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ABSTRACT 

Terbinafine hydrochloride, a first-line allylamine antifungal, shows limited clinical benefit from 

conventional topical vehicles because of poor stratum corneum permeability and low local 

bioavailability. This study aimed to design an ethosomal gel of terbinafine hydrochloride to improve 

cutaneous drug delivery for dermatophyte infections. Ethosomal vesicles were prepared by the cold 

method and optimized using a 3² factorial design with soya lecithin (X1) and ethanol (X2) as independent 

variables, and entrapment efficiency and particle size as dependent responses. Nine batches (F1–F9) were 

evaluated for entrapment efficiency, vesicle size, zeta potential, polydispersity index, morphology (TEM) 

and in vitro release. The optimized batch (F6: 30 mg/mL soya lecithin, 12% v/v ethanol) showed 94.33% 

entrapment efficiency, a mean vesicle size of 235.61 nm, zeta potential of –38.44 mV and PDI of 0.258, 

and its release profile fitted best to the Higuchi model (R² = 0.9869), consistent with diffusion-controlled 

release. F6 was incorporated into a Carbopol 940 gel base. The resulting ethosomal gel was off-white, 

smooth and homogeneous, with pH 6.18, viscosity 4125.6 cP, spreadability 38.24 g·cm/s, extrudability 

96.76% and drug content 97.89%, and released 94.76% of the drug over 12 h in a biphasic pattern. One-

month accelerated and real-time stability studies showed less than 2% change in entrapment efficiency, 

drug content and cumulative release, confirming short-term physical and chemical stability. These 

findings support the ethosomal gel as a promising, patient-friendly platform for enhanced topical delivery 

of terbinafine hydrochloride, warranting further ex vivo permeation and in vivo evaluation. 

Keywords: Terbinafine hydrochloride; Ethosomes; 3² factorial design; cold method; topical antifungal 

gel; sustained drug release 
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1. INTRODUCTION 

The clinical performance of a topical antifungal agent depends as much on its delivery system as on its 

intrinsic pharmacological activity. Conventional creams, ointments and gels are frequently limited by the 

barrier function of the stratum corneum, which restricts drug penetration to deeper viable skin layers and, 

in the case of nail or follicular infections, prevents adequate local drug concentrations from being 

achieved. Vesicular carriers such as liposomes, niosomes, transfersomes and ethosomes have therefore 

been explored to overcome this limitation by improving drug partitioning into and across the skin while 

confining the therapeutic effect to the site of application. [2,3,34] 

Ethosomes are soft, malleable phospholipid vesicles containing a relatively high proportion of ethanol 

(20–45% v/v) together with phospholipid and water. The ethanol fluidizes both the vesicle bilayer and 

the intercellular lipids of the stratum corneum, allowing the flexible vesicles to penetrate deeper into the 

skin than conventional liposomes while still protecting the entrapped drug from rapid degradation. This 

combination of a fluidizing co-solvent and a deformable carrier makes ethosomes particularly attractive 

for lipophilic, poorly water-soluble actives that must reach the epidermis or dermis to be effective. [3,9,21] 

Terbinafine hydrochloride is a broad-spectrum allylamine antifungal that acts by inhibiting fungal 

squalene epoxidase, thereby blocking ergosterol biosynthesis and causing intracellular squalene 

accumulation and fungal cell death. It is a Biopharmaceutics Classification System (BCS) class II drug, 

practically insoluble in water and only slightly soluble in common topical vehicles, and its conventional 

cream and ointment formulations show restricted penetration through the stratum corneum. This is a 

particular problem in conditions such as onychomycosis and chronic dermatophytosis, where the drug 

must reach deeper skin and nail structures. Encapsulating terbinafine hydrochloride within an ethosomal 

carrier and subsequently incorporating the vesicles into a semisolid gel base was therefore expected to 

combine the permeation-enhancing properties of ethosomes with the ease of application, spreadability 

and patient acceptability of a topical gel, while also providing sustained drug release, reduced dosing 

frequency and lower risk of the systemic exposure (and associated hepatotoxicity) seen with oral therapy. 
[2,4] 

The present work describes the systematic formulation of terbinafine hydrochloride-loaded ethosomes 

by the cold method, their optimization using a 3² factorial design, selection of an optimized batch based 

on entrapment efficiency, particle size, zeta potential and in vitro release, incorporation of the optimized 

ethosomes into a Carbopol 940 gel, and full physicochemical, release-kinetic and short-term stability 

evaluation of the resulting ethosomal gel. [5,9,21,33] 

2. MATERIALS AND METHODS 

2.1 Materials 

Terbinafine hydrochloride was procured as a gift sample from Solanki Enterprises, Pune. Soya lecithin, 

ethanol, propylene glycol and cholesterol (Sisco Chem Laboratory) were used for ethosome preparation. 

Carbopol 940, methyl paraben, propyl paraben, propylene glycol and triethanolamine (Research-Lab 

Fine Chem Industries, Mumbai) were used for gel formulation. All other chemicals and reagents used 

were of analytical grade. 
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Sr. 

No. 
Material Role Source 

1 Terbinafine hydrochloride 
Active pharmaceutical ingredient 

(antifungal) 

Solanki Enterprises, 

Pune 

2 Soya lecithin Vesicle-forming phospholipid Sisco Chem Laboratory 

3 Ethanol 
Skin-penetration enhancer / 

vesicle fluidizer 
Sisco Chem Laboratory 

4 Propylene glycol 
Co-solvent for phospholipid 

bilayer 
Sisco Chem Laboratory 

5 Cholesterol Membrane stabilizer Sisco Chem Laboratory 

6 Carbopol 940 Gelling agent 
Research-Lab Fine 

Chem Industries 

7 Methyl / propyl paraben Preservatives 
Research-Lab Fine 

Chem Industries 

8 Triethanolamine Neutralizing agent 
Research-Lab Fine 

Chem Industries 

9 Distilled water Vehicle In-house 

Table 1. Materials used for preparation of terbinafine hydrochloride-loaded ethosomes and ethosomal gel. 

2.2 Preformulation studies 

Terbinafine hydrochloride was characterized for organoleptic properties (color, odour, taste) and 

micromeritic properties (bulk and tapped density, Carr's index, Hausner ratio, angle of repose, coefficient 

of friction). Aqueous, ethanolic and phosphate-buffer (pH 7.4) solubility was determined by the shake-

flask method (orbital shaker, 24 h, 37 °C) followed by UV analysis. Melting point was determined by the 

capillary method. The wavelength of maximum absorption (λmax) and calibration curves were 

established in ethanol, phosphate buffer pH 7.4 and distilled water over 2–10 µg/mL. Drug–excipient 

compatibility was assessed by FTIR (KBr disc method) and thermal behavior by differential scanning 

calorimetry (DSC; 50–300 °C, 20 °C/min, nitrogen purge). 

 

2.3 Experimental design for ethosome optimization 

A 3² factorial design was used to optimize the ethosomal formulation, with soya lecithin (X1) and ethanol 

concentration (X2) as independent variables at three coded levels (–1, 0, +1), giving nine formulations 

(F1–F9). Entrapment efficiency and particle size were selected as dependent responses and the design 

was analyzed using Design-Expert® software (v13) under response-surface methodology (quadratic 

model). [33] 
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Formulat

ion 

Terbinafine 

HCl (mg) 

Soya lecithin 

(mg) 

Cholesterol 

(mg) 

Propylene 

glycol (mL) 

Ethanol 

(mL) 

Water (up to, 

mL) 

F1 15 15 15 3 6 30 

F2 15 15 15 3 9 30 

F3 15 15 15 3 12 30 

F4 15 30 15 3 6 30 

F5 15 30 15 3 9 30 

F6 15 30 15 3 12 30 

F7 15 45 15 3 6 30 

F8 15 45 15 3 9 30 

F9 15 45 15 3 12 30 

Table 2. Composition of the nine ethosomal batches from the 3² factorial design (F1–F9). 

2.4 Preparation of ethosomes (cold method) 

Soya lecithin, cholesterol and terbinafine hydrochloride were dissolved in ethanol with magnetic stirring 

(700 rpm, 30 °C); propylene glycol was added gradually to this organic phase. Distilled water, pre-

warmed to 30 °C, was added slowly to the stirred organic phase, and stirring was continued for a further 

30 min to yield a homogeneous ethosomal suspension, which was cooled to room temperature and stored 

under refrigeration. 

2.5 Evaluation of terbinafine hydrochloride-loaded ethosomes 

Entrapment efficiency was determined indirectly by ultracentrifugation of the ethosomal dispersion (5 

mL phosphate buffer pH 7.4, 1 h), with the unentrapped drug in the supernatant assayed at 208.5 nm. 

Mean particle size, polydispersity index (PDI) and zeta potential were measured by dynamic light 

scattering (Malvern Zetasizer, 25 °C, 1:1 ethanol–water dilution). Vesicle morphology of the optimized 

batch was examined by transmission electron microscopy (TEM; JEOL JEM-2100 Plus) after negative 

staining. In vitro drug release was studied using a dialysis-bag (12–14 kDa cut-off) method against 

phosphate buffer pH 7.4 (37 ± 0.5 °C, 50–100 rpm) over 12 h, with samples assayed at 208.5 nm and 

cumulative percentage release plotted against time. Release data were fitted to zero-order, first-order, 

Higuchi, Hixson–Crowell and Korsmeyer–Peppas models, and the model with the highest correlation 

coefficient (R²) was taken as best describing the release mechanism. Statistical significance of the 

factorial model was assessed by ANOVA (p < 0.05 considered significant), and model adequacy by R², 

adjusted R², predicted R² and adequate precision (>4 desirable). [57-60] 

2.6 Selection and characterization of the optimized batch 

The batch with the most favorable combination of high entrapment efficiency, small particle size, high 

(negative) zeta potential and low PDI was selected as the optimized batch and further characterized for 

solubility (shake-flask method in distilled water, ethanol and phosphate buffer pH 7.4), FTIR and DSC. 

Short-term accelerated stability (40 ± 2 °C/75 ± 5% RH, 1 month; sampling at 0, 15 and 30 days) was 

assessed by monitoring entrapment efficiency and in vitro release. 
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2.7 Preparation of the ethosomal gel 

Carbopol 940 was hydrated in purified water for 1–2 h and neutralized with triethanolamine to a skin-

compatible pH (~7–7.4). Methyl and propyl paraben, pre-dissolved in warm water, were incorporated as 

preservatives, followed by the optimized (F6) ethosomal suspension, with continuous stirring until a 

smooth, homogeneous, bubble-free gel was obtained. [55] 

Sr. No. Ingredient Quantity 

1 Terbinafine hydrochloride ethosomes (F6) 30 mL 

2 Carbopol 940 0.10 g 

3 Triethanolamine 0.2 mL 

4 Methyl paraben 0.06 g 

5 Propyl paraben 0.02 g 

6 Distilled water q.s. 

Table 3. Composition of the optimized terbinafine hydrochloride-loaded ethosomal gel. 

2.8 Evaluation of the ethosomal gel 

The gel was evaluated for organoleptic properties, pH (digital pH meter, 1% w/v aqueous dispersion), 

viscosity (Brookfield viscometer, spindle 64), spreadability (parallel-plate method), extrudability 

(collapsible tube method, 15 g load), drug content uniformity (UV, 211 nm) and in vitro release (Franz 

diffusion cell, dialysis membrane, phosphate buffer pH 7.4 receptor, 37 °C, 75 rpm, sampling at 0–5 h). 

Short-term stability (25 ± 2 °C/60% RH, 1 month) was assessed for organoleptic properties, pH, viscosity, 

spreadability, drug content and cumulative drug release at 0, 15 and 30 days. [5,22-24,55] 

3. RESULTS AND DISCUSSION 

3.1 Preformulation studies 

Terbinafine hydrochloride was a white to off-white, odourless, bitter powder. Micromeritic evaluation 

indicated poor flow (bulk density 0.285 g/mL, tapped density 0.476 g/mL, Carr's index 40.12%, Hausner 

ratio 1.67, angle of repose 46.45°, coefficient of friction 1.052), consistent with the need for a 

liquid/semisolid (vesicular gel) rather than a solid dosage form. The drug showed a melting range of 213–

215 °C (literature 209–215 °C), confirming identity and purity. Solubility followed the order ethanol 

(22.66 µg/mL) > phosphate buffer pH 7.4 (17.91 µg/mL) > distilled water (9.50 µg/mL), i.e. the drug 

was practically insoluble in water and only slightly soluble in the other media, consistent with its BCS 

class II character. λmax values of 224 nm (ethanol), 208 nm (phosphate buffer pH 7.4) and 206 nm 

(distilled water) were used to construct linear calibration curves (R² = 0.981–0.989) that were used for 

all subsequent quantification. 

FTIR spectra of the drug alone and in combination with soya lecithin, cholesterol, propylene glycol and 

as a physical mixture retained all the principal characteristic bands of terbinafine hydrochloride (O–H 

stretching 3502–3896 cm⁻¹, aliphatic C–H stretching 2854–2924 cm⁻¹, aromatic C=C/C–H bending 

1473–1643 cm⁻¹ and C–O stretching near 1065 cm⁻¹), with only minor shifts and no loss or emergence 

of characteristic peaks, indicating the absence of major chemical incompatibility between drug and 

excipients. DSC of the drug showed a sharp endothermic peak near 210 °C, consistent with its crystalline 

melting  behavior and in agreement with the melting point determined by the capillary method; the 

physical mixture showed a broadened endotherm (peak 207.5 °C), consistent with partial 

dilution/interaction typical of a compatible physical blend. [51,52] 
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3.2 Optimization of ethosomes: entrapment efficiency, particle size, zeta potential and PDI 

Entrapment efficiency across the nine factorial batches ranged from 85.78% (F4) to 94.33% (F6), particle 

size from 235.61 nm (F6) to 262.52 nm (F7), zeta potential from –31.15 mV (F8) to –38.44 mV (F6), 

and PDI from 0.258 (F6) to 0.310 (F4, F8) (Table 4, Fig. 1). Entrapment efficiency generally increased 

with ethanol concentration, consistent with the role of ethanol in fluidizing the phospholipid bilayer and 

facilitating incorporation of the moderately lipophilic drug; particle size showed the opposite trend at 

high lecithin loading, where vesicle aggregation likely increased mean diameter. All batches showed PDI 

below 0.31, indicating fairly narrow and reproducible size distributions, and zeta potentials in the range 

of –31 to –38 mV, indicative of adequate electrostatic repulsion and colloidal stability against 

aggregation. [21,34,48] 

 

Fig. 1. Entrapment efficiency (%) and particle size (nm) of ethosomal batches F1–F9; F6 (highlighted) combined the highest entrapment 

efficiency with the smallest particle size. 

Batch 
Entrapment efficiency 

(%) 
Particle size (nm) 

Zeta potential 

(mV) 
PDI 

F1 88.66 248.62 –36.73 0.289 

F2 89.26 243.67 –34.39 0.270 

F3 90.12 240.61 –36.29 0.300 

F4 85.78 250.66 –38.18 0.310 

F5 90.10 254.29 –37.26 0.272 

F6 94.33 235.61 –38.44 0.258 

F7 87.27 262.52 –36.29 0.289 

F8 90.10 257.30 –31.15 0.310 

F9 92.53 255.51 –35.99 0.278 

Table 4. Entrapment efficiency, particle size, zeta potential and polydispersity index of ethosomal batches F1–F9. 

F6 (30 mg/mL soya lecithin, 12% v/v ethanol) combined the highest entrapment efficiency, smallest and 

most uniform particle size and most negative zeta potential of the series and was therefore selected as the 

optimized batch for gel incorporation. TEM images of F6 showed discrete, spherical, unilamellar vesicles 
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of approximately 240–262 nm, consistent with the DLS size range and confirming a well-formed 

ethosomal structure. 

3.3 Statistical analysis of the factorial design 

ANOVA confirmed that the quadratic model was significant for both responses (entrapment efficiency: 

F = 9.12, p = 0.0152; particle size: F = 9.29, p = 0.0145), with ethanol concentration (B) the dominant 

significant term for entrapment efficiency (p = 0.0054) and both soya lecithin (A, p = 0.0126) and ethanol 

(B, p = 0.0470) significant for particle size. Adequate precision ratios of 6.73 (entrapment efficiency) 

and 8.50 (particle size), both above the desirable threshold of 4, indicated an adequate signal-to-noise 

ratio for using the models to navigate the design space, supporting F6 as a statistically justified optimum 

within the studied range. 

3.4 In vitro drug release and release kinetics of ethosomes 

All nine batches showed sustained, diffusion-type release over 12 h, with cumulative release ranging 

from 84.4% (F7) to 93.3% (F5); F2, F5 and F6 exceeded 90% release at 12 h (Fig. 2). For the optimized 

batch F6, the release data fitted best to the Higuchi model (R² = 0.9869), followed by the Hixson–Crowell 

(R² = 0.9833), zero-order (R² = 0.9255) and first-order (R² = 0.8765) models, while the Korsmeyer–

Peppas fit was comparatively poor (R² = 0.6869) (Table 5, Fig. 3). The strong Higuchi fit indicates that 

drug release from the ethosomal vesicles is predominantly diffusion-controlled, consistent with a matrix-

type release mechanism from the lipid bilayer. [59] 

 

Fig. 2. In vitro cumulative drug release (%) from ethosomal batches F1–F9 over 12 h (phosphate buffer pH 7.4, 37 ± 0.5 °C). 

Model Zero-order First-order Higuchi Hixson–Crowell 
Korsmeyer–

Peppas [60] 

R² (batch F6) 0.9255 0.8765 0.9869 0.9833 0.6869 

Table 5. Regression coefficients (R²) of release-kinetic models for the optimized ethosomal batch (F6). 
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Fig. 3. Release-kinetic model fits for the optimized ethosomal batch F6: (a) zero-order, (b) first-order, (c) Higuchi and (d) Korsmeyer–

Peppas plots. 

 

3.5 Characterization and short-term stability of the optimized batch (F6) 

Formulation into ethosomes markedly enhanced apparent solubility of terbinafine hydrochloride in all 

three media: from 9.50 to 16.56 µg/mL in distilled water, 22.66 to 46.54 µg/mL in ethanol and 17.91 to 

35.67 µg/mL in phosphate buffer pH 7.4, indicating that vesicular encapsulation improves both aqueous 

and lipophilic-media solubility of this BCS class II drug. FTIR of the optimized ethosomes showed 

retention (with some broadening/reduction) of the principal terbinafine bands and no new peaks, 

consistent with molecular dispersion of the drug within the vesicle bilayer without chemical interaction. 

DSC of the optimized batch showed a broadened endothermic transition (peak 207.25 °C, onset 194.0 

°C), reflecting partial loss of drug crystallinity on entrapment, consistent with successful incorporation 

into the lipid vesicle. [21,34,48,49] 

Over one month of accelerated storage (40 ± 2 °C/75 ± 5% RH), entrapment efficiency of F6 declined 

only marginally, from 94.33% (day 0) to 94.22% (day 15) and 94.04% (day 30), and cumulative 12-h 

release changed from 92.17% to 91.98% and 91.46% over the same period (< 1% change), indicating 

that the optimized ethosomal suspension retained its structural integrity, entrapment and release 

characteristics under accelerated stress conditions. 

 

3.6 Physicochemical evaluation of the ethosomal gel 

The optimized ethosomal gel was off-white, smooth and semisolid with a slightly aromatic odour. It had 

a pH of 6.18, within the range compatible with normal skin pH, and a viscosity of 4125.6 cP, within the 

range generally accepted as stable for topical semisolids. Spreadability (38.24 g·cm/s) and extrudability 

(96.76%) indicated the gel could be applied and dispensed easily, and drug content uniformity of 97.89% 

confirmed even distribution of the active ingredient throughout the gel matrix. [55,56] 
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Parameter Result 

Color / odour / texture 
Off-white / slightly aromatic / smooth 

semisolid 

pH 6.18 

Viscosity (cP) 4125.6 

Spreadability (g·cm/s) 38.24 

Extrudability (%) 96.76 

Drug content uniformity (%) 97.89 

Table 6. Physicochemical evaluation of the optimized terbinafine hydrochloride-loaded ethosomal gel. 

In vitro release from the gel followed a biphasic pattern: an initial phase reaching ~23% release within 2 

h, a rapid diffusion phase from 2–5 h (up to ~55%), and a slower sustained phase thereafter, reaching 

94.76% cumulative release by 12 h (Fig. 4). This profile — a modest initial release followed by 

prolonged, controlled delivery — is consistent with the combined contribution of free (unentrapped) drug 

at the gel surface and diffusion-controlled release of vesicle-entrapped drug through the Carbopol matrix, 

and supports the potential for reduced dosing frequency relative to conventional gels. [55,57,59,60] 

3.7 Stability of the ethosomal gel 

Over one month of storage at 25 ± 2 °C/60% RH, the gel retained its organoleptic properties (off-white, 

smooth, slightly aromatic) at all time points. pH decreased marginally from 6.18 to 6.10, viscosity from 

4125.6 to 4109.5 cP, spreadability from 38.24 to 37.63 g·cm/s, drug content from 97.89% to 97.48%, 

and 12-h cumulative release from 94.76% to 93.56% (Table 7, Fig. 4). All changes were small (< 2%), 

and the close overlap of the release profiles at 0 and 1 month confirmed that the ethosomal gel retained 

its physicochemical integrity and release performance over the study period, supporting adequate short-

term stability under ambient storage conditions. 

Parameter Day 0 Day 15 Day 30 

pH 6.18 6.15 6.10 

Viscosity (cP) 4125.6 4116.5 4109.5 

Spreadability (g·cm/s) 38.24 37.85 37.63 

Drug content (%) 97.89 97.50 97.48 

12 h cumulative drug release (%) 94.76 93.81 93.56 

Table 7. One-month stability data (25 ± 2 °C/60% RH) for the optimized terbinafine hydrochloride-loaded ethosomal gel. 
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Fig. 4. In vitro cumulative drug release from the terbinafine hydrochloride ethosomal gel at initial (0 month) and after one month of 

storage (25 ± 2 °C/60% RH). 

4. CONCLUSION 

A terbinafine hydrochloride-loaded ethosomal gel was successfully developed using a 3² factorial design, 

the cold method of ethosome preparation and a Carbopol 940 gel base. The optimized ethosomal batch 

(F6) combined high entrapment efficiency (94.33%), nanometric and uniform particle size (235.61 nm, 

PDI 0.258), a strongly negative zeta potential (–38.44 mV) and diffusion-controlled (Higuchi), sustained 

in vitro release. Incorporation into a gel base yielded a formulation with acceptable pH, viscosity, 

spreadability, extrudability and drug content, biphasic sustained release over 12 h, and good short-term 

physicochemical stability. Collectively, these results indicate that the ethosomal gel is a technically 

viable, patient-friendly alternative to conventional topical antifungal vehicles for terbinafine 

hydrochloride, offering sustained localized delivery with the potential to reduce systemic exposure and 

dosing frequency. Confirmation of enhanced skin/nail permeation and antifungal efficacy will require ex 

vivo permeation studies, in vivo pharmacokinetic and efficacy studies, and long-term (ICH-compliant) 

stability data prior to clinical translation; the same ethosomal-gel platform may also be adaptable to other 

poorly skin-permeable antifungal or dermatological actives. [1,2,4,5,21,34] 
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