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ABSTRACT

The broad-spectrum topical triazole antifungal agent efinaconazole (EFI) has poor bioavailability because it demonstrates
limited water solubility combined with inadequate persistence and penetration through the skin. This research studied
nanostructured lipid carriers containing efinaconazole (EFI-NLCs) for developing an evaluation of their characteristics and
antifungal properties in vitro investigations. The researchers manufactured EFI-NLCs through high-pressure homogenization
while evaluating their characteristics via PDI analysis, zeta potential measurement, EE% determination, SEM imaging,
thermal analysis and FTIR spectroscopy evaluation. Scientists conducted tests for in vitro drug release as well as antifungal
susceptibility assessment and cytotoxicity analysis. The research showed that EFI-NLCs contained nanosized dimensions
together with distributed particles and possessed a desirable zeta potential complemented by encapsulation efficiency at 85%.
SEM micrographs confirmed that the prepared nanoparticles exhibited spherical geometries with uniform distribution of
their shapes. The FTIR spectrum indicated that EFI had no destructive chemical reactions with any of the excipients used.
Drug diffusion from the NLC formulation showed a substantial rise based on drug release pattern analysis. EFI-NLC gels
successfully passed stability tests which demonstrated maintained physical stability aspects at acceptable boundaries. These
tests established low toxicity measurements together with superior antifungal properties against strains of Candida albicans
and Aspergillus species. A software-based Central Composite Design (CCD) with Design-Expert enabled the optimization
process for concentration of surfactant (%), concentration of total lipid (%) and time of homogenization (minutes). The
optimization process used three response variables to find the best characteristics for the EFI-NLC formulation. The
evaluation indicated that EFI-NLC gel shows encouraging qualities for treating superficial fungal skin infections topically.

Keywords: Efinaconazole, Drug delivery, Central Composite Design, Cytotoxicity, Nanoformulations.

1. INTRODUCTION

Public health battles a substantial fungal threat because these pathogens infect millions of individuals throughout the world
annually. A wide range of diseases affect humans due to fungal infections which result in mucosal lesions and superficial
skin along with extreme lethal mycoses [1,2]. Fungal infections happen within three defined categories including superficial
and subcutaneous and systemic infections. The dermatophytes alongside yeasts and non-dermatophyte fungi cause superficial
infections that frequently affect tropical, subtropical and temperate climate areas [2,3]. Dermatophytosis stands as the most
widespread superficial fungal infection since it affects between 20-25% of global population numbers [4,5]. The four fungal
genera which frequently cause infections in human beings include Nannizzi, Microsporum, Epidermophyton and
Trichophyton. They primarily influence keratinized tissues like epidermis and other appendages as well as hairs and nails.
The signs of dermatophytosis differ based on the infected body parts and the strength of the host immunity. The following
diseases represent typical dermatophytosis manifestations: Tinea capitis, Tinea cruris, Tinea corporis Tinea unguium and
Tinea pedis [4-6]. Candida albicans and other associated Candida species together with yeast types of genus are accountable
for causing superficial fungal ailments. The symptoms of superficial candidiasis appear in various ways across the body
including oral thrush and vaginal yeast infections and nail fungus and continual yeast skin infections [7]. Other than Candida
species dermatomycosis can also be caused by Fusarium aspergilluss copulariopsis and acremonium which are different
genera of non-dermatophytic molds [8-10]. Most fungal pathogens face an escalating clinical challenge from both intrinsic
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and obtained antifungal resistance in modern medicine [11]. Medical experts use topical antifungal drugs as preferred drugs
for treating superficial fungal infections. The pharmaceutical industry created efinaconazole as a 10 percent conventional
solution during the development of new generation triazole topical antifungal drugs to address these issues. The therapeutic
effectiveness of topical solutions depends on high drug concentration because they face reduced nail permeability which
creates application issues. The drug solution has a high tendency to wash away from the nail surface following its application
[12,13]. Clinical use of the medicine during an extended period results in allergic dermatitis and skin vesicles at the
application site [14]. Most drugs encounter limited penetration through the stratum corneum skin layer because this layer
functions as a filtration barrier to protect the skin tissue. Lipophilic properties of EFI moiety along with its low aqueous
dissolvability rates seriously impair both skin permeability and biological availability of the drug [15,16]. The use of
nanocarriers for improving drug transdermal delivery represents a new strategic promising approach to drug delivery systems
with in recent years [17-19].The passive delivery method of nanocarriers represents an advanced drug delivery solution
which operates more rapidly than traditional drug delivery systems [19]. Multiple forms of nanocarriers serve as active drug
delivery methods for skin applications to boost permeability while targeting specific skin compartments [20,21]. The use of
liposomes and solid lipid nanoparticles (SLNs) together with nanoemulsions, niosomes and nanostructured lipid carriers
(NLCs) constitutes widespread utilization of lipidic nanoformulations for topical drug delivery systems [22—24]. Research
on metal nanoparticles and polymeric nanoparticles in addition to nanospheres along with nanocrystals demonstrates
potential for dermal and transdermal drug delivery use [25-28]. NLCs stand as advanced lipid nanoparticles in their second
generation since they demonstrate potential to enhance delivery of antifungal medication EFI and other lipophilic drugs
through their drug-delivery system capabilities. The composition of these lipidic nanoformulations (NPs) includes liquid and
solid lipids which provide better drug loading ability and stability over the alternative delivery method employing solid lipid
nanoparticles (SLNs). The drug penetration into stratum corneum receives increased support from nanostructured lipid carrier
(NLCs) due to their low toxicity and enhanced nanoparticle characteristics [29—-31]. Research shows that nanostructured lipid
carriers (NLCs) demonstrate superior potential as nano-delivery systems than vesicular systems like liposomes and
ethosomes regarding their drug-loading capabilities alongwith their ability to target skin organelles [32]. The purpose of this
study aimed to build and optimize efinaconazole NLC dosage forms which could promote effective dermal delivery for
treating fungi. Antifungal and release evaluation tests determined the effectiveness of the formulated product.

2. MATERIALS AND METHODS
Materials

Efinaconazole was provided by Chemvon Biotechnology Co. Ltd., China. Clotrimazole and luliconazole was obtained as a
gift sample from Kusum Healthcare Pvt. Ltd., India. Glyceryl monostearate (GMS) was purchased from Central Drug house
Pvt. Ltd., New Delhi. Compritol 888 ATO, Gelucire 48/16 Pellets, Propylene glycol monolaurate, Labrasol, Transcutol-P
were obtained from Gattefosse India Pvt. Ltd., Mumbai, India, as a gift sample. Isopropyl myristate, Proylene glycol, PEG
400, Tween 80 and Span 80 were procured from Sigma Aldrich or Merck, Mumbai, India. Carbopol was provided from
Lubrizol India Pvt. Ltd., Navi Mumbai, India. Distilled water was purified using double distilled water assembly. Tetrazolium
salt (MTT) and Sabouraud dextrose agar (SDA) were purchased from Himedia Laboratories Pvt. Ltd., Thane, India. Human
Skin cell (SK-Mel-1) was purchased from the National Centre for Cell, Pune, India. Candida albicans (ITCC 5480) and
Aspergillus Species (ITCC 6538) were purchased from Indian Agricultural Research Institute (IARI), New Delhi, India.

Screening of components
Screening of solid lipids

The solubility determination of efinaconazole in various solid lipids (Compritol 888 ATO, Glyceryl Monostearate, Gelucire
48/16 Pellets) was performed by adding EFI in increments of 1 mg until it failed to dissolve further in the molten solid lipids
(which were heated at 5°C above their melting point). The amount of solid lipids required to solubilise EFI was calculated.
The experiment was conducted in triplicate.

Screening of liquid lipids (oils) and surfactants

The solubility of EFI in various liquid lipids (Propylene glycol monolaurate, Labrasol, Isopropyl myristate, Transcutol-P,
propylene glycol and PEG 400) and surfactants (Tween 80 and Span 80) was determined by adding excess amounts of drug
in 3 ml of oils in small vials. The vials were tightly stoppered and were continuously stirred to reach equilibrium for 72 h at
25°C in a mechanical shaker. After that, the mixtures were centrifuged using High Speed Centrifuge (3K30, SIGMA,
Germany) at 5000 rpm for 30 min at about 25°C. The supernatant was separated, dissolved in methanol and consequently,
solubility was quantified by UV spectrophotometer at 210 nm.

Design for Formulation Trials

A Central Composite Design (CCD) was employed using Design-Expert software to statistically optimize the formulation
parameters of efinaconazole-loaded nanostructured lipid carriers (NLCs) by evaluating the effects of total lipid concentration
(%), surfactant concentration (%), and homogenization time (min) on entrapment efficiency (%), drug loading (%), and
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particle size (nm). The experimental design included factorial, axial, and center points, with factors studied at five coded
levels (-a, -1, 0, +1, +a) based on preliminary trials and literature. ANOV A was used to assess the significance of independent
variables, and polynomial regression models were generated to predict responses. Contour Plots were utilized to visualize
factor interactions, while the Desirability Function approach was applied to identify optimal formulation conditions by
maximizing entrapment efficiency and drug loading while minimizing particle size. The optimized formulation was validated
by comparing experimental and predicted values to confirm model adequacy shown in table 1.

Table 1. Coded levels independent variables and their corresponding levels for NLCs

Coded levels
Independent variable | Symbol

-a -1 0 +1 +o,
Total lipid
concentration (%) A 5.3 6 7 8 8.68
Surfactant
concentration (%) B 0.32 1 2 3 3.68
Ho_mogenlzatlon time C 9.5 1 15 18 20,04
(min)

Preparation of NLC

NLC was formulated using solid lipid (glyceryl monostearate), liquid lipid (propylene glycol monolaurate) and surfactant
(Polysorbate 80). The solid lipids were melted at a temperature range 5-10°C more than their melting point. Liquid lipid and
the drug (efinaconazole) to be encapsulated were added to the melted lipids. An aqueous solution of surfactant(s) was heated
to same temperature range as the melted lipids. Further, the lipid mixture was deluged into the hot aqueous solution having
surfactant via magnetic stirrer (IKA RCT basic, India) for 30 minutes at 1200 rpm for preparation of primary emulsion. The
resultant primary emulsion was transformed to the NLC through high-pressure homogenizer (IKA T25 digital Ultra Turrax,
India) at 15000 RPM for 15 minutes, followed by 5 minutes of sonication by probe sonicator. The obtained NLC dispersion
was cooled down to room temperature [33, 34].

Optimization and characterization of NLC
Organoleptic features

Visual and olfactory senses were employed for evaluating the organoleptic features of EFI-NLC. The appearance of test
samples was evaluated for three characteristics combined with initial form and phase separation and coalescence evaluation
under storage conditions. The color and odor were evaluated to check storage temperature effects on consistency while
confirming no color or odor alterations occurred [52].

Drug identification in NLC by Mass spectrometry (MS)

After dissolving NLCs in methanol, the mixtures were sonicated for 10 minutes while performing intermittent shaking to
obtain the encapsulated drug from the lipid structure. The solution was filtered through 0.45-micron PVVDF filter for removing
lipid particles after sonication. Mass spectrometry (Waters Corporation, Massachusetts, USA) follows drug analysis of the
extracted substance. Drug ionization occurs through TOF MS or corresponding methods based on drug characteristics.
During the ionization process, the device separated molecular ions through their m/z ratio until it detects a corresponding
match with known reference spectra found in dedicated drug databases. The mass spectrometry technique delivers structural
information to establish drug identification accuracy in complicated drug delivery vehicles including NLCs [58].

Particle size, PDI, and zeta potential evaluations

The particle size investigation of NLCs formulations was performed through photon correlation spectroscopy with Zetasizer
(Malvern Instruments) as the measuring instrument. A PCS instrument calculates z-average particles size together with PDI
which shows distribution width. The analysis of filtered double distilled water-diluted solutions occurred at 25°C and 90°
scattering angle using Whatman filter papers [16, 33]. The experiments were performed three times for each measurement
point and results showed mean values with standard deviation (SD) calculated from three readings.

Entrapment efficiency (EE) and drug-loading capacity

A gentle shaking procedure mixed both NLC dispersion and drug until the distribution reached homogeneity. A 1.0 ml
portion of the dispersion submitted to centrifugation through a High-Speed centrifuge at 10,000 rpm for 30 minutes received
dilution with 9.0 ml of methanol before separation of free drug from nanoparticles occurred. The researchers employed a
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0.45pum Millipore membrane to eliminate all remaining particulate matter after subjecting the supernatant to filtration [36-
37]. The analysis of free drug concentration in filtrate samples followed similar approach reported by Agarwal and research
group [38]. Determination of the NLC-drug contents by subtracting the residual free drug from the initial drug added to the
solution. Standard equations 1 and 2 were employed for the calculation of percent entrapment efficiency (EE%) and drug
loading (DL%) by determining entrapped drug to total drug ratio for EE% while evaluating entrapped drug to NLC total
weight ratio for DL%.

EE% = leoo 1
W (Total)
DLY% = leoo 2

W (Lipid)

Wiree, Wiipigs, and Wiorar are analysed weight of drug in supernatant, weight of lipid added in system and the weight of drug
added in system, respectively.

Scanning electron microscopy (SEM)

The EFI-NLC formulation placed at -80 °C for 24 hours before lyophilizing it using a instrument freeze-drier (Macflow
Engineering Pvt. Ltd., India) to produce a dry powder. Evaluation of EFI-NLCs morphology occurred through scanning
electron microscopy (JEOL Limited, Japan). The imaging procedure required a gold coating layer on the lyophilized sample
to boost its conductivity levels. SEM analyzed the sample at 200,000x magnification with 5.0 kV acceleration voltage. The
study used this technique to unveil extensive information about the EFI-NLC surface anatomy and design features [39].

FTIR Spectroscopy

The FT-IR spectra of pure efinaconazole along with its formulations through the use of FT-IR spectrophotometer
(PerkinElmer, Inc, MA, USA). A sample weighing 2-5 mg was combined with 100 mg of potassium bromide (KBr) before
subjecting it to grinding then pressing into a transparent pellet with a hydraulic press. Analysis of spectra ran from 4000—
400 cm! using a settings resolution of 4 cm per sample. IR spectroscopy analysis of obtained spectra helped detect
functional groups present in Efinaconazole API and its excipients while identifying any potential bonds that formed between
these substances through peak matching of pure efinaconazole, EFI-NLC Lyophilized formulation, GMS, Capryol 90,
Polysorbate 80 and Carbopol 980 NF [40, 41].

Differential scanning calorimetry (DSC)

The crystal structure of EFI blended with lipid matrix was detected through differential scanning calorimetry analysis using
instrument Perkin Elmer precisely (DSC 6000) Differential Scanning Calorimeter (PerkinElmer, Inc, MA, USA). DSC was
used to record thermograms for crystallinity identification. Tight sealing procedures were used on standard aluminium pans
which contained 1-5 mg weights of accurately measured free dried formulations. The thermal measurement process followed
10 °C/min while raising the temperature from 37°C to 400 °C. The reference system consisted of a blank pan. The
measurements took place under inert conditions which relied on nitrogen purging [16, 33].

Characterization of EFI NLC gels
Physical Appearance

Physical examinations of the prepared gel included texture evaluations along with assessments of uniformity and clarity that
were performed by visual and tactile methods. An evaluation of the texture was assessed both its smoothness along with its
consistency before inspecting the uniformity across the sample area. The pureness of the solution was tested using light
illumination to look for cloudiness. An assessment of the gel involved a review for foreign matter and contaminants to uphold
quality measures and regulatory specifications [16, 42].

Viscosity and Torque measurement

The viscosity and torque testing of NLC samples were assessed using a Brookfield viscometer (Model: DV2T, extra
viscometer, Brookfield Engineering Laboratories, USA) with spindle No. RV-06. The tests were performed at a precise
temperature of 25 + 0.5°C because this level was chosen to maintain testing uniformity. The spindle has been run at 5.0 rpm
speed while the viscometer acquired the recorded readings for viscosity together with torque measurements. Sample
equilibrium at the test temperature before measurement took place in order to reduce temperature-related variations. The
analysis of each sample was performed three times to check the reliability and consistency of the obtained outcomes.
Rheological properties of the developed formulations were evaluated through the collected viscosity data and torque results
for assessing stability along with pharmaceutical and cosmetic suitability [33, 43].
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Measurement of pH

The pH determination for EFI-NLC gel formulation used a calibrated pH analyzer. A solution containing 10% w/v of NLC-
Gel required measurement of 1 g NLC-Gel that was dissolved in 10 ml distilled water. The assurance of accurate pH
measurements required 4-5 minutes of incubation followed by an equilibrium period for the sample. The measurement of
pH was done three times to confirm the accuracy and repeatability of collected data points. Laboratory assessments of the
formulation measured its compatibility with both skin pH and its stability following analysis of obtained values [43, 44].

Spreadability

The gel formulations were allowed for spreadability test through glass plate assessment. A clean glass plate received a pre-
drawn 1.0 cm diameter circle where 1.0 g of the gel was situated. Another glass plate was added on top of the gel for a
consistent contact. The gel received a 500 g standard weight for 5 minutes on top of the upper glass plate before measurement.
The researchers noted the diameter expansion of the gel because of its spreading action following the time period. The authors
designed this test to evaluate how easily the gel applied to and how evenly it spread onto the skin or alternative application
surfaces [45, 46].

Drug content

A 1.0 gm of prepared gel from the tube was measured before dissolving it into solution with efinaconazole content at about
10 mg. The solution received its final dilution of 50 ml by mixing methanol and water in a 80:20 volumetric ratio as diluent
solution. The solution needed chromatographic analysis after passing through a 0.45pum PVDF filter. The analysis took place
through HPLC Chromatography which measured at 210 nm wavelength. The authors used equation 3 to evaluate drug content
in the analysis [44].

Practical yield

Drug content = X 100 3

Theoretical yield
In vitro studies
Preparation of phosphate buffer saline (pH-7.4)

For the preparation of phosphate buffer saline solution, disodium hydrogen phosphate (2.38g), potassium dihydrogen
phosphate (1.36g) and 8.0g of sodium chloride (8.0) were accurately weighed and dissolved in appropriate water to make
1000 ml. The pH 7.4 was adjusted with orthophosphoric acid (OPA) [47].

In vitro release study

Drug release assessments occurred through Franz diffusion apparatus from Logan Instruments Corp, India which employed
cellulose acetate membranes. A continuous stir operated at 32 £ 0.5 °C within the receptor compartment which contained
phosphate-buffered saline (PBS) pH 7.4 solutions with 10% ethanol. The membrane solution process involved PBS pH 7.4
soaking before it was installed as a barrier between donor and receptor sections. Each experiment used 500 mg of the active
substances through 5 mg efinaconazole where the test group received EFI NLC Gel 1% while the control group received
efinaconazole Conventional Gel 1% (Control). Under sink conditions the experiment sampled medium aliquots at 0.5, 1, 2,
4, 6 and 24 hours to replace them with new medium during the diffusion process. The determination of drug concentrations
at 210 nm wavelength required UV spectroscopy following cumulative dilution correction calculations. The experiments
took place three times with each sample [33].

In vitro cytotoxicity investigation

In vitro cytotoxicity test was allowed to analyze the toxic properties of excipients (employed in nanoparticle formulation) on
human dermal cultures. Cytotoxic potential of EFI loaded NLC preparations was examined in SK-Mel-1 cell line through
MTT (3-(4, 5-dimethyl thiazol-2yl)-2, 5-diphenyl tetrazolium bromide) assay method. Cytotoxic evaluation by using three
comparative samples also included cells with lipidic nanoparticle-gel without EFI (control) and both cells with EFI and cells
with lipidic nanoparticle-gel (test). The test group received evaluation across eight control groups which assessed 8 different
concentrations from 6.17pg/ml up to 500pg/ml.

The cell suspensions at a density of 1 x 106 cells/ml were prepared by either extracting adherent cells with trypsin. The
experiment utilized 0.1 milliliters of medium provided per well in 96-well plates using cell densities between 103 to 106
cells per milliliter per well. Each MTT assay consisted of three separate conditions including blank wells with medium only
together with untreated control wells and test wells. The tested liquid solution was placed under incubation at 37 °C using
5% CO, during a 24-hour period before it was gently removed from each well. The cells received clean DMEM media
containing 10% FBS after the exchange of each well. The 20 pul solution of MTT (5 mg/ml) was poured to the plates which
were incubated for 2-3 hours under a 5% CO, atmosphere at 37 °C until purple formazan crystal appeared. Each well received
100 pl dimethyl sulfoxide (DMSO) solution to serve as the dissolving agent along with micropipette mixing that lasted 45
seconds before a 10-minute incubation at 37 °C. The optical density was examined at 595 nm using micro titer plate reader
against the reference wavelength 655 nm while maintaining DMSO as the blank solution. The measurements resulted in
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determining the 1C50 value for viability inhibition at 50% through graphical analysis [43, 50].
Zone of inhibition assay

The cylinder plate technique was employed for examining in vitro antifungal potential. Five samples (clotrimazole gel,
luliconazole gel, efinaconazole gel, efinaconazole NLC gel and control (NLC gel without efinaconazole) were analyzed
against two fungal strains Candida albicans (ITCC 5480) and Aspergillus sp. (ITCC 6538) to examine antifungal potential.
The Sabouraud dextrose media (Himedia, Mumbai, India) was employed for cultivating Candida albicans at 30 °C
temperature for 24 hours while Sabouraud dextrose media was employed for cultivation of Aspergillus Sp. at 30°C
temperature for 48 hours. With aid of a sterile, hiculture collecting device, the spores were cultivated and then dispersed into
20 ml media followed by filteration via sterile gauze. Inoculated media (1ml) was mixed to Sabouraud dextrose agar (100
ml) at 37+1°C temperature. 10 ml of the inoculated media was placed into petri dish having solidified agar media. One well
in the five different petri dish were boredand packed with 0.1 g each of clotrimazole gel 1%, luliconazole gel 1%,
efinaconazole conventional gel 1%, efinaconazole NLC gel 1% and control (NLC gel without efinaconazole), respectively.
The mean zone of inhibition diameter (cm) was noted and analyzed comparatively [43, 51].

Stability studies

A stability investigation of efinaconazole containing NLC-gel took place in agreement with ICH guidelines Q1A (R2) under
accelerated (404£2°C and 75+5%RH) and room temperature (25+2°C and 60+5%RH) atmospheric environment for six
months inside HMG up Based stability chamber (HMG, India). The study evaluated the globule size distribution and drug
content along with polydispersity index through three-month time points from the initial withdrawal at month 1 until month
6.

Statistical analysis

The researchers showed data results through three independent measurements averaged with standard deviation (SD)
computation. A statistical examination with ANOVA served to detect differences among groups and the Tukey-Kramer post-
hoc test provided specific results between groups. The research used a test statistic threshold at 0.05 to identify statistically
important data. The researchers performed the statistical evaluations through GraphPad Prism 10.4.1 software. The results
achieved high reliability because this method detected fluctuations both within individual experiments and between the
groups. The research design included ANOVA with a subsequent application of Tukey-Kramer post-hoc testing to provide
simultaneous group evaluation and verify significant group results. The applied statistical technique delivered a reliable
investigation of experimental results that produced reliable data interpretation. Standard scientific protocols guided all
statistical work to improve result reproducibility and verify the effectiveness of the formulated product [33, 55].

3. RESULTS AND DISCUSSION
Screening of components

The selection of excipients for the development of efinaconazole-loaded nanostructured lipid carriers (EFI-NLCs) was based
on their pharmaceutical acceptability, non-irritant, non-sensitizing properties, and their classification under the GRAS
(Generally Regarded as Safe) category. The mean and standard deviation (SD) values of the selected excipients are presented
in Fig. 1. As per findings of solubility investigations; EFI presented maximal solubility in glyceryl monostearate (GMS)
(173.33+4.16 mg/ml), propylene glycol monolaurate (12.62 +0.10 mg/ml) and Tween 80 (8.16% 0.17 mg/ml). Thus, EFI-
NLCs were formulated using GMS (solid lipid), propylene glycol monolaurate (liquid lipid) and Tween 80 (surfactant). On
the basis of visual inspection of smear test, binary lipid phase was found to be selected in the ratio 5:5 w/w (solid: liquid
lipid ratio) for developing NLC. Mittal and research group demonstrated that increased solubility was found to be responsible
for enhanced drug entrapment efficiency, ensuring a stable system. Lipids with maximal solubility were chosen for optimized
NLC formulation [38, 61].
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Fig. 1. Solubility of various excipients employed in NLC formulation.

Optimization of Formulation by QbD

The Central Composite Design (CCD) analysis successfully identified important process optimization information because
it analyzed linear effects and interaction effects and quadratic effects of all factors. The employment of factorial points with
axial and center points in the design framework enabled researchers to understand response surfaces thoroughly by delivering
improved data precision when contrasted with full factorial techniques. The wider factor level range of CCD allowed
researchers to gain better insight into complex non-linear responses by finding successful operating parameters. The efficient
operation and adaptable nature of CCD enables strong management of processes through reduced experimental requirements
resulting in both cost savings and time reductions and producing data that can be trusted [67].

Initial risk assessment

A 1.0% w/w drug concentration was used to prepare EFI-NLC at room temperature under 15 minutes of stirring at 15,000
rpm speed. The literature review produced results to determine multiple Critical Material Attributes (CMAs) and Critical
Process Parameters (CPPs) that governed the formulation's performance. Total lipid concentration together with surfactant
concentration and homogenization time (minutes) proved to be major contributors influencing the behavior of particle size
along with drug loading and encapsulation efficacy. The research team utilized Design of Experiments (DoE) to determine
the individual and combined effects between these factors and Critical Quality Attributes (CQAS). The analysis with Design
of Experiments showed important correlations of these identified factors with Critical Quality Attributes because maintaining
accurate lipid amounts and surfactant levels and controlling homogenization time are vital for formulation success. The
selection of proper parameter settings proved essential for developing a formulation with correct and sizes alongside
maximum drug volume and effective encapsulation. Researchers have obtained important knowledge that enables improved
scale-up initiatives for EFI-NLC manufacturing and ensures reliable fungal management outcomes [68].

Design of experiment by 3-level Central Composite Design

For the optimization process utilized the Central Composite Design (CCD) for 3 crucial formulation variables including
Total lipid concentration (%), surfactant concentration (%) and homogenization time (minutes). This optimization method
worked to decrease particle size while simultaneously increasing entrapment efficiency and drug loading within the EFI-
NLC formulation. The optimization method worked to find the optimal combinations between formulation elements to boost
the complete fungal management capabilities of the formulation. Through Design-Expert® (Stat-Ease 360) software
suggested conducting 20 experimental runs for examining variable effects on response factors. Each formulation was
prepared following the experimental design parameters by adjusting the lipid and surfactant concentrations together with
controlling homogenization time for specific trials. The study generated data concerning particle dimensions together with
drug retention metrics and entrapment effectiveness that represented in Table 2. The data analysis revealed the most suitable
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formulation parameters by locating best conditions for producing minimal NLC while maximizing both entrapment
efficiency and drug substance loading levels as the main success criteria. The extensive formulation optimization research
created a thorough view of critical quality attributes interactions from chosen formulation variables to establish a reliable
fungal management EFI-NLC system [67, 70].

Table 2. Experimental design for NLCs with independent variables and experimental values of responses

Response values
Run ;rgrfglentratio;ipid sglr:(tzatt?’giion Homogenization Drug ;
(%) (%) time (minutes) En_tr_apmenot loading P_artlcle
efficiency (%0) (%) size (nm)

1 6 1 18 66.4 2.21 149.33
2 7 2 9.95 76.12 7.98 229.34
3 8 3 18 76.93 9.75 203.88
4 8 3 12 74.9 6.19 300.99
5 8.68 2 15 79.31 12.77 226.87
6 5.32 2 15 70.57 8.86 144.48
7 8 1 12 81.21 11.32 308.49
8 7 2 15 85.99 13.84 142.88
9 7 2 15 84.55 13.32 143.08
10 7 2 20.04 74.39 7.32 130.69
11 6 3 18 76.93 10.98 241.82
12 7 2 15 85.75 13.75 142.88
13 7 0.32 15 71.32 5.73 228.58
14 6 1 12 67.92 4.98 165.68
15 8 1 18 75.8 10.42 153.92
16 6 3 12 74.44 9.38 205.86
17 7 2 15 84.89 13.7 142.72
18 7 2 15 85.19 141 138.06
19 7 3.68 15 75.94 8.56 304.25
20 7 2 15 84.95 134 141.356

Analysis of variance (ANOVA)

ANOVA served within Central Composite Design (CCD) to determine the model significance in assessing experimental data
fit. Results of the analysis showed strong statistical significance together with an outstanding agreement with experimental
observations thereby confirming the predictive capabilities and reliability of the designed method. The three experimental
variables together with concentration of total lipid concentration (%), concentration of surfactant (%), and time of
homogenization (minutes) proved influential for each observed outcome including particle size, encapsulation efficacy, and
drug loading. A visual interpretation of response relationship dynamics between multiple factors appeared through 3D plots
for surface response analysis after conducting the experiments. The response surface plots delivered enhanced visibility into
how variable adjustments individually and jointly influenced the outcome measurement. The model quality along with
significance was evaluated through F-values and R? values and p-values. The model explained a substantial amount of
response variation based on the significant R2 values. Statistical significance tests included F-values to analyze model
effectiveness while p-values helped determine separate variable impacts [69]. The development of quadratic equations
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allowed researchers to establish mathematical relationships between variables while model graphs generated from these
equations provided an enhanced overview of the optimization process to improve EFI-NLC formulation development.

Entrapment efficiency (EE)

The EE (Response 1) across all 20 experimental runs ranged from 66.40 to 85.99%. Among the various ANOVA models
tested, the quadratic model provided the best fit, with an R2 value of 0.9946. The model was significant, as represented by
an F-value of 103.88, meaning the model is highly relevant, and a p-value of <0.0001, confirming its statistical significant
potential. The significant model terms include A, B, C, AC, BC, A2, B2 and C2. Additionally, the Lack of Fit F-value of 1.56
has been suggested that the Lack of Fit is not significant, as shown in Table 3. The effect of the independent variables on EE
is described by the coded quadratic equation:

EE=85.21+277A+1.44B-0.3895C —2.78 AB — 0.5438 AC + 1.43 BC — 3.56 A2 - 4.02 B2 -3.45 C?
Where, A-Total Lipid Concentration, B-Surfactant Concentration and C-Homogenization time

Table 3. Lack-of-fit (LOF) test for each experimental response (entrapment efficiency, drug loading and particle

size)

Regression coefficients Entrapment Drug loading (%) Particle Size (nm)

efficiency (%)
Model Quadratic Quadratic Quadratic
Intercept 85.21 13.69 141.79
éc_)ncentraTt?c:il Held | 1T 1225 25137
(E:’;)ncentration Surfectant | 1447 0.8882* 2214
E:r;]inl;omogenization time | -0.3895* 0.0278 220 14*
AB -2.78* -2.37* -11.28*
AC -0.5438* 0.4788** -33.91***
BC 1.43%** 1.10*** 13.72*
A2 -3.56** -1.03* 15.79**
B2 -4.02** -2.33* 44 .34%**
C? -3.45* -2.15** 13.79%**
R? 0.9946 0.9957 0.9995
Adjusted R2 0.9897 0.9718 0.9891
Predicted R2 0.9686 0.9786 0.9889
F-value 103.88 156.85 230.54
p-value <0.0001 <0.0001 <0.0001
Lack of fit F-value 1.56 1.35 0.7735

In coefficient of estimate, significance levels are indicated as follows: *** denotes a p-value less than 0.001, ** represents a
p-value less than 0.01, and * indicates a p-value less than 0.05. Factors without any asterisk are considered not significant.

The coefficient estimate shows how much the response (EE) is expected to change with a one-unit change in a factor, while
keeping all other factors at same levels. In an orthogonal design, the intercept has been presented the overall average EE for
all the experimental runs. The coefficients then adjust this average on the basis of the specific settings of the factors, reflecting
how each factor impacts the response. The equation with coded factors allows for predictions about the response based on
specific factor levels. Typically, high levels are coded as +1 and low levels as -1. The observed coded equation is important
for evaluating the relative effects of different factors on comparison with their coefficients.
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The influence of different independent factors on Response 1 (EE) can be better understood through Contour model graphs.
Fig. 2. illustrated these relationships, showing how these factors interact and contribute to the observed changes in EE. These
visual aids provide a clearer understanding of how the model assumptions match with real data, as well as the individual and
combined effects of the variables [33, 68].
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Fig. 2. Contour plot showing effects of different variables on EE (%) of efinaconazole.

Drug Loading (DL)

The DL (Response 2) across all 20 experimental runs ranged from 2.21 to 14.10%. Among the various ANOVA models
tested, the quadratic model provided the best fit, with an R2 value of 0.9957. The model was significant, as indicated by an
F-value of 156.85, meaning the model is highly relevant, and a p-value of <0.0001, confirming its statistical remarkable
potential. The significant model terms include A, B, C, AC, BC, A2, B2 and C2. Additionally, the Lack of Fit F-value of 1.35
suggested that the Lack of Fit is not significant, as shown in

Table 3. The effect of the independent variables on DL is described by the coded quadratic

equation:

DL =13.69 +1.22 A +0.8882 B + 0.0278 C — 2.37 AB + 0.4788 AC + 1.10 BC - 1.03 A2 - 2.33 B2—-2.15 C?
Where, A-Total Lipid Concentration, B-Surfactant Concentration and C-Homogenization time

The coefficient estimate shows how much the response (DL) is expected to change with a one-unit change in a factor, while
keeping all other factors at same levels. In an orthogonal design, the intercept has been presented the overall average EE for
all the experimental runs. The coefficients then adjust this average on the basis of the specific settings of the factors, reflecting
how each factor impacts the response. The equation with coded factors permits for predictions about the response on the
basis of particular factor levels. Usually, low levels are coded as -1 and high levels are coded as +1. The obtained coded
equation is important for evaluating the relative effects of different factors on comparison with their coefficients.

The influence of different independent factors on Response 2 (DL) can be better understood through Contour model graphs.
Fig. 3. has been illustrated these relationships, showing how these factors interact and contribute to the observed changes in
EE. These visual aids provide a clearer understanding of how the model assumptions match with real data, as well as the
individual and combined effects of the variables [33, 67].
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Fig. 3. Contour plot showing effects of different variables on DL (%) of efinaconazole.
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Particle Size

The particle size response (Response 3) for all 20 runs ranged from 216.27 to 586.47 nm. These data were analyzed using
various ANOVA models, with the quadratic model providing the best fit, showing an R? value of 0.9995. The model's F-
value of 230.54 indicates its significance, meaning it fits the data well, while the p-value (<0.0001) confirms its statistical
significance. Significant model terms include A, B, C, A2, B?, and C2 The Lack of Fit F-value of 0.7735 suggests that the
Lack of Fit is not significant as shown in Table 3. The effect of the independent variables on particle size is represented by
the coded quadratic equation:

PS=141.79+ 2513 A+22.14 B -29.14 C - 11.28 AB -33.91 AC + 13.72 BC + 15.79 A% + 44.34 B2 + 13.79C?
Where, A-Total Lipid Concentration, B-Surfactant Concentration and C-Homogenization time

The coefficient estimate shows how much the response (particle size) is expected to change with a one-unit change in a
factor, while keeping all other factors at same levels. In an orthogonal design, the intercept has been represented the overall
average particle size throughout all experimental runs. The coefficients then adjust this average on the basis of specific factor
settings, showing how each factor influences the particle size.

This equation, employing coded factors, enables response predictions on the basis of particular factor levels. It is particularly
useful for analyzing the comparative impact of each factor by assessing their coefficients, where low levels are coded as -
land high levels are coded as +1.

The influence of different independent factors on Response 3 (particle size) can be better understood through Contour model
graphs. Fig. 4. illustrated the observed changes in particle size. These visual aids provide a clearer understanding of how the
model assumptions match with real data, as well as the individual and combined effects of the variables.

The optimized NLC were required to qualify the criteria of achieving maximum entrapment efficiency and drug loading
along with minimal particle size. The optimized nanoformulation was determined to have a total lipid concentration (%) of
7.207% wl/v, concentration of surfactant (%) of 1.987% wi/v, and a Homogenization time of 15.66 minutes. The predicted
values for entrapment efficiency, drug loading and particle size were 85.337%, 13.812% and 140.097nm respectively. To
validate this, trial experiments were conducted in triplicate under these conditions, and the experimental values of the
dependent variables were compared with the predicted results. The observed encapsulation efficiency, drug loading and
particle size were found 83.75+0.57, 14.24+0.43 and 139.9+4.9 respectively.

Particle size (nm)

Particle size (nm)
200, |

Particle size (nm)

C: Homogenization time (Min)
C: Homogenization ime (Min)

3: Surfactant Concentration (%)

A: Total Lipid Concentration (%) B: Surfactant Concentration (%) A: Total Lipid Concentration (%)

Fig. 4. Contour plot showing effects of different variables on particle size (nm) of efinaconazole.

The formulation (as described in Section Preparation of NLC) was then prepared and assessed for EE (%), DL (%) and
particle size (Table 4). The observed values for particle size, PDI, and EE (%) were found to be approximately equal to the
predicted values. This optimized nanocarrier (EFI-NLC) was used for further characterization and studies, confirming that
the model provides the best fit. Most favorable conditions, experimental and anticipated values of response at optimized state
are presented in table 4 [33, 70].

Table 4. Optimum conditions, experimental and predicted values of response at optimized condition

Optimum condition Coded Levels Actual Levels
Total lipid concentration (%) 0.207 7.207
Surfactant concentration (%) -0.013 1.987
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Homogenization time (min) 0.22 15.66

Response Predicted values Experimental Values

Entrapment efficiency (%) 85.337 83.75+0.57

Drug loading (%) 13.812 14.24+0.43

Particle size (nm) 140.097 139.9+4.9
Desirability = 0.963

Z=2Z0-Zc ! AL

Where, Z and Z, were presented as coded and real levels of independent variables, respectively. AZ indicated step change
while Zc indicated actual value at central point.

Total Lipid Concentration = 7.207—-7 /1 =0.207
Surfactant Concentration = 1.987-2 /1 = -0.013
Homogenization time = 15.66 — 15 /3 = 0.22

If 2 Factors: A and B = AB graph

If 3 Factors: A, B and C = AB and BC, AC

If 4 factors: A, B, Cand D = AB and CD, AC
Organoleptic features

The organoleptic features of EFI-NLC were examined by olfactory perception and visually. Regarding the appearance, there
was no coalescence or phase separation and all samples retained their original appearance under storage conditions. It was
evident that all of test samples had the same color and no particular odor, regardless of the storage temperature [52].

Drug identification in NLC by Mass spectrometry (MS)

The mass spectrometry analysis of the extracted drug from the nanostructured lipid carriers (NLCs) successfully confirmed
the presence of the compound. The obtained molecular mass measurement resulted at 349.18 g/mol [59] while the
documented value stands at 348.39 g/mol. An acceptable margin of 0.79 g/mol exists between the experimental measurement
and the reported 348.39 g/mol and this variation stems from various experimental factors including ionization efficiency or
instrumental calibration based on fig. 5. An analytical confirmation of the drug occurred through database comparison of the
obtained mass spectrum. The coupling of MS analysis allowed to obtain structural information about the drug by verifying
its composition remained unchanged throughout the intricate NLC formulation process. The reliability of using mass
spectrometry to identify drugs in complicated nanoparticle systems has been established through these results [58, 62].

EF1 11 (0.131) Cm (7:17) 1: TOF MS ES+
100+ 349 1802 5.65e7

=l

350.1834
2451478 |2511856 600.2058
0-1124,0921 183.0438 262 1265.280.1396 L 457.24873792339 549 5833 L/6°1 2988 ,04 4061.719.3818 737, 3042727-3066 8426171
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Fig. 5. Identification of the efinaconazole in NLC matrix by MS.
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Particle size, PDI, and zeta potential

Analysis of particle size demonstrated that majority of NLCs existed between 80-200 nm since these systems needed
prolonged processing duration along with high mechanical forces to generate tiny particles. The polydispersity
index (PDI) values between 0.10 and 0.50 showed uniform size distribution which indicates a single size distribution
and a PDI below 0.30 confirmed the homogeneous nature of nanoparticles thus reducing chances of aggregation.
Nanoparticles exhibited stable characteristics based on their zeta potential range between —10.0 to —30.0. NLCs with
a negative surface charge provided electrostatic repulsion forces that stopped particles from clumping up which
enhanced the formulation's stability level. The specified characteristics serve as important requirements for drug
delivery and extended retention. The optimized EFI-NLC preparation exhibited particles with favorable
dimensions that meet pharmaceutical requirements based on Table 5 and Fig. 6. Garg and research group prepared
NLCs which exhibited uniform particle size distribution with a low PDI, indicating homogeneity. The zeta potential
ensured stability by preventing nanoparticle aggregation through electrostatic repulsion [39,53]. The outcomes have
been showed that this developed formulation provides stable uniform features suitable for pharmaceutical drug
delivery applications.

Table 5. Particle size, PDI and zeta potential of EFI-NLC

Formulation Particle size (nm) PDI Zeta potential (mv)
EFI-NLC 139.9 0.289 -14.4
Results
Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 1399 Peak 1: 198.5 98.3 130.9
Pdil: 0.289 Peak 2: 4197 1.7 1006
Intercept: 0.940 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)

0.1 1 10 100 1000 10000
Size (d.nm)

Fig. 6. Particle size and PDI of the optimized EFI-NLC.

Entrapment efficiency (%) and drug loading (%)

An optimal EFI-NLC displayed EE and DL values of 83.75+0.57 and 14.24+0.43 because of its distinctive NLC matrix
structure. The solid lipid matrix component in NLC surrounds small areas containing highly drug-absorbent oil sections to
boost drug holding capacity. The liquid lipids present in NLCs influenced EE significantly since they produce defects in
crystal order which creates enough space for drugs to be incorporated successfully [33, 54].

Scanning electron microscopy (SEM)

The SEM photomicrograph showed NLCs formed spherical shapes with smooth surfaces that indicated their uniform
morphology. The drying process probably led to occasional clumps because of dispersion medium concentration along with
possible shrinkage effects. The experimental parameters related to drying techniques along with dispersion medium
concentration demonstrated substantial effects on NLC uniformity together with stability. Consistent particle distribution
together with aggregation minimization relies on optimal processing conditions. The spherical shape features with smooth
exterior surface of NLCs helps them store drugs efficiently and control their release for pharmaceutical applications. The
observations of clumped spherical structures indicated that accurate formulation optimizations should be implemented
because instability formation occurs at present. Results demonstrated that optimizing processing conditions served as
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essential to stabilize NLCs and enhanced formulation quality according to data shown in Fig. 7. which supported NLCs as
suitable drug delivery systems. Similarly, in another study, SEM images displayed mainly spherical nanoparticles with
uniform shape, closely resembling DLS results despite size variations due to measurement methods and factors [55].

100nm XUT
SEM WD Sriun

Fig. 7. Morphological characterization of NLC formulation using SEM

FT-IR spectroscopy

The pure efinaconazole FTIR spectrum showed specific peaks at 3325 cm™ (O-H stretching) and 3085 cm (aromatic C-H
stretching) and 1635 cm™ (C=C stretching) and 1270 cm™ (C-O stretching). These peaks indicated hydroxyl groups and
aromatic structures as well as an ether group. Aggarwal and group obtained similar spectrum of this drug as mentioned
spectra herein [63]. Through IR spectroscopy of Polysorbate 80, Capryol 90, Carbopol 980 NF and GMS the EFI-NLC-LYO
formulation showed minimal peak shifts together with quantitative changes. The O-H stretching peak showed increased
width from 3300 to 3350 cm™ which indicated that efinaconazole forms hydrogen bonds with excipients. The preservation
of the 1720 ecm™ C=0 stretching peak coming from Capryol 90 and GMS lipids confirmed the successful addition of
excipients without substantial chemical modifications. The characteristic peaks from the pure drug clearly exist within the
lyophilized formulation which confirmed that efinaconazole maintains its chemical stability after the formulation process
along with its successful integration into the NLC system showed in fig. 8 by maintaining drug structural fidelity and
demonstrating spectral stability tests.

Differential Scanning Calorimetry (DSC) Analysis

The DSC analysis (Fig. 9.) of pure efinaconazole represented a sharp endothermic peak at 87.47°C which had onset at
84.45°C and endpoint at 89.20°C matching the crystalline melting point of the drug with AH of 204.65 J/g. A highly
crystalline structure showed itself through this particular pointed and clear peak. The EFI NLC LYO temperature scan
revealed a less pronounced and wider thermal peak at 122.61°C that started at 115.91°C and ended at 125.63°C and had a
minimal enthalpy change of 35.49 J/g. The shift to a higher temperature point combined with lower enthalpy signals a
structural transition of the drug substance from crystalline state to either amorphous or partially disordered phase. The NLC
formulation showed no peak indicating the original drug when measured by differential scanning calorimetry since it suggests
drug molecules successfully embedded in the lipids.
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Fig. 8. FT-IR spectra of Efinaconazole API, EFI-NLC-Lyo, GMS, Capryol 90, Polysorbate 80 and carbopol 980NF.
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Benefits occur when developing these structures because the reduction of crystalline areas leads to better drug accessibility.
Fig. 9. demonstrated that efinaconazole physical state modification during formulation supports promised qualities of the
nanostructured lipid carrier (NLC) delivery system. Agrawal and research group carried out the DSC analysis to confirm no
drug-excipient interaction, showing EFI crystalline-to-amorphous conversion with a slight endothermic peak shift after
encapsulation [43].

Onset = 84.45 *C End = 89.20 ~cOnNset = 223.62 *C

Fig. 9. DSC Thermogram (a) Efinaconazole API and (b) EFI-NLC-Lyo.

Characterization of EFI NLC gels
Physical Appearance

An evaluation of efinaconazole NLC gel involved testing its physical qualities which included its visual look as well as
texture features plus uniformity and clarity. The gel appeared as white and smooth with homogeneous qualities and
demonstrated semisolid consistency. The study using texture analysis demonstrated that the formulation had a smooth texture
which provided easy usability for applications. Visual along with tactile tests ensured uniform distribution of the gel
components by revealing its complete homogeneity. The examination of the clarity against a light source did not detect any
turbidity which demonstrated the absence of phase separation. The assessment for foreign elements and contaminants of the
formulation ensured compliance with quality standards. The results demonstrate the success of developing a properly
designed NLC gel that exhibits attractive physical characteristics [42].

Viscosity and Torque

The Brookfield viscometer is used to obtain results for three gel formulations which showed their respective torque values
and viscosities on Table 6. Studies revealed the placebo gel had 40,900 + 4800 cps viscosity and 21.6 + 3.3% torque which
showed it had low flow resistance while maintaining moderate consistency properties. The conventional gel surpassed the
placebo gel with its viscosity measurement of 70,300 + 2600 cps and torque measurement at 38.7 + 1.8% because gelling
agents contributed to forming a more durable structure. The optimized EFI-NLC gel with its highest measured viscosity of
86,600 + 3000 cps together with a torque reading of 43.3 + 2.3% showed the best capability against flow resistance. Viscosity
rises when lipid nanocarriers enter the formulation because they help manage drug release while also improving skin retention
and formulation stability which makes them suitable for sustained drug delivery applications [43].
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Table 6. Viscosity and torque of gel formulations

S. No. Formulation Viscosity (cps)+SD Torque (%)xSD
1 Placebo Gel 40,900 + 4800 21.6+3.3
2 Conventional Gel 70,300 + 2600 38.7£1.8
3 Optimized EFI-NLC Gel 86,600 + 3000 43.3%23

Spreadability

The assessment of gel spreadability occurred through the glass plate method which involved applying 0.5 g of each gel into
a 1 cm diameter circle followed by applying 500 g of weight for 5 minutes. A recording was made to determine the diameter
growth caused by the spreading process. A placebo gel demonstrated maximum spreadability because its diameter expanded
to 5.18 + 0.53 cm which supports easy application of the medication. The spreadability of efinaconazole conventional gel
1% reached a moderate value of 3.33 £ 0.32 cm indicating that it was well suited for daily application. The optimized EFI-
NLC Gel 1% demonstrated the lowest spreadability value of 2.92 + 0.25 cm due to its high viscosity characteristic in table
7. The NLC EFI gel achievement showed better retention capabilities combined with controlled drug delivery despite having
lower spreadability compared to other formulations. Khot and research group prepared NLC-based gel ensuring smoother
application and improved drug delivery [64].

Table 7. pH and spreadability of gel formulations

S.No. Formulation pH + SD Spreadability (cm) + SD
1 Placebo Gel 6.61+0.04 5.18 £0.53
2 Conventional Gel 6.75x0.02 3.33+0.32
3 Optimized EFI-NLC Gel 6.82+0.03 2.92 £0.25

Measurement of pH

A pH analyzer with calibration ensured the effective assessment of EFI-NLC gel formulation compatibility for skin
environment because its pH value matched with human skin conditions. The dissociation process required 4-5 minutes for
the solutions containing 1 g of different gels in 10 ml distilled water. The experiment measured pH values three times to
guaranty the accuracy and reliability and reproducibility of recorded data. The obtained analysis demonstrated that the
placebo gel exhibited a pH value of 6.61+0.04 and the conventional EFI gel maintained a pH value of 6.75+0.02 while the
EFI-NLC gel showed a comparable pH value of 6.82+0.03 (as shown in table 7). The pH value of fabricated EFI-NLC gel
fell within safe parameters for dermal use which ensured less skin irritation and better compatibility with skin tissue.
Experiment results demonstrated that the formulation can be used for secure and effective topical application [33].

Drug Content

The HPLC analysis (at 210 nm) used filtered solution that contained 10 mg of efinaconazole per 1 g of gel which dissolved
in a 80:20 v/v methanol-water mixture to 50 ml before passing through a 0.45 pm PVDF filter for removing particulate
matter [66]. The analysis conducted in three repetitions demonstrated that efinaconazole remained at 100.12% =+ 0.45 of its
theoretical concentration thus proving both complete dissolution and exact formulation of the main component. The analysis
established the effective incorporation and stability of benzyl alcohol preservative since its tested concentration matched the
expected value of 99% =+ 0.25%. The correct development of the gel together with excellent stability and precise
concentration measurements for the drug material along with the preservative demonstrated the high-quality nature of the
formulation [65].

In vitro release study

The Franz diffusion apparatus with a cellulose membrane evaluated drug release of efinaconazole gels through an NLC gel
that maintained a longer drug release pattern than standard gel formulations. The NLC gel maintained higher drug release
percentages than conventional gel during all time points starting from 0.5 and 1 hour up until 3, 6, and 24 hours of testing
[66]. The 24-hour measurements showed that capacity of efinaconazole NLC gel to release 87.16+3.47% exceeded the
57.69+2.40% measured for conventional gel as depicted in Fig. 10. Formation of a nanostructured lipid carrier system within
the NLC gel was found to enhance drug solubility, permeability and drug retention for improved membrane diffusion leading
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to greater permeation rates. A sustained drug release pattern developed with time because of how the NLC delivery system
controlled drug release. The drug release findings demonstrated significant differences (p<0.05) which were validated
through Tukey's multiple comparisons test and establish NLC formulations as promising drug delivery methods. The
outcomes demonstrated that efinaconazole gel formulated with NLC showed remarkable drug release properties which
established it as a promising topical antifungal therapeutic.

100.00

80.00 -

60.00 -

40.00 - —— Efinaconazole Conventional Gel —— Efinaconazole NLC Gel

20.00

Culmulative drug release (%)

0.00

0 5 10 15 20 25 30
Time (hours)

Fig. 10. In vitro drug release of efinaconazole conventional gel and EFI-NLC gel.

In vitro cytotoxicity and cell viability assay

Eight EFI-NLC samples underwent in vitro cytotoxicity testing through various concentration levels starting from 7.8ug/ml
upto 500ug/ml. At 500 pg/ml concentration the EFI-NLC gel produced 62.36 + 2.80% viable cells combined with 37.64 +
2.80% dead cells. All data regarding cellular toxicity as a function of concentration for each tested group appears in Fig. 11.
The results presented that every component used in efinaconazole-based NLC showed no indication of toxicity toward tissue.
The data indicated that the formulated drug showed safety levels for topical application thus it demonstrates promise as a
treatment component [38,60].
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S T ® Efinaconazole Conv. Gel 1%
CU -
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¥ Luliconazole API
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Luliconazole Gel 1%
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Fig. 11. Comparative in vitro cytotoxicity and viability data of all groups.

In vitro antifungal study

The antifungal potential for clotrimazole gel 1%, luliconazole gel 1%, efinaconazole conventional gel 1%, efinaconazole
NLC gel 1% and control (NLC gel without efinaconazole) against the Candida albicans and Aspergillus Sp. is presented in
Fig. 12. The mean zone of inhibition diameter for clotrimazole gel 1%, luliconazole gel 1%, efinaconazole conventional gel
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1%, efinaconazole NLC gel 1% and control (NLC gel without efinaconazole) was observed against Candida albicans was
2.52+0.02 cm, 3.22+0.02 cm, 4.54+0.04, 4.95+£0.04 cm and no inhibition showed in control, respectively and for the same
against Aspergillus Sp. was 3.06+0.06 cm, 5.39+0.41 ¢cm, 5.45+£0.06 cm, 5.91+0.02 cm and 1.85+0.05 cm, respectively. The
statistical investigation (Dennett's and Turkey's multiple comparison test) was employed between formulation versus control
sample formulations and the p value was observed to be <0.0001 for all samples confirming valuable difference with respect
to control formulation. Further, from the findings, the antifungal activity assessment demonstrated that the efinaconazole
loaded NLC gel (1%) exhibited the highest zone of inhibition against both Candida albicans (4.95 £ 0.012 cm) and
Aspergillus sp. (5.89 = 0.017 cm) compared to other tested formulations. Antifungal effectiveness tests demonstrated that
the conventional efinaconazole gel, clotrimazole gel and luliconazole gel demonstrated noteworthy antifungal properties
although luliconazole exhibited stronger activity than clotrimazole. Plotting the control NLC gel without efinaconazole
revealed no inhibitory effects against Candida albicans as well as minimal effects against Aspergillus sp. The laboratory
findings demonstrated that the efinaconazole NLC gel provides strong antifungal abilities which establish it as a promising
option for topical antifungal treatment [43].

Fig. 12. Antifungal activity against Candida albicans for formulation (a) Placebo (b) clotrimazole gel 1% (c)
luliconazole gel 1% (d) efinaconazole conventional gel 1% and (e) efinaconazole NLC gel 1%, and antifungal
activity against Aspergillus Sp. for formulation (f) Placebo (g) clotrimazole gel 1% (h) luliconazole gel 1% (i)

efinaconazole conventional gel 1% and (j) efinaconazole NLC gel 1%.
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Stability Study

The testing of EFI-NLC gel stability was investigated under conditions of 25°C/60% RH and 40°C/75% RH for six months
to assess pH behavior together with viscosity measurements, torque evaluation and drug content determination. The
formulation components stayed undisturbed during the study period because the pH values demonstrated stable
measurements between 6.63 and 6.79. The gel consistency decreased slightly from 85,200 cps at 1M-25°C/60% RH to 76,200
cps at 6M-40°C/75% RH during the storage period under accelerated conditions. The mechanical strength of gels experienced
minimal changes based on torque measurements which reduced from 43.1 to 38.7. The drug content analysis revealed more
than 98.95% throughout the study period establishing EFI-NLC stability without substantial drug loss based on data presented
in table 8. The formulated product maintained excellent stability during standard and testing conditions for six months while
displaying minimal physicochemical variations thus ensuring long-term product storage.

Table 8. Stability data of the EFI-NLC gel

S. No. | Condition pH + SD \S/[i)SCOSity (cps) ;(:))rque (%) Drug Content (%) £ SD
1 1M-25°C/60%RH 6.75+0.04 85200+0.45 43.1+0.21 99.82+0.52

2 3M-25°C/60%RH 6.79+0.02 82800+0.52 41.5+0.12 100.12+0.32

3 6M-25°C/60%RH 6.71+0.05 84300+0.21 42.8+0.24 99.12+0.85

4 1M-40°C/75%RH 6.73+0.01 83700+0.15 42.2+0.13 100.21+0.31

5 3M-40°C/75%RH 6.68+0.03 80900+0.35 40.8+0.45 99.52+0.26

6 6M-40°C/75%RH 6.63+0.02 76200£0.75 38.7+0.25 98.95+0.96

SD: Standard Deviation

4. CONCLUSION

This study successfully developed and characterized efinaconazole-loaded nanostructured lipid carriers (EFI-NLCs) along
with performant characterization for improving topical delivery and antifungal properties of efinaconazole through
enhancing water solubility and skin penetration. The formulation process utilized glyceryl monostearate as solid lipid and
propylene glycol monolaurate as liquid lipid with Tween 80 as stabilizer to produce NLC particles showing high
encapsulation efficiency of 85% while maintaining nanometer-scale stability, which was confirmed by SEM and FTIR
analysis. The diffractometric scanning curves confirmed a transition from crystalline to amorphous efinaconazole states
through a liquid crystalline drug formulation, which showed a 122.61°C peak with decreased energy capacity at 35.49 J/g.
The altered state of the drug, as confirmed by drug release tests, indicates better bioavailability and solubility. The
formulation presented stable characteristics and low cytotoxicity with improved antifungal effects against Candida albicans
and Aspergillus species. The reduction in fungal burdens, along with low systemic penetration and minimal side effects,
highlights the potential of EFI-NLCs as an effective, safe, and targeted topical therapy for superficial fungal skin infections.
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