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Background: Adjusting thickening agent proportions in nanoemulsion gel (NG) balances its transdermal and topical delivery
properties, making it more effective for dermatophytosis treatment.

Methods: Carbomer 940 and o-pinene were used as model thickening agent and antifungal, respectively. A series of a-pinene NGs
(aNG1, aNG2, aNG3) containing 0.5%, 0.75% and 1% (w/w) Carbomer 940 were developed and evaluated for stability, rheological
properties, and skin irritation; assessed for ex vivo skin permeation, deposition, and fluorescent imaging of drug distribution within
skin layers; and tested in vivo for efficacy against Trichophyton rubrum infection in guinea pigs, with PAS (Periodic Acid—Schiff)
staining confirming fungal clearance.

Results: The steady-state skin flux rates of a-pinene over 24 hours were aNG1 (46.93+2.52 pg/cm?/h) > aNG2 (26.01£2.65 pg/cm?/h)
> aNG3 (11.36+1.69 pg/cm?/h). The a-pinene deposition in the epidermis/dermis for aNG1 decreased substantially from 2 h (62.74 +
3.36 pg/em?) to 12 h (11.7 £+ 2.24 pg/cm?). In contrast, aNG2 showed relatively sustained deposition with 2 h (25.54 + 2.67 pg/cm?),
6 h (57.32 £ 4.62 pg/em?) and 12 h (23.69 + 3.29 pg/cm?). aNG3 exhibited a slow increase from 2 h (18.32 + 2.11 pg/cm?) to
12 h (36.78 + 3.22 pg/cm?). The aNG2 exhibited the highest efficacy and fungal clearance rates (71.42%, 79.17%), followed by aNG1
(55.34% and 60.42%), and oNG3(43.21%, 52.08%). Fluorescent imaging confirmed oaNG2’s higher drug deposition within the
epidermis/dermis, while PAS staining showed a potent fungal clearance with aNG?2.

Conclusion: This study demonstrates that Carbomer 940 proportions significantly impact the transdermal performance of aNG.
aNG2, with a moderate proportion, optimally enhances skin drug delivery and deposition, achieving superior therapeutic outcomes.
These findings highlight the importance of optimizing thickening agent proportions to improve the efficacy of topical nanoemulsion
gels.
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Introduction

Dermatophytes are the most common pathogenic fungi that cause tinea in humans and animals, affecting approximately
20-25% of the global population.' Trichophyton rubrum is responsible for about 80-90% of these infections.> The
treatment of dermatophytosis is challenging due to rising antifungal resistance and the limited development of novel
antifungal agents."* Dermatophyte infections typically localize in the stratum corneum (SC) and superficial epidermis
but may also penetrate deeper structures such as the outer root sheath of hair follicles.'” Conventional topical
formulations, including emulsifiable pastes, gels, and tinctures, often struggle to deliver antifungal agents effectively
through the formidable SC, limiting therapeutic outcomes.'> These challenges emphasize the need for innovative

formulation strategies to enhance drug delivery to infection sites, thereby improving therapeutic efficacy.
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Nanoemulsion gel (NG) shows potential as an effective drug delivery system, particularly for transdermal
applications.®® These formulations incorporate nanoemulsion (NE) within a hydrogel matrix, which is primarily
structured with thickening agents and water, effectively combining the solubility and bioavailability benefits of NE
with the enhanced viscosity, adhesiveness, and biocompatibility provided by hydrogels.”* This unique combination
makes NG particularly effective for transdermal drug delivery, facilitating the permeation of drugs through the SC into
deeper skin layers.®” However, NG may encounter limitations, as excessive transdermal properties can lead to substantial
drug delivery into systemic circulation, thereby reducing drug deposition in the epidermis and elevating the risk of
adverse effects.”'® This issue is of particular concern when treating localized skin conditions like eczema, psoriasis, and
tinea, where effective therapy relies on drug deposition in specific skin layers.'"'* To address this, the role of thickening
agents in the formulation of NG is pivotal, yet often underestimated. These agents, such as Carbomer 940, not only
increase the viscosity of the gel but also modify the pore size of the mesh-like network within the gel matrix.”'? This
structural alteration significantly influence the rate of drug release and skin permeation profiles, thereby affecting both the
efficacy and safety of the therapy.'*'* Consequently, by adjusting the thickening agent proportions, formulators can
effectively tailor NGs to release drugs at a more intended rate.”'? It has been suggested that adjusting the proportions of
thickening agents, such as Carbomer 940, within NG balances its transdermal and topical drug delivery properties. This
optimization not only enhances control over drug release dynamics but also improves therapeutic outcomes for
conditions like dermatophytosis, where localized drug deposition is crucial for efficacy, while minimizing systemic
absorption and associated side effects.

In this study, a-pinene and Carbomer 940 were selected as model antifungal agent and thickening agent, respectively,
to investigate how thickening agent proportions within NG formulations influence therapeutic outcomes for dermato-
phytosis through topical application. Alpha-pinene, a monoterpene isolated from the leaves of Platycladus orientalis (L).
Franco, which has demonstrated potent antifungal activity against 7. rubrum through its ability to disrupt fungal cell
membrane integrity and inhibit ergosterol synthesis.'> Carbomer 940 was chosen for its widespread use in pharmaceu-
tical formulations, well-established rheological properties, biocompatibility, and ability to modulate drug release
profiles.'> Here, we developed a series of a-pinene nanoemulsion gels (aNG1, aNG2, and aNG3) containing 0.5%,
0.75%, and 1% (w/w) Carbomer 940, respectively. Our objectives were to test stability, rheological properties, and skin
irritation of aNGs. Additionally, we evaluated their drug delivery performance through ex-vivo skin permeability tests,
drug deposition analysis, and fluorescence imaging of drug distribution within skin layers, and assessed their therapeutic
efficacy in a guinea pig model infected with 7. rubrum, using Periodic Acid—Schiff (PAS) staining to confirm fungal
clearance.

Materials and Methods

Chemical Compounds

Alpha-pinene (97% purity) was sourced from Beijing Bailingwei Technology Co., Ltd., Beijing, China. Terbinafine
Hydrochloride Gel (TG), containing 1% (w/w) Terbinafine Hydrochloride, was provided by Sichuan Tiancheng
Pharmaceutics Co. Ltd., Mianyang, China. Carbomer 940 (>99% purity) and Periodic Acid—Schiff staining solution
was obtained from Shanghai Yien Chemical Technology Co., Ltd., Shanghai, China. Polysorbates 20, 60, and 80 (>99%
purity), as well as PPG-5-Ceteth-20 (PPG, >99% purity), were purchased from Tianjin Hengxing Reagent Factory,
Tianjin, China. Coumarin-6 (98% purity) was procured from Shanghai Macklin Biochemical Technology Co., Ltd.,
Shanghai, China.

Trichophyton rubrum Strain and Guinea Pigs

Trichophyton rubrum (ATCC 28188) was obtained from the American Type Culture Collection (Manassas, VA, USA).
Male guinea pigs (2 months old, weighing 300-500 g) were sourced from Chongqing Tengxin Biotechnology Co.,

Ltd. (Chongqing, China). All procedures performed in this study were approved by the Guizhou University

Subcommittee of Experimental Animal Ethics (Approval No. EAE-GZU-2020-7015). All experiments were performed

following Implementation Rules for the Administration of Laboratory Animals in Guizhou Province and Regulations for
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the Administration of Affairs Concerning Experimental Animals of the People’s Republic of China, ensuring the welfare
of experimental animals.

Development of a-Pinene Nanoemulsion

The methods here were applied from Azeem et al'® with some modifications. Briefly, polysorbates 20, 60, 80, and PPG-
5-Ceteth-20 (PPG) were tested as potential emulsifiers with a-pinene, mixed in sequential ratios 1:1, 1:2, 1:3, 1:4, 1:5,
1:6, 1.7, 1:8 and 1:9 (w/w). Ultrapure water was added dropwise until the mixture became a clear, flowing liquid,
defining the nanoemulsion region and aiding the construction of pseudo-ternary phase diagrams using Origin 9.0
software (OriginLab Corporation, Northampton, MA, USA). The emulsifier that resulted in the largest emulsification
area was selected for subsequent use.

The a-pinene nanoemulsions (aNE1 through aNE6) were formulated by mixing a-pinene with the selected emulsifier
in ratios 1:6, 1:6.5, 1:7, 1:7.5, 1:8 and 1:8.5 (w/w), respectively, using a water titration method to create a final system
comprising 40 parts by weight. Each aNE was first diluted tenfold with ultrapure water before characterization.
Polydispersity index (PDI) and droplet size distribution (DSD) were determined using a Mastersizer 2000 particle size
analyzer (Malvern Instruments, UK), and zeta potential measurements were performed using a Zetasizer Nano ZS
(Malvern Instruments, UK). For transmission electron microscopy (TEM) observation, each sample dropped onto copper
grids, air-dried, and observed under a JEOL JEM-1230 transmission electron microscope (JEOL Ltd., Tokyo, Japan) at
80 kV. The oNE selected met the following criteria: a PDI below 0.2,'” a DSD under 100 nm, and an absolute zeta
potential of at least 10 mV.'"® TEM images further confirmed the absence of non-film forming emulsifiers and verified the
uniform morphology of the nanoemulsion droplets. Among the formulations meeting these criteria, the one with the
smallest DSD was chosen for further studies.

Preparation of a-Pinene Nanoemlsion Gels

A series of o-pinene nanoemulsion gels (aNGs) were prepared by incorporating the selected aNE into gel bases
containing Carbomer 940, as described by Hussain et al.'” Briefly, Carbomer 940 was uniformly dispersed in deionized
water and stirred at 120 rpm at room temperature for 3 hours to prepare gel bases with 1%, 1.5%, and 2% (w/w)
concentrations. Triethanolamine was then added dropwise to these gel bases, stirring at 60 rpm for 3 hours to adjust the
pH to 6.9+0.1, using a pH meter (Shanghai Yidian Scientific Instrument Co., Ltd., Shanghai, China). The gel bases were
left to rest overnight to ensure adequate crosslinking of Carbomer 940. The following day, the selected aNE was
incorporated into these gel bases at a 1:1 (w/w) ratio, stirring continuously (60 rpm) for 3 hours to produce oNG1, aNG2,
and aNG3, which contained 0.5%, 0.75%, and 1% Carbomer 940 (w/w), respectively.

Characterization of a-Pinene Nanoemlsion Gels

The formulations aNG1, aNG2, and aNG3 were analyzed to assess their physicochemical properties and nanostructural
characteristics.” The pH of each formulation was measured as previously described during gel base preparation. For
measurements of DSD, PDI, zeta potential and nanostructural observations via TEM, the samples were diluted tenfold
with deionized water, filtered through Whatman #1 filter paper, and the resulting filtrates were analyzed following the
procedures outlined in the “Development of a-pinene nanoemulsion” section. The viscosity of undiluted samples was
measured using a viscometer (Middleboro, MA, USA) with spindle No. 62 operated at 25 rpm and 25°C. Spreadability
was evaluated by placing 500 mg sample on a glass plate (10 cmx7 cm), marking a 2 cm circle in diameter, covering it
with a 20 g glass plate (1 mm thick), and adding an additional 500 g glass plate. The diameter of the spread sample was
measured after 5 min. Gel strength was determined by placing a 110 g steel ball onto the gel sample and recording the
time required for the ball to sink 5 cm. All measurements were performed in triplicate.

Stability Tests of a-Pinene Nanoemulsion Gels

The stability of formulations aNG1, aNG2, and aNG3 was evaluated by subjecting the samples to stress conditions:
either heating in a water bath at 50°C for 30 min or centrifugation at 12,000 rpm for 30 min. After these stress tests, the
samples were analyzed for changes in DSD, PDI, zeta potential, viscosity, spreadability, and gel strength, as described in
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the “Characterization of a-pinene nanoemlsion gels” section. Additionally, these parameters were reassessed after storage
for 60, and 180 days to detect any changes over time. All measurements were performed in triplicate.

Skin Irritation Tests
Skin irritation tests were adapted from Draize et al.*° Thirty guinea pigs were randomly divided into five groups: three
test groups (aNG1, aNG2, aNG3), a negative control (treated with PBS), and a positive control (treated with 10%
formalin). Each guinea pig was depilated on two 3 cm x 3 cm dorsal areas. One area was left intact, while the other was
abraded using 120-grit sandpaper (STARCKE®™, Melle, Germany) to gently disrupt the SC without causing bleeding.
Treatments were applied to designated areas, covered with gauze for six hours, and observed at 24, 48, and 72 h post-
application. The erythema and edema intensity were scored according to the Draize test scale as follows:*® 0, no
observable erythema or edema; 1, very slight erythema or edema (barely perceptible); 2, well-defined erythema or slight
edema; 3, moderate-to-severe erythema or moderate edema; 4, severe erythema (beet-red) or severe edema (extending
beyond the area of exposure).

The average scores were classified as follows: 0-0.49, no irritation; 0.5-2.99, mild irritation; 3.0-5.99, moderate
irritation; 68, severe irritation.

Determination of a-Pinene in a-Pinene Nanoemlsion Gels

To analyze the concentration of a-pinene in aNGs, aNG2 was selected as the representative sample, and Blank
Nanoemulsion Gel (BNG, aNG3 without a-pinene) served as the control. The analysis was conducted using an HPLC
method developed with the Agilent 1260 Series system (Agilent Technologies Inc., California, USA), equipped with an
Extend-C18 column (250 mm x 4.6 mm, 5 um particle size). The column temperature was maintained at 40°C, using
a mobile phase of acetonitrile and water in a 4:1 (v/v) ratio at a flow rate of 1 mL/min, with detection at a wavelength of
254 nm. For sample preparation, both aNG2 and BNG were diluted tenfold with acetonitrile, sonicated to remove
dissolved gases, and filtered through a 0.45 pm membrane filter before injection into the HPLC system. Calibration
curves were constructed using standard a-pinene solutions, ensuring linearity over the tested concentration range. The
developed method was validated for linearity, precision, accuracy, and recovery rate to ensure the reliability and
reproducibility of the analytical results.

Ex Vivo Skin Permeability Tests

Ex vivo skin permeability tests were conducted using a transdermal diffusion system (Shanghai Huanghai Pharmaceutical
Inspection Instrument Co., Ltd., Shanghai, China).”' Skin samples were obtained from four male guinea pigs, each
assigned to one of four treatment groups: aNG1, aNG2, aNG3, and conventional a-pinene gel (aCG, containing 0.75%
Carbomer 940). Following depilation and a 24-hour rest period, a 2 cm diameter section of abdominal skin was excised
from each guinea pig and mounted in a Franz diffusion cell. The dermis was positioned towards the receiver chamber
containing 5 mL phosphate-buffered saline (PBS) with 1% (w/v) polysorbate 80, while the SC faced the donor chamber
with a diffusion area of 0.785 cm? For each treatment, 4 g of the respective formulation was applied to the donor
chamber. The system was maintained at 37.0 + 0.1°C, with a magnetic stirrer operating at 350 rpm at the bottom of the
receiver chamber to ensure uniform mixing. Samples (2 mL) were withdrawn from the receiver chamber at intervals of
0.5,1,2,3,4,6, 8, 12, 16, and 24 hours, immediately replenished with equal volume of pre-warmed PBS containing 1%
(w/v) polysorbate 80. The a-pinene concentrations in these samples were quantified using high-performance liquid
chromatography (HPLC). The cumulative amount of a-pinene permeated per unit area (Qn, pg/cm?®) was plotted against
time to generate permeation curves. The steady-state skin flux (Jss, pg/cm?/h) was derived from the linear portion of the
permeation curve between 0.5 and 24 hours. The enhancement ratio was determined by comparing the Jss values of the
aNGs with that of aCG. The experiments were performed in triplicate.

Alpha-Pinene Deposition in the Stratum Corneum and Epidermis/Dermis
Following procedures and treatments similar to those in the ex vivo skin permeability test, a-pinene concentrations in the
SC and epidermis/dermis were measured at 2, 6, and 12 hours.?* At each time point, skin samples were collected from
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one guinea pig per treatment group: aNG1, aNG2, aNG3, and aCG. The skin samples were washed with warm PBS,
dried, and processed. The SC was removed by tape-stripping, and the remaining epidermis/dermis layers were collected.
Each layer was extracted separately with 4 mL of methanol at 20°C for 1 hour with intermittent vortexing. After
extraction, the samples were centrifuged at 3000 rpm for 10 min. The resulting supernatants were analyzed using HPLC
to quantify a-pinene concentrations, which were expressed as “pg/cm®” to reflect the amount in each skin layer. The
experiments were performed in triplicate.

Fluorescent Imaging of Drug Distribution Within Skin

Coumarin-6 was dissolved in a-pinene to prepare the oil phase.”® The formulations, including aNGs (aNG1, aNG2 and
aNG3) and aCG, were then prepared as previously described. Twelve male guinea pigs were randomly assigned to four
treatment groups (aNG1, aNG2, aNG3, and aCG), with three guinea pigs per group. Following depilation and 24 h rest
period, 0.5 g of assigned formulation was applied to the abdominal skin of each guinea pig, which was then covered with
occlusive chambers. At 2, 6, and 12 h post-treatment, one guinea pig from each treatment group, and the skin sample was
prepared as described in ex vivo skin permeability tests, immediately frozen, and sectioned. The frozen sections were
subsequently observed using laser scanning confocal microscopy (LSCM) at an excitation wavelength of 466 nm.

A Guinea Pig Model Infected With Trichophyton rubrum

A guinea pig model infected with Trichophyton rubrum was established and verified.>* Specifically, 7 rubrum was
subcultured on Sabouraud dextrose agar (SDA) plates at 28°C for 7 days. Spores were harvested by washing the colonies
with Sabouraud dextrose broth (SDB) and filtering, then diluted to 1.5x10° CFU/mL. Prior to inoculation, guinea pigs
received daily intramuscular injections of triamcinolone acetonide acetate (1 mL/kg; Zhejiang Xianju Pharmaceutic Co.
Ltd., Xianju, China) for three consecutive days to suppress immune responses. For inoculation, the guinea pigs were
anesthetized with ether, and the hair on a 3 cmx3 cm abdominal area was removed using an electric clipper and
a disposable razor, followed by abrasion with sterile sandpaper. Then, 100 pL of the T rubrum spore suspension was
applied to the abraded skin, which was covered with sterile gauze for three consecutive days. Upon removal of the gauze,
the inoculated area was inspected for signs of dermatophytosis. Shed skin flakes from the area were cultured on SDA
plates at 28°C and 65% humidity for seven days to verify 7. rubrum growth. Hair samples from the infected site were
treated with 10% potassium hydroxide (KOH) and examined under a microscope to confirm the presence of fungal
hyphae.

Therapeutic Efficacy Test

Guinea pigs were divided into six groups of 5 animals each, totalling 30 guinea pigs.>> The groups consisted of three
aNG treatment groups (aNG1, aNG2, and aNG3), a positive drug control group using Terbinafine Hydrochloride Gel
(TG) containing 1% w/w Terbinafine Hydrochloride (Sichuan Tiancheng Pharmaceutics Co. Ltd., Mianyang, China), an
untreated infected group (positive control), and an untreated healthy group (negative control). Except for the negative
control group, all other groups underwent the Trichophyton rubrum infection model establishment process as described
earlier. For the negative control group, guinea pigs did not receive fungal inoculation but underwent similar procedures to
simulate mechanical stress, including hair removal with an electric clipper and a disposable razor, followed by abrasion
with sterile sandpaper.

Upon confirmation of infection on day 4 post-inoculation, the therapeutic efficacy test was initiated. The infected skin
areas of guinea pigs in each treatment group received daily topical applications of 0.5 g of the assigned formulation
(aNG1, aNG2, aNG3 or TG) for ten consecutive days. Lesion severity was assessed daily for 14 days using
a standardized scoring system ranging from 0 to 5.26 where: 0, no visible lesions or signs of infection; 1, very mild
lesions with slight redness and no hair loss; 2, mild lesions with noticeable redness and minimal hair loss; 3, moderate
lesions with pronounced redness, swelling, and partial hair loss; 4, severe lesions with extensive hair loss, significant
redness and swelling; 5, very severe lesions with nearly complete or complete hair loss over a large skin area and
possibly accompanied by crusting and scaling. The average daily lesion scores for each group were used to plot lesion
severity curves over time, illustrating the progression or regression of the infection.
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The therapeutic effectiveness was evaluated using two parameters: efficacy rate and fungal clearance rate, recorded on
days 6 and 14 post-treatment.”® The efficacy rates were calculated using the following formula:

Efficacy rate (%) — 100 — Total score of lesion scoring for each group x 100

(M

Total score of lesion scoring for the untreated positive control

For fungal clearance rate assessment, one hair from each of the four quadrants of the infected lesion area was
collected from all five guinea pigs in each group. These hairs were cultured on Sabouraud dextrose agar (SDA) and
incubated for 5 days at 28°C and 65% humidity. Fungal clearance rates were determined using the following formula:

2

Fungal clearance rate (%) — 100 — <Number of fungal hyphae penetrating hair for each group x 100)

Number for the untreated positive control

Histopathological Examination

Periodic acid-Schiff (PAS) staining was utilized to visualize fungal structures and tissue morphology.>’ At the end of
therapeutic efficacy test, one guinea pig from each group was selected for histopathological examination. Specifically, for
the aNG1, aNG2, aNG3, and TG groups, guinea pigs with a lesion score of 0 were chosen. For the positive control, the
guinea pig with the lowest lesion score was selected. For the negative control, any guinea pig was suitable. These
selected guinea pigs were anesthetized, and skin samples were excised from the infected areas (for aNG1, aNG2, aNG3,
TG and positive control groups) or a corresponding region (for the negative control) using the corneal trephine. The
samples were fixed in 10% formalin solution for 24 hours, dehydrated with ethanol, embedded in paraffin, and sectioned.
These sections were stained with PAS and examined under a light microscope.

Statistical Analysis

Data were expressed as mean + standard deviation, but the Draize test, enhanced ratio values, efficacy rates and fungal
clearance rates are in their original form. One-way analysis of variance (ANOVA) was used to compare values across
groups. Statistical significance was determined using the Tukey-Kramer multiple comparison test. The chi-square test
was used to analyze the efficacy rates and fungal clearance rates across groups. Differences were considered statistically
significant at P < 0.05 and highly significant at P < 0.01.

Results

Development of a-Pinene Nanoemlsion

In the pseudo-ternary phase diagrams (Figure 1), Tween 80 exhibited the largest emulsification region. Utilizing the water
titration method, a-pinene and Polysorbate 80 at mass ratios of 1:6 to 1:8.5, with increments of 0.5, resulted in the
formation of optically clear aNEs (aNE to aNE6). TEM images (Figure 2) showed that droplet sizes within nanoscale
range (<100 nm) across all formulations, with some non-film forming emulsifier visible in aNE4, aNES, and aNE6
(Figure 2D-F, a); both the DSD and PDI (Figure 3) exhibited a decreasing trend from aNEI1 to aNEG6, and zeta potentials
(Figure 4) became more negative as Polysorbate 80 concentration increased. Among the formulations, both aNE2 and
oNE3 met the predetermined criteria, but aNE3 exhibited a smaller DSD compared to aNE2. Thus, aNE3 was selected
for the preparation of aNGs, with a-Pinene, Polysorbate 80, and water at a mass ratio of 1:7:32.

Characterization and Stability Tests of a-Pinene Nanoemlsion Gels

The aNGs exhibited a clear and transparent appearance. The pH values of aNG1, aNG2, and aNG3 were 6.8 +0.1,
6.9+0.1, and 6.9 £0.1, respectively. Transmission electron microscopy images (Figure 5) demonstrate that all aNGs
maintain nanoscale particle sizes, along with the presence of some non-film forming emulsifiers (Figure 5A-C, a),
resulting in a uniform particle size distribution. The DSD, PDI, and zeta potential values of aNGs are documented in
Table 1. Specifically, the DSD values for all aNGs exceeded 100 nm, significantly larger than those of aNE3 (P< 0.01),
with aNG3 showing the largest DSD followed by aNG2 and aNG1. The zeta potentials of aNGs were less negative than
those of aNE3 (P< 0.01), while PDIs showed no significant changes in comparison to aNE3 (P > 0.05). At day 0, the
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Figure | The ternary-pseudo diagrams of four emulsifiers combined with a-pinene.
Notes: (A) Polysorbate 20; (B) Polysorbate 40; (C) Polysorbate 80; (D) PPG-5-Ceteth-20.

viscosities of aNGI1, aNG2, and aNG3 were 1329 + 0.5 cps, 1340 + 0.6 cps and 1389 + 0.8 cps, respectively.
Spreadability measurements showed aNG1 with the highest value (7.6 £ 0.3 cm), followed by aNG2 (7.0 = 0.4 cm)
and aNG3 (6.3 £ 0.2 cm). Gel strength increased progressively from aNG1 (48.3 = 1.0 s) to aNG2 (59.8 £ 1.3 s) and
aNG3 (67.4 £ 0.9 s).

Stability tests under extreme conditions, including heating and centrifugation, showed no significant changes in DSD,
PDI, zeta potential viscosity, spreadability or gel strength compared to their untreated forms (P > 0.05, data not shown).
Similarly, aNGs remained stable over 60 and 180 days of storage, with no notable variations in these parameters (P >
0.05, data not shown).

Skin Irritation Tests

The results of the skin irritation test were shown in Table 2. Throughout the experiment, neither PBS (negative control)
nor aNGs induced skin irritation on intact or abraded skin; conversely, a 10% formalin solution caused strong skin
irritation during the test, scoring 8 points.

Determination of a-Pinene in a-Pinene Nanoemlsion Gels

Chromatographic analysis of the aNG or BNG identified well-defined peaks for a-pinene, with no interference from
excipients, as illustrated in Figure 6. Calibration curves for a-pinene spanned concentrations from 0.5325 to 132.5 pg/
mL, resulting in a regression equation of y=1591.2x + 8149.3 with a correlation coefficient (r*) of 0.9938. Precision of
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Figure 2 TEM images of a-pinene nanoemulsions prepared with Polysorbate 80 at various mass ratios.

Notes: (A) aNEI; (B) aNE2; (C) aNE3; (D) aNE4; (E) aNES; (F) aNE6. aNEI, aNE2, oNE3, aNE4, aNE5 and oNE6: a-pinene nanoemulsion where mass ratios of a-pinene
[Polysorbate were 1:6, 1:6.5, 1:7, 1:7.5, 1:8 and 1:8.5. “a” indicates the non-film forming emulsifier.

Abbreviation: aNE, a-pinene Nanoemulsion.

the method was indicated by standard deviations of less than 2% for both intraday and interday assays. The recovery rate
of a-pinene was 99.45% + 0.23%.

Ex Vivo Skin Permeability Tests

The On and Jss values for a-pinene from aNGs and aCG were presented in Table 3 and Figure 7. The Qn values
increased in the order of aCG < aNG3 < aNG2 < aNGl1, with highly significant differences between the groups (P <
0.01). Similarly, the Jss values followed the same trend: aNG1> aNG2 > aNG3 > aCG. Compared to aCG, the Jss values
for aNG1, aNG2, aNG3 were 10.29-, 5.70- and 2.49-fold higher, respectively. The Jss values of aNG2 and aNG3 were
significantly less than that of aNGI1 (P< 0.01).

Alpha-Pinene Deposition in the Stratum Corneum and Epidermis/Dermis

The a-pinene deposition amount in the SC and epidermis/dermis at 2 h, 6 h and 12 h were shown in Table 4. In the SC, at
2 h, aNG1 exhibited the largest deposition followed by aNG2 and aNG3 (P< 0.05 or 0.01); however, at 6 h and 12 h,
aNG3 exhibited a larger accumulation followed by aNG2 and aNG1 (P< 0.05 or 0.01); meanwhile, aCG achieved
significantly larger a-pinene deposition only at 12 h compared to aNGs (P< 0.01). For the epidermis/dermis, at 2 h the a-
pinene deposition was in the order of aNG1 > aNG2 > aNG3 (P< 0.05 or 0.01); however, at 6 h, aNG2 exhibited the
largest deposition followed by aNG3 and aNG1 (P< 0.01); and at 12 h, aNG3 exhibited a larger deposition followed by
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Figure 3 Droplet size distribution/PDI values of a-pinene nanoemulsions using Polysorbate 80 at different mass ratios.

Notes: (A) aNEI; (B) aNE2; (C) aNE3; (D) aNE4; (E) aNES; (F) aNE6. aNEI, aNE2, aNE3, aNE4, aNE5 and oNE6: a-pinene nanoemulsion where mass ratios of a-pinene
/Polysorbate were 1:6, 1:6.5, 1:7, 1:7.5, 1:8 and 1:8.5.

Abbreviation: aNE, o-pinene Nanoemulsion.

oNG2 and aNG1 (P< 0.01); additionally, aCG steadily increased deposition during the test and only exhibited larger
deposition only at 12 h compared to aNGs (P< 0.01).

Fluorescent Imaging of Drug Distribution Within Skin

The fluorescence distribution of a-pinene at 2 h, 6 h, and 12 h post-treatment with aNGs and aCG was illustrated in
Figure 8. At 2 h, fluorescence from aNG1 was observed primarily in the SC and epidermis/dermis (Figure 8A). By 6 h and
12 h, the fluorescence intensity decreased, with minimal signals remaining in the SC and epidermis (Figure 8B-C). For
aNG?2, fluorescence was initially localized within the SC at 2 h (Figure 8D), extended into the epidermis/dermis at 6 h and
persisted in both layers at 12 h (Figure 8E-F). In contrast, aNG3 exhibited weak fluorescence at 2 h, which increased
significantly at 6h, spreading to both layers by 12 h (Figure 8G-I). For aCG, fluorescence remained largely within the SC
throughout the test period, with limited signals observed in the epidermis at 12 h (Figure 8J-L). Bright fluorescent bands
were observed within the SC for aNG2 at 2 h and 6 h (arrow “a” in Figure 8D-E), while for aNG3 and aCG, these bands
became more prominent at 6 h and 12 h (arrow “a” in Figure 8H and I, K and L).
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Figure 4 Zeta potential values of a-pinene nanoemulsions using Polysorbate 80 at different mass ratios.
Notes: (A) aNEI; (B) aNE2; (C) aNE3; (D) aNE4; (E) aNES5; (F) oNEé. oNEI, oNE2, oNE3, oNE4, oNES5 and aNEé: a-pinene nanoemulsion where mass ratios of a-pinene

/Polysorbate were 1:6, 1:6.5, 1:7, 1:7.5, 1:8 and 1:8.5.
Abbreviations: aNE, o-pinene Nanoemulsion.
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Figure 5 TEM images of aNGs.
Notes: (A) aNGI; (B) aNG2; (C) aNG. oNGI, aNG2 and aNG3: oNE3 containing 0.5, 0.75%, and 1% (w/w) Carbomer 940. The arrow labeled “a” indicates excess

polysorbate 80, which led to the formation of non-film-forming structures.
Abbreviations: aNE, a-pinene Nanoemulsion; aNG, oNE gel.
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Table | The DSD, PDI and Zeta Potential of aNE3 and aNGs

Formulations | DSD (nm) PDI Zeta potential (mv)
aNE3 35.7448.76°C 0.083+0.025° | —18.3242.41**

aNGl 105.89+10.52°" | 0.089+0.027° | —7.64+3.23%®

aNG2 116.33£9.17°°* | 0.078+0.019* | —9.65+2.18°®

aNG3 134.23+12.59*" | 0.082+0.021% | —8.17+1.52°®

Notes: aNGI, oNG2, aNG3: aNE gels containing 0.5, 0.75%, and 1% (w/w) Carbomer 940,
respectively. Within the same column, different lowercase letters indicate significant differences
(P < 0.05), and different uppercase letters indicate highly significant differences (P < 0.01).
Abbreviations: oaNE, a-piene Nanoemulsion; aNG, o-piene Nanoemulsion gel; DSD,
droplet size distribution; PDI, polydispersity index.

Table 2 The Mean Scores of Skin Erythema and Edema in Each Group After 24 h, 48 h and 72 h of Drug

Treatment
Formulations | Intact Skin Erythema/Swollen Scores (n=6) | Abraded Skin Erythema/Swollen scores (n=6)
24 h 48 h 72 h 24 h 48 h 72 h
aNGl 0 0 0 0 0 0
aNG2 0 0 0 0 0 0
aNG3 0 0 0 0 0 0
PBS 0 0 0 0 0 0
10%formalin 6.5 8 8 8 8 8

Notes: oNGI, oNG2, aNG3: aNE gels containing 0.5, 0.75%, and 1% (w/w) Carbomer 940, respectively.
Abbreviations: aNG, a-Piene Nanoemulsion gel; PBS, Phosphate Buffered Saline.

Guinea Pig Model Infected With Trichophyton rubrum

The results concerning Guinea pig model infected with 7. rubrum were shown in Figure 9. On the third day post-
inoculation with 7. rubrum, alopecia, scabs, white scales and severe erythema were observed at the infection site
(Figure 9A). Subsequently, the shed skin flakes and hairs of the infected site were cultured on SDA plates for 7 days.

[T 1)

Hyphal penetration through the hair shafts was observed under the microscope (arrow “a” in Figure 9B), and typical

T rubrum colonies and red pigment production were observed (Figure 9C-D).

Therapeutic Efficacy Test
The therapeutic efficacy of aNGs on dermatophytosis was depicted in Table 5 and Figures 10 and 11.

On the first day post-treatment, guinea pigs in the positive control and other treatment groups exhibited noticeable
symptoms of dermatophytosis at the infected skin area, such as erythema and scales (Figure 10B-F). From day 1 to day 5
post-treatment, all aNGs led to a notable reduction in lesion scores, with aNG1 demonstrating the greatest reduction in
lesion severity (Figure 11). From day 6 to day 14 post-treatment, aNG2 exhibited a greater reduction in lesion scores
compared to aNG1 and aNG3 (Figure 11).

At 6 days post-treatment, the efficacy and fungal clearance rates of aNG1 were significantly higher than those of
oaNG2 and aNG3 (P < 0.01 or 0.05); notably, its efficacy rates were higher than those of the positive drug control TG
(P <0.05). At 14 days post-treatment, aNG2 achieved the highest efficacy and fungal clearance rates among aNGs (P <
0.01), although still lower than those of TG (P < 0.05 or 0.01). At the end of the test, the skin at the infected site in each
treatment group appeared visually healed, although partial hair regrowth was observed (Figure 10I-L).

Histopathological Examination
PAS staining was conducted on the infected skin areas of guinea pigs randomly selected from each group after the
therapeutic efficacy test, and the results are presented in Figure 12.
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Figure 6 HPLC diagrams of different formulations.
Notes: (A) BNG; (B) standard o-pinene; (C) aNG2. aNG2: aNE3 containing 0.75% (w/w) Carbomer 940.
Abbreviations: aNG, a-pinene Nanoemulsion gel; BNG, blank Nanoemulsion gel.

In the negative control group, the SC, epidermis and dermis appeared intact, with numerous healthy hair follicles, hair
shafts, and sebaceous glands clearly visible (arrows a-e in Figure 12A). In contrast, the positive control group exhibited
a significantly thickened SC with evidence of shedding, and hyphae and spores were observed in the outer root sheath
and inner root sheath of hair follicles (arrow f in Figure 12B). Among aNG treatment groups, the SC of aNGI-treated
skin was severely disrupted or removed (arrow h in Figure 12C). While for aNG2 and aNG3, the SC remained relatively

Table 3 Ex Vivo Skin Permeation Parameters of a-Pinene

Over 24 h
Formulations | Q, (ng/cm?) Jss (ng/lem?/h) | ER
aNGl 1126.37+ 54.33*" | 46.93+2.52*" 10.29
aNG2 624.182+31.44°® | 26.01+2.65°® 5.70
aNG3 272.737+ 25.34°C | 11.36+1.69C 2.49
aCG 109.451+28.119° | 4.56+2.239° I

Notes: oNGI, aNG2, aNG3: aNE gels containing 0.5, 0.75%, and 1% (w/w)
Carbomer 940, respectively; aCG, conventional gel containing o-pinene;
Within the same column, different lowercase letters indicate significant dif-
ferences (P < 0.05), and different uppercase letters indicate highly significant
differences (P < 0.01).

Abbreviations: oNG, o-piene Nanoemulsion gel; aCG, o-pinene
Conventional gel; Q,, Cumulative a-pinene amounts per unit area; Jss, the
steady-state skin flux; ER, Enhanced Ratio, was determined by comparing the
Jss values of the aNGs with that of aCG.
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Figure 7 Cumulative permeation of a-pinene through Guinea pig skin abdominal in vitro.
Notes: aNGI, aNG2, aNG3: aNE3 containing 0.5, 0.75%, and 1% (w/w) Carbomer 940; aCG, conventional gel containing a-pinene.
Abbreviations: aNG, a-pinene Nanoemulsion gel; aCG, a-pinene Conventional gel.

intact (arrow 1 in Figure 12D and E). Notably, aNG2 showed minimal spore-infected hair follicles, closely resembling the
results observed for TG treatment group (arrow f and g in Figure 12F). However, spore presence and mycelium growth
were still evident in the hair follicles of aNG1 and aNG3 treatment groups (arrows g in Figure 12C and f in E).

Discussion

NG is recognized for its transdermal delivery potential;*”'° however, its application in dermatophytosis treatment
necessitates a formulation strategy that ensures enhanced local drug deposition while minimizing systemic
absorption.”'""'? Our findings highlight the critical importance of Carbomer 940 proportions, demonstrating specific
levels significantly improve drug retention at infection sites. By balancing NG’s transdermal and topical drug delivery
properties, the optimized NG address the challenge of maintaining effective local drug concentrations while avoiding
excessive systemic uptake. The following sections explore the broader implications of these findings for advancing NG in
dermatophytosis treatment.

In our evaluation of different emulsifiers, polysorbate 80 was determined to be the most effective for emulsifying
a-pinene in nanoemulsion formulations, as demonstrated by pseudo-phase diagrams (Figure 1). The careful adjust-
ment of the ratios of polysorbate 80 to a-pinene proved critical in achieving the most stable and effective emulsion
properties. Higher ratios of polysorbate 80 resulted in smaller droplet sizes, which corresponded with increased
absolute zeta potentials. This increase in absolute zeta potential is attributed to the smaller nanoemulsion droplets
having an increased surface-to-volume ratio, which allows for a higher density of surface OH  groups.?®?° This
indicates a more stabilized nanoemulsion system. Notably, our studies also showed that an excess of polysorbate 80

Table 4 The Amount of a-Pinene Deposition in Certain Skin Layersat 2 h, 6 hand 12 h

Model Drug Formulations | Stratum Corneum Epidermis/dermis
2h 6h 12h 2h 6h 12h
o-pinene (ug/em?) | aNGI 9.83£0.49*" | 9.73+1.03® 2.65+0.849° | 62.74£336™ | 27.08£2.43°6C | 1742249
aNG2 5.13+0.82°%B | 11.3140.99°% | 5.19+0.75°C | 25.5442.67°® | 57.32+4.62* | 23.69+3.29°C
aNG3 3.96+0.66® | 13.65+1.54*" | 9.81+0.71°® | 13.47+1.14°C | 30.83+2.29"® | 32.99+2.89*°
aCG 1.48+0.229C | 5.63+0.879C 12.14£0.96* | 6.58+0.729C | 23.34+2.45°C | 45.04+3.73*A

Notes: oNGI, oNG2, oNG3: oNE3 containing 0.5, 0.75%, and 1% (w/w) Carbomer 940; aCG, conventional gel containing a-pinene; Within the same column,
different lowercase letters indicate significant differences (P < 0.05), and different uppercase letters indicate highly significant differences (P < 0.01).
Abbreviations: aNG, a-pinene Nanoemulsion gel; aCG, a-pinene Conventional gel.
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Figure 8 Fluorescent images of drug distribution in the abdominal skin of Guinea pigs 2, 6, and 12 h post-treatment.

Notes: aNGI, aNG2, aNG3: aNE3 containing 0.5, 0.75%, and 1% (w/w) Carbomer 940; aCG, conventional gel containing a-pinene. (A-C) The trace of drugs in skin layers
with aNG1, (D-F) aNG2, (G-1) aNG3, and (J-L) aCG at time intervals 2, 6 and 12 h, respectively. “a” is the bright band formed by drug deposition at the stratum corneum.
Abbreviations: aNG, a-piene Nanoemulsion gel; aCG, a-piene conventional gel.

led to the formation of non-film-forming structures, as evident in specific micrographs (Figure 2D-F, a), indicating
that the emulsifiers were not fully utilized, potentially compromising drug release uniformity and nanoemulsion
consistency.’*>' Consequently, aNE3 was selected for aNG preparation due to its absence of non-film-forming
structures (Figure 2C), relatively smaller droplet sizes (Figure 3C), and favorable zeta potential (Figure 4C). These
attributes ensure stability during storage and promote uniform dispersion into the gel matrix,** providing a solid
foundation for the aNG development.

The aNGs were formulated with a neutral pH range of 6.8—7.0, compatible with the skin’s natural pH and suitable for
topical application. Incorporating aNE3 into a gel matrix containing various concentrations of Carbomer 940 resulted in
larger droplet sizes, as shown by TEM images (Figure 3), while maintaining comparable PDI values. This was mainly
due to suboptimal absolute zeta potential values (<30 mv), which were insufficient to fully prevent particle aggregation
during blending.'®*°

Stability tests (data not shown) demonstrated that the gel matrix effectively restricted droplet movement, minimizing
aggregation and enhancing nanoemulsion stability, consistent with other reports.”** Additionally, the Draize test results
confirmed the non-irritating nature of aNGs, supporting their safety for topical application. This aspect is crucial for
patient compliance and the success of a dermatological treatments.7,""
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Figure 9 Validation of Guinea pig model infected with Trichophyton rubrum..

I

Notes: (A) infected skin area; (B) the fallen hair of infected area (40x); (C and D) T. rubrum colony on SDA. “a” is the hyphae growing in hair.

Ex vivo skin permeation and drug deposition studies have highlighted the crucial role of the thickening agent in
determining the drug delivery characteristics of NG. The results showed aNG2, formulated with a moderate Carbomer
940 proportion, exhibited a favourable balance between drug deposition and skin permeation, which is crucial for
maintaining drug availability within the skin.”'” In the skin permeation study, aNG2 exhibited controlled skin permea-
tion over 24 h (Table 3), indicating an efficient release of the active ingredient without excessive systemic absorption.
This result was aligned with the drug deposition findings, where aNG2 demonstrated higher drug accumulation in the SC

Table 5 The Effective and Fungal Clearance Rates at 6 d and 14 d Post-

Treatment
Time Treatments Efficacy Rate % | Fungal Clearance Rate %
6d Positive control 0 0
post-treatment aNGl 27594 29.17°48
aNG2 13.79°8 20.83B¢
aNG3 10.34%8 12.59¢
TG 10.34°8 37.54
14 d Positive control 0 0
post-treatment aNG| 47.62°C 45.83®
aNG2 71.42°8 79.17°4
aNG3 28.579° 259¢
TG 90.48*4 87.5A

Notes: aNG |, aNG2, aNG3: aNE3 containing 0.5, 0.75%, and 1% (w/w) Carbomer 940; TG; within the
same column, different lowercase letters indicate significant differences (P < 0.05), and different upper-
case letters indicate highly significant differences (P < 0.01).

Abbreviations: aNG, a-pinene Nanoemulsion gel. TG, Terbinafine Hydrochloride Gel.
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Figure 10 The infected skin areas of different treatment groups | d and 14 d post-treatment.
Notes: (A and G) The skin area of negative control; (B and H) positive control; (C and I) aNGI; (D and J) aNG2; (E and K) aNG3; (F and L) TG.
Abbreviations: aNG, o-piene Nanoemulsion gel; TG, Terbinafine Hydrochloride Gel.
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Figure |1 The lesion scores recording in different groups during the therapeutic efficacy test.
Abbreviations: aNG, a-piene Nanoemulsion gel; TG, Terbinafine Hydrochloride Gel.

and epidermis/dermis over 12 h (Table 4), suggesting the formulation maintained effective drug concentrations at the
target layers, essential for treating dermatophytosis. The balanced performance of aNG?2 is likely due to the gel matrix’s
ability to form a structured network, which effectively restricts the mobility of nanoemulsion droplets with smaller mesh
sizes, thereby modulating drug release and enhancing localized drug deposition within skin layers.''? It is worth noting
that aNG1’s stronger skin permeation rate could also be attributed to its faster drug release rate, which allows more
polysorbate 80 to interact with and potentially disrupt the integrity of SC within a given timeframe.”'*'* In contrast,
oNG2 and oNG3, with higher Carbomer 940 proportions, showed reduced contact between polysorbate 80 and the
stratum corneum, resulting in relatively weaker permeation effects.

In contrast, aNG1, with a lower Carbomer 940 proportion, formed a less dense mesh network that failed to effectively
restrict nanoemulsion droplet movement.”'? This led to excessive skin permeation, resulting in significant systemic
absorption and insufficient drug deposition at the infection site.®”"'°** These findings highlight the risk of insufficient
drug deposition when the gel network is too loose, as the drug may be absorbed too quickly into the bloodstream before it
can be deposited at the targeted skin layers. On the other hand, aNG3, with a higher Carbomer 940 proportion, created an
overly restrictive mesh network that limited the release and permeation of nanoemulsion droplets.”'*'* This resulted in
reduced skin permeation and drug delivery efficiency, as indicated by both the skin permeation (Table 3) and drug
deposition (Table 4) results. These findings highlight that aNG2 optimally balances transdermal and topical drug
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Figure 12 The skin PAS staining section 14 d post-treatment.
Notes: (A) is negative control; (B) positive control; (C) aNGI group; (D) aNG2; (E) aNG3; (F) TG. “a” is the stratum corneum (SC); “b” epidermis; “c” hair shaft; “d”
sebaceous gland; “e” hair follicle; “f” hair follicles infected by spores; “g” mycelium and spores grown in the inner root sheath; “h” the SC almost disappeared after aNGI

.....

Abbreviations: aNG, a-piene Nanoemulsion gel; TG, Terbinafine Hydrochloride Gel.

delivery, maintaining effective drug concentrations at the infection site. However, the less optimal Carbomer 940
proportions in aNG1 and aNG3 may reduce localized drug compromise their therapeutic efficacy against dermatophy-
tosis. These suggest excessive thickening agent proportions can hinder the effective release of the drug, compromising
NG’s therapeutic efficacy.

These findings in skin permeation and drug deposition tests highlight the importance of optimizing thickening agent
proportions to balance skin permeation and drug deposition, ensuring effective topical delivery to the infection site while
avoiding systemic absorption and under-treatment.

Fluorescent imaging using coumarin-6 further confirmed the findings from skin permeation and drug deposition
tests.”> For aNG2, fluorescence signals were predominantly localized in the epidermis/dermis (Figure 8D-F), corrobor-
ating its sustained drug levels in these layers as illustrated in the drug deposition test. This localized and controlled
distribution highlights the ability of aNG2 to enhance therapeutic efficacy at the infection site while minimizing systemic
absorption. Conversly, aNG1 exhibited pronounced fluorescence signals extending beyond the dermis (Figure 8A-C),
consistent with its excessive transdermal permeation (Table 3) and rapid decline in drug deposition within the epidermis/
dermis (Table 4). In the case of aNG3, fluorescence was initially weak and became apparent only at 6 and
12 h (Figure 8G-I), corresponding within with reduced skin permeation and drug deposition.

It is worth noting that, in both aNG2 and aNG3, a bright band was observed in the SC during fluorescent imaging.
This phenomenon was absent in the findings of Zheng et al,” where NG prepared with varying proportions of Carbomer
934 did not exhibit similar bright bands. The bright band in our study indicates that Carbomer 940 provides enhanced
protection to SC integrity compared to Carbomer 934. This could be attributed to the denser gel network of Carbomer
940, which supports a slower and more controlled drug release,” thereby reducing potential SC disruption. This finding
is consistent with our PAS staining results (arrow “i” in Figure 12D and E), which further confirm the enhanced SC
protection achieved by increasing Carbomer 940 proportions. Such a mechanism contributes to the more effective drug
reservoir effect,”>° ensuring localized drug availability while minimizing systemic exposure.
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The use of a guinea pig model infected with 7 rubrum in our study was instrumental in accurately simulating the
dynamics of mammal dermatophyte infections, providing a reliable platform for studying their natural progression.**
This model replicates the dermatophytic symptoms observed in other mammals, notably in keratinized structures such as
the SC and hair.*” By three days post-inoculation, clinical signs observed at the infection site included alopecia, scabs,
white scales, and erythema. Shed skin flakes and hair were cultured on SDA plates for seven days, where microscopic
examination revealed characteristic penetration of the hair shafts by fungal hyphae, with typical 7. rubrum colonies
displaying red pigment secretion. These findings validate the model’s relevance for studying the infection’s progression
without therapeutic intervention.**>’

In the therapeutic tests, tNGs demonstrated varying efficacy against 7. rubrum infection, indicating their clinical
potential. aNG2 showed superior performance, maintaining effective control of infection symptoms throughout the
treatment period due to its sustained-release properties as proved by drug deposition (Table 4) and fluorescent imaging
(Figure 8). This consistent drug release, observed in drug deposition and skin permeation tests, prevented the resurgence
of fungal growth, a common issue with other commonly used formulations.”"'* mycological cultures further proved this,
showing significant fungal burden reductions compared to aNG1 and aNG3, with similar fungal clearance rates to
positive drug control TG. Conversely, aNG1, with a lower Carbomer 940 proportion, allowed rapid drug penetration but

quick clearance, diminishing its effectiveness.'®'®

aNG3, with the highest Carbomer 940 proportion, restricted drug
release, limiting its therapeutic potential, this was consistent with other reports, where higher thickening agent propor-
tions render NG topical drug delivery properties rather than transdermal.”''”* The findings highlight the critical
importance of thickening agent proportions in optimizing aNG2, achieving an excellent balance between skin permeation
and drug deposition. This well-balanced formulation demonstrates promising clinical relevance for dermatophyte
infection treatment, highlighting its potential for effective therapeutic outcomes.

Histopathological examination via PAS staining provided critical insights into skin integrity and fungal clearance
post-treatment.”” aNG2 demonstrated the best therapeutic outcomes, eradicating fungal presence while preserving SC
integrity (arrow 1 in Figure 12D), suggesting superior infection control with minimal skin disruption. Conversely, aNG1,
though effective in drug delivery (Table 3 and Figure 8A-C), disrupted the SC significantly (arrow i in Figure 12C),
potentially compromising skin barrier function and increasing secondary infection risk.*® Meanwhile, tNG3 maintained
the skin structure but failed to sufficiently reduce fungal burden, emphasizing the need to optimize the balance between
drug penetration and therapeutic effectiveness to enhance treatment outcomes.

Conclusion

In summary, our research underscores the pivotal role of thickening agent proportions in enhancing the effectiveness of
nanoemulsion gels for treating dermatophytic infections. Our findings reveal that gels with varying proportions of
thickening agents can produce a range of therapeutic effects. Moderate proportions, as exemplified by aNG2, provide
sustained drug release, combining the benefits of both transdermal and topical drug delivery. This allows for prolonged
and localized action, crucial for effective dermatological treatment. Other proportions can be specifically tailored to meet
distinct clinical requirements. These insights highlight the broad clinical applicability of customized nanoemulsion gels
and confirm their potential as versatile treatments for various dermatological conditions.
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