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ABSTRACT

Objectives: The aim of this study was to formulate proniosomes of the antifungal drug efinaconazole to improve its transdermal/topical delivery.

Methods: Proniosomes were prepared using the coacervation phase separation technique. The ideal formulation was selected based on the desirability 
criterion. Various evaluations were conducted on the optimized formulation, including tests for stability, ex vivo permeability, in vitro release, skin 
irritation, surface morphology, and transmission electron microscopy (TEM). The formulation incorporated cholesterol (412.5 mg) and soy lecithin 
(50 mg), achieving a high encapsulation efficiency. Hydroxypropyl methylcellulose (K4M) was utilized as a polymer in the formulation.

Results: The encapsulation efficiency for cholesterol and soy lecithin reached 82.26%, with the vesicle size measuring 48.32 nm. In vitro release 
studies demonstrated a sustained release of the drug. Ex vivo experiments revealed significant differences in the flux of efinaconazole between 
excised epidermis and membranes. Analysis of surface morphology showed a quick transformation of the proniosomal gel into niosomes. TEM 
images confirmed the formation of spherical niosomes. The formulations displayed low polydispersity indices (<0.358), indicating uniformity. High 
zeta potential values prevented flocculation and aggregation, ensuring the stability of the system. Stability testing validated the safety profile of the 
formulation.

Conclusion: The proniosomal formulation containing efinaconazole exhibited promising potential for enhanced transdermal delivery. The results 
suggest that this formulation offers improved stability, controlled drug release, and effective permeation, making it a viable candidate for antifungal 
therapy.

Keywords: Efinaconazole, Proniosomes, Coacervation phase separation, Transdermal delivery, In vitro release, Ex vivo permeability.

INTRODUCTION

The transdermal drug delivery system (TDDS) is widely acknowledged 
as an effective solution to overcome the limitations of the oral route. 
TDDS enhances the therapeutic efficacy of various drugs by reducing 
the formation of unwanted metabolites. In addition, it plays a key 
role in regulating plasma drug levels within living organisms. One of 
the primary advantages of TDDS is its ability for self-administration 
and the flexibility to halt medication exposure as needed, resulting 
in improved patient adherence and minimal variation within and 
between patients [1]. These innovative drug delivery systems are 
based on administration methods designed to reduce adverse effects, 
improve efficacy, decrease toxicity, and offer substantial benefits 
to patients. The therapeutic index of both existing and novel drug 
molecules can be improved by encapsulating the active drug within 
a vesicular structure in one of these systems [2]. A  variety of drug 
delivery systems have been developed, including pharmacosomes, 
liposomes, niosomes, sphingosomes, ethosomes, and transferosomes. 
Niosomes and similar vesicular systems have attracted considerable 
interest in pharmaceutical research as potential vehicles for drug 
delivery to the skin. These advanced delivery methods have been 
extensively studied. However, a recurring challenge with niosomal 
preparations is the occurrence of sedimentation, aggregation, fusion, 
and vesicle leakage [3]. To address these issues, proniosomes have 
been developed due to their benefits in transportation, distribution, 
storage, and dosing. Proniosomes typically appear as dry powder or gel 
formulations that can convert into niosomes when reconstituted before 
use. Upon topical application of proniosome gel to the skin within an 
occlusive environment, the gel hydrates through the skin’s moisture 
and forms niosomes [4]. Proniosomes are capable of encapsulating 

both lipophilic and hydrophilic molecules. They are mainly composed 
of a carrier, a membrane stabilizer, and a surfactant, with the ratio of 
surfactant to other components being adjustable based on the carriers 
used. Substances such as sorbitol, mannitol, glucose, and lactose 
enhance the surface area and improve the filling efficiency. This study 
focuses on incorporating efinaconazole into proniosomes to enhance 
its transdermal delivery [5].

Efinaconazole, a triazole antifungal agent, is primarily used in the 
treatment of dermatological conditions, particularly superficial 
mycoses. However, its poor water solubility limits its absorption 
through the skin, hindering its effectiveness in topical applications [6]. 
The main goal of this study was to develop a topical delivery system 
for efinaconazole that offers improved penetrability, rapid absorption, 
and high stability during storage [7]. The study utilized Response 
Surface Methodology, a chemometric technique, to assess the influence 
of chromatographic parameters on various quality indicators. The 
IV-optimal algorithm was used in the experimental design to create a 
proniosomal gel formulation of efinaconazole [8].

METHODS

Materials
Efinaconazole was kindly supplied by MSN Laboratories, Hyderabad. 
Sorbitan monopalmitate (Span40), sorbitan monostearate (Span60), 
soya lecithin, and cholesterol were purchased from SD Fine chemicals, 
Mumbai. Hetero Drugs Ltd., Hyderabad, provided the Transcutol 
HP, cyclomethicone, and hydroxypropyl methylcellulose grade  K4M 
(viscosity approximately 4000 cp) as gift samples.
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Formulation development
IV-optimal design for creating efinaconazole-loaded proniosomes
Preliminary experiments using a one-factor-at-a-time approach were 
first conducted to identify the key factors and the appropriate ranges 
within which the optimal conditions lie. The IV-optimal design was 
then implemented using Design-Expert® V8.0.1 software (Stat-Ease, 
Inc., Minneapolis, MN) to investigate the influence of four independent 
variables: cholesterol amount, surfactant amount, soya lecithin amount, 
and surfactant type on vesicle size and entrapment efficiency. The levels 
of these independent variables are provided in Table 1. The experiments 
were performed according to the design, and the resulting responses 
for the dependent variables are listed in Table 2. The response surfaces 
for the variables within the experimental domain were analyzed 
using Stat-Ease Design Expert® software V8.0.1. Following this, three 
additional confirmation experiments were conducted to validate the 
accuracy of the statistical experimental design.

Preparation of efinaconazole-loaded proniosomes
Efinaconazole proniosomes were prepared using the coacervation 
phase separation method [9]. The components, including Span 40, 
Span 60, cholesterol, and soy lecithin, were dissolved in 5  mL of 
ethanol and placed in a glass tube with a wide opening. To this solution, 
200  mg of efinaconazole was added. The glass vial was then filled to 
the required level, sealed with a lid to reduce solvent evaporation, and 
gently heated in a water bath at 65±3°C to facilitate dissolution. The 
proniosomes were formed by introducing an aqueous phase (a 0.1% 
glycerol mixture) into the clear solution, followed by heating in the 
water bath and then cooling, which resulted in the formation of crystals. 
The prepared proniosomes were kept in opaque glass tubes for further 
characterization. To replenish the fluid levels in the system, 10 mL of 
phosphate buffer solution with a pH of 7.4 was subjected to sonication 
(Ultrasonic Bath Sonicator, Make - Frontline Electronics, Model - FS-2) 
at 37°C.

Evaluation of efinaconazole proniosomes
Vesicle size, polydispersity index, and zeta potential
The vesicle size of the proniosomes was analyzed using the Malvern 
Zetasizer Nano ZS (Malvern Instruments, UK). The freshly prepared 
hydrated niosomes were dispersed in double-distilled water for vesicle 
size characterization. Size measurements were performed in triplicate 
for each sample. The polydispersity index was also calculated to assess 
the homogeneity of the formulations. In addition, the zeta potential of 
the niosome formulations was measured to evaluate the stability of the 
formulations [10].

Entrapment efficiency
The entrapment efficiency was assessed by isolating the unentrapped 
drug. A  100  mg sample of proniosomes was hydrated with 10  mL 
of distilled water by manual shaking for 5  min. The percentage of 
entrapment efficiency of efinaconazole in the hydrated proniosomes 
was determined using the centrifugation method. The Eppendorf tube 

Table 1: List of the independent and dependent variables used 
in the IV‑optimal design

Independent variables Levels

Variable Name Units Low Middle High
A Amount of 

surfactant
mg 20 40 60

B Amount of 
cholesterol

mg 150 300 450

C Amount of soya 
lecithin

mg 50 75 100

D Type of surfactant ‑‑ Span 40 Span 60

Dependent variable Objective
Y1 Vesicle size nm Minimize
Y2 Entrapment 

efficiency
% Maximize

Table 2: IV‑optimum planning and observable outcomes

Run Factor A
Amount of 
surfactant

Factor B
Amount of 
cholesterol

Factor C
Amount of soya 
lecithin

Factor D
Type of surfactant

Response Y1 
vesicle size

Response Y2 
entrapment 
efficiency

1 20 150 50 Span 40 213.72 52.82
2 20 150 50 Span 40 210.24 50.32
3 60 303 50 Span 40 216.84 56.56
4 40.232 450 50 Span 40 85.56 65.12
5 59.2 150 52.5 Span 40 342.76 40.35
6 20 307.5 73.48 Span 40 94.42 69.12
7 41 150 73.87883 Span 40 261.56 44.78
8 50.2 379.5 75 Span 40 146.82 58.86
9 60 150 79 Span 40 364.12 38.56
10 20 450 80 Span 40 58.24 69.12
11 20 150 100 Span 40 246.82 49.72
12 40.8 305.7478 100 Span 40 144.78 66.12
13 33.2 450 100 Span 40 82.78 66.24
14 60 450 100 Span 40 199.12 54.42
15 54.8 150 50 Span 60 182.54 51.56
16 54.8 150 50 Span 60 178.94 53.12
17 20 412.5 50 Span 60 46.92 81.82
18 20 412.5 50 Span 60 48.32 82.26
19 38.4 450 63.43612 Span 60 68.34 69.32
20 60 450 67.5 Span 60 150.46 61.12
21 40 300 75 Span 60 69.92 74.92
22 40 300 75 Span 60 70.12 73.34
23 20 150 82.5 Span 60 157.22 58.24
24 20 150 82.5 Span 60 156.82 57.72
25 49 390 99 Span 60 106.12 68.42
26 60 187.5 100 Span 60 216.78 56.12
27 60 187.5 100 Span 60 216.34 54.12
28 25.2 450 100 Span 60 86.54 76.34
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containing the hydrated proniosomes was centrifuged at 14,000  rpm 
for 30  min at 4°C (Pico 21 centrifuge, Thermo Scientific HERAE US). 
The supernatant, containing the unentrapped drug, was collected and 
analyzed for free drug content by measuring its absorbance at λmax 
262 nm using a UV-Vis spectrophotometer. The entrapment efficiency 
was calculated using the following formula:

Encapsulationefficiency
Amount of drug after filtration

Tota

(%) �

ll amount of drug in the sample
�100

Studies on drug-excipient compatibility
Drug-excipient compatibility studies were conducted to assess any 
potential interactions between the drug and the excipients. Fourier 
transform infrared (FTIR) spectroscopy was used to analyze the drug 
sample and its physical mixture with excipients. The spectra were 
recorded using the potassium bromide disc method on a Tensor 27 
FTIR Spectrophotometer (Bruker Optics, Germany) in the range of 
4000–600 cm−1.

Differential scanning calorimetry (DSC) was performed on the drug 
sample and its physical mixture with excipients using a Perkin Elmer 
DSC/7 differential scanning calorimeter (Perkin-Elmer, CT-USA) 
equipped with a TAC 7/DX instrument controller. The instrument 
was calibrated with indium for melting point and heat of fusion 
measurements. A heating rate of 10°C/min was applied within the 30–
400°C temperature range. Standard aluminum sample pans (Perkin-
Elmer) were used, with an empty pan serving as the reference standard. 
The analyses were conducted in triplicate using 5 mg samples under a 
nitrogen purge [11,12].

Surface morphology
The morphological characterization of the proniosomal gel and the 
presence of its vesicular structure were confirmed by examining the 
surface morphology through optical microscopy. To characterize the 
surface of the proniosomes, a thin layer of the proniosomal gel was 
spread on a slide and viewed under an optical microscope. For optical 
microscopy, samples were prepared by hydrating 100 mg of proniosomal 
gel with phosphate buffer (pH  7.4). A  drop of the dispersion was 
placed on a glass slide without a cover slip, and the process of niosome 
formation was observed using an optical microscope (LABOMED), with 
photographs captured by a digital camera [13].

Transmission electron microscopy (TEM)
The morphology of the prepared proniosomes was examined using TEM 
(JEM-2000 EXII; JEOL, Tokyo, Japan). A drop of diluted efinaconazole 
proniosomal suspension was placed on a film-coated copper grid 
and stained with a drop of 2% (w/v) aqueous phosphotungstic acid 
solution. The sample was then allowed to dry to enhance contrast. The 
samples were observed at a magnification of 72,000× using TEM [14].

In vitro drug release studies
In vitro release studies of hydrated efinaconazole proniosomal 
dispersions were performed using static Franz glass diffusion cells. 
The setup consists of two chambers: the donor and receptor chambers, 
separated by a cellulose membrane with a molecular weight cutoff 
range of 12,000–14,000 (Spectrum Medical Inc., Los Angeles, CA). 
The diffusion area available in this system was 1.7 cm2. The dialysis 
membrane was hydrated in the receptor medium, which contained a 
phosphate buffer at pH 5.5 with 1% Tween 20, for 12 h before being 
placed in the Franz diffusion cell. A  2.5  mL solution of hydrated 
efinaconazole proniosomes was added to the donor chamber, while 
the receptor chamber was filled with 7.5 mL of receptor medium. The 
system was continuously stirred at 100 rpm and maintained at 37°C. 
Sampling was done at 1, 2, 3, 4, and 5 h. Samples were collected from the 
receptor chamber using a side-arm tube, and after each sample removal, 
an equal volume of receptor medium was added to maintain a constant 

volume. The efinaconazole content in the samples was determined by 
UV-Vis spectrophotometry at the maximum absorption wavelength 
(λmax) of 262 nm. The experiment was repeated in triplicate to ensure 
accuracy and reliability of the results [15].

Drug release kinetics
To understand the mode and mechanism of drug release, the data from 
the in vitro release study were analyzed using different kinetic models, 
including zero order, first order, Higuchi’s, and Korsmeyer–Peppas 
models.

Stability studies
The stability study was conducted following the ICH guidelines. The 
proniosomal gel formulations were placed in tightly sealed glass vials 
and stored under two conditions: at room temperature (25±2°C) and in 
the freezer (4±1°C). After six months, the formulations were evaluated 
for vesicle size and entrapment efficiency [16,17].

Formulation of efinaconazole proniosomal gel
The candidate formulation was chosen based on the results of the IV-
optimal design, which indicated an optimal vesicle size and maximum 
entrapment efficiency. The hydrogel was prepared by incorporating 
(hydroxypropyl methylcellulose [HPMC]) K4M (4000 cp viscosity) into 
the selected hydrated proniosomal formulation when continuously 
stirring at 800  rpm. In addition, Transcutol® HP was used as a 
penetration enhancer, along with cyclomethicone, which served as a 
wetting agent. The solution was stirred continuously until a uniform 
distribution was achieved. The dispersion was then neutralized with a 
triethanolamine solution. The composition of the hydrogel formulation 
is outlined in Table 3.

Characterization of efinaconazole proniosomal gel
Determination of pH and viscosity of proniosomal gel
The pH of all proniosomal gel formulations was measured using a digital 
pH meter (Elico India, Hyderabad) after being incorporated into the 
hydrogel. The viscosity of the drug’s proniosomal gel was determined 
using a Brookfield Viscometer (LVDV E, Brookfield).

Study of ex vivo permeation
Ex vivo permeation studies were conducted using the skin of male 
Wistar rats [18]. The rat skin was placed between the donor and 
receptor compartments, with the stratum corneum facing upward in the 
diffusion cell. To maintain sink conditions, a 30% (v/v) ethanol solution 
in phosphate buffer (pH 7.4) was used in the receptor compartment. 
The temperature was maintained at 37±1°C. A  proniosomal gel 
formulation equivalent to 10  mg of efinaconazole was applied to the 
rat skin. The contents of the receptor compartment were stirred with 
magnetic beads. Samples were collected at various time intervals 
and immediately replaced with fresh media. The drug content in the 
samples was analyzed using a UV-Vis spectrophotometer at 262 nm. The 
cumulative amount of drug permeated (Q) at different time intervals, 
along with parameters such as steady-state flux (Jss), permeability 
coefficient (Kp), and enhancement ratio (ER), were calculated using the 
following equations:

Steady state flux Jss Amount of drugpermeated Q
Time Areaof me

( )
( )

�
� mmbrane

Table 3: Composition of hydrogel formulation

S. No. Component Composition
1 Proniosomal formulation Equivalent of 100 mg of drug
2 Transcutol® HP 2% w/w
3 Cyclomethicone 1% w/w
4 HPMC K4M qty. sufficient to make 1 g
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Pr ( )
( )emeabilitycoefficient K Flux Jss

Initialconcentrationof
=

ddrugindonorchamber

Enhancement ratio ER Jss of proneosomess
Jss of control

( ) =

The study was carried out in accordance with the Institutional Animal 
Ethical Committee (1447/PO/Re/S/11/COCSEA/106/A).

Skin irritation study of proniosomal gel
A 0.5 g application of proniosome gel was applied to the skin of three 
rats, covering an area of approximately 1” × 1” (2.54  cm × 2.54  cm) 
square. The animals were then returned to their cages. After 24  h of 
exposure, the proniosome gel was removed, and the test sites were 
wiped with tap water to remove any residual test article.

RESULTS AND DISCUSSION

Formulation development
In this study, efinaconazole proniosomes were formulated, optimized, 
and evaluated for their effectiveness in transdermal drug delivery to 
address the challenges associated with oral delivery. Initial experiments 
were conducted using various non-toxic, biocompatible non-ionic 
surfactants, such as Spans, in combination with cholesterol and soy 
lecithin. Typically, a cholesterol concentration of 20–30% is needed 
for optimal proniosome design. Given that Span 60  (53°C) and Span 
40  (42°C) have high phase transition temperatures, they are capable 
of forming proniosomes both with and without cholesterol. Based on 
the preliminary experiment results, Span 40 and Span 60 were chosen 
as the most appropriate surfactants for preparing efinaconazole 
proniosomes (Fig. 1).

Optimization of variables
A total of 28 experiments were conducted, and the results are presented 
in Table 2. The parameters examined included the amount of surfactant 
(A), cholesterol (B), soy lecithin (C), and the type of surfactant (D). The 
data were analyzed using regression analysis with Design-Expert®, 
Version 8.0.1, Stat-Ease Inc., USA. To assess the significance of individual 
components, binary interactions, and quadratic terms on the responses, 
analysis of variance (ANOVA) was applied. A p=0.05 was considered to 
determine the significance of each factor. The executive summary of the 
design is shown in Fig. 2.

The vesicle size (Y1) for all trials ranged from 46.92 to 364.12  nm, 
and the entrapment efficiency varied between 38.56% and 82.26%. 
Mathematical relationships for the mentioned variables were derived 
using multiple linear regression analysis, as shown in Table  4. 
These equations describe the quantitative and interactive effects of 
independent factors on vesicle size (Y1) and entrapment efficiency (Y2). 
The coefficients of A, B, C, and D indicate the impact of these factors on 
the responses Y1 and Y2. Coefficients with multiple factors or higher-
order terms represent interaction effects and quadratic relationships, 
respectively. A positive sign indicates a synergistic effect, while a negative 
sign denotes an antagonistic effect. A backward elimination procedure 
was used to fit the data to the quadratic model. Both polynomial 
equations were found to be statistically significant (p<0.01) based on 
ANOVA, as determined by the Design Expert software. The results of the 
multiple linear regression analysis for all models are provided in terms 
of R², adjusted R², predicted R², and coefficient of variation (Table 5). 
The high R² values suggest that the proposed models performed 
well. The adjusted R² values were consistent with the predicted R² 
values, confirming the models’ ability to predict the response for new 
observations. The predicted R² values were not significantly lower than 
R², indicating that the model was not overfitting.

Figs. 3 and 4 show a reasonable agreement between the predicted and 
actual results. Each experimental value corresponds to its predicted 

value for all the responses. The results demonstrate that both models 
effectively identified the process and formulation variables involved in 
the preparation of efinaconazole proniosomes.

The mathematical model for vesicle size (Y1) was found to be significant, 
with an F-value of 3405.66, indicating the model’s significance. The 
chance of obtaining such a large “Model F-Value” due to noise is only 
0.01%. A “Prob > F” value <0.0500 indicates that the model terms are 
significant. In this case, the significant model terms include A, B, C, D, 
AD, BC, BD, CD, A2, and B2. Terms with values >0.1000 are considered 
non-significant. The “Lack of Fit F-value” of 3.04 suggests that the lack 
of fit is not significant relative to the pure error, with a 9.3% chance 
that such a large “Lack of Fit F-value” could arise due to noise. A non-
significant lack of fit is desirable because it indicates the model fits 
well. Statistical analysis showed that the quadratic model fits the data 
effectively, focusing on maximizing both the Adjusted R2 and Predicted 
R2. The “Pred R-Squared” value of 0.9987 is in good agreement with 
the “Adj R-Squared” value of 0.9993. The “Adeq Precision” ratio, which 
measures the signal-to-noise ratio, was 211.932, indicating an adequate 
signal since a ratio >4 is desirable. This model is suitable for navigating 
the design space. Table 6 demonstrates that the observed values closely 
match the predicted values.

The equation reveals that factors B and D have a negative effect on 
vesicle size, while factors A and C exert a significant positive effect. The 
individual impacts of factors A, B, and C on vesicle size are shown in 
the perturbation plot (Fig. 5). The plot clearly demonstrates that factors 
B and A have the most substantial effects on vesicle size, with factor 
C having a moderate influence. The categorical factor D indicates that 
Span 60 results in proniosomes with smaller particle sizes compared 
to Span 40. The relationship between the dependent and independent 
variables was further explored through 3D response surface plots and 
corresponding contour plots. Fig. 6 illustrates the interactive effect of 
A and C on vesicle size (Y1) at fixed levels of C and D. Fig. 7 shows the 
interactive effect of B and C on vesicle size (Y1) at fixed levels of A and D.

The entrapment efficiency of proniosomes ranged from 38.56% to 
82.26%, as shown in Table 2. The polynomial equation for entrapment 
efficiency demonstrated a strong correlation coefficient (0.9890), and 
the Model F-value of 214.79 indicates that the model is significant. 
The probability of obtaining such a large “Model F-Value” due to 
noise is only 0.01%. Model terms with “Prob > F” values <0.0005 are 
considered significant. In this case, the significant terms include A, B, D, 
AB, A², B², and C², while terms with values greater than 0.1000 are non-
significant. The “Lack of Fit F-value” of 1.86 suggests that the lack of fit 
is not significant relative to pure error, with a 22.87% chance that such 
a large “Lack of Fit F-value” could occur due to noise. A non-significant 
lack of fit is desirable, as it indicates a good model fit. The statistical 

Fig. 1: Efinaconazole optimized proniosomes
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Fig. 2: Summary of the IV-optimal design

Table 4: Regression equations for the responses – vesicle size 
and entrapment efficiency

Response Regression equation
Y1 101.57+52.55 A−60.77 B+15.45 C−29.90D−1.36 

AC−3.57 BC+33.85 A2+45.37 B2

Y2 68.07−6.91 A+8.03 B−0.52 C+4.40 D−1.67 
AB−1.55 A2−10.26 B2+1.95 C2

Table 5: Regression analysis

Dependent variable R2 Adjusted 
R2

Predicted 
R2

CV

Vesicle size (Y1) 0.9995 0.9992 0.9987 1.444
Entrapment efficiency (Y2) 0.9890 0.9844 0.9772 2.37

Table 6: Actual and predicted values of vesicle size (Y1)

Run order Actual value Predicted value Residual
1 213.72 211.3364 2.383614
2 210.24 211.3364 −1.09639
3 216.84 219.0675 −2.22749
4 85.56 84.18898 1.371025
5 342.76 343.1122 −0.35225
6 94.42 93.92497 0.495027
7 261.56 264.0839 −2.5239
8 146.82 142.1246 4.69544
9 364.12 364.0651 0.0549
10 58.24 61.76731 −3.52731
11 246.82 246.2306 0.589369
12 144.78 143.3293 1.450698
13 82.78 83.02282 −0.24282
14 199.12 200.1899 −1.06992
15 182.54 180.2157 2.32425
16 178.94 180.2157 −1.27575
17 46.92 47.53911 −0.61911
18 48.32 47.53911 0.780894
19 68.34 70.23294 −1.89294
20 150.46 148.4719 1.988053
21 69.92 71.66884 −1.74884
22 70.12 71.66884 −1.54884
23 157.22 156.2923 0.927698
24 156.82 156.2923 0.527698
25 106.12 105.0602 1.059789
26 216.78 217.1813 −0.40128
27 216.34 217.1813 −0.84128
28 86.54 85.82035 0.719655

Fig. 4: Comparison between predicted and actual values of 
entrapment efficiency

Fig. 3: Comparison between predicted and actual 
values of vesicle size

analysis showed that the quadratic model fits the data well, focusing on 
maximizing both Adjusted R2 and Predicted R2. The “Pred R-Squared” 
value of 0.9772 is in good agreement with the “Adj R-Squared” value of 
0.9845. The “Adeq Precision” ratio, which measures the signal-to-noise 
ratio, is 53.034, indicating an adequate signal, as a ratio >4 is preferred. 
This model can be effectively used to navigate the design space, and 

Table  7 illustrates that the observed values align closely with the 
predicted values.

The equation clearly shows that factors A and C have a negative impact, 
while factors B and D significantly increase vesicle size. The individual 
effects of A, B, and C on vesicle size are illustrated in the perturbation 
plot (Fig.  8). The figure clearly demonstrates that B and A have the 
most considerable influence on entrapment efficiency, with C having 
a lesser effect. The categorical factor D indicates that Span 60 results 
in proniosomes with higher entrapment efficiency compared to 
Span 40. The relationship between the dependent and independent 
variables was further analyzed using 3D response surface plots and 
corresponding contour plots. Fig. 9 highlights the interactive effect of A 
and B on entrapment efficiency (Y2) at fixed levels of C and D.
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Optimization and confirmation experiments
Derringer function static (D) calculated using the following equation.

=

= × × = ∏

1 1

1 2

1

ˆ ˆ ˆ ˆ( ( ) 2( ) ( )) ( ( ))
m

m m
i m i

i

D d y d y dm y di y

Both responses were converted into a desirability scale. Ymax and 
Ymin were defined as the objective function (D) for each response. 
Subsequently, each individual desirability function was combined 
using the geometric mean method through an extensive grid search 
and feasibility search within the domain to obtain a global desirability 
value via Design-Expert software. The resulting value of D was close to 
1.0000, indicating the favorable impact of the combination of selected 
variables on the response. Constraints were applied to minimize 
vesicle size and maximize entrapment efficiency, which served as the 
goals for determining the optimal settings of independent variables. 

Fig. 5: Perturbation plot showing the effect of A, B and 
C on vesicle size

The factor levels and point prediction model are shown in Fig. 10. The 
three-dimensional response surface and contour plots represent the 
relationship between the fitted responses when examining the effects 
of two factors in each plot. The darkest zone on the graph indicates the 
highest desirability. These plots, showing the relationship between the 
response value on the Z-axis and two variables on the X- and Y-axes, are 
displayed in Fig. 11.

The optimized levels and predicted values for Y1 and Y2 are presented 
in Table 8. To validate these values, three batches of proniosomes were 
prepared based on the predicted levels of A, B, C, and D. The resulting 
Y1 and Y2 values closely matched the predicted ones, confirming the 
accuracy of the optimization procedure in forecasting the optimal 
parameters for the formulation of efinaconazole proniosomes. Following 
this, all three batches of efinaconazole proniosomes underwent further 
characterization.

Mean vesicle size, zeta potential, polydispersity index, and 
entrapment efficiency of optimized formulations
The vesicle size of the diluted proniosomes is presented in Table  9, 
ranging from 45.12±2.46  nm to 48.78±5.12  nm, with a unimodal 
particle size distribution, which is favorable for the transdermal 
delivery of efinaconazole (Fig. 12). Smaller vesicle sizes are beneficial 
for reducing irritation and enhancing the penetration of vesicles 
into the skin [19]. The polydispersity index for all formulations was 
low (<0.358), indicating good homogeneity of the preparation. All 
proniosome formulations exhibited negative charges, attributable to 
the negative charge of soya lecithin. The zeta potential values were 
high in all formulations (Table  9). The high zeta potential enhances 
repulsion between vesicles, preventing aggregation and flocculation 
(Fig. 13), thus electrically stabilizing the system.

Drug-excipients compatibility study
IR spectra and DSC data were examined for the pure drug, soy lecithin, 
cholesterol, and the physical mixtures of the drug with excipients. As 
shown in Fig. 14, there was no indication of any interaction between 

Fig. 6: (a) Response surface plot showing the interactive effect of A and C on the vesicle size (Y1) at fixed level of C and D (b) Contour plot 
showing the interactive effect of A and C on the vesicle size (Y1) at fixed level of C and D

ba

Fig. 7: (a) Response surface plot showing the interactive effect of B and C on the vesicle size (Y1) at fixed level of A and D (b) Contour plot 
showing the interactive effect of B and C on the vesicle size (Y1) at fixed level of A and D

a b
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efinaconazole and the excipients when compared to the IR spectra of 
the pure drug, as all functional group frequencies remained unchanged. 
The DSC findings, represented in Fig.  15, further indicate that there 
was no significant difference between the melting endotherms of the 

Table 7: Actual and predicted values of entrapment 
efficiency (Y2)

Run order Actual value Predicted value Residual
1 52.82 51.55484 1.265162
2 50.32 51.55484 −1.23484
3 56.56 57.81975 −1.25975
4 65.12 63.83639 1.283614
5 40.35 40.98522 −0.63522
6 69.12 69.54156 −0.42156
7 44.78 45.14185 −0.36185
8 58.86 60.66772 −1.80772
9 38.56 38.55804 0.001957
10 69.12 68.46698 0.653022
11 49.72 50.5006 −0.7806
12 66.12 65.11994 1.000057
13 66.24 65.62511 0.614887
14 54.42 52.73717 1.68283
15 51.56 51.94766 −0.38766
16 53.12 51.94766 1.172344
17 81.82 81.84746 −0.02746
18 82.26 81.84746 0.412538
19 69.32 71.59536 −2.27536
20 61.12 60.44417 0.675832
21 74.92 72.48131 2.438693
22 73.34 72.48131 0.858693
23 58.24 57.89132 0.348676
24 57.72 57.89132 −0.17132
25 68.42 71.0288 −2.6088
26 56.12 54.90872 1.211279
27 54.12 54.90872 −0.78872
28 76.34 77.19873 −0.85873

Fig. 8: Perturbation plot showing the effect of A, B and C on 
entrapment efficiency

physical mixture and the pure drug [20]. The pronounced endotherm at 
191.1°C confirmed the melting point of pure efinaconazole [22].

Surface morphology
The efinaconazole-loaded proniosomal formulation, prepared using 
the optimal composition, exhibited lamellar structures under a 
compound microscope (Fig. 16). Upon hydration with saline solution, 
the formulation showed swelling of the bilayers and vesicles due to 
the interaction of water with the polar groups of the surfactant. The 
bilayers tended to form random spherical structures, leading to the 
formation of multilamellar and multivesicular structures. When shaken 
with the aqueous phase, complete hydration occurred, resulting in 
the formation of niosomes. Observation under an optical microscope 
revealed that the proniosomal gel rapidly and progressively converted 
to niosomes, almost completely within minutes.

TEM analysis
TEM analysis confirmed the presence of individual niosomes in a 
spherical shape, as shown in Fig.  17. These results provided clear 
evidence of niosome formation. Furthermore, the TEM findings were 
consistent with the particle size measurements obtained using dynamic 
light scattering, which further validated the niosomal structure.

In vitro drug release from proniosomes
From Fig. 18, it is evident that the cumulative release of efinaconazole 
from the control (efinaconazole in 30% PEG) was higher compared to 
the proniosomal formulation. This higher release from the control can 
be attributed to the fact that efinaconazole, being sufficiently lipophilic, 
partitions more readily in the PEG-based formulation, leading to a 
faster release. On the other hand, the proniosomal formulation showed 
a slower release of efinaconazole. This slower release can be attributed 
to the encapsulation of the drug within the proniosomes, which acts 
as a reservoir, gradually releasing the drug over time. In addition, the 
lower release rate observed with the proniosomal formula containing 
surfactant could be linked to the hydrophilic nature of the surfactant, 
which might influence the drug’s release by forming a barrier around 
the drug particles, thus slowing down the release rate.

Drug release kinetics
The results clearly show that the zero-order model has a higher 
regression coefficient, indicating that the proniosomal formulation 
provides controlled drug release from its matrix. In contrast, the first-
order model demonstrated less linearity, suggesting that it is not as 
suitable for describing the release. Further analysis of the dissolution 
data through mathematical models like Higuchi and Korsmeyer–Peppas 
helped elucidate the drug release mechanism. In the Korsmeyer–Peppas 
model, the release mechanism is determined by the value of n. A value of 
n <0.45 suggests Fickian diffusion, while a value between 0.45 and 0.89 
indicates non-Fickian transport. A value of n < 0.45 indicates Fickian 
diffusion, while a value between 0.45 and 0.89 suggests non-Fickian 
transport. When n = 0.89, it corresponds to Case II (relaxational) 
transport. Values greater than 0.89 indicate super Case II transport. 
Therefore, the n-value of 0.63 obtained from the Korsmeyer–Peppas 
model signifies super Case II transport, as shown in Table 10.

Fig. 9: (a) Response surface plot showing the interactive effect of A and B on the entrapment efficiency (Y2) at fixed level of C and D 
(b) Contour plot showing the interactive effect of A and B on the entrapment efficiency (Y2) at fixed level of C and D

ba
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Fig. 10: Optimum level of factors and point prediction

Table 8: Optimized values obtained by the constraints applies on Y1 and Y2

Independent variable Nominal values Predicted values Observed values

Particle 
size (Y1)

Entrapment 
efficiency (Y2)

Batch Particle 
size (Y1)

Entrapment 
efficiency (Y2)

Amount of surfactant (A) 20.61 42.41 82.30 1 46.34 79.12
2 48.78 81.82

Amount of cholesterol (B) 387.34 3 45.12 80.56

Amount of soya lecithin (C) 50.32
Type of surfactant Span 60

Stability study
Stability testing is conducted to assess how the quality of a drug substance 
or product changes over time due to various environmental factors such as 
heat, humidity, and light. The results showed no significant difference in the 
entrapment efficiency and particle size of the optimized formulation when 
stored at room temperature and under refrigeration (p>0.05; Table 11).

Characterization of efinaconazole proniosomal gel
Determination of pH and viscosity of proniosomal gel
The pH of the final efinaconazole hydrogel formulation was initially 
7.16, necessitating the use of triethanolamine to adjust it to a pH of 5.6. 

The viscosity of the final formulation was measured at 1580.24 cps, 
which falls within the acceptable range. The prepared gel is shown in 
Fig. 19.

Ex vivo permeation studies
By comparing the release rate (flux) of efinaconazole across the 
membrane and excised skin (Table  12), insights can be gained into 
the skin’s natural defense mechanisms [23-25]. It is well established 
that proniosomes hydrate upon contact with skin moisture, forming 
niosomes, which can alter drug transport across the skin. The 
adsorption and fusion of niosomes onto the skin surface facilitate 

Table 9: Optimized formulations’ average vesicle size, polydispesity index, entrapment effectiveness, and zeta potential

Batch MVS±SD (nm) PDI ZP±SD (mV) % EE±SD
1 46.34±5.12 0.284 ‑28.3±1.2 79.12±3.12
2 48.78±4.36 0.312 ‑25.5±2.3 81.82±4.37
3 45.12±2.46 0.358 ‑23.5±3.1 80.56±4.18
MVS: Mean vesicle size, PDI: Polydispersity index, ZP: Zeta potential, EE: Entrapment efficiency, SD: Standard deviation. All the values were expressed in (n=3) mean±SD; 
(p<0.05)

Table 10: Release kinetics of efinaconazole proniosomal formulation

Formulation code Zero order First order Higuchi Korsmeyer‑Peppas

R2 n R2 n R2 n R2 n
F1 0.9989 4.064 0.6587 −0.0676 0.9101 19.4911 0.8037 63.57

Fig. 11: The 3-dimensional response surface plot and contour plots showing the relationship between a response value on the Z-axis and 
two variables on the X- and Y-axes

a b
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Fig. 12: A graphical representation of vesicle size of optimized 
formulation

Fig. 13: A graphical representation of zeta potential of optimized 
formulation

Table 12: Flux of efinaconazole from proniosomal gel

Formulation Flux (μg cm−2 h−1)

Egg membrane Rat skin
F1 44.182±3.34 186.72±9.734
Control 276.54±5.14 62.58±4.34
All the values were expressed in (n=3) mean±SD

drug permeation by modifying the barrier properties of the stratum 
corneum. Non-ionic surfactants, acting as penetration enhancers, 
disrupt the tightly packed lipids in the extracellular spaces of the 
stratum corneum. Significant differences in the release rate (flux) of 
efinaconazole between the membrane and excised skin (Table  12) 
highlight the skin’s barrier properties. The interaction between the skin 
and proniosome components likely accounts for these differences, with 
the association and fusion of niosomes with the skin surface resulting in 
higher flux due to the direct transfer of the drug from the vesicles [26].

Skin irritation studies
Irritation studies were performed on male Wistar rats (n=3), with 
formalin used as the standard irritant. The rats were assessed for 
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Fig. 15: Differential scanning calorimetry thermogram of 
efinaconazole, cholesterol, soya lecithin and physical mixture

Fig. 16: Optical microscopy images of niosomes formed upon 
hydration of proniosomal formulation at ×1000 magnification

Fig. 14: Fourier Transform Infrared spectra of efinaconazole, 
cholesterol, soya lecithin and physical mixture

erythema and edema according to a defined scale [27-29]. The 
results showed significantly lower incidences of erythema and 
edema (0.32±0.098; p<0.05) in rats treated with the proniosomal gel 
formulations compared to those treated with formalin. This suggests 
that the formulations were non-irritant and safe [30,31].

Fig. 18: In-vitro release of efinaconazole from proniosomes. All 
the values were expressed in (n=3) mean±SD

Fig. 17: TEM image of efinaconazole niosomes

Fig. 19: Efinaconazole proniosomal gel
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CONCLUSION

This study highlights the application of IV-optimal design, regression 
analysis, and contour plots to optimize formulation variables in the 
preparation of efinaconazole proniosomes using the coacervation 
phase separation method. The optimized proniosomal batch was 
utilized to prepare an efinaconazole-based proniosomal hydrogel by 
incorporating hydrated niosomes into an HPMC matrix. The improved 
skin permeation over an extended period may lead to enhanced 
efficacy and better patient compliance. Overall, the study suggests 
that the niosomal gel formulation containing efinaconazole could offer 
therapeutic benefits superior to those of conventional formulations.
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