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Abstract: This study aimed at formulating the antiglaucoma agent, Bimatoprost (BMT), into niosomal
in situ gel (BMT-ISG) for ocular delivery. Niosomes containing cholesterol/span 60 entrapping BMT
were fabricated using a thin-film hydration method. The fabricated niosomes were optimized and
characterized for entrapment efficiency (%EE) and size. The optimized BMT-loaded niosomal formu-
lation prepared at a cholesterol/span 60 ratio of 1:2 exhibited the highest entrapment (81.2 & 1.2%)
and a small particle size (167.3 = 9.1 nm), and they were selected for incorporation into in situ
gelling systems (BMT-ISGs) based on Pluronic F127/Pluronic F68. Finally, the in vivo efficiency
of the BMT-ISG formulation, in terms of lowering the intraocular pressure (IOP) in normotensive
male albino rabbits following ocular administration, was assessed and compared to that of BMT
ophthalmic solution. All the formulated BMT-ISGs showed sol-gel transition temperatures ranging
from 28.1 °C t0 40.5 & 1.6 °C. In addition, the BMT-ISG formulation sustained in vitro BMT release for
up to 24 h. Interestingly, in vivo experiments depicted that topical ocular administration of optimized
BMT-ISG formulation elicited a significant decline in IOP, with maximum mean decreases in IOP
of 9.7 + 0.6 mm Hg, compared to BMT aqueous solution (5.8 + 0.6 mm Hg). Most importantly, no
signs of irritation to the rabbit’s eye were observed following topical ocular administration of the
optimized BMT-ISG formulation. Collectively, our results suggested that niosomal in situ gels might
be a feasible delivery vehicle for topical ocular administration of anti-glaucoma agents, particularly
those with poor ocular bioavailability.

Keywords: bimatoprost; in situ gel; glaucoma; niosomes; ocular delivery

1. Introduction

Efficient ocular drug delivery is a great challenge for ophthalmologists and drug-
delivery scientists. Poor drug bioavailability is a major concern associated with ocular
dosage forms following topical application. Only a limited fraction of the topically ap-
plied dosage may be absorbed due to a number of ocular physiological and anatomical
obstacles [1]. In addition, pre-corneal factors such as fluid drainage, lacrimation, and tear
dilution can limit the ocular absorption by decreasing the contact time of instilled drugs
at the site of action [2]. Furthermore, corneal drug permeability is greatly influenced by
drug physicochemical characteristics, such as solubility, lipophilicity, charge, and molecular
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size [3]. Consequently, in order to overcome the challenges encountered with conventional
topically applied ophthalmic formulations, novel ocular drug delivery systems such as
liposomes, microneedles, nanomicelles, nanoparticles, nanowafers, and ocular inserts have
been adopted to enhance per-corneal residence and thereby enhance the bioavailability of
the therapeutic agents [4-6].

Bimatoprost (BMT) is a prostaglandin analogue used to treat glaucoma by lowering
the increased intraocular pressure (IOP) [3]. In 2001, it had been approved by the FDA for
treating ocular hypertension. BMT shows high corneal absorption; however, conventional
BMT dosage forms, such as eye drops, have drawbacks such as short precorneal resi-
dence duration and thereby poor bioavailability. Niosomes are non-ionic surfactant-based
bilayered vesicles that could encapsulate both hydrophilic and lipophilic drugs. Drug
delivery to the ophthalmic sites through a noisome has recently attracted immense interest
since it primarily enhances ocular bioavailability, lowers systemic adverse effects, and
grants localized action due to its tiny size and less penetrability [7-9]. When compared to
liposomes, niosomes have several benefits for ocular drug administration such as higher
chemical/physical stability, a lack of problems associated with sterilization, and large-scale
production encountered with liposomes [7]. Furthermore, niosomes are non-immunogenic,
improve drug efficacy through prolonged action and targeted administration [10], have a
flexible shape, and are biocompatible and biodegradable in nature [11].

In situ gelling systems are polymer-based viscous liquids that change from a sol
to gel state upon application to the human body, owing to changes in physicochemical
parameters such as temperature, ionic strength, or pH [12]. Recently, they have gained
increased attention as an attractive class of responsive drug delivery systems for various
biomedical and pharmaceutical applications, particularly for topical ocular delivery [13,14].
Basically, in situ ocular gels exist in the liquid form before installation into the eye; however,
they transferred into a visco-elastic gel once applied into the eye, promoting sustained
drug release. They offer the advantages of being easily administered, reducing dosing
frequency, and increasing patient compliance [13]. Furthermore, compared to conventional
topical ocular formulations, in situ ocular gels promote efficient pre-ocular retention and
significantly reduce drug drainage through the naso-lacrimal duct, and thereby, reduce
the possibility of eliciting systemic side effects [14,15]. Most importantly, the biomedical
application of in situ gels can further be amended by incorporating drug nanoparticles into
in situ gelling systems with the aims of prolonging drug release and improving therapeutic
outcomes of patients [16,17].

Pluronics® are synthetic block copolymers consisting of hydrophobic poly (propylene
oxide) and hydrophilic poly (ethylene oxide) arranged in a triblock structure. These
polymers are amphiphilic in nature, having surface active characteristics, and they have
the ability to interact with biological membranes [18]. Pluronics® may self-assemble in
aqueous solutions to create micelles, which have found uses in the solubilization of poorly
soluble drugs [19,20]. Interestingly, Pluronics® are also known to create gels in situ in
response to temperature increases [21,22]. Because Pluronics® are translucent, and do not
interfere with normal vision, they are best suited for ophthalmology applications. Several
ocular formulations, including Pluronic F127 in combination with other copolymers such
as cellulose derivatives [23], chitosan [24] or alginate [25], have been described.

The objective of this study was to develop novel BMT-loaded niosomes and incor-
porate them into an in situ gel for ocular drug delivery, in order to enhance the ocular
bioavailability of BM. The thermosensitive polymer Pluronic® F127 (PF127), in combination
with the co-polymer Pluronic® F68 (PF68), was used for the formulation of the in situ gel
system. The in vivo efficiency of the optimized formulation was then examined via in vivo
pharmacodynamic study and ocular irritation tests.
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2. Materials and Methods
2.1. Materials

Bimatoprost (BMT), cholesterol, Pluronic® F127 (PF127), Pluronic® F68 (F68), and
Span 60 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Other reagents and
chemicals were of analytical grade.

2.2. Preparation of BMT-Loaded Niosomes

Thin-film hydration method was implemented for the fabrication of Bimatoprost
(BMT)-loaded niosomes [26]. Briefly, definite weights of cholesterol and Span 60, at different
ratios (1:1, 1:1.5, and 1:2), were dissolved in chloroform/methanol mixture. The organic
solvent mixture was then evaporated under vacuum at 60 °C leaving a dry thin film. The
thin film was hydrated with 20 mL of phosphate-buffered saline (PBS) pH 7.4 containing
the drug. Eventually, the niosomal dispersion was subjected to sonication (5 cycles of 2 min)
at 60 °C to obtain BMT-loaded vesicles.

2.3. Experimental Design

A central composite design (CCD) was implemented to optimize BMT-loaded nio-
somes using Design-Expert® software (version 12, StatEase Inc., Minneapolis, MN, USA)
and to explore the influence of independent formulation variables, namely, drug concen-
tration (X;) and cholesterol:Span 60 ratio (Xy), on the specified formulation characteristics,
namely, vesicle size (Y1) and entrapment efficiency percentage (Y;). The impact of each
independent variable on product characteristics was tested at 3 levels (Table 1). The de-
sign comprises 13 runs prepared with different drug concentrations and cholesterol:Span
60 ratios (Table 2).

Table 1. Central composite design (CDD) for BMT-loaded niosomes.

Levels
Independent Variables Low Medium High
-1 (0) (+1)
Xj: BMT concentration (mg) 1 3 6
X5: Chol:SAA ratio 1:1 1:1.5 1:2
Responses Constrains
Y7: Vesicle size (nm) Minimize
Y,: Entrapment efficiency (%) Maximize

2.4. Characterization of BMT-Loaded Niosomes
2.4.1. Vesicle Size, Polydispersity Index (PDI), and Zeta Potential Determination

Vesicle size, PDI, and surface charge were determined at room temperature by Malvern
Zetasizer (Nano-ZS 90, Worcestershire, UK). Test samples were diluted 1:100 v/v with
deionized water prior to measurements [27].

2.4.2. Drug Entrapment Efficiency (EE%)

Ultracentrifugation technique was employed to determine the amount of BMT en-
trapped within niosomal vesicles. Briefly, niosomal dispersion was centrifuged at 15,700 g
rpm for 45 min at 4 °C to separate free drug in the supernatant from entrapped drug.
The concentration of free drug in the supernatant was analyzed using Ultraviolet—visible
(UV-Vis) spectrophotometer (Shimadzu, Kyoto, Japan) at Apax 294 nm [28] using a pre-
constructed calibration curve established by testing known serial concentrations of BMT
(Figure S1). Equation (1) was used to calculate the entrapment efficiency (%) [29]:

Amount of entrapped drug
Total initial amount f drug

% Entrapment efficiency = x 100 (1)
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The percentage drug loading of the formulations was also calculated using Equation (2):

Entrapped drug weight
Total niosome weight

% Drug loading = x 100 (2)

Table 2. Central composite design batches and their obtained responses.

Formulation Parameters Responses
X1: BMT conc. X,: CHOL:SAA Y;: Vesicle size Y;: Entrapment

(mg) ratio (nm) efficiency (%)
F1 1 -1 219.1+9.6 758 £ 1.7
F2 0 0 1899 £11.2 76.8 £ 1.1
E3 0 0 190.2 £10.3 783 £1.3
F4 —1.414 0 179.2 £ 85 66.2+1.9
F5 -1 -1 199.1+78 669 +1.1
F6 0 —1.414 215.6 £ 12.2 752 £09
F7 1 1 184.9 +£9.7 81.8 £2.1
F8 -1 1 165.9 £ 6.7 740+ 1.8
F9 0 1.414 170.1 £ 10.6 84.1 £3.2
F10 1.414 0 201.7 £ 11.6 748 +£24
F11 0 0 188.7 £ 9.4 758 £22
F12 0 0 190.5 £ 11.2 78.0£1.0
F13 0 0 189.7 £ 6.3 781+1.3

Data represent mean + SD of three independent experiments.

2.4.3. Differential Scanning Calorimetry (DSC)

A Shimadzu differential scanning calorimeter (Tokyo, Japan) was adopted to examine
the thermal characteristics of pure BMT, Span 60, Chol, physical mixture, and the optimized
BMT-loaded niosomal formulation and to assess the possible physical interactions between
pure drug and individual formulation components (Span 60, and Chol). A definite weight
(2 mg) of each sample was placed in an aluminum pan and heated at a constant rate of
10 °C.min~! under a nitrogen atmosphere [30].

2.4.4. Fourier Transform Infrared (FTIR) Spectroscopy

FTIR spectroscopy was adopted to scrutinize the possible interaction between BMT
and niosomal components (Span 60 and cholesterol). Infrared spectra were recorded in the

range of 500-4000 cm ! at a resolution of 1 cm ™.

2.5. In Vitro Drug Release Study

The in vitro release pattern of BMT from BMT-loaded niosomes was investigated
using a cellulose dialysis tubing (MW cut-off 12,000-14,000 Da). The dialysis bag was filled
with a specific volume of optimized BMT niosomes (equivalent to 3 mg BMT) and then
suspended in 150 mL simulate tear fluid (STF; pH 7.4). The release medium was maintained
at 37 £ 0.5 °C and stirred at 100 rpm. At scheduled time intervals (0.5, 1, 2, 4, 8, 12, 18,
and 24 h), 3 mL samples were collected and replenished with an equal volume of STF to
maintain sink conditions. The concentration of BMT in the collected samples was analyzed
spectrophotometrically at 294 nm.

2.6. Physical Stability of BMT-Loaded Niosomes

Stability studies of optimized BMT-loaded niosomes was conducted via monitoring
changes in vesicle size, zeta potential and/or drug leaking from optimized niosomal vesi-
cles, upon storage for 90 days. Briefly, BMT-loaded niosomes were stored in a refrigerator at
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4 °C for 3 months. The alterations in niosomal vesicle size, surface charge, or drug content
were monitored during storage period [29].

2.7. Incorporation of BMT-Loaded Niosomes into In Situ Gels (BMT-1SGs)

In situ gelling systems based on Pluronic F127 (PF-127)/Pluronic F68Pluronic® (PF-68)
containing BMT-loaded niosomes equivalent to 0.3% w/w of the drug were prepared by
the cold method at a total polymer concentration of 20% w/w [14]. Accurately weighed
amounts of PF-127 and Pluronic® F68 (PF-68), as a co-polymer, were mixed together into
cold deionized water at 4 °C. The mixture was continuously stirred at 200 rpm for 2-3 h
until a clear homogenous solution was obtained. Accurately weighed amount of optimized
BMT-loaded niosomes was then added to the prepared hydrogel mixtures and stored
overnight in a refrigerator.

2.8. Evaluation of the Prepared BMT-Loaded Niosomal into In Situ Gels (BMT-ISGs)
2.8.1. Visual Appearance and pH

The prepared BMT-ISGs were inspected visually for color, clarity, and homogeneity
against a black and white background. The pH measurements were carried out using the
pH meter (Jenway, Staffordshire, UK). Results are represented as mean values & SD.

2.8.2. Drug Content Analysis

An accurately weighed amount of BMT-ISGs was dispersed in a specific volume of
PBS (30 mL, pH 7.4) with vigorous shaking for 12 h. The dispersion was then filtered and
drug amount in the filtrate was analyzed spectrophotometrically at Amax equal to 294 nm.
Equation (3) was used to calculate drug content (%):

Actual amount of BMT

Drug content (%) = Theoretical amount of BMT x 100 ®)

2.8.3. Sol-Gel Transition Temperature Determination

Sol-gel transition temperature was assessed using an inversion method [31], where
one gram of the ISGs was put into a closed test tube and placed on a thermostatic water
bath. The experiment started at 25 °C, and the temperature of the water bath was steadily
increased by one degree until the solution converted into the gel. Sol-gel transition temper-
ature is determined when no movement into the liquid was observed upon tilting up the
closed test tube at 90 °C.

2.8.4. Determination of the Viscosity of BMT-ISGs

The viscosity of different BMT-ISGs was determined using Brookfield viscometer
(Model DV-1II, spindle 16, Chandler, AZ, USA). Definite weight samples of different
formulations were inserted into a small holder and a perpendicular spindle was revolved at
a constant speed of 100 rpm. Viscosity measurements were conducted at 25 °C and 37 °C.

2.9. In Vitro Release of BMT from Different BMT Formulations

The in vitro release profiles of BMT from BMT solution, BMT-loaded niosomes, or se-
lected BMT-ISG formulation were assessed using the USP dissolution test apparatus-I with
certain modifications. Briefly, accurately weighed amounts of various formulations (equiv-
alent to 3 mg of BMT) were placed in glass cylinders covered with a cellulose membrane,
pre-soaked in PBS (pH 7.4), from one end and fixed to the shaft of the dissolution apparatus
from the other end. The glass cylinders were then immersed in beakers containing 150 mL
of STF (pH 7.4) as a dissolution medium. The cylinders were adjusted to rotate at 100 rpm
at 37 £ 1 °C. The 3 mL aliquots were collected at scheduled time intervals and replenished
with fresh medium to maintain sink conditions. The concentration of BMT in each sample
was analyzed spectrophotometrically at 294 nm.
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2.10. Ex Vivo Corneal Permeability Study

Ex vivo corneal permeation studies of either optimized BMT-loaded niosomes or
BMT-ISG were conducted using freshly excised goat cornea and compared with that of
BMT solution. Briefly, fresh goat eyeballs were procured from a slaughterhouse and kept
in normal saline at 4 °C. The cornea was gently removed using forceps and scissors and
fixed in between the donor and receptor compartments of a Franz diffusion cell. Accurately
weighed amounts of various formulations (equivalent to 3 mg of BMT) were placed on
the corneal membranes in the donor chamber while the receptor chamber was filled with
freshly prepared STF (pH 7.4) maintained at 35 & 1 °C and under magnetic stirring of
100 rpm. Aliquot samples (1 mL) were collected at predetermined time points and instantly
replaced with an equal volume of STF. The concentration of BMT in each sample was
analyzed at 294 nm.

2.11. In Vivo Studies
2.11.1. Animals

Male albino rabbits (2-2.5 kg) were used in in vivo experiments. The animals were
housed under specific environmental conditions (a 12 h on/off light schedule, 25 £ 0.5 °C,
and 65% relative humidity). Rabbits were fed a routine rabbit diet with free access to water.
The study protocol was approved by Ethical Committee, Prince Sattam Bin Abdulaziz
University, Al-Kharj, KSA (approval number: 048/2022).

2.11.2. In Vivo Pharmacodynamic Study

The in vivo pharmacodynamic efficacy of different BMT formulations, in terms of
lowering intraocular pressure, was assessed using male albino rabbits. Briefly, animals
were categorized into three groups (n = 6). Group I was ocularly treated with BMT ocular
solution. Group Il was treated with optimized BMT-loaded niosomes, while Group III was
treated with BMT-ISG. All animals were treated with 50 pL of 0.03% w/v of various BMT
formulations. All formulations were applied in the left eye of each animal, while the right
eye was kept untreated (control). Schiotz Tonometer (Rudolf Riester GmbH, Jungingen,
Germany) was used to measure the IOP before administration and at scheduled time
intervals (0, 0.5, 1, 2, 3, 4, 5, and 6 h) post formulation installation. The mean change in IOP
(A%) between the two eyes of each animal was calculated using the following equation [32]:

The mean change in IOP (A IOP) = IOPcontrol eye — IOPdosed eye

In addition, key pharmacodynamic parameters such as the mean maximal effect (Emax),
time to Emax (TEmax), and area under the effect curve (AUCE o_g,) were compared between
treatment groups.

2.11.3. Ocular Irritation Test

Ocular irritation following treatment with different BMT formulations was investi-
gated using the modified Draize test [33]. Briefly, a total of six male albino rabbits were
categorized into two groups, three animals in each. The two groups were treated with
BMT solution and BMT-ISG. At specific time points post formulation application, each
rabbit was observed for signs of irritation (swelling discharge, redness, iris and corneal
lesion, and conjunctival chemosis). The following scores were applied to assess the irrita-
tion severity: Score 0 indicates no redness, inflammation, or excessive tearing; 1 indicates
mild redness with inflammation and minimal tears; 2 indicates moderate redness with
considerable inflammation and significant tearing; and 3 indicates severe redness with
severe inflammation and extensive tearing.

2.12. Statistical Analysis

All the experiments were carried out in triplicate and the results obtained are reported
as mean = standard deviation. Statistical significance was determined using Graph-pad
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prism 7 version with students f-test and one way analysis of variance (ANOVA), where
p < 0.05 was considered to be statistically significant.

3. Results and Discussion
3.1. Preparation of BMT-Loaded Niosomes

The thin-film hydration method was employed for the fabrication of BMT-loaded
niosomes. Preliminary trials were performed to select the appropriate non-ionic surfac-
tant for the formulation of BMT-loaded niosomes. Several surfactants, including Brij 35,
Spans, and Tweens, were investigated for their ability to form a physically stable vesicular
structure. Our preliminary results revealed that surfactants, such as Tween 60, 80, and
Brij 35, that have HLB values ranging from 15 to 17 failed to create a homogeneous thin
film, and following hydration, the formed vesicles were unstable, as evidenced by vesicle
sedimentation and fast phase separation. On the contrary, niosomes made with span 60
and span 80 were spherical in shape, homogenous in size, and show no phase separation.
The high transition temperature and optimal HLB values of Spans (4.3 and 4.7, respectively)
might account for their efficient vesicle formation ability [34]. However, niosomes produced
with span 80 exhibited considerable aggregation during short-term storage. Consequently,
niosomes prepared with Span 60 were used for further investigations.

3.2. Experimental Design and Optimization

A central composite experimental design was implemented for the development of
BMT-loaded niosomes and the assessment of the influence of two formulation parameters
(drug concentration and cholesterol:surfactant (Chol:SAA) ratio) on formulation character-
istics. The effect of these two variables on vesicle size and percentage entrapment efficiency
(EE%) was examined using 3D surface plots. A total of 13 runs with varying amounts
of independent formulation parameters were developed. The vesicle size and EE% of
all produced formulations were then analyzed. The optimization goal was set to obtain
a formulation with a minimum vesicle size while having the maximum entrapment effi-
ciency percentage (Table 1). Table 2 depicts the attributes of various BMT-loaded niosomal
formulations generated using the central composite design.

3.2.1. Impact on Particle Size of Formulation Variables

Generally, niosomes within a size range of less than 200 nm are considered ideal for
ocular administration owing to their supreme penetration power through corneal barri-
ers [28]. Herein, all BMT-loaded niosomes showed vesicle sizes ranging from 165.9 & 6.7
t0 219.1 & 9.6 nm (Table 2). Several polynomial models were used to fit the data for vesicle
size (Y1). Statistical analysis (Table S1) depicts that the obtained data were best fitted in the
quadratic model. The obtained equation in terms of coded values was as follows:

Vesicle size (Y1) = 189.8 + 8.85 X — 16.47 X5 — 0.25 X; X5 + 0.475 X312 + 1.68 X5

This equation discloses that the drug concentration exerts a synergistic effect on
niosomal vesicle size whilst the Chol:SAA ratio exerts an antagonistic effect on the vesicle
size. In addition, Figure 1 represents contour and 3D plots that illustrate the influence
of formulation variables on the vesicle size of the prepared BMT-loaded niosomes. It is
evident that, at a fixed Chol:SAA ratio, the sizes of the niosomes remarkably increased
upon increasing drug concentration. The vesicle size of F1 (219.1 £ 9.6 nm), prepared
at a drug content of 6 mg, was considerably higher than that of niosomes prepared at a
drug content of 1 mg (F5; 199.1 £ 7.8 nm). The increase in drug amount being entrapped
within the niosomal vesicle might ascribe the increase in the vesicle size [35]. Similar
results were obtained by Mohanty et al. who verified a significant increase in the size of
naproxen-loaded niosomes upon raising the drug concentration [36].



Polymers 2023, 15, 4336

8 of 18

X,: Chol:SAA ratio

Y,: Vesicle size (nm)

X;: Drug Concentration (mg)

Figure 1. (A) Contour and (B) 3D plots for the impact of different formulation variables on niosomal

vesicle size.

Regarding the influence of the Chol:SAA ratio on vesicle size (Y1), it was clear that
elevating the Chol:SAA ratio from 1:1 to 1:2 resulted in a pronounced negative effect on
the vesicle size. At a fixed drug concentration, the vesicle size of niosomes fabricated at a
Chol:SAA ratio of 1:1 (F5; 199.1 £ 7.8 nm) was significantly higher than that of niosomes
fabricated at a Chol:SAA ratio of 1:2 (F8; 165.9 + 6.7 nm). At a Chol:SAA ratio of 1:2, the
relatively high concentration of Span 60 would favor the production of micellar structures
with smaller sizes rather than niosomal vesicles [37]. These results are in agreement with
those stated by Aldawsari et al., who highlighted the negative impact of increasing the
Chol:SAA ratio from 1:1 to 1:2 on the vesicle size of cetirizine-loaded niosomes [26].

3.2.2. Impact on Percentage Entrapment Efficiency (EE%) of Formulation Variables

Entrapment efficiency is an important factor in characterizing colloidal systems. Sev-
eral formulation parameters, including the drug concentration and Chol:SAA ratio, were
changed to achieve the best entrapment efficiency. As illustrated in Table 2, EE% ranged
from 66.2 £ 1.9% to 84.1 £ 3.2%. The impact on entrapment efficiency (Y;) of different
formulation variables is represented by the following quadratic polynomial equation:

Entrapment efficiency % (Y2) = 77.4 + 3.61 Xy + 3.21 Xo — 0.275 X1 X — 3.56 X;° + 1.01 X?

Additionally, the effect of formulation variables on EE% was graphically plotted using
the contour and 3D surface plot (Figure 2). It was clear that both the drug concentration
and Chol:SAA ratio had a positive impact on BMT entrapment within niosomal vesicles.
At a fixed Chol:SAA ratio, there was a dramatic increment in EE% upon raising drug con-
centration from 1 to 6 mg. The EE% of F5, prepared with 1 mg BMT, was significantly lower
than that of F1, prepared with 6 mg BMT (66.9 + 1.1% vs. 75.8 & 1.7%). The remarkable
increase in the percentage of BMT entrapped within niosomes might be accounted for
by the saturation of the hydration medium with BMT, enforcing BMT to be encapsulated
within niosomes [38,39].
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(A)

1.8

1.6

1.4

X,: Chol:SAA ratio

1.2

Y,: Entrapment Efficiency (%)

2

B)

Entrapment Efficiency (%)

3 4 5 6

X;: Drug Concentration (mg)

Figure 2. (A) Contour and (B) 3D plots for the impact of different formulation variables on niosomal
entrapment efficiency percentage.

In the same context, the entrapment efficiency increases with a rise in the Chol:SAA
ratio. At a fixed drug concentration, increasing the Chol:SAA ratio from 1:1 to 1:2 triggered
a remarkable increase in BMT entrapment within niosomes. The EE% of F5, prepared at a
Chol:SAA ratio 1:1, was 66.9 £ 1.1%, which was remarkably lower than that of F8 (EE%
74.0 £ 1.8%), prepared at Chol:SAA 1:2. These findings might be ascribed, at least in part,
to the increase in the Span 60 concentration, which would help in enhancing the drug
solubilization and thereby boosting drug entrapment within niosomal vesicles. Similar
findings were disclosed by Ghazwani et al. who underscored the synergistic effect of the
surfactant concentration on the entrapment of carvacrol oil with niosomal vesicles [40].

3.2.3. Numerical Optimization of BMT-Loaded Niosomes

A numerical optimization procedure was carried out using Design-Expert® software
to obtain an optimized niosomal formulation that fulfills the required response (Table 1).
A drug concentration of 3.6 mg and a Chol:SAA ratio of 1:2, obtained at a desirability
of 0.845, were recommended for the preparation of optimized BMT-loaded niosomes.
The optimized formulation was found to meet the design constraints of the maximum
entrapment efficiency and a minimal particle size. The measured % EE was 81.2 &= 1.2%
and the vesicle size was 167.3 £ 9.1 nm, both of which were comparable to the expected
values of entrapment efficiency and vesicle size (81.7% and 175.3 nm, respectively).

3.3. Characterization of Optimized BMT-Loaded Niosomes
3.3.1. Vesicle Size, Polydispersity Index (PDI), and Zeta Potential

The mean vesicle size of optimized BMT-loaded niosomes was 167.3 & 9.1 nm, which
is within the ideal size range (<200 nm) for ocular administration [41]. The vesicle size
distribution (PDI) for the optimized BMT-loaded niosomes was 0.269 + 0.09, signifying ho-
mogenous size distribution [42]. The zeta potential was determined to be —12.4 & 1.9 mV,
implying fair colloidal stability. Figure 3A,B illustrate the size and zeta potential of the
optimized formulation, respectively.
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Figure 3. (A) vesicle size and (B) zeta potential of optimized BMT-loaded niosomes.

3.3.2. Entrapment Efficiency and Drug Loading

The efficient entrapment of the drug within a niosomal vesicle is a crucial criterion
for characterizing niosomal dispersions. The calculated entrapment efficiency of BMT
within an optimized niosomal formulation was 81.2 &+ 1.2%, which indicates efficient
encapsulation of the drug within niosomes. The drug loading percentage of BMT within
niosomes was calculated to be 3.46 + 0.23%.

3.3.3. DSC Study

The DSC analysis was performed to explore the thermal properties of pure drug,
cholesterol, Span 60, and optimized BMT-loaded niosomes, as well as possible interactions
between the components. The results of the DSC analysis of pure BMT showed a charac-
teristic endothermic peak at 71.9 °C, which corresponded to its melting point (Figure 4).
Span 60 and cholesterol showed characteristic peaks at 54.6 and 148.2 °C, respectively,
corresponding to their melting points. In addition, the physical mixture showed all the
characteristic endothermic peaks of pure drug and formulation components (Span 60 and
cholesterol), nullifying the existence of any drug—excipient incompatibility between the
drug and formulation components. Of note, no characteristic endothermic peaks were
identified for BMT in the thermogram of BMT-loaded niosomes, suggesting that BMT was
entirely entrapped within niosomal vesicles [26].

/‘r Pure BMT

Cholesterol

Span 60

Heat Flow (mW)

BMT-loaded niosomes

“"\/‘V, Physical Mixture
v

0 50 100 150 200 250

Temperature (°C)

Figure 4. DSC thermograms of different components of optimized BMT-loaded niosomes.
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3.3.4. FTIR Studies

The FTIR spectra of BMT, cholesterol, Span 60, and optimized BMT-loaded nio-
somes were investigated for possible interactions between BMT and niosomal compo-
nents (Figure 52). The BMT spectrum revealed distinctive peaks such as O—H stretching
(3410 cm~ 1), N—H stretching (3329 cm '), C—H stretching (3089 cm~!), and N-C=0
(amide) stretching (1610 cm™1) [28]. Characteristic peaks were observed at 1170, 1744,
and 2878-2939 cm~! in the spectrum of Span 60, corresponding to —C—COO, C=0 and
aliphatic C—H, respectively. For cholesterol, the FTIR spectrum showed distinct peaks of
C—O stretching (1053 cm 1), aliphatic C—H stretching (2800-3000 cm 1), and a broad peak
of O—H (3380 cm™1). Of interest, the spectrum of optimized BMT-loaded niosomes showed
most of the characteristic peaks of both BMT and niosomal components, suggesting the
absence of any chemical interactions between them.

3.4. Stability Studies of Optimized BMT-Loaded Niosomes

The physical stability of BMT-loaded niosomes was investigated in terms of changes
in vesicle size, zeta potential, and EE% upon 3 months storage at 4 °C. When compared
to freshly prepared niosomes, no significant changes in entrapment efficiency, vesicle size,
and zeta potential were found throughout a 1- and 3-month storage period, as shown in
Table S2. These results underscored the stability of optimized BMT-loaded niosomes.

3.5. Formulation of BMT-Loaded Niosomal In Situ Gel (BMT-ISG)

In this study, the optimized BMT-loaded niosomal formulation was incorporated into
an in situ gel formulation to facilitate its application, prolong the residence time onto
the corneal surface after application, and subsequently, augmenting drug penetration
through the cornea. For such a purpose, in situ gelling systems based on Pluronic® F127
(PF-127) in combination with Pluronic® F68 (PF-68) at various concentrations, ranging from
0.5 to 2.5% w/w, were employed for the preparation of BMT-loaded niosomal in situ gel
(BMT-ISG). In addition, the impact of co-polymer (PF-68) concentration of the formulation
attributes of BMT-ISGs was investigated and adopted to obtain an optimized formula of
the BMT-ISG. Of note, the concentrations of the co-polymer (PF-68) used were selected
based on our preliminary trials. Where, at a co-polymer concentration lower than 0.5%
w/w, the viscosity of the formed in situ gel was very low. On the other hand, increasing the
co-polymer concentration to more than 2.5% w/w, resulted in the formulation being too
thick, which adversely hindered the easy application of the formed BMT-ISGs. Accordingly,
a co-polymer concentration ranging from 0.5 to 2.5% w/w was tested for the formulation of
BMT-ISGs.

3.6. Evaluation of BMT-ISGs
3.6.1. In Situ Gel Visual Examination

The prepared BMT-ISGs were evaluated visually prior to and after loading with a
BMT-loaded niosomes for color, clarity, and homogeneity. Before loading, plain ISGs
showed a clear, homogenous, and colorless appearance, however, after loading with BMT
niosomes, the ISGs became opaque with a white color.

3.6.2. pH

For ophthalmic preparations, it is crucial to ensure that the pH of the fabricated
formulation falls within the normal ocular comfort range (pH range of 6.6 to 7.8) to avoid
eye irritation and discomfort. In this study, the mean pH values of all prepared BMT-ISGs
were within the acceptable range (6.42 £ 0.02 to 7.19 £ 0.03) (Table 3), nullifying the
possibility of elicitation of eye irritation/discomfort upon instillation into eye.
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Table 3. Physicochemical properties of different BMT-ISG formulations.
Conc. of Co-Polymer Sol-Gel Transition Viscosity (cp)
H Drug Content (%) 5
Formula (% wiw) P 8 Temp. (°C) at25°C at37°C
F1 0 6.42 = 0.02 98.1 £0.5 28.1 £0.5 1059 £9.1 184.9 £ 11.6
F2 0.5 6.87 &= 0.03 99.4 £ 0.3 30.2+£0.8 116.8 £11.3 197.8 +14.5
F3 1.0 719 £ 0.03 99.3 £0.9 34.6 £0.9 1253 £ 8.2 207.3 £10.4
F4 1.5 7.01 £0.04 99.1 £04 348 £04 144.6 £9.6 229.1+£17.3
F5 2.0 6.97 £ 0.03 97.6 0.5 384 +1.8 3451 £185 8321 +35.1
F6 2.5 6.91 £ 0.02 973 £0.6 405£1.6 402.7 £21.3  889.2£29.7

All data represent mean 4 SD of three independent experiments.

3.6.3. Drug Content

All the prepared ISGs showed high drug content ranging from 97.3 £ 0.6% to 99.4 &+ 0.3%
(Table 3). This indicates that BMT-loaded niosomal vesicles were uniformly distributed
within the prepared ISGs, and the method was simple and reproducible.

3.6.4. Sol-Gel Transition Temperature (T.) of BMT-ISGs

The sol-gel transition temperature (I¢) of BMT-ISGs formulations is a crucial parameter
in predicting the ability of applied formulations to be transferred into gel state at the ocular
temperature upon installation. Generally, an ophthalmic in situ gel should have Tc higher
than room temperature (25 °C) to be easily instilled into the eye but converted into a gel
form at pre-corneal temperature (37 °C). A T, higher than 37 °C is not preferred to be
applicable in the eye, since the applied formulation would remain in the sol state following
ophthalmic administration and would suffer from nasolacrimal drainage before exerting
its therapeutic effect. Herein, the prepared formulation had T, ranging from 28.1 & 0.5 °C
to 40.5 = 1.6 °C (Table 3). The gelling capacity increased with the increasing concentration
of the PF-8 co-polymer. Among various in situ gel formulations, in situ gels prepared at a
PF-68 concentration of 0.5-1.5% (F2, F3 and F4) are considered optimal for the ophthalmic in
situ gel, where the conversion from the sol state to the gel state at ocular temperature would
be favored by the gradual desolvation of the polymer, increased micellar aggregation, and
higher entanglement of the polymer network with raising the temperature [43].

3.6.5. Viscosity of BMT-ISGs

Generally, ophthalmic in situ gels should have an optimum viscosity to ease their
instillation into the eye and a quick sol to gel transition [43]. Viscosity measurements
were performed before gelling at 25 °C and after gelling at 37 °C. The mean results of
the viscosity of the prepared ISGs before and after gelling are summarized in Table 3.
With the exception of F6 and F7, all BMT-ISG formulations exerted low viscosities at room
temperature, ranging from 105.9 £ 9.1 to 144.6 £ 9.6 cp. Of interest, a drastic increase in
formulation viscosity was observed upon elevating the temperature to 37 °C, where gelling
will occur [43]. Furthermore, with a rise in the concentration of the PF-68 co-polymer, there
was a mutual increase in the viscosity of the formed BMT-ISGs before and after gelling.
Such a rise in viscosity could be explained by the interaction between the co-polymers with
the micellar entanglement of PF-127, which might trigger the formation of stronger bonds,
resulting in an increase in the formulation viscosity. Based on viscosity measurements and
other previous parameters, F4 was selected for further studies since it has good gelation
capacity at body temperature, an appropriate viscosity at 25 °C, which would facilitate its
ocular application, and its maximum viscosity at 37 °C, which would promote prolonged
ocular residence of the formulation post its instillation into eyes.

3.7. In Vitro Drug Release from Various BMT Formulation

The in vitro release profiles of optimized BMT-loaded niosomal dispersion, BMT
solution, and BMT-ISG formulation (F4) were graphically illustrated in Figure 5. Free BMT
showed a rapid release from BMT solution, with ~90% of BMT released at 4 h. By contrary,
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the encapsulation of BMT within niosomal vesicles significantly delayed BMT release for
up to 24 h. BMT-loaded niosomes demonstrated a biphasic release profile, with ~50% of
the entrapped BMT released from niosomes during the first 6 h, followed by a sustained
drug release over 24 h, with up to 80% of BMT released at 24 h. The initial quick release
of BMT might be caused by the rapid release of BMT from the niosome surface, whist the
subsequent sustained release phase could be owed to the slow diffusion of drug molecules
through niosomal bilayers [40]. Of interest, incorporating BMT-loaded niosomes into ISGs
had significantly the sustained drug release, compared to that from parent niosomes. The
maximum percentage of BMT released from BMT-ISGs in 24 h was 72.8 £ 3.5%, compared
to 84.1 & 4.6% for BMT-loaded niosomes. This could be related to the gel network and the
higher viscosity of the formulation at 37 °C, which might act as a barrier to a rapid drug
release leading to a prolonged drug release over 24 h.
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Figure 5. In vitro release of BMT from various BMT formulations.

The release profiles of BMT from different BMT formulations were analyzed using four
kinetic models (Table S3), and the linear regression analysis was employed to obtain the
regression coefficients (r?) [44]. The calculated r? values remained higher for the Higuchi
model, suggesting that the release kinetics of both BMT-loaded niosomal formulation or
selected BMT-ISG formulation (F4) were best fitted to Higuchi-diffusion release kinetics.
In addition, the Korsmeyer-Peppas model was also used to determine the drug release
mechanism from BMT-ISG formulation, and ‘n” values were found to be >0.43 and <0.85,
indicating non-Fickian transport for the selected BMT-ISG formulation, where the release is
controlled by a combination of diffusion of the drug and hydration and dissolution of the
gel matrix.

3.8. Ex Vivo Trans-Corneal Permeation Study

Ex vivo drug permeation data of free BMT, niosomal BMT, and BMT-ISGs were
obtained using goat corneal membranes. As depicted in Figure 6, free BMT exhibited
good ocular permeability; >95% of drugs were permeated at 4 h. Similarly, the niosomal
formulation efficiently enhanced BMT permeation through the corneal membrane. The
cumulative drug permeated a percentage of 82.8% at 24 h. On the other hand, the maximum
cumulative drug release from the BMT-ISG formulation was 69.9% after 24 h, which was
lower than that from the niosomal formulation. Nevertheless, the BMT-ISG formulation
efficiently sustained drug release for up to 24 h. Such a slow and sustained drug permeation
pattern from BMT-ISG formulation could be owed, on the one hand, to the mucoadhesive
properties of the ISG formulation that prolong the contact between the formulation and
the corneal membrane [45], and on the other hand, to the increased viscosity of the ISG
formulation, which could sustain drug release from the formulation. Of note, when
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compared with in vitro release results, the cumulative amount of BMT penetrating through
the corneal membrane from the BMT-ISG formulation was low. This might be ascribed
to the lipophilic-hydrophilic barrier imparted by the corneal membrane, which might
hinder drug permeation compared to the mechanical barriers imparted by the dialysis
membrane [46].
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Figure 6. Ex vivo ocular permeability of BMT from various BMT formulations.

3.9. In Vitro Stability Study

The stability of the selected BMT-ISG formulation (F4) was assessed following storage
at 4 °C for 8 weeks. Visual appearance, drug content, and pH were investigated. As
summarized in Table 4, storage for up to 8 weeks at 4 °C resulted in little difference in
visual appearance, pH, and drug content, inferring that the formulation is stable (Table 4).

Table 4. Stability study of BMT-ISG formulation (F4).

Time Visual Appearance pH Drug Content
0 Clear 7.01 £0.04 99.1+05
4th week Clear 6.91 +0.15 98.7 £ 1.1
8th week Clear 6.75 £0.20 979 £1.2

Data represent mean + SD (n = 3).

3.10. In Vivo Pharmacodynamic Study

In vivo pharmacodynamic study was carried out to scrutinize the in vivo efficacy
of the optimized BMT-ISG formula, compared to either BMT-loaded niosomes or BMT
aqueous solution, on decreasing IOP. Figure 7 represents the mean change in IOP from
the baseline vs. time following treatment with the optimized BMT-ISG formula, BMT-
loaded niosomes, or BMT aqueous solution, respectively. As depicted in Figure 7, BMT
aqueous solution induced a rapid decrease in the IOP after one hour post ocular instillation
and continued for 2 h post treatment, then IOP increased gradually to its initial value
after 8 h post-instillation. This complete depletion of the drug effect might be ascribed to
washing out/nasolacrimal drainage of the instilled aqueous solution. For the optimized
BMT-loaded niosomes, a maximum IOP lowering effect was also observed at 2 h post
niosomal dispersion instillation (8.6 &= 0.9 mm Hg), which was superior to the effect of the
BMT aqueous solution on IOP. However, such a potent IOP lowering effect was attenuated
gradually with time, presumably due to the ocular clearance of niosomal dispersion. Of
interest, the BMT-ISG formula elicited a remarkable decline in the IOP values after 3 h with
a maximum change of 9.7 £ 0.6 mm Hg, compared to either the BMT aqueous solution
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(5.5 £ 0.4 mm Hg) or BMT-loaded niosomes (7.8 £ 0.8 mHg). Furthermore, the impact
of the decrease in IOP continued until 8 h post-treatment. The average reduction in IOP
values for BMT-ISG after 8 h was 7.5 &+ 0.8 mm Hg. This means that the inclusion of BMT
niosomes into the ISG formulation would sustain drug release for a more prolonged time
than either the BMT aqueous form of BMT niosomal dispersion, and subsequently, the
instilled dose could be decreased. It is worth noting that during the course of treatment
with the BMT-ISG formula, there were no changes in the IOP readings of the untreated
eyes, which implies that the impact of the test formula was caused by a local action rather
than systemic absorption of the drug.

—&—BMT aqueous solution

12 BMT-loaded niosomes

BMT-ISG

10 TTTT

TlllT

8 3
TllllTl

A TOP (mmHg)

0 1 2 3 4 5 6 7 8 9
Time (h)

Figure 7. The mean change in IOP induced by treatment with different BMT formulations. Data
represent mean =+ SD of three independent experiments (n = 6).

Key pharmacodynamic parameters of the tested formulations are tabulated in Table 5.
As illustrated in Table 5, the mean maximal effects (Emax) for the BMT aqueous solution,
BMT niosomal dispersion, and BMT-ISG formulation were 5.8 £+ 0.6 mm Hg, 8.6 & 0.9 mm
Hg and 9.7 &+ 0.6 mm Hg, respectively, as recorded at tgmax of 2 h, 2h, and 3 h, respectively.
Most importantly, the optimized BMT-ISG formulation showed a higher AUCE, g}, value
(63.32 &+ 5.8 mm Hg.h) than both the aqueous BMT solution (24.6 &+ 3.7 mm Hg.h) and
BMT niosomal dispersion (53.272 &+ 2.9 mm Hg.h). Of note, although BMT has good
corneal absorption [28], the lower ocular bioavailability of BMT aqueous solution might
be attributed to its short residence time at the corneal surface (MRT 3.16 £ 0.2 h). The
BMT aqueous solution can be easily washed out by tears fluid and may be drained out/in
the lacrimal duct, leading to a lower AUCg_g, value. On the contrary, the comparatively
higher AUCg(.g;, of BMT niosomal dispersion might be ascribed to the entrapment of
BMT within niosomal vesicles, which would enhance the corneal permeability of BMT,
compared to the pure drug [11]. Most importantly, the highest AUCg(_g, value observed
with the BMT-ISG formulation might be attributed to the enhanced permeability power
of niosomes through the corneal surface, along with the prolonged residence time of the
BMT-ISG formulation onto the corneal surface (MRT = 12.62 + 1.3) by virtue of its good
muco-adhesion characteristics. Collectively, this significantly higher AUCE of the BMT-ISG
formulation would contribute to the superior therapeutic potential of the formulation,
compared to the BMT aqueous solution. Similar findings were stated by Obiedallah et al.
who demonstrated that incorporating the carbonic anhydrase inhibitor, acetazolamide,
within a microsponge-based in situ gel significantly augmented the therapeutic efficacy of
acetazolamide in reducing the IOP, compared to the free drug in the gel, following topical
ocular administration [14].
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Table 5. Pharmacodynamic parameters following ocular administration of different BMT formula-
tions (n = 6).

Parameter BMT Solution BMT-Niosomes BMT-ISG
Tgmax (h) 2.00 2.00 3.00

Emax (mm Hg) 5.80 = 0.6 8.6 £09 9.70 + 0.6

AUCgq.g, (mm Hg.h) 24.60 + 3.7 53.27 £ 2.9 63.32 5.8

MRT (h) 3.16 0.2 8.07 £0.9 12.62 £ 1.3

3.11. Ocular Irritation Test

The Draize rabbit eye test is a commonly used test to scrutinize the probable acute
toxicity of chemicals, compounds, and formulations to the eye upon ocular administration.
Herein, ocular irritation was investigated following topical ocular administration of the
BMT aqueous solution and BMT-ISG formulations. Throughout the test, no signs of ocular
irritation such as tearing, redness, or swelling were detected in the three treated groups.
These results nullified the irritant potential of test formulations.

4. Conclusions

In this study, we attempted to boost the therapeutic potential of bimatoprost (BMT)
via its incorporation into the niosomal in situ gel system (BMT-ISG). A BMT-loaded nio-
somal dispersion was prepared and optimized using a central composite design. The
optimized BMT-loaded niosomes were then incorporated into in situ gelling systems based
on Pluronic® F127 (PF-127) in combination with Pluronic® F68 (PF-68). The prepared
BMT-ISGs showed appropriate sol-gel transition temperatures, facilitating their conver-
sion into gel form at body temperature. In addition, they had acceptable viscosities that
enable easy formulation application and prolong the ocular residence time post installation.
Furthermore, the prepared BMT-ISGs efficiently sustained drug release compared to their
parent free drug. In vivo pharmacodynamic studies verified the potential of the BMT-ISG
to lower IOP and to enhance BMT corneal permeability, compared to the BMT aqueous
solution. Most importantly, the optimized BMT-ISG formulation was well tolerated by eye
tissues as demonstrated by the absence of any signs of irritation post instillation. To sum
up, niosomal in situ gel formulations might be a viable delivery vehicle for topical ocular
administration of anti-glaucoma agents, particularly those with poor ocular bioavailability.
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cholesterol, Span 60, and optimized BMT-loaded niosomes; Table S1: Results of statistical analyses of
all dependent variables; Table S2: Stability study results of BMT-loaded niosomes stored at 4 °C for
90 days; Table S3: Kinetic analysis of the in vitro release data of BMT from different BMT formulations.

Author Contributions: Conceptualization, M.F.A. and E.-5K.; methodology, M.EA. and E-SK.;
software, HEA. and HM.A ; formal analysis, HFA., HM.A. and EH.M,; resources, HF.A. and
H.M.A,; writing—original draft preparation, H.EA., HM.A. and E.H.M.; writing—review and editing,
M.EA.; project administration, M.F.A; funding acquisition, E.-S.K., HEA. and HM.A. All authors
have read and agreed to the published version of the manuscript.

Funding: This study is supported via funding from Prince Sattam Bin Abdulaziz University project
number (PSAU/2023/R/1444). This work was also supported by Princess Nourah bint Abdulrahman
University researchers supporting project number (PNURSP2023R205), Princess Nourah bint Ab-
dulrahman University, Riyadh, Saudi Arabia. Also, it was supported by the Researchers Supporting
Project number (RSPD2023R930), King Saud University, Riyadh, Saudi Arabia.

Institutional Review Board Statement: The animal study protocol was approved by the Ethical
Committee, Prince Sattam Bin Abdulaziz University, Al-Kharj, KSA (approval number: 048/2022).

Data Availability Statement: Data are contained within the article or Supplementary Materials.


https://www.mdpi.com/article/10.3390/polym15214336/s1
https://www.mdpi.com/article/10.3390/polym15214336/s1

Polymers 2023, 15, 4336 17 of 18

Acknowledgments: This study is supported via funding from Prince Sattam Bin Abdulaziz Univer-
sity project number (PSAU/2023/R/1444). The authors extend their appreciation to the Researchers
Supporting Project number (RSPD2023R930), King Saud University, Riyadh, Saudi Arabia. Also, the
authors extend their appreciation to Princess Nourah bint Abdulrahman University, Riyadh, Saudi
Arabia for funding this work under researcher supporting project number (PNURSP2023R205).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Agrahari, V.; Mandal, A ; Trinh, HM.; Joseph, M.; Ray, A.; Hadji, H.; Mitra, R.; Pal, D.; Mitra, A.K. A comprehensive insight on
ocular pharmacokinetics. Drug Deliv. Transl. Res. 2016, 6, 735-754. [CrossRef]

2. Akhter, M.H.; Ahmad, I.; Alshahrani, M.Y.; Al-Harbi, A.I; Khalilullah, H.; Afzal, O.; Altamimi, A.S.A.; Najib Ullah, S.N.; Ojha, A ;
Karim, S. Drug Delivery Challenges and Current Progress in Nanocarrier-Based Ocular Therapeutic System. Gels 2022, 8, 82.
[CrossRef]

3. Varela-Fernandez, R.; Diaz-Tomé, V.; Luaces-Rodriguez, A.; Conde-Penedo, A.; Garcia-Otero, X.; Luzardo-Alvarez, A.; Fernandez-
Ferreiro, A.; Otero-Espinar, EJ. Drug Delivery to the Posterior Segment of the Eye: Biopharmaceutic and Pharmacokinetic
Considerations. Pharmaceutics 2020, 12, 269. [CrossRef] [PubMed]

4.  Patel, A,; Cholkar, K.; Agrahari, V,; Mitra, A K. Ocular drug delivery systems: An overview. World J. Pharmacol. 2013, 2, 47-64.
[CrossRef] [PubMed]

5. Tsung, T.-H.; Chen, Y.-H.; Lu, D.-W. Updates on Biodegradable Formulations for Ocular Drug Delivery. Pharmaceutics 2023, 15,
734. [CrossRef]

6.  Yuan, X.; Marcano, D.C,; Shin, C.S.; Hua, X,; Isenhart, L.C.; Pflugfelder, S.C.; Acharya, G. Ocular Drug Delivery Nanowafer with
Enhanced Therapeutic Efficacy. ACS Nano 2015, 9, 1749-1758. [CrossRef]

7. Verma, A.; Tiwari, A.; Saraf, S.; Panda, PK,; Jain, A.; Jain, S.K. Emerging potential of niosomes in ocular delivery. Expert Opin.
Drug Deliv. 2021, 18, 55-71. [CrossRef] [PubMed]

8. Durak, S.; Esmaeili Rad, M.; Alp Yetisgin, A.; Eda Sutova, H.; Kutlu, O.; Cetinel, S.; Zarrabi, A. Niosomal Drug Delivery Systems
for Ocular Disease-Recent Advances and Future Prospects. Nanomaterials 2020, 10, 1191. [CrossRef]

9. Hamsika, M.; Gowda, D.V,; Vindru, J.; Moin, A. Nanotechnology for Ophthalmic Preparations. Int. J. Curr. Pharm. Res. 2016,
8, 5-11.

10. Kaur, LP; Garg, A.; Singla, A.K.; Aggarwal, D. Vesicular systems in ocular drug delivery: An overview. Int. J. Pharm. 2004, 269,
1-14. [CrossRef]

11.  Gupta, P; Yadav, K.S. Formulation and evaluation of brinzolamide encapsulated niosomal in-situ gel for sustained reduction of
IOP in rabbits. . Drug Deliv. Sci. Technol. 2022, 67, 103004. [CrossRef]

12.  Kouchak, M. In situ gelling systems for drug delivery. Jundishapur |. Nat. Pharm. Prod. 2014, 9, €20126. [CrossRef] [PubMed]

13. Wu, Y;; Liu, Y,; Li, X,; Kebebe, D.; Zhang, B.; Ren, J.; Lu, J.; Li, J.; Du, S.; Liu, Z. Research progress of in-situ gelling ophthalmic
drug delivery system. Asian |. Pharm. Sci. 2019, 14, 1-15. [CrossRef] [PubMed]

14. Obiedallah, M.M.; Abdel-Mageed, A.M.; Elfaham, T.H. Ocular administration of acetazolamide microsponges in situ gel
formulations. Saudi Pharm. J. 2018, 26, 909-920. [CrossRef] [PubMed]

15. Irimia, T.; Dinu-Pirvu, C.E.; Ghica, M.V,; Lupuleasa, D.; Muntean, D.L.; Udeanu, D.L; Popa, L. Chitosan-Based In Situ Gels for
Ocular Delivery of Therapeutics: A State-of-the-Art Review. Mar. Drugs 2018, 16, 373. [CrossRef]

16. Kumar, D.; Jain, N.; Gulati, N.; Nagaich, U. Nanoparticles laden in situ gelling system for ocular drug targeting. J. Adv. Pharm.
Technol. Res. 2013, 4, 9-17. [CrossRef]

17.  Abbas, M.N.; Khan, S.A.; Sadozai, S.K.; Khalil, LA.; Anter, A.; Fouly, M.E.; Osman, A.H.; Kazi, M. Nanoparticles Loaded
Thermoresponsive in Situ Gel for Ocular Antibiotic Delivery against Bacterial Keratitis. Polymers 2022, 14, 1135. [CrossRef]

18. Batrakova, E.V,; Kabanov, A.V. Pluronic block copolymers: Evolution of drug delivery concept from inert nanocarriers to biological
response modifiers. . Control Release 2008, 130, 98-106. [CrossRef]

19. Kadam, Y,; Yerramilli, U.; Bahadur, A. Solubilization of poorly water-soluble drug carbamezapine in pluronic micelles: Effect of
molecular characteristics, temperature and added salt on the solubilizing capacity. Colloids Surf. B Biointerfaces 2009, 72, 141-147.
[CrossRef] [PubMed]

20. Singla, P; Singh, O.; Sharma, S.; Betlem, K.; Aswal, V.K.; Peeters, M.; Mahajan, R K. Temperature-Dependent Solubilization
of the Hydrophobic Antiepileptic Drug Lamotrigine in Different Pluronic Micelles—A Spectroscopic, Heat Transfer Method,
Small-Angle Neutron Scattering, Dynamic Light Scattering, and in Vitro Release Study. ACS Omega 2019, 4, 11251-11262.
[CrossRef] [PubMed]

21. Ibrahim el, S.A.; Ismail, S.; Fetih, G.; Shaaban, O.; Hassanein, K.; Abdellah, N.H. Development and characterization of ther-
mosensitive pluronic-based metronidazole in situ gelling formulations for vaginal application. Acta Pharm. 2012, 62, 59-70.
[CrossRef]

22. Akash, M.S.H.; Rehman, K. Recent progress in biomedical applications of Pluronic (PF127): Pharmaceutical perspectives. |.

Control. Release 2015, 209, 120-138. [CrossRef] [PubMed]


https://doi.org/10.1007/s13346-016-0339-2
https://doi.org/10.3390/gels8020082
https://doi.org/10.3390/pharmaceutics12030269
https://www.ncbi.nlm.nih.gov/pubmed/32188045
https://doi.org/10.5497/wjp.v2.i2.47
https://www.ncbi.nlm.nih.gov/pubmed/25590022
https://doi.org/10.3390/pharmaceutics15030734
https://doi.org/10.1021/nn506599f
https://doi.org/10.1080/17425247.2020.1822322
https://www.ncbi.nlm.nih.gov/pubmed/32903034
https://doi.org/10.3390/nano10061191
https://doi.org/10.1016/j.ijpharm.2003.09.016
https://doi.org/10.1016/j.jddst.2021.103004
https://doi.org/10.17795/jjnpp-20126
https://www.ncbi.nlm.nih.gov/pubmed/25237648
https://doi.org/10.1016/j.ajps.2018.04.008
https://www.ncbi.nlm.nih.gov/pubmed/32104434
https://doi.org/10.1016/j.jsps.2018.01.005
https://www.ncbi.nlm.nih.gov/pubmed/30416345
https://doi.org/10.3390/md16100373
https://doi.org/10.4103/2231-4040.107495
https://doi.org/10.3390/polym14061135
https://doi.org/10.1016/j.jconrel.2008.04.013
https://doi.org/10.1016/j.colsurfb.2009.03.027
https://www.ncbi.nlm.nih.gov/pubmed/19403275
https://doi.org/10.1021/acsomega.9b00939
https://www.ncbi.nlm.nih.gov/pubmed/31460227
https://doi.org/10.2478/v10007-012-0009-y
https://doi.org/10.1016/j.jconrel.2015.04.032
https://www.ncbi.nlm.nih.gov/pubmed/25921088

Polymers 2023, 15, 4336 18 of 18

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

El-Kamel, A.H. In vitro and in vivo evaluation of Pluronic F127-based ocular delivery system for timolol maleate. Int. |. Pharm.
2002, 241, 47-55. [CrossRef] [PubMed]

Varshosaz, J.; Tabbakhian, M.; Salmani, Z. Designing of a Thermosensitive Chitosan/Poloxamer In Situ Gel for OcularDelivery of
Ciprofloxacin. Open Drug Deliv. ]. 2008, 2, 61-70. [CrossRef]

Lin, H.R.; Sung, K.C.; Vong, W.J. In situ gelling of alginate/pluronic solutions for ophthalmic delivery of pilocarpine. Biomacro-
molecules 2004, 5, 2358-2365. [CrossRef]

Aldawsari, M.E; Khafagy, E.S.; Moglad, E.H.; Selim Abu Lila, A. Formulation optimization, in vitro and in vivo evaluation of
niosomal nanocarriers for enhanced topical delivery of cetirizine. Saudi Pharm. J. 2023, 31, 101734. [CrossRef] [PubMed]
Hagbani, T.A.; Yadav, H.; Moin, A; Lila, A.S.A.; Mehmood, K.; Alshammari, F; Khan, S.; Khafagy, E.S.; Hussain, T.; Rizvi, SM.D;
et al. Enhancement of Vancomycin Potential against Pathogenic Bacterial Strains via Gold Nano-Formulations: A Nano-Antibiotic
Approach. Materials 2022, 15, 1108. [CrossRef]

Satyanarayana, S.D.; Abu Lila, A.S.; Moin, A.; Moglad, E.H.; Khafagy, E.S.; Alotaibi, H.F.; Obaidullah, A.]J.; Charyulu, R.N. Ocular
Delivery of Bimatoprost-Loaded Solid Lipid Nanoparticles for Effective Management of Glaucoma. Pharmaceuticals 2023, 16, 1001.
[CrossRef] [PubMed]

Khafagy, E.S.; Almutairy, B.K.; Abu Lila, A.S. Tailoring of Novel Bile Salt Stabilized Vesicles for Enhanced Transdermal Delivery
of Simvastatin: A New Therapeutic Approach against Inflammation. Polymers 2023, 15, 677. [CrossRef]

Al Saqr, A.; Wani, S.U.; Gangadharappa, H.V.; Aldawsari, M.E,; Khafagy, E.-S.; Lila, A.S.A. Enhanced Cytotoxic Activity of
Docetaxel-Loaded Silk Fibroin Nanoparticles against Breast Cancer Cells. Polymers 2021, 13, 1416. [CrossRef]
Balasubramaniam, J.; Pandit, J.K. Ion-activated in situ gelling systems for sustained ophthalmic delivery of ciprofloxacin
hydrochloride. Drug Deliv. 2003, 10, 185-191. [CrossRef] [PubMed]

Allam, A.; Elsabahy, M.; El Badry, M.; Eleraky, N.E. Betaxolol-loaded niosomes integrated within pH-sensitive in situ forming gel
for management of glaucoma. Int. J. Pharm. 2021, 598, 120380. [CrossRef] [PubMed]

Teba, H.E.; Khalil, I.A.; El Sorogy, H.M. Novel cubosome based system for ocular delivery of acetazolamide. Drug Deliv. 2021, 28,
2177-2186. [CrossRef]

Moghassemi, S.; Hadjizadeh, A. Nano-niosomes as nanoscale drug delivery systems: An illustrated review. |. Control Release 2014,
185, 22-36. [CrossRef] [PubMed]

Dabbagh Moghaddam, E.; Akbarzadeh, I.; Marzbankia, E.; Farid, M.; Khaledi, L.; Reihani, A.H.; Javidfar, M.; Mortazavi, P.
Delivery of melittin-loaded niosomes for breast cancer treatment: An in vitro and in vivo evaluation of anti-cancer effect. Cancer
Nanotechnol. 2021, 12, 14. [CrossRef]

Mohanty, D.; Rani, M.J.; Haque, M.A; Bakshi, V.; Jahangir, M.A.; Imam, S.S.; Gilani, S.J. Preparation and evaluation of transdermal
naproxen niosomes: Formulation optimization to preclinical anti-inflammatory assessment on murine model. J. Liposome Res.
2020, 30, 377-387. [CrossRef]

Qumbar, M.; Ameeduzzafar; Imam, S.S.; Ali, J.; Ahmad, J.; Ali, A. Formulation and optimization of lacidipine loaded niosomal
gel for transdermal delivery: In-vitro characterization and in-vivo activity. Biomed. Pharmacother. 2017, 93, 255-266. [CrossRef]
Mokhtar, M.; Sammour, O.A.; Hammad, M.A.; Megrab, N.A. Effect of some formulation parameters on flurbiprofen encapsulation
and release rates of niosomes prepared from proniosomes. Int. J. Pharm. 2008, 361, 104-111. [CrossRef] [PubMed]
Balakrishnan, P.; Shanmugam, S.; Lee, W.S.; Lee, WM. ; Kim, ].O.; Oh, D.H.; Kim, D.-D.; Kim, ].S.; Yoo, B.K.; Choi, H.-G.; et al.
Formulation and in vitro assessment of minoxidil niosomes for enhanced skin delivery. Int. . Pharm. 2009, 377, 1-8. [CrossRef]
[PubMed]

Ghazwani, M.; Hani, U.; Alam, A.; Alqarni, M.H. Quality-by-Design-Assisted Optimization of Carvacrol Oil-Loaded Niosomal
Gel for Anti-Inflammatory Efficacy by Topical Route. Gels 2023, 9, 401. [CrossRef]

Jiang, S.; Franco, Y.L.; Zhou, Y.; Chen, J. Nanotechnology in retinal drug delivery. Int. |. Ophthalmol. 2018, 11, 1038-1044.
[CrossRef] [PubMed]

Alshammari, F; Alshammari, B.; Moin, A.; Alamri, A.; Al Hagbani, T.; Alobaida, A.; Baker, A.; Khan, S.; Rizvi, S.M.D. Ceftriaxone
Mediated Synthesized Gold Nanoparticles: A Nano-Therapeutic Tool to Target Bacterial Resistance. Pharmaceutics 2021, 13, 1896.
[CrossRef] [PubMed]

Gupta, H.; Jain, S.; Mathur, R.; Mishra, P.; Mishra, A K.; Velpandian, T. Sustained ocular drug delivery from a temperature and
pH triggered novel in situ gel system. Drug Deliv. 2007, 14, 507-515. [CrossRef] [PubMed]

Trucillo, P. Drug Carriers: A Review on the Most Used Mathematical Models for Drug Release. Processes 2022, 10, 1094. [CrossRef]
Kaur, LP; Smitha, R. Penetration enhancers and ocular bioadhesives: Two new avenues for ophthalmic drug delivery. Drug Dev.
Ind. Pharm. 2002, 28, 353-369. [CrossRef] [PubMed]

Wadetwar, R.N.; Agrawal, A.R; Kanojiya, P.S. In situ gel containing Bimatoprost solid lipid nanoparticles for ocular delivery:
In-vitro and ex-vivo evaluation. J. Drug Deliv. Sci. Technol. 2020, 56, 101575. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/S0378-5173(02)00234-X
https://www.ncbi.nlm.nih.gov/pubmed/12086720
https://doi.org/10.2174/1874126600802010061
https://doi.org/10.1021/bm0496965
https://doi.org/10.1016/j.jsps.2023.101734
https://www.ncbi.nlm.nih.gov/pubmed/37649675
https://doi.org/10.3390/ma15031108
https://doi.org/10.3390/ph16071001
https://www.ncbi.nlm.nih.gov/pubmed/37513913
https://doi.org/10.3390/polym15030677
https://doi.org/10.3390/polym13091416
https://doi.org/10.1080/713840402
https://www.ncbi.nlm.nih.gov/pubmed/12944139
https://doi.org/10.1016/j.ijpharm.2021.120380
https://www.ncbi.nlm.nih.gov/pubmed/33609725
https://doi.org/10.1080/10717544.2021.1989090
https://doi.org/10.1016/j.jconrel.2014.04.015
https://www.ncbi.nlm.nih.gov/pubmed/24747765
https://doi.org/10.1186/s12645-021-00085-9
https://doi.org/10.1080/08982104.2019.1652646
https://doi.org/10.1016/j.biopha.2017.06.043
https://doi.org/10.1016/j.ijpharm.2008.05.031
https://www.ncbi.nlm.nih.gov/pubmed/18577437
https://doi.org/10.1016/j.ijpharm.2009.04.020
https://www.ncbi.nlm.nih.gov/pubmed/19394413
https://doi.org/10.3390/gels9050401
https://doi.org/10.18240/ijo.2018.06.23
https://www.ncbi.nlm.nih.gov/pubmed/29977820
https://doi.org/10.3390/pharmaceutics13111896
https://www.ncbi.nlm.nih.gov/pubmed/34834310
https://doi.org/10.1080/10717540701606426
https://www.ncbi.nlm.nih.gov/pubmed/18027180
https://doi.org/10.3390/pr10061094
https://doi.org/10.1081/DDC-120002997
https://www.ncbi.nlm.nih.gov/pubmed/12056529
https://doi.org/10.1016/j.jddst.2020.101575

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of BMT-Loaded Niosomes 
	Experimental Design 
	Characterization of BMT-Loaded Niosomes 
	Vesicle Size, Polydispersity Index (PDI), and Zeta Potential Determination 
	Drug Entrapment Efficiency (EE%) 
	Differential Scanning Calorimetry (DSC) 
	Fourier Transform Infrared (FTIR) Spectroscopy 

	In Vitro Drug Release Study 
	Physical Stability of BMT-Loaded Niosomes 
	Incorporation of BMT-Loaded Niosomes into In Situ Gels (BMT-ISGs) 
	Evaluation of the Prepared BMT-Loaded Niosomal into In Situ Gels (BMT-ISGs) 
	Visual Appearance and pH 
	Drug Content Analysis 
	Sol–Gel Transition Temperature Determination 
	Determination of the Viscosity of BMT-ISGs 

	In Vitro Release of BMT from Different BMT Formulations 
	Ex Vivo Corneal Permeability Study 
	In Vivo Studies 
	Animals 
	In Vivo Pharmacodynamic Study 
	Ocular Irritation Test 

	Statistical Analysis 

	Results and Discussion 
	Preparation of BMT-Loaded Niosomes 
	Experimental Design and Optimization 
	Impact on Particle Size of Formulation Variables 
	Impact on Percentage Entrapment Efficiency (EE%) of Formulation Variables 
	Numerical Optimization of BMT-Loaded Niosomes 

	Characterization of Optimized BMT-Loaded Niosomes 
	Vesicle Size, Polydispersity Index (PDI), and Zeta Potential 
	Entrapment Efficiency and Drug Loading 
	DSC Study 
	FTIR Studies 

	Stability Studies of Optimized BMT-Loaded Niosomes 
	Formulation of BMT-Loaded Niosomal In Situ Gel (BMT-ISG) 
	Evaluation of BMT-ISGs 
	In Situ Gel Visual Examination 
	pH 
	Drug Content 
	Sol–Gel Transition Temperature (Tc) of BMT-ISGs 
	Viscosity of BMT-ISGs 

	In Vitro Drug Release from Various BMT Formulation 
	Ex Vivo Trans-Corneal Permeation Study 
	In Vitro Stability Study 
	In Vivo Pharmacodynamic Study 
	Ocular Irritation Test 

	Conclusions 
	References

