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A B S T R A C T

Itraconazole (ITZ) is a highly effective antifungal agent. However, its oral application is associated with systemic 
toxicity and poor topical use. The present study aims to improve the antifungal activity of ITZ by loading it into 
bioadhesive niosomes. This approach is considered to enhance the ocular permeation of ITZ, thereby boosting its 
efficacy against fungal infections. Therefore, it was encapsulated into niosomes (F1) and subsequently coated 
with hyaluronic acid (HA; F2), chitosan (CS; F3), or a bilayer of CS/HA (F4). In addition, they were further 
incorporated into pH-sensitive in situ gels. This dual approach is expected to increase the amount of corneal- 
permeated ITZ, facilitating more effective management of ocular fungal infection.

Firstly, the niosomes were prepared by hydrating proniosomes using span 60, cholesterol, and phospholipid. 
ITZ-niosomes showed an increase in vesicle size from 165.5 ± 3.4 (F1) to 378.2 ± 7.2 nm (F3). The zeta potential 
varied within − 20.9 ± 2.1 (F1), − 29.5 ± 3.1 (F2), 32.3 ± 1.9 (F3), and 22.6 ± 1.3 mV (F4). The high EE% 
values ranged from 78.1 ± 2.2 % to 86.6 ± 2.9 %. Regarding ITZ release, F1 demonstrated a high release profile, 
whereas bioadhesive niosomes showed sustained release patterns. Furthermore, in situ gels containing niosomes 
displayed excellent gelling capacity and viscosity. Remarkably, F3 laden-in situ gels (F3-ISG) demonstrated the 
highest ex vivo corneal permeability of ITZ and antifungal activity with a safety effect. These results indicate that 
F3-ISG presents a promising strategy for boosting the ocular delivery of ITZ, that could help in treating ocular 
fungal infections.

1. Introduction

Fungal infection is one of the common diseases that affect the eye 
(Kumar et al., 2022). For instance, fungal keratitis causes an inflam-
mation of the cornea due to fungal infection, which may cause corneal 
epithelial damage and stromal inflammation (Bongomin et al., 2017), 
which could lead to corneal scarring and visual impairment. Various 
factors may increase fungal eye infections, such as the use of immuno-
suppressive drugs, broad-spectrum antibiotics, and contact lenses 
(Mehrandish & Mirzaeei, 2020). Therefore, it is important to deliver the 
drug to the cornea, the main location of infections, effectively 
(Bhattacharjee et al., 2019). Developing effective drug delivery for eye 
infections encounters significant challenges due to the physiological and 
anatomical characteristics of the eye (Kumar et al., 2022). Conventional 

ophthalmic preparations face difficulties in delivering and maintaining a 
sufficient amount of the drug within the cornea region for a long time. 
Itraconazole (ITZ) is a commonly used antifungal agent for eradicating 
many fungal infections (Permana et al., 2021). ITZ has very low water 
solubility (<1 μg/ml), high lipophilicity (log p: 5.66 at a pH of 8.1), and 
relatively large molecular weight (705.64 Da) (Alomrani et al., 2015). 
These properties lead to limited corneal permeation, resulting in 
reduced ocular bioavailability. Therefore, nanocarriers have emerged as 
a promising solution for addressing these challenges. They offer several 
benefits for ocular drug delivery, including enhancing stability, 
extended drug release, improving bioavailability, and targeting delivery 
(Bhattacharjee et al., 2019). The ocular nanocarriers can also overcome 
the limitations of regular eye drops by remaining longer, penetrating 
better, and reaching the infection site in a sufficient amount of the drugs. 
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Ocular nanocarriers can also be designed to target the infected site, 
localize, and prolong the release of the antifungal drug. This approach 
could improve the effectiveness of treatment by reducing the require-
ment of frequent dosing. Niosomes are vesicular drug delivery systems, 
which usually made of non-ionic surfactants and cholesterol. Niosomes 
hold great potential as drug carriers due to their biocompatibility, 
biodegradability, and non-immunogenic properties (Bhattacharjee 
et al., 2019). Niosomes offer significant advantages over liposomes, 
mainly in terms of stability and cost-effectiveness of manufacturing. 
Niosomes in ophthalmic drug delivery demonstrated potential effec-
tiveness in treating eye conditions such as glaucoma and microbial in-
fections and protecting the drug from tear enzymes (Ge et al., 2019; 
Gharbavi et al., 2018). The niosomes were fabricated by the rehydration 
of proniosomes (Ajrin & Anjum (2022). The proniosomes have attracted 
great attention in various drug delivery (Alshora et al., 2023; Darson 
et al., 2023). Abu El Enin et al. (2019) (Abu El-Enin et al., 2019) pre-
pared a proniosomal gel by coacervation phase separation with a high 
EE% and sustained fluconazole release. The proniosomes were fabri-
cated to improve the ocular bioavailability of lomefloxacin HCl with 
good therapeutic outcomes (Ajrin & Anjum, 2022). Furthermore, pro-
niosomes containing brimonidine tartrate were also successfully devel-
oped for glaucoma management without eye irritation (Emad Eldeeb 
et al., 2019). Additionally, tacrolimus-loaded niosomes for treating 
corneal graft rejection have exhibited great promise for future clinical 
applications (Zeng et al., 2016).

In addition, the niosomes could be coated by bioadhesive agents to 
provide mucoadhesive properties and prolong the adhering of the 
nanocarriers to the ocular surface for a long time. Increasing resident 
time usually leads to high corneal drug absorption and bioavailability, 
and improves patient compliance. Chitosan (CS) has excellent 
mucoadhesive properties that facilitate the interaction with mucous 
membranes, promoting topical drug penetration (Idrees et al., 2020; 
(Pandit et al., 2021; Supachawaroj et al., 2021). CS-coated niosomes 
succeeded to extend the ocular retention time and facilitate the trans-
corneal permeation of gatifloxacin (Zubairu et al., 2015). Moreover, 
hyaluronic acid (HA) have a significant mucoadhesion characterization 
that effectively prolonged the contact time of many drugs and improving 
their ocular bioavailability (Landucci et al., 2023; Zhang et al., 2021). 
Moreover, the CS and HA-bilayer coated niosomes could provide syn-
ergistic effects for various biomedical applications, particularly in 
enhancing the mucoadhesive properties (Sionkowska et al., 2020). 
Therefore, this work is designed to optimize ITZ-loaded niosomes by 
modifying their composition using span 60, phospholipids (lipoid S100), 
and cholesterol. Furthermore, the impact of HA and CS as single or 
combined double layers on the ITZ-loaded niosomes was also investi-
gated. For efficient ocular ITZ delivery, the optimized formulae were 
incorporated into in situ gelling polymers and subjected to antifungal 
activity study, in vitro, and in vivo characterization. This hybrid system 
may offer promising results in enhancing the ocular availability of ITZ 
(Padmasri & Nagaraju, 2021).

2. Materials and methods

Itraconazole (ITZ) was purchased from Betapharma (Shanghai, 
China). Lipoid S100 (Soybean phosphatidylcholine content >94 %) was 
obtained from Lipoid GmBH (Ludwigshafen, Germany). Cholesterol and 
low molecular weight chitosan (50~190 kDa; 91.5 % deacetylated) was 
obtained from Sigma-Aldrich Co., LLC (St. Louis, MO, USA). Span 60 was 
obtained from Koch-light Laboratories Ltd., (Colnbrook Buck, England). 
Hyaluronic acid sodium salt (Molecular weight; 1000–1800 kDa) was 
obtained from Bloomage Freda Biopharm Co., Ltd. (Jinan, China). 
Acetonitrile, methanol, and ethanol HPLC grade be obtained from Fisher 
Scientific, (Leicestershire, UK).

2.1. Preparation of ITZ loaded-bioadhesive niosomes

The proniosomes, which serve as the primary step for niosomal 
preparation, were prepared by a coacervation-phase separation 
approach (El-Emam et al., 2023). Briefly, span 60 (90 mg), lipoid S100 
(90 mg), and cholesterol (10 mg) were dispersed in ethanol (5 mL) and 
heated at 65 ◦C with continuous stirring (500 rpm) to ensure complete 
dissolution of all components. Then, 10 mg of ITZ was added to this 
solution and heated at 65 ◦C for 10 min with vortexing for 10 min to get 
a homogenous mixture. Preheated distilled water (0.2 mL) was added  at 
65 ◦C under vortexing for 3 min. Afterward, proniosomal gels were 
obtained after cooling at room temperature. Details of the formualtions 
are illustrated in Table 1.

To produce ITZ-loaded conventional niosomes (F1), ITZ- 
proniosomal gel was reconstituted with 10 mL of PBS (pH 7.4) under 
continuous stirring for 2 h at room temperature. For the preparation of 
HA-bioadhesive ITZ niosomes (F2), 10 mL of PBS (pH 7.4, which con-
tains 0.2 % HA, w/v) was added to ITZ-proniosomal gel under stirring at 
25 ◦C (Nemr et al., 2022; Zeng et al., 2016). While CS-bioadhesive ITZ 
niosomes (F3) were prepared by adding 10 mL of a 0.5 % w/v CS so-
lution (dissolved in 0.1 % v/v acetic acid) to ITZ-proniosomal gel under 
stirring at 25 ◦C (Tulbah et al., 2023). Furthermore, bi-layered niosomes 
were achieved by successive additions of CS and HA solutions onto ITZ- 
proniosomal gel according to electrostatic interaction as described in a 
previous method with minor modification (Jeon et al., 2015). Firstly, 5 
mL of HA solution was added dropwise into ITZ-proniosomes as previ-
ously described, followed by adding 5 mL of CS solution dropwise using 
the previous procedure. The positively charged CS layer is physically 
attached to the negatively charged HA-bioadhesive niosomes, leading to 
double-layered niosomes (F4). All hydrated mixtures were then left 
overnight at 4 ◦C for swelling, followed by bath sonication for 1 h and 
probe sonication for 10 min under ice. The resulting formulations were 
then light centrifuged at 6000 rpm for 5 min to remove any titanium 
particles (out of the probe sonicator) and large particles. The bio-
adhesive niosomes were centrifuged at 30 rpm for 1 h at 4 ◦C to remove 
excess CS/HA and washed twice with distilled water. Moreover, the 
obtained formulations were prepared under aseptic conditions, as PBS 
was filtered through a 0.22-µm membrane filter, glassware was auto-
claved, and the procedure was done in a laminar flow hood. The con-
ventional and bioadhesive niosomes were stored at 4 ◦C for further 
studies.

2.2. Characterization of ITZ loaded-bioadhesive niosomes

2.2.1. Vesicle size and zeta potential measurements
The mean vesicle size, PDI, and zeta potential of the freshly prepared 

niosomes were determined using a Zetasizer Nano ZS (Malvern In-
struments, Worcestershire, UK) at 25 ◦C and 90◦. Each niosomal 
dispersion (10 µL) was diluted to 1 mL with deionized water before 
measurement. The measurements were run three times.

2.2.2. Determination of the entrapment efficiency
The entrapment efficiency (EE%) values of the obtained niosomes 

were determined by the indirect method using the ultracentrifugation 

Table 1 
Composition of ITZ-loaded bioadhesive niosomes.

Ingredients/Codes F1 F2 F3 F4

Span 60 (mg) 90 90 90 90
Lipoid S100 (mg) 90 90 90 90
Cholesterol (mg) 10 10 10 10
ITZ (mg) 10 10 10 10
Ethanol (µL) 50 50 50 50
PBS (mL) 10 − − −

HA (0.2 %) mL − 10 − 5
CS (0.5 %) mL − − 10 5
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technique (Alomrani et al., 2015). The niosomal dispersions were 
ultracentrifuged at 40000 rpm at 4 ◦C for 30 min. The amount of ITZ in 
the supernatant and the total preparation were determined after proper 
dilution with acetonitrile. Then, the content of ITZ was analyzed using 
the HPLC. Then, the EE% was calculated according to the following 
equation: 

EE% =
ITZ(t) − ITZ(f)

ITZ(t)
× 100 

ITZ (t) is the total drug amount and ITZ (f) is the free drug amount in 
the supernatant after centrifugation at 40000 rpm.

The ITZ was determined by a modified reversed-phase HPLC method 
(Alhowyan et al., 2019) using PerkinElmer™ HPLC system. ITZ sample 
(30  μL) was analyzed using a mobile phase formed of a mixture of 
deionized water and acetonitrile in a ratio of 30:70 (v/v) adjusted at pH 
3.5 using glacial acetic acid. The mobile was passed through a reversed- 
phase C18 column (PerkinElmer, 4.6 × 150  mm, 5  μm particle size) at a 
flow rate of 1.2  mL/min and room temperature. The detection of ITZ 
was performed using a UV detector set at a wavelength of 245 nm. The 
HPLC system was monitored by “TotalChrom Workstation” software, 
version 6.3.1 (2006).

2.2.3. Transmission electron microscopy (TEM)
The morphology of the obtained niosomes was observed by TEM 

(JEM-2000EX II, JEOL, Tokyo, Japan). A drop of the niosome was 
suitably diluted and negatively stained with a 1 % phosphotungstic acid 
solution. The stained niosome was then subjected to TEM microscopical 
investigation.

2.2.4. Stability study
The purpose of the stability study was to inspect the changes in the 

physicochemical properties of the obtained niosomal dispersions over 
time. The niosomes were kept in closed vials for 2 months in a stability 
chamber at 4 ◦C and 25 ◦C, with 60 % relative humidity. The samples 
were taken to measure the particle size and zeta potential (Allam et al., 
2019). The stability test was performed in triplicate.

2.3. Preparation of ITZ-bioadhesive niosomes laden-in situ gels

The obtained niosomes (F1 to F4) were incorporated into the sol–gel 
system using carbopol-934P (pH-sensitive) and HPMC (viscosity modi-
fier). HPMC serves a dual purpose of decreasing the concentration of 
carbopol and reducing ocular irritation (Allam et al., 2019). The in situ 
gel-forming systems were formed by adding HPMC (0.8 %; w/v) to 75 % 
of the aqueous phase, allowing it to hydrate and swell. After that, car-
bopol (0.2 %; w/v) was dispersed into HPMC solution and allowed to 
hydrate and swell overnight. The rest of the aqueous vehicle was then 
gradually added under constant stirring until a uniform solution was 
achieved. For the purpose of preservation of the formulation, benzal-
konium chloride (0.02 % v/v) was mixed with carbopol/HPMC solution.

The niosomes were subjected to cooling ultracentrifugation for 15 
min to obtain the pellets, which were then weighed, dissolved, and 
measured for their ITZ content. The pellets containing an equivalent to 
10 mg of ITZ were incorporated into 10 mL in situ gel bases, resulting in 
formation of F1-ISG (F1) to F4-ISG (F4) formulations. The in situ gel 
forming systems were formulated under aseptic conditions.

2.3.1. Evaluation of ITZ-bioadhesive niosomes-laden in situ gels

2.3.1.1. Clarity and pH investigation. The clarity of the formulations was 
inspected visually under sufficient light to detect any signs of turbidity 
or the presence of dispersed particles. This visual assessment helps to 
determine the transparency and homogeneity of the gel. To determine 
the pH of the gel formulations, an exact amount of gel (2.5 g) was 
dispersed in 25 ml of distilled water, ensuring proper mixing to obtain a 

homogeneous dispersion. This step is required to allow the gel to 
interact with water, providing accurate pH measurement. The pH meter 
(Mettler Toledo, Greifensee, Switzerland) was immersed in the gel-water 
mixture, and the pH value was recorded.

2.3.1.2. Gelling capacity determination. The gelling capacity of the in- 
situ gel was determined by mixing the niosomal in situ gels with simu-
lated tear fluid (STF) at a pH of 7.4. STF was prepared by dissolving 2 g 
of NaHCO3, 6.7 g of NaCl, and 0.8 g of CaCl2⋅2H2O in 1 L of water. STF 
mimics the composition of tears under physiological conditions. To 
mimic the in vivo ocular condition, 25 µL of the in-situ gel was mixed 
with 7 µL of STF. This mixture was then equilibrated at 37 ◦C, which is 
the physiological temperature of the eye. The gelation process was 
visually observed to determine the time needed for gel formation 
(Adısanoğlu & Özgüney, 2024). The in-situ gel was qualified based on 
the clarity and maximum gelling capacity.

2.3.1.3. Rheological studies. The viscosity of the obtained gels was 
determined using a DV-II+, Rotating Brookfield viscometer (Brookfield 
Engineering Laboratories Inc., Stoughton, MA, USA) with a No. 25 
spindle. The shear rate was increased gradually from 5 to 100 rpm. The 
viscosity was conducted under non-physiological conditions at 25 ◦C 
and physiological conditions by adding STF pH 7.4 at 37 ◦C (Allam et al., 
2019). Then, the viscosity values before and after gelation were studied.

2.3.1.4. In vitro release study of ITZ niosomal in situ gels. The in vitro 
release of ITZ from bioadhesive niosomal gel formulations was investi-
gated using Franz diffusion cells with an effective diffusional area of 
3.14 cm2 and 15 mL of receptor compartment capacity. The cellulose 
membrane (8–14 KDa cut-off) was positioned between the donor and 
receptor compartments of the diffusion cells. The simulated tear fluid 
(STF) of pH 7.4 containing TW 80 (0.5 % v/v) was used as the receptor 
solution and maintained at 37 ± 0.5 ◦C and 100 rpm via a magnetic 
stirrer to imitate in vivo conditions. The formulations (equivalent to 1 mg 
of ITZ) were added to the donor compartment. Periodically, 1 mL of the 
sample was withdrawn at 1, 2, 4, 6, 8, 10, 12, and 24 h and replaced with 
1 mL of the receptor media. All samples were filtered through a 0.22 µm 
pore size cellulose membrane filter and assayed using HPLC. The cu-
mulative amount of ITZ released was calculated as a function of time. 
Each experiment was carried out in triplicate. The results taken were 
processed to produce a graph showing the relationship between the 
percentage of the cumulative ITZ release and time. Furthermore, the 
kinetic analysis was assessed after fitting the obtained data to different 
kinetic models, such as Zero-order, First-order, Higuchi diffusion, and 
Korsmeyer-Peppas models.

2.4. Ex vivo corneal permeation

The ex vivo transcorneal permeation of the in situ gel formulations 
and ITZ control was performed using Franz diffusion cell, as previously 
mentioned. This experiment was carried out according to Guidelines of 
Research Ethics Committee of King Saud University College of Phar-
macy, Riyadh, Saudi Arabia (Ref. No.: KSU-SE-21-71) followed by the 
National Research Council’s Guide for the Care and Use of Laboratory 
Animals. The male animals were used to reduce the variability and 
facilitate accurate measurement of corneal permeation for various 
drugs. The whole eyeballs of the goats (males) were promptly obtained 
from a local butcher shop and transported to the laboratory in Ringer’s 
salt solution within 1 h of slaughtering (Ahuja et al., 2015). The cornea 
was precisely excised along with 2–4 mm of surrounding scleral tissues 
and rinsed with Ringer’s salt solution until washing was free from 
adhering tissues and reserved in freshly prepared STF, pH 7.4 containing 
TW 80 (0.5 % v/v). The goat cornea was positioned between the donor 
and receptor compartments of the Franz diffusion cell. The donor 
compartment was filled with the formulation equivalent to 1 mg of ITZ, 
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while the receptor compartment was filled with freshly prepared STF 
(15 mL) and stirred continuously. The epithelial surface of the goat 
cornea faced the donor compartment. The whole system was maintained 
at 37 ◦C to stimulate in vivo ocular conditions. Aliquots of 1 mL were 
withdrawn at various time points of 1, 2, 4, 6, 8, 10, 12, and 24 h and 
replaced with an equivalent volume of fresh STF solution. All samples 
were filtered through a 0.22 nm pore size Millipore membrane filter and 
analyzed using HPLC. Each experiment was carried out in triplicate.

The cumulative ocular permeation profile was conducted by plotting 
the cumulative amount (Qt) of ITZ (µg/cm2) vs. time (t). The steady- 
state flux of FA (Jss, μg/cm2⋅h) was determined from the slope of the 
linear portion of the profile, while the X-intercept provided the lag time 
(TL). The permeability coefficient (Kp, cm2/h) was calculated by 
dividing the Jss by the initial drug concentration (C0) in the donor 
compartment. The enhancement ratio (ER) was then obtained by 
dividing the Jss of the respective formulation with Jss of control ITZ-ISG 
(control).

2.5. In vitro antifungal activity

The antifungal activity of ITZ-ISG, F3-ISG, and F4-ISG was evaluated 
using the agar cup plate method. The microorganisms tested included 
Candida albicans (C. albicans), Candida Parapsilosis (C. Parapsilosis), 
Aspergillus flavus (A. flavus), and Aspergillus Fumigatus (A. Fumigatus). 
Nutrient agar plates were prepared using 30 mL sterilized nutrient agar 
media inoculated with standard microorganisms (2 mL of inoculums/ 
100 mL of nutrient agar media). In each Petri plate, three wells of 5 mm 
diameter were created using a sterile borer. An equivalent volume of in 
situ gel containing 5 µg/mL of ITZ was selected based on the previous 
reports (Permana et al., 2021), and was aseptically transferred to 
separate wells. Negative and positive controls were also included as un- 
inoculated media and media containing the test microorganism, 
respectively. The Petri plates were maintained at room temperature for 
2 h to facilitate the diffusion of the solution into the medium and then 
incubated at 28 ◦C for 48 h. The diameter of the zone of inhibition was 
recorded.

2.6. Corneal hydration test

The safety profile of niosomal formulations was investigated through 
two toxicity studies: a corneal hydration test and histological study 
(Zubairu et al., 2015). The goat corneas from ex vivo permeation studies 
were used to determine corneal hydration at the end of the permeation 
examination. Each cornea was weighed, followed by soaking in meth-
anol and drying overnight in an oven at 90 0C. Afterward, the dried 
corneas were reweighed. Corneal hydration values were determined by 
calculating the difference in corneal weights before and after drying.

2.7. Histological study

The excised goat corneas were rinsed with an isotonic NaCL solution 
(0.9 %, w/v) for 1 min and incubated with selected formulations, 
negative control (PBS; pH 7.4), and positive control (saturated KCl so-
lution), separately for 1, 6, and 12 h at 37 ◦C. Following the incubation 
periods, the corneas were washed with PBS (pH 7.4) and immediately 
fixed with a 10 % (v/v) formalin solution for 24 h. The corneas were 
then dehydrated with ethyl alcohol gradient (70 %-90 %-100 %) and 
xylene. Subsequently, they were embedded in melted paraffin, and 
allowed to solidify into block forms. The cross-sections (<1 mm) were 
prepared, mounted on glass slides and stained with hematoxylin and 
eosin for histological inspection to detect any damage under a micro-
scope (Padmasri & Nagaraju, 2021). This experiment was carried out 
according to Guidelines of Research Ethics Committee of King Saud 
University College of Pharmacy, Riyadh, Saudi Arabia (Ref. No.: KSU- 
SE-21-71).

2.8. Ocular irritation study

Ocular irritation studies were conducted using the Draize test on the 
cornea of albino rabbits weighing between 2.5–3.5 kg each. The F3-ISG 
and F3-ISG (2 drops) were instilled into the lower right cul-de-sac of the 
right eye. In contrast, the left eye received a saline solution (0.9 % NaCL) 
as a negative control. The other group was treated with sodium lauryl 
sulfate (1 %) as a positive control. In the absence of irritation, multiple 
applications were administered three times daily for a duration of 3 
days. Throughout the observation period, the rabbits were periodically 
examined for indications of redness, congestion, and watering of the 
eyes. The Draize test uses a scoring system that ranges from 0 (no irri-
tation) to 4 (maximum irritation). The test evaluates the cornea for 
opacity, the iris for inflammation, and conjunctivae for congestion, 
swelling, and discharge. These procedures were conducted based on a 
study conducted by Emad Eldeeb et al. 2019 (Emad Eldeeb et al., 2019), 
and Allam et al. in 2019 (Allam et al., 2019).

2.9. Statistical data analysis

Data analysis was carried out with the software package, Microsoft 
Excel, Version 2010, and Origin software, Version 8. Results are 
expressed as mean ± standard deviation (n = 3). A one-way analysis of 
variance (ANOVA) was performed when comparing three or more con-
ditions (p < 0.05).

3. Results and discussion

3.1. Characterization of ITZ loaded-bioadhesive niosomes

3.1.1. Particle size distribution and zeta potential measurements
The particle size, PDI, and zeta potential could affect the perfor-

mance of ITZ-loaded bioadhesive niosomes in ocular applications. 
Therefore, they were evaluated to qualify the obtained bioadhesive 
niosomes. The values of size distribution and zeta potential are repre-
sented in Fig. 1 and Table 2. The vesicle sizes of various niosomes were 
165.5 ± 3.4 nm for F1, 180.9 ± 5.1 nm for F2, 261.1 ± 9.6 nm for F3, 
and 378.2 ± 7.2 nm for F4. The magnitude of PDI is used to evaluate the 
vesicle size distribution, which represents the uniformity of vesicle size. 
The narrow size distribution is important for enhancing drug absorption 
(Ameeduzzafar et al., 2020). The niosomes (F1-F4) showed PDI values 
ranging from 0.194 to 0.362 (Table 2), indicating a relatively homoge-
neous distribution of vesicle sizes (Khalid et al., 2023).

Zeta potential is an important factor in predicting the physical sta-
bility of nanocarriers (Miatmoko et al., 2021). It has been reported that 
the high value of zeta potential could reduce aggregation during storage, 
providing long-term stability (Abu El-Enin et al., 2019). ITZ span 60 
niosomes (F1) showed a zeta potential of − 20.9 ± 2.1, while F2, F3, and 
F4 had − 29.6 ± 3.1, 32.3 ± 1.9, and 22.6 ± 1.3 mV, respectively (Fig. 1
and Table 2).

3.1.2. Entrapment efficiency (EE%)
The EE serves as the main parameter in evaluating the success of 

niosomal formulations (Verma et al., 2021). The EE% values were 78.1, 
84.5, 83.2, and 86.6 % for F1, F2, F3, and F4, respectively (Table 2). The 
EE% of the bioadhesive niosomes exhibited a significant increase in EE% 
of ITZ compared to non-bioadhesive ones (p < 0.05). However, the EE% 
between F2, F3, and F4 did not show a significant change in the EE% of 
ITZ (p > 0.05).

3.1.3. Stability study
The stability of bioadhesive niosomes was achieved during 2 months 

storage period at 4 ◦C to inspect their stability (Tyagi et al., 2023). The 
stability data indicated vesicle sizes of 174.8 ± 4.1, 188.1 ± 2.5, 271.6 
± 7.4, and 383.8 ± 5.3 for F1, F2, F3, and F4, respectively, representing 
that the niosomes remained stable under 4 ◦C after 2 months. The zeta 
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potential values were − 17.4 ± 1.2, − 25.9 ± 2.2, 29.3 ± 7.4, and 20.4 ±
1.6 for F1, F2, F3, and F4, respectively. These results showed an insig-
nificant change in the particle size and zeta potential values (p > 0.05) at 
4 ◦C. These slight variations observed were attributed to membrane 
mobility and permeability, providing additional evidence of the stability 
of the niosomes (Taymouri & Varshosaz, 2016; Khan et al., 2020; Roque 
et al., 2020).

3.1.4. Transmission electron microscopy
Fig. 2 displays TEM images of F4, which was selected due to its good 

value of EE. F1 was also chosen for comparative purposes. TEM images 
confirmed spherical shapes with a slight aggregation of vesicles. TEM 
images revealed a smaller vesicle diameter compared to the data ob-
tained by DLS, which can be explained by the dehydration process for 
TEM observation, whereas the hydration process was used in DLS 
measurement.

3.2. Itz-bioadhesive niosomes laden-in situ gels

3.2.1. Evaluation of ITZ-bioadhesive niosomes laden-in situ gels

3.2.1.1. Clarity, homogeneity, pH, and gelling capacity. The obtained 
niosomes, F1, F2, F3, and F4 were incorporated with pH-sensitive in situ 
gels, nominating them as F1-ISG, F2-ISG, F3-ISG, and F4-ISG, respec-
tively. The prepared in situ gel formulations were evaluated for their 
clarity, homogeneity, pH, gelling capacity, and rheology.

Fig. 1. Particle size distribution (A), and zeta potential (B) of ITZ-loaded bioadhesive niosomes.

Table 2 
Particle size, PDI, zeta potential, and entrapment efficiency of ITZ-loaded bio-
adhesive niosomes.

Formulations Particle size 
(nm)

PDI Zeta potential 
(mV)

EE%

F1 165.5 ± 3.4 0.194 ± 0.021 − 20.9 ± 2.1 78.1 ± 2.2
F2 180.9 ± 5.1 0.318 ± 0.059 − 29.5 ± 3.1 84.5 ± 4.1
F3 261.1 ± 9.6 0.362 ± 0.036 32.3 ± 1.9 83.2 ± 3.3
F4 378.2 ± 7.2 0.316 ± 0.031 22.6 ± 2.3 86.6 ± 2.9

Fig. 2. TEM images of conventional niosomes (F1) and CS-HA double-layer niosomes (F4).
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Therefore, F1-ISG, F2-ISG, F3-ISG, and F4-ISG were visually 
inspected against a black and white background to assess their clarity. 
They exhibited a semi-transparent appearance with clear homogeneity 
without any gritty particles (Table 3). Furthermore, pH values were 
taken at room temperature before gelation and following mixing with 
STF (pH 7.4) at 37 ◦C. Firstly, the pH values were between 4.4 and 5.5, 
which is within the physiologically acceptable range. The presence of 
carbopol polymer in an ITZ-ISG gel caused a slightly acidic pH (4.8). In 
the case of F1-ISG and F2-ISG, pH values were 5.43 and 5.44, respec-
tively. However, F3-ISG and F4-ISG formulations (CS) showed a reduc-
tion in pH values from 5.43 to 4.54 and 4.65, respectively. The acidic 
property of the CS-bioadhesive layer may be the reason for the lower pH. 
Furthermore, pH values of all formulations were increased (~6) by the 
addition of STF (pH 7.4), which is a suitable pH for ophthalmic use. The 
gelling capacity was evaluated to measure the duration of gel remaining 
intact after being exposed to the tear fluid (STF) before its dispersion. 
Then, these bioadhesive-niosomes laden in situ gels offered promising 
characteristics for potential use in ophthalmology to prolong drug 
release and contact time with the cornea.

3.2.1.2. Rheological study. The viscosity measurement was done using 
both non-physiological conditions (initial pH and 25 ◦C) and physio-
logical conditions (STF, pH 7.4, and 37 ◦C) (Sheshala et al., 2019). 
Initially, in situ gels showed low viscosity with an increased viscosity 
after the addition of STF at 37 ◦C, indicating the conversion of the sol 
into a gel state. The viscosity values of the in situ gel formulations ranged 
from 1258.9 to 1673.8 mPa⋅s at 25 ◦C and increased to approximately 
2883.9–3639.3 mPa⋅s after adding STF at 37 ◦C (Fig. 3). The level of 
viscosity values followed the order of ITZ-ISG < F1-ISG < F2-ISG < F3- 
ISG < F4-ISG, attributed to the bioadhesive layers formed.

The viscosity of bioadhesive niosomes-in situ gels was greater 
compared to normal niosomes-in situ gels (F1). The in situ gels exhibited 
non-Newtonian pseudoplastic behavior with a reduced viscosity under 
higher shear rates (Farooq et al., 2022; Jain et al., 2020).

Fathalla et al. (2022) demonstrated that CS-based in situ gels are 
suitable for ocular uses due to their increased viscosity at the physio-
logical pH of the eye (Fathalla et al., 2022). The increased viscosity 
makes the formulations more resistant to flow under normal physio-
logical conditions. Importantly, a slight increase in viscosity may be 
required for ocular application, which improves corneal adherence. 
These results confirmed the potential application of these in situ gels for 
ocular drug delivery.

3.2.1.3. In vitro release study of ITZ-bioadhesive niosomes-laden in situ 
gels. The in vitro release profiles of the free ITZ (F1-ISG) and ITZ nio-
somal in situ gel formulations are illustrated in Fig. 4. ITZ-ISG, F1-ISG, 
F2-ISG, F3-ISG, and F4-ISG demonstrated cumulative ITZ release of 21.6 
± 4.1 %, 62.3 ± 3.9 %, 47.7 ± 1.6 %, 41.9 ± 2.8 %, and 33.2 ± 0.8 %, 
respectively, over 4 h (Fig. 4). After 24 h, the released amounts of ITZ 

were 45.9 ± 2.8 %, 90.7 ± 3.2 %, 83.7 ± 4.6 %, 80.4 ± 5.2 %, and 76.5 
± 4.7 % for ITZ-ISG, F1-ISG, F2-ISG, F3-ISG, and F4-ISG, respectively. 
These in vitro release profiles exhibited a biphasic pattern with an initial 
rapid release in the first 4 h, followed by a slow and sustained release 
over 24 h. The initial burst release of ITZ could be explained by the 
location of ITZ on the outer surface of the niosomes (Nemr et al., 2022). 
On the other hand, the release patterns of ITZ from the gel matrix. ITZ- 
ISG showed a significantly high ITZ release compared to F1-ISG, F2-ISG, 
F3-ISG, and F4-ISG (p < 0.05). F4-ISG displayed the lowest ITZ release 
significantly (p < 0.05), attributed to the extra barrier of the double 
layer of CS/HA and gel matrix.

The result presented in Table 4 showed that the release kinetics of 
ITZ from bioadhesive niosomal-in in situ gels followed Korsmeyer- 
Peppas model (highest R2 value). The values of the diffusion exponent 
(n) were 0.4029 < n < 0.6117, indicating a non-Fickian diffusion 
pattern (Heredia et al., 2022). These values of exponent n indicate that 
the release of the drug from the ISG happens mainly through a diffusion 
mechanism (Ameeduzzafar et al., 2021). The gradual swelling of HA and 
CS coatings plays a role in the time-dependent effects of the diffusion 
process (Almalik et al., 2017). The diffusion barriers created by the gel 
matrix and the coating play a significant role in controlling drug release. 
In this pattern, the mechanism of drug release is influenced by the 
combined processes of diffusion and swelling of the gels, as well as the 
CS, and HA bioadhesive layers of niosomes. Therefore, it is possible to 
modify the drug release profiles of niosomes for specific therapeutic 
applications.

3.3. Ex vivo corneal permeation study

The profiles of the ex vivo corneal permeation of bioadhesive 
niosomes-laden pH sensitive in situ gels are presented in Fig. 5. The 
permeated amounts of ITZ were 87.5 ± 6.4 µg/cm2, 112.4 ± 5.3 µg/ 
cm2, 138.4 ± 7.1 µg/cm2, 191.2 ± 6.6 µg/cm2, and163.0 ± 7.8 for ITZ- 
ISG, F1-ISG, F2-ISG, F3-ISG, and F4-ISG, respectively.

The significant amounts of permeated ITZ from F3-ISG and F4-ISG 
were detected compared to other formulations (p < 0.05). Table 5 dis-
plays the permeation parameters, including Jss, Kp, and TL. It was 
indicated that the difference in the permeation parameters of ITZ from 
bioadhesive niosomes-laden ISG was significantly influenced by their 
composition. The high permeation parameters of F3-ISG could be 
attributed to the good bioadhesive properties of CS (Karuppaiah et al., 
2020). The highest JSS value (8.04 ± 0.11 µg/cm2/h) of F3-ISG was 
approximately 2.10 times greater than that of F1-ISG (p < 0.05). 
Furthermore, the Kp value of F3-ISG was significantly higher (P < 0.05) 
in comparison to F1-ISG (Table 5) with a TL of 2 h. The greater 
permeation of bioadhesive niosomes-laden into bioadhesive gels can be 
attributed to the presence of surfactant (span 60), lipid, nanosized- 
vesicles, and bioadhesive polymers (HA/CS) (Jeon et al., 2015). This 
significant permeation may result from the formation of a gel over the 
corneal layer, allowing controlled ITZ release (Ameeduzzafar et al., 
2021). Moreover, the nanoscaled-vesicles in niosomes facilitate the 
corneal uptake through receptor-medited endocytosis, while the bio-
adhesive and penetrating properties of CS and FA contribute to higher 
permeation (Valachová & Šoltés, 2021).

3.4. In vitro antifungal activity

The in vitro antifungal efficacy of the bioadhesive-ITZ niosomal- 
laden in situ gels (ITZ-ISG, F3-ISG, and F4-ISG) was assessed by the agar- 
cup diffusion assay. This study was performed on yeasts such as 
C. Albicans and C. Parapsilosis, as well as molds including A. Flavus and A. 
Fumigatus. The zone of inhibition was displayed in Fig. 6. ITZ-ISG 
exhibited a zone of inhibition of 7.1 ± 0.61, 9.0 ± 0.50, 6.0 ± 0.51, 
and 9.0 ± 0.70, against C. Albicans, C. Parapsilosis, A. Flavus, and A. 
Fumigatus, respectively. F3-ISG exhibited a zone of inhibition of 16.01 ±
1.01, 23.0 ± 1.25, 13.0 ± 1.11, and 15.0 ± 0.95, against C. Albicans, 

Table 3 
Clarity, homogeneity, pH, and gelling capacity of ITZ-bioadhesive niosomes 
laden-in situ gels.

In situ 
gels

Clarity Homogeneity pH Gelling 
capacity

   Without STF With STF 
ITZ-ISG ✓ Good 4.78 6.44 þþþ

F1-ISG ✓ Good 5.43 6.67 þþ

F2-ISG ✓ Good 5.44 6.68 þþþ

F3-ISG ✓ Good 4.54 6.59 þþþ

F4-ISG ✓ Good 4.65 6.64 þþþ

F1-ISG: conventional niosomes gel; F2-ISG: HA-bioadhesive niosomes gel; F3- 
ISG:CS-bioadhesive niosomes gel; F4-ISG: CS/HA-bioadhesive gel.
(þ) Gels forms after few min and dissolve quickly.
(þþ) Immediate gelation that continues for short time (5–10 min).
(þþþ) Immediate gelation that extends for a long duration (> 2 h).
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C. Parapsilosis, A. Flavus, and A. Fumigatus, respectively. Whereas, F4-ISG 
exhibited a zone of inhibition of 10.01 ± 1.12, 17.0 ± 1.00, 10.0 ± 0.65, 
and 11.0 ± 0.80, against C. Albicans, C. Parapsilosis, A. Flavus, and A. 
Fumigatus, respectively. A significant difference (p < 0.05) was noticed 

between the values of the inhibition zones between ITZ-ISG, F3-ISG, and 
F4-ISG. The antifungal efficiency was higher in F3-ISG, followed by F4- 
ISG, and lowest in ITZ-ISG.

Fig. 3. Viscosity at 25 ◦C without STF and 37 ◦C with STF of ITZ loaded bioadhesive niosomes-laden in situ gel systems.

Fig. 4. In vitro release profile of ITZ loaded bioadhesive niosomes-laden in situ gels.

Table 4 
In vitro release kinetics model of niosomal in situ gel formulations.

Formulations Zero order First order Higuchi Hixon Crowell Korsmeyer-Peppas n value

ITZ-ISG 0.7519 0.8065 0.9107 0.7862 0.9380 0.599
F1-ISG 0.6318 0.9034 0.8530 0.8531 0.9021 0.4029
F2-ISG 0.7097 0.9056 0.9189 0.8775 0.9496 0.4337
F3-ISG 0.7606 0.9189 0.9342 0.8912 0.9391 0.5003
F4-ISG 0.8519 0.9624 0.9725 0.9398 0.9736 0.6117
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3.5. Corneal hydration test

The corneal hydration test is usually used to measure the degree of 
corneal tissue damage (Dubashynskaya et al., 2019). The normal range 
of corneal hydration is 76–80 %; a level higher than 83 % indicates 
damage to the epithelium and/ or endothelium of the cornea 
(Dubashynskaya et al., 2019). Following the application of bioadhesive 
niosomes-laden in situ gels (F3-ISG and F4-ISG, high antifungal activity), 
the corneal hydration levels were within the normal range (76–77.5 %). 
This indicates that the cornea did not change during the duration of the 
study (Ahmed et al., 2023). It has been reported that if a level of corneal 
hydration is more than 83 %, damage to the cornea is observed (Pra-
manik et al., 2021). Consequently, the obtained formulations were safe 
for ocular application.

3.6. Histological study

The histological study of the cornea structure was conducted to 
check the safety of F3-ISG and F4-ISG (high antifungal activity) by 
investigating for any abnormalities in both the epithelium and stroma 
layers (Pramanik et al., 2020). The obtained findings showed a 

remarkable absence of any unfavorable defects on the corneal surfaces 
after applying formulations and NaCL 0.9 % w/v. On the contrary, KCl 
solution (positive control) demonstrated clear damage to the corneal 
tissues (Fig. 7). The F3-ISG and F4-ISG formulations did not show a 
significant effect on the cornea’s structure with an intact epithelial layer 
without signs of inflammation in the stroma. There were no signs of 
tissue abnormalities, such as corneal epithelium rem loss or cell necrosis.

3.7. Eye irritation study

The irritation of the eye is a common problem in ophthalmic prep-
aration that can affect patient compliance (Badran et al., 2022). Based 
on the antifungal activity, F3-ISG and F4-ISG were selected for ocular 
irritation. The rabbits’ eyes were periodically observed for signs of 
redness, swelling, and tear production (Karuppaiah et al., 2020). After 
administration of positive control, ocular irritancy was noticed (redness, 
increased tear, and inflammation). However, slight redness after appli-
cation of F3-ISG and F4-ISG was detected and disappeared within 2 h. It 
has been reported that CS-bioadhesive nanocarriers laden into in situ 
gels exhibited their potential to safely deliver many drugs such as 
metronidazole, chlorhexidine, or nystatin loaded against fungal in-
fections (Valachová & Šoltés, 2021). Thus, F3-ISG and F4-ISG were non- 
irritating and safe for ophthalmic application. Further preclinical studies 
are necessary to assess the safety and efficacy of F3-ISG and F4-ISG for 
ocular applications.

4. Discussion

The main goal of the current study was to explore the effectiveness of 
bioadhesive niosomes for ocular delivery of ITZ. These niosomes can 
enhance the drug ocular permeation based on the presence of nonionic 
surfactants like span 60 and phospholipids (Khatoon et al., 2017). 
Furthermore, they were coated by biopolymers, specifically CS and HA, 
to improve their bioadhesiveness properties (Zhang et al., 2021; Badran 
et al., 2022). These natural polymers were selected for their biocom-
patibility, biodegradability, biological activity, and CD44 receptors 
targetability, which are expressed on ocular tissues (Zhang et al., 2021).

Fig. 5. Ex vivo permeation of ITZ loaded bioadhesive niosomes-laden in situ gels.

Table 5 
Ex vivo permeation parameters of ITZ loaded bioadhesive niosomes-laden in situ 
gels.

Formula 
codes

Flux, J (µg/ 
cm2/h)

Permeability 
coefficient 
Kp*10-3 (cm h− 1)

Lag 
time 
(TL h)

Enhancement ratio 
(ER)

ITZ-ISG 3.83 ±
0.28

3.84 ± 0.13 0.53 ±
0.19

−

F1-ISG 4.80 ±
0.13

4.80 ± 0.14 1.17 ±
0.55

0.97

F2-ISG 5.90 ±
0.15

5.88 ± 0.06 2.82 ±
0.58

1.54

F3-ISG 8.04 ±
0.11

8.04 ± 0.03 1.98 ±
0.30

2.10

F4-ISG 6.86 ±
0.26

6.90 ± 0.24 3.32 ±
0.13

1.78
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The proniosomes were firstly formulated using the coacervation 
phase separation technique (Darson et al., 2023). The resultant pro-
niosomes exhibited a uniform semisolid-creamy consistency, which 
upon hydration converted into niosomes. This strategy provides a simple 
method for niosome formation with numerous advantages, such as high 
stability, scalability, and more drug loading capacity. The surface of the 
formed niosome can be further modified by coating them with CS and 
HA through electrostatic interactions, thereby augmenting their effi-
ciency for ocular applications (Hintze et al., 2022).

The niosomes were categorized as conventional niosomes (F1), bio-
adhesive niosomes with HA (F2), and CS (F3), and bi-layered using CS/ 
HA (F4). The F1 formulation showed a small vesicle size, which may be 
attributed to the low HLB value of span 60 (4.7). Span 60 is a hydro-
phobic surfactant that forms small bilayers due to its arrangement in the 
vesicle structure to reduce surface free energy (El-Emam et al., 2023). 
This finding is also consistent with previous studies on paclitaxel nio-
somes (Bayindir & Yuksel, 2010) and ellagic acid niosomes 
(Junyaprasert et al., 2012). Furthermore, the vesicle size of bioadhesive 
niosomes was increased because of the coating layer, such as HA, CS, or 
both. The increased vesicle size indicates the successful presence of a 
coating layer on the niosomal surface. It was detected that the size of the 
HA-bioadhesive niosomes (F2) was smaller than that of the CS- 
bioadhesive niosomes (F3). The small molecule and low molecular 
weight of HA (F2) result in a smaller vesicle size than in the F3 (Nemr 
et al., 2022). In addition, HA has hydrophilic properties that create a 
tight thin layer around the niosomes. The large vesicle size of F3 may be 
related to the greater viscosity of CS deposit layer (Ameeduzzafar et al., 
2020). Moreover, the double-layered CS/HA-bioadhesive niosomes (F4) 
had the largest vesicle size. This behavior is due to the electrostatic 
interaction between the positively charged amino groups of CS and the 
negatively charged carboxyl groups of HA causing a double-layered 
coating (Yoo et al., 2016).

The variations in zeta potential values were observed, which may 
confirm the presence of a coating layer around the bioadhesive niosomes 
(F2, F3, and F4). The negative zeta potential detected in F1 was attrib-
uted to the presence of negatively charged phosphate groups in 

phospholipids, while span 60 could absorb hydroxyl ions from the sur-
rounding aqueous phase (Darson et al., 2023). However, the high 
negative zeta potential of F2 is primarily due the anionic property of HA, 
which outcomes from the deprotonation of the carboxyl groups at pH 7.4 
(Hanieh et al., 2021). Furthermore, phospholipid could attach to HA by 
hydrogen bonds, due to their presence of amide, hydroxyl, and carboxyl 
groups (Hanieh et al., 2021). The more negative zeta potential value 
observed for F2 indicates the successful coating of niosomes with HA. 
The positive zeta potential of F3 revealed the successful formation of a 
CS-bioadhesive layer on the surface of niosomes, attributed to the ex-
istence of amine groups (Pourseif et al., 2023). In the case of F4, double- 
layer bioadhesive niosomes (HA and CS) had positive zeta potential 
values (22.6 ± 2.3), owing to the outermost CS layer on niosomes. This 
value proposes the balance of positive and negative charges from the CS 
and HA layers. The differences in zeta potential values clearly revealed 
the successful coating to the surface of niosomes. The obtained niosomes 
display characteristics that make them suitable for ocular applications 
due their small size and surface properties, thereby facilitating the 
interaction with the ocular mucosa depending on the effect of HA/CS.

The EE of niosomes was influenced by surfactant type, presence of 
phospholipids, cholesterol, and coating layer. These high values of EE 
are due to the formation of an increased number of proniosomal vesicles 
with a hydrophobic property of span 60 (Darson et al., 2023). The long 
alkyl chain, a gel transition temperature of 56 to 58 ◦C, and an HLB value 
of 4.7 of span 60 can raise the EE% for many drugs (Durak et al., 2020). 
Moreover, the hydrophobic nature of both span 60 and ITZ may promote 
high interactions for efficient entrapment (Durak et al., 2020). The 
formation of multilayered hydrophobic bilayers (MLVs) can result in 
niosomes with a higher EE% for hydrophobic drugs. The cholesterol was 
added to prevent the leaking of the entrapped drug, which further in-
creases EE% (Verma et al., 2021). Moreover, the bioadhesive-niosomes 
with HA or CS resulted in slightly increased values of EE compared to F1 
(conventional niosomes), due to the change in surface properties after 
coating. The high EE may be due to the interaction between polymers 
and drugs in solution (Sebaaly et al., 2021; Khallaf et al., 2020).

This study proposed that the bioadhesive niosomal-laden pH 

Fig. 6. Antifungal activity of ITZ-ISG, F3-ISG, and F4-ISG using cup plate method (inhibition zone in mm ± SD). Statistical analysis was performed based on one-way 
ANOVA for data from F2-ISG and F4-ISG compared to ITZ-ISG (control). The p-values are indicated by stars, ** p < 0.05 (N = 3).

M.M. Badran et al.                                                                                                                                                                                                                             Saudi Pharmaceutical Journal 32 (2024) 102208 

9 



sensitive-in situ gel was anticipated to further increase the duration of 
residency and improve the therapeutic outcomes, thereby boosting the 
ophthalmic availability of the drugs. pH sensitive in situ gel system is 
easily administered as drops, which were the converted into a gel state at 
the application site. This transformation could improve ocular avail-
ability, resulting in a reduction of frequent administration (Gugleva 
et al., 2019; Karuppaiah et al., 2020). The obtained in situ gels were 
converted into gel after contact with STF immediately, which extends 
for a long duration. This could prolong the contact time between the 
drug and cornea, facilitating ITZ permeation (Karuppaiah et al., 2020). 
These in situ gel solution have a proper viscosity to drop it easily into the 
eyes (Sheshala et al., 2019; Karuppaiah et al., 2020).

The presence of a bioadhesive layer had a great impact on the release 
profiles of the dugs (Ameeduzzafar et al., 2020). In addition, the low in 
vitro release of ITZ profiles after incorporation of niosomes with in situ 
gels was detected. This behavior could be attributed to the viscosity of 
the obtained gels, which provides an additional barrier for ITZ release 
(Fathalla et al., 2022). The presence of a bioadhesive layer could hamper 
the release of ITZ from the vesicular systems due to steric hindrance 
(Khallaf et al., 2020). The highest ITZ release was observed with con-
ventional niosomes. While, the bioadhesive niosomes-in situ gels 
exhibited a rapid release of ITZ within the first 4 h followed by a sus-
tained release of ITZ up to 24 h. The lowest released rate of ITZ was 
detected in F3-ISG and F4-ISG, which could be attributed to the coating 
layers of CS and HA. Furthermore, CS/HA layer and in situ gel (F4-ISG) 
may increase the thickness of the bioadhesive layer of the niosomes, 

resulting in a further retardation of ITZ release meaningfully.
It has been known that HA and CS are effective polymers that are 

frequently used in ocular applications (Puluhulawa et al., 2022). HA has 
ability to bind to mucin and interact with CD44 receptors on the surface 
of ocular cells, providing ocular absorption (Zhang et al., 2021). CS 
could increase the ocular permeability due to different mechanisms, 
such as interactions with the negatively charged surface, a tight junction 
opening, and mucin binding. They significantly enhanced the perme-
ation of ITZ compared to its control due to their nanoscale size. Addi-
tionally, the bioadhesive-niosomes laden-in situ gels exhibited higher 
corneal permeation. Among the bioadhesive formulations, the niosomes 
with layer-by-layer CS-bioadhesive (F3-ISG) displayed the maximum 
permeation of ITZ. Furthermore, F4-ISG formulation demonstrated 
higher permeation compared to F2-ISG. This could be attributed to the 
magnitude of positively charged niosomes, which facilitate the inter-
action with the corneal surface. As well, CS with in situ gelling systems 
has excellent mucoadhesive properties, which promote ocular drug 
permeation (Karuppaiah et al., 2020). Elkomy et al. (2022) showed an 
increase in flurbiprofen corneal absorption with a safety profile after the 
use of CS-bioadhesive liposomes (Elkomy et al., 2022). Miatmoko et al., 
2021 confirmed the enhanced therapeutic outcome of ursolic acid by 
using CS-bioadhesive niosomes (Miatmoko et al., 2021). These findings 
indicated that the in situ gels containing bioadhesive niosomes with HA 
(F2-ISG), CS (F3-ISG), and CS/HA (F4-ISG) could be advantageous for 
ocular applications and therapeutic effects. This behavior leads to a 
more pronounced effect on the cornea area for better management of 

Fig. 7. Histological images of cornea after incubation with in ITZ-bioadhesive niosomes laden-in situ gels; F3-ISG and F4-ISG.
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fungal infections. Furthermore, the enhancement in the antifungal effi-
ciency of F3-ISG was observed. The positive charge of CS enables ITZ to 
enter the fungal cells by electrostatic interactions between the positively 
charged CS and the negatively charged fungal cell membranes 
(Guarnieri et al., 2022). The formulations F3-ISG presented a higher 
zone of inhibition against A. Parapsilosis (23.0 ± 1.22, p < 0.05), indi-
cating that CS could potentially address the issue of antifungal resistance 
in certain strains of C. Parapsilosis (Hemmingsen et al., 2021). CS- 
bioadhesive nanoparticles containing fluconazole exhibited a consider-
ably lower burden of C. albicans compared to fluconazole alone 
(Hemmingsen et al., 2021). In addition, the boosted therapeutic effect of 
clotrimazole-niosomes-laden in situ gel could be ascribed to the high 
mucoadhesion (Ning et al., 2005). The effectiveness of terbinafine 
hydrochloride-loaded niosomal in situ gel against the treatment of fungal 
nail infections was augmented (Hassan et al., 2023). The corneal hy-
dration, histological, and irritation evaluation indicates that F3-ISG and 
F4-INS do not impact cornea tissue, revealing the biocompatibility and 
safety of the developed bioadhesive niosomal gels. Therefore, these 
formulations could represent a promising approach to the treatment of 
ocular fungal infections.

5. Conclusion

The ITZ-loaded bioadhesive niosomes were successfully formulated 
at the nanoscale, demonstrating spherical shapes. Furthermore, the 
bioadhesive niosomes displayed distinct features due to the increased 
vesicle sizes, ranging from 165.5 ± 3.4 to 378.2 ± 7.2 nm and variations 
in zeta potential values within − 20.9 ± 2.1 (F1, conventional nio-
somes), − 29.5 ± 3.1 (F2, HA-coating), 32.3 ± 1.9 (F3, CS-coating), and 
22.6 ± 1.3 mV (F4, CS/HA/coating). This behavior confirmed the suc-
cessful HCS and HA coating. These coating layers had a favorable effect 
on the EE%, reaching up to 86.6 ± 2.9 %, and enhanced ITZ release 
profiles of ITZ, achieving the range of 80.4 ± 5.2 % to 90.7 ± 3.2 % at 
24 h. Moreover, these bioadhesive niosomes were incorporated into pH 
sensitive in situ gels proving proper pH values, excellent gelling capacity, 
and suitable viscosity. Ex vivo transcorneal permeation revealed that F3- 
ISG and F4-ISG showed the highest flux than F2-ISG and ITZ-ISG (con-
trol). As well, they had remarkable antifungal efficacy against various 
fungal strains based on the high values of zone of inhibition compared to 
the other formulations (p < 0.05). The corneal hydration, irritation, and 
histopathology results in a noticeable safety effect. These data revealed 
the potential uses of CS-bioadhesive niosomes-laden in situ gels as a 
promising strategy to improve the delivery of ITZ for the effective 
management of ocular fungal infections.
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