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ABSTRACT 

Objective: The objective of this study was to develop an ultrasonicated nanoemulsion of Nigella sativa (NS) oil and evaluate its anticancer potential 
through physicochemical characterization and cytotoxicity assessment in MCF-7 breast cancer (BC) cells. 

Methods: The nanoemulsion was made utilizing Tween (Tw) 80 and investigated by particle size (PS), zeta potential (ZP), and thermodynamic 
stability. These parameters were evaluated by assessing physicochemical properties, antioxidant capacity through the DPPH assay, and cytotoxic 
potential by means of the MTT assay on MCF-7 BC cells. 

Results: The finalized batch had a feasible droplet size of 47.09 nm, acceptable stability, and a proficient release profile of the drug in a long-term 
model (93.74% cumulative release). While nanoemulsion resulted in comparatively lower antioxidant activity than pure NS oil due to encapsulation 
and demonstrated a significantly lower IC₅₀ (1.435±0.148 µl/ml) than paclitaxel (5.317±0.112 µl/ml), and showed enhanced cellular uptake, as 
confirmed through FITC fluorescence imaging. 

Conclusion: The finalized NS oil nanoemulsion demonstrated potent in vitro cytotoxicity against MCF-7 cells. However, further ex-vivo and in vivo 
investigations are required to confirm its suitability for topical BC therapy. 
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INTRODUCTION 

Breast cancer (BC) is considered the utmost common and deadly 
disease affecting women worldwide. Chemotherapy, radiation, and 
hormone therapy have improved patient survival, but their 
effectiveness is limited by their poor selectivity, systemic toxicity, 
and resulting multidrug resistance. Moreover, a significant portion 
of anticancer compounds exhibits poor aqueous solubility and 
inadequate bioavailability, which deteriorates their performance 
and produces an excess of side effects [1, 2]. 

Topical drug delivery has gained popularity as a substitute for the 
newly popular systemic application technique. It has demonstrated 
the benefits of localized action, less systemic exposure, and 
improved patient compliance [3]. However, the solubility and 
permeability of the active component are crucial to the success of 
such formulations. These limitations can be addressed by 
incorporating natural oils with known therapeutic properties, 
despite their poor water solubility. Essential oils, in particular, 
represent promising candidates for formulation into advanced drug 
delivery systems to improve their clinical applicability [4]. 

Nigella sativa (NS) oil is considered important due to its diverse 
pharmacological effects, including anticancer activity [5]. Its main 
bioactive ingredient, thymoquinone, has shown strong anti-
inflammatory, anti-proliferative, and antioxidant properties in a 
diverse cancer cell line, including MCF-7 BC cells. In spite of the 
above promises, the topical or transdermal clinical translation of NS 
oil is still limited because of its instability and hydrophobicity [6, 7]. 
Nanoemulsions provide a suitable platform to address these 
challenges by improving solubility, enhancing stability, controlling 
release, and facilitating skin permeation, and also offer several 
benefits as topical delivery systems. Their nanoscale droplet size 
enhances drug solubilization and promotes penetration across the 
stratum corneum. They can provide sustained and controlled drug 
release, ensure prolonged therapeutic effect while minimizing 
systemic absorption. Additionally, nanoemulsions facilitate drug 
localization at the site of application and are relatively simple to 
prepare and scale up compared to other nanocarrier systems, 
making them highly suitable for translational applications [8, 9]. 

To translate the medicinal value of NS oil into practical use, the present 
research focuses on formulating a nanoemulsion using ultrasonication 
[10, 11]. The benefits of nanoemulsions include enhanced solubility, 
better stability, controlled delivery, and skin penetration. A stable NS oil 
nanoemulsion was formulated for this investigation and described using 
physicochemical, in vitro, and ex-vivo analyses. Topical nanoemulsions 
have been explored as alternatives to systemic chemotherapy. In this 
study, we developed and evaluated NS oil nanoemulsion for its in vitro 
anticancer activity, while acknowledging that future studies must 
validate its potential for topical delivery. 

MATERIALS AND METHODS 

Materials 

NS oil was bought from Priest Herbochem (Pune, Maharashtra, India). 
Tween (Tw) 80, Tw 60, Tw 40, and Tw 20 were procured from Clairofilt 
India (Mumbai, Maharashtra, India). The MCF-7 cell line has been 
obtained through the National Centre for Cell Science (NCCS, Pune, 
Maharashtra, India). Fetal bovine serum (FBS) and Dulbecco’s Modified 
Eagle Medium (DMEM, AT149-1L) were purchased from HiMedia 
Laboratories (Mumbai, Maharashtra, India). Penicillin-streptomycin was 
procured from Sigma-Aldrich (Bengaluru, Karnataka, India). Dimethyl 
sulfoxide (DMSO) was procured from Research-Lab Fine Chem 
Industries (Mumbai, Maharashtra, India). MTT reagent, APTES, and FITC 
were purchased from Sisco Research Laboratories (Mumbai, 
Maharashtra, India). DAPI solution was obtained from ThermoFisher 
Scientific (Mumbai, Maharashtra, India). Ultrapure water was utilized 
throughout the experiments unless otherwise specified. Other materials, 
equipment, and kits are detailed in specific methods. 

Method 

Oil characterization 

GC-MS analysis 

The chemical profile of NS oil has been investigated by GC–MS using 
a formerly reported method with slight alterations [12]. The 
Shimadzu GCMS-QP2010 Ultra system, prepared with a capillary 
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column (30 m × 0.25 mm), was utilized for the analysis. The NS oil 
sample was dissolved in ethyl acetate and derivatized with BSTFA-
TMCS before injection. The temperature of the oven program was 
set to a preliminary temperature of 120 °C, held for 2 min, then 
boosted at a rate of 10 °C per min to an absolute temperature of 300 
°C, where it was held for 20 min. Helium, the carrier gas, was utilized 
at a split ratio of 10:1 and a flow rate of 1.21 ml/min. The 
temperature of the injector was 260 °C. m/z 40–650 is the range in 
which mass spectra were obtained. Compounds were detected by 
matching the resultant spectra with entries in the NIST mass 
spectral library. 

FTIR analysis 

FTIR analysis of NS oil and Tw 80 were carried out using a Shimadzu 
QATR-S model to identify any significant chemical interactions. The 
resulting spectra were then plotted and analysed using OriginPro 
2025 software. 

Emulsification study 

An emulsification study was performed using NS oil with non-ionic 
surfactants for Tw 80, Tw 60, Tw 40, and Tw 20, which are mixed in 
oil-to-surfactant ratios from 1:9 to 9:1. Ternary phase diagrams 
were constructed using TernaryPlot.com to identify emulsion 
regions, and emulsions were prepared using selected compositions 

from these diagrams. Physical stability was visually assessed after 
24 h to check for creaming or phase separation. The surfactant 
yielding the most stable emulsion was chosen for nanoemulsion 
development, leading to the preparation of three nanoemulsion 
batches for further characterization [13, 14]. Tw 80 was selected as 
the surfactant based on its superior emulsification capacity with NS 
oil and its pharmaceutical acceptability. Preliminary trials also 
showed that NS oil alone exhibited emulsifying tendencies when 
mixed with water. 

Preparation of nanoemulsion by ultrasonication 

NS oil, Tw 80, and water were used to prepare the nanoemulsion 
with the composition mentioned in table 1. A measured quantity of 
water was placed in a beaker, and Tw 80 was added dropwise under 
constant agitation using a magnetic stirrer to ensure uniform 
mixing. Subsequently, a measured amount of NS oil was added 
dropwise to the previous solution to obtain a macroemulsion. The 
obtained emulsion was sonicated with a probe sonicator (Sonics 
Vibra-cell, VCX-750) at 20% amplitude and 10 s pulses and 10 s 
pauses for 1 h. Ultrasonic waves were generated using a 3 mm 
probe, with an ice bath employed to minimize heat buildup during 
sonication. The nanoemulsion was eventually acquired after 
sonication lasted 1 h. The same procedure was used to prepare all 
three batches [15, 16]. 

  

Table 1: Composition of nanoemulsion batches 

Batch NS Oil (%) Tw 80 (%) Water (%) 
B1 8.00 8.00 84.00 
B2 8.00 16.00 76.00 
B3 8.00 24.00 68.00 

 

Zeta potential and particle size analysis 

Using a Malvern Zetasizer (Nano ZS90), the particle size (PS) and 
polydispersity index (PDI) have been investigated. Dynamic 
Light Scattering (DLS) is used to determine the droplet size. The 
average size of droplet, ZP, and PDI were recorded for all 3 
batches. 

Turbidity analysis 

Prepared nanoemulsion was diluted 100 times using double-
distilled water and examined using a UV-VIS Spectrophotometer 
(Shimadzu, UV-1780) at 650 nm, and % transmittance was 
calculated keeping water as a blank [17].  

Thermodynamic stability studies 

Nanoemulsion batches (B1, B2, B3) were attributed to 
centrifugation at 5000 rpm for 1 h, followed by six heating–cooling 
cycles (8 °C and 40 °C, 48 h each), and three freeze–thaw cycles (-25 
°C to 25 °C, 24 h each). Visual inspection and DLS measurements 
after each cycle were used to evaluate phase separation, clarity, PDI, 
PS, and ZP, thereby assessing stability [18].  

Intermediate stability studies 

Prepared nanoemulsion batches (B1, B2, B3) were also subjected to 
an intermediate stability study as per ICH guidelines. Formulations 
were stored at 30±2 °C and 65±5% RH for 180 days. Samples were 
analysed using a Malvern Zetasizer (Nano ZS90) with DLS to 
determine PS, PDI, and droplet size [19]. 

Drug content 

The drug content of the batch B3 was evaluated using UV–Visible 
spectrophotometry. To ensure complete solubilization of the drug, a 
measured volume of nanoemulsion was diluted with ethanol to a 
total of 10 ml, effectively disrupting the emulsion matrix and 
promoting efficient drug extraction. The mixture was then 
magnetically stirred for 30 min at ambient temperature to facilitate 
thorough mixing and dissolution. Following this, the sample was 
explored using a UV–Visible spectrophotometer at a 257.5 nm of 
wavelength, with ethanol utilized as the blank [20]. 

In vitro drug release by dialysis membrane 

The in vitro drug release profile was assessed using the dialysis 
membrane diffusion method with pH 7.4 phosphate buffer as the 
release medium. Before the experiment, dialysis membranes (MWCO 
12,000–14,000 Da; HiMedia, Mumbai) were pre-soaked in the buffer 
for 12 h to achieve adequate hydration. A 2 ml aliquot of the 
nanoemulsion batch B3 was placed inside the dialysis bag and deep 
in 100 ml of dissolution medium sustained at 37±0.5 °C with 
constant stirring at 50 rpm. The release medium volume was 
selected to maintain sink conditions throughout the study, based on 
the reported solubility of thymoquinone (0.5 mg/ml) in phosphate 
buffer (pH 7.4) [21]. The chosen 1:50 (v/v) nanoemulsion-to-
medium ratio ensured sufficient solvent capacity for complete 
diffusion of the released drug, in accordance with regulatory 
recommendations for in vitro release testing [22, 23]. At fixed 
intervals (1, 2, 3, 4, 5, 6, 7, 8 h), 1 ml samples were withdrawn and 
substituted with fresh buffer to preserve sink circumstances. Drug 
release was quantified using a UV–VIS spectrophotometer at 257.5 
nm. The cumulative release data were fitted to several kinetic 
models, comprising first-order, zero-order, Higuchi-Matrix, 
Korsmeyer–Peppas, and Hixson–Crowell, to elucidate the release 
mechanism. The model showing the highest R² was considered the 
best fit [24, 25]. 

DPPH scavenging assay 

The antioxidant activity of NS oil and the nanoemulsion batch B3 
was estimated by using the DPPH radical scavenging assay, with 
minor modifications to a previously established method [26]. 
Working solutions were prepared by diluting 0.8 ml of NS oil and 0.8 
ml of batch B3 separately in 10 ml of ethanol. 0.8 g of ascorbic acid 
was dispersed in 10 ml of distilled water to prepare an ascorbic acid 
solution, which served as a positive control. 6 mg of DPPH were 
dissolved in 100 ml of methanol to create a new DPPH reagent 
having a concentration of 60 µg/ml. To perform the assay, 1 ml of 
each test solution at varying concentrations was mixed in a 1:1 ratio 
with 1 ml of DPPH solution in clean, labelled test tubes. The assay 
mixtures were kept in the dark for 20 min at room temperature to 
facilitate the reaction with DPPH radicals. Following incubation, the 
absorbance of each sample was measured at 517 nm using a UV-
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Visible spectrophotometer. The negative control was a methanolic 
DPPH solution without any test sample, as well as a positive control, 
ascorbic acid. Percentage scavenging activity was determined as 
follows:  

% Scavenging Activity =
(Abs control−Abs sample)

Abs control
× 100………. (1) 

In this case, the absorbance of the DPPH solution alone is the Abs 
control, while the absorbance of the sample is the Abs sample. 

Cellular morphological analysis 

Cell morphology was assessed using brightfield microscopy to 
examine the impact of batch B3 on MCF-7 cells. The cells were 
incubated with both and without batch B3 for 24 h. After incubation, 
a digital camera-equipped optical microscope was used to take 
brightfield images, utilizing a 100x objective for fine-grained 
visualization. 

Cytotoxicity study 

MTT assay was conducted on the MCF-7 cell line to determine the 
cytotoxic ability of the nanoemulsion batch B3 [27]. The standard 
protocol was followed in the performance of the assay. The MCF-7 
cells (10,000 cells/well) were plated in a 96-well plate and 
incubated at 37 ºC with 5% CO2 in DMEM F12 media consisting of 
10% fetal bovine serum (FBS) along with Penicillin-Streptomycin 
(1% solution). The nanoemulsion batch B3 was treated to the cells 
after 24 h of incubation in various doses. To get the necessary 
concentrations, a stock solution of batch B3 and paclitaxel (853.9 
g/mol) was made in dimethyl sulfoxide (DMSO, 0.5%) and then 
further diluted in incomplete culture media (without FBS). For 
conversion to standard concentration units, the paclitaxel stock 
solution (50 µM = 50,000 nM) was prepared in 0.5% DMSO, and 
equivalent concentrations in µl**/ml were derived using the dilution 
relationship:  

Volume added (µl) =
Final conc (nM)×Final volume (µl)

Stock conc (nM)
……. (2) 

µl/ml =
Volume added (µl)

Final Volume (ml)
……. (3) 

Untreated cells served as the control, while wells without MTT 
solution were used as blanks. After being exposed for 24 h, each well 

received 5 mg/ml of MTT solution, and the plates were kept for 
incubation for 2 h. After carefully removing the supernatant, 100 μl 
of DMSO was used to solubilize the formazan crystals. An ELISA 
plate reader was used to detect absorbance at 540 nm. The 
percentage of viable cells was assessed using the formula:  

% Viable cells =  
Atest

AControl
× 100……. (4) 

Nuclear morphological analysis DAPI staining 

MCF-7 cells were put onto ultraclean coverslips in 6-well plates at a 
population of 5,000–10,000 cells/well. Each well was treated with 
200 µl of APTES (3-aminopropyltriethoxysilane, 1% v/v) for 1 h at 
room temperature. Excess APTES was discarded, and wells were 
rinsed twice with complete medium. At 90% confluency, cells were 
harvested, seeded, and incubated for 24 h at 37 °C in 5% CO₂. After 
incubation, cells were incubated for a further 24 h in a new medium 
that contained the appropriate quantity of batch B3 and FITC 
(fluorescein isothiocyanate, 1 µl/ml). Cells were then fixed for 20 min 
with 1 ml of 3% paraformaldehyde and rinsed with sterile phosphate-
buffered saline. The addition of DAPI solution (4′,6-diamidino-2-
phenylindole, 100 µl, 1 µg/ml) was followed by a PBS wash after 30 
min of incubation. An inverted laser scanning confocal microscope 
(ZEISS, LSM 900) was used to view coverslips mounted on pristine 
glass slides under DAPI, FITC, and merged channels. Following FITC 
incubation, wells were washed repeatedly with PBS until no residual 
fluorescence was detectable in the wash solution, confirming removal 
of unbound FITC and stability of conjugation mean fluorescence 
intensity was quantified using ImageJ (Version 1.54d), background-
corrected using the control group, and normalized to determine 
APTES–FITC conjugation efficiency [28, 29]. 

RESULTS 

Oil characterization and pre-formulation studies 

GC-MS analysis 

GC–MS analysis of the NS oil confirmed the occurrence of 17 volatile 
constituents (fig. 1), primarily consisting of terpenes. The sample 
also contained several minor constituents such as Sabinene, β-
Pinene, γ-Terpinene, and Limonene oxide, contributing to the oil’s 
complex phytochemical profile. 

  

 

Fig. 1: GC-MS chromatogram of NS oil, the major compound was thymoquinone (35.51%), followed by p-Cymene (23.43%), and others as 
mentioned in table 2 
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Table 2: Composition of NS oil by GC-MS analysis, along with their retention time and percentage area 

Peak R. Time % Area  Names of compounds 
1 7.444 7.04 α-Thujene 
2 7.689 1.47 Bicyclo [3.1.1] Hept-2-Ene,2,6,6-Trimethyl 
3 9.179 0.60 Sabinene 
4 9.352 1.64 β-Pinene 
5 11.373 23.43 ρ-Cymene 
6 11.527 3.64 Limonene 
7 12.779 1.01 γ-Terpinene 
8 14.442 1.03 (1r,4r,5s)-1-Isopropyl-4-Methoxy-4-methylbicyclo-[3.1.0]-hexane 
9 15.490 6.06 (1r,4r,5s)-1-Isopropyl-4-Methoxy-4-Methylbicyclo-[3.1.0]-hexane 
10 17.549 0.42 Cis-LimoneneOxide  
11 18.341 1.04 3-Cyclohexen-1-ol,4-Methyl-1-(1-METHYLETHYL) 
12 19.260 0.40 Cis-, Para-Mentha-2,8-Dien-1-ol 
13 21.690 35.51 Thymoquinone 
14 23.920 5.20 Carvacrol 
15 25.902 0.53 Tricyclo-[5.4.0.0(2,8)]-Undec-9-Ene-2,6,6,9-tetramethyl 
16 28.413 1.96 (+)-Longifolene 
17 34.639 9.01 P-Cymene-2,5-Diol 
  100.00  

 

 

Fig. 2: FTIR spectra of A) NS oil, B) Tw 80, and C) physical mixture of both 
 

 

Fig. 3: Ternary plot diagrams 
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FTIR analysis 

The FTIR spectra show distinct characteristic peaks for NS oil, Tw 80, 
and their mixture. NS oil exhibits prominent absorption bands at 2923 
cm⁻¹ (C–H stretching of aliphatic chains), 1737 cm⁻¹ (C=O stretching of 
esters), 1094 cm⁻¹ (C–O stretching), and 722 cm⁻¹ (–(CH₂)n– rocking) 
[12]. Tw 80 shows similar peaks corresponding to its own functional 
groups [30]. The mixture spectrum displays all these characteristic 
peaks without notable shifts or the formation of new peaks (fig. 2). 

Emulsification study 

Ternary phase diagrams for each surfactant, Tw 80, Tw 60, Tw 40, 
and Tw 20, were constructed using Ternaryplot. com, as illustrated 
in fig. 3. The shaded regions in each diagram represent the 
compositional zones capable of forming nanoemulsions. Random 

formulations were selected from these regions to evaluate emulsion 
formation and stability. 

After 24 h of observation, emulsions prepared using Tw 60, Tw 40, 
and Tw 20 exhibited phase separation, indicating physical 
instability. In contrast, the emulsions formulated with Tw 80 
remained physically stable, showing no signs of creaming or phase 
separation. Therefore, Tw 80 was selected for the nanoemulsion 
formulation. Fig. 4 illustrates the freshly prepared nanoemulsion 
batches developed using Tw 80. 

Zeta potential and particle size 

The ZP, PDI, and PS of the formulated nanoemulsions were analysed 
for three different batches before thermodynamic stability, as 
reported in table 3. 

 

 

Fig. 4: Nanoemulsion batches 

 

Table 3: ZP, PS, and PDI of all three batches before and after thermodynamic stability, and after 6 mo of stability studies 

Batches Before thermodynamic stability After thermodynamic stability Intermediate stability studies 
ZP (mV) PS (nm) PDI ZP (mV) PS (nm) PDI ZP (mV) PS (nm) PDI 

B1 -16.2 56.53 0.398 -2.61 178.5 0.063 -4.95 139.6 0.317 
B2 -16.8 68.48 0.525 -11.3 156.5 0.175 -2.55 131.6 0.283 
B3 -9.49 47.09 0.401 -8.27 79.70 0.224 -2.53 77.70 0.201 

 

 

Fig. 5: Turbidity analysis of nanoemulsion batches B1, B2, and B3 captured after 100x dilution of each batch 
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Fig. 6: Influence of Tw 80 on the % transmittance of nanoemulsion batch B1, B2 and B3 

 

Turbidity analysis 

All of the prepared batches' turbidity was quantified by UV-VIS 
spectroscopy at 650 nm. Fig. 5 illustrates the turbidity of all three 
batches after a 100x dilution. Fig. 6 illustrates the inverse 
relationship between the turbidity measurements and the surfactant 
concentration used in each batch. 

Thermodynamic stability studies 

All batches underwent centrifugation, heating-cooling, and freeze-
thaw cycles. There was no phase separation throughout the 
heating-cooling or centrifugation cycles. However, freeze-thaw 
cycles caused opacification in B1 and B2, while B3 remained clear, 
as shown in fig. 7. 

  

 

Fig. 7: Image captured after thermodynamic stability of nanoemulsion batches B1, B2, and B3 

 

Post thermodynamic stability studies PS, ZP, and PDI of all three 
batches were analysed as reported in table 3. These results confirm 
that batch B3 has relatively more stability compared to batches B1 
and B2. 

Intermediate stability studies 

After completion of 180 d, all three batches were analysed for PS, ZP, 
and PDI, and are given in table 3. The intermediate stability study 
also confirms that batch B3 is more stable compared to batches B1 
and B2. 

Drug content 

Batches B1 and B2 were found to be unstable in the thermodynamic 
stability studies; therefore, batch B3 was selected for further 
evaluation. The drug content of batch B3 was evaluated using UV-
Visible spectrophotometry at 257.5 nm and was found to be 

72.12 ± 3.1%. The consistency among triplicate samples reflects 
uniform drug distribution and reproducibility of the formulation. 

In vitro drug release 

NS oil and batch B3 were tested for in vitro drug release profiles 
using a dialysis membrane diffusion method in phosphate buffer (pH 
7.4). The collective percentage drug release was deliberate and 
plotted against time, as shown in fig. 8. The results showed a 
significantly enhanced drug release from batch B3 compared to the 
plain NS oil. After 8 h, batch B3 exhibited a cumulative drug release 
of 93.74%, whereas NS oil showed only 43.55% release. 

The in vitro drug release study of batch B3 revealed a sustained 
release profile, with 93.74% cumulative drug release observed at 8 
h. The release data were fitted to several kinetic models, such as 
zero-order, first-order, Higuchi, Korsmeyer–Peppas, and Hixon-
Crowell equations, to comprehend the drug release process. 
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Fig. 8: Percentage cumulative drug release of pure NS oil vs batch B3 in phosphate buffer pH 7.4; (n=3) 
 

 

Fig. 9: Release kinetics best fit the Korsmeyer–Peppas model, with an R² value of 0.9737; (n=3) 
 

Among these, the Korsmeyer–Peppas model showed the best fit, 
exhibiting a high correlation coefficient (R²= 0.9737), indicating that 
this model most accurately described the drug release behaviour 
(fig. 9). The model is expressed as:  

F = Kkp × tn…………. (3) 

Where n is the release exponent, Kkp is the release rate constant, and 
F is the percentage of medication released at time t. The calculated 
values were Kkp= 4.487 and n= 0.669. 

DPPH radical scavenging assay 

The antioxidant potential of NS oil and batch B3 was assessed using 
the DPPH radical scavenging assay, with ascorbic acid as a standard. 
The percentage scavenging activity was calculated at the range of 
concentrations from 0.1 to 0.5 µg/ml, and results are presented in 
fig. 10. Ascorbic acid demonstrated the highest scavenging activity, 
increasing from 65.9% to 95.6% across the tested concentrations. 
NS oil showed moderate activity, ranging from 55.3% to 78.2%, 
while batch B3 exhibited the lowest activity, from 54.0% to 56.6%. 

 

 

Fig. 10: Percentage scavenging activity versus concentration for ascorbic acid, NS oil, and the prepared nanoemulsion batch B3; (n=3) 
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Cellular morphological analysis 

The morphological variations in MCF-7 cells after treatment for 24 h 
with batch B3 were observed under a brightfield microscope (fig.11). 
Untreated control cells (fig.11A) exhibited a characteristic epithelial-

like, spindle-shaped morphology, with intact cell membranes and high 
confluency, indicating normal growth. In contrast, exposed cells 
(fig.11B) showed membrane shrinkage, cytoplasmic condensation, and 
loss of adherence. Additionally, an increased presence of round, 
detached, and floating cells was observed. 

 

 

Fig. 11: Brightfield microscopic images of MCF-7 cells after 24 h of incubation: (A) untreated (control) and (B) treated with nanoemulsion 
batch B3. (Scale-100 µm) 

 

Cytotoxicity study 

The cytotoxic potential of batch B3 was evaluated using the MTT 
assay on MCF-7 BC cells. Cells were exposed to varying 

concentrations of the nanoemulsion and standard drug (paclitaxel), 
as shown in fig. 12, and the IC₅₀ values were determined. The results 
revealed that batch B3 exhibited a higher cytotoxic effect compared 
to paclitaxel. 

  

 

Fig. 12: Microscopic images of MCF-7 cells treated with nanoemulsion batch B3 at varying concentrations: (A) control, (B) 0.78125 µl/ml, 
(C) 6.25 µl/ml, and (D) 50 µl/ml. (Scale-100 µm) 

 

The IC₅₀ value of batch B3 was found to be 1.435±0.148 µl/ml, 
whereas paclitaxel exhibited an IC₅₀ value of 5.317±0.112 µl**/ml, 
corresponding to 265.8±0.11 nM, based on its molecular weight 
(853.9 g/mol) and stock concentration. Fig. 13 shows the 
comparative % cell viability for the prepared nanoemulsion and 
paclitaxel. 

Cellular and nuclear analysis via FITC and DAPI staining 

Cellular uptake investigation via FITC imaging 

The ability of the synthesized batch B3 to penetrate and be 
internalized by MCF-7 cells was evaluated using FITC-based 
fluorescence imaging. FITC-labelled formulations were incubated 
with MCF-7 cells for 24 h, and the intracellular fluorescence 
intensity was analysed using ImageJ software. Microscopic images 

showed that the FITC intensity in cells treated with batch B3 (fig. 
14H) was significantly higher than that treated with Paclitaxel (fig. 
14E) and comparable to the control group (fig. 14B) (untreated FITC 
exposure). 

Quantitative fluorescence analysis revealed that APTES–FITC 
conjugation efficiency was highest for NS NE B3 (100%) compared 
with Paclitaxel (25%), after background correction against the 
control group. This confirms successful APTES–FITC 
functionalization and supports the superior cellular uptake of B3 
observed under confocal microscopy. The mean FITC intensity for 
the control, paclitaxel, and batch B3 groups was 65.93, 46.65, and 
63.69, respectively. When normalized to the control (considered 
100%), the relative FITC intensities were 96.59% for batch B3 and 
70.76% for Paclitaxel. 
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Fig. 13: Percentage cell viability and cytotoxicity of nanoemulsion batch B3 and standard paclitaxel against MCF-7 BC cells across 
concentrations ranging from 0 to 50 µl/ml; (n=4) 

 

 

Fig. 14: FITC and DAPI staining of MCF-7 cancer cells captured by confocal microscopy. Images A, B, and C represent the control group; 
images D, E, and F show cells treated with paclitaxel; and images G, H, and I show cells treated with nanoemulsion batch B3 

 

 

Fig. 15: Percentage relative intensity graph for FITC and DAPI; (n=3) 
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Nuclear analysis by DAPI staining (Cell apoptosis assay) 

DAPI staining was employed to examine nuclear morphology and 
evaluate apoptosis in MCF-7 cells treated with batch B3, Paclitaxel, 
and control. MCF-7 cells were stained after 24 h of treatment, and 
images were captured using confocal microscopy. Untreated control 
cells exhibited normal nuclear morphology with uniform fluorescence, 
indicating intact chromatin. Cells treated with paclitaxel displayed 
slightly increased DAPI fluorescence, while those exposed to batch B3 
exhibited significantly brighter nuclear staining (fig. 14). Quantitative 
intensity analysis showed mean values of 122.27 for control, 129.15 
for Paclitaxel, and 224.72 for batch B3. When normalized, batch B3 
group showed a 183.79% increase in nuclear intensity relative to 
control, while paclitaxel-treated cells showed a modest 105.63% 
increase, as depicted in fig. 15. 

DISCUSSION 

Nanoemulsions prepared with natural oils have gained attention 
recently as nanoemulsions increase the solubility and stability of 
pure natural oils like NS, which is more beneficial in the case of 
treatment options for diseases like BC. This study develops a 
nanoemulsion of NS oil and evaluates its anticancer, antioxidant, 
cellular, and nuclear uptake in the MCF-7 cell line.  

In this study, a surfactant-only system was adopted, as preliminary 
trials indicated that NS oil itself showed emulsifying tendencies when 
mixed with water. Literature also supports the feasibility of co-
surfactant-free emulsions, where intrinsic oil components and suitable 
surfactants are sufficient for stable formulation [31, 32]. Moreover, co-
surfactants have been reported to potentially destabilize emulsions 
upon dilution due to phase partitioning [33]. Therefore, Tw 80 alone 
was used to achieve a stable nanoemulsion while minimizing possible 
drawbacks associated with co-surfactants. 

The GC-MS revealed that the composition of NS was rich in 
monoterpenes and phenolic derivatives, indicating a strong 
potential for pharmacological applications because of their known 
antioxidant and anti-inflammatory properties. A. Piras et al. have 
previously reported on all of the main components [34]. The 
presence of Thymoquinone as the principal compound highlights the 
therapeutic relevance and quality of the NS oil used. The diversity of 
compounds identified supports its suitability for formulation into 
advanced drug delivery systems, such as nanoemulsions, to enhance 
bioavailability and therapeutic action.  

In FTIR studies, the absence of shifts or new peaks confirms the 
absence of chemical interactions and suggests a physical blending of 
NS oil and Tw 80. Reduced turbidity and correspondingly increased 
transmittance are the results of higher surfactant concentrations 
[35]. This effect demonstrated the property of surfactant at higher 
concentrations to significantly reduce droplet size. The findings 
suggest that increasing the concentration of Tw 80 in the 
nanoemulsion formulation can effectively reduce droplet size and 
turbidity. The observed colour change during thermodynamic 
stability in the nanoemulsions indicates an increase in PS due to 
Ostwald ripening, a common phenomenon in nanoemulsions [36]. 
After the intermediate stability study, all three batches showed an 
increase in PS, most likely due to Ostwald ripening. This can be 
attributed to the general phenomenon wherein increasing PS leads 
to a reduction in ZP, as the decrease in surface area reduces the 
availability of surface charges [37]. Additionally, hydrogen bonding 
between water molecules and the oxyethylene groups of Tw 80 may 
promote selective hydroxyl ion adsorption at the oil–water interface, 
leading to a negative charge [38]. 

The level of drug content indicates acceptable incorporation of the 
active compound into the nanoemulsion system and suggests that 
the formulation process effectively solubilized and entrapped the 
drug, making it suitable for topical or transdermal delivery [39]. The 
use of magnetic stirring and ethanol dilution may have further 
contributed to improved dispersion and accurate quantification. 

The substantial improvement in drug release from the 
nanoemulsion can be attributed to its smaller droplet size and 
improved surface area, which facilitates faster diffusion across the 
dialysis membrane. An n value ranging from 0.45 to 0.89 indicates 

non-Fickian (anomalous) diffusion, implying that drug release is 
controlled by both diffusion and erosion mechanisms [40]. The 
observed controlled and sustained release behaviour is beneficial to 
maintain therapeutic drug concentrations over a prolonged period, 
potentially reducing dosing frequency and enhancing patient 
compliance. 

The antioxidant activity of the nanoemulsion (B3), as measured by 
the DPPH assay, was found to be slightly lower than that of pure NS 
oil. This apparent reduction can be attributed to the encapsulation of 
bioactive compounds such as thymoquinone within the oil droplets, 
which restricts their immediate interaction with DPPH radicals in 
the assay medium. Similar findings have been reported in other 
encapsulation studies, where nano-emulsified plant extracts 
exhibited reduced instantaneous radical scavenging activity but 
demonstrated enhanced oxidative stability and preservation of 
bioactivity over time. Sánchez-López et al. emphasized that 
encapsulation improves stability and provides controlled release of 
antioxidant molecules, thereby sustaining activity under 
physiological conditions [41]. Likewise, Medina-Pérez et al. reported 
that encapsulation of cactus fruit extracts preserved phenolic 
compounds and antioxidant capacity during storage and simulated 
gastrointestinal digestion, despite lower initial DPPH values 
compared to the free extract [42]. Thus, while batch B3 exhibited 
moderately reduced immediate DPPH scavenging, the nanoemulsion 
system is expected to protect thymoquinone against degradation 
and ensure prolonged antioxidant functionality. This highlights a 
limitation of the DPPH assay, which primarily reflects short-term 
radical scavenging, rather than the long-term antioxidant efficacy of 
encapsulated formulations. 

The observed morphological changes in treated cells suggest 
cytotoxic effects. The severity of these changes intensified with 
increasing treatment concentrations, confirming the impact of the 
nanoemulsion formulation on MCF-7 cell viability [43]. These 
features indicate possible induction of apoptosis or necrosis. The 
IC₅₀ value is the concentration of a compound required to reduce 
cell viability to 50%, demonstrating the potency of batch B3 in 
inhibiting MCF-7 cell proliferation. The MTT assay confirmed a dose-
dependent decrease in cell viability, indicating strong anti-
proliferative activity [35]. 

The results from FITC imaging confirm that batch B3 exhibits better 
cellular uptake than Paclitaxel, likely due to its nano-sized droplets 
and enhanced permeability. The improved fluorescence intensity 
indicates effective internalization of the nanoemulsion formulation 
into MCF-7 cells, supporting its potential as an efficient delivery 
system in BC therapy. DAPI binds strongly to DNA, and changes in 
nuclear fluorescence intensity can reflect chromatin condensation or 
DNA fragmentation, hallmarks of apoptotic cell death. The 
significantly brighter nuclear staining in batch B3-treated cells 
indicates condensed chromatin and possible apoptotic activity. 
These results suggest that batch B3 may exert stronger apoptotic 
effects on MCF-7 cells than standard Paclitaxel, potentially due to 
improved nuclear delivery of active agents or enhanced cellular 
interaction. The high DAPI intensity supports the capability of the 
formulation to induce DNA-related changes leading to cell death. 
Also, the higher FITC conjugation efficiency observed with B3 can be 
attributed to its nano-sized droplets, which provide a significantly 
larger surface area for APTES functionalization compared with bulk 
paclitaxel particles. This enhanced surface availability facilitates 
more effective FITC labelling and may contribute to the improved 
cellular uptake observed. While DAPI and FITC staining provide 
useful preliminary evidence of nuclear condensation, fragmentation, 
and cellular uptake associated with apoptosis, these findings should 
be interpreted as indicative rather than confirmatory. Such assays 
remain valuable in early-stage evaluations to demonstrate 
apoptosis-related features, which can be further validated through 
advanced mechanistic studies in future work. 

It is important to note that Tw 80 was selected as the surfactant in the 
present nanoemulsion system due to its established pharmaceutical 
acceptability and safety profile. Tw 80 is designated as GRAS and has 
been widely used in parenteral, oral, and topical formulations at low 
concentrations. Several reports have demonstrated that Tw 80 alone 
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does not induce significant cytotoxicity in MCF-7 cells or other cancer 
models. Mokhtary et al. reported that Tw 80-based blank vesicles 
exhibited no cytotoxic effect on MCF-7 cells and even promoted 
monocyte growth [44]. Similarly, Chang et al. showed that Tw 20 and Tw 
80 were non-toxic, and Ghosh et al. identified Tw 80 as the least 
cytotoxic surfactant among those tested [28, 45]. Therefore, the cytotoxic 
and cellular uptake effects observed in our study can be attributed 
predominantly to the bioactive constituents of NS oil, particularly 
thymoquinone, rather than the surfactant or sonication process. 
However, we acknowledge that a blank (Tw 80+water) nanoemulsion 
control was not included in this study, and we have identified this as a 
limitation. Future studies will incorporate surfactant-only controls to 
further confirm the specificity of NS oil-mediated cytotoxicity. 

The developed nanoemulsion formulations of NS oil were 
successfully evaluated. Further improvements, particularly in 
enhancing the antioxidant potential and ensuring formulation 
robustness, are essential to maintain consistency and efficacy. The 
nanoemulsion exhibited strong in vitro cytotoxicity and cellular 
uptake, supporting its promise as a drug delivery system. 
Nevertheless, the lack of ex-vivo skin permeation and 
dermatokinetics studies is a limitation of the present work, and 
future studies are warranted to validate its topical applicability. 

CONCLUSION 

In conclusion, this study successfully developed and characterized a 
stable nanoemulsion of NS oil (batch B3) using ultrasonication for 
potential localized BC therapy. The finalised nanoemulsion 
formulation exhibited favourable physicochemical properties, 
including small droplet size, acceptable ZP, and robust 
thermodynamic stability. Batch B3 demonstrated sustained drug 
release (93.74% over 8 h) following the Korsmeyer-Peppas model, 
potent cytotoxicity against MCF-7 cells (IC₅₀ = 1.435 µl/ml), and 
enhanced cellular uptake compared to paclitaxel, indicating superior 
in vitro efficacy. These findings highlight the nanoemulsion’s 
effectiveness in terms of in vitro cytotoxicity and cellular uptake. The 
incorporation of Tw 80 contributed to improved dispersion and 
stability of the formulation. However, while the in vitro results are 
encouraging, the absence of ex-vivo skin permeation and 
dermatokinetics studies represents a limitation of the present work. 
Future investigations, including permeation, local tissue retention, 
and irritation assessments, are required to validate its applicability 
for topical delivery. Overall, the developed nanoemulsion induced 
apoptosis-related changes more prominently than paclitaxel, 
underscoring its promise as a BC therapy, while recognizing the 
need for further mechanistic validation. 
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