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1. Introduction

Accelerating the wound-healing process 
remains a challenge for researchers worldwide. 
The complex process of wound healing 
involves several interconnected phases, such 
as homeostasis, inflammation, proliferation, 
and remodeling.1 Among the most prevalent 
bacterial strains found in infected wounds are 
Pseudomonas aeruginosa, Staphylococcus aureus, 

and methicillin-resistant S. aureus (MRSA). The 
wound healing process may be delayed if certain 
bacteria, such as MRSA, colonize and multiply in 
the wound tissue.

Semisolid nanoemulsions are pharmaceutical 
formulations that are administered topically.2,3 
These nanoemulsions can be prepared using high-
energy techniques, such as high-shear stirring, 
high-pressure homogenization, or ultrasound 
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generation.4 Semisolid nanoemulsions are generally preferred 
because their tiny size (between 100 and 600  nm) allows 
them to deposit evenly on the skin and improves the efficient 
transport of active substances to the skin.3,5 Furthermore, 
semisolid dose forms are more comfortable, easier to apply, 
and spread more evenly on the skin surface.6 In essence, the 
semisolid formulation comprises a variety of medications with 
distinct therapeutic properties embedded in a suitable semisolid 
foundation, which may be either hydrophilic or hydrophobic.3

Cetrimide (CET), also known as alkyl trimethylammonium 
bromide, is an antimicrobial quaternary ammonium 
chemical.7 As an alternative to chlorhexidine with comparable 
properties, CET is a cationic surfactant that is effective against 
both Gram-positive and Gram-negative bacteria and has 
antifungal properties.8 It is applied topically as a 0.5% cream 
in conventional treatments for burns and wounds.9,10 and is 
considered completely non-toxic at concentrations of up to 
2%.8 CET is known for its disinfectant and wound healing 
properties.11 It readily dissolves in water, dissociating in 
aqueous solution to produce the cation responsible for CET’s 
antimicrobial action.12 However, CET has low bioavailability 
and poor tissue retention due to its hydrophilicity. Therefore, 
incorporating it in a water-in-oil nanoemulsion offers a 
promising method for controlled drug release and enhanced 
deposition into deeper epidermal layers. A  commonly used 
non-ionic surfactant in topical formulations is Tween 80. It is 
compatible with acidic and basic conditions and is less prone to 
hydrolysis and degradation by microorganisms. Furthermore, 
Tween 80 is considered non-toxic, making it safe for topical 
administration.13

Owing to their small size, nanoemulsions can pass through the 
skin surface, enhancing the penetration of active components.14 
They are made up of tiny droplets of one immiscible liquid 
scattered inside another and have been extensively utilized 
for drug delivery via a variety of routes, such as intravenous, 
oral, and ocular administration. However, only a few studies 
have explored nanoemulsions as topical carriers, despite their 
advantages such as high drug-loading capacity and excellent 
skin penetrability.15 Among the several ways to deliver 
nanoemulsions, their topical application has gained popularity 
due to these benefits. Traditional topical and dermatological 
formulations often face several challenges, including high 
microbial resistance,16 poor skin adhesion, low permeability, 
and reduced patient compliance. In addition, effective 
treatment of tissue disorders and wound healing requires the 
drug to remain at the target site for a sufficient duration.17 In 
contrast to conventional formulations, nanoemulsions enable 
efficient skin deposition, offer thermodynamic stability, and 
possess a flexible nanostructure conducive for enhanced skin 
penetration. Furthermore, the spontaneous formation of 
nanoemulsion systems simplifies industrial production and 
scalability.18

The synthesis of CET-based nanoemulsions has not been the 
subject of any prior research. The current study used sesame 
oil or linalool as the oil phase to prepare CET nanoemulsions. 
The aims were to assess the effectiveness of these CET 
nanoemulsions against MRSA-infected wounds, evaluate their 
anti-inflammatory properties, and examine their ex vivo skin 
penetration and deposition capabilities. The formulations were 
designed to combine selected oils with CET, an antimicrobial 
medication, to improve patient compliance, enhance drug 
release, and achieve a synergistic therapeutic effect in the 
treatment of infected wounds.

2. Materials and methods

2.1. Materials

CET (003100 [CAS 8044‑71‑1]) was purchased from Pharma-
log, Egypt. Span 60 (S7010 [CAS 1338‑41‑6]), Span 80 (S6760 
[CAS 1338‑43‑8]), and linalool (L2602 [CAS 78‑70‑6]) were 
purchased from Sigma-Aldrich, United States (US). Sesame oil 
was purchased from Nefertari Natural Body Care Line, Egypt. 
All other chemicals were of reagent or analytical grade and 
were used without further purification. Distilled water was 
used in all preparations.

2.2. Animals

The National Research Centre (NRC)’s animal house in Egypt 
provided 8 weeks old male Wistar albino rats weighing 180–
200 g. At a temperature of 23 ± 2°C and a relative humidity of 
50 ± 10%, the rats were kept in hygienic cages with 12-h light 
and dark cycles. They were given a chow meal and unlimited 
access to tap water. All in vivo studies adhered to the guidelines 
of the National Institutes of Health for Care and Use of 
Laboratory Animals, Publication No. 8023, amended 1978, and 
the Animal Research Reporting of in vivo Experiments. The 
study protocol was approved by the NRC’s Medical Research 
Ethics Committee (ethical approval number 0980223).

2.3. Experimental design

2.3.1. Preparation of CET nanoemulsions

Several techniques for generating nanoemulsions, including 
phase inversion, ultrasonication, and high-pressure 
homogenization, have been reported.19,20 In this study, the 
high-speed homogenization method described by Samadi 
et al.,21 with modifications, was employed to synthesize CET, 
sesame oil, and linalool nanoemulsions. At room temperature, 
an aqueous phase containing CET and Cremophore RH 
40  (07076 [CAS 61788-85-0], Sigma Aldrich, USA) was 
magnetically agitated until it was completely dissolved. An 
oil phase comprising the oils (linalool or sesame oil) and 
the mixture of oil-soluble surfactants (Span 60 and Span 80) 
was heated to 40°C until it completely melted. Following the 
addition of the aqueous phase to the oil phase, the mixture 
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was homogenized for 5 min at 20,000 rpm and then stirred for 
20 min at 600 rpm using a magnetic stirrer.

2.3.2. Encapsulation efficiency

To determine the amount of the drug entrapped in the lipidic 
nanoparticles, 1 g of the prepared formulation was transferred 
into tubes containing 10  mL of water and centrifuged at 
7000 rpm for 1 h using a Union 32R centrifuge (Hanil Scientific 
Inc., Korea). The resulting supernatant was filtered through 
a 0.2 µm Millipore syringe filter, appropriately diluted, and 
analyzed using a ultraviolet spectrophotometer (2401/PC, 
Shimadzu Corporation, Japan) at 209 nm against blanks. The 
concentration of free drug in the supernatant was used to 
calculate the encapsulation efficiency. All experiments were 
performed in triplicate.22,23 The formula for encapsulation 
efficiency calculation is as follows:

EE (%) = (total amount of drug encapsulated/total amount of 
drug added) * 100� (I)

2.3.3. Particle size, polydispersity index (PDI), and zeta potential 

measurements

Using a Zetasizer (Nano Series ZS90, Malvern Instruments, 
Ltd., United Kingdom), dynamic light scattering was employed 
to characterize the particle size, PDI, and zeta potential. The 
dispersion was diluted with distilled water (1:1000 v/v) prior to 
measurement, followed by short-term bath sonication.22,23 The 
size distribution of the prepared nanoemulsions was described 
via the PDI, which reflects the uniformity of the particle size. 
All measurements were recorded in duplicate.

2.3.4. In vitro drug release

The dialysis bag diffusion method was employed to investigate 
the in vitro release of CET from the optimized nanoemulsion 
using cellulose membrane dialysis tubing (molecular weight 
cut-off 12,000–14,000  g/mol; D 9277, Sigma-Aldrich, US). 
To prevent leakage, 1 g of the formulation—equal to 5 mg of 
CET—was placed inside a dialysis bag and sealed on both sides. 
To preserve sink conditions, the bags were subsequently placed 
in amber-colored, wide-mouthed glass bottles with 100  mL 
(10% v/v) of ethanolic phosphate buffer (pH 5.5). The study 
was conducted at 32 ± 0.5°C in a thermostatic shaking water 
bath (SV 1422, Memmert, Germany)22,24 and then centrifuged 
at 100 rpm for 24 h. At 1, 2, 3, 4, 5, 6, and 24 h time points, 5 mL 
aliquots of the release medium were collected and replenished 
with fresh medium. The concentrations of CET in the samples 
were assessed spectrophotometrically and compared with 
blanks at 209 nm25 via the regression equation of a calibration 
curve constructed in the release medium. For comparison, the 
release profile of a plain CET solution containing the same 
quantity of the drug in the release medium was examined. The 
ratio of the amount of CET released to the initial amount of 
CET in the dialysis bag was used to calculate the cumulative 
release percentage. All tests were performed in triplicate.

To study the release mechanism of CET from the optimized 
nanoemulsion, a kinetics study of the release data was 
conducted. The data were fitted to three different mathematical 
models: the Higuchi model (% cumulative drug released vs. 

square root of time), the zero-order model (% cumulative drug 
released vs. time), and the first-order model (log% cumulative 
drug retained vs. time).

2.3.5. Fourier-transform infrared spectroscopy (FT-IR)

A FT-IR spectrophotometer (FT/IR 6100, Jasco, Japan) 
was used to determine the chemical integrity and potential 
chemical interactions among the ingredients. In contrast to 
the liquid samples (Span 80, Span 85, linalool, sesame oil, and 
Cremophore RH 40), the solid samples of the drug (CET) 
and the freeze-dried formulations were combined separately 
with potassium bromide and compressed under hydraulic 
pressure of 200 kg/cm2 for 2 min to produce compact disks. 
Every sample was scanned on a blank KBr pellet backdrop at 
frequencies between 4,000 and 400 cm-1.26,27

2.3.6. Differential scanning calorimetry (DSC)

A differential scanning calorimeter (DSC; DSC-60, Shimadzu 
Corporation, Japan) was used to analyze 2 mg CET samples, 
the employed single components, and specific freeze-dried 
nanoemulsions to ascertain their thermal properties. The 
sample was heated from 25°C to 300°C and then cooled at a rate 
of 10°C/min before DSC scans were performed. After being 
recorded, the thermograms were examined for incompatibility, 
such as notable changes or the emergence of new peaks.28,29

2.3.7. Transmission electron microscopy

The morphologies of the selected nanoformulations were 
examined via transmission electron microscopy (JEM-1230, 
JEOL Ltd., Japan) at an accelerating voltage of 80  kV. One 
drop of the diluted sample was applied to copper grids for 
examination after being stained with 2% (w/v) phosphotungstic 
acid for 30 s.

2.3.8. Antimicrobial efficacy

Using the well-diffusion method, the antibacterial activity of 
the selected CET formulations was investigated against MRSA 
ATCC 33591 and S. aureus ATCC 6538.30 Initially, nutrient agar 
plates were evenly covered with 200 µL of each nutrient broth 
cell suspension, matching a 0.5 McFarland standard solution. 
Next, 7 mm-diameter wells were created in the agar plates, 
and 100 µL of each sample dissolved in dimethyl sulfoxide was 
added to each well. The wells were then incubated for 24 h at 
37°C. The experiment was conducted in duplicate, with the 
average inhibitory zone diameter measured in millimeters. 
In addition, by examining several concentrations in distinct 
wells, the minimum inhibitory concentration (MIC), or the 
least growth-preventable concentration, of each sample was 
estimated.

2.3.9. In vivo model for the induction of MRSA infection in wounds

The rats were placed under anesthesia, and a 1.5 × 1.5  cm 
incision was made between their shoulders. The wound became 
infected within 24 h after 0.1 mL of a mixture containing MRSA 
(1 × 109 colony-forming units) was administered. Each of the 
five groups—group 1 being the negative control, group 2 being 
the positive control treated with Fucidin, group  3 being the 
CET-free solution, and groups 4 and 5 being the selected CET 
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formulations—was assigned at random once the wound was 
created. Starting 24 h after the initial procedure and continuing 
for 10 days afterward, the formulations were applied topically 
to the wound region once daily. Each rat was checked for signs 
of infection and any fluid coming from the wounds.

2.3.10. Wound healing assessment

The progressive change in the wound area was evaluated on 
days 3, 7, and 10, and the wound contraction percentage was 
subsequently calculated.
(a)	 Wound size
	 Wound healing progress was estimated by determining 

the decrease in wound size with time.31 To visually 
assess the wound incisions, the Samsung Galaxy M34 
smartphone (Korea), which has a triple-camera system 
with 50-megapixel, 8-megapixel, and 2-megapixel 
sensors, was used to take photos of the wounds. The 
images were then downloaded to a computer running the 
ImageJ application (http://rsbweb.nih.gov/ij/download.
html). The wound area was measured on days 0, 3, 7, and 
10, and the equation to compute the wound contraction 
percentage is as follows:32

Wound contraction (%) = (A0-An/A0) * 100� (II)

where n is the day when the measurement was performed, A0 
is the area of wound zero day post injury, An the area of wound 
when the measurement performed

(b)	 Biochemical analysis
	 On the 10th day after the injury, the rats were sacrificed 

via anesthesia and cervical dislocation. The injured tissues 
were removed. A  20% (w/v) homogenate was prepared 
in ice-cooled saline (0.9% sodium chloride) through a 
homogenizer (MPW-120, Medical Instruments, Poland). 
The mixture was then centrifuged for 6  min at 4°C 
and 4000  rpm (2k15, Sigma Laborzentrifugen GmbH, 
Germany).33 The supernatants were collected to estimate 
the contents of B-cell lymphoma 2 (BCL2), tumor 
necrosis factor-alpha (TNF-α), and collagen type I (Col-I) 
using enzyme-linked immunosorbent assay (ELISA) 
kits (SunLong Biotec Co., Ltd., China).24,34 Analyses 
were performed in compliance with the manufacturer’s 
instructions.

(c)	 Histological examination
	 Rats from each treatment group were anaethesized at 

the end of the 10-day treatment period, and the injured 
skin sections were processed for histological examination. 
A microtome was used to cut serial 4 μm-thick sections of 
the wounds after they had been immersed in paraffin and 
preserved in 10% formalin for 24 h. Using a light electric 
microscope (CX41, Olympus, Japan), the slices were 
placed on glass slides, deparaffinized, and stained with 
hematoxylin‒eosin for histological analysis.

	 Keratinization, which has a major influence on the wound 
healing process, was assessed via a semiquantitative 
scoring approach. The re-epithelialization process of the 
epidermis was assessed using the wound scoring scale, as 
explained by Gal et al.35 (Table 1).

2.3.11. Statistical analysis

One-way analysis of variance (ANOVA) was used for all 
quantitative comparisons in the study, and Tukey’s multiple 
comparison post hoc test was used (Prism 8.0, GraphPad, US). 
A p<0.05 was considered as statistically significant. All data are 
presented as mean ± standard error of the mean.

3. Results and discussion

3.1. Preparation and selection of components

There were no observed indications of coalescence or 
separation in any of the six formulations made using the 
various combinations listed in Table  2. The generation of 
nanoemulsions had previously been accomplished using a 
high-pressure homogenizer.36 By comparing a constant ratio 
of oil with various mixing ratios, the optimal combination was 
identified. Furthermore, another critical factor was the choice 
of surfactant.37 Surfactants facilitated the dispersion process 
by lowering the interfacial tension and producing a flexible 
film that could easily bend around the droplets. In addition, 
the presence of cosurfactants enhanced the flexibility of the 
interfacial film, allowing it to adapt to the unique curvatures 
required to stabilize the nanoemulsion across a wide variety of 
compositions.38 Cremophore RH40 was used as a cosurfactant, 
and Span 80 and Span 60 were used as surfactants. Sorbitan 
esters, often known as Tweens or Spans, are non-ionic 
surfactants commonly used in drug delivery systems due to 
their low toxicity, non-irritant nature, and ability to facilitate 
the formation of various nanocarriers. The lipophilic liquid 
emulsifying agent, Span 80, has a propensity to create water-
in-oil emulsions,19 and Span 60 was previously reported in 
formulations of nanoemulsions.39 Given that the surface 
charges of CET are essential for its antibacterial activity, 
non-ionic surfactants (Span 80 and Span 60) were used in 
this work without attempting to alter them. In addition, a 
decrease in the internal phase-to-interfacial film volume ratio 
reflects the formation of a thicker surfactant film, particularly 

Table 1. Wound scoring scales for semiquantitative evaluation of 
histological skin samples based on the re‑epithelialization process

Scale Re‑epithelialization

0 Only the thickness of the cut edges

1 Migration of cells <50%

2 Migration of cells ≥50%

3 Bridged the excision

4 Keratinization

Table 2. Composition of cetrimide nanoemulsions

Formulations/ingredients F1 F2 F3 F4 F5 F6

Sesame oil (mL) 1.4 1.4 1.4 ‑ ‑ ‑

Linalool (mL) ‑ ‑ ‑ 1.4 1.4 1.4

Cremophore RH 40 (mL) 0.2 0.2 0.2 0.2 0.2 0.2

H2O (mL) 2.4 2.4 2.4 2.4 2.4 2.4

Span 60 (g) 3.6 3.0 2.4 3.6 3.0 2.4

Span 80 (mL) 2.4 3.0 3.6 2.4 3.0 3.6

Cetrimide (mg) 50 50 50 50 50 50
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when polymeric cosurfactants, such as Cremophore RH 40, 
are applied. This suggests enhanced stability and a potential 
barrier to drug delivery, as previously reported.40

In this study, the oil phase consisted of linalool or sesame oil. 
Linalool, a monoterpene alcohol with weak water solubility, is 
commonly found in essential oils from plants such as coriander 
and is known for its potent antibacterial and wound-healing 
properties.41,42 Sesame oil comprises approximately 41% 
linoleic acid and is rich in antioxidant compounds, such as 
tocopherols and phenolic compounds.43 It also exhibits potent 
antimicrobial properties.44

3.2. Encapsulation efficiency

Table  3 presents the computed encapsulation efficiencies 
of the produced nanoemulsions. The drug was successfully 
encapsulated by all of the produced nanoemulsions, with EE 
percentages ranging from 92.71% to 98.57%. The high water 
solubility of CET in the hydrophilic phase of the produced 
nanoemulsion may be the reason for the high encapsulation 
effectiveness. Notably, comparable outcomes were reported 
for several hydrophilic medications.45-47

3.3. Particle size, zeta potential, and PDI measurement

Table 3 shows the particle size, zeta potential, and PDI values. 
The formulations were suitable for topical application, as 
their average particle size fell within the nanoscale range 
(150.8–399.01 nm). Comparable ranges of particle sizes were 
reported by Liao et al.48 and Hidajat et al.49 It has been reported 
that a particle size lower than 400 nm is favorable for topical 
delivery.22 Meanwhile, the nano-system containing sesame 
oil had a smaller particle size, a result aligning with previous 
studies.50 The positive charge of the zeta potential, ranging 
from +10.8 mV to +27.2 mV, could be attributed to the positive 
charge of the drug. The surface charge of CET was preserved in 
the formulations, which is important because the antibacterial 
action of CET depends on its positive charge. Positively 
charged molecules are more likely to adhere to bacterial 
surfaces and penetrate the negatively charged bacterial cell 
membranes.12 In addition, nanoparticles with surface charges 
are more stably dispersed due to electrostatic repulsion.51 
The uniformity of particle size distribution is represented 
by the PDI. PDI values higher than 0.7 indicate a broad and 
undesirable size distribution in emulsions. In this study, all 
measured PDI values were <0.7 (Table 3), suggesting that the 
droplet population is homogeneous across all formulations and 
has little propensity to aggregate.52

3.4. In vitro release study

The development of regulated drug release methods with 
broad applicability requires an understanding of the release 
mechanism and kinetics of a carrier system.22 Figure 1 illustrates 
the release profiles of CET from the investigated water-in-oil 
nanoemulsion and from its solution. As anticipated, the free 
CET solution resulted in a slower and lower release after 24 h 
(13.34%) compared to other formulations with substantially 
faster release (87.5–100%). This was attributed to the small, 
globular size of the nanoemulsions and, which results in 

a larger surface area, and consequently, a faster rate of drug 
release.53,54 This suggests that CET is efficiently solubilized 
in the nano-systems. The PDI value of F3 was lower (0.375) 
than that of F6 (0.607), indicating that F3 displays greater drug 
release than F6. As a result, the surface area for drug release 
was larger in the case of F3. Similar outcomes were reported in 
previous studies.53

Table 4 presents the release kinetics analysis of CET from the 
selected F3 and F6 nanoformulations. According to the data, 
these nanoemulsions fit the Higuchi model better than the 
other mathematical models, as shown by the higher correlation 
coefficient values (R2 = 0.9845–0.9863). Notably, there have 
been prior reports of comparable release kinetics for topical 
nanoemulsions.18,55 Likewise, the “n” values of more than 0.4 
confirmed the non-Fickian diffusion (anomalous) mechanism 
of CET from the F3 and F6 nanoformulations. Similar reports 
have also been described previously.56

3.5. FT-IR spectrum

The F3 and F6 nanoemulsion systems and their components 
were analyzed via FTIR, and the resulting spectra are shown 
in Figure  2. Span 60 and Span 80 were the two primary 
ingredients in the formulations. In the Span 60 spectrum, 
characteristic peaks were observed at 1690 cm-1, attributed to 
strong C=O ester bonds, and at 3387 cm-1, corresponding to 
hydroxyl groups. In formulations F3 and F6, slight shifts in 
peak positions and reductions in the intensities of the typical 
peaks for Span 60 were observed. In addition to the peaks at 

Table 3. Encapsulation efficiencies, particle sizes, zeta potentials, 
and polydispersity indices (PDI) of the prepared nanoemulsions

Formulation Encapsulation 

efficiency (%)

Particle 

size (nm)

Zeta potential 

(mV)

PDI

F1 98.28±1.34 300±3.47 +10.8±9.41 0.699

F2 92.71±2.89 336±2.82 +20.2±7.32 0.634

F3* 98.36±1.16 150±1.54 +27.2±5.92 0.375

F4 98.82±3.24 399±3.39 +23.2±5.90 0.678

F5 98.02±5.64 378±4.67 +25.3±6.24 0.611

F6* 98.58±2.87 168±5.66 +26.8±6.28 0.607

Note: *indicate that it is the formulation of choice.

Figure 1. In vitro release profiles of the nanoemulsions F3 and F6, as 
well as that of the free cetrimide solution. Data are expressed as mean 
± standard error of the mean.
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2850 cm-1 and 3,450 cm-1, the spectrum of Span 80 showed 
peaks between 1000 and 2000 cm-1, indicating the presence of 
stretched hydrogen-bonded O-H. A similar spectrum of span 
was documented.57 In addition, the intensities of the peaks of 
Span 80 were weakened in formulations F3 and F6, indicating 
successful formation of nanoemulsions.

The distinctive peaks of CET, corresponding to C-H stretching, 
emerged at 2890 cm-1 and 857 cm-1. Sharp bands in the peak at 
1400–1500 cm-1 were attributed to molecular deformation and 
the presence of C=C and C=O vibrations in CET. Following 
incorporation into formulations F3 and F6, the characteristic 
peaks of CET were diffused, indicating successful encapsulation of 
the drug within the nanoemulsions. Notably, no additional peaks 
were observed, indicating that there are no chemical interactions 
between CET and other substances, thereby implying that the 
drug remained intact and retained its therapeutic potential. These 
findings concurred with earlier FTIR research that revealed no 
interactions between drugs and other excipients.58

3.6. Differential scanning colorimetry

Figure 3 shows the thermograms of pure CET, Span 60, and 
lyophilized F3 and F6 CET-loaded nanoformulations. The 
DSC thermogram of pure CET exhibited melting endotherms 

at 107°C and 287°C, corresponding to its melting point.59 
Similarly, Span 60 showed an endothermic peak at 65°C, 
corresponding to its melting temperature.60 In contrast, 
the endothermic peak of CET disappeared in the F3 and F6 
formulations, suggesting homogeneous dispersion of the drug 
throughout the formulation in an amorphous form.60

3.7. Transmission electron microscopy

Transmission electron microscopy micrographs of the F3 and 
F6 formulations are displayed in Figure 4. The nanoemulsion 
droplets were well defined and nearly spherical. They all 
exhibited a distinct smooth surface.

3.8. In vitro antibacterial activity

At concentrations approximately half that of the free drug, the 
F3 and F6 nanoformulations demonstrated antibacterial activity 
against the tested strains of S. aureus and MRSA. No activity 
was detected for the blank formula, and the F3 inhibition zone 
was marginally larger than that of F6 (Figure 5 and Table 5). 
This result could be attributed to the smaller globular size and 

Table 4. Correlation coefficients of F3 and F6 cetrimide nanoemulsions’ release profiles

Formulation Zero 

order

First 

order

Second 

order

Third 

order

Higuchi 

model

Hixson‑Crowell 

model

Korsmeyer‑Peppas 

model

R
2

R
2

n

F3 0.9665 0.8258 0.6127 0.4477 0.9845 0.8426 0.9422 0.73

F6 0.9442 0.7412 0.4776 0.3217 0.9863 0.7687 0.9485 0.74

Figure  2. Fourier-transform infrared spectra of the selected 
formulations and their components

Figure  3. Differential scanning calorimetry thermograms of 
cetrimide, Span 60, F3, and F6 formulations

Figure 4. Transmission electron microscopy images of the nanoemulsions 
(A) F3 and (B) F6. Scale bars: 200 nm; magnification: 50×. 

BA
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inspection of the MRSA-infected tissues, a superficial swelling 
hump appeared when the borders of the incision separated from 
the surrounding healthy tissue, forming a “pocket” beneath the 
wound surface (Figure  6). According to a histopathological 
analysis, the infected damaged skin had dermal edema beneath 
an epidermal lining defect. Furthermore, the wound space 
was filled with a highly inflammatory infiltrate that was 
typified by widespread neutrophilic infiltration, indicating 
the significant deterioration effect of MRSA infection on skin 
wounds. On the other hand, the uninfected wounds presented 
shallow ulcerative lesions with minimal epidermal and dermal 
inflammatory reactions and hyalinosis.

Infected wounds typically exhibit a distinct microenvironment 
that hinders wound healing, including high levels of reactive 
oxygen species, significant inflammation, and compromised 
immune cells. Therefore, adopting an optimal approach that 
not only combats bacterial infections but also encourages 
effective wound healing has attracted research attention.61,62

3.9.2. Effects on skin contraction

The efficacy of the prepared nanoformulations was examined 
via comparisons with other experimental treatment groups, 
in which the rate of wound contraction was estimated on 

Figure 5. Antibacterial activity of F3 and F6 formulations as well as their 
free-drug blanks (label B on the petri dish) against (A) Staphylococcus 

aureus ATCC 6538 and (B) methicillin-resistant S. aureus ATCC 33591

BA

Figure 6. Histopathology and morphology of the wounds. (A) Histopathological examination of the infected wound group showed a disrupted 
epidermal lining, marked dermal edema, and a dense inflammatory infiltrate occupying the wound gap, predominantly composed of neutrophils. 
(B) Histopathological examination of the uninfected wound group showed a shallow ulcerative lesion with minimal inflammatory reaction in 
both the epidermis and dermis, accompanied by areas of hyalinosis. (C) Photographs of the back of rats showing infected and uninfected 
wounds. Scale bars for A and B: 500 µm; magnification for A and B: 40×.

BA

C

faster rate of drug release. Moreover, the estimated MICs for 
both F3 and F6 formulations were identical, which were 39 
and 156 µg/mL for S. aureus ATCC 6538 and MRSA ATCC 
33591, respectively (Table 6).

3.9. In vivo studies of CET nanoformulations

3.9.1. Preliminary study

After 24 h of infection, the MRSA-infected wounds were first 
compared with the uninfected wounds. According to visual 
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days 3, 7, and 10, and the results are presented in Figure  7. 
Compared with the free drug and F6 formulation groups, the 
F3-treated group demonstrated significant improvement in 
wound contraction, as did the positive control group, with 

Figure  7. The wound healing activity of the different treatment groups. (A) Rat skin’s photographs under different treatment conditions. 
(B) The contraction percentages across several days. 
Notes: *p<0.05, ***p<0.001, ****p<0.0001
Abbreviations: Cetri: Cetrimide, Fuci: Fucidin.

B

A

Table 5. In vitro antibacterial activity

Sample Zone of inhibition diameter (mm)

Staphylococcus 

aureus ATCC 6538

Methicillin‑resistant 

S. aureus ATCC 33591

Free drug (10 mg/mL) 22 20

F3 (5 mg/mL) 22 20

F3 drug‑free formula ‑ ‑

F6 (5 mg/mL) 20 18

F6 drug‑free formula ‑ ‑

DMSO ‑ ‑

Abbreviation: DMSO: Dimethyl sulfoxide.

Table 6. MIC values

Formulation Concentration (µg/mL)

Staphylococcus aureus 

ATCC 6538

Methicillin‑resistant 

S. aureus ATCC 33591

F3 39 156

F6 39 156
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contraction rates of 82.9% on day 3, 81.4% on day 7, and 
91.7% at the end of the treatment period. The high rates of 
wound contraction and epithelization at the wound site may 
be attributed to the sustained release ability of the drug.63 The 
negative values of wound contraction in infected wounds 
could be due to the deleterious effect of MRSA bacteria on the 
wound.

3.9.3. Effects on cellular regulation and tissue homeostasis

Rats subjected to an infected wound model presented elevated 
levels of TNF-α, which were significantly decreased in the 
experimental treatment groups. Compared with those in the 
untreated group, the levels of TNF-α in the Fucidin-treated 
group were reduced by 60.8%, whereas the free drug-treated 
group exhibited only 29.4%. Moreover, a significant decrease 
was observed in the CET nanoformulations with 78.3% and 
70.6% reduction in the F3 and F6 treated groups, respectively 
(Figure  8). The expression of anti-inflammatory cytokines 
should increase, and that of proinflammatory cytokines 
should decrease during the healing process.64 For lesioned 
tissue to be repaired properly, the inflammatory stage of 
the healing process is critical. Inflammatory mediators, 
such as cytokines, chemokines, reactive oxygen species, and 
proteolytic enzymes, are released by inflammatory cells, 
including neutrophils and activated macrophages. TNF-α 
is a proinflammatory cytokine that is expressed in higher 
quantities during the inflammatory phase of the cicatricial 
process of lesions than at normal levels. The results of the 
present study indicate that in the infected wounds, TNF-α 
levels were higher than those in the normal control group. 
This result was in line with a previous study.65 Furthermore, 
the current study revealed that nano-CET could significantly 
decrease the levels of TNF-α, revealing its potent anti-
inflammatory properties. The findings are in agreement 
with those of a previous study, confirming that nano-CET 
possesses anti-inflammatory activities by downregulating the 
levels of TNF-α.66

Collagen, a key component of the extracellular matrix, plays 
an essential role in the management of wound healing. Col-I 
is known to strongly promote angiogenesis both in vitro and 
in vivo via binding to specific integrin receptors. In particular, 
the C-propeptide fragments of Col-I recruit endothelial cells, 
initiating angiogenesis in areas involved in healing.67,68 In 
the present study, the levels of Col-I were determined. In the 
untreated group, the levels of Col-I were significantly increased 
in all treated groups. The CET-free formulation increased 
the level of Col-I by 134.3% in comparison with that in the 
untreated group, whereas the nanoformulations improved 
collagen I levels by 240% and 167% in the F3 and F6 treated 
groups, respectively (Figure 9).

In addition, BCL2 family proteins regulate cell migration, 
necessary for tissue repair and wound healing. Inhibition may 
disrupt tissue repair processes, causing wound closure to be 
delayed or ineffective.69 In the present study, both the free drug 
and its nanoformulations increased the level of BCL2, with the 
highest concentration observed in the F3-treated group, with 
a 5.5-fold increase in BCL2 levels (Figure 10). The enhanced 

efficacy of F3 over F6 could be due to the presence of sesame oil, 
which has been reported to exhibit a wound healing effect.70,71

3.9.4. Histological examination

Through the histological examination of hematoxylin and 
eosin-stained sections of treated wounded skin, the maturity 
of the repaired tissues was examined. Different treatments 
resulted in different responses, as shown in Figure  11. 
Skin sections treated with CET presented a decrease in 
inflammatory cell levels and the presence of regeneration 
edges, corresponding to a score of 0. The group treated with 
Fucidin presented a clean wound devoid of inflammatory cells, 
though with epidermal loss, and was assigned a score of 1. 
In contrast, skin sections from the F3-treated group showed 
marked wound healing, characterized by complete resolution 
of inflammation, absence of granulation tissue, and epidermal 

Figure  8. Tumor necrosis factor-alpha (TNF-α) levels across 
treatment groups. 
Notes: ***p<0.001, ****p<0.0001
Abbreviations: Cetri: Cetrimide, Fuci: Fucidin.

Figure 9. Collagen levels across treatment groups. 
Notes: **p<0.01, ****p<0.0001
Abbreviations: Cetri: Cetrimide, Fuci: Fucidin.
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re-epithelialization, receiving a score of 3. Meanwhile, the 
group treated with F6 presented skin wounds with marked 
inflammation, and was given a score of 0.

4. Conclusions

The therapeutic potential of CET and its nanoformulations in 
the management of MRSA-infected wounds was demonstrated 
in this investigation. The skin targeting ability and 
bioavailability of CET were improved by its nanoformulations, 
enabling more efficient therapeutic delivery. The in vitro 
release profiles of the optimal formulations were all biphasic. 
In vivo research demonstrated the advantages of F3 and F6 
formulations in the treatment of full-thickness wounds in 
rats, as demonstrated by histological analysis, biochemical 
assays, and wound morphology. This research unequivocally 
supported nanoemulsions as a novel topical drug delivery 

method for CET to promote wound healing in skin wounds 
infected with MRSA.

Nevertheless, experimental design limitations remain in 
this study. First, the in vitro release study used phosphate-
buffered solution as the release medium, which does not 
accurately mimic the complex composition of wound exudate. 
Additionally, the study was limited to short-term observations 
(7–14 days), potentially overlooking delayed relapse. The use 
of rats may not fully replicate the dynamics of human wound 
healing. Moreover, the absence of immunocompromised 
models is a critical limitation, especially considering the 
relevance of such models for studying chronic MRSA-infected 
wounds. Another important consideration is the lack of long-
term safety evaluation for the nanoparticle emulsion, especially 
concerning its potential impact on skin barrier integrity with 
prolonged use. Future investigations should prioritize chronic 
exposure studies and barrier function assays to ensure the safety 
of repeated applications. Furthermore, while TNF-α and Col-I 
protein expression levels were quantified using ELISA, this 
method does not provide information on protein localization 
or molecular weight validation. Incorporating techniques such 
as Western blotting or immunohistochemistry in future work 
would enhance the robustness of the findings by confirming 
protein expression patterns and tissue distribution.
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