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Abstract: Clarithromycin (CLR), categorized as a Biopharmaceutical Classification System class II
drug, has several gastrointestinal tract side effects and an extremely unpalatable bitter taste. The
current study aimed to design transdermal patch-embedded CLR niosomes to overcome the afore-
mentioned CLR-related challenges. Various niosomal formulations were successfully fabricated and
characterized for their morphology, size, in vitro release, and antimicrobial efficacy. Subsequently, the
CLR niosomes were loaded into transdermal patches using the solvent casting method. The polydis-
persity index of the niosomes ranged from 0.005 to 0.360, indicating the uniformity of the niosomes.
The encapsulating efficiency (EE)% varied from 12 to 86%. The optimal Chol: surfactant ratio for
drug release was found to be 0.5:1. In addition, the encapsulation of CLR into niosomal nanovesicles
did not reduce the antibacterial activity of the CLR. The niosomal patch had a significantly higher
permeability coefficient of CLR than the conventional patch. In addition to that, a shear-thinning
behavior was observed in the niosomal gels before loading them into a niosomal patch. The flux (Jss)
of the niosomal patch was significantly higher than the conventional patch by more than 200 times.
In conclusion, niosome-based transdermal patches could be a promising method for the transdermal
drug delivery of class II drugs and drugs experiencing GIT side effects.

Keywords: Clarithromycin; niosomes; transdermal; drug delivery; patch

1. Introduction

The abundance of blood arteries and lymphatic vessels in the skin that are closely
connected to the rest of the body provide an ideal route to transport therapeutic substances
to the skin [1]. However, the skin barrier not only protects the body from harmful toxins
but also severely impairs drug absorption through the skin [1]. Most drugs cannot easily
traverse the skin due to the stratum corneum (SC) that restricts their penetration [1,2].
Transdermal drug delivery (TDD) has drawn a lot of attention over the past 20 years due to
its many advantages over conventional drug delivery methods, including its simplicity,
pre-determined doses, ease of handling, patient self-administration, and relatively simple
storage requirements, whereas, the oral route of drug delivery has several disadvantages
when it comes to drugs with limited solubility, permeability, and stability [2,3]. TDD also
has many benefits over oral drug delivery, including avoiding first-pass metabolism, pro-
tecting sensitive drugs from the harsh gastrointestinal environment, allowing for sustained
drug release, and maintaining a more uniform plasma concentration [2,3]. In order to
increase the permeability of drugs across the SC, passive approaches are used to influence
drug and vehicle interaction such as permeation enhancers, nanoemulsions, and vesi-
cles [2-5]. In general, most of the passive techniques such as nanoemulsion and niosomes
can be easily included into transdermal patches.
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Over the years, niosomes have been studied as a promising drug delivery platform for
various administration routes, including oral, dermal, and transdermal routes [6-8]. Nio-
somes have the extraordinary capacity to entrap hydrophilic, lipophilic, and amphiphilic
compounds. Niosomes have advantages over liposomes, such as superior stability, low cost,
simplicity in formulation, and scaling-up [9-11]. Transdermal patches are one of the novel
pharmaceutical dosage forms for delivering drugs to the bloodstream after application to
the skin [3,12]. The patches are meant to distribute drugs in a regulated, modified, and
time-limited manner at a predetermined rate [12].

CLR is a prescription macrolide antibiotic [13]. It is administered orally to treat certain
bacterial infections caused by specific types of bacteria, such as community-acquired pneu-
monia, throat infections (pharyngitis), acute sinus infections, H-pylori, and others [14,15].
In the Biopharmaceutical Classification System (BCS), CLR is categorized as a class II
drug since it is mostly insoluble in water (0.33 mg/L) and exhibits a pH-dependent sol-
ubility [14,16,17]. It has several gastrointestinal tract (GIT) side effects such as diarrhea,
vomiting, nausea, headache, and stomach pain [18]. CLR’s terminal half-life is 34 h,
necessitating repeated dosage (2-3 times daily), and its bioavailability is 50% [18,19]. In
addition, it has an extremely unpalatable bitter taste, which may decrease patient adherence
especially in pediatrics [20]. Zhu et al. [21] reported a strong correlation between children’s
adherence and the drugs’ palatability. According to retrospective studies, medicines with
poor palatability have a detrimental impact on adherence, whereas those with good palata-
bility have a positive influence [22,23]. Niosome-based patches that mediate TDD are a
potential strategy for avoiding the bitterness of oral liquid dosage forms of CLR, lowering
GlT-related side effects and extending CLR’s presence in the systemic circulation, thus
allowing for less-frequent dosing. Furthermore, as niosomal patches are simple needle-
free alternative systems, they enhance pediatrics’ adherence, which may help to reduce
antibiotic resistance.

This study aimed to develop CLR-loaded niosomal nanovesicles that were incorpo-
rated into a skin patch for transdermal administration to avoid CLRs’ bitterness and prevent
gastrointestinal side effects. Additionally, TDDs can decrease antibiotic resistance by lower-
ing the dose of antibiotics administered. The entrapment effectiveness, shape and size of
the vesicles, zeta potential, in vitro release, and ex vivo permeability were determined as
the physicochemical features to be studied for CLR niosomal formulations. After that, CLR
niosomal nanovesicles were incorporated into transdermal skin patches and characterized
for their thickness, drug content, moisture content, and ex vivo permeation.

2. Materials and Methods
2.1. Materials

Clarithromycin was obtained as a gift sample from the JOSWE Pharmaceutical Com-
pany (Amman, Jordan). Phosphoric acid was purchased from RomiL™ (Cambridge, UK),
while HPLC-grade acetonitrile and HPLC-grade methanol were purchased from Tedia™
(Fairfield, OH, USA). Span™ 40, Span™ 60, Span™ 80, Tween™ 60, Tween™ 80, and
cholesterol (Chol) were purchased from Sigma Aldrich™ (Gillingham, Dorset, UK). Diethyl
ether and methanol were purchased from Tedia™ (Fairfield, OH, USA). Cellulose dialysis
membranes with a molecular weight cut-off (MWCO) of 12-14 kDa, average flat width of
28.46 mm, and average diameter of 17.5 mm were purchased from HiMedia Laboratories™
(Mumbai, Maharashtra, India). Polyethylene glycol 400 (PEG 400) was purchased from
GCC Diagnostics™ (Deeside, Flintshire, UK). Hydroxypropyl methyl cellulose (HPMC)
40,000, dicetyl phosphate (DCP), and phosphate-buffered saline (PBS) tablets were pur-
chased from Sigma Aldrich™ (Gillingham, Dorset, UK). All other chemicals used in this
study were of analytical grade.

2.2. Saturation Solubility of CLR

At 37 °C, CLR’s saturation solubility was tested using PBS (pH 7.4) and PBS containing
20% isopropyl alcohol. In a 25 mL beaker, an excess amount of CLR was added to 10 mL of
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each solvent. The beakers were securely covered and shaken for 24 h at 37 °C and 100 rpm
in a shaker incubator. HPLC analysis was used to assess the saturation concentration of
CLR after aliquots of the solution were removed, filtered, and centrifuged at 1400 rpm for
15 min.

2.3. Preparation of CLR Niosomes

The ether injection method was used to prepare niosomal formulations. In brief,
weighed amounts of different nonionic surfactants (Span 40, Span 60, Span 80, and
Tween 80) were combined with Chol and dissolved in 16 mL of diethyl ether before
being mixed with 4 mL of methanol containing a weighed amount of CLR, and then the
required amount of dicetyl phosphate (DCP) was added to the mixture. The resultant
solution was then slowly injected into 20 mL PBS (pH 7.4) using a syringe pump at a
rate of 1 mL/min. The solution was then constantly stirred with a magnetic stirrer while
the temperature was kept at 60-65 °C. Because of the temperature differences between
the phases, evaporation occurred, resulting in the formation of niosomes. To choose an
optimum niosome formulation, various formulations were prepared. Table 1 shows the
amounts of CLR, surfactants, and Chol. The prepared niosomal dispersions were kept
refrigerated at 4 °C.

Table 1. Composition of CLR-loaded niosomal formulations.

Formulation Code Span 60 Span 40 Span 80 Tween 80 DCP Cholesterol CLR HLB
(mg) (mg) (mg) (mg) (mg) (mg) (mg) Value
F1 50 - - 50 - 100 100 9.85
F2 - 100 - - 5 100 200 6.7
F3 100 - - - 5 100 200 47
F4 100 - - - - 100 100 47
F5 - - 100 - 5 100 200 4.3
F6 - - - 100 - 100 100 15
F7 200 - - - - 100 200 6.7
F8 200 - - - - 100 100 6.7
F9 - - - 100 - 50 100 15

2.4. Characterization of CLR-Loaded Niosomes
2.4.1. Transmission Electron Microscopy (TEM)

The morphology of the niosomes was observed using a transmission electron micro-
scope (TEM, FEI Morgani 268, operating voltage of 60 kV, Holland) connected to a Mega
View II digital camera. One drop of the niosomes was diluted with distilled water, placed
on a carbon-coated copper grid, and allowed to dry before imaging. The morphology of
the niosomes was estimated by the Image] software.

2.4.2. Particle Size (PS), Zeta Potential (ZP), and Polydispersity Index (PDI)

The PS, ZP, and PDI of the prepared formulations were assessed using a particle size
analyzer (Brookhaven 90 plus, NY, USA). The internal Zetasizer software automatically pre-
sented the PDI for all of the particles examined. Each experiment was repeated three times,
and the findings were provided as mean + SD. For the ZP of the niosomes, electrophoretic
light scattering (ELS) was used to determine the surface charge of the particles. At 25 °C,
the niosomes were dispersed in distilled water and sonicated until a clear solution was
obtained. Each experiment was carried out in triplicate, and the data were provided as
mean == SD.

2.4.3. Encapsulation Efficiency (EE)

Centrifugation was used to measure the %EE of all the niosomal formulations. For
this purpose, a niosomal suspension was poured into 1.5 mL Eppendorf and centrifuged
for 1 h at 16,000 rpm at 4 °C using a cooling centrifuge. The supernatant was discarded,
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and the separated niosomes were washed with PBS before being centrifuged an additional
two times under the same conditions. The amount of the entrapped drug was determined
by adding 1 mL of isopropanol to 0.1 mL of the separated niosomes, which was then diluted
with PBS up to 20 mL and then sonicated and centrifuged again at 14,000 rpm for 15 min at
25 °C to obtain a clear solution to be analyzed by HPLC. The EE (%) was determined using
Equation (1), as follows:

EE(%) — Amount of entrapped drug
o Total CLR amount

x 100% 1)

where the Amount of entrapped drug is the actual amount of the drug successfully en-
capsulated in the vesicles and the total CLR amount refers to the entire quantity of CLR
utilized during preparation.

2.4.4. In Vitro Release Studies

The dialysis bag method was used to test the in vitro release pattern of the niosomal
suspensions. PBS was used to wash and soak the dialysis bags for 24 h. A niosomal
suspension (equivalent to 14.28 mg CLR) was diluted in 2 mL PBS. The dialysis bag was
then placed in 20 mL PBS containing 20% isopropanol and incubated for 24 h at 37 °C and
100 rpm. To keep the sink condition throughout the experiment, a 1 mL sample was taken
at specified intervals and promptly replaced with 1 mL of fresh medium. HPLC was used
to analyze the samples.

2.4.5. Release Kinetics Modeling

Using LabPlot version 2.0, the drug release rates for the selected niosomal formulations
(F1 and F9) were fitted to the Korsmeyer-Peppas equation (Mt = K* x t") and first-order
kinetics. The software was then given the task of determining the best fit line. Only fit
curves with R > 0.95 and the sum of squared residuals (SSD) < sum of squares were
considered appropriate.

2.4.6. Antimicrobial Activity Testing

The agar well plate diffusion method was used to ensure the antimicrobial properties
of the niosomal formulations according to the Clinical and Laboratory Standards Institute
(CLSI) for bacteria and yeast testing [24]. The antibacterial activity of the CLR-loaded
niosomes (F9) and CLR was assessed using inhibitory zone measurements against Gram-
negative and Gram-positive organisms, including Staphylococcus aureus (S. aureus) (ATCC
6538) and Escherichia coli (E. coli) (ATCC 8739), respectively. Microbial suspensions of
S.aureus and E. coli were produced in sterilized normal saline to achieve a bacterial cell
concentration of 108 CFU/mL (0.5 McFarland turbidity) [25]. The wells (9 mm in diameter)
were prepared by using sterile cork borer, and an overnight bacterial inoculum was uni-
formly spread using a sterile cotton swab over a sterile Mueller-Hinton agar plate. The
chosen niosomal formulations, CLR working standard solutions (12 mg/mL for S. aureus
and 30 mg/mL for E. coli) as the positive controls, and (1:1) DMSO and PBS as a negative
control were added to the wells and incubated for 24 h at 37 °C. After incubation, confluent
bacterial growth was observed. The inhibition zone of the bacterial growth was measured
in mm.

2.5. Fabrication of CLR-Loaded Niosomal Patches

CLR-loaded niosomal patches (CLR-NP) were prepared using the solvent evapora-
tion method as described in [26]. Different ratios of 5% w/w aqueous solution of HPMC
and/or 4% w/w aqueous solution of Na-CMC were used in the preparation of the niosomal
patches, and PEG400 was introduced as a plasticizer. The chosen niosomal formulation
(F9) was reconstituted in 2 mL distilled water and added to the mixture of aqueous poly-
meric solution. After that, the mixture was thoroughly stirred using a magnetic stirrer to
achieve homogeneity and sonicated for 15-20 min to remove air bubbles. The mixture was
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then poured into glass molds and dried at room temperature for 24 h. Table 2 shows the
proportion of HPMC, Na-CMC, PEG 400, and the used niosomal formulation. Figure 1
illustrates the fabrication procedure for CLR-NP. All the prepared patches were then re-
moved from the molds and visually examined for color, homogeneity, flexibility, brittleness,
and smoothness.

Table 2. Composition of CLR-NP using different polymers.

Code HPMC Na-CMC PEG-400 CLR-Niosomal Dispersion
wlw (%) wilw (%) wlw (%) wlw (%)
P1 60% - 20% 20%
P2 - 60% 20% 20%
P3 45% 35% 15% 5%
P4 40% 30% 15% 15%

Span 60 = Tween 80 =
Chol = Diethylether
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Figure 1. Schematic representation of the fabrication of CLR-loaded niosomal patches.

2.6. Evaluation of Niosomal Patches’ Physicochemical Properties
2.6.1. Physicochemical Evaluation of CLR-Loaded Niosomal Patches (CLR-NPs)

A digital caliber (Mitutoyo Co., Sakado, Japan) was used to measure the thickness of
the CLR-NPs at three distinct positions on the patches. For each CLR-NP, the mean + SD
was recorded. Weight uniformity was determined by weighing the patches and calculating
the samples’ average weights & SD. Surface pH was determined by immersing the patches
in 0.5 mL of double-distilled water for 1 h. The surface pH was then measured by placing
the probe of a digital pH meter near the patch surface and allowing it to equilibrate. This
experiment was carried out in three replicates, and the data were provided as mean =+ SD.

2.6.2. Moisture Content Determination

The prepared patches were carefully weighed and kept in a desiccator containing
calcium chloride for 72 h at room temperature [27]. The patches were reweighed, and the
percentage moisture content was calculated using Equation (2):

@

9% Moisture content — < Initial weight — Final we1ght> 100

Final weight
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2.6.3. Drug Content

The CLR content in each patch was evaluated by dissolving 1.7 cm? patches in 20 mL
PBS at 37 °C and 100 rpm and then centrifuging them at 14,000 rpm for 15 min at 25 °C to
provide a clear solution, and the samples were then quantified using HPLC. The test was
carried out in triplicate, and the mean + SD was recorded.

2.6.4. ATR-FTIR

To assess any incompatibilities a Perkin Elmer UATR-II device was used for attenu-
ated total reflectance—Fourier transform infrared spectroscopy (ATR-FTIR). Spectra were
acquired in the absorbance mode, and the resolution was set to 2 cm ™! with 32 scans per
sample. The acquired spectral data were exported in .CSV format and analyzed using
Spectrograph Version 1.2.15. CLR (pure drug), Span 60, Chol, Tween 80, CLR niosomes,
HPMC, Na-CMC, PEG 400, the physical mix of components, and niosomal patch (P4)
spectra were all studied using ATR-FTIR.

2.7. Rheological Study

The viscosity of the CLR niosomal gels loaded with the niosomal formulations (F9) and
the conventional CLR gel (control) was measured in triplicate at 32 °C using a cone—plate
geometry (gap of 0.1 mm, cone diameter of 25 mm, and cone angle of 1°) on a controlled-
stress rheometer (CSR) as described in [28]. Gel samples (CLR niosomal gels and control)
weighing 0.5 g were placed onto the plate and allowed to relax for 1 min before testing. The
viscosity of each gel was measured as a function of the applied shear rate, which ranged
from (0.1 to 100 s~ 1).

2.8. In Vitro Permeation Studies

The Franz cell apparatus (PremeGear, PA, USA) was used to explore the permeation of
CLR from the niosomal patches. The effective diffusion surface area was 1.767 cm?, and the
receiving chamber volume was 12 mL. A Strat-M® membrane was used without soaking or
hydration [29,30]. The membrane was retained in place between the vertical diffusion cells’
donor and receptor compartments. The receptor compartment was filled with 12 mL of PBS
solution containing 20% isopropanol. The receptor compartment was set at 32 °C, which
was similar to the temperature of skin [31]. To simulate in vivo conditions, continuous
stirring was ensured at 600 rpm. The niosomal patches with a surface area of 1.767 cm?
were placed in the donor compartment. To prevent evaporation, the donor compartment
was coated with parafilm™. At 1,2, 3,4, and 24 h, 1.0 mL of each Franz cell content was
removed using 1 mL syringes. To maintain the sink conditions, an identical volume of
fresh PBS (pH 7.4) containing 20% isopropanol was carefully introduced to the receptor
compartment, ensuring not to trap air behind the membrane. Samples were quantified
for their CLR content using HPLC. The % cumulative amount of CLR that permeated
through the membrane (%Q) was plotted against time (t). The slope of the linear element
of the cumulative amount of CLR permeated per unit area (Q/A) vs. time plot was used to
determine the steady-state flux (Jss, 1g/cm?/h), where A is the surface area of the Franz
cell opening, which was 1.767 cm?.

The apparent permeability (P) was determined using Equation (3):

P =]ss/Co 3)
where Co is the initial drug concentration in the donor compartment.

2.9. Cytotoxicity Assay

A cytotoxicity assay for the CLR niosomal patches (P4) and the blank niosomal patches
was performed according to the MTT cytotoxicity assay as described in [32]. Briefly, MCF-7
cells were seeded in 96-well plates at concentrations of 5000 cells/well and cultured in the
presence of either a CLR transdermal patch (P4) or a blank patch (without CLR). After 72 h
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of treatment, 20 pL of MTT (5 mg/mL) was added for 4 h to each well. Following this,
the media in the wells were removed, 200 pL of dimethyl sulfoxide was added, and the
absorbance was then measured at 560 nm.

2.10. Assay Method

Separation was carried out on a C18 column (4.6 mm X 15 cm), (Phenomenex, Torrance,
CA, USA) using a mixture of methanol and 0.0335 M monobasic potassium phosphate
(1:1), with the pH adjusted to 4.0 using phosphoric acid, and the samples were then passed
through a mixed-cellulose membrane filter. All samples were filtered through 0.22 pm
Minisart RC4 filters (Sartorius AG) before analysis. Then, the mobile phase was filtered
using a 0.45 pm mixed-cellulose filter membrane and then degassed. The mobile phase
was set to flow at a rate of 1 mL/min, and the oven temperature was maintained at 50 °C.
For HPLC analysis, all injection volumes were 20 pL. UV detection was performed at
a wavelength of 210 nm. The CLR peaks were detected at a retention time of 6.5 min.
Solutions of CLR in methanol at drug concentrations ranging from 0.069 to 1.38 mg/mL
were used to construct a standard calibration curve (R? = 0.990). Quantitative analysis was
performed in triplicate.

2.11. Statistical Analysis

All of the experiments were carried out in triplicate. The data was represented as
mean = SD. The unpaired t-test was used to conduct the statistical analysis of the difference
in the in vitro release, steady state flux (Jss), permeation (Q) among predetermined intervals
among the formulations, and cytotoxicity studies. A p value < 0.05 was set as the level of
significance.

3. Results and Discussion
3.1. CLR Saturation Solubility Determination

The solubility of CLR was higher in PBS containing 20% isopropanol than in PBS
(pH = 7.4) alone, as summarized in Table 3. Therefore, PBS containing 20% isopropanol
was chosen as the receptor media in both the drug release and drug permeation studies to
maintain the sink conditions.

Table 3. CLR saturation solubility results in PBS and PBS containing 20% isopropanol (mean + SD,
n=23).

Media Solubility (mg/mL)
PBS 0.12 +£0.01
PBS containing 20% isopropanol 0.37 £ 0.17

3.2. Characterization and Assessment of CLR-Loaded Niosomes
3.2.1. Particle Shape and Morphology

Figure 2 illustrates the morphology of the niosomal formulation (F1). It was proven
that the majority of the produced niosomes had a spherical shape. As illustrated in Figure 2,
niosomal formulation (F1) possessed a PS of 162.63 nm, which was relatively close to those
obtained by the particle size analyzer of 143.3 & 24.9 nm, as shown in Table 4. Therefore,
the findings of the particle size analyzer in terms of the particle size and uniformity were
supported by the TEM analyses. In general, the particles size measured by TEM was
usually smaller when using the DLS method, but the particle size measured by TEM could
be comparable to the DLS method, as described in previous studies [33-36].

The PS, ZP, and PDI of the lipid vesicles are summarized in Table 4. The PS values for
all the formulations ranged from 109 to 552.1 nm. Nanovesicles with a diameter of 300 nm
or less can deliver their contents into deeper skin layers to some extent. On the other hand,
particles in the 10-210 nm size range may preferentially penetrate via the transfollicular
route [37], indicating that most of the fabricated niosomes could penetrate deeply into hair
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follicles. Therefore, the niosomes with a PS less than 300 nm were considered to be in the
optimum range for use as nanocarriers for transdermal drug delivery. The type of surfactant
and the amount of Chol in the formulation affect the size of niosomes. Additionally, the
HLB values of surfactants have an impact on the size of niosomes [38]. For samples F1 and
F6, in which the ratio of the surfactant: Chol for both formulations was 1:1 and the values
of HLB were 9.85 and 15, respectively, the PS values were 143.3 & 24.9 and 109 £ 11.2 nm,
respectively. The niosomes prepared using Span 60 showed significantly (p < 0.05) higher
particle sizes than the particles prepared using Tween 80. As the HLB value decreased,
the more lipophilic surfactant was present, and the PS increased, which was in agreement
with literature [39,40]. Formerly, a study by Shehata and Elsewedy [41] reported that
Tween 80 formed smaller niosomes than Span 60, with the particle diameters ranging
from 343 to 461 nm when the Tween 80 concentration increased from 25 to 100 mol/mL,
respectively. However, when the concentration of Span 60 was increased, the vesicular
size was considerably increased from 481 nm to 1701 nm. In addition, when a mixture of
Tween 80 and Span 60 (1:1) was evaluated, the intermediate particle sizes ranged from 542
to 958 nm [41].

1000 nm 2000 nm

Figure 2. TEM photomicrographs of the selected CLR-loaded niosomal formulation (F1). Particle
size of niosome (red arrows).

Table 4. PS, ZP, PDI, and EE% values for the prepared formulations of CLR-loaded niosomes
(mean £+ SD, n = 3).

Code PS (nm) PDI ZP (mV) % EE
F1 143.30 + 24.90 0.15 £ 0.08 —40.86 = 1.50 86.00 = 2.00
F2 300.00 =+ 5.60 0.34 £ 0.00 ~50.10 + 0.42 15.00 £ 2.00
F3 400.00 + 3.60 0.36 = 0.00 ~51.82 +0.22 20.00 £ 4.00
F4 169.20 £ 11.90 0.18 = 0.04 ~53.83 £ 0.53 52.00 £ 2.00
F5 425.70 = 10.80 0.34 % 0.00 ~51.04 = 0.17 13.00 = 1.00
F6 109.00 = 11.20 0.27 + 0.04 ~21.59 & 2.01 82.00 + 7.00
F7 437.00 = 72.30 0.04 £ 0.04 ~28.42 191 12.00 + 1.00
F8 552.10 = 17.50 0.00 £ 0.00 ~59.08 £ 2.15 50.00 + 1.00
F9 295.20 £ 71.40 0.00 £ 0.00 ~3622£177  79.00 =+ 10.00

F7 and F8 had same composition of niosomes (Span 60 and Chol with a ratio of
1:0.5; however, they only differed in terms of their drug contents, which were 200 mg
and 100 mg, respectively). However, the results in Table 4 show that the increase in the
amount of CLR in the hydration media decreased the EE%, where the EE% of F7 and
F8 was 12.00 & 1.00 and 50.00 & 1.00%, respectively, which was significantly different
(p < 0.05). This was because the drug-entrapment efficiency of the niosomes was affected by
the drug concentration, where the higher the amount of drug that was added to niosomes,
the lower the drug-encapsulation efficiency was, as described in [42—44]. A high loading
concentration of the drug lowered the entrapment efficiency because a high concentration
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of the drug hindered vesicle formation, as was previously described in [45]. F9, which
was composed of 100 mg Tween 80 and 50 mg Chol, had a considerably (p < 0.05) larger
PS compared to F6, which was composed of a 1:1 Chol: Tween 80 ratio. In addition,
F7 and F8 had significantly (p < 0.05) larger PSs than those of F4, since these niosomes
had lower Chol to surfactant ratios than F4. Our findings may be explained by the fact
that the niosomes with lower Chol levels had larger particle sizes. Our findings were in
line with those of Akbari et al. [46], who observed that the PS of niosomes significantly
dropped from 444.27 + 4.86 to 383.67 &+ 5.03 nm (p = 0.0001) as the ratio of Chol: surfactant
increased from 0:10 to 5:5. El-far et al. [47] reported that a greater Chol: Tween 80 ratio
significantly reduced the particle size of niosomes. This is because higher Chol levels in
niosomes results in a greater bilayer hydrophobicity, which raises the surface energy and
reduces the particle size [38,48]. Moreover, as the amount of CLR increased from 100 to
200 mg, the vesicular size increased. A study by Miatmoko et al. [42] revealed that the PS
of niosomes increased with the addition of ursolic acid, but the encapsulation efficiency
decreased when the amount of ursolic acid was increased. To investigate the influence of
DCP addition on the niosomal size, we compared the PSs of F3 and F4, where the ratio
of Chol:surfactant:drug was 1:1:1, and the HLB value was 4.7 for both formulations. The
only difference between the two formulations was the inclusion of DCP in F3. It was found
that the addition of DCP had a significant (p < 0.05) effect on the PSs of the niosomes, since
the PSs of F3 and F4 were 400 and 169 nm, respectively. Our results were in line with
those of Sabry et al. [49] who formulated Galangin niosomal vesicles utilizing different
non-ionic surfactants (Span 20, Span 40, and Span 60) and Chol at various molar ratios with
or without charge-inducing chemicals such as DCP and Stearylamine. They reported that
the addition of DCP significantly increased the size of the niosomes.

When examining the stability of vesicles, ZP is a key physical property. Therefore,
ZP was employed to foretell the stability of the nanovesicles [50]. The ZP range of the
niosomes ranged from —21.59 to —62.87 mV. Stable niosome particles are those with zeta
potentials greater than +30 mV [51]. Thus, these values offer sufficient repulsion between
the vesicles to prevent aggregation and generate stable niosomes. Hint et al. [52] stated that
negative ZP values can be explained by the free hydroxyl groups found in the molecules of
Chol and surfactants and that Chol incorporated into Fosinopril sodium niosomes resulted
in negative ZP values in all formulations regardless of the addition of charge inducers.
Additionally, Briuglia et al. [53] reported that the incorporation of Chol into vesicular
formulations resulted in a negative ZP change, which was in accordance with our results.

The PDI ranged from 0.005 to 0.360, indicating a uniformity of the particles. The PDI
results suggested that the samples in this study were monodispersed stable niosomes,
which was indicated by the value being less than 0.5, indicating a good particle distribution
and a lower aggregation tendency [54].

3.2.2. Encapsulation Efficiency (EE)

The EE% of the prepared CLR-loaded niosomes varied from 12 to 86%. Interestingly,
the EE% of the formulations containing Tween 80 was significantly higher than the EE% of
the formulations prepared using Span 60. The highest % EE of CLR was found in F1, F6,
and F9 (80.06 & 2.01%, 76.77 &= 9.71%, and 79 £ 9.71%, respectively), compared to the other
formulations that had lower HLB values. This was despite the fact that the majority of the
available research has indicated that surfactants with an HLB value in the range of 14 to
17 are not suitable for producing niosomes and that ones with an HLB value of 8 provide
niosomes with the highest entrapment efficiency [45]. Our findings were in agreement with
study conducted by Sailaja and Shreya [55], who stated that a niosomal formulation with
a 1:1 Tween-80-to-drug ratio showed the best naproxen-entrapment efficiency, which is a
BCS class II drug. In addition, Samira et al. [56] prepared niosomes for the codelivery of
hydrophilic and lipophilic anticancer drugs. The study’s findings showed that Tween 60
with a HLB value 14.9 had a higher entrapment efficiency for hydrophobic (curcumin) and
hydrophilic (doxorubicin) drugs than Span 60.
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Furthermore, Shehata et al. [41] reported that niosomes prepared from Span 60 resulted
in a lower EE% than those prepared from Tween 80. This result could be ascribed to the
longer unsaturated side chain of the oleate component of Tween 80 compared with Span
60, which may pack the poorly water-soluble drug curcumin more tightly in the niosomal
bilayers. On the other hand, Span 60 is a solid with a transition temperature of 53 °C and a
saturated stearic fatty acid side chain [41].

3.2.3. In Vitro Release Studies

For poorly water-soluble drugs, adding solubilizers such as Tween-80, ethanol, and iso-
propanol in the release medium is recommended [57-59]. PBS containing 20% isopropanol
at pH 7.4 was chosen as the receptor media in both the drug-release and drug-permeation
studies to achieve the required sink conditions. This was because sink conditions are
attained when the equilibrium solubility of drugs in the dissolving medium is at least three
times the volume required for drug saturation [59]. In addition, these tests were carried
out using PBS solution containing 20% isopropanol (pH 7.4) at 37 & 0.5 °C and 600 rpm to
simulate physiological conditions, as has been previously described in [60]. Additionally,
to preserve the sink conditions, sampling was conducted at specific time intervals, and
after each sampling, a fresh buffer solution was supplied to the release medium [61].

F1 and F9 were chosen for the in vitro release studies as they had the greatest EE% and
a ZP value above —30 mV compared with F6. Figure 3 represents the in vitro release profiles
of the CLR-loaded niosomes from F1 and F9. After the first hour, the release results from the
F1 and F9 formulations were 22.22 4 0.59 and 59.39 =+ 10.63%, respectively. This difference
was considered to be very significant (p < 0.005). This result could be due to the variation
in the Chol: surfactant ratio between the two formulations, where F1 contained a 1:1 ration
and F9 contained a 0.5:1 ratio. Generally, the release rate is lowered as the Chol content
is raised, as has been shown in different studies, such as those involving simvastatin [62]
and diclofenac sodium [46]. Akbari et al. [46] and Witika et al. [63] reported that the vesicle
rigidity will increase and the drug release rate will slow down due to Chol increasing the
lipid state bilayer order. However, Yaghoobian et al. [64] reported that the release rate of
repaglinide, which is a BCS class II drug, was the slowest in vesicles composed of Span 60.
This outcome was attributed to the surfactant’s lipophilic character (HLB = 4.7), which leads
to greater drug-lipid chain interactions in the lipid layers of niosomes. The repaglinide
release rate from niosomes improved from 54.4 to 82.6% as the HLB of the surfactants
increased from 4.70 to 16.9. Interestingly, after 24 h, F1 and F9 showed a comparable release
percentage of 85.40 + 14.64% and 84.47 & 15.53%, respectively, which was considered
insignificant (p > 0.05). Our findings corroborated with Taymouri and Varshosaz [65], who
found that the overall amount of carvedilol (BCS class II) released from various types of
surfactants did not change significantly despite the difference in the HLB values of the
surfactants.

100 {

60 I } A/I

3o :
- 40 F1
—.—F9
20
0
1 2 3 a 24
Time (h)

Figure 3. In vitro release studies of CLR from F1 and F9. Data are presented as mean & SD (n = 3).
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3.2.4. Release Kinetics Modeling

The mathematical kinetic models were examined to study the kinetics of CLR release
from the niosomes. The correlation coefficients (R?) and release exponents (1) of the
kinetic models are displayed in Figure 4. The ideal kinetic model for CLR release for
each formulation was determined by the model that exhibited the highest regression
coefficient (R?) value (close to 1) [66]. As a result, F1 and F9 obeyed a first-order kinetic
model, which stated that the drug release rate was proportional to the residual drug
concentration in the system. Similar findings have been reported in previous studies [67,68].
For instance, Kulkarni et al. [67] reported that a first-order model was determined to be the
most appropriate model from the investigation of the release kinetics of hyaluronic-acid-
loaded niosomes, as evidenced by an R? value of 0.99. In another study, Saafan et al. [68]
showed that first-order kinetics provided the most accurate representation of drug release
for a chloroquine-niosomal formulation.
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r 7
<
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(7] )
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(14
& -
Time (h) Time (h)
C y=11.8¢%4*
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& g ¢
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Figure 4. Different kinetic models and their parameters for the release pattern of CLR from F1 and F9
niosomal formulations: Korsmeyer—Peppas kinetic model for (A) F1 and (B) F9. First-order kinetic
model for (C) F1 and (D) F9.
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According to the Korsmeyer-Peppas equation, the equivalent graph of the log cu-
mulative percentage drug release vs time is represented in Table 5, which had a good
linearity R? of 0.925 and 0.93, while the release exponent (1) was 0.88 and 0.45 for F1 and F9,
respectively (Figure 4). F1 exhibited anomalous transport kinetics (1 = 0.53-0.63), implying
diffusion and degradation mechanisms, whereas F9 exhibited a value of n = 0.45, implying
a Fickian diffusion (Case I) that was representative of first-order kinetics where diffusion
was the main release mechanism.

Table 5. Zones of inhibition (mm) of the tested niosomal formulation (F9) against S. aureus and E-coli.
Well no.1: negative control (NC) (DMSO + PBS); well no. 2: positive control (PC) with a CLR of
12 pg/100 puL and a CLR of 30 pg/100 pL for S. aureus and E-coli, respectively. Well no. 3: F9 (test
sample) with a CLR of 12 ug/100 puL and a CLR of 30 ug/100 uL for S. aureus and E. coli, respectively.

Zones of Inhibition (mm)

Bacterial Strain Well (1) Well (2) Well (3)
Staphylococcus aureus 2.4 3.2 3.2
Escherichia coli 1.3 1.9 2.0

3.3. Antimicrobial Activity of CLR-Loaded Niosomes

The antimicrobial activity of the CLR-loaded niosomes (F9) was assessed by measuring
the zones of inhibition of Gram-positive bacteria (S. aureus, ATCC 6538) and Gram-negative
bacteria (E. coli, ATCC 8739) after 24 h in a bacterial culture. Table 5 illustrates the results
and zones of inhibition. Both the CLR and F9 inhibited S. aureus more than E-coli. As can be
clearly observed from Figure 5, the CLR encapsulation in the niosomes showed antibacterial
action against S. aureus, which was similar to a free drug. Based on these findings, the
niosomal formulation maintained the antimicrobial activity of the CLR without affecting
the effective concentration. This result agreed with the study in [32], which showed that
niosomes containing azithromycin exhibited an antibacterial activity against S. aureus and
S. epidermidis that was comparable to that of free azithromycin.

Figure 5. The zones of inhibition of S. aureus using the niosomal formula F9. Note: well no.1:
negative control (50% DMSO: PBS); well no.2: positive control (CLR 12 ug/100 uL); well no.3: test
item (niosomal formulation F9) (CLR 12 pg/100 uL).

3.4. Fabrication of CLR-Loaded Niosomal Patches (CLR-NP)

In the current study, matrix-type transdermal patches were developed and evaluated.
Cellulose derivatives such as HPMC and Na-CMC were used to prepare these patches. PEG
400 was used as a plasticizer, which is frequently employed in a concentration between
5 and 20% (w/w). PEG 400 acts as a penetration enhancer, increasing skin permeability
and enhancing the diffusivity and solubility of drugs through the skin [26]. The selected
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niosomal formulation (F9) was incorporated into patches at different levels (5-20 w/w%).
The CLR-NPs were developed using HPMC, Na-CMC, PEG 400, and a CLR-niosomal
dispersion (F9). The findings demonstrated that only two of the formulations offered
flexible and uniform patches after being cast into molds (P3 and P4). These were prepared
using a mixture of 45% HPMC, 35% Na-CMC, 15% PEG400, 5% CLR-niosomal dispersion
(P3), and 40% HPMC, 30% Na-CMC, 15%PEG-400, and 15% CLR-niosomal dispersion
(P4), as illustrated in Table 3. Zaid Alkilani et al. [26], in their previous study, used various
patch-forming polymers, including Na-CMC, polyvinyl alcohol, polyvinyl pyrrolidone,
and HPMC, as well as two plasticizers (PEG 400 and isopropanol), and they stated that the
optimal patches were prepared from Na-CMC and HPMC aqueous blends.

3.5. Evaluation of CLR-Loaded Niosomal Patches

The thickness, weight uniformity, moisture content, drug content, and pH of the
samples are presented in Table 6. The weights were 415.4 & 0.6 mg and 421.6 &+ 0.7 mg for
P3 and P4, respectively. The thickness of P3 was 0.414 + 0.014 mm, while that of P4 was
0.425 £ 0.020 mm. According to the HPLC analysis, the CLR contents of the P3 and P4
patches were 2.12 £ 0.12 mg and 6.37 & 0.35 mg, respectively (P3 had a 5% drug content
and P4 had a 15% drug content), accounting for 96.58 £ 5.38% and 97.57 £ 5.43%. This
demonstrated the uniform drug distribution in P3 and P4. The moisture content was found
tobe 16.82 £ 0.11% and 9.89 =+ 0.10% for P3 and P4, respectively, with a significant difference
(p < 0.001) between P3 and P4. It is also worth noting that the required moisture content
for transdermal patches is less than 10% [69]. P3 was therefore considerably unstable and
vulnerable to microbial contamination. This was due to the greater levels of Na-CMC in
the formulations, which resulted in an increase in the moisture content. Our findings were
in agreement with Latif et al. [70] who revealed that Na-CMC is a hygroscopic polymer
that can absorb and retain water in transdermal patches, resulting in a greater moisture
content than for the HPMC polymer. Therefore, P4 was chosen for further characterization.
Additionally, the surface pH was maintained at 4.84 and 4.74, which was compatible with
the skin’s pH of 4-6 [71]. After three days, the physical and organoleptic features of the
patches, such as their color, flexibility, smoothness, and brittleness, were investigated. The
prepared patches had a uniform matrix, a smooth surface with no visible cracks, and were
elastic, as shown in Figure 6.

Table 6. Physicochemical properties of CLR niosomal patches P3 and P4. (Mean + SD, n = 4).

Thickness Weight Moisture Drug
CLR-NP (mm) Uniformity Content Content pH
(mg) (%) (%)
P3 0.42+£0.02  41540+£060 16.82+0.11 96.58 + 5.38 4.84 +0.01
P4 0.41 £0.01 421.60 £0.70  9.89 £0.10 97.57 £5.43 4.74 £ 0.01

Figure 6. Appearance of matrix-type patches containing CLR niosomes (P4) under digital camera.
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3.6. ATR-FTIR

The compatibility of CLR with other the components employed in developing the CLR-
loaded niosomal patch P4 was investigated (Figure 7). In the spectrum of the drug-loaded
niosomes, notable peaks were observed at 3370, 2920, and 1738 cm~1, which corresponded
to OH stretching, a carbonyl dimer, and C=0 stretching, respectively [72]. Similar to what
was seen in the spectrum of the blank niosomes, significant shifts were observed in terms
of C=0 stretching, which were indicative of interactions mediating niosome formation [73].
The shift seen in the OH-stretching peak suggested that the likely mechanism by which
CLR was incorporated into the niosome was hydrogen bonding [74].

—— CLR

0.6 Blank niosome
——— Niosomes

0.5 s

Abs 4

4000 3000 2000 1000
Wavenumbers (1/cm)
Figure 7. ATR-FTIR spectra of CLR, blank niosomes, niosomes, and niosomal patch (P4).

In the prepared patches of polymeric blends, the principle CLR bands were recognized.
The FTIR analysis of the CLR-loaded niosomal patch and the physical mixture revealed
minor peak shifting and smoothening, showing a physical interaction between the CLR
and the components that made up the niosomal patch (P4) [75].

3.7. Rheological Studies

The viscosity of the polymeric formulations, used in patch preparation, was examined
to estimate the flow of CLR release from patches [76]. Both the CLR-loaded conventional
patches (control) and the CLR-loaded niosomal patches (P4) displayed a pseudo-plastic
(thinning) flow with high viscosity at low shear rates and decreasing viscosity at higher
shear rates [77], as shown in Figure 8. This confirms that the shear-thinning characteristic of
CLR-loaded niosomal patches was maintained by the incorporation of niosomes. Similarly,
in investigations conducted by El Ridy et al. [78], lornoxicam niosomal gel and lornoxicam
loaded gel were developed. Shear-thinning (pseudo-plastic) behavior was observed in the
prepared gels. This shear-thinning action was attributed to the instant arrangement of the
colloidal network structure into layers that can flow more freely over each other in the
direction of shear, and therefore the viscosity decreases as the shear rate increases [78].

Notwithstanding, P4 revealed lower viscosity than its corresponding conventional
patches that contain free-CLR (control), as evidenced by the flow curves. Adding niosomes
to the aqueous polymeric gels may be responsible for P4 decreased viscosity. Moreover,
Manosroi et al. [54] have also noted a decrease in the viscosity of Carbopol® hydrogels
after incorporating niosomes. This decreased viscosity was attributed to the presence of
surfactants in the niosomes that may have promoted a weakening of the inter-polymer
bonds [79].
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Figure 8. The effect of shear rate on the viscosity of CLR-loaded niosomal patches (P4) and conven-
tional CLR patches (control).

3.8. In Vitro Permeation Study

An in vitro permeation study on a Strat-M® membrane was conducted to assess the
permeation pattern of the CLR from P4. Figure 9 shows the in vitro permeation profiles
of the conventional patch, which was used as a control, and CLR-niosome-loaded patch
(P4). The data presented in Table 7 indicate that the flux (Jss) of the niosomal patch (P4)
was significantly higher than that of the conventional patch by more than 200 times. When
comparing the CLR release data from the niosomal and conventional patches, the niosomal
patch had a significantly (p < 0.05) higher permeability coefficient of CLR than the con-
ventional patch, with values of (102.1 £ 0.6) x 10~3 cm/h and (0.5 +0.0) x 1073 em/h,
respectively. The permeation profile of P4 revealed a progressive rise in the CLR concentra-
tion over 24 h. The cumulative amount of 2742 pg of CLR that permeated the membrane
after 24 h from the P4 sample was compared to the cumulative amount of CLR that perme-
ated from the conventional patch (20 nug) after 24 h. Thus, the difference among them was
significant (p < 0.05).

3000

2500

E 1500 —&— Niosomal patch
o

1000 —&— Conventional patch

0 5 10 15 20 25 30
Time (h)

Figure 9. Cumulative amount of CLR that permeated from niosomal and conventional patches across
Strat-M® membrane for 24 h. Data are presented as mean £ SD (n = 3).
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Table 7. Drug penetration parameters from niosomal and conventional patches at 32 °C. Data are
presented as mean £ SD, (1 = 3).

. Jss px10-3
Formulations (g jem2/h) (cm/h)
Niosomal patch (P4) 380.2+23 102.1 + 0.6
Conventional patch (control) 1.7 £0.0 0.5+0.0

Our findings were consistent with previous research that found an increase in drug
permeation after encapsulating the studied drug in vesicular nanocarriers. The addition of
nonionic surfactants in niosomal formulations serves as a permeation enhancer, potentially
improving drug penetration through skin layers [2,9,11,45]. Furthermore, by enhancing
skin hydration, nanosized niosomes can also disrupt the tightly packed cellular structure
of the SC [80]. Fahmy et al. [80] investigated the effect of niosomes as a nanocarrier
on the skin permeation of ozonated olive oil. At 24 h, the skin permeation of the free
ozonated olive oil was 17.24 £ 2.06%, while the skin permeation of ozonated-olive-oil
niosomes was 53.44 + 6.41% after 24 h. This was ascribed to the presence of Span 60 and
Tween 60, which served as permeation enhancers [80]. In addition, Hashemi et al. [81]
reported that the amount of Chol in niosomes and the HLB value appeared to significantly
influence how venlafaxine HCl permeated through the skin. The highest level of venlafaxine
HCI measured in the receptor compartment for conventional gel was significantly lower
(p < 0.05) than that for niosomal gel [81]. Chol has been shown to be able to alter membrane
fluidity and phase behavior, which may increase the absorption of drugs through the
skin [81].

Furthermore, El-Ridy et al. [78] revealed that the penetration of lornoxicam encap-
sulated in niosomes was superior to that of conventional lornoxicam gel. The improved
skin absorption of lornoxicam from the niosomal gel was attributed to the presence of
nonionic surfactants, which acted as permeation enhancers, and to the niosomal vesicles in
the nanometer size range, which exhibited superior occlusive properties compared to plain
aqueous gel. These properties improved skin moisture and skin penetration. Moreovert, the
higher viscosity of the conventional gel signified a decrease in the concentration of the per-
meating drug (Figure 8). Previous studies by Hamed et al. [82,83] showed that viscous gels
exhibited slower release profiles due to the high complexity of the gel network resulting in
a long diffusion pathway. Numerous studies have demonstrated that niosomal gels have
higher retention and penetration rates through various skin layers than their corresponding
free form in solutions or conventional gels, such as for acyclovir [84], etodolac [85], resvera-
trol [86], and pregabalin [87]. These findings were justified by the lower molecular mobility
and diffusion associated with the increased viscosity of the conventional gels [79]. Thus, by
encapsulating CLR niosomes into transdermal patches, the CLR transdermal delivery was
significantly enhanced in a controlled manner.

3.9. Cytotoxicity

The repurposing of antibiotics as anticancer agents has led to the discovery of new
anti-cancer drugs [88]. Therefore, we evaluated the cytotoxic effect of a CLR transdermal
patch (P4) on MCEF-7 cells with an MTT assay. Our results showed no cytotoxic effects,
with values of 0.132 uM to 132 uM (Figure 10A). We also examined the cytotoxicity of a
blank transdermal patch (without CLR at concentrations of 0.032-32 mg/mL). Again, no
cytotoxicity was observed with the blank patch (Figure 10B). Although we could not detect
any cytotoxic effect of CLR on breast cancer cells, our results confirmed the safety of the
ingredients used to develop the transdermal patch to enhance the anti-microbial effect
of CLR.
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Figure 10. Cytotoxicity of (A) CLR niosomal patch (P4), (B) blank transdermal patch. No cytotoxic
effect on MCEF-7 cells was observed. * p < 0.01 being considered significant.

4. Conclusions

CLR-loaded niosomal nanovesicles were successfully prepared and incorporated into
a skin patch for transdermal administration. Interestingly, the encapsulation efficiency of
the formulations containing Tween 80 was significantly higher than that of the formulations
prepared using Span 60. The optimal Chol: surfactant ratio for drug release was found to
be 0.5:1. In addition, the encapsulation of CLR into niosomal nanovesicles did not reduce
the antibacterial activity of the CLR. The shear-thinning characteristics of the CLR-loaded
niosomal patches were maintained by the incorporation of niosomes. The niosomal patches
had a significantly higher permeability coefficient of CLR than the conventional patch,
and they significantly enhanced the transdermal delivery of CLR. Proceeding from the
aforementioned findings, it can be concluded that niosome-based patches that mediate TDD
are a potential strategy for avoiding the bitterness of the oral liquid dosage form of CLR,
lowering GIT-related side effects, and extending CLR’s presence in the systemic circulation,
thus, allowing for less frequent dosing. In conclusion, niosome-based transdermal patches
may be a promising method for the TDD of class II drugs and drugs experiencing GIT-
related side effects.

Author Contributions: Conceptualization, A.Z.A.; Methodology, A.Z.A., BM.,R.H., L.S. and HAB,;
Validation, B.M.; Formal analysis, B.M.; Writing—original draft, A.Z.A. and B.M.; Writing—review
and editing, A.Z.A., R H. and L.S.; Supervision, A.Z.A. All authors have read and agreed to the
published version of the manuscript.

Funding: This work received financial support from the Zarqa University (grant no. 24/201/2019).
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: All of the authors of this manuscript are thankful to their respective depart-
ments/universities for the successful completion of this study.

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



J. Funct. Biomater. 2023, 14,57 18 of 21

References

1. Qu, F; Geng, R;; Liu, Y.; Zhu, J. Advanced nanocarrier- and microneedle-based transdermal drug delivery strategies for skin
diseases treatment. Theranostics 2022, 12, 3372-3406. [CrossRef] [PubMed]

2. Alkilani, A.Z.; Nasereddin, J.; Hamed, R.; Nimrawi, S.; Hussein, G.; Abo-Zour, H.; Donnelly, R.F. Beneath the Skin: A Review of
Current Trends and Future Prospects of Transdermal Drug Delivery Systems. Pharmaceutics 2022, 14, 1152. [CrossRef]

3. Prausnitz, M.R,; Langer, R. Transdermal drug delivery. Nat. Biotechnol. 2008, 26, 1261-1268. [CrossRef] [PubMed]

4. Alkilani, A.Z.; McCrudden, M.T.C.; Donnelly, R.F. Transdermal Drug Delivery: Innovative Pharmaceutical Developments Based
on Disruption of the Barrier Properties of the Stratum Corneum. Pharmaceutics 2015, 7, 438-470. [CrossRef] [PubMed]

5. Jeong, W.Y,; Kwon, M.; Choi, H.E.; Kim, K.S. Recent advances in transdermal drug delivery systems: A review. Biomater. Res.
2021, 25, 24. [CrossRef] [PubMed]

6. Arzani, G.; Haeri, A.; Daeihamed, M.; Bakhtiari-Kaboutaraki, H.; Dadashzadeh, S. Niosomal carriers enhance oral bioavailability
of carvedilol: Effects of bile salt-enriched vesicles and carrier surface charge. Int. . Nanomed. 2015, 10, 4797-4813. [CrossRef]

7. Yeh, M.I,; Huang, H.C ; Liaw, ].H.; Huang, M.C.; Huang, K.F,; Hsu, EL. Dermal delivery by niosomes of black tea extract as a
sunscreen agent. Int. |. Dermatol. 2013, 52, 239-245. [CrossRef]

8.  Zaid Alkilani, A.; Abu-Zour, H.; Alshishani, A.; Abu-Huwaij, R.; Basheer, H.A.; Abo-Zour, H. Formulation and Evaluation of
Niosomal Alendronate Sodium Encapsulated in Polymeric Microneedles: In Vitro Studies, Stability Study and Cytotoxicity Study.
Nanomaterials 2022, 12, 3570. [CrossRef]

9. Ge, X,; Wei, M,; He, S.; Yuan, W.E. Advances of Non-Ionic Surfactant Vesicles (Niosomes) and Their Application in Drug Delivery.
Pharmaceutics 2019, 11, 55. [CrossRef]

10. Zhang, W.; Zhao, X.; Yu, G.; Suo, M. Optimization of propofol loaded niosomal gel for transdermal delivery. ]. Biomater. Sci.
Polym. Ed. 2021, 32, 858-873. [CrossRef]

11.  Gharbavi, M.; Amani, J.; Kheiri-Manyjili, H.; Danafar, H.; Sharafi, A. Niosome: A Promising Nanocarrier for Natural Drug Delivery
through Blood-Brain Barrier. Adv. Pharmacol. Sci. 2018, 2018, 6847971. [CrossRef] [PubMed]

12. Pastore, M.N,; Kalia, Y.N.; Horstmann, M.; Roberts, M.S. Transdermal patches: History, development and pharmacology. Br. J.
Pharmacol. 2015, 172, 2179-2209. [CrossRef] [PubMed]

13. Abu-Qatouseh, L.; Abu-Sini, M.; Mayyas, A.M.A.; Darwish, R.; Aburjai, T.; Sabri, I. Molecular characterization and antibiotic
susceptibility profiles of Helicobacter pylori isolated from patients with Gastrodeudenal diseases in Jordan. Int. Arab. ]. Antimicrob.
Agents 2016, 6. [CrossRef]

14. Aoki, H.; Iwao, Y.; Mizoguchi, M.; Noguchi, S.; Itai, S. Clarithromycin highly-loaded gastro-floating fine granules prepared by
high-shear melt granulation can enhance the efficacy of Helicobacter pylori eradication. Eur. J. Pharm. Biopharm. 2015, 92, 22-27.
[CrossRef] [PubMed]

15. Hoban, D.J.; Nauta, J. Clinical And Bacteriological Impact Of Clarithromycin In Streptococcal Pharyngitis: Findings From A
Meta-Analysis Of Clinical Trials. Drug Des. Dev. Ther. 2019, 13, 3551-3558. [CrossRef] [PubMed]

16. Israr, M.; Pugliese, N. Preparation and Characterization of Controlled-Release Floating Bilayer Tablets of Esomeprazole and
Clarithromycin. Molecules 2022, 27, 27. [CrossRef]

17.  Mahdi, W.A.; Hussain, A.; Bukhari, S.I.; Alshehri, S.; Singh, B.; Ali, N. Removal of clarithromycin from aqueous solution using
water/triton X-100/ ethanol/ olive oil green nanoemulsion method. |. Water Process Eng. 2021, 40, 101973. [CrossRef]

18.  Shilakari Asthana, G.; Sharma, PK.; Asthana, A. In Vitro and In Vivo Evaluation of Niosomal Formulation for Controlled Delivery
of Clarithromycin. Scientifica 2016, 2016, 6492953. [CrossRef]

19. Rodvold, K.A. Clinical Pharmacokinetics of Clarithromycin. Clin. Pharmacokinet. 1999, 37, 385-398. [CrossRef]

20. Abu-Khalaf, N.; Zaid, A.N.; Jaradat, N. The Taste of Commercially Available Clarithromycin Oral Pharmaceutical Suspensions in
the Palestinian Market: Electronic Tongue and In Vivo Evaluation. Sensors 2018, 18, 454. [CrossRef]

21. Zhu, C;Tian, Y,; Zhang, E.; Gao, X.; Zhang, H.; Liu, N.; Han, X,; Sun, Y,; Wang, Z.; Zheng, A. Semisolid Extrusion 3D Printing of
Propranolol Hydrochloride Gummy Chewable Tablets: An Innovative Approach to Prepare Personalized Medicine for Pediatrics.
AAPS PharmSciTech 2022, 23, 166. [CrossRef] [PubMed]

22.  El-Rachidi, S.; LaRochelle, ].M.; Morgan, J.A. Pharmacists and Pediatric Medication Adherence: Bridging the Gap. Hosp. Pharm.
2017, 52, 124-131. [CrossRef] [PubMed]

23.  Winnick, S.; Lucas, D.O.; Hartman, A.L.; Toll, D. How do you improve compliance? Pediatrics 2005, 115, e718—e724. [CrossRef]
[PubMed]

24. Haque, E; Sajid, M.; Cameotra, S.S.; Battacharyya, M.S. Anti-biofilm activity of a sophorolipid-amphotericin B niosomal
formulation against Candida albicans. Biofouling 2017, 33, 768-779. [CrossRef] [PubMed]

25. Sadeghi-Ghadi, Z.; Behjou, N.; Ebrahimnejad, P.; Mahkam, M.; Goli, H.R.; Lam, M.; Nokhodchi, A. Improving Antibacterial
Efficiency of Curcumin in Magnetic Polymeric Nanocomposites. J. Pharm. Innov. 2022. [CrossRef]

26. Zaid Alkilani, A.; Hamed, R.; Hussein, G.; Alnadi, S. Nanoemulsion-based patch for the dermal delivery of ascorbic acid.
J. Dispers. Sci. Technol. 2022, 43, 1801-1811. [CrossRef]

27. Prajapati, S.T.; Patel, C.G.; Patel, C.N. Formulation and evaluation of transdermal patch of repaglinide. ISRN Pharm. 2011,
2011, 651909. [CrossRef]

28. Hamed, R.; Al-Adhami, Y.; Abu-Huwaij, R. Concentration of a microemulsion influences the mechanical properties of ibuprofen

in situ microgels. Int. ]. Pharm. 2019, 570, 118684. [CrossRef]


http://doi.org/10.7150/thno.69999
http://www.ncbi.nlm.nih.gov/pubmed/35547773
http://doi.org/10.3390/pharmaceutics14061152
http://doi.org/10.1038/nbt.1504
http://www.ncbi.nlm.nih.gov/pubmed/18997767
http://doi.org/10.3390/pharmaceutics7040438
http://www.ncbi.nlm.nih.gov/pubmed/26506371
http://doi.org/10.1186/s40824-021-00226-6
http://www.ncbi.nlm.nih.gov/pubmed/34321111
http://doi.org/10.2147/ijn.s84703
http://doi.org/10.1111/j.1365-4632.2012.05587.x
http://doi.org/10.3390/nano12203570
http://doi.org/10.3390/pharmaceutics11020055
http://doi.org/10.1080/09205063.2021.1877064
http://doi.org/10.1155/2018/6847971
http://www.ncbi.nlm.nih.gov/pubmed/30651728
http://doi.org/10.1111/bph.13059
http://www.ncbi.nlm.nih.gov/pubmed/25560046
http://doi.org/10.3823/794
http://doi.org/10.1016/j.ejpb.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25703356
http://doi.org/10.2147/DDDT.S205820
http://www.ncbi.nlm.nih.gov/pubmed/31802844
http://doi.org/10.3390/molecules27103242
http://doi.org/10.1016/j.jwpe.2021.101973
http://doi.org/10.1155/2016/6492953
http://doi.org/10.2165/00003088-199937050-00003
http://doi.org/10.3390/s18020454
http://doi.org/10.1208/s12249-022-02304-x
http://www.ncbi.nlm.nih.gov/pubmed/35705726
http://doi.org/10.1310/hpj5202-124
http://www.ncbi.nlm.nih.gov/pubmed/28321139
http://doi.org/10.1542/peds.2004-1133
http://www.ncbi.nlm.nih.gov/pubmed/15930200
http://doi.org/10.1080/08927014.2017.1363191
http://www.ncbi.nlm.nih.gov/pubmed/28946803
http://doi.org/10.1007/s12247-022-09619-z
http://doi.org/10.1080/01932691.2021.1880924
http://doi.org/10.5402/2011/651909
http://doi.org/10.1016/j.ijpharm.2019.118684

J. Funct. Biomater. 2023, 14,57 19 of 21

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hagq, A.; Goodyear, B.; Ameen, D.; Joshi, V.; Michniak-Kohn, B. Strat-M® synthetic membrane: Permeability comparison to
human cadaver skin. Int. J. Pharm. 2018, 547, 432-437. [CrossRef]

Zaid Alkilani, A.; Hamed, R.; Al-Marabeh, S.; Kamal, A.; Abu-Huwaij, R.; Hamad, I. Nanoemulsion-based film formulation for
transdermal delivery of carvedilol. J. Drug Deliv. Sci. Technol. 2018, 46, 122-128. [CrossRef]

Jonsdottir, F.; Snorradottir, B.S.; Gunnarsson, S.; Georgsdottir, E.; Sigurdsson, S. Transdermal Drug Delivery: Determining
Permeation Parameters Using Tape Stripping and Numerical Modeling. Pharmaceutics 2022, 14, 1880. [CrossRef] [PubMed]
Zaid Alkilani, A.; Hamed, R.; Abdo, H.; Swellmeen, L.; Basheer, H.A.; Wahdan, W.; Abu Kwiak, A.D. Formulation and Evaluation
of Azithromycin-Loaded Niosomal Gel: Optimization, In Vitro Studies, Rheological Characterization, and Cytotoxicity Study.
ACS Omega 2022. [CrossRef] [PubMed]

De Silva, L.; Fu, ].-Y.; Htar, T.T.; Muniyandy, S.; Kasbollah, A.; Kamal, WH.B.W.; Chuah, L.-H. Characterization, optimization,
and in vitro evaluation of Technetium-99m-labeled niosomes. Int. J. Nanomed. 2019, 14, 1101. [CrossRef] [PubMed]

Maurer, V.; Altin, S.; Ag Seleci, D.; Zarinwall, A.; Temel, B.; Vogt, PM.; Strauf3, S.; Stahl, F.; Scheper, T.; Bucan, V.; et al. In-Vitro
Application of Magnetic Hybrid Niosomes: Targeted siRNA-Delivery for Enhanced Breast Cancer Therapy. Pharmaceutics 2021,
13, 394. [CrossRef]

Obeid, M.A,; Gany, S.A.S.; Gray, A.L; Young, L.; Igoli, J.O.; Ferro, V.A. Niosome-encapsulated balanocarpol: Compound isolation,
characterisation, and cytotoxicity evaluation against human breast and ovarian cancer cell lines. Nanotechnology 2020, 31, 195101.
[CrossRef]

Sezgin-Bayindir, Z.; Yuksel, N. Investigation of formulation variables and excipient interaction on the production of niosomes.
AAPS PharmSciTech 2012, 13, 826-835. [CrossRef]

Danaei, M.; Dehghankhold, M.; Ataei, S.; Hasanzadeh Davarani, F.; Javanmard, R.; Dokhani, A.; Khorasani, S.; Mozafari, M.R.
Impact of Particle Size and Polydispersity Index on the Clinical Applications of Lipidic Nanocarrier Systems. Pharmaceutics 2018,
10, 57. [CrossRef]

Wagqas, M.K,; Sadia, H.; Khan, M.I;; Omer, M.O,; Siddique, M.I; Qamar, S.; Zaman, M.; Butt, M.H.; Mustafa, M.W.; Rasool, N.
Development and characterization of niosomal gel of fusidic acid: In-vitro and ex-vivo approaches. Des. Monomers Polym. 2022,
25,165-174. [CrossRef]

Bnyan, R.; Khan, I.; Ehtezazi, T.; Saleem, I.; Gordon, S.; O’'Neill, E; Roberts, M. Surfactant Effects on Lipid-Based Vesicles
Properties. J. Pharm. Sci. 2018, 107, 1237-1246. [CrossRef]

Salehi, S.; Nourbakhsh, M.S. Co-encapsulation of curcumin and boswellic acids in chitosan-coated niosome: An in-vitro digestion
study. J. Microencapsul. 2022, 39, 226-238. [CrossRef]

Shehata, T.M.; Ibrahim, M.M. Curcumin Niosomes Prepared from Proniosomal Gels: In Vitro Skin Permeability, Kinetic and In
Vivo Studies. Polymers 2021, 13, 791. [CrossRef] [PubMed]

Miatmoko, A.; Safitri, S.A.; Aquila, F.; Cahyani, D.M.; Hariawan, B.S.; Hendrianto, E.; Hendradi, E.; Sari, R. Characterization and
distribution of niosomes containing ursolic acid coated with chitosan layer. Res. Pharm. Sci. 2021, 16, 660-673. [CrossRef]

Joshi, S.; White, R.; Sahu, R.; Dennis, V.A ; Singh, S.R. Comprehensive Screening of Drug Encapsulation and Co-Encapsulation
into Niosomes Produced Using a Microfluidic Device. Processes 2020, 8, 535. [CrossRef]

Tabandeh, H.; Mortazavi, S.A. An Investigation into Some Effective Factors on Encapsulation Efficiency of Alpha-Tocopherol in
MLVs and the Release Profile from the Corresponding Liposomal Gel. Iran. ]. Pharm. Res. IJPR 2013, 12, 21-30.

Bhardwaj, P; Tripathi, P.; Gupta, R.; Pandey, S. Niosomes: A review on niosomal research in the last decade. J. Drug Deliv. Sci.
Technol. 2020, 56, 101581. [CrossRef]

Akbari, J.; Saeedi, M.; Morteza-Semnani, K.; Hashemi, S.M.H.; Babaei, A.; Eghbali, M.; Mohammadi, M.; Rostamkalaei, S.S.;
Asare-Addo, K.; Nokhodchi, A. Innovative topical niosomal gel formulation containing diclofenac sodium (niofenac). J. Drug
Target. 2022, 30, 108-117. [CrossRef] [PubMed]

El-Far, SSW.; Abo El-Enin, H.A. Targeting Colorectal Cancer Cells with Niosomes Systems Loaded with Two Anticancer Drugs
Models; Comparative In Vitro and Anticancer Studies. Pharmaceuticals 2022, 15, 816. [CrossRef] [PubMed]

Bashash, M.; Varidi, M.; Varshosaz, J. Sucrose stearate based niosomes as an alternative to ordinary vehicles for efficient curcumin
delivery. J. Food Meas. Charact. 2022, 16, 2104-2118. [CrossRef]

Sabry, S.; El hakim Ramadan, A.; Abd elghany, M.; Okda, T.; Hasan, A. Formulation, characterization, and evaluation of the
anti-tumor activity of nanosized galangin loaded niosomes on chemically induced hepatocellular carcinoma in rats. J. Drug Deliv.
Sci. Technol. 2021, 61, 102163. [CrossRef]

Zaki, RM.; Alfadhel, M.M.; Alshahrani, S.M. Formulation of Chitosan-Coated Brigatinib Nanospanlastics: Optimization,
Characterization, Stability Assessment and In-Vitro Cytotoxicity Activity against H-1975 Cell Lines. Pharmaceuticals 2022, 15, 348.
[CrossRef]

Chen, S.; Hanning, S.; Falconer, J.; Locke, M.; Wen, J. Recent advances in non-ionic surfactant vesicles (niosomes): Fabrication,
characterization, pharmaceutical and cosmetic applications. Eur. |. Pharm. Biopharm. 2019, 144, 18-39. [CrossRef] [PubMed]
Hnin, H.M.; Stefansson, E.; Loftsson, T. Physicochemical and Stability Evaluation of Topical Niosomal Encapsulating Fosinopril /y-
Cyclodextrin Complex for Ocular Delivery. Pharmaceutics 2022, 14, 1147. [CrossRef] [PubMed]

Briuglia, M.L.; Rotella, C.; McFarlane, A.; Lamprou, D.A. Influence of cholesterol on liposome stability and on in vitro drug
release. Drug Deliv. Transl. Res. 2015, 5, 231-242. [CrossRef] [PubMed]


http://doi.org/10.1016/j.ijpharm.2018.06.012
http://doi.org/10.1016/j.jddst.2018.05.015
http://doi.org/10.3390/pharmaceutics14091880
http://www.ncbi.nlm.nih.gov/pubmed/36145628
http://doi.org/10.1021/acsomega.2c03762
http://www.ncbi.nlm.nih.gov/pubmed/36385887
http://doi.org/10.2147/IJN.S184912
http://www.ncbi.nlm.nih.gov/pubmed/30863048
http://doi.org/10.3390/pharmaceutics13030394
http://doi.org/10.1088/1361-6528/ab6d9c
http://doi.org/10.1208/s12249-012-9805-4
http://doi.org/10.3390/pharmaceutics10020057
http://doi.org/10.1080/15685551.2022.2086411
http://doi.org/10.1016/j.xphs.2018.01.005
http://doi.org/10.1080/02652048.2022.2060360
http://doi.org/10.3390/polym13050791
http://www.ncbi.nlm.nih.gov/pubmed/33806659
http://doi.org/10.4103/1735-5362.327512
http://doi.org/10.3390/pr8050535
http://doi.org/10.1016/j.jddst.2020.101581
http://doi.org/10.1080/1061186X.2021.1941060
http://www.ncbi.nlm.nih.gov/pubmed/34116599
http://doi.org/10.3390/ph15070816
http://www.ncbi.nlm.nih.gov/pubmed/35890115
http://doi.org/10.1007/s11694-022-01309-1
http://doi.org/10.1016/j.jddst.2020.102163
http://doi.org/10.3390/ph15030348
http://doi.org/10.1016/j.ejpb.2019.08.015
http://www.ncbi.nlm.nih.gov/pubmed/31446046
http://doi.org/10.3390/pharmaceutics14061147
http://www.ncbi.nlm.nih.gov/pubmed/35745720
http://doi.org/10.1007/s13346-015-0220-8
http://www.ncbi.nlm.nih.gov/pubmed/25787731

J. Funct. Biomater. 2023, 14,57 20 of 21

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Mansouri, M.; Khayam, N.; Jamshidifar, E.; Pourseif, T.; Kianian, S.; Mirzaie, A.; Akbarzadeh, I.; Ren, Q. Streptomycin Sulfate-
Loaded Niosomes Enables Increased Antimicrobial and Anti-Biofilm Activities. Front. Bioeng. Biotechnol. 2021, 9, 745099.
[CrossRef]

Sailaja, A.K.; Shreya, M. Preparation and characterization of naproxen loaded niosomes by ether injection method. Nano Biomed.
Eng. 2018, 10, 174-180. [CrossRef]

Naderinezhad, S.; Amoabediny, G.; Haghiralsadat, F. Co-delivery of hydrophilic and hydrophobic anticancer drugs using
biocompatible pH-sensitive lipid-based nano-carriers for multidrug-resistant cancers. RSC Adv. 2017, 7, 30008-30019. [CrossRef]
Abouelmagd, S.A.; Sun, B.; Chang, A.C.; Ku, YJ.; Yeo, Y. Release kinetics study of poorly water-soluble drugs from nanoparticles:
Are we doing it right? Mol. Pharm. 2015, 12, 997-1003. [CrossRef]

Mazyed, E.A.; Badria, F.A.; EINaggar, M.H.; El-Masry, S.M.; Helmy, S.A. Development of Cyclodextrin-Functionalized Transetho-
niosomes of 6-Gingerol: Statistical Optimization, In Vitro Characterization and Assessment of Cytotoxic and Anti-Inflammatory
Effects. Pharmaceutics 2022, 14, 1170. [CrossRef]

Milanowski, B.; Wosicka-Frackowiak, H.; Gtéwka, E. Optimization and Evaluation of the In Vitro Permeation Parameters of
Topical Products with Non-Steroidal Anti-Inflammatory Drugs through Strat-M(®) Membrane. Pharmaceutics 2021, 13, 1305.
[CrossRef]

Innes, E.; Yiu, HH.P; McLean, P,; Brown, W.; Boyles, M. Simulated biological fluids—A systematic review of their biological
relevance and use in relation to inhalation toxicology of particles and fibres. Crit. Rev. Toxicol. 2021, 51, 217-248. [CrossRef]
Michnik, A.; Kietboni, A.; Duch, K.; Sadowska-Krepa, E.; Pokora, I. Comparison of human blood serum DSC profiles in aqueous
and PBS buffer solutions. . Therm. Anal. Calorim. 2022, 147, 6739-6743. [CrossRef]

Akbarzadeh, I.; Keramati, M.; Azadi, A.; Afzali, E.; Shahbazi, R.; Chiani, M.; Norouzian, D.; Bakhshandeh, H. Optimization,
physicochemical characterization, and antimicrobial activity of a novel simvastatin nano-niosomal gel against E. coli and S.
aureus. Chem. Phys. Lipids 2021, 234, 105019. [CrossRef]

Witika, B.A; Bassey, K.E.; Demana, PH.; Siwe-Noundou, X.; Poka, M.S. Current Advances in Specialised Niosomal Drug Delivery:
Manufacture, Characterization and Drug Delivery Applications. Int. ]. Mol. Sci. 2022, 23, 9668. [CrossRef] [PubMed]
Yaghoobian, M.; Haeri, A.; Bolourchian, N. The Impact of Surfactant Composition and Surface Charge of Niosomes on the Oral
Absorption of Repaglinide as a BCS II Model Drug. Int. . Nanomed. 2020, 15, 8767-8781. [CrossRef]

Taymouri, S.; Varshosaz, J. Effect of different types of surfactants on the physical properties and stability of carvedilol nano-
niosomes. Adv. Biomed. Res. 2016, 5, 48. [CrossRef] [PubMed]

Wojcik-Pastuszka, D.; Krzak, J. Evaluation of the Release Kinetics of a Pharmacologically Active Substance from Model Intra-
Articular Implants Replacing the Cruciate Ligaments of the Knee. Materials 2019, 12, 1202. [CrossRef]

Kulkarni, P.; Rawtani, D.; Rajpurohit, S.; Vasvani, S.; Barot, T. Self-assembly based aerosolized hyaluronic acid (HA) loaded
niosomes for lung delivery: An in-vitro and in-vivo evaluation. J. Drug Deliv. Sci. Technol. 2022, 75, 103627. [CrossRef]

Saafan, H.A.; Ibrahim, K.M.; Thabet, Y.; Elbeltagy, S.M.; Eissa, R.A.; Ghaleb, A.H.; Ibrahim, F; Elsabahy, M. Intratracheal
Administration of Chloroquine-Loaded Niosomes Minimize Systemic Drug Exposure. Pharmaceutics 2021, 13, 957. [CrossRef]
Yuliana, B.; Sartini; Djide, N.; Djabir, Y.Y. Wound healing effect of snakehead fish (Channa striata) mucus containing transdermal
patch. J. Appl. Pharm. Sci. 2022, 12, 171-183. [CrossRef]

Latif, M.S.; Al-Harbi, EF,; Nawaz, A. Formulation and Evaluation of Hydrophilic Polymer Based Methotrexate Patches: In Vitro
and In Vivo Characterization. Polymers 2022, 14, 1310. [CrossRef]

Abu-Huwaij, R.; Abbas, M.M.; Al-Shalabi, R.; Almasri, EN. Synthesis of transdermal patches loaded with greenly synthesized
zinc oxide nanoparticles and their cytotoxic activity against triple negative breast cancer. Appl. Nanosci. 2022, 12, 69-78. [CrossRef]
El Nashar, N.E; Donia, A.A.; Mady, O.Y.; El Maghraby, G.M. Formulation of clarithromycin floating microspheres for eradication
of Helicobacter pylori. J. Drug Deliv. Sci. Technol. 2017, 41, 213-221. [CrossRef]

Afreen, U.; Fahelelbom, K.M.; Shah, S.N.H.; Ashames, A.; Almas, U.; Khan, S.A.; Yameen, M.A; Nisar, N.; Bin Asad, M.H.H.;
Murtaza, G. Formulation and evaluation of niosomes-based chlorpheniramine gel for the treatment of mild to moderate skin
allergy. J. Exp. Nanosci. 2022, 17, 467-495. [CrossRef]

Kumar, G.P; Rajeshwarrao, P. Nonionic surfactant vesicular systems for effective drug delivery—An overview. Acta Pharm. Sin. B
2011, 1, 208-219. [CrossRef]

Dilaver, M.; Yurdakoc, K. Fumaric acid cross-linked carboxymethylcellulose/poly(vinyl alcohol) hydrogels. Polym. Bull. 2016, 73,
2661-2675. [CrossRef]

Abu-Rumman, A.; Abu-Huwaij, R.; Hamed, R. Development and in vitro appraisal of Soluplus® and/or Carbopol® 971
buccoadhesive patches releasing atorvastatin. J. Adhes. 2022, 98, 915-933. [CrossRef]

Shirsand, S.B.; Kumar, G.R.; Keshavshetti, G.G.; Bushetti, S.S.; Swamy, P.V. Formulation and evaluation of clotrimazole niosomal
gel for topical application. RGUHS J. Pharm. Sci. 2015, 5, 32-38. [CrossRef]

El-Ridy, M.S.; Yehia, S.A.; Mohsen, A.M.; El-Awdan, S.A.; Darwish, A.B. Formulation of Niosomal Gel for Enhanced Transdermal
Lornoxicam Delivery: In-Vitro and In-Vivo Evaluation. Curr. Drug Deliv. 2018, 15, 122-133. [CrossRef]

Nigro, F.; Cerqueira Pinto, C.d.S.; dos Santos, E.P.; Mansur, C.R.E. Niosome-based hydrogel as a potential drug delivery system
for topical and transdermal applications. Int. J. Polym. Mater. Polym. Biomater. 2022, 71, 444-461. [CrossRef]

Fahmy, S.A.; Ramzy, A.; Sawy, A.M.; Nabil, M.; Gad, M.Z. Ozonated Olive Oil: Enhanced Cutaneous Delivery via Niosomal
Nanovesicles for Melanoma Treatment. Antioxidants 2022, 11, 1318. [CrossRef]


http://doi.org/10.3389/fbioe.2021.745099
http://doi.org/10.5101/nbe.v10i2.p174-180
http://doi.org/10.1039/C7RA01736G
http://doi.org/10.1021/mp500817h
http://doi.org/10.3390/pharmaceutics14061170
http://doi.org/10.3390/pharmaceutics13081305
http://doi.org/10.1080/10408444.2021.1903386
http://doi.org/10.1007/s10973-021-11008-6
http://doi.org/10.1016/j.chemphyslip.2020.105019
http://doi.org/10.3390/ijms23179668
http://www.ncbi.nlm.nih.gov/pubmed/36077066
http://doi.org/10.2147/IJN.S261932
http://doi.org/10.4103/2277-9175.178781
http://www.ncbi.nlm.nih.gov/pubmed/27110545
http://doi.org/10.3390/ma12081202
http://doi.org/10.1016/j.jddst.2022.103627
http://doi.org/10.3390/pharmaceutics13101677
http://doi.org/10.7324/JAPS.2022.120717
http://doi.org/10.3390/polym14071310
http://doi.org/10.1007/s13204-021-02166-y
http://doi.org/10.1016/j.jddst.2017.07.016
http://doi.org/10.1080/17458080.2022.2094915
http://doi.org/10.1016/j.apsb.2011.09.002
http://doi.org/10.1007/s00289-016-1613-7
http://doi.org/10.1080/00218464.2020.1864337
http://doi.org/10.5530/rjps.2015.1.4
http://doi.org/10.2174/1567201814666170224141548
http://doi.org/10.1080/00914037.2020.1848833
http://doi.org/10.3390/antiox11071318

J. Funct. Biomater. 2023, 14,57 21 of 21

81.

82.

83.

84.

85.

86.

87.

88.

Hashemi, S.M.H.; Enayatifard, R.; Akbari, J.; Saeedi, M.; Seyedabadi, M.; Morteza-Semnani, K.; Babaei, A.; Asare-Addo, K,;
Nokhodchi, A. Venlafaxine HCI Encapsulated in Niosome: Green and Eco-friendly Formulation for the Management of Pain.
AAPS PharmSciTech 2022, 23, 149. [CrossRef]

Hamed, R.; Abu Kwiak, A.D. Microemulsions as Lipid Nanosystems Loaded into Thermoresponsive In Situ Microgels for Local
Ocular Delivery of Prednisolone. Pharmaceutics 2022, 14, 1975. [CrossRef] [PubMed]

Hamed, R.; Basil, M.; AlBaraghthi, T.; Sunoqrot, S.; Tarawneh, O. Nanoemulsion-based gel formulation of diclofenac diethylamine:
Design, optimization, rheological behavior and in vitro diffusion studies. Pharm. Dev. Technol. 2016, 21, 980-989. [CrossRef]
[PubMed]

Jacob, S.; Nair, A.B.; Al-Dhubiab, B.E. Preparation and evaluation of niosome gel containing acyclovir for enhanced dermal
deposition. J. Liposome Res. 2017, 27, 283-292. [CrossRef] [PubMed]

Shilakari Asthana, G.; Asthana, A.; Singh, D.; Sharma, PX. Etodolac Containing Topical Niosomal Gel: Formulation Development
and Evaluation. J. Drug Deliv. 2016, 2016, 9324567. [CrossRef] [PubMed]

Negi, P; Aggarwal, M.; Sharma, G.; Rathore, C.; Sharma, G.; Singh, B.; Katare, O.P. Niosome-based hydrogel of resveratrol for
topical applications: An effective therapy for pain related disorder(s). Biomed. Pharmacother. 2017, 88, 480-487. [CrossRef]
Arafa, M.G.; Ayoub, B.M. DOE Optimization of Nano-based Carrier of Pregabalin as Hydrogel: New Therapeutic &Chemometric
Approaches for Controlled Drug Delivery Systems. Sci. Rep. 2017, 7, 41503. [CrossRef]

Pfab, C.; Schnobrich, L. Repurposing of Antimicrobial Agents for Cancer Therapy: What Do We Know? Cancers 2021, 13, 3193.
[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.


http://doi.org/10.1208/s12249-022-02299-5
http://doi.org/10.3390/pharmaceutics14091975
http://www.ncbi.nlm.nih.gov/pubmed/36145726
http://doi.org/10.3109/10837450.2015.1086372
http://www.ncbi.nlm.nih.gov/pubmed/26369621
http://doi.org/10.1080/08982104.2016.1224897
http://www.ncbi.nlm.nih.gov/pubmed/27558522
http://doi.org/10.1155/2016/9324567
http://www.ncbi.nlm.nih.gov/pubmed/27478643
http://doi.org/10.1016/j.biopha.2017.01.083
http://doi.org/10.1038/srep41503
http://doi.org/10.3390/cancers13133193

	Introduction 
	Materials and Methods 
	Materials 
	Saturation Solubility of CLR 
	Preparation of CLR Niosomes 
	Characterization of CLR-Loaded Niosomes 
	Transmission Electron Microscopy (TEM) 
	Particle Size (PS), Zeta Potential (ZP), and Polydispersity Index (PDI) 
	Encapsulation Efficiency (EE) 
	In Vitro Release Studies 
	Release Kinetics Modeling 
	Antimicrobial Activity Testing 

	Fabrication of CLR-Loaded Niosomal Patches 
	Evaluation of Niosomal Patches’ Physicochemical Properties 
	Physicochemical Evaluation of CLR-Loaded Niosomal Patches (CLR–NPs) 
	Moisture Content Determination 
	Drug Content 
	ATR–FTIR 

	Rheological Study 
	In Vitro Permeation Studies 
	Cytotoxicity Assay 
	Assay Method 
	Statistical Analysis 

	Results and Discussion 
	CLR Saturation Solubility Determination 
	Characterization and Assessment of CLR-Loaded Niosomes 
	Particle Shape and Morphology 
	Encapsulation Efficiency (EE) 
	In Vitro Release Studies 
	Release Kinetics Modeling 

	Antimicrobial Activity of CLR-Loaded Niosomes 
	Fabrication of CLR-Loaded Niosomal Patches (CLR–NP) 
	Evaluation of CLR-Loaded Niosomal Patches 
	ATR–FTIR 
	Rheological Studies 
	In Vitro Permeation Study 
	Cytotoxicity 

	Conclusions 
	References

