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INTRODUCTION
Bergamot oil (BO) is a volatile essential oil extracted 

from the peel of the bergamot orange (Citrus bergamia), 
a fruit primarily cultivated in the Mediterranean region. 
Because of its refreshing citrus aroma, BO finds extensive 
use in aromatherapy, perfumery, and flavoring industries. It is 
rich in bioactive compounds, such as linalool, linalyl acetate, 
limonene, and bergapten, which contribute to its wide range of 
biological activities [1]. In traditional and alternative medicine, 
BO is employed for its mood-enhancing, anxiolytic, anti-

inflammatory, and particularly antimicrobial effects. Several 
studies have demonstrated the broad-spectrum antimicrobial 
activity of bergamot essential oil, with proven efficacy against 
Gram-positive and Gram-negative bacteria, as well as fungi, 
supporting its potential in topical antimicrobial formulations 
[2]. Despite its therapeutic potential, the application of BO 
in pharmaceutical and cosmetic formulations faces several 
challenges. BO is highly susceptible to oxidative degradation, 
photoinstability, and evaporation losses, which compromise 
its efficacy and shelf life. Furthermore, direct application can 
cause skin irritation and photosensitivity due to the presence 
of furanocoumarins. Therefore, innovative delivery systems 
are required to enhance their stability, control their release, and 
improve dermal tolerability [3].

Nanoemulsions, characterized by their small droplet 
size (typically <200 nm), high kinetic stability, and improved 
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ABSTRACT
This study aims to develop sophisticated mathematical models to describe the behavior of a Bergamot oil (BO) 
nanoemulgel formulation and optimize its physicochemical and biological properties. Conducted in a controlled 
laboratory setting, the formulation parameters were optimized using a central composite design as part of a 
response surface methodology approach. The interactions between Tween 80 concentration and homogenization 
time were explored to achieve an ideal nanoemulsion. Differential scanning calorimetry and attenuated total 
reflectance-Fourier transform infrared analyses confirmed the successful encapsulation of BO and evaluated its 
thermal stability. Statistical evaluations through regression modeling and ANOVA indicated significant effects of 
formulation variables on particle size and zeta potential. The optimized nanoemulgel exhibited a particle size of 
116.60 nm, a polydispersity index of 18.9%, and a zeta potential of −26.9 mV, with a high desirability score of 0.938. 
Kinetic stability studies demonstrated excellent thermodynamic resilience with no signs of phase separation. The 
antibacterial activity of the optimized BO nanoemulgel showed prominent zones of inhibition, measuring 23.9 ± 0.5 
mm against Staphylococcus aureus [Microbial Type Culture Collection and Gene Bank (MTCC) 737], 22.98 ± 0.4 
mm against Pseudomonas aeruginosa (MTCC 1035), 21.6 ± 0.3 mm against Bacillus subtilis (MTCC 441), and 20.1 
± 0.2 mm against Escherichia coli (MTCC 443), suggesting broad-spectrum antimicrobial potential. These findings 
reinforce the utility of BO nanoemulgel as a promising candidate for applications in pharmaceutical and personal 
care formulations, offering both enhanced drug delivery and effective antibacterial performance.
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phase ensures proper dispersion and forms a pre-emulsion. The 
pre-emulsion was then subjected to high-speed homogenization 
at 12,000 rpm for 10 minutes using a high-speed homogenizer 
(IKA T25 Digital Ultra-Turrax). The homogenization process 
involves high shear forces that break down the oil droplets and 
uniformly disperse them within the aqueous phase, resulting in 
a stable nanoemulsion. Throughout the process, the temperature 
was maintained at ambient conditions (25°C ± 2°C) to prevent 
thermal degradation. This method ensures the formation of a 
stable nanoemulsion with a small droplet size and improved 
bioavailability of the BO [9].

Optimization of formulation using CCD
To optimize the BO nanoemulsion, a study involving 

13 experimental runs was conducted using a 2-variable, 3-level 
CCD developed by DoE software (7.1.6 Version, Stat-Ease, Inc., 
Minneapolis, MN). Within this design matrix, the independent 
variables included the amount of the surfactant Tween 80 (X1) 
and the homogenization time (X2). These variables were coded 
as −1 (low) and +1 (high) to signify their respective values. 
The dependent variables in this study encompassed two key 
parameters: particle size (Y1) and zeta potential (Y2). The design 
matrix comprised 13 experimental runs as shown in Table 1, 
and the software derived nonlinear quadratic model equations 
to represent the experimental design [10].

Where, Y = response and A0 = the intercept indicates 
the arithmetic combination of all 13 experiments. A1, A2, A3, 
A4, A5 = the regression coefficient represents the response 
variables of Y. The outcomes obtained from preparing the 13 

solubilization capacity for lipophilic compounds, offer a 
promising strategy for the effective delivery of essential oils 
such as BO [4]. This method is especially effective in enhancing 
antimicrobial activity by improving the penetration of the 
active components into microbial cells [5]. Nanoemulsification 
not only protects volatile components from degradation but 
also enhances skin penetration and bioavailability, thereby 
maximizing therapeutic outcomes. The application of response 
surface methodology (RSM), particularly using a central 
composite design (CCD), allows systematic optimization of 
these critical factors by studying their individual and interactive 
effects on the desired responses [6,7]. This statistical approach 
reduces the number of experimental runs required while 
generating robust predictive models that facilitate formulation 
development under the quality-by-design framework [8]. 
Furthermore, converting a nanoemulsion into a nanoemulgel 
by incorporating a suitable gelling agent not only improves 
the ease of topical application but also enhances the residence 
time on the skin, providing sustained drug release and 
prolonged therapeutic effects. Nanoemulgels offer better 
patient compliance, controlled drug release, and improved site-
specific delivery compared to conventional gels or creams. For 
antimicrobial assessment, the agar well diffusion method was 
selected due to its simplicity, reproducibility, and ability to 
visually compare the efficacy of different formulations.

Therefore, the present study aimed to develop, 
optimize, and characterize a BO-loaded nanoemulgel using an 
RSM-based CCD design for topical antibacterial applications. 
The study investigates the effects of formulation variables on 
critical quality attributes such as droplet size and polydispersity 
index (PDI) and evaluates the antibacterial efficacy of the 
optimized nanoemulgel against selected pathogenic bacterial 
strains. This approach seeks to establish a stable, efficient, 
and therapeutically effective formulation of BO for future 
pharmaceutical and cosmetic applications.

MATERIALS AND METHODS

Materials
BO was procured from Avi Naturals, Delhi, India. 

Tween 80, Carbopol 934, benzyl alcohol, and sodium hydroxide 
(NaOH) were purchased from Loba Chemie Pvt. Ltd., Mumbai, 
India. The bacterial strains Staphylococcus aureus [Microbial 
Type Culture Collection and Gene Bank (MTCC) 737], 
Pseudomonas aeruginosa (MTCC 1035), Bacillus subtilis 
(MTCC 441), and Escherichia coli (MTCC 443) were obtained 
from the Microbial Type Culture Collection and Gene Bank 
(MTCC), Chandigarh, India.

Preparation of nanoemulsion loaded with BO
The nanoemulsion formulation was prepared using the 

high-speed homogenization technique. Initially, the aqueous 
phase comprising distilled water (80%–90%) and Tween 80 
(2%–6%) was prepared separately from the oil phase containing 
10% BO. Both phases were brought to room temperature (25°C 
± 2°C) before mixing. The oil phase was gradually added to 
the aqueous phase under continuous stirring using a magnetic 
stirrer. This gradual addition of the oil phase into the aqueous 

Table 1. Different sets of experiments for 13 trials of formulations 
with coded and actual values.

Standard Run
Factor 

1: Coded 
values

Factor 
2: Coded 

values

Factor 1: 
Actual 
values

Factor 2:

Actual 
values

1 1 −1 −1 2 10

11 2 0 0 3.5 20

2 3 1 −1 5 10

7 4 0 −α 3.5 5.857864

5 5 −α 0 1.37868 20

10 6 0 0 3.5 20

12 7 0 0 3.5 20

13 8 0 0 3.5 20

4 9 1 1 5 30

9 10 0 0 3.5 20

8 11 0 +α 3.5 34.14214

3 12 −1 1 2 30

6 13 +α 0 5.62132 20

Where 1 for the maximum level, 0 for the medium level, −1 for the minimum 
level, and +α,
−α represents the distance of the axial points along each factor direction.
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formulations were meticulously recorded and integrated into 
the experimental design.

CHARACTERIZATION OF NANOEMULSION

Particle size and PDI
The BO nanoemulsion was evaluated for particle 

size and PDI analysis using Malvern Zetasizer Nano ZS 90 
equipment (Malvern Instruments, United Kingdom) via photon 
correlation spectroscopy. Measurements were taken at a 
controlled temperature of 25°C in disposable polystyrene cells 
[11].

Zeta potential of nanoemulsion
The zeta potential of the prepared BO nanoemulsion 

was measured using photon correlation spectroscopy with 
a Malvern Zetasizer Nano ZS 90 instrument (Malvern 
Instruments, United Kingdom). The measurements were carried 
out at a constant temperature of 25°C using omega cuvettes 
[12].

Heating cooling cycle
The sample underwent storage at a high temperature 

of 40°C for a period of 48 hours, followed by subsequent 
incubation at an even higher temperature of 48°C for an 
additional 48 hours, with these three repeated heating-cooling 
cycles. Subsequently, samples of nanoemulsions were examined 
for an indication of phase separation or precipitation [13].

Freeze-thaw cycle
BO nanoemulsion was exposed to a rigorous freeze-

thaw cycle, involving freezing at −20°C for 24 hours followed by 
thawing at approximately 25°C room temperature. This process 
was repeated three times to simulate potential temperature 
fluctuations encountered during storage or transportation. 
Subsequently, the nanoemulsion underwent centrifugation 
analysis to scrutinize for any indications of phase separation 
[14].

Stability index
The BO nanoemulsion underwent three successive 

freeze-thaw cycles to assess its stability under rigorous 
conditions. Subsequently, the stability index of the BO 
nanoemulsion was calculated through the provided formula 
[15].

Kinetic stability
To assess the macroscopic stability properties, the 

optimized BO nanoemulsion underwent a centrifugation 
process. The final formulations were subjected to centrifugation 
at speeds of 1,000, 2,000, and 3,000 rpm for 15 minutes each. 
Following centrifugation, the kinetic stability of the BO 
nanoemulsion was assessed by comparing its characteristics 
before and after the centrifugation cycle [16].

Scanning electron microscopy analysis
Scanning electron microscopy (SEM) was utilized to 

investigate the surface morphology and structural features of 
the nanoemulsion droplets within the optimized nanoemulgel 
formulation. A small amount of the sample was carefully 
mounted onto an aluminum stub using a double-sided adhesive 
carbon tape. The sample was then air-dried under a vacuum to 
remove residual moisture and sputter-coated with a thin layer 
of gold using a sputter coater to enhance conductivity and 
prevent charging during imaging. SEM analysis was performed 
using a high-resolution microscope (Zeiss) at an accelerating 
voltage of 5 kV to achieve optimal imaging conditions. The 
nanoemulsion droplets were observed at various magnifications 
to assess their size, shape, and surface characteristics. The 
globules exhibited spherical morphology with smooth surfaces, 
indicating successful formulation of the nanoemulsion. Image 
analysis software was used to evaluate particle uniformity 
and size distribution, which supported the data obtained from 
particle size analysis and confirmed the structural stability of 
the formulation [17].

Preparation of BO nanoemulgel
The nanoemulgel was formulated by incorporating 

the optimized BO nanoemulsion into a gel base prepared 
using Carbopol 934. Initially, Carbopol 934 was dispersed in a 
specified quantity of distilled water under magnetic stirring until 
a homogenous gel base was formed, typically left to hydrate 
for 24 hours to ensure complete swelling. The pre-formulated 
nanoemulsion containing BO, Tween 80, and the aqueous 
phase was then slowly added dropwise into the hydrated 
Carbopol gel under continuous mechanical stirring to ensure 
uniform distribution of the oil droplets within the gel matrix. 
Benzyl alcohol (1% w/w) was incorporated as a preservative to 
prevent microbial growth. Finally, the pH of the nanoemulgel 
was adjusted to the skin-friendly range of 5.5–6.5 using 1 M 
NaOH dropwise, while monitoring with a calibrated pH meter. 
The resulting nanoemulgel was evaluated for homogeneity, 
consistency, and absence of phase separation before subjecting 
it to further characterization [18].

EVALUATION OF NANOEMULGEL

Viscosity
The viscosity of the optimized BO nanoemulgel 

formulation was measured with a Brookfield viscometer at 
room temperature. The ultra low adapter (ULA) S00 spindle 
was adjusted to 4 rpm, and the sample was placed in the ULA  
cylinder. A torque level of 10 was set during the viscosity 
measurement [19].

Spreadability
The spreadability of the BO nanoemulgel was assessed 

72 hours post-formulation by analyzing the spread diameter of 
the gel between two glass plates for a duration of 1 minute. 
Initially, a 400 mg sample of nanoemulgel was carefully 
weighed and placed on a glass plate featuring a pre-marked 1 
cm circle. Following this, a second glass plate was positioned 
over the sample. As pressure increased on the upper plate, the 
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subsequent expansion of the gel’s diameter was observed and 
quantified using the provided equation [20].

Whereas S = spreadability of BO nanoemulgel, m = 
weight of BO nanoemulgel placed on an upper glass plate (gm), 
1 = length of an upper glass plate (cm), and T = time taken for 
BO nanoemulgel spreading (seconds).

Extrudability
The extrudability test was conducted using a hardness 

tester. A 5 g portion of the nanoemulsion gel was loaded into 
aluminum collapsible tubes, and a plunger was employed to 
secure the tube in place [21]. Subsequently, pressure equivalent 
to 1 g/cm² was applied to the tube for a duration of 30 seconds. 
The amount of nanoemulsion gel extruded from the tube under 
this pressure was measured. This cycle was repeated three times 
to ensure the reliability and consistency of results, allowing 
for a comprehensive assessment of the gel’s extrudability 
characteristics [22].

Swelling index
The swelling index of the prepared nanoemulsion gel 

was assessed through a systematic procedure. Initially, 1 g of the 
gel was placed on porous aluminum foil and then individually 
positioned in 50 ml beakers containing 10 ml of 0.1 N NaOH 
solution. Subsequently, the samples underwent a swelling 
process within the NaOH solution for varying time intervals. 
After each designated interval, the samples were carefully 
retrieved from the beakers and allowed to dry thoroughly. Upon 
complete drying, the samples were reweighed to ascertain 
their final weight post-swelling [23]. The swelling index was 
determined through the following equation.

Where Wo = initial weight of the gel before swelling 
and Wt = final weight of the gel after swelling time t.

pH determination
The pH of the optimized formulation was analyzed 

with a calibrated digital pH meter 335 from Systronics Pvt. 
Ltd., India. The pH meter’s probe is immersed in the film-
forming solution under examination, and the pH reading is 
recorded [24].

Attenuated total reflectance-Fourier transform infrared 
analysis

Attenuated total reflectance-Fourier transform 
infrared (ATR-FTIR) spectroscopy was employed to assess 
the compatibility between the active components (BO) and 
the excipients used in the optimized nanoemulgel formulation. 
This technique helps detect any significant physicochemical 
interactions that may occur during formulation. The infrared 
spectra of both pure BO and the BO-loaded nanoemulgel were 
recorded using an ATR-FTIR spectrophotometer (Bruker or 
equivalent model). A small quantity of each sample was directly 

placed on the ATR crystal, and spectra were scanned over a 
wavelength range of 4,000–400 cm⁻¹ at a resolution of 4 cm⁻¹. 
Each sample was scanned for 16 accumulations to improve the 
signal-to-noise ratio. The characteristic peaks corresponding 
to functional groups of the BO were compared with those in 
the nanoemulgel formulation. Shifts in peak positions and 
changes in intensity—particularly lower intensities—suggested 
successful encapsulation of the oil and confirmed the absence 
of major incompatibilities between the drug and excipients 
[25,26].

Differential scanning calorimetry analysis
Differential scanning calorimetry (DSC) was 

performed to evaluate the thermal behavior and physical 
interactions of the active constituents in pure BO and the 
BO-loaded nanoemulgel. The purpose of this analysis was to 
determine the melting point, assess the thermal stability, and 
detect any potential interactions between BO and excipients 
that might influence the formulation’s performance. The 
DSC thermograms were recorded over a temperature range 
of 0°C–300°C at a constant heating rate, typically 10°C/min, 
under a nitrogen atmosphere to prevent oxidative degradation 
[27–30].

Antimicrobial activity
The antimicrobial activity of the optimized BO 

nanoemulsion formulations was assessed using the agar well 
diffusion method on Mueller−Hinton agar, with all tests 
performed in triplicate [31]. To evaluate broad-spectrum 
antibacterial efficacy, four clinically relevant bacterial strains 
commonly associated with skin and wound infections were 
selected: S. aureus (MTCC 737) and B. subtilis (MTCC 441) 
representing Gram-positive bacteria and P. aeruginosa (MTCC 
1035) and E. coli (MTCC 443) representing Gram-negative 
bacteria. These organisms were cultured in nutrient broth for 
24 hours to achieve a turbidity of approximately 10⁹ CFU/ml 
[31–33]. Each culture was then mixed with molten soft agar 
(maintained at 45°C–50°C), poured evenly over the surface of 
base agar plates, and allowed to solidify under laminar airflow. 
Wells of 6 mm diameter were created aseptically in the agar 
plates, and 0.15 ml of test formulations, dissolved in Dimethyl 
Sulfoxide (DMSO) at concentrations ranging from 0.020 to 
10 mg/ml, were added into the wells. Ciprofloxacin was used as 
the positive control, while DMSO served as the negative control. 
Additionally, a blank nanoemulgel formulation containing all 
the excipients (Tween 80, Carbopol 934, and distilled water), 
but excluding BO was prepared and tested under identical 
conditions to determine any inherent antibacterial effects of the 
base formulation. Plates were allowed to stand for 15 minutes 
at room temperature before being incubated at 37°C for 24 
hours. After incubation, the diameters of the zones of inhibition 
were measured using a digital antibiotic zone reader (Optics 
Technology, India) to quantify antibacterial activity.

RESULTS
RSM was employed to optimize the BO-loaded 

nanoemulsion, utilizing CCD for optimization of the BO 
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2). Among these formulations, the particle size (Y1) of run 9 
stood out as the smallest, measuring 100.7. Conversely, the 
particle size of run 1 was found to be the highest among all 
13 formulations, measuring 240.7 nm. Regarding zeta potential 
(Y2), run 1 displayed the lowest value at −12.8, while run 9 
exhibited the highest value at −29.8.

Analysis of the responses

Response Y1 (particle size)
The examination of various statistical parameters, 

including p-value, sum of squares, mean squares, residual sum 
of squares, adequate precision, predicted R2, F-value, adjusted 
R2, and predicted residual error sum of square (PRESS) values 
[36], suggests that the quadratic model adequately fits the 
Y1 response. The model F-value for Y1, registering at 55.02, 
indicates the statistical significance of the model. Such a high 
F-value occurring with only a 0.01% probability due to random 
variation underscores the model’s validity. The presence of 
p-values < 0.0500 further confirms the statistical significance 
of model terms. According to this ANOVA analysis, it was 
determined that the independent factors influencing the Y1 
response are homogenization time and surfactant concentration. 
Additionally, the lack of fit F-value for the Y1 response was 
calculated at 0.8698. By coded variables, the quadratic equation 
for the Y1 response was given in the formula.

Y1 = 158.96 − 28.54 X1 − 40.55 X2 − 10.02 X1 X2 + 
10.44 X1

2 + 8.64 X2
2

This equation outlines the quantitative impact of 
independent factors X1 and X2 on the response Y2, where the main 
effects are identified as the primary influencers of the response 
[37]. Additionally, the interaction terms, including X1, X2, X1X2, 
X1

2, and X2
2, illustrate a non-linear relationship between the 

Y1 response and the variables when changed simultaneously. 

nanoemulsion. Perturbation plots were utilized to ascertain 
which factors had the most significant impact on the responses. 
The influence of independent factors on the dependent variables 
(responses) was thoroughly assessed utilizing 3D response 
surface plots and contour plots. To validate the model fitting 
for the datasets, an ANOVA was conducted for individual 
responses using DoE software [34,35]. This statistical analysis 
confirmed the appropriateness of the model for representing 
the experimental data accurately. Thirteen formulations were 
meticulously prepared and input into the DoE software (Table 

Table 2. Design of experiment for CCD method with 13 trial runs 
with results of responses.

Run Factor (X1)
Factor 

(X2)
Responses (Y1) Responses (Y2)

1 −1 −1 240.7 −12.8

2 0 0 162.5 −25.3

3 1 −1 196.6 −21.4

4 0 −α 234.6 −15.4

5 −α 0 212.5 −15.9

6 0 0 145.8 −26.4

7 0 0 158.5 −25.9

8 0 0 170.7 −24.2

9 1 1 100.7 −29.8

10 0 0 157.3 −25.8

11 0 +α 112.5 −28.9

12 −1 1 184.9 −23.8

13 +α 0 141.8 −28.1

Where X1 [Amount of surfactant (%)], X2 [Homogenization time (min)], Y1 
[Particle Size (nm)], Y2 (zeta potential).

Figure 1. Perturbation plots showing the individual effect of independent variables on the responses: (A) The influence of Tween 
80 concentration (X1) and homogenization time (X2) on particle size (Y1). The curves illustrate that both variables exhibit moderate 
curvature, indicating their significant but non-linear influence on the particle size. (B) The influence of Tween 80 concentration (X1) and 
homogenization time (X2) on zeta potential (Y2). Both factors exhibit a consistent negative slope, indicating an increase in the negative 
charge (zeta potential) with increasing levels of the variables.
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of various factors on the response. Concerning response Y1, 
both factor X1 and factor X2 display shallow slopes with slight 
curvature, indicating that the concentration of surfactant and 
homogenization time are the most significant factors impacting 
the nanoemulsion. Increasing the concentration of these factors 
leads to a reduction in particle size (Fig. 1A). Moreover, the 
response surface plot depicts the relationship between the 
independent and dependent factors. Analysis of the interaction 
between factors X1 and X2 on particle size response indicates 
that both homogenization time and surfactant concentration 
interact with the particle size of the formulation. Elevating the 
concentration of both factors results in a decrease in the particle 
size of the formulation (Fig. 2A).

Response Y2 (zetapotential)
The PRESS values support the suitability of the 

quadratic model for the Y2 response. The F-value for Y2, 
measuring 132.64, signifies the statistical significance. 
Additionally, p-values < 0.0500 suggest that the significance 
of model terms. According to the ANOVA analysis, 
homogenization time and surfactant concentration are identified 
as the independent variables influencing the Y2 response. 
Furthermore, the lack of fit value for Y2 was calculated at 
0.4415. By coded variables the quadratic equation for the 
response Y2 was shown in the equation Y2 = −25.52 − 3.98 X1 − 
4.81 X2 + 0.6500 X1 X2 + 1.79 X1

2 + 1.72 X2
2

This equation provides insights into the quantitative 
effects of the two independent factors, X1 and X2, on the 
response Y2. Notably, the main effects of X1 and X2 are 
identified as primary influencers of the response. Additionally, 
the interaction terms, including X1, X2, X1X2, X1

2, and X2
2, 

highlight the non-linear bond between the response Y2 and 

the variables when changed simultaneously. The negative sign 
associated with X1X2, X1

2, and X2
2 indicates an incompatible 

effect on the response Y2. For the response Y2, both Factor X1 
and Factor X2 exhibit positive slopes, suggesting an interaction 
between the concentration of surfactant and homogenization 
time on the zeta potential. The positive slope indicates that 
increasing the concentration of these two variables leads to an 
interaction in the zeta potential as depicted in Figure 1B, the 
response surface plot illustrates the relationship between factors 
X1 and X2 concerning the zeta potential. The plot demonstrates 
that increasing the concentration of both factors results in 
significant changes in the zeta potential of the compound as 
observed in Figure 2B.

Overly plot
The overlay plot suggested one optimal solution out 

of six, with a desirability score of 0.938. This solution was 
achieved by maintaining the BO concentration at 10%, the 
Tween 80 concentration at 50% (X1), and a homogenization 
time of 27.1005 minutes (X2). Under these conditions, the 
probability of obtaining a particle size of 109.31 nm (Y1) and 
a zeta potential of −29.8 mV (Y2) was high. The desirability 
score of 0.938 indicates that the formulation parameters were 
optimized to near-ideal conditions in terms of particle size 
and zeta potential. While this suggests promising in vitro 
effectiveness and stability of the formulation, these findings 
require further validation through in vivo studies to confirm the 
formulation’s safety and performance in clinical settings.

Particle size and PDI
The obtained results revealed a particle size of 116.60 

nm (Fig. 3), indicating the mean diameter of the particles within 

Figure 2. 3D response surface plots showing the interaction effect of independent variables on the responses: (A) Interaction effect of Tween 
80 concentration (X1) and homogenization time (X2) on particle size (Y1). Lower particle size was observed at higher Tween 80 levels and 
intermediate homogenization time. (B) Interaction effect of Tween 80 concentration (X1) and homogenization time (X2) on zeta potential (Y2). 
A more negative zeta potential was observed with increasing homogenization time and surfactant concentration, indicating enhanced stability 
of the formulation.
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the sample. Additionally, the PDI was measured at 18.9%, 
reflecting the distribution of particle sizes within the sample.

Zeta potential
The zeta potential of −26.9 mV was determined in 

the current investigation. Serving as a crucial indicator of the 
surface charge of the particles within the sample. The negative 
zeta potential suggests a considerable repulsive force between 
particles, contributing to the dispersion and stability of the 
nanoformulation.

Kinetic stability
Throughout this rigorous centrifugation process, 

no evidence of phase separation was detected, confirming 
the robust stability of the formulation. The absence of phase 

separation highlights the cohesive interaction between the 
components of the nanoemulsion, ensuring its integrity and 
suitability for extended storage and practical applications.

Heating−cooling cycle
Impressively, after being subjected to three consecutive 

heating−cooling cycles, there were no signs of creaming or 
phase separation detected in the nanoemulsion. This resilient 
performance provides clear evidence of the nanoemulsion 
formulation’s thermodynamic stability.

Freeze-thaw cycle
Despite undergoing three successive freeze-thaw 

cycle processes, the nanoemulsion exhibited no signs of phase 
separation, indicating robust stability against temperature 

Figure 3. Particle size distribution of the optimized formulation of Bergamot nanoemulsion.

Figure 4. SEM images of the optimized BO nanoemulsion formulation: (A) image captured at a magnification of 10,000× 
with a scale bar of 1 µm, showing the uniform and spherical morphology of nanoemulsion droplets with minimal aggregation. 
(B) Image captured at a magnification of 20,000× with a scale bar of 2 µm, providing a closer view of the surface topology 
and particle integrity of the nanoemulsion droplets, highlighting the smooth texture and consistent size distribution.
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the –OH stretching vibration appeared at 3,077.06 cm⁻¹ for 
BO and 3,340.83 cm⁻¹ for the nanoemulsion, while the C=O 
stretching vibration was observed at 1,789.79 cm⁻¹ and 1,636.65 
cm⁻¹, respectively. Similarly, C=C and –CH₃ group vibrations 
were retained with only minor variations in wavenumber. 
These minimal shifts suggest the absence of strong chemical 
interactions between BO and the polymers used in the 
formulation, indicating that the chemical integrity of the oil 
was preserved. This is crucial for maintaining the bioactivity 
of BO, as functional groups such as hydroxyl and carbonyl are 
associated with its known anti-inflammatory and antioxidant 
properties. Therefore, the results confirm the successful 
incorporation of BO into the nanoemulsion system without 
compromising its functional characteristics.

DSC results
The DSC thermograms in Figure 6 illustrate the thermal 

behavior of (A) pure BO and (B) the optimized nanoemulgel 
formulation over a temperature range of 0°C–300°C. BO 
exhibited multiple thermal transitions, including a minor 
endothermic event at 42.80°C (onset of volatilization or 
a possible low-molecular-weight component) and a sharp 
melting endotherm at 197.54°C, corresponding to its primary 
thermal degradation or melting point. This sharp peak reflects 
the crystalline or semi-crystalline nature of some components 
in the oil. In contrast, the optimized nanoemulgel showed a 
broad and singular endothermic peak at 114.88°C, indicating 
a significant shift in thermal properties compared to pure BO. 
This reduction in melting temperature suggests that the oil is no 
longer in its pure crystalline form but is molecularly dispersed 
or encapsulated within the polymer matrix of the nanoemulgel.

The absence of the original sharp peak from BO in the 
nanoemulgel thermogram implies physical interactions between 
BO and formulation excipients, leading to amorphization or 
reduced crystallinity. While ATR-FTIR results confirmed the 
absence of strong chemical bonding between components, 
the DSC analysis supports the conclusion that physical 
entrapment or dispersion of BO within the matrix has altered 
its thermal profile, likely enhancing formulation stability and 

fluctuations. However, a slight increase in particle size from 
116.60 to 120.4 nm was observed, accompanied by a rise in 
the PDI from 18.9% to 20.3%. While the increase in particle 
size and PDI suggests some degree of particle aggregation or 
agglomeration, it remains within acceptable limits and does not 
compromise the overall stability of the nanoemulsion.

Stability index
The stability index of the optimized nanoemulsion 

formulation was quantified to be 89.21%. This metric serves as a 
crucial measure of the formulation’s robustness and longevity, 
indicating the percentage of its original properties retained over time.

pH of nanoemulsion
The pH of the nanoemulsion was determined to be 

6.5 ± 0.2, which is close to neutral, falling within a slightly 
alkaline range. This pH value is ideal for maintaining the 
stability of the nanoemulsion, as it ensures that the formulation 
remains within the acceptable pH range for emulsions. The ±0.2 
variation suggests that there is a small degree of flexibility in 
the measurement, which is common in high-precision methods, 
ensuring reliability and consistency in the characterization of 
the nanoemulsion.

SEM results
The results indicated a consistent and detailed 

visualization of the surface characteristics. They showed that 
the BO nanoemulgel formulation was spherical with a smooth 
surface, a small average particle size, and an amorphous 
structure. This detailed analysis highlighted any irregularities 
and offered valuable insights into the formulation’s dispersion 
quality and structural integrity, as illustrated in Figure 4.

ATR-FTIR results
The ATR-FTIR spectra of pure BO and the optimized 

nanoemulsion formulation are presented in Figure 5. Both 
spectra exhibited characteristic absorption bands corresponding 
to functional groups present in BO, with no significant shifts 
in peak positions observed after formulation. Key peaks for 

Figure 5. ATR-FTIR reports of (A) BO and (B) optimized formulation of Bergamot nanoemulgel.
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potentially enabling controlled release behavior. These changes 
are favorable for preserving the biological activity of BO, 
particularly its anti-inflammatory and antioxidant effects, under 
physiological conditions.

Evaluation characteristics of gel
The assessment of gel characteristics was conducted 

and presented in Table 3, which outlines the results for pH, 
viscosity (measured in centipoise, cps), extrudability, swelling 
index, and spreadability. This meticulous characterization is 

Table 3. Evaluation parameters of nanoemulgel.

Evaluation parameters Results.

pH 5.61 ± 0.21

Viscosity (cps) 1500 ± 50

Extrudability 0.8 ± 0.1

Swelling index 17 ± 0.15

Spreadability 9.1 ± 0.2

*(n  = 3). where n is the number of replicates.

Figure 6. DSC reports of (A) BO (B) optimized formulation of Bergamot nanoemulgel.

Table 4. MIC  values and inhibition zone diameters of BO nanoemulgel formulations.

Formulationsa

 

Staphylococcus  aureus* Pseudomonas 
aeruginosa* Bacillus subtilis* Escherichia coli*

MIC (µg/ml) Zone 
(mm) MIC (µg/ml) Zone 

(mm) MIC (µg/ml) Zone 
(mm) MIC (µg/ml) Zone 

(mm)

Blank - 0 - 0 - 0 - 0

0b 0.625 25.21 0.625 26.71 0.625 25.1 0.625 25.85

1 2.5 20.66 1.25 20.33 1.25 20.11 1.25 20.65

2 1.25 23.41 0.625 24.41 1.25 22.8 0.625 23.55

3 2.5 21.82 1.25 22.23 2.5 21.66 1.25 22.44

4 2.5 20.5 1.25 20.11 2.5 20.12 1.25 20.32

5 2.5 21.31 1.25 22.1 1.25 21.02 1.25 22.08

6 1.25 23.5 0.625 24.61 1.25 23.3 0.625 24.25

7 1.25 23.2 1.25 24.17 1.25 22.77 1.25 23.5

8 2.5 21.1 1.25 22.52 2.5 20.9 1.25 21.66

9 0.625 25.66 0.625 26.11 0.625 25.3 0.625 25.9

10 1.25 23.51 0.625 24.12 1.25 22.55 0.625 23.9

11 0.625 25.27 0.625 26.1 0.625 25.25 0.625 25.81

12 2.5 21.21 1.25 22.21 2.5 21.01 1.25 21.88

13 1.25 23.13 0.625 24.61 1.25 22.65 0.625 24.5

Standardc 0.25 27.2 0.25 28.72 0.25 26.8 0.25 27.45

aFormulations 1–13 runs represent CCD-optimized BO nanoemulgel formulations.
bCompound “0” represent CCD suggested BO nanoemulgel formulation with 0.938 desirability.
cStandard is the respective ciprofloxacin drug.
*All results represent the mean of three observations (n = 3) with the Standard Error (SE) not exceeding 10% of the mean value (i.e., SE ≤ 0.1 × mean).
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nanoemulsions has shown increased stability and protection 
from oxidative degradation, as demonstrated by Maurya et al. 
[38].

DSC analysis revealed a notable reduction in the 
melting point from 197.57°C for pure BO to 114.88°C for 
the nanoemulgel, indicating physical transformation and 
successful entrapment. This decrease in melting point is 
consistent with reports on the entrapment of essential oils in 
gel matrices, where the molecular interactions between the oil 
and excipients typically lower the melting point, enhancing the 
formulation’s stability and release profile, as observed by Rojas 
et al. [39]. SEM analysis displayed a smooth and spherical 
morphology of the nanoemulsion droplets, further supporting 
the nano-sizing efficiency and uniformity of the formulation. 
This result is in agreement with the work of Jacob et al. [40], 
where a similar nanoemulsion formulation exhibited spherical 
particles with a size range suitable for transdermal delivery. 
Optimization studies highlighted that increasing stirring 
time and Tween 80 concentration significantly reduced the 
globule size and improved homogeneity. Unlike prior studies 
focused on general essential oils, our approach tailored these 
parameters specifically for BO, a citrus-derived oil with potent 
bioactivity yet limited formulation stability. The optimized 
formulation exhibited a low PDI (18.9%), signifying a narrow 
particle size distribution, and a zeta potential of –29.8 mV, 
indicating excellent colloidal stability. These findings correlate 
with the studies by Mardiyanto et al. [41], which reported that 
higher surfactant concentrations and extended stirring times 
lead to more stable nanoemulsions with smaller droplet sizes. 
The formulation remained stable during centrifugation and 
freeze-thaw cycles, with only minimal changes in droplet 
size and PDI, confirming its physical robustness. Such 
stability under stress conditions further supports the potential 
of this formulation for clinical use, as emphasized in the 
literature by Usta et al. [42]. The antibacterial results were 
highly encouraging. The optimized nanoemulgel showed 
significant zones of inhibition against both Gram-positive 
(S. aureus, 27.16 ± 0.47 mm; B. subtilis, 24.83 ± 0.30 mm) 
and Gram-negative bacteria (P. aeruginosa, 26.33 ± 0.47 
mm; E. coli, 24.00 ± 0.82 mm). These results demonstrate 
broad-spectrum antibacterial activity, comparable to the 
standard drug ciprofloxacin, and align with earlier reports 
where essential oil-based nanoemulsions exhibited enhanced 
antimicrobial properties [43–45]. However, this is the first 
report demonstrating such antimicrobial potency for BO in a 
gelled nanoemulsion matrix, expanding its potential beyond 
aromatic or cosmetic use into pharmaceutical applications. 
The enhanced activity of the nanoemulgel in our study could 
be attributed to multiple mechanisms, including the disruption 
of bacterial cell membranes due to better penetration of nano-
sized droplets, induction of oxidative stress via reactive 
oxygen species generated by components such as limonene 
and linalool, and synergistic interactions between surfactants 
and essential oils that improve retention and release at the 
infection site. These findings support the work of dos Santos 
et al. [46], who demonstrated that nanoemulsions improve 
the antibacterial efficacy of essential oils by enhancing their 
bioavailability and penetration. Furthermore, the gel base 

crucial for gauging the suitability and performance of the gels 
for intended applications, ranging from pharmaceuticals to 
cosmetics.

Antibacterial activity
The antibacterial activity of the BO-loaded 

nanoemulgel formulations was evaluated against both 
Gram-positive (S. aureus, B. subtilis) and Gram-negative (P. 
aeruginosa, E. coli) bacterial strains (Table 4) using the agar 
well diffusion method. Significant inhibitory effects were 
observed, particularly in formulations containing smaller 
droplet sizes and higher BO concentrations. Among the 
tested formulations, F0, F9, and F11 demonstrated superior 
antibacterial activity, with inhibition zones ranging from 25.21 
to 26.71 mm and minimum inhibitory concentration (MIC) 
values of 0.625 µg/ml across all four strains. In contrast, F1 
and F4 showed comparatively lower antibacterial efficacy, 
exhibiting smaller inhibition zones and higher MIC values 
(up to 2.5 µg/ml). Formulation F9 produced inhibition zones 
of 25.66 mm (S. aureus), 24.90  mm (B. subtilis), 26.11  mm 
(P. aeruginosa), and 25.70  mm (E. coli), indicating strong 
broad-spectrum activity. The positive control, ciprofloxacin, 
showed the highest zones of inhibition (27.20–28.72 mm) 
with an MIC of 0.25 µg/ml. The blank nanoemulgel (without 
BO) exhibited no significant zone of inhibition (0 mm) against 
all bacterial strains, confirming that the antimicrobial activity 
was solely due to the presence of BO and not from the gel 
matrix or surfactants. The enhanced antibacterial effect of the 
optimized formulations can be attributed to the nano-sized 
droplets facilitating better skin penetration and interaction 
with bacterial membranes, leading to cell lysis or disruption. 
These findings indicate the promising antibacterial potential 
of BO nanoemulgel for topical application, although further 
in vivo and clinical studies are needed to confirm its efficacy 
and safety.

DISCUSSION
This study presents a novel application of BO in a 

nanoemulgel delivery system optimized through CCD. While 
the use of Tween 80 and CCD in nanoemulsion formulations has 
been well-documented, the targeted optimization of a BO-based 
nanoemulgel for antimicrobial applications is scarcely reported. 
This formulation addresses the unique physicochemical 
challenges associated with BO, such as volatility and 
oxidative degradation, by leveraging nanoencapsulation 
and a gel matrix to enhance stability and bioactivity. The 
statistical design approach enabled precise tuning of key 
formulation variables to achieve a highly desirable formulation 
(desirability score: 0.938), demonstrating the reliability of 
the optimization strategy. The optimized BO nanoemulgel 
formulation demonstrated enhanced stability, uniform particle 
size distribution, and promising antibacterial properties. ATR-
FTIR analysis confirmed the successful encapsulation of the 
essential oil within the nanoemulgel matrix, as indicated by 
the reduced intensities of characteristic peaks. This suggests 
effective molecular interactions between the oil and excipients, 
ensuring compatibility and stability. This finding aligns with 
previous studies where the encapsulation of essential oils in 
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