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Abstract:

Luliconazole is a topical antifungal agent used in the management of superficial fungal
infections. Film-forming topical sprays may provide convenient application and facilitate
the formation of a uniform drug-containing film at the site of administration. The present
study aimed to develop and optimize a Luliconazole film-forming spray using a Quality
by Design (QbD) approach. A (2/3) full factorial design was employed to investigate the
effects of Hydroxypropyl Cellulose (HPC), Eudragit® RS100, and PEG 400 on critical
formulation responses, with drying time and viscosity selected as dependent variables.
Eight formulations (F1-F8) were prepared by varying the concentrations of the selected
formulation components and evaluated for appearance, film formation, pH, viscosity,
drying time, spray angle, film thickness, folding endurance, stickiness, washability, leak
test, drug content, and in vitro drug diffusion. Statistical analysis and response-surface
methodology were used for formulation optimization. The prepared formulations were
clear and homogeneous and exhibited acceptable film-forming properties. Drying time
ranged from 3.8 to 8.2 min, while viscosity ranged from 162 to 438 cP. The formulation
variables significantly influenced the investigated responses. Formulation F8, containing
1% w/v HPC, 4% w/v Eudragit® RS100, and 5% v/v PEG 400, was selected as the
optimized formulation. F8 exhibited a drying time of 5.1 min, viscosity of 304 cP, and spray
angle of 83.6°. It produced a uniform, transparent, non-sticky, and adherent film, with
drug content of 99.2 + 0.8%. The QbD approach enabled systematic optimization of the
Luliconazole film-forming spray and identified F8 as a promising formulation with
desirable spray and film-forming characteristics for topical drug delivery.
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1. Introduction

Superficial fungal infections represent a substantial global health burden, particularly in tropical and
subtropical regions, where warm and humid environmental conditions favor the growth and transmission of
pathogenic fungi. Dermatophytosis and other superficial mycoses commonly affect the skin and may result in
erythema, pruritus, scaling, inflammation, and discomfort, thereby adversely affecting patients’” quality of life.
Conventional topical antifungal dosage forms, including creams, ointments, and gels, are widely employed for
the management of localized fungal infections. However, these formulations may exhibit limitations, such as
poor patient acceptability, greasiness, inadequate residence time, repeated application requirements, and
removal by clothing, sweating, or washing. Consequently, the development of innovative topical delivery
systems capable of improving drug deposition, convenience, and patient compliance has gained considerable
attention.

Luliconazole is a synthetic imidazole antifungal agent with potent activity against a broad spectrum of
dermatophytes. It exerts its antifungal effect primarily by inhibiting lanosterol 14a-demethylase, an enzyme
involved in ergosterol biosynthesis, thereby disrupting fungal cell membrane integrity. Although luliconazole
demonstrates favorable antifungal potency, effective topical therapy depends not only on the pharmacological
activity of the drug but also on the characteristics of the formulation and its ability to deliver and maintain the
drug at the site of infection. Therefore, formulation strategies that facilitate uniform application, rapid film
formation, prolonged residence, and efficient drug release may offer advantages over conventional semisolid
preparations.

Film-forming topical sprays have emerged as promising drug-delivery systems for localized
dermatological therapy. Following application, the volatile components of the formulation evaporate, leaving
behind a thin, uniform polymeric film containing the active pharmaceutical ingredient. Such systems can
provide improved coverage of the affected skin, reduce direct contact during application, and potentially
enhance formulation residence at the administration site. The spray format may also facilitate convenient
application over irregular, extensive, or difficult-to-reach skin surfaces. However, development of a film-
forming spray requires careful optimization of multiple formulation and process variables, including polymer
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concentration, solvent composition, plasticizer level, spray characteristics, drying behavior, viscosity, drug
content, film integrity, and drug-release properties. Changes in one variable may influence several critical
quality attributes simultaneously, making systematic formulation development essential.

Quality by Design (QbD) provides a science- and risk-based framework for the systematic development
and optimization of pharmaceutical formulations. The approach begins with defining the quality target product
profile (QTPP), identifying critical quality attributes (CQAs), determining critical material attributes (CMAs)
and critical process parameters (CPPs), and evaluating their potential effects through risk assessment and
experimental studies. Design of Experiments (DoE) can subsequently be employed to establish relationships
between formulation variables and CQAs while reducing the number of experimental trials and facilitating the
identification of an optimized formulation. Such an approach can improve product understanding,
reproducibility, and robustness compared with conventional trial-and-error formulation development.

In this context, the present study focuses on the development and optimization of a luliconazole film-
forming topical spray using a Quality by Design approach. The formulation development strategy involves
systematic identification and evaluation of critical formulation variables, followed by optimization based on
predefined quality attributes. The optimized formulation is intended to provide desirable sprayability, rapid
film formation, satisfactory physical characteristics, uniform drug distribution, and appropriate drug-release
behavior. The application of QbD principles is expected to provide a rational and scientifically justified basis for
developing a robust luliconazole topical spray with potential advantages in convenience, patient acceptability,
and effective localized antifungal therapy.

2. Materials and Methods
2.1. Drug Purchase and Procurement

Pure Luliconazole with analytical grade was purchased from a laboratory trading laboratory in Chhatrapati
Sambhajinagar. The obtained drug samples were subjected to formal preliminary investigation to identify the
samples.

2.2. Determination of Melting Points

The melting point of the pharmaceutical compound was ascertained using a digital capillary melting
point device employing the capillary technique. Prior to analysis, the sample was finely powdered using a clean,
dry mortar and pestle to ensure uniform particle size. If required, the sample was dried to remove residual
moisture. A minimal amount of the powdered substance was inserted into a slender glass capillary tube that
was sealed at one extremity. The capillary was gently tapped on a hard surface to compact the sample, ensuring
a uniform column of approximately 2-3 mm in height without air gaps (1,2).

The filled capillary tube was placed in the sample holder of the melting point apparatus, ensuring
alignment with the temperature sensor. The apparatus was switched on and initially heated rapidly to
approximately 10°C below the expected melting temperature of the drug (as per literature value). Thereafter,
the heating rate was reduced to 1-2°C per minute to obtain an accurate measurement. The sample was observed
through the magnifying lens of the apparatus, and the temperatures corresponding to the onset of melting (first
visible sign of liquefaction) and completion of melting (formation of a clear liquid) were recorded. The melting
point was expressed as the temperature range between the onset and clear point. All determinations were
performed in triplicate, and the mean melting point range was reported. The apparatus was calibrated prior to
analysis to ensure the accuracy of the temperature measurement.

2.3. DSC Analysis

DSC analysis was performed to evaluate the thermal behavior and melting characteristics of the drug
substance using a Mettler Toledo DSC instrument (STARe SW software version 12.10) (3-7). The device was
adjusted for temperature and enthalpy using established reference substances (e.g., indium) before the analysis.
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Approximately 3-5 mg of accurately weighed sample was placed in a standard aluminum DSC pan and
hermetically sealed. An empty sealed aluminum pan of the same type was used as the reference. The sample
pan and reference pan were positioned in the DSC cell, and the analysis was carried out under a continuous
purge of dry nitrogen gas to maintain an inert atmosphere and prevent oxidative degradation.

The sample was heated over a temperature range of 30-300°C at a controlled heating rate of 10°C/min.
The heat flow was recorded as a function of temperature, and thermograms were obtained in the exothermic-up
mode. The onset temperature (T_onset), peak temperature (T_peak), and endset temperature (T_endset) of the
melting transition were determined directly from the thermogram using the instrument software by applying
baseline correction and peak integration. The enthalpy of fusion (AH_fus) was calculated from the area under
the endothermic peak and expressed in J/g after normalization with respect to the sample weight. The
thermograms were analyzed to assess the crystalline nature, purity, and possible polymorphic transitions of the
drug substance.

2.4. FTIR Spectroscopic Analysis

FTIR spectroscopy was performed to characterize the functional groups and assess the chemical
integrity of the drug substance (8-10). The examination was conducted using an FTIR spectrophotometer fitted
with a direct sample holder/ATR (Attenuated Total Reflectance) attachment. A small quantity of the sample was
placed directly onto the sample holder without any prior potassium bromide (KBr) pellet preparation. The
sample was gently pressed to ensure adequate contact with the crystal surface to obtain optimal spectral
resolution.

The spectra were recorded over a wavenumber range of 4000-400 cm™ at ambient temperature. Each
spectrum was acquired by accumulating 16-32 scans at a resolution of 4 cm™ to improve the signal-to-noise
ratio. A background spectrum was recorded prior to sample analysis and automatically subtracted from the
sample spectrum to eliminate atmospheric interference. The obtained spectra were analyzed using the
instrument’s software to identify characteristic absorption bands corresponding to specific functional groups
present in the drug molecule. The observed peaks were compared with reported literature values to confirm
structural integrity and to detect any potential chemical interactions or degradation. All measurements were
performed under identical instrumental conditions to ensure reproducibility of the results.

2.5. Solubility Determination (Shake Flask Method)

The solubility of luliconazole was assessed using the equilibrium shake-flask method, which is the
conventional approach for saturation solubility investigations (11,12).
An abundant quantity of the medication was incorporated into 10 mL of the chosen solvent inside securely
sealed glass vials to guarantee saturation. The vials were secured and positioned on a temperature-regulated
orbital shaker set at 25 + 0.5°C (or 37 + 0.5°C, contingent upon the research design) and stirred at 100 rpm for 24—
48 h to reach equilibrium. Upon equilibration, the samples were visually examined to verify the existence of
undissolved medication, signifying saturation. The suspensions were then subjected to centrifugation at 5000
rpm for 15 min and passed through a 0.45-um membrane filter to exclude undissolved particles.

A portion of the transparent filtrate was appropriately diluted with the relevant solvent and examined
spectrophotometrically using a UV-visible spectrophotometer at the specified Amax for each pharmaceutical
compound. The amount of dissolved medication was determined using a calibration curve that was previously
established. All experiments were conducted in triplicate, and the results are reported as mean + standard
deviation (mg/mL).

2.6. UV-Visible Spectrophotometric Analysis and Calibration Curve Construction

UV-visible spectrophotometry was employed to determine the maximum absorbance wavelength
(Amax) of luliconazole and to establish a calibration curve for its quantitative estimation. The calibration curve


https://doi.org/10.66220/qap0cz96

J. PharmTechNova. Volume: 01; Issue: 03; Year: 26; Pages: 126-151 A.S. Ghadage et al.
DOI: https://doi.org/10.66220/qap0cz96 ISSN: 3139-9258

was generated by measuring the absorbance of standard luliconazole solutions at the selected Amax, providing
a reliable method for subsequent quantitative analysis (13-15).

2.6.1 Determination of Amax

A primary stock solution of luliconazole (1000 pg/mL) was prepared by accurately weighing 10 mg of
the drug and dissolving it in methanol in a 10 mL volumetric flask. The stock solution was further diluted with
the same solvent to obtain working solutions in the concentration range of 10-20 pg/mL.

The prepared solution was scanned using a UV-Visible spectrophotometer within the wavelength range
of 200-400 nm, with methanol serving as the blank. The wavelength exhibiting the highest absorbance was
identified and recorded as the Amax of luliconazole from the obtained absorption spectrum.

2.7 Preparation of Calibration Curve
2.7.1 Preparation of Standard Solutions

A secondary stock solution (100 pg/mL) was prepared by appropriately diluting the primary stock
solution (1000 pg/mL) with methanol. From this solution, a series of working standard solutions covering the
required linearity range (e.g., 2-20 pg/mL) was prepared through serial dilution.

2.7.2 Measurement of Absorbance

The absorbance of each standard solution was recorded at the predetermined Amax using a UV-Vis
spectrophotometer, with methanol employed as the blank (16,17). Each measurement was carried out in
triplicate to ensure precision and reproducibility of the analytical results.

2.7.3 Construction of Calibration Curve

The calibration curve was established by plotting the concentrations of the standard solutions (ug/mL)
against their corresponding absorbance values (18,19). Linear regression analysis was performed to determine
the calibration equation, which was subsequently used for the quantitative estimation of luliconazole.

where:

A = Absorbance

C = Concentration (ug/mL)
m = Slope

b = Intercept

The correlation coefficient (R?) was calculated to evaluate linearity. The method was considered linear
within the selected concentration range if R? > 0.99.

2.8 Determination of Drug-Excipient Compatibility

Drug-excipient compatibility studies were performed to evaluate the potential physicochemical
interactions between the active pharmaceutical ingredients (APIs) and selected excipients using FTIR
spectroscopy and DSC. This study was conducted as part of the preformulation investigations to ensure
formulation stability and integrity (3-7).

Accurately weighed quantities of drug and excipient were mixed in a 1:1 ratio (w/w) unless otherwise
specified. The components were gently triturated in a mortar and pestle to ensure uniform blending. The
prepared mixtures were stored in airtight glass containers and protected from light and moisture until further
analysis. The prepared mixtures were subjected to FTIR and DSC analyses to determine their chemical and
physical stabilities.


https://doi.org/10.66220/qap0cz96

J. PharmTechNova. Volume: 01; Issue: 03; Year: 26; Pages: 126-151 A.S. Ghadage et al.
DOI: https://doi.org/10.66220/qap0cz96 ISSN: 3139-9258

2.9 Formulation of combined spray formulation dosage form by QBD approach
2.9.1 Statistical DOE

A 23 full factorial design was employed for the preparation and optimization of a topical film-forming
antifungal and steroidal spray containing luliconazole. The concentrations of hydroxypropyl cellulose (HPC)
(A, % w/v), Eudragit® RS100 (B, % w/v), and PEG 400 (C, % v/v) were selected as independent variables and
evaluated at two levels (-1 and +1). The influence of the selected formulation variables on the drying time (Y1)
and viscosity of the resulting film (Y,) were evaluated as the response variables. The independent variables and
their respective levels are summarized in Table 1. The experimental data generated from the design were
statistically analyzed using Design-Expert® software to assess the effects of the formulation variables and
optimize the formulation.

Table 1. Variables and levels

Variable (-1) Low level (+1) High level
Independent
A= Hydroxypropyl Cellulose (HPC) 1% 2%
B= Eudragit® RS100 2% 4%
C=PEG 400 5% 10%
Dependent

Y1= Drying time
Y2 = Viscosity

2.9.2 Preparation of Luliconazole Film-Forming Spray

Luliconazole film-forming spray formulations were prepared according to a 23 full factorial design using
Hydroxypropyl Cellulose (HPC, 1-2% w/v), Eudragit® RS100 (2-4% w/v), and PEG 400 (5-10% v/v) as
independent variables. HPC and Eudragit® RS100 were dissolved in ethanol under continuous stirring to obtain
a clear polymeric solution. Luliconazole was first dissolved in PEG 400 and then gradually incorporated into the
polymeric solution under continuous stirring to ensure uniform dispersion. The volume of the formulation was
adjusted to 100 mL with ethanol, followed by further stirring until a clear, homogeneous, and stable film-forming
spray solution was obtained. Eight formulations (F1-F8) were prepared according to the experimental design
matrix.

2.10 Evaluation of Spray Formulation
2.10.1 Appearance and Film Formation

The prepared Luliconazole film-forming spray formulations were evaluated visually for their
appearance, including clarity, color, homogeneity, and film-forming ability. The formulations were sprayed onto
a clean glass slide and observed for the formation of a uniform, transparent, non-sticky film with good adhesion
to the surface.

2.10.2 Viscosity

The viscosity of the developed film-forming spray formulations was measured using a Brookfield
viscometer (Model LV-DV-II, Brookfield Engineering Laboratories, USA) fitted with a suitable spindle (20,21).
All measurements were performed at ambient temperature (25 + 2°C), and the viscosity was expressed in
centipoise (cP).

2.10.3 pH

The pH of each formulation was determined using a calibrated digital pH meter. Before measurement,
the instrument was calibrated using standard buffer solutions of pH 4.0, 7.0, and 9.0. The pH readings were
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recorded at room temperature, and the mean value of three independent measurements was calculated and
reported.

2.10.4 Evaporation time

The drying time of the film-forming spray was determined by spraying a fixed quantity of the
formulation onto a clean glass surface. The time required for the sprayed solution to form a completely dry,
uniform film was recorded using a stopwatch. All examinations were conducted at ambient temperature
(25£2°C), and the mean value of three assessments was recorded. This parameter was used to assess the film-
forming efficiency and patient convenience of the formulation.

2.10.5 Spray angle

The spray angle was determined by actuating the formulation horizontally onto a white sheet of paper
positioned 10 cm from the spray nozzle. The diameter of the resulting spray pattern was measured, and the
radius (r) was calculated. The spray angle (0) was then determined using the following equation:

Spray angle (0) = tan™ (I/r) .................. (2)

where 1 represents the distance between the nozzle and the paper (10 cm), and r denotes the radius of
the circular spray pattern.

2.11 Evaluation of Film
2.11.1 Thickness of the films

The thickness of the dried film was determined using a screw gauge by measuring at different locations
on the film surface. The average of the recorded measurements was calculated and expressed as the film
thickness.

2.11.2 Film Flexibility

Film flexibility was evaluated by determining the folding endurance. A film strip (approximately 2 x 2
cm) was repeatedly folded at the same point until it showed signs of breaking. The total number of folds the film
withstood before breaking was recorded as the folding endurance.

2.11.3 Stickiness of the film

The surface stickiness of the dried film was assessed by gently pressing cotton wool onto the film under
light pressure. The extent of cotton fiber adherence was visually examined and graded as high (dense fiber
attachment), medium (partial fiber adherence), or low (minimal or no fiber attachment).

2.11.4 Washability and leak test

The film was placed under a controlled flow of simulated fluid (e.g., simulated saliva, pH 6.8, or
phosphate buffer, pH 7.4) to observe the dissolution or erosion time. The film was attached to a water-resistant
backing and placed against a moist surface or filled with fluid to monitor for any outward leakage of the drug
formulation.

2.11.5 Drug content

Drug content was determined by cutting a film sample (5 x 5 mm) from different regions of the prepared
film. Each sample was transferred to a 100 mL volumetric flask containing 100 mL of distilled water and allowed
to dissolve completely. The resulting solution was analyzed using a UV-Visible spectrophotometer at 296 nm to
determine the drug content.
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2.11.6 In-vitro diffusion study using eggshell membrane (In-vitro drug release)

An in vitro drug diffusion study of the luliconazole film-forming spray was performed using a Franz
diffusion cell with an eggshell membrane as the diffusion barrier. Prior to the experiment, the eggshell
membrane was hydrated by soaking it in phosphate buffer (pH 7.4) for 24 h. The hydrated membrane was then
mounted between the donor and receptor compartments of the diffusion cell.

The receptor compartment was filled with phosphate buffer (pH 7.4) containing 20% (v/v) methanol,
which served as the diffusion medium. The medium was maintained at 37 + 0.5°C and continuously stirred at
50 rpm using a magnetic stirrer throughout the experiment. An accurately measured volume (0.5 mL) of the
formulation was placed in the donor compartment over the membrane.

At predetermined time intervals, 1 mL aliquots were withdrawn from the receptor compartment and
immediately replaced with an equal volume of fresh preheated diffusion medium to maintain constant volume
and sink conditions. The collected samples were analyzed by UV-Visible spectrophotometry at 296 nm, and the
cumulative percentage of drug diffusion was calculated.

2.12 Kinetics of drug release
2.12.1 Zero order

The zero-order kinetic model is commonly applied to controlled and sustained drug delivery systems,
including transdermal patches, coated dosage forms, and matrix-based formulations containing poorly water-
soluble drugs (22-24). In this model, the drug is released at a constant rate, independent of its concentration. The
equation describing zero-order drug release is

Qt =Qo + Kot ---—---- (2)
Where:
e  Qt=Amount of drug released at time ¢

e Q= Initial amount of drug in the formulation
e K, =Zero-order release rate constant

2.12.2 First order

The first-order kinetic model describes drug release systems in which the release rate depends on the
amount of drug remaining in the dosage form. Consequently, the drug release decreases progressively over time
as the concentration diminishes (22-24). The model is represented by the following equation:

log Qt=1log Qo + (Kjt / 2.303) --------- )
Where:

e Qt=Amount of drug released at time ¢
¢ Q= Initial amount of drug present

e K, =First-order release rate constant

2.12.3 Higuchi Model

The Higuchi model is widely used to describe drug release from solid and semisolid matrix systems,
particularly where diffusion is the primary release mechanism (22-24). The mathematical expression is given as

Q=[D (2C - Cs) Cs t]¥s ---mnmmr )
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Where:

¢ Q=Cumulative amount of drug released per unit area at time ¢
e C=Initial drug concentration

e Cs=Drug solubility in the matrix

e D =Diffusion coefficient

Assuming that the diffusion coefficient and other formulation parameters remain constant during drug
release, the equation simplifies to:

Q =Kt

A linear relationship between cumulative drug release and the square root of time indicates diffusion-
controlled release. The suitability of this model was assessed using linear regression analysis and the
corresponding regression coefficient (R?).

2.12.4 Korsmeyer Peppas

The Korsmeyer—Peppas model was employed to investigate the mechanism of drug release from the
developed formulations (22-24). The model relates the fraction of drug released to time using the following
equation:

Q=Kt"
Taking the logarithm of both sides gives:
log Q =log K +n log t --------- (5)

Where:
e Q=Cumulative percentage of drug released

e K=Release rate constant
e t=Time
e n=Release exponent, indicating the mechanism of drug release

The values of n obtained from the slope of the log Q versus log t plot were used to characterize the drug
release mechanism.

2.13 Accelerated stability studies

The optimized luliconazole film-forming spray formulation was subjected to accelerated stability testing
for three months, following the ICH guidelines (25,26). The formulation was stored in tightly sealed containers
under controlled conditions of 30 + 2°C and 75 + 5% relative humidity (RH). Samples were analyzed at the
beginning of the study (0 month) and after three months of storage for physical appearance, pH, and viscosity
to evaluate the stability of the formulation during the storage period.

3. Results and Discussion
3.1 Determination of Melting Points

The melting point of luliconazole was determined to be 149-154°C. The observed melting range was in
close agreement with the reported literature values, confirming the identity and purity of the drug. The narrow
melting range indicates the absence of significant impurities and reflects the crystalline nature of luliconazole.
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These findings suggest that the drug possesses adequate thermal stability and is suitable for further
preformulation and formulation studies.

3.2 DSC analysis

DSC was performed to evaluate the thermal behavior of Luliconazole, individual excipients, and their
physical mixture to investigate possible drug—excipient interactions and assess the compatibility of formulation
components (Figure 1). The DSC thermogram of pure Luliconazole exhibited a sharp and distinct endothermic
melting peak at 153.12°C (onset: 138.47°C; endset: 168.95°C) with a heat of fusion (AH =-122.23 J/g), confirming
the crystalline nature and characteristic melting behavior of the drug.

The selected excipients exhibited their respective thermal transitions. HPMC showed a broad
endothermic peak at 72.98°C (AH =-99.31 ]/g), which can be attributed primarily to the evaporation of absorbed
moisture owing to the hygroscopic nature of the polymer. PEG 400 exhibited an endothermic transition at
79.18°C (AH = -133.63 ]J/g), corresponding to its thermal response during heating. Eudragit RS-100 displayed a
broad thermal transition at 140.87°C (AH = -109.44 ]/g), associated with polymer softening and thermal
degradation-related changes. Similarly, hydroxypropyl cellulose exhibited a broad endothermic event at
214.27°C (AH =-155.34 ]J/g), which may be related to polymer chain relaxation and thermal decomposition.

The DSC thermogram of the physical mixture showed multiple endothermic transitions corresponding
to the combined thermal behavior of the drug and excipients, with characteristic peaks observed at 68.81°C,
129.91°C, 162.41°C, and 220.19°C. The characteristic melting endotherm of luliconazole was retained and
observed at 162.41°C (onset: 153.46°C; endset: 188.59°C; AH = -177.13 J/g). The slight elevation in the melting
temperature compared with pure luliconazole may be attributed to the presence of polymeric excipients,
physical mixing effects, and altered heat transfer during analysis. However, the preservation of the characteristic
drug melting peak indicates that the crystalline structure of luliconazole remained intact within the physical
mixture.

Furthermore, the absence of new endothermic or exothermic events and the retention of characteristic
thermal transitions of both the drug and excipients suggest that no significant chemical interaction or solid-state
transformation occurred during mixing. The observed variations in peak position and enthalpy values may be
associated with dilution effects, changes in molecular mobility, and weak intermolecular interactions, such as
hydrogen bonding between luliconazole and formulation components. Importantly, the absence of peak
disappearance, major melting point depression, or formation of additional thermal events rules out the
possibility of incompatibility, eutectic formation, or degradation.

Overall, DSC analysis confirmed the physical compatibility of luliconazole with HPMC, PEG 400,
Eudragit RS-100, and hydroxypropyl cellulose, indicating that the selected excipients are suitable for further
formulation development without inducing undesirable solid-state changes in the drug.
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Figure 1. DSC thermograms of Drug, Excipients and Physical Mixture

3.3 FTIR Spectroscopic Analysis

FTIR spectroscopy was performed to investigate the chemical compatibility of luliconazole with the
selected formulation excipients and to identify any potential drug—excipient interactions in the physical mixture
(Figure 2). The FTIR spectrum of pure luliconazole exhibited characteristic absorption bands corresponding to
its major functional groups. The prominent peaks observed at 3060-3020 cm™! were assigned to aromatic C-H
stretching vibrations, while the bands within 2950-2850 cm™ corresponded to aliphatic C-H stretching
vibrations. The absorption band observed around 2235-2220 cm™ was attributed to nitrile (C=N) stretching
vibration, whereas the peak near 1645 cm™ was associated with characteristic aromatic ring and heterocyclic
stretching vibrations. Additional bands in the region of 1450-1380 cm™! corresponded to C—H bending vibrations,
while peaks between 1250-1050 cm™ were attributed to C-O-C, C-N, and imidazole ring-associated stretching
vibrations. The presence of these characteristic absorption bands confirmed the chemical integrity and structural

identity of luliconazole.

The FTIR spectra of individual excipients showed their characteristic functional group vibrations.
HPMC exhibited a broad absorption band around 3425 cm™ due to hydroxyl (O-H) stretching, along with C-H
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stretching near 2920 cm™ and C-O-C stretching around 1055 cm™, representing its cellulose ether structure. PEG
400 showed a broad hydroxyl stretching band around 3400 cm™, aliphatic C-H stretching vibrations between
2880-2950 cm™, and a strong ether C—O-C stretching band near 1100 cm™. The spectrum of Eudragit RS-100
demonstrated characteristic polymeric vibrations, including broad O-H stretching around 3430 cm™, ester
carbonyl (C=0) stretching near 1725 cm™, aliphatic C-H stretching between 2950-2870 cm™, and ester C-O-C
stretching bands within 1140-1260 cm™. Similarly, Hydroxypropyl Cellulose (HPC) exhibited a broad O-H
stretching band around 3460 cm™!, C-H stretching near 2920 cm™?, and strong C-O/C-O-C stretching vibrations
around 1100 cm™. These spectral characteristics corresponded well with the reported functional group vibrations
of the respective excipients.

The FTIR spectrum of the physical mixture showed the retention of the characteristic absorption bands
of luliconazole along with the prominent peaks of the incorporated excipients. The characteristic drug-associated
peak near 1645 cm™ was retained and observed around 1650 cm™, showing only a minor shift (~5 cm™). The
broad hydroxyl stretching region (3450-3550 cm™) showed increased intensity and broadening due to the
overlapping of hydroxyl vibrations from hydrophilic polymers such as HPMC, HPC, and PEG 400. Importantly,
no disappearance of luliconazole-specific absorption bands, generation of new peaks, or significant alteration of
functional group vibrations was observed in the physical mixture.

The minor variations in peak positions and broadening of hydroxyl absorption bands may be attributed
to physical mixing, changes in the molecular environment, and weak intermolecular interactions, particularly
hydrogen bonding between the drug and polymeric excipients. However, the absence of substantial peak shifts
(>10 cm™), new absorption bands, or modification of characteristic imidazole-related vibrations indicates the
absence of chemical interaction, covalent bond formation, or degradation of luliconazole. Additionally, the
absence of any additional carbonyl absorption bands confirms that no chemical transformation, such as
esterification or oxidative degradation, occurred during mixing.

Overall, FTIR analysis confirmed that the characteristic functional groups and chemical structure of
luliconazole were preserved in the presence of HPMC, HPC, PEG 400, and Eudragit RS-100. The observed minor
spectral changes were attributed to physical interactions and weak hydrogen bonding rather than chemical
incompatibility. These findings demonstrate the excellent compatibility of luliconazole with the selected
excipients, supporting their suitability for further formulation development.
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Figure 2. FTIR graphs of Drug, Excipients and Physical Mixture
3.4 Solubility Determination (Shake Flask Method)

The equilibrium solubility of luliconazole was determined using the shake-flask method at 37 + 0.5°C,
and the results obtained from triplicate measurements are presented as mean + SD (n = 3) in Table 2 and Figure
3. The solubility profile demonstrated a pronounced difference between the aqueous and organic solvent
systems, indicating the highly lipophilic and poorly water-soluble nature of luliconazole.

Luliconazole exhibited extremely low aqueous solubility in distilled water (0.003 + 0.001 mg/mL),
suggesting limited dissolution under neutral aqueous conditions. Similarly, poor solubility was observed in 0.1
N HClI (pH 1.2) (0.005 £ 0.002 mg/mL), phosphate buffer pH 6.8 (0.007 + 0.003 mg/mL), and phosphate buffer pH
7.4 (0.009 + 0.006 mg/mL). The slightly increased solubility observed at higher pH values may be associated with
the ionization behavior of the drug; however, the overall solubility remained insufficient due to its
predominantly hydrophobic molecular structure.

In contrast, luliconazole showed significantly enhanced solubility in organic solvents, with the highest
solubility observed in methanol (48.76 + 0.84 mg/mL), followed by ethanol (26.43 + 0.61 mg/mL). The improved
solubility in these solvents can be attributed to favorable solvent—drug interactions, including hydrogen bonding
and hydrophobic interactions, which facilitate disruption of the drug crystal lattice and improve molecular
dispersion. The higher solubility in methanol compared with ethanol may be due to its greater polarity and
stronger solvation capacity toward the functional groups present in luliconazole.
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The observed poor aqueous solubility is consistent with the physicochemical characteristics of
luliconazole, which possesses a highly aromatic and halogenated structure that contributes to strong
intermolecular crystal packing and high lipophilicity. Such characteristics result in limited wettability and
dissolution in aqueous environments, which may potentially restrict its bioavailability and therapeutic
performance when conventional formulations are used.

The low standard deviation values observed across all experimental conditions indicate good
reproducibility, precision, and reliability of the shake-flask solubility assessment. Based on the obtained
solubility profile, methanol demonstrated the highest solubilizing capacity; however, considering formulation
applicability and safety aspects, ethanol and suitable solubilization approaches may be explored for developing
an optimized delivery system.

Overall, the solubility study confirmed the poor aqueous solubility of luliconazole and its preference for
organic solvents, highlighting the need for formulation strategies such as lipid-based systems, polymeric
carriers, or nanoformulations to enhance drug solubility and dissolution characteristics.

Table 2. Solubility studies of Luliconazole

Solvent Luliconazole
v
Solubility in mg/mL (Mean + SD)
Distilled Water 0.003 £ 0.001
0.1 N HCl (pH 1.2) 0.005 + 0.002
Phosphate Buffer pH 6.8 0.007 + 0.003
Phosphate Buffer pH 7.4 0.009 + 0.006
Methanol 48.76 + 0.84
Ethanol 26.43 £ 0.61
Solubility of Luliconazole
60
50
40
Solubility in mg/mL 30
(Mean £ 5D)
20 M Luliconazole
10
0 T T T T T
Distilled 0.1 NHClI Phosphate Phosphate Methanol Ethanol
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6.8 7.4

Figure 3. The graphical representations (Mean + SD, n = 3) for solubility of drug
3.5 UV-Visible Spectroscopic Analysis

UV-visible spectrophotometric analysis was performed to determine the absorption maximum (Amax)
of luliconazole in methanol as part of the preformulation characterization (Figure 4). Methanol was selected
because of its excellent solubilizing ability and negligible interference in the UV region.

The UV spectrum of luliconazole exhibited a distinct absorption maximum at Amax =296 nm, attributed
to m—m* electronic transitions of aromatic and imidazole chromophores present in the drug structure. The
observed Amax was consistent with reported values, confirming the identity and chemical integrity of
luliconazole. The absence of additional peaks indicated no degradation during analysis. Thus, 296 nm was
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selected as a suitable analytical wavelength for reliable quantification of luliconazole in subsequent
preformulation and formulation studies.

1.2 - UV Spectrum of Luliconazole (Pure Drug)
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Figure 4. The UV Visible graphs of Luliconazole
3.6 Construction of Calibration Curve

The calibration curve of luliconazole was developed in methanol at Amax =296 nm over a concentration
range of 2-20 pg/mL using triplicate measurements (n = 3). The experimental absorbance values and statistical
analysis are presented in Table 3, while the corresponding calibration plot is shown in Figure 5.

Table 3 shows a gradual increase in absorbance with increasing concentrations of Luliconazole. At the
lowest concentration of 2 pug/mL, the mean absorbance was 0.085 + 0.0010, which increased proportionally to
0.859 +0.0020 at the highest concentration of 20 pug/mL. The intermediate concentrations also showed a consistent
increase in absorbance, confirming the concentration-dependent response of the drug in the methanolic medium.

The calibration data showed excellent linearity throughout the selected concentration range. Regression
analysis of absorbance versus concentration resulted in a correlation coefficient (R? = 0.9998), indicating a strong
positive linear relationship between the Luliconazole concentration and absorbance. The low standard deviation
values (0.0010-0.0020) observed for all concentrations indicate minimal variation among replicate
measurements, confirming the precision and reproducibility of the analytical method.

Table 3. The calibration curve results at concentration range of 2—20 pug/mL (n =3)

Luliconazole (296 nm)

Concentration (ug/mL)

1 2 3 Mean + SD
2 0.084 0.086 0.085 0.085 + 0.0010
4 0.171 0.173 0.172 0.172 £ 0.0010
6 0.256 0.259 0.258 0.258 + 0.0015
8 0.343 0.345 0.344 0.344 + 0.0010
10 0.429 0.431 0.430 0.430 +0.0010
12 0.514 0.517 0.516 0.516 + 0.0015
14 0.600 0.603 0.688 0.602 + 0.0015
16 0.686 0.689 0.960 0.688 + 0.0015
18 0.772 0.775 0.774 0.774 +0.0015
20 0.857 0.861 0.859 0.859 + 0.0020

Correlation coefficient: R2 0.9998
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The obtained results confirm that Luliconazole follows Beer-Lambert’s law within the concentration
range of 2-20 ug/mL in methanol. The developed calibration curve exhibited high linearity, accuracy, and
precision, making it suitable for routine quantitative estimation of Luliconazole during preformulation and
formulation evaluation studies. The established analytical method provides a reliable basis for subsequent drug
content determination and dissolution studies.

Calibration Curve
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Figure 5. Calibration curve of Luliconazole in methanol
3.7 Formulation of combined spray formulation dosage form by QBD approach
3.7.1 Statistical Design of experiments (DOE)

A 23 full factorial design was employed for the development and optimization of a topical film-forming
antifungal and steroidal spray containing luliconazole. The concentrations of Hydroxypropyl Cellulose (HPC)
(A, % w/v), Eudragit® RS100 (B, % w/v), and PEG 400 (C, % v/v) were selected as independent variables and
evaluated at two levels (-1 and +1). The effects of these formulation variables on the drying time (Y,) and
viscosity of the formed film (Y,) were investigated as dependent variables, as shown in Table 4.

3.7.2 Preparation of Luliconazole Film-Forming Spray

A series of eight Luliconazole film-forming spray formulations (F1-F8) were successfully prepared by
varying the concentrations of formulation variables A, B, and C, and their effects on film formation time (Y;) and
viscosity (Y2) were evaluated. All formulations appeared clear and homogeneous without visible precipitation,
indicating satisfactory physical compatibility of the formulation components.

As presented in Table 4, the film formation time ranged from 3.8 to 8.2 min, whereas the viscosity varied
between 162 and 438 cP. Formulation F4 exhibited the shortest film formation time (3.8 min), while F2 required
the longest time (8.2 min). The highest viscosity was observed for F3 (438 cP), whereas F6 showed the lowest
viscosity (162 cP).

The observed variations indicate that changes in the formulation composition influenced both film
formation time and viscosity. Formulations with comparatively higher viscosity generally required a longer time
to form a continuous film, which may be attributed to slower solvent evaporation and increased polymer chain
interactions. Overall, all formulations exhibited acceptable film-forming behavior and viscosities suitable for
spray application, demonstrating that the selected composition range was appropriate for further optimization.

Table 4. Design Batches
Formulation Code A (%) B (%) C(%) Yi(Min) Y:(CP)
F1 2 2 5 5.6 295
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F2 2 4 10 8.2 412
F3 2 4 5 6.9 438
F4 1 2 5 3.8 178
F5 2 2 10 6.8 278
F6 1 2 10 5.2 162
F7 1 4 10 6.4 286
F8 1 4 5 5.1 304

3.8 Optimization data analysis and model-validation

The factor effects and corresponding p-values for the response variables are shown in Table 5. Different
mathematical models, such as mean, two-factor interaction (2FI), and main effect, were utilized to analyze the
results derived from the study. To further investigate the intricate correlations between the independent and
response variables, a 3D response surface plot was used.

Table 5. Summary of results of regression analysis for responses Y1 and Y

Models R?  Adjusted R*? PredictedR> SD  %CV
R Y

esponse (Y1) go00 () 9980 09953 00612 1.02
Main Effect
Response (Y2)

e Breat 09981 09967 0.9926 553 1.88

Regression Equations

Y1=6.00+0.8750A+0.6500B+0.6500C-------------- (13)
Y2=294.13+61.62 A+65.88B-9.63C-------------- (14)

3.8.1 Model Assessment for Dependent Variables

After putting the data in Design Expert® software for, Fit summary applied to data in that main effect
model was suggested by the software for all the responses. The statistical evaluation was performed using
ANNOVA. Results are shown in (Table 6 and 7). The coefficients with more than one factor term in the regression
equation represent the interaction terms. It also shows that the relationship between factors and responses is not
always linear. When more than one factor is changed simultaneously and used at different levels in a
formulation, a factor can produce different degrees of responses.

Table 6. Results of Analysis of Variance for Measured Response (Y1)

Source Sum of Squares df Mean Square F-value p-value
Model 12.88 3 4.29 1145.33 < 0.0001
A-HPC 6.12 1 6.12 1633.33  <0.0001
B-Eudragit® RS100 3.38 1 3.38 901.33 <0.0001  Significant
C-PEG 400 3.38 1 3.38 901.33 <0.0001
Residual 0.0150 4 0.0037
Cor Total 12.90 7

Table Error! No text of specified style in document.. Results of Analysis of Variance for Measured Response (Y2)

Source Sum of Squares df Mean Square F-value p-value
Model 65838.38 3 21946.13 716.61  <0.0001
A-HPC 30381.12 1 30381.12 992.04  <0.0001
B-Eudragit® RS100 34716.12 1 34716.12 1133.59  <0.0001
C-PEG 400 741.13 1 741.13 24.20 0.0079
Residual 122.50 4 30.62

Significant
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Cor Total 65960.88 7

3.8.2 Response Surface Plot Analysis

3D response surface plots were generated using Design Expert® software and are presented in Figures
6 and 7 for the studied responses, i.e., drying time (min) (Y1) and viscosity (CP) (Y2).

The response surface plots indicated that increasing the concentrations of HPC and Eudragit® RS100
increased both drying time and viscosity due to the formation of a denser polymeric matrix. PEG 400 slightly
increased the drying time while reducing viscosity because of its plasticizing effect. Among the formulation
variables, HPC had the greatest influence on both responses.

Based on the optimization criteria, formulation F8 (1% w/v HPC, 4% w/v Eudragit® RS100, and 5% v/v
PEG 400) was selected as the optimized batch, exhibiting a drying time of 5.1 min and viscosity of 304 cP. The
formulation showed good sprayability and formed a uniform, flexible, and adherent film suitable for topical

application.
Factor Coding: Actual 3D Surface Factor Coding: Actual drying time (Min)
4
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Figure 1. (A) 3D Surface Plot (B) Contour Plot of Drying Time
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Figure 7. (A) 3D Surface Plot (B) Contour Plot of Drying Time of Viscosity

The main effect model demonstrated significant results with a p-value less than 0.05. An ANOVA test was
conducted, and the results were significant.

145
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Table 8. Formulation Table of Optimized Batch (F8)

Ingredients Quantity (100ml)
Luliconazole 1000mg (1%)
Hydroxypropyl Cellulose (HPC) 1gm (1%)
Eudragit® RS100 4gm (4%)
PEG 400 5ml (5%)
Ethanol 70ml
Water Q.S. to 100ml

3.9 Evaluation of Spray Formulation
3.9.1 Appearance and Film Formation

All formulations were clear, homogeneous, and free from visible particulate matter, producing
transparent and smooth films. Formulations with higher polymer concentrations exhibited improved film
integrity and adhesion. Among all batches, F8 showed the best film-forming characteristics, producing a
uniform, transparent, non-sticky, and adherent film with an acceptable drying time and sprayability.

3.9.2 Viscosity

The viscosity of the formulations ranged from 162 to 438 cP and increased with increasing concentrations
of HPMC and sodium alginate, as shown in Table 9.

Table 9. Evaluation of Spray Formulation

Batch pH Viscosity (cp) Evaporation time Spray angle (%)
F1 6.42 +0.03 295+4 5.6 £0.18 79.2+0.62
F2 6.38 £ 0.04 412+6 8.2+0.21 66.5 +0.58
F3 6.46 + 0.02 438 +5 6.9+0.19 64.8 +0.55
F4 6.50 + 0.03 178 £3 3.8+0.14 89.6 + 0.70
F5 6.55+0.04 278 + 4 6.8+0.20 80.5+0.60
F6 6.58 +0.03 162+3 52+0.16 86.8 + 0.65
F7 6.63 + 0.02 286 +4 6.4+0.18 78.4+0.54
F8 6.51 +0.02 304 +5 51+0.15 83.6 +0.61
3.93 pH

The pH of all formulations ranged between 6.38 +0.04 and 6.63 + 0.02, and the results are shown in Table
9, which is in accordance with the pH of the skin, indicating compatibility with the skin’s natural pH.

3.9.4 Evaporation time

The evaporation (drying) time varied from 3.8 to 8.2 min, with higher polymer concentrations resulting
in prolonged drying due to increased solvent retention within the polymeric matrix. Formulation F4 exhibited
the shortest drying time (3.2 min), whereas formulation F2 showed the longest drying time (8.3 min), as shown
in Table 9.

3.9.5 Spray angle

The spray angle of the formulations ranged from 64.8° to 86.8°. Formulations with lower viscosity
exhibited larger spray angles, indicating better atomization and wider spray distribution, whereas highly
viscous formulations showed reduced spray angles owing to increased resistance to flow through the spray
nozzle, as shown in Table 9. Among all batches, formulation F8 demonstrated optimum film-forming properties
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with a viscosity of 304 cP, drying time of 5.1 min, and spray angle of 83.6°, producing a uniform, transparent,
non-sticky, and adherent film suitable for topical application.

3.10 Evaluation of Film
3.10.1 Thickness of the films

The film thickness ranged from 0.15+0.01 to 0.29+0.02 mm, with higher polymer concentrations
producing thicker films due to increased matrix formation, as shown in Table 10.

3.10.2 Film Flexibility (Folding Endurance)

The folding endurance values ranged from 96+3 to 145+5, demonstrating satisfactory flexibility and
mechanical strength of the films. Formulations containing higher concentrations of HPC and Eudragit® RS100
exhibited greater folding endurance owing to enhanced polymer chain interactions, as shown in Table 10.

Table 10. Evaluation of Film
Thickness

Batch (mm) Folding endurance Stickiness =~ Washability & Leak Test
F1 0.20+0.01 118+3 Slightly Sticky Pass
F2 0.27+0.02 140+4 Sticky Pass
F3 0.29+0.02 14545 Sticky Pass
F4 0.15+0.01 963 Non-Sticky Pass
F5 0.19+0.01 11242 Non-Sticky Pass
Fé 0.16+0.01 101+2 Non-Sticky Pass
F7 0.22+0.01 120+3 Slightly Sticky Pass
F8 0.21+0.01 128+3 Non-Sticky Pass

3.10.3 Stickiness of the film

Stickiness evaluation revealed that formulations with higher polymer content showed slight to moderate
stickiness, whereas formulations with lower polymer concentrations produced non-sticky films.

3.10.4 Washability and leak test

All formulations successfully passed the washability and leak tests, indicating good adhesion and
integrity of the formed films upon application.

3.10.5 Drug content

The drug content for F8 formulations is found to be within the range of 99.2+0.8% as shown in Table 11.
This indicates that the formed film had a uniform distribution of drug.

Table 11. Drug Content of F8
F8 Batch
Luliconazole 99.2+0.8%

3.10.6 In-vitro diffusion study using eggshell membrane (In-vitro drug release)

The in vitro diffusion study of the optimized formulation (F8) was performed using an eggshell
membrane in a Franz diffusion cell to evaluate the release behavior of Luliconazole. The formulation exhibited
a gradual and sustained diffusion pattern for the drug over a period of 8 h. Luliconazole showed an initial
diffusion of 15.74% at 1 h, which progressively increased to 67.36% at 4 h and reached 98.18% at 8 h. The results
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indicate that the optimized formulation provided efficient and nearly complete drug diffusion within 8 h,
demonstrating its potential for effective topical delivery of Luliconazole, as shown in Table 12 and Figure 8.

Table 12. In-vitro drug release
Time (Hours) F8 %CDR Luliconazole
0

15.74
24.74
43.5
67.36
84.43
98.18

@ (U WN|=O

In-vitro drug release

120
100 /
80
%CDR 60 /

=4=—F8 %CDR Luliconazole
40

-
20

Time (Hours)

Figure 2. In-vitro drug release

3.11 Kinetics of drug release

The release kinetics of the optimized formulation (F8) were analyzed using various kinetic models. For
luliconazole, the highest R? values were obtained using the Hixson—Crowell model (0.9724), indicating that drug
release was governed by changes in the surface area and dimensions of the polymeric film during diffusion. The
zero-order model also showed good correlation, whereas the first-order, Higuchi, and Korsmeyer-Peppas
models exhibited comparatively lower R? values. These results suggest that the optimized film-forming spray
provided controlled drug release through a combination of diffusion and gradual matrix erosion, as shown in

Table 13 and Figure 9.
Table 13. R? values of various Kinetic Models
Kinetic Model R2Value (Luliconazole)
Zero order release kinetics 0.9667
First order release kinetics 0.8956
Higuchi release kinetics 0.9218
Korsemeyer Peppas release kinetics 0.7003

Hixon Crowell release kinetics 0.9723
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Figure 3. Kinetics of F8
3.12 Accelerated Stability Study

The optimized formulation (F8) was subjected to accelerated stability testing to evaluate its
physicochemical stability under accelerated storage conditions. The results are presented in Table 14.

Throughout the 3-month study period, formulation F8 remained clear and homogeneous, with no visible
signs of precipitation, phase separation, or color change, indicating good physical stability. The pH values
showed only minor fluctuations, ranging from 6.15 = 0.03 to 6.51 + 0.02, while the viscosity remained relatively
constant between 304 + 5 and 310 + 3 cP. These variations were minimal and within acceptable limits, suggesting
that storage under accelerated conditions did not significantly affect the formulation characteristics.

Overall, the accelerated stability study demonstrated that the optimized formulation F8 maintained its
physical appearance, pH, and viscosity throughout the study period, confirming its satisfactory stability and
suitability for storage under the tested conditions.

Table 14. Stability study of parameters of the optimized formulation (F8)
Parameters  Initial Month 1t Month 2"d Month 3 Month

Appearance Clear, homogeneous solution
pH 6.51+0.02 6.23+0.02  6.15+0.03  6.49+0.04
Viscosity (cP) 304+5 31043 306+2 308+4

4. Conclusion

The present study successfully demonstrated the development and optimization of a Luliconazole film-
forming topical spray using a Quality by Design (QbD) approach. A (2”3) full factorial design was effectively
employed to investigate the influence of hydroxypropyl cellulose (HPC), Eudragit® RS100, and PEG 400 on
critical formulation responses, particularly drying time and viscosity. The systematic formulation approach
enabled the identification of an optimized formulation with desirable physicochemical and performance
characteristics. Among the developed formulations, F8 exhibited a drying time of 5.1 min and viscosity of 304
cP, indicating suitable properties for topical application and film formation. The formulation was further
evaluated for appearance, pH, spray characteristics, film properties, drug content, and in vitro drug diffusion.
The QbD-based optimization strategy provided a structured and efficient approach for understanding
formulation variables and achieving the desired product characteristics. Overall, the developed Luliconazole
film-forming spray represents a promising topical drug-delivery system with potential advantages in terms of
ease of application and formation of a drug-containing film at the site of administration. Further studies may be
warranted to establish its long-term stability and performance under in vivo conditions.
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