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ABSTRACT

This study explored the development of nanoemulsion-based nanogels for the enhanced
delivery of Naftifine, an antifungal agent. Various formulations, including blank (F1), drug-
loaded nanoemulsion (F2), and chitosan-based nanogel (F3), were prepared and evaluated for
their physical and chemical properties. The nanoemulsions were prepared using olive oil,
lecithin, and xanthan gum, followed by the incorporation of Naftifine into selected
formulations. Chitosan nanogel was developed by mixing the nanoemulsion with a chitosan
gel base. The formulations were characterized for viscosity, droplet size, surface charge,
polydispersity index (PDI), and drug content. FTIR spectroscopy confirmed no interaction
between Naftifine and the excipients. The antifungal efficacy of the formulations was assessed
using Minimum Inhibitory Concentration (MIC) tests against Trichophyton rubrum and
Microsporum canis. Results showed that the nanoemulsion-based nanogel exhibited superior
drug release and antifungal activity compared to the nanoemulsion alone, indicating its
potential for more effective antifungal therapy.
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INTRODUCTION

Nanoemulsions and nanogels are advanced drug delivery systems that offer unique advantages
in pharmaceutical and cosmetic applications due to their small particle size and enhanced
bioavailability. Nanoemulsions are colloidal systems consisting of nanoscale droplets,
typically ranging from 20 to 200 nm, dispersed in a continuous phase (Krishnan-Natesan, 2009,
Newland and Abdel-Rahman, 2009). These systems are stabilized by surfactants and offer
improved solubility, stability, and controlled release of hydrophobic drugs. Nanoemulsions are
widely used in topical, oral, and parenteral drug delivery because of their ability to enhance
drug penetration through biological membranes, ensuring better therapeutic outcomes (Kaur et
al., 2017, Kaur et al., 2019, Smolenski et al., 2021). Nanogels, on the other hand, are hydrogel-
based formulations with a network structure that can encapsulate drugs within their matrix.
These gel-like systems are typically composed of polymers like chitosan, and their size can
range from 1 nm to 1000 nm. Nanogels offer excellent swelling properties, biocompatibility,
and tunable mechanical strength, making them ideal for controlled or sustained drug release.
Due to their higher viscosity compared to nanoemulsions, nanogels are particularly suited for
localized drug delivery, such as transdermal patches or topical applications, where a slower
release is beneficial (Patil et al., 2024, Ranjbar et al., 2023, Krishnan-Natesan, 2009). Both
nanoemulsions and nanogels are promising platforms for the delivery of active ingredients,
providing flexibility in formulation design, stability, and enhanced therapeutic efficacy. The
rationale for preparing nanoemulsion-based nanogels of naftifine lies in the need to enhance
the delivery and efficacy of this antifungal agent, commonly used for treating skin infections
such as athlete's foot and ringworm. Natftifine, being lipophilic, faces challenges in solubility
and penetration through the skin's hydrophobic barrier (Balfour and Faulds, 1992, Darkes et
al., 2003, Leyden, 1998, Das et al., 2024). Nanoemulsions, with their nanoscale droplet size,
offer a solution by improving drug solubility and promoting deeper skin penetration. These
properties enhance naftifine's bioavailability at the site of infection, potentially reducing dosing
frequency and improving therapeutic outcomes. Incorporating the nanoemulsion into a nanogel
matrix further optimizes its application. Nanogels, with their gel-like consistency, provide a
more controlled and sustained release of the drug. This ensures prolonged contact with the
affected area, enhancing the drug's antifungal activity over time. Moreover, nanogels are easy
to apply, offer superior spreadability, and are more comfortable for patients due to their non-
greasy nature (Kothapalli et al., 2024, Szumata and Macierzanka, 2022, Donthi et al., 2022,
Das et al., 2024). By combining the advantages of both nanoemulsions and nanogels, a
nanoemulsion-based nanogel formulation of naftifine would offer enhanced drug delivery,
improved patient compliance, and potentially superior clinical outcomes in the treatment of
superficial fungal infections. This dual system aims to address both solubility and release
challenges associated with naftifine (Newland and Abdel-Rahman, 2009, Jessup et al., 2000).
To summarise, the creation of a nanogel formulation of Naftifine presents a promising strategy
for treating fungal infections affecting the skin and nails. It may result in higher patient
compliance, targeted distribution, delayed release, and enhanced effectiveness. As a result, the
goal of the current work is to create nanogels of naptifine based on nanoemulsion and assess
their different physicochemical characteristics and antifungal capabilities.
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MATERIAL AND METHODS

Drugs and chemicals

The study utilized a variety of drugs and chemicals essential for the formulation of
nanoemulsions and nanogels. The active drug used (Naftifine) was incorporated into the
nanoemulsion (F2), with blank formulations (F1) serving as controls. Naftifine was received
as gift sample from Arizon pharma, Himachal Pradesh. Chitosan was employed as a key
polymer in the nanogel (F3) for its biocompatibility and gel-forming properties and was
procured from Sigma Aldrich. Other excipients included surfactants, emulsifiers, and
stabilizers to ensure the formulations' stability and effectiveness and were procured from
reputed vendors. All chemicals used, including solvents and reagents for analysis, were of
analytical grade.

Preparation of nanoemulsion (NEM)

The nanoemulsion was prepared using the previously described protocol (Zhou et al., 2016)
with a few essential modifications. The prepared formulas are listed in Table 1 below. The
nanoemulsions (NEM-1 to NEM-4) were prepared using a systematic approach. Initially, the
oil phase was created by accurately weighing olive oil, lecithin, and the drug (for NEM-2 to
NEM-4) according to the specified amounts in Table 1. These components were mixed
thoroughly to ensure homogeneity of the oil phase. Simultaneously, the aqueous phase was
prepared by weighing xanthan gum in the required quantity for each formulation and dissolving
it in distilled water. Continuous stirring was applied to achieve complete dispersion of the
xanthan gum in the water. Once both phases were ready, the oil phase was slowly introduced
into the aqueous phase while stirring at a moderate speed of 500-1000 rpm. This step initiated
the emulsification process. Following this, high-speed homogenization was carried out for a
predetermined time to form a fine, uniform nanoemulsion. After emulsification, distilled water
was added to each formulation to adjust the total weight to 100 g. The completed
nanoemulsions were then transferred into sealed containers for further analysis and
characterization, ensuring that the desired concentration of each component was accurately
achieved in the final formulations.

Table 1. Table of formula composition for nanoemulsions with varying component amounts

Code for the |  Olive Oil Xanthan 1y ooithin | prug | Dstilled water
formulations (wiw) Gum wiw) | (Yoww) | Stomake
(Wiw) 100 ¢
?'BEIaMné 20 g 25 g 20 g i 59 g
NEM-2 25¢ 209 199 2% 41.75¢
NEM-3 229 239 179 2% 4375 g
NEM-4 25 g 209 15 2% 4575 g

Evaluation of nanoemulsions and preparation of chitosan gel

Several nanoemulsion formulations were physically inspected before being added to the gel
matrix. We carefully monitored the colour shifts, homogeneity, and phase separation of the
different formulations. For a period of 28 days, samples from each formulation were stored at
8°C, 25°C, 40°C, and 40°C with 75% relative humidity (RH). The chitosan gel was created by
dissolving chitosan in distilled water. Using the procedure outlined by Zhou et al. (2016), a
precise weight of 2.5 grammes of chitosan was measured and then dissolved in 100 millilitres
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of distilled water containing 1.5% acetic acid (Zhou et al., 2016). To create the gel, a high-
speed mixer running at 4000 rpm for 10 minutes was used. The resultant gel was then allowed
to set overnight in storage prior to being mixed into the emulsion.

Making the nanogel for the nanoemulsion

For the chitosan gel preparation, chitosan was first dissolved in a 1% acetic acid solution under
continuous stirring until a clear, homogeneous solution was obtained. Following this, the
selected nanoemulsion was slowly added to the chitosan solution while maintaining stirring to
ensure uniform distribution. The solution was then neutralized by adding a small amount of
sodium hydroxide (NaOH) to promote gel formation, adjusting the pH to a skin-friendly range
of 5.5 to 6.5. The mixture was stirred until a smooth gel was formed, after which it was stored
in suitable containers for further evaluation. This method ensured that the formulations were
both stable and effective, making them suitable for potential therapeutic applications.

Characterizations

Thermodynamic stability and Heat cooling cycle

The thermodynamic stability of the optimized formulations was assessed over 28 days,
following the International Conference on Harmonisation (ICH) guidelines. This evaluation
was conducted to determine how well the formulations could withstand adverse environmental
conditions. Both the nanoemulsion (NEM) and the chitosan-based nanoemulsion gel (NEMG)
were subjected to this test, using a method adapted from Burki et al. (2020), with some
modifications (Burki et al., 2020).The formulations were first placed in an incubator at 40°C
for 28 days. After this period, they were allowed to cool and return to room temperature. The
purpose of this assessment was to identify any physical changes, such as the appearance of
turbidity, creaming, or cracking, which could indicate formulation instability. Observing these
changes helped evaluate the long-term stability of the formulations and their ability to endure
thermal fluctuations, ensuring their viability for extended storage.

The cycle of freeze-thaw and centrifugation

The stability of both the nanoemulsion (NEM) and nanoemulsion gel (NEMG) formulations
was further evaluated through a freeze-thaw cycle test, conducted over a period of 28 days.
During this test, the formulations were placed in a deep freezer at a temperature between 2-
4°C. After the freezing phase, they were removed and allowed to thaw at room temperature.
Following each cycle, the formulations were visually examined to determine whether they had
reverted to their original state, indicating physical stability.

Inaddition to the freeze-thaw test, a high-speed centrifugation test was performed using a Remi
centrifuge (Remi, India). The formulations were placed in separate Eppendorf tubes and
subjected to centrifugation at speeds of 6000 and 12000 rpm for 12 minutes each. This process
was intended to evaluate the formulations' tendency to separate into oily and aqueous phases.
Observations of phase separation provided important information on the overall stability and
integrity of the emulsions, helping to confirm the robustness of the formulations under stress
conditions.

The NEM and NEMG's pH, droplet size, surface charge, and PDI

The pH, droplet size, surface charge, and polydispersity index (PDI) of both the nanoemulsion
(NEM) and the nanoemulsion gel (NEMG) were carefully analyzed to ensure the formulations'
quality and stability (Burki et al., 2020). The pH of both NEM and NEMG was measured using
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a calibrated pH meter to ensure compatibility with biological systems, particularly skin
applications. The pH was expected to fall within an acceptable range, which is typically skin-
friendly, ensuring that the formulations would not cause irritation. The droplet size of the
formulations was assessed using dynamic light scattering (DLS) techniques. This parameter is
crucial for nanoemulsions, as smaller droplet sizes generally contribute to better stability and
more effective drug delivery. The average droplet size for both NEM and NEMG was measured
and compared. The surface charge, or zeta potential, was evaluated to determine the stability
of the emulsions. A higher absolute value of zeta potential suggests better stability due to
increased repulsion between droplets, reducing the likelihood of aggregation (Ali et al., 2020).
The zeta potential of both formulations was measured using a zeta potential analyzer. The
polydispersity index (PDI) was also measured to evaluate the distribution of droplet sizes
within the formulations. A lower PDI value indicates a more uniform distribution of droplet
sizes, contributing to the stability and consistency of the nanoemulsion. Both NEM and NEMG
were analyzed for PDI, with values expected to reflect a stable and uniform system (Ali et al.,
2020). Together, these parameters provided a comprehensive evaluation of the formulations'
stability, ensuring that they met the required standards for effective and safe application.

Analysis of the drug content

With only minor adjustments, the drug content analysis was carried out using the previously
outlined approach (Burki et al., 2020). The drug content in the nanoemulsion gel (NEMG)
formulations was analyzed to ensure the proper incorporation and consistency of the drug
within each system. This was done by taking a specific amount of each formulation and diluting
it with an appropriate solvent to dissolve the drug completely. The diluted samples were then
subjected to UV-visible spectrophotometry, depending on the drug's characteristics and the
method's sensitivity. Calibration curves were prepared using known concentrations of the drug
to ensure accurate quantification. The absorbance or peak area obtained from the samples was
compared to the calibration curve to determine the exact drug content. Each analysis was
performed in triplicate to ensure accuracy and reproducibility. The drug content was then
expressed as a percentage of the theoretical amount, and results within the acceptable range
indicated that the drug had been uniformly incorporated into the formulations. Any significant
deviation would suggest issues with the drug loading process or potential loss during
formulation. This analysis ensured that the NEMG contained the desired drug concentration
for therapeutic efficacy.

NEMG viscosity and morphological investigations

The viscosity of the nanoemulsion gel (NEMG) was measured to evaluate the flow properties
and ensure that the gel had the appropriate consistency for topical application. The viscosity
measurement was carried out using a viscometer, typically a Brookfield viscometer, at a
controlled temperature to maintain accuracy (Alexander et al., 2013). The spindle speed and
torque were adjusted based on the gel's characteristics. The viscosity values provide insights
into the gel's ease of application, spreadability, and stability. A higher viscosity ensures that
the formulation stays at the application site for an extended period, while lower viscosity may
result in easier application but less retention on the skin. The results of the viscosity
measurement helped to confirm the desired consistency of NEMG, suitable for its intended use.
For morphological studies, the structure and shape of the droplets in both the nanoemulsion
(NEM) and the nanoemulsion gel (NEMG) were analyzed using scanning electron microscopy
(SEM) (El-Refaie et al., 2015). A small amount of the sample was placed on a grid or surface,
and after necessary preparation, such as drying or staining, the samples were visualized under
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high magnification. The SEM images provided detailed insights into the droplet size, shape,
and surface characteristics of the formulations. The spherical morphology of the droplets, along
with their uniform size distribution, indicated the successful formation of a stable
nanoemulsion. Any deviations, such as irregular shapes or aggregated particles, would suggest
instability or improper formulation. These morphological studies confirmed that both NEM
and NEMG had uniform and consistent structures, contributing to their stability and
effectiveness for drug delivery (El-Refaie et al., 2015, Burki et al., 2020).

FTIR spectroscopy: Drug excipient compatibility study

FTIR spectroscopy using a Perkin Elmer instrument was employed to evaluate the drug,
chitosan, nanoemulsion, and nanoemulsion gel. The purpose of the study was to assess the
compatibility between the polymer and other formulation components, as well as to identify
functional groups and their respective wave numbers. Each sample, including individual
ingredients and formulations, was placed on a diamond crystal and compressed with the
instrument's knob. The spectra were recorded three times for each sample, spanning a wave
number range of 400-4000 cm™.

Spreadibility studies

The spreadability of the nanoemulsion gel (NEMG) was evaluated using a "Drag & Slip"
device, following a slightly modified method based on Ali et al. (2020) (Ali et al., 2020). The
device consisted of a wooden block with a pulley at one end and two identical glass slides—
one fixed and one movable. To conduct the test, 2.0 g of the nanoemulsion gel was placed
between the stationary slide and the movable top slide. A weight of 50 g was placed on the top
slide, and the time taken for the movable slide to travel a distance of 8 cm was measured,
providing data on the spreadability of the gel. The following formulas were used to calculate
the test NEMG's spreadibility.

S=MxL=+T

In this case, S stands for Spreadibility.

"M" indicates the weight on the upper glass slide.

"L" displays the length of the glass slides, while "T" indicates how long they move.

In vitro drug release study

The in vitro drug release study was performed according to a modified version of the procedure
outlined by Khan et al. (2021) (Khan et al., 2021). A Franz diffusion cell (IPS Technologies,
India) with a donor compartment of 6 ml and a receptor compartment of 3 ml was used for the
experiment. The temperature was maintained at 37°C + 1°C, with a stirring speed of 300 rpm
throughout the process. Nanoemulsion (NEM) and nanoemulsion gel (NEMG) samples were
introduced into the system. A tuffryn membrane (Sartorius, Germany) was positioned between
the donor and receptor compartments to simulate the artificial barrier for in vitro release. Two
grams of each formulation were added to the receptor compartments, which were filled with
sodium acetate buffer at pH 5.5. Samples (2 ml) were collected from the receptor compartment
at predetermined intervals (O h, 1 h, 2 h, 4 h, 8 h, and 12 h) using a spinal syringe. After each
collection, an equal amount of fresh buffer was added to the receptor compartment to maintain
the buffer level and the sink condition. The drug release behaviour of the samples was analysed
using a UV spectrophotometer at a wavelength of 360 nm.
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Mathematical modelling: Drug release kinetics

The drug release kinetics of the nanoemulsion (NEM) and nanoemulsion gel (NEMG)
formulations were analyzed to better understand the mechanism of drug release. Several
mathematical models were employed, including zero-order, first-order, Higuchi, and
Korsmeyer-Peppas models. The zero-order kinetic model, which represents a constant rate of
drug release independent of drug concentration, was evaluated by plotting the cumulative
percentage of drug release against time. First-order kinetics, assuming that the release rate
depends on the remaining drug concentration, involved plotting the logarithm of the cumulative
percentage of drug remaining versus time. To further explore the mechanism, the Higuchi
model, which is based on Fickian diffusion and correlates drug release to the square root of
time, was applied by plotting the cumulative percentage of drug released against the square
root of time. Additionally, the Korsmeyer-Peppas model was used to determine the specific
release mechanism, where the logarithm of cumulative drug release was plotted against the
logarithm of time. The release exponent (n) from this model helped identify whether the drug
release followed Fickian diffusion, non-Fickian behavior, or case Il transport. For each model,
the correlation coefficients (R?) were calculated to determine the best fit for the drug release
data. This analysis allowed for a detailed understanding of the release patterns, providing
insights into the controlled release properties of the formulations and their potential for
sustained drug delivery (Burki et al., 2020).

Inoculum Preparation for Antifungal Susceptibility Testing

The antifungal potential of the formulations was assessed through biological screening against
selected fungal strains, following the method described by Motedayen et al. (2018) (Motedayen
et al., 2018). Mature fungal colonies grown on Potato Dextrose Agar (PDA) were exposed to a
sterile saline solution (0.85%) containing one drop of Tween 20 to ensure even distribution
across the colony surface. The surface of the colonies was then gently scraped using a sterile
swab to collect a mixture of conidia and hyphal fragments. This mixture was transferred to a
sterile tube and allowed to settle for 5 to 10 minutes at room temperature to facilitate the
sedimentation of larger particles. After this settling period, the upper suspension, which
predominantly contained conidia, was carefully extracted. The conidia concentration was
determined using a hemacytometer, and the suspension was adjusted using RPMI 1640
medium. The RPMI 1640 medium, which included glutamine and was buffered to pH 7.0
without sodium bicarbonate, was used to standardize the inoculum to a concentration between
1 x 10% and 3 x 10° colony-forming units per milliliter (CFU/mL). To prepare the medium,
10.43 grams of RPMI powder and 34.53 grams of MOPS buffer (N-Morpholino
Propanesulfonic Acid) were dissolved in 1 liter of distilled water with continuous gentle stirring
(Motedayen et al., 2018).

Minimum Inhibitory Concentration

The Minimum Inhibitory Concentration (MIC) was determined to evaluate the lowest
concentration of the formulations required to inhibit visible fungal growth. The MIC was
measured using the broth microdilution method, as outlined by the Clinical and Laboratory
Standards Institute (CLSI). Serial dilutions of the formulations were prepared in RPMI 1640
medium, with concentrations ranging from high to low. Each dilution was placed in a 96 -well
microtiter plate, followed by the addition of the standardized fungal inoculum (1 x 103 to 3 X
10 CFU/mL). The plates were then incubated at 35°C for 48 hours. After the incubation period,
the wells were visually inspected for fungal growth. The MIC was defined as the lowest
concentration of the formulation that completely inhibited visible growth compared to the
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control wells. The results of this test provided valuable insights into the antifungal efficacy of
the formulations and helped guide the optimization of their antifungal properties (Kataki, 2010,
Kataki et al., 2010, Mukherjee et al., 1995, Motedayen et al., 2018).

Statistical analysis

The data obtained from the experiments were subjected to statistical analysis to ensure accuracy
and reliability. All experiments were conducted in triplicate, and the results were expressed as
mean + standard deviation (SD). To determine the significance of differences between groups,
one-way analysis of variance (ANOVA) was employed, followed by post-hoc tests such as
Tukey’s test for multiple comparisons. A p-value of less than 0.05 was considered statistically
significant. Statistical calculations were performed using appropriate software, such as
GraphPad Prism to analyze the results. This approach ensured that the differences observed in
drug release, antifungal activity, and other experimental parameters were statistically validated,
providing confidence in the study's conclusions.

RESULTS & DISCUSSION

Characterizations

Thermodynamic stability and physical evaluation

Over 28 days, three formulations—»blank formulations, chitosan-based nanoemulsion gel, and
eucalyptus oil nanoemulsion—were stored at different conditions (8°C, 25°C, 40°C, and 40°C
with 75% relative humidity). Physical evaluations were periodically performed to assess phase
separation, consistency, liquefaction, color changes, and cracking. Initially, the formulations
had a yellowish hue and a smooth, elegant texture. No phase separation occurred after
centrifugation at 6000 and 12000 rpm. The pH of the freshly prepared formulations was 5.5,
which was compared with the normal pH of human skin for reference (Proksch, 2018). The
pH of the formulations was measured at intervals of 12 hours, 24 hours, 7 days, 14 days, 1
month, 2 months, and 3 months. No significant differences in pH were observed across these
time points (p > 0.05), as determined by the Student's t-test. For topical applications, it is
important to maintain a pH between 5 and 6 to prevent skin irritation (Proksch, 2018, Wagner
etal., 2003). Although a gradual drop in pH was noted over time, possibly due to water loss or
the formation of acidic compounds from the oils, the pH remained within the normal range for
human skin. Despite these minor fluctuations, all formulations demonstrated thermodynamic
stability (Wagner et al., 2003, Schmid-Wendtner and Korting, 2006)..

Polydispersity (PDI), Droplet size and surface charge

The data on zeta potential, droplet size, and polydispersity index (PDI) for the formulations
provide insights into their stability and size distribution. The blank formulation (F1) has a
droplet size of 57.45 nm, a zeta potential of -23.6 mV, and a PDI of 0.146, indicating a
relatively stable formulation with uniform droplet distribution. The nanoemulsion (F2) shows
a slightly larger droplet size of 72.84 nm and a zeta potential of -20.8 mV, suggesting good
stability, with a PDI of 0.137, reflecting uniformity similar to the blank formulation.

The nanogel (F3), however, has a larger droplet size of 85.73 nm and a positive zeta potential
of 24.7 mV, indicating a different charge profile compared to the other two formulations. The
PDI of 0.378 for F3 is higher, suggesting less uniformity in droplet size distribution compared
to F1 and F2. Overall, F1 and F2 exhibit good stability and uniformity, while F3, though stable,
may have greater variability in droplet size (Rai et al., 2018, Zhang, 2019, Chakraborty et al.,
2020).
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Table 2. Zeta potential, PDI, and droplet size of the formulations

. Size of Zeta potential .
Prepared Formulations droplets (nm) (Mv) PDI Ratio
F1 - Blank 57.45+£1.12 -23.6 0.146
F2 — Nanoemulsion (NEM) 72.84+1.09 -20.8 0.137
F3 — Nanogel (NEMG) 85.73+1.33 24.7 0.378
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FTIR study

The FTIR spectroscopy analysis was conducted to investigate any potential interactions
between the drug and excipients in the prepared formulations. The spectra of the individual
components, including the drug, chitosan, and other formulation constituents, were compared
with those of the final formulations, such as the nanoemulsion and nanogel. The characteristic
absorption peaks of the functional groups in the drug and excipients were observed in the FTIR
spectra without any significant shifts or disappearance of peaks. This indicated that the
chemical structure of the drug remained intact and no interaction occurred between the drug
and the excipients. The key functional groups, including O-H, C=0, and N-H stretching, were
clearly present in both the individual components and the formulations, further supporting the
absence of any chemical bonding or interaction between the drug and the polymer matrix. The
stability of these functional groups within the nanoemulsion and nanogel formulations suggests
that the integrity of the drug and excipients was preserved during the formulation process. This
confirms that the prepared formulations are compatible, with no evidence of chemical
interaction that could affect the drug's efficacy or stability, making the formulations suitable
for further development and use (Pant et al., 2014, Cardenas and Miranda, 2004).

Wave sumber (¢ ')

Figure 3. FTIR spectra of the drug, the olive oil-containing nanoemulsion, the chitosan, and
the nanogel

Drug content analysis

The drug content data from Table 3 compares formulations F2 and F3, both containing 2% w/w
of the drug. Formulation F2 achieved a higher drug content of 94.79% =+ 1.51, indicating that
almost the entire intended drug quantity was encapsulated in the nanoemulsion. Formulation
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F3, on the other hand, exhibited a slightly lower drug content at 91.87% + 1.49, though still
close to the target. The minimal differences between these formulations suggest both are
effective in incorporating the drug, with F2 showing a slightly more efficient drug loading.
These results imply that F2 might offer a better option for maximizing drug availability, but
both formulations maintain a high percentage of drug content relative to the amount required,
making them suitable for therapeutic applications (Table 3).

Table 3. Displaying the drug content % in the nanoemulsion and nanogel formulations.

Formulation code Dr(%/% Ivv(;\?vc;ed % Drug content
F1 - -
F2 2% 94.79+1.51
F3 2% 91.87+£1.49

Drug Content in Nanoemulsion and Nanogel Formulations
100}

80|

60 |

40

Drug Content (%)

20t

F1 F2 F3
Formulation Code

Figure 4. Drug content % in the nanoemulsion and nanogel formulations

Viscosity of formulations

Viscosity measurements of F2 (Nanoemulsion) and F3 (Nanogel) at different temperatures
(8°C, 25°C, 40°C) over 28 days revealed their stability. F2 remained stable at 8°C and 25°C,
with minor fluctuations, but showed a significant decrease in viscosity at 40°C, indicating
temperature-induced changes, likely due to emulsion breakdown or evaporation. In contrast,
F3 displayed greater variability. At 8°C, its viscosity increased slightly, while at 25°C and
40°C, fluctuations were more pronounced, particularly with a drop on Day 7 at 40°C. These
changes suggest that F3 is more sensitive to environmental conditions. F2 is more suitable for
temperatures up to 25°C, while F3 may require controlled environments to maintain stability
or could be used in applications where viscosity variations are acceptable. Further optimization
could improve F2's thermal stability and reduce F3's sensitivity to temperature changes (Khan
etal., 2021, Alexander et al., 2013, Burki et al., 2020, El-Refaie et al., 2015).
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Scanning electron microscopy (SEM) Study

The SEM images (Figure 5) depicted the morphology under Scanning Electron Microscopy
(SEM). This image A showed a more dispersed or granular texture, indicating a porous or
particle-based structure. Such morphologies are common in nanoemulsion or nanoparticle
formulations, where the spherical or irregular particles are distributed evenly, reflecting a well -
prepared sample with minimal aggregation. This image B presented a more fibrous or layered
appearance, possibly indicating a gel or matrix-based structure. The visible fibers could suggest
a strong polymer network, which is characteristic of nanogels. This fibrous structure can
influence the material's mechanical strength and drug release properties, providing sustained
release in applications.

Figure 5. SEM images of the prepared formulations A. Nanoemulsion formulation (F2) and
B. Nanogel formulation (F3)

Spreadibility

The data presented in Table 4 compares the spreadability of three different formulations (F1,
F2, and F3) at varying temperatures (8°C, 25°C, and 40°C), expressed as mean + standard
deviation (SD). At 8°C, formulations F1 and F2 have similar spreadability values (19.84+1.34
and 19.72+1.64, respectively), indicating only a slight difference between them. In contrast, F3
exhibits a significantly lower spreadability (15.78+1.22) compared to F1 and F2. At room
temperature (25°C), F1 and F2 maintain comparable spreadability (23.88+1.32 and
23.93+1.23, respectively), while F3 continues to have a much lower spreadability
(17.79£1.11), indicating its reduced ability to spread at this temperature. At 40°C, the
spreadability of all formulations increases, as expected with higher temperature. F1
(29.97+1.11) and F2 (29.78+1.10) remain close in their spreadability values, with minimal
difference between them. However, F3, while also increasing in spreadability (19.93+1.13),
remains considerably lower than F1 and F2. In summary, formulations F1 and F2 exhibit
similar spreadability across all temperatures, while F3 consistently shows lower spreadability
at all temperature points. The lower spreadability of F3 indicates that it may have a thicker or
less easily spreadable consistency compared to F1 and F2, especially at lower temperatures.
This behavior could influence the application and ease of use of the formulation in different
temperature environments (Burki et al., 2020, Khan et al., 2021).

Table 4. The Spreadibility for the formulations (F1, F2, and F3) at the various temperatures
under investigation was shown as mean + SD.

Spreadibility
Formulation codes 8°C | 25°C | 40 °C
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F1 19.84+1.34 23.88+1.32 29.97+1.11
F2 19.72+1.64 23.93+1.23 29.78+1.10
F3 15.78+1.22 17.79+1.11 19.93+1.13

Spreadability of Formulations at Different Temperatures

mm 8°C
- 25°C
- 40°C

30f

- N N
w o w

Spreadability (mean + SD)

-
o

F1 ' F2 F3

Formulations

Figure 6. The Spreadibility for the formulations (F1, F2, and F3) at the various temperatures.

In vitro drug release

The in vitro drug release investigation comparing formulations F2 and F3 demonstrates a
consistent trend in the percentage of drug release over time. At the 1-hour mark, formulation
F2 released 56.84% of the drug, while F3 released slightly less at 52.84%. As the time
progressed to 2 hours, F2 showed a drug release of 66.94%, continuing to surpass F3, which
released 59.95%. At the 4-hour point, F2 maintained its higher release, with 75.46% compared
to 70.78% for F3. By the 6-hour mark, F2 reached 81.72%, while F3 followed with 75.84%.
At the final 8-hour time point, F2 released 84.84%, whereas F3 achieved 78.92%. Throughout
the study, F2 consistently demonstrated a higher percentage of drug release compared to F3 at
every time interval. The standard deviations reported for each data point indicate minimal
variability, confirming the reliability of the results. Overall, F2 exhibited a more efficient and
sustained drug release profile, making it potentially more suitable for applications requiring
controlled or extended drug delivery (Burki et al., 2020, Khan et al., 2021).

Table 5. The percentage drug release data for the formulations (F2 and F3) was reported in
an in vitro drug release investigation.

Formulations
Time (Hr) F2 F3
0 0 0
1 56.84+2.13 52.84+1.21
2 66.94+2.31 59.95+1.19
4 75.46+2.11 70.78+1.35
6 81.72+2.14 75.84+1.61
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Figure 7. [llustrating the drug release % for the F2 and F3 formulations.

Antifungal Study for Susceptibility Testing

The antifungal efficacy of the nanoemulsion and nanogel formulation (NEMG, F3) was
evaluated against Trichophyton rubrum and Microsporum canis strains and compared to
Naftifine, a known antifungal agent. The study focused on the Minimum Inhibitory
Concentration (MIC) range, MIC50 (the concentration at which 50% of strains are inhibited),
and MICO90 (the concentration at which 90% of strains are inhibited) for both the NEMG
formulation and Naftifine. For 7 rubrum, Naftifine displayed an MIC range of 0.0723 to 1
pg/mL, with an MIC50 of 0.599 pg/mL and an MIC90 of 1 pg/mL. In comparison, NEMG
(F3) showed enhanced antifungal activity, with a much lower MIC range of 0.0232 to 0.271
ug/mL, an MIC50 of 0.0621 pg/mL, and an MIC90 of 0.211 pg/mL. Similarly, against M.
canis, Naftifine exhibited an MIC range of 0.0411 to 0.610 ug/mL, with an MIC50 of 0.211
pg/mL and an MIC90 of 0.581 pg/mL. NEMG (F3) again demonstrated superior antifungal
efficacy with an MIC range of 0.0158 to 0.210 pg/mL, an MIC50 of 0.0322 pg/mL, and an
MIC90 of 0.227 pg/mL. These results indicate that the NEMG formulation (F3) offers a more
potent antifungal effect compared to Naftifine alone, with significantly reduced MIC values
across both species. The enhanced activity of NEMG (F3) at lower concentrations suggests it
could serve as a more effective alternative for the treatment of fungal infections caused by 7.
rubrum and M. canis.

Table 6. The antifungal efficacy of the nanoemulsion and nanogel formulations against
strains of 7. rubrum and M. canis was evaluated in comparison to Naftifine alone.
Species/Antifungal Agent \ MIC Range (ng/mL) ] MICS50 (ng/mL) \ MIC90 (ng/mL)

T rubrum (n = 50)
Naftifine 10.0723 - 1 1 0.599 1
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NEMG (F3) [ 0.0232-0.271 1 0.0621 [ 0.211

M. canis (n=50)

Naftifine 0.0411-0.610 0.211 0.581

NEMG (F3) 0.0158 -0.210 0.0322 0.

MIC50 and MIC90 of Naftifine and NEMG (F3) Against T. rubrum and M. canis
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Figure 8. Comparison of the antifungal efficacy of the nanoemulsion and nanogel
formulations against 7. rubrum and M. canis strains with Naftifine alone

CONCLUSION

This study successfully developed and characterized nanoemulsion-based nanogels for the
improved delivery of Naftifine. The nanogels demonstrated enhanced physical stability, with
consistent droplet size, zeta potential, and PDI values across different formulations. Drug
content analysis confirmed effective drug incorporation, and FTIR studies showed no
interaction between Naftifine and the formulation excipients, ensuring chemical stability. The
nanogel formulation (F3) exhibited lower spreadability compared to the nanoemulsion,
indicating its thicker consistency and potential for controlled release. Importantly, F3 showed
enhanced drug release and superior antifungal activity compared to the nanoemulsion alone, as
evidenced by its lower MIC values against Trichophyton rubrum and Microsporum canis.
These findings suggest that nanoemulsion-based nanogels could serve as a promising platform
for improving the therapeutic efficacy of antifungal agents like Naftifine, particularly for
sustained or localized drug delivery applications. Further studies could optimize these
formulations for clinical use in the treatment of fungal infections.
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