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ABSTRACT
Background: Chronic wounds remain a major clinical challenge due to impaired angiogenesis, 
persistent inflammation, and oxidative stress, necessitating advanced therapeutic strategies. The 
purpose of this research was to design, develop and evaluate deferoxamine loaded nanoemulgel 
for enhanced topical delivery and wound healing. Materials and Methods: Deferoxamine 
loaded nanoemulsions were formulated by aqueous titration method using oleic acid, Tween 
80, and propylene glycol as oil, surfactant, and co-surfactant, respectively. Formulation was 
optimized using central composite design and characterized for droplet properties. The selected 
nanoemulsion was subsequently formulated into carbopol based hydrogel system and evaluated 
for physicochemical properties, release kinetics, skin deposition, skin irritation, and wound 
healing in rats. Results: The selected nanoemulsion had particle size of ~88 nm, low polydispersity 
(0.39), and high zeta potential (-52 mV), indicating good physical stability. TEM image indicates 
spherical shape, uniform dispersion and absence of agglomeration of prepared nanoemulsion. 
Thermodynamic stability data confirm that the nanoemulsion did not exhibit any phase 
separation or creaming. Deferoxamine nanoemulgel demonstrated suitable physicochemical 
properties, including acceptable pH (6.12±0.30), high drug content (97.84±2.06%), optimal 
viscosity (85356±2834 cP), and adequate spreadability (15.88±0.50 cm). In vitro release profile 
revealed sustained deferoxamine release over 12 hr following Korsmeyer-Peppas kinetics 
(R²=0.9964), while ex vivo studies demonstrated significantly higher (p<0.001) skin deposition 
compared to control gel. The nanoemulgel was found to be non-irritant and well tolerated. In 
vivo wound healing studies in rats demonstrated significantly enhanced (p<0.0001) wound 
contraction reaching 100% by day 14, along with improved granulation tissue formation and 
accelerated re-epithelialization as compared to blank formulation. Histopathological analysis 
confirmed improved collagen organization and reduced inflammation. Conclusion: Overall, 
the observed results establish that the deferoxamine nanoemulgel is a promising strategy for 
targeted, sustained, and effective management of wounds.
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INTRODUCTION

Nearly 10.5 million United States population experiences 
decline in their quality of life due to chronic wounds, with 
their management exerting noteworthy economic influence on 
healthcare.1 It is projected that chronic wounds will persist as 
substantial clinical, social, and economic challenge because of 
the aging population, along with widespread risks of diabetes 

and obesity worldwide. Chronic wounds are those that have 
not followed the typical healing process and remain open for 
duration exceeding one month. Regeneration and tissue repair 
are highly complex and tightly regulated biological processes 
initiated immediately following tissue injury. They involve 
coordinated cascade of molecular and cellular events such 
as inflammation, cell migration, proliferation, angiogenesis, 
and extracellular matrix remodeling. In addition, wound 
healing progresses through distinct phases such as hemostasis, 
inflammation, proliferation with granulation tissue formation 
and reepithelialization and eventually tissue remodeling.2 These 
events are caused by dynamic mechanisms that involve soluble 
mediators (including cytokines, chemokines, and growth factors) 
and various cellular components, such as resident skin cells, 
peripheral blood mononuclear cells, blood cells, and parenchymal 
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cells. The improper functioning of the immune system results 
in persistent inflammation and compromised wound healing, 
ultimately causing development of chronic or non-healing skin 
wounds.3 Besides immune imbalances, delayed healing in chronic 
wounds can be attributed to low nitric oxide levels and high levels 
of reactive oxygen species.4 A crucial element in the perpetuation 
of chronic inflammation seems to be the excessive infiltration 
of neutrophils, serving as biomarker for chronic wounds in this 
cycle.5 Another contributing factor to delayed wound healing 
is the dysregulation of matrix metalloproteinases, which leads 
to compromised epithelialization and is closely linked to the 
difficulty in healing persistent wounds.6 Oxidative stress and 
inflammation stand out as primary factors that have the potential 
to disrupt this process, serving as major contributors to delayed 
wound healing.7 The Fenton reaction occurring in wound 
induces oxidative stress, leading to overproduction of reactive 
oxygen species, with iron playing crucial role in facilitating 
this process.8 The primary source of the oxidative burst is the 
activated macrophages and neutrophils recruited to the wound 
site.9 The iron-catalyzed formation of reactive oxygen species 
is suggested as crucial mechanism linked to the accelerated 
apoptosis in injured tissues, contributing to slow rate of wound 
healing. The induction of heat shock proteins, combined with the 
accumulation of inorganic iron in the injured tissues, partially 
elucidates the induced apoptosis in these areas.10 The oxidative 
burden is intensified by wound infection, leading the iron carrier 
protein lactoferrin to exert powerful bacteriostatic effects by 
removing iron from bacterial access, thereby controlling potential 
infections.11 Iron complexing agents, such as deferoxamine, 
have been reported to exhibit wound healing benefits in various 
conditions such as sickle cell ulcers12 and skin wounds,13 where 
they promote neovascularization and enhance the overall wound 
healing process.

Deferoxamine mesylate (Desferal) is the only iron-chelating agent 
approved by the FDA. It has shown the capacity to improve the 
healing process of diabetic ulcers by stabilizing hypoxia inducible 
factor-1 alpha, leading to the promotion of neovascularization 
and the inhibition of responses to oxidative stress.14,15 There 
are sources of concern after parenteral delivery because of the 
potential adverse effects stemming from its strong iron-lowering 
properties and comparatively short serum half-life, as well as 
slow gastrointestinal absorption after oral administration.16 
Despite being non-toxic, deferoxamine has been linked to 
cataracts, deafness, and local skin reactions including urticaria. 
Various studies highlighted the increased risk of severe systemic 
reactions, especially in geriatric patients, associated with the oral 
consumption of deferoxamine.17 Methods assessed for delivering 
deferoxamine for localized effects include topical spray, cream,18 
transfersomes,19 nanofibers,20 and various dermal formulations, 
as well as drug-eluting wound dressings and transdermal patches. 
Although sustained-release transdermal drug delivery system 
for deferoxamine has been developed using reverse micellar 

technologies, the use of plasticizers, emulsifiers, and surfactants 
poses a potential challenge to the clinical application of this 
treatment.16 On the other hand, micro-texturing technology 
was utilized to enhance the release of deferoxamine to overcome 
regulatory constraints.13 However, this approach may be limited 
by scalability challenges, manufacturing complexity, and 
variability in drug release profiles.

Nanoemulsions are versatile colloidal drug delivery systems 
composed of nanosized droplets (20-200 nm) that provide 
significant advantages in pharmaceutical applications, including 
enhanced drug solubility, improved physicochemical stability, 
and increased bioavailability of poorly water-soluble drugs.21 
Their small droplet size and large interfacial surface area 
facilitate sustained drug release, increase in dermal retention 
and prolonged duration, improved drug permeation through 
biological membranes, reduce systemic adverse effects, making 
them particularly suitable for topical and transdermal delivery.22 
Furthermore, nanoemulsions can be added to gel matrices to 
produce nanoemulgels, which combine the benefits of traditional 
gels and nano-sized delivery systems. This hybrid system 
improves rheological properties, enhances patient compliance, 
and allows for prolonged residence time at the application site.23 
Nanoemulgel provides sustained therapeutic effects with reduced 
dosing frequency and enables targeted delivery of agents such as 
pro-angiogenic compounds to the wound area while decreasing 
systemic side effects.24 Given the impaired angiogenesis and 
persistent inflammation characteristic of chronic wounds, 
nanoemulgel-based topical delivery of deferoxamine (a 
hypoxia-inducible factor-1α stabilizer) represents promising 
approach to enhance vascularization and promote tissue 
regeneration. Hence, the objective of this study was to design, 
develop and evaluate the feasibility of deferoxamine loaded 
nanoemulgel for improving topical wound healing. Oleic acid (oil), 
Tween 80 (surfactant), and propylene glycol (co-surfactant) were 
selected based on solubility screening results and nanoemulsions 
were prepared using aqueous titration. Optimization of 
nanoemulsion was carried out by central composite design 
(3-factor 3-level) by assessing the influence of amount of oil (%), 
Smix (%), and water (%) on nanoemulsion formulation. Optimized 
drug loaded nanoemulsion was characterized and subsequently 
formulated into nanoemulgel, evaluated for physicochemical 
characters, drug release, skin deposition, skin irritation, and 
wound healing in rats.

MATERIALS AND METHODS

Materials

Deferoxamine mesylate was purchased from Sigma Aldrich, 
St. Louis, USA. Iron (II) sulphate heptahydrate, oleic acid, and 
Carbopol 940 were purchased commercially from Sigma Aldrich/
Merck, Darmstadt, Germany. Tween 40, Tween 60, Tween 80, 
Span 80, propylene glycol, polyethylene glycol 400, and castor 
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oil were procured from Sisco Research Laboratories Pvt. Ltd., 
Mumbai, India. Transcutol-P and caproyl 90 were received as 
gift sample from Gattefosse, Mumbai, India. Olive oil and dil 
oil were purchased from Yarrow Chem Products, Mumbai, 
India. Witepsol E 85 was obtained as gratis sample from IOI 
Oleochemicals, Hamburg, Germany. Ethanol was procured from 
Ureca stores, Ahmedabad, India. The remaining chemicals were 
of analytical grade and were used in their received form.

Analysis of Deferoxamine

Deferoxamine in samples was measured with minor modification 
of the HPLC method reported in the literature.25 Briefly, the 
standard stock solutions containing 0.005 M of deferoxamine 
were prepared by dissolving in Milli Q water (Millipore, Bedford, 
MA, USA). Similarly, standard stock solutions containing 0.025 
M of iron (II) sulphate were prepared. Then the drug-metal ion 
complexation was done by transferring equal volume of drug 
and metal ion solutions (1 mL) and the volume was adjusted to 5 
mL with 0.1% formic acid to obtain drug/metal ion molar ratio 
of 1:5. The mixture was sonicated for 5 min and filtered using 
hydrophilic polyvinylidene difluoride membrane (0.45 µm). The 
resulting solutions were further diluted with 0.1% formic acid 
and injected into an Agilent 1260 infinity HPLC (Santa Clara, 
CA, USA) consisting of C-18 endcapped lichrospher column 
(Merck, Germany) maintained at 25ºC. Formic acid (0.1%) 
and methanol (95:5 v/v) mixture was used as mobile phase to 
elute deferoxamine-Fe2+ complex with a flow rate of 1 mL/min. 
The samples were measured at λmax 260 nm, and the observed 
retention time was 5.827 min.

Screening of Oil, Surfactant, and Co-Surfactant

The phase solubility of deferoxamine in different oils and mixture 
of surfactants and co-surfactants (Smix) was determined according 
to the method described previously.26 The oils assessed were 
caproyl 90, oleic acid, castor oil, olive oil, dil oil, and witepsol E 
85. The surfactants tested were Tween 80, Tween 60, Tween 40, 
Span 80 and the co-surfactants were propylene glycol, ethanol, 
polyethylene glycol 400, and transcutol-P. Excess amount of 
deferoxamine was added to separate glass vial containing the 
formulation ingredients (10 mL). The system was stirred for 72 
hr using orbital shaker (RIS 24 Plus, Remi, Mumbai, India) at 
room temperature. The obtained blends were then centrifuged 
at 10,000 rpm (R-83; Remi, Mumbai, India) for 30 min. The 
resulting supernatant was filtered using syringe filter (0.22 µm; 
Millipore Corporation, Bedford, MA, USA), diluted with water 
and subjected to HPLC analysis.

Construction of Pseudo-Ternary Phase Diagram

Phase diagrams were created using the titration technique to 
calculate the nanoemulsion area as described elsewhere.27 The 
selected oil (oleic acid), surfactant (Tween 80) and co-surfactant 
(propylene glycol) and water were used to create nanoemulsion 

zone at room temperature. The ratio of surfactant and co-surfactant 
(Smix) was changed to get three different compositions (1:1, 1:2, 
and 1:3 w/w). The selected Smix (oleic acid; Tween 80, 1:3) was 
used to prepare 18 different oil and Smix (1:9 to 2:9) for further 
study. Phase diagrams were produced utilizing the information 
gathered by making transparent Smix dispersions with the selected 
oil ratio and gradually adding the necessary volume of water 
while stirring continuously. The software (Chemix School 10.00, 
Bergen, Norway) was used to create the phase diagrams using 
water, oil, and Smix as the three axes.

Method of Preparation of Nanoemulsion

The deferoxamine loaded nanoemulsions were formulated by the 
established aqueous titration technique, with the oil, surfactant, 
and co-surfactant amounts determined from the phase diagram. 
Deferoxamine mesylate (10%) was added to the mixtures of oil 
(oleic acid), surfactant-co-surfactant (Smix, Tween 80: propylene 
glycol, 1:3), and then water was gradually added dropwise. The 
mixture was mixed and vortexed at room temperature to produce 
clear and homogenous nanoemulsion.

Central Composite Design (CCD) for Optimization of 
Nanoemulsion

The CCD was used for the optimization of deferoxamine 
loaded nanoemulsions. As indicated in Table 1, the dependent 
variables were particle size (nm), polydispersity index (PDI), 
and transmittance (%) and the independent variables were the 
amount of oil (%), Smix (%), and water (%). Design Expert (version 
13, Stat-Ease Inc., Minneapolis, USA) was the software utilized to 
optimize the nanoemulsion. The following quadratic polynomial 
equation was provided by the software for the 3-factor 3-level:

Y=β0 + β1X1 + β2X2 + β3X3 + β12X1X2 + β13X1X3 + 
β23X2X3 + β11X12 + β22X22 + β33X32

Where Y is the measured response for each combination of factor 
levels; β₀ is the intercept; β₁, β₂, and β₃ are linear coefficients; 
β₁₂, β₁₃, and β₂₃ are interaction coefficients; β₁₁, β₂₂, and β₃₃ are 
quadratic coefficients based on experimental data and and X₁, 
X₂, and X₃ denote the levels of the independent variables.28 The 
responses were statistically assessed using ANOVA. Additionally, 
the best formulation was selected using numerical optimization 
procedure based on the desirability function.

Characterization of Nanoemulsion Formulations
Particle size, Zeta potential and PDI

The globule size, size distribution, zeta potential, and PDI of 
prepared nanoemulsions were determined using dynamic light 
scattering with Horiba Zetasizer (SZ-100, Kyoto, Japan). Samples 
were 10 times diluted with water and an aliquot from each 
formulation was taken, loaded into the sample chamber, and the 
measurement was done in triplicate for each formulation.29
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Transmittance

A Shimadzu UV-vis spectrophotometer (UV-1800, Tokyo, Japan) 
was used to spectrophotometrically evaluate the percentage 
transmittance of the prepared nanoemulsion formulations. 
Distilled water was used to dilute samples (1 mL) of the 
formulation 100 times, and transparent cuvettes were used for 
analysis.

Morphology

The surface morphology (size and shape) of nanoemulsion was 
determined using JEM 2100 transmission electron microscope 
(JEOL, Tokyo, Japan) at an acceleration voltage of 100 kV. Aliquot 
nanoemulsion was taken and dispersed in distilled water. A 
drop of the dispersion was placed on a copper grid covered with 
carbon, dyed with phosphotungstic acid, and allowed to dry at 
room temperature. Photographs were captured at 8000× after this 
grid had been mounted in the device.

FTIR

Spectra of pure deferoxamine, blank nanoemulsion, and optimized 
deferoxamine containing nanoemulsion were measured using 
spectrometer (FT/IR-6100, Jasco, Tokyo, Japan). IR spectra were 
measured between 400 and 4000 cm-1, and samples were scanned 
at resolution of 16 cm-1.

Thermodynamic Stability Study

The optimized deferoxamine loaded nanoemulsion was tested 
using centrifugation, freeze-thaw cycles, and heating-cooling 
cycles. The samples underwent freeze-thaw treatment (-21ºC 
to 25ºC) for 48 hr, while the heating-cooling cycle test was 
performed at six alternate cycles between -4ºC and 45ºC for 48 
hr. Similarly, nanoemulsions were centrifuged (5000 rpm for 10 
min) to perform the centrifugation test.30

Formulation of Nanoemulgel

The selected nanoemulsion was modified into hydrogel system 
using Carbopol as gelling agent. Hydrogel was fabricated by the 
dispersion method. Precisely weighed amount of carbopol 940 

(1% w/w) was dispersed in deionised water (100 mL) overnight to 
hydrate and to cross-linking of polymer. The required amount of 
nanoemulsion (equivalent to 200 mg of deferoxamine, ~20 mL) 
was weighed separately and added to 7.5 g of carbopol solution. 
The solution was mixed for 1 hr and added triethanolamine 
slowly to neutralize the mixture to get hydrogel system. Then the 
total volume of gel was made up to 10 g with carbopol, which 
resulted in 2% w/w deferoxamine loaded nanoemulgel. Control 
gel was formulated similarly using deferoxamine (2% w/w).

Characterization of Nanoemulgel
Visual examinations of developed nanoemulgel were done to 
check for color, homogeneity, and appearance. The pH of the 
nanoemulgel was measured using digital pH meter (Controller 
Based pH System 362, Ahmedabad, India). Samples (1 g gel) were 
mixed with 10 mL of MilliQ water and the electrode was immersed 
in the formulation to record pH. The amount of deferoxamine 
in the developed nanoemulgel was assessed by taking 500 mg 
of gel and dispersing it in the mobile phase (10 mL). After 10 
min of vortexing and 15 min of centrifugation at 3000 rpm, the 
supernatant of mixture was filtered through a syringe filter with a 
pore size of 0.22 µm and subjected to HPLC analysis.

Spreadability and Viscosity
Spreadability was determined based on the method described 
earlier.31 Nanoemulgel (0.5 g) was kept between two glass slides 
(10 cm × 10 cm), and the initial diameter of the resulting circle 
was noted. A 200 g weight was then applied and set aside for 1 
min in order to spread the gel and the diameter was measured 
again. The viscosity was measured using DV-I prime viscometer 
(Brookfield, Middleborough, MA, USA) with spindle code 64 
operated at 0.5 rpm at 25ºC.

In vitro Release Study
Standard Franz diffusion assembly (Logan Instruments 
Ltd., Somerset, NJ, USA) was used to measure the release of 
deferoxamine from nanoemulgel and control gel. The barrier for 
drug release was dialysis membrane (12 kDa), which was kept 
between chambers. The upper chamber was filled with formulations 

Factor Level used (actual, coded)

Low (-1) Medium (0) High (+1)
Independent variables (% v/v)
X1=Oil 3 5 7
X2=Smix 45 55 65
X3=Water 28 40 52
Dependent variables Targets
Y1=Particle size (nm) Minimum
Y2=Polydispersity Index (PDI)
Y3=Transmittance (%)

Minimum
Enhance

Table 1:  Factors used in optimizing deferoxamine nanoemulsion.
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(1 g containing 2% w/w deferoxamine of nanoemulgel or control 
gel), and the region accessible for drug release was 0.74 cm2. 
The bottom layer contains phosphate buffered saline (pH=7.4, 
5 mL) with Tween 80 (10%), kept at 37±1ºC and stirred at 100 
rpm. Sample was collected (1 mL) regularly, filtered and analyzed 
by HPLC. To identify the mechanism of the drug release from 
the developed nanoemulgel, the cumulative drug release versus 
time data were fitted and various release kinetics were assessed 
according to the literature.32

Ex vivo Skin Deposition

The deposition of deferoxamine in control gel and nanoemulgel 
was studied on freshly excised male albino rat skin. The rat 
skin was cleaned and placed in Franz diffusion apparatus. The 
receptor medium consisted of 5 mL of phosphate buffered saline 
and 10% Tween 80, with temperature of 37±1ºC. Formulation 
(500 mg) was kept in the donor compartment, and the quantity 
of deferoxamine deposited in the active diffusion area of skin 
was assessed after 12 and 24 hr. The skin was washed five times 
(with water), wiped using tissue paper, cut into small pieces and 
soaked in glass vials with methanol (5 mL) for 2 hr with constant 
sonication.33 The methanolic solution was filtered using 0.2 μm 
Millex syringe powered filter (Millipore Corporation, Bedford, 
MA, USA) and analyzed by HPLC. The extraction procedure 
was standardized by injecting standard drug solution and the 
recovery was 82.56±4.71%.

Skin Irritation

Male Wistar rats (200-250 g) were used to assess the skin 
irritation of the developed nanoemulgel. The University animal 
ethical committee (KFU-REC-2021-NOV-EA000156) approved 
the protocol for animal research, which followed international 
guidelines for the treatment and use of animals. In brief, an 
electric clipper was used to cut off hair from the rat's dorsal 
side. Group 1 got received 2.5% sodium dodecyl sulfate, while 
nanoemulgel and control gel was applied to group 2 and group 
3, respectively, and was applied for 24 hr. The Draize cutaneous 
irritation grading standards were utilized to calculate the test 
score.

In vivo Study

Before starting  the experiment, male Wistar rats weighing 
approximately 200-250 g were kept at an animal facility for a 
week. All experimental methods were performed according 
to the guidelines specified in the university animal ethical 
approval (KFU-REC-2021-NOV-EA000156), dated November 
9, 2021. The eighteen rats were divided into three groups, each 
with six rats. Using an 8 mm diameter biopsy punch, a circular 
incision wound was created. Animals in Group 1 (the control 
group) received no treatment. Group 2 animals received a blank 
nanoemulgel formulation (200 µL), while group 3 animals 
received a deferoxamine nanoemulgel (200 µL, or 4 mg of drug). 
The formulation was applied daily after cleaning the wound 
area with sterile cotton for 14 days. The wound contraction was 
calculated according to standard method.34 On the 14th day of the 
experiment, the rats were anesthetized for histological analysis, 

Figure 1: Solubility data of deferoxamine mesylate in various oils, surfactants, and co-surfactants (n=6, 
mean±SD).
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and the dermis and hypodermis were removed from the incision 
region using sharp scalpel and trimmer. A 10% formaldehyde 
solution was used to preserve each tissue sample. The tissue 
samples were then sectioned using a microtome, encased in 
paraffin wax, stained with hematoxylin and eosin, and inspected 
under a microscope.

Stability Study

The test formulation was placed in tightly sealed glass vials for 
3 months in refrigerator at 4ºC. The formulations were assessed 
for visual characteristics, deferoxamine concentration, spreading, 
viscosity, and drug release.

Data Analysis

The results were all displayed as mean±Standard Deviation (SD). 
GraphPad Prism (version 6) was used to statistically evaluate the 
data. ANOVA or the student t-test were used, with p values less 
than 0.05 being regarded as significant.

RESULTS AND DISCUSSION

Screening of Oil, Surfactant, and Co-Surfactant

It is crucial to select oils, surfactants, and co-surfactants with 
the highest solubilizing capability in order to maximize drug 
loading capacity without causing drug precipitation.21,35 Figure 1 
shows the results of deferoxamine mesylate solubility in different 
oils, surfactants, and co-surfactants. It has been observed that 
the highest solubility of deferoxamine in the tested formulation 
components was found in oleic acid (6.23±0.29 mg/mL), Tween 
80 (7.09±0.25 mg/mL), and propylene glycol (8.33±0.58 mg/

mL) among the oils, surfactant, and co-surfactant, respectively. 
Consequently, these ingredients were chosen to develop 
nanoemulsion preparation. Oleic acid, also known as octadec-9-
enoic acid, is a common oil phase used in emulsion systems 
that helps to improve the skin permeability and can solubilize 
lipophilic drugs along with its capacity to form microemulsion.36 
It has been reported that certain structural characteristics of 
oleic acid produce extremely high fluidity, which would serve 
as the core of nanosystems in the form of liquid droplets.37 
Furthermore, this monounsaturated fatty acid is often used in 
pharmaceutical formulations due to its high biocompatibility.38 
The high antioxidant content in oleic acid helps in the defense 
of body against the effects of free radicals, enhances the integrity 
of cell membranes, and supports the repair of damaged cells and 
tissues.39

The role of surfactant and co-surfactant in nanoemulsion is 
utmost important as they serve as emulsifier and lower the 
interfacial tension (at oil-aqueous interphase), which in turn 
improves the solubility and stability of the nanoemulsion.40 The 
non-ionic surfactant, Tween 80, could be suitable choice as it 
provides numerous benefits like low-toxicity and non irritation 
and is ideal for formulations aimed for skin delivery.41 In addition, 
a stable oil in water (o/w) type nanoemulsion can be produced 
using Tween 80 with HLB value of 15.35 It has been described that 
the combination of oleic acid and Tween 80 can produce ideal 
nanoemulsion structure owing to the physicochemical features 
they possess.37

The specific role of co-surfactants in nanoemulsion is to support 
the surfactant in producing small size droplets and increase the 

Figure 2:  Nanoemulsion area in ternary phase diagrams with different surfactant: co-surfactant ratios of (a) 1:1, (b) 1:2, and (c) 1:3.

Y1: Particle size (nm) Y2: PDI Y3: Transmittance (%)

Estimated value Observed 
value

Estimated value Observed 
value

Estimated value Observed 
value

Optimized 
formulation

88.75 88.0 0.390 0.390 89.55 89.26

Table 2:  Estimated and observed values of responses of optimized deferoxamine loaded nanoemulsion.
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stability of the product. The co-surfactant, propylene glycol has 
been widely used in nanoemulsions as it can increase interfacial 
fluidity by integrating into the surfactant layer at the interface, 
thereby facilitating the formation of nanosized droplets and 
improving thermodynamic stability of the formulation.42 
Additionally, propylene glycol is widely preferred in skin 
formulations as they enhance the drug permeation by disturbing 
the stratum corneum lipids.43 This chemical is also used as 
plasticizer in buccal films.44

Pseudo-Ternary Phase Diagram

Phase diagrams are helpful tools for identifying the number and 
kind of phases in a system, their weight percentages, and their 
composition at specific temperature and system composition.45 
The binodal curve in the phase diagram separates into a 
transparent nanoemulsion zone and the remaining area indicating 
turbid and convection emulsion. To determine the range of the 
nanoemulsion zone, the pseudo-ternary phase diagrams were 
built using visual observation of the transparent area. The charts 
were prepared separately for each surfactant to the co-surfactant 
ratio to identify the o/w nanoemulsion areas for further 
optimizing the nanoemulsion preparation. Figure 2 represents 
the phase diagrams of formulation composed of oil (oleic acid) 
and Smix (Tween 80: propylene glycol in three specific ratios of 1: 
1, 1: 2, and 1: 3) dispersed in water at room temperature. Figure 
2a indicates certain nanoemulsion region when the ratio was 
1:1, indicating the composition is capable to produce emulsion. 
However, it is always better to use lesser content of surfactant, 

which may cause skin irritation. Therefore, it was decided to raise 
the co-surfactant concentration and measure the nanoemulsion 
area. It was seen in Figure 2b that the nanoemulsion area increases 
when the surfactant, co-surfactant ratio was changed to 1:2. In 
another attempt, the surfactant-co-surfactant ratio was increased 
to 1:3, which further strengthened the nanoemulsion area (Figure 
2c) when compared to surfactant-co-surfactant ratio of 1:2. This 
increase in nanoemulsion area with higher co-surfactant content 
could be because of more decrease in interfacial tension and 
higher interfacial layer flexibility, which promote spontaneous 
curving and the generation of smaller droplets.42 It is also known 
that increasing the propylene glycol content in nanoemulsion may 
also improve the skin penetration of drugs.43 Therefore, the ideal 
ratio to use in the nanoemulsion formulation was determined to 
be 1:3 (w/w) of surfactant to co-surfactant.

CCD for Optimization of Nanoemulsion

When compared to the Box-Behnken design, CCD is preferred 
because it offers ideas for two more values, +a and -a, which are 
included within the design criteria for rotatability.46 Box-Behnken 
design only recommends formulations with low, mid, and high 
values for independent variables.46 After selecting the region 
of nanoemulsion from the pseudo-ternary phase diagram 
(Figure 2c), 20 experimental runs (N1-N20) were produced 
using CCD to find out the best formulation composition for 
nanoemulsion loaded with deferoxamine. The particle size, PDI, 
and transmittance were assessed for the 20 designed batches.

Figure 3:  Overlay plot for the selection of best deferoxamine loaded nanoemulsion using design space.
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Effect on Particle Size

The particle size is one of the most critical elements influencing 
the physicochemical properties/quality, stability, and efficacy of 
nanoemulsions.47 Additionally, the size of the particles is crucial 
in improving the efficacy of drugs when applied topically, as the 
small vesicles increase the skin permeation. The influence of input 
variables (X1, X2, and X3) on the particle size (Y1) was represented 
by the following equation:

Y1 (Particle size)=+85.84+12.71X1+19.87X2-59.74X3+4.01X1
X2+1.27X1X3-20.99X2X3-15.22X12+54.08X22+26.07X32

The model is significant (p<0.05), according to its F-value of 
2864.88. The model appears to be fit based on the lack of fit 
F-value of 3.75. The adjusted R2 (0.9993) and the projected R2 
value (0.9976) are reasonably close. A sufficient signal is indicated 
by the observed precision (167.38), which is more than 4. It was 
noticed from the equation that the increase in oil (X1) and Smix 
(X2) will lead to larger particle size while for water (X3) indicates 
decrease in the particle size on increasing its amount. The effects 
of three input factors on particle size are highlighted by means 
of 3D response surface plots, contour plots, linear correlation 
between actual and predicted values, and associated residual 
plots. The red portions in these plots indicate the greatest particle 
size values, while the yellow, green, and blue areas indicate 
progressively smaller values. The figure clearly demonstrates 
direct relation among oil or Smix concentration on the particle 
size of the nanoemulsion formed. It is evident that the particle 
size in experimental batches (N1-N20) varied widely between 
23 nm (N11) and 275 nm (N2), indicating the influence of 
input variables on this response. The effect of X1 is evident in 
batches N10 and N12, where raising oil amount (3 to 7%), even 
as retaining other factors same, there was sizeable increase in 
particle size (Y1). This is because the higher quantity of oil can 
lead to rise in emulsion particle size, as documented in an earlier 

study with oleic acid.48 Similarly, in case of N15 and N17, where 
increasing the X2 amount, while keeping other factors the same, 
there was significant increase in particle size. It was also observed 
that after certain point, further increase in Smix concentration 
resulted in significant increase in droplet size. It is probably due 
to excess surfactant formed aggregates in the continuous phase 
with reduced amount of surfactant available to cover the oil phase 
could have lead to droplet aggregation and increase in droplet 
size.48 On the other hand, comparison of N3 and N5 indicates 
decrease in particle size when the amount of water was increased. 
This is because the phase inversion process where conversion of 
phase leads to state of minimal interfacial tension and produce 
small droplet size.49

Effect on PDI

The PDI value indicates the heterogeneity of size distribution of 
particles and the stability of formulations.50 This index value in 
the dispersion ranges between 0 and 1, with values closer to 0 

indicating narrow droplet size distribution, while values near 1 
indicate polydisperse system. A homogeneous system signifies 

greater efficacy, where steady drug release and higher bio-
availability are observed. The influence of input variables (X1, 
X2, and X3) on the PDI (Y2) was represented by the following 

equation:

Y2 (PDI)=+0.4537+0.0353X1+0.0277X2-0.1179X3+0.0526X1X
2+0.0274X1X3+0.0204X2X3-0.0297X12+0.0293X22+0.0288X32

The model is significant (p<0.05), according to its F-value of 
32.49. The model appears to be fit based on the lack of fit F-value 
of 1.75. The adjusted R2 (0. 9372) and the projected R2 value (0. 
8145) are moderately close. A sufficient signal is indicated by the 
observed precision (19.637), which is more than 4. It is observed 
that with increase in the amount of oil (X1) and Smix (X2) will lead 
to higher PDI (Y2), while decrease in Y2 occurs with increase 

Figure 4:  Particle size (a) and zeta potential (b) of optimized deferoxamine loaded nanoemulsion.
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in water content (X3). The effects of three input factors on PDI 
are highlighted by means of 3D response surface plots, contour 
plots, linear correlation between actual and predicted values, 
and associated residual plots. The figure clearly demonstrate 
direct relation between the oil or Smix content and the PDI of the 
nanoemulsion formed. It is evident that the PDI in experimental 
batches (N1-N20) varied between 0.302 (N10) and 0.734 (N6), 
indicating the influence of input variables on this response. The 
variation in Y2 was noticed in batches N10 (0.302) and N12 
(0.568) with change in X1 content, which may be because of 
the increase in viscosity of the formulation, though it has to be 
examined. Similarly, the effect of X2 on Y2 was evident in batches 
N5 (0.311) and N12 (0.568), which is likely due to the stability 
of nanoemulsion being affected with increase in Smix as reported 
elsewhere.51 However, the increase in water content in the system 
decreases the Y2 value as evidenced in N3 (0.554) and N5 (0.311), 
which could be due to better dispersion of oil in the aqueous 
phase.

Effect on Transmittance
Transmittance is an important quality control parameter for 
nanoemulsion, which indicates the visual clarity, stability and 
uniformity in droplet size. In general, the % transmittance of 
nanoemulsion near 100% signifies the formulations were clear, 
transparent and capable of transmitting light across the nanoscale 

size range.52 The influence of input variables (X1, X2, and X3) on the 
% transmittance (Y3) was represented by the following equation:

Y3 (% Transmittance)=+90.89-3.08X1-0.9271X2+1
2.95X3+1.57X1X2-0.8450X1X3+3.46X2X3 +1.24 

X12-13.02X22-7.42X32

The model is significant (p<0.05), according to its F-value 
of 635.25. The model appears to be fit based on the lack of fit 
F-value of 3.17. The adjusted R2 (0. 9967) and the projected 
R2 value (0. 9891) are reasonably close. A sufficient signal is 
indicated by the observed precision (19.637), which is more than 
4. It was observed that the increase in the amount of oil and Smix 
will lead to decrease in % transmittance, while increase in the % 
transmittance with increase in water content. The effects of three 
input factors on % transmittance are highlighted by means of 3D 
response surface plots, contour plots, linear correlation between 
actual and predicted values, and associated residual plots. The 
figure clearly demonstrate negative relation between the oil or Smix 
content and the % transmittance of the nanoemulsion formed. 
It is evident that the % transmittance in experimental batches 
(N1-N20) varied between 48% (N6) and 98% (N11), indicating 
the influence of input variables on this response. The variation in 
Y3 was much more evident in batches N18 (89%) and N5 (76%) 
with change in X1 content, probably because of oil concentration 

Figure 5:  Transmission electron microscopy of optimized deferoxamine loaded nanoemulsion. The scale bar 
reprfsents 500 nm.
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increases, resulting in increase in droplet size, which leads 
to greater light scattering and corresponding decrease in % 
transmittance.51 Similarly, the effect of X2 on Y3 was evident in 
batches N15 (67%) and N17 (56%), which may be due to increase 
in Smix concentration beyond ideal ratio resulted in increased 
coalescence leads to larger particle size and less transparent 
microemulsion phase.53 However, the increase in water content 
in the system increases the Y2 value as evidenced in N3 (59%) and 
N5 (76). This could be due to reduction in the size of oil droplets 
dispersed within the water phase, which leads to small droplet 
size, results in less scattering of light and more transparent or 
translucent appearance.52

Optimization and Point Prediction

The optimized batch of deferoxamine nanoemulsion was chosen 
based on the criteria of achieving the best response in particle 
size, PDI, and transmittance using the graphical point prediction 
optimization approach of design expert software. Overlay 
plot on specific focus area for the selection of optimized batch 
was presented in Figure 3. The composition of the optimized 
formulation based on design space contains oleic oil (3.51%), Smix 
(61.81%) and water (42.64%) and was prepared and evaluated. 
Table 2 shows the estimated and observed values of the selected 
nanoemulsion. The findings demonstrate that the observed 

values matched the predictions, and the difference between the 
estimated and observed values for transmittance, PDI, and particle 
size was found to be insignificant (p>0.05). Consequently, it was 
concluded that the derived mathematical equation can accurately 
predict transmittance, PDI, and particle size.

Evaluation of Optimized Formulation
Particle Size, PDI and Zeta Potential

The droplet size of nanoemulsion plays important role in 
enhancing wound closure following topical delivery.23 The 
droplet size of optimized formulation was ~88 nm, as shown 
in Figure 4. This allows for close contact with the stratum 
corneum, which enhances drug penetration and high therapeutic 
efficacy in wound healing.54 The PDI value of the developed 
formulation was 0.390, suggesting homogeneity and uniformity 
of the nanoemulsion. The zeta potential is crucial for stability 
because it shows the electrostatic charge on nanostructures, 
which produces  repulsive energy barrier that prevents particle 
aggregation.37 It has been described that the zeta potential value 
higher than ±30 mV implies that the developed nanoemulsion is 
stable.55 The observed zeta potential of prepared nanoemulsion 
was -52 mV (Figure 4), signifying higher stability. The negative 
value observed here could be due to the spontaneous formation 
of negative charge at the water-hydrophobic interface when the 
oil/Smix comes into contact with water, as reported previously.37

Morphology

High-resolution electron microscopy is frequently used to 
analyze the morphology of nanoemulsions, providing vital 
information about the size and shape of the droplets as well as 
stability assessment.56 The shape and dimensions of the optimized 

Figure 6:  In vitro release study of deferoxamine from control (2% w/w deferoxamine gel) and 
nanoemulgel. Results are expressed as the mean±SD of six experiments.

After 12 hr After 24 hr
Control gel 0.09±0.002 mg/cm2 0.53 ±0.02 mg/cm2

Nanoemulgel 2.81±0.31 mg/cm2 4.72±0.88 mg/cm2

Results are expressed as the Mean±SD of six experiments.

Table 3: Amount of deferoxamine retained in rat skin at different time 
intervals from the control gel and nanoemulgel. 
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nanoemulsion were recorded and presented in Figure 5. The 
droplets in the nanoemulsion seem black while the surroundings 
are light. The image here shows distinct droplets that are spherical, 
nanometers in size (~100 nm), uniformly distributed, and appear 
to be distinct without agglomeration. Moreover, the particle size 
was consistent with the outcomes of zetasizer-based droplet size 
data.

FTIR

In preformulation studies, FTIR is utilized to determine the 
stability of the drug in the final formulation and to identify 
potential drug-excipient incompatibilities. The formulation 
excipients may interact with the active, resulting in molecular 
changes that may influence the formulation stability. The FTIR 

spectra of deferoxamine show distinctive absorption peaks related 
to its hydroxamic acid and amide functionalities. Prominent 
absorption bands observed between 3536.81- 3116.40 cm⁻¹ are 
due to the overlap of O-H and N-H stretching vibrations, implying 
the existence of hydroxamic acid groups and amide linkages, 
together with strong intermolecular hydrogen bonding. The peak 
at 2931.27 cm⁻¹ corresponds to the asymmetric stretching of 
aliphatic C-H bonds in methylene (-CH₂) groups. A prominent 
absorption band at 1631.48 cm⁻¹ is attributed to the amide I 
band, exhibiting C=O stretching vibration of the hydroxamic 
carbonyl group, hence confirming the preservation of the amide 
functionality. The band detected at 1565.92 cm⁻¹ corresponds 
to the amide II vibration, resulting from N-H bending in 
conjunction with C-N stretching. The signal at 1461.78 cm⁻¹ is 

Figure 7: Upper panel: Representative images of wound areas in control, blank formulation, and 
deferoxamine nanoemulgel from day 0 to day 14 after wound injury. Lower panel: Percentage 

contraction of wound area. Results are expressed as the mean±SD of six experiments. 
*** p<0.0001 compared to blank formulation and control on the same day.
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ascribed to CH₂ bending vibrations of the aliphatic chain. The 
absorption band at 1203.36 cm⁻¹ is attributed to C-N stretching 
(amide III band), whereas the peak at 1052.94 cm⁻¹ belongs 
to N-O stretching vibration of the hydroxamic acid group, a 
diagnostic trait essential for iron chelation.20

The FTIR spectrum of the deferoxamine loaded nanoemulsion 
exhibited prominent absorption band at 3486.67 cm⁻¹ (O-H 
and N-H stretching vibrations), 2931.27 cm⁻¹ (aliphatic C-H 
stretching), 1627.63 cm⁻¹ (C=O stretching), 1461.78 cm⁻¹ (CH₂ 
bending vibration), 1253.5 cm⁻¹ (C-N stretching), 1079.94 cm⁻¹ 
(N-O stretching), hence confirming successful incorporation of 
deferoxamine within the nanoemulsion system. Minor deviations 
in peak placements and changes in intensity were noted in the 
formulation spectrum. These variations could relate to hydrogen 
bonding interactions, physical encapsulation of the drug within the 
nanoemulsion matrix, overlap of excipient peaks, and alterations 
in molecular arrangement. In addition, peaks at 1353.78, 944.94, 
883.24, and 694.24 cm⁻¹ are likely associated with excipients and 
structural vibrations of the formulation components, which are 
also observed in the blank formulation. The presence of all major 
peaks of deferoxamine in the nanoemulsion spectrum suggests 

compatibility between the drug and formulation components 
used, indicating the absence of significant chemical interaction 
or degradation during formulation.

Thermodynamic Stability Study

Emulsion stability is normally evaluated under stress conditions 
(temperature as well as centrifugation). Centrifugal techniques 
are often employed in formulation development to induce and 
accelerate instability caused by gravity. It is accepted that when 
an emulsion is centrifuged, the dissociation of the dispersed 
phase caused by creaming or coalescence can be utilized to 
quickly predict shelf life under conventional storage conditions.57 
The findings of this investigation reveal that the optimized 
nanoemulsion did not exhibit any phase separation or creaming 
following the heating-cooling cycle, freeze-thaw cycles, or 
centrifugation. Indeed, the favorable results indicate that the 
emulsion is sufficiently stable.

Characterization of Nanoemulgel

Despite being in the nano-size range, the low viscosity of 
optimized nanoemulsion formulation makes it difficult to apply 

Figure 8:  Representative photomicrographs of the rat skin tissues stained with hematoxylin and eosin (40× magnification) at day 14. (a) control group, (b) 
blank formulation treated, (c) deferoxamine nanoemulgel treated and (d) freshly cut wound. 
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topically for cutaneous use. Hence, the optimized nanoemulsion 
was modified into hydrogel system with desired consistency using 
carbopol 940, an excellent rheology modifier that forms clear gel 
to improve the formulation retention on topical application.58 
The developed nanoemulgel was white, homogeneous viscous 
preparation with smooth appearance and absence of phase 
separation. The observed pH of prepared nanoemulgel was 
6.12±0.30, which is regarded as acceptable and is not likely to 
cause any skin irritations when applied.59 The drug content in 
the formulation was high (97.84±2.06%), demonstrating uniform 
dispersion of deferoxamine within the nanoemulgel system.

Spreadability and Viscosity

The spreadability of formulation is one of the most crucial 
factors to consider when developing topical gels designed for 
skin application as it indicates the consistency and ease of 
application that helps to achieve precise dosage distribution.60 
In the current study, the initial diameter of the nanoemulgel 
measured was 5.22±0.35 cm. However, upon the application 
of the weight, the diameter increased to 15.88±0.50 cm, 
indicating adequate spreadability for topical application. The 
viscosity and spreadability of nanoemulgel are interrelated and 
influence the performance of the product. Indeed, the viscosity 
of the formulation can influence spreadability, drug release and 
permeation when applied topically.24 The measured viscosity of 
gel (85356±2834 cP) indicates suitable for topical application and 
was comparable with earlier data.61

In vitro Release Study

Drug release data are essential for evaluating the clinical 
effectiveness of topical products as they simulate the presence of 
drugs at the target location.28 This study ensures the developed 
formulations homogeneity, potency, and compatibility, while also 
assists in predicting in vivo behavior.62 The deferoxamine release 
of nanoemulgel and control is presented in Figure 6. The tested 
formulations showed two different release characteristics. At all 
time points, the drug release was slow and steady in nanoemulgel 
when compared to the control gel. The percentage of drug release 
in the initial hour was significantly lower (10.19%, p<0.0001) in 
the nanoemulgel than in the control gel (49.51%). It is also evident 
that the drug release was complete in both formulations, however, 
the nanoemulgel showed relatively longer release profile (12 hr) 
than the control gel (6 hr). In fact, the sustained release observed 
here with nanoemulgel is beneficial for topical wound healing as 
it prolongs the drug presence at the wound site, which in turn 
reduces the dosing frequency. The slow release by nanoemulgel 
compared to the control may be attributed its dual-phase structure, 
which contains emulsion distributed inside polymeric gel matrix 
and applies extra mass transfer barrier to drug transport.63 
Assessment of the release data of deferoxamine from the 
nanoemulgel showed the best fit to the Korsmeyer-Peppas model, 
as indicated by the high correlation coefficient (R²=0.9964). The 

release exponent (n=0.6992) indicates non-Fickian (anomalous) 
transport mechanism wherein drug release is controlled by 
combination of diffusion and polymer relaxation processes 
rather than only Fickian diffusion. Furthermore, the drug release 
patterns of nanoemulgel and control gel were compared using 
the similarity (f₂) and dissimilarity (f₁) factors. In fact, the data 
(f1=50 and f2=25) demonstrate that the two formulations had 
distinct release characteristics. Overall, these findings support the 
comparatively delayed deferoxamine release from nanoemulgel.

Ex vivo Skin Deposition

Effective topical wound therapy needs sufficient drug retention 
within the epidermal layers because the local drug availability 
directly affects therapeutic outcomes.64 An extended formulation 
retention at the application site is ideal for better pharmacological 
activity and greater healing efficacy of deferoxamine, which 
promotes wound healing by stabilizing hypoxia-inducible 
pathways and improving vascularization.14 Therefore, the skin 
deposition of the developed nanoemulgel was assessed, and the 
results are presented in Table 3. The results showed significant 
amount of deferoxamine deposition (p<0.001) in the skin layers 
at both time points in comparison to the control gel. It is also 
noticed that the drug deposition in nanoemulgel increased 
significantly (p<0.05) from 12 hr to 24 hr and was ~30 and ~9 fold 
higher than control, respectively. The higher deposition observed 
with the nanoemulgel could be due to the synergistic effects of the 
nanoemulsion and the carbopol gel matrix. Overall, the observed 
greater deferoxamine skin deposition from the nanoemulgel 
underscores the developed formulation’s prospective as a topical 
delivery strategy for better wound healing outcomes.

Skin Irritation

Skin safety is critical to the safe clinical application of topical 
products. The skin irritancy test was conducted to detect potential 
cutaneous reactions of the developed nanoemulgel. A higher 
irritancy index was noticed with the standard irritant (6.54±1.38), 
while the values of nanoemulgel (0.98±0.65) and control gel 
(0.68±0.36) were considerably lower. Moreover, rat skin showed 
no sign of erythema, edema or inflammation with nanoemulgel 
or control gel when compared to the standard irritant. This 
finding demonstrates that the developed nanoemulgel is safe to 
use topically and is well tolerated.

In vivo Study

Photographs were used for macroscopic examination in order 
to monitor wound healing. Representative photographs of the 
wound area in different groups (control, blank formulation and 
deferoxamine nanoemulgel) are displayed in Figure 7 (upper 
panel). By day 3, the deferoxamine nanoemulgel treated group had 
softer thrombus formation, less inflammation, and no exudate, 
while the control and blank formulation groups had hardened 
thrombus, swelling, and discharge. In addition, rats treated with 
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the drug loaded nanoemulgel demonstrated accelerated wound 
healing, as evidenced by enhanced wound contraction from day 3 
to day 14 compared to both control and blank formulation groups. 
Interestingly, the nanoemulgel treated group developed reddish 
granulation tissue by day 3. The observed percentage of wound 
contraction in all groups is presented in Figure 7 (lower panel). 
The percentage of wound contraction increased in all groups, 
however, wound healing was significantly higher (p<0.0001) 
in the deferoxamine nanoemulgel group than in the control 
and blank formulation groups. In deferoxamine nanoemulgel 
treated group, 50% wound contraction was seen at day 3, which 
progressively increased to 78%, 95% and 100% by day 7, 10 and 
14, respectively. However, the control and blank groups showed 
64% and 66% wound closure by day 14. Overall, these findings 
indicate the improved wound healing efficacy of the developed 
nanoemulgel formulation.

Histopathological analysis is considered as an essential 
technique for evaluating wound healing as it provides in-depth 
microscopic insights into the tissue regeneration process.65 The 
photomicrographs of rat tissue sections of different groups are 
presented in Figure 8. The red arrow shown in Figures 8a and 
8b indicates the presence of mononuclear inflammatory cell 
infiltration in the control and blank formulation treated groups. 
However, Figure 8c indicates advanced re-epithelialization, 
vascular structural repair, and well-organized collagen 
deposition suggesting almost complete tissue regeneration with 
the deferoxamine nanoemulgel treated group. The existence 
of ulceration along with higher number of lesions is noticed in 
freshly cut wound (Figure 8d). Histopathological analysis of the 
deferoxamine nanoemulgel treated group showed well organized 
skin architecture with full re-epithelialization, skin adnexal 
structure repair, and dermal collagen remodeling. There was 
no evidence of inflammation on the repaired tissue of animals 
treated with deferoxamine nanoemulgel, indicating that the 
inflammation had been effectively resolved. The greater wound 
healing efficacy observed with the deferoxamine nanoemulgel 
could be due to the prolonged residence time at the wound site, 
as well as better local delivery and sustained drug release.

Stability Study

Results of the stability study indicate the developed nanoemulgel 
formulation maintained the original color (white), consistency 
(homogeneous), drug content (98.27%), spreadability (14.27±0.38 
cm) and viscosity (83875±525 cP) when stored at 4ºC for 3 months. 
Furthermore, the drug release profile of nanoemulgel before and 
after stability study did not differ substantially when evaluated 
using t-test with two samples with equal variances. After three 
months, the nanoemulgel profile remained comparable and was 
not statistically significant, as the observed t-test value of 0.188 
was significantly lower than the t-critical value of 1.76.

CONCLUSION

A systematic study was carried out to develop deferoxamine 
loaded nanoemulgel for effective wound healing therapy. Initial 
screening was performed to identify suitable oil, surfactant, 
and co-surfactant for nanoemulsion preparation by assessing 
deferoxamine solubility. Oil (oleic acid) and surfactant-co-
surfactant (Smix, Tween 80: propylene glycol, 1:3) were used 
to prepare the nanoemulsion by aqueous titration method. 
The nanoemulsion was optimized using central composite 
design, which assessed the impacts of three independent 
factors (oil quantity, Smix, and water) on key responses (particle 
size, polydispersity index, and transmittance). The optimized 
nanoemulsion exhibited desirable characteristics like nano-size 
droplet, low PDI, high transmittance and good zeta potential. 
FTIR spectra confirmed compatibility between the drug and 
formulation components. Morphological evaluation by TEM 
indicated spherical droplets with uniform dispersion and absence 
of agglomeration in the prepared nanoemulsion. FTIR spectra 
confirmed compatibility between the drug and formulation 
components used, while thermodynamic study confirms 
stability. The selected nanoemulsion was modified into hydrogel 
system using carbopol 940 to form nanoemulgel. The developed 
formulation demonstrated good spreadability, adequate viscosity 
and no sign of skin irritation, indicating its suitability for skin 
application. Distinct drug release characteristics were exhibited 
by nanoemulgel in comparison to control gel, as noticed in the 
dissimilarity (f1=50) and similarity (f2=25) factors. Furthermore, 
the drug loaded nanoemulgel demonstrated sustained drug 
release, enhanced skin deposition, and greater improvement in 
wound contraction. These findings highlight the strong potential 
of deferoxamine loaded nanoemulgel as a promising topical 
delivery platform for effective wound healing and support further 
clinical investigation.
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SUMMARY

•	 Deferoxamine-loaded nanoemulgel was successfully 
developed and optimized via central composite design to 
enhance topical drug delivery.

•	 Optimized nanoemulsion exhibited nanoscale droplet size, 
excellent stability, and uniform morphology.

•	 Nanoemulgel provided sustained drug release following 
Korsmeyer-Peppas kinetics and significantly enhanced skin 
deposition.

•	 Formulation demonstrated superior physicochemical 
properties, high drug content, and excellent skin tolerability 
without irritation.

•	 In vivo studies demonstrated complete wound closure by 
day 14, along with enhanced tissue regeneration and healing 
outcomes.
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