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Abstract: Simvastatin (SIM) is a HMG-CoA reductase inhibitor employed in the management of
hyperlipidemia. However, its low bioavailability limits its clinical efficacy. The objective of this study
was to overcome the poor bioavailability of SIM via the transdermal application of a SIM-loaded
niosomal gel. Niosomes loaded with SIM were fabricated by means of the thin-film hydration
method and optimized through a 33-factorial design utilizing Design Expert® software. The prepared
niosomes were evaluated for entrapment efficiency (EE%), zeta potential, vesicle size, and cumulative
percentage of drug release. The optimum niosomal formulation was loaded on the gel and evaluated
for physical properties such as color, clarity, and homogeneity. It was also evaluated for spreadability,
and the cumulative % drug release. The best niosomal gel formula was appraised for ex vivo
permeation as well as pharmacokinetic study. The SIM-loaded niosomes showed EE% between 66.7–
91.4%, vesicle size between 191.1–521.6 nm, and zeta potential ranged between −0.81–+35.6 mv. The
cumulative percentage of drug released was ranged from 55% to 94% over 12 h. SIM-loaded niosomal
gels were clear, homogenous, spreadable, and the pH values were within the range of physiological
skin pH. Furthermore, about 73.5% of SIM was released within 24 h, whereas 409.5 µg/cm2 of SIM
passed through the skin over 24 h in the ex vivo permeation study. The pharmacokinetic study
revealed higher AUC0–∞ and Cmax with topical application of SIM-loaded niosomal gel compared
to topical SIM gel or oral SIM suspension. The topical application of SIM-loaded niosomal gel
ascertained the potential percutaneous delivery of SIM.

Keywords: thin-film hydration method; niosomes; factorial design; skin permeation; transdermal
delivery

1. Introduction

Hyperlipidemia refers to high cholesterol levels in the blood. Cholesterol is an essential
biological fatty molecule that is produced by the liver and found in all body cells [1].
It is necessary in order for cell membranes to be healthy, as well as for the functions of
the brain, and the production of steroid hormones and vitamin D [1,2]. There are two
types of lipoproteins that are responsible for conveying cholesterol to the cells—high-
density lipoproteins (HDL), or good cholesterol, and low-density lipoproteins (LDL), or
bad cholesterol [3]. LDL causes serious effects on health as it permits the extra cholesterol
to accumulate in the blood vessel walls, causing atherosclerosis, whereas HDL is very
useful for our health because it transfers the surplus cholesterol to the liver to be excreted
through bile [4]. Therefore, the synthesis and use of cholesterol must be strongly controlled
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in order to inhibit abnormal over-deposition within the body (hyperlipidemia), as such
deposition ultimately leads to atherosclerosis, which is the main cause of coronary arteries
diseases and death [5].

Simvastatin, a HMG-CoA (3-hydroxy-3-methyl-glutaryl-coenzyme A) reductase in-
hibitor, is used in the treatment of hyperlipidemia [6]. The HMG-CoA reductase is the
main enzyme required for cholesterol synthesis [7]. HMG-CoA reductase inhibitors act
through competitive inhibition for this enzyme. Therefore, there is a decrease in intracellu-
lar cholesterol biosynthesis, which causes an enhancement in the expression of high-affinity
receptors for LDL on hepatocyte membranes and simultaneously a drop in the production
of LDL-cholesterol [8]. HMG-CoA reductase inhibitors are now mostly prescribed in many
countries as antihyperlipidemics due to their lipid-lowering effect [9]. They are the most
active agents established today for the treatment of patients suffering from primary and
secondary hypercholesterolemia related to high levels of LDL-cholesterol [10]. SIM can
reduce LDL-cholesterol by 50% and elevates HDL-cholesterol by 5–10% [10]. SIM has a
direct antiatherosclerotic effect on the walls of arteries, beyond its lipid-lowering effects,
which leads to a more considerable inhibition of heart disease [11]. Unfortunately, SIM has
many limitations. It is subjected to low and incomplete absorption from the gastrointestinal
tract due to its poor solubility and is also exposed to hepatic tissue binding and first pass
metabolism, resulting in low bioavailability [12]. In addition, it possesses a short biological
half-life (1.5–2 h) [13]. All these factors mean that SIM shows low efficacy. However, the
transdermal delivery of SIM is a potential application route.

Transdermal delivery has many advantages over the oral route, involving eluding
the first pass effect and attaining sustained release by avoiding the problems related to
drug absorption from the gastrointestinal tract, such as pH and enzymatic activity [14].
Furthermore, transdermal delivery would reduce the dose frequency and achieve slight
variations in the drug plasma level [15]. Furthermore, transdermal delivery is a non-
invasive administration route so the drug’s effect can be stopped rapidly by its removal
from the surface of the skin [14,16]. However, the stratum corneum limits the absorption
and bioavailability of transdermally administered drugs [17]. Several approaches have
been established to deliver the drugs successfully through this barrier, involving the use of
nanovesicular carriers [18,19].

Niosomes (non-ionic surfactant vesicles), as an innovative nanovesicular drug delivery
system, can enhance the stability and solubility of drugs [19]. They have been established
to protect drugs from degradation and to deliver drugs to their target organs. Moreover,
they extend the circulation time of drugs in the blood [20]. Niosomes are developed upon
hydration of lipid and non-ionic surfactants, resulting in a closed bilayer structure [21].
The bilayers have both outer and inner hydrophilic surfaces with a sandwiched lipophilic
area in between. Niosomes, as an active drug carrier, have the ability to encapsulate both
hydrophobic and lipophobic drugs in the niosomal membrane and niosomal aqueous core,
respectively [22]. Niosomes have been suggested for several routes of application such as
peroral, intravenous, intramuscular, and transdermal [23].

The main two components used for niosome preparation are lipid materials (choles-
terol or L-α-soya phosphatidyl choline) and non-ionic surfactants. The lipid materials
are employed to make the niosomal bilayer rigid and provide better stability for the nio-
somes [24]. Non-ionic surfactants are the most important component for the progress and
arrangement of niosomes [21]. Non-ionic surfactants include spans (spans 85, 80, 60, 40,
and 20); tweens (tweens 80, 60, 40, and 20); and Brij (35, 58) [19]. the effectiveness of the
drug may be improved by these surfactants, possibly by facilitating the drug’s uptake by
the target cells (Shilakari et al.) [25].

Niosomes are more advantageous than liposomes due to their higher chemical and
physical stability. They evade some disadvantages of liposomes, such as purity variation
and high preparation cost of phospholipids [26]. Niosomes are compatible with the human
body, biodegradable, and do not cause any immunological reactions [27]. The characteris-
tics of niosome vesicles can be altered by changing the composition and concentration of
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the niosomes’ components and size, and through the inclusion of surface charge inducing
agents [28]. Studies have reported that niosomes augment the drug contact time in the
stratum corneum and increase the permeation of the entrapped drugs across the skin.
Moreover, they have been found to reduce the adverse reactions and give a substantial
drug release [29].

The present study aimed to develop SIM-loaded niosomal nanovesicles embedded in a
gel for transdermal delivery in order to enhance the systemic absorption of SIM by avoiding
gastrointestinal side effects and the first pass effect. The SIM niosomal formulations were
evaluated for different physicochemical properties such as entrapment efficiency, shape
and vesicle size, zeta potential, cumulative % of drug release, and ex vivo permeation.
Additionally, the pharmacokinetic parameters of the SIM were assessed following oral and
topical application.

2. Materials and Methods
2.1. Materials

Simvastatin (SIM) was kindly donated by Hikma Pharma S.A.E (Cairo, Egypt). Choles-
terol and cetyl pyridinium chloride (CPC) were purchased from VWR International Co
(Bridgeport, NJ, USA). Span60, Tween 80, and Cremphor RH 40 were obtained from Ruger
Chemical Co, Inc. (Linden, NJ, USA). Carbapol 940, hydroxypropyl methyl cellulose
(HPMC H15), sodium carboxymethylcellulose (Na CMC), polyethylene glycol (PEG 400),
propylene glycol, and dialysis bags with a molecular weight cut-off of 12,000 Da were
purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC-grade acetonitrile, methanol
and chloroform were purchased from Thermo Fisher Scientific Inc. (Pittsburgh, PA, USA).

2.2. Experimental Design

A 33 full factorial design was created using Design Expert software® (version 11.0.6.0,
StatEase Inc. Minneapolis, MN, USA) to investigate the effect of three independent factors—
the concentration of surfactant (X1), the type of surfactant (X2), and CPC concentration (X3)
on the physicochemical properties of SIM niosome formulations. The dependent variables
were entrapment efficiency (EE%), vesicle size, zeta potential, and cumulative percentage
of SIM released from niosomes after 12 h (Q12h) (Table 1).

Table 1. Composition of different coded values in 33 full factorial design for optimization of simvastatin (SIM) niosomes.

Independent Variable
Code Value

−1 0 1

surfactant concentration w/v % (X1) 3 4 5

Type of surfactant (X2) Span 60 Tween 80 Cremophor RH 40

CPC concentration (X3) 0 4 6

Dependent
variables R2 Adjusted R2 Predicted R2 Constraints p-value F value Adequate

precision

Y1: EE% 0.6933 0.6677 0.6118 Maximize 0.0001 27.13 10.014

Y2: Vesicles size
(nm) 0.9954 0.9899 0.9765 Minimize 0.0001 183.71 43.525

Y3: Zeta
potential (mV) 0.7795 0.7611 0.7209 Maximize 0.0001 312.88 11.878

Y4: Q12h (%) 0.9992 0.9983 0.996 Maximize 0.0001 1082.13 103.883

CPC, cetyl pyridinium chloride; EE%, percent of entrapment efficiency; Q12h, cumulative release after 12 h.
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2.3. Preparation of SIM-Loaded Niosomes

Various SIM niosomal formulations were formulated by means of the thin-film hydra-
tion method reported by Bangham et al. [30]. Three non-ionic surfactants, namely, Span 60,
Tween 80, and Cremophor RH40, were used in different concentrations along with choles-
terol (lipid component). CPC was utilized to impart positive charges for the preparation
of positively charged niosomes. The exact weight of the SIM (20 mg) was dissolved in
5 mL methanol. A precise weight of non-ionic surfactant, cholesterol with or without CPC,
was fully solubilized in 5 mL chloroform. Both methanol and chloroform solutions were
mixed in the rotavapor flask (Hikma Pharma S.A.E, Cairo, Egypt) and allowed to evaporate
under reduced pressure, keeping the water bath at 60 ◦C ± 2 ◦C. Then, the formed thin
film was hydrated using 10 mL phosphate buffer with rotation at 60 ◦C ± 2 ◦C. Traces of
the non-hydrated film was ultra-sonicated to assure the full hydration of the niosomal film.

2.4. Characterization of the Prepared SIM Niosomes
Entrapment Efficiency %

The unentrapped SIM was isolated from SIM-loaded niosomes by means of a cooling
centrifuge (SIGMA 3–30 K, Sigma, Steinheim, Germany) adjusted to 15,000 rpm for 1 h
at 4 ◦C. The supernatant containing unentrapped SIM was isolated, suitably diluted, and
assessed for SIM content by HPLC at λ238 (Thermo Fisher Scientific, Waltham, MA, USA).
Each measurement was repeated in triplicate; the following equation was employed to
calculate EE% [31]:

Entrapment efficiency (%) = ((Ct − Cf)/ Ct) × 100 (1)

Ct is the total amount of SIM and Cf is the amount of free SIM.

2.5. Vesicle Size and Size Distribution

The vesicle size for all SIM niosomes formulations N1–N27 (1 mL diluted with 50 mL
deionized water) was estimated by dynamic light scattering (DLS) using a particle siz-
ing system (Zeta Potential/Particle Sizer, NICOMP™ 380 ZLS, Entegris Particle Sizing,
Santa Barbara, CA, USA). Briefly, the samples were exposed to a laser beam (wavelength
λ = 532 nm), the nanovesicles caused scattering for the light and the fluctuation of the
scattered light were detected by a photon detector at a scattering angle of 90◦. Then, a DSL
Digital correlator measured the intensity of the fluctuations by calculating the intensity
correlation function, which was then related to the radius of the nanovesicles. The poly-
dispersity index (PDI) was employed as an indicator for the degree of distribution and
vesicle size homogeneity. The PDI was estimated to be in accordance with Vora et al. [32].
PDI = standard deviation/mean vesicle diameter. PDI is basically a representation of the
distribution of size populations within a given sample. The numerical value of PDI ranges
from 0.0 (for a perfectly uniform sample with respect to the particle size) to 1.0 (for a highly
polydisperse sample with multiple particle size populations) [33]. All measurements were
done in triplicate at 25 ◦C ± 1 ◦C.

2.6. Zeta Potential

Zeta potential is a predictable measure for the extent of repulsion and attraction
between vesicles. So, the benefit of Zeta potential measurements is to improve the nio-
somes’ stability. The zeta potential of all SIM niosomes formulations (1 mL diluted with
50 mL deionized water) was estimated by a Malvern Zetasizer (Malvern Instruments,
Worcestershire, UK). All measurements were done in triplicate at 25 ◦C ± 1 ◦C.

2.7. In Vitro Release Study

The drug release from different SIM niosome formulations in comparison to pure SIM
solution was examined, utilizing a diffusion technique based on cellophane dialysis bags
(molecular weight cut off 12,000; Sigma-Aldrich, Cairo, Egypt). The bags were soaked in
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phosphate-buffered saline (pH 6.8) for 12 h before being mounted. Briefly, SIM niosome for-
mulations and SIM solution (each of them equivalent to 5 mg SIM) were put in the dialysis
bags, which were subsequently bound around cylinders. The bags were then placed into
beakers containing 50 mL phosphate-buffered saline (pH 6.8) [34] at 37 ◦C ± 0.5 ◦C, with
continuous and constant stirring at 50 rpm by means of a magnetic stirrer. At prespecified
time intervals over 12 h, samples of 2 mL were drawn and restored with an equal volume of
fresh dissolution medium to retain the sink condition. All samples were filtered and measured
for SIM content by HPLC at λ238. The release study was done in triplicate, and the cumulative
percentage of SIM released was represented as an average (±SD).

2.8. Optimization of SIM Niosome Formulations
2.8.1. Experimental Model Evaluation

Design Expert® (DE) software was configured for the optimization of the process
to operate the desirability index (DI), which displays a range between 0 and 1 represent-
ing a satisfactory level for a set of independent variables. A D value of 0 expresses an
unacceptable formula, whereas a D value of 1 expresses a highly acceptable formula.

These parameters show the estimated calculus for effects, degrees of freedom, F-ratio,
and p-value to create a proper design for the applied factors and indications. p-values
lesser than 0.05 produce notable calculus. Coefficient of determination (R-squared/R2),
adjusted R-squared (R2), and predicted R-squared (R2) values were applied to predict
the proper design. In this study, we used a specific criterion, pointing out an optimum
formulation expressing the minimum vesicle size and the maximum EE%, zeta potential,
and % released.

2.8.2. Characterization of the Optimized SIM Niosomal Formulation

The optimized formulation was formulated and assessed for different characteristics
such as EE%, vesicle size, zeta potential, and its cumulative percentage of drug release.
This was also examined by means of transmission electron microscopy (JEM-1230, Jeol,
Tokyo, Japan) in order to observe the surface morphology, as well as being subjected to a
stability study. The best formula was selected and ultimately amalgamated into a suitable
gel base.

2.8.3. Transmission Electron Microscopy (TEM) for the Optimized Formulation

The morphological appearance of the optimized SIM niosomal formulation was char-
acterized by means of TEM (JEM-1230, Jeol, Tokyo, Japan). The operating accelerating
voltage was 80 kV [35]. Firstly, the SIM niosomal formulation was diluted, followed by
sonication in an ultrasonic bath (Model 3510; Branson Ultrasonics, Danbury, CT, USA) to
decrease the agglomeration of nanovesicles. Later, a drop of this formulation was taken
and put on a grid coated with carbon then stained with 2% phosphotungstic acid.

2.8.4. Physical Stability Study for the Optimized Formulation

The optimized niosomal formulation was kept for 3 months at 4 ◦C. After 30, 60, and
90 days of storage, samples were drawn from the formulation and validated for the vesicles
size and EE% [36].

2.8.5. Formulation of SIM-Loaded Niosomal Gel

The optimized SIM niosomal formulation was integrated into different gel bases.
Three different polymers—carbapol 940, HPMC H15, and Na CMC—were used in various
concentrations for gel preparations.

The exact weight of the polymer was sprinkled in a small quantity of distilled water,
mixed well, and kept for 4–5 h. Then, the optimized SIM niosomal formulation (equivalent
to 20 mg SIM) was centrifuged, and the obtained pellets were dispersed into the polymer
dispersion with constant stirring by a magnetic stirrer (Nickel Electro™ CH-1E; Nickel-
Electro Ltd., Weston-super-Mare, UK) to inhibit the development of any aggregations and
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to result in a smooth uniform dispersion [37]. The pH of the carpobol dispersion was
adjusted by the addition of 1% (w/v) triethanolamine solution as a neutralizing agent [37].
Finally, the weight of the gel was adjusted to 10 g by the addition of distilled water.

2.9. Characterization of SIM-Loaded Niosomal Gel Formulations
2.9.1. Physical Parameters

The prepared gels were inspected visually for different physical parameters such as
clarity, homogeneity, phase separation, color, and odor [38].

2.9.2. pH Measurements

The pH of different SIM-loaded niosomal gel formulations was assessed by means of
a digital pH meter (3505pHmeter, Jenway, Staffordshire, UK), using the procedure formerly
reported by Aly et al. [39]. One gram of the gel was diluted and dispersed well in 10 mL
distilled water, then pH was measured in triplicate, followed by calculating the average
reading for each formula.

2.9.3. Spreadability

The spreadability of the SIM-loaded niosomal gel was assessed by putting 0.5 g of the
gel in the center of a watch glass (5 cm in diameter), and then another watch glass was
gently placed over the first one and left for 5 min to make sure that there was no expectation
of further spreading. Diameters of the spread circles were assessed and considered as
comparative values for spreadability [40].

2.9.4. In Vitro Release Study

The in vitro release study of SIM from different niosomal gel formulations was carried
out utilizing the dialysis method [41]. In the dissolution tester, a glass tube open at both
ends was mounted and covered with a dialysis membrane (molecular weight cut-off 12,000;
Sigma-Aldrich) from one end. The exact weight of 1 g niosomal gel, equivalent to 2 mg
SIM, was put on the membrane (donor compartment), which was immersed in a 150-mL
beaker containing 30 mL of phosphate-buffered saline pH 6.8 (receptor compartment).
The study was performed at 37 ◦C ± 0.5 ◦C for 24 h with constant stirring at 100 rpm.
At specific time intervals, samples of 2 mL were drawn from the receptor solution and
immediately restored with fresh phosphate-buffered saline to retain the sink conditions.
All samples were filtered and evaluated for SIM content by HPLC at λ238 (Thermo Fisher
Scientific, Waltham, MA, USA). The study was performed in triplicate, and the percentage
of SIM released was represented as an average (±SD). The cumulative % release of SIM was
plotted against time. To determine the mechanism of SIM release, analysis of the release
data was performed using linear regression according to a zero-order and first-order as
well as a Higuchi diffusion model [42].

2.9.5. Ex Vivo Permeation Study

The permeation of SIM from the selected niosomal gel formula F7 and free SIM
gel were examined via hairless rat skin using a Franz diffusion cell (Rama Glasswares
Co. Pvt. Ltd., Delhi, India). Male albino rats ranging from 100 to 150 g were used to
perform this study. The abdominal hair of rats was shaved after applying anesthesia (ether).
Briefly, 10% ether was applied to animals by means of a simple method using a cotton
ball immersed in ether, followed by inhalation for 15 min [43]. Some precautions were
implemented during the procedure, such as effective general ventilation and avoiding
any ignition source as ether is flammable [44]. Then, the skin samples were isolated from
sacrificed rats and cleaned with Dulbecco’s phosphate-buffered saline (pH 7.4) [45]. The
study was conducted as follows. The skin was mounted in the diffusion cell so that the
stratum corneum was exposed to the donor cell and the dermis was exposed to the receptor
medium. Concisely, one gram of SIM niosomal gel was put on the stratum corneum surface
(donor compartment). The receptor chamber contained 100 mL phosphate-buffered saline



Pharmaceutics 2021, 13, 138 7 of 23

pH 6.8 maintained at 37 ◦C ± 0.5 ◦C for up to 24 h. Three-milliliter aliquots were drawn
from the receptor medium at prespecified time intervals (namely 1, 2, 3, 4, 6, 8, 12, and 24 h),
and restored with an identical amount of fresh medium. Samples were filtered through
a 0.45-µm millipore filter, appropriately diluted, and assessed for SIM concentration by
means of HPLC at λ238 (Thermo Fisher Scientific, Waltham, MA, USA).

For each formulation, the cumulative amount of SIM permeated per unit area (µg/cm2)
was plotted against time (h). The linear portion of the graph’s X-intercept was used to
determine the lag time. Permeation parameters such as the steady-state flux (Jss) in
µg/cm2/h, enhancement index (EI), permeation coefficient (Kp) in cm/h, and diffusion
coefficient (D) in mm/ min were computed for each formulation to check the enhancement
of SIM permeation as compared to the control.

The steady-state flux was calculated using the equation Jss = D dC/dx, where dC/dx is
the concentration gradient and D is the diffusion constant [46]. The concentration gradient
in diffusion is often called the driving force, although mechanistically it is not a force. The
negative sign means that diffusion occurs in the downward direction in the concentration
gradient. The permeation coefficient (Kp; the speed of the drug track across the membrane
in cm/h) was computed with the equation Kp = Jss/Co, where Jss is the flux and Co is the
donor solution concentration [47]. The diffusion coefficient (D) was calculated from the lag
time (Tlag) with the following equation [48]:

Tlag =
e2

6 × D

where e was the thickness, controlled and given by the supplier (thickness 5 mm).

2.10. In Vivo Bioavailability Study

An in vivo study was performed to compare the pharmacokinetic parameters of
SIM from SIM gel, SIM niosomal gel formulation F7, and SIM oral suspension. Male
white albino rats weighing about 300 g were chosen for the in vivo study. All procedures
followed the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory
Animal [49]. The animal use was approved by the Research Ethics Committee, Department
of Pharmacology and Toxicology, Faculty of Pharmacy, Nahda University, Egypt (Approval
No. NUB 011019-10/6/2019). The rats fasted for 12 h before administration, with free
access to water. The rats were distributed into four groups; each group contained six rats.
The first group (Group I) was treated as a control group and received distilled water; Group
II was a positive control group and received oral SIM suspension at a dose of 20 mg/kg [50].
Groups III and IV were test groups, exposed to topical SIM gel and SIM niosomal gel F7,
respectively. For test groups, SIM gel and niosomal gel F7 were administered topically at a
dose equivalent to 20 mg/kg. Then, 0.5 mL of blood samples were withdrawn from the
retro-orbital puncture of each rat at 0.5, 1, 1.5, 2, 3, 4, 6, 8, 10, 12, and 24 h after application.
The blood samples were assembled in heparinized tubes, followed by centrifugation at
8000 rpm for 10 min to get the plasma. The obtained plasma samples were kept at −20 ◦C
for further assessment.

2.11. Preparation of Samples for Analysis

To prepare the samples for analysis, SIM extraction was performed as previously
described by Alakhali [51]. Lovastatin, as an internal standard, was dissolved in an
acetonitrile and water mixture (80:20 v/v) to prepare the concentration of 500 ng/mL. Fifty
microliters of this lovastatin solution was put in the glass test tube containing 200 µL of
a human plasma sample. About 3 mL of an ethyl acetate and hexane mixture (90:10 v/v)
was added to all the test tubes and vortexed for 30 s, followed by centrifugation for 10
min at 4000 rpm. Then, separation and evaporation were done for the organic layer to
dryness under a stream of nitrogen at 40 ◦C. The obtained dry deposits were solubilized
with 200 µL of the acetonitrile and water mixture (80:20 v/v), followed by vortexing for
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15 s to obtain clear solutions. For SIM estimation, 20 µL of this solution was injected into
the HPLC.

2.12. Chromatographic Conditions

For SIM quantitation, a more sensitive Shimadzu HPLC system equipped with a UV
visible detector set at 238 nm, a Thermosil® C-18 column (250× 4.6× 10 µ, JascoV-530,
Artisan Technology Group, Champaign, IL, USA), and a guard column (4.5 mm internal
diameter) were used. The mobile phase was composed of acetonitrile and formic acid
3 mM (51:49 v/v) [51]. The mobile phase was first filtered through a membrane filter, then
degassed and pumped at a flow rate of 1 mL/min. All assays were performed under
ambient conditions.

2.13. Pharmacokinetic Analysis

Pharmacokinetic parameters from plasma data after the oral and transdermal application
were assessed using WinNonlin, version 1.5 (Scientific Consulting, Inc., Cary, NC, USA).

3. Statistical Analysis

Data analysis was carried out using ANOVA in the Statistical Package For Social
Sciences (SPSS; version 19.0) computer software program (SPSS Inc., Chicago, IL, USA),
with p < 0.05 as a minimal level of significance. The results are represented as average ± SD.

4. Results
4.1. Factorial Design

Design Expert® (DE) software was configured to operate the factorial design by
administering the deduced data. Based on the introductory experiments on the possibility
of formulating SIM niosomes, three factors were considered, and each factor had three
levels. The signal-to-noise Ratio (SNR) was estimated to ensure the availability of operating
the design space navigation [35]. It was noted that all parameters of EE%, vesicle size, zeta
potential, and Q12h had a ratio > 4 (Table 1), which is acceptable. Adjusted R-squared (R2)
and predicted R-squared (R2) values were identical for all parameters, as shown in (Table 1).

4.2. Characterization of SIM Niosome Formulations
4.2.1. Entrapment Efficiency %

The EE% for the SIM-niosomal formulations ranged between 66.7–91.4% (Table 2)
and (Figure 1). Therefore, SIM was effectively encapsulated in the niosomal formulations
and this confirms that non-ionic surfactant-based vesicles (niosomes) can be employed
as a successful delivery system for lipophilic drugs. The EE% values were considerably
influenced by all three independent factors (p < 0.05). The effects of the type of surfactant
and CPC concentrations on EE% at the middle level of the third independent variable
(surfactant concentration) are shown in Figure 2A.

4.2.2. Vesicle Size and Size Distribution

Vesicle size is critical for enhancing the transdermal delivery of SIM, and this can be
achieved by the formulation of vesicles with an optimized vesicle size. All SIM niosomal
formulations showed vesicle sizes ranging from 191.1 to 521.6 nm (Table 2 and Figure 3),
confirming a nanosize range.

The vesicle sizes were considerably influenced by all three independent factors
(p < 0.05). The effects of the type of surfactant and CPC concentrations on vesicle size at
the middle level of the third independent variable (surfactant concentration) are shown in
Figure 2B.
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Table 2. 33 full-factorial design of SIM-loaded niosomes with responses (vesicle size, EE%, % drug released, and zeta
potential).

Formulation
Code X1 X2 X3 Vesicles Size a

(nm)
% Entrapment % Drug

Released a Zeta Potential a PDI a
Efficiency a

N1 −1 −1 −1 336.1 ± 15.20 88.6 ± 5.25 91.1 ± 2.2 −1.39 ± 0.15 0.12
N2 −1 0 −1 347.5 ± 20.15 69.1 ± 10.20 94.2 ± 1.26 −0.81 ± 0.11 0.14
N3 −1 1 −1 364.6 ± 18.26 66.7 ± 6.15 99.0 ± 0.94 −4 ± 0.02 0.09
N4 0 −1 −1 292.3 ± 12.25 82.6 ± 3.45 90.3 ± 3.11 −6.7 ± 0.06 0.13
N5 0 0 −1 447.3 ± 21.15 70.6 ± 7.25 94.4 ± 1.11 −1.07 ± 0.02 0.11
N6 0 1 −1 450.2 ± 22.15 69.7 ± 5.20 97.5 ± 4.38 −6.2 ± 0.03 0.21
N7 1 −1 −1 246.4 ± 16.9 81.4 ± 4.41 87.1 ± 3.04 −13.9 ± 0.00 0.15
N8 1 0 −1 480.9 ± 24.73 72.6 ± 11.20 92.1 ± 1.04 −1.89 ± 0.02 0.16
N9 1 1 −1 481.2 ± 23.15 70.1 ± 6.56 95.4 ± 3.01 −9.3 ± 0.01 0.1

N10 −1 −1 0 346.4 ± 13.1 91.4 ± 7.41 70.6 ± 6.02 +22.5 ± 2.1 0.12
N11 −1 0 0 382.8 ± 11.25 79.2 ± 2.15 76.2 ± 2.01 +12.7 ± 3.10 0.16
N12 −1 1 0 401.3 ± 21.20 75.4 ± 6.3 80.3 ± 4.01 +9.3 ± 1.5 0.14
N13 0 −1 0 273.2 ± 9.30 84.2 ± 7.2 73.6 ± 2.01 +27.7 ± 3.60 0.12
N14 0 0 0 461.8 ± 22.1 76.5 ± 9.15 78.7 ± 1.01 +15 ± 2.41 0.08
N15 0 1 0 469.3 ± 27.20 74.8 ± 8.15 83.1 ± 2.02 +12.8 ± 3.01 0.11
N16 1 −1 0 209.53 ± 11.2 82.3 ± 4.15 75.5 ± 4.03 +32.9 ± 2.13 0.15
N17 1 0 0 499.01 ± 9.1 72.5 ± 6.1 79.4 ± 2.00 +19 ± 4.30 0.19
N18 1 1 0 509.5 ± 30.3 71.1 ± 4.20 85.7 ± 1.7 +17.5 ± 1.04 0.17
N19 −1 −1 1 385.7 ± 16.25 79.6 ± 2.20 55.3 ± 1.09 +25 ± 2.53 0.16
N20 −1 0 1 421.6 ± 15.35 75.3 ± 8.30 60.1 ± 2.30 +14 ± 1.02 0.18
N21 −1 1 1 433.5 ± 12.26 70.8 ± 7.25 66.0 ± 4.25 +10.9 ± 2.02 0.10
N22 0 −1 1 255.9 ± 9.2 80.1 ± 11.2 57.5 ± 3.01 +28.3 ± 3.01 0.13
N23 0 0 1 472.9 ± 28.20 76.9 ± 5.3 63.4 ± 4.11 +17.6 ± 4.01 0.15
N24 0 1 1 479.3 ± 26.15 70.9 ± 7.40 68.2 ± 2.07 +17.2 ± 2.11 0.06
N25 1 −1 1 191.1 ± 10.20 77.03 ± 5.22 59.1 ± 1.04 +35.6 ± 1.01 0.30
N26 1 0 1 517.3 ± 21.3 75.1 ± 8.25 64.6 ± 3.33 +22.8 ± 3.41 0.15
N27 1 1 1 521.6 ± 17.25 71.4 ± 6.25 69.3 ± 1.12 +24.6 ± 4.01 0.13

a Values represented as mean ± SD (n = 3). PDI, polydispersability index.
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Figure 3. Vesicle size analysis of different SIM niosomal formulations.

4.2.3. Zeta Potential

The zeta potential values of all formulations were noted to be in the range of −0.81
to +35.6 mv (Table 2). Increasing CPC concentrations considerably enhanced the zeta
potential values. It was also observed that formulations prepared with Tween 80 showed
lower zeta potential values than those prepared with Span 60. The three independent
variables considerably affected the zeta potential values (p < 0.05). The effects of the type
of surfactant and CPC concentrations on zeta potential at the middle level of the third
independent variable (surfactant concentration) are shown in Figure 2C.

4.3. In Vitro Release Study

The in vitro release results of SIM from all niosome formulations were examined
(Table 2). All formulations revealed a greater release rate of SIM than the pure SIM. The
percentage of SIM released after 12 h (Q12h) ranged from 55% to 99%—in contrast, 45%
was released from the pure SIM over the same time period (Figure 4).
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Figure 4. The percentage of drug released from different SIM niosome formulations (N1: N27).

The in vitro release results were considerably influenced by all three independent
factors (p < 0.05). The effects of the type of surfactant and CPC concentrations on in vitro re-
lease studies at the middle level of the third independent variable (surfactant concentration)
are shown in Figure 2D.

It is worth noting that as the CPC concentration increased, Q12h was considerably
(p < 0.05) decreased. Additionally, all niosome formulations prepared with Cremophor RH
40 gave considerably (p < 0.05) higher release rates as compared to those prepared with
Tween 80 and Span 60 at the same molar ratios.

4.4. Selection of the Optimized SIM Niosomal Formulation

Based on the data analyzed, the responses did not show any significant lack of fit. The
desirability approach was used to achieve optimization, which maximizes Y1, Y3, and Y4,
and minimizes Y2. The Design Expert® software was selected, as the formulation consisted
of a 4% concentration of CPC, the Span 60 type of surfactant, and a 5% concentration of
surfactant as the optimum formula (N16), with a desirability of 0.654—the most desirable
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formula to accomplish this objective (Figure 2E). The responses of the new formula (Table 3)
were in near accordance with the predicted values.

Table 3. Predicted and experimental values of the optimized SIM niosomal formulation (n = 3).

Solution CPC
Concentration

Type of
Surfactant

Conc of
Surfactant Y1 Y2 Y3 Y4 Desirability

Predicted 4 Span 60 5 83.03 211.87 18.82 74.67 0.654
Experimental 4 Span 60 5 80.21 198.62 36.76 68.78 0.654

Bais % - - - 0.03 0.05 0.12 0.08 -

%Bias = (predicted value − experimental value)/experimental value.

Additionally, the response surface of all measured responses was appropriately
demonstrated by the contour plot (Figure 5). The contour lines showed the effect of
different formulating factors on different responses.
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Figure 5. Contour plot of different responses. The figure depicted the contour lines which represented the effect of different
formulating factors on different responses.

4.5. Transmission Electron Microscopy

The shape and surface characteristics of the optimized formula were observed by
means of TEM. The results revealed spherical vesicles with smooth surfaces (Figure 6).

4.6. Stability Study

The optimum SIM niosomal formulation was stored for 3 months at 40 ◦C and evalu-
ated for EE% and vesicle size during the storage period. Minor changes were observed in
EE% (reduced from 80.21% ± 4.95% to 75.69% ± 5.42%) and vesicle size (increased from
198.62 ± 5.65 nm to 206.66 ± 12.05 nm) over the period of study (Figure 7). These changes
proved to be insignificant (p > 0.05) in a one-way ANOVA test.
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4.7. Characterization of SIM-Loaded Niosomal Gel
4.7.1. Physical Parameters

All niosomal gel formulations showed acceptable pharmaceutical properties. The
color was transparent to slightly white, and the appearance was smooth without any phase
separation. All formulations were homogeneous and clear without any particulate matter.
These properties are consistent with the ideal requirements of a topical gel [52].

4.7.2. pH Measurements

The pH of all SIM niosomal gel formulations ranged between 6.1–6.9 (Table 4), which is
considered an acceptable range for topical preparations as it is within the physiological skin
pH [53]. It would therefore not cause any irritation upon administration to the skin surface.

Table 4. SIM-loaded niosomal gel formulations with responses (clarity, homogeneity, pH, spreadabilty, and % drug released).

Formulation
Code

Polymer
Conc
(w/w)

Polymer
Type Clarity Homogeneity pH Values a Spreadabilty a

% Drug
Released a after

24 h

F1 2 HPMC +++ Homogenous 6.8 ± 0.01 2.7 ± 0.17 68.3 ± 0.351
F2 3 HPMC +++ Homogenous 6.5 ± 0.03 2.3 ± 0.34 60.1 ± 0.305
F3 4 HPMC ++ Homogenous 6.3 ± 0.02 2.4 ± 0.35 45.6 ± 0.032
F4 2 Carbopol 940 +++ Homogenous 6.9 ± 0.11 3.7 ± 0.20 64.2 ± 0.172
F5 3 Carbopol 940 +++ Homogenous 6.4 ± 0.12 3.3 ± 0.15 60.6 ± 0.136
F6 4 Carbopol 940 +++ Homogenous 6.2 ± 0.10 3.1 ± 0.10 50.3 ± 0.072
F7 2 Na CMC +++ Homogenous 6.6 ± 0.02 4.7 ± 0.17 73.5 ± 0.050
F8 3 Na CMC +++ Homogenous 6.4 ± 0.01 3.2 ± 0.24 66.7 ± 0.044
F9 4 Na CMC ++ Homogenous 6.1 ± 0.00 4.1 ± 0.68 56.3 ± 0.014

a Values represented as mean ± SD (n = 3); clear: ++, very clear (glassy): +++.
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4.7.3. Spreadability

Spreadability plays an essential role in patient satisfaction and the easy administration
of gel to the skin. For a gel to be acceptable, it should spread rapidly. All gel formulations
showed better spreadability than the control gel. Spreadability values ranged from 2.3 cm
to 4.7 cm (Table 4), indicating gel spreadability with a small amount of shear [40]. F7
showed the best spreadability.

4.7.4. In Vitro Release Study

The cumulative percentage of SIM released from different niosomal gel formulations
was found to range from 3.6–16.4% after the first 2 h, increasing to 27.3–57.6% after 12 h,
and reaching 45.6–73.5% after 24 h, compared with the release of 68.7% from the optimized
SIM niosomal dispersion after 12 h. It was also noted that Na CMC gels showed the highest
drug release compared to HPMC H15 and carpobol 940 gels (Table 4 and Figure 8).
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Figure 8. The percentage of drug released from different niosomal gel formulations.

The mathematical analysis of the SIM release data showed that the release of SIM
from different gel formulations followed the Higuchi diffusion model (Table 5) [54].

Table 5. Kinetic analysis of SIM-loaded niosomal gel.

Figure
Correlation Coefficient (R2)

Zero First Higuchi

F1 0.854 0.901 0.967
F2 0.792 0.812 0.981
F3 0.866 0.751 0.968
F4 0.819 0.869 0.959
F5 0.793 0.877 0.971
F6 0.855 0.761 0.962
F7 0.901 0.695 0.957
F8 0.793 0.828 0.945
F9 0.892 0.741 0.961

F7 showed the highest release rate, as 16.4% of SIM was released after 2 h, 57.6%
was released after 12 h, and 73.5% was released after 24 h. F7 also showed acceptable
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physical properties and high spreadability. Therefore, F7 was chosen for the ex vivo
permeation study.

4.7.5. Ex Vivo Permeation Study

An ex vivo permeation study was conducted to explore the in vivo performance of
SIM-loaded niosomal gel (F7) in comparison to SIM gel.

The amount of SIM permeated from the loaded niosomal gel was found to be
23.6 µg/cm2 after the first 2 h, increasing to 186.2 µg/cm2 after 12 h, and reaching
409.5 µg/cm2 after 24 h. Although the amount permeated from SIM gel was 3.6 µg/cm2

after the first 2 h, this increased to 71.3 µg/cm2 after 12 h, and reached 174.4 µg/cm2 after
24 h (Figure 9). Thus, the SIM-loaded niosomal gel permeated to a greater extent than
the SIM gel, which emphasizes the efficacy of niosomes as a promising system for the
transdermal delivery of drugs.
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Figure 9. Skin permeation data for SIM niosomal gel formula F7 compared to SIM gel over 24 h.

The permeation parameters for SIM-loaded niosomal gel and SIM gel across rat skin
was calculated (Table 6). It was clear that the transdermal flux of SIM niosomal gel was
13.77 ± 1.79 µg/cm2 h, compared to 5.68 ± 1.4 µg/cm2 h for the SIM gel. All permeation
parameters confirmed the superiority of the niosomal gel formulation compared to the SIM
gel. The enhancement ratio of SIM-loaded niosomal gel was 2.42-fold greater than SIM gel.

Table 6. In vitro permeation parameters of SIM-loaded niosomal gel formulations versus SIM gel.

Figure 1 Lag Time
(min) Jss (µg/cm2 h) Kp (cm/h) D

(mm/min) EI

SIM niosomal
gel F7 23.14 ± 4.92 13.77 ± 1.79 0.0138 ± 0.0018 0.857 2.42

SIM gel 82.42 ± 11.31 5.68 ± 1.40 0.0057 ± 0.0014 0.050 -
Jss: steady state flux, Kp: permeation coefficient, D: Diffusion coefficient, EI: enhancement index.

4.7.6. In Vivo Bioavailability Study

Based on the previous evaluations, niosomal gel formulation F7, containing 2% Na
CMC, was nominated for the in vivo study. The plasma drug concentration at different
time intervals after administration of SIM-loaded niosomal gel F7, SIM gel, and oral SIM
suspension was determined and is represented in Figure 10.

Various pharmacokinetic parameters were calculated, such as maximum plasma
concentration (Cmax), peak time (Tmax), area under the curve (AUC), and mean residence
time (MRT), as provided in Table 7.
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Figure 10. Plasma drug concentrations–time profiles of SIM following administration of niosomal
gel formula, SIM gel, and oral SIM suspension.

Table 7. Pharmacokinetic parameters of SIM in plasma after administration of SIM-loaded niosomal
gel F7, SIM gel, and SIM suspension.

Pharmacokinetic
Parameters

Formula

OralSIM
Suspension SIM Gel SIM Niosomal Gel

(F7)

Cmax 110.01 ± 10.2 150.6 ± 11.64 230.80 ± 17.27
Tmax 2.06 ± 0.13 3.33 ± 0.24 4.5 ± 0.62
T1/2 4.5 ± 0.37 7.2 ± 0.85 10.65± 1.20

AUC0–∞ 990.94 ± 34.29 1300.04 ± 85.73 1930.06 ± 117.19
MRT0–∞ 9.17 ± 1.35 11.1 ± 1.65 16.62 ± 2.06

Data represented as mean ± SD (n = 6).

It is clear from the data that the SIM-loaded niosomal gel showed significantly greater
Cmax and Tmax values (p < 0.05) as compared to SIM gel and the SIM suspension, indicat-
ing enhanced delivery of SIM from niosomes in a controlled manner.

Additionally, the values of AUC0–∞ and MRT0–∞ of SIM-loaded niosomal gel were
2-fold and 1.8-fold greater than the oral SIM suspension, respectively, and 1.5-fold and
1.49-fold higher than the SIM gel. The differences were significant (p < 0.05), as shown in
Table 8.

Table 8. Statistical analysis of pharmacokinetic parameters of SIM in plasma after administration of
SIM-loaded niosomal gel, SIM gel, and SIM suspension.

Pharmacokinetic
Parameters Df MS F Value p-Value Significance

Cmax (ng/mL) 2 209.91 118.683 1.2417 × 10−8 Sig.
Tmax (h) 2 4.334 5.836 0.016962 Sig.

T1/2 2 9.462 12.436 0.004265 Sig.
AUC0–∞ (ng h/mL) 2 11,290.30 328.288 3.34 × 10−11 Sig.

MRT0–∞ (h) 2 71.418 20.9834 0.00012 Sig.

5. Discussion

Nanovesicular systems are attracting wide attention for the transdermal delivery of
many drugs. Examples of these nanovesicular systems are liposomes, niosomes, transfero-
somes, and ethosomes. Liposomes—lipid vesicles with a combination of phospholipids
and cholesterol—have the advantages of being biodegradable and nontoxic, and are used
to encapsulate both hydrophilic and lipophilic drugs. However, their ability to permeate
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the skin is very low due to their rigidity [55]. In this regard, other nanovesicular systems
(modified flexible liposomes) have been prepared to enhance the permeation through
the skin, including niosomes (non-ionic surfactant vesicles), transferosomes (ultraflex-
able liposomes containing phospholipids and edge activators), and ethosomes (flexable
liposomes containing phospholipids and ethanol) [55,56]. However, niosomes are more
advantageous than ethosomes as they exhibit a better release and are more stable and safer.
Moreover, niosomes deliver the drugs more efficiently into the deep layers of the skin in
contrast to ethosomes, which show more deposition of the drugs within the skin with low
permeation [57].

In our study, SIM-loaded niosomes were prepared and characterized for different
parameters such as EE%, vesicle size, zeta potential, and percentage of drug released.

The EE% values are represented in Table 2. It was clear from the data that increasing
the concentration of CPC from 0% (N1 88.4%) to 4% (N10-91.4%) increased the EE%. This
may be due to the highly hydrophilic nature of the bilayer membrane, so the higher water
intake of the vesicles’ bilayers may result in higher entrapment of the drug. This finding
is in agreement with the results formerly reported by Hashim et al. [58]. It was also
found that all niosomes prepared with Span 60 showed higher EE% values than those
prepared with Tween 80 and Cremophor RH 40, which can be possibly attributed to many
factors [59]. (a) The hydration temperature employed in niosome preparation must be
higher than the transition temperature of the system and this results in niosomes that show
less permeability and high EE%. Span 60 shows the highest phase transition temperature
(higher than 50 ◦C) [59] in comparison to Tween 80 and Cremophor RH40, so Span 60 had
a positive impact on EE%. (b) The alkyl chain length of surfactant exerts a noticeable effect
on the niosomal membrane permeability such that as the alkyl chain length increases, EE%
also increases due to the reduction in vesicle permeability. Therefore, the surfactant that
has a longer alkyl chain will result in higher entrapment. Span 60 has an alkyl chain longer
than those of Tween 80 and Cremophor RH40, thus it produced niosomes with higher
EE% [60]. (c) The alkyl chain length affects the surfactant’s Hydrophilic lipophilic balance
(HLB) value, which sequentially clearly affects the EE%. The longer the alkyl chain, the
lower the HLB of the surfactant, and the higher will be the EE%. Span 60 has the lowest
HLB (4.7) [61] as compared to Tween 80 and Cremophor RH40 (HLB > 12) [62].

The formula N10 prepared from Span 60 showed the highest EE%, at 91.4% (Figure 1).
Thus, the EE% values of SIM niosomes formulations could be arranged as Span 60 > Tween
80 > Cremophor RH 40.

The vesicle size values are presented in Table 2. It was found that enhancing the
concentration of CPC considerably increased the average vesicle size, and this may be
attributed to the higher amount of SIM encapsulated in the niosomal vesicles. Additionally,
the inclusion of CPC (a positive charge inducer) causes an increase in the hydrophilicity
of the vesicles’ membranes; thus, greater water uptake by the vesicle membranes may
cause an increase in the vesicle size. These results are in agreement with the research by
Junyaprasert et al. [63]. It was also noted that the type of surfactant had a noticeable impact
on vesicle size, and the niosomes prepared with Span 60 had smaller vesicle sizes than those
prepared with Tween 80 and Cremophore RH40, respectively. This may have resulted from
the reduction in the surface free energy associated with the increased lipophilicity (low
HLB) of the surfactant [64]. Furthermore, niosomes’ vesicle sizes decreased on increasing
the Span 60 concentration because of the increased lipophilicity of the surfactant. This
causes a reduction in the surface free energy and vesicle size [65]. These results are
in accordance with those of Hashim et al. [58]. Thus, the vesicle size of SIM niosomes
formulations could be arranged as Cremophor RH 40 > Tween 80 > Span 60.

The PDI, an indicator of the vesicle size distribution, [66] was found to be in the range
of 0.06 (N24)–0.30 (N25), indicating low variation in the vesicle sizes.

Zeta potential affects system stability, as it measures the extent of electrostatic repul-
sion and attraction between particles. If the zeta potential values are too high, repulsion
will occur, and the stability of the system will be high. Vesicles are stable if the zeta potential
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values above +30 or below −30 mv [67] Inducing positive charges (CPC) at the surface of
vesicles not only affects niosomal physicochemical features and stability, but also enhances
transdermal permeation via its interaction with biological membranes [20,68].

It was noted from the data that increasing CPC concentrations considerably enhanced
the zeta potential values. A possible interpretation for this enhancement is that CPC
produces positive charges on the vesicles’ surface, causing strong electrostatic repulsions
between the vesicles [20]. It was also observed that formulations prepared with Tween 80
showed lower zeta potential values than those prepared with Span 60, and this is because
of the larger hydrophilic head group of Tween 80 compared to Span 60. This result is
in accordance with the previous report by Waddad et al. [69]. Therefore, formulations
containing Span 60 were more stable. Thus, the zeta potential values of SIM niosome
formulations could be arranged as Span 60 > Tween 80 > Cremophor RH 40.

These findings confirm the high stability of the niosomes, and these positively charged
niosomes result in strongly enhanced SIM permeation during transdermal delivery [68].

The in vitro release profiles showed a greater release rate of SIM from all formulations
than the pure SIM and this may be due to the solubilizing effect of niosomes, which
cause improvements in the drug release [70]. Additionally, as the CPC concentration
increased, Q12h was considerably (p < 0.05) decreased, and this may be attributed to the
high repulsion forces and high stability of charged niosomes [58]. In addition, increasing
the CPC concentration resulted in bigger vesicles with a small surface area subjected for
dissolution medium.

All niosome formulations prepared with Cremophor RH 40 gave considerably (p < 0.05)
higher release rates as compared to those prepared with Tween 80 and Span 60 at the same
molar ratios. This could be clarified on the basis that niosomes show a release pattern
dependent on the alkyl chain length, and the greater the alkyl chain length, the lesser the
rate of drug release [71]. Span 60 has the longest saturated alkyl chain as compared to
Tween 80 and Cremophore RH40, thus it exhibited the slowest drug release. This result is
in accordance with Mazyed et al. [72]. Additionally, the surfactant transition temperature
affects the drug release rate from the niosomes. It was noted that enhancing the transition
temperature reduces the rate of drug release from vesicles [73]. Span 60 has the highest
phase transition temperature (50 ◦C) in comparison to Tween 80 and Cremophor RH40, so
it showed the slowest drug release. Thus, the release pattern of SIM could be arranged as
Cremophor RH 40 > Tween 80 > Span 60.

The TEM photographs of the optimized formula revealed the absence of any aggrega-
tions, indicating that the optimized formulation was well dispersed and physically stable
due to the small and homogenous vesicle size.

The optimum SIM niosomal formulation showed good stability data, and this may be
due to the vesicles’ rigidity and/or the capability of the vesicles to retain the drug [74].

The optimized SIM niosomal formulation was integrated into different gel bases
(Carbapol 940, HPMC H15, and Na CMC), then these were evaluated for their in vitro
release. It was noted that the niosomal gel formulations showed a slow release as compared
to the optimized niosomal dispersion and this may be due to the release from niosomal
vesicles, along with the diffusion of drug via the polymer network channel structures of the
gel. Thus, the encapsulated SIM could permeate slowly from the niosomes’ vesicles into the
network structure of the gel. This result is in accordance with the work of Barakat et al. [75],
indicating a controlled release pattern for niosomal gel formulations. Additionally, Na CMC
gels showed the highest drug release compared to HPMC H15 and Carpobol 940 gels. This
could be explained on the basis of the high swelling action and increased the solubility of
Na CMC in the dissolution medium, thus resulting in an enhancement in the transfer of the
drug outside the matrix. However, Carbopol gel formulations showed the slowest release,
and this may be due to attraction between the positively charged niosomal nanovesicles
and the negative nucleus of Carbopol 940. The release pattern of SIM from gel formulations
could be ranked as Na CMC > HPMC H15 > Carpobol 940.
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SIM-loaded niosomal gel showed higher permeation parameters than the SIM gel. The
capability of niosomes to augment drug permeation throughout the skin may be attributed
to many mechanisms [76]. Firstly, it may be attributed to the fusion of niosomes with
the stratum corneum intercellular lipid, causing it to become looser and more permeable.
Secondly, the vesicles improve the penetration by decreasing the stratum corneum barrier
characteristics. Thirdly, the non-ionic surfactant has a permeation-enhancing effect [77].

Regarding the pharmacokinetic parameters, SIM-loaded niosomal gel showed higher
Cmax values (p < 0.05) as compared to the SIM gel and SIM suspension, and this could be
attributed to the existence of non-ionic surfactants (a main component in the structure of
niosomes), which have a penetration-enhancing effect [77]. In addition, the Tmax of SIM-
loaded niosomal gel was higher than that of the SIM gel and SIM suspension (p < 0.05), and
this could be due to the controlled release of SIM from the vesicles’ lipid bilayers, which act
as a rate-controlling barrier for the release of drugs [78]. However, the value of Tmax was
still lower than the expected value. This unexpected result of a low Tmax value compared
to the slow in-vitro release of SIM niosomal gel may be due to interaction between the
niosomal membrane and serum proteins (opsonins) that cause lysis of niosomes vesicles
and consequently release the encapsulated SIM into the blood circulation [79]. In addition,
low density lipoproteins (LDL) and high-density lipoproteins (HDL) have negative effects
on the stability of niosomal membrane lipid contents, causing rapid release of the drug
from the niosome vesicles [80]. These results are in agreement with previously reported
results [81].

Finally, the values of AUC0–∞ and MRT0–∞ of the SIM-loaded niosomal gel were
greater than the oral SIM suspension and SIM gel, indicating that the niosomal gel deliv-
ered the SIM to the systemic circulation more efficiently than the SIM gel and oral SIM
suspension. The improvement of SIM delivery from SIM-loaded niosomal gel was mainly
due to the avoidance of the problems related to drug absorption from the gastrointestinal
tract, especially the first pass metabolism.

6. Conclusions

A new SIM niosomal delivery system was prepared and evaluated in this work
in order to overcome the poor bioavailability of SIM. Many factors, such as surfactant
content, surfactant type, and charge inducing agent, were optimized to obtain an optimum
preparation with high EE%. The prepared niosomal formulations were evaluated for
different parameters such as EE%, zeta potential, vesicle size, and in vitro drug release.
The surface features of the optimized formulation were evaluated by means of TEM
and ultimately incorporated into different hydrogel bases and evaluated for different
characteristics. Then, the best niosomal gel formulation was chosen for pharmacokinetic
study in comparison with SIM gel and oral SIM suspension. The in vivo study suggested
that niosomes can prolong the drug release, with higher bioavailability in comparison with
SIM gel and SIM suspension. Ultimately, we can conclude that SIM-loaded niosomal gel
is a potential new nanocarrier for transdermal SIM delivery into the systemic circulation.
Our plan for the future is to compare the transdermal delivery of SIM-loaded niosomes
with other deformable nanovesicles such as transferosomes and ethosomes.

Author Contributions: Conceptualization, H.F.S. and H.O.F.; methodology, H.O.F.; software, H.O.F.
and R.M.Z.; validation, R.M.K., H.A.A.-T. and H.F.S.; formal analysis, H.O.F. and R.M.Z.; investi-
gation, H.F.S.; resources, H.F.S., R.M.K., H.A.A.-T., H.O.F. and R.M.Z.; data curation, H.O.F. and
H.A.A.-T.; writing—original draft preparation, R.M.Z.; writing—review and editing, H.F.S., R.M.Z.,
H.A.A.-T. and H.O.F.; visualization, H.A.A.-T., R.M.K.; supervision, H.F.S., R.M.K., H.A.A.-T. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The animal study was approved by the local animal ethics
committee of Nahda University (protocol approval no. NUB 011019-10/6/2019) and all procedures



Pharmaceutics 2021, 13, 138 21 of 23

were in accordance with the 8th edition of the Guide for the Care and Use of Laboratory Animals
published in 2011 by the United States National Academy of Sciences.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors are highly grateful to Hikma pharma for providing the gift sample
of simvastatin.

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

References
1. David, E.C. Balancing Cholesterol Synthesis and Absorption in the Gastrointestinal Tract. J. Clin. Lipidol. 2008, 2, S1–S3.
2. Luz, A.S.-R.; José, A.A.R.; Héctor, F.S.D.; Alfonso, S.R. Relationship between Serum Vitamin D Levels and HDL Cholesterol in

Postmenopausal Women from Colombian Caribbean. J. Nutr. Metab. 2018, 2018, 9638317.
3. Ginter, E.; Simko, V. New promising potential in fighting atherosclerosis: HDL and reverse cholesterol transport. Bratisl. Lek. List.

2013, 114, 172–176. [CrossRef] [PubMed]
4. Zhiwei, Y.; Dongxiao, H.; Yizhuo, C.; Lei, Z.; Shengli, Z. Structural Basis and Functional Mechanism of Lipoprotein in Cholesterol

Transport. Intechopen 2018, 2018, 1. [CrossRef]
5. Han, S.-N.; Yang, W.-H.; Yin, J.-J.; Tao, H.-L.; Zhang, L.-R. Drug Treatment of Hyperlipidemia in Chinese Patients: Focus on the

Use of Simvastatin and Ezetimibe Alone and in Combination. Am. J. Cardiovasc. Drugs 2019, 19, 237–247.
6. Rezvanian, M.; Mohd Amin, M.C.I.; Ng, S.F. Development and physicochemical characterization of alginate composite film

loaded with simvastatin as a potential wound dressing. Carbohydr. Polym. 2016, 137, 295–304. [CrossRef]
7. Baskaran, G.; Salvamani, S.; Ahmad, S.A.; Shaharuddin, N.A.; Pattiram, P.D.; Shukor, M.Y. HMG-CoA reductase inhibitory

activity and phytocomponent investigation of Basella alba leaf extract as a treatment for hypercholesterolemia. Drug Des. Devel.
2015, 9, 509–517. [CrossRef]

8. Patrick, D. Mechanisms of actions of statins and fibrates. Nat. Lib. Med. 2003, 58, 5–14.
9. Cristina, B.; Chiara, F.; Rouslan, S.; Franco, C.; Isabella, R. Simvastatin Effects on Inflammation and Platelet Activation Markers in

Hypercholesterolemia. Biomed. Res. Int. 2018, 2018, 6508709.
10. Fazio, S. The role of statin therapy in primary hyperlipidemia and mixed dyslipidemia. US Endocrinol. 2011, 7, 23–29. [CrossRef]
11. Stefano, B.; Nicola, F.; Lorenzo, A.; Rodolfo, P.; Corsini, A. Pleiotropic effects of statin in atherosclerosis and diabetes. Diabetes

Care. 2000, 23, B72–B78.
12. Srinivas, C.; Sagar, S. Enhancing the bioavailability of simvastatin using microemulsion drug delivery system. Asian J. Pharm.

Clin. Res. 2012, 5, 134–139.
13. Shaker, D.S.; Nasr, M.; Mostafa, M. Bioavailability and hypocholesterolemic effect of proniosomal simvastatin for transdermal

delivery. Int. J. Pharm. Pharm. Sci. 2013, 5, 344–351.
14. Homayun, B.; Lin, X.; Choi, H.-J. Challenges and recent progress in oral drug delivery systems for biopharmaceuticals. Pharma-

ceutics 2019, 11, 129. [CrossRef] [PubMed]
15. 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]
16. Parhi, R.; Swain, S. Transdermal evaporation drug delivery system: Concept to commercial products. Adv. Pharm. Bull. 2018, 8,

535–550. [CrossRef]
17. Wang, M.; Marepally, S.K.; Vemula, P.K.; Xu, C. Chapter 5—Inorganic Nanoparticles for Transdermal Drug Delivery and Topical

Application. Nanosci. Dermatol. 2016, 2016, 57–72.
18. Abdel-Messih, H.A.; Ishak, R.A.H.; Geneidi, A.S.; Mansour, S. Tailoring novel soft nano-vesicles ‘Flexosomes’ for enhanced

transdermal drug delivery: Optimization, characterization and comprehensive ex vivo—In vivo evaluation. Int. J. Pharm. 2019,
560, 101–115. [CrossRef]

19. Banyi, L.; Yanting, H.; Zhongyun, C.; Jingyi, Y.; Hongyu, X.; Wenrong, C.; Xiaoying, L. Niosomal Nanocarriers for Enhanced Skin
Delivery of Quercetin with Functions of Anti-Tyrosinase and Antioxidant. Molecules 2019, 24, 2322.

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

21. 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] [PubMed]

22. Sankhyan, A.; Pawar, P. Recent trends in niosome as vesicular drug delivery system. J. Appl. Pharm. Sci. 2012, 2, 20–32.
23. Tarekegn, A.; Joseph, N.M.; Palani, S.; Zacharia, A.; Ayenew, Z. Niosomes in targeted drug delivery: Some recent advances. Int. J.

Pharm. Sci. Res. 2010, 1, 1–8.
24. Nematollahi, M.H.; Pardakhtya, A.; Torkzadeh-Mahanaic, M.; Mehrabanid, M.; Asadikaram, G. Changes in physical and chemical

properties of niosome membrane induced by cholesterol: A promising approach for niosome bilayer intervention. RSC Adv. 2017,
7, 49463–49472. [CrossRef]

http://doi.org/10.4149/BLL_2013_037
http://www.ncbi.nlm.nih.gov/pubmed/23406187
http://doi.org/10.5772/intechopen.76015
http://doi.org/10.1016/j.carbpol.2015.10.091
http://doi.org/10.2147/DDDT.S75056
http://doi.org/10.17925/USE.2011.07.01.23
http://doi.org/10.3390/pharmaceutics11030129
http://www.ncbi.nlm.nih.gov/pubmed/30893852
http://doi.org/10.3390/pharmaceutics7040438
http://www.ncbi.nlm.nih.gov/pubmed/26506371
http://doi.org/10.15171/apb.2018.063
http://doi.org/10.1016/j.ijpharm.2019.01.072
http://doi.org/10.1155/2018/6847971
http://doi.org/10.3390/pharmaceutics11020055
http://www.ncbi.nlm.nih.gov/pubmed/30700021
http://doi.org/10.1039/C7RA07834J


Pharmaceutics 2021, 13, 138 22 of 23

25. Asthana, G.S.; Asthana, A.; Singh, D.; Sharma, P.K. Etodolac containing topical niosomal gel: Formulation development and
evaluation. J. Drug Deliv. 2016, 2016, 9324567.

26. Muzzalupo, R.; Tavano, L. Niosomal drug delivery for transdermal targeting: Recent advances. Res. Rep. Transdermal Drug Deliv.
2015, 4, 23–33. [CrossRef]

27. Usman, M.R.M.; Ghuge, P.R.; Jain, B.V. Niosomes: A Novel Trend of Drug Delivery. Eur. J. Biomed. Pharm. Sci. 2017, 4, 436–442.
28. Khoee, S.; Yaghoobian, M. Niosomes: A novel approach in modern drug delivery systems. In Nanostructures for Drug Delivery;

Elsevier: Amsterdam, The Netherlands, 2017; pp. 207–237.
29. Shirsand, S.; Para, M.; Nagendrakumar, D.; Kanani, K.; Keerthy, D. Formulation and evaluation of Ketoconazole niosomal gel

drug delivery system. Int. J. Pharm. Investig. 2012, 2, 201–207. [CrossRef]
30. Bangham, A.; Standish, M.M.; Watkins, J.C. Diffusion of univalent ions across the lamellae of swollen phospholipids. J. Mol. Biol.

1965, 13, 238–252. [CrossRef]
31. Thapa, C.; Ahad, A.; Aqil, M. Formulation and optimization of nanostructured lipid carriers to enhance oral bioavailability of

telmisartan using Box–Behnken design. J. Drug Deliv. Sci. Technol. 2018, 44, 431–439. [CrossRef]
32. Vora, B.; Khopade, A.J.; Jain, N. Proniosome based transdermal delivery of levonorgestrel for effective contraception. J. Control.

Release 1998, 54, 149–165. [CrossRef]
33. Centis, V.; Vermette, P. Physico-chemical properties and cytotoxicity assessment of PEG-modified liposomes containing human

hemoglobin. Colloids Surf. B Biointerfaces 2008, 65, 239–246. [CrossRef] [PubMed]
34. Raju, K.K.; Sudhakar, B.; Murthy, K.V.R. Factorial Design Studies and Biopharmaceutical Evaluation of Simvastatin Loaded Solid

Lipid Nanoparticles for Improving the Oral Bioavailability. ISRN Nanotechnol. 2014, 2014, 951016.
35. Heba, F.S.; Mohamed, M.N.; Rasha, M.K.; Omnia, A.A.-E.; Hanan, O.F. Mitigation of Rheumatic Arthritis in a Rat Model via

Transdermal Delivery of Dapoxetine HCl Amalgamated as a Nanoplatform: In vitro and in vivo Assessment. Int. J. Nanomed.
2020, 15, 1517–1535.

36. Nasr, M.; Mansour, S.; Mortada, N.D. Vesicular aceclofenac systems: A comparative study between liposomes and niosomes.
J. Microencapsul. 2008, 25, 499–512. [CrossRef]

37. Fathalla, D.; Abdel-Mageed, A.; Abdel-Hamid, F.; Ahmed, M. In vitro and In vivo Evaluation of Niosomal Gel Containing
Aceclofenac for Sustained Drug Delivery. Int. J. Pharm. Sci. Res. 2014, 1, 105. [CrossRef]

38. Bisht, N.; Goswami, L.; Kothiyal, P. Preparation and evaluation of in-situ oral topical gel of levofloxacin by using combination of
polymers. Indian J. Drugs 2014, 2, 142–151.

39. Aly, U.F.; Mansour, H.F. Novel pharmaceutical gels containing glyccerihizic acid ammonium salt for chronic wounds novel
pharmaceutical gels containing glyccerihizic acid ammonium salt for chronic wounds. Br. J. Pharm. Res. 2014, 4, 654–668.
[CrossRef]

40. Heba, F.S.; Mohamed, M.N.; Rasha, M.K.; Omnia, A.A.-E.; Hanan, O.F. Novel Enhanced Therapeutic Efficacy of Dapoxetine Hcl
by Nano-vesicle Transdermal Gel for Treatment of Carrageenan-Induced Rat Paw Edema. AAPS PharmSciTech 2020, 21, 113.

41. Ahmed, S.; Sarim, I.S.; Zafar, A.; Ali, A.; Aqil, M.; Gull, A. In vitro and preclinical assessment of factorial design based
nanoethosomes transgel formulation of an opioid analgesic. Artif. Cells Nanomed. Biotechnol. 2016, 44, 1793–1802. [CrossRef]

42. Higuchi, T. Theoretical analysis of rate of release of solid drugs dispersed in solid matrices. J. Pharm. Sci. 1963, 52, 1145–1149.
[CrossRef] [PubMed]

43. Coleman, A.J. Inhalation aneasthetics agents. In Apractice of Anaesthesia; Churchill-Davidson, H.C., Ed.; Lloyd-Luke Medical
Books Ltd.: London, UK, 1984; pp. 167–222.

44. Anaesthetic Ether (Ether Anaesthesicus). In The International Pharmacopoeia, 6th ed.; World Health Organization: Geneva,
Switzerland, 2016.

45. Usama, F.A.; Heba, A.A.-T.; Ahmed, A.A.; Nahla, S.T. Formulation and evaluation of simvastatin polymeric nanoparticles loaded
in hydrogel for optimum wound healing purpose. Drug Des. Devel. 2019, 13, 1567–1580.

46. Comyn, J. Introduction to polymer permeability and the mathematics of diffusion. In Polymer Permeability; Comyn, J., Ed.;
Springer: Dordrecht, The Netherlands, 1985; pp. 1–10.

47. Dinesh, B.M. Effect of permeation enhancers on permeation kinetics of midazolam, in vitro characterization. Asian J. Pharm. 2016,
1, 55–62.

48. Le Guyader, G.; Do, B.; Vieillard, V.; Andrieux, K.; Paul, M. Comparison of the In Vitro and Ex Vivo Permeation of Existing Topical
Formulations Used in the Treatment of Facial Angiofibroma and Characterization of the Variations Observed. Pharmaceutics 2020,
12, 1060. [CrossRef] [PubMed]

49. National Research Council. Guide for the Care and Use of Laboratory Animals, 8th ed.; National Academies Press: Washington, DC,
USA, 2012.

50. Zidan, A.S.; Hosny, K.M.; Ahmed, O.A.A.; Fahmy, U.A. Assessment of simvastatin niosomes for pediatric transdermal drug
delivery. Drug Deliv. 2016, 23, 1536–1549. [CrossRef]

51. Alakhali, K.M. Validation method for measuring simvastatin in human plasma by HPLC-UV and its application in study
simvastatin stability in plasma and working solution. Asian J. Pharm. Clin. Res. 2014, 7, 131–133.

52. Kota, S.; Jahangir, M.A.; Ahmed, M. Development and evaluation of ofloxacin topical gel containing wound healing modifiers
from natural sources. Der Pharm. Lett. 2015, 7, 226–233.

http://doi.org/10.2147/RRTD.S64773
http://doi.org/10.4103/2230-973X.107002
http://doi.org/10.1016/S0022-2836(65)80093-6
http://doi.org/10.1016/j.jddst.2018.02.003
http://doi.org/10.1016/S0168-3659(97)00100-4
http://doi.org/10.1016/j.colsurfb.2008.04.009
http://www.ncbi.nlm.nih.gov/pubmed/18538549
http://doi.org/10.1080/02652040802055411
http://doi.org/10.15344/2394-1502/2014/105
http://doi.org/10.9734/BJPR/2014/7591
http://doi.org/10.3109/21691401.2015.1102742
http://doi.org/10.1002/jps.2600521210
http://www.ncbi.nlm.nih.gov/pubmed/14088963
http://doi.org/10.3390/pharmaceutics12111060
http://www.ncbi.nlm.nih.gov/pubmed/33171735
http://doi.org/10.3109/10717544.2014.980896


Pharmaceutics 2021, 13, 138 23 of 23

53. Ono, S.; Imai, R.; Ida, Y.; Shibata, D.; Komiya, T.; Matsumura, H. Increased wound pH as an indicator of local wound infection in
second degree burns. Burns 2015, 41, 820–824. [CrossRef]

54. Aboud, H.M.; Hassan, A.H.; Ali, A.A.; Abdel-Razik, A.-R.H. Novel in situ gelling vaginal sponges of sildenafil citrate-based
cubosomes for uterine targeting. Drug Deliv. 2018, 25, 1328–1339. [CrossRef]

55. Sudhakar, C.K.; Jain, S.; Charyulu, R.N. A comparison study of liposomes, transfersomes and ethosomes bearing lamivudine.
IJPSR 2016, 7, 4214–4221.

56. Ita, K. Current status of ethosomes and elastic liposomes in dermal and transdermal drug delivery. Curr. Pharm. Des. 2016, 22,
5120–5126. [CrossRef] [PubMed]

57. Patel, K.K.; Kumar, P.; Thakkar, H.P. Formulation of niosomal gel for enhanced transdermal lopinavir delivery and its comparative
evaluation with Ethosomal gel. AAPS PharmSciTech 2012, 13, 1502–1510. [CrossRef] [PubMed]

58. Hashim, F.; El-Ridy, M.; Nasr, M.; Abdallah, Y. Preparation and characterization of niosomes containing ribavirin for liver
targeting. Drug Deliv. 2010, 17, 282–287. [CrossRef] [PubMed]

59. Singh, C.H.; Jain, C.; Kumar, B.N. Formulation, characterization, stability and invitro evaluation of nimesulide niosomes.
Pharmacophore 2011, 2, 168–185.

60. Balakrishnan, P.; Shanmugam, S.; Lee, W.S.; Lee, W.M.; Kim, J.O.; Oh, D.H.; Kim, D.-D.; Kim, J.S.; Yoo, B.K.; Choi, H.-G.
Formulation and in vitro assessment of minoxidil niosomes for enhanced skin delivery. Int. J. Pharm. 2009, 377, 1–8. [CrossRef]
[PubMed]

61. Gupta, M.; Vaidya, B.; Mishra, N.; Vyas, S.P. Effect of Surfactants on the Characteristics of Fluconazole Niosomes for Enhanced
Cutaneous Delivery. Artif. Cells Blood Substit. Biotechnol. 2011, 39, 376–384. [CrossRef]

62. Hasan, N.M.Y. Role of hydrophilic surfactants in the emulsification mechanistics of type iii self-micro-emulsifying drug delivery
systems (SMEDDS). Int. J. Appl. Pharm. 2019, 11, 98–108. [CrossRef]

63. Junyaprasert, V.B.; Teeranachaideekul, V.; Supaperm, T. Effect of charged and non-ionic membrane additives on physicochemical
properties and stability of niosomes. AAPS PharmSciTech 2008, 9, 851. [CrossRef]

64. Kamboj, S.; Saini, V.; Bala, S. Formulation and characterization of drug loaded nonionic surfactant vesicles (niosomes) for oral
bioavailability enhancement. Sci. World J. 2014, 2014, 959741. [CrossRef]

65. Asthana, G.S.; Sharma, P.K.; Asthana, A. In vitro and in vivo evaluation of niosomal formulation for controlled delivery of
clarithromycin. Scientifica 2016, 2016, 6492953.

66. Cho, H.J.; Park, J.W.; Yoon, I.S.; Kim, D.D. Surface-modified solid lipid nanoparticles for oral delivery of docetaxel: Enhanced
intestinal absorption and lymphatic uptake. Int. J. Nanomed. 2014, 9, 495–504.

67. Ertekin, Z.C.; Bayindir, Z.S.; Yuksel, N. Stability Studies on Piroxicam Encapsulated Niosomes. Curr. Drug Deliv. 2015, 12, 192–199.
[CrossRef] [PubMed]

68. Cametti, C. Polyion-induced aggregation of oppositely charged liposomes and charged colloidal particles: The many facets of
complex formation in low-density colloidal systems. Chem. Phys. Lipids 2008, 155, 63–73. [CrossRef]

69. Waddad, A.Y.; Abbad, S.; Yu, F.; Munyendo, W.L.; Wang, J.; Lv, H.; Zhou, J. Formulation, characterization and pharmacokinetics
of Morin hydrate niosomes prepared from various non-ionic surfactants. Int. J. Pharm. 2013, 456, 446–458. [CrossRef] [PubMed]

70. Sezgin-Bayindir, Z.; Antep, M.N.; Yuksel, N. Development and Characterization of Mixed Niosomes for Oral Delivery Using
Candesartan Cilexetil as a Model Poorly Water-Soluble Drug. AAPS PharmSciTech 2015, 16, 108–117. [CrossRef] [PubMed]

71. Abou-Taleb, H.A.; Khallaf, R.A.; Abdel-Aleem, J.A. Intranasal niosomes of nefopam with improved bioavailability: Preparation,
optimization, and in vivo evaluation. Drug Des. Devel. 2018, 12, 3501–3516. [CrossRef] [PubMed]

72. Mazyed, E.A.; Abdelaziz, A.E. Fabrication of Transgelosomes for Enhancing the Ocular Delivery of Acetazolamide: Statistical
Optimization, In Vitro Characterization, and In Vivo Study. Pharmaceutics 2020, 12, 465. [CrossRef]

73. Abdelbary, A.; Salem, H.F.; Khallaf, R.A.; Ali, A.M.; Ama, A. Mucoadhesive niosomal in situ gel for ocular tissue targeting:
In vitro and in vivo evaluation of lomefloxacin hydrochloride. Pharm. Dev. Technol. 2017, 22, 409–417. [CrossRef]

74. Abdulbaqi, I.M.; Darwis, Y.; Abou-Assi, R. Transethosomal gels as carriers for the transdermal delivery of colchicine: Statistical
optimization, characterization, and ex vivo evaluation. Drug Des. Devel. Ther. 2018, 12, 795–813. [CrossRef]

75. Barakat, H.S.; Darwish, I.A.; El-Khordagui, L.K.; Khalafallah, N.M. Development of naftifine hydrochloride alcohol-free niosome
gel. Drug Dev. Ind. Pharm. 2009, 35, 631–637. [CrossRef]

76. Barry, B.W. Novel mechanisms and devices to enable successful transdermal drug delivery. Eur. J. Pharm. Sci. 2001, 14, 101–114.
[CrossRef]

77. Jivrani, S.D.; Patel, V.K. Formulation, development and evaluation of niosomal drug delivery system for clindamycin phosphate.
Pharm. Sci. Monit. 2014, 5, 256–274.

78. Vogt, A.; Wischke, C.; Neffe, A.T. Nanocarriers for drug delivery into and through the skin—Do existing technologies match
clinical challenges? J. Control. Release 2016, 242, 3–15. [CrossRef]

79. Ishida, T.; Harashima, H.; Kiwada, H. Liposome clearance. Biosci. Rep. 2002, 22, 197–224. [CrossRef] [PubMed]
80. Comiskey, S.J.; Heath, T.D. Serum-induced leakage of negatively charged liposomes at nanomolar lipid concentrations. Biochem-

istry 1990, 29, 3626–3631. [CrossRef] [PubMed]
81. Salama, H.A.; Mahmoud, A.A.; Kamel, A.O.; Abdel Hady, M.; Awad, G.A. Brain delivery of olanzapine by intranasal administra-

tion of transfersomal vesicles. J. Liposome Res. 2012, 22, 336–345. [CrossRef]

http://doi.org/10.1016/j.burns.2014.10.023
http://doi.org/10.1080/10717544.2018.1477858
http://doi.org/10.2174/1381612822666160511150228
http://www.ncbi.nlm.nih.gov/pubmed/27165164
http://doi.org/10.1208/s12249-012-9871-7
http://www.ncbi.nlm.nih.gov/pubmed/23104306
http://doi.org/10.3109/10717541003706257
http://www.ncbi.nlm.nih.gov/pubmed/20350052
http://doi.org/10.1016/j.ijpharm.2009.04.020
http://www.ncbi.nlm.nih.gov/pubmed/19394413
http://doi.org/10.3109/10731199.2011.611476
http://doi.org/10.22159/ijap.2019v11i3.29732
http://doi.org/10.1208/s12249-008-9121-1
http://doi.org/10.1155/2014/959741
http://doi.org/10.2174/1567201811666140723115852
http://www.ncbi.nlm.nih.gov/pubmed/25056419
http://doi.org/10.1016/j.chemphyslip.2008.07.009
http://doi.org/10.1016/j.ijpharm.2013.08.040
http://www.ncbi.nlm.nih.gov/pubmed/23998955
http://doi.org/10.1208/s12249-014-0213-9
http://www.ncbi.nlm.nih.gov/pubmed/25204859
http://doi.org/10.2147/DDDT.S177746
http://www.ncbi.nlm.nih.gov/pubmed/30410310
http://doi.org/10.3390/pharmaceutics12050465
http://doi.org/10.1080/10837450.2016.1219916
http://doi.org/10.2147/DDDT.S158018
http://doi.org/10.1080/03639040802498864
http://doi.org/10.1016/S0928-0987(01)00167-1
http://doi.org/10.1016/j.jconrel.2016.07.027
http://doi.org/10.1023/A:1020134521778
http://www.ncbi.nlm.nih.gov/pubmed/12428901
http://doi.org/10.1021/bi00467a006
http://www.ncbi.nlm.nih.gov/pubmed/2340262
http://doi.org/10.3109/08982104.2012.700460

	Introduction 
	Materials and Methods 
	Materials 
	Experimental Design 
	Preparation of SIM-Loaded Niosomes 
	Characterization of the Prepared SIM Niosomes 
	Vesicle Size and Size Distribution 
	Zeta Potential 
	In Vitro Release Study 
	Optimization of SIM Niosome Formulations 
	Experimental Model Evaluation 
	Characterization of the Optimized SIM Niosomal Formulation 
	Transmission Electron Microscopy (TEM) for the Optimized Formulation 
	Physical Stability Study for the Optimized Formulation 
	Formulation of SIM-Loaded Niosomal Gel 

	Characterization of SIM-Loaded Niosomal Gel Formulations 
	Physical Parameters 
	pH Measurements 
	Spreadability 
	In Vitro Release Study 
	Ex Vivo Permeation Study 

	In Vivo Bioavailability Study 
	Preparation of Samples for Analysis 
	Chromatographic Conditions 
	Pharmacokinetic Analysis 

	Statistical Analysis 
	Results 
	Factorial Design 
	Characterization of SIM Niosome Formulations 
	Entrapment Efficiency % 
	Vesicle Size and Size Distribution 
	Zeta Potential 

	In Vitro Release Study 
	Selection of the Optimized SIM Niosomal Formulation 
	Transmission Electron Microscopy 
	Stability Study 
	Characterization of SIM-Loaded Niosomal Gel 
	Physical Parameters 
	pH Measurements 
	Spreadability 
	In Vitro Release Study 
	Ex Vivo Permeation Study 
	In Vivo Bioavailability Study 


	Discussion 
	Conclusions 
	References

