibrating the oil in various surfactants (Tween 

20, Tween 60, Tween 80) and co-surfactants (PEG 200, 

PEG 400, Transcutol-P) under constant stirring, 

followed by visual inspection and UV scanning to 

confirm clarity. The miscibility between the oil phase 

and selected surfactant–co-surfactant (Smix) 

combinations was assessed through vortex mixing, 

centrifugation, and phase separation analysis. Only 

systems without turbidity, creaming, or phase 

separation over 48 hours were shortlisted for 

nanoemulsion development. 

 

Compatibility between Nigella sativa oil and excipients 

was evaluated using Fourier Transform Infrared 

Spectroscopy (FTIR). The spectra of pure oil, Smix 

components, and the physical mixtures were compared 

to identify potential shifts, disappearance, or broadening 

of characteristic functional group peaks. This ensured 

chemical stability and non-interaction during the 

formulation process. 

 

2.3. Construction of Pseudoternary Phase Diagrams: 

Pseudoternary phase diagrams were constructed to 

identify the nanoemulsion regions using the water 

titration method. The oil phase (Nigella sativa oil) 

constituted one apex, the Smix mixture formed the 

second apex, and the aqueous phase occupied the third. 

Smix ratios of 1:1, 2:1, 3:1, 4:1, and 1:2 (Tween 80 : 

PEG 400) were evaluated. For each Smix ratio, oil and 

Smix mixtures were prepared in varying proportions 

(1:9 to 9:1) and titrated slowly with distilled water 

under gentle magnetic stirring. After each addition, the 

system was visually inspected for transparency, 

isotropy, and flow behaviour. Samples that remained 

clear, non-viscous, and monophasic were marked as 

nanoemulsion zones. These regions were then plotted to 

determine the optimal composition range that supported 

maximum nanoemulsion formation. The highest 

nanoemulsion region was obtained in the Smix ratio of 

3:1, which was selected for further optimization. 

 

2.4. Preparation of Nigella sativa Seed Oil 

Nanoemulsion: 

The nanoemulsion formulations were prepared using 

the spontaneous emulsification method. Based on the 

phase diagram findings, the selected formulation 

consisted of Nigella sativa seed oil (5–10% w/w), 

Tween 80 and PEG 400 as Smix (30–45% w/w), and 

distilled water (45–60% w/w). The oil phase and Smix 

were homogenised using a magnetic stirrer at 900 rpm 

for 10 minutes to obtain a uniform mixture. 

Subsequently, distilled water was added dropwise at 

room temperature under continuous stirring, leading to 

the spontaneous formation of a transparent 

nanoemulsion system. The mixture was subjected to 

sonication using a probe sonicator for 3 minutes (40% 
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amplitude, pulse 5 seconds on/off) to reduce globule 

size and enhance stability. 

The final prepared nanoemulsions were stored in 

amber-coloured glass vials at 25 ± 2°C and evaluated 

within 24 hours. 

 

2.5. Thermodynamic Stability Studies: 

To ensure formulation robustness, thermodynamic 

stress tests were conducted. Samples were subjected to: 

1. Centrifugation (5000 rpm, 30 min) 
Formulations showing no phase separation, 

cracking, or turbidity were selected. 

 

2. Heating–Cooling Cycles (4°C to 45°C) 
Samples were kept at each temperature for 48 

hours across six cycles. 

3. Freeze–Thaw Cycles (–20°C to +25°C) 
Three cycles were completed and checked for 

uniformity. 

Only formulations passing all these tests without 

instability were selected for physicochemical 

characterization. 

 

2.6. Physicochemical Characterization of 

Nanoemulsion: 

2.6.1. Globule Size, Polydispersity Index (PDI), and 

Zeta Potential: 

Particle size distribution and PDI were measured using 

a dynamic light scattering (DLS) analyser (Malvern 

Zetasizer Nano ZS90). Samples were diluted 100-fold 

with distilled water to avoid multiple scattering. Zeta 

potential measurements were obtained using 

electrophoretic light scattering to assess the electrostatic 

stability of the system. 

 

2.6.2. Transmission Electron Microscopy (TEM): 

Morphological analysis was performed using TEM 

(JEOL JEM-2100). A drop of diluted nanoemulsion was 

placed on a carbon-coated copper grid, negatively 

stained using 1% phosphotungstic acid, and air-dried. 

The globule shape, uniformity, and surface integrity 

were observed at varying magnifications. 

 

2.6.3. Viscosity and Refractive Index: 

Viscosity was measured using a Brookfield viscometer 

equipped with spindle LV-2 at 25°C. The refractive 

index was recorded using an Abbe refractometer to 

evaluate isotropy and transparency, characteristic of 

nanoemulsions. 

 

2.6.4. pH, Conductivity, and Drug Content: 

pH was measured using a calibrated digital pH meter. 

Electrical conductivity was assessed to confirm o/w 

type nanoemulsion. Drug content was evaluated by 

dissolving a known quantity of nanoemulsion in 

methanol and analysing the thymoquinone content via 

UV-Visible spectrophotometry at 254 nm. 

 

2.7. In Vitro Drug Release Studies: 

In vitro release of thymoquinone from nanoemulsion 

was conducted using a dialysis membrane technique. 

The donor compartment contained 2 mL of 

nanoemulsion, while the receptor compartment 

contained 50 mL of phosphate buffer saline (PBS pH 

7.4) maintained at 37 ± 0.5°C and stirred at 100 rpm. 

Aliquots were withdrawn at predetermined intervals (0–

24 hours), filtered, and analysed 

spectrophotometrically. Fresh buffer was added to 

maintain sink conditions. Release kinetics were fitted to 

zero-order, first-order, Higuchi, Korsmeyer–Peppas, 

and Hixson–Crowell models. 

 

2.8. In Vitro Anti-Inflammatory Activity: 

2.8.1. Protein Denaturation Assay 

This assay assessed the ability of nanoemulsions to 

inhibit heat-induced denaturation of BSA. Reaction 

mixtures containing test samples at various 

concentrations (25–200 µg/mL) were incubated at 37°C 

for 20 minutes and then heated at 70°C for 5 minutes. 

Absorbance was measured at 660 nm. Diclofenac 

sodium was used as the standard. % inhibition was 

calculated using: 

% Inhibition = A_control - A_sample / A_control ×100  

2.8.2. Membrane Stabilization Assay: 

Human RBCs isolated from fresh blood samples were 

exposed to hypotonic saline in the presence of 

nanoemulsion. Protection of RBC membranes from 

haemolysis was measured spectrophotometrically at 

540 nm. The assay mimicked anti-inflammatory activity 

mediated through lysosomal stabilization. 

 

 

 

2.9. In Vitro Antioxidant Activity: 

2.9.1. DPPH Radical Scavenging Assay: 

The free radical scavenging activity was measured 

using 0.1 mM DPPH solution. Test samples at various 

concentrations were mixed with DPPH and incubated in 

the dark for 30 minutes. Absorbance was recorded at 

517 nm, and % scavenging was calculated. Ascorbic 

acid served as the reference standard. 

2.9.2. Nitric Oxide (NO) Scavenging Assay: 

Sodium nitroprusside was used as the NO generator. 

The reaction mixture was incubated for 150 minutes, 

followed by the addition of Griess reagent. Absorbance 

was measured at 546 nm. The assay determined the 

ability of formulations to neutralize NO radicals. 

2.9.3. Lipid Peroxidation Inhibition Assay: 

Lipid peroxidation in egg yolk homogenate was 

induced using FeSO₄ and inhibited using the test 

formulations. TBARS formation was quantified using 

the TBA reaction and analysed at 532 nm. 

2.10. Accelerated Stability Studies: 

Stability studies were carried out according to ICH 

Q1A(R2) guidelines at 40°C ± 2°C / 75% RH ± 5% for 

3 months. Samples were withdrawn at 0, 30, 60, and 90 

days and evaluated for globule size, PDI, zeta potential, 

pH, visual appearance, and drug content. 

2.11. Statistical Analysis: 
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All experimental data generated during the study were 

analysed using appropriate statistical methods to ensure 

the reliability and significance of the findings. Results 

were expressed as mean ± standard deviation (SD) 

based on triplicate determinations (n = 3) unless stated 

otherwise. Comparative analyses between Nigella 

sativa nanoemulsion formulations and controls were 

performed using one-way analysis of variance 

(ANOVA), followed by Tukey’s post hoc test to 

identify significant pairwise differences. The release 

kinetics modelling was evaluated using linear 

regression analysis, and the best-fit model was selected 

based on the highest coefficient of determination (R²) 

value. Dose–response curves for anti-inflammatory and 

antioxidant assays were plotted using non-linear 

regression. Statistical significance was considered at p < 

0.05. All analyses were carried out using GraphPad 

Prism (Version 9.0), and graphical representations such 

as release profiles, IC₅₀ plots, and stability trends were 

constructed using the same software to maintain visual 

consistency and clarity. 

 

RESULTS 
3.1. Thermodynamic Stability and Selection of the Optimized Nanoemulsion: 

Initial screening of Nigella sativa oil nanoemulsions showed notable differences in physical stability when exposed to 

centrifugation, thermal cycling, and freeze–thaw stress. Table 1 presents the outcomes of thermodynamic stability 

studies. Two formulations (NE2 and NE4) successfully endured all stress conditions without creaming, phase separation, 

or turbidity. Among them, NE4 demonstrated superior clarity and lower viscosity, and was therefore selected for further 

physicochemical characterization. 

Table 1. Thermodynamic Stability Assessment of Nigella sativa Oil Nanoemulsions 

Formulation Centrifugation Heating–Cooling Freeze–Thaw Inference 

NE1 Passed Passed Failed Unstable 

NE2 Passed Passed Passed Stable 

NE3 Turbidity Passed — Rejected 

NE4 Passed Passed Passed Highly stable 

NE5 Failed Failed — Rejected 

 

3.2. Physicochemical Characterization of the Optimized Nanoemulsion: 

The optimized formulation (NE4) exhibited typical characteristics of a well-formed oil-in-water nanoemulsion. The 

particle size distribution analysis indicated a mean globule size of 68.42 ± 1.85 nm, with a narrow polydispersity index 

(0.176 ± 0.02), confirming uniformity across dispersed droplets (Table 2). The zeta potential of –32.4 ± 1.1 mV 

suggested excellent electrostatic stability. 

Table 2. Particle Size, PDI, and Zeta Potential of Optimized Nanoemulsion (NE4) 

Parameter Result (Mean ± SD) 

Particle Size (nm) 68.42 ± 1.85 

PDI 0.176 ± 0.02 

Zeta Potential (mV) –32.4 ± 1.1 

Conductivity (mS/cm) 0.214 ± 0.01 

Additional physicochemical parameters shown in Table 3, including pH (6.21 ± 0.04), viscosity (42.6 ± 1.2 cP), 

refractive index (1.338), and percent transmittance (98.4%), confirmed the formation of an isotropic and highly 

transparent system. Drug content determination revealed efficient encapsulation (96.8 ± 1.3%). 

 

Table 3. Physicochemical Characteristics of Optimized Nanoemulsion (NE4) 

Parameter Result (Mean ± SD) 

pH 6.21 ± 0.04 

Viscosity (cP) 42.6 ± 1.2 

Refractive Index 1.338 ± 0.002 

% Transmittance 98.4 ± 0.4% 

Drug Content (%) 96.8 ± 1.3 

 

3.3. In Vitro Drug Release Profile: 

The in vitro release study demonstrated a biphasic pattern where an initial burst during the first 2 hours was followed by 

a sustained release up to 24 hours (Table 4). The optimized nanoemulsion released 92.46 ± 2.3% of encapsulated 

thymoquinone within 24 hours. Figure 1 provides a graphical illustration of the release kinetics. 
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Table 4. In Vitro Drug Release of Thymoquinone from NE4 

Time (h) % Released (Mean ± SD) 

0 0 

1 16.52 ± 1.1 

2 28.64 ± 1.5 

4 41.27 ± 2.0 

6 56.83 ± 2.4 

8 67.12 ± 2.1 

12 78.98 ± 1.8 

24 92.46 ± 2.3 

 

 
Figure 1. In vitro drug release profile of NE4. 

Kinetic modeling (Table 5) revealed that the Higuchi model exhibited the highest R² value (0.9536), confirming 

diffusion-controlled release. 

Table 5. Release Kinetics of Thymoquinone from NE4 

Model R² Best Fit 

Zero Order 0.9261 — 

First Order 0.8734 — 

Higuchi 0.9536 ✔ Best Fit 

Korsmeyer–Peppas 0.9451 — 

Hixson–Crowell 0.8920 — 

 

3.4. In Vitro Anti-Inflammatory Activity: 

3.4.1. Protein Denaturation Assay: 

Nanoemulsion NE4 significantly inhibited protein denaturation in a concentration-dependent manner. At 200 µg/mL, 

NE4 achieved 68.85 ± 2.0% inhibition, outperforming pure seed oil (49.26 ± 1.9%). Table 6 summarizes the results, 

while Figure 2 shows the comparative inhibition pattern. 

Table 6. Protein Denaturation Inhibition 

Conc. (µg/mL) NE4 Pure Oil Diclofenac 

25 24.12 ± 1.3 16.87 ± 1.0 38.54 ± 1.7 

50 36.54 ± 1.5 26.49 ± 1.2 52.17 ± 1.8 

100 52.97 ± 1.8 37.43 ± 1.6 71.34 ± 2.1 

200 68.85 ± 2.0 49.26 ± 1.9 83.19 ± 2.4 

 

 
Figure 2. Protein denaturation inhibition assay. 
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3.4.2. RBC Membrane Stabilisation: 

NE4 also showed superior membrane stabilization activity, offering 63.41 ± 2.3% protection at 200 µg/mL compared to 

46.05 ± 1.8% for pure oil (Table 7). The graphical representation is shown in Figure 3. 

Table 7. Membrane Stabilisation Results 

Conc. (µg/mL) NE4 Pure Oil 

25 22.74 ± 1.2 15.39 ± 1.0 

50 35.82 ± 1.6 24.61 ± 1.1 

100 48.13 ± 1.9 33.28 ± 1.4 

200 63.41 ± 2.3 46.05 ± 1.8 

 

 
Figure 3. RBC membrane stabilization assay. 

 

3.5. In Vitro Antioxidant Activity: 

3.5.1. DPPH Radical Scavenging: 

Nanoemulsion NE4 demonstrated stronger radical scavenging ability than pure oil, with 74.63 ± 2.1% activity at 200 

µg/mL (Table 8). The trend is visualized in Figure 4. 

Table 8. DPPH Radical Scavenging Activity 

Conc. (µg/mL) NE4 Pure Oil Ascorbic Acid 

25 29.86 ± 1.3 18.64 ± 1.0 44.71 ± 1.8 

50 42.95 ± 1.5 29.17 ± 1.2 59.84 ± 2.0 

100 59.42 ± 1.8 41.28 ± 1.5 77.16 ± 2.3 

200 74.63 ± 2.1 53.44 ± 1.8 89.23 ± 2.6 

 

 
Figure 4. DPPH scavenging activity of NE4 compared with controls. 

3.5.2. Nitric Oxide Scavenging: 

A similar pattern was observed in the NO scavenging assay (Table 9). NE4 exhibited 61.25 ± 2.2% scavenging at 200 

µg/mL. Figure 5 shows the activity curve. 
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Table 9. Nitric Oxide Scavenging Activity 

Conc. (µg/mL) NE4 Pure Oil Ascorbic Acid 

25 21.37 ± 1.2 14.28 ± 1.0 35.68 ± 1.5 

50 34.19 ± 1.5 23.64 ± 1.1 51.92 ± 2.0 

100 47.83 ± 1.9 33.21 ± 1.3 68.15 ± 2.4 

200 61.25 ± 2.2 46.13 ± 1.7 82.34 ± 2.6 

 

 
Figure 5. Nitric oxide scavenging activity. 

3.5.3. Lipid Peroxidation Inhibition (TBARS): 

NE4 significantly reduced lipid peroxidation in egg yolk homogenate, with inhibition values rising to 72.18 ± 2.4% at the 

highest concentration (Table 10). Figure 6 illustrates this dose-dependent performance. 

Table 10. Lipid Peroxidation Inhibition 

Conc. (µg/mL) NE4 Pure Oil 

25 26.91 ± 1.1 19.33 ± 1.1 

50 39.57 ± 1.6 28.92 ± 1.4 

100 54.82 ± 1.9 37.15 ± 1.8 

200 72.18 ± 2.4 49.83 ± 2.0 

 

 
Figure 6. Lipid peroxidation inhibition (TBARS) assay. 

3.6. Accelerated Stability Studies: 

The stability profile of NE4 under ICH conditions (40°C/75% RH) revealed minor increases in particle size and PDI over 

90 days (Table 11). Drug content decreased slightly but remained within acceptable limits. The nanoemulsion maintained 

clarity throughout the study. 

Table 11. Stability Profile of NE4 (ICH Q1A(R2)) 

Parameter Day 0 Day 30 Day 60 Day 90 

Particle Size (nm) 68.42 ± 1.8 70.11 ± 2.0 71.46 ± 2.3 73.85 ± 2.5 

PDI 0.176 0.182 0.193 0.201 

Zeta Potential (mV) –32.4 –31.7 –30.8 –29.9 

Drug Content (%) 96.8 95.7 94.9 93.5 

Appearance Clear Clear Slight opalescence Slight opalescence 
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Figure 7. Particle size variation during stability. 

 
Figure 8. Drug content variation during stability. 

DISCUSSION 
The development of a nanoemulsion-based delivery 

system for Nigella sativa seed oil was aimed at 

improving its physicochemical stability, bioactive 

performance, and therapeutic applicability. The findings 

of this study demonstrated that the optimized 

formulation (NE4) effectively enhanced both anti-

inflammatory and antioxidant properties of the oil, 

which can be attributed to nanoscale droplet size, 

improved solubilization, and increased surface area 

availability for biological interactions. 

 

The thermodynamic stability results provided the 

foundational evidence that NE4 possessed the structural 

robustness required for subsequent evaluations. Unlike 

NE1, NE3, and NE5—each of which exhibited phase 

separation or turbidity—NE4 successfully endured 

centrifugation, heating–cooling cycles, and freeze–thaw 

stress, signifying a well-constructed surfactant–oil–

water interfacial arrangement. The literature supports 

that nanoemulsion stability depends strongly on 

surfactant packing at the interface, droplet size 

uniformity, and electrostatic repulsion forces (Shah et 

al., 2021). The presence of Tween 80 and PEG 400 

likely contributed to the rapid reduction in interfacial 

tension and robust steric stabilization. 

The small droplet size (68.42 nm) and low PDI (0.176) 

observed in NE4 confirmed the formation of a uniform, 

monodisperse system. These parameters play essential 

roles in determining absorption, bioavailability, and 

biological performance of nanoemulsified oils. Previous 

reports have shown that oils with droplet sizes below 

100 nm have improved cell permeability and enhanced 

interaction with mucosal and epithelial surfaces (Kotta 

et al., 2015). The negative zeta potential (–32.4 mV) 

further indicated electrostatic stabilization, which 

minimized droplet coalescence over time. This stability 

was corroborated by the ICH-based accelerated stability 

studies, where particle size and PDI showed only minor 

increases over 90 days. Similar long-term stability 

trends have also been documented for essential-oil-

loaded nanoemulsions stored at elevated temperatures 

(Yasir et al., 2019), reinforcing the reliability of the 

NE4 system. 

 

The in vitro drug release profile demonstrated a 

biphasic pattern, characterized by initial rapid release 

(burst effect) followed by sustained release up to 24 

hours. The high release percentage (92.46% at 24 h) 

may be explained by enhanced solvent penetration, 

small droplet size, and nanodispersion of thymoquinone 

within the oil phase. The Higuchi kinetic model 

provided the best fit (R² = 0.9536), suggesting a 
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diffusion-controlled mechanism typical of 

nanoemulsion-based carriers. Earlier studies have 

reported similar release behaviour for lipophilic 

phytoconstituents encapsulated in nanoemulsions, 

where the nanoscale range facilitated constant drug 

diffusion into the external aqueous phase (Majeed et al., 

2018). 

 

A major objective of nanoemulsion formulation was to 

improve the anti-inflammatory potential of Nigella 

sativa oil. The protein denaturation assay and RBC 

membrane stabilization test both demonstrated that NE4 

significantly outperformed pure seed oil across all 

tested concentrations. Protein denaturation is a critical 

precursor to inflammation, and the ability of NE4 to 

inhibit this process suggests effective protection against 

structural protein alteration. The improved efficacy is 

likely the result of increased solubility and better 

dispersion of bioactives such as thymoquinone. 

Previous findings have shown that thymoquinone 

possesses intrinsic anti-inflammatory potential by 

modulating prostaglandin synthesis and inhibiting 

oxidative enzymes (Ahmad et al., 2013). By delivering 

this compound in a nanoemulsified form, the system 

enhanced its accessibility to the biological matrix, 

mimicking drug-like behaviour. 

 

Similarly, the RBC membrane stabilization assay 

indicated that NE4 preserved erythrocyte membrane 

integrity more effectively than pure oil. Stabilization of 

lysosomal and erythrocyte membranes is an important 

mechanism for anti-inflammatory action, as membrane 

rupture leads to the release of inflammatory mediators. 

Nanoemulsified oils have previously been reported to 

enhance membrane protection due to their improved 

solubility and greater ability to interact with lipid 

bilayers, creating a protective shield against osmotic 

and heat-induced damage (Hamad et al., 2020). The 

present results support this mechanistic interpretation. 

The antioxidant assays—including DPPH, nitric oxide 

scavenging, and TBARS—showed a consistent trend 

where NE4 exhibited significantly superior radical 

scavenging activity compared to pure oil. This 

enhancement can be tied to the increased dispersion of 

thymoquinone within the aqueous medium, allowing 

the bioactive compound to interact more efficiently 

with free radicals. Nanoemulsification increases the 

contact surface area between bioactive molecules and 

oxidative species, enhancing electron-donating and 

hydrogen-scavenging reactions. Previous research on 

phytochemical nanoemulsions, such as curcumin and 

clove oil systems, has reported up to 50% increases in 

antioxidant efficacy after nanoemulsion formation due 

to similar effects (Guerra-Rosas et al., 2017). The 

present study’s findings align with these established 

observations, validating the efficiency of NE4. 

 

The TBARS assay further confirmed that NE4 

successfully inhibited lipid peroxidation, suggesting 

strong protective effects against lipid oxidative 

degradation. Since lipid peroxidation is closely 

associated with inflammation, metabolic disturbances, 

and aging-related disorders, the enhanced inhibition 

provided by NE4 highlights its therapeutic relevance. 

The improved anti-lipid peroxidation activity suggests 

successful encapsulation, protection, and delivery of 

thymoquinone to target reactive species. 

 

Overall, the findings collectively demonstrate that 

nanoemulsification substantially improves the 

functional properties of Nigella sativa seed oil. The 

optimized nanoemulsion exhibited strong 

thermodynamic stability, controlled drug release, and 

enhanced anti-inflammatory and antioxidant 

performance. These improvements are largely 

attributable to the physicochemical advantages of 

nanoemulsion systems—particularly nanoscale droplet 

size, improved surface area, high solubilization 

capacity, and improved diffusion kinetics. The results 

strongly support the potential application of NE4 for 

therapeutic formulations targeting inflammation-driven 

oxidative damage, chronic inflammatory disorders, and 

oxidative stress-mediated pathologies. 

 

Given its robust stability profile and superior biological 

activity, NE4 represents a promising candidate for 

further in vivo evaluation and potential translation into 

topical, oral, or transdermal drug delivery systems. The 

convergence of stability, efficacy, and enhanced release 

profiles underscores the value of nanoemulsion 

approaches in modern phytopharmaceutical 

development. 

 

CONCLUSION 
The present study successfully formulated and 

evaluated a nanoemulsion-based delivery system of 

Nigella sativa seed oil aimed at enhancing its anti-

inflammatory and antioxidant potential. The optimized 

formulation (NE4) demonstrated excellent 

thermodynamic stability, nanoscale droplet size, 

uniform distribution, and high drug-loading efficiency, 

confirming the effectiveness of the surfactant–co-

surfactant system in stabilizing the oil phase. The in 

vitro release study revealed a sustained and diffusion-

controlled release pattern that aligned with the Higuchi 

kinetic model, indicating efficient diffusion of 

thymoquinone from the nanoemulsion matrix. 

 

Across all biological assays, NE4 consistently 

outperformed pure seed oil, demonstrating significantly 

enhanced inhibition of protein denaturation, superior 

membrane stabilization, and stronger DPPH, nitric 

oxide, and lipid peroxidation scavenging activities. 

These improvements may be attributed to increased 

solubility, enhanced bioavailability, and improved 

interaction of nanoemulsified thymoquinone with target 

biomolecules and free radicals. The formulation also 

exhibited a favourable stability profile under 

accelerated storage conditions, with only minor 
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variations in particle size, PDI, and drug content over 

90 days. 

 

Collectively, these findings highlight the significant 

therapeutic potential of nanoemulsion-based delivery 

systems for improving the functional properties of 

natural oils such as Nigella sativa. The enhanced 

biological performance of NE4 suggests promising 

application prospects in managing inflammation, 

oxidative stress, and related pathological conditions. 

Further in vivo studies may establish its translational 

potential for clinical and pharmaceutical use. 
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