A ' International Journal of Applied Pharmaceutics

/@ ACADENIC SCIENCES

Knowledge to innovation

ISSN- 0975-7058 Vol 17, Issue 6, 2025

Original Article

DESIGN AND CHARACTERIZATION OF LULICONAZOLE-ENCAPSULATED TRANSFEROSOMES
IN THERMOSENSITIVE OCULAR GEL

M. DIVYANAND?, SNEH PRIYA'""), MELANIE ASHEL DSOUZA!, MURARI UPADHYAY?

INitte (Deemed to be University), NGSM Institute of Pharmaceutical Sciences (NGSMIPS), Department of Pharmaceutics, Mangalore,
Karnataka, India. 2Shree Devi College of Pharmacy, Kenjar Airport Road, Mangalore-574142, India
“Corresponding author: Sneh Priya; *Email: snehpriyal23 @nitte.edu.in

Received: 13 May 2025, Revised and Accepted: 08 Sep 2025

ABSTRACT

Objective: The present study develops and optimizes a thermosensitive in-situ gel containing Luliconazole-loaded transferosomes (LCZ-TFs) to
improve ocular bioavailability and therapeutic efficacy through enhanced permeation and prolonged retention.

Methods: Transferosomes (TFs) were prepared using the thin film hydration method. To optimize the formulation, a Box-Behnken design was used
to study the effects of three variables: the concentration of soya phosphatidylcholine (SPC), Tween 80, and chloroform and evaluated for their
influence on vesicle size, polydispersity index (PDI), and percentage entrapment efficiency (EE). Zeta potential and Transmission Electron
Microscopy (TEM) analysis were performed for optimized formulation. The optimized transferosome was incorporated into the thermosensitive in-
situ gel containing Pluronic F127 (15% w/v) and Pluronic F68 (1% w/v) and evaluated for in vitro drug release using a membrane diffusion
technique and ex vivo permeation studies on goat cornea using a modified Franz diffusion cell.

Results: The optimized TFs showed a particle size of 205.5 nm, PDI of 0.236, and EE of 77.43%. The zeta potential was recorded at -53.9 mV,
indicating good stability. TEM revealed well-formed spherical vesicles. Drug release studies demonstrated a sustained release profile from the
transferosomes in situ gel with release kinetics following first-order kinetics and Higuchi model mechanisms. In ex vivo permeation studies, the
transferosomes in situ gel showed a 1.68-fold higher permeation than the conventional gel. The formulation passed sterility and isotonicity tests
and retained antifungal activity comparable to a marketed product, as shown by its zone of inhibition. Additionally, the hen’s egg test-
chorioallantoic membrane (HET-CAM) test confirmed the gel was non-irritant and safe for ocular use.

Conclusion: Overall, the transferosomes in situ gel significantly improved ocular retention and prolonged the drug's release, which enhances the
therapeutic effectiveness of Luliconazole in treating fungal keratitis.
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INTRODUCTION To improve the corneal penetration, residence time and
bioavailability of drugs, thereby reducing their dose and dose
frequency, Novel Drug Delivery Systems were stated to be
developed, such as solid lipid nanoparticles of natamycin [10],
liposomes of timolol maleate [11], niosomes of flurbiprofen [12],
transferosomes of linoleic acid [13]. The transferosomes,
introduced in the 1990s, are ultra-deformable lipid vesicles

Keratitis is an inflammation of the corneal tissue, often triggered by
microbial infections involving fungi, viruses, bacteria, or protozoa.
Among these, fungal keratitis (FK) has become an increasingly
reported condition, with Fusarium, Aspergillus, and Candida species
being the primary culprits. Other fungi such as Paecilomyces,
Scedosporium, and Culvaria have also been implicated in severe

cases. This condition can lead to corneal ulceration, scarring, and
even blindness if left untreated [1, 2]. While bacterial keratitis
typically responds well to treatment, fungal Kkeratitis remains
challenging due to delayed diagnosis and limited drug penetration.
Commonly used antifungal treatments include topical natamycin and
amphotericin B, though no universal standard therapy exists [3, 4].
Current options fall under three main antifungal classes: polyenes,
triazoles, and echinocandins.

Luliconazole (LCZ) is a new-generation imidazole antifungal agent
with potent activity against fungi that commonly affect the eye,
such as Fusarium, Aspergillus, and Candida. Though primarily used
for superficial skin infections, recent interest has grown in
exploring its ocular applications [5]. LCZ belongs to BCS Class II,
signifying low water solubility but high permeability, which
severely limits its bioavailability when applied as conventional eye
drops [6]. Effective ocular drug delivery remains a major challenge
due to the eye's complex anatomy and physiological barriers.
Rapid tear turnover, blinking, corneal impermeability, and
nasolacrimal drainage drastically reduce drug absorption,
resulting in less than 5% of the instilled dose reaching intraocular
tissues [7, 8]. The drugs have low aqueous solubility and high
molecular weight, further limiting the corneal permeation as seen
with natamycin [9]. The drug with small-molecule weight in
conventional doses, such as drops, necessarily requires frequent
administration to maintain therapeutic levels.

composed of phospholipids and surfactants (edge activators) [14].
These carriers enhance penetration across biological barriers and
protect the drug from degradation. Their flexibility and
amphiphilic nature make them highly effective in ocular delivery
systems [15]. In addition, the use of in situ gels has gained
attention for ophthalmic drug delivery. These formulations are
administered as low-viscosity liquids that undergo gelation upon
exposure to ocular conditions such as temperature, pH, or ionic
strength to form a mucoadhesive gel. This transformation allows
prolonged retention on the eye surface, increased contact time
with the cornea, and minimizes precorneal drug loss [16]. The
integration of transferosomes into an in situ gel matrix combines
the advantages of both systems, resulting in enhanced
bioavailability and sustained drug release. Uwaezuoke et al
(2022) reported the successful formulation of linoleic acid-based
transferosomes for ocular delivery of cyclosporine A,
demonstrating superior corneal penetration and prolonged
therapeutic effect when compared to conventional systems [17].

MATERIALS AND METHODS

LCZ was obtained from Yarrow Chem Products, Mumbai. Soya
lecithin was purchased from HI Media Laboratories, Mumbai. Tween
80 and Chloroform were purchased from Loba Chemie, Mumbai.
Methanol, Pluronic F127, and Pluronic F68 were also procured from
Loba Chemie, Mumbai.
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Preparation and characterisation of luliconazole-loaded
transferosomes

Experimental design

To achieve an optimized formulation, a statistical Design of
Experiments (DOE) was implemented using Design Expert®
software (v11.0.3.0). A three-level, three-factor Box-Behnken design
was used to evaluate the effects of key formulation variables:
concentration of soya phosphatidylcholine (SPC), Tween 80, and
chloroform. The design aimed to minimize vesicle size and
polydispersity index (PDI), while maximizing entrapment efficiency
(EE%). A total of 14 runs were generated and analysed. The vesicle
size (Y1), PDI (Y2), and entrapment efficiency (Y3) were chosen as
dependent response variables. The design provided statistical
modelling of how independent factors influenced formulation
outcomes, helping to determine the most desirable combination for
a stable and effective transferosomes system [18].

Formulation of LCZ-TFs

LCF-TF were formulated using the thin-film hydration method. The
active drug LCZ, SPC (lipid), and Tween 80 (surfactant) were
accurately weighed and dissolved in a chloroform-methanol mixture
(ratios varied per DOE design) within a 250 ml round-bottom flask.
The organic solvents were evaporated under reduced pressure at 45
°C and 200 rpm using a rotary evaporator, forming a thin lipid film
on the flask walls. This film was hydrated with 10 ml of Milli-Q
water, and the dispersion was left to swell at room temperature for
2 h. Probe sonication was then performed at 50% amplitude with an
alternating 5-second on/off pulse for 20 min to reduce vesicle size
and enhance uniformity [18].

Evaluation of LCZ-TFs
Vesicle size and PDI

Vesicle size and polydispersity index of both individual formulations
and the optimized batch were measured using a Malvern Zeta sizer
at 25 °C with a detection angle of 90°, after suitable dilution in Milli-
Q water. These parameters reflect size distribution and uniformity
[19]. All the samples were analysed three times, and the results
added in the table are the mean with standard deviation.

Zeta potential

The zeta potential of the optimized formulation was determined by
electrophoretic light scattering using a Malvern ZetaSizer. A high
negative potential (-53.9 mV) indicated good physical stability due
to electrostatic repulsion between particles [19].

Percentage entrapment efficiency

In this study, the entrapment efficiency of Luliconazole-loaded
transferosomes was determined using the centrifugation method.
Precisely, 10 ml of each formulation was centrifuged at 11,000 rpm
for 15 min at 4 °C using a high-speed refrigerated centrifuge. This
process allowed for the separation of unentrapped (free) drug in the
supernatant from the drug entrapped within the vesicles [19].
Following centrifugation, 1 ml of the clear supernatant was
withdrawn and appropriately diluted with simulated tear fluid (STF,
pH 7.4). The concentration of free Luliconazole (Cf) was quantified
using a UV-visible spectrophotometer at 295 nm, a wavelength
optimized for its accurate detection. The total drug content (Ct) was
determined from an identical formulation that had not been
subjected to centrifugation. The entrapment efficiency was
calculated using the formula:

Ce—Cr

Ce

Entrapment efficiency (%) = x 100
Where Ct is the amount of total drug and Cf is the concentration of
unentrapped drug.

Formulation and characterization of optimized batch of LCZ-TFs

One-way ANOVA was applied using the commercially accessible
software program Design-Expert version 13 to evaluate the effect of
process variables on the responses and refine the formulation
parameters. The optimization of LCZ-TFs was carried out using
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constraints with minimum vesicle size, minimum PDI and maximum
%EE. The solution with very good desirability (greater than 0.8) was
suggested by the software as optimized formulation. 105.5 mg of
soya lecithin, 1.08 % of tween 80 and 50.03 % of chloroform were
used to formulate the optimized formulation. Vesicle size, size
distribution, and %EE of the optimized formulation are achieved
similarly to other batches.

Surface morphology by TEM

TEM is the most frequently used imaging method for the evaluation
of the structure of transferosomes. It can be used to study the vesicle
shape and surface morphology of transferosomes, such as
roughness, smoothness and aggregation. One drop of diluted sample
was placed on the surface of a carbon-coated copper grid, after
staining with one drop of 2% W/W aqueous solution of
phosphotungstic acid. Later, the sample was left to dry for 10 min
and TEM images were taken [19].

Formulation of transferosomes loaded in situ gel formulation

A 1% thermosensitive in situ gel (IG) was developed for ocular
delivery using a blend of Pluronic F127 (15% w/v) and Pluronic F68
(1% w/v) to achieve gelation near physiological temperature (37
°C). The polymers were dissolved separately in cold water,
refrigerated for 24 h to remove air bubbles, and then combined. For
the in situ gel of Luliconazole-loaded transferosome (IGT), 4 ml of
LCZ-TFs suspension (equivalent to 100 mg drug) was mixed with 6
ml of the polymeric blend. For the conventional in situ gel with pure
drug (IGD), 100 mg of pure LCZ was dispersed in water before
blending. Benzalkonium chloride (0.01% w/v) was added as a
preservative, and the pH was adjusted to 6.5-7.0. The final
formulations were sterilized using 0.22 um filtration and stored at 4
°C for further evaluation [20, 21].

Evaluation of the transferosomes loaded in situ gel formulation
Determination of the visual appearance

Visual inspection was performed to assess the physical appearance
of the in-situ gel formulation. The optimized gel was observed for
clarity, consistency, colour, and particulate matter. The formulation
was found to be clear, transparent, and free of visible aggregates or
precipitation, indicating successful polymer dispersion and physical
stability of the preparation.

pH

To ensure ocular compatibility, the pH of the gel was measured
using a digital pH meter. The electrode was immersed in the sample,
and readings were taken after 1 min equilibration. The pH was close
to physiological tear pH (around 7.4), confirming that the
formulation is non-irritant and suitable for ophthalmic use [21].

In vitro gelation study

The gelling ability of the in-situ gel was evaluated. A drop of the
optimised formulation was added to a vial containing two millilitres
of freshly made, 37 °C equilibrated simulated tear fluid (STF) to
ascertain the gelling capability. The duration required for the
formation of gel and for dissolution of the formed gel [22, 23].

The in vitro gelling capacity was mainly divided into 3 categories
based on gelation time and time period the formed gel remains.

(+): Gels in few second and disperse immediately

(++): Immediate gelation, does not disperse rapidly

(+++): gelation after few minutes remains for extended period.
Rheological studies

Rheological behaviour was evaluated to determine flow
characteristics before and after gelation. The Brookfield viscometer
(Spindle No. 61) was used for this purpose. The viscosity of the in-
situ gel was measured at room temperature and physiological body
temperature (37 °C) in triplicate. These measurements were crucial
in evaluating the formulation’s ability to remain liquid at lower
temperatures for ease of installation while effectively transitioning
into a gel upon ocular administration [24].

355



M. Divyanand et al.

In vitro drug release studies

In vitro release studies of in-situ gel formulations were performed
using a dialysis tube with a molecular weight cutoff of 8,000-14,000.
The formulation IGD and IGT equivalent to 2 mg of LCZ was placed
into a dialysis tube and introduced into 50 ml of simulated tear fluid
(STF) maintained at 34.5 °C in a shaking water bath. To ensure
reproducibility, three samples were tested concurrently under the
same experimental conditions. Sink conditions were maintained in
this study. The release medium (3 ml) was withdrawn at
appropriate intervals (0, 15, 30, 60, 120, 180, 240, 360, 420, and 480
min), and replaced by 3 ml of fresh medium. The collected samples
were appropriately diluted and analysed using a UV-visible
spectrophotometer at Amax 293 nm to determine the cumulative
drug release [25, 26]. The drug release profiles were further
analysed using zero-order, first-order, Higuchi, and Korsmeyer-
Peppas kinetic models to determine the mechanism of drug release.

Erosion study

The in vitro erosion study was performed to evaluate the gel erosion
behaviour of the in situ gel formulation. An accurately measured 1 g
quantity of the prepared in situ gel was placed on a pre-weighed
0.22 um cellulose acetate membrane. The membrane was then
placed in a beaker containing 50 ml of STF, pH 7.4, maintained at
35+1 °C. At predetermined time intervals (every hour up to 8 h), the
membrane was withdrawn, and excess surface fluid was removed
carefully with filter paper. The remaining gel was gently removed,
and the membrane was dried and reweighed. The amount of gel
eroded at each interval was calculated based on the weight
difference. The test was performed in triplicate, and the mean values
along with standard deviation were recorded [20].

Ex vivo permeation study

The ex vivo corneal permeation studies were conducted using goat
corneas obtained from a licensed local slaughterhouse, where the
animals were sacrificed for commercial purposes. Fresh goat eyes were
obtained from a local slaughterhouse, and the cornea, along with the
scleral tissue, was dissected to facilitate easy handling. These tissues
were immediately cleaned with STF, pH 7.4, and wrapped with film to
prevent dehydration. Subsequently, they were stored at 4 °C until used
within 4 h of harvest. The corneas were mounted between the donor and
receptor compartments of Franz diffusion cells. Three simultaneous
samples were tested wunder identical conditions to ensure
reproducibility. The donor compartment was loaded with 1 ml of the
prepared IGD and IGT formulation, while the receptor compartment
contained freshly prepared STF, pH 7.4, maintained at 34+0.5 °C and
stirred continuously. Samples were withdrawn at regular intervals up to
8 h and analyzed using UV-Visible spectrophotometry at 296 nm. The
cumulative amount of drug permeated per surface area was plotted as a
function of time, and flux (ug/cm?/h) and permeability coefficient
(cm/h) were calculated. [17, 27].

Statistical analysis

A statistical analysis was conducted using GraphPad InStat Demo. All
experimental results are expressed as meanistandard deviation
(SD). Comparisons between two groups were performed using an
independent unpaired t-test. A p-value<0.05 was considered
statistically significant.

Sterility test

Sterility was tested to ensure the formulation’s microbiological
safety for ocular use. The test was performed using the direct
inoculation method, where the formulation was added to two
growth media: fluid thioglycolate medium for bacteria and soybean-
casein digest medium for fungi. After incubation, the absence of
turbidity or microbial growth confirmed that the in-situ gel
formulation is sterile and safe for ophthalmic application [28, 29].

Isotonicity

To evaluate the isotonicity of the optimised formulation, a few drops
of blood were mixed with a few drops of the optimised formulation
on a glass slide. This mixture was then smeared and observed under
a high-resolution Biovis microscope. The procedure was similarly
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performed using saline water for comparison. The main focus during
the observation was on the shape of the red blood cells (RBCs),
particularly looking for any signs of shrinkage or bulging. The RBCs
from the optimised formulation were compared with those from the
saline water to assess differences in cell morphology [28].

Ocular irritation studies HET-CAM test

Several in vitro methods have been used to investigate the toxicity of
potential eye irritants with a view to replacing in vivo eye irritation
testing. In the HET-CAM test, chemicals are placed in direct contact
with the chorioallantoic membrane of the hen's egg, which mimics
the eye’s vasculature very closely [30]. The HET-CAM was utilized to
conduct ex vivo ocular irritation and tolerance tests. Freshly
gathered fertilized chicken eggs that are not more than seven days
old were utilized in this test. Eggs that weighed between 50 and 60 g
were used, and any that had physical flaws like cracking were
excluded. The chosen eggs were kept in an incubator. To prevent
embryo adhesion, eggs were physically rotated five times on each
day of incubation; later, eggs were candled, and damaged or
nonviable eggs were discarded. After that, the eggs were transferred
without rotating to the incubator by holding the larger end of the eggs
upward and kept for a full day. On the ninth day, eggs were taken out,
and the air cell was marked on the top. Holes were made in the
eggshell’'s air sac while avoiding harming the chorioallantoic
membrane. Using a sterile surgical blade, one egg was first cracked
open to examine the development of CAM. The maturation of visible
veins on the surface confirmed the development of CAM. Additionally,
three groups of eggs containing six eggs each were created: IGT,
negative control (0.9% saline, which does not induce irritation), and
positive control (10% w/v KOH), which is known to irritate the eyes.
Using a micropipette, 0.3 ml of the test sample was added to the CAM
surface once the egg surface had been removed, ensuring that at least
50% of the CAM surface was covered. The reactions on the CAM
surface were monitored for 300 seconds. The occurrence of each of the
endpoints—coagulation, vascular lysis, and haemorrhage was timed
and recorded in seconds. The following equation was used to
determine the potential irritancy (PI) score based on the duration of
time essential for the endpoints to develop [31]:

(301-H)x5 | (301-L)x7 , (301-C)x9
= + +
300 300 300

IS

Where h: appearance time in seconds of haemorrhage, v: appearance
time in seconds of vasoconstriction, c: appearance time in seconds of
coagulation

Based on the irritation score, as shown in table 1, the result was
analysed.

Table 1: Irritation score value with inference for HET-CAM Test

Irritation score Inference

0-0.9 No irritation

1-4.9 Weak irritation
5-8.9 Moderate irritation
9-21 Severe irritation
Histopathology studies

To evaluate potential corneal toxicity and ensure tissue
compatibility, histopathological analysis was conducted using goat
corneas. Fresh eyeballs were collected from a local slaughterhouse
and transported under chilled conditions. After isolating and rinsing
the cornea with normal saline, the tissues were incubated with the
optimized formulation IGT, 0.9% NaCl (as a standard), and an
untreated cornea (control) for 6 h. Post-incubation, tissues were
sectioned (40 pm) using a cryotome, dehydrated through graded
alcohols, and stained with hematoxylin and eosin [16]. The stained
sections were then examined under a 40x magnification microscope
to assess any structural changes or signs of irritation [25, 32].

In vitro cytotoxicity study

The methyl thiazolyl tetrazolium (MTT) assay was employed to
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assess human corneal epithelial cells (HCE-2; ATCC CRL-2706)
viability after treatment with optimized formulation IGT. Cells were
seeded in tissue-culture treated 96-well plates at 1x10* cells/well in
100 pl** medium and allowed to adhere for 24 h. IGT (test sample)
was added at 20, 40, 60, 80, and 100 pg/ml (n=3 wells per
concentration). A standard (ethanol) comparator was run at the
same concentrations in parallel. Vehicle control wells received 0.2%
DMSO (v/v) in PBS. Plates were incubated for a further 24 h at 37
°C/5% CO,. After treatment, the medium was removed, and 20 pl**
MTT reagent (5 mg/ml in PBS) was added to each well and
incubated for 4 h at 37 °C/5% CO, to allow formazan formation.
Supernatants were discarded, 200 ul** DMSO was added to dissolve
crystals (10 min, protected from light), and absorbance was
recorded at 550 nm using a microplate reader. Percent cell viability
was calculated as:
Mean OD of test compound

% cell viability = x 100
¥ cell viability Mean OD of vehicle control

Percent inhibition = 100 - Viability.
Stability studies

The stability study was conducted by subjecting the optimised IGT
formulation to different temperature conditions, including 4 °C+2
°C (refrigerator) and room temperature (25 °C+2 °C/60%=*5% RH)
for a duration of 1 mo. The Samples were withdrawn periodically
(0, 15 and 30 d), and evaluated for vesicle size, viscosity, and drug
content.

RESULTS AND DISCUSSION
Formulation and characterization of LCZ-TFs
Statistical analysis of the design of experiments

A box-behnken experimental design was employed to systematically
explore the effect of three formulation variables, i. e., SPC, Tween 80,
and chloroform, on critical quality attributes of Luliconazole-loaded
transferosomes. Using the thin-film hydration technique, 14 distinct
formulations were developed and assessed for vesicle size, PDI, zeta
potential, and % EE. The detailed results for all 14 batches are
presented in tables 2 and 3, and a visual representation of factor
influences is provided in fig. 1 to 3.

Vesicle size

The mean vesicle size of LCZ-TFs formulations, as presented in
tables 2 and 3, ranged from 123.7 to 477.16 nm, indicating
successful development of nanometric vesicles across all 14 batches.
An initial reduction in vesicle size was observed with increasing
concentrations of soya phosphatidylcholine (SPC), attributed that, at
lower concentrations, SPC promotes the formation of smaller, more
uniform vesicles due to effective packing and bilayer formation[33].
However, beyond a certain concentration of SPC, a rise in size
occurred. It may be that at higher concentrations of SPC, vesicles
may begin to aggregate, leading to larger sizes. This is supported by
findings that excess components can destabilize smaller vesicles,
resulting in larger dispersed particles [29]. Tween 80 was also
showing a similar way of response, i. e, at lower concentrations,
which contributed to smaller vesicles, possibly due to its integration
into the lipid bilayer via hydrogen bonding with the lecithin head
group. However, at higher concentrations, Tween 80 appeared to
disrupt membrane integrity, leading to an increase in vesicle size
[33]. Statistical evaluation through regression analysis revealed a
significant model with an F-value of 24.99. The model's robustness
was supported by a high predicted R? of 0.7771 and an adjusted R?
of 0.9432, suggesting strong predictive accuracy. The quadratic
regression equation for vesicle size (Y) in terms of coded factors
was:

Vesicle Size (Y) = 141.27+50.98A+4.71B -
27.97C+15.06AB+6.85AC+39.51BC+130.99A%+18.60B?+131.06C?

Where A, B, and C represent the coded values of SPC, Tween 80, and
chloroform concentration, respectively. Positive coefficients indicate
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synergistic effects, while negative coefficients suggest antagonistic
interactions. The 3D response surface plots (fig. 1) illustrate the
interactive effects of these variables on vesicle size. These findings
affirm that the formulation components notably influenced vesicle
characteristics, with the regression model statistically validated
(p<0.05), as summarised in table 3 and fig. 1.

Polydispersity index (PDI)

The PDI values of LCZ-TFs formulations, as presented in tables 2 and
3, ranged from 0.194 to 0.392, indicating a uniform vesicle size
distribution in all batches. A PDI below 0.5 reflects good
homogeneity, essential for consistent drug release. A decrease in PDI
was observed with increasing SPC concentration, suggesting
improved vesicle uniformity. Tween 80 exhibited a consistent PDI-
reducing effect, highlighting its stabilizing role [28]. Regression
analysis confirmed the model's significance (F-value: 21.79), with a
predicted R? of 0.7546 and an adjusted R? of 0.8275, validating
model reliability. The regression equation derived was linear:

PDI =0.2941 - 0.0685A+0.0109B+0.0559C

Where A, B, and C represent SPC, Tween 80, and chloroform
concentrations. The response surface plot (fig. 2) demonstrates the
individual and interactive effects of these variables on PDI.

Entrapment efficiency (EE)

Entrapment efficiency is a critical parameter that reflects the ability
of the vesicular system to encapsulate and retain the active
pharmaceutical ingredient within the carrier matrix. A higher
entrapment efficiency indicates a better capacity of the formulation
to deliver a sustained and controlled release of the drug, which is
particularly important in ocular applications where drug
bioavailability is inherently low. The entrapment efficiency of LCZ-
TFs formulations, presented in table 2, ranged from 37.31 to
81.77%. Higher concentrations of SPC led to improved entrapment
efficiency, likely due to the increased formation of transferosome
vesicles with a larger core, which can accommodate more drug.
Similarly, increasing surfactant concentration positively influenced
entrapment efficiency, as higher surfactant levels enhanced vesicle
formation, leading to higher drug encapsulation [34]. Statistical
analysis confirmed the significance of the quadratic model (p<0.05),
with an F-value of 29.03, indicating a strong influence of the
independent variables on entrapment efficiency. The Predicted R?
(0.7591) was in close agreement with the Adjusted R* (0.9510),
affirming the model's reliability. The regression equation for
entrapment efficiency is:

% EE = 70.45+0.7275A+0.9162B - 3.25C -
13.70AB+2.59AC+0.0225BC - 9.38A2 - 7.39B%+15.11C?

Where A, B, and C represent SPC, Tween 80, and chloroform
concentrations, respectively. Significant coefficients are denoted by
an asterisk. The response surface plot (fig. 3.4) illustrates the effects
and interactions of the variables on entrapment efficiency.

Optimization of LCZ-TFs

The optimization done according to every response, taking into
consideration minimum particle size, PDI and maximum %EE.
The solution given by the software containing 105.5 mg of soya
lecithin, 1.08 % of tween 80 and 50.03 % of chloroform was
utilized to prepare the optimized formula. The predicted value of
vesicle size, PDI and %EE was found to be 211.5 nm, 0.246 and
75%, respectively, whereas the observed value is 205.5 nm,
0.236 shown in fig. 4, and 77.48%, with a percentage error
of<+5% of the predicted value, which is acceptable. Bhujbal et al.
(2021) reported similar results with tonabersat-loaded
transferosomes (126.4 nm, PDI 0.16 %EE 80.98%), supporting
that vesicle sizes around 100-300 nm with low PDI are ideal for
ocular retention and minimal irritation and good corneal
penetration [35]. Zeta potential of optimized formulation was
found to be-53.9 mV as shown in fig. 5, indicating that the
formulation is stable.
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Table 2: Response parameters of luliconazole transferosome formulations based on box-behnken design

Form Drug Factor Response

code mg A.SPCmg B tween 80 % C chloroform conc % Vesicle size+SD nm PDI+SD EE+SD %
F1 10 80 0.5 60 252.5%3.79 0.367£0.015 37.31+ 2.67
F2 10 120 0.5 60 338.2+5.07 0.221+0.009 64.52+ 2.16
F3 10 80 2 60 213.4£3.20 0.384+0.015 70.26+ 1.82
F4 10 120 2 60 359.3+5.39 0.233+0.009 42.65+ 1.57
F5 10 80 1.25 40 402.8+6.04 0.343+0.014 81.08+ 3.46
F6 10 120 1.25 40 477.2+7.16 0.194+0.008 79.01+ 1.42
F7 10 80 1.25 80 315.8+4.74 0.381+0.012 68.18+ 2.23
F8 10 120 1.25 80 417.6+6.26 0.279+0.011 76.47+3.18
F9 10 100 0.5 40 335.8+5.04 0.201+0.008 81.77+ 2.47
F10 10 100 2 40 284.6+4.27 0.215+0.009 79.85+ 1.94
F11 10 100 0.5 80 218.2+3.27 0.348+0.014 76.46+ 3.28
F12 10 100 2 80 325.1+4.88 0.392+0.013 74.63+ 1.34
F13 10 100 1.25 60 158.8+2.38 0.243£0.010 70.25+ 2.51
F14 10 100 1.25 60 123.7+1.86 0.316+0.013 70.65+ 3.07

Data are expressed as mean+SD, (n=3)

Vesicle Size {nm}
vesici Sze (nem)

Vesiche Size (nm)

EE (%)

EE (%)

EE (%)

M B Tween 80 (%) A:SPC (mg)

1207 05 120" 40

A SPC (mg) C: Chloroform Concentartion (%) * : Chloroform Concentartion (%)

Fig. 3: 3D response surface curve representing the effect of SPC, tween 80 and chloroform on % EE
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Table 3: Summary of regression analysis and ANOVA

S. No. Factor Vesicle size (Adjusted R?= 0.9432) PDI (Adjusted R? = 0.8275) % EE (Adjusted R? = 0.9510)
Estimated beta ‘P’ value Estimated beta ‘P’ value Estimated beta ‘P’ value
coefficient coefficient coefficient

1. Intercept +141.27 +0.2941 <0.001 +70.45 0.0027

2. A-SPC +50.98 0.0038 -0.0685 0.3468 +0.7275 0.531

3. B-Tween 80 +4.71 0.6064 +0.0109 0.0005 +0.9162 0.436

4. C-Chloro Conc -27.97 0.0296 +0.0559 - -3.25 0.037

5. AB +15.06 0.2759 - - -13.70 0.0008

6. AC +6.85 0.5968 - - +2.59 0.1596

7. BC +39.51 0.0297 - - +0.0225 0.9888

8. A? +130.99 0.0006 - - -9.38 0.0050

9. B2 +18.60 0.2360 - - -7.39 0.0117

10. c? +131.06 0.0006 - - +15.11 0.0008

11. Lack of Fit 0.6310 0.9019 0.0599

Results
Size (d.nm): % Intensity: St Dev (d.n...
Z-Average (d.nm): 20556 Peak 1: 710.6 100.0 285.9
Pdl: 0236 Peak 2: 0.000 0.0 0.000
Intercept: 0.693 Peak 3: 0.000 0.0 0.000
Result quality: Good
Size Distribution by Intensity
R B e EET
12 i \'-.
£ 8 \
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Fig. 4: Vesicle size analysis of optimzed LCZ-TEs by Zeta sizer
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Fig. 5: Zeta potential of optimized LCZ TFs

Fourier transform infrared (FTIR) compatibility study

FTIR spectroscopy was employed to assess potential interactions
between LCZ and the selected excipients. The FTIR spectra of pure LCZ
exhibited characteristic absorption peaks at 3312.28, 2925.15, 2853.10,
1725.30, 1552.18, and 1041.22 cm™, corresponding to N-H (amine)
stretching, C-H (alkane) stretching, C-H (alkane) stretching, C=0
(carbonyl) stretching, C=C (aromatic) stretching, and C-O (ether)
stretching functional groups. These peaks were carefully compared with
those observed in the optimized formulation of LCZ-TFs and IGT, as
shown in fig. 6. The spectra of the formulation LCZ-TFs and IGT retained

all major characteristic peaks of LCZ without any significant shifts,
broadening, or disappearance, indicating the absence of chemical
interactions between the drug and excipients. Additionally, the excipient-
specific peaks were also present and remained unaltered, further
supporting the chemical compatibility of the components. These findings
suggest that Luliconazole remained chemically stable throughout the
formulation process. No evidence of drug degradation or formation of
new peaks was observed. Therefore, the FTIR analysis confirms that
there was no significant interaction between Luliconazole and the
excipients used in the formulation, affirming the drug's compatibility and
stability in the developed system.
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Fig. 6: FTIR spectrum of LCZ, LCZ-TFS and IGT

Transmission electron microscopy (TEM) analysis

TEM was utilized to evaluate the surface morphology and structural
integrity of the optimized LCZ-TFs. The TEM images (fig. 7) revealed
that the vesicles were uniformly spherical in shape, with a smooth
surface and clearly defined boundaries. The absence of aggregation
or deformation among the vesicles indicates a stable and well-

dispersed nano system. The vesicles exhibited a distinct core and
lipid bilayer outline, confirming successful encapsulation of the drug
within the phospholipid matrix. These morphological characteristics
affirm the nano-structural integrity of the formulation and its
potential suitability for ocular delivery, where uniformity, stability,
and nanoscale size are critical for enhanced permeation and patient
compliance.

Fig. 7: TEM images of optimised TFS vesicle

Formulation and characterisation of in situ gel of luliconazole-
loaded transferosomes (IGT)

The optimized LCZ-TFs were incorporated into a thermosensitive IG
using Pluronic F127 and Pluronic F68 to enhance ocular
bioavailability and retention. An IGD with a pure drug was prepared
for comparison. Both formulations were evaluated for general
appearance, pH, gelling capacity, gelation temperature, viscosity, and
drug content. The results are summarised in table 4.

General appearance

The IGT and IGD formulations were found to be off-white, translucent,
and free from particulate matter. The in-situ gels exhibited pourable
consistency at room temperature, which is desirable for ocular
administration. The clarity and uniformity observed indicate good
formulation stability and patient acceptability.

pH evaluation

The pH values for both formulations were measured at 7.3+0.1,

which falls within the physiologically acceptable range for ocular
application (6.8-7.4). Maintaining physiological pH ensures comfort
and minimizes irritation upon instillation.

Gelling capacity and gelation temperature

The gel base consisted of Pluronic F127 (15% w/v) and Pluronic F68
(1% w/v), which remained in a liquid state at refrigerated temperatures
and transformed into a gel at physiological temperatures (37-38 °C).
Based on literature values indicating gelation at 28 °C for 20% Pluronic
F127 and 74.7 °C for Pluronic F68, a 15:1 ratio was selected to achieve
optimal gelation near body temperature [21, 36]. Both IGT and IGD
formulations exhibited immediate gelation upon contact with simulated
tear fluid (pH 7.4), showing a gelling grade of +++, indicative of strong
and stable gel formation. The measured gelation temperatures were
32.840.4 °C for IGT and 34.5+0.5 °C for IGD, aligning well with ocular
surface temperature (~34 °C), thus allowing ease of instillation and rapid
in situ gelation. The incorporation of Pluronic polymers played a key role
in enabling this thermosensitive behavior, thereby enhancing ocular
retention.
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Rheological properties

Viscosity measurements at 10 °C and 37 °C confirmed the thermo-
responsive behaviour of the gels. At 37 °C, IGT exhibited a viscosity
of 29.67+0.90 cP, slightly higher than IGD (27.86+1.43 cP),

Int J App Pharm, Vol 17, Issue 6, 2025, 354-366

suggesting enhanced network density due to the presence of
transferosomes. This increased viscosity supports prolonged ocular
residence. At 10 °C, both gels maintained lower viscosities
(14.1£0.72 cP for IGT and 12.3+0.85 cP for IGD), confirming ease of
administration at ambient conditions.

Table 4: The result of general appearance, pH, gelling capacity, viscosity and drug content

Evaluation parameters Results

IGD IGT
Appearance Off white Off white
pH 7.3+0.1 7.3+0.1
Gelling capacity +++ +++
Gelation Temperature (Tg) 34.5+0.5 32.8+0.4
Drug content 97.8+0.58 95.9+0.71
Viscosity in cp 10°C 12.3+0.85 14.1+0.72

37°C 27.86+1.43 29.67+0.90

Data are expressed as mean+SD, (n=3), IGD= Conventional In situ gel contain pure drug, IGT== In Situ Gel of Luliconazole-loaded Transferosomes

Drug content

Drug content analysis revealed 95.9+0.71% for IGT and 97.8+0.58%
for IGD, indicating uniform drug distribution within the gel matrices.
The slightly reduced drug content in IGT could be attributed to drug
encapsulation within lipid vesicles, which may influence release
during assay. These findings confirm that the incorporation of
transferosomes into the thermosensitive in situ gel system improves
key physicochemical parameters critical for ocular drug delivery.
The IGT formulation exhibited favourable characteristics such as
physiological pH, efficient gelling behaviour, appropriate viscosity,
and consistent drug loading, making it a promising system for
enhancing the ocular bioavailability of Luliconazole.

In vitro drug release study

The drug release behaviour of IGT and IGD was studied using a semi-
permeable cellophane membrane in Franz diffusion cells. The release
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%Cumulative drug release

0 100
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profile of IGT demonstrated a sustained and prolonged release of LCZ
over 8 h compared to the conventional IGD formulation, as shown in
fig. 8. Drug release data were fitted to various kinetic models to
determine the mechanism of release. Both the in situ gels, i. e, IGT and
IGD, followed Higuchi kinetics with the highest regression coefficient
(R?=0.997 and 0.985), respectively, as shown in table 5. The best fit of
the release data to the Higuchi model indicates that diffusion is the
primary mechanism governing drug release from the transferosomal
in situ gel. This is consistent with the structural characteristics of
transferosomes, which possess a flexible lipid bilayer that acts as a
semipermeable membrane, facilitating sustained and controlled
diffusion of the encapsulated drug. Moreover, when incorporated into
an in situ gel matrix, the overall release process becomes further
modulated by the gel’s viscosity and mesh structure. However, the
dominant release behaviour remains diffusion-driven due to the
gradual migration of drug molecules from the lipid vesicles through
the gel matrix to the external medium [37, 38].

—IGD —IGT

300 400 500

Time (Min)

Fig. 8: Comparative in vitro drug release study of different in situ gels

Table 5: Drug release Kinetics of luliconazole-loaded in situ gel formulations

Form. code Kinetic model

Zero order First order Higuchi model Korsemayer-peppas model

R2 K R2 K R2 k R2 k n
IDG 0.957 0.140 0.981 -0.001 0.985 0.035 0.972 0.140 0.705
IGT 0.989 0.120 0.991 -0.009 0.997 0.037 0.984 0.023 0.680
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Ex vivo permeation study

As no marketed ophthalmic formulation of luliconazole is available,
therefore, the ex vivo ocular permeability parameter of IGT was
compared with that of IGD, and the results are shown in table 6. The
ex vivo permeation study conducted using goat cornea demonstrated
a significantly higher (p<0.001) cumulative drug permeation from
the transferosomes in situ gel (IGT) (1917.44+2.78 pg/cm)
compared to the plain in situ gel (IGD) (1099.52+4.07 pg/cm?) over
8 h. The enhanced permeation observed with IGT may be due to the
presence of Tween 80 and ethanol. Tween 80, a non-ionic surfactant,
serves as an effective edge activator in transferosome formulations.
It enhances vesicle deformability by inserting itself into the
phospholipid bilayer, disrupting lipid packing and thereby

2500
2000
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(ng/icm2)
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500

Cummulative amount of drug
permeated per surfacearea

0 100

—&—Time (min) IGD
—&—Time (min) IGT
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increasing membrane fluidity [39]. This improved flexibility enables
transferosomes to traverse narrow intercellular spaces, such as
those in the corneal epithelium, without compromising vesicle
integrity. Additionally, Tween 80 reduces surface tension,
preventing vesicle aggregation and promoting the stability of the
ultra-deformable system. Ethanol disrupts the orderly packing of
membrane lipids in the corneal epithelium, increasing membrane
fluidity and permeability. It also induces a transient loosening of
tight junctions by modifying tight junction protein structures,
thereby facilitating paracellular drug transport. IGT showed higher
steady-state flux and permeability coefficient, confirming improved
trans corneal delivery. These findings support the effectiveness of
transferosome-based gels in enhancing ocular drug permeation and
sustaining drug release.

1917.44

1099.52

300 400 500

Time (Min)

Fig. 9: Comparative ex vivo drug permeation study of different formulations in situ gels

Table 6: Permeated amount of LCZ at 480 min flux, and permeability coefficient

Form code Permeated amount at 480 min (ng/cm?) Flux (pg/cm? min) Permeability constant (Kp) x 10-3(cm?/min)
IGD 1099.52+4.07 2.291 0.229

IGT 1917.44+2.78 3.995 0.399

Data are expressed as mean+SD, (n=3)

Erosion behaviour study Sterility testing

The erosion behaviour of the IGT and IGD was evaluated at 37+0.5 °
cover 8 h. Both formulations displayed a gradual and linear erosion
pattern, reaching approximately 94% erosion at the end of the study.
Although IGD showed in fig. 10, slightly faster erosion at earlier time
points, the overall erosion profiles of IGT and IGD were comparable.
This suggests that incorporation of transferosomes into the
thermosensitive gel matrix did not significantly impact the gel's
structural integrity. The observed erosion Kkinetics support a
controlled and sustained drug release mechanism.
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The sterility of the optimized IGT formulation was confirmed using the
direct inoculation method, as per pharmacopeial guidelines. Fluid
thioglycolate and soya bean casein digest media were used to detect
bacterial and fungal contamination, respectively. After seven days of
incubation, no turbidity or microbial growth was observed in the test
samples, while the positive controls showed visible contamination and
the negative controls remained sterile. These findings, supported by
fig. 11, indicate an effective aseptic formulation and the preservative
efficacy of 0.01% benzalkonium chloride, confirming the
microbiological safety of the IGT for ocular application.

—e—IGD

300 400 500

Time (min)

Fig. 10: Erosion curve of different in situ gels
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Fig. 11: Sterility test of IGT for bacteria and fungi

Table 7: Sterility test of optimised IGT

Medium used Microorganism Positive control Negative control IGT
Fluid thioglycolate medium  S. aureus + - -

E. choli + - -
Soyabean-caseindigest C. albicans + - -
medium A. brasiliensis + - -

Isotonicity test

The isotonicity of the optimized IGT formulation was confirmed by
microscopic examination of RBCs following exposure. The RBCs
retained their characteristic biconcave shape, with no signs of lysis,
shrinkage, or swelling, comparable to the response observed with a
marketed eye drop (fig. 12). This indicates that the formulation is
isotonic and physiologically compatible, ensuring comfort and safety
upon ocular administration.

Ocular irritation (HET-CAM) test

The HET-CAM test was performed to assess the ocular irritation
potential of the optimized IGT formulation using chick embryo
membranes, as shown in fig. 13. The irritation score for IGT (0.07) was
comparable to the negative control (0.05, 0.9% NacCl), both of which
showed no signs of irritation. In contrast, the positive control (1%
SDS) exhibited severe irritation (mean score 13.45), confirming that
the IGT formulation was non-irritant and safe for ocular application.

CAM treated with 0.9% NaCl

CAM treated with

oantimized farmulatinn

CAM treated with 1% SDS

(Rlnnd vescel haemarrhase)

Fig. 13: HET-CAM test results
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Ex vivo corneal histopathology study

Histological examination of goat corneas treated with the optimized
IGT revealed intact epithelial layers, well-organised stromal
architecture, and normal endothelium, with no signs of necrosis,

Int J App Pharm, Vol 17, Issue 6, 2025, 354-366

inflammation, or edema, as shown in fig. 14. These findings were
comparable to both untreated and standard-treated corneas,
confirming that the IGT formulation is non-irritant and safe for
ocular application. The results further corroborate the ocular
biocompatibility observed in isotonicity and HET-CAM studies.

A- Normal cornea
B- Cornea treated with isopropyl alcohol
C- Cornea treated with optimized formulation

Fig. 14: Ex vivo corneal histopathology study

In vitro cytotoxicity assay

Cytotoxicity of various concentrations of IGT and standard (ethanol)
on HCE-2cells was evaluated for 24 h by MTT assay. Percentage cell
viability is plotted against concentration (ug/ml) as shown in fig. 15.
The standard showed clear, concentration-dependent cytotoxicity
toward HCE-2 cells, with percent inhibition increasing from 38.25%
at 20 pg/ml to 86.09% at 100 pg/ml. The calculated ICso was 39.33
ug/ml, indicating moderate potency under these assay conditions. In
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contrast, IGT exhibited minimal cytotoxicity across 20-100 pg/ml.
Inhibition rose modestly from 4.92% (20 pg/ml) to 16.86% (100 pg/ml),
corresponding to 95.08-83.14% viability relative to vehicle control. An
I1Cso was not estimable within the tested range (< 100 pg/ml). The MTT
data demonstrate that, while the standard compound is cytotoxic to
HCE-2 cells in a dose-dependent manner, IGT maintains high cell
viability (= 83%) even at the highest tested concentration, supporting a
favourable in vitro cytocompatibility profile for ocular applications
within the tested concentration range [40].

uStd =IGT

]

Fig. 15: Dose-response cytotoxicity of IGT and standard compound on human corneal epithelial (HCE-2) cells, assessed by MTT assay after
24 h exposure

Table 8: Stability data of optimized IGT formulation

Condition Time in day Apperance Particle size (nm) Drug content % Vicosity at 37 °C cp
4 °C+2 °C (Refrigerated 0 Off white 210.4 95.9 29.67
15 Off white 210.9 95.1 29.04
30 Off white 213.1 94.3 28.23
25°C+2°C 0 Off white 210.4 95.9 29.67
/60%+5% RH 15 Off white 212.3 94.2 28.12
30 Off white 217.5 92.6 27.23

Stability studies

The stability study was conducted for the optimized IGT
formulation, and the results are shown in table 8. The formulation
remained physically stable without any signs of phase separation or
turbidity. There were only minimal changes observed in vesicle size,
viscosity and drug content, all of which remained within acceptable

pharmacopeial limits, confirming that the formulation was stable
under both storage conditions.

Scalability and production considerations

From an industrial translation perspective, scaling up the production
of the developed transferosomal in situ gel poses several practical
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challenges. When scaling up, conventional batch preparation
techniques may result in differences in the distribution of vesicle
sizes and the effectiveness of drug encapsulation. The production of
vesicles with consistent size and composition can be done
continuously by using emerging technologies like microfluidics,
which provide precise control over mixing parameters. This
approach improves reproducibility, reduces operator variability, and
is easily adjustable to good manufacturing practice (GMP) settings.
Complementary approaches, including high-pressure
homogenization for uniform particle size reduction and tangential
flow filtration for scalable purification, can be integrated into
production pipelines. By implementing these continuous, scalable
processes, the drawbacks of conventional approaches can be
addressed, enabling a smooth transition from bench-scale research
to commercial manufacturing.

CONCLUSION

A novel luliconazole-loaded transferosomes in situ gel was
successfully developed to enhance ocular permeability and retention
for the treatment of fungal keratitis. The optimized formulation
demonstrated favourable physicochemical characteristics, including
nanosized vesicles, high entrapment efficiency, and ideal gelling
properties suitable for ocular application. In vitro and ex vivo studies
confirmed sustained drug release, enhanced corneal permeation,
and diffusion-controlled kinetics. The IGT showed excellent ocular
compatibility with no signs of irritation or tissue damage, as
evidenced by HET-CAM, isotonicity, and histopathological
evaluations. Overall, the developed IGT offers a promising, safe, and
effective alternative for ocular delivery of luliconazole in managing
fungal Keratitis. For advancing the formulation toward clinical
application, future in vivo studies should be conducted using suitable
animal models, such as rabbits, to evaluate ocular safety, therapeutic
efficacy, and pharmacokinetic behaviour in a living system.
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